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Abstract         
Swish noise, amplitude modulated noise, is characteristic for wind turbines and by 
many considered to be extra annoying. Different turbine design, power regulation 
and meteorological conditions etc. can result in different modulation strengths. 
However, by standard measurement methods, it is not possible to distinguish the 
noise from a waterfall (constant, broad brand noise) from wind turbine swish noise 
(amplitude modulated noise). Standard measurement methods for wind turbines (and 
industrial noise), time averaged dB(A) levels, hides the swish noise very efficient. 
The integration time, time constant, of the ear is about 20-200 milliseconds, and is 
approximated in sound level meters by the time constant Fast Response, 125 
milliseconds. The main idea is to handle the time signal with the same integration 
time as the ear. Measurement of swish noise consists of two steps: 


1) Registration of instantaneous sound pressure dB(A) levels. Sample the sound 
pressure level 8 times/second (time constant = 125 ms). 
2) Calculate the Fast Fourier Transform (FFT) of the numeric time series to 
identify and quantify amplitude modulation, frequency and strength. 


The measurements can be done with a hand held sound level meter, and the FFT 
calculation with standard functions in Excel Analysis ToolPak.   
The difference between wind turbine noise and waterfall noise is obvious with this 
method, and I think it can be a good start for further investigations of amplitude 
modulated wind turbine noise.  
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Introduction 
It is well known that the annoyance of noise depends both of the strength, the noise 
level, and the characteristics of the noise, audible tones, impulsive noise etc. Swish 
noise, amplitude modulated noise, is characteristic for wind turbines and by many 
considered to be extra annoying. Standard measurement methods on wind turbine 
noise, IEC 61400-11 (46 pages), gives detailed specification how the measurements 
should be done; wind speed, number of measurements, integration time (at least 30 
measurements and an integration time not less than 1 minute), frequency analysis.....  
But analysis of swish noise, amplitude modulated broad band noise, is only 
mentioned as Optional measurement, and in Appendix A5.”This modulation can be 
displayed by recording of the measured A-weighted sound pressure level with time 
weighting F (125 milliseconds, minimum 8 samples/s) for at least ten blade passes 
by the turbine.”  
I have never seen modulation measurements in reports from wind turbine 
manufactures. Normal integrations times, at least 1 minute, hides the swish noise.  
In Sweden there have been some serious complaints about bouncing swish / woosch 
noise (“sounds sometimes like a stone crusher at great distance”) from wind turbines 
of a specific type under some meteorological conditions. Sound measurements at 
sites has been done with long integrations times in accordance with IEC 61400 at 
reference conditions and have been compared to the sound data specification from 
the turbine manufacturer. The specific sound characteristic that some people have  
complained about was not analysed.  
The problem with swish noise has been discussed by researchers in recent years. 
Time registration of instantaneous sound pressure levels are presented in some 
papers. The difference between max and min values has been presented as a 
measure of the modulation, but is not a good measure. The periodicity of the noise 
has not been analysed, only the level variation.  
 
 


Time variation of instantaneous sound pressure level 
Step1: Registration of instantaneous sound pressure dB(A) levels. Sample the sound 
pressure level 8 times/second (time constant = 125 ms). 
Can be done with a modern hand held sound level meter. I have used Norsonic 118.  
 
Example 1. Rhede wind park 


A wind park at Rhede (Germany) has caused noise complains in a Dutch village near 
the park and the boarder. Residents living 500 m and more from the park have 
reacted strongly to the noise; residents up to 1900 m distance expressed annoyance. 
The noise from the Rhede wind park has been analysed by G.P. van den Berg. 
Results and conclusions are presented in [1] and [2]. van den Berg has sent me a 
recording of the noise taken 750 m from the nearest turbine. I have analysed the 
sound, made an registration of the instantaneous sound pressure level, dB(A).  
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Figure 1. Time registration, Rhede wind park, 300 s. 
 


Figure 2. Time registration Rhede, 15.825 s. Clear modulation. The difference 
between max and min is approx. 4 dB(A). And the noise level is periodic.  


Instantaneous Sound Pressure Level. Thumping Swish Noise
Rhede.  Wind Turbine Noise 
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Example 2. Wind park in the North of Sweden. 


Measurement were taken near a house 1500-1700 m from five 2MW wind turbines. 
The noise limit 40 dB(A) was fulfilled. Measured sound pressure level 35 dB(A) at 
conditions for high levels. No serious noise complains, but the noise from the wind 
park could be heard some days. I have made the measurements and listened to the 
sound at the site a sunny and cold winter day. 
 


Figure 3. Time registration, Wind park in North of Sweden, 300 s.  
 


Figure 4. Time registration, North of Sweden, 15.825 s. Period 1: clear modulation; 
difference between max and min is approx. 6 dB(A). Period 2: weak 
modulation.   


Instantaneous Sound Pressure Level. Swish sound
Measured 1500-1700 m from five 2 MW wind power turbines 
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Example 3. Victoria Falls. Waterfall. No amplitude modulation 


The sound from a waterfall is stochastic noise without modulation. 


Figure 5. Time registration Victoria Falls, 10 s. No amplitude modulation, and almost 
constant noise level; difference between max and min approx. 1-2 dB(A). 
 
 


Amplitude Modulation Spectra (AMS). FFT of level variation 
Step2: The frequency and the strength of the amplitude modulation can be analysed 
by calculation of a FFT (Fast Fourier Transform) spectra of the instantaneous noise 
level, dB(A) level, in the time registrations. I have used the FFT algorithm in Excel 
Analysis ToolPac.  (The FFT analysis can be improved.) 
The sampling frequency, 8 samples/s (integration time 125 ms; comparable to the 
integration time of the ear) gives the maximum frequency range, 0 – 4 Hz, of the FFT 
spectra. In Excel the number of in data has to be a multiple of 2, e.g. 64,128, 256. I 
have chosen 128 values, which means that a time period of 15.825 second is 
analysed. Frequency resolution, 0.0625 Hz. I have discussed the scaling with prof. 
Kjell Ahlin [3] and follow his recommendations. A linear RMS-spectra is calculated 
from the time series of the sound levels adjusted to zero mean value. N=Number of 
samples. 
Amplitude Modulation Spectra= Rot(2) x Abs(FFT(dB(A) levels,sampled 8/s))/N.    


A normal sound spectra, FFT or 1/3 octave, is a spectra of the sound, and can be 
measured direct by instruments. The AMS is a spectra of the time variation of the 
sound level, and the function is not included in any instruments (as far as I know). 
 
(Best title? Amplitude Modulation Spectra? Noise Modulations Spectra? Level 
Modulation Spectra? … )  


Victoria falls. Data for Amplitude Modulation Spectra
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Amplitude Modulation Spectra  


Figure 6. Rhede wind park. Clear amplitude modulation, 1 Hz. 3 blades, gives 20 
RPM.  


Figure 7. Wind park, North of Sweden. Period 1. Weak modulation,  0.75 Hz. 3 
blades gives 15 RPM. Period 2, no modulation. 


 
The amplitude modulation was stronger at Rhede, Figure 6 - 1.1 at 1 Hz, than at 
North of Sweden, Figure 7 - 0.7 at 0.75 Hz, but the difference between max and min 
was smaller at Rhede. The Amplitude Modulation Spectra is affected by both 
amplitude and periodicity.  


Amplitude Modulation Spectra
Rhede Wind Park


0


0.2


0.4


0.6


0.8


1


1.2


1.4


1.6


1.8


2


0 0.5 1 1.5 2 2.5 3 3.5 4


Frequency, Hz (Resolution 0.0625 Hz) 


R
M


S


Blad passing / noise modulation frequency, 1 Hz


Lundmark Akustik & Vibration
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Figure 8. Victoria Falls. Stochastic noise, no modulation. 
 


Conclusions 
The suggested method for analysis of swish noise/ amplitude modulated noise  
seems to work well. It consists of two steps:  


1) Registration of instantaneous sound pressure dB(A) levels. Sample the sound 
pressure level 8 times/second (time constant = 125 ms; comparable to the ear). 
2) Calculation of Amplitude Modulation Spectra,  FFT of the numeric time series, 
dB(A) levels to identify and quantify amplitude modulation, frequency and 
strength. 


It is well known that the annoyance of noise depends both of the strength, the noise 
level, and the characteristics of the noise, audible tones, impulsive noise etc. The 
difference between amplitude modulated wind turbine noise and stochastic waterfall 
noise is obvious with my method. The method can be improved; FFT-calculation, 
averaging of Amplitude Modulation Spectra etc. 
I think the method can be a good start for further investigations of amplitude 
modulated wind turbine noise; meteorological conditions with high risk of strong 
modulation, pitch regulation, basic turbine design, annoyance etc.   
The relation between modulation strength, modulation frequency and annoyance is 
not known for wind turbine noise (as far as I know). It is a risk the the problem has 
been hidden with long time averages (1 minute or more) according to IEC 61400-11.  
Measurement has to be carried out when people are complaining, not only at 
reference conditions. The risk for strong modulation is probably low a sunny summer 
day, when many noise measurements are done.         
This measurement method, AMS, could perhaps good help in developing wind 
turbines with less annoying noise characteristics at the same dB(A) level and electric 
production.   


Amplitude Modulation Spectra
Victoria Falls
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Abstract 
The noise impact assessment of new infrastructures is strongly correlated with the 
environmental context where they are built in. The observers are influenced mainly 
by two types of stimuli: audio and visual. These stimuli are perceived simultaneously 
and both contribute to the noise impact annoyance. Different studies have found out 
that the visual stimuli, such as colour and movement, can influence the auditory 
perception (e.g. loudness). 
Although for wind farms the noise impact evaluation could be not so significant if it is 
observed only from the acoustic point of view, the vision of the wind farms can 
modify the global judgement. 
The aim of this study is to determine the contribution of some visual factors on wind 
farm noise perception and annoyance. In a laboratory test four types of visual factors 
(quantity of turbines, colour difference of rotor blades, rotor speed and wind turbine 
form) graded at different levels and the wind turbine noise were used as stimuli. They 
were presented to a sample of people who were then asked to assess the quality of 
noise through self-report questionnaires. The results of the influence of the visual 
factors on noise assessment are presented and discussed. 
 


Introduction 
In the last decades, concerns about climate change have oriented the worldwide 
energetic policies toward the installation of a large number of renewable energy 
power plants. However the construction of wind farms has raised up some 
environmental impact problems. For wind farms, environmental impact problems are 
caused, mainly, by the combination of physical (visual and audio) aspects such as 
the noise, the blinking effect, the movement of shadows and the change of 
landscape, but also from wildlife preservation aspects. 
Regarding environmental noise impact of wind turbine, studies report that wind 
turbine noise could be more annoying than other types of noise, with equal sound 
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levels [1-3]. In such cases, noise metrics become more and more inadequate to 
define noise annoyance which is a psychophysical phenomenon. It requires 
understanding on the context of the sound source. Contextual approach on noise 
annoyance lets to reveal the relative contradictions in specific environments, 
regarding physical and individual factors. 
 


 
Figure 1. General scheme of environmental perception. 


 
Wind farms are usually built in rural areas where people are more sensitive for new 
interventions because of the existence of conserved natural values, like calmness, 
recreational activities, landscape scenery, etc.. For this reason wind turbines 
generally cause a stronger intrusion on physical environment and a stronger disparity 
with individual’s expectations, which can modify the global judgement of people in 
terms of noise annoyance [4,5]. 
The physical factors that contribute on noise annoyance caused by WT include audio 
and visual variables such as: sound level, timbre, temporal characteristics and 
visibility, geographical distribution, colour, movement, etc. On the other side 
individual factors are related to the personal sphere such as the attitude toward 
green energy, the degree of involvement in the project and the economic benefits 
from wind turbines [1-7]. 
These multifaceted factors refer to the multisensory and interdependent nature of 
human perception. The multisensory integration can determine enhancement or 
depression of subjective response according to the spatial and temporal relationships 
of the stimuli as well as their physical parameters [8]. Several studies have 
investigated the contribution of single visual variables on loudness and noise 
perception [9-12]. Others use a more realistic laboratory test based on Immersive 
Virtual Reality systems [13-14]. 
The aim of this preliminary study is to investigate the contribution of some visual 
factors on wind farm noise perception and annoyance. 
 


Methodology 
In order to determine the contribution of some of the most important visual aspects, 
on wind farm noise perception and annoyance, a preliminary test was conducted in 
the Ri.A.S. laboratory of the Second University of Naples. The simulations were 
prepared by manipulating certain audio and visual variables from an existing situation 
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taken as reference. The reference situation concerns the wind farm of “S. Giorgio la 
Molara” in Campania (Italy). 
Audio-visual simulations were presented and assessed by each subjects through 
self-report questionnaires. The laboratory experiments were carried out on 33 
participants (19 males and 14 females, mean age= 22.6 years, S.D.= 5.8) in the 
anechoic chamber of the Ri.A.S. laboratory. The sample was composed by the 73% 
of participants who live in urban area, while the 21% in peripheral zones and 6% in 
rural areas. All the participants reported normal hearing and regular or corrected to 
normal vision. 
 


Simulations 
A recreational area in the wind farm zone of “S. Giorgio la Molara” was chosen and 
used as starter model for the audio-visual simulations. In this area a representative 
field of view (FoV) was chosen as landscape of the recreational area. The FoV 
includes 3 wind turbines with lattice towers (55m hub height and 46m rotor blades 
diameter). The average wind turbines distance from the point of sight was about 
500m (Figure 2, 3). 
 


 
Figure 2. “S. Giorgio la Molara” Wind Farm: field of view chosen for the test. 


 
The mentioned scenery was photographed in autumn on a sunny and almost 
unclouded day to maximize the visibility of the field. One photo (Figure 3) of the site 
was chosen as model for the reference scenario (existing situation). This photo was 
manipulated to have various simulated scenarios with different wind turbine layout 
and different wind turbine visual characteristics. 
The variables of manipulation consist of 4 categories: 


- quantity of wind turbines (Q); 
- colour of rotor’s blades (C); 
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- rotor speed (V); 
- wind turbine form (F). 


 


 
Figure 3. Photo used as starter model for the simulation. 


 
Fifteen different scenarios were designed. Each scenario was manipulated by the 
variation of one variable (Q, C, V or F) respect to the existing scenario. Moreover 
another scenario representing the non-existence of any wind farm in the area was 
prepared. The simulations (Figure 4) were prepared with the help of a digital photo 
editing software and afterwards an animation creation tool. The prepared scenarios 
were exported as a 30 seconds video file (1440 x 1080 pixels resolution and 29 fps 
frame rate). On the other hand for the audio stimuli of simulations, monoaural audio 
signals (16 bit/44.1 kHz) were recorded and 3 different tracks were chosen to be 
coupled with the prepared video simulations.  
The table of the simulations is reported in table 1. 


 


 
Figure 4. Some of the prepared wind farm simulations. 
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Table 1. Tables of the simulated scenarios (1*: lattice tower-55m hub height-46m rotor 
diameter, 2*: monopole tower-55m hub height-46m rotor diameter, 3*: monopole tower-105m 
hub height-72m rotor diameter, 4*: monopole tower-55m hub height-72m rotor diameter). 


Scenario n. Description 
Visual Factors 


Rotor Speed   
V  (rpm) 


Quantity of WT  
Q (n.) 


Rotor Blade Colour  
C 


WT form   
F 


1 nonexistence of WF - 0 - - 
2 existing situation 30 3 white 1* 
3 


rotor speed variation 
0 3 white 1* 


4 18 3 white 1* 
5 38 3 white 1* 
6 


quantity of WT variation 


30 1 white 1* 
7 30 2 white 1* 
8 30 4 white 1* 
9 30 5 white 1* 


10 


rotor blade colours variation 


30 3 grey 1* 
11 30 3 purple 1* 
12 30 3 red 1* 
13 30 3 yellow 1* 
14 30 3 azure 1* 
15 


WT form variation 
30 3 white 2* 


16 30 3 white 3* 
17 30 3 white 4* 


 


Questionnaire 
Individual noise subjective reactions to the audio-visual scenarios were assessed 
with a questionnaire that consists of three parts: audio related, visual related and 
global assessment. 
In audio part of the questionnaire the degree of loudness and the noise annoyance 
was evaluated with two continuous rating scales. The subjects were asked to 
respond also to a 7 point semantic differential scale of 18 bipolar pairs of adjectives 
and to 2 pairs of positive-negative rating scale. 
In visual related part the subjects were asked to indicate the visual elements, that 
have attracted his/her attention, and the level of pleasantness/unpleasantness of the 
mentioned elements, to understand the influence of each simulated component in 
presented scenarios. At the end a complex judgment on the scenario was also 
asked. 
 


Instrumentation and experimental procedure 
For the presentation of video stimuli a 30” TFT LCD monitor (Dell 3007WFP) was 
employed and concurrently the subjects are asked to listen to audio stimuli with 
circumaural headphones (Pioneer SE-M290).  
Each of the prepared 17 visual scenarios were coupled with each of the three chosen 
audio tracks (17visual x 3audio = 51audio-visual scenarios). 
The “existing situation” and “nonexistence of WT” scenarios were presented to each 
subject with all 3 sound track (6 audio-visual scenarios) while, in order to have a 
reasonable experiment duration only 15 random audio-visual scenarios were 
presented. Then audio-visual test, consisting of a total of 21 scenarios for each 
subject, lasted about 40 minutes, including the instructions provided by the 
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experimenter at the beginning. After each scenario, to the subjects was asked to 
assess the presented audio visual scenario (Figure 5). 
 


 
Figure 5. Laboratory test 


 


Results and analyses  
To assess the role of visual factors (Q, V, C and F) on the noise perception, the 
subjective scores difference for loudness and noise annoyance between the 
manipulated scenarios and the existing situation were considered as dependent 
variable. The differences were indicated as Relative Perceived Loudness and 
Relative Noise Annoyance. Negative scores point out a more positive assessment of 
the manipulated scenario, while positive scores point out a more negative 
assessment respect to the existing situation. Relative Perceived Loudness and 
Relative Noise Annoyance scores were analyzed by different 3 x n mixed factorial 
design ANOVAs using as 3-level between factor the sound level (Low: 51,8 dBA, 
Medium: 56,5 dBA and High: 62,4 dBA) while as n-level within factors: Q (n=4), 
V(n=3), C(n=5) and F (n=3). 
Considering the Relative Perceived Loudness the results show the significance of the 
effect Sound Level × Quantity of WT (F[6,90] = 2.777, p = .016), of the effect Sound 
Level × Rotor Blade Colour (F[8,120] = 2.030, p = .048) and of the effect Sound 
Level × Rotor Speed (F[4,60] = 10.384, p < .001). No significant effects were 
observed for the wind turbine form.  
 
Table  2. Average scores of Relative Perceived Loudness between manipulated and existing 
situation (Q3). 


 Quantity of WT 


Sound Level Q1 Q2 Q5 Q9 


Low (51.8 dBA) -10.91a -11.82a 6.82b -1.36ab 


Mid (56.5 dBA) 2.27ab 6.36ab -4.55a 10.91b 


High (62.4 dBA) -3.64ab 10.45a -7.73b -5.45b 


Note: Equal letters indicate equal means. 
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Table  3. Average scores of Relative Perceived Loudness between manipulated and existing 
situation (white rotor blades).  


 Rotor Blade Colour 


Sound Level Grey Purple Red Yellow Blue 


Low (51.8 dBA) -6.82a 5.00a -5.45a -7.73a 2.27a 


Mid (56.5 dBA) 5.45a -1.82a 7.27a 2.73a -1.36a 


High (62.4 dBA) 11.36a 11.36a -7.73b 8.64ac -5.91bc 


Note: Equal letters indicate equal means. 


 


Table  4. Average scores of Relative Perceived Loudness between manipulated and existing 
situation (rotor speed 30 rpm).  


 Rotor Speed 


Sound Level 0 rpm 18 rpm 38 rpm 


Low (51.8 dBA) 2.73a -34.09b -20.00ab 


Mid (56.5 dBA) -47.27a -40.00a -1.82b 


High (62.4 dBA) -59.09a 2.45b -32.73c 


Note: Equal letters indicate equal means. 


 
Considering the Relative Noise Annoyance the results showed no significant effect 
for quantity, rotor blades, and colour factors, while a significant effect was observed 
for Sound Level × Rotor Speed (F[4,60] = 7.747, p < .001). 
 
Table  5. Average scores of Relative Noise Annoyance between manipulated and existing 
situation (rotor speed 30 rpm). 


 Rotor Speed 


Sound Level 0 rpm 18 rpm 38 rpm 


Low (51.8 dBA) 3.18a -19.55ab -30.00b 


Mid (56.5 dBA) -41.36a -48.18a -10.45b 


High (62.4 dBA) -43.64a 6.36b -34.55a 


Note: Equal letters indicate equal means. 


 
The results showed also a significant main effect of the WT Form (F[2,60] = 4.435, p 
= .016), while both the Sound Level × WT Form (F[4,60] = 0.576, p = .681) and the 
main effect of Sound Level (F[2,30] = 1.541, p = .231) were not significant. 
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Table 6. Average scores of Relative Noise Annoyance between manipulated and existing 
situation (lattice tower-55m hub height-46m rotor diameter). 


 Form 


Sound Level 


Monopole tower 


55m hub height 


46m rotor diameter 


Monopole tower 


105m hub height 


72m rotor diameter 


Monopole tower 


55m hub height 


72m rotor diameter 


Low (51.8 dBA) -6.18a 0.45b -5.91a 


Mid (56.5 dBA) -3.64a 10.91b -9.55a 


High (62.4 dBA) -4.55a 2.73b -7.73a 


Total -4.24a 6.21b -9.24a 


Note: Equal letters indicate equal means. 


 


Conclusion 
Most authors indicate interactions between physicals and individuals factors on noise 
perception. However the role of some physical aspects on noise perception has to be 
more investigated. In this preliminary study the effect of some physical factors of 
Wind Farm's scenarios were investigate. A part of the results of this preliminary study 
on noise perception was elaborated in terms of subjective score differences respect 
the existing situation (Relative Perceived Loudness and Relative Noise Annoyance). 
The results of ANOVAs, show that the combination of quantity (Q), rotor blades 
colour (C) and rotor speed (V) with different sound stimuli play a significant role of 
the Relative Perceived Loudness, while has no effect the form (F). On the other hand 
the combination of rotor speed with different sound stimuli, as well as the form of 
rotor, plays a significant role of the Relative Noise Annoyance. No effect results from 
quantity, rotor blades colour. 
Further tests and analyses should be organized for a more deep understanding of 
the specific contribute of all the factors involved with noise perception. 
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Abstract 
This paper is based on the results of research work carried out by the author through 
the University of Western Ontario (London, Ontario, Canada) and HGC Engineering 
(a consultancy based near Toronto, Ontario, Canada). 
Some international research into the annoyance associated with wind turbine noise 
suggests that there may be more annoyance associated with the sound of wind 
turbines than with other sources of environmental noise, for comparable sound 
levels. The characteristic ‘swish’, the amplitude-modulation of the broadband sound, 
is frequently suggested as one qualitative factor which may increase the annoyance. 
In many jurisdictions, including Canada, there is growing attention paid to methods 
for quantifying the noise impact of wind turbines at noise receptor locations. Accurate 
measurement of sound levels at typical receptor distances is difficult, particularly in 
the presence of wind. It is postulated that in the longer term, an efficient means of 
detecting and quantifying amplitude modulation could be used during such 
measurements, offering a method by which wind turbine noise could be identified in 
the presence of wind-induced background sounds.  
This presentation describes research into methods of detecting and quantifying the 
amplitude modulation as part of an acoustic measurement campaign, both near wind 
turbines and at typical receptor distances, with comparisons between the calculated 
degree of modulation and wind related phenomena. 


Introduction 
Annoyance with certain noises is a universal human experience, and many types of 
sounds can cause annoyance. The World Health Organization states that “noise 
annoyance is a global phenomenon” [1
There is a great deal of scholarship available which deals with annoyance associated 
with noise, and it is clear that a wide variety of factors influence the degree of 
annoyance associated with a noise [


]. 


2, 3, 4, 5
Specific to wind turbine noise, much recent scholarship has focussed on the 
relationship between noise and annoyance. [


], in addition to the overall sound level.  


6] and [7] showed a relationship 
between noise annoyance related to wind turbine noise and the predicted overall A-
weighted sound pressure levels at a location.  
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However, it appears that wind turbine noise may cause more annoyance than other 
forms of community noise, for similar sound levels [7]. Although there are likely many 
reasons for this, and some may not be primarily acoustic in nature, literature 
suggests that the regular amplitude modulation, or temporal variation of wind turbine 
noise (the repetitive ‘swish’) may be a significant factor, tending to increase the 
relative annoyance of wind turbine sounds over other types of sounds [6, 8, 9 17, ].  
There are well-known difficulties associated with long term noise monitoring in wind 
plants, such as the problems associated with accurate measurements of noise from 
wind turbines, in the presence of wind. These problems become more acute as the 
distance from the turbines to the microphone increases, and the level of the noise 
drops relative to the background. 
With this in mind, the work described here was conceived to develop and investigate 
a practical approach to the detection and quantification of amplitude modulation of 
the noise from wind turbines, and to begin to investigate possible correlations 
between the degree of modulation and various metrics describing the wind. 
In the longer term, such a measurement protocol could be used in various ways: 
1. The procedure could be used as part of a wind turbine noise measurement 
program, with modulation used to correlate sound pressure levels measured near a 
turbine with sound pressure levels remote from the turbine, where the influence of 
background sound may be more significant. In this way, the influence of background 
sound could potentially be quantified. 
2. Modulation measurements could be used to investigate how much ‘swish’ or 
‘thump’ residents are exposed to at existing wind plants, and could potentially be 
used in future as part of acceptance measurements (acoustic audits) required by 
regulatory bodies, as a proxy for the potential degree of annoyance. 
3. A modulation measurement protocol would provide a practical research tool 
for future work examining the psychoacoustic annoyance of wind turbine sound, 
leading to the use of modulation data as a predictor of annoyance. 
4. Such measurements would be useful in examining the conditions under which 
wind turbine amplitude modulation may increase beyond the 5 dB (crosswind) and 2 
dB (up and downwind) values demonstrated by [10]. 
5. Measurements using such a method could form the basis of a semi-
permanent monitoring station installed near residences where potential out-of-
compliance noise issues have been demonstrated, and be used by a wind farm 
operator to curtail operations of key wind turbines during periods of increased 
amplitude modulation, and therefore annoyance.  


Amplitude Modulation 
In [10], the authors use the term ‘swish’ to describe “the amplitude modulation of 
broadband aerodynamic blade noise at the blade passing frequency (typically around 
1 Hz)”. The authors drew a distinction between this typical ‘swish’, and periods of 
“increased amplitude modulation (also referred to as 'thumping'), which could be 
observed at large distance”. This highlights an important idea, that some degree of 
amplitude modulation is normal in wind turbine noise, and can be observed at nearly 
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any time near a wind turbine. However, at times the degree of amplitude modulation 
may increase and become more pronounced.  
The degree of amplitude modulation is affected by many factors. In [10], it was found 
that the amplitude modulation was highest in the crosswind directions, and 
concluded that modulations of up to 5 dB are expected in the crosswind direction, 
even far from the turbine. The data seem to suggest swish amplitudes closer to 2 dB 
in the up- and downwind directions. Analytical modelling described in [11


Measurements of amplitude modulation conducted at various wind farms and 
described in [


] showed 
similar results: about 5 dB of modulation in the crosswind directions, and little or no 
amplitude modulation in the up- and downwind directions. 


12


Amplitude Modulation and Wind 


] indicated that while the overall sound of the turbines varied 
between 3 to 5 dBA, in individual 1/3 octave bands, the sound levels varied by up to 
15 dB.  


Elevated levels of amplitude modulation are thought to be associated with certain 
wind profile conditions or other changes in wind speed with height [13, 14
In [


].  
13], it is shown that amplitude modulation can occur more clearly at night than 


during the day, and that elevated levels of amplitude modulation occur in stable 
atmospheres (generally associated with nighttime hours) where wind speeds can 
increase dramatically with height.  
That different hours of the day have different typical wind shear patterns, and that 
dramatic differences in typical diurnal wind shear exponents are found during 
different months of the year has been shown in [15
Two simple methods for quantifying the wind profile are in common use, the wind 
shear exponent 


]. 


(1), and the logarithmic height formula (2): 
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In (1), the wind velocity at height h, (vh) is related to the wind velocity at a reference 
height href, (vref) by the ratio of the two heights, and the wind shear exponent α, also 
termed the Hellmann’s exponent. The wind profile is thus quantified by the wind 
shear exponent. 
In (2), z0 is the roughness length, a factor quantifying the wind profile. The roughness 
length accounts for the various degrees of friction which can act on moving air at the 
ground surface. IEC 61400-11 explicitly incorporates the logarithmic height function 
in the required normalization of site effects to a reference roughness length and 
height (0.05 and 10 metres, respectively). 
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Equations (1) and (2) yield similar profiles. 
For example, Figure 1 illustrates the profile 
calculated using both equations, with a 
roughness length of 0.05 metres and a 
wind shear exponent of 0.16. 
In general, these equations can be viewed 
only as helpful approximations, as there is 
no physical reason why a simple profile 
must exist. There are more sophisticated 
methods for describing the wind profile, but 
there is difficulty involved with the 
measurement of various other relevant 
factors [16
In [


].  
15], the wind shear exponent formulation was used, and the work found the 


largest nighttime wind shear exponents in June, July, August, and September. The 
smallest nighttime exponents were found in December, January, February, and 
March. 
Frequency Dependance 
Various authors have described the spectral make-up of the amplitude modulated 
sound, and the frequency bands containing most of the modulation. It is clear that 
variation exists, but that typically, most modulation is in the middle of the audio range 
[9, 12, 16, 17 18, ]. 
Regulation 
There appears to be little regulation or legislation addressing wind turbine noise 
which explicitly deals with amplitude modulation, although at least one recent 
standard (New Zealand standard NZS 6808:2010) allows for a sound level penalty if 
amplitude modulation is judged to be “clearly audible … at a noise sensitive location” 
and there is a “greater than normal degree of fluctuation as a function of the blade 
passing frequency”. 
Analysis 
Various methods have been used in the literature to describe the degree of 
amplitude modulation present in wind turbine noise. In [18], measurements were 
described, but no robust metrics for quantification were discussed. The fluctuation 
strength metric model of Zwicker and Fastl [19 9] has been used [ , 8]. A different 
approach was discussed in [20


By computing a spectrum of sound levels rather than of a sound signal (i.e., by 
computing the second Fourier transform), the authors of [


]; a method involving the discretization of a recorded 
waveform of wind turbine noise into time periods short enough that subsequent 
processing will show modulation, computing a fast Fourier transform of each time 
step, then aggregating each set of the resulting frequency-domain data, and finally 
computing a second Fourier transform from the resulting sets of data.  


20] calculated a spectrum 
of the envelope of the original signal, or the original signal’s analytic signal. Another 
method for the determination of the analytic signal is through the use of the Hilbert 


 


Figure 1:  Simple Wind Profile 
Formulae. 
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transform. The Hilbert transform (h(t)) of a real function s(t), is defined in (3), and can 
be represented in terms of convolution as (4) [21
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The convolution shown in (4) can be represented by multiplication of the Fourier 
transform of the various components: 


)()()( ωωω SQH =   (5) 


where Q(ω) is the Fourier transform of 
tπ


1  


The analytic signal, as(t) is defined as a complex function comprised of the original 
signal and its Hilbert transform: 


)()()( tjhtstas +=   (6) 


The envelope (Es(t)) of the original signal can then be found by computing the 
amplitude or absolute value of the analytic signal: 


 )()()( 22 thtstEs +=  (7) 


Any regular harmonic variation in the envelope signal represents modulation of the 
amplitude of the original signal. Thus, modulation will be shown in a Fourier 
transform of the envelope signal, as spectral peaks in the frequency domain. 
Once spectral modulation has been quantified in this way, the relative magnitude of 
any modulation can be represented in terms of modulation factor, m, calculated as: 


0


12
A
Am =    (8) 


Where A1 represents the amplitude of the harmonic component of interest, and A0 is 
the constant value at f=0. This same method of quantifying the modulation was used 
in [20] and is used elsewhere [22


Measurements 
]. 


The work described in this paper is based on a series recordings obtained in a large 
wind plant consisting of many commercial 1.5MW wind turbines with a hub height of 
nearly 80 metres, with each wind turbine generator spaced irregularly over a large 
geographic area. 
The recordings were made over several weeks: roughly 8 days in 
November/December, and 31 days May/June. This paper focuses on the November 
data. 
In order to attempt to collect recordings under a wide variety of wind conditions, while 
still limiting the number of recordings to a manageable amount, one 65 second 
recording was made every 15 minutes during the measurement periods. Recordings 
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with post-processing were used to allow experimentation with various analysis 
strategies, and to simplify the equipment requirements in the field.  
The data collected in November consisted of measurements made simultaneously at 
two areas, one approximately 87 metres from one of the turbines, and one 
approximately 450 metres from the same turbine. At this second location, the turbine 
in question was the closest turbine, although others were located within a radius of 
twice that distance. 
Measurements of wind speed were made simultaneously with the acoustic 
recordings. Wind speed was measured at a height of about 1.5 metres, at a height of 
10 metres, and at hub height.  
Instrumentation 
To minimize wind-related noise induced at the microphone, ACO Pacific 175mm 
windscreens were used throughout. Anticipated difficulties associated with rain, 
snow, growth of vegetation, etc. affecting the long term practicality of the horizontal 
ground board technique described in IEC 61400-11 precluded its use.  
The use of two different recording systems was explored, and both were used in 
acquiring the audio recordings.  
The first system consisted of a laptop-based system. A Brüel and Kjær type 4188 
1/2” microphone and ACO Pacific model 4212 preamplifier were used, connected via 
a BNC cable to a PCB 480E09 IEPE signal conditioner, and then to a NI 9201 analog 
input module connected to the computer. This system is cumbersome and requires 
AC power, and as such is most suitable for deploying in a house or similar structure. 
For the November measurements, this system was used at the 450 metre location.  
The second system was deployed at the 87 metre location, and was based on a 
commercial acoustic instrument, and consisted of a PCB type 377B20 1/2” 
microphone and Larson Davis model PRM831 preamplifier connected via an 
extension cable to a Larson Davis model 831 instrument. This setup can easily be 
powered with external DC batteries, and was much more practical. 
To collect wind data, an RM Young model 05103-10 mechanical wind sensor was 
installed on a 10 metre high tower. A battery-operated Campbell Scientific model 
CR200X data logger located at the base of the tower was used for the data 
acquisition. Ground level wind speed data was collected with various Davis 
Instruments equipment. Hub-height wind speed and direction data was obtained from 
the wind farm operator. 
The instrumentation and data collection procedures suffered various interruptions 
over the course of the work, with the result that some recordings are missing and 
some of the key meteorological data is missing, limiting the amount of useful data 
sets. 
Analysis Methodology 
LabView was used for the analysis. 
1. Digital recordings were made of the sound, at a high sample rate.  
Modern wind turbines operate at a rotor speed within a fairly narrow band. 
Depending on the make and model, this may be about 10 to 22 revolutions per 
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minute, or about 0.17 to 0.37 Hz. The blade passing frequency (BPF) of the three-
bladed rotor is therefore between about 0.5 Hz and 1.1 Hz. Since this relatively 
limited range is the entire range of interest for the modulation rate, it is important that 
the Fourier transform should provide a fine frequency resolution. The frequency 
resolution (fs) of a computed Fourier transform is equal to 1/T where T is the length of 
the data in seconds, a 65 second measurement means that the Fourier transform will 
result in a frequency resolution of approximately 1/65 = 0.01538 Hz. The selection of 
65 seconds is somewhat arbitrary, but it was chosen to still allow at least 60 seconds 
of useful data after the 1/3 octave band filters had settled.  


Figure 2 illustrates a portion of a 
time signal obtained near a wind 
turbine using a 48 kHz sample 
rate, but the signal has been 
downsampled for illustrative 
purposes. Note that modulation 
is clearly present in this signal.  


2. Each entire digital 
waveform was filtered into 
frequency bands one-third of an 
octave in width, yielding a 
separate one-third octave band-
limited digital time signal for each 
one-third octave band. The  250 
Hz 1/3 octave band signal based 
on the data shown in Figure 2 is 
shown in Figure 3. Note the 
modulation of the amplitude of 
the signal at roughly 1 Hz which 
is evident in this frequency band. 
3. The preceding step results 
in 30 individual signals, one for 
each 1/3 octave band. 
Computing a Fourier transform of 
these signals would yield spectra 
with content only in the 1/3 
octave band of interest. Instead, 
the analysis requires the 
computation of the Fourier transform of the signal envelope.  
To yield the envelope, the Hilbert transform was applied to each filtered digital time 
signal. The original filtered signal and the Hilbert transform of the signal are 
combined to form the analytic signal. The magnitude of this signal is computed to 
form the signal envelope. 
Figure 4 illustrates the filtered time signal of the 1/3 octave band signal shown in 
Figure 3 (light line; light blue colour), and also the envelope of the signal (heavy line; 
dark blue).  


 


Figure 2: Part of a Time Signal Recorded near a 
Turbine 


 


Figure 3: Filtered Time Signal: 250 Hz 1/3 
Octave Band 
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4. A Fourier transform is 
computed for each band-limited 
enveloping signal described in 
step 4. Peaks in the resulting 
frequency-domain data illustrate 
any modulation contained in the 
original data. 
The resulting series of 30 
envelope signals (one for each 
1/3 octave band) are now passed 
through a Fourier transform, as 
implemented by a Discrete 
Fourier Transform (DFT) 
algorithm. 


Figure 5 illustrates an example 
spectrum computed using Fourier 
analysis. The input signal is the 
envelope signal shown in Figure 
4. For this application, only 
modulation rates in the range of 
0.5 to 1.1 Hz were considered, 
as this is the blade passing 
frequency range. 
Note the relatively strong peak at 
a frequency of slightly under 1 
Hz. This peak represents the 
modulation shown in the earlier 
figures. Since the modulation is 
caused by the rotating blades, 
this modulation frequency corresponds to the BPF, or 3 times the rotor rate. 
6. A peak detection scheme was applied to each spectrum to detect any 
significant peak in the modulation rate range of interest. The frequency of the peaks 
and the amplitudes of each peak are determined.  
Since amplitude modulation in the original signal, associated as it is with the rotation 
of the wind turbine rotor, must exist at a constant modulation rate in all of the 
component frequency bands, the dominant peak across each of the 1/3 frequency 
bands was computed. This value represents the dominant modulation rate in the 
signal, and to the extent that the turbine noise modulation rate is correctly identified, 
the corresponding frequency represents the BPF. The rotor rate n can be calculated 
according to (9), which can be used to acoustically determine the speed of the rotor 
from the dominant modulation rate. 


t
BPFn 60*


=    (9) 


7. The amplitude of the dominant peak in each 1/3 octave band spectrum is 
compared to the value at f=0 to determine the modulation factor. One modulation 


 


Figure 4: Filtered Time Signal and Envelope 
Signal 


 


Figure 5: Example Spectrum Computed from 
Envelope Signal 
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factor is thus computed for each fractional octave band. The average of these values 
represents the average modulation factor for each original time signal. 
Each of the peak levels detected as described above is converted into a modulation 
factor, by dividing twice the value of the peak by the steady component of the same 
frequency spectrum at f=0, as described in (8). As the dominant modulation rate has 
already been determined in the preceding step, only those peak values at the known 
rate (there will be 30, one for each 1/3 octave band) need be converted into 
modulation factors. The average value across each 1/3 octave band is the average 
modulation factor for each original recording. 


Results 
Blade Pass Detection 


Figure 6 and Figure 7 illustrate the acoustically-detected blade passing frequencies 
determined from the recordings 
made at 87 metres and 450 
metres from a turbine. Ignoring 
the data for which only one of the 
relevant data sets is available, 
the two figures indicate that the 
acoustically detected blade 
passing frequencies from the 
location close to the turbine 
correspond to the blade passing 
frequencies determined from the 
operational data, at least to a 
degree. The correlation 
coefficient for data shown in 
Figure 7 (considering only the 
data for which both data sets are 
available) is 0.9, indicating good 
correlation.  
However, for the data shown in 
Figure 6, the calculated 
correlation coefficient is only 0.4 
for the location near the turbine, 
although the last portion (after 
about 20:00 on November 9), 
shows much better correlation 
(about 0.8). Even for the 
recordings made at 450 metres, 
the correlation coefficient is 
about 0.4. 
When some smoothing is applied 
to the data shown in the figures 
(by computing a running average 


 


Figure 6: Comparison of Blade Passing 
Frequencies, November 


 


Figure 7: Comparison of Blade Passing 
Frequencies, December 
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of the 5 data points closest in time), the correlation improves (0.5 overall for the two 
locations shown in Figure 6). 
All in all, it is apparent that the acoustic determination of the BPF functions well in 
some conditions, but there is scatter, and the correlation with operational data is not 
perfect.  


Examining the data from 450 
metres from the turbine (the most 
complete data set represented in 
Figure 6), the calculated 
modulation factor is shown in 
Figure 8. Smoothing has been 
applied by computing a linear 
average of the five values closest 
in time. Anecdotal and subjective 
listening tests by the author 
suggest that recordings from 
which a high modulation factor is 
calculated do contain more 
audible modulation than do 
recordings from which a low 
modulation factor is calculated.  


The modulation factor chart is 
superimposed on a chart of wind 
speed data in Figure 9. As 
expected, the modulation factor 
does not appear to track the wind 
speed data. The two midday 
periods on November 7 and 
November 8 in the figure are of 
particular interest. On November 
7, the modulation factor is at a 
minimum around midday, while 
the wind speed data is peaking, 
and on November 8, a similar 
modulation factor minimum is 
present around midday, but the 
wind speed data is also very low. 
To illustrate this lack of correlation another way, the calculated correlation coefficient 
between the modulation factor and any of the wind speed data sets is 0.2 or less 
(n=572). 


 


Figure 8: Calculated Average Modulation Factor, 
(with smoothing) 


 


Figure 9: Average Modulation Factor vs. Wind 
Speed (with smoothing) 
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By contrast, there is a clear 
degree of correlation between 
sound level and wind speed. 
Figure 10. Correlation 
coefficients are 0.50 for the 80 
metre wind speeds, 0.51 for the 
10 metre data, and 0.54 for the 
ground level data. 


Figure 11 illustrates the wind 
shear exponent calculated 
according to (1) using the hub 
height and 10 metre height wind 
speed data. Although far from 
perfect, the modulation factor 
appears to track the wind shear 
exponent far more closely than it 
did the wind speed data. 
Nonetheless, there is a great 
deal of deviation from the trend, 
as in the preceding figures, and 
the correlation coefficient is only 
0.4. 
The data summarized in Figure 
11 is illustrated another way in 
Figure 12. This figure shows the 
hypothesized dependence of the 
average modulation factor on the 
wind shear exponent by plotting 
each data pair. The points have 
been colour coded to roughly 
illustrate the BPF occurring at the 
time, as described in the figure legend. Figure 13 illustrates the same data with 
smoothing applied. These charts clearly suggest that while the correlation between a 
simple wind shear exponent and the average modulation factor is imperfect, periods 
with a high average modulation factor tend to be associated with both a high wind 
shear exponent and with high rotor rates.  
There were fewer successful recordings made near the turbine, and there is 
therefore less useful data, but the average modulation factor and wind shear 
exponent data from this location is shown in Figure 14 and Figure 15. Again, higher 
wind shear and higher BPF values tend to be associated with higher average 
modulation factors, but the relationship is far from perfect. 
 


 


Figure 10: Leq Sound Level vs. Wind Speed 
(with smoothing) 


 


Figure 11: Average Modulation Factor vs Wind 
Shear Exponent (with smoothing) 
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There are a number of reasons 
why any specific quantification 
method for describing the 
amplitude modulation in wind 
turbine noise would not track 
closely the wind shear calculated 
using any specific metric. One 
reason is that the modulation is 
necessarily also affected by the 
background sound at the 
microphone (i.e., the sound due 
to things other than the wind 
turbine, such as wind-induced 
vegetation noise) which will mask 
the wind turbine noise at times 
and therefore mask any 
modulation in the signal.  
Another reason is that the wind 
direction plays a role:  during 
periods when the wind blows 
from the turbine to the 
microphone, the sound level of 
the turbine and its modulation will 
be greater relative to the 
background than when the wind 
is blowing in the opposite 
direction. Similarly, other 
research has shown more 
modulation in certain directions 
relative to the nacelle position. 
Also, in a wind farm, many 
receptors will have several wind 
turbines around them, each at a 
different distance, complicating 
both the determination of the degree of modulation and the detection of the BPF.  
A third reason, and perhaps the most important, is that wind shear is difficult to 
quantify. The wind shear calculation used in this document is based on two wind 
speed values, one at a 10 metre height, and another at hub height. In reality, there is 
no reason why the actual wind profile must follow the idealized profile assumed by 
(1) or (2), and in fact the wind profile can be affected by turbulence. A more robust 
wind profile quantification method would make use of many more data points, 
perhaps obtained by a SODAR or LIDAR system, rather than relying on a small 
number of mechanical or ultrasound anemometers. 


 


Figure 12: Average Modulation Factor vs. Wind 
Shear Exponent 


 


Figure 13: Average Modulation Factor vs. Wind 
Shear Exponent (with smoothing) 
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Conclusions 
The analysis method described 
in this paper has had success in 
correctly identifying the amplitude 
modulation frequency in wind 
turbine noise, even at several 
hundred metres distance, 
although imperfectly.  
The modulation factor metric 
appears to be effective in 
quantifying amplitude modulation 
in wind turbine sound, but more 
work is needed.  
There is a high degree of 
variability in the calculated 
modulation factor over time, 
indicating that the degree of 
modulation experienced by 
residents near wind turbines is 
not constant. 
When taken as a whole, the data 
support the idea that increased 
periods of amplitude modulation 
occur when the wind profile 
corresponds to a larger wind 
shear exponent. However, the 
wind profile, which in reality is not 
constrained to describe a 
logarithmic or exponential profile 
at all, can be quantified in only 
rough and approximate terms 
using the limited data collection 
available for this study. The data 
also indicate that a high rotor rate tends to be required for high degrees of 
modulation, and wind direction clearly affects the degree of modulation at any given 
location. 
Although high rotor revolution rates, and therefore relatively high hub-height wind 
speeds, were found to be necessary for high degrees of amplitude modulation, the 
data indicate that the calculated modulation factor does not correlate closely with 
wind speed alone. This is not surprising, as there is little evidence to suggest that 
any such correlation between the degree of modulation and the wind speed should 
exist.  
The data also indicate that the LEQ sound level correlates more closely with wind 
speed than it does with the wind shear exponent. 


 


Figure 14: Average Modulation Factor (at 87 
metres) vs. Wind Shear Exponent (with 


smoothing) 


 


Figure 15: Average Modulation Factor (at 87 
metres) vs. Wind Shear Exponent (with 


smoothing) 
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The modulation factor metric can be implemented into software. It is therefore 
possible that such a metric could be used in a system capable of automatically 
detecting high degrees of amplitude modulation, and reducing or curtailing 
operations during these periods to minimize the potential annoyance to nearby 
residents. This could be particularly useful for wind farm operators who have legal or 
regulatory requirements to curtail operations under certain conditions to minimize the 
noise impact on nearby residences. Literature suggests that since amplitude 
modulation may be responsible for the increased annoyance, a system which 
quantifies amplitude modulation, such as the method described in this study, could 
be used for this purpose.  


Recommendations for Future Work 
An external validation of the relationship between the average modulation factor and 
the subjective degree of modulation is required. This would most effectively take the 
form of a properly controlled listening test where the degree of modulation is rated by 
participants, and compared to the calculated average modulation factor.  
A dose-response relationship between the degree of amplitude modulation in wind 
turbine noise and the potential for noise annoyance is needed. A controlled listening 
test could also be designed to provide this information, correlating actual human 
annoyance with amplitude modulation using the alternate metrics for its 
quantification, including the average modulation factor. 
A more comprehensive investigation of the connection between modulation and wind 
profile is required. A longer term assessment of amplitude modulation should be 
undertaken at different sites, in conjunction with more sophisticated methods of 
quantifying the wind profile or the degree of turbulence arriving at a wind turbine. 
Such work would ideally utilize SODAR or LIDAR equipment which is capable of 
highly detailed descriptions of the wind profile. 
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Abstract        
Wind energy generation has been an area of rapid growth over the past decade. As 
a source of renewable energy wind turbines offer a clean and stable alternative to 
fossil fuels. Ireland’s geographical location and prevailing weather conditions mean 
the country has enormous potential to be a prominent producer of wind energy. 
Significant investment in wind farm development is planned over the next ten years. 
Irish authorities are beginning to develop more advanced and comprehensive 
legislation to regulate both the planning phase and the ongoing assessment of these 
developments. One of the key concerns and barriers to expansion of the farms is the 
perceived impact of turbine noise on local residents. New regulations and 
methodologies are being developed to allow turbine operators, regulators and 
acoustic professionals to assess and manage noise emissions from wind farm 
developments. The nature of turbine operations, associated noise emissions and the 
timeframes for assessment will present a unique set of challenges to those 
responsible for noise limit enforcement and monitoring. 
 The authors have developed a noise measurement system for long term, 
automated monitoring. The noise monitoring unit is designed for long term, remote 
monitoring of environmental noise. The units are specifically designed to provide the 
type of functionality which is needed for addressing the issues unique to wind turbine 
noise measurement. The noise monitors can be deployed in situ and operate 
autonomously for extended periods of time. Results are stored locally and can also 
be monitored remotely.  


Our web based visualization and analysis tools allow the consolidation of wind 
speed, weather and noise data. Early testing has shown that the system is 
particularly well suited to meeting the acoustic and environmental challenges of long 
term measurement at wind turbine developments. The system presents numerous 
benefits for operators, regulators and concerned residents alike. Our planned 
application of the technology will aid the effective implementation of new legislation 
and noise assessment methods. 
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Introduction   
As an island next to a large ocean, Ireland is exposed to some of the strongest winds 
in Europe, and is thus well positioned for the development and deployment of wind 
energy technology. Wind turbines are one of the cleanest forms of energy producers 
available, producing no emissions, no pollutants no harmful gases, no effluent and 
no radioactivity. Concerns exist that wind farms can negatively affect local scenery 
(Hurtado et al 2004), wildlife (Kuvlesky et al, Smallwood 2007), property values, 
tourism and indeed cause noise nuisance (Pedersen 2004). However, each of these 
factors can be largely negated in the planning and development stages. By having 
policies and systems in place to manage these issues, the benefits and the 
acceptance of wind farm installations can be more easily realised. 
 
The first wind farm in Ireland opened in 1992 in an area on the Atlantic seaboard. 
Since then, production of energy from wind farms (both onshore and offshore) has 
increased steadily. The sustainable energy authority of Ireland, the SEAI, envisages 
that wind power will make the most significant contribution to the nations targets for 
green energy production “due to its environmental benefits, technological maturity 
and increasing competitiveness”. 
 
At present, Ireland has 1,379 MW of installed onshore wind capacity. The total 
installed electricity capacity is in Ireland is over 6,000 MW, meaning wind power 
accounts for approximately 20% of production capacity. In addition there are another 
1000 MW of wind farms under development with a further 15,000 MW of capacity 
planned (O’Doherty 2010). The management of the impact that these developments 
will have on local communities and habitats is crucial to the success of Ireland’s 
goals to find more environmentally friendly forms of energy. This can be done 
through careful and effective planning of wind turbine developments and ongoing 
management of key issues. Acceptance of wind farms by the general public, 
particularly those in the vicinity of developments, is dependent on overcoming a 
number of barriers. Among the most prominent and publicised of these issues is 
noise.  
 
Wind farms are relatively quiet when compared to many other industrial power 
generation sites. The acoustic emissions produced at wind turbines however, can 
result in resistance to planned and existing installations, due in part to the 
characteristics of the noise. There are four main types of noise that are generated 
during wind turbine operation. Tonal noise, primarily from mechanical parts, which 
can cause annoyance even at low levels. Low frequency noise, which propagates 
over long distances, impulsive noise from wind turbines and a broadband noise 
component often characterised as “swish” noise. When developing planning 
procedures and managing existing developments, the consideration of public 
perception of this noise as being intrusive or annoying is as important as accurate 
measurement of the noise levels. This understanding can be gained through 
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extended collection of data, accurate monitoring, careful analysis and engagement of 
the public and relevant stakeholders. 
 
Effectively measuring noise at wind farms for this purpose presents a unique set of 
challenges. The requirement to monitor in several different wind/weather scenarios, 
across various times of the day and through changing seasons makes attended, 
short-term monitoring undesirable and somewhat impractical. Coupled with the fact 
that measurements should be compared to a background level, measured during 
turbine inactivity, or ideally, before installation, the case for autonomous monitoring 
becomes more apparent. 
 
Irish guidelines for wind farm planning (DoE 2006) specify that the noise impact of 
the turbine installation should be controlled, relative to the existing background 
levels, during both the development and operational stages. Noise levels during 
turbine operation are not to exceed the background level by more than 5dB LA90, 
10min. Certain circumstances may warrant more relaxed limits in the case of 
extremely low background levels. Noise impact is measured by reference to the 
existing situation at noise sensitive locations e.g. dwellings, or locations of particular 
scenic quality. These criteria outline a need for a system capable of monitoring the 
noise emissions of turbine installations in the long term, both for the purposes of 
regulation and increasing public acceptance by communicating relevant 
environmental data to neighbours and concerned parties. 
 


Technology 
Our noise monitoring unit is designed for long term, remote monitoring of 
environmental noise (McDonald 2010). The noise monitors can be deployed in situ 
and operate autonomously for extended periods of time. Equipped with a class 1 
microphone the units are constantly monitoring noise levels and logging statistical 
data as required. Figure 1 shows a Sonitus Systems noise monitor. The Leq and 
L90, both A and C-weighted, are logged to the internal memory every ten minutes. A 
range of other optional statistics are also computed and recorded. 


  
Figure 1: Noise Monitoring Unit and Microphone 
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The technology was developed using the concept of delay tolerant networking, or 
DTN (Fall 2003, Farrell 2006). Designed for extended operation in harsh 
environments, the system is capable of operating without user input for many months 
at a time. DTNs consist of sensor units which are designed to measure 
independently but aggregate all data to leverage the benefits of a widely deployed 
network (Farrell et al 2006). This amalgamated data can then be further analysed, or 
used to provide information on a wide geographical area. 
 
We have incorporated sound level meter technology into the measurement front end 
of our sensor platform. The noise monitors are deployed at numerous locations and 
return data to a central repository using a GSM link. Information is then presented to 
the end user via a powerful web based analysis tool. Each unit syncs data according 
to a pre-defined schedule, however, if a data link is unavailable due to adverse 
weather or network failure the unit will log all noise readings for upload at a later 
time. The figure below illustrates this concept. 
 


 
 


Figure 2: Widely deployed network with centrally stored data 
 
Data is made available to the end user through a web based visualisation and 
analysis tool.  
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Application Case Study 
Wind farm developers and promoters of the technology now recognise that noise 
impact assessments are a necessary part of any turbine installation. A full 
understanding of the effect a development has on the surrounding environment is 
necessary to meet regulatory requirements and to ease local concerns. 
 
A number of units were deployed at a green-field site which is the location of a 
planned wind farm development. The aim of this initial monitoring stage was to 
assess the existing background noise levels prior to the commencement of building 
works. Noise level data was collected at noise sensitive locations for two weeks. This 
data was supplemented with a detailed set of weather readings describing the 
prevailing conditions during the measurement period. 
 
The data was transmitted to a central server and was accessible at all times from 
remote locations. Readings were synchronised once per day and could be viewed as 
raw tabulated data or graphed using web based plotting tools. The data was not 
made available publically but will be used as part of an environmental impact survey 
(EIS) and also for ongoing comparisons to aid noise impact management. 


 
Results 
A sample of the results from the measurement period are displayed below. As can be 
seen from figures 3 – 7, this site shows little influence from factors other than 
weather. The background levels remain consistently low for much of the sample 
period. The periods of higher noise levels correspond directly to intervals f sustained 
high wind speeds. This suggests that the dominant source of noise at this location is 
wind noise itself. This is shown most clearly in figure 7, where noise levels at higher 
wind speeds (> 8ms-1) are consistently above the baseline level. This would indicate 
that a wind farm installation should have minimal impact. Guideline regulations 
propose a limit level of 45dBA or no more than 5dB above prevailing background 
levels. Despite the fact that noise emissions are greatest at high wind speeds, the 
existing conditions indicate that a turbine development is unlikely to cause an 
increase in noise sufficient to have a significant effect at these higher background 
levels (55-60dBA). In fact, at high wind speeds, the noise of the sound of the turbine 
is likely to be masked by the sound of the wind itself. At lower wind speeds, where 
background levels are beneath 45dBA, the influence of the turbine should be 
minimal. 
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Figure 3: Sample of Noise Levels at Site Location 1 


 
 


 
Figure 4: Sample of Noise Levels at Site Location 2 
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Figure 5: Sample of Noise Levels at Site Location 3 


 


 
Figure 6: Wind speeds for entire site (no direction shown) 
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Figure 7: Scatter plot of noise levels at various wind speeds 


 
System Benefits 
The results analysis presented above forms part of any standard procedure for wind 
turbine site assessment and EIS preparation. While the tailored nature of the 
equipment and accessibility of the data is of great benefit in this regard, the real 
value of the technology is realised during the ongoing assessment of wind farm noise 
impact. By constantly monitoring noise emissions and making the readings available 
via the web the systems can impart two significant benefits. The first is an emission 
control system, alerting operators to any limit exceedance, helping to develop control 
procedures and increasing the understanding of the local wind/noise relationship.  
 


 
Figure 8: Web based interface for displaying remote noise readings 
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The second benefit is to address and assuage public concerns by providing relevant 
information to educate and reassure wind farm neighbours. By involving local 
residents, stakeholders and concerned groups, the problems of opposition can be 
largely diffused. Figure 8 shows an example of the system’s web interface which 
displays location based noise level readings and offers an explanation of the data. A 
public forum which displays compliant noise levels can have a significant influence 
on the attitudes of affected parties. It is in this way that the noise management 
system also becomes a complaint management system by allowing the public to 
understand and view noise emission data and by involving them in the environmental 
assessment procedure. 
 


Conclusions  
Wind generated power will continue to expand as a source of clean renewable 
energy. With increasing investment and rising fossil fuel prices wind farm 
development presents a viable alternative means of producing electricity. However, 
there remain some barriers to acceptance, mainly in the area of environmental 
impacts. Not least among these concerns is noise. Noise emissions and noise 
annoyance are a source of concern for neighbouring households. The evolving 
legislation aims to minimise these influences, but a system of monitoring and control 
is needed which can meet the requirements of all parties. We have developed a long 
term monitoring system, based on ruggedized sensor technology which is ideal for 
this application. By monitoring noise levels during the planning, development and 
operational stages of wind turbine installation we can offer a full life cycle solution to 
ensure compliance with regulations and promote acceptance and support. Our web 
based display tools can be used by acoustic consultants to analyse noise level data 
and also to engage and reassure interested stakeholders. This holistic solution offers 
a simple and reliable method of wind farm noise management. 
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Abstract 
Allegations of amplitude modulation (AM) of broadband noise from wind turbines are 
increasingly being used as an argument against planning consent for wind farms. 
While AM is commonplace in the near field of a turbine, it is rarely observed in the far 
field. 
The measurement of the modulation spectrum of broadband noise is well known in 
the sonar community, and appeared in a text-book as early as 1991. A simplified 
description is: 
1. filter the sampled data to the frequency range of the broadband noise being 
modulated; 
2. square the filtered data; 
3. conduct a spectral analysis of the output by Fast Fourier Transform (FFT). 
The outcome of this process is the modulation spectrum: a graph of modulation 
amplitude against frequency. 
This procedure has many advantages. Aperiodic modulation, such as caused by 
traffic noise, will be automatically excluded. Periodic modulation will be detected as a 
peak or peaks in the modulation spectrum. Modulated noise from a wind turbine will 
be expected to occur at the blade passing frequency and its harmonics. If shaft 
rotational frequency is present, that suggests the source may be due to one blade 
more than the others. 
If the amplitude over time does not follow a smooth sinusoid, but varies in some 
other periodic fashion, that will be reflected in a modulation spectrum with multiple 
peaks at harmonics of the fundamental frequency. Types of AM such as “swish” and 
“thump” may be distinguished by different harmonics in the modulation spectrum, or 
by differences in the frequency spectrum of the underlying noise being modulated. 
A better understanding of the different characteristics of different kinds of AM will aid 
wind farm operators in managing their assets and wind turbine manufacturers in 
refining their product. 
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Introduction 
Allegations of amplitude modulation (AM) of broadband noise from wind turbines are 
increasingly being used as an argument against onshore wind farms. While AM is 
commonplace in the near field of a turbine, it is only rarely observed in the far field.  
When AM is observed in the far field, it is important to have a means of quantifying it. 
This can help: 


• operators to manage their turbines to avoid complaints, 
• and manufacturers to design their turbines and control systems to prevent AM 


occurring. 
Some methods have been proposed to measure the modulation spectrum of 
broadband noise, for instance Lee et al [1]. But an algorithm already exists and has 
been in sonar signal processing text-books since 1991 [2]. It can be implemented 
largely in the time domain using Finite Impulse Response (FIR) filters. 
Other work is in progress [3, 4] to quantify modulation. While a simple metric may 
prove effective in predicting the perceived amplitude of the modulation, there are a 
range of characteristics that can assist in describing the noise, and which may help in 
diagnosing the cause and, ultimately, in curing it. 


Influences on far-field amplitude modulation 
Some work has been carried out to advance the understanding of the generation of 
amplitude modulation in the near field of a turbine, notably by Oerlemans [5]. The 
reasons why AM is only rarely observed in the far field are not so well understood. 
Wind shear is often modelled as being logarithmic with height, or sometimes as a 
power law, but measurements have sometimes shown much more complex variation 
with height. Figure 1 shows an example of a low-level jet measured with a lidar. This 
shows wind speed increasing up to a maximum between 100 m and 200 m above 
ground, and decreasing at higher altitudes. 


 
Figure 1: Low-level jet 
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Figure 2 shows some short-time samples from the jet of Figure 1. In each case, the 
grey curve is the result of fitting a power law curve to data from a 50 m met mast; the 
red dashed curve is fitted to the shear measured across the disc of a hypothetical 
turbine of 100 m diameter and 100 m hub height, and the red dotted curve is the 
actual wind speed measured by lidar. 
It is clear that a mast of half hub height can dramatically underestimate wind shear 
across the turbine disc; it is also clear that the power law itself is sometimes 
inadequate to describe wind shear. It could be that unusual wind shear conditions 
occasionally lead to a dramatic increase in the level of modulation at source. 
Although the wind speed decreases above this jet, it will increase again at greater 
height. This could lead to a channel, analogous to those encountered underwater [6], 
which could carry sound a significant distance downwind. It is even possible that 
caustics or convergence zones could exist, focussing the sound at specific ranges 
downwind.  
 


 
Figure 2: Wind shear across the rotor disc 


 


Essentials of the algorithm 


Consider broadband noise whose peak amplitude varies between and . 
The sound pressure variation over time can be written 
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Squaring the input signal results in 
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The terms in brackets are: 
 


a DC term of magnitude ( )2
minmax ˆˆ


4
1ˆ pppDC += , (4) 


a tone of angular frequency  and peak amplitude ( )22
minmax


ˆˆ
2
1ˆ ppp −=ω , (5) 


a tone of angular frequency  and peak amplitude ( )2
minmax2 ˆˆ


4
1ˆ ppp −=ω . (6) 


 
Expressions (4) and (5) can be combined to give a measure of the variation in 
amplitude 
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Practical implementation 
A microphone signal is digitally sampled and divided into time segments. The length 
of each time segment must be at least the reciprocal of the desired frequency 
resolution in the modulation spectrum. So, for example, to obtain a resolution of 
0.1 Hz, the time segments should be at least 10 seconds long. It is convenient if the 
number of samples in each time segment is a power of two. If the initial sampling 
frequency is 44.1 kHz (a standard sampling frequency used in CDs), a segment of 
219 samples is about 12 seconds long. 
The processing is outlined schematically in Figure 3, and discussed below. 
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Figure 3: Flow chart of the algorithm 


Much of the broadband noise from wind turbines is in the range from a few hundred 
Hz to a few kHz; this is the noise whose modulation is to be measured. If higher 
frequencies are to be discarded to speed up processing, the signal can be passed 
through a low-pass anti-aliasing filter and down-sampled to a lower sampling 
frequency. This down-sampling is often known as “decimation”. As with all low-pass 
filters in this implementation, a Finite Impulse Response (FIR) filter can be used. 
A band-pass filter can then be used to select a frequency band for further 
processing. Octave bands are suggested. It is a remarkable consequence of the 
convolution theorem [7] that the multiplication of a time history by ife π2  has the effect 
of shifting all frequencies in that time history up by a value f . By setting Cff −= , 
where Cf  is the centre of the frequency band of interest, that band can be shifted left 
so that it is centred on 0. This process is known as “mixing”. The band-pass filter can 
then be implemented as a low-pass filter, which is much more computationally 
efficient. 
Figure 4 illustrates this process. The blue curve is the decimated input signal. The 
green curve is the same, but shifted left by about 1061 Hz (the arithmetic centre of 
the octave with geometric centre 1 kHz). Note that negative frequencies wrap around 
to appear at the top of the frequency scale: this is conventional with the Cooley-
Tukey FFT algorithm. The red curve then shows the effect of a one-octave band-
pass filter implemented as a low-pass filter. 
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Figure 4: Implementing a band-pass filter as a low-pass filter 


The filtered signal is then squared. 
At this point, it is possible to conduct a spectral analysis of the squared signal by 
Fast Fourier Transform (FFT). However, the result would be a spectrum running up 
to hundreds or thousands of Hz, depending on the bandwidth of the filter just applied. 
Yet the frequencies of interest in the modulation spectrum are likely to be of the order 
of 1 Hz. So, once again, it is sensible to apply an anti-alias filter and down-sample 
the signal. This is shown in Figure 5. In this case, the length of the filter may be very 
large, and significant performance gains could be achieved by applying a series of 
much shorter filters. 
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Figure 5: Effect of modulation spectrum anti-alias filter 


Before applying the FFT, it is common practice in signal analysis to apply a window 
function to improve the ability to discriminate between tones that are close together 
in frequency, but this is of dubious merit in the present application as the tones are 
relatively widely spaced. 
The output of this process is the modulation spectrum: a graph of modulation 
amplitude against frequency. 


Results 
Figure 6 shows the time history of a signal sampled at 44.1 kHz and chopped into 
segments of 218 = 262,144 samples. Subjectively, this sample begins with a gradual 
“swish” sound, which towards the end changes to a more abrupt “thump”. 
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Figure 6: Signal sampled at 44.1 kHz and chopped into segments of 218 samples 


Figure 7 to Figure 10 show the results of processing data in octaves from 250 Hz to 
1 kHz, for those four time segments. 
It might be expected that the higher harmonics would increase in shifting from swish 
to thump. In fact, the most striking change is in the relative amplitudes of the 
fundamentals in the different octaves. The swish is predominantly in the 1 kHz 
octave (Figure 7), while the thump is predominantly in the 250 Hz (Figure 9). 
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Figure 7: Modulation spectrum, 0 to 5.94 seconds 


 
Figure 8: Modulation spectrum, 5.94 to 11.89 seconds 
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Figure 9: Modulation spectrum, 11.89 to 17.83 seconds 


 
Figure 10: Modulation spectrum, 17.83 to 23.78 seconds 
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Conclusions 
This procedure has many advantages. By transforming the noise into the frequency 
domain, many features become immediately apparent: 


• Aperiodic modulation, such as caused by traffic noise or fluctuations in wind 
speed, will be automatically excluded. 


• Periodic modulation will be detected as a peak or peaks in the modulation 
spectrum. 


• Peaks due to periodic phenomena not associated with wind turbines will 
appear at different frequencies. 


• Modulated noise from a wind turbine will be expected to occur at the blade 
passing frequency and its harmonics (multiples). 


• If shaft rotational frequency is present, that suggests the source may be due to 
one blade more than the others. 


The method proposed here is not new: it has been proved over many years. It can 
run in real-time. It provides an objective measure of amplitude modulation, subject to 
agreement on a number of parameters, such as the noise bandwidth and the roll-off 
of the various filters. The method can be used by environmental health professionals 
to assess complaints, by wind farm operators to manage their assets and by wind 
turbine manufacturers to refine their product.  
The difference between swish and thump appears to be mainly in the frequencies of 
the noise being modulated, with swish being predominantly in the 1 kHz octave and 
thump being in the 250 Hz octave 


Recommendations 
If multiple harmonics are present, there is an issue of how best to quantify the 
modulation. It is hoped that RenewableUK’s research programme will address this. 
Amplitude modulation is commonplace in the near field of wind turbines, yet is rarely 
observed in the far field. On the rare occasions when it is observed in the far field, 
the cause is not well understood. It may be due to an unusually high amplitude at 
source, perhaps due to wind shear or wind veer across the turbine disc. Alternatively, 
it may be due to focussing of the sound by wind shear and temperature gradients. A 
detailed mapping of the wind flow by a steerable lidar could provide valuable insights 
into the origin of this phenomenon. 


References 
1 Lee, S. et al, An estimation method of the amplitude modulation in wind turbine 
noise for community response measurement, Third International Meeting on Wind 
Turbine Noise, Aalborg, Denmark, 17-19 June 2009 
2 Nielsen, Richard O., Sonar Signal Processing, Artech House, 1991 
3 Fundamental research in amplitude modulation - a project by RenewableUK. Bass 
J, Bowdler D, McCaffery M and Grimes G (UK), Wind Turbine Noise 2011 







 Measurement of amplitude modulation frequency spectrum Page 12 of 12 
 
 


4 Wind turbine amplitude modulation: Research to improve understanding as to its 
cause and effect. Bullmore A, Jiggins M, Cand M, Smith M, Wright M, Davis R and 
Oerlemans S (UK), Wind Turbine Noise 2011 
5 Oerlemans, Stefan, Detection of aeroacoustic sound sources on aircraft and wind 
turbines, Thesis University of Twente, Enschede, 2009 
6 Urick, Robert J.,Principles of Underwater Sound, 3rd Edition, Peninsula Publishing, 
1997 
7 http://mathworld.wolfram.com/ConvolutionTheorem.html 



http://mathworld.wolfram.com/ConvolutionTheorem.html�



		Fourth International Meeting on Wind Turbine Noise

		Rome  Italy  12-14 April 2011

		Measurement of amplitude modulation frequency spectrum

		Dave McLaughlin

		SgurrEnergy, 225 Bath Street, GLASGOW G2 4GZ, UK

		david.mclaughlin@sgurrenergy.com

		Abstract

		Introduction



		Influences on far-field amplitude modulation

		Essentials of the algorithm

		Practical implementation

		Results

		Conclusions

		Recommendations

		References








 Recent field measurements of wind turbine noise in Japan Page 1 of 12 
 
 


 
Fourth International Meeting on Wind Turbine Noise 


Rome  Italy  12-14 April 2011 


 


Recent field measurements of wind turbine noise in Japan  
 
Hiroaki Ochiai, Kobayasi Institute of Physical Research. 
3-20-41 Higashi-motomachi, Kokubunji, Tokyo 185-0022, Japan.   
E-mail: ochiaih@kobayasi-riken.or.jp 
Yasuo Inoue, INC Engineering Co., Ltd.,  
1-15-18 Hyakunin-cho Shinjuku-ku, Tokyo 169-0073 Japan.   
E-mail: inoue@inc.ihi.co.jp 
Hiroyuki Imaizumi, National Institute of Advanced Industrial Science and 
Technology (AIST) . 
16-1 Onogawa, Tsukuba, Ibaraki 305-8569 Japan.  
E-mail: hiroyuki.imaizumi@aist.go.jp 
Shinji Yamada, The Open University of Japan. 
4-4-37 Takeda, Kofu, Yamanashi 400-8511, Japan.  
E-mail: yamada@ms.yamanashi.ac.jp 
 


 
Abstract    
Recently, complaints against low frequency sound generated by wind-turbines occur 
at several areas in Japan. The Ministry of Environment, the Government of Japan 
has started investigation on the wind-turbine noise. 
We carried out field measurements of the noise and the low frequency sound at three 
areas, where the complaints about the wind-turbine noise have occurred.  Low 
frequency sound level meters were arranged at the positions close to the wind-
turbines, and outside and inside houses of the complainers. 
As a result of the measurement, we have found that; 
(1) The sound pressure levels of infrasound (< 20Hz) are 20dB or more lower than 


the hearing threshold of human [1], [2] at the distance of about 100-150m from the 
wind-turbines, 


(2) From the measurements inside the houses, it is presumed that the complaints are 
probably caused by the tonal components at frequency range from about 160 to 
200Hz, and 
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(3) To understand the characteristics of the wind-turbine noise at each measuring 
point, it is effective that a continuous measurements by using Leq, 10s and on-
and-off operation of the wind-turbine during the noise measurements. Especially, 
the latter is useful to know whether or not the complainers actually listen to the 
wind-turbine noise and at what operation condition of the wind-turbine they feel 
uncomfortable and complain against the wind-turbine. 


 


1 Introduction  
To prevent global warming, construction of wind power plants has been introduced in 
Japan, and 1683 wind-turbines are operating at March 2010. Recently, complaints 
against low frequency sound generated by wind-turbines occur at several areas. The 
Ministry of Environment, the Government of Japan has started investigation on the 
real status of the wind-turbine noise. We carried out field measurements of noise and 
low frequency sound at the areas where the complaints about the wind-turbine 
noises have occurred.  
In this paper, we describe on the result of the measurements at these areas. In this 
paper the word “noise” sometimes includes noise and low frequency noise. 
 


2. Outline of measured area and measurement method 
The outlines of the measured wind-turbines are shown in Table-1. The measured 
wind-turbines are all up-wind types, about 100m heights and the rated power is 
1.0MW or 1.5MW 
. 


Table-1 Outline of the measured wind-turbines 


Area 
Total 
height Rated power Rated wind 


speed 
Cut-in wind 


speed 
Cut-out wind 


speed 


(m) (MW) (m/s) (m/s) (m/s) 
A 98.7  1.0  12.5  3.0  25.0  
B 100.0  1.5  12.0  3.0  25.0  
C 100.0  1.5  12.0  3.0  25.0  


 
The noise and the low frequency sound were measured in four houses at three areas 
(area A, area B and area C). The layout of the measuring points is shown in Table-2. 
The measuring points were arranged near the wind-turbine, at the distance of 100-
150m, and inside and outside of the complainer’s house at the residential side, at the 
distance of 210-680m.  
The measurements were carried out near the wind-turbine and inside and outside of 
the complainer’s house at the same time.  During the noise measurement, the 
complainer's houses were located on the leeward side of the wind-turbine at any 
area. In the measurement, the output signals of the sound level meter and the low 
frequency sound level meter were recorded with a data recorder. 
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Table-2  Layout of the measuring points 


Area Near the WT Residential 
site 


Complainer's house 
Distance from the WT Distance from the WT Outside Inside 


A 150m 
A-1 240m ◯ ◯ 


A-2 210m ◯ ◯ 


B 125m B 350m ◯ ◯ 


C 100m C 680m ◯ ◯ 


 
The self-evaluation of discomfort on the wind-turbine noise by the complainers was 
carried out inside of the house together with the noise measurement. In the self-
evaluation of discomfort, the complainers marked how they feel the noise 
momentarily without any information on the operational condition of the wind-turbine. 
In the time of the noise measurement, the wind-turbine was stopped for about ten 
minutes. The wind speed at the nacelle height, and the rotor speed of the wind-
turbine were informed from the wind-turbine managers. 
1/3 octave band equivalent sound pressure level of ten seconds (Leq, 10s) was 
calculated from the recorded tapes, continuously. The calculated data were divided 
into two groups of operated and non-operated condition and were arranged 
according to the wind speed at the nacelle height. 
 


3. Result of measurements 
3.1 Frequency characteristics of wind-turbine noise 
(1) Area A; Frequency characteristics measured in area Ａ are shown in Fig.1, Fig.2 
and Fig.3. The sound pressure level differences of the noise and the low frequency 
sound were observed according to on-and-off operation of the wind-turbine, near it 
and at the complainer’s house A-1 and A-2 (the distance from the wind-turbine: about 
240m and 210m). 
At the measurement point near the wind-turbine, the low frequency sound at 31.5Hz 
and tonal sound of 160-200Hz were observed. The same tonal frequency 
components were observed inside the complainer’s house A-1 and A-2, also. The 
sound pressure levels of noise in the complainer’s house A-1 (the entrance door was 
opened), exceeded the hearing threshold at 40Hz or more, and the noise in the 
complainer’s house A-2 exceeded the hearing threshold at 80Hz or more. On the 
other hand, even near the wind-turbine, the sound pressure levels of infrasound 
(20Hz or less) were about 20dB or more smaller than the hearing threshold. 
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(2) Area B; Frequency characteristics measured in area B are shown in Fig.4 and 
Fig.5. The sound pressure level differences of the noise and the low frequency sound 
were observed according to on-and-off operation of wind-turbine, near it and at the 
complainer’s house B (the distance from the wind-turbine: about 350m).  
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At the measurement point near the wind-turbine, the tonal frequency components of 
160-200Hz were observed. The same tonal frequency components were observed 
inside the complainer’s house B. 
The sound pressure levels of noise and low frequency sound in the complainer’s 
house B exceeded the hearing threshold at 100Hz or more. On the other hand, even 
near the wind-turbine, the sound pressure levels of infrasound (20Hz or less) were 
about 20dB or more smaller than the hearing threshold, in area B, also. 


 
 (3) Area C; Frequency characteristics measured in area C are shown in Fig.6 and 
Fig.7. The sound pressure level difference of the noise were not detected according 
to on-and-off operation of the wind-turbine inside the complainer’s house C (the 
distance from the wind-turbine: about 680m), though the sound pressure level 
difference of the noise and the low frequency sound was observed near the wind-
turbine by on-and-off.  
The tonal frequency components of neither 25-31.5Hz nor 160-200Hz, which had 
been observed near the wind-turbine, were not observed inside the complainer’s 
house. Inside the house, another tonal frequency component of 12.5Hz was 
measured. It is assumed that this tonal frequency component of 12.5Hz is a low 
frequency sound generated by vibration of fittings caused by wind. 
The sound pressure levels of noise in the complainer’s house C exceeded the 
hearing threshold at 125Hz or more. On the other hand, even near the wind-turbine, 
the sound pressure levels of infrasound (20Hz or less) were about 20dB or more 
smaller than the hearing threshold, in area C, also. 
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3.2 Fluctuation of sound pressure level of wind-turbine noise  
The level differences were observed according to on-and-off operation of the wind-
turbine inside the complainer’s house in area A and area B. But, the level difference 
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according to on-and-off operation was not detected clearly, inside the complainer’s 
house in area C.  As the data of the rotor speed every ten seconds was received 
from the wind-turbine manager at area B and C, the time histories of the rotor speed 
and the sound pressure level were analyzed. 
(1) Area B; Examples of the sound pressure level fluctuation of the noise and the low 
frequency sound near the wind-turbine in area B and inside the complainer’s house 
are shown in Figure-8 and Figure-9. The time fluctuation of the rotor speed every ten 
seconds, which was informed from the wind-turbine manager, was also shown in the 
figures. 
The sound pressure level near the wind-turbine decreases when the wind-turbine 
stops (when the rotor speed is 0), as shown in this figure. When paying attention to 
the change in the sound pressure level of 160Hz and 200Hz, which is the tonal 
frequency components of the wind-turbine noise, the frequency shifted from 200Hz 
band to 160Hz band according to the decrease of rotor speed at the time of before 
and after stopping. Moreover, the fluctuated width of the sound pressure level of 
160Hz was about 6dB before the wind-turbine stopping, but in the time of re-
operating after stopping it was about 15dB. So, the fluctuation width became larger 
than before it stopped. 
The rotational speed of the wind-turbine has decreased when it operates again, 
though it was almost constant (rating speed) before it stopped. Thus, the fluctuation 
of the sound pressure level seems to be in approximately good agreement with the 
fluctuation of the rotor speed. 
(2) Area C; Correspondence figure to this area C is not shown in this paper. 
Near the wind-turbine, the sound pressure level decreases as the wind-turbine stops 
(when the rotor speed is 0). The width of the sound pressure level fluctuation at 
160Hz, which was the tonal frequency component when the wind-turbine operated, 
was 7-8dB.  
However, the level difference according to on-and-off operation of the wind-turbine 
was not observed, inside and outside the complainer’s house, which is 680m apart 
from the wind-turbine. It is supposed that the sound pressure level of the wind-
turbine sound is the same level or less as the background noise level at this point. 


 
3.3 Self-evaluation of discomfort 
(1) Area A; The complainer in A-1 house did not accept to do the test of self-
evaluation of discomfort. The complainer in A-2 house recognized the level change 
by on-and-off operation of the wind-turbine. 
(2) Area B; According to the result of the self-evaluation of discomfort in area B, the 
complainer answered to be the most unpleasant when the wind-turbine operates 
again after stopping. The complainer answered to the questionnaire before the 
measurement, " In weak wind, I feel the sound more unpleasant rather than in strong 
wind. ".  The result of self-evaluation is corresponding to the answer of questionnaire 
executed beforehand. 
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 (3) Area C; Two of three complainers recognized on-and-off of the wind-turbine 
operation according to the test of self-evaluation of discomfort in area C, and one of 
two had time lag for about ten minutes after the wind-turbine stopped. However, the 
other complainer was not able to distinguish the change of its operation. Because the 
level difference between the wind-turbine noise and the background noise inside the 
house was little, so, it is assumed that the complainers are difficult to recognize the 
change of the operational condition. 


 
4.  Discussion 
The sound pressure level difference in the complainer’s house according to on-and-
off operation of the wind-turbine, the sound pressure level inside the complainer’s 
house of area-A and B changed according to on-and-off operation of the wind-
turbine. 
On the other hand, the sound pressure level did not change inside the complainer’s 
house of area-C by on-and-off of the wind-turbine. 
The correspondence between the tonal frequency components near the wind-turbine 
and those inside the complainer’s house were inspected and the results are shown in 
Table-3. 
 


Table-3   The relation between the tonal frequency components near the wind-turbine and 
those inside the complainer’s house           


Residential site 
The tonal frequency (Hz) 


2 3.15 12.5 25-31.5 50-63 160-200 400 
A-1 Y Y   Y   Y   
A-2 Y Y       Y   
B           Y   
C     N         


Marked as "Y" indicates that the same tonal frequency component near the WT   
Marked as "N" indicates that different tonal frequency component near the WT   
   indicates that the SPL is smaller than the hearing threshold level   


In Table-3 the tonal frequency components marked as “Y” shows that the frequency 
near the wind-turbine is the same inside the house and “N” shows the frequency near 
the wind-turbine is not the same inside the house. The frequency region, where the 
measurement results are smaller than the hearing thresholds, is shown by "Grayish 
hatch" in the table. 
It is said that the low frequency sound, which is less than hearing threshold, does not 
cause psychological affects according to many research papers (ex. Leventhall; 
LFN2008, [3]). 
From these results, in this measurement at three areas, it was clarified that the cause 
of the complaint may be the tonal noise at 160-200Hz. 
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5. Conclusions  
The noise and the low frequency sound were measured in three areas where the 
complaints concerning the wind-turbine noise have occurred.  
As a result of the measurement, we have found that; 
(1) The sound pressure levels of infrasound (< 20Hz) observed are 20dB or more 


lower than the hearing threshold of human at the distance of about 100-150m 
from the wind-turbines, 


(2) From the measurements inside the houses, it is presumed that the complaints 
are probably caused by the tonal components at frequency range from about 160 
to 200Hz,  


(3) To understand the characteristics of the wind-turbine noise at each measuring 
point, it is effective to do continuous measurement by using Leq, 10s and on-and-
off operation of the wind-turbine during the noise measurements. Especially, the 
latter is useful to know whether the complainers actually listen to the wind-turbine 
noise and in what operating condition of wind-turbine they feel uncomfortable and 
complain against the wind-turbine. 
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Abstract         
The growth of large industrial wind turbines in the world, from less than 2,000 MW 
installed capability in 1990, to over 159,000 MW in 2009, led to a steady increase in 
complaints of noise annoyance.  A few papers reported annoyance in the early 
1990’s while today sees a steady progression of papers recording complaints. Often 
reports of annoyance are dismissed citing they have only an anecdotal basis, rather 
than facts or research. This paper provides a factual evidence based examination of 
the special characteristics of the noise from wind turbines. The factual evidence is 
used to develop an explanation for the regularly reported anecdotal statement: “I just 
cannot get used to the sound from wind turbines.” The evidence backed explanation 
gives a basis for change in regulations. 
 
A calibrated microphone with a flat response over the audible spectrum protected by 
primary and secondary wind screens was used to collect a series of readings in all 
seasons. These were digitized and recorded for locations approved by regulators as 
meeting A-weighted sound level criteria. Measurements were also taken at locations 
under similar environmental conditions (wind speed, terrain, temperature and 
humidity) at a site about 5 km distant from wind turbines. 
 
A spectral analysis was performed of the digitized measurements to compare the 
unweighted sound to the A-weighted sound for Leq calculations for the octaves from 
16 Hz to 8000 Hz. Analysis of the recordings and spectral analysis examines the 
impact of the special characteristics of the cyclical sound from wind turbines to 
explore the impact of basing regulation of wind turbine sound on A-weighted sound 
levels. 
 
Comparison is presented of the differences between the sound level, special 
characteristics, and pitch at locations approved under the regulations, to locations 
taken under similar environmental conditions distant from the turbines. The findings 
of the comparison are examined considering current medical research looking at 
impacts on the human body from sound to suggest a basis for revision of regulations 
to result in less impact on humans. 
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Introduction – Defining the Problem 
It was their eyes that were most compelling.  
Over the last 5 years, I have had the opportunity to sit down and talk to over 25 
people with personal adverse experience in living near industrial wind turbines. I 
heard second hand, and read the stories of many more, but it was the people that I 
sat face to face with that impacted me the most. Many of them had never met a lot of 
the others I spoke with. Their words of their stories varied somewhat since some 
were more eloquent than others, but their eyes told a consistent story, that is 
haunting and compelling. These people are hurting. They do not fully understand 
why they are hurting, but they do know that something changed when industrial wind 
turbines started operating near where they live, and now they all suffer some form of 
discomfort ranging from annoyance to debilitation. The haunting message their eyes 
said wordlessly, was, “Cannot you do something to help me, please?” 
So how am I personally impacted, and why should I care? Really, this need not 
matter to anyone else but it deserves an answer. I have to live my life striving to obey 
a master who tells me to love God, and to love my neighbour as myself. Then, the 
explanation of who my neighbour is was given, as being one I might not even know, 
but who was hurting. That may not matter to anyone else, but I note that nearly every 
culture in the world, whether Christian, Jew, Muslim, Hindu, Buddhist, or other, 
subscribes to basicly the same “Ethics of Reciprocity.”  To show the multi-cultural 
basis for this statement, here is how the Dalai Lama expresses it, "Every religion 
emphasizes human improvement, love, respect for others, sharing other people's 
suffering. On these lines every religion had more or less the same viewpoint and the 
same goal." For me, it means using whatever talents I have, to try to meet this goal. 
Over the years, the experience gained in a career of trying to determine the root 
cause of problems shows that a key component is to find out what changed, when a 
problem occurs. Rarely is it just “bad luck” that makes adverse impacts occur, often 
something has changed. As a result, the goal of this project was to investigate to 
determine what changed around the people whose eyes now haunt me. Once we 
know what changed, then, we can ensure that regulations are set appropriately to 
ensure that past problems are corrected, and future problems are avoided. 
The goal had to be to determine the root cause in a transparent, reproducible 
manner, so that others could check the work done, and confirm the conclusions that 
arise. There is no magic to be used, and there needs to be a clear defensible path 
taken to derive the conclusions. I submit that this work helps to define the root cause 
of the problem experienced by those who are hurting.  
 


1. Collecting Data in a Defensible, Reproducible Manner 
Initial steps to try to determine the root cause started out by taking sound level 
readings using a calibrated IEC 651 Type 2 sound level meter, a CEM-DT-805, with 
a frequency range of 31.5 to 8 kHz, a measuring level of 30 to 130 dB, frequency 
weighting of A or C, time weighting of 125 ms (Fast) or 1 sec (Slow) and a rated 
accuracy of +/- 1.5 dB using a 5 cm wind screen. Several months later in the project, 
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that meter was supplemented by an IEC 61672-1 Type 2 data logging sound level 
meter, a CEM-DT-8852, with the same frequency range, and measuring levels.  
Data was collected at homes at locations approved by regulators as meeting Ontario 
standards, and at a control site, a home located over 5000 metres from the nearest 
wind turbine yet, in a similar environment as the homes near the turbines. The results 
of the initial survey are shown in the table below. What the table shows is that at the 
homes near the turbines, not only is the A weighted sound level considerably higher 
than at the control home, but more significantly, the difference between the A and C 
weighted sound levels at the homes near the wind turbines is 5 to 15 dB more than 
at the control home, with an observed range from 17.5 to 33.5 dB. 


 dBA dBC ∆ dBA to dBC Comment 


Control Home  28 42 to 44 14 to 16 5000 m to 
turbine@24% 


Home 1 Mar 8 39.5 60 to 65 20.5 to 25 620 m to 
turbine@32% 


Home 2 Mar 12 40.5 to 42.5 58 to 70 17.5 to 27.5 560 m to 
turbine@72% 


Home 1 Mar 12 40.5 to 41.5 60 to 75 19.5 to 33.5 620 m to 
turbine@72% 


Home 3 Mar 14 41.5 60 to 72 18.5 to 30.5 450 m to 
turbine@50% 


Home 4 Mar 14 41.5 to 42.5 60 to 72 18.5 to 29.5  450 m to 
turbine@50% 


Home 5 Mar 14 40 to 41 60 to 68 20 to 27 650 m to 
turbine@35% 


A literature review paper published by the Canadian province of Alberta’s Energy 
Resources Conservation Board in 2008, Incorporating Low Frequency Noise 
Legislation for the Energy Industry in Alberta Canada, points out that a 15 to 20 dB 
difference between dBA and dBC sound level readings can indicate the need for a 
detailed investigation into the low frequency noise component.  
A considerable variety of reports, such as the review of literature published in 2004 
for the Canadian Defence Research and Development titled, “The Effect of Vibration 
on Human Performance and Health” notes that “Human response to vibration is 
strongly frequency-dependent.”  Consistent with ISO 2631-1, it identifies that 
frequencies in the range from 1 to 80 Hz are generally of interest, and the concern 
depends on the intensity of the vibration, the duration of exposure, and the 
orientation of the affected human. 
These source documents are not referenced with a goal of trying to identify specific 
limits being exceeded, but only to suggest that there is a basis for carrying out an 
investigation to determine if wind turbines do result in a significant change in the low 
frequency exposure to people living near the installations, as others have alleged. 
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To collect data on the change in sounds at homes near wind turbines compared to a 
site distant from wind turbines, in a reproducible manner, the following method was 
applied.  
1. The sound level recordings were made using: 


a. 0.5 inch Knowles BL-21994 condenser microphone, mounted on a 
tripod 1.5 metres above ground protected by 2 inch (5 cm) primary and 
7 inch (18 cm) secondary wind screens. The specification sheet for the 
Knowles BL-21994 microphone shows the response is effectively flat 
from about 2 Hz to 8 kHz. A voltage supply was provided to the 
condenser microphone as per the Knowles microphone specifications. 


b. supplying signal to a M-Audio Fast Track USB Audio interface 
c. recorded on a Macintosh iBook G4 portable computer 
d. using either the Audacity Digital Audio Editor recording program version 


1.3.12 or a Record Pad digital audio sound recording program version 
2_10 or 4_10 


e. calibration of the recording system was done before and after readings 
using a Lutron SC-941 1kHz / 94dB Sound Level Calibrator 


f. additional tracking was made using a CEM DT-8852 Data Logging 
Class 2 Sound Level Meter, calibrated before and after use. 


 
Figure 1: Typical Monitoring Array Used to Collect Data 
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2. After monitoring of the digital recordings to ensure that they were not exhibiting 
extraneous sounds such as road traffic, aircraft, birds, or wind noise, a sample 
digital signal was created, as shown on the example below. (Calibrator Traces 
shown in examples.) 


 
Figure 2: Audacity Trace of 94 dbA 1000 Hz Calibrator (30 second trace) 


 
Figure 3: Audacity Trace of 94 dBA 1000 Hz Calibrator (expanded to 0.03 second 
trace to show calibrator output signal clearly) 


 
3. The digital signal trace was analyzed using the Audacity Digital Audio Editor fast 


fourier transformation to create a frequency spectrum analysis, using a Hanning 
Window, with a window size of 16,384 samples. (Calibrator example shown on 
next page). The Audacity program also permits generating a table of 8191 values 
of the output every 2.69 Hz from 2.69 Hz to 22,047 Hz. 
 


4. The output table for the monitoring system was adjusted using the 94 dBA 
calibrator output at the peak value. For example in the figure shown the 94 dBA 
calibrator signal has an output of -10.2 dB, so the adjustment factor to be added 
to all readings to come to the correct 94 dB calibrator value was 10.2 dB + 94 dB. 
This was added to all the values on the table of outputs to produce the Adjusted 
Sound Level versus Frequency Plot on the next page. 
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Figure 4: Audacity Frequency vs. Sound Level Plot for 94 dBA 1000 Hz Calibrator 
(Shows Peak Output of -10.2 dB at 999Hz) 


 
Figure 5: Adjusted Audacity Frequency vs. Sound Level Plot for 94 dBA 1000 Hz 
Calibrator (Adjusted for Calibrator Output of 94 dB at Peak)  
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5. From the adjusted values of sound level by frequency, a surrogate 10 octave 
analysis was created by using the values closest to 15.875 Hz, 31.75 Hz, 62.5 
Hz, 125 Hz, 250 Hz, 500 Hz, 1000 Hz, 2000 Hz, 4000 Hz and 8000 Hz. An A 
weighted value for the sound was also calculated by adding the A-Weighting 
adjustment factor to each octave to produce the A-weighted values for each 
octave, which were again summed to produce the 10 octave A-weighted value. 


 
Figure 6: 10 Octave Band Calculation of Unweighted Sound Level and A-Weighted 
Sound Level. Note that in this case for the calibrator, the Unweighted and the A-
Weighted Sound Levels are the same since the 1000 Hz signal value is predominant, 
and the 1000 Hz value has a “0” change applied when converting to A-weighting. 
 


2. Interrogating the Collected Data 
Data collection commenced using the method described in Section 1 in March 2010. 
At the time of writing (Jan. 2011) data collection has been underway for over 10 
months, and over 225 data sample recordings have been made on over 30 separate 
days in winter, spring, summer, and autumn conditions. Recordings have been made 
with turbines ranging from low power to high power (with power levels available from 
the hourly data provided by the Independent Electricity System Operator [IESO] of 
Ontario), and a variety of downwind, upwind, and crosswind conditions. Readings 
have been taken at several different wind power developments, incorporating 4 
different varieties of turbines. In a number of cases, readings were taken over a 2-
hour period at both the control location (over 5000 metres to the nearest wind 
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turbine) and at a variety of homes located closer to wind turbines, so that the turbine 
output power and environmental conditions stayed very similar. All of the homes are 
located in similar open, relatively flat terrain, and are subject to similar environmental 
conditions. In fact, from the control location the wind turbines located near many of 
the other monitored homes are visible, although some 6 to 10 km distant. While there 
are not a sufficient number of data samples to perform a detailed statistical analysis, 
it was possible to use the samples to perform a number of comparisons some of 
which are described in this paper. 
The first comparison was made between the home greater than 5000 metres from 
turbines (identified as TLE in the Figure 7 below), a home some 620 metres from the 
nearest Vestas V-82 turbine (identified as SMI below) and another home some 450 
metres from the nearest Vestas V-82 turbine (identified as CSK below). In this case, 
the turbines were rotating, at a very low power (identified by the IESO as less than 
2% output for the array). The sound levels are shown both in the unweighted format, 
and in an A-weighted format, as shown Figure 8 on the next page. Figure 8 also 
identifies the Leq calculated from the 10 octaves from 16 Hz to 8000 Hz (within the 
flat response range of the microphone) in both the unweighted format and the A-
weighted format. 


 
Figure 7: The frequency distribution of the Unweighted Sound Power as Calculated 
by the FFT Routine of the Audacity Program for recordings taken at the control 
location (TLE) and homes approved by the regulators (SMI and CSK). 
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Both Figure 7 and Figure 8 show that the sound levels at all frequencies below 1000 
Hz are about 15 dB higher at homes near the wind turbines than at the distant home. 
Above 1000 Hz, the sound levels are closer in magnitude as a result of the 
attenuation of sound at higher frequencies in air. 


 
Figure 8: Comparing Sound Level at Homes at very low Turbine Power – Developed 
from FFT Output as described in the Text. 
 
The second comparison was made between the home greater than 5000 metres 
from turbines (identified as TLE), and two homes (identified as CSK and SCH) 
located at distances of about 450 metres from the nearest Vestas V-82 turbine for 
the case of turbine power about 25% as shown by the IESO – both predicted to have 
sound level readings of 40 BA or lower in the Environmental Noise Assessment 
prepared for the wind power development. 
Figure 9 (first figure on the next page) shows that the sound level at the homes near 
the wind turbines remains some 10 to 15 dB higher than at the control home, but as 
the turbine power rose, a greater increase in the difference to over 20 dB is apparent 
at a “knee” in the curve between frequencies between about 200 and 500 Hz. 
Figure 10 (the second figure on the next page) shows little difference in the sound 
levels between the low power case and the 25% power case, perhaps showing that 
the very low power case is surprisingly higher in noise level than expected. 
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Figures 9 (above) and 10 (below) for Sound Levels at ~ 25% Turbine Power 
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The third comparison was made for the case when the turbines were operating at 
high power, in the order of 88% of rated output. At the time these recordings were 
made, the wind speed at ground level, measured with a hand held anemometer 
some 2 metres above the ground, and confirmed by a mast mounted anemometer at 
about 7 metres above the ground was measured at 8 metres per second.  This is an 
appreciable wind, typically described as Force 5 on the Beaufort Scale, which will 
make small trees sway, and raise whitcaps. The point to note, is that it required this 
appreciable wind, for the sound level at the control home to approach the sound level 
measured at homes near the wind turbines for the zero power case for frequencies 
below about 1000 Hz. Mean time, the sound level at the homes near the wind 
turbines had climbed a further 20 dB. 


 
Figure 11: The FFT Calculated Sound Levels as a Function of Frequency calculated 
by the Audacity Program for Recordings of Sound Made at control location (TLE) 
over 5000 metres from wind turbines, and at locations SMI, CSK, and SR10, located 
620, 450, and 550 metres from the nearest Vestas V82 Turbine. 
Figure 12 (next page) shows the ground level wind speed has not masked the noise 
level from the wind turbines, as the sound level at homes near the turbines has risen 
a further 20 dB above the noise from the wind. 
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Figure 12 (above) – The High Power Case at Different Locations, and  
Figure 13 (below) Different Powers at one Home Location Near Wind Turbines. 
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The final comparison was shown in Figure 13 (second figure on the previous page) 
made to plot the change in sound level at a home located at an approved distance 
(450 meters) from the nearest Vestas V-82 wind turbines as the turbine power 
changes. As noted in the last charts, even at the zero power case, the sound level at 
the home near wind turbines is comparable to the sound at the control location 
distant from wind turbines when a force 5 Beaufort wind is blowing at the control 
home, a relatively rare occurrence. At all times, the sound level at frequencies of 
1000 Hz or less are 15 to 20 dB higher than at the home distant fro the turbines. 
Ground level winds are not masking the wind turbine noise emissions. 
 


3. Summary of Observations 
Discussion with people living near where wind turbines have been installed shows 
that a significant number of individuals are suffering, yet are unable to identify an 
exact reason for the discomfort they feel. Initial steps taken to monitor the sound 
levels near the homes occupied by the sufferers showed a pattern of C weighted 
sound levels being from 17.5 to 33.5 dB higher than A weighted sound levels, a 
considerably higher spread than observed at locations distant from wind turbines. 
Literature review shows that a spread between C weighted and A weighted sound 
between 15 and 20 dB suggests the need for an investigation of the low frequency 
noise component. 
A method of making recordings of sound levels and then processing these into their 
frequency components was described. Using the described method over 225 
recordings have been made. Analysis of the recordings show that at homes near the 
wind turbines approved by the regulator with predicted sound levels of 40 dBA or 
less, the sound level at all octaves below 1000 Hz is between 15 and 20 dB higher 
than at a control location distant from the turbines, with a particular “knee” in 
increased sound levels between about 200 and 500 Hz. The nature of the cyclical 
nature of the sound which is known to cause annoyance is not even considered in 
this evaluation. 
The sound levels observed at homes at approved distances from wind turbines when 
the turbines are just synchronized, but at very low load, when ground level wind 
speeds are very low (or zero) is equal to or greater than the sound levels observed at 
the control location when a force 5 wind is present. At that time, the sound level at 
the homes near the wind turbines are some 20 dB higher yet. 


 
Conclusions 
A repeatable manner of assessing the frequency spectrum of the sound levels 
experienced by people living in homes at distances approved by regulators, with 
predicted sound levels of 40 dBA or less shows that the sound levels at octaves 
below 1000 Hz are consistently 15 to 20 dB higher than experienced at homes 
remote from the wind turbines.  
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Sound levels at homes near turbines for all octaves below 1000 Hz are shown to be 
greater than the sound level experienced at a home distant from wind turbines when 
the wind there exceeds a Beaufort Force 5 wind. 
Research presented in this paper shows that wind turbines introduce a change into 
the environment at homes approved by regulators as having an A-weighted sound 
level of 40 dBA or less, such that the sound levels at frequencies below 1000 Hz are 
15 to 20 dB higher than the sound level at a home in a similar environment but 
distant by 5000 metres from wind turbines. 
Research by others (notably A.N. Salt) notes that low frequency sound which might 
be emitted by wind turbines needs further study. This work confirms the presence of 
low frequency sound at homes near wind turbines. 
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Abstract      
Wind turbine noise may due to special characteristics be heard through background 
noise eg. from traffic and wind in the vegetation. The main characteristics are tonal 
content from mechanical parts and aerodynamic swishing noise from the blades and 
to some extent low frequency (LF) noise. 
An objective method for the prominence of tones in masking broad band noise is 
described in ISO 1996-2 Annex C. It is shown that the method correlates well with 
listening test (also at low frequencies) and proficiency tests for the objective method 
show that different laboratories are able to obtain similar results within acceptable 
tolerances. 
If the swishing noise is regarded as amplitude modulation psycho-acoustic 
knowledge makes it possible to predict whether this phenomenon is masked by the 
background noise. A metric for the swishing characteristic is described. 
It is often seen that a frequency analysis of the broad band noise is compared to the 
hearing threshold in an attempt to determine whether the noise is audible. Usually 
the bandwidth of the analyzer is disregarded even though use of different bandwidths 
may displace the spectrum up to 20-25 dB. A method based on psycho-acoustic 
principles makes it possible to compare the LF-broad band noise with the hearing 
threshold in a relevant manner that will give the same results irrespective of the 
analyzer bandwidth. 
 


Measurement method for tones in noise 
It is a general experience that the presence of audible tones in noise increases the 
annoyance relative to the same noise (level) without the audible tones. In the 
legislation of many countries a “penalty” of 3-6 dB is added to the measured noise 
levels (LAeq) to compensate for the extra annoyance due to the clearly audible tones 
in the noise. 
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An objective method for determining the audibility of tones based on psycho-acoustic 
principles is described in ISO 1996-2 [4]. The method determines the tonal audibility, 
∆Lta (the level above the masking threshold) and transforms it into an adjustment KT 
of 0-6 dB to be added to the measured LAeq. 
Although the ISO 1996-2 is intended for environmental noise the method is generally 
applicable for the declaration of the prominence of tones in noise. 
The predecessor of the ISO 1996 method has been used in the Nordic countries 
since 1979 and a number of proficiency tests of this method have been made. From 
the results of these tests it can be concluded, that when a number of laboratories 
with different types of equipment analyze the same samples using the ISO 1996-2 
Annex C method, standard deviations in the range 0.5-1 dB can be expected for the 
tone declaration value, ∆Lta in normal cases. 
Listening tests have been performed to –among other things- verify the method for 
low frequency tonal sounds from wind turbines, [2]. 19 persons (9 male, 10 female) 
participated. The mean age was 40 years, with a standard deviation of 14.6 years. 
The stimuli were presented to the participants over loudspeakers in a listening room 
with sub-hearing threshold background noise at Salford University. A careful 
equalisation of the sound field was made before the tests and all stimuli were 
measured at the position of the listeners head. 
The test sounds comprised a tone and a broadband masking sound. The tone was 
played at one of six pre-determined frequencies. The masking sound was either a 
sound broadly representative of wind turbine sound at one of three pre-determined 
levels (outdoor: 39, 44 and 49 dB(A), indoor: 19-26 dB(A)) or this broadband wind 
turbine sound combined with surrounding garden noise. The wind turbine masking 
spectra were derived from third-octave sound power measurements of 45 wind 
turbines, each attenuated to simulate propagation to the minimum distance permitted 
to a dwelling by Danish legislation (4 total heights), scaled to the target A-weighted 
SPL, and finally averaged.  Propagation attenuation was predicted in third octave 
bands by the Nord2000 model, [6] and [11], for a receiver 1.5 m above flat grassy 
terrain with a wind speed of 8m/s in the downwind direction.  
The local garden noise was created to match a noise spectrum of 8 m/s wind through 
deciduous foliage.  A similar process was followed for the stimuli for the indoor 
scenario, except that a third octave façade attenuation (see Table 3spectrum was 
applied to all spectra. 
Some of the results are shown in Figure 1. 
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Figure 1 
Correlation of audibility thresholds in masking noise found at the listening tests with 
masking threshold calculated in accordance with ISO1996-2. Linear regression shows a 
slope of 1 and R2 = 0.96. 


The figure contains data from both the indoor and the outdoor scenario. The 95% 
confidence intervals are approximately 5 dB wide and only single data points deviate 
by more than 6 dB from the regression line. The slope has a value of 1.02 which 
indicates excellent agreement between measured and calculated thresholds. If the 
values of the indoors scenario were left out of the regression because of concerns 
over the applicability of the masking threshold at the vey low levels then the 
correlation equation would change to y=1.09*x-6.38 with an R2 value of 0.98. In 
conclusion, the calculations of the audibility defined by ISO 1996-2 are in good 
agreement with the listening test results also in the low frequency range. 
 


A method for assessment of swishing noise 
Listening tests 
In the present study five different wind turbines were auralized at the distances of 
closest allowed residence according to Danish legislation, 4 total heights, 
(approximately 6 hub heights) and twice that distance. Perceptual attributes were 
evaluated for the auralized sounds by a group of 20 selected subjects (normal 
hearing for their age (average of 47 years) and the evaluations were correlated to 
physical metrics. 
Five different wind turbines ranging in power from 225 kW to 2 MW were recorded 
with a a Brüel & Kjær Head and Torso Simulator (HATS) equipped with a special 
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designed Rycote fur wind cap at wind speeds around 5 m/s and at distances of 1.5 
and 3 hub heights (HH) according to the procedures described in DS/EN 61400-11.  
The Nordic sound propagation model Nord2000, [6] and [11], was employed for the 
spectral manipulation of the recorded sounds. The model accounts for wind speed, 
direction, -gradient, temperature, relative humidity, and terrain properties and 
calculates the attenuation in 1/3-octave bands.  
 
Physical metric on swishing sound 
The psychoacoustic metric “fluctuation strength” see [14] is the basis for the 
measurements performed with the Bruël & Kjær PULSE Sound Quality software. The 
fluctuation strength was measured for the 350 Hz – 700 Hz band pass filtered stimuli. 
Different cut-off frequencies and band widths were tested to verify that the maximum 
value on fluctuation strength was found. (In an earlier study [5] for smaller turbines 
the same effect was found to be most prominent in the 1 kHz range, but the 350-700 
Hz range seems to be the optimum for large modern wind turbines). Figure 2 shows 
the results. 
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Figure 2 
Rated ’Swishing sound’ from the listening tests versus the measured ‘Swishing sound’, 
ie. The fluctuation strength in the frequency band 350-700 Hz. 


 
The metric on swishing sound correlated well (R2 = 0.80) with the listening test 
results on ‘Swishing sound’.  
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Audibility of broad band noise near the hearing threshold 
It is often seen that spectra of wind turbine noise are shown together with the hearing 
threshold and that conclusions are drawn on basis of a direct comparison of the 
spectra and the hearing threshold. In Figure 3 a number of spectra of the same wind 
turbine sound are shown with different resolution (analysis bandwidth).    
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Figure 3 
Spectra with different resolution of the noise from a 1.3 MW  wind turbine, referred to a 
distance of 280 m (measured at 70 m). The abscissa is the level per effective analysis 
bandwidth. The hearing threshold is also shown at the graph. The A-weighted sound 
pressure level of the noise is 33 dB for all spectra. 


As the curve with resolution 1.3 Hz is close to the hearing threshold the conclusion 
by comparison with that curve may be drawn that the turbine is hardly audible in 
general, and that the low frequencies are inaudible. 
If we look at the 1/1 octave analysis other conclusions may be drawn. 
From this example we can learn that a direct comparison of the hearing threshold 
and a spectrum of the wind turbine is not meaningful, so another approach is 
necessary. 
Therefore a psychoacoustic “reasonable” procedure is proposed below. 
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A procedure for predicting the audibility of broad band sounds 
near the hearing threshold for frequencies below 500 Hz 
Method A: Below or above the hearing threshold? 
Even if you can’t compare a spectrum and the hearing threshold directly, it is of 
course relevant to take the decrease sensitivity of the hearing at the low frequencies 
into account. For the method proposed here we need a specification of the hearing 
threshold as shown in Figure 4. Formulas for an accurate representation of the 
threshold curve are given in the Appendix. 
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Figure 4 
The average hearing threshold for pure tones in a free field (full line). The curve is 
constructed on basis of data from Møller & Pedersen, threshold proposal [9], (2-14 Hz), 
Watanabe & Møller [13], (16 Hz) and  ISO 389-7, [3], (20-1000 Hz).The inverse A-curve 
is shown with a broken line. 


As the perception of loudness and masking is based in the critical bands of the 
hearing the basic idea of the method is to calculate the energy in each critical band 
taking the hearing threshold into account. This is done in two steps: 
First the lines/bands in the frequency spectrum are weighted (attenuated) according 
to the inverse hearing threshold; this is called HT-weighting. The attenuation in dB is 
specified in section the Appendix. The result of this frequency weighting is shown in 
Figure 5. 
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Figure 5 
Same wind turbine noise spectra as shown in Figure 3 with linear abscissa axis. The 
right figure shows the HT-weighted spectra, from [10]. 


From the right part of Figure 5 we see that the spectra are still different, but it is 
possible to get an impression of which parts of the spectra that contributes most to 
the audibility of the noise. 
Next step is to calculate the total HT weighted level per critical band. This can be 
done by adding the bands of the frequency analysis within each critical band as 
specified in Table 2. 
Below 500 Hz the critical bands are approximated by 100 Hz wide bands. The lowest 
critical band includes both a low frequency and an infrasonic region. 
A procedure that calculates the critical band level as a continuous function of 
frequency would be more in line with the fact that the critical bands of the hearing 
may be centred at any frequency, but the above mentioned procedure may be seen 
as a first attempt to get an overview of the matter. 
After this calculation the resulting critical band spectra can be seen in Figure 6. 
Ideally all spectra from Figure 5 should result in the same critical band spectrum. 
From Figure 6 it is seen that the 1/24 octave band analysis and the FFT analysis 
gives the most consistent results. Due to the fact that the limiting frequencies of the 
bands from the other types of analyses does not coincide with the critical bands 
inaccuracies occur. These depend on the spectrum shape. For the shown spectrum 
the inaccuracies for 1/3 band analysis are less than 2 dB while the errors for the 1/1 
octave analysis are up to 5 dB. Therefore it is concluded that the 1/1 octave analysis 
is not appropriate for this type of calculation. 
Apart from the mentioned inaccuracies the described method makes it possible to 
compare spectra measured with different bandwidth in a way that is meaningful in 
relation to perception, unlike the way the results are displayed in Figure 3. 
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Figure 6 
The critical band levels computed from HT weighted frequency analyses of the noise 
from the 1.3 MW reference wind turbine shown in Figure 3 and Figure 5. The different 
curves are the result of calculations based on analyses with different analysis 
bandwidths. 


If the level per critical band is above the hearing threshold, the 0 dB line, it is 
anticipated that the sound is audible if it is not masked by other sounds. This 
anticipation definitely holds for sounds with dominating tones or narrow noise bands, 
because the results just give a direct comparison with the hearing threshold shown in 
Figure 4. For broad band sounds a check of this anticipation by listening tests would 
be desirable. 
 
Verification of the method 
No systematic threshold measurements have been conducted but the observations 
described below have been made during the listening tests in [2]. 
Figure 7 shows an example of broadband spectra. When the listening room for the 
listening tests reported in [2] was documented for the testing, the background noise 
in the room was measured in three different operational states: with all electronic 
systems off; with the loudspeakers on; and with the ventilation system on. Nothing 
could be heard by the researchers when everything was switched off and when the 
loudspeakers were on. But when the ventilation system was on this could be clearly 
heard. The results in are calculated according to the method A above. It can be seen 
that when all systems were off the level did not exceed -5 dB SPL per critical band. 0 
dB denotes the hearing threshold. When the speakers were on all critical band 
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values were well below the hearing threshold except the band between 300 and 
400 Hz that had a value very close to the hearing threshold. And still the 
loudspeakers could not be heard. The critical band levels of the inverse hearing 
threshold weighted spectra from the ventilation system exceeded the hearing 
threshold only by 2 dB in one critical band and by less than 1 dB in a second band 
and yet the vent could be heard clearly. These results indicate that the method 
worked well in this particular case.  
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Figure 7 
Audibility of background noise in listening room calculated according to method A above. 
0 dB denotes the hearing threshold. 
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Figure 8 
Audibility of masking noise in indoor scenario calculated according to method A above. 
Another example is the audibility of masking noise in the indoor scenario in [2]. 
Participants reported that the masking noise was difficult to hear for the low masking 
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level of 39 dB(A) (see later). Figure 8 indicates why. All critical band levels are within 
5 dB of the hearing threshold for this level whereas the other level exceeded the 
hearing threshold by more than 5 dB.  
Although more systematic listening tests would be preferable, the two examples have 
indicated that the method A above for determining the audibility of broadband noise 
near the hearing threshold works as intended in the frequency bands between 0 and 
500 Hz.  
 
Method B: The audibility of broad band sounds partly masked by other sounds 
In the preceding sections a method A for comparing the wind turbine noise in quiet 
surroundings with the hearing threshold was defined. If the result shows that the low 
frequency noise from a wind turbine is below the hearing threshold (in the relevant 
context: distance, indoor or outdoor conditions) the investigation can be concluded at 
that point. 
In practice there is always some background noise, at least from wind in vegetation 
and buildings so the wind turbine noise may not be audible due to masking even if 
the HT-weighted critical band levels are above the hearing threshold. 
In general both the wind turbine noise and the background noise is broadband noise 
types and the method for prominent tones in noise mentioned earlier will only give 
information about the audibility of  tones and narrowband noise from the turbine. 
We therefore need to look closer into the subject of the audibility of one broadband 
noise, the swishing noise from the turbine, masked by another, the background 
noise, [10]. 
In reference [12], listening tests for the audibility of wind turbine noise in the 
presence of natural urban/suburb background noise was investigated. It was fond 
that if white noise shaped to simulate a wind turbine spectrum was used as the 
primary noise no definite detection thresholds could be obtained. If recordings of 
wind turbine noise was used it was found that a signal to noise ratio of 0 dB in any 
1/3 octave was sufficient for detection of the wind turbine. 
From a psychoacoustic viewpoint it is obvious that it is difficult to determine a definite 
threshold for one stationary noise type masked by another. That requires that the test 
persons can distinguish between two slightly different noise spectres, which is a 
difficult task. 
When detection thresholds are determined the test signal is often turned on and off 
at intervals of 250 ms as this frequency has the lowest detection threshold. The 
threshold does not change much for modulation frequencies in the range 1-10 Hz, 
[14]. The sensitivity for modulation increases with the bandwidth of the signal.  
In reference [5] it was found that the swishing sound from wind turbines is best 
approximated by sine modulation. For a 75 kW wind turbine, the swishing sound from 
the rotor was most prominent (6-8 dB) in the frequency range 500-2000 Hz with a 
modulation frequency of 2.3 Hz. It was also found that the modulations at different 
1/3 octave bands were slightly “mis-alined” in time, corresponding to a frequency 
modulation. 
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In reference [7] dealing with wind turbines of 600 kW to 1,3 MW, it was found that the 
level variations were most prominent in the frequency range 350-700 Hz (up to 10 dB 
variations) with modulation frequencies in the range 0,8-1,4 Hz. The measuring 
distances were 1.5-3 hub heights. (This effect decreases somewhat with the 
distance) 
From [14] it is found that the modulation threshold for this kind of noise is 
corresponding to a level variation of approximately 3 dB. If a similar level variation 
occurs in the low frequency region (0-200 Hz) the detection is 3.5 dB (20%). 
With basis in these data it can be calculated that an amplitude variation of 10 dB of 
the wind turbine noise will be masked by stationary background noise in the same 
frequency range when when Leq of the wind turbine noise is approximately 0,6-1,6 dB 
below Leq of the background noise. These figures corresponds well with the listening 
test results of masking of the wind turbine noise with background noise referred in 
[12]. 
The above mentioned findings can for stable wind conditions be concluded as 
follows. If both the wind turbine noise and the background noise are stationary it is 
difficult to define a detection threshold. The most sensitive detection of wind turbine 
noise in stationary background noise occurs when the noise is modulated (swishing 
noise). In this case the limit for detection is when Leq of the wind turbine noise is 
approximately 1 dB below Leq of the background noise. 
The conclusion above applies in general and is not specific for the low frequency 
range. As the spectra of the wind turbine noise and the background noise may be 
different we have to take the change of the sensitivity of the hearing in the low 
frequency range into account when we compare the levels of the wind turbine noise 
with the levels of the background noise. The phenomenon’s we are discussing in this 
section are well above the hearing threshold so the HT-weighting as discussed in 
earlier is not so relevant in this case.  
The A-weighting is used when determining the audibility of tones and narrowband 
noise was demonstrated earlier to be appropriate for the purpose. Figure 4 shows 
that for frequencies and levels that are relevant for wind turbine noise the A-
weighting does not underestimate the levels at low and infrasonic frequencies. 
A reasonable and on “the safe side” way to compare a wind turbine spectrum with a 
background spectrum is therefore to compare the critical band levels of the A-
weighted spectra. The critical band levels of the A-weighted spectra are calculated 
after the same principles as the HT weighted spectra mentioned earlier. 
The wind turbine is most easily detected if amplitude modulation occurs. If we –to be 
on the safe side- assume that amplitude variations occur also at low frequencies, 
then the following rule can be formulated for the Leq values of the critical band levels 
calculated from the A-weighted spectra: 
− The low frequencies of the wind turbine noise are not audible if the A-weighted 


critical band levels are more than 1 dB below the critical band levels of the 
background noise. 
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As the main purpose here is to compare the total critical band levels of signals with 
somewhat similar spectral shapes, it is found that a more advanced procedure based 
on equal loudness curves would be to elaborate for this purpose. 
 
Unstable wind conditions 
For unstable wind conditions short term variations (gust of wind of duration less than 
10-15 seconds) of the wind speed may cause variations of the levels of both the wind 
turbine noise and of the background noise. The variations of the A-weighted or the 
octave band levels measured with time weighting F are in the magnitude of 5-10 dB. 
Due to horizontal and vertical differences in location of the wind turbine rotor and the 
vegetation generating the natural background noise, these level variations are not 
synchronous in time. This means that the maximum values of the wind turbine noise 
may occur at times where the background noise is at minimum and visa versa. 
If we want to find out if the low frequencies from the wind turbine is below the hearing 
and masking threshold at all times (for a specified average wind speed), then the 
maximum levels (with time weighting F) of the wind turbine noise should be 
compared to the minimum levels (expressed e.g. as the L95 with time weighting F) of 
the background noise after the same criteria as mentioned earlier. 
 
Outdoor or Indoor conditions 
Wind turbine noise is mainly perceived outdoors, but taken into consideration that the 
sound insulation of buildings is low at low frequencies and that the indoor 
background noise in some periods are lower than outdoors, then it is relevant to 
check if the low frequency noise from the turbines may cause an indoor problem. 
The same principles as described above apply also for the indoor situation. 
Reference [1] gives values for sound insulation of dwellings at low frequencies. 
 
Conclusions on audibility of low frequencies from wind turbines 
Based on the thoughts and findings above a general method for assessment of the 
audibility of low frequency sounds is described in the Appendix. 
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Appendix – Assessment of the audibility if low frequency sounds 
This Appendix describes psychoacoustic reasonable procedures for predicting the 
audibility of sounds (tones, narrowband or broadband noise) below 500 Hz, may it be 
absolute thresholds or masking thresholds. 
Furthermore the procedures make it possible to compare frequency analysis made 
with different bandwidths in a psychoacoustic meaningful way, by comparing the 
levels per critical band. 
 


A: Audibility of sounds near the hearing threshold 
Step 1: HT-weighting 
The lines/bands in the frequency spectrum are weighted (attenuated) according to 
the inverse hearing threshold; this is called HT-weighting. The attenuation in dB is 
given by equations 1 to 3. These approximates the average hearing threshold with a 
deviation less than 0.4 dB. 
 


2-20 Hz:  133,48 + f6,3935 - f103,8537 + f101,0183- =Att 2-13-2
20Hz-2 ⋅⋅⋅⋅⋅           Equation 1 


20-200 Hz:    
137,99 + f4,2624 - f107,7761 +f108,0269 -                        


f104,5945 + f101,3537 -f101,5948 = Att
22-34-


4-65-86-11
Hz 200-20


⋅⋅⋅⋅⋅


⋅⋅⋅⋅⋅⋅       Equation 2 


200-500 Hz:  34,306 + f101,399 - f102,2850 + f101,3635- =Att -12-43-7
500Hz-200 ⋅⋅⋅⋅⋅⋅ Equation 3 


 
The attenuations for a number of frequencies are shown in Table 1. 
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Freq. 
Hz 


Att. 
dB  Freq. 


Hz 
Att. 
dB  Freq. 


Hz 
Att. 
dB 


1.6 124.3  20.0 78.2  200 14.4 
1.8 123.3  22.4 73.6  224 12.9 
2.0 122.2  25.1 69.0  251 11.4 
2.2 121.0  28.2 64.3  282 10.0 
2.5 119.7  31.6 59.8  316 8.6 
2.8 118.3  35.5 55.3  355 7.3 
3.2 116.8  39.8 51.1  398 6.2 
3.5 115.2  44.7 47.2  447 5.2 
4.0 113.5  50.1 43.6  501 4.4 
4.5 111.7  56.2 40.3    
5.0 109.8  63.1 37.3    
5.6 107.9  70.8 34.5    
6.3 105.9  79.4 31.9    
7.1 103.9  89.1 29.3    
7.9 101.9  100.0 26.7    
8.9 99.9  112.2 24.1    
10.0 97.9  125.9 21.7    
11.2 95.9  141.3 19.7    
12.6 93.7  158.5 18.1    
14.1 91.4  177.8 16.7    
15.8 88.4       
17.8 84.4       


Table 1 
Attenuations for the hearing threshold weighting (HT-weighting) according to 
formulas 1-3. 


Step 2: Energy addition of analysis bands into critical bands 
The analysis bands within the ranges given in Table 2 should be “added” according 
to equation 4 to find the critical band levels. (the critical bands are approximated with 
a 100 Hz bandwidth in accordance with ISO 1996-2 Annex C, [4]. 
 


Critical band 0-100 Hz 100-200 Hz 200-300 Hz 300-400 Hz 400-500 Hz 
Octaves 0-63 125 250 250 500 
1/3 octaves 0-80 100-160 200-250 315-400 500 
1/6 octaves 0-90 100-180 200-285 320-400 450-506 
1/24 octaves 0-98 101-196 201-293 301-390 402-492 
FFT analysis 0-99 100-199 200-299 300-399 400-499 


Table 2 
Centre frequencies in Hz for bands to be energy added from the HT weighted spectra to 
get the total HT-weighted level per critical band. Only analyses with a resolution of 1/3 
octaves or better should be used. 
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Note 
The “definite” placement in the frequency range of the critical bands, specified in Table 2,  are for 
“pragmatic” reasons only. The critical bands of the hearing are not centred at any specific frequencies 
but can be placed at any frequency 


 
The total HT-weighted level per critical band shall be calculated. For this purpose the 
energy in a number of bands according to Table 2 have to be added. 
The energy addition is made according to the following formula: 


)10log(10L
n


1i


10


i,HTL


band.crit ∑
=


⋅=      Equation 4 


 
Where LHT, i is the HT-weighted level of the i’th analysis band. 
 
Step 3: Below or above the hearing threshold? 
The following rule applies: 
The low frequencies will be regarded to be below the hearing threshold if the critical 
band levels found from the HT-weighted wind turbine spectrum are less than 0 dB.  
 


Note 
This anticipation definitely holds for sounds with dominating tones or narrow noise bands, because the results 
just give a direct comparison with the hearing threshold. 


 
B: Audibility of sounds partly masked by other sounds 
Even if the HT-weighted critical band levels are above the hearing threshold they 
may not be audible because they may be masked by other sounds e.g. the wind 
noise in the vegetation. In this section a method for finding the audibility of broad 
band sounds partly masked by other sounds is defined. 
 
Simple cases 
In simple cases where the entire wind turbine noise spectrum is below background 
noise spectrum the spectra can be compared directly independent of any frequency 
weighting (the spectra shall be measured or referred to the same frequency 
weighting and analysis bandwidth (1/3 octave bands or less): 


The wind turbine noise will be masked if the levels in all analysis bands of the 
wind turbine noise is more than 2 dB below the levels of the background noise 


 


Note: A 2 dB “limit” is chosen to take the audibility of any tones into account 
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Not simple cases 
The wind turbine noise may be masked even if the levels of some analysis bands of 
the wind turbine exceed the levels of the background noise bands. 
In this case the spectra shall be A-weighted and the critical band levels of the A-
weighted spectra shall be calculated after the same principles as for the HT 
weighting described in step 2 in method A above. 
The following rule applies for the audibility: 


The wind turbine noise is masked if the levels of the critical bands of the A-
weighted wind turbine noise are more than 2 dB below the levels of the critical 
bands of the A-weighted background noise. 


This rule takes into account any audible tones and/or amplitude modulation (swishing 
noise) and will also work for the simple situations. 


 
Indoor situations 
For indoor situations the outdoor spectra should be transformed to indoor spectra 
before methods A and B are applied. The level difference in Table 3 apply for Danish 
dwellings, [1] 
 


Freq, Hz 8 10 12.5 16 20 25 31.5 40 50 63 80 100 125 160 200 


ΔL
10


 2,4  1,2  3,2  2,1  3,6  4,6  6,7  7,6  10,3  14,2  17,5  18,4  17,5  18,6  22,4  


Table 3 
Level difference in dB expected to be exceeded in 80-90% of typical Danish dwellings 
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Abstract         
With ETSU-R-97 facing calls for its revision, assessment methodologies constantly 
evolving, and seemingly contradictory planning appeal decisions, Planning 
Authorities in England have a difficult task when reviewing new applications for wind 
turbine sites to ensure their adequacy. Most applications are subject to the 
Environmental Impact Assessment (EIA) procedures transposed into UK legislation 
as required by Council Directive 85/337/EEC, which requires a thorough assessment 
of the impacts of a scheme. However, despite Planning Guidance PPS22 in England 
appearing to give a clear steer to Local Authorities on what level of impact is 
acceptable, there is variability in how this has been applied. This paper, based on the 
authors’ recent experience of providing advice to Local Authorities, will review the 
latest information on the key issues, the available options applicants have to provide 
an adequate assessment, and how Local Authorities are currently ensuring that they 
are up to date with the latest developments in wind farm noise assessment. In this 
respect the issues surrounding a consistent and robust approach to the review of 
noise chapters and other supporting documentation is considered, including how 
decision makers can deal with the various uncertainties inherent in the assessment 
methodology. 


Introduction  
The noise associated with wind turbines is one of the main issues associated with 
any application for a wind turbine installation. Most application sites tend to be in 
remote and sparsely populated areas, many of which are accustomed to lower 
ambient noise levels than those found in urban areas.  Managing the expectations 
and fears of the residents adjacent to new sites has become a significant and 
challenging part of the planning application process for both developers, and 
decision makers. 
This paper, explores the various factors that need to be considered, the current 
issues being raised, and what could be done to improve the planning process to 
adequately deal with these issues.  
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National and Local Planning Policy  
Most wind farm applications and even some single turbine applications are subject to 
the Environmental Impact Assessment (EIA) procedures transposed into UK 
legislation as required by Council Directive 85/337/EEC [1], which requires a 
thorough assessment of the impacts of a scheme. Planning Guidance in England, 
Planning Policy Statement (PPS) 22: Renewable Energy [2] appears to provide a 
clear steer towards the method of assessment i.e. The Assessment and Rating of 
Noise from Wind Farms (ETSU-R-97) [3]. However, what the PPS actually states is 
‘Local planning authorities should ensure that renewable energy developments have 
been located and designed in such a way to minimise increases in ambient noise 
levels. Plans may include criteria that set out the minimum separation distances 
between different types of renewable energy projects and existing developments. 
The 1997 report by ETSU for the Department of Trade and Industry should be used 
to assess and rate noise from wind energy development’.  
The Companion Guide to the PPS expands on this; ‘The Assessment and Rating of 
Noise from Wind Farms (ETSU-R-97), describes a framework for the measurement 
of wind farm noise and gives indicative noise levels calculated to offer a reasonable 
degree of protection to wind farm neighbours, without placing unreasonable 
restrictions on wind farm development or adding unduly to the costs and 
administrative burdens on wind farm developers or planning authorities. The report 
presents the findings of a cross-interest Noise Working Group and makes a series of 
recommendations that can be regarded as relevant guidance on good practice. This 
methodology overcomes some of the disadvantages of BS 4142 [4] when assessing 
the noise effects of wind farms, and should be used by planning authorities when 
assessing and rating noise from wind energy developments’. Accordingly, it is 
apparent that the ETSU-R-97 methodology is not the one and only hurdle that has to 
be jumped, rather that it is part of the toolkit for assessment which will provide a 
decision maker with a balanced view as to the significance of any noise impacts.  


The Assessment Process  
The current assessment process involves a number of activities which can broadly 
be categorised into the following stages: 


• The collection of field data (background noise, wind speed / direction, rain, 
etc.); 


• The derivation of appropriate noise limits for the wind farm; 


• The calculation of turbine noise levels at the neighbouring receptors; and 


• The demonstration of compliance with the noise limits. 
Each of these stages must be robustly completed before the impact of the scheme 
can be assessed in conjunction with other environmental impacts such as 
landscape/visual and shadow flicker. The key issues relating to the four stages are 
further considered in this paper. 
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Applicants Background Noise Data 
With the current prescribed method of deriving noise limits for a wind farm scheme 
relative to the background noise, the first part of any assessment is to obtain a 
representative sample of noise data. This is no different to any other application for 
an industrial noise source, other than the data set must be of sufficient size to 
account for wind speed, rain and anomalous conditions, the latter two variables 
acting to reduce the sample size. 
The data is normally collected using unattended measurements, and is therefore 
subject to the vagaries of this data collection method, which are well documented. It 
has become standard practice to agree the choice of locations with the local authority 
both in terms of which properties are used, and the exact positioning of the 
equipment at each property. If this is not achieved, then a robust justification of the 
positions chosen would be expected. The ability to get permission to use the most 
ideal measurement locations is not without its problems, despite the fact that the 
closest residential receptors would be best advised to participate to ensure that their 
circumstances are adequately taken account of. 
To make the sample size robust, applicants must be flexible to increase the length of 
the survey to ensure that wind speed is adequately covered, and a sufficient sample 
size is achieved once rain and anomalous data has been removed. ETSU-R-97 
suggests that a week’s worth of data is required, however in reality with the British 
weather the process may take at least two weeks and in some cases as much as 
four weeks. Occasionally there are sites that are subject to large seasonal variances 
in background noise. In these cases, it might be expected to have more than one site 
survey, depending on their size and the amount to which the seasonal variance is 
thought to influence the background noise levels at the surrounding properties.  


Applicants Wind Data 
The noise output from a wind turbine varies with wind speed, which is the main 
difference between these and other industrial noise sources. Applicants must 
therefore take account of the various wind speeds and directions to ensure that the 
data provides a typical representation of the range of wind speeds and directions 
prevalent at the site. This is particularly important if there is a significant noise source 
impacting on the neighbouring receptors such as industrial plant or a major road.  
The calculation of the wind speed is a topical issue at present. The noise 
assessment is concerned with the actual noise output at any given time, so the ability 
to predict the noise output is paramount to this process. Wind speed data is 
described in terms of a “standardised” 10m height, but this is a calculated wind 
speed based on a hub height measurement corrected with a standard formula. This 
is not the same as a 10m measured wind speed. The larger the turbine, the more 
important the wind shear factor becomes. Wind shear is site specific, and therefore it 
is current practice for Applicants to take account of this in their submittals. However, 
as there is more than one method of doing this, applicants are encouraged to justify 
the approach taken. 
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Derivation of ETSU-R-97 Limits 
Following the data collection process, data should be analysed, any rain affected and 
anomalous data removed, and the background noise correlated with wind speed for 
each receptor. There will be a spread of data at each wind speed, and a best fit 2nd 
or 3rd order polynomial is required to define the typical background noise level. There 
are many opponents of this approach, but it is the prescribed ETSU-R-97 method. 
Clearly failure to adequately site the measurement locations, or remove rain affected 
or anomalous data can artificially raise the best fit curve, and thereby increase the 
permissible noise levels. Applicants are expected to adequately describe the 
corrections made to the data, and in many cases provide the complete data set and 
analysis to the local authority or third parties for peer review. 
The ETSU-R-97 noise limit is based on a lower fixed limit or the background +5 dB, 
whichever is higher. The lower fixed limit is in the range of 35-40 dB LA90,10min for 
daytime, and 43 LA90,10min at night. The choice of the site specific lower fixed limit 
should be fully justified by the applicant. ETSU-R-97 justifies the higher limit at night 
as protecting internal space, whereas the daytime limit is to protect external spaces. 
This issue is keenly contested at every Public Inquiry as being out of step with 
current guidance on health effects (World Health Organisation ‘Night Noise 
Guidelines for Europe’ 2009 [5]), although this guidance has yet to be adopted in the 
UK. It has been known for Local Authorities to apply a better standard than ETSU-R-
97 recommends at night time, where the daytime limit forms the constraining limit for 
the site. 


Calculation of turbine noise 
The calculation methodology is not prescribed in ETSU-R-97; in fact ETSU is entirely 
silent on the matter of prediction methodology. It is usual practice in the UK for the 
noise modelling for a site to implement the procedures within ISO 9613-2:1996, 
‘Acoustics – Attenuation of sound during propagation outdoors, Part 2: General 
method of calculation’ [6]. However it is generally acknowledged that wind direction 
and speed has a major effect on sound propagation; it can increase sound levels 
downwind of a source by 5-10 dB, and reduce them upwind of a source by up to 12 
dB, compared with still air conditions.  
ISO 9613 has to date only been extensively validated against typical downwind 
conditions, where noise levels are slightly elevated relative to still air. Consequently 
the modelling of noise from the wind turbines may not fully take into account wind 
speed and direction, or other meteorological effects such as temperature inversions. 
However it should be noted that this approach is in common with that adopted for 
most wind farm Environmental Statements (ES) and although ETSU-R-97 is silent on 
the issue of noise prediction, later ETSU research indicates that ISO 9613 is an 
appropriate methodology. 
An article appeared recently in the March/April 2009 publication ‘Acoustics Bulletin’ 
published by the UK Institute of Acoustics titled ‘Prediction and Assessment of Wind 
Turbine Noise’ [7]. Written by a number of recognised practitioners in the field of wind 
farm noise, they indicated that ISO 9613 is now routinely being agreed in Statements 
of Common Ground at Public Inquiries as the preferred prediction methodology.  
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Elsewhere, ETSU commissioned other research ‘A Critical Appraisal of Wind Farm 
Noise Propagation’ (ETSU W/13/00385/REP) [8]. The appraisal utilised 
measurements of noise over distances up to about 700 metres and compared the 
results against a number of noise prediction methods. Of particular interest is the 
comparison of results over flat terrain sites, which is illustrated in Figure 1 below. It 
can be seen that under those measurement circumstances ISO 9613 is consistently 
over-predicting noise levels at distance and as such could be considered to provide a 
precautionary approach. 


Figure 1 


  


Compliance with noise limits 
When comparing the predicted turbine noise levels against the derived ETSU-R-97 
noise limits, the greatest concern invariably occurs where the ‘headroom’ between 
the predicted noise levels and the derived noise limits are relatively small (i.e. <2-3 
dB(A)). This means that any uncertainties which arise in the assessment 
methodology could in practice result in an exceedance of the limits. The following 
factors are considered to be important:  


• Measured noise levels and seasonality effects 


• Measurement location 


• The prediction methodology 


• The wind shear effect  


The important issue is to understand how these points can be taken into account 
such that there is greater certainty in determining the acceptability of noise from wind 
farms. Whilst the measurement location and measured noise levels can reasonably 
be taken into account and agreed with the planning authorities at an early stage, 







 Application of policy by local authorities to wind turbine noise applications in 
England Page 6 of 8 


 
 


such that these specific issues do not need to be contentious, it is invariably 
impossible to reach a similar position with the ‘third party objectors’ who often are 
unwilling to reach such an agreement or have only reached some status level late in 
the day. 
The prediction methodology is often criticised by objectors and their noise consultant 
as not providing realistic predictions of noise under all circumstances. Of course, the 
same could be said for most prediction methodologies where noise levels need to be 
predicted at relatively large distances. What is important to understand is whether the 
generality of the noise predictions will be so wrong as to illicit a different response 
from the public in respect of wind turbine noise levels experienced over a relatively 
long period of exposure. On balance would the existing methodology result in an 
appropriate planning decision which protects the amenity of the public?  


Common Issues 
A number of other issues are regularly raised as objections to wind farm 
assessments. These include low frequency noise, wind turbine syndrome, amplitude 
modulation and wind shear.  
It is now considered by most experts that low frequency noise is well below 
perceptible levels, and the case for wind turbine syndrome has yet to be proven. 
Amplitude Modulation was examined in a Defra study by Salford University in 2007 
[9]. The study concluded that it is not yet fully understood, and not widely prevalent at 
the time. Further research is currently underway funded by the Renewable Energy 
Foundation [10]. 
The wind shear effect was for a very long time ignored in ES noise assessments until 
research carried out by G P van den Berg on the ‘Effects of the wind profile at night 
on wind turbine noise’ [11] appeared to indicate that at night, noise levels may be 15 
dB higher than are caused by the same reference wind speed during the daytime 
period when measured at a 10 metre height. This is the so-called ‘wind shear effect’ 
when a higher rotational speed of the turbine results in higher emitted noise levels 
received at the receptor.  
Those aspects of wind shear which have most recently concerned those involved 
with the prediction of noise from wind turbines are now usually dealt with using the 
methodology described in the agreement advocated in the March/April 2009 
publication of the IOA Acoustics Bulletin. In this respect that particular methodology 
is implementing what is presently considered to be good practice. However, Planning 
Appeal Decisions have variously swayed both ways as to the applicability of the 
methodology which provides even more uncertainty in how best to carry out an 
‘appropriate assessment’.  
The IOA article method for calculating wind shear has also been interpreted in some 
areas as being the only applicable method, a daunting prospect for the small 
developer looking to install a smaller scale wind turbine on a budget. Alternative 
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methods to account for wind shear are acceptable and more work in this area is 
required if there is to be a wider uptake of the ‘Feed- in-Tariff’ scheme1


Discussion and Recommendations 
. 


It is clear from the number of wind farm applications that go to Public Inquiries, and 
the issues examined in evidence that clearer guidance is required for all 
Stakeholders involved in bringing forward wind farm projects on the various issues 
discussed above, and a clear unambiguous assessment framework established.  
Whether this can be achieved with the current ETSU-R-97 guidance is debatable, 
especially when the document mixes Government Policy (the “noise limits”/guidance) 
with the assessment methodology, but remains silent on the propagation method.  
Noise Policy decisions for other sources such as roads, rail and industry draw on 
dose response relationships between noise level and annoyance to estimate the 
percentage of population annoyed. Studies to establish a dose response relationship 
for wind farms have been undertaken in other European countries [12], but have not 
yet been attempted in the UK. There is anecdotal evidence to suggest that wind farm 
noise may well cause annoyance to give rise to indirect health effects. This has yet to 
be conclusively proven. As a result, the UK Government has currently concluded that 
there is insufficient evidence on which to base a review of the ETSU-R-97 
methodology, but is keeping the issue under review, although the Department of 
Energy & Climate Change (DECC) did commission research on how ETSU-R-97 was 
being used for wind farm noise assessments. 
On a positive note, the time spent discussing noise issues in Public Inquiries does 
suggest that the noise impact of schemes is being given a thorough examination, the 
adverse noise impacts of schemes are being considered in relation to the wider 
economic benefits of renewable energy, and the methodologies being adopted by 
Stakeholders are evolving to improve noise impact predictions and assessments for 
future schemes. However, in such a dynamic environment, it is difficult for local 
authorities to keep up to date with the latest developments. 
Often forgotten in the process is informing the nearest wind farm neighbours of the 
potential impacts of a scheme in a timely and informative manner to allay their fears, 
and to manage expectations. Early wind farm schemes are reported to have been 
guilty of insisting that wind turbines are not noisy. The general public is more aware 
of noise issues than they were a decade ago, and anti-wind farm lobby groups are 
now well organised and very active.   


Conclusions 
There are many issues that require attention in the assessment of noise impact from 
a wind farm to ensure that a robust application has been made by a developer. Local 
authorities are advised to keep abreast of the latest developments, and to engage 
with developers at an early stage in the application process.  


                                            
1 The Department of Energy and Climate Change (DECC) has used powers in the Energy Act 2008 to 
introduce a system of feed-in tariffs to incentivise small scale (less than 5MW), low carbon electricity 
generation. 



http://www.decc.gov.uk/en/content/cms/legislation/energy_act_08/energy_act_08.aspx�
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Abstract 
The present paper provides on overview of GE’s most recent studies on wind turbine 
blade low noise technologies for tip vortex and trailing edge noise mitigation. Several 
tip geometries were noise tested on a GE 2.5 MW wind turbine platform. The results 
show that tip shapes can significantly impact the blade noise signature, particularly in 
the higher frequency range. Low noise tip shapes provide a decrease of 5–6 dB(A) in 
apparent sound power level (Lwa) compared to a ‘blunt’ (loud) tip. Within extensive 
wind tunnel tests a number of trailing edge noise reduction concepts were screened. 
Serrations were selected for full-scale field testing and adapted on three different 
wind platforms with different blade designs. The serrated blades provide a decrease 
of 2–4 dB(A) in apparent sound power level (Lwa) compared to the original 
(unserrated) blades. Both the low noise tip shapes as well as the serration 
technology have now been implemented in GE’s most recent blade designs.  
 


Introduction 
Wind turbine noise represents one of the major obstacles to a more widespread use 
of wind energy today. The two main sources of sound generated by a wind turbine 
are mechanical noise and aerodynamic noise. Mechanical noise originates from the 
various machinery components of a wind turbine, such as the gearbox, the generator 
or the cooling fans, and is essentially made up of several tones emitted at 
frequencies that are directly proportional to the rotational speeds of the machinery 
elements. Today, mechanical noise is not considered to be the dominant source of 
sound from wind turbines [1, 2]. 
 
Aerodynamic (or flow-induced) noise is radiated from the blades and has a 
broadband character, although in some cases tones can also be present. The main 
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flow-induced noise mechanisms are inflow turbulence noise (or leading edge noise) 
and airfoil self-noise. Inflow turbulence noise results from the interaction of 
turbulence in the atmosphere with the leading edge of the blades. Lowson [3] and 
Zhu et al. [4] (among others) have shown that this mechanism radiates 
predominantly in the low-frequency range – say below 200 Hz – and therefore seems 
to be of lesser importance for large, modern wind turbines, especially when A-
frequency weighting is applied.  
Airfoil self-noise is produced when an airfoil section encounters a steady, non-
turbulent flow field. It has been described in details by Brooks et al. [5], who 
suggested that it is in fact a combination of several competing mechanisms that can 
be more or less dominant for a given airfoil, depending on its aerodynamic state. 
These mechanisms are: laminar boundary layer vortex shedding noise (LBL-VS), 
turbulent boundary layer trailing edge noise (TBL-TE), flow separation noise (SEP), 
trailing edge bluntness vortex shedding noise (TEB-VS), and tip vortex noise (TIP). 
Brooks et al. [5] also derived semi-empirical prediction models for each of these 
mechanisms, which have been used extensively to predict wind turbine noise [4, 6, 
7]. Such prediction tools are extremely valuable to wind turbine blade designers, as 
they provide the relative contributions from each mechanism to the overall blade 
noise and allow to identify which ones are most significant – and thus should be 
tackled first. For illustrative purposes, a typical A-weighted, one-third octave band 
spectrum from a large, pitch-regulated, upwind turbine is given in Figure 1, along with 
the contributions from the different flow-induced noise mechanisms. 
 


 
Figure 1. Example A-weighted, third-octave band spectrum from a large, modern 


wind turbine with relative contributions from flow-induced noise mechanisms. 
Note that neither LBL-VS nor TEB-VS are shown in Fig. 1. LBL-VS is irrelevant for 
large wind turbines, as no boundary layer can remain fully laminar on the blades, 


TBL- 
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even in perfectly clean aerodynamic conditions. Also, recent measurements by 
Oerlemans et al. [8] have demonstrated that TEB-VS is not an important acoustic 
source on large wind turbines.  
Several acoustic measurement campaigns [8, 9] have established that turbulent 
boundary layer trailing edge noise is the dominant mechanism for large wind 
turbines. Airfoil trailing edge noise itself has been the object of several theoretical 
[10–12], experimental [13–15] and numerical [16–18] studies, and is relatively well 
understood. It is caused by the scattering interaction of the pressure fluctuations in 
the turbulent boundary layer with the sharp trailing edge of the airfoil. Therefore, the 
exact shape of the trailing edge as well as the physical properties of the material with 
which it is built can be expected to play a critical role in the efficiency of the acoustic 
emission. For example, Howe [19] pointed out that the trailing edge cross-section 
geometry can directly impact the amplitude of the radiated noise. He also showed 
analytically that serrated trailing edges may provide significant noise reduction over 
straight edges [20]. Recent experimental studies conducted by Herr [21] emphasized 
the possible noise benefits using flow-permeable trailing edges. But with the 
exception of Ref. [9], these promising concepts have seldom been applied to full 
scale wind turbines, and the noise benefits they could potentially provide are mostly 
unknown. 
Tip vortex formation noise is known to contribute mostly to high-frequency broadband 
airfoil self-noise [4]. Brooks and Marcolini [22] have proposed a prediction model, in 
which the amplitude of the noise radiated from the three-dimensional flow near the tip 
is proportional to the so-called vortex ‘wetted length,’ i.e. the spanwise extent at the 
trailing edge of the separation due to the tip vortex. More recently, Drobietz and 
Borchers [23] developed a more thorough theory for tip vortex noise emission, 
according to which tip noise is caused mainly by i) the interaction between the 
vortical structures and the side edge surface itself, and ii) the interaction between the 
merged vortex and the upper side edge as well as the suction side surface. Although 
the importance of tip noise for wind turbine applications has been a controversial 
topic, its contribution could be reduced provided that the aforementioned interactions 
are minimized. 
The present paper focuses on possible low noise technologies for both tip vortex and 
trailing edge noise reduction. First, the influence of tip design over wind turbine noise 
is investigated by means of acoustic measurements performed on a full scale wind 
turbine platform equipped with three different tip shapes. Second, this work explores 
various low noise trailing edge concepts, such as flow-permeable edges and 
serrations. Preliminary noise measurements carried out in a wind tunnel on airfoil 
scale models are used to downselect the most promising option, which is then 
validated through field testing. 
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Influence of Tip Shape over Wind Turbine Noise 
 
Tip Shape Designs 
In an effort to assess the influence of tip shape over wind turbine noise, three 
different tips were proposed for full scale field testing. The ‘slender’ tip and the ‘ogee’ 
tip were designed to minimize both the vortex ‘wetted length’ as well as the 
interaction between the vortical structures and the side edge itself. Note that further 
details on the ogee tip shape can be found in reference [1]. A potentially ‘loud’ tip 
shape was also designed in the form of a ‘blunt’ tip with a much larger chord, and for 
which no particular attempt was made to minimize the vortex ‘wetted length’. 
Planforms and photographs of the three tip shapes are shown in Figure 2. 
 


(a) 


  


(b) 


  


c) 


  


Figure 2. Planforms and photographs of the three tip shape designs (a) Blunt tip, (b) 
Slender tip, and (c) Ogee tip. 
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Full Scale Noise Measurements 
Three copies of each of the three tip shapes were manufactured, mounted and 
tested separately on the GE 2.5 MW wind turbine platform. The test turbine had a 
pitch regulated, upwind rotor with a diameter of 100 m, and a hub height of 85 m. For 
each tip shape, acoustic data were collected over a period of about one week in 
order to acquire sufficiently large datasets in the wind speed range [5-10] m/sec (10 
m height standardized wind speed) and ensure repeatability. Noise measurements 
were performed according to IEC standard 61400-11 [24] with a single microphone 
located approximately 130 m downwind of the turbine. Acoustic pressure signals and 
turbine operation parameters were recorded simultaneously; one-third octave band 
spectra were calculated over periods of 10 seconds and averaged following a binning 
procedure based on electrical power. The frequency-dependent, A-weighting scale 
was applied to all sound levels in order to account for the sensitivity of the human 
ear. The results were also corrected for background noise levels and machinery 
tonality (when present). Finally, the measurement uncertainty was estimated to be  
±1 dB.  
 
Results & Discussion 
The A-weighted sound pressure levels measured from the various tip shapes are 
shown in Figure 3 for selected one-third octave band frequencies (namely 500 Hz, 1 
kHz, and 2 kHz), and for electrical power levels 40%, 60%, 80%, and 95% of the total 
rated power. For ease of comparison, the spectral data from the slender and ogee 
tips are expressed as the difference in sound pressure level with the blunt tip, in such 
a way that a negative value indicates a noise reduction (compared to the blunt tip), 
whereas a positive value represents a noise increase. 
Overall, it appears that both the slender and the ogee tips reduce noise in the 
frequency range [500-2000] Hz, and over the entire range of turbine operation 
examined in this work. The noise reduction is most significant at high frequencies, 
and reaches –12 dB(A) at 2kHz. It is, however, more limited in the mid-frequency 
range where it drops down to approximately –6 dB(A) at 1 kHz, and –3 dB(A) at 500 
Hz. This result is consistent with Figure 1, in which tip noise emission is shown to 
contribute to the overall blade noise for frequencies higher than 1 kHz. At lower 
frequencies the noise signature of the wind turbine is essentially dominated by noise 
from the blade trailing edge; as a result modifications of the tip shape have very little 
influence over the sound levels. Furthermore, there is no remarkable difference 
between the noise benefits from the slender and ogee tips. At 500 Hz the slender tip 
seems to provide slightly more noise reduction than the ogee tip, but the observed 
differences in sound pressure levels are of the order of the measurement uncertainty.  
It is interesting to note that the noise reduction from the slender and ogee tips 
appears to be somewhat weaker when the turbine operates at 95% rated power. The 
difference in sound pressure levels is only –8 dB(A) at 2 kHz, and less than –4 dB(A) 
for the other two frequencies. This is most likely due to the fact that at such power 
level the pitch regulation is already operational and acts to reduce the blade angles 
of attack, which also reduces the tip vortex strength. As a consequence the noise 
levels from the blunt tip are lower, and so are the differences with the other tips. 
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(a) 


 


(b) 


 


(c) 


 


(d) 


 


Figure 3. Acoustic results from the field demonstration testing performed with three 
tip shapes for (a) 40%, (b) 60%, (c) 80%, and (d) 95% rated power. 
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The very significant decrease in noise levels obtained with the slender and ogee tips 
tends to validate the design philosophy that guided the development of such shapes, 
which essentially attempts to minimize both the vortex ‘wetted length’ and the 
interaction between the vortical structures and the side edge itself. On the whole, 
these low noise tip shapes provide a decrease of 5–6 dB(A) in the wind turbine 
overall averaged sound power level (OASPL integrated over frequencies from 50 Hz 
to 10,000 Hz). 
 


Trailing Edge Noise Mitigation 
 
Low Noise Trailing Edge Designs 
In an effort to assess the noise reduction potential from various low noise trailing 
edge concepts, a large measurement campaign was carried out by GE Wind Energy 
in partnership with the German Aerospace Center (DLR), and the University of 
Stuttgart (Institute for Aerodynamics and Gas Dynamics, IAG). Tests were conducted 
on two GE proprietary airfoil scale models, referred to as ‘profile 1’ and ‘profile 2’.  
The modifications tested included metal serration fixtures (cut in aluminium sheets) 
as well as trailing edge sections manufactured with materials of various porosities. 
The airfoil profiles were manufactured with removable trailing edge sections, so that 
tests could be performed with two different edges built out of metallic foam 
(HOLLOMET, pores size 133, 0.8kg/l) and hollow sphere foam (HOLLOMET HKS-
316l). The three low noise trailing edge concepts are shown in Figure 4. 
 
Acoustic Wind Tunnel Measurements 
The acoustic measurements took place in the Acoustic Wind Tunnel Braunschweig 
of the German Aerospace Center (AWB). The AWB is an open-jet, low background 
noise facility with a rectangular nozzle exhaust of 0.8 m by 1.2 m and a maximum 
flow speed of 65 m/s. An airfoil profile can be placed in the test section between two 
acoustically treated side-walls that also allow for variation of the angle of attack 
relative to the tunnel axis. A photograph of the facility is given in Figure 5.  
As established from previous studies [25], single microphone measurements in the 
acoustic far field are not suitable for trailing edge noise analyses, even in quiet test 
facilities such as the AWB. In the present work, an ‘acoustic mirror’ with elliptical 
shape is used to separate trailing edge noise from the extraneous contributions due 
to the test rig and the flow shear layer. The elliptic mirror system has a 1.4 m 
reflector diameter, and is pointed toward the pressure side (PS) of the airfoil. The 
mirror is mounted on a traversing device, which allows to perform streamwise 
acoustic scans in order to locate the dominant noise source areas on the airfoil.  
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(a) 


 


(b) 


 


(c) 


 


Figure 4. Photographs of low noise trailing edge concepts, namely (a) metal foam 
edge section, (b) hollow sphere foam, and (c) sawtooth serrations. 


 
Figure 5. The acoustic wind tunnel at the German Aerospace Center. Notice the 


elliptic mirror used for trailing edge noise measurements.   
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For all measurements the acoustic mirror axis is oriented at 90 degrees to the wind 
tunnel centreline, and a calibrated 1/4-inch (6.35 mm) condenser microphone (Brüel 
& Kjær type 4136) is placed at one the foci of the ellipse. Noise data are recorded at 
a sample rate of 100 kHz, and one-third octave band acoustic spectra are produced 
in a frequency range of [1-25] kHz. Note that extensive corrections must be applied 
to the data collected with the acoustic mirror system, in order to account for sound 
wave convection, extraneous noise sources, system response function (spatial 
resolution and ‘gain’ of the mirror), and acoustic source distribution. More detailed 
information on the AWB facility as well as on the acoustic mirror measurement 
technique can be found in references [26] and [27].  
For all measurements performed at AWB, the airfoil profiles had a chord length of 0.3 
m, and a span of 0.8 m. The models were designed and manufactured at the 
University of Stuttgart (Institute for Aerodynamics and Gas Dynamics, IAG). The 
inflow velocity was set to 60 m/sec, which corresponds to a Reynolds number of 
approximately 1.2 million. To avoid such phenomena as laminar boundary layer-
vortex shedding (not representative of the flow state on a full scale wind turbine 
blade), zigzag tape was applied on both sides of the airfoil to force early transition to 
turbulent flow conditions. Finally, the angle of attack was selected to be 
representative of the variable speed region operating conditions on the outboard 
section of a wind turbine blade.  
Sample results from the measurements carried out with the elliptic mirror are shown 
in Figure 6. The far-field, third-octave band spectra for each tested trailing edge 
modification have been normalized with the reference data acquired with the original, 
untreated airfoil profile. In the same fashion as in Fig. 3, negative values represent a 
noise reduction, while positive values indicate an increase.  
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Figure 6. Far-field trailing edge noise spectra for flow-permeable trailing edges and 


serrations, referenced to the original (untreated) configurations.  
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All far-field spectra show similar trends, characterized by a noise decrease in the 
lower frequency range (from 1 to 3 kHz) followed by a noise increase at higher 
frequencies. Although all trailing edge treatments appear to offer somewhat similar 
benefits in the low frequency range, significant differences are observed at high 
frequencies. On the one hand, the porous edges lead to a considerably stronger 
noise emission beyond 3 kHz; past this point the sound level difference with the 
untreated airfoil increases nearly linearly with frequency and reaches approximately 
20 dB at 25 kHz. With serrations, on the other hand, the noise increase is more 
limited and does not exceed 5 dB for profile 1. For profile 2, the noise benefits extend 
over a very large frequency range and the noise starts increasing only around 20 
kHz. This relationship between the acoustic efficiency of the trailing edge serrations 
and the airfoil geometry itself is an important result that deserves further 
investigation. Trailing edge serrations were down-selected for implementation on full-
scale wind turbines and field testing. There are several reasons for this choice. First, 
the acoustic data collected in the wind tunnel clearly indicate that serrations provide 
more balanced benefits than porous trailing edges, with limited noise increase at high 
frequencies (profile 1) and noise reduction over a potentially very wide frequency 
range (profile 2). Second, porous materials seem not well suited for long-term use in 
the harsh environmental conditions that wind turbines typically experience over their 
lifetime. In particular, the danger of clogging due to dust, insects, or ice (to name only 
a few) could quickly result in a complete loss of the acoustic benefits that flow-
permeable trailing edges may provide.   
 
Full Scale Noise Measurements 
Trailing edge serrations were manufactured, mounted and tested on three different 
GE wind turbine platforms with electrical power ratings 1.5 MW, 2.5 MW, and 2.75 
MW, respectively. All test turbines were equipped with pitch-regulated, upwind rotors 
with diameters 77 m (GE 1.5 MW), 110 m (GE 2.5 MW), and 103 m (GE 2.75 MW). 
Furthermore, all blades were equipped with the low noise ‘slender’ tip shape 
described in the previous section of this paper. For each platform acoustic data were 
collected over a period of one to several weeks in order to acquire sufficiently large 
datasets in the wind speed range [5-10] m/sec (10 m height standardized wind 
speed) and ensure repeatability. Noise measurements were performed according to 
IEC standard 61400-11 [24] with a single microphone located approximately 120 m 
to 140 m downwind of the different test turbines. Acoustic pressure signals and 
turbine operation parameters were recorded simultaneously; one-third octave band 
spectra were calculated over 10 second periods and averaged following a binning 
procedure based on electrical power. The results were A-weighted and corrected for 
both background noise levels and machinery tonality. Finally, the measurement 
uncertainty was estimated to be ±1 dB. 
 
Results & Discussion 
The A-weighted sound pressure levels measured from the three wind turbines 
equipped with trailing edge serrations are shown in Figure 7 for selected one-third 
octave band frequencies (namely 500 Hz, 1 kHz, and 2 kHz), and for electrical power 
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(a) 


 


(b) 


 


(c) 


 


(d) 


 


Figure 7. Acoustic results from the field demonstration testing performed with trailing 
edge serrations at (a) 40%, (b) 60%, (c) 80%, and (d) 95% rated power. 
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levels 40%, 60%, 80%, and 95% of the total rated power. Once again, the spectral 
data are expressed as the difference in sound pressure levels between the serrated 
and untreated blades, in such a way that a negative value indicates a noise reduction 
(compared to the untreated blade), whereas a positive value represents a noise 
increase. 
For all three wind turbine platforms and over the complete range of turbine operation 
examined in this work, trailing edge serrations provide about 4–6 dB(A) noise 
reduction at 500 Hz, and about 2–4 dB(A) reduction at 1000 Hz. At 2000 Hz the 
noise benefits appear to be weaker. This could be interpreted as the full scale 
equivalent of the noise increase observed at higher frequencies in the wind tunnel 
data. Most likely, however, this is due to the fact that trailing edge noise is no longer 
the dominant noise mechanism for frequencies 2 kHz and above, thus making the 
contributions from serrations less visible (if at all) in the overall blade noise. Finally, 
the differences in noise benefits observed between the three platforms are certainly 
related directly to the fact that serrations do not provide uniform noise reduction for 
the various airfoil profiles used on the blades (as seen in the wind tunnel preliminary 
study).  
On the whole, serrated trailing edges provide a decrease of 2–4 dB(A) in the wind 
turbine overall averaged sound power level (OASPL integrated over frequencies from 
50 Hz to 10,000 Hz), and as such represent a very efficient way to mitigate blade 
trailing edge noise.  
 


Conclusions 
The present paper reviewed several possible low noise technologies for both tip 
vortex and trailing edge noise mitigation.  
First, acoustic measurements were carried out on a full scale wind turbine platform 
successively equipped with three different tip shapes. The results showed that such 
tip shapes can significantly impact the blade noise signature. On the whole, low 
noise tip shapes provided a decrease of 5–6 dB(A) in apparent sound power level 
(Lwa) compared to the ‘blunt’ (loud) tip. Second, several low noise trailing edge 
concepts were tested on airfoil scale models in the AWB acoustic wind tunnel. These 
low noise concepts included flow-permeable edges and serrations. Based on the 
preliminary results, serrations were selected for full-scale field testing, and fitted on 
three different wind platforms with different blade designs. On the whole, the serrated 
blades provided a decrease of 2–4 dB(A) in apparent sound power level (Lwa) 
compared to the original (unserrated) blades.  
The combination of such low noise technologies for both tip vortex and trailing edge 
noise represents an important progress towards better-accepted, quiet wind turbines. 
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Abstract         
In an era of a great widespread of wind turbine power generation, designs are 


needed which are both efficient and minimally disruptive to surrounding communities 
by severe limitations given by rules. An imperfect manufacturing process, insect 
contamination, variability of methodological conditions could lead wind turbines in 
operating not exactly at their design conditions. The results of these uncertainties 
might lead to unexpected lower performances of the aeronautic design as well as 
variability of their predicted noise. Even a deterministically optimized design could 
exceed, under uncertainty, the limits given by laws and the performance degradation 
could result in a smaller amount of energy than forecasts. In this work a model of 
wind turbine is presented, considering a variable pitch and rotational speed control, 
fluid-structural interaction and acoustics. Hence a typical turbine design is analyzed 
under uncertainty by the use of a Simplex Elements Stochastic Collocation (SESC) 
method. The presented non–intrusive Uncertainty Quantification (UQ) method is 
based on adaptive grid refinement of a simplex elements discretization in probability 
space. The approach is equally robust as Monte Carlo (MC) simulation in terms of 
the Extremum Diminishing (ED) robustness concept. Six different forms of 
aerodynamically produced noise will be superimposed to calculate the total 
aeroacoustic signature of an operating wind turbine. A process of design optimization 
via genetic algorithms will be explored for the reduction of noise when uncertainties 
are not neglected. 
 


Introduction  
Wind turbine reliability plays a critical role in the long-term evolution of wind-


based energy generation. The computational assessment of failure probability or life 
expectancy of turbine components is fundamentally hindered by the presence of 
large uncertainties in both the environmental conditions and blade geometry and 
structure. Rigorous quantification of the impact of such uncertainties can 
fundamentally improve the state-of-the-art in computational predictions and, as a 
result, provide aid in the design of more cost-effective devices. 
In the following we will describe a computational framework constructed around tools 
developed mainly at the National Renewable Energy Laboratory (NREL). These tools 
are essentially deterministic: once the wind-turbine configuration and other input 
conditions are specified, the solution is uniquely determined without vagueness. On 
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the other hand, when uncertainties are present, the results have to be expressed in a 
non-deterministic fashion either probabilistically or as ranges of possible outcomes. 
In this work we focus on the former, and describe the uncertainties as random 
variables. At this point the computations become probabilistic in nature and it is 
necessary to propagate the input variability into the output of interest (quantity of 
interest, QoI). The approach we follow here is strictly non-intrusive, in the sense that 
the existing tools are used without modifications, but the solution - or more precisely, 
their probability distributions - are constructed performing an ensemble of 
deterministic analysis. 
 


A multi-physics low-order model for wind turbines 
Wind turbines are multi-physics devices in which the aerodynamic 


performance, the structural integrity of the blades, the energy conversion toolbox and 
the acoustic impact have to be carefully examined to achieve an effective design. 
Each one of these aspects introduces considerable hurdles for detailed simulations. 
The aerodynamic performance is dominated by the design of the blade cross-
sections. The sections are typically laminar-flow airfoils to reduce the overall drag. 
The flow characterization is complicated by the need to predict laminar/turbulent 
transition under a variety of clean and perturbed wind conditions, the inherent angle 
of attack variability associated to rotation, the presence of dynamic stall, 
aeroelasticity, etc. In spite of the development of advanced computational fluid 
dynamic tools that can predict with reasonable accuracy the aerodynamic 
performance of rotors,1 the computations remain extremely expensive and often rely 
on simple models to capture important effects, such as transition, and are generally 
not considered to be predictive for extreme events such as stall. In this work, we 
focus on building a flexible computational infrastructure based on low-fidelity models 
that are connected together in a matlab environment called EOLO[36]. There are two 
main advantages resulting from this choice: i) control and flexibility in using different 
models developed 
for capturing complex phenomena, ii) low computational cost. It is the second aspect 
that fundamentally enables us to perform analysis under uncertainty. In the following 
we introduce the various computational tools that are used to perform the 
deterministic analysis. The uncertainty quantification methodologies are described in 
the next section. 
 


The geometrical description of the turbine blades is based on the specification 
of three airfoils at the root, mid-span and tip. Simple linear interpolation is used to 
construct the geometry at the other cross-sections and the local aerodynamic (e.g. 
two-dimensional) analysis is carried out using a potential flow method with interactive 
viscous correction. The tool we used is Xfoil[9] which includes a model for boundary 
layer transition based on the eN method. Xfoil is used to determine the aerodynamic 
force coefficients polars in a range of angle of attacks from −15◦ to 25◦ to cover the 
range of incident angles experienced during a full rotation. Xfoil is not expected to be 
accurate in the prediction of stall, because of the presence of extensive flow 
separation and possibly unsteady effects. Hence a correction to the polar curve is 
introduced, based on Viterna[10] and Corrigan models which provide a correction of 
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the lift and drag coefficient at high angle of attack. A final correction to the 
aerodynamic coefficients is employed due to the presence of finite-span effects. 


 


 
Figure 1 - Multi-physics computational framework to perform analysis of wind turbine: EOLO flowchart 


 
Fluid structure interactions play an important role in the determination of the 


structural integrity of the turbine blades and in the overall aerodynamic performance. 
The geometrical description of the blade is used as a starting point to define span-
varying properties relevant to its composite structure. The NREL PreComp[2]  
computes cross-coupled stiffness, inertia and offsets of the blade shear center, 
tension center, and center of mass with respect to the blade pitch axis. These 
quantities are then used to determine a low-order model for the rotor, tower and 
drivetrain shaft. Specifically, the characteristics of a rotating-beam equivalent to the 
blade are computed using NREL BModes[5] a finite element code that evaluates the 
deformation modes. 


The Viterna corrected polars at certain nodes along the span, the flapwise and 
edgewise Bmode smodal shapes and the PreComp properties are then used as input 
to NREL FAST[3]  (Fatigue, Aerodynamics, Structures, and Turbulence) which is a 
comprehensive aeroelastic simulator capable of predicting both the extreme and 
fatigue loads of two- and three-bladed horizontal-axis wind turbines. This code is 
based on the NREL AeroDyn[4]  solver, an element-level wind-turbine aerodynamic 
analysis routine. It requires information on the status of a wind turbine from the 
dynamics analysis routine and a wind file describing the atmospheric conditions. It 
returns the aerodynamic loads for each blade element to the dynamics routines. 


The aerodynamic performance of wind turbines is dominated by the wind 
conditions. Atmospheric boundary layers are subject to large variability in wind 
direction and intensity with largely unsteady dynamics and frequent gusts. In EOLO 
we generate realistic wind conditions using the NREL TurbSim[6] tool, which 
constructs a stochastic inflow with a precisely specific velocity fluctuation spectrum. 
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The NREL prediction of aeroacoustic noise is based on six different noise 
sources (Fig. 2) that are assumed to independently generate their own noise 
signature. The assumption of independence is based on the idea that the 
mechanisms for each noise source(namely turbulent boundary layer trailing edge, 
separating flow, laminar boundary layer vortex shedding, trailing edge bluntness 
vortex shedding, and tip vortex formation[24,26]) are fundamentally different from each 
other or occur in different locations along a turbine blade, such that they do not 
interfere with one another. 


 


 
Figure 2. Breakdown of the noise generated by a 50kw wind turbine at a microphone located at (x,y,z)=(-20m,0m,0m) 


 
The various tools briefly described in the previous subsections are glued 


together in a multi-physics simulation process using matlab. The overall driver script, 
EOLO handles the transfer of information between the various tools and then collects 
the final outputs and computes statistics. A flowchart of the process is reported in 
Fig. 1; it is clear that modifications to the framework can be handled in a simple way, 
for example substituting the aerodynamic performance evaluation module (Xfoil and 
Viterna) with a computational fluid dynamic solver. EOLO also provides a unique 
interface for the entire process (from inputs to outputs) that is directly connected to 
the uncertainty quantification tools presented in the next section. 
 
 
Uncertainty Quantification 


The simulation environment described above can be effectively used to study 
wind turbine performance in the absence of uncertainties. In this section we 
introduce a methodology that enables us to characterize the effect of variability in 
wind conditions, manufacturing tolerance and insect contamination. As mentioned 
earlier we limit our analysis to uncertainties that can be described using random 
variables (aleatory uncertainties) and, therefore, our goal is to construct a 
probabilistic framework around the EOLO environment. The most straightforward 
choice is to perform Monte Carlo (MC) sampling in which many deterministic 
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simulations corresponding to randomly chosen wind conditions for example, are 
performed and a statistical characterization is obtained directly from this ensemble. It 
is well known that typically a very large ensemble is required to achieve convergence 
of the QoI statistics. Due to the relatively slow convergence rate of Monte Carlo 
simulations, other uncertainty quantification methods have been developed based on 
a polynomial approximation of the response. Stochastic Collocation (SC) is a widely 
used example of such a method, which is based on sampling Gauss quadrature 
points and using Lagrangian polynomial interpolation in probability space. However, 
due to the structured grid of the quadrature points in multiple random dimensions, the 
spectral convergence of the Stochastic Collocation method reduces significantly with 
an increasing number of uncertainties. Here, the Simplex Stochastic Collocation 
(SSC) method[7,8] is presented that combines the effectiveness of random sampling in 
higher dimensions with the accuracy of polynomial interpolation. It also leads to the 
superlinear convergence behavior of Stochastic Collocation methods and the 
robustness of Monte Carlo approaches. SSC is based on adaptive grid refinement of 
a simplex elements discretization in probability space. The approach is equally 
robust as Monte Carlo (MC) simulation in terms of the Extremum Diminishing (ED) 
robustness concept. The initial samples are located at the parameter range extrema 
and one at the nominal conditions, see Figure 3a for a two-dimensional example. 
The discretization is adaptively refined by calculating a refinement measure based on 
a local error estimate in each of the simplex elements. A new sampling point is then 
added randomly in the simplex with the highest measure and the Delaunay 
triangulation is updated. The sample is confined to a sub-domain of the simplex to 
ensure a good spread of the sampling points, see Figure 3a. The sampling 
procedure is stopped when a global error estimate reaches an accuracy threshold. In 
the wind turbine simulations and other large-scale problems, it is possible that one of 
the deterministic computations for a specific sample of the random parameters does 
not converge or gives an unrealistic result. For the Stochastic Collocation method 
such a failure of one of the quadrature samples would be a serious problem in 
computing statistical moments.  


 
Figure 3. Simplex Stochastic Collocation discretization of a two–dimensional probability space. 


 
 the randomized sampling. It is handled by introducing a check of the correct 


execution of the samples into the algorithm. If an unconverged sample is detected, 
then the failed sample computation is automatically restarted for another randomly 
sampled point in the refined simplex element. In the analysis performed in this paper, 
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this has proven to be an effective approach for dealing with erroneous samples, 
which shows the flexibility of the SSC method in complex computational problems. 


 
 
Deterministic Optimization  


Genetic Algorithms (or GAs) are adaptive heuristic search algorithms based 
on Darwinian natural evolution processes. In analogy to living organisms in nature, 
individuals of a population can be managed by computers as a digital - binary or 
floating point- DNA with the diversity associated to design variables optimization 
problem. A genetic algorithm consists of a finite population of individuals of assigned 
size, each of them usually encoded as a string of bits named genotype, an adaptive 
function, called fitness, which provides a measure of the individual to adapt to the 
environment, that is an estimate of the goodness of the solution and an indication on 
the individuals most likely to reproduce, semi-random genetic operators such as 
selection, crossover and mutation that operate on the genotype expression of 
individuals, changing their associated fitness. In this application, we follow Zhong 
and Qiao's work using the B-spline method to parameterize the geometry. The shape 
modifications are parameterized by fifth order B-splines with a nominal uniform knot 
set.  


 
Figure 4. Determinist optimization, parameters definition 


 
Data Assimilation 


The energy produced by a wind turbine is usually expressed as an annual 
average. Since production falls off dramatically as the wind speed drops, most of the 
time the wind turbine is producing well below its expected rate.[16] It is important to 
characterize the wind turbine behavior resulting from the measured wind variability to 
assess the effective performance. For land based turbines, the wind speed 
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distribution is usually approximated by a Weibull fit. [11] As an example, Downey[15] 
extracted data from the database http://winddata.com of eight sites that have wind 
speed measurements above 60 m in height. Following the same approach we 
extracted nominal wind speed, turbulence intensity and direction data at a site 
(Acqua Spruzza, Italy) where a wind turbine farm was built by ENEL S.p.A. to 
evaluate the performance of commercial medium-sized turbines operating in complex 
terrain and very hostile climate. A large collection of wind measurements is 
summarized in Fig. 5 in terms of wind speed and direction and turbulence intensity. 
The histograms of these three random variables are used directly as input for the 
uncertainty propagation methods described previously, after being converted into 
continuous probability density functions (for each of the input variables) via linear 
interpolation. Note that no information regarding the correlation of the three random 
variables is available, and therefore we assume that the inputs are independent. The 
wind data readily available provide an estimate of the wind speed at a certain height. 
To construct the wind conditions at the actual rotor hub height (24 meters) we use a 
classical[13] scaling law. 


 
Figure 5. Wind speed, direction and turbulence intensity at the Acqua Spruzza, Italy site. The data is reported in terms of empirical probability distributions 


scaled from 40 to 24 meters. 


 
Several studies on wind turbines[17–20] and fixed wings[21, 22] illustrate the effect 


of insect and dirt contamination on the overall aerodynamic performance. Insects are 
present in the lower layer of the atmosphere, with a density rapidly decreasing from 
ground level to 500 ft. Hardy and Milnecite[23]found that the morphology of insects is 
a function of the altitude and that estimation of the actual contamination depends on 
the operating conditions. In wind-turbines the effect of contamination can be 
particularly strong when the blade cross-sections are designed to support mostly 
laminar flows. The presence of insect contamination produces boundary layer 
disturbances that can lead to early transition to turbulence with a deterioration of the 
aerodynamic performance. This is the motivation for including insect contamination 
as a leading cause of uncertainty in the analysis of wind turbines. Crouch et 
al[25]studied experimentally the effects of surface protrusions (steps) on the transition 







Analysis and Optimization of Wind Turbine Noise under Uncertainty  -  Page 8 of 16 
 
 


to turbulence in boundary layers. They also modified the eN method to capture the 
observed transition modifications, via a reduction of the critical N-factor: 


 
where h is the height of the step (i.e. the accumulated insect height)[m],  is the 


boundary layer displacement thickness at the step location [m],  accounts for the 


local change in the stability characteristics at the step[-] and  is the clean value 
of the critical n-factor[-]. In this work we assume that the insect impact produces a 
roughness that leads to a possible modification of the N-factor. We consider three 
independent variables describing the N-factor ranging from clean conditions ( = 


9) to transition bypass (  = 1) at the root, mid-span and tip sections. 
There is a general agreement that airfoil shape, twist and chord length 


imperfections are detrimental to aerodynamic performance, but only limited 
quantitative data is available in the open literature about their origin and quantitative 
effects. Loeven and Bijl[30] used a Polynomial Chaos Framework for the quantification 
of airfoil geometrical uncertainties. Ilinca, Hay, and Pelletier[27] treat shape 
sensitivities of unsteady laminar flow around a cylinder in ground proximity. Etienneet 
al [28] investigated shape sensitivities of flexible plates in a flow domain. Gumber, 
Newman, and Hou[29] included first order moments in robust design optimization of a 
3D flexible wing with uncertain wing geometry. The geometry of a manufactured wind 
turbine airfoil is generally different from the nominal design mainly because of 
manufacturing tolerances. It is generally difficult to characterize probabilistically the 
effect of these tolerances; in this work we focus on errors associated with the 
protrusion process, where the blade is constructed as a sequence of cross-section. 
We assume that the twist of the blade (the section orientation with respect to a 
nominal plane) is imprecise. As before, we assume that we can describe the 
uncertainty using three independent parameters (with uniform probability distributions 
ranging from −2 ◦ to 2◦) associated to the twist at the root, the mid-span and the tip 
section. 
 
Uncertainty Quantification of a 50kw wind turbine 


The AOC 15/50 is a downwind turbine, i.e. its blades rotate downwind of the 
drive train assembly. Furthermore, it has no active yaw control and depends on its 
blades to track the wind. This turbine is the evolution of the rugged and reliable 
Enertech E44, many of which were installed in the 1980’s and are still running today. 
Independent analysis and testing at NREL, the Netherlands Energy Research 
Foundation (ECN), RISO Laboratory in Denmark, the Atlantic Wind Test Site (AWTS) 
on Prince Edward Island and other sites around the world verify that the AOC 15/50 
wind turbine generators are very reliable in even the harshest weather conditions. 
The AOC 15/50 is designed for simplicity to minimize maintenance requirements and 
to be able to safely operate in normal and extreme conditions.  The AOC 15/50 has 
been investigated using the uncertain meteorological conditions of Figure 5. In this 
case EOLO is driven by the SSC routines and the uncertainties are injected trough 
Turbsim; the statistics are constructed performing an ensemble of deterministic 
analysis. For reasons of economy, the wind history during the turbine’s 
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approximately twenty year life is reduced to 10 minute periods (or load cases) at 
each wind speed. [16] The latitude chosen for the turbulence model is 41 degrees, 
matching the data extracted from the Acqua Spruzza site. The Von Karman spectral 
model for the meteorological boundary conditions has been chosen in this 
application, assuming neutral atmospheric condition. [33,34]  The Monte Carlo samples 
on the response surface obtained by the simplex reconstruction are shown in Figure 
6; the reader can notice that the samples follow the input distribution. A three color 
(red to blue) map has been introduced to relate the samples to the effective value of 
the power coefficient in the domain: the red points correspond to high power 
extracted by the wind turbine.  


 
Figure 6. Monte Carlo samples for meteorological conditions. 


 
The map reveals that improved efficiency is achieved for moderate wind 


speeds (5-12 m/s) and low turbulence levels (2-10 percent), while other conditions 
lead to decreased performance. The probability distributions fall completely below 
the deterministic characteristics of the wind turbine given by the vertical lines. The 
uncertain output for the power coefficient ranges from approximately 0 to the 
deterministic value of approximately 0.45. The sound pressure level varies uniformly 
between 34 to 45 dB. These results show that the realistic uncertainty in the wind 
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speed direction, and turbulence intensity has a large impact on the wind turbine 
performance.  


 
Figure 7. Meteorological conditions: cumulative density function of the power coefficient and Sound Pressure Level. The red lines represent the deterministic 
conditions. 


 
The convergence of the mean and standard deviation of the sound pressure level is 
shown in Figures 8 up to 70 samples in the SSC discretization. The mean value of 
the output shows fast convergence in the first 20 samples to a value significantly 
lower than the deterministic value. Increasing the number of deterministic solves to 
70 does not significantly change the mean value. This is confirmed by the decreasing 
error estimate intervals with an increasing number of samples. The higher moment of 
the standard deviation shows, as expected, a slower convergence up to 40 samples 
with a relatively larger error estimate margin. 


Figure 8. Meteorological conditions: convergence histories of the mean,variance and error of the Sound Pressure Level 
 


Then the AOC 15/50 is investigated under insect contamination. In this case 
EOLO is driven by the SSC routines and the uncertainties are injected through the 
aerodynamic coefficients computed in Xfoil. This analysis illustrates a reduction of up 
to 16% in the power coefficient due to the insect contamination, while in the literature 
an effect of up to 50% has been reported. [17,18] This difference might be due to the 
present approach used to characterize the effect of the insect contamination. The 
variation of the perceived level of noise due to this source of uncertainty can be 
neglected.  
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Figure 9. Meteorological conditions: convergence histories of the mean,variance and error of the Sound Pressure Level 


 
The figure below shows the SSC convergence of the mean and the standard 
deviation of the output of interest. The error estimate is lower under uncertain 
meteorological conditions, therefore a smaller number of simplex points could have 
been used. 


 
Figure 10. Insect contamination: convergence histories of the mean,variance and error of the Sound Pressure Level 


 
In order to analyze manufacturing erros EOLO is driven by the SSC routines 


and the uncertainties are injected through the geometry pre-processor. In this 
framework we observed a reduction of the power coefficient by up to 7% with 
negligible change in the perceived noise. 


 
Figure 11. Manufacturing errors: cumulative density function of the power coefficient and Sound Pressure Level 
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Deterministic Optimization of a 50kw wind turbine 


The objectives were to maximize the mean power coefficient [-] while reducing 
the Sound Pressure Level at a microphone located 20 m downwind the turbine at the 
ground level. The airfoils at the root, mid-span and tip of the blade where shaped 
adding to them 5th order B-splines on the bottom and upper surface, assuming the 
Y-coordinates of the control points as design variables. Additionally the initial  twist 
and chord distribution were shaped  adding to them 3rd order B-splines, assuming 
the Y-coordinates of the control points as additional design variables.  Two checks 
were performed on each generated airfoil to verify if self-intersecting or wavy and in 
this case the candidate geometry was rejected. The baseline [red] case was already 
optimized by the producer but due to the sharpness of the Pareto front it was 
possible to find a trade off [green] design considerably less silent with a relative 
negligible reduction of the power coefficient. 
 


 
 


Figure 12. Pareto front after 50 generations 


Conclusions  
The present study is a second step of a comprehensive analysis of wind 


turbine performance under uncertainty. We constructed a multi-physics low-order 
model EOLO that includes aerodynamic predictions, comprehensive structural 







Analysis and Optimization of Wind Turbine Noise under Uncertainty  -  Page 13 of 16 
 
 


analysis and acoustic estimation. We identified three sources of uncertainty, namely 
wind condition, insect contamination and manufacturing tolerances, and successfully 
estimated their effect on aerodynamic performance and noise. Specifically, we 
demonstrate how the present uncertainties lead to a general decrease in 
performance with respect to the nominal (design) scenario. This penalization is also 
compounded with a likely variation in noise.  
 


 
Figure 13. Trade-off design, a 3D detailed view 


 
Additionally EOLO was used to optimize the shape of wind turbine blade 


proving that great achievements in terms on noise can be obtained without significant 
losses in the power coefficient. The next step of this research group is to optimize the 
shape of the blade taking in account uncertainties, combining the two applications of 
EOLO presented in this work in a nested loop using a novel probabilistically non-
dominated sorting genetic algorithm.  
 


References  
[1] Alonso, J. J., Hahn, S., Ham, F., Herrmann, M., Iaccarino, G., Kalitzin, G., 
LeGresley, P., Mattsson, K., Medic, G., Moin, P., Pitsch, H., Schluter, J., Svard, 
M., Van der Weide, E., You, D. and Wu, X., 2006, CHIMPS: A high-
performance scalable module for multi physics simulations. AIAA Paper 2006 
5274. 







Analysis and Optimization of Wind Turbine Noise under Uncertainty  -  Page 14 of 16 
 
 


[2] NWTC Design Codes (PreComp by Gunjit Bir). 
http://wind.nrel.gov/designcodes/preprocessors/precomp/. Last modified 
26-March-2007; accessed 26-March-2007. 
[3] NWTC Design Codes (FAST by Jason Jonkman, Ph.D.). 
http://wind.nrel.gov/designcodes/simulators/fast/. Last modified 05-
November-2010; accessed 05-November-2010. 
[4] NWTC Design Codes (AeroDyn by Dr. David J. Laino). 
http://wind.nrel.gov/designcodes/simulators/aerodyn/.Last modified 31-
March-2010; accessed 31-March-2010. 
[5] NWTC Design Codes (BModes by Gunjit Bir). 
http://wind.nrel.gov/designcodes/preprocessors/bmodes/. Last modified 20-
March-2008; accessed 20-March-2008. 
[6] NWTC Design Codes (TurbSim by Neil Kelley, Bonnie Jonkman).  
http://wind.nrel.gov/designcodes/preprocessors/turbsim/. Last modified 25-
September-2009; accessed 25-September-2009. 
[7] Witteveen, J.A.S., Iaccarino, G., Simplex Elements Stochastic Collocation 
for Uncertainty Propagation in Robust Design Optimization 48th AIAA 
Aerospace Sciences Meeting, Orlando, Florida (2010) AIAA-2010-1313. 
[8] Witteveen, J.A.S., Iaccarino, G., Simplex elements stochastic collocation in 
higher-dimensional probability spaces, 51st AIAA/ASME/ASCE/AHS/ASC 
Structures, Structural Dynamics, and Materials Conference, Orlando, Florida 
(2010) AIAA- 2010-2924. 
[9] Drela, M., Xfoil: An Analysis and Design System for Low Reynolds Number 
Airfoils, Low Reynolds Number Aerodynamics (Conference Proceedings), 
edited by T.J. Mueller, University of Notre Dame 1989. 
[10] Tangler, J., Kocurek, J.D., Wind Turbine Post-Stall Airfoil Performance 
Characteristics Guidelines for Blade-Element Momentum Methods, NREL/CP-
500-36900. 
[11] Tuller, S.E., Brett, A.C., The characteristics of wind velocity that favor the 
fitting of a Weibull distribution in wind speed analysis. Journal of Climate and 
Applied Meteorology, 23:124134, 1984. 
[12] Antoniou,I., Petersen,S.M., HÃ¸jstrup,J. et al., Identification of variables 
for site calibration and power curve assessment in complex terrain. Technical 
Report JOR3-CT98-0257, RisÃ¸, CRES, WindTest, DEWI, ECN, Bonus and NEG 
Micon, July 2001. 
[13] Lange,B., Modelling the Marine Boundary Layer for Offshore Wind 
Power Utilisation. PhD thesis, University of Oldenburg, December 2002. 
[14] Wieringa,J., Rijkoort,P.J., Windklimaat van Nederland (Wind Climate of 
the Netherlands). KNMI/Staatsuitgeverij, Den Haag, 1983. 



http://wind.nrel.gov/designcodes/preprocessors/precomp/�

http://wind.nrel.gov/designcodes/simulators/fast/�

http://wind.nrel.gov/designcodes/simulators/aerodyn/�

http://wind.nrel.gov/designcodes/preprocessors/bmodes/�

http://wind.nrel.gov/designcodes/preprocessors/turbsim/�





Analysis and Optimization of Wind Turbine Noise under Uncertainty  -  Page 15 of 16 
 
 


[15] Downey,R.P., Uncertainty in wind turbine life equivalent load due to 
variation of site conditions. Masters thesis, Technical University of Denmark, 
Fluid Mechanics Section, Lyngby, April 2006. 
[16] Veldkamp, D., Chances in Wind Energy - A probabilistic Approach to 
Wind Turbine Fatigue Design. PhD thesis, Delft University. 
[17] Corten G. , Veldkamp H., Insects cause double stall, EWEC Copenhagen , 
2001. 
[18] Corten, G.P., Insects Cause Double Stall, ECN-CX–00-018, Feb. 2001 
[19] Dyrmose, S.Z., Hansen, P., The Double Stall Phenomenon and how to 
avoid it , IEA, Lyngby, 1998. 
[20] Madsen, H.A., Aerodynamics of a Horizontal Axis Wind Turbine in 
Natural Conditions, Risoe M 2903 1991. 
[21]Iachmann, H.S., Aspects of Insect Contamination in Relation to Laminar 
Flow Aircraft, Aeronautical Research Council current, April 1959. 
[22] Croom, C. C.; and Holmes, B. J.: Flight Evaluation of an Insect 
Contamination Protection System for Laminar Flow Wings. SAE Paper 850860, 
April 1985. 
[23] Hardy, A. C.; and Milne, P. S.: Studies in the Distribution of Insects by 
Aerial Currents. Journal of Animal Ecology, vol. 7, 1938, pp. 199-229. 
[24] Brooks, T., Pope, D., and Marcolini, M., Airfoil Self-Noise and Prediction, 
NASA Reference Publication 1218, National Aeronautics and Space 
Administration, 1989. 
[25] Crouch, J.D., Kosorygin, L.L. , Modeling the effects of steps on boundary 
layer transition, IUTAM Symposium on Laminar-Turbulent Transition, 2006. 
[26] Moriarty, P., and Migliore, P., 2003 Semi-empirical aeroacoustic noise 
prediction code for wind turbines National Renewable Energy Laboratory 
[27] Ilinca, F., Hay, A., and Pelletier, D., Shape Sensitivity Analysis of Unsteady 
Laminar Flow Past a Cylinder in Ground Proximity, Proceedings of the 36th 
AIAA Fluid Dynamics Conference and Exhibit , AIAA paper 2006 3880, San 
Francisco, June 2006. 
[28] Etienne, S., Hay, A., Garon, A., and Pelletier, D., Shape Sensitivity 
Analysis of Fluid-Structure Interaction Problems, Proceedings of the 36th 
AIAA Fluid Dynamics Conference and Exhibit , AIAA paper 2006 3217, San 
Francisco, June 2006. 
[29]Gumber, C. R., Newman, P. A., and Hou, G. J. W., Effect of Random 
Geometric Uncertainty on the Computational Design of a 3D Flexible Wing, 
Proceedings of the 20th AIAA Applied Aerodynamics Conference, AIAA paper 
2002 2806, St. Louis, June 2002. 







Analysis and Optimization of Wind Turbine Noise under Uncertainty  -  Page 16 of 16 
 
 


[30] Loeven, G.J.A. and Bijl, H., Airfoil Analysis with Uncertain Geometry 
using the Probabilistic Collocation method, Proc. of the AIAA 48th 
AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials 
Conference, Schaumburg (IL), United States, 2008. 
[31] Iman, R. L. and Conover, W. J. (1980), Small Sample Sensitivity Analysis 
Techniques for Computer Models, with An Application to Risk Assessment, 
Communications in Statistics, A9(17), 1749-1842. Rejoinder to Comments, 
1863-1874. 
[32] Wyss, G.D. and Jorgensen, K.H. (1998) A user’s guide to LHS: Sandia’s 
Latin hypercube sampling software. Available 
online at: http://www.prod.sandia.gov/cgi-bin/techlib/access-control.pl/ 
1998/980210.pdf 
[33] IEC 61400-1 (1999) Wind turbine generator systems-Part 1: Safety 
requirements, 2nd edition. International Electrotechnical Commission. 
[34] IEC 61400-1 (August 2005) Wind turbines-Part 1: Design requirements, 
3rd edition. International Electrotechnical Commission. 
[35] Zhong, B., Qiao, Z., Multiobjective optimization design of transonic 
airfoils, ICAS-94-2.1.1, 1994. 
[36] G.Petrone, C.de Nicola, D.Quagliarella, J.Witteveen, G.Iaccarino, Wind 
Turbine Performance Analysis Under Uncertainty, AIAA-2011-0544  
 
 
 





		Fourth International Meeting on Wind Turbine Noise

		Rome  Italy  12-14 April 2011

		Analysis and Optimization of Wind Turbine Noise under Uncertainty

		Authors:  G.Petrone, C. de Nicola, D.Quagliarella, J.Witteveen and G.Iaccarino

		Addresses: 480 Escondido Mall, Bld.500, Rm.500A Stanford, CA 94305

		e-mails: gpetrone@stanford.edu

		Abstract

		Introduction

		A multi-physics low-order model for wind turbines

		Conclusions

		References








      Test bed for acoustic assessment of small wind turbine drive-trains Page 1 of 12 
 
 


 
Fourth International Meeting on Wind Turbine Noise 


Rome  Italy  12-14 April 2011 


 


Test bed for acoustic assessment of small wind turbine drive-trains 
Ganesh Raman, Mahesh Krishnamurthy, Rakesh C Ramachandran, Clement 


Pereira, Xiaodong Shi and Yong Jiang 
Illinois Institute of Technology, Chicago, IL, USA. 


raman@iit.edu, kmahesh@ece.iit.edu 
 


Martin Price and Matthew Arnold 
Viryd Technologies, Austin, TX, USA 


Abstract         
This paper describes a test facility for acoustic assessment of small wind turbine 
drive trains. The wind turbine drive train chosen for our facility was that of a 8 kW 
horizontal axis wind turbine (Viryd 8000). The facility has a drive side and a turbine 
side. On the drive side, a  drive motor is connected through a gearbox to a flywheel 
that compensates for the absence of the blades. The turbine side includes the entire 
driveline of the wind turbine. The system can simulate inflow wind speed and 
turbulence. The system also includes accelerometers and torque sensors. For the 
acoustic assessment both single microphones and an array of 24 microphones were 
used. Various beamforming algorithms were used for source localization. These 
include classical beamforming (FDBF), deconvolution approaches for mapping 
acoustic sources (DAMAS2), CLEAN based on source coherence (CLSC) and TIDY. 
The array was calibrated and validated for both coherent and incoherent sources. 
Acoustic measurements from the fully functional drive train test facility are presented 
for a few operating conditions. Further tests in the facility will be conducted to assess 
wind turbine drive train acoustics and vibration for various wind velocities and 
turbulence levels.  The facility will also be used to develop techniques for the 
minimization of sound and vibration from small wind turbine drive trains. 


Introduction  
Wind turbines generate both aerodynamic and mechanical noise from its various 
components. Aerodynamic noise includes low-frequency sound, in-flow turbulence 
sound, and airfoil self- noise. The cylindrical tower can produce additional noise due 
to vortex shedding in various regimes. Mechanical sources include sound from the 
gearbox, generator, yaw drives, cooling fans, and hydraulics. Even though wind 
turbines have become much quieter over the years, their sound is still important 
because noise is a measure of the inefficiency of a machine.  Clearly, excessive 
noise indicates that energy is being wasted. Mechanical sounds originate from the 
relative motion of mechanical components and dynamic response among them. 
Examples of mechanical sound sources include the gear box that houses gears that 
connect the low speed shaft to the high speed shaft. Typically the rotor blade 
rotations occur at 30-60 rotations per minute (rpm). These rotations are transmitted 
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to the high speed shaft at 1000-1800 rpm and during the process noise is produced 
by the gears and the high speed shaft.  
The work presented in this paper represents a collaborative multidisciplinary effort 
between the Electrical and Computer Engineering (ECE) department and the 
Mechanical, Materials and Aerospace (MMAE) department at the Illinois Institute of 
Technology, IL.   In this paper we describe the test bed that was developed for the 
acoustic assessment of the drive trains of small wind turbines.  The drive side of the 
facility can simulate various wind speeds and turbulence levels whereas the turbine 
side includes the entire driveline of the wind turbine.  The acoustic measurements 
presented in this paper include both single microphone and phased array 
measurements that can localize sources.  The eventual goal of this effort is to 
develop technologies to minimize sound and vibration from wind turbine drive trains. 
The work encompasses both a research component as well as an educational 
component intended to focus on work force development for the next generation of 
engineers. 


Experimental Details 
Drive Train 
The wind turbine drive train chosen was that of a Viryd 8000 horizontal axis wind 
turbine (see Fig. 1(a)). The wind turbine incorporates a proprietary continuously 
variable planetary (CVP) gearbox that provides the benefits of using a grid tied 
induction generator without the costly and unreliable inverter. This one of its kind 
wind turbine drive test bed facility houses two sides: a drive side and the turbine side. 
On the drive side, a drive motor is attached through a gear box to an inertia wheel 
that compensates for the absence of blades. The drive side also houses a torque 
transducer. The turbine side of the test bed contains the entire turbine driveline, with 
the addition of a torque transducer. The turbine software simulates the system 
response to input wind speed and power similar to that for a production model. The 
drive side software controls the turbine side by feeding it these inputs, and 
monitoring its performance and safety. The turbine side can be manipulated to run as 
a production turbine or as a multi-purpose research test bed. Some of the important 
software parameters are shown in Table 1. One of the unique features of this test 
facility is that, different scenarios of realistic operating conditions can be simulated 
from torque values derived from an analytical model developed by Viryd. In the 
simulation mode, the user can input a value of wind speed either by a slider input or 
an input file. As the turbine side changes rotor speed to optimize the power at that 
given wind speed, the rotor speed and wind speed are used to calculate the amount 
of input torque required from the drive motor in open loop control. There are also 
various sensors such as accelerometers and torque sensors to monitor the system 
safety and performance. Speed and torque are measured at low speed shaft torque 
transducer on the drive side. On the turbine side, torque and speed are also 
measured to calculate mechanical power going into the generator. Vibration can be 
measured at two locations on the test stand using accelerometers on the turbine 
side. The temperature of the system is also monitored at four different locations and 
the lube pressure is monitored using pressure transducers.  
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Phased Array and Beamforming Algorithms 
Various beamforming algorithms have been developed over the years (see Ref [1] – 
[5]).   General aspects of measurement of noise from wind turbines are covered iin 
Refs [6,7].  The very first step after acquiring data from the phased array system for 
every beamforming algorithm considered is the computation of a cross spectral 
matrix (CSM). The pressure time series of each microphone is divided into blocks 
and the FFT of each block is computed after applying a suitable spectral window. 
Then each element of the CSM is calculated via sample averaging. Since the 
locations of the sources are unknown in practice, a scanning grid that covers a 
region of interest with a certain resolution is formed and every point of this grid is 
considered as a potential source whose corresponding sound pressure level at the 
array center is estimated. This results in a beam forming map representing the 
acoustic source distribution in the region of interest. DAMAS attempts to estimate the 
true signal power from the contaminated DAS results by constructing a linear system 
of equations that relate the DAS estimates at every scanning point to the signal 
powers at every scanning point. It utilizes the iterative Gauss-Seidel method. A 
potential drawback of this is computation time. DAMAS2 solves this problem by 
calculating the point spread function only once and using the same for all the points 
in the scanning grid. Another widely used method is the CLEAN-SC which iteratively 
builds up the beamform maps corresponding to the dominant sources using the 
previously estimated signal powers. TIDY is philosophically similar to CLEAN-SC, but 
it works in the time domain using the cross correlation matrix (CCM) instead of the 
frequency domain with CSM. 
The use of phased arrays to measure wind turbine noise is not new (see Oerlemans 
et al. [5]).  Our goal in this paper is to describe the creation of a small wind turbine 
drive train facility for acoustic performance evaluation using a compact phased array 
that employs sophisticated beamforming algorithms.  


Calibration of Phased Array 
The calibration experimental setup consisted of three 4 ohm dual cone speaker with 
a maximum power of 60 W connected to a dedicated amplifier which received input 
from a white noise generator. The speakers were mounted on a rectangular frame 
support which had 21 different mounting locations each separated by a distance of 
one inch (see Fig. 1(b)). One speaker was mounted at the center most location on 
the frame, referred to as the 0th position. The other two speakers were mounted on 
the frame at a distance of 9 inches, both to the left and right of the 0th position, and 
the setup was referred to as 9_0_9. The amplitude of the speakers were individually 
controlled by dedicated amplifiers. Before the experiments were conducted three 
different amplitude levels were selected, a low amplitude (69-71 dB), one mid 
amplitude (75-77 dB) and a high amplitude (82-84 dB). For ease of reference these 
three amplitude cases were assigned a number; low amplitude case- ‘2’, mid 
amplitude case- ‘4’ and high amplitude case- ‘6’. The speaker switched off case was 
assigned a ‘0’. For example, if the center speaker was fed with high amplitude input 
and the other two speakers were switched off then the configuration was referred to 
as 9.0_0.6_9.0. Similarly if the right and left speaker were fed with high amplitude 
input and the center one was switched off then it was referred to as 9.6_0.0_9.6. This 
nomenclature will be used throughout the paper. A Coherent source scenario was 
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created by feeding the three amplifiers with input from the same white noise 
generator whereas three different white noise generators were used to feed the 
amplifiers in the incoherent case. OptiNav’s 24 microphone array system with 
integral preamps and a built-in camera was used for the experiments (see Fig. 1(c)). 
The signal from the microphone array is acquired by an A/D converter which has 24 
I/O audio interfaces. A MAGMA express box handles the task of interfacing the PCI 
424 card to the computer. A USB cable connects the camera to a USB port on the 
computer. The data acquired from the microphone array was then processed through 
four different beamforming algorithms namely the Frequency Domain Beamforming 
(FDBF), DAMAS (DMS2), CLEAN-SC (CLSC) and TIDY. A single 0.25” B&K 4939 
microphone with a flat response from 1 Hz - 100 kHz was used for acquiring the 
acoustic data for comparing the results with that of the microphone array. The 
microphone was positioned such that it was located exactly at the center of the 
microphone array. The calibration of the microphone was done using a piston phone 
which emits sound at 250 Hz at an amplitude of 124 dB.  


 
(a) 


 


                  
                                             (b)                                                                                           (c) 


Figure 1. Schematic of : (a) Viryd 8000 horizontal axis wind turbine drive train test facility; (b) 
the speaker arranged on the rectangular frame support at the 9_0_9 position and (c) the 
microphone array. 
 
 
 


Turbine Side Drive Side 
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Table 1. Software parameters for the turbine software. 
 


Cut In Wind Speed 5.0 m/s 


Cut Out Wind Speed (Low) 4.0 m/s 


Cut Out Wind Speed (High) 25 m/s 


Power Regulation 6000 Watts 


Results and Discussion 
We begin by using synthetic sound sources from small speakers to evaluate the 
phased array.  Various beamforming algorithms are considered for the evaluation. 
The results of the 9.0_0.6_9.0 case are shown in Fig. 2(a), 2(b) and 2(c). Fig. 2(a) 
shows the beamform map of narrow band frequency 972.5-1028.3 Hz. We observe 
that even though FDBF and DMS2 locate the source they fail to produce a clean 
map, whereas the CLSC and TIDY locate the source close to the center of the 
speaker and also produce a clean map of the source. As we increase the frequency 
band to 2174.6-2299.3 Hz we observe that all the algorithms produce a cleaner map 
(see Fig. 2(b)). A similar trend is observed as we increase the narrowband frequency 
to the range from 5777-6120.6 Hz. For all the above beamform maps the dynamic 
range was set to 5 dB with the upper limit as 69.5, 87 and 82 dB respectively. In 
order to check the amplitude values, the beamform amplitude values were compared 
with that of calibrated single microphone values. These values are shown in Table 2. 
We observe that the integral amplitude values of the FDBF match closely with the 
integral values of the single microphone value. The peak amplitude values of the 
CLSC are close to the peak amplitude values of the single microphone. The rest of 
the amplitude values differ from the single microphone values in the order of 4 to 5 
dB.   
Table 2. Comparison of beamform amplitude values with the calibrated single microphone 
values. 
 


Position Frequency Single Microphone Microphone Array BF-Algorithm 


  (Hz) 
Peak 
(dB) 


Integral 
(dB) Peak (dB) 


Integral 
(dB)   


              


9.0_9.2_9.0 2174-2299 64.33 69.96 


67.3 70.4 FDBF 


68.6 66.7 TIDY 


65.0 65.6 CLSC 


67.8 68.1 DMS2 


9.0_9.4_9.0 2174-2299 77.95 83.35 
80.7 83.4 FDBF 


81.2 79.9 TIDY 
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79.0 79.0 CLSC 


81.2 81.4 DMS2 


9.0_9.6_9.0 2174-2299 82.8 88.53 


87.4 90.1 FDBF 


87.1 86.6 TIDY 


85.7 85.7 CLSC 


87.9 88.1 DMS2 


 
(a) 


 


 
(b) 


 


 
(c) 


Figure 2. Beamform maps of narrowband frequency ranging between: (a) 972.5-1028.3 Hz,  (b) 
2174.6-2299.3 Hz and (c) 5777-6120.6 Hz. 
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Figure 3. Comparison of beamform maps obtained from FDBF, DMS2, CLSC and TIDY for three 
incoherent and coherent sources of the same amplitude (9.6_0.6_9.6). 
 


 
Figure 4. Beamform map of a single oscillating source at three different positions during 
oscillation obtained using TIDY. 


Fig. 3 shows the beamform maps of three coherent and incoherent sources set at the 
same amplitude (9.6_0.6_9.6). Even though the FDBF and DMS2 were developed to 
resolve incoherent sources, they were successful in locating the three sources in 
both the coherent and the incoherent cases. However the difference in the 
formulation of the CLSC is clearly visible as it locates the maximum amplitude source 
with pin point accuracy and neglects the lower amplitude coherent sources. In the 
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incoherent case the CLSC is able to locate all the three sources. TIDY also does a 
good job in locating all the three sources in both coherent and incoherent cases. The 
main disadvantage with the FDBF, DMS2 and CLSC are that they are limited to a 
narrow band formulation. Thus larger bandwidth noise cannot be located using these 
algorithms. TIDY however is not limited in frequency bandwidth. This gives TIDY an  
advantage over the other beamforming algorithms and makes it a good choice for the 
wind turbine application. The effectiveness of TIDY in detecting a larger bandwidth 
moving white noise signal was also tested. The results are shown in Fig. 4.  
After conducting calibration experiments, the phased array was used to locate the 
sources of noise generated by the wind turbine drive train. The test was run at 3 
different conditions which corresponds to 3 different wind speeds. Table 3 gives 
details of the 3 different tests conducted in this study. The phased array was placed 
at 3.125 m away from the drive train and at the center, so that it covers both the 
driver part and the driven part of the drive train. The microphone was placed such 
that it’s equivalent to placing a microphone at the centre of the phased array. Fig. 5 
shows the different rpm of the driver motor and the generator for all the three cases. 
The Frequency spectrum from both the phased array and the single microphone for 
all three cases are shown in Fig. 6 and Fig. 7, respectively. We observe that the 
frequency spectra of both the phased array and the single microphone are similar in 
nature. The peak amplitude is about 4 dB higher than the single microphone values 
as observed earlier in the calibration experiments. Fig. 8 shows the beamform maps 
obtained for the three different test cases. For narrowband width the beamforming 
algorithm used was DMS2 and for broadband cases TIDY was used. We observe 
that at higher frequencies the algorithms are able to locate the noise generated by 
the gearboxes and the CVP. However the low frequency noise was not successfully 
located using these algorithms. In order to locate the sources at low frequency we 
will have to use a bigger array or use super resolution algorithms such as the MUSIC 
algorithm. Further, by using a combination of a single microphone and the phased 
array the low frequency noise could be effectively studied.  
 
Table 3. Parameters for the three test cases used in this study. 


 


Parameters  Test 1  Test 2  Test 3  


Wind speed (m/s)  20  12  6  


Turbulence  0  0  0  


Input torque (Nm)  400  400  400  


Transmission ratio  0.8  1.195  1.5  


Power factor  ON  ON  ON  


Power (kW)  3.7  2.1  1.5  


  







      Test bed for acoustic assessment of small wind turbine drive-trains Page 9 of 12 
 
 


 


 
(a) 


 
(b) 


 
(c) 


Figure 5. Operating parameters for the wind turbine drive train (a) Test 1; (b) Test 2; (c) Test 3. 
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(a)                                                                               (b) 


 
(c) 


Figure 6. Frequency spectrum obtained using the phased array: (a) Test 1; (b) Test 2; (c) Test 
3. 
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Figure 7.  Frequency spectrum obtained using a single microphone: (a) Test 1; (b) Test 2; (c) 
Test 3. 
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(a)                                                                               (b) 


      
                                      (c)                                                                              (d) 
Figure 8. Beamform plots of; (a) turbine side gearbox noise of Test 1; (b) turbine side gearbox 


noise of Test 2; (c) drive side gearbox of Test 2; (d) turbine side CVP noise of Test 3. 


Conclusions  
In this paper we described a new test bed created at the Illinois institute of 
Technology that is capable of conducting an acoustic assessment of small wind 
turbine drive trains. The facility allows one to vary inflow speeds and turbulence. 
Acoustic measurements were made using a single microphone and a phased array. 
The phased array was initially calibrated using three 4 ohm dual cone speakers. The 
beamforming algorithms were able to locate the source/sources when they were 
subjected to a broadband white noise. We observed that although the FDBF, DMS2 
and TIDY are formulated for incoherent sources, they were able to locate the sources 
in the coherent cases as well. The formulation of CLSC was clearly evident as it 
picks only the highest amplitude coherent source from the beamform map. While 
algorithms FDBF, DMS2 and CLSC are limited to a small bandwidth analysis, TIDY 
can analyze large bandwidth. The algorithms also located the source in case of 
moving sources. From the experiments we learn that for high frequency broadband 
noise TIDY is a good algorithm to use and for low frequencies super resolution 
algorithms such as MUSIC have to be used to effectively locate the sources. 
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Although our study provides some guidance on beamforming algorithm choice, 
further studies are necessary to determine the best suited algorithm for wind turbine 
applications.  
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Abstract         
Low frequency pulses have been extracted from measured auto-correlations of wind 
turbine noise.  These pulses were observed in about 1/3 of the data sets reviewed 
and are dominated by the first few harmonics of the blade passage frequency. Higher 
order harmonics in the audible frequency range are shown to contribute to the 
characteristic ‘swoosh’ when propagation effects through a turbulent atmosphere are 
accounted for. Variability in the shape of the low frequency pulses can be attributed 
to frequency dependent refraction effects induced by wind and temperature 
gradients. 
 


Introduction  
Sound emissions from operating wind farms frequently give rise to noise complaints. 
Most compliance based noise audits measure hourly “A” weighted Leq, thereby 
removing the low-frequency contents of the wind turbine sound.  The metric is also 
insensitive to amplitude modulation and is unsatisfactory when sensitive receptor are 
annoyed by the low frequency sound and amplitude modulation. 
The wind turbine industry and regulators have not vigorously pursued controlled 
psycho-acoustic research of the kind used to address annoyance of aircraft and 
traffic noise.  It is not surprising that individuals and interest groups opposed to wind 
farms point to a lack of research on wind turbine sound. There also claims of serious 
health effects to humans and animals from exposure to wind turbine noise [1,2].  
There appears to be no supporting evidence for the latter [3,4].  
Steady audible wind turbine sound is generated by the turbulent layer on the rotor 
blades and the vorticity shed therefrom.  The overall spectrum shape and sound 
power levels correlate reasonably well with empirical models originally developed for 
propeller noise. Richarz et al. [5] showed that the sound radiated by compact, 
directional sources located at about 80% of the blade span could explain amplitude 
modulation.   
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Amplitude modulation, swooshing and other periodic sounds are factors that 
influence the loudness and possibly annoyance reported by some listeners. It is 
relatively straight-forward to document physical parameters such as the sound 
pressure and its spectrum.  For source-listener separations greater than about 300m 
the infra-sound is well below the level of human perception.  This paper explores 
some aspects of the periodic features of the sound.  To this end, spectral analysis is 
replaced by auto-correlations of wind turbine sound. When propagation through a 
real, dynamic atmosphere are incorporated another potential source for the ‘swoosh’ 
is discovered. 
 


Measurement 
Aercoustics Engineering routinely conducts measurements to document sound 
emissions from wind turbines and to assess noise impact.  Previous work with wind 
turbine noise monitoring led to the conclusion that sound pressures be recorded for 
short one to two minute intervals, permitting extended un-attended real-time 
monitoring [6].  Data analysis is performed at the conclusion the session.  Sound is 
measured with a low frequency microphone and preamplifier mounted on a 1m 
diameter solid ground plane. The microphone is fitted with a 90 mm windscreen and 
all electrical connections are waterproof. A large hemispherical windscreen affords 
further protection from wind and the elements. The measured sound was recorded 
on a Rion DA-20 digital data recorder. The recording equipment low frequency cut-off 
is at 1 Hz Data from several sites in Canada and the USA was used in this study.    
 


Low Frequency Wind Turbine Sound 
The low frequency portion of wind turbine sound (Figure 1) is characterized by 
distinct tones at the blade passage frequency and its harmonics.  There is also wind 
noise and, in above 10 Hz mechanical sounds from the electrical generator.  Above 
10 Hz the magnitudes of the blade passage harmonics diminish rapidly and are 
obscured by the broad-band pseudo-sound of the atmosphere. Betke and Remmers 
[7] reported similar results using two-microphone cross-spectral densities.  


  
Figure 1.  Spectra of wind turbine sound 
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This pattern is typical for propellers and helicopter rotors [8]. Under ideal inflow 
conditions the blade passage tone dominates.  Here there are many harmonics of 
comparable magnitude, characteristic of a poor aerodynamic chord-wise load 
distribution.  Non uniform (sheared) in-flow, and ingested atmospheric turbulence can 
also induce similar harmonic levels.  The analytical frame work in Morse and Ingard 
[9] is an excellent starting point for the interested reader. The load distribution can be 
modified by a re-designing the turbine blade. There is only very limited scope for 
controlling shear and turbulence effects with blade geometry. 
 


Autocorrelation of Wind Turbine Sound 
Power spectral densities provide only information on the energy contents. The 
observer in the field hears distinct, periodic sound. This feature is revealed by the 
auto-correlation: 


Rpp(t)= 1/(2T)  p(t)p*(t-τ)dt    Tinfinity 
 


The autocorrelation is a measure of the similitude of the signal with itself at another 
instant in time.  Auto-correlations are even functions of the delay time τ. A signal with 
a distinct period alos has a periodic autocorrelation. The autocorrelation of broad-
band sound is concentrated near zero time delay, virtually vanishing for time delays 
greater than the reciprocal of the spectral bandwidth. 
Figure 2 shows the auto-correlation for wind turbine noise where the blade passage 
harmonics are not obscured by atmospheric pseudo-sound. Figure 1 is the 
corresponding power spectrum. The time delay between peak and side lobe 
corresponds to the period of blade passage frequency. Only positive values of τ are 
shown as autocorrelations are even functions. 


 
Figure 2 Auto-correlation of wind turbine sound.  
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The observed pattern shows that a portion of the wind turbine sound is composed of 
distinct low-frequency pulses.  Over 3000 recordings at several wind-farms in 
Canada and the USA have been analyzed.  Over 30% of the recordings have readily 
identifiable side lobes.  There is some variability in the height and shape of the side 
lobes (Figure 3). Since no simultaneous turbine operating and near field sound data 
is available, we shall not speculate about the underlying source mechanisms. 
Nevertheless, there is a good deal of information that can be gleaned from the 
measured auto-correlations.   


 
Figure 3. Variability of measured autocorrelations 


 


The sound signal is written as: s(t)=n(t)+p(t)=n(t)+Σamcos(2πmf1t+φm). Here n(t0) is 
the broadband noise is the periodic content is a Fourier series. The autocorrelation 
has the form: 


Rss(τ)=Rnn(τ)+.5Σam
2cos(2πmf1τ). 


Rnn(τ) has a global maximum at zero time delay (τ=0), and the periodic signal has a 
periodic autocorrelation with period 1/f1.  The Fourier series is even, and all the 
Fourier series coefficients are positive.  


The autocorrelation at τ=0 is the mean square: Rss(0)=<n2>+<p2>. The maximum 
value of any ‘side lobe’ is <p2>. Typically <p2>/(Rss(0) is of the order of 0.2 to 0.4. 
The RMS of the low frequency pulse is comparable to the RMS of the broad-band 
(i.e. audible) sound. 
Figure 4 shows a side lobe in more detail. It has been scaled and shifted in time so 
that the maximum peak is at zero time delay.  In principle, the frequency components 
can be extracted from narrow band spectra.  However, as is seen in Figure 1 only the 
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first few harmonics can be identified.  The remaining harmonics are obscured by the 
broad-band spectrum.  


 
Figure 4 Detailed view of side lobe, time shifted to τ=0  


 
Several analytical models were fitted to the experimental data. This procedure 
proved unsatisfactory as some of the Fourier series coefficients were negative. For 
large m the Fourier series coefficients of any of the model functions were found to be 
proportional to m-4. This then suggests that the sequence 


am=1/((1-m/M)2)2+(αm/M)2) 


may be used to generate the Fourier coefficients am. The parameters α and M were 
adjusted until the trial waveform (Figure 5) was judged to reasonably match the 
shape of the measured side lobe.   


 
Figure 5 Side-lobe pattern generated by a 100 term Fourier series 
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The Fourier series coefficients for the periodic portion of the correlation are the 
squares of the corresponding Fourier series coefficients that describe the periodic 
low frequency pulses.  As the phase information has been lost, one may re-create 
the general pulse shape by adjusting the values of bm and cm in the generalized 
Fourier series: 


p(t)=Σ(am)1/2[bmcos(2πmf1t)+cmsin(2πmf1t)]  with the constraint: bm
2+cm


2=1 
Close examination of a short portion of a recording reveals a pseudo-periodic pattern 
(Figure 6). Selecting cm=-1 generates realistic low frequency pulses (Figure 7).   


 
Figure 6.   Measured wind turbine sound 


 
Figure 7. Synthesized low frequency pulses 
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The characteristic shape of the low frequency pulses are determined by the first ten 
harmonics. One might suppose that the higher harmonics are not at all important.  
Careful measurement of propeller and rotor noise show that these higher harmonics 
are in fact radiated even though they may not contribute significantly to the overall 
sound pressure level. 
The wind turbine sound received several hundred meters from the source does not 
propagate through a quiescent atmosphere, even though this is implicit in most 
standardized propagation models [10]. Real atmospheric effects such as steady wind 
and temperature gradients refract the sound and will introduce a (frequency 
dependent) shift in the signal transit time. Atmospheric turbulence (both flow and 
temperature) tends to scatter the sound, so that the signal transit time becomes time-
dependent [11, 12].  These features and be simulated by introducing a random, 
frequency dependent time delay (TD(t)m): 


 P’(t)=Σ(am)1/2sin[2πmf1(t+DT(t)m)]  
A steady, frequency dependent time delay alters the shape of the low frequency 
pulse.  The effect of a time delay proportional to DTmfo(1+mf0)-1 is shown in figure 8 
for several values of DT. The corner frequency f0 is 10 Hz.  


 
Figure 8. Low frequency pulses with to frequency dependent time delay 


 
‘Noise’ is added to the low frequency pulse (Figure 9) when DT is a random variable.  
The signal is confined to bursts that coincide with the pulses. The simulation is 
approximate owning to the simple statistical model of the time delay.   
Plotting P’(t)-p(t) shows that there is significant amplitude modulation of the 
‘noise’(Figure 10).  The time-varying signal is audible, since the instantaneous 
amplitude is comparable to the broad-band background sound (see Figure 6 for 
relative amplitudes). 
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Figure 9. Comparison of low frequency pulse with and without random phase 


 
Figure 10. Audible signal from low frequency pulse due to random phase. 


 


Concluding Remarks 
Autocorrelations have been used to extract low frequency pulses from wind turbine 
sound.  These pulses occur at the blade passage rate and their dominant energy is 
confined to the first 10 harmonics.  The patterns have been observed for about 1/3 of 
over 3000 files examined to date. Using a Fourier series description the most likely 
pressure-time history has been determined.  It is shown that propagation through a 
real atmosphere can distort this pulse shape. In particular, the random effects 
introduced by atmospheric turbulence destroy the perfect phase relation implicit in an 
ideal pulse.  The result is an audible burst of noise which is perceived as a ‘swoosh’. 
In effect the infrasound pulse becomes audible. 
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Abstract         
Unweighted sound measurements show that wind turbines generate high levels of 
infrasound. It has been wrongly assumed that if subjects cannot hear the infrasound 
component of the noise then they cannot be affected by it. On the contrary, the 
mammalian ear is highly sensitive to infrasound stimulation at levels below those that 
are heard.  Most aspects of responses to infrasound are far from well established. 
Measurements made within the endolymphatic system of the cochlea show 
responses that become larger, relative to measurements made in perilymph, as 
frequency is lowered. This suggests that endolymphatic responses to infrasound are 
enhanced in some manner. For high-frequency sounds, acoustic stimuli in the ear 
are summed. In contrast, the inner ear’s responses to infrasound are suppressed by 
the presence of higher frequency stimuli. The complexity of the ear’s response to 
infrasound leads us to the conclusion that there are many aspects that need to be 
better understood before the influence of wind turbine noise on the ear can be 
dismissed as insignificant.  
 


Introduction 
The effects of sounds on humans are typically evaluated through measurements 
made with instrumentation such as microphones and sound level meters. As the vast 
majority of these measurements relate to sounds that people can hear or which may 
damage the ear, measurements are routinely weighted according to the hearing 
sensitivity of humans (i.e. the A-weighting curve which is based on the 40 phon 
audibility curve in humans).  As the ear represents the highly sensitive sound 
detector of the body, it has been widely assumed that if a sound is not detected (i.e. 
the sound is not heard by a listening subject) then the sound has no relevance to 
human physiology. This concept was further developed with respect to whether harm 
could arise from sounds and has been widely expressed in the form of statements 
along the lines of "what you can't hear, can't hurt you".  The origins of this belief are 
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difficult to trace but it is believed to originate from the title of a newspaper article by 
an engineer making measurements of the “Kokomo hum” in 2001 (Alves-Pereiraa M, 
Castelo Branco, 2007). It is important to realize that the concept was not based on 
physiologic scientific studies in which “harm” was quantified or measured in some 
way that correlated with low-frequency sound measurements. Rather, the statement 
was a speculation without any fundamental consideration of how the ear works. 
Indeed, it is quite remarkable how such an erroneous concept could have gained 
such widespread acceptance when there is such a large amount of physiological 
data showing that the ear’s response to low-frequency sounds is far more complex 
than that of a simple microphone (reviewed by Salt and Hullar, 2010). 
 


 
 


Figure 1:  Anatomy of the Inner Ear. Left: A mid-modiolar section of the human cochlea spiral with the 
compartments of one turn labelled. SV:scala vestibuli; ELS: endolymphatic space; ST: scala tympani. 
The structure containing the sensory cells, called the organ of Corti, is on the lower border of the ELS. 
Right: Enlarged schematic of the organ of Corti, which contains two types of sensory cells. The 
sensory hairs of the outer hair cells are embedded in the gelatinous tectorial membrane making them 
DC-coupled to the input stimulus. The hairs of the inner hair cells are free within the fluid space below 
the membrane, causing them to be AC-coupled to the input stimulus. Histological image courtesy of 
Saumil Merchant, MD, Otopathology Laboratory, Massachusetts Eye and Ear Infirmary and Harvard 
Medical School, Boston. 


 
The anatomic features of the inner ear that are relevant to its sensitivity to low-
frequency stimulation are summarized in Figure 1. The important feature is that the 
sounds that are heard are mediated through the inner hair cells and transmitted to 
the brain through the Type I nerve fibers which make up the majority (95%) of the 
auditory nerve. In simple terms, the inner hair cells are AC-coupled to the mechanical 
stimulus, meaning that they respond well to high stimulus frequencies but are 
insensitive to very low-frequency or sustained displacements of the organ. Based on 
single nerve fiber recordings, Temchin et al., 1997 concluded that a high-pass filter 
was interposed before the site where auditory nerve excitation thresholds were 
determined. A consequence of this arrangement is that subjective hearing is 
insensitive to stimuli of infrasonic frequencies because of the high-pass filter/ AC 
coupling. However, because the outer hair cells of the ear are DC-coupled to the 
stimulus (sensitive to high-frequency stimulation, low-frequency stimulation and 
sustained displacements of the organ), their characteristics can indeed render the 
ear sensitive to infrasound. It has been shown that prolonged displacements of the 
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organ of Corti for 20 minutes or longer, by microinjection of gel into the cochlear 
apex, cause endocochlear potential changes that were sustained throughout the 
procedure (Salt et al, 2008). This confirms the ability of the outer hair cells to respond 
to slowly occurring or sustained displacements. The outer hair cells are mechanically 
coupled to the inner hair cells and are innervated by so called Type II fibers that 
make up 5% of the auditory nerve.  
The fact that hearing is insensitive to infrasonic frequencies therefore does not 
indicate that the entire ear is insensitive to infrasound. This is analogous to viewing 
the electrical output of a low-frequency-capable sound level meter on an AC-coupled 
oscilloscope and concluding that the sound level meter is “insensitive” to low-
frequencies. Similarly, because subjective hearing is based on an AC-coupled output 
from the ear, that does not mean that an unheard infrasound cannot influence the 
other components of the ear, such as the outer hair cells, and thereby influence 
heard sounds in a number of complex manners, as discussed below. Here we 
present a number of different measurements that characterize a number of aspects 
of the ear’s sensitivity to infrasound. 


 
Methods  
The electrical measurements from the inner ear we present in this paper include data 
from guinea pigs and cats. In guinea pig experiments, stimuli were generated and 
responses were recorded using Tucker-Davis System 3 hardware controlled by 
custom-written software on a PC. Sound stimuli were generated in a closed system, 
using a hollow ear bar between the transducers and the external ear canal. Full 
technical details of stimulus generation are given elsewhere (Brown et al., 2009). 
Cochlear responses were measured from electrolyte-filled glass pipettes, inserted 
into the cochlear fluids spaces, via a high input impedance electrometer.  
Single nerve fiber recordings in cats followed methods described by Kiang et al. 
(1965).  Low-frequency (i.e., 50 Hz) tones were presented to cat ears with a DT48 
headphone coupled to the ear through a hollow ear bar. 
Guinea pig experiments were approved by the Animal Studies Committee of 
Washington University.  Cat experiment protocols were approved by the Animal Care 
Committee of the Massachusetts Eye and Ear Infirmary.  


 
Results  
1) Endolymphatic enhancement of responses to low-frequency sounds. 
In this study, we measured electrical responses from the basal turn of the guinea pig 
cochlea in response to tones of varying frequency. Sound levels were varied until a 
specific response amplitude (500 μV) was generated. These sound level thresholds 
were measured in scala media (endolymph) and scala tympani (perilymph) in the 
same animals. At 4 kHz, we found larger electrical responses in the endolymphatic 
system, requiring 10 dB lower sound level to achieve the criterion 500 μV response 
amplitude. The difference between endolymph and perilymph increased  
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Figure 2: Left: Thresholds of stimulation required to generate a cochlear microphonic amplitude of 
500 uV in scala media (filled symbols) or scala tympani (open symbols) of the cochlea of 4 animals. 
Right: The difference between the thresholds measured in perilymph and endolymph.  Positive values 
indicate that larger responses were generated (resulting in lower measured thresholds) in the 
endolymphatic space (scala media). The cutoff in sensitivity as frequency decreased was lower in the 
endolymphatic space. This demonstrates that low-frequency sensitivity varies in different parts of the 
ear, with the endolymphatic space showing relatively higher sensitivity to infrasound. The difference 
averaged 18 dB at 5 Hz. 


 
systematically as frequency decreased, with the difference approaching 20 dB at the 
lower frequencies tested. These measurements show that responses in the 
endolymphatic system were larger than those measured in perilymph. They vary in a 
frequency-dependent manner, generating relatively larger responses with infrasound 
stimulation.  Even with the high (500 μV) response criterion, microphonic thresholds 
measured in the endolymphatic space were in the 80-100 dB SPL range. 
 
2) Inner ear sensitivity to infrasound.  
The sensitivity to infrasound was greater when measured in the higher cochlear 
turns, which predominantly respond to lower frequencies. In Figure 3 we show 
cochlear microphonic responses evoked from three stimulus frequencies and 
recorded from the endolymph compartment of the 3rd turn of the guinea pig cochlea. 
In this experiment, the responses were band pass filtered at the stimulus frequency, 
and 20 responses were averaged for each measurement to reduce noise levels. 
Although the ear is less sensitive to 5 Hz compared to 500 Hz (~37 dB higher level 
required to generate 100 μV at 5 Hz), the maximum voltages generated inside the 
ear were over 3x greater for 5 Hz (17.3 mV maximum) than for 500 Hz (5.5 mV 
maximum). This demonstrates that the ear is not only sensitive to infrasonic stimuli, 
but under some conditions can generate responses to infrasonic stimuli that are 
larger than those generated for stimuli that are more easily heard by the animal. 
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Figure 3: Amplitude of cochlear microphonics recorded from endolymph of the third turn for 3 stimulus 
frequencies. For each measurement point 20 responses were band-pass filtered and averaged to 
reduce background noise levels. Although lower sound levels are required to generate responses at 
500 Hz, the maximum response amplitude is considerably higher at 5Hz (17.3 mV) than at 500 Hz 
(5.5 mV).  


 
3) Infrasound responses are inhibited by sounds of higher frequency.  
The large potentials generated in the endolymphatic system of the ear in response to 
infrasound have unique properties that differ from those in response to higher 
frequency sounds. When two sounds at high-frequency are presented 
simultaneously to the ear the cochlear microphonic response they generate is 
typically the sum of the responses to the two signals. This behaviour is analogous to 
that of a microphone and is the basis of the naming of this response as the cochlear 
“microphonic”. Thus, at the level of the cochlear microphonic, one sound does not 
generally inhibit the other. The cochlear microphonic responses to infrasonic stimuli 
behave differently, however, and are sensitive to the presence of other sounds of 
higher frequency. In Figure 4 we show an experiment in which a 500 Hz probe tone 
was superimposed on a sustained 5 Hz stimulus. The recording shows that when the 
500 Hz tone was present, the response to 5 Hz was markedly reduced. Analysis of 
these results shows that the low-frequency response amplitude was initially 8.4 mV 
peak and was reduced to 2.3 mV peak when the 500 Hz stimulus was present.  
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Figure 4: Cochlear microphonic responses from the endolymphatic space of the third turn of the 
guinea pig cochlea in response to a 5 Hz, 110 dB SPL, 2 s duration stimulus with a superimposed 500 
Hz, 80 dB SPL stimulus commencing after 1 s as shown in the upper panels. The cochlear response 
to the 5 Hz stimulus was dramatically reduced for the duration of the 500 Hz stimulus. Responses 
were recorded as a single epoch with no averaging. 


 
Although the example demonstrates the phenomenon with a high (110 dB SPL) 
infrasound level, a similar suppression of the infrasound response occurs with the 
infrasound at levels as low as 80 dB SPL, as shown in Figure 5. The level of probe 
tone needed to suppress the infrasound response was approximately 60 dB SPL.  
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Figure 5: Suppression of cochlear microphonic responses to infrasound (5 Hz) with different levels of 
the infrasound and of a superimposed 500 Hz probe, as shown in the previous figure. Each curve 
shows measured responses at the infrasound level indicated. Open symbols show the 5 Hz response 
amplitude in the region preceding the probe, while solid symbols show the 5 Hz amplitude measured 
during the probe.  Responses to both high (110 dB SPL) and low (80 dB SPL) levels of infrasound 
stimulation are suppressed by the presence of an audible tone.  


 
4) Responses from the auditory nerve show how a low-frequency sound, that 
do not by itself excite a single-fiber, can amplitude modulate responses of 
higher frequency stimuli. 
Approximately 30,000 fibers comprise the afferent portion of the cat auditory nerve.  
We measured single-fiber responses by inserting an electrode made from glass 
capillary tubing into the region between the ear and the brainstem.  When a single-
fiber was contacted, we recorded its response with no stimulus (to measure the 
fiber’s “spontaneous rate”), with a high-frequency tone alone, a low-frequency tone 
alone, and combinations of a probe tone at constant level with a low-frequency tone 
that was varied in level (Lichtenhan, Guinan, and Shera, 2011). The right panel of 
Figure 6 shows the firing rate of one fiber under different stimulus conditions. This 
fiber had a low-spontaneous rate that did not increase (show excitation) when a low-
frequency (50 Hz) tone was presented alone.  A probe tone of 910 Hz, which was at 
the “best frequency” for this fiber, caused excitation (firing rate increased to 
approximately 250 spikes/s). As the level of the low-frequency tone was increased, it 
suppressed the responses to the higher frequency probe tone, even though the fiber 
did not respond to the low-frequency tone alone. The left panel of Figure 6 shows 
single-fiber histograms which demonstrate how the nerve fiber responses 
synchronize to particular phases of the low-frequency tone when the probe and low-
frequency tone were presented together. The 20 ms time interval shown corresponds 
to one cycle of the low-frequency, 50 Hz tone.  At the lowest level of the low-
frequency tone (65 dB SPL) the responses are unaffected by the low-frequency and 
the responses occur uniformly throughout the cycle of the tone. As the level of the 
low-frequency is increased, it can be seen that not only does the firing rate decrease 
(as shown in the right panel), but also that the responses predominantly occurred at 
certain time points in the cycle of the low-frequency tone.   
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Figure 6: Left: A single-fiber’s firing rate histogram as a function of one cycle of the low-frequency 
tone.  Here, a higher frequency probe tone (910 Hz – a frequency well above the fundamental 
frequency of a typical male’s voice) and a low-frequency (50 Hz) tone were presented together.  As 
the level of the low-frequency tone is increased, the firing rate is suppressed at particular phases of 
the low-frequency tone.  Right:  The low-frequency tone presented alone does not significantly alter 
the spontaneous-rate (measured by using no stimulus), while the probe alone did excite the fiber.  
When a 40 dB high-frequency tone and low-frequency are presented simultaneously, the response 
from the high-frequency tone is decreased as the level of the low-frequency tone is increased.   


   


The response of this fiber to the higher frequency tone was clearly modulated by the 
presence of the low-frequency. These data show that although a low-frequency 
stimulus, when presented alone, does not excite the fiber (and was therefore not 
necessarily “heard” by the fiber), the low-frequency stimulus had a marked influence 
on both the audibility and temporal characteristics of responses to higher frequency 
signals.  This is because although the inner hair cells do not respond to very low-
frequencies, they are affected by high-frequency responses of the outer hair cells, 
which are sensitive to and are modulated by the low-frequency tone 
 


Conclusions 
 We have presented a number of measurements showing how the inner ear is 
sensitive to low-frequency and infrasonic sound stimuli presented at levels well below 
those that would be heard. Our results are consistent with the interpretation that 
hearing occurs through the inner hair cells which are AC-coupled to the stimulus, 
while the measured cochlear microphonic responses are generated by the outer hair 
cells that are DC-coupled to the stimulus. On the basis of these findings it seems 
reasonable to conclude that when a subject cannot hear a low-frequency sound, this 
cannot be taken as evidence that the sound cannot affect ear or the subject in other 
ways.  


Our measurements from single-fibers of the auditory nerve show how low-
frequency tones that do not by themselves stimulate nerve fibers, can modulate 
responses to higher frequency stimuli that certainly do stimulate the fiber.  
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Comparable findings from experiments in chinchillas were reported by Temchin et 
al., 1997.  The frequency dependence they found led them to conclude “that a (high-
pass) frequency filter is interposed between the site of origin of modulation and 
suppression and the site where auditory nerve excitation thresholds are determined”.  
The most likely candidate for this high-pass frequency filter is the sub-tectorial fluid 
movement that couples outer hair cell movements to the inner hair cells, which in 
turn provide “hearing”.  Because the outer hair cell’s stereocilia are imbedded in the 
tectorial membrane, their responses (and their ability to amplify high-frequency 
sounds) are affected by low-frequency or infrasonic tones while the inner hair cell’s 
stereocilia are not. The inner hair cells can thus “see” the outer hair cells’ amplitude 
modulated, high-frequency output and pass that representation to the auditory nerve 
which forms the basis of hearing. 
This raises the possibility that there are multiple mechanisms by which infrasound or 
low-frequency sounds, at levels too low to be heard, could influence the 
representation of sounds in the brain.  They can suppress and amplitude modulate 
responses to higher frequency sounds. By slowly displacing the organ of Corti, they 
can modulate harmonic distortions to higher frequency stimuli or two-tone emissions 
(Brown et al., 2009). Such modulation of distortion has been observed both in 
animals and in humans through acoustic emission measurements from the external 
ear canal (e.g., Marquardt et al., 2007).  The outer hair cells could also stimulate their 
own afferent innervation directly. The stimulus conditions that cause excitation of the 
outer hair cell afferents remain largely unexplored. Some have suggested that the 
afferents may be used in a local network to synchronize the responses of outer hair 
cells (Thiers et al., 2008). Because these afferents have synapses in the cochlear 
nucleus of the brain (Benson and Brown, 2004), that central projection could provide 
an input which may be subconscious. 
These findings are relevant to the perception of the “amplitude modulation” of 
sounds, and represent a biological form of modulation by low-frequency sounds that 
cannot be measured with a sound level meter.  Indeed, some have described how 
low-frequency biasing can suppress the audibility of higher-frequency tones in the 
range of speech frequencies (e.g., Zwicker, 1976).  A resulting consequence of 
amplitude modulation of speech sounds by wind turbine infrasound may perhaps be 
a more difficult, or perceptually taxing, listening environment.  Such amplitude 
modulation of speech sounds may contribute to the “noise annoyance” and problems 
with “noise sensitivity” reported by Pedersen and Waye (2004)  
Responses of the ear to infrasound are substantially greater when measured in the 
endolymphatic system. The greater sensitivity to infrasound probably results from 
alterations in ion transport during the relatively prolonged displacements of the organ 
of Corti during individual cycles of very low-frequency sounds. This is analogous to 
the voltages change in the battery of a device when sustained current is drawn, 
compared with those when current draw is modulated (both increasing and 
decreasing) at high-frequency.  
The presence of high-frequency sounds suppresses some aspects of the ear’s 
response to infrasound. This means that under conditions where infrasound levels 
are high, while ambient sounds are low, the ear may be maximally affected by the 
infrasound. This may be relevant to the exposure of people to wind turbine sounds in 
a quiet listening environment (such as a bedroom), where response to the infrasound 
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may be augmented relative to listening conditions where higher levels of other 
ambient sounds are present.  
We conclude that the ear exhibits a number of complex physiological responses to 
infrasound stimulation at moderate levels that may exist in the vicinity of wind 
turbines under some operating conditions. Because the ear is undoubtedly 
responding to these sounds, it cannot be concluded that infrasound effects on the 
ear are insignificant because the sounds are not heard. It is therefore premature to 
assert that long term exposure to wind turbine noise can have no physiological effect 
on humans.  
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Abstract 
Part 11 of IEC 61400 provides the methodology for the analysis of noise emitted by 
wind turbine generation systems. 
In Italy, wind farms are usually located in areas with specific geomorphology and 
particular wind conditions. 
The IEC standard, recently adopted in Italy, was studied in the Nordic countries, 
where the characteristics of the area are certainly flatter and most relevant in terms 
of wind energy content. 
During the application of the rule on national sites have been identified a number of 
issues used to put forward some practical suggestions, with particular regard to limits 
of applicability of the legislation itself. 
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1.Introduction 
From 2000 to 2009 wind farms have been highly developed in Italy, especially in the 
last few years. At the end of 2006 there were 169 wind farms with a 1908 MW 
capacity while in 2009 they had increased to 294 (+74%) with an 4898 MW capacity 
(+157%). 
52 new plants were installed in 2009, and the 73% of these have more than 10 MW 
power. 
There are 12 new wind farms included in 1 to 10 MW power class and 2 with less 
than 1 MW power. 
Overall power increased 1360 MW (+38,5%) in 2009 compared to 2008 most 
because of the more than 10 MW power plants. 
Wind farm’s average power increased from 6,6 to 16,7 MW in the age from 2000 to 
2009. 
First in 2010 plant’s average growth rate was reduced  by 25%, with only 948 MW 
installed. 
Characteristic of territory is a key feature for the setting of wind turbines. 
Decisive elements to choose a site are, in facts, wind, topography and site’s 
accessibility.        
 
 


 
 


Fig. 1. Italian Map of Win d Farms (by La Tene Maps and ANEV) 
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The map in figure 1 was made by La Tene Maps, with the help and assistance of 
ANEV (the Italian Wind Energy Association) and published in 2010. 
The map shows wind farms in Italy with a generating capacity generally over 1MW 
and include also projects under construction. Wind farms in place are shown as black 
color  whilst those under construction are shown in blue color. 
Wind farm’s distribution in the country is more concentrated in Southern Italy, where 
Puglia, Campania and Sicily own 60% of the national installations. 
Wind turbine’s number in Campania are also increasing. In Northern Italy there are 
less plants then in Southern and Liguria is the better equipped region. The same is 
observed in Central Italy. 
The distribution of installed power shows a similar situation. Northern Italy’s wind 
farms are few and limited-power compare to national total. Southern regions and 
islands owns 98% of national total. 
Regional distribution of wind power generation shows similar results, with very high 
values in Southern regions and islands vs. very low or zero values in the northern 
regions. 
As previously pointed out, the difference lies in the lack of installed capacity in many 
northern regions and, where this capacity is available, to the limited size of the 
plants. Puglia and Sicilia together account for nearly 50% of wind power generation 
in Italy and are followed by Campania and Sardinia. 
The ratio of installed wind power and surface region shows that in Northern Italy one 
of the region with the highest value is Liguria. In central Italy is Tuscany. Finally, in 
the Southern regions there are similar values for Campania and Puglia, with about 59 
W/km2 in 2009. This is due to the fact that Liguria has a small land area. The 
Southern regions, including Sicily and Sardinia, are characterized by higher values 
than the national average. 
The ratio of installed wind power and population in Northern Italy shows very low 
values too. This fact is explained by the high density of population of these regions 
and the small number of wind turbines installed. In Southern Italy Molise has wind 
power installed value per capita higher because of low population density. Also this 
indicator shows that all the Southern regions have higher value than the national 
average. 
Wind power production is therefore very high in the Southern regions and islands, 
while in Northern regions the values are very low or absent. 
The characterization of the wind speed of a site is critical and it is crucial to 
determine the feasibility of the wind farm. The electricity production of wind power is 
proportional to the cube of wind speed. So small differences in the anemometric 
conditions  of the site can lead to significant differences of the energy really 
produced. 
A generator requires a minimum wind speed (cut-in) of 3-5 m/s and supplies the 
rated power at a wind speed of 12-14 m/s. This is the main reason why only in 
certain areas of Italy is possible the construction of wind farms.  
The Figure 2 shows the distribution on the Italian territory of annual average wind 
speed.  The data refer to measurements of wind speed at a height of 75 meters ( hub 
height for 1,5 ÷ 2 MW wind turbine generator) above ground level or on sea level for 
offshore wind farms. We have the highest values of wind speeds on the coasts of the 
islands and in close proximity of the mountain chains of the Apennines.  
In this paper are analyzed the wind farms built in mountain locations, on the 
Apennines mountains, and they are placed at heights of several hundred meters 
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above sea level. In fact, the majority of wind farms built on the Italian territory is 
located in the areas described above. 
 


 
Fig. 2. Map of annual average wind speed at 75 meters on terrain/sea level – (by 
RSE- Ricerca sul Sistema Energetico) 
 


 
Fig. 3. Elevation map of Italian land 
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Both the existing wind farm sites and those in the design phase are usually 
characterized by strongly directional winds. 
Changes in the direction of the wind are often seasonal (i.e. weekly), with annual 
average speeds never exceeding 5/6 m/s referred to a height of 10 meters above the 
ground. 


 
Fig. 5 – Examples of sites wind rose in Marche region 


 
2.The Measurement methods 
There are different measurement methods of sound power levels of wind turbine 
generators. The international method for measuring sound power level of wind 
turbines is described in the IEC standard 61400 Part 11 “Acoustic Noise 
Measurement Techniques”. 
In Italy the IEC 61400 part 11 was implemented in 2004 as CEI standard (CEI EN 
61400-11:2004 “Sistemi di generazione a turbina eolica. Parte 11: Tecniche di 
misura del rumore acustico”) and was modified with the A1 revision in January 2007. 
The IEC 61400-11 provides a uniform methodology that will ensure consistency and 
accuracy in the measurement and analysis of acoustical emissions by wind turbine 
generator systems. The revision is about the tonal assessment measurement 
procedure. 
The IEC 61400-11 defines procedures to be used for measurement, analysis and 
reporting the acoustic emission produced by a wind turbine and specific the non-
acoustic measures necessary to define the atmospheric conditions that influence the 
determination of the noise emissions. 
The sound power level of a single wind turbine is determined for reference wind 
speed of 6, 7, 8, 9 and 10 m/s at 10 m height.  
To reduce the effects of terrain, of the weather conditions and of the noise induced 
by wind-other body interaction, the measures must be taken close to the wind 
turbine, at distance R0. 
The microphone have to be mounted on a flat hard circular board and it is necessary 
to use one or double windscreen. 
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Fig. 6 – Microphone and windscreen (section). 


 
 
The sound pressure level measurement positions are four (really one and optionally 
another three) and shall be laid out in a pattern around the vertical centerline of the 
wind turbine tower as shown in figure 8. The first position is the reference position 
and it is downwind. The horizontal reference distance R0 from wind turbine tower 
vertical centerline to each microphone position shall be with a tolerance of 20%. The 
reference distance for horizontal axis turbines is R0= H+D/2, where H is the vertical 
distance between rotor centre and ground level and D is the rotor diameter. The 
grazing angle Φ shall be between 25° and 40° with a tolerance of 20% (figure 8). In 
those conditions the maximum angle Φ is less than 50 degrees (i.e. the 120% of 40° 
is 48°). 
The maximum tolerance for the presence of reflecting structures (walls, dwellings, 
etc.) close to the measurement positions is 0,2 dB. 
The measurements of wind speed and direction shall be done in upwind position, at a 
height between 10 m and the rotor centre and it have to be in the black area of figure 
7. 
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Fig. 7 – Measurement position of wind speed 
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The angle β is given by:  
 


( ) minminmax ββββ +−⋅
−
−


=
ref


ref


zH
zz  


 
Where z is the anemometer height, zref= 10 m, the maximum and minimum angle are 
βmax = 90°  and βmin= 30°. 
The acoustic and wind  data shall be measured simultaneously, at the integer wind 
speed of 6, 7, 8, 9, 10 m/s. For each measurement position, are necessary at least 
30 measurement (not less than 1 minute) for each integer wind speed. The same 
number of measurements is necessary for background noise determination. At least 
three measurements shall be within ±0,5 m/s at each integer wind speed. 
The wind speed measured with an anemometer (or calculated) has to be adjusted at 
level of 10 m and in relation with the reference roughness length z0 (0,001 ÷0,3 m), 
with the following equation: 


 
Where  Vs is the standardized wind speed,  Vz is the wind speed measured at 
anemometer height (z), z0ref is the reference roughness length of 0,05, zref is the 
reference height at  10 m, z is the anemometer height. 
 
 


  
Figura 8 – Test setup. 


 
If the background noise affects the measured noise levels must then be made a 
correction for background noise.   
All sound levels measured in the reference positions, for each integer wind speed 
from 6 to 10 m/s (bin), must be interpolated using a fourth order regression, to 
determinate the A-weighted sound pressure level LAeq,c,k, where k is the integer wind 
speed. 


Wind Direction 


Wind Direction 


Tower 
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The A-weighted apparent sound power level at integer wind speeds at the reference 
position is: 
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3.Case study 
To apply the ISO 61400-11 standard was chosen a wind farm located in a site with 
the typical mountainous topography. The site is in the centre of Italy, in Abruzzo 
region, and it was repowered in 2007 using new 1,5 MW wind turbines model GE-
SLE.  
The area on which stands the wind farm is located at an altitude between 1000 m 
and 1200 m above sea level. From a topographical point of view, the area is very 
hilly. 
The annual average wind speed is of about 5.6 m/s at 10 m above the ground, with 
the prevailing wind from the W/SW and and E/NE direction. 
The wind turbine analyzed is at a level of 1148 meters above sea level. The hub is 
located at a height of 80 meters above the ground (tower height) while the rotor 
diameter is 77 meters. 
The microphone at the reference position is located downwind at an altitude of 1092 
m. 
 


 
Fig. 9. The case study wind farm 


 
Under test conditions, have been obtained all the sizes mentioned in IEC 61400-11. 
The horizontal distance R0 from the axis of the tower of the wind turbine to the 
microphone position is: 


mR 5,118
2


77800 =+=  
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The gap between the level of the microphone at the reference position and the level 
of the wind turbine generator is: 1148 m - 1092 m = 56 m. The distance R1 is: 180,5 
m. 
The angle Φ between the oblique line R1 and the horizontal line R0 is about 49 
degrees (48.93°). This exceeds the limits imposed by the CEI EN 61400-11 which 
provides for Φ a range between 25° and 40°, with a tolerance of 20%. 
We proceeded, however, to the calculation of the apparent sound power level. 
 


 
Fig. 10. Wind turbine generator analyzed. 


 
The IEC standard requires that an interpolation of the data through a non linear  
regression shall be made. It provides a fourth order regression.  
Using a fourth order regression is difficult to obtain acceptable data as a function of 
integer wind speed values. This is due to the lack of anemometric values over 6 m/s 
at height of 10 meters. In fact, the Italian average annual wind speeds are usually 5-6 
m/s. Using a second order regression is possible to obtain sound power level values 
only up to wind speeds of 8 m/s. 
 


k LWA,k 
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Fig. 11. Apparent sound power levels 
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4.Problems analysis 
The measurement sessions conducted for the characterization of the acoustic power 
emitted by wind turbines have pointed out several limitations for the applicability of 
IEC 61400-11. 
The data reported above refer to the wind turbine tested, but the comments may be 
considered generally valid. 
The configurations or the presence of mountain slopes that characterize much of the 
national sites, introduce a series of errors in measurements and in the preparation of 
measurements setup. 
A first observation concerns the position of the table with the microphone 
measurement, in particular the angle Φ of the plane to the line joining the source-
receiver and distances R0 and R1. 
In the case studied we obtained a Φ value of about 49°, above the limit of the 
maximum permitted by IEC 61400-11, also taking in to account any tolerances (20°-
40° ± 20%). 
Other cases present Φ value over 50 degrees, up to a value of nearly 60 degrees.  
For example in the case study whether the difference in level between the 
microphone level and the reference plane of the base of the tower is over 51 meters, 
the rule does not apply.  
When a machine is located near a slope and it is at highest level, 
the measuring point at a distance R0 is on a lower level than the level of wind turbine. 
The distance between source and measurement point will be greater than R0, and it 
increases with the slope of terrain profile. 
Higher values of Φ of that allowed remote involves an increase of Source-Receiver 
distance R1. The increasing distance Source-Receiver leads to interferences 
between the sound pressure level of the source and the sound pressure level of 
background noise. In addition to high distances the environmental impact on 
frequency analysis is possible. 
For example for the case described in this paper the reference measurement point is 
at an altitude of 56 meters lower than the level of the wind turbine plane. 
The measuring point is placed at a distance of 118.5 meters in the horizontal plane 
from the turbine, so the linear distance between the two is 180 meters. The same 
distance in the case of receiver flush with the machine would have been reduced to 
143 meters. 
Even if the measures are made also at the optional measuring points and the ground 
around the machine has different slopes, the results are not homogeneous. It may 
happen that the values obtained in the measuring point closest to the machine (R1 
lower) are significantly higher than those at the far measuring point (higher R1). 
Usually in mountain areas, the machines are installed side by side or in line and 
getting too far away from the studied turbine may mean entering the zone of 
influence of a nearby wind turbine. 
Usually, the distance between two wind turbine generators, by Italian and regional 
rules, in certain cases must be at least 3 times the wind turbine diameter.  A turbine 
can be at a close distance from another and this can affect different characteristics of 
the machine which is located downwind.  
During measurements on a machine the wind turbines close to that tested will be 
switched off, but the noise due to turbulence generated by the interaction of the 
inflow turbulence with the blades and especially with the tower cannot certainly be 
discarded. 
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A second important analysis concerns the wind speed in integer values (bins). 
As described earlier the Italian territory is characterized by winds that reach 
throughout the year on an average 5-6 m/s wind speed referred to 10 m high. 
Is possible the winds reach speeds over 10 m/s, for short periods, especially in 
mountain sites, but the very short time of such events and the weather when they 
occur, make the IEC standard difficult to apply. 
The IEC 61400-11 specifics to make measurements in the range of wind speed from 
6 to 10 m/s.  
The IEC standard requires that an interpolation of the data through a non linear  
regression. It provides fourth order regression. The regression in the current situation 
takes place in a limited range of integer values of wind speed, leading to results very 
unreliable. The use of second-order regressions allowed to obtain the values of 
apparent sound power in relation to bins of 6-7-8 m/s. To attend realistic values it 
shall be made a linear regression, but the results are not reliable and they do not 
reflects the real noise-speed relationship of common wind turbine generators. 


 
Conclusions 
In this work the IEC-61400-11 was used in a situation that represents the wind farm 
installations, which often can be found in the Italian territory. 
The case study expressed a number of problems related to the applicability of the 
criteria imposed by IEC 61400-11 in specific environmental conditions. 
As it has been implemented, the IEC 61400-11 standard cannot be fully enforced in 
the Italian country, but needs to be adapted to real situations that can be found in 
wind installations. In particular the IEC standard is difficult to apply in mountain 
environmental contests.  
The Italian territory is characterized by winds that reach throughout the year on an 
average 5-6 m/s wind speed referred to 10 m high. With low wind speeds, the IEC 
cannot be applied correctly. 
The measurement method and the calculation relations have better  applicability in 
countries where wind farms are usually installed in large flat areas, which are 
characterized by sustained winds (over 8 m/s wind speeds) throughout the year. 
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Abstract         
 
Hearing allows humans to detect threats in the environment and to communicate with 
others. However, unwanted sound has the capacity to evoke reflexive and emotional 
responses, and can act a stressor. The World Health Organisation classifies noise as 
an environmental pollutant that degrades sleep, quality of life and general health. 
Previous research provides evidence of a relationship between wind turbine noise 
and both annoyance and sleep disturbance. However, wind turbines are a relatively 
new source of community noise, and as such their effects on health have yet to be 
fully described.  We report a study exploring the effect of wind turbine noise on health 
and well-being in a sample of New Zealand residents living within two kilometres of a 
wind turbine installation. Our data provide evidence that wind turbine noise can 
degrade aspects of health-related quality of life and amenity.  On this evidence, wind 
turbine installations should be sited with care and consideration with respect to the 
communities hosting them. 
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Introduction  
 
Wind turbines transform wind energy into electricity.  Over the last decade, the 
industrial-scale harvesting of wind energy has increased, driven by a desire to 
generate sustainable energy. Wind turbines were initially welcomed by communities, 
but public opposition to wind turbines has since increased,[1] largely because of the 
noise they produce and also their visual impact. 
 
There has been considerable debate over whether wind turbines pose a significant 
health threat to those living in their vicinity. It has been suggested that wind turbines 
can directly impact health via the emission of low-frequency sound energy (i.e. 
infrasound), though this is currently an area of controversy.[2, 3]Additionally, wind 
turbines may compromise health by producing sound that is annoying and/or can 
disturb sleep. In this respect, it can be classified as community noise along with 
industrial and transportation noise. When built in rural settings, the visual impact of 
turbines can also degrade amenity and interact with turbine noise to exacerbate 
annoyance reactions.[4] 
 
Figure 1 represents a simple model informed by the literature [5, 6] demonstrating 
that, in the rural context, there are feasible mechanisms by which wind turbine 
exposure can degrade health and well-being. Turbine noise can lead directly to 
annoyance and sleep disturbance (primary health effects), or can induce annoyance 
by degrading amenity. Additionally, the trait of noise sensitivity (being likely to attend 
to sound, evaluate sound negatively, and have stronger emotional reactions to noise) 
constitutes a risk factor. The secondary heath effects would be immediate reductions 
in general well-being and stress-related disease emerging from chronic annoyance 
and sleep disturbance. Chronic noise exposure is a psychosocial stressor that can 
induce maladaptive psychological responses and negatively impact health via 
interactions between the autonomic nervous system, the neuroendocrine system, 
and the immune system.[6] A chronic stress response will, in turn, degrade quality of 
life (Figure 1).   
 
Quantifying the impact of wind turbines on individual health will inform wind turbine 
operational guidelines. One approach to health assessment involves a subjective 
appraisal of Health-Related Quality of Life (HRQOL), a concept that measures 
general well-being and well-being in the physical, psychological, social, and 
environmental domains. The WHO recommends the use of HRQOL measures as an 
outcome variable, arguing that the effects of noise are strongest for those outcomes 
classified under HRQOL rather than illness.[7] HRQOL is related to health by the 
WHO (1948) definition of health as “a state of complete physical, mental and social 
well-being and not merely the absence of disease or infirmity”, and can be 
considered as an operationalisation of the well-being concept.[8] 
 
There is scientific evidence linking community noise to health problems.[6, 7, 8] The 
WHO reports that chronic noise-induced annoyance and sleep disturbance can 
compromise health and HRQOL.[7, 9, 10] However, there has been little research 
examining the relationship between noise and HRQOL.  An exception is Dratva et 







 Wind turbine noise and health-related quality of life Page 3 of 11 
 
 


al.,[11] who, using the Short Form (SF36) health survey, reported an inverse 
relationship between annoyance from traffic noise and HRQOL. They argued that 
HRQOL would be expected to co-vary more with annoyance than with noise level as 
level is a poor predictor of the human response to noise, and its role in health is 
commonly over-emphasised. As alternatives to noise level, other factors associated 
with the listener should be considered,[5] including the perceived control a person 
has over the noise, as well as their attitudes, personality, and age. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
 
 
 
 
 
 
Figure 1 A schematic representation of the relationship between wind-turbines and 
health in a rural setting. The multiplicity of relationships emerges due to variability in 
the response of individuals to noise.  
 
 
 
Case studies supported by qualitative analyses [2, 12, 13] suggest a negative 
relationship between wind turbine noise and wellbeing. There have been no previous 
quantitative investigations of the impact of wind turbines on HRQOL, though 
correlations have been observed between wind turbine noise, annoyance, and sleep 
disruption.[14, 15] Our study is the first to examine the association between HRQOL 
and the proximity to an industrial  
wind turbine installation. 
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Method  
 
A non-equivalent comparison group posttest-only study design was utilised. Strict 
socioeconomic matching was undertaken using the New Zealand Deprivation Index 
2006,[16] as described elsewhere.[17] Both areas are classified as rural,[18] with a 
population density of less than 15 people per square kilometre.         
 
Samples were drawn from two demographically matched areas differing only in their 
distances from a wind turbine installation in the Makara Valley, an area 10 kilometres 
west of New Zealand’s capital city, Wellington. The Makara Valley is characterised 
by hilly terrain, with long ridges running 250 – 450 metres above sea level, on which 
sixty-six 125-metre-high wind turbines are positioned.  The first sample (the Turbine 
group) was drawn from residents in the South Makara Valley who resided in 56 
houses located within two kilometres of a wind turbine. A comprehensive noise 
survey of the area was undertaken independently, and indicated the intrusive nature 
of the turbine noise.[19] The Makara turbines, operational since May 2009, have 
measured levels that are consistent with levels reported in European studies,[15] 
which showed that typical noise exposures from wind turbines ranged from between 
24 and 54 dB(A). The second sample (the Comparison group) was taken from 
residents in 250 houses in a geographically and socioeconomically matched area, 
but which were located at least eight kilometres from any wind turbine installation. 
 
Each house received two copies of the questionnaire. The coversheet of the 
questionnaire bore the title 2010 Wellbeing and Neighbourhood Survey, designed to 
mask the true intent of the study.  Potential participants were invited to participate in 
the research investigating their place of living and their wellbeing if they resided at 
the address to which the questionnaire had been delivered and if they were 18 years 
or older. The order of the questions was a prime consideration: HRQOL (26 items), 
amenity (2 items), neighbourhood problems (14 items), annoyance (7 items) 
demographic information (7 items), and a single item probing noise sensitivity. All 
scale items were presented on a numbered five-point scale with appropriate 
descriptors anchoring the terminals. Self-reported HRQOL was measured using the 
abbreviated version of the WHOQOL-BREF which affords composite measures of 
Physical (7 items), Psychological (6 items), Social (3 items) and Environmental (8 
items) HRQOL. Additionally, the WHOQOL-BREF has two generic items asking 
about general health and overall quality of life. The two amenity items were: “I am 
satisfied with my neighbourhood / living environment” and “My neighbourhood / living 
environment makes it difficult for me to relax at home”. A modified  neighbourhood 
problem scale [20] consisted of 14 distracter items that were not relevant to the 
current study and were not included in the analysis. Seven items on annoyance were 
included, 4 distracter items asking about air quality, and 3 items probing annoyance 
to traffic, other neighbours, or other noise (please specify). Additionally, participants 
were asked if they were not noise sensitive, moderately noise sensitive, or very noise 
sensitive. The questionnaire terminated with an open-ended item asking “If you 
would like to share any comments relating to your neighbourhood or this survey then 
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please do so in the box below”.  Participants were asked to respond to all items and 
to return surveys by post in the prepaid envelopes provided. 
 
Self-reported age and sex measures were obtained and self-reported level of 
educational status used as an indicator of socioeconomic status. Additionally, 
participants were asked what their current employment status was, and whether they 
were currently ill or had a medical condition. Participants were also asked how long 
they had lived at their current residence. 
 
Analysis commenced after an evaluation of each scale’s psychometric properties, 
including inspection for floor and ceiling effects and tests of internal consistency 
(Cronbach’s alpha) and to validate dimensionality (corrected item-total correlations). 
Differences in HRQOL and amenity between the Turbine and Comparison groups 
were calculated using univariate Analysis of Covariance (ANCOVA), with length of 
residence selected a priori as a covariate. All testing was undertaken in accordance 
with Tabachnick and Fidell’s [21] guidelines for testing between groups with unequal 
sample sizes, and Bonferroni corrections were applied where appropriate. Because 
of the unequal sizes between the two groups the assumptions of normality and 
homogeneity of variance were assessed carefully. Five cases were excluded from 
the Comparison group because they were multivariate outliers as defined by extreme 
Mahalanobis distances, with response set acquiescence clearly evident in all five 
cases.   
 


Results  
 
The response rates, 34% and 32% from the Turbine and Comparison groups, 
respectively, were typical for this type of research (e.g., van den Berg and 
colleagues’ (2008) report a 37% response rate).   Table 1 presents demographic 
information for the Comparison and Turbine groups.  Prior to analyses the data were 
screened to identify potential confounds. The proportions of males and females in 
each area were equivalent (χ2 (1) = .001, p = .967), while a Mann Whitney U 
indicated no age difference between the two areas (U(n1= 158 , n2 =39 ) = 16022.5, 
p = .802). Education (χ2 (2) = 2.474, p = .291), noise sensitivity (χ2 (2) = .553, p = 
.758), and self-reported illness (χ2 (1) = .414, p = .562) were not associated with 
area. 
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Table 1     Demographic profile of the Turbine and Comparison groups 
 
Variables 


Turbine Group (n=39) 
n (%) 


Comparison Group (n=158) 
n* (%) 


Sex   
     Male 16 (41) 63 (41) 
     Female 23 (59) 91 (58) 
Age group, years   
     18 – 20 1 (2.6) 2 (1.2) 
     21 – 30  1 (2.6) 1  (0.5) 
     31 – 40  5 (12.8) 22 (13.9) 
     41 – 50 10 (25.6) 53 (33.5) 
     51 – 60 11 (28.2) 44 (27.8) 
     61 – 70   7 (17.9) 27 (17.1) 
     71+ – 3 (7.7) 9 (5.6) 
Education (completed)   
     High School 11 (28.2) 55 (34.8) 
     Polytechnic 11 (28.2) 48 (30.3) 
     University  17 (43.6) 54 (34.2) 
Employment status   
     Full time 21 (53.8) 83 (52.5) 
     Part time 0 (0) 3 (1.8) 
     Unpaid work 1 (2.6) 3 (1.8) 
     Unemployed 6 (15.3) 27 (17.1) 
     Retired 10 (25.6) 40 (25.3) 
Noise sensitivity   
     None 13 (33.3) 60 (37.9) 
     Moderate 21 (55.3) 76 (48.1) 
     Severe 5 (12.8) 20 (12.7) 
Current illness   
     Yes 10 (27) 50 (31.6) 
     No 27 (69.2) 104 (65.8)  


 
 
 
Table 2  Pearson product-moment correlation coefficients (r) for noise-related and 
HRQOL variables. Statistics to the right of the major diagonal are for the Comparison 
group, while those to the left are for the Turbine group 
     Health-Related Quality of Life 
 Sensitivity Annoyance Sleep Health Physical Psychological Social Environment Overall 
Sensitivity 1 0.134 -0.017 0.082 -0.017 -0.069 0.006 -0.066 -0.109 
Annoyance 0.440** 1 .042 -


0.258** -0.209* -0.135 -0.155* -0.319** -0.097 


Sleep -0.433** -0.147 1 0.337** 0.378** 0.489** 0.327** 0.279** 0.198* 
Health -0.234 -0.308 0.471** 1 0.706** 0.493** 0.158* 0.284** 0.327** 


Physical
§ -0.24 -0.212 0.364* 0.524** 1 0.655** 0.29** 0.455** 0.475** 


Psychological -0.404* -0.113 0.473** 0.329* 0.268 1 0.55** 0.608** 0.589** 


Social -0.359* -0.236 0.116 -0.021 0.036 0.212 1 0.456** 0.457** 


Environment -0.235 0.028 0.404** 0.2 0.474* 0.468* -0.17 1 0.546** 


Overall -0.203 0.16 0.471** 0.289 0.282 0.286 -0.162 0.380* 1 


p < .05 
** p < .001*  
§ Item 16 (satisfaction with sleep) was removed from the Physical HRQOL domain 
when correlated with sleep satisfaction.  
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Table 2 displays correlation coefficients (Pearson’s r) between noise-related and 
health-related variables for both groups. Of remark is the negative correlation 
between annoyance and self-rated health for both groups, and a different pattern of 
correlations between noise sensitivity and annoyance across the two groups.    
Separate ANCOVA’s revealed differences and similarities between the two areas in 
terms of HRQOL (see Table 3).  Firstly, the Turbine group reported a lower (F(1,194) 
= 5.816 , p = .017) mean physical HRQOL domain score than the Comparison group. 
Scrutiny of the seven facets of the physical domain showed a difference in perceived 
sleep quality between the two areas (t(195) = 3.089, p = .006), and between self-
reported energy levels (t(195)= 2.217, p = .028). Secondly, the Turbine group had 
lower (F(1,194) = 5.694 , p = .018)  environmental HRQOL scores than the 
Comparison group. This domain is the sum of eight items, and further analysis of 
these revealed that the turbine group considered their environment to be less healthy 
(t(195)= 3.272, p < .007) and were less satisfied with the conditions of their living 
space (t(195)= 2.176, p = .031).  Thirdly, there were no statistical differences in 
social (F(1,194) = 0.002 , p = .963) or psychological (F(1,194) = 3.334 , p = .069)  
HRQOL, although the latter was marginal and the mean for the Turbine group was 
lower.  Of the two generic WHOQOL-BREF items, the mean of the self-rated general 
health item was equivalent between Turbine and Comparison groups (t(195) = 0.374, 
p = .709), while the mean ratings for an overall quality of life item was lower (t(195) = 
2.364, p = .019) in the Turbine group. 
 
Table 3 Mean (M) and Standard Deviation (SD) statistics for the four HRQOL 
domains of the WHOQOL-BREF and Amenity total scores, presented for both the 
Comparison group and the Turbine group 


 Turbine Group Comparison 
Group 


Measure M SD M SD 


Physical 27.38 3.14 29.14 3.89 


Psychological 22.36 2.67 23.29 2.91 


Social 12.53 1.83 12.54 2.13 


Environmental 29.92 3.76 32.76 4.41 


Amenity 7.46 1.42 8.91 2.64 


 
The Turbine group reported lower amenity than the Comparison group (F(1,194) = 
18.88 , p < .001). There were no differences between groups for traffic (t(195) = 
0.568, p = .154) or neighbourhood (t(195) = 1.458, p = .144) noise annoyance.  A 
comparison between ratings of turbine noise was not possible, but the mean 
annoyance rating for Turbine group individuals who specifically identified wind 
turbine noise as annoying was 4.59 (SD = 0.65), indicating that the turbine noise was 
perceived as extremely annoying. For the Comparison group, seven ‘other’ annoying 
noises were identified: barking dogs (x2), farm machinery (x2), and racing cars (x3).  
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Discussion  
 
Those residing in the immediate vicinity of wind turbines scored worse than a 
matched comparison group in terms of physical and environmental HRQOL, and 
HRQOL in general. The high incidence of annoyance from turbine noise in the 
Turbine group is consistent with the theory that exposure to turbine noise is the 
cause of these differences. Importantly, we also found a reduction in sleep 
satisfaction ratings, suggesting that both annoyance and sleep disruption may 
mediate the relationship between noise and HRQOL. These findings are consistent 
with those reported in relation to aviation noise [22] and traffic noise.[10, 11]  
 
Of further interest are the likely mechanisms involved in the degradation of HRQOL 
when exposed to turbine noise.  Studies show that the level of turbine noise is a poor 
predictor of human response, and dose-response relationships typically explain little 
of the association between turbine noise and annoyance.[23] Pedersen et al.[4, 23] 
and van den Berg et al.[15] show that for equivalent noise levels, people judge wind 
turbine noise to be of greater annoyance than aircraft, road traffic, or railway noise. 
This may be due to the unique characteristics of turbine noise, that is, clusters of 
turbines present a cumulative effect characterized by a dynamic or modulating sound 
as turbines synchronise. The characteristic swishing or thumping noise associated 
with larger turbines [19] is audible over long distances, 2 to 3 kilometres and beyond 
in some reports.[1]  
  
van den Berg [15] showed that sound is the most annoying aspect of wind turbines, 
and is more of a problem at night. A large proportion (23/39) of respondents from the 
Turbine group identified turbine noise as a problem and rated it to be extremely 
annoying. It should be noted that, in contemporary medicine, annoyance exists as a 
precise technical term describing a mental state characterised by distress and 
aversion, which if maintained, can lead to a deterioration of health and wellbeing.[24] 
A Swedish study  [23] reported that, for respondents who were annoyed by wind 
turbine noise, feelings of resignation, violation, strain, and fatigue were statistically 
greater than for respondents not annoyed by turbine noise. We also observed lower 
sleep satisfaction in the Turbine group than in the Comparison group, a finding which 
is consistent with previous research showing more sleep disturbances. [2, 4, 15] 
 
Wind turbines were associated with degraded amenity. This is consistent with 
previous research showing that wind turbine noise was judged incongruent with the 
natural soundscape of the area.[23] Amenity values are based upon what people feel 
about an area, its pleasantness, or some other value that makes it a desirable place 
to live. There is an expectation of “peace and quiet” when living in a rural area, and 
most choose to live in rural areas for this reason. [1, 25] Furthermore, those who live 
in rural areas have different expectations about community noise than those living 
elsewhere.[4] Other studies [26, 27] report that wind turbines are viewed as eyesores 
and visual spoilers of the environment, and from an aesthetic perspective, those who 
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view the wind turbines as ugly are likely to disassociate them from the landscape and 
react more strongly to turbine noise.  
 
Strengths and limitations 
 
A strength of this study is the masking of the primary intent of the questionnaire by 
giving the impression that general neighbourhood factors (e.g., street lighting, 
rubbish collection), and not wind turbine exposure, constituted the study’s core aims. 
Concealing the study’s objectives should reduce response bias, and our placing of 
the HRQOL items at the beginning of the survey, well before the three items probing 
noise annoyance, would serve to elicit subjective ratings of HRQOL without first 
being primed with potentially upsetting noise items. The main limitation of the study is 
the size of the sample. While the response rate compares favourably to other wind 
turbine research reported in the literature,[15] the sparsely populated locations of 
wind turbine farms in rural New Zealand presents a recruitment challenge.  A larger 
sample of residents exposed to wind turbines would have afforded more analytical 
options. However, that the effects were found with such a modest sample size is 
indicative of genuine differences between the two groups. 
 
Assessing health using HRQOL rather than objective metrics such as blood pressure 
has it advantages and disadvantages, though the merits of the HRQOL approach 
have been noted by others researching air pollution.[28] While blood pressure and 
heart attacks are well defined and easily measured, sleep disturbance, fatigue, 
annoyance and similar subjective symptoms are less easily measured and 
distinguished from the background levels present in the population, and furthermore, 
may change only after decades of exposure .[7] 


 
Conclusions  
 
A thorough investigation of wind turbine noise and its effects on health is important 
given the prevalence of exposed individuals, a non-trivial number that is increasing 
with the popularity of wind energy.  For example, in the Netherlands it is reported that 
440,000 inhabitants (2.5% of the population) are exposed to significant levels of wind 
turbine noise.[29] Additionally, policy makers are demanding more information on the 
possible link between wind turbines and health in order to inform setback distances. 
Our results suggest that utility-scale wind energy generation is not without adverse 
health impacts on nearby residents. Thus, nations undertaking large-scale 
deployment of wind turbines need to consider the impact of noise on the HRQOL of 
exposed individuals. Along with others,[30] we conclude that night-time wind turbine 
noise limits should be set conservatively to minimise harm, and, on the basis of our 
data, suggest that setback distances needs to be greater than two kilometres. 
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Abstract 
As wind turbines are getting larger and their rated power higher, more concern 
should be allocated on low frequency noise and amplitude modulation of wind 
turbine noise. So far these noise components of wind turbines and their adverse 
effects on nearby residents are underestimated or even ignored by local 
authorities. However, reports of residents living in the vicinity of wind turbines 
suggest that low frequency noise along with amplitude modulation are perceived 
as the most annoying noise emitting from wind turbines. 


By this day, almost all existing regulations of noise measurements of wind 
turbines use the A-weighted noise level in sound power estimates. This leads to 
underestimation of noise annoyance of large modern wind turbines. Additional 
noise indicators are needed for measuring the noise of wind turbines to minimize 
the problem. The same indicators should be used for assessing the noise at 
immission points near wind turbines. 


In this paper, a short overview of low-frequency noise and amplitude modulation 
of wind turbines is presented. The use of A-weighting as a wind turbine noise 
indicator is analyzed and evaluated. Finally, improved noise indicators for 
assessment of low-frequency noise and amplitude modulation of wind turbine 
noise are suggested and evaluated. 







Introduction 
While the trend of modern wind turbines is towards larger and more powerful 
facilities, more complaints about low-frequency noise and amplitude modulation 
is emerging from residents living in the vicinity of modern wind turbines [1,2]. The 
complaints often describe wind turbine noise as “swishing”, “thumping” or “low-
frequency hum”. These descriptions are a result of spectral and temporal 
characteristics of wind turbine noise. Low frequency noise and amplitude 
modulation are the main sources of these characteristics. 


Amplitude modulation 
Amplitude modulation, also described as “swooshing” or “thumping” sound is the 
most recognizable sound character of wind turbine noise. It is also perceived as 
most annoying.  
The angle of attack of wind plays an important role in the action of wind turbine 
noise generation. This occurs especially at atmospheric inversion situations, 
where the wind speed gradient increases upwards from the ground level. This is 
illustrated in Figure 2, where wind speed and air temperature gradient of neutral 
and stable atmospheres are displayed.  
Recent research work suggests that the varying angle of attack of incoming wind 
caused by the wind shear is the main source of amplitude modulation of wind 
turbine noise [3]. Depending on the blade profile, the angle of attack has an 
optimal value related to the generated lift of the blade, as illustrated in Figure 1. If 
the angle is differed from its optimal value, the turbulent boundary layer on the 
low pressure side of the blade grows, decreasing power performance and 
increasing sound level.  
 


 
Figure 1. Flow impinging on a turbine blade with flow angle , blade pitch angle 


 and angle of attack  =  –  [3]. 







 
Figure 2. Neutral atmosphere near the ground with stable atmosphere above 
(left); stable atmosphere near the ground with neutral atmosphere above (right.) 
Wind velocity and temperature distributions indicated. [3]. 


 
Because the blade length of modern wind turbines can be more than 60 meters, 
the difference in wind speed at different blade positions can be several meters 
per second. As wind speed varies in different blade positions, also the angle of 
attack varies resulting periodic fluctuation in the generated sound level. 
Therefore growing the size of wind turbines and the diameter of their blades may 
yield increasing problems with amplitude modulation. 
 


Low-frequency noise 
Sound is considered as low-frequency sound, when the frequency range varies 
from 20 Hz to 150 Hz. The sound properties of wind turbines are given as the 
apparent sound power levels. The spectrum of the apparent sound power level of 
a modern 2 MW wind turbine is shown in Figure 3. The level difference between 
unweighted and A-weighted apparent sound power level is more than 14 dB. 
Typically, the noise is considered to be low-frequency noise if the level difference 
between the C- and A-weighed level exceeds 20 dB [4]. Although the criterion is 
not met in the example, it gives indication of the frequency content of modern 
wind turbines. 







The spectra of apparent sound power level of modern 2MW wind 
turbine
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Figure 3. The spectra of apparent sound power level of modern 2MW wind 
turbine.  


The noise annoyance concerning the low-frequency noise of the wind turbines 
mainly consists of two factors. These are atmospheric sound absorption and 
noise insulation of residential dwellings [5]. Due to the atmospheric conditions, 
the low-frequency sound is attenuated considerably less than high-frequency 
sound while the sound propagates in the air. For example the theoretical 
atmospheric sound absorption at 2000Hz at one kilometer distance is 9 dB, but 
at 100Hz the attenuation is negligible [6]. Practically this means that in typical 
distance between the wind turbine and residential dwelling, the spectra of the 
wind turbine emitted noise increases towards low-frequencies. Also these low-
frequencies are penetrated more easily into residential dwellings, because sound 
insulation of the dwellings is limited in the low-frequencies. This can be seen 
from Figure 5, where the sound insulation of typical Danish dwelling is displayed. 







 


Figure 4. Sound insulation of typical Danish dwellings [10]. 


 
 


Amplitude modulation of low-frequency noise 
There has been some debate whether low-frequency noise is audible indoors 
near wind turbines. There are residents living in the vicinity of wind turbines who 
complain of low-frequency noise whereas audio experts try to measure the low-
frequency noise indoors to conclude whether it is audible or not. Since humans 
perceive static noise as less annoying than fluctuating noise [7], a potential 
explanation to annoyance of low-frequency noise could be amplitude modulation 
which seems to extend to low frequencies [8]. This can be seen in Figure 5, 
where the spectrogram of the measured noise of a wind turbine is displayed. It 
seems that amplitude modulation starts from as low as 40 Hz. Frequencies this 
low penetrate average houses more easily than higher frequencies (see Figure 
4), which seems to support this theory. However, more research and 
measurements have to be done to confirm this. Note that in Figure 5, the sound 
level in the spectrogram is A-weighted, which gives a false impression of the 
sound level of amplitude modulation at lower frequencies. Despite of that the low 
frequency amplitude modulation can be observed in this picture. 
 







 


Figure 5. The spectrogram of wind turbine noise near the wind turbine [8] 


Wind turbine noise and A-weighted sound level 
There are various immission regulations concerning wind turbine noise 
throughout the world. In practice the compliance with the noise limits is 
calculated by either the use of A-weighted sound power level delivered by the 
manufacturers of wind turbines or measured A-weighed apparent sound power 
level of wind turbine in situ. The problem of the arrangement is that the A-
weighted sound power level nor the A-weighted sound immission level are not 
descriptive enough to assess the noise of wind turbines. As pointed out in the 
previous clause, this is because of the spectral and temporal characteristics of 
wind turbine noise. Some listening tests have indicated that spectral and 
temporal characteristics of a sound source can be audible, even if the sound 
level from the wind turbine is lower than the ambient noise level, [8, 9].  
It must also be noted that when comparing small and large wind turbines, the 
relative increase of low-frequency noise with large wind turbines is somewhat 







higher than the increase of A-weighted sound level [10]. This is likely to increase 
the annoyance of wind turbine noise. Also, because in A-weighting the lowest 
frequencies are heavily filtered out, the present noise limits for wind turbines are 
misused when low frequency content is increasing in large wind turbines [11]. 


A simple example of low-frequency filtering using the A-weighted total sound 
level is displayed in Figure 4, where sample noise spectrums are compared. The 
first sample has an unweighted sound level of 50 dB in each one-third octave 
bands and the second sample is similar to the first sample but the level at one-
third frequency bands of 31.5 to 125 Hz is 10 dB higher. While the sound level 
difference in lower frequencies is dramatic, the level difference between A-
weighted total sound levels is negligible.  
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Figure 6. Example of the effect of A-weighted overall level difference of two 
samples where other sample is 10 dB louder on frequency range of 31.5 – 125 Hz.  


This fact has a direct impact on residents living in the vicinity of large wind 
turbines because these wind turbines are located within the noise immission level 
regulations. Since larger wind turbines emit higher noise levels at low 
frequencies while their A-weighted overall level remains the same relative to their 
size, residents are exposed to higher levels of low frequency noise. Therefore it 
is important to pay attention to this, or increasing amount of complaints about low 
frequency noise of wind turbines are to be expected in the future. 
For better understanding of the problem at hand, an imaginary situation of the 
effect of increasing low-frequency noise of immission limits is presented: By 







using the measured apparent sound power level of a modern wind turbine (See 
Figure 3) and 40 dB noise immission limit it is possible to calculate the theoretical 
minimum distance of 443m between the wind turbine and a residential dwelling. 
By increasing the level of the octave band levels 31.5, 63 and 125Hz of the wind 
turbine by 3 dB, the A-weighted sound pressure level at the immission point is 
only increased by approximately 1 dB, thus increasing the minimum distance 
only by 27 meters (6% more). But if the same immission level assessment is 
performed using C-weighted levels, the minimum distance is increased by 170 
meters (38% more). 


Low-frequency noise, amplitude modulation and noise 
immission limits 
If using only A-weighting in immission level calculations, both low-frequency 
noise and amplitude modulation at the immission point are neglected. In fact, the 
annoyance and possible adverse health effects of low-frequency noise and 
amplitude modulation are likely to increase in the future even more. This is 
because the increase of the calculated minimum distance between the wind 
turbine and the residential dwelling is relatively smaller. If low-frequency noise 
and consequently amplitude modulation of modern wind turbines is taken into 
account in noise immission calculations, the minimum distance between the wind 
turbine and the residential dwelling should be relatively larger than the increase 
of A-weighted noise emission per kW of generated power. The use of C-
weighting as an improved noise indicator for wind turbine noise would solve this 
inconsistency. 


Conclusions and discussion 
The noise from wind turbines is perceived as annoying by the residents living in 
the vicinity of wind turbines. This is because of spectral and temporal 
characteristics of wind turbine noise. Amplitude modulation and low frequency 
noise are the main sources for these characteristics. 
The noise from wind turbines is being measured and described with A-weighted 
overall sound level LAeq. Because of the characteristics of wind turbine noise, this 
is not a sufficient indicator because it does not indicate how much temporal 
variations and low frequency noise the measured signal contains.  
As wind turbines are still getting larger and their rated power higher, the number 
of complaints of wind turbine noise is also quite likely to be increased. This is 
because the used apparent sound power level LWA,k is emphasized for large wind 
turbines. In wind turbine noise for community response assessment, the sound 
levels at immission points are calculated with modern noise propagation models 
using the apparent sound power level LWA,k of the wind turbine as a basis. No 
estimation of low-frequency noise or amplitude modulation is being made in 
immission point, thus greatly increasing the risk of noise annoyance and adverse 
health effects from noise on residents living near wind turbines. 







This inconsistency could be solved using improved noise indicators. However, 
the noise indicator should be chosen carefully because it has to meet three 
important requirements:  


 Simple enough that it can be calculated with existing sound level meters 
and therefore does not require any hardware upgrading. 


 Cannot be misused in a way that some of the harmful noise aspects could 
be neglected. 


 The existing noise immission level regulations in countries would not need 
to be dramatically modified. 


A noise indicator which takes account low-frequency noise and consequently 
amplitude modulation of modern wind turbines would be C-weighted total sound 
pressure level LCeq. However, since practically all noise immission regulations are 
based on A-weighted total sound pressure level LAeq, this noise indicator may not 
be the optimal for this purpose. 
Perhaps the most potential noise indicator which fulfills all the requirements 
would be additional correction level on wind turbine noise which is based on the 
difference between C- and A-weighting, LCeq-Aeq =  LCeq – LAeq. However, it must 
be noticed that this noise indicator must be calculated in the immission point, not 
in emission point. 
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Abstract 
The new version of the noise measurement standard is almost ready to be put into 
action. The standard is improved significantly, especially on the analysis and data 
treatment part. As this gives a more comprehensive and complex standard a test 
have been made comparing 5 independent implementations of the method described 
in the text. A set of test data has been prepared and the different implementations 
have been used on these data. This paper presents the results of this test including 
the possible problems with the standard. A comparison with the existing version of 
the standard is included as well. 


Introduction 
The IEC 61400-11 have already changed several times since the first version 
published in 1998, [1], [2], [3] and [4]. The reason for this is the major changes in the 
technology and scale of wind turbines. The new version as described in [5] is 
intended to be more generic to avoid the need for rapid changes. The target is the 
large wind turbines but a separate annex is dealing with small scale wind turbines. In 
[6] Søndergaard gives an overview of the new version. The major changes between 
edition 2.1 and edition 3 are: 
 


• Higher order regression analysis is replaced with bin-analysis and the bin size 
is changed from 1 m/s to 0.5 m/s. 


• Analysis is based on 1/3-octavebands from 20 Hz to 10 kHz 
• Averaging time is 10 s previously 60 s 
• The reference wind speed is at hub height 
• Detailed analysis of uncertainty on the results 
• All spectra are used in the tonality analysis 
• An annex for small wind turbines 


 
The changes make the standard appear more complex than the previous versions 
but the entire measurement procedure is basically unchanged. 
The analysis and reporting procedures are changed and in order to investigate the 
consequences of this a set of test data was prepared and distributed to 5 parties. 
The results from the 5 parties should be returned and compared. However, at the 
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deadline for the paper only 2 sets of results were available, one from Grontmij | Carl 
Bro, Acoustica and one from Siemens Wind Power (SWP) and not all for all the 
planned tests. Some analyses and conclusions are made from these 2 data sets. 
 


Known errors in the CDV 
The following errors were identified in the CDV [5] and communicated before the 
tests were started. 
 
Equation (25) describes how to correct for background noise, when the difference 
between total noise and background noise is less then 3 dB. The reference to 
background noise (index B) shall be replaced with a reference to the total noise 
(index T). 


 
 
In equation 28 the square root in the counter shall be omitted as the equation is used 
for calculation of correlated uncertainties. 


 
 
 


Test data and test plan 
The test data are based on actual measurement data modified and anonymized. The 
data were distributed in the set of xls-files listed in Table 1. A series of comparisons 
were planned e.g. a comparison of edition 2 with the method in the CDV. 
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Test no. Test 


Method 


Data files Power 
curve files 


Comments 


1 Edition 2 Test-mod_total 


Test-mod_back 


Standard  
Power 
curve.xls 


For comparison with test 2 


2 Edition 3 Test-mod_total-10s 


Test-mod_back-10s 


Standard  
Power 
curve.xls 


For comparison with test 1 


3 Edition 3 Test-mod_total-10s 


Test-mod_back-10s 


Special  
Power 
curve.xls 


Test of Power curve allowed 
range. 3% uncertainty 
assumed 


4 Edition 3 Test-original_total-10s 


Test-original_back-10s 


Standard  
Power 
curve.xls 


Test of situation with 
significant background noise 


5 Edition 3 Test-mod_total-10s 


Test-mod_back-10s 


Standard  
Power 
curve.xls 


Test with missing data i bin. 
Discard data in bin 7.5 m/s 


Table 1. Test matrix and data files 


 
The power curves are normalized to 5 MW with a standard type power curve and a 
special power curve with a non-typical behaviour. The power curves are shown in 
Figure 1. The special power curve is included for testing the new criteria in the CDV 
for which parts of a power curve can be used for determining the wind speed. 
 


 
Figure 1. Power curves used in the test. The 
special power curve illustrates a step in the 
power curve which could be used in 
optimisation of the noise or other 
parameters. 


 
 
 
 
 


 
The level of the noise data are scaled to a random level and the original data with 
significant background noise in part of the spectrum are modified to a more typical 
situation without significant background noise. Examples of the spectra are shown in 
Figure 2. 
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Figure 2. Example of noise spectra from the 
tests. Note that the original and modified 
spectra are identical outside the frequency 
range for the modification. 


 
 
 
 
 


For calculation of the sound power levels the hub height is set to 90 m and the 
measurement distance to 150 m.  
Values for type B uncertainties were not well defined in the test setup and SWP have 
not included type B uncertainties in the analyses. 
 
The analysis consists of the following steps: 


• Determining the normalised derived wind speed VP,n from the power and the 
power curve 


• Determining the κ and µ factors for in-situ calibration of the nacelle 
anemometer and the mast mounted anemometer. 


• Determining the normalised wind speeds VH,n and VB,n at hub height 


• Determining the average normalised wind speeds pr bin and the number of 
data points pr. Bin. 


• Determining the average spectra pr bin for the total noise and the background 
noise, and the corresponding standard deviations and covariances. 


• Determining which bin averages that are to be used for calculating the 
individual bin centre values. 


• Determining the t-factors used for interpolation between bin averages used for 
calculation of the bin centre values of the total noise spectra and background 
noise spectra. Note that the t-factor can be negative or larger than 1 
corresponding to extrapolation which is allowed in certain circumstances. 


• From this, calculate the sound power spectrum, the sound power LWA and the 
corresponding uncertainties. 


 
In the result files it should be possible to check the results of each of these steps. 
The κ and µ factors, the counts pr. bin and the t-values are good test-parameters. If 
some of these differ in a comparison, the end results are bound to be different. This 
would also suggest a difference in interpretation of the standard. If on the other hand 
these parameters are in agreement, differences in the end results are most likely due 
to simple errors. 
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Comparison between different implementations 
Only the results from Siemens Wind Power and Acoustica were available and the 
comparisons are based only one these data sets. In general the 2 sets of analyses 
were in good agreement. The number of data points pr. bin were identical, the 
average wind speeds, the average noise level in 1/3-octave bands the standard 
deviations, covariances and t- values were identical to the third or fourth decimal, 
occasionally to the second decimal. If rounded to 1 decimal the results would have 
been identical. In Figure 3 to Figure 5 a graphical comparison of spectra, standard 
deviations and covariances are shown. Note that the curve showing the differences 
between the Acoustica and SWP data are much smaller than the values of the 
parameters, even for the covariance which in it self is very small. 


 
Figure 3. Comparison of bin centre 
spectra determined from interpolation 
between bin averages. This includes 
the effect interpolation between bins. 


 
 
 
 
 
 
Figure 4. Comparison of standard 
deviation for the bin average of the 
total noise 


 
 
 
 
 


Comparison of spectra at bin centre


-5


0


5


10


15


20


25


30


35


40


45


50


16 25 40 63 10
0


16
0


25
0


40
0


63
0


10
00


16
00


25
00


40
00


63
00


10
00


0


1/3-octaveband centre frequency [Hz]


L P
a p


r 1
/3


-o
ct


av
eb


an
d 


[d
B 


re
 2


0 
uP


a]


Acoustica
SWP
Difference


Comparison of standard deviation of bin average


-0,1


0


0,1


0,2


0,3


0,4


0,5


0,6


0,7


0,8


16 25 40 63 10
0


16
0


25
0


40
0


63
0


10
00


16
00


25
00


40
00


63
00


10
00


0


1/3-octaveband centre frequency [Hz]


St
an


da
rd


 d
ev


ia
tio


n 
[d


B]


Acoustica
SWP
Difference







Testing the new version of the IEC 61400-11 Page 6 of 10 
 
 


 
Figure 5. Comparison of the covariance 
of the bin average of the wind speed 
and the total noise. 


 
 
 
 
 
 


In the comparisons with SWP data the nacelle anemometer wind speed was used for 
the background noise as SWP never uses a mast mounted anemometer for their 
internal measurements and therefore have not implemented it. This does not change 
the fact that the 2 implementations give similar results on identical data.  


Results from complicated situations 
In Figure 6 is shown what happens if significant background noise is present in part 
of the frequency range. The bracket around some of the data indicates that the 
difference between total noise and background noise is less than 3 dB and that a 3 
dB corrections is used. 


 
Figure 6 Results from analyse with 
significant background noise. If the 
difference between total noise and 
background noise is less than 3 dB, a 3 dB 
corrections is used. These results are 
marked with a bracket. Note that the 
uncertainty on the corrected values 
increase when the background noise is 
close to the total noise. 
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The tests with a special power curve and with missing data were only for testing very 
specific parts of the standard and will not be discussed further in this paper. 


 
Comparison with edition 2.1 
This comparison is only made on the modified data representing a simple standard 
situation for which edition 2 can be applied and only for Acoustica data. Graphical 
presentations of the data are shown in Figure 7 and Figure 8. Obviously something 
has gone wrong with the wind speed for the background noise in Figure 8. The total 
noise and the background noise are measured under similar conditions intermittently 
during the measurement period. The wind speed range should be comparable for the 
total noise and the background noise. In Figure 9 the κ-factor method from edition 2 
is applied to the CDV analysis, giving a more acceptable wind speed range for the 
background noise. None of the methods however, are giving results which intuitively 
seem realistic. In Figure 10 the nacelle anemometer wind speed is used. The wind 
speed range for the total noise and background noise is comparable which seem 
realistic under the given measurement conditions. 


 
Figure 7. Noise data analysed according to edition 2. 
Averaging time is 60 s and the reference height for 
wind speed is 10 m. 


 
 
 
 
 
 
Figure 8. Noise data analysed according to the CDV. 
Averaging time is 10 s and the reference height for 
wind speed is hub height (90 m). 
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Figure 9. Noise data analysed according to the CDV. 
Averaging time is 10 s and the reference height for 
wind speed is hub height (90 m). The κ-factor method 
is applied instead of the κ/µ method. 


 
 
 
 
 
Figure 10. Noise data analysed according to the CDV. 
Averaging time is 10 s and the reference height for 
wind speed is hub height (90 m). The nacelle 
anemometer wind speed is applied instead of the κ/µ 
method. 


 
 
 
 


The analysis is finished according to the text in the CDV and the results are given in 
Table 2. There is a reasonable agreement between the methods in the overall level 
for the apparent sound power level. Due to the problems with determining the wind 
speed for the background noise from the κ/µ method the correction for background 
noise is overestimated for the CDV method. The numbers in parenthesis shows the 
result is the κ factor method from edition 2 was used. The spectral distribution shown 
in Figure 11 and Figure 12 are also in agreement but a little more detail can be seen 
in the results determined according to the CDV, probably due to the shorter 
averaging time pr. spectrum. 
 


Normalised wind speed 6 m/s 7 m/s 8 m/s 


LWA,k Edition 2 106.3 106.5 106.6 


LWA,k CDV 105.7 105.9 (106.1) 106.1 (106.3) 


Table 2. Apparent sound power level determined form test 1 and 2 following edition 2 and the 
method in the CDV. The reference height for the wind speed is 10 m. The numbers in 
parenthesis is for an analysis where the κ factor method is used for the background noise 
wind speed. 
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Figure 11 Sound Power spectra from analysis 
according to edition 2 


 
 
 
 
 


 
Figure 12 Sound Power spectra from analysis 
according 20 the CDV 


 


 
 
 
 


Conclusions 
This test was set up to see if it different implementations of the new standard would 
lead to different results. Only 2 sets of data were available and not for all of the 
planned tests. The comparison is not a proof but only an indication on whether the 
standard is understandable and programmable. Both at Acoustica and at Siemens 
Wind Power the programmer was an experienced measurement technician with a 
basic understanding of the purpose of the standard. The programmers were not 
given any guidance from the persons at the companies involved in developing the 
standard. It is most likely that persons with no prior knowledge in the field may have 
problems understanding the principles of he standard but that goes for many 
standards. This test shows that persons with basic understanding of this type of work 
will be able to understand and set up the data analysis correctly. 
The test also shows that the κ/µ method apparently does not work for the mast 
mounted anemometer and possibly will have to be changed. 
The new standard is able to deal with situations where edition 2 of the standard 
cannot give results e.g. with high background noise and with power curves with at 
stepwise character. This type of power curves can be realized due to optimised 
operations of wind turbines or wind farms and have to be considered. 
The group behind the test is considering making the test data and results, when 
finished, available for others if the CDV passes the next phase. The group behind the 
test is: 
Grontmij | Carl Bro Acoustica, Siemens Wind Power, Vestas Wind Systems, Suzlon 
Wind Energy and DELTA. 
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Abstract 
 
The first work which described the harmonic tonal nature of vibrations from 
windfarms was carried out at St Breock’s Down, Cornwall, UK and is described in 
Legerton et al (1996) and more fully in Snow, and Styles (1997).  This has since 
raised concerns about the possible effect of wind farms on sensitive installations. 
Styles et al (2005) describe an extensive monitoring programme to characterise the 
low frequency vibration spectra produced by wind turbines of various types, both 
fixed and variable speed.  They demonstrated that small but significant harmonic 
vibrations controlled by the modal vibrations of the towers and excited by blade 
passing, tower braking and wind loading while parked, can propagate tens of 
kilometres and be detected on broadband seismometers. This meant that protective 
measures had to be implemented to protect the International Monitoring System 
(IMS) seismic monitoring station located at Eskdalemuir in the Scottish Borders, the 
UK’s contribution to the Comprehensive Test Ban Treaty (CTBT) verification regime 
which must be observed by international treaty. Over 2 GW of wind turbines were 
planned for this region and planning restrictions were imposed to control 
development because of the potential effects on the IMS station. Styles et al (2005) 
established that vibrations of concern in the 2 to 6 Hz band, while small, were critical 
for this monitoring. Propagation laws and an aggregate vibration budget were derived 
and calculated to aid planning and permit appropriate wind farm development. With 
increasing pressure to reduce carbon emissions through renewable energy 
contributions in the UK and especially Scotland, the budget has now been reached, 
with at least 2.5 GW of new wind developments are still in scoping and planning. It is 
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therefore necessary to find a method to reduce the vibrations from new and existing 
farms to achieve headroom for new developments. 
Reactec Ltd in conjunction, have developed a Seismically Quiet Tower (SQT) system 
which can be retro-fitted or installed during construction.  This can significantly 
attenuate the vibrations produced and delivered to the ground in the frequency band 
deleterious to the discrimination capability of the Eskdalemuir station. The SQT can, 
and is planned to, be fitted to existing close-in wind turbines to reduce their 
contribution to the vibration budget and potentially release budget for new 
development elsewhere in the 50 km zone of concern around Eskdalemuir.   Keele 
University have carried out a programme of modelling and seismic monitoring of this 
system and have confirmed that it does significantly reduce the vibration spectrum in 
the region of 2 to 6 Hz which has the added benefit of reducing many fatigue loads 
on the turbine tower itself.   
 


1. Introduction 
 
In order to meet, and in fact exceed, Kyoto targets, the UK government has set the 
challenge of reducing the UK's carbon dioxide emissions by 60% by 2050. The 
development of renewable energy, especially wind power, will be an important 
contributor to the outcome of that policy with a target of 15% of UK energy from 
renewable sources by 2020. The Scottish Executive has decided that Scotland 
should aspire to generate 80% of its energy from renewable sources by 2020. 
The Southern Uplands of Scotland offer a prime wind resource because of the large 
region of high topography, appropriate wind conditions, the proximity to the large 
urban centres of Glasgow and Edinburgh and the main national grid connections 
between Scotland and England.  In excess of 2 GW of onshore wind generation 
capacity is planned for the Southern Uplands. 
However, the United Kingdom seismic monitoring site, which is a component of the 
International Monitoring System (IMS) for the Comprehensive Nuclear-Test Ban 
Treaty (CBTB), is situated at Eskdalemuir near Langholm in the Scottish Borders. 
This is a very low noise vibration site located in the centre of this wind resource 
region. Concern was expressed by statutory consultees that vibration from wind farm 
developments might prejudice the detection capability of this facility.  The 
Eskdalemuir Seismic Array is one of 170 IMS seismic stations across the globe used 
to monitor compliance with the CTBT.  The UK is bound by the Treaty not to 
compromise the detection capabilities of the Eskdalemuir station, and it is the 
responsibility of the Ministry of Defence (MoD) to safeguard this station. 
The MoD therefore initially placed a precautionary blanket objection to any wind farm 
developments within 80 km of Eskdalemuir in case this compromised UK capability 
to detect distant nuclear tests and breached the UK’s agreement under the CTBT. 
This effectively removed at least 40% of the UK renewable on-shore wind resource 
identified by the then Department of Trade and Industry (DTI). 
In 2004, the “Eskdalemuir Working Group” (EWG) was formed and commissioned 
research carried out by the Applied and Environmental Geophysics Group led by 
Professor Peter Styles at Keele University to establish the nature of interference from 
wind turbines on the Eskdalemuir station. This detailed study was funded by MoD, 
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the DTI and the British Wind Energy Association (BWEA, now known as 
RenewableUK), who mandated research into the levels of vibration and infrasonic 
noise which might be generated by fixed and variable speed turbine wind farms. A 
ten station broadband seismic network and a four station infrasound network were 
established for a six month period at distances out to more than 20 km from a 26 
fixed-speed turbine (Vestas V47) wind farm at Dun Law. This wind farm is situated 
on very similar geology and topography to Eskdalemuir and the planned wind farm 
developments in the Southern Uplands. The study permitted the identification of the 
principal propagation mode for ground vibrations from wind turbines and enabled 
their characterisation.  
In 2005 the study concluded that micro-seismic noise is propagated through the 
ground from wind turbine structures, as the rotation of the blades excite modes of 
vibration of the tower, which in turn resonate at the detection frequencies of the 
seismic array especially in the 4 to 5 Hz band generated by the strongly excited 
second bending modes of the tower and are strongly coupled into the ground.   
The principal conclusions were as follows: 


• Wind turbines generate low frequency vibrations which are multiples of 
blade passing frequencies and can be detected on seismometers buried in the 
ground many kilometres away from wind farms, even in the presence of 
significant levels of background seismic noise. 
• Energy from wind turbines travels to the seismometers as seismic 
surface waves with cylindrical spreading. Co-located, coincident seismic and 
infrasound records show that infrasound energy propagation is optimal in quiet 
wind conditions and decreases as the wind speed (and turbulence) increase 
while, conversely, the observed seismic amplitude increases with wind speed.  
Clearly, there cannot be a causal relationship between the seismic amplitude 
and the infrasound if they have different behaviours with wind speed. 
• At that time (2005) there were no current, routinely implemented 
vibration mitigation technological solutions which could reduce the vibration 
from wind turbines. Technologies which were helpful in the reduction of 
vibration from mechanical systems did exist and in the long-term and at some 
additional cost it should be possible for manufacturers to modify/augment 
these for application to wind turbines to reduce the levels of vibration 
transmitted into the ground.  However, the recommendations were based on 
current turbine designs as built at that time. 


The results of the research allowed the development of a predictive model for the 
aggregate vibration contribution from any planned distribution of wind turbines for 
comparison with ambient vibration levels as presently experienced at Eskdalemuir. 
Under contract with MoD, the Atomic Weapons Establishment (AWE) is responsible 
for operating and maintaining the Eskdalemuir station.  AWE recommended to the 
EWG a maximum permissible background noise increase at Eskdalemuir due to wind 
turbines (a noise budget) of 0.336nm at Eskdalemuir, this was agreed by the group, 
and was presented to Working Group B of the CTBT Organisation in Vienna during 
the second half of 2005. By carefully considering the present ambient background 
noise experienced at the monitoring site it was possible to set a noise budget 
permissible at Eskdalemuir without compromising its detection capabilities, and we 
have demonstrated that at least 1.6 GW of planned capacity can be installed and 
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have developed software tools which allow the MoD and planners to assess what 
further capacity can be developed against criteria established by this study. 
On the basis of the results of the commissioned research and the calculated noise 
budget, the EWG recommended that MoD should introduce a statutory consultation 
zone of 50km around Eskdalemuir, but made no recommendation on 
implementation, which is a policy matter for the UK Government. The MoD permitted 
development on a first come first served basis as projects entered the planning 
system, until this noise budget was reached.  As a result of this study, planning 
guidance was given to the Scottish Executive, the MoD and local planning officers to 
protect the functionality of this important facility whilst optimising wind energy 
resource exploitation in the Southern Uplands of Scotland. It seems that wind farm 
developments, either permitted or currently being considered in the planning system 
have now consumed much, if not all, of the calculated noise budget. 
At the time of the EWG commissioned study into the effects of wind turbines on 
Eskdalemuir, no technical solution was available to address the noise generation of 
wind turbines. It was postulated that it could be possible to reduce turbine ground 
vibration by mechanical damping.  Additionally the study concentrated on the fixed-
speed machines which were predominant at that time, while larger turbines with 
variable speed are now becoming more and more prominent. 
With increased pressure to deploy sources of renewable energy generation, 
especially wind farms and as the noise budget limit is rapidly approaching, it is 
important to refine the analysis in order to explore whether changes in turbine design 
and new developments in damping technologies have significance for planning and 
permission of future wind farm applications.  
Little additional work has been done internationally since that published by the Keele 
Group in Ledgerton et al (1996), Styles et al. (2005), and Schofield (2000), but Fiori 
et al (2009) report work which they carried out in 2005 in connection with the 
gravitational wave detector GEO-600 in Hannover FRG and independently confirm 
many of the conclusions of the report of Styles et al. (2005). Their site was much 
noisier than Eskdalemuir as can be seen from figure 3 as compared to the extremely 
low level ambient noise in the Eskdalemuir region of the Scottish Southern Uplands 
which approaches the Peterson Low Noise Model (Peterson 1993). Fiori et al. (2009) 
also assume that most of the propagation takes place in highly attenuating soil 
layers, which is unlikely to be the case for surface waves (of both Rayleigh and Love 
modes) propagating in the Southern Uplands (Macbeth & Burton 1987). At 
frequencies of 1-10 Hz surface waves travel at around 2000ms-1 with corresponding 
wavelengths of 200m to 2km and sample the earth to comparable or greater depths.
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Figure 2. The Eskdalemuir Site and its noise spectrum which 
closely approaches the Low Noise Model of Peterson (1993). 
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2. Vibration Mitigation Measures 
 
As a possible solution to the issues which were raised in our final report (Styles et al., 
2005) about the limitations of current turbine design, Reactec, a company that 
specialise in the reduction of vibration in commercial applications, developed a 
solution that will reduce ground vibration produced by wind turbines and can be 
either retrofitted or installed at the time of construction.  The Reactec solution is 
intended to initially increase the remaining available budget by significantly reducing 
the ground vibration produced by the Craig Wind farm, which is the site closest to the 
Eskdalemuir array. 
Craig Wind Farm, near Carlesgill farm, is about 20 km from the Eskdalemuir array 
and consists of four 2.5 MW Nordex N80 wind turbines with an additional turbine 
consented at the site. A further three wind farms planned between 20 and 24 km 
from the Eskdalemuir array, are being considered. The Reactec solution focuses on 
reducing the ground waves in the 4-5 Hz band, shown to be strong from analysis of 
data from a N80 turbine at Crystal Rig.This would allow the important wind energy 
potential of the area to be exploited without adversely affecting the detection 


Figure 3.  Vibrational noise spectra observed by Fiori et al at 
the GEO600 site near Hannover (lower) and at the VIRGO site 
in Italy as compared to the spectra observed at Eskdalemuir 
(upper). 
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capability of the Eskdalemuir Seismic array. Figure 4 show the results of monitoring a 
turbine tower at Crystal Rig, near Longformacus in Southern Scotland. The 
monitoring was used to determine the fundamental modes of vibration of a NORDEX 
N80 machine, along with a structural interpretation based on subsequent modelling 
results. A Tuned Mass Damper (TMD) system was designed to reduce the power in 
the two second bending moments. It is effective at damping both the 4.1 Hz mode 
related to the 2nd bending mode A and the 4.6 Hz mode related to the 2nd bending 
mode B both of which are particularly problematic for nuclear test monitoring at 
Eskdalemuir. 


 


Figure 4.   Frequency response based on FFT and 
eigenfrequency analysis of vibrations measured at the base 
of Tower 5 at Crystal Rig on a Nordex N80 wind turbine. 
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3. Validation of the Damping system at Craig Wind Farm 
 
Instrumentation was deployed at Craig in November 2007 to monitor the 
effectiveness of the damping system. A Güralp CMG 6-TD seismometer was 
installed in the ground at a distance of 1.1 km from the turbine in the manner 
described fully in Styles et al. (2005).The CMG-6TD is a lightweight three-component 
seismometer.  It contains an on board digitiser and has low power consumption, 
enabling it to be powered off a single 12v car battery for a month.  It is ideally suited 
to medium-noise sites. A set of six Güralp accelerometers were installed in Turbine 
1.. The uniaxial accelerometers are Güralp CMG-5U devices and can be situated 
either horizontally or vertically, recording in a single direction only.  These do not 
contain onboard digitisers but are connected to a separate seismic data acquisition 
system, the Güralp CMG-DM24S12AMS.  This ‘black box’ allows up to twelve 
uniaxial accelerometers and six 5TDs to be connected simultaneously.   
Data were obtained for two days to establish the spectra and vibration levels 
especially in the 4 to 5 Hz band for the turbines before any damping mechanism was 
installed. Figure 6 shows the spectrogram for an hour of data for an undamped 
turbine, while Figure 7 shows the power spectra for North and Vertical components 
again for an undamped turbine. The power in the 4 to 5 Hz band is clearly strongest 
exceeding the power in the lower frequencies.  As wind speed and conditions 
obviously vary continuously it is necessary to normalise the spectra associated with 
the second bending mode(s), which lie at c 4-5 Hz. For a preliminary assessment this 
has been done by using the peak acceleration power of the first low-frequency peak, 
corresponding to the first bending mode of the tower, which lies at c 0.45 Hz (Figures 
3 and 4). This is shown in Figure 8 – note that the ratio varies, but the mean is 
around unity 
 
 
 


 Figure 5.  Installation of Güralp CMG-5U uniaxial accelerometers in Turbine 1. 
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Figure 7.  Power Spectrum for Turbine 1 on the 7 November 
2007 2300 Ch1 (N component Upper and Vertical Component 
Lower)) showing power in various peaks for an undamped 
turbine. 
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Figure 6.  Spectrogram (Upper Waterfall Plot) from Turbine 1 with 
accelerometers installed on the base and inside the turbine structure,  on 
the 7th November 2007 between  2300 hours and midnight on the North-
South  accelerometer (Ch1), showing the main spectral bands between 4 to 
6 Hz for an undamped turbine. 
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4. Monitoring of tower vibrations after installation of the TMD 
system 


 
The Tuned Mass Damping System designed by REACTEC was installed in Turbine 1 
and the data acquisition and interpretation repeated for the damped tower in June 
2008.  The reduction in the power in the 4 to 5 Hz band is clear in the spectrum and 
spectrogram in Figure 9 where the power in the 4 to 5 Hz band is now clearly equal 
or less than the fundamental mode at c 0.5 Hz. 
An assessment of the damping factor was made using the peak of the acceleration 
power spectra corresponding to the first and second bending moments. This 
assumes that the addition of the TMD does not affect the response of the first 
bending mode which seems reasonable (at least to first order), based on results of 
comparing velocity spectra from the base of a damped turbine at Craig (Turbine 1) 
and from the base of a nearby undamped turbine (Turbine 3). 
The damping appears to be most effective when the noise is highest which is almost 
certainly when the wind is strongest. The Tuned Mass Damping System has 
produced a 7 to 8 dB damping (and higher for certain conditions) compared to 
measurements recorded before damping. 
 


Figure 8.  Spectral Ratio between the First and Second Bending Modes for 
Ch1, the North-South component 
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Figure 9.  Spectrum and spectrogram for 2300 on 25 June 2008 for Channel 3 (E-W) 
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5. Conclusions 
 
Microseismic and vibration monitoring of Craig Windfarm in the Southern Uplands of 
Scotland (Turbine 1) has been carried out over three periods from November 2007 
until July 2008. It appears from these measurements that the TMD has reduced the 
power in the band between 4 to 6 Hz which is of critical concern to the ability of the 
Eskdalemuir array to detect Clandestine (or Overt!) nuclear explosions. The 
monitoring data demonstrate that the TMD installation has clearly attenuated the 
power in the 4 to 5 Hz Band (Second Bending Modes) normalised by the 
fundamental mode (First Bending Mode) (0.46 Hz)  over a long period of monitoring 
by 7 to 8 dB (relative to data collected in November 2007 when no damping was 
present). 
This has several implications; the reduction in vibration at these critical normal 
modes is clearly advantageous in reducing wear and tear on the tower and reducing 
maintenance costs. 
More importantly, for this situation, a reduction in power in these bands means that it 
should be possible to install a greater generating capacity of wind power in this 
protected area without compromising the detection capabilities of the Eskdalemuir 
International Monitoring System station of the Comprehensive Test Ban Treaty. 
This technology also has the potential for application wherever there are potential 
problems of wind farm turbines generating frequencies and/or amplitudes which 
might be problematic for critical installations such as Laser Interferometric 


 Figure 10. The damping ratio between the First Bending and Second Bending 
Models on the 25th June 2008 after the final installation of the TMD system  
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Gravitational Observatory (LIGO), the Large Hadron Collider (LHC) at CERN and the 
Battelle Gravitational Observatory in the US. 
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Abstract         
Conventional assessment of the audibility of low-frequency wind-turbine noise has 
usually relied on direct graphical comparison between the hearing threshold, and 
narrow-band or 1/3 octave wind-turbine spectra.   But the hearing threshold is defined 
using single, isolated pure-tone test signals, whereas the latter spectra represent a 
measure of broadband rms energy which inevitably varies in amplitude according to the 
precise measurement bandwidth. 


Since these two measures are derived according to two entirely different measurement 
conventions, any direct, unqualified comparison between the two is completely 
inappropriate.  Moreover, it will be shown that accurately derived, historical low-
frequency sound data relating to complex sound fields that have been reported as being 
clearly audible, possess spectral levels that according to this simplistic criterion would 
be dismissed as inaudible. 


A procedure will be given which enables rigorous first assessment, based on the 
running integration of the rms energy, weighted by the inverse frequency response of 
the hearing threshold.   This reveals that for the particular characteristics of typical wind-
turbine spectra, the 1/3rd octave measurement provides a fortuitous comparison, based 
on integrated energy, which at first sight can be justified.    


But this is based on comparing the rms energy of the acoustic sound field with the rms 
energy of individual pure sinusoids, and fails to take account of the larger crest-factor of 
actual acoustic signals.   Typical low-frequency sound signals which have proven to be 
readily audible in practice generally have much higher crest-factors than pure sinusoids, 
while possessing lower overall rms levels. 


Dynamic time-domain simulation of the response of the ear will be shown to provide a 
consistent explanation for the audibility of such signals.    As a direct consequence, this 
approach reveals that typical wind-turbine infrasonic and low-frequency noise can be 
readily audible at very much lower levels than has hitherto been acknowledged. 
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Introduction 
The increasing deployment of wind-turbines in the neighbourhood of residential 
properties has led to frequent complaints of the effects of low-frequency noise, and 
possible infrasound.    Acoustic assessment of the severity of these effects has usually 
relied upon direct comparison of narrow-band or 1/3rd octave spectral levels relative to 
the conventionally accepted threshold of hearing.   Such assessments, however, 
amount to comparing two entirely different measures of sound, and this disparity can 
lead to conclusions that may be misleading.    On the one hand, the threshold of hearing 
is determined experimentally by using individual sinusoidal test tones, and the test 
subject is required to identify the sound level at which a single test tone first becomes 
audible.    In contrast, 1/3rd octave and narrow-band sound pressure levels of wind-
turbines are measures of the sound energy occurring in multiple different bandwidths 
simultaneously, so that individual components of the sound are present, not in isolation, 
but in (possibly correlated) continuous conjunction with each other.  


 Moreover, dependent on whether the components of sound represent essentially 
discrete frequency or random broadband sound, the precise sound level measured in 
any specific frequency band can depend upon the bandwidth, so that different 
measurement bandwidths give rise to apparently different levels relative to the threshold 
of hearing. 


 This problem was clearly identified in 2008 by Pedersen [1], where he showed how 
comparison of the same sound measured in different bandwidths, against the threshold 
of hearing, could lead to very different conclusions. 
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He stated  “... it can be seen that a direct comparison of the hearing threshold and the 
spectrum of the wind turbine is not meaningful…”   
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“... have been discussed with a number of researchers (Henrik Moller, Aaborg 
University, Torsten Dau, Danish Technical University, Hugo Fastl and Geoff Leventhall) 
and solutions have been sought for without result.”   


To address this problem, he proposed a method of weighting the measured sound 
spectra by the inverse hearing threshold (HT-weighting) and for low-frequency 
assessment, summing the resultant weighted spectra over the first two critical bands of 
hearing, namely 0-100Hz, and 100-200Hz respectively.   Under  this particular weighting 
of the spectra, the threshold of hearing itself is transformed into a straight line at 0dB, so 
subsequent assessment as to whether or not the sound in each critical band is audible 
is defined by its level relative to the 0dB threshold. 


This approach undoubtedly provides a starting point, enabling the effects of differing 
bandwidths to be integrated-out, thus yielding a common resultant value.    Since, 
however, the proposed criterion involves integrating over the entire frequency range of 
the first critical bandwidth, from 0-100Hz, it provides no insight into the exact 
frequencies within this range at which the sound first becomes perceptible.   This critical 
band encompasses simultaneously, the infrasonic region, (0-20Hz), the very low-
frequency region (~20-50Hz), and a higher octave range 50-100Hz. 


In addition, the criterion only evaluates the rms level of the sound over this frequency 
range, relative to the threshold of hearing.    It takes no account of the character of the 
sound, nor of the increased peak levels that may occur when different frequency 
components combine coherently to provide an overall enhanced effect.  


In this respect, it is important to acknowledge the work performed by NASA during the 
1980’s into the audibility of low-frequency wind-turbine noise.    NASA collaborated with 
Boeing in the construction and practical assessment of the first megawatt-sized two-
bladed wind-turbines.   At that time, the convention was to mount the wind-turbine rotor 
downwind of the supporting tower, because this represents a naturally stable position 
enabling weathercock action to yaw and align the turbine blades with the incident 
airflow.     At an early stage, however, it was identified  that such configurations give rise 
to extremely impulsive low-frequency noise as a result of the blades passing through 
the downstream wake of the tower.    Numerical analysis [2] and practical experiments 
on the MOD-2 turbine in both downwind and upwind rotor configurations quickly showed 
that an upwind-rotor configuration gives rise to significantly lower blade-wake-tower 
interaction, and is correspondingly quieter, resulting in substantially reduced amplitude 
of low-frequency harmonic components. 


During this early work, NASA tested and reported results relating to the audibility of low-
frequency impulsive components [3], [4].    For these tests, sound simulating the 
impulsive noise of the downstream rotor configuration was played to test subjects, and 
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the corresponding threshold of hearing was determined.    It was found that this sound 
was apparently audible when individual harmonics were at much lower levels than the 
conventional threshold of hearing, amounting  to as much as -20dB lower for the 
dominant harmonics, under otherwise quiet background conditions.         


NASA Audibility Curves: Impulsive Wind-Turbine Noise in Ambient Background Noise


(Curves represent Envelope of Dominant Spectral Components)


Figure 2
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Figure 2  


It is often assumed that such effects related only to the old-fashioned downwind-rotor 
configurations.   In 1989, however, NASA assessed the noise generated by several 
upwind-rotor WWG-600 turbines in Hawaii, and were surprised to find that there were 
multiple low-frequency harmonics, representing excess low-frequency noise  [5], [6].   
Hitherto, it had been considered that this effect was confined only to downwind turbines, 
and that this problem had been largely eliminated by the adoption of upwind rotors. 


NASA concluded that the explanation was due to the effects of wind-gradients and 
wind-shadowing, resulting in a spatially non-uniform wind velocity profile impinging on 
the rotor of the turbine.   The variations in the velocity incident on the blades throughout 
the rotation cycle result in changes in the net incidence angle of the blades, and 
corresponding periodic variations in the total blade lift force.   For a wind-turbine rotor 
operating in clean, uniform flow, the lift forces remain steady and uniform throughout the 
rotation cycle, and acoustic theory for steady rotating forces shows that the very low-
frequency blade-rate harmonics decrease extremely rapidly with increasing frequency.    
If the lift forces vary periodically throughout the cycle, however, this can give rise to 
significantly increased amplitude of the higher harmonics, and the sound can start to 
assume a more impulsive character. 
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NASA performed numerical studies of the effects of wind-gradients of varying severity 
acting on the lift forces of the blades, and showed that the sharper the wind-gradient, 
the higher the frequencies to which this distribution of harmonics can extend.   Although 
the frequencies do not cover the full frequency range encompassed by the original 
downwind configurations, they nevertheless can be manifest in the infrasonic regime.    
Consequently, the present author considers that correct assessment of the effects of 
the infrasonic components must take account of this process. 


In 2003, G.P.van den Berg published a widely acknowledged paper on the significance 
of wind-gradients on the audibility of higher frequency, amplitude modulated wind- 
turbine dBA-levels from a 17-turbine windfarm  [7].   In a parallel 2004 document  [8], he 
subsequently speculated on the audibility of infrasonic and low-frequency components, 
showing comprehensive 3rd octave spectra from this same windfarm.    He described 
how very low-frequency harmonic components could be generated by the rotor passing 
through the displaced airflow immediately upstream of a tower, giving rise to variations 
in blade incidence angle, and corresponding variations in lift forces.   He considered that 
such effects could once again give rise to harmonics at multiples of blade-rate in the 
infrasonic regime, extending up to the region of 20Hz.   Although he conjectured these 
effects as being due to the upstream flow-field around the tower, whereas NASA had 
attributed them to the vertical variation of velocity in the wind-gradients, the resultant 
acoustic effects resulting from regular periodic variation of blade lift-forces are of an 
essentially similar nature. 


It should be noted that there is a link between such low-frequency fluctuating lift forces, 
and the more widely acknowledged higher frequency “amplitude modulation”.  
Variations in lift force give rise to variations in the chordwise circulation around the 
turbine blades, resulting in changing boundary conditions at the trailing edge of the 
blades.    The resultant turbulence and vorticity at the trailing edge is therefore 
modulated in a similar periodic fashion to that of the very low-frequency components, 
yielding corresponding modulation of the higher frequency sound associated with these 
turbulent boundary and trailing edge effects. 


In order to illustrate the fact that modern wind-turbines can indeed generate very low-
frequency impulsive noise, the following figure 3 shows the sound measured indoors, in 
the bedroom of a house near to the boundary of a recently commissioned windfarm. 
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Multiple Low-Frequency Impulses Measured Indoors in March 2010 at a 
Modern, Upwind-Rotor Windfarm.     6 Separate Turbines can be Identified


Figure 3
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Figure 3
 


The peak SPL corresponding to impulse number 4 represents 88dB.   This data was 
obtained under wind conditions such that the house was immediately downwind of 6 
turbines at varying distances.  


A final aspect relating to the audibility of low-frequency sound derives from the author’s 
own experience.   In 1979, he was asked to investigate the application of active sound 
control techniques to address the full-scale problem of attenuating the low-frequency 
noise generated by an industrial gas-turbine compressor installation, used for 
compressing natural gas in the UK distribution pipelines. 


This specific installation was situated in a rural area, and had given rise to complaints 
from residents in a village situated over ½ mile from the compressor site.    The 
compressor installation was visually unobtrusive, but during operation it could give rise 
to a low-frequency “rumble” which became objectionable to village residents late at 
night. 


The problem arose as a consequence of the turbulent hot exhaust from the gas-turbine 
exciting acoustic resonances in the vertical column of the stack.     The author 
successfully tackled this problem, and demonstrated substantial attenuation amounting 
to 11-12dB in the lowest audible octave, using an array of 72  12” loudspeakers 
distributed around the exit of the 10 foot diameter gas-turbine exhaust.  


A few years later, the author was asked to tackle another similar installation, this time 
having more powerful gas-turbines and taller stacks.   The resultant acoustic 
resonances were at lower frequencies because of the increased stack height.       
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In both these cases, the low-frequency noise was successfully suppressed, but on 
examining the corresponding low-frequency 1/3rd octave noise levels, shown in figure 4,   
it becomes apparent that the levels which had given rise to complaint were very similar 
to documented wind-turbine low-frequency noise levels.    Moreover, if a simplistic 
criterion is adopted of comparing these levels to the tonal threshold of hearing, it is clear 
that the resonant peak levels would be considered to fall below this threshold. 
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Yet it was clear that these levels were of sufficient amplitude to give rise to complaints, 
while the subsequent active sound attenuation was considered to resolve these 
complaints. 


It is therefore appropriate to revisit the assessment of low-frequency noise and 
infranoise, to establish more rigorous criteria for evaluating its effects relative to the 
threshold of hearing, and to attempt to reconcile these different effects, namely the 
audibility of individual pure tones, the apparently enhanced audibility of periodic or 
impulsive noise, and the audibility of low-frequency random noise.  
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A Hearing Threshold Criterion based on Cumulative Energy 
As commented in the previous section, Pedersen [1] proposed a method of weighting 
different spectral resolutions with the inverse of the hearing threshold (HT-weighting).   
The result of applying such a weighting is shown in figure 5.     
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He then integrated these spectra over the fixed bandwidths 0-100Hz, and 100-200Hz, 
corresponding to the first two critical hearing bands. This integration yields two single, 
well-defined values, common to all the curves, for each of these two critical bands 
respectively.    The resultant dB values can then be compared directly to the hearing 
threshold, which is now represented by a straight line at 0dB.      This process does not 
however, provide information as to exactly where within the overall 0-100Hz band the 
hearing threshold is actually crossed.    Indeed, for the particular set of curves shown, 
they have all crossed the hearing threshold by 100Hz, so one could conclude simply by 
inspection that sound in the 100Hz critical band must be audible. 


To address the need for more detailed information, the present author proposes a 
modification to this approach.    Rather than integrating over two fixed bandwidths, it is 
recommended that a running, cumulative integration is performed over the entire 
frequency range.   For example, integration can be performed from 1-2Hz, from 1-3Hz, 
from 1-4Hz, thus deriving cumulative total values for each of the upper frequencies  
2Hz, 3Hz, 4Hz etc. 


The result of performing this integration using the various spectra of figure 5 is shown in 
figure 6,  and it can be seen that this condenses these spectra of differing resolution 
onto an essentially unique ascending curve, which intersects the 0dB axis at a single 
well-defined frequency.  The interpretation of this frequency value is that the sum total  
acoustic low-frequency energy up to this frequency, weighted by the hearing threshold 
frequency response, is exactly equal to the energy of an equivalent ”just audible” single 
pure tone. 
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While this defines the frequency at which the cumulative (weighted) energy first 
becomes equal to the (weighted) energy of a tone at the hearing threshold, it does not 
yet define the full extent to which frequencies below this value actually contribute.      
Noting, however, that a -6dB reduction in energy results in residual energy of 25% the 
initial value, by defining a second horizontal threshold at -6dB, one can deduce that 
75% of the relevant contributing energy lies between the  -6dB and 0dB limits. 


It should be noted that this particular choice of -6dB, representing 75%, is arbitrary.   
One might alternatively choose a lower threshold at -10dB, which would then 
encompass 90% of the relevant contributing energy. 


It is appropriate to compare the upper 0dB intersection at 40Hz to the various different 
intersection points given by the original unweighted spectra of figure 1, shown below.  
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Close examination shows that the nearest intersection to 40Hz corresponds to the 1/3rd 
octave representation.   So for spectra of this general shape, the 1/3rd octave 
intersection with the hearing threshold, and the cumulative energy 0dB criterion, yield a 
common value.    It should be noted however, that the 75% cumulative energy band lies 
entirely to the left of this value, with a lower frequency of 32Hz.  


In conclusion, a rigorous method of reconciling multiple different spectral 
representations can be proposed, yielding a well-defined band of frequencies 
representing the lowest frequencies for which the total (weighted) sound energy equals 
the energy of a single tonal at the corresponding threshold of hearing.   For a typical 
wind-turbine spectrum, the upper frequency of this band does indeed correspond 
closely to the 1/3rd octave intersection with the tonal hearing threshold. 


This approach, however, effectively equates the rms value of the (weighted) sound field 
over the appropriate bandwidth with the corresponding rms value of a “just audible” 
sinusoidal tonal.     It does not take account the fact that real sounds can be much more 
sharply peaked than ideal sinusoids, or possess random amplitudes which vary 
significantly on a continuous basis.    The ratio of peak signal-value to rms signal-value 
is the “crest-factor”.   An ideal sinusoid is one of the most smoothly varying signals, 
having a crest-factor of 3dB, but more realistic signals can have crest-factors of 10-
12dB or greater.   So it is possible that a signal having a lower rms value, but with a 
high value of crest-factor, may be of sufficient amplitude to penetrate the threshold of 
hearing.   This aspect will now be addressed in the following section. 


 


Crest Factor, & Time-Domain Simulation of Hearing Response 
It has been argued that comparison of acoustic signals with the hearing threshold based 
purely on rms values fails to take account of the crest factor of real signals.     When the 
author worked on the active sound control installation described in the introduction, the 
power amplifiers required to drive the loudspeakers had to be sized at 11kW total, to 
accurately reproduce the peak values of the sound signal, yet the rms power 
consumption was only around 1kW.    This represented 10dB headroom, and implied a 
crest factor of similar magnitude.   These increased peak levels may explain figure 4, 
showing the projected sound levels from such installations, since it is clear that the 3rd 
octave levels at 20 - 25Hz corresponding to silencer acoustic resonances lay below the 
nominal threshold of hearing, yet they were reportedly audible and led to complaints. 


Similarly, the 1982 work of NASA on low-frequency impulsive signals revealed that in 
very low-background levels, the audible envelope of harmonics could be up to 20dB 
below the nominal hearing threshold, while a general statement was made to the effect 
that “ coherent-phase ” noise was audible at 7-10dB below random noise.  [3] 
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In the case of purely impulsive noise, the ascending frequencies of the separate 
harmonics cannot be considered independent, because these harmonically related 
frequencies combine coherently, in-phase, to produce much larger peak levels.   The 
resultant crest factor, peak-to-rms level, can become very large.    Moreover, from the 
description provided in [3] it seems to have been unnecessary for the sound to be fully 
impulsive – NASA stated that they had investigated different relative phase 
relationships, and this aspect was found not to be critical.   Their less stringent 
requirement, namely for “phase-coherence”, appears to represent the difference 
between phase-locked, repetitive noise, and random noise of continuously varying 
relative phase. 


In order to investigate the crest-factor effects, the author chose to simulate the dynamic 
response of the ear close to the hearing threshold, by constructing a numerical filter to 
reproduce the inverse frequency response of the low-frequency hearing-threshold 
curve.   A sampling frequency of 1kHz was chosen, and a 5-pole, 6-zero ARMA 
(autoregressive moving-average) filter was fitted to match the amplitude response.   The 
phase characteristic cannot be specified, since practical audiometric testing, of 
necessity, is confined to determining only the amplitude of tonal signals that meet the 
hearing threshold.   Therefore the filter was specified to exhibit a causal phase 
characteristic with minimum phase change.    The overall gain of this filter was set so 
that a tonal sinusoid at the hearing threshold, scaled in pascals and normalized by the 
factor 2e-5 would yield a unity output of 0dB rms. 


The simulated frequency response, and the inverse hearing threshold, are shown in 
figure 8. 
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  Figure 8 
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Simulated signals were then constructed to reproduce the characteristics of the sound 
signals under consideration.    Although this filter was fully defined over a 500Hz 
bandwidth, all signals were restricted in frequency to less than 100Hz, to ensure that 
effects were confined entirely within the lowest critical band of hearing.    Indeed, the 
ultimate signals analysed were restricted to significantly lower frequencies. 


The simulated signals were chosen to reproduce 3 conditions, namely the two separate 
gas-compressor signals corresponding to figure 4, and an impulsive signal representing 
the NASA wind-turbine signal of reference [5], for the velocity profile of wind-gradient ‘B’ 
of that report. 


The precise shape of the NASA spectrum is defined by the detailed assumptions 
relating to the change in lift-force as the blade passes through the wind gradient, so a 
simpler impulse was defined which possessed the same overall envelope as that shown 
in the report.    Additionally, taking account of G.P. van den Berg’s comments about the 
number of blade-rate harmonics likely to be present, the signal was severely low-pass 
filtered at 20Hz to restrict it only to the infrasonic components.   The objective was to 
establish representative effects associated with such a signal. 


Two different approaches were adopted for defining the actual amplitude of the test 
signals.    In the case of the gas-turbine signals, the amplitude in each case was set to 
correspond to the 1/3rd octave spectral levels shown in 4.    For the impulsive signal, the 
initial amplitude was defined to match the NASA envelope, but subsequently the gain 
was modified to establish a signal which, when passed through the simulated hearing-
threshold filter, resulted in a response at the same amplitude as a simple sinusoid at the 
threshold of hearing. 


Results of the Dynamic Simulation 
The results of the simulations will now be presented, as set out in the following figures.    
Figure 9 shows the time traces for the response to each of the two gas-turbine signals, 
corresponding to the blue and green curves previously shown in figure 4.  Each signal 
was low-pass filtered with an 8-pole Butterworth filter, the turnover frequency of which 
was progressively increased until the output level began to exceed the limits that would 
be associated with a simple sine-wave at the hearing threshold.    In figure 9, the rms 
level of such a sine-wave would be 1 unit, corresponding to 0dB, and the peak level 
would be +/- 1.4 units.  These latter limits are shown by the red, broken lines.   


It was found that in both cases, a turnover frequency of 35Hz yielded the required 
effect, indicating that the upper frequency of the lowest audible band is approximately 
35Hz.      
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               Figure 9 


In the next figure 10, the cumulative unfiltered HT-weighted spectra for the two gas-
turbine signals are shown.  It can be seen that the two curves have much in common, 
although the  blue curve runs approximately 5dB higher up to 25Hz, since the peak of 
its 1/3rd octave spectrum occurs at the lower frequency of 20Hz.    Over the frequency 
range 25-35Hz, however, the two curves interlace, and as also indicated by the time-
traces above, there seems to be little to choose between them.    Thus one would 
conclude that the sound signals for these two different installations should demonstrate 
very similar audibility at their respective observation distances. 


               Figure 10 
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The red threshold limits have been set to -5dB and -11dB to define the likely 75% 
audibility bandwidth.   The upper frequency was chosen slightly lower than 35Hz, 
because the 8-pole Butterworth filter depresses the response at 35Hz by -3dB.   The 
higher level intersections with the 0dB threshold occur at the frequencies of 40Hz and 
44Hz respectively, corresponding closely to the 1/3rd octave intersections with the 
hearing threshold shown in figure 4.    Following the arguments that have been set out, 
however, it is considered that the actual limits of low-frequency audibility lie between 
25Hz and 35Hz as shown, which is also indicated by the filtered time-response.    This 
is consistent with the fact that attenuating the resonant response of the gas turbine 
exhaust stacks, at 20Hz and 25Hz respectively, was considered in practice to have 
successfully alleviated the complaints. 


The following set of three figures now relate to the simulation of the extremely low 
frequency impulsive sound signals.   These were defined to correspond to a 
fundamental wind-turbine blade-passing rate of 1Hz, then low-pass filtered with an 8-
pole Butterworth filter at 20Hz, to restrict the overall spectra to the infrasonic regime.    
In contrast with the simulation of the gas turbines, where the signals possessed a 
predefined amplitude and the Butterworth low-pass frequency was adjusted to define 
audibility, in this second example, the low-pass filter frequency was fixed, and the 
amplitudes of the respective signals were adjusted to establish the resultant threshold. 


Four different signals were examined, corresponding to different levels of random noise 
mixed in with the periodic signals.    The spectrum of the Gaussian random noise was 
shaped to yield a similar overall envelope to that of the periodic components. 


The time traces for the response of the hearing simulation are shown in figure 11. 


                     Figure 11 
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The amplitude for the “clean” impulse was set to meet the upper limit of 1.4, and the 
subsequent traces with increasing levels of added noise were set to values judged to be 
similar to those obtained in the preceding gas-turbine example.  The progressively 
increasing colour density at the centre of the traces reflects the presence of increasing 
levels of random noise. 


The spectra for three of these signals, namely the three containing the added noise, are 
shown below, after each signal amplitude had been adjusted to yield time-traces at the 
hearing-threshold as set out above.  The spectra are analysed using a 0.1Hz 
bandwidth, to enable the individual impulsive harmonics to be identified.  These low-
frequency spectral levels are higher than would be expected from a modern wind-
turbine, since for purposes of calibration, the infrasonic level has been adjusted to 
correspond to the median threshold of hearing.    In practice, it is unlikely that wind-
turbine infrasound would be audible to someone whose hearing sensitivity coincided 
with this median threshold. 


                      Figure 12 


An important feature nevertheless becomes immediately apparent.    The median 
hearing threshold is shown as a solid red line, and the broken red line defines a level -
20dB lower than this threshold.   Yet the overall envelopes of the spectra lie below this 
lower line. 


It should be noted that the discrete frequency components corresponding to the 
impulsive harmonics would not be expected to change their amplitude according to the 
precise spectral resolution, since they represent pure tonal components.    The same 
amplitudes would be expected, regardless of the specific spectral analysis bandwidth, 
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providing that the individual tones remain separately resolved, so that multiple 
harmonics do not occur within the same analysis bandwidth. 


This result appears to be largely consistent with the original NASA audibility tests 
conducted on impulsive noise in 1982, when they showed that the envelope of the 
dominant harmonics could be as much as -20dB below the hearing threshold.   
Consequently, it is incorrect to conclude that simply because an array of harmonic 
components lies well below the threshold of hearing, the resultant sound will not be 
perceptible. 


The next figure shows the cumulative HT-weighted spectra for each of the four test 
signals.   Unlike the previously shown cumulative spectra which continued to increase in 
amplitude with frequency, these curves all flatten out above 20Hz, since the signals 
have been constructed and pre-filtered to exclude the components of sound above 
these frequencies. 


                        Figure 13 


It can be seen immediately that the clean impulse can become perceptible at a level 
11dB below the 0dB nominal median threshold, while the signal with +2dB added noise 
is perceptible at -8dB.   This comes very close to the original NASA assessment of an 
increased audibility of 7 to 10dB for phase-coherent noise. 


As the level of added noise is increased, it can be seen that the threshold level 
necessary for perception progressively rises, until it appears to converge around -5dB.    
This corresponds to the similar -5dB criterion identified in the case of the purely random 
gas-turbine noise. 







                                                                                        17 


 


Thus, taken overall, these simulations have indicated that for clean, impulsive noise, the 
threshold of perception can be -8dB to -11dB lower for purely impulsive signals, but as 
the signal becomes mixed with noise and progressively starts to assume a more 
random character, this threshold of perception rises to -5dB.   For the low frequency, but 
locally resonant random noise of the industrial gas turbines, the corresponding figure 
appears to be -5dB.   


Application of Results to a Specific Example of Wind Turbine Noise 
These results will now be applied to a specific example, namely the 1/3rd octave noise 
levels reported by G.P.Van den Berg [8].    The present author extracted the data from 
figure (1) of this paper, and used it to construct the following two figures.   An important 
qualification must first be made.    Van den Berg had stated in his text that the 
measurements were taken on the veranda or terrace of a house 750m (2500ft) from the 
nearest wind-turbine, but to compensate for enhanced sound reflection at the façade of 
the building, -3dB had been subtracted from the 3rd octave levels to establish the free-
field sound levels. 


In the present context, the objective is to determine the general audibility or perception 
of the wind-turbine low-frequency signals, so the appropriate sound level is the actual 
level observed at this location.   The author has therefore taken the liberty of reinstating 
a +3dB correction to the levels presented in [8].  


In figure 14, the HT-weighted cumulative spectrum has been constructed from the 3rd 
octave levels, with this +3dB correction applied.    The 0dB threshold is shown, together 
with a lowered threshold derived as follows:    


The threshold of hearing for 10% of young adults is on average -8dB lower than the 
conventional threshold of hearing.   Moreover, Van den Berg described the low-
frequency sound-levels as impulsive, so based on the preceding analysis, a further -6dB 
has been subtracted from the threshold, yielding a total -14dB.    (This value of -6dB 
was chosen as a conservative value, given the overall range of values that have been 
identified in the previous section.) 


Based on these assumptions, it can be seen that the band representing 75% of the 
lowest perceptible sound power lies over the frequency range 17Hz to 21Hz.   This 
includes the upper limits of the infrasound regime. 


(In an earlier presentation [10], this author had assumed a slightly lower threshold, but 
this was based on the stated NASA 7-10dB criterion, rather than the more detailed 
analysis set out here.) 
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                Figure 14 


A further result is shown in the next figure.   The threshold of hearing for all adults is 
frequently quoted as having a standard deviation about its median value of +/-6dB, so 
that two standard deviations is typically +/-12dB.    Approximately 2.5% of adults are 
expected to have a more sensitive hearing threshold of -12dB relative to the median 
value. 


Taking the simulated impulsive wind-turbine signals of the previous section, 12dB was 
subtracted to yield levels -12dB lower than the median perceptible levels.  The 
corresponding 1/3rd octave sound levels were then plotted for these reduced signals. 


                  . Figure 15 
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The results are compared directly with the Van den Berg 1/3rd octave levels.   It can be 
seen that the sound levels for the -12dB reduced amplitude impulsive noise with +2dB 
added random noise, together with impulsive noise with +7dB random noise, almost 
exactly straddle the Van den Berg data over much of the infrasonic frequency range 


This immediately leads to the conclusion that under the circumstances reported by Van 
den Berg, a small proportion of adults, namely 2.5%, may indeed have been able to 
perceive a broader bandwidth of infrasound level. 


Conclusions 


A rigorous method of defining the lower limits of audibility or perception, based on the 
cumulative integration of spectra of arbitrary bandwidth has been investigated.   It has 
been shown that for typical wind-turbine spectra, the upper frequency limit associated 
with this criterion corresponds closely to the intersection of 1/3rd octave levels with the 
conventional threshold of hearing.  This criterion is, however, based on comparison of 
the cumulative mean square energy level of the signal, and does not take account of the 
much greater peak levels that occur in actual wind-turbine sound fields.    Time-domain 
simulation of the low-frequency hearing response, using  signals believed typical of 
wind-turbines and industrial gas-turbines has shown that sound can be perceptible at 
significantly lower levels than those defined solely on the basis of mean square energy.  


The resultant enhanced sensitivity is related to the crest-factor of the signals.   The 
effects are consistent with audibility tests carried out and reported by NASA in 1982, 
and are also consistent with the author’s own experience obtained during the 1980’s 
relating to industrial gas turbine installations.  


Modern upwind-rotor configuration wind-turbines can indeed give rise to very low-
frequency impulsive sound-patterns.  This effect is believed to be due to wind-gradients 
and shadowing by obstructions, and was first identified and reported for upwind-rotor 
turbines by NASA in 1989. 


Based on these results, it is considered that a clean impulsive low-frequency signal can 
be audible at levels 8-11dB below the threshold defined according to mean square 
energy.  As in-band broadband noise is increasingly mixed with this clean spectrum, this 
margin progressively reduces to a value approximately 5dB below the conventional 
threshold.  This latter figure appears to be the appropriate allowance for the enhanced 
audibility of random, low-frequency spectra corresponding to the industrial gas-turbine 
installations previously investigated by this author. 


A consequence of these results is that low-frequency and infrasonic noise due to wind-
turbines may be audible at significantly lower sound levels than has hitherto been 
acknowledged. 
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ABSTRACT 
 
The paper shows the results of acoustic tests of a wind turbine vertical axis made 
under "In-situ". The test object is a turbine with the power of 400 W and the trade 
name SG-03 mounted roofing building for livestock farming area. The study 
consisted of measuring the noise spectrum of sound ranging from 1 Hz - 20 kHz for 
typical conditions of turbine operation, background noise and signal frequency 
analysis of sound levels by determining the corrected frequency characteristics of A, 
C, G. The methodology of research based on the guidelines of ISO 61400-11 and 
general test methods of acoustic point sources. 


INTRODUCTION 
The objective was to noise tests to determine basic parameters of the acoustic wind 
turbine with vertical axis (VAWT) mounted in the urban area with the power of 400W. 
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Figure 1. General view of the test turbine SG-03 
 
The object of research was the Savonius-type turbine under the trade name SG-03, 
and the elements composing the structure are sheets made of plastic with 
dimensions of 1.5 meters in height and 0.9 meter in diameter, the shaft has been 
placed in tapered roller bearings in the upper and bottom of the cage support 
structure made of square section steel profile 60 x 60 x 3, the flexible coupling 
connecting the shaft with a slow rotating generator is latched rigidly to the structure 
of a windmill.To maintain sufficient stability to the roof of a turbine mounted livestock 
building it into a specially designed wooden base, which meant that the total height of 
the windmill was 2.7 meters above the surface of the roof. 
 


LOCATION OF MEASUREMENT POINTS 
 Acoustic tests relied on the analysis of linear sound spectrum in the range 
from 1 Hz - 20 kHz for the two locations of the measuring microphone, ie, 
perpendicular and parallel to the current direction of wind blowing. Such locations 
were selected based on previous studies of similar objects [Szulczyk2009], where it 
was shown that the proper identification of the acoustic properties of turbines VAWT 
two sites are enough data points. This is due to the nature of the sound source which 
is characterized by directionality in relation to wind direction. Microphone location 
perpendicular to the direction of the wind allows more precise analysis of acoustic 
properties of the turbine as opposed to a location parallel to the direction of the wind, 
where in certain ranges of wind velocity microphone is located in the shadow of a 
windy and acoustic shadow. 
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Figure 2 Location of the microphone for measuring point: plate and tripod. 
 
Distance measurement points was determined on the basis of the PN-EN 61400-
11:2004 + A1 from July 2006, it is just the formula R0 to be fixed first: 


 
where: 
H-height of the tower, D-diameter rotor 


(1) 


Acoustic analysis was performed for the location of the turbine disc reflecting the 
microphone in accordance with ISO 61400-11:2004 + A1 from July 2006 and 
measured on a tripod in the middle of wings of a windmill. 


  
Figure 3. View the location of the measuring microphone: plate and the stand. 
 


METHODS 
 Acoustic tests consisted of setting the sound level in the frequency range set 
from 1 Hz to 20 kHz without the use of the frequency. The duration of each sample 
measurement was 1 min, and the same measurement for a given average wind 
speed was repeated 5 - fold. Measurement of background noise followed after 
stopping the turbines for the same location of the measuring point. Levels for 
individual components of the spectrum amplitude - frequency determined by 
subtracting the log-acoustic signal of the turbine and the acoustic signal background 
noise. If the sound level of the test turbine operation was lower than the acoustic 
background noise subtraction, there were no levels of sound and accepted in the 
acoustic signal of the turbine. Tests were performed using a digital audio analyzer 
SVAN 912 AE, who before taking measurements and after been calibrated to the 
sound level 94 dB for 1000 Hz. The conditions were recorded weather station digital 
weather Ventage Pro 2, which was placed on a tripod with a height of 4 meters. 


TEST RESULTS 
 Below is a sample of working spectral images of a wind turbine vertical axis of 
rotation of the SG-03, with the power of 400 watts for a wind speed of 6 m / s. 







 Acoustic analysis of a VAWT in the urban area. Page 4 of 6 
 
 


Spectrum amplitude - frequency sound levels present in succession for the correction 
of frequency A, C and G, which was shown in each case together with the line level 
obtained during the tests. Results presented below were recorded on a tripod at the 
measuring point P1. 
 


 
 


 
 


 
Figure 4. Sound spectrum for the measurement point P1 
 
 
 The graphs showing summary statement of equivalent sound levels for 
different wind speeds. The results show the noise for the tests carried out on a tripod 
and plate measuring system. 
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SUMMARY 
 The paper shows the results of acoustic conditions, "In-situ wind turbine with 
vertical axis of rotation. Were compared with measured sound levels on a tripod and 
plate measuring system. Test results are presented in the form of acoustic spectra 
for the sample at 6 m / s and the measuring point P1. Analyzing the results of 
research can be noted that sound levels obtained from tests carried out on a tripod 
and on the disc do not differ significantly from each other, especially for P1 and at 
speeds exceeding 5 m / s. Small size wind turbine meant that the distance from the 
source of the measuring point was low, which further resulted in no decrease in 
sound level of a wind turbine for higher wind speed as it goes for the classic, large-
scale wind turbines. The analysis also shows that sound levels corrected frequency 
response characteristics of C and G have similar values, and criteria for assessing 
levels are significantly different from each other. May offer a new parameterization of 
the impact of wind turbines with a vertical axis in urban areas. Further lines of 
research should be aimed at verifying the sound levels obtained on a tripod and 
record the measurement for higher wind speeds and for the subsequent wind 
turbines vertical axis. 
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Abstract 
The process of assessing noise from wind farms is being refined as more wind farm 
developments are installed in Australia. This paper addresses the current 
requirements and practical issues relating to acoustic monitoring, modelling, 
validation and compliance for wind farm developments. Relevant aspects of the new 
Australian Standard, draft National Wind Farm Development Guidelines and the 
revised SA EPA Wind Farm Noise Guidelines are discussed. 
Measurement data requirements and statistically relevant datasets are discussed for 
background characterisation at the planning stage and for post-installation 
compliance assessment. Of particular importance is the robustness of the noise-wind 
regression analysis to determine noise criteria or check compliance. Noise 
propagation algorithms are evaluated in the context of their use and application to 
different sites, and the consideration of worst case propagation scenarios over 
various distances. The resultant model limitations and accuracy are compared based 
on validation after turbine installation at a number of wind farm sites.  
The practical application of assessment requirements and the range of technical and 
logistical issues and their implications for wind farm developments are investigated. 
This includes the consideration and evaluation of the likelihood of special audible 
characteristics (such as tonality and amplitude modulation) and the effect of 
variations in terrain and atmospheric conditions (such as site stability and wind shear 
effects). In the vital area of public perception and responses or complaints, feedback 
is provided on the appropriate level of communication, education and expectations 
for the relevant local community. Examples of recent validation and compliance 
outcomes, and lessons learned through experience, for a range of recent wind farm 
installations throughout Australia are presented. 


Introduction  
Wind turbines and wind farms have unique noise generating characteristics. Unlike 
typical industrial noise sources, the sound power level of wind turbines varies with 
wind speed. The main noise source associated with a wind turbine is aerodynamic 
noise from the blades centred on the hub, which is located at a significant height 
above the local ground level (up to 100m AGL).  



mailto:petert@vipac.com.au�

mailto:andrewl@vipac.com.au�





 Prediction, Validation, Assessment & Compliance of Wind Farm Noise in Australia Page 2 of 19 


The environments surrounding wind farm sites are usually rural and often have low 
background noise; however, background noise increases with wind speed (due to 
wind induced noise from foliage etc) and provides a masking effect. 
To predict and assess noise generated by wind farms therefore warrants special 
requirements for acoustic measurement, analysis, modelling, reporting and 
assessment. In Australia, there is a recently released Australian Standard (AS 4959-
2010) and South Australia has published wind farm noise guidelines (SA EPA, 2009). 
This paper presents a mixture of experience related advice, standard and guideline 
requirements and practical application for new wind farm developments in Australia.  


Measurement of Background Noise 
The existing noise environment at potential receiver locations (in the vicinity of a 
proposed wind farm site) must be adequately determined for a representative range 
of conditions. This requires obtaining sufficient background noise measurements 
correlated with wind speed at the wind farm site. 
Site Selection 
Any residential premises within at least 3km of the nearest turbine of the proposed 
wind farm array need to be identified. Private landowners who enter into agreements 
with the wind farm developer to place wind turbines on their properties (ie. 
“windfarmers”) are classified as non-relevant receivers. Other premises (where 
someone resides or where a dwelling has development approval) that are not 
associated with the wind farm are classified as relevant receivers (RRs). 
Background noise measurements should be undertaken at a sufficiently 
representative sample of the RRs. This sample should include the nearest RRs to 
the wind farm site and where the predicted noise from the wind farm is likely to 
exceed the base noise criterion for wind speeds of 10ms-1 or less. In a group of RRs, 
it may be sufficient to measure at one RR within the group that is representative of 
the worst case (highest potential noise exposure). The choice of measurement 
locations will require discussion and agreement with the wind farm developer and the 
regulatory authorities. 
Particular attention should be made in regard to sheltered receivers (eg. that may be 
shielded from prevailing winds by terrain) where the wind-induced background noise 
may be low when wind speeds (and turbine operation) are high at the wind farm site. 
Relevant receivers where measurements are not taken need to be characterised for 
their likely type of background environment and linked with a measured RR. 
Site Access 
Wind farm sites in Australia are typically situated in remote areas away from major 
centres, near coastal or hilly terrain. The travel time from the nearest city can be 
substantial and can involve driving on minor/unsealed rural roads.  
It is important to obtain clear instructions on directions to the various relevant 
receiver locations. As the RR sites are often on rural properties, access and 
permission requirements need to be determined with the developer/landowner. 
Before setting up the measurement equipment at RR sites, sufficient notice needs to 
be given to landowners on when, where and for how long the measurement 
equipment will be set up. Extra care needs to be taken when setting up as returning 
again to the remote site will be a time consuming exercise. 
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Background Noise Data 
Sound levels meters (SLMs) or statistical noise loggers of at least Type 2 certification 
(in accordance with IEC 61672) are required for background noise measurements 
(AS 4959-2010; SA EPA Guidelines, 2009).  
There may be a requirement in the near future to use only Type 1 SLMs. In addition 
to the measurement accuracy, it is important to have low noise floor equipment (< 
20dBA) for measuring low background levels at “quiet” rural sites. LA90 levels in 10-
minute intervals need to be measured at a height of 1.2 to 1.5m above the local 
ground level. 
All equipment must be within calibration (with a current certificate) and the calibration 
should be checked (eg. with a piston-phone calibrator) before and after the 
measurements and noted. 
Windshields must be used in accordance with manufacturer’s instructions to reduce 
the influence of wind-induced noise on the microphone. Special windshields may be 
needed if wind speeds are likely to exceed 5ms-1 at the receiver location. From 
experience, this is not a common occurrence and measurements of wind speed at 
receiver sites can be used to discard measured data for when wind speed exceeds 
5ms-1, or is determined to be at such a level, based on manufacturer’s test data, to 
have influenced results. 
Measurement equipment needs to be autonomous and have sufficient battery life to 
last over a minimum of 3 weeks. It is recommended that solar panel or other power 
backup is used and that the equipment is checked to have sufficient on-board 
memory for the amount of data to be collected. The on-board clocks on different 
monitoring equipment need to be on the correct local time and synchronised with 
each other. Additionally, the time stamp reference period needs to be noted, and 
adjusted to be consistent (i.e. some equipment timestamps data at the end of the 
period, whereas others at the start).  
Equipment security needs to be considered such that equipment can not be 
tampered with or stolen.  Bird spikes should also be affixed to microphone poles. 
There should not be any appendages or tape affixed to the equipment which could 
flap in the wind and cause extraneous noise generation that could affect the LA90. 
The noise logging equipment must be placed greater than 5m from the nearest 
reflecting surface/facade and within 20m of the main residence in the direction 
towards the wind farm. The equipment should not be placed close to overly noisy 
trees/shrubs, pumps, air conditioners or other extraneous noise sources and should 
be representative of the general environment in the vicinity of the residence. If a wind 
measuring anemometer is used it should not be placed close to the noise logging 
equipment such as to influence noise measurements. 
It is important to take photographs of the equipment setup with the residence in the 
field of view and also in the direction of the wind farm site. Residents should note the 
times of any unusual or extended noise sources (eg. farm machinery near loggers) 
that occur during the monitoring period. 
It is recommended that localised wind (near ground level) and rain data is collected 
at a subset of the relevant receiver locations. Bureau of Meteorology (BOM) data 
may also be used (particularly for rain data) if a BOM station is close enough to the 
site and representative of site conditions. 
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Variations in the terrain/topography and prevailing wind directions in the vicinity of a 
wind farm site may cause significant variations in wind and rain levels for different 
sites. In addition, seasonal variations (eg. atmospheric stability) or unusual prevailing 
wind variations may cause measurements to be sensitive to the time of year. 
Wind Speed Data 
Wind data needs to be measured at the wind farm site during the background noise 
monitoring period. Wind speed and direction is measured in 10-minute intervals at 
hub height (HH). Note that previous standards stipulate a reference height of 10m 
above ground level (AGL), however recent changes to guidelines and standards 
have moved away from this reference. This however does not match the current 
international measurement standard (IEC 61400-11 v2.1, 2006) requirement to 
measure the sound power level of wind turbines at 10m above ground level (AGL).  
Recent research (van den Bergh, 2003; Fowler, 2005) does suggest that some sites 
may show variations in the vertical wind profile or shear between day and night (eg. 
due to greater atmospheric stability at night compared to day). In addition, the site 
wind profile (and terrain roughness) may be different to that at the initial turbine 
sound power measurement site. This may cause errors in the assumed turbine 
sound power level versus wind speed for different conditions at the site. Therefore 
the use of standardised 80m HH wind speed is warranted, and scaling using the IEC 
61400-11 procedure gives more accurate results.   
It is therefore important to define the inherent wind profile at the proposed wind farm 
site and use this to adjust the sound power level versus wind speed of the proposed 
turbines.  In addition, it may necessitate separating the day and night data collected 
during the background noise monitoring period (Fowler, 2005). Stable conditions at 
night could cause lower background noise at the receiver for a particular wind speed 
at hub height. 
In the absence of hard data regarding the influence of this effect in Australian 
conditions, measurement of wind speed at heights approaching hub height in 
conjunction with the “normal” 10m AGL measurements may provide the necessary 
site specific data on wind shear to enable informed decisions with regard to its 
influence, and any need to account for it. 
Data Collection 
The background noise data (LA90) and wind farm site wind data need to be collected 
simultaneously and the 10-minute measurement intervals need to be synchronised. It 
is important to ensure which time interval relates to the record time stamp in the 
noise and wind data (which can vary). 
A minimum of 2000 valid noise/wind data pairs need to be collected during the 
monitoring period to ensure a sufficiently representative dataset, in accordance with 
current practice driven by overseas and local experiences. The data must sufficiently 
cover or represent the wind speed range at the site and cover all wind directions as 
far as practicable.  
Time intervals for which the wind speed exceeds 5ms-1 at the receiver microphone 
need to be excluded from the data-set. Data also needs to be removed for time 
intervals that are rain affected (eg. heavy rain/storms or intervals with >2mm rain). 
Care should also be taken for sites adjacent local creeks and waterways following 
periods of heavy rains. 
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To account for excluded/invalid data (and to ensure sufficient data in the applicable 
wind speed range), a period of 3 weeks should be allowed for the collection of data 
for planning purposes.  If possible, a check of recorded data during the monitoring 
period can help to determine the total period required to ensure sufficient points are 
collected over the full wind speed range (after removal of invalid data). 


Criteria Determination 
Assessment Standard 
An acceptable level of noise from wind farms is usually based on background noise 
levels. In Australia, there is a new Australian Standard (AS 4959-2010) and the 
South Australian Environment Protection Authority (EPA) has published wind farm 
noise guidelines (SA EPA, 2009).  
The AS establishes a guide to the methodology to be used when undertaking wind 
farm noise measurements, predictions and assessments. The SA EPA guidelines 
specify the noise criteria to be used for compliance in addition to specific 
methodology requirements, which align well with AS 4959-2010.  
Other applicable standards include the New Zealand Standard  (NZS 6808, 2010), 
which also provides criteria. Assessment guides are also given in reports or 
guidelines by ETSU (UK), the Australian Wind Energy Association (AUSWEA) and 
the New Zealand Wind Energy Association (NZWEA). In addition, a new draft set of 
national wind farm development guidelines have been developed by the EPHC, the 
Environment Protection and Heritage Council (Draft NWFDG, 2010). These draft 
guidelines build upon AS 4959-2010 but appear to provide an unbalanced focus on 
special audible characteristics from wind farms, which are uncommon in practice.  
The SA EPA Guidelines have been widely adopted throughout Australia by 
regulatory authorities, although some local councils or shires (eg. in Victoria) use 
different approaches provided by the NZS. Care should be taken when determining 
the appropriate standard applied by the authority due to differences across states. 
From the SA EPA guidelines, the wind-speed dependent criterion is the maximum of 
the base criterion of 35dBA or background plus 5dB for each integer wind speed in 
the turbine operating range (between cut-in and rated power). The criteria assume 
the normal operational noise from a wind farm with the exception of unusual tonality 
effects. A criterion of 40dBA can be applied to other locality zones such as intensive 
primary production areas. These criteria align with most wind farm criteria in Europe. 
These criteria are not applicable to non-relevant receivers, and other approaches 
developed in conjunction with these landowners, such as sleep disturbance criterion 
(WHO, 1999) of 45dBA (external LAeq, 8 hr), can be used. 
Different states within Australia assess allowable WTG noise to different standards. 
Some use NZS 6808-2010, while others use the SA EPA noise guidelines (some use 
the original 2003 version and some the 2009 version). Also, some planning and 
development approval boards have additional requirements to the standards.  
For example, some councils do not require planning approval if a land owner is to 
build a new premises at any location on their land. This in turn means that when 
planning the wind farm, and more specifically the noise impact, the noise levels are 
to meet the required limits at the boundary of the property, and not at the specific 
residential premises. As in the future the land owner may decide to build another 
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residence closer to the wind farm, and therefore experience higher noise levels from 
the wind farm than previously predicted.  
Data 
The final data-set to be used for analysis (and criteria determination) must have all 
invalid data excluded. This includes removal of wind affected data (where wind 
speed exceeds 5ms-1 at the receiver microphone) and rain affected data (eg. heavy 
rain/storms or intervals with > 2mm rain).  
A total of 2000 valid noise/wind data pairs need to be correlated and plotted on a 
graph.  As a check, the plotted points must look realistic, ie. generally increase with 
increasing wind speed at all points, but expect a variation in noise levels for any 
given wind speed. 
If there are known variations in the vertical wind profile at the site (or if it is suspected 
that background levels are dependent on time of day) it may be necessary to 
separately plot the day and night data. It may also be necessary to separately plot 
data for some wind directions if significant seasonal variations are known to occur (or 
if it is suspected that background levels are strongly dependent on wind direction). 
Calculation of Regression Curve 
A best-fit regression analysis needs to be applied to the valid data-set collected for 
each relevant receiver. A regression curve, defined by a second or third order 
polynomial, usually provides the best correlation coefficient. If the correlation 
coefficients are low, other lines of best fit should be tried. 
The data-set used for regression curve fitting should include only wind speed data (at 
the wind farm site) inside the normal turbine operating range (from cut-in wind speed, 
usually around 3 to 4ms-1, and up to rated power wind speed, usually around 12 to 
14ms-1, at hub height). Data at the extreme ends of the wind speed range can 
influence the slope of the regression curve. 
The fitted regression curve (overlaid on the plotted data points), the polynomial 
equation describing the curve and the correlation coefficient must be displayed on 
the final graph. 
The wind-speed dependent criteria are determined by adding 5dB to the regression 
curve and then taking the maximum of this or the fixed 35dBA base criterion. An 
example of the resultant curves is shown in Figure 1.  
Criteria then need to be applied to the other relevant receivers (where noise 
measurements were not taken), based on the characterisation of their likely type of 
background environment, by linking with a measured receiver. 
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Figure 1. Wind-Noise Data with Regression/Criteria Curves. 
 
Site Wind Shear Issues  
IEC 61400-11 stipulates a measurement method of the sound power level of a WTG 
at a wind speed measured at hub height (usually derived from generated electrical 
power output), and then adjusted to 10m AGL using a wind speed reference height 
scaling process using an equation which is a function of the roughness length (site 
specific), rotor centre height, and the anemometer height. Therefore this 10m AGL 
sound power data is used assuming that the site wind speed profile behaves in the 
manner assumed in the scaling equation. We note however that this assumed wind 
speed profile may not accurately fit the site conditions where the measurement was 
taken, and also where turbines are to be installed for a planned project.  
Previous Australian noise guidelines and standards have outlined that the 
background noise determination is performed using wind speed data from a 10m 
AGL anemometer. From this background noise data, criteria for each site are set. A 
noise model is then built to determine the noise levels at each site, and is designed 
to meet the determined criteria.  
The sound power levels used in the noise model are based on hub height wind 
speed data, scaled to 10m AGL, however the noise criteria the wind farm is designed 
to meet is based on a measured 10m AGL wind speed. Therefore if the wind speed 
profile at the wind farm site does not match the assumed profile in IEC 61400-11, 
then the sound power used in the design modelling process will be erroneous.  
For example, for a wind farm in Australia we have extrapolated measured 10m AGL 
wind speed data up to hub height using equation 7 given in IEC 61400-11 (with a 
roughness length of 0.01m). We then compared this predicted hub height data 
(defined as HH*) to measured wind speeds at a hub height anemometer at the same 
time.  
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We found that in some cases, both the predicted hub height wind speed from the 
10m wind speed agreed with each other. However in other cases the derived hub 
height wind speed was between 4m/s under, and up to 10m/s over the actual hub 
height wind speed. We found that on average, the derived hub height wind speed 
was approximately 2m/s above the actual measured speed.  


 
Figure 2. Wind Speed Scaling Differences 
 
As can been seen in Figure 2, there are times when the measured HH data agrees 
with the data scaled from 10m to HH (seen at the beginning of the graph), however 
there are also times when these two wind speeds do not agree by a significant 
amount (middle of graph).  
Therefore this shows that the noise model (which uses sound power data, based on 
hub height wind speeds, scaled down to 10m AGL using an assumed universal 
shear) is incongruent with the criteria it is assessed/designed to (which is based on 
10m AGL wind speed measurements).  
The implications of this are (for this specific case): 
If we were to perform the background noise assessment using hub height wind 
speeds scaled down to 10m AGL (using IEC 61400-11 Eq. 7), and compare this with 
an assessment using the measured 10m AGL wind speeds, the resultant background 
noise regression would take on a different shape, as shown in Figure 3.  
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Figure 3: Comparison Between Regression Results With Measured and Scaled Data 
 
Therefore, compliance criteria are set via the 10m AGL measured graph (shown in 
red), which the wind farm is designed to, however the actual sound power output at 
each of these individual wind speeds created by the wind farm will follow the scaled 
data (shown in blue). In this instance, it can be seen that the assumed wind shear 
(as calculated in IEC 61400-11) does not match the actual wind shear on site and 
therefore the predicted noise result is matched with the incorrect background noise 
level at that same wind speed (as it is set via different datums). The net result (in this 
instance) is that the wind farm will be designed to meet a stricter standard, and 
possibly suffer layout changes as the actual background noise at a certain wind 
speed is actually higher than determined in the initial background noise monitoring 
(when determined using 10m AGL measured data).  
To avoid this, it is recommended that the background noise determination uses the 
same wind speed datum as the sound power level calculations (i.e. hub height), and 
if required to scale down to 10m AGL wind speed, both use the same method. It is in 
this way that the site specific factors which determine wind shear are in effect 
cancelled out, and therefore gives a much more accurate picture of each site.  
This change has started to be implemented in the latest standards and guidelines, 
where background noise data is to be matched with hub height wind speeds, 
however the sound power data from WTG manufacturers are still being performed to 
the IEC 61400-11 standard, and therefore giving derived 10m AGL referenced sound 
power data. When scaling these 10m AGL referenced wind speed sound power 
levels back towards hub height, the adjusted wind speeds are then non-integer.  
Regulatory agencies in Australia (EPA, planning departments) however are rigid in 
their use of hub-height data, and therefore this inconsistency or lag between 
international standards and Australian standards/guidelines is proving difficult to 
efficiently progress with wind farm noise assessments.  
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Modelling and Predictions 
Data Requirements 
Data required to undertake noise modelling include the wind turbine locations 
(including local ground height data) and the residence locations out to at least 1.5km 
distance (including local ground height data). A consistent coordinate system should 
be utilised (eg. UTM WGS84). Ground topography data across the region (out to 
receiver locations) is required to reasonable accuracy (at least 5m height interval 
contours). 
Wind turbine acoustic performance data should be determined in accordance with 
the international measurement standard (IEC 61400-11, 2006).  Data should be 
provided as a sound power level for each wind speed (at a height of 10m AGL) 
between cut-in and rated power. The sound power frequency spectrum should be 
provided in third octave bands to assess tonality; however, ideally narrow band data 
should be used to properly assess tonality.  
The source height in the model should be set at the hub height above the local 
ground level for each turbine. It may be necessary to use the inherent wind profile 
(and terrain roughness) at the proposed wind farm site to adjust the wind speed 
dependency of the sound power level of the turbines.   
Physical parameters such as air absorption and ground hardness need to be 
determined for the considered site. Assumptions need to be considered, such as 
whether barrier effects due to topography and structures are included and whether 
wind propagation effects are included; if not, then safety margins need to be added 
to account for these. 
Prediction Software 
A number of proprietary software packages are available for modelling the prediction 
of noise including SoundPLAN, ENM, CadnaA, Nord2000 and many others. 
Packages such as WindPRO and WiTuProp have been developed for specific 
application to wind turbine noise prediction. 
The SoundPLAN and ENM packages provide a choice of theoretical algorithms to 
use for calculating the propagation of noise over distance.  
The application of modelling software to specific situations needs to be carefully 
considered and, where possible, based on validations with actual measurement data 
to provide confidence and minimise associated inaccuracies. 
Propagation Algorithm 
The algorithm for calculating the propagation of noise over distance needs to be 
optimised for the situation considered. Calculation algorithms can be theoretical 
(based on physical theory), numerical, empirical or heuristic and they vary in their 
assumptions and applicability to certain situations. Some algorithms may have 
limitations if they are simplistic and do not incorporate the effects due to some 
processes or assume incorrect fixed values for some physical parameters. 
Applicable algorithms include International Standard ISO9613-2, British Standard 
BS5228, CONCAWE, Harmonoise, GPM (General Prediction Method, Nordic), 
Nord2000 (Delta, Denmark), WiTuProp (Delta, Denmark) amongst others. There are 
a number of differences between the algorithms. ISO9613-2 and GPM are relatively 
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simplistic methods whereas CONCAWE, Nord2000 and WiTuProp contain more 
complex methods.  
Assumptions relating to processes and parameters (eg. ground effect/hardness, air 
absorption, screening/shielding effect) vary. CONCAWE is essentially the only 
algorithm that incorporates meteorological effects, including the wind propagation 
effect. The air absorption parameter is usually given by the ISO9613-2 formulation. 
The ground hardness (or absorption) parameter needs to be reasonable for the 
typical terrain (eg. partially soft) at the wind farm and receiver sites. 
A comparison of models has been performed by others (Tickell, Ellis & Bastasch  
2004; Berndt 2004). There can be significant differences in the prediction results over 
distance for different model algorithms. For example, the CONCAWE model tends to 
overpredict noise levels relative to WiTuProp. Quoted accuracies of models are 
typically in the range ±2dB to ±5dB. 
A preliminary comparison of measured wind farm noise levels with predicted levels 
has now been performed at a number of installed wind farms throughout Australia. 
The results show that the CONCAWE model may overpredict by about 1 to 3dB 
relative to measured wind farm levels at 8ms-1. The CONCAWE model has been 
shown to overpredict relative to the other models; by about 1dB relative to Nord2000, 
by about 4dB relative to GPM and by up to 6dB relative to ISO9613 (Marchuk 2006).  
After validation for a range of situations, we have found the best correlation with 
measured wind farm noise levels to be the CONCAWE algorithm with a ground 
attenuation factor of 0.5 to 0.7 (slightly soft ground, as in reality) or the ISO9613-2 
method with a conservative ground factor of 0 (hard ground). This closely aligns with 
the findings presented in previous studies (e.g. Kaliski & Duncan 2008).  


 
Figure 4. Predicted Noise Contour Plot. 
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Prediction Results 
Using the chosen model, single point calculations with all turbines operating (at 
maximum power rating for each wind speed) should be performed for each receiver 
(relevant and non-relevant). The model should be run for neutral (no wind) and wind 
propagation scenarios. The wind propagation effect should be calculated for the 
operating range of wind speeds for the worst case wind direction for each receiver.  
Noise contour plots should be produced (with reasonable grid resolution) showing 
the likely spread of noise over the whole area up to at least 1.5km from the wind farm 
(for neutral and worst case wind scenarios). However, noise contour plots should 
only be used for presentation purposes to show the general propagation of noise 
from the wind farm site (see Figure 4). 
Prediction results for each receiver should be tabulated, for neutral and worst case 
wind scenarios, for each integer wind speed between cut-in and rated. If necessary, 
data could be tabulated for a range of wind directions. Tables should display the 
applicable criterion level adjacent to the predicted levels (and where any 
exceedances occur). 
Predicted noise levels should be rounded up or down to the nearest integer or, at 
best, to the nearest 0.5dB increment (modelling inaccuracies do not warrant any 
more accurate presentation of predicted levels). A list of the most dominant turbines 
(ranked in order of contribution to overall noise level) could be provided for critical 
receivers (which exceed, or are close to exceeding, the criterion level). 


Audible Characteristics and Assessment 
Adjustments are required for tonality or other potential audible characteristics if they 
exist. The turbine manufacturer’s report for sound power level must state whether 
any tones were measured or audible, using both a subjective and an objective 
method (IEC 61400-11, 2006). IEC 61400-11 outlines a procedure to objectively 
determine the severity of tones experienced in the near field of a wind turbine 
generator, however the transfer function between near field tonality levels and far 
field tonality levels is not properly recognised in Australia. A common acceptable 
level at a residential receiver is to have a tonality audibility ∆La,k of less than 0dB to 
be considered not audible, and has been accepted by the SA EPA as reasonable. 
Other standards (ETSU-R-97) have a sliding scale for penalties to apply to the noise 
levels if ∆La,k ≥2dB in the WTG sound power measurements.  
Features or characteristics in the noise from noise sources, such as special audible 
characteristics, can cause annoyance to people.  Potential types of special audible 
characteristics (SACs) include low frequency noise (LFN), infrasound, modulation, 
impulsiveness and tonality. From all of the available literature and studies from 
around the world, SACs from WTGs or wind farms are an uncommon and unlikely 
occurrence, and there are limited confirmed reports in the literature (ETSU/DTI 1996, 
Leventhall 2003/2006, Bellhouse 2004, BWEA 2005, Styles et al 2005, Pederson & 
Waye 2005, HayesMckenzie/DTI 2006, Moorhouse et al 2007, Sonus 2010, Draft 
NWFDG 2010). In addition, there have not been significant SAC incidents recorded 
to date with measured acoustic data at a receiver location in Australia. 
Modern upwind turbines do not typically exhibit noise characteristics such as 
impulsiveness, modulation or low frequency components. Infrasound was a feature 
of some older downwind turbines; any low frequency noise from turbines has been 
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found to be measurable but well under (by 20 to 30 dB) perception thresholds 
(Leventhall 2003/2006, Bellhouse 2004, BWEA 2005, Howe 2006, Sonus 2010).  
In the close vicinity of a turbine there is a slight swish-like modulation resulting from 
the rotor blade passing through the air and past the support tower in addition to a 
slight hum emanating from the turbine generator. These typically minor effects 
diminish rapidly over distance and, for an array of turbines, are usually randomly 
mixed to form low-level background white noise.  
However, under some rare conditions such as extreme wind profile effect and the 
phasing of numerous turbines, cyclic variations could cause audible modulations that 
could be clearly discernible above the background for some distance. 
The most likely SAC and potential source of annoyance may be from amplitude 
modulation (AM) - this is the modulation or cyclic variation (over blade pass cycles of 
once per second or so) in the amplitude or level of the broadband aerodynamic noise 
(200 to 1000 Hz) from the turbine blades (most likely trailing edge turbulence/vortice 
shedding).  Note though that this should not be classified as low frequency noise or 
infrasound or impulsiveness (sharp peaks or impulses < 100 millisec duration). AM is 
a naturally occurring part of turbine noise (usually at low levels, ie. swish) but can be 
increased at times to cause "thumping" involving 5+dB variation every second or so 
but occurs very rarely (Leventhall 2003/2006, Bellhouse 2004, BWEA 2005, 
Pederson & Waye 2005, Hayes McKenzie 2006, Moorhouse et al 2007, Oerlemans 
& Schepers 2009). Note that to our knowledge there has not been any recorded 
incident of AM to date with actual measured data at a receiver location near a wind 
farm in Australia; however, there have been some unverified anecdotal accounts. 
Importantly, AM may not be well defined and is a complex issue. It appears from the 
literature that it could be influenced by: 1) wind shear (esp. across turbine blades), 2) 
inflow turbulence (onto turbine blades), 3) atmospheric stability, 4) local topography, 
5) series of in-phase turbines. This means that it is not necessarily a turbine type 
issue but is likely to be site specific (and could be more pronounced at a distant 
receiver than close to the turbines), but it is very difficult to capture given it is so rare 
and requires the simultaneous alignment of a range of specific conditions/effects. 
Note that if there is an occurrence then resonances in dwellings (with certain room 
dimensions) could amplify the effect inside. 
The impact of any other wind farms in the vicinity needs to be taken into account 
(and likely combined noise levels should be presented) and existing or future stages 
of the wind farm in question also need to be addressed. 
The predicted noise levels (with any safety margins applied to provide conservatism) 
need to be assessed against the criteria at each applicable wind speed (between cut-
in and rated power speeds).  
For relevant receivers, exceedances of the wind farm criteria at any wind speed need 
to be highlighted. It is recommended that non-relevant receivers are assessed 
relative to sleep disturbance criteria (eg. WHO, 1999). There may be special council 
or EPA requirements for additional criteria to be met. 
If criteria are not met (or are close to being exceeded), then the most dominant 
turbines (ranked in order of contribution to overall noise level) should be determined 
for the critical receivers. The noise model should be rerun with turbines taken out or 
operation modified until the criteria are met at all relevant receivers. 
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The assessment should state whether turbine operational changes will need to be 
applied for compliance eg. for the major contributing turbines, use of lower power 
rating (de-rating) or noise minimisation mode or wind sector management (turn off at 
certain wind speeds and directions). 
The likely noise impact of the electrical substation needs to be assessed against the 
applicable industrial noise regulations (eg. SA EPA, 2007). The noise impact due to 
the construction of the wind farm needs to be addressed, with attention paid to the 
likely period of time that certain equipment will be used and assessed relative to the 
applicable EPA guidelines. 


Reporting 
The assessment report should include the time history plots of noise and wind over 
the whole monitoring period.  Any locally obtained (at receiver) wind and rain data 
needs to be summarised, with the number/extent of affected intervals. 
For each relevant receiver, the fitted regression curve (overlaid on the plotted data 
points), the polynomial equation describing the curve and the correlation coefficient 
must be displayed on graphs, along with a line showing the resultant criterion level. 
Separate plots of the day and night data and wind direction data may need to be 
provided if applicable. 
The report should include a discussion of the noise model accuracies, assumptions 
and likely conservatism. The report should contain the results described in the 
Prediction Results section above. The predicted impacts due to construction noise 
and electrical substation noise need to be included as well as the wind farm 
operation noise. Any other existing noise producing activities in the area need to be 
described and taken into account. 
Regulatory authorities will generally want to sight any agreements between the 
developer and each windfarmer (landowner with turbines on their property). The 
agreements need to include the expected noise impact relative to accepted criteria 
such as sleep disturbance (WHO, 1999) and whether the impact is likely to cause 
significant interference or health effects. 
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Figure 5. Day- and Night-Time Separated Data Plots. 


 
Operation and Compliance 
Measurements of noise levels are required post-installation of the wind farm. It must 
be ensured that this is undertaken for full operation of all wind turbines at nominal 
power settings.  
Compliance measurements are required at a representative subset of relevant 
receivers and should generally include those receivers at which initial background 
noise measurements were taken. If valid noise complaints have been received from 
residents since operation then these additional receiver locations may also require 
monitoring. 
In many cases the measured noise levels at receivers (with the wind farm 
operational) are dominated by background noise – it is often not possible to get a 
“clean” measurement of the wind farm impact. This may necessitate also measuring 
at a “near field” location close to (< 300m) the nearest turbine, or turning the turbines 
on and off to determine the influence of the ambient noise environment. 
Background levels may vary due to seasonal changes, climatic conditions and 
environmental changes (including vegetation near dwelling). If this is the case, then it 
may need to be checked, which will require a significant down-time for the 
operational wind farm. Additionally, shut down measurements could be undertaken at 
each residence where the wind is blowing directly from the wind farm to the 
residence. Noise levels are to be measured before the shut down period (for at least 
1 hour), a select number of turbines to be turned off which are impacting on the 
residence, and noise levels measured whilst these turbines are not operational for 
approximately 1 hour. After this shut down period, noise measurements should be 
taken for approximately 1 hour to determine the re-established noise levels at the 
receivers due to the operational wind farm. This would hopefully show the worst case 
noise influence of the wind farm at this receiver by taking the difference in noise 
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levels between the shut down measurements and the measurements taken before 
and after the shut down period. In this case, hopefully the meteorological conditions 
will be similar to make a proper comparison.  
The compliance measurements should collect sufficient data associated with the 
worst case wind direction (eg. ± 45º either side of direct line between nearest turbine 
and receiver). It is important to ensure or check that the compliance measurements 
are reasonably repeatable regardless of the time of the year.  
As with the initial background measurements, it may be necessary to separately plot 
the day and night data (if background levels are dependent on time of day). It may 
also be necessary to separately plot data for some wind directions (if significant 
seasonal variations are known to occur). 
A subjective assessment of noise from the wind farm must be undertaken during the 
compliance monitoring period to determine whether wind farm noise is discernible or 
clearly audible and whether there are special characteristics present. In addition, 
objective evidence may need to be collected including measuring the frequency 
spectrum (ideally narrow band but at least third-octaves) with a SLM at the “near 
field” location. Any extraneous noise or influence from other sources such as 
road/rail traffic (or other wind farms!) should also be noted. 
Longer monitoring periods of 4 to 6 weeks or more could be required to account for 
variations and invalid data. For a statistically robust data-set, this could require 
double the amount of measurement data for separate day/night analysis (ie. 4000 
data points) and 4 times the amount of data (ie. 8000 points) for a quadrant wind 
direction analysis to secure appropriate conditions. If any special audible 
characteristics are detected (subjectively or objectively) then a 5dB penalty needs to 
be added to the measured levels. 
The measurements at the “near field” location (and other sites if clean wind farm 
impact measurements are obtained) can be used to compare with the predicted 
noise levels.  
From compliance measurements at a number of wind farms, we have found that the 
shape of post construction noise levels at receivers sometimes does not match the 
sound power output of the installed WTG at higher wind speeds. We found that at 
some higher wind speeds, where the sound power output of the turbines usually 
plateaus, the background noise increases (higher than that originally measured). We 
note that the time difference between background noise measurement, and 
compliance noise measurement is in the order of years (in some cases 5 to 6 years), 
and environmental conditions at the receiver may vary significantly during this period 
(trees grown, removed), which will influence the post construction noise 
measurements.  
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Figure 6: Typical Post Construction Compliance Plot 
 
As can be seen in Figure 6 above, the predicted noise levels (pink line) are much 
higher than the noise versus wind speed data point regression line. Also of note is 
that the noise levels at this site are significantly higher than the pre construction 
background noise levels (black line). Therefore it is most likely that the newly 
installed wind farm is the major influence for this jump in noise levels. The predicted 
noise levels (using Concawe worst case conditions) are over-predicting for the 
majority of the wind speeds until about 10ms-1. It is interesting to note that the post 
construction noise levels do not match the shape of the predicted noise levels (based 
on WTG SWL data), and where the sound power levels (and therefore predicted 
noise levels) plateau (from 9ms-1 onwards), the background noise does not.  
The shape of the post construction noise data at higher wind speeds seems to follow 
the shape of the pre construction noise data. Possibly this is due to the addition of 
the wind farm noise to the already existing ambient background noise at these higher 
wind speeds. However, most compliance measurements at newly constructed wind 
farms in Australia have showed that noise criteria were met over the operating range 
of wind speeds. 
If the measured noise levels do not achieve the criteria, then the data may need 
further careful analysis. A longer and more comprehensive measurement programme 
may need to be performed. If the wind farm still does not meet the criteria, then 
turbine operational changes will need to be applied eg. for major contributing 
turbines, use lower power rating (de-rating) or noise minimisation mode or wind 
sector management (turn off at certain wind speeds and directions). 
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Abstract 
Low frequency noise emissions from wind turbines have in recent years been 
highlighted as an issue of concern by residents in proximity to wind farm 
developments.  
Noise measurements taken after the commissioning of the wind farms generally only 
include spectral information to determine the frequency content after noise 
complaints have been received and a compliance type of investigation is being 
carried out.  
Noise measurements undertaken before the approval of a wind farm development 
typically consist of overall levels only, using broad-band noise loggers without 
spectral capability. The relationship of the spectral sound energy before and after 
commissioning of the wind farm development is not well quantified. 
Several one-third octave noise loggers were used in combination with meteorological 
measurements at two different reference heights, to evaluate the low frequency 
content of baseline noise records as well as the contribution from seasonal and 
episodic biological noise. The effects of the wind speed profile on the measured 
ambient noise levels were also examined. Examples are presented that contrast the 
conclusions that can be drawn from spectral noise monitoring compared with broad-
band noise logging. 


Introduction 
The purpose of ambient noise measurements taken during the planning phase of a 
wind farm development is to identify the existing noise levels in the area surrounding 
the proposed wind farm. These measurements are often described as the baseline 
noise assessment, which are fundamental to the assessment and determination of 
noise emissions limits for large infrastructure or industry developments, including 
wind farms. 
Noise complaints after the commissioning of a wind farm often include reference to 
the character of the noise or low-frequency content of the noise from the wind farm. 
To truly assess the effects of the wind farm requires the knowledge of what the noise 
environment was like before the installation of the development. An additional reason 
for having a better understanding of the spectral information before the installation of 
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a wind farm is to ensure an accurate determination of the background noise levels 
and thus the resultant noise criteria. 


Downsides to Broadband Noise Logging 
Statistical information is not sufficient to determine extraneous noise. Guesses can 
and are often made as to what particularly noises ‘could’ be but such decisions are 
made based more on past experience of the consultant and guesswork than specific 
information available through the data recorded by the logger.  
Examples of extraneous noise are dependent upon the type of noise being 
measured, very often including insect noise and fauna such as bird calls or frog 
noise. This type of noise can be seasonal and is not present for a significant part of 
the year. If this type of noise is measured, enough information is not present in 
broadband noise logging to allow for any adjustments to be made, with the data often 
having to be discarded. This would not be a problem in the ideal world, as the 
consultant could just wait until the part of the year where this noise is not present so 
the most accurate measurement could be taken, or alternatively conduct 
measurements for the entire year. The pressures of the real world however bring 
limited budgets as well as limited timeframes for measurements to be conducted ie. 
“start straight away and finish as soon as possible”. 


Advantages of Spectral Noise Logging 
Advances in instrumentation has made the spectral measurements more easily 
available, ranging from the simple octave measurement to one third octave 
measurements to digital audio recordings, allowing replaying or FFT analysis to 
identify noise sources after the measurements are conducted. 
With the additional spectral information available, determination of the noise source 
in question is aided significantly. Insect noise is particularly simpler to identify and 
remove, as constant noise of significant level in the 2.5kHz to 5kHz bands are not 
usually present in the majority of environmental noise measurements. This 
information allows the use of mathematical algorithms to extract or remove the 
contributions of specific frequency bands and recalculation of the aggregate overall 
noise levels forming the baseline noise. 


Case Study: Ambient Noise Study with Wind Data 
The 24 hour time history presented at the top of Figure 1 represents the ambient 
noise environment in a regional environment in regional Queensland, as would 
typically be presented from the results of a Type 1 broad-band noise logger with the 
associated meteorological information. The bottom part of this figure shows the 
additional information provided by the one third octave logger, presented as a 
sonogram. 
The noise survey was conducted in February 2011, with no possibility of monitoring 
during winter months. In this instance the project budget did not allow for more than a 
week of noise logging. 
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Figure 1: Statistical Baseline Noise Record and One-third Octave Sonogram – 
Site 1 
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From the broadband record it can be seen that the noise levels during the night 
period are above the day period and have a reasonably small spread which is difficult 
to qualify. There is however not enough information to identify the types of noise 
present and whether it is representative of the noise environment for the entire year. 
This would, if handled without due consideration, result in determined background 
noise levels and resultant noise criteria which are significantly inflated and would 
possibly result in noise complaints in the future. 
From the one-third octave spectral record shown in the lower portion of Figure 1, 
insect noise is evidenced by 3.15kHz to 8kHz banding during the evening and night 
period. When the one-third octave record is used to remove the insect noise within 
the 3.15kHz to 8kHz bands, a substantial reduction in the Assessment Background 
Noise Level (ABL) results as illustrated in Table 1. Without this adjustment  and 
overestimation of around 17dB would have resulted for the Assessment Background 
Noise Level. 
 
Table 1: Assessment Background Noise Level with and without insect noise 


 Raw Data Filtered Data (Filters Exclude: 3.15 
kHz 4 kHz 5kHz 6.15kHz 8 kHz) 


Day, 7am to 6pm 24 21 


Evening, 6pm to 10pm 40 22 


Night, 10pm to 7am 33 16 


The data is presented in a way more familiar to those who carry out wind farm 
assessments in Figure 2, which includes the data as a LA90 noise level against wind 
speed for both the raw data and that with the insect noise filtered out. For each set of 
data a 2nd order polynomial trend line is shown. 
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Figure 2: Site 1 Measured Noise Level Vs Wind Speed (m/s)  
 
From the data shown in Figure 2, it can be seen that the insect noise shown in the 
original data set significantly obscures the relationship which is intended to be 
studied, as the insect noise is not significantly dependant on the wind speed. When 
the one-third octave record is used to remove the insect noise within the 3.15kHz to 
8kHz bands, a more understandable and reasonable trend line emerges, which is 
significantly different to that produced by the raw data. If the raw data was used, the 
noise criteria resulting from the assessment would be significantly inflated and would 
be unlikely to be remotely reasonable for periods of the year where little or no insect 
noise is evident. 
 


Conclusions 
Assessments of background noise levels utilising broadband noise loggers can result 
in an overprediction of the ambient noise levels of up to 17dBA with a similar inflation 
of the determined noise criteria due to the inclusion of seasonal biological noise such 
as insects.  
Spectral noise logging allows for the identification and removal of extraneous 
contributions with a greater degree of confidence, using mathematical algorithms to 
extract or remove the contributions of specific frequency bands and recalculation of 
the aggregate overall noise levels forming the baseline noise (such as ABL or RBL). 
Using this method the relationship between wind speed and ambient noise level can 
be confirmed without the influence of seasonal biological noise, which would 
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otherwise significantly distort the assessed relationship between wind speed and 
ambient noise level. 
The use of spectral noise measurements is also anticipated to help with noise 
complaints as the before and after spectral content will be known, allowing for a more 
rigorous assessment of both low frequency noise and any identified tonality. 
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Abstract         
Infrasound is generated by a range of natural sources, including waves on the 
coastline, waterfalls and wind.   It is also generated by a wide range of man-made 
sources such as industrial processes, vehicles, air conditioning and wind farms. 
The measurement of infrasound at low levels requires a specific methodology, as it is 
readily affected by wind on the microphone.  Such a methodology has been 
developed for this study to measure infrasound from two Australian wind farms.  
The specific methodology is based on measurements being conducted below the 
ground surface in a test chamber that is approximately 500mm square and 500mm 
deep to reduce the influence that even light surface breezes can have on the 
infrasound results. 
The below ground methodology has been tested and it has been confirmed that 
levels of infrasound above the ground and within the chamber are the same in the 
absence of surface winds when measuring a known and constant source of 
infrasound.   
Infrasound was measured using the below ground methodology at two Australian 
wind farms, Clements Gap in the mid-north of South Australia and Cape Bridgewater 
in the coastal region of south-western Victoria.  Infrasound was also measured in the 
vicinity of a beach, a coastal cliff, the city of Adelaide and a power station using the 
below ground methodology. The measured levels of infrasound from the wind farms 
have been compared with the other natural and man-made noise sources and all 
measurements have been compared with recognised audibility thresholds. 
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Introduction  
Infrasound is generally considered to be sound at frequencies less than 20 Hz and is 
often described as inaudible, However, sound below 20 Hz remains audible provided 
that the sound level is sufficiently high [1].  The thresholds of audibility for infrasound 
have been determined in a range of studies [2].   
The G-weighting has been standardised to determine the human perception and 
annoyance due to noise that lies within the infrasound frequency range [3]. A 
common audibility threshold from the range of studies is an infrasound level of 
85 dB(G) or greater.  The audibility threshold limit of 85 dB(G) is consistent with other 
European standards and studies, including the UK Department for Environment, 
Food and Rural Affairs threshold developed in 2003 [2], the UK Department of Trade 
and Industry study [4], the German Standard DIN 45680 [5] and independent 
research conducted by Watanabe and Moeller [6]. 
The generation of infrasound was detected on early turbine designs, which 
incorporated the blades ‘downwind’ of the tower structure [7].  The mechanism for 
the generation was the blade passing through the wake caused by the presence of 
the tower.   
Australian States presently assess the noise from wind farms under a range of 
Standards and Guidelines [8, 9, 10, 11, 12].  These Standards and Guidelines do not 
provide prescriptive requirements for infrasound from wind farms due to the absence 
of evidence that infrasound should be assessed. 
Notwithstanding, there have been concerns raised by the community regarding 
infrasound levels from wind farms.   
To further investigate infrasound in the vicinity of Australian wind farms, this study, 
which was commissioned by Pacific Hydro: 


• Develops a methodology to measure infrasound that minimises the influence 
of wind on the microphone; 


• Measures the levels of infrasound at a range of distances from two wind 
farms; 


• Compares the results against recognised audibility thresholds; and 


• Compares the results with infrasound measurements made of natural sources, 
such as beaches, and man-made sources, such as a power station and 
general activity within the city of Adelaide. 
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Measurement Technique  
Equipment  
All measurements were conducted with a SVANTEK 957 Type 1 NATA calibrated 
sound and vibration analyser.  The SVANTEK 957 Type 1 meter has a measured 
frequency response to 0.5 Hz.  A GRAS 40AZ ½” free field microphone with a 
frequency response of ±1dB to 1 Hz and ±2dB to 0.5 Hz was also used.  The meter 
and microphone arrangement is therefore suitable for measurement of noise levels in 
the infrasound range to the level of accuracy required for the assessment. 
 
Microphone Mounting Method 
A microphone mounting method is provided in IEC 61400-11 [13].  The method was 
developed to minimise the influence of wind on the microphone for the measurement 
of noise in frequencies higher than those associated with infrasound.  This is achieved 
by mounting the microphone at ground level on a reflecting surface and by protecting 
the microphone with two windshields constructed from open cell foam. The method 
was not developed specifically for the measurement of infrasound, and wind gusts can 
be clearly detected when measuring in the infrasound frequency range using the 
above method.   
Therefore, this study has developed an alternative method to reduce the influence of 
wind on the microphone that would otherwise mask the infrasound from the turbine. 
A below ground surface method was developed based on a similar methodology [14].  
This method has been adapted for this study, and includes a dual windshield 
arrangement, with an open cell foam layer mounted over a test chamber and a 90mm 
diameter primary windshield used around the microphone.   
 
The microphone mounting arrangement is depicted in Figure 1. 
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Verification of Technique 
The below ground technique was analysed at a remote site away from wind farms, 
transport corridors and other appreciable noise sources and in very still conditions.   
The aim of the analysis was to determine the level of transfer of infrasound from 
outside to inside the chamber.  The following procedure was used: 


• A constant level of infrasound was generated using a tone signal generator 
and  sub-woofer speaker (B&W Type ASW CDM), mounted 1m above the 
ground at a distance of 10m horizontally from the chamber.  The infrasound 
was generated at a number of discrete frequencies between 8 and 20 Hz; 


• The infrasound was measured using the IEC 61400-11 above ground 
technique; 


• The infrasound was measured using the below ground technique; 


• The infrasound was measured without the tone signal generator operating to 
determine the ambient level of infrasound.   


Microphone 


Primary 
windshield 


Secondary 
windshield 


Tripod 


0.5m 


0.5m 


100mm 


Figure 1 - Schematic of Microphone Position (not to scale) 


Ground level 


Below ground 
level 
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The measurement results are summarised in Table 1.  
 
Table 1 - Measurement approximately 10m from controlled source with no wind 


Frequency (Hz) 8.00 10.0 12.5 16.0 20.0 


Noise Level 
(dB) 


Inside chamber 47 50 54 60 63 


Outside chamber 47 50 54 60 63 


Ambient Level 39 38 39 39 37 


 
The measured levels inside and outside of the chamber were consistent at all of the 
frequencies produced by the signal generator. The table therefore confirms that the 
measurement of a constant source of infrasound in still conditions is the same above 
the ground as in the chamber using the technique described above. Therefore, the 
below ground technique is considered to be suitable to measure the infrasound from 
a source, whilst minimising the influence of wind on the microphone. 


Results  
Infrasound was measured at the Clements Gap Wind Farm in the mid-north of South 
Australia and Cape Bridgewater Wind Farm in the coastal region of south-western 
Victoria, using the verified below ground methodology. In addition, the level of 
infrasound was measured in the vicinity of a beach, a coastal cliff, a city and a power 
station. 
At Clements Gap Wind Farm, the infrasound was measured at distances of 85m, 
185m and 360m from the base of the turbine in a downwind direction. The testing 
was conducted between approximately 7pm and 11pm on Tuesday the 11th of May, 
2010, under a clear night sky with a light breeze.  Operational data indicates that the 
turbines were subject to hub height wind speeds of the order of 6 to 8m/s during the 
period of the testing. 
At Cape Bridgewater Wind Farm, the infrasound was measured at distances of 100m 
and 200m from the base of the turbine in a downwind direction. The testing at the 
wind farm site was conducted between approximately 4am and 6am on Wednesday 
the 2nd of June, 2010, under a clear night sky with a light breeze.  During the testing, 
the operational status of the turbines was constantly observed and confirmed. 
Measurements were conducted with the turbines operational and with the turbine 
blades stationary. 
To determine the level of infrasound from natural sources, measurements were 
made in the vicinity of the Cape Bridgewater Wind Farm at 25m from the high 
waterline of a beach, at approximately 250m inland from a coastal cliff face and at 
8km inland from the coast.  
To determine the level of infrasound from other man-made noise sources, 
measurements were conducted at a distance of approximately 350m from a gas fired 
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power station as well as within the city of Adelaide at approximately 70m and 200m 
from two major roads. 
The measured levels of infrasound are summarised in Table 2 and are shown 
graphically in one third octave bands in Figures 2, 3, 4 and 5. 
 


Table 2 – Measured levels of infrasound 


Frequency (Hz) Measured Level (dB(G)) 


Clements Gap Wind Farm at 85m 72 


Clements Gap Wind Farm at 185m 67 


Clements Gap Wind Farm at 360m 61 


Cape Bridgewater Wind Farm at 100m 66 


Cape Bridgewater Wind Farm at 200m 63 


Cape Bridgewater Wind Farm ambient 62 


Beach at 25m from high water line 75 


250m from coastal cliff face 69 


8km inland from coast 57 


Gas fired power station at 350m 74 


Adelaide city  at 70 and 200m from roads 76 
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 Figure 3 – Measured Levels of Infrasound at Cape Bridgewater Wind Farm 


Figure 2 – Measured Levels of Infrasound at Clements Gap Wind Farm 
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Figure 4 – Measured Levels of Infrasound from Natural Sources 


Figure 5 – Measured Levels of Infrasound from Man-made Sources 
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Discussion  
At the Clements Gap Wind Farm, the level of attenuation with increasing distance 
from the turbine is consistent with the theoretical reduction of 6dB for each doubling 
of the distance due to “hemispherical spreading” of the sound wave.  This 
observation confirms that the measured levels were predominantly produced by the 
turbine. 
At the Cape Bridgewater Wind Farm, higher ambient noise levels (without the 
turbines rotating) were encountered than at the Clements Gap Wind Farm and 
therefore the same attenuation with increasing distance could not be observed. This 
indicates that the measured levels included a significant contribution of infrasound 
from the turbine at 100m but at a distance of 200m, the infrasound from other 
sources was at least as significant.  
The levels of infrasound from waves at a beach (in light swell conditions) and in the 
vicinity of a coastal cliff were in the same order of magnitude as the infrasound 
measured close to turbines.  
At 8km from the coast, the level of infrasound was significantly lower than in close 
proximity to the beach and the coastal cliff. This observation provides an explanation 
for the higher ambient levels of infrasound at the Cape Bridgewater Wind Farm.  
The levels of infrasound in the city of Adelaide and in the vicinity of a gas fired power 
station were greater than the levels observed close to a wind turbine. 
The measured levels of infrasound from the wind turbines and all other natural and 
man-made sources were well below the 85dB(G) threshold of audibility. 


Conclusions  
A method for measuring infrasound from wind turbines has been successfully 
demonstrated. The method shows that wind turbines generate infrasound and that 
close to wind turbines, the level of infrasound is well below the audibility threshold of 
85 dB(G). An attenuation rate of 6dB per doubling of distance from a single turbine 
was also demonstrated.  
The levels of infrasound produced by a wind turbine are similar to the levels 
produced by other man-made sources as well as natural sources along the coast. 
The level of infrasound measured close to a wind turbine is prevalent in urban and 
coastal environments. 
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Abstract         
Deriving health based guidelines for wind turbine noise is not to be different from 
those of other noises. That means assessing dose effect relations for relevant health 
effects, using adequate noise indicators, followed by a cost benefit analysis. 
The subsequent choice is what level offers adequate protection. The experience in 
the Netherlands shows that in making that choice a few non acoustical (and even 
non scientific) factors may creep in. What a good preparation does however is to limit 
the playing field. The resulting guidelines are health based, but the exact outcome is 
down to politics 


Introduction  
In 2001 a noise complaint was filed by inhabitants of a small village in the North-East 
of the Netherlands.  They said that at certain nights they were disturbed by a low 
rumbling sound. They pointed to the new wind turbines that were build just across 
the German border, 0,5 to 2 km away. These complaints were handled formally: the 
wind turbines (98 meters hub height) satisfied the German noise regulations, and 
also to the Dutch regulations (even they did not apply). Interventions by the Dutch 
government were of no avail. The complainers however took their problem to the 
nearby Science-Shop of Groningen University. The Science Shop took this serious 
and carried out a series of accurate measurements. The results confirmed that 
something was going on. The full description of the measurements and the debate 
with the wind farm branch is reported in a thesis at the Groningen University, and it 
reads like a detective novel [1]. It turned out that the assessment method in use at 
that time had had some serious flaws in handling industrial noise.  
In the meanwhile because of the discussions in the media  the confidence in the 
current practice of assessing wind turbine noise methods declined to a minimum. 
This was exploited by active groups opposing wind turbines.  
After almost 2 years of heated debate, the Ministry of Environment decided to study 
the matter. In the next paragraphs the decision process and the data that played role 
in setting new limits for wind turbine noise are described 
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Deriving new limits for wind turbines 
 
In a blank situation the general approach for a noise regulation – indeed for many 
environmental or other types of regulation- would be: 


1) assessing the impact on the population 
2) evaluation of impact 
3) assessing options to avoid or reduce impact considered undesirable. 
4) cost-benefit analysis of the options or of mix of options 
5) assessment of the preferred option 
6) implementation  


 
A general principle which applies to all the steps, is the discussion with stakeholders, 
the affected as well as the producers.  


Assessing population impact 
 
A study by the National Institute for Health and Environment [2] provided the data on 
the number of wind turbines in the Netherlands, the installed power and hub-heights 
(fig. 1). By the end of 2008 there were nearly 2000 turbines in operation. 
 


 
Figure 1: Hub height and power setting wind turbines in the Netherlands [2] 


At first the an overview as made of wind turbine noise regulations in various 
countries.  
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Table 1, wind turbine regulations in different countries 


Country Noise Indicator planning limit Remarks 


Germany Leq,day/night (at 
95% of rated 
power) 


50 /40 
45/35 


Mixed residential 
residential 


Swiss Leq,day 50  


 Leq,night 40  


France Leq? Maximum +3 or +5  
dB above 
background at 8 
m/s 


background=L99,99 
(quitest 30 min.) 


Denmark Leq, day 45  


Italy Leq, day 55  


UK L90, 10 min 43 achtergrond+5 


Sweden Leq, night 
(at 8 m/s) 


40 - 5 dB for cottages 


Netherlands Leq,day 50/53 3 dB WNC correction 
for < 15 MW turbines  


 Leq, night 40/43 Idem 


Norway Lden 45 Proposal 


Canada Leq, 1hr 45 Background (in L90) 
dependent 


New Zealand Leq? 40 or 
background+5 


background in L95 


Although there seems to be some convergence on the levels, there is much variation 
in the way noise is measured or calculated and in the dependence of the 
background. Information on the expected effect is at best anecdotic (based on 
occurring complaints). This was known to be the case for the Dutch regulation as 
well, so it came as no surprise. After discussions with an expert group it was decided 
to rely on the EU-indicators Lden and Lnight. That meant that existing data (also 
dose-response relations) had to be expressed in these indicators. 
 
In the first step of assessing the impact, model calculations were used to derive the 
noise levels, given in table 1. 
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Table 1. Exposure to noise from wind turbines in the Netherlands[2] 


Noise levels in Lden(dB)  Number of dwellings 


> 29 dB  200.000 


> 40 dB 6810 


> 45 dB  1390 


> 47 dB 810 


> 50 dB 330 


This figures are low when compared to exposures from other sources. Probably 70% 
of the Dutch population (that is ~5 million houses) is exposed to levels over 50 dB 
lden, and still 40% over 55 dB Lden. 
A study by TNO[3] provided the health impact of wind turbine noise. It turns out that 
annoyance is the most significant effect in the usual exposure range. In figure 2 it is 
shown that wind turbine noise is more annoying than most other noises. 


 
Figure 2: Highly annoyed by noise from various sources[3] 


The dose-effect study by TNO could not convincingly demonstrate a relation between 
night time exposure for wind turbines and an effect. Also no interaction between wind 
turbine noise (annoyance) and background noise could be proved. This is further 
discussed in [4], but there is no backing to use this in regulation, in contrast with 
most other regulations. 
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Using the relation between Lden and highly annoyed the number of highly annoyed 
by all wind turbines can be calculated to be around 1500. 
 


Evaluation of impact 
The impact of wind turbine noise on public health is very low compared to other 
sources. The total number of highly annoyed due to noise in the Dutch population is 
estimated at 5 million people. In the last national survey (2003) wind turbine noise 
was specifically addressed, but remained below the detection limited (around 
10.000). There are no specific data for other power-generating activities, but it is 
estimated to be equally low.  
Also on an individual level the impact is low. Levels higher than 50 Lden are rare as 
level higher than this occur only at 300 dwellings. On the other hand, these could be 
extremely annoying situations, with > 50% of the exposed reporting high annoyance. 
The steepness of the curves shows that the sensitiveness to the exposure is high, so 
some precaution is sensible. Comparison of maximum allowable levels show that 
such highly annoying exposures are not often allowed in the Dutch practice. Table 3 
shows the percentage highly annoyed for other sources in the Netherlands. 
Table 3. Percentages highly annoyed for major sources in the Netherlands 
          Motorways     Railways    Industry               Airports              
Preferred level                4%                     4%                  2%                    30%          
Maximum                      14%                   16%                  9%                    54%     
Allowable 


With the exception of airports, citizens are reasonably well protected against noise. If 
the maximum allowable noise levels for industrial noise are taken as guidance, 9% of 
highly annoyed would correspond with 47 Lden by wind turbines. Because of the 
operational mode of wind turbines (mostly at night time) this would limit the night time 
exposure to 41 Lnight.In the extreme case that the machine would be switched of at 
day and evening time this would go up to 42 Lnight. In any case comfortably close to 
the WHO’s Lnight recommendation of 40. 
 


Options to reduce impact or avoid new exposure 
 
The Dutch policy for renewable energy (20GW by 2020) leans on a fair contribution 
from wind energy. In the short term, an additional 2GW on land (doubling the present 
amount) is foreseen. 
It is clear that the stricter the limitations on noise exposure, the less possibilities there 
are for placing wind turbines. Table 4 shows the relation between maximum 
allowable noise level and free space for wind energy. 
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Table 4.  Potential free surface for placing wind turbines depending on limit value. 


Limit 
value in 
Lden 


Potential 
usable 
land 
surface 


Potential free 
surface for 
noise 


Rest free surface (> 
1km2) 


Existing dwellings> 
limit value 


37 dB 


27% 


8% 0.3%  (3 GW) -- 


40 dB 15% 2% (7 GW) 6810 


45 dB 34% 7% (25 GW) 1390 


47 dB 43% 10% (34 GW) 810 


50 dB 57% 14% (50 GW) 300 


Even the lowest limit value leaves seemingly just enough room to place the 2 GW 
required in the short run. Because of other limitations (like to need to place wind 
turbines in farms so they can profit from the same infrastructure) this is highly 
unlikely. 
Another factor to consider is the number of existing dwellings above the new limit 
value. It could be argued that these dwelling would have to meet the limit value in the 
long run as well, which in the Dutch practice might mean that an improvement 
program would have to be set up.  
Even with the limit values in place, most would mean to increase the number of 
highly annoyed more or less proportional to the number of wind turbines installed. On 
the whole of the noise problems in the Netherlands this would hardly be noticeable. 
After consultation of the stakeholders (wind branch, communities, environmental 
groups, wind energy opponents, science representatives and more) finally a draft 
proposal was submitted to parliament on 31 August 2009. 
 


Assessment of preferred option and political decision making 
 
After considering all the input the proposal as made public was: 


- Limit value of 47 Lden  
- No provision for background noise. 
- New calculation method based on wind speed on hub height 
- Every new wind turbine must present an acoustic report to competent 


authority. 
- Measurements only used to control sound power (wind speed dependent)  
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- Turbine owner must keep record of sound power production 
As could be expected the wind branch asked for a – slightly – higher level of 48 
Lden, and the wind turbine opposants a much lower level: 40 or 35. Considering the 
low population impact, an expected maximum of 9% highly annoyed and the need to 
provide room for at least 2GW, a level of 47 Lden was found to be acceptable. 
Without societies need for renewable energy a lower level would probably have 
resulted. 
After the official publication of the proposal the opponents started a successful with 
their MP’s which lead to repeated debate in the media and in Parliament. A motion 
was in the end put to the vote and accepted, in which the Minister was asked to 
introduce Lnight in order to assure adequate protection for sleep. 
The motion was at first rejected with the argument that it was useless as the Lden 
value of 47 Lden would guarantee a Lnight value of 41 Lnight not to be exceeded. As 
this value of 41 dB was close to the WHO-guideline of 40 Lnight, it was argued that 
sleep quality would barely be endangered. Political pressure was such that in the end 
the Minister had to give in, and so the final regulation including Lnight (be still at the 
proposed value of 41 dB) came into force on January, 1st,  2011. 
 


Conclusions  
 
The preparation of the Dutch regulation on wind turbine noise shows that even in a 
difficult political field a rational discussion on noise limits is possible. What is needed 
is a good understanding of the basic principles and reliable data about exposure and 
about possible health effects.  
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Abstract   
Noise generally affects people in a number of ways. Being annoyed and disturbed in 
sleep are the most common effects as they can occur at relatively low sound levels. 
Effects on blood pressure, learning/performance and stress and psychological effects 
are to some extent a result of annoyance and sleep disturbance and mostly occur at 
higher sound levels. Though wind turbines are relatively low level sources (compared 
to busy roads or airports) moderate health effects are observed. These effects can 
be related to acoustic (level, sound character, time pattern), non-acoustic (economic 
returns, visibility, unpredictability, attitude), personal (health, age, noise sensitivity) 
and social (justice, attitude) factors.  
 


Introduction 
This paper is a shortened and adapted version of a chapter on health effects in a 
new book on wind turbine noise, edited by Dick Bowdler and Geoff Leventhall. In 
contrast to the book, less attention will be given here to the relations between wind 
turbine noise level and annoyance and sleep disturbance as these have been dealt 
with in earlier papers (van den Berg, 2009; Janssen et al, 2009) and a report by 
Janssen et al (2008). The focus of this paper are other health effects that are 
mentioned in connection to wind turbine noise.  
The definition of health of the World Health Organization is “a state of complete 
physical, mental and social well-being and not merely the absence of disease or 
infirmity”. An adverse health effect can thus be defined as a negative impact on the 
physical, mental and social well-being of a person or group of persons. In general a 
number of adverse health effects of noise are distinguished (WHO, 2000): 


o hearing impairment 
o interference with speech communication 
o cardiovascular and physiological effects 
o sleep disturbance 
o mental health effects 
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o effects on performance 
o effects on residential behaviour and annoyance 


Wind turbines are a relatively low level source (compared to, e.g., a nearby busy 
road or airport). High level effects such as hearing impairment and cardiovascular 
effects are thus not expected. The health effects that do occur are related to 
acoustical factors such as noise level and the character of the noise, and to non-
acoustical factors such as visibility and attitude.  
 


Acoustical factors related to the impact of wind turbine noise 
Visual impact and noise are the most frequently reported problem in relation to wind 
turbines or wind farms (Devine-Wright, 2005). The dominant negative effect of noise 
on residents is annoyance. There is an indication that sleep disturbance may be a 
second important noise effect, but there is as yet little information available.  
Sound character and annoyance 


When comparing the dose-response curves for wind turbine noise annoyance to 
similar curves for other noise sources, wind turbines appear to be a relatively 
annoying noise source. Dose-response relations have been determined for the 
dominant transportation modes (road, rail and air transport) and for industrial 
sources, including railway shunting yards, by Miedema and Oudshoorn (2001) and 
Miedema and Vos (2004). Figure 1 shows that wind turbine noise (black curve) is 
more annoying than the other sources with the exception of shunting yards. There 
are several acoustical and non-acoustical factors that could explain this relatively 
annoying character. Human hearing is relatively sensitive to the regular variation or 
amplitude modulation (‘swishing’ or ‘beating’) present in wind turbine sound. The 
evaluation of a sound that can be picked up easily will (also) depend on its character: 
if it is unwanted, this character will aggravate its disturbing character. Laboratory 
studies show that amplitude modulation of a broad band sound, either with or without 
a strong low frequency component, increases its annoyance but not its perceived 
loudness. The increase in 
annoyance due to 
modulation corresponds to 
an increase of the level of 
the unmodulated sound of 
at least 3 dB. If the sound 
character is taken into 
account and a 5 dB penalty 
is added to the sound level 
of wind turbines because 
of the presence of 
amplitude modulation, the 
curve for wind turbine 
noise are within the range 
of the main sources at 
Lden levels below 50 
dB(A) as shown by the 
grey curve in figure 1.  
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Figure 1: percentages of respondents that are highly annoyed 
when exposed indoors to noise from wind turbines or other 
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Several publications point to the low frequency character of wind turbine noise as an 
aggravating factor. Wind turbines indeed produce a substantial amount of low 
frequency sound energy. However, as the A-weighting mimics the frequency 
dependency of human hearing at low to moderate loudness, A-weighting should be a 
correct estimate of the loudness of wind turbine sound (which has a low to moderate 
level). The noise impact of wind turbines is dominated by frequencies of 
approximately 100 to 1000 Hz. There is a steep decrease in A-weighted level when 
the octave band frequency decreases below 63 Hz and this decrease continues 
down to 4 Hz (Van den Berg et al, 2008 and Søndergaard et al, 2007). Jakobsen 
(2005) reviewed all published measurements of infrasound from wind turbines and 
concluded that at a distance of 100 m all measured infrasound levels at a distance of 
100 m from a single turbine (with an upwind rotor),were 25 dB or more below the 
average hearing threshold. He concluded that the A-weighted sound level was a 
likelier candidate to explain at least part of the annoyance as this ‘normal’ sound 
exceeded the Danish noise limit in most cases. This was supported by Van den Berg 
(2004) who also concluded that infrasound due to the passing wind turbine blades 
must be considered inaudible, that the calculated sound levels were underestimated 
and that the blade passing frequency does modulate well audible, higher frequency 
sounds and thus creates periodic (AM) sound that could be an important cause of 
annoyance (Van den Berg, 2005). The fact that a modulation frequency is also 
expressed in Hz may have led to confuse this with infrasound frequencies.   
This conclusion may not hold for future developments: Pedersen and Møller (2010) 
have shown that with increasing electric power of wind turbines their sound power 
increases somewhat faster and the low frequency part of the sound (10 – 160 Hz) 
still faster. The differences are small (up to 3 dB) but are expected to grow with the 
development of more powerful wind turbines.  
The view that inaudible infrasound can have (adverse) effects on people is not 
supported by studies investigating the effect of low levels of low frequency sound 
(Yamada et al, 1983; Takahashi, 2009). Also, in their evolution human beings have 
been exposed to low frequency pressure fluctuations from turbulence in wind. These 
fluctuations can be heard as ‘wind noise’ (where the auricle may also induce extra 
turbulence) and can be felt on the skin. Expressed as a (sound) pressure level, for 
wind velocities of 4 m/s (3 Beaufort) and higher the one-third octave band levels of 
these fluctuations are 60 dB or higher at frequencies below 50 Hz (Van den Berg, 
2006b). It seems plausible that this would have the same effect as exposure to noisy 
(non-tonal) low frequency sound/infrasound.    
Thus, as yet there is no basis to state that inaudible (low frequency) sound can have 
somatic effects. To investigate this further clear indications to the contrary are 
needed rather than speculations. 
Sleep disturbance 


Janssen et al (2008) have shown there is a significant relation between being 
disturbed in sleep at least once a month and the wind turbine sound level on the 
façade. This relation has been analyzed further by Bakker et al (2011) with the Dutch 
wind turbine noise survey data (Pedersen et al, 2009) for respondents without 
economic benefits from wind turbines. For those who had not heard wind turbine 
sound at their home (and were thus not annoyed), there was no significant influence 
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of the sound level on sleep disturbance  -as one would expect when the sound is not 
audible. For this group, sleep disturbance and age were related significantly. A 
further analysis was applied to respondents who stated they could hear the sound 
from wind turbines at their home, no matter whether they were or were not annoyed 
by the sound. This showed that in the quiet rural area (no built-up area, no main road 
within 500 m from the nearest wind turbine) a higher sound level from wind turbines 
led to a significantly higher percentage of annoyed residents and the annoyance in 
turn led to significant more sleep disturbance. In this analysis the direct relation 
between sound level and sleep disturbance was not significant, indicating that it may 
be the annoyance rather than the sound as such that leads to more sleep 
disturbance. These relations were weaker and less significant for the population in 
the noisier area types (in a built-up area or with a main road within 500 m from the 
nearest wind turbine): here only annoyance and sleep disturbance were significantly 
related and the sound level did not influence either annoyance or sleep disturbance 
in a significant way. Possibly the impact of wind turbines is less dominant in these 
noisier areas. These results show that audible noise can lead to annoyance and the 
annoyance aggravates sleep problems. 
 


Non-acoustical factors related to the impact of wind turbine noise 
Several non-acoustical factors have been found to influence the relation between 
wind turbine sound and annoyance.  
Economic benefit 


Little annoyance with sound from wind turbines was reported by residents if they had 
economical benefits from wind energy even though these residents were on average 
exposed to higher sound levels. Also, those benefiting economically from wind 
turbines felt significantly less disturbed in their sleep by noise. However, there was 
no difference in the ability to hear the sound between respondents that benefited 
economically from wind turbines and those who did not.  
Influence of visibility 


Respondents that could see at least one wind turbine from their dwelling were more 
likely to be annoyed by the sound than those who did not see any wind turbines 
(Pedersen et al, 2009). When respondents did not see wind turbines, the turbines 
were either relatively small, i.e. distant, or respondents lived in built-up areas. When 
the sight of the wind farm was blocked, then the sound could be (partly) blocked too, 
leading to lower sound levels, which could possibly explain the lower levels of 
annoyance. Alternatively, the enhanced annoyance when the wind turbines were 
visible could also be due to a multimodal effect: the rotating blades of a wind turbine 
attracting attention could increase the awareness of the sound and hence also the 
possibility of noise annoyance (Pedersen et al, 2007). 
Predictability and control 


The level of wind turbine sound varies unpredictably within a relatively short time 
span (minutes to hours). Although the sound level of modern, tall wind turbines may 
at night be lower for part of the time, it usually is either higher or does not change 
clearly at night. This was confirmed in the Dutch survey (Pedersen et al, 2009) where 
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only a small proportion of respondents reported hearing wind turbine sound less 
clearly at night. In this respect wind turbine sound is different from traffic noise or 
industrial noise that usually return to lower levels at night. As a consequence 
residents that are bothered by wind turbine sound are never sure whether the sound 
at night will allow them to be at home without being disturbed. 
According to Taylor (1997) a healthy environment “provides safety, opportunities for 
social integration, and the ability to predict and/or control aspects of that 
environment”. In the Dutch survey there was little annoyance amongst respondents 
with an economical benefit of wind turbines. One of the reasons may be that they 
have more control over the wind turbines: most of them have taken part in the 
decision to put up the turbines and they can stop them if they want.  
Attitude and fairness 


Residents that benefited economically from wind turbines and those that did not had 
different opinions on wind farms and these were related to different views on 
landscape utility and use (Pedersen et al, 2009). In the Dutch survey a negative 
attitude towards the wind turbines, especially with regard to the impact on landscape, 
was associated with annoyance with wind turbine sound. Annoyance was also 
correlated with changes for the worse in the living environment as perceived by 
respondents (but not with changes for the better). A strong correlation between noise 
annoyance and a negative opinion of the impact of wind turbines on the landscape 
was found in earlier studies and confirmed in the Dutch survey. The theory of ‘place 
attachment’ may explain this correlation. In this theory, a new technical device that is 
perceived as not being beneficial for the living environment induces a negative 
reaction (Pedersen et al, 2009). 
From a review Tyler (2000) concluded that people are more willing to accept 
decisions when they feel that those decisions are made through decision-making 
procedures they view as fair. People evaluate a procedure as fair when all parties at 
stake have opportunities to participate, the authorities are neutral, the motives of the 
authorities are trusted, and people are treated with dignity and respect in the 
process. This fairness can influence noise annoyance as Maris et al (2007) have 
shown. In a laboratory experiment participants were exposed to medium or loud 
aircraft noise (50 and 70 dB(A)). Part of the participants could give their preference 
for one of three sound samples (many short or some long overflights, or in between) 
to be played when doing a task, others were not asked. In fact, the same sample was 
presented to all participants. Results showed that annoyance ratings were 
significantly lower when a preference could be given compared to the situation this 
was not asked, though this was found only at the exposure level of 70 dB(A). Thus, 
at a high noise level a ‘fair procedure’ can reduce noise annoyance.  
Wolsink and Breukers (2010) compared the development of wind energy in three 
regions (Northrhein Westfalia, the Netherlands and England) and found that “an 
approach that focuses on implementing as much wind power as possible, relying on 
technocratic reasoning and hierarchical policies is in practice the least successful, 
whereas collaborative perspectives with more emphasis on local issues and less on 
the interests of the conventional energy sector were particularly dominant in the most 
successful case”.  
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Personal and social factors  


Several individual factors have a clear influence on annoyance from a noise source. 
Most important are fear in relation to the noise source and sensitivity to noise. For 
rail, road and aircraft noise Miedema and Vos (1999) have related these factors to 
the reported annoyance, using a database containing the response to noise surveys 
from nearly 50000 subjects. The results could be expressed as an increase or 
decrease in annoyance due to each factor, or as an equivalent increase or decrease 
in noise level. Fear associated with the noise source was found to have a significant 
and large impact on annoyance. When dividing respondents into three groups, the 
difference between the group with lowest and highest fear was equivalent to a 
difference in sound level (Ldn)  of up to 19 dB. The authors point out that the added 
annoyance could be associated with actual fear of that source or it could be related 
to a predisposition of respondents to noise annoyance and fear.  
A second important factor is noise sensitivity. Again dividing respondents into three 
groups, the difference in annoyance between groups with lowest and highest 
sensitivity was equivalent to a difference in sound level (Ldn) of approximately 11 dB. 
Age also had a relation with noise annoyance, but less pronounced than fear or 
noise sensitivity: at the same sound level younger and elderly people are less easily 
annoyed than people of intermediate age. Education level, occupational status, the 
number of persons in a household, home-ownership, economic dependency on the 
noise source and use of the noise source (car, train or airplane) each had a small or 
very small effect on annoyance. There was no relation between noise annoyance 
and gender.  
Flindell and Stallen (1999) reviewed non-acoustical factors that may have an effect 
on noise annoyance. Apart from personal benefits, predictability, (perceived) control 
and noise sensitivity they also lmentioned: 
• trust and recognition that impacts are recognised by authorities; 
• the ability of people to speak to and be listened to by authorities; 
• general attitudes, such as awareness of economic and social benefits of the noise 


source, awareness of noise control action costs, fear of crashes, etc; 
• compensation, such as noise insulation or house purchase schemes; 
• home ownership: home owners might be concerned about the value of their 


property; 
• accessibility to information: this can affect the extent to which authorities are 


perceived to be taking an interest in the noise exposed community; 
• understanding; attitudes can be based on irrelevant or incorrect information.  


 


Other health effects (possibly) related to wind turbine noise 
Irritability or annoyance and sleep disturbance are common effects of noise because 
they occur at relatively low noise levels and thus are bound to come up first. On the 
other hand, hearing impairment and cardiovascular effects are adverse health effects 
that occur at relatively high levels only and are –at least as yet- not relevant when 
considering wind turbine noise. Other effects that are associated with noise (WHO, 
2000) are effects on communication by speech, mental health, performance and 
behaviour.  
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Speech communication 


For vocal communication a threshold level is given above which effects may occur at 
home and in school. A threshold noise level of 35 dB(A) enables people to 
understand one another at close distance (1 meter) without having to raise their 
voice. Assuming a façade sound insulation of at least 15 dB, this means that 
effortless speech is possible at outdoor sound levels of 50 dB(A) and possibly higher.   
Mental health, performance and behaviour  


It is clear that sound can have effects on mental well-being. The level of the sound 
may be less important than the information content of the sound: where does the 
sound come from, what does it mean? Even sounds that are not audible to others 
can have a profound influence on people’s well-being and in general their quality of 
life. Several studies have shown that the impact of tinnitus or aural hallucinations is 
highly influenced by feelings of fear (Van den Berg, 2009b).  
Although we know from everyday life how sound can affect us mentally, not much 
research has been published on the adverse mental effects of noise and the results 
are not straightforward. According to the WHO (2000) environmental noise can have 
various mental effects such as effects on anxiety, emotional stress, nervous 
complaints, nausea, headaches, mood changes and social conflicts. It can also have 
an effect on psychiatric disorders such as neurosis, psychosis and hysteria. As we 
know, noise –for example from a neighbour- can drive a person crazy, though of 
course we usually do not really mean the sound causes mental insanity. But it does 
mean that the effect can be very serious.  
There are two studies on mental health in relation to wind turbine noise. Pedersen 
(2011) analyzed the results of three (two Swedish and one Dutch) wind turbine noise 
surveys and found that health variables and wellbeing were not consistently related 
to the sound levels for all studies. Tinnitus and diabetes were positively related to the 
sound levels in one survey each, but not in the other studies. However, several 
measures of stress were associated with annoyance due to wind turbine noise: 
feeling tense or stressed and feeling irritable was associated with noise annoyance in 
all three studies. Headache was associated with annoyance in two of the three 
studies and undue tiredness in one study only.  
Bakker et al (2011) analyzed in more detail the Dutch wind turbine noise survey data 
for noise in relation to sleep disturbance and non-specific psychological distress. 
Distress was assessed with the 12-item version of the General Health Questionnaire 
which is designed to detect psychiatric disorders in community samples and non-
psychiatric clinical settings. For those who had not heard wind turbine sound at their 
home, sleep disturbance, psychological distress and age were interrelated 
significantly, but there was no significant influence of the wind turbine sound level (as 
one would expect when the sound is not audible). For respondents without economic 
benefits from wind turbines and who could hear the sound from wind turbines at their 
home the analysis showed that in the quiet rural area a higher sound level from wind 
turbines led to a significantly higher percentage of annoyed residents and the 
annoyance in turn led to significantly more psychological distress (as well as sleep 
disturbance, which was in itself related to distress). The direct relation between 
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sound level and psychological distress was not significant, indicating that it is the 
annoyance and sleep disturbance rather than the sound as such that may lead to 
more distress. These relations were weaker and less significant for the population in 
the noisier areas (built-up areas and rural areas with a main road less than 500 m 
from the closest wind turbine): here psychological distress was not significantly 
related to annoyance or sleep disturbance (and not to sound level). It thus appears 
that audible noise may lead to annoyance and the annoyance as well as sleep 
problems, partly as a result of annoyance, aggravate psychological distress. 
Studies investigating other noise sources could help to understand the relation 
between noise and mental health. In a laboratory study with young adults Standing 
and Stace (1980) investigated the effect of low, medium and high sound levels of 
white noise on the outcome of several psychological tests. One test measured State-
anxiety that assesses the individual’s current level of anxiety, whereas Trait-anxiety 
reflects the usual feeling of anxiousness as an individual characteristic. The results 
showed that in the very noisy condition State-anxiety was significantly higher than in 
the quiet or noisy condition while Trait-anxiety did not change. Also, the variability of 
the State-anxiety scores (and not the Trait-anxiety scores) increased significantly for 
both the noisy and very noisy condition, implying that the degree to which test 
persons were affected spread over a wider range when noise level increased. 
Although the persons differed in their baseline anxiety (as measured with the Trait-
anxiety score), the increase in anxiety was similar for those with the lowest scores 
when compared to the others. In another study following British men of 50 to 64 
years of age over a period of five years (Stansfeld et al, 1996) no clear relation 
between the level of road traffic noise and the prevalence of minor psychiatric 
disorders (as determined with the General Health Questionnaire) was found, but 
there was some evidence for an increase in anxiety. The authors concluded that the 
study confirmed the results of previous studies: environmental noise does not appear 
to be an important cause of overall psychiatric disorder but it can contribute to 
feelings of anxiety.  
VVVD  


According to Pierpont the (infra)sound of wind turbines can cause Visceral Vibration 
Vestibular Disease (VVVD). This is a new diagnosis characterized by the following 
symptoms: “a feeling of internal pulsation, quivering or jitteriness, and it is 
accompanied by nervousness, anxiety, fear, a compulsion to flee or check the 
environment for safety, nausea, chest tightness, and tachycardia” (Pierpont, 2009). 
These symptoms are well/known when persons are put under stress and thus may 
not be specific to the impact of wind turbines. Common symptoms of excess stress 
include sleep disturbances, muscle tension, headache, gastrointestinal disturbances, 
fatigue, nervousness, anxiety, changes in eating habits including overeating, loss of 
enthusiasm or energy, and mood changes (Medicine Net, 2010). The degree of 
stress a person experiences depends upon the stressor itself, but also upon a 
number of individual factors such as physical health, the quality of relationships, the 
number of commitments and responsibilities, the degree of others' dependence and 
the amount of support from others, expectations, and the number of changes or 
traumatic events that have recently occurred in a person’s live (Medicine Net, 2010).   
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The fourth version of the Diagnostic and Statistical Manual of Mental Disorders 
(abbreviated to DSM-IV) lists a number of disorders that are related to stress. Here 
disorder is a neutral medical term referring to a disturbance of a ‘normal’, healthy 
state. There are three anxiety disorders that possibly could occur in people who 
attribute their suffering to a wind turbine or wind farm: adjustment disorder, panic 
disorder and generalized anxiety disorder.  
An adjustment disorder is a disturbance of normal, healthy functioning that can occur 
when a person experiences an important negative change in his or her situation or 
life. According to DSM-IV (1994) the main criteria for an adjustment disorder are:  
o Emotional or behavioral symptoms develop in response to an identifiable 


stressor within 3 months of the onset of the stressor. 
o The symptoms are clinically significant: 


1. there is marked distress in excess of what would be expected from exposure 
to the stressor; and/or 


2. there is significant impairment in social or occupational (academic) functioning 
o When the stressor has terminated, the symptoms vanish within six months.   


Second, a major life stress can cause panic attacks: surges of intense fear or 
discomfort. The panic is probably not a result of only one cause, but the result of a 
combination of biological vulnerabilities, ways of thinking and social stressors. Panic 
attack symptoms include trembling or shaking, a fear of losing control, fear of dying, 
a need to escape, nausea, chest pains and a racing or pounding heartbeat (Medicine 
Net, 2010). A panic attack as such is not necessarily a disorder. However, when 
panic attacks recur unexpectedly and are followed by a period of concern about 
additional attacks and/or the implications or consequences of an attack (such as 
losing control, having a heart attack, “going crazy”), and/or a significant change in 
behaviour related to the attacks it may be a panic disorder (DSM-IV, 1994).  
Finally, people with a generalized anxiety disorder (GAD) are more vulnerable to 
stress and hence may react stronger than others to a stressor. Symptoms of a GAD 
include trembling, restlessness or a feeling of being "edgy", excessive worry and 
tension, an unrealistic view of problems, nausea and muscle tension and these may 
become worse during periods of stress (Medicine Net, 2010).   
Of course, the above cannot serve as a diagnosis for people reacting strongly to the 
presence of wind turbines, but it does show that a psychological view on the 
symptoms may help to understand such reactions. If these symptoms comply with an 
existing diagnosis, there is no need for a new diagnosis. 
If Pierpont’s selection procedure would be applied to other sources of noise one will 
probably find similar results: there are also people that suffer from, for example, the 
sound of aircraft, neighbours, barking dogs or untraceable hums. The selection 
procedure is bound to find people who suffer the most, for whatever reason. It is 
possible that selected people are by their nature above-average anxious and are 
thus most sensitive to what they feel is an intrusion of their home.  
VAD 


According to Alves-Pereira and Castelo Branco (2007a) the infrasound and low 
frequency sound of a wind turbine can cause Vibroacoustic Disease (VAD). They 
postulated that at least some of the effects of sound from a wind turbine on residents 
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could be qualitatively explained by low frequency sound (including infrasound). 
Marciniak et al (1999) stated that VAD is caused by long term (10 years or more) 
exposure to high noise levels (at least 90 dB) at low frequencies (below 500 Hz), 
when it cannot be explained by other possible causes. They found VAD, identified by 
a thickening of  the mitral valve (one of the valves in the heart) and the pericardium 
(a sac containing the heart), in aeronautical workers who were exposed to high 
sound levels over long periods of time. Several years later Alves-Pereira and Castelo 
Branco (2007a) stated it was not clear at what sound level VAD can occur and dose-
response relations for infrasound and low frequency noise did not exist and thus the 
risk for developing VAD cannot be assessed. Nevertheless, in their investigation of  a 
family with two wind turbines at 322 and 642 m from the dwelling (Alves-Pereira and 
Castelo Branco, 2007b), they concluded that VAD occurred and was caused by low 
frequency sound. The measured noise levels were substantially lower (20 dB or 
more) than levels at which VAD was thought to occur by Marciniak et al (1999) and 
the spectral levels were below the normal hearing threshold for a considerable range 
of frequencies in this range. If the same sound energy would be presented at the 
best audible frequencies, it would not cause hearing damage although the ear is the 
most sensitive organ. It is therefore highly unlikely that the sound as such could have 
effected physiological damage. Of course the sound and sight of the wind turbines 
could have disturbed the family.  
 


Conclusion 
Wind turbine noise appears to be a relatively disturbing sound when compared to 
other major noise sources. Acoustical and non-acoustical factors may explain this. 
Perhaps most important is the swishing or beating character of the sound. Its 
unpredictability, the perceived lack of control and the perceived balance of 
advantages and disadvantages are other relevant factors related to the annoyance 
from wind turbine sound (and sight). Sleep disturbance is a second important health 
effect to consider, but more research is needed to quantify the relation between this 
effect and wind turbine noise.  
Measures to mitigate noise annoyance from wind turbines are reducing the sound 
level at the dwellings of residents, especially at night, and decreasing the modulation 
level. Changing the meaning of the sound can have a significant impact. If 
procedures and the distribution of pros and cons are perceived as just by residents, 
they will probably have a less negative evaluation of the sound.      
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Abstract         
The NOP wind park will be the largest on shore wind park in the Netherlands. The 
location of the park is the Noordoostpolder (NOP) which is land acclaimed from the 
sea in 1942. The wind park consists of four different new parks: three on the land of 
the Noordoostpolder and one in the lake. This lake, the IJsselmeer, is one of the 
largest lakes in western Europe and was created in 1932 by closing an inland sea, 
the Zuiderzee. The four parks will have a total of 86 turbines generating over 500 
MW. 51 of these turbines will be Enercon E126 7.5 MW and 35 Siemens SWT 3.6 
MW. During the planning of the park the noise regulations of the Netherlands were 
changed. The old regulation is a wind depending noise level Leq for a representative 
night. The new regulation is a yearly average Lden. This Lden is based on the wind 
statistics at hub height. The royal Netherlands meteorological institute has made a 
database of the yearly wind statistics for a height of 80 to 120 m of the whole of the 
Netherlands. In this article the effects of both regulations is discussed using the NOP 
park as an example. For the planning procedures it was necessary to cumulate the 
wind turbine sound with other noise sources. Other noise sources are not only the 
electrical transformers of the parks but also the road traffic noise, agricultural noise 
and industrial noise. This cumulation was used to asses the impact on residents of 
the noise of different types of sources. 


 


Figure 1 Location of the Noordoostpolder (Source: Google Earth) 
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Introduction  


The Noordoostpolder (NOP) is located on the west side of the IJsselmeer (IJssel-
Lake). This lake has been created with the completion of a large enclosing dam, 
separating the Zuiderzee (Southern Sea) from the Noordzee (North Sea). The 
creation of this dam was a response to the flood of 1916. With the completion of the 
Afsluitdijk (Closing dike) in 1932, the Zuiderzee, and her diurnal tides, became 
history.  


Now, large areas of water could be reclaimed for farming and housing. Polders 
(reclaimed land) were created. These areas were the Wieringermeer, the 
Noordoostpolder and the Flevopolder. The total project, called the Zuiderzeeworks, 
ran from 1919 to 1986. For the NOP the work started in 1936, with the official 
reclamation in 1942. Several islands (like Urk) were now part of the main land.  


 


Figure 2 Land reclamation of the last 300 years  


Now, approximately 85% of the total land area of the NOP is used for agriculture 
(data 2008). And, off course, some parts are used for wind turbines and small wind 
parks. Over 12 years ago the municipality NOP established a policy for less or no 
new, single on-shore wind turbines. All new turbines had to be concentrated in one 
big plan. So, over 10 years ago, a group of farmers and entrepreneurs, united in the 
“Koepel Windenergie Noordoostpolder”, developed a plan for one big new park. 


The result of this plan is a wind park containing 86 wind turbines with the possibility 
of producing a yearly 1.4 billion kWh of energy. Replacing over 50 smaller wind 
turbines, it will be one of the biggest on-shore wind parks in Europe.  
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The wind park 


The wind park NOP consists of four separate wind parks, listed in table 1 and 
visualised in figure 2. 


Table 1 The NOP wind parks 
Wind park Type 


Hub height 
[m] 


Rotor diameter 
[m] 


# Turbines 


A - “Creil” Enercon E126 135  127 13 


B - “Westermeerdijk binnendijks” Enercon E126 135 127 17 


C - “Zuidermeerdijk” Enercon E126 135 127 8 


D - “Westermeerwind” (2+1 rows) Siemens SWT 3.6 95 107 48 


 


Figure 3 The NOP wind parks. All red stars indicate a separate wind turbine 
(background: Google Earth). 


A 


B 


C 


D 
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Many different turbine types have been considered. Two different types of wind 
turbines have finally been selected. First, the Enercon E126 7.5 MW turbine with a 
hub height of 135 m. The rotor diameter of this turbine is 127 m, resulting in a tip 
height of nearly 200 m. This turbine is used for the land locations. Second, the 
Siemens SWT 3.6 MW turbine with a hub height of 95 m and a rotor diameter of 
107 m. This turbine is used for the locations in the lake. Originally the lake wind park 
“Westermeerwind” consisted of more turbines, parallel to the 17 land located turbines 
of the wind park “Westermeerdijk binnendijks”. For a smaller visual impact from the 
former island of Urk a few turbines at the southern end of the rows are deleted.  


All four wind parks are united in the “Koepel Windenergie Noordoostpolder”, resulting 
in a simultaneous planning procedure. LBP|SIGHT acted as environmental adviser, 
especially on the topic of noise. During the development of the wind parks the noise 
regulations for wind turbines in the Netherlands were changed. This change took 
more than a year of discussion and of course delay for the park. The NOP wind park 
is the first wind park assessed by these new regulations.  


Sound level regulations 


The old regulation 


The old regulation is a wind depending noise level Leq for a representative night, 
resulting in a curve (Wind norm Curve – “WNC”) with a different limiting sound value 
for each wind speed at 10 metres height.  


 


Figure 4 The old regulation, WNC-curve. 
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When assessing the sound levels for each wind speed, corrected for wind velocity at 
10 metres height according to table 2, the resulting level should be 40 dB(A) at most 
at dwellings during the night (an eight hour equivalent). The correction can be 
applied on the resulting noise level at dwellings or, it can be applied on the sound 
power level. When it is applied on the sound power level the resulting level can be 
compared to sound power levels of other turbines.  


Table 2 Correction of sound level according to the WNC 
V10 [m/s] 3 4 5 6 7 8 9 10 11 12 


Correction [dB] -1 -1 -2 -2 -3 -4 -6 -7 -8 -10 


The dependency of the wind speed at 10 metres height results in a practical problem 
when the wind profile is different from the neutral wind profile. The sound power level 
of a turbine is measured with a neutral wind profile. With a wind profile at stable 
atmospheric conditions, the sound power level is higher then expected according to 
the wind speed at 10 meters height. The difference is expected to be 1 or 2 dB 
higher for a representative night of the year. The new regulation is not related to the 
wind speed at 10 metres height. 


New regulations 


The new regulation (operative since the first of January 2011) states a maximum 
yearly average of 47 dB Lden and of 41 dB Lnight. The Lden is calculated by adding 0, 5 
and 10 dB to respectively Lday, Levening and Lnight and subsequently averaging the 
levels time-weighted. In a formula:   


 


The Lday, Levening and Lnight are the equivalent levels during the periods 7.00 to 19.00, 
19.00 to 23.00 and 23.00 to 7.00 hours. The Lden is chosen because of the European 
Directive 2002/49/EG for the assessment of environmental noise. The value of 47 dB 
is based on the research by the Dutch institute TNO. At this level 9 % of the 
population is highly annoyed. For other noise sources a similar percentage is 
obtained at the by the Dutch law allowed noise level of these sources.  


Although the NOP park consists of four legally different parks the Lden value of 47 dB 
has to be met by the cumulation of noise levels of the four parks. 


Calculation method 


Yearly wind data is necessary to calculate a yearly noise level. For the Netherlands, 
the royal Netherlands meteorological institute (KNMI) has more than hundred years 
of data available. The problem is that the wind velocity in this data is at 10 metres 
height. Using this data, the problem of wind shear in stable atmospheric conditions 
would emerge again. Therefore the KNMI has made a database of the wind statistics 
for a height of 80 to 120 metres of the whole of the Netherlands. This database gives 
a frequency distribution of the different wind velocities during day, evening and night 
time for any given coordinate in the Netherlands and a given height between 80 and 
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120 metres. With this distribution a yearly sound power level can be calculated. In 
table 3 this calculation is given for an Enercon 126 in the NOP project. 


Table 3. Yearly sound power level according to KNMI wind statistic 


Enercon E126 
Wind speed Hub height 139 m Lw+cb


hubheight m/s Lw max ag Day Evening Night Day Evening Night
0 0.0 0.0 0.0 0.0
1 0.0 1.7 1.1 1.1
2 0.0 3.4 2.8 2.2
3 88.5 5.1 4.3 3.4 75.6 74.9 73.8
4 92.1 7.2 6.8 5.7 80.7 80.4 79.6
5 95.3 9.5 9.0 8.0 85.1 84.9 84.4
6 98.2 10.4 10.9 10.3 88.4 88.6 88.4
7 100.8 10.8 11.7 12.3 91.2 91.5 91.7
8 103.1 10.6 11.3 13.1 93.4 93.6 94.3
9 105.1 9.3 10.4 11.6 94.7 95.2 95.7
10 106.7 7.7 8.5 8.2 95.6 96.0 95.8
11 108.0 6.3 6.4 6.2 96.0 96.1 95.9
12 109.0 5.1 4.6 4.9 96.0 95.6 95.9
13 109.6 3.7 3.2 3.8 95.3 94.6 95.5
14 109.9 2.7 2.6 2.7 94.2 94.1 94.3
15 109.9 1.8 2.0 1.9 92.4 93.0 92.7
16 109.9 1.3 1.5 1.5 90.9 91.7 91.6
17 109.9 1.0 0.9 1.0 89.9 89.6 89.9
18 109.9 0.6 0.6 0.7 88.0 87.8 88.1
19 109.9 0.4 0.4 0.4 86.5 85.5 86.4
20 109.9 0.3 0.2 0.2 84.4 82.4 83.6
21 109.9 0.1 0.1 0.1 81.3 78.6 79.0
22 109.9 0.1 0.0 0.0 78.5 72.6 72.4
23 109.9 0.0 0.0 0.1 76.8 65.2 77.3
24 109.9 0.0 0.0 0.0 76.3 76.3
25 109.9 0.0 0.0 0.0 76.8 74.2


sum 104.9 104.9 105.1
Lden 111.5 dB  


From this sound power level a sound pressure level can be calculated according to 
the required method. This method is similar to the ISO9613-2 method. Ground 
attenuation and air absorption is used. The directivity of the noise source can be 
taken into account but so far not enough data on the directivity is available. The wind 
direction is not used extensively in the calculation. The propagation method is valid 
for the usual wind direction from source to receiver and the KNMI wind statistics do 
not give any information about direction. The Dutch method gives a formula for a 
wind direction depended meteorological correction (Cmeteo) which takes the prevailing 
south west direction into account:  


 


However the Cmeteo is mostly zero for dwellings within a relevant distance. 


Calculation results 


Noise calculations for the NOP parks already started under the old WNC regulations. 
During the planning the Lden 47 was introduced but the KNMI wind statistics were not 
yet available. The calculations were then made with statistics from a local measuring 
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mast of 115 m height. Finally the calculations have been made with the KNMI 
statistics. The KNMI statistics are valid for a long term average of several years 
whereas with the local measuring mast consistent values were only obtained for a 
part of one year. Both (wind mast and KNMI wind statistics) sound power levels are 
listed in table 4. Also the WNC corrected sound power level is given. The sound 
power levels are compared with the noise limit. 


Table 4 The sound power levels of both turbine types used in calculations. 


Wind park 
WNC 


Lw [dB] 
10 metres data 


Lden 
Lw [dB] 


Wind mast Enercon 


Lden 
Lw [dB] 


Wind statistics KNMI 


Enercon E126 7.5 MW 104.3 112.2 111.0 - 111.5* 


Siemens SWT 3.6”MW 102.3 109.6 109.3 - 109.4* 


Noise limit at dwellings 40 47 47 


*The sound power levels are slightly different using the KNMI statistics due to different wind distributions of each separate wind 
park. 


In figure 5 the Lden 47 dB contour is depicted using the KNMI wind statistics. The 
dwellings in the NOP are mostly found in the former island Urk. In the newly 
acclaimed land (the ‘polder’) farms were evenly distributed over the land along 
straight lines. The 47 dB contour line runs along such a line of farms. Several 
turbines in wind B (“Westermeerdijk binnendijks”) has to be switched to reduced 
modes to meet the 47 dB limit. 


The Lnight 41 dB contour does not add useful information, since all calculated noise 
levels meet Lden minus Lnight >6.  
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Figure 5 Lden 47 dB contour (The turbines are given as red stars and all surrounding 
dwellings as purple icons). 


Cumulation with other noise sources 


To asses the impact on residents of the noise of different types of sources another 
calculation was made. In this calculation the noise level of different noise sources are 
cumulated. These noise sources are the electrical transformers of the parks, road 
traffic noise, agricultural noise, shipping noise and industrial noise were cumulated. 
Noise levels of each source are first converted to a level with the same hindrance as 
road traffic. The resulting cumulative level can be assessed as road traffic noise. 
Below the formula is given. LL = air traffic, IL = industrial noise, VL = road noise, WT 
= wind turbine noise. 
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Striking in these formula is the factor used for wind turbine noise. In figure 6 the 
cumulated contours of all sources are given, with and without the parks. 


 


Figure 6 Cumulation of all sound sources NOP. Left without and right with wind park 
NOP. 
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Conclusions 


The old and new Dutch regulation for wind turbine noise both result in roughly the 
same restrictions for the NOP wind park. The new regulation avoids the uncertain 
factor of the wind shear at stable atmospheric conditions. The new regulation 
introduces a new uncertain factor consisting of the KNMI wind statistics for high 
altitudes. These values are valid for a long term average whereas the Lden of the wind 
park will differ from year to year. It is expected that this effect is 1 dB or less. 
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Abstract  
Conventional modelling of sound propagation between arrays of wind turbines and 
the surrounding environment treats the individual turbines as compact sources 
combining various components, including blade trailing-edge radiation, blade tip 
radiation, mechanical equipment sources, inflow turbulence/blade interaction, 
blade/tower interaction, etc.  The A-weighted, C-weighted, 1/3-Octave or Octave 
Band acoustic power (actually mean-square sound pressure) from each turbine is 
computed at individual or a grid of off-site positions and summed over all turbines in 
the array to determine off-site impact of the array.  This process includes the tacit 
assumption that the acoustic signals from the turbines are statistically independent.  
In actuality, measurements of turbine installations spanning over 25 years show clear 
departures from this assumption, particularly as regards mechanical and low 
frequency blade-induced sound components.  Since these components tend to be 
important factors in indoor annoyance from wind turbine noise, it is desired to avoid 
underestimating them.   
Statistical analyses and audio demonstrations will be presented to illustrate the effect 
of quasi-random coherence on subjective tonality for small and large arrays of 
turbines.  Graphical analyses of measurement data will be presented to illustrate the 
effect of chance synchronizations on the amplitude of low frequency pulsations. 
The effect of signal coherence among multiple mechanical sources operating at 
similar speeds on the measured and subjective tonality of individual turbines will be 
discussed and demonstrated. 


Introduction  
A consistent theme encountered in over 25 years of consulting on wind turbine 
related noise issues has been “you should have been out here last ____ when it was 
really noisy.”  Despite sound level readings in the 45 dB range, residents have used 
terminology such “deafening,” “sounds like a freight train coming over the hill” and 
the like to describe their post-turbine acoustical environments at regulatory body 
meetings.  It is well known that atmospheric conditions can significantly affect the 
propagation of sound over the source to receiver distances commonly encountered 
in wind turbine installations, but occasional enhanced prominence of distinctively 
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“wind turbine” sounds may arise from the coherent nature of these distinct sounds 
rather than as a result of propagation modulation.   


Nomenclature 
L, LZ, SPL Sound Pressure Level in decibels (dB) 
LA, SLA L with A-weighting 
LeqT Level of mean-square sound pressure, period T 
LmaxT Maximum Sound Pressure Level, period T 
lg Logarithm to base 10 
<>T Time Average over Period T 
p Sound Pressure (usually in pascals (Pa)) 
R Correlation Coefficient 
AC Dimensional Auto Correlation (usually Pa2) 
CC Dimensional Cross Correlation (usually Pa2) 


Pref Reference Sound Pressure 20 µPa 
t Dimensional Time (seconds) 


τ Correlation Function Delay (seconds) 
f Dimensional Frequency (Hz) 


φ Phase Angle (radians) 


Background 
Equation (8) of IEC standard 61400-11  


 


Ls = 10lg 10 0,1Ls+n( ) −10 0,1Ln( )[ ]     (1) 


provides a convenient way to correct turbine noise measurements for background 
noise, based on the presumption that for a multiple source situation, the total sound 
pressure level is determined by simply adding the squared sound pressures from all 
sources and computing 10 lg of the result: 


 


Ltotal = 10lg 10 0,1Li( )


i=1,N
∑ 


 
 


 


 
 
    (2) 


or 


 


Ltotal = 10lg
pi t( )2


pref
2


Ti=1,N
∑


 


 
 
 


 


 
 
 
    (3) 


where <>T denotes time average over period T.   
This formulation is the basis of most multi-source prediction models and most tables 
and nomographs for “adding decibels.”  However, it is only correct for sources that 
satisfy important specifications.   
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The principal of superposition requires that in a linear medium, the sound pressure at 
any point and time that results from multiple sources is equal to the sum of the 
pressures. 


 


ptotal t( )= pi t( )
i=1,N
∑


     (4) 
which suggests that for the total sound field 


 


Ltotal = 10lg
pi t( )
prefi=1,N


∑
 


  
 


  


2


T


 


 


 
 


 


 


 
 
    (5) 


or 


 


Ltotal = 10lg
pi t( )2


pref
2


Ti=1,N
∑ +


pi t( )p j t( )
pref


2


Ti≠ j
∑


 


 
 
 


 


 
 
    (6) 


In order for Eq. (6) and Eq. (3) to give the same answer, the N2-N cross-products on 
the right side of (6) must average out to zero over time period T, which appears to be 
a tall order.  However, for most broadband noise generation processes, each of 
these cross-products averages to zero individually within modest time intervals (i.e. 
they are statistically independent).   
The important exceptions are periodic signal components, for which there is no 
guarantee of a zero average.  Dispensing with pref (=20 µPa) and recognizing p is 
actually time dependent and a ratio to pref , each cross-product term is 


 


pi p j T
= pi


2


T
p j


2


T( )0,5
Rij,T     (7) 


where Rij,T is the correlation coefficient 1 ≥ R ≥ -1.  For signals with periodic 
components of equal or very similar frequencies, Eq. (3) assumes the distribution of 
cross-products is sufficiently random that the average of the terms is near zero.  The 
potential consequences of this assumption are the topic of this paper. 


Correlation Function and Unaligned Coherence 
Often when measuring in “hostile” environments, important periodic signal 
components can be buried in background noise.  An extension of the correlation 
coefficient concept shown in Eq. (7) and its frequency domain counterpart may be 
used to reveal the buried information. 
The correlation function is the delay-dependent cross product of a signal with itself 
(autocorrelation function) or between two signals (cross correlation function) 


 


ACi,i τ( )T = pi t( )pi t − τ( )
T


CCi, j τ( )T = pi t( )p j t − τ( )
T


     (8) 


AC(0) is the mean-square value of the signal (and the Fourier transform of AC(τ) is 
the power spectral density).   
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For partially coherent pairs of signals, CC(τ) exhibits a peak value for τ equal to the 
delay time between sensors.   
For stochastic signals AC and CC decrease rapidly from the peak.   


For sinusoidal signals, regardless of phase, AC(τ) is always cos(2πfτ).  Cross-
correlation properties for tonal signals are summarize in (9) below: 


 


p t( )= P sin 2πft + φ( )
pi t( )p j t − τ( )


T →∞, fi = f j
= cos 2πfτ + φ2 − φ1( )


pi t( )p j t( )
T →∞, fi ≠ f j


= 0


pi t( )p j t( )
T , fi ≠ f j


= [See Figure 1]


   (9) 


Figure 1 below shows the effect of averaging time of the cross-correlation between 
two tones of similar but unequal frequency and initial phase.  The horizontal axis is 
non-dimensional T x (f2 – f1).  For example, to have insignificant effect on a 
measurement with averaging time 10 seconds, the frequency difference would need 
to be greater than approximately 0.4 Hz.   


 
Figure 1.  Illustration of cross correlation between two tones of near equal frequency 
as function of non-dimensional averaging time T∆F and initial phase offset (degrees) 
 
The sequence of figures to follow demonstrates the power of correlation analysis to 
reveal potentially problematic periodic components buried in background noise.   
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Figure 1 shows low frequency noise 94 dB (blue), once per second pulses with peak 
level 104 dB (green) and the summation signal (red).  Although the pulses can be 
seen in the composite signal, it is not clear that they would be identified without a-
priori knowledge.   


 
Figure 2.  Low Frequency Noise, Synthesized Wake Pulses, Composite Waveforms 
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Figure 3 shows the 1 Hz bandwidth frequency spectra for the three signals.  Although 
the effect of the pulses is evident in the 10-20 Hz range of the composite (red) 
spectrum, it provides no indication of the repetitive impulsive character of the signal. 


 
Figure 3.  Spectra Corresponding to the Time Histories in Figure 1 


 
The autocorrelation functions (for the delay range -1.5 to +1.5 seconds) for this 
signal sequence is shown in Figure 3.   
Note that the autocorrelation at zero delay is 1 for the noise, equalling the mean-
square value of the signal.   
Note that the autocorrelation of the pulses is 0.3, approximately 10 dB below the 
noise, while the peak amplitude of the pulse was 3.0, 10 dB above the average level 
of the noise.  The one second repetition rate and the relatively narrow pulse width 
are clearly indicated (although the peak amplitude of the pulses can only be 
estimated). 
Finally note that since the noise and pulses are not correlated with each other, the 
autocorrelation of the composite at zero delay is 1.3, the sum of the autocorrelations 
for the noise and pulses separately.   
For purposes of wind turbine low frequency noise measurements, it is generally 
possible to greatly improve signal to noise ratios by using two measurement systems 
spaced a few meters apart and compute CC(τ).  The difference between wind speed, 
ground turbulence and sound speed then affords a means to separate acoustic noise 
from a measurement object from spurious noises.  This is shown in Figure 4 and 
Figure 5 below. 
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Figure 4.  Autocorrelation Functions for Signals in Figure 1 (Blue = Random Noise, 


Green = Pulse Sequence, Red = Composite) 
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Figure 5.  Hypothetical separation of combined measurement object broadband and 


pulse noise from slowly propagating turbulence noise using cross correlation of 
signals from two microphones spaced 35 meters “downwind  


Geoffrey Miles of NASA/Glenn Research Center has developed a frequency domain 
corollary concept dubbed Unaligned Coherence to identify tones in turbofan 
combustor environment.   
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Wind Turbine Noise Components  
The major contributions to wind turbine noise had been established and well 
documented by the early 80’s thanks to work by Hubbard and Shepherd, Sutherland 
et al at Wyle Labs, Kelley at NREL, and many others.  Details of some of the sources 
have been revealed by recent phased array and focused sensor studies by 
Oerlemans and others.  The following listing is for reference and not intended as 
revelatory or all-inclusive: 


1. Inflow turbulence – rotor blade interaction.  Predominantly low to mid-low 
frequency broadband noise with very low to no correlation between pairs of 
turbines in “typical” installations. 


2. Blade turbulent boundary layer – trailing edge radiation.  Predominantly mid to 
mid-high frequency broadband noise with no correlation between pairs of 
turbines. 


3. Mechanical vibrations and acoustic radiation from turbine power train.  Tones 
typically in the 100-1000 Hz range excited by gear meshing and generator 
magnetostriction or periodic deformation.  High correlation between excited 
radiating surfaces and fluctuating correlation between pairs of turbines 
operating at near-equal speeds. 


4. Mechanical vibrations and acoustic radiation from auxiliary equipment.  
Combination of broadband noise and tones in the 100-1000 Hz range from 
cooling fans, pumps, transformers, yaw drive.  High correlation of tone 
components between elements on individual turbines and between pairs of 
turbines. 


5. Support tower – blade interaction.  Pulsations at blade passage rate (0,5 – 10 
Hz) as blades pass through flow deficit of support tower.  Most prominent with 
rotor downwind of tower.  High correlation between turbines in similar flow 
environments. 


6. Blade wake – support tower interaction. Pulsations at blade passage rate (0,5 
– 10 Hz) as blade wakes impinge support tower.  Most prominent with rotor 
upwind of tower.  High correlation between turbines in similar flow 
environments. 


7. Rotor – flow profile interaction.  Low frequency radiation from rotor blades due 
to periodic loading in shear flow or with rotor yaw error.   


The sources above that may be identified in the field as “wind turbine noise” are 
largely in the “coherent” category, suggesting it would be prudent to consider effects 
of partially coherent summations in turbine noise modelling. 
To illustrate, representative measured noise spectra for two relatively modern large 
wind-turbines are shown in Figure 6.  
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Figure 6 - Representative Wind Turbine Noise Spectra – Leq10sec 
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In each case the green curve is the 1/3-octave and the blue curve is nominal 1-Hz 
spectral levels.  It is clear that both spectra exhibit various tonal components, but 
none would invoke a “tone penalty” under most noise exposure standards in the U.S.   
An example of periodic low frequency pulsations from a modern turbine are shown in 
Figure 7 as cross correlations computed from microphones 670 and 700 meters 
upwind of the turbine.  It corresponds with the lower graph in Figure 5. 


 
Figure 7.  Example of Low Frequency Periodic Wind Turbine Noise 


Relevant observations from this chart are: 
1. The peak cross correlation occurs at a delay of about 80 ms, in agreement 


with the 30 m microphone spacing. 
2. The peak correlation corresponds to LZ 63.8 dB, significantly higher than 


the LA 39.2 dB shown in Figure 1 and suggestive of a predominance of 
low frequency noise  Note that the peak autocorrelation (not shown) is LZ 
71.8 dB at both microphones, illustrating the power of using cross 
correlation to assess low frequency noise in windy environments). 


3. There is a repetitive component of period approximately 1.1 seconds, 
suggesting that the three-blade turbine is turning at just over 18 RPM. 


4. The pulse width of the periodic component is about 0.1 second and the 
signal level is equivalent to LZ 62 dB 


The autocorrelation of the noise from Figure 7, measured inside a residence about 
720 meters from the turbine is shown in Figure 8.  Overall noise level is LZ 61.4 dB 
and LA approximately 22 dB.  The periodic “thump” level is LZ 57.2 dB.   
In both Figure 7 and Figure 8, the peak amplitude of the “thump” can only be 
estimated from the correlations.  Based on the apparent duty cycles, the peak 
amplitude is on the order 10 dB greater than the overall LZ, i.e. 72 dB outdoors and 
67 dB indoors.   
These are not excessive sound levels.  However, we will demonstrate that the 
coherent nature of the tones in Figure 6 and the “thumps” in Figure 7 can result in 
their protruding above the background more than the overall noise in turbine arrays. 
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Figure 8.  Example of Low Frequency Noise Measured Indoors 


Turbine Simulation 
In order to demonstrate the potential effect of signal coherence on noise from 
moderate size arrays of turbines, several scenarios were synthesized.   


1. Multiple turbines emitting a tone of fixed frequency but arbitrary phase.  
This would represent, for example, turbines with cooling fans emitting 
pronounced blade-passage tones, typically in the 150-300 Hz range 


2. Multiple turbines emitting tones of slightly different frequency, 
representative of gear-meshing in a variable-speed turbine. 


3. Multiple turbines emitting rotor blade passage rate thumps. 
Synthesized signals from the total array were added together and characterized by 
maximum sound pressure level, time-average (Leq) sound pressure level and level 
fluctuation.  Phase combinations were assessed using Monte Carlo approach for 
large arrays and by direct evaluation for smaller arrays (observe that for phase 
increment of 3 degrees, a five-turbine array would have over 2x108 combinations to 
evaluate). 
For the tone cases, a nominal frequency of 150 Hz was chosen arbitrarily.  For the 
thumps, waveforms similar to that shown in Figure 2 were used, with a 1 Hz blade 
passage rate (20 RPM). 


Simulation Results  
Fixed-Frequency Tones 
Figure 9 shows the not-unexpected result for two turbines.  When the phases align, 
the level is 3 dB greater than for two uncorrelated sources and when the phases are 
180°, the signals cancel.  The dividing point is 90° and therefore the level is greater 
than uncorrelated 50% of the time. 
Three turbines, as shown in Figure 10, begin to show a different trend.  The 
maximum is 10 lg(5) or just below +5 dB but the probability of exceeding the 
uncorrelated SPL is only about 40%.  Figure 11 and Figure 12 show that an 
“assmptotic” trend develops, with probability of worst-case becoming miniscule.  
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Figure 9.  Relative SPL probability for 2 turbines at 150 Hz, all possible phases 


 
Figure 10.  Relative SPL probability for 3 turbines at 150 Hz, all possible phases 
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Figure 11.  Relative SPL probability for 5 turbines at 150 Hz, all possible phases 


 
Figure 12.  Relative SPL probability for 20 turbines, 6x106 point Monte Carlo phase 


combinations (truncated at  -20 to +10 dB) 
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The distributions shown in the prior four figures suggest that for fixed-frequency 
tones, the probability of exceeding the uncorrelated tone level by over 3 dB is about 
10% and the probability of exceeding it by 5 dB is 2-3%.   
They also suggest that if the phases among the turbines are constantly changing 
(such is if the frequencies are slightly different), considerable amplitude modulation 
might be expected.  One example of this is shown in the following set of graphs.  
Distributed Frequency Tones 


First, Figure 13 shows a randomly selected distribution of tone frequencies 150 ± 2.5 
Hz for a relatively large (20) source array.  The initial phases of these signals were 
randomized and the signals added together for a one-hour period and a running one-
second block- Leq1sec was saved.  The Leq1hour was also computed.   


 
Figure 13.  Hypothetical 20 Turbine tone frequency distribution 


The first minute of the time history of Leq1sec for this distribution are plotted relative to 
the uncorrelated sum of the signals in Figure 14.  Also shown in green is the value of 
Leq1hour, which is within 0.01 dB of the uncorrelated value.  Note that protrusions 3-6 
dB above the uncorrelated level are not uncommon.  The distribution for the full hour 
computation is shown in Figure 15.  The one-second averaging time has resulting in 
a compression of the fixed-frequency, random phase case shown in Figure 12.  
Logarithmic plot Figure 16 illustrates the effect of time averaging on the maximum 
composite signal level, which is limited to +7 dB from the  +13 dB possible (though 
extremely improbable) for the fixed frequency case.   
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Figure 14.  One-minute example of Leq1sec (blue) and Leq1hour (green) 


of the frequency distribution shown in Figure 13 


 
Figure 15.  Statistical distribution for one hour of 20 frequency-distributed sources 
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Figure 16.  Logarithmic representation of Figure 15 


 
Rotor Blade Thumps 
Statistical distributions for low frequency pulsation noise are distinct from tones 
because of their low duty cycle.  i.e. during periods of non-overlap, they would add 
incoherently.  The effect of the low frequency pulsations is largely the result of the 
peak or maximum sound pressure rather then the average value as with tones and 
broadband noise because interaction with non-linear processes such as window 
rattle tend to be the primary subjective manifestation 
To illustrate the contrast between tones and thumps statistics, Figure 17 and Figure 
18 may be compared with Figure 9 and Figure 10, respectively.  In this case the 
pulse waveform simulation shown in Figure 2 was used/ 
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Figure 17.  Statistics of average Thump SPL for 2 turbines 


 
Figure 18.  Statistics of average Thump SPL for 3 turbines 


To model arrays of more than three turbines, a pulse simulation was prepared with a 
sharper primary pulse and more spread pre- and post-cursor pulses as shown in 
Figure 19.  Several random, best and worst-case alignments of these pulse models 
were synthesized, with results as shown in histogram and cumulative distribution 
plots, Figure 20 and Figure 21.   
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Figure 19.  Pulse model used for 5-turbine thump simulations 


 
In the histogram, maximum and average levels were accumulated in 0.2 dB bins for 
a total of 304 orientation combinations.  With a maximum sound pressure of 1 Pa, 
single turbine sound pressure levels were computed at 80.5 dB Leq and 94 dB Lmax, 
illustrated by the green and red lines on the graph.  The blue line is the uncorrelated 
SPL for 5 turbines, 87.5 dB.  It is clear that for Leq (blue) the mode is near the 
uncorrelated sum.  For Lmax (red) the mode is the single turbine maximum.  Maximum 
levels 14 dB above the mode and average levels 7 dB above the mode are possible, 
but with miniscule probability.  The cumulative distributions illustrate that a 10 dB or 
greater rise in Lmax has just under 1% probability of occurring. 


A six-hour simulation of five turbines turning at a random distribution of speeds ±1% 
around 20 RPM is shown in Figure 22 though Figure 25.  At the six-hour scale, 
intrusions above the uncorrelated prediction appear brief, albeit frequent.  However 
the expanded views show that the excess noise events might last for a substantial 
fraction of a minute.  This could be disconcerting to a resident whose windows were 
just below the rattle threshold most of the time.   
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Figure 20.  SPL Histogram for combinations of all spacings of pulses from 5 turbines 


in 4 degree rotor orientation increments 


 
Figure 21.  SPL Distribution for combinations of spacings of pulses from 5 turbines 
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Figure 22.  Six hour thump simulation with 5 turbines - Leq1sec re uncorrelated sum 


 
Figure 23.  Six hour thump simulation with 5 turbines – Lmax1sec re single turbine 
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Figure 24.  Expanded display of maximum noise event from Figure 22 


 
Figure 25.  Expanded display of maximum noise event from Figure 23 
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Conclusions  
The fundamental conclusion from this analysis is that one needs to be aware of 
coherent properties of the distinctive elements of wind turbine noise.  Coherent 
addition of tones can result in increased uncertainty in measurements of emissions 
tonality and un-masking at noise-sensitive receptors.  Temporary synchronization of 
low frequency impulses could cause overrun of non-linear structural response or 
subjective sensation thresholds.   
For modest sized turbine arrays, the probability for worst-case combinations of tone 
phases or rotor blade thump timing is extremely low, but probability of increases in 
the range 3-5 dB is on the order 1-10%.  The rarity poses enforcement and diagnosis 
problems; a resident awakened by a minute of window rattling might contact a 
complaint “hot line” and the synchronization that caused the rattling may never occur 
while the problem is investigated. 


Mitigation Strategies 
IEC standard 61400-11 appears to address the coherent addition issue by requiring 
identification of tones that have audibility greater than -3 dB.  What is not addressed 
in the potential effect of multiple or distributed tonal sources with equal or nearly 
equal frequency on the measurement spectra.  Equal-frequency sources that are not 
consistent in relative phase will combine to produce a different directivity pattern 
every time they are activated.  Multiple sources that are phase-linked will have quasi-
consistent directivity, but for source spacing greater than a small fraction of the 
wavelength, the directivity will be too irregular to assess reliable from a single 
measurement position.  Aside from the obvious approach of minimizing tone 
production by individual turbine elements, minimizing the number of elements that 
produce the equal tone frequencies would reduce measured tone emission 
uncertainty. 


In the author’s opinion, the current ± 20% tolerance on measurement distance 
exacerbates the problem.  Measuring on a grid surrounding the IEC reference 
position would improve the confidence in turbine tonality ratings. 
Rotor blade pulsation may be an unavoidable consequence of large turbine size, 
wind profiles and structural requirements.  However, also as a consequence of large 
turbine size, noise sensitive receptors are generally only within the influence of a 
relatively small number.  Conversely, location of turbines in relatively sparsely 
populated areas means that a turbine sub-array may only influence a small number 
of receptors.   
A proposed strategy for pulsation mitigation is 


1. Incorporate pulsation characterization into IEC 61400-11. 
2. Determine, through analysis of turbine and receptor coordinates, the 


potential pulsation levels at the receptors having a generally accepted 
probability  


3. For receptor locations where the potential pulsation levels exceed criteria, 
interlink the turbine controllers and program them so that blade position 
combinations that cause excessive pulsation amplitudes in the specific 
directions are avoided. 
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Abstract 
 
It is known (Styles et al., 2005) that windfarms generate low frequency vibrations 
which propagate through the ground and have the potential to adversely affect 
sensitive installations, most notably seismometer arrays set up to monitor for nuclear 
tests.  Significant work on the effects of large wind turbines has been carried out by 
Keele University as well as by Schofield (2002) and Fiori et al (2009).  For the 
Eskdalemuir International Monitoring System station in Scotland, a vibration 
threshold was set, for wind farms within 50 km of Eskdalemuir, at frequencies around 
the 4 to 5 Hz region.  However, with increased development, the threshold is being 
approached and small wind turbines (less than 50kW), even of the order of 15kW 
have also been restricted despite the differences in scale and modes of vibration.  In 
order to protect Eskdalemuir a threshold limit was set for any turbine as a holding 
measure and a programme to try to establish whether they were really problematic 
has been carried out. 
Models for two wind turbine types from the manufacturers Proven and Gaia-Wind 
have been calculated and measurement programmes carried out.  It has been 
possible to demonstrate that in most cases these small turbines do not generate 
significant energy in the band of concern and that the levels are low enough to be 
negligible.  Small turbines once evaluated and monitored by Keele University and 
given approval by the UK Ministry of Defence, will receive clearance for deployment 
around the Eskdalemuir site at distances greater than 10km. 
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1. Introduction 
 
The Southern Uplands of Scotland has been an important area for sustainable power 
for many years.  It is a large area of high topography, where high winds are 
prevalent, making it an excellent source of potential wind energy for both large and 
small wind turbines.  The UK government in line with the Kyoto agreement has the 
challenge of reducing carbon emissions in the UK by 60% by 2050.  The Scottish 
Executive, more ambitiously, recently set a target of 80% of the country’s energy 
consumption to be generated from renewable sources by 2020.  Renewable energy 
development, especially wind power will be an important contributor to achieving 
both of these targets and the Southern Uplands has the potential, according to the 
Department for Trade and Industry (DTI), to generate 40% of the UKs renewable 
wind capability. 
The Eskdalemuir Seismological Recording Station (EKA) is situated in the middle of 
this resource area, in the Southern Uplands of Scotland, near Langholm, 65km south 
of Edinburgh (Figure 1).  The station is operated by the Atomic Weapons 
Establishment (AWE) and forms a component of the International Monitoring System 
(IMS), part of the verification regime for the Comprehensive Nuclear-Test Ban Treaty 
(CTBT). The CTBT is an international treaty banning all nuclear explosions.  
Although it is not yet in force, the treaty was adopted by the United Nations General 
Assembly in September 1996 and a total of 182 countries had signed it by the end of 
2010. Of these, 153 have also ratified the treaty, the latest being the Central African 
Republic in May 2010. 
Consisting of twenty broadband seismometers, the array at EKA is arranged in two 
perpendicular arms of ten seismometers, with each approximately 10km in length 
(Figure 2).  The arms act like antenna, meaning that incoming speed and direction of 
signals can be determined.  The signal-to-noise factor of this array is increased by a 
factor of ~4.5 relative to a single sensor, (Bowers, 2010). 
The Eskdalemuir station constitutes a proportion of the UKs contribution toward the 
treaty.  Ratified as an auxiliary station of the IMS in February 2009, an upgrade in 
2008 meant that the station could be designated a substitute primary station should a 
primary IMS station breakdown (Bowers, 2010).  The UK is obliged by the treaty to 
ensure that the seismic array's detection capabilities are not compromised.  
In February 2004, the UK Ministry of Defence (MoD) introduced a precautionary   
80km exclusion zone around EKA (BWEA, 2005), banning all new wind farm 
developments within the zone, in case they compromised the detection capability of 
the Eskdalemuir station.  This effectively removed 40% of the UKs renewable wind 
capability at this time, as identified by the DTI. 
In 2004 the Eskdalemuir Working Group was established and the Applied and 
Environmental Geophysics Research Group at Keele University, funded by the MoD, 
DTI and the British Wind Energy Association, was assigned to conduct research to 
investigate the nature and levels of vibration from wind turbines and whether these 
would interfere with EKA. The study (Styles et al., 2005) focused on a wind farm 
containing 26 Vestas V47 (660kW, 40m hub height and 47m rotor diameter) turbines 
situated on similar geology and topography to Eskdalemuir.  The study found that low 
frequency vibrations from the turbines could be detected on seismometers several  
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Figure 2 The layout of the seismometers at the Eskdalemuir array (EKA).  The cross over point lies at 
N55.33° W003.15°. (After Bowers 2010) 


Figure 1 The location of the Eskdalemuir (EKA) seismic station, with the 50km statutory consultation 
zone for wind power developments shown by the red circle. (Base map from Ordnance Survey Open 
Source collection) 
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kilometres away.  From the results, a model was derived to predict the aggregate 
vibration contribution from any planned wind farm in the vicinity of EKA. 
Subsequently, a maximum permissible background noise budget of 0.336nm was 
agreed with the Comprehensive Nuclear-Test-Ban Treaty Organisation in Vienna 
which would not compromise the detection capabilities of EKA.  On the basis of the 
research results and the calculated noise budget, the MoD reduced the exclusion 
zone, introducing a statutory 50km consultation zone around EKA (Figure 1).  
However, no distinctions were made between different wind turbines based on size. 
The study by Keele University corroborated earlier findings of work carried out by 
Styles (1996) (reported by Snow (1997), Manley & Styles (1995) and Legerton et al. 
(1996)) at a wind farm of 11 Bonus 450kW turbines at St Breock’s Down in Cornwall.  
They found that harmonic components at multiples of 0.5Hz were transmitted 
through the ground with particular peaks at 0.5Hz, 3.0Hz, 4.5Hz, 6.0Hz, 7.5Hz and 
higher frequencies.  Later in 2002, Schofield conducted a study of vibrations from the 
Stateline Wind Project which consists of 399 Vestas V47 turbines and found results 
consistent with the work carried out at St Breock’s Down.  Since the EKA research in 
2005, little additional work has been published, with none to our knowledge 
specifically on the vibrations from small wind turbines.  Fiori, et al. (2009) detail 
findings from a study of the vibrations from a wind farm near Hannover, Germany 
containing three 2.3MW 100m turbines and five 1.5MW 85m turbines.  The wind farm 
is close to the GEO-600 gravitational wave detector.  The work was conducted in 
2005 and confirms the conclusions of Styles, et al. (2005). 
The noise budget is now close to being reached and in February 2010 the MoD 
placed a blanket ban on all new wind turbines, large and small within 50km of EKA.  
In light of the large number of applications for small wind turbines within the zone, it 
was suggested by Bowers and Styles (2009 to MoD) that an interim guideline for 
small wind turbines might be as follows.  


We recommend that contributions with a predicted level of less than 
0.00001nm can be considered negligible. This recommendation for 
contributions from small- and micro-wind turbines should be considered 
interim, until trials have quantified the source term from such turbines and the 
2005 model and guidelines adjusted if necessary. The 0.00001nm level is 
roughly equivalent to one micro turbine (1.5 kW) at 30 km, or one small 
turbine (50 kW) at 50 km. The interim level should allow consent for small 
turbines with < 10 kW in the zone 40-50 km from the seismometer array. 


This assumed that micro and small turbines generate vibrations in the 4-5Hz 
frequency band of interest, which are transferred into the ground and propagate to 
Eskdalemuir.  Due to the size, weight and design of small wind turbines this may not 
be the case.  It was envisaged that the frequencies will be higher than the band of 
interest, have lower amplitudes than those generated by the large turbines and 
attenuate quicker. 
This paper details and presents the preliminary results of a study carried out during 
2010 by the Applied and Environmental Geophysics Research Group at Keele 
University, funded by AWE and Gaia-Wind, on vibrations from small wind turbines, 
(defined to be <50kW).  
Two models of turbine are considered (Figure 3).  The Proven 35-1 is a 15kW, three 
blade self-regulating turbine.  It has a hub height of 15m, rotor diameter of 9.6m and 
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is mounted on a self-supporting monopole. The Gaia-Wind 133 is a twin blade, fixed 
speed turbine, mounted on an 18m tubular tower.  
Monitoring and finite element modelling of both towers was undertaken and the 
results compared in order to validate the models.  Modelling predicts the frequencies 
a turbine may generate.  If the models are known to be reliable, it could be possible 
to predict frequencies without the need for monitoring.  Both turbines were monitored 
using the same equipment for a period of 7 days under varying wind conditions 
during 2010. 
 


2. Monitoring Sites and Equipment 
 
The two small wind turbines discussed in this report are situated on private property 
in England, outside of the Eskdalemuir exclusion zone.  
The Proven 35-1 site is located at Holestone Moor in Derbyshire, 11km south-west of 
the town of Chesterfield in the UK.  The turbine is located in a field at the back of a 
collection of farm buildings and holiday cottages.  Beyond it is farmland, outside of 
the property boundaries.  The nearest main road is 1.6km away. 


Figure 3 The two small wind turbines monitored and modelled in this paper; the 
Proven 35-1 (left) and Gaia-Wind 133 tubular tower (right). 
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The Gaia-Wind 133 tubular tower site is located just outside the village of Wigton in 
Cumbria, 13km south-west of Carlisle in the UK.  The turbine powers a dairy farm 
and is situated in a field to the rear and north-west of the main farm building and 
approximately 40m from the Carlisle to Barrow-on-Furness rail line. 
Seismic monitoring is used to determine the resonant frequencies of the tower. 
Vibrations are measured over several days so that data under various wind speeds 
and directions is acquired.  A combination of three-component broadband 
seismometers and accelerometers and single-component accelerometers are 
deployed to monitor the wind turbines. 
Figure 4 shows the seismic noise levels for each of the sites compared to the 
Peterson low and high noise models (Peterson 1993).  This indicates that both sites 
lie under the high noise model.  Apart from frequencies around 1-3Hz, Wigton has 
higher background seismic levels, especially at higher frequencies where the two 
signals diverge. 
The sensor locations in relation to the turbine and nearby buildings for the Proven 
35-1 and Gaia 133 sites are shown in Figures 5 and 6 respectively.  On both sites 
two single component accelerometers were placed horizontally inside the turbine 
perpendicular to each other (Figure 7), attached to the tower with strong magnets. 
At Wigton, for the Gaia-Wind 133 turbine, in addition to the two accelerometers 
placed on the tower, a single uniaxial accelerometer was deployed in the ground at 
the base of the tower.  Three further uniaxial accelerometers were placed in shallow 
pits in the ground (Figure 8) at distances of 10, 20 and 30m away from the turbine in 
a north-westerly direction.   A single three-component accelerometer was buried 
south of the turbine, 70m away, in a pit about 1m below ground level and 0.3m 
square.  The pit base was lined with sand and the accelerometer placed in a bag, 


Figure 4 Typical seismic spectra in the vertical component recorded at Holestone Moor (blue) and 
Wigton (green) during a quiet period when the respective turbine was not operational and the average 
wind speed for the hour very close to 0m/s, compared to the Peterson low and high noise models 
(Peterson, 1993). 
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levelled and packed with sand to prevent movement. The three component 
seismometer (Figure 9) was deployed on the other side of the railway 190m north-
east of turbine. 
At Holestone Moor, uniaxial accelerometers were also deployed in shallow pits in the 
ground at distances of 10, 20 and 30m away from the turbine.  Due to the concrete 
foundations lying at the surface, it was not possible to place an accelerometer at the 
base of the turbine; instead this accelerometer was positioned at a distance of 40m.  
The three-component accelerometer was positioned 20m north-east of the turbine 
and deployed in the same manner as at Wigton.  At Holestone Moor, three triaxial 
seismometers were deployed at locations agreed and acceptable to the owner.  One 
was buried 30m north-west of the turbine.  This was the furthest away in this 
direction that could be reached due to the property boundaries.  This sensor lay in 
line with the turbine and a second seismometer was positioned on hard standing 
inside a large storage barn, 110m south-east of the turbine.  The third seismometer 
(Figure 9) was located in the meter room, 108m east of the turbine and in-line with it 
and the uniaxial accelerometers positioned at 10m and 30m.  The deployment of all 
seismometers at both sites was in line with the detailed installation instructions 
written by SeisUK (Brisbourne et al., 2010). 
Wind speeds were recorded at Wigton using an anemometer mounted on a 6m mast.  


Figure 5 The sensor locations for the monitoring of the Proven 35-1 turbine at Holestone Moor. 
Inset: the location of Holestone Moor within the UK.  The green circle shows the turbine position, 
purple circles – uniaxial accelerometers, purple triangle – triaxial accelerometer and red triangle – 
triaxial seismometer. Coordinates are given in OSGB. 
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However, the equipment was not available for use at the Holestone Moor site.  It  
 


Figure 6 The sensor locations for the monitoring of the Gaia-Wind 133 tubular tower turbine at 
Wigton.  Inset: the location of Wigton within the UK.  The green circle shows the turbine position, 
purple circles – uniaxial accelerometers, purple triangle – triaxial accelerometer and red triangle – 
triaxial seismometer. Coordinates are given in OSGB (m). 


Figure 7 Two uniaxial CMG-5U accelerometers in situ inside the Proven 35-1. 
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Figure 8 Left: Shallow burial of CMG-5U accelerometer in horizontal position.  Bedded level with 
sand   Right: CMG-5U in place in the ground covered with soil  


Figure 9 Triaxial seismometer in the meter room (left) at Holestone Moor and buried in the 
ground (right). 
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should be noted that wind speeds quoted in this paper are averaged over ten minute 
periods.  The values recorded on the anemometer provided a good indication as to 
periods when the wind turbine would and would not be operational. The Gaia-Wind 
turbine does contain its own anemometer, attached to the nacelle, to control the 
cutting in and out of the turbine at set wind speeds, but it was not possible to log 
these values. 
 


3. Comparison of the vibration characteristics of two small wind 
turbines 


 
It is known that large wind turbines generate frequencies in the 4-5Hz band (Styles et 
al., 2005) which are significant to the Eskdalemuir seismic station.  Accelerometers 
were attached to the respective turbine and seismometers deployed at locations up 
to 170m away (described in Section 2).  Recordings were obtained over a one week 
period and the raw data analysed to find periods when the turbines were operational 
and non-operational.  Frequency spectra generated from the raw data were used to 
visualise the prominent frequencies present during a given time period. 
Bending modes describe how a turbine bends at a given frequency and are defined 
by the number of nodes (points or lines of minimum vibration) which are present on 
the turbine at that frequency.  Each bending mode has two possible frequencies, 
which may be very close together, occurring parallel and perpendicular to the 
direction the nacelle is pointing.  The bending modes visible in the spectra will 
depend on the direction the sensor is placed within the tower.  In Figure 10, the 
accelerometers were attached perpendicularly on the Gaia tower and the data 
gathered when the turbine was not operational (average wind speed of 0 ms-1).  
Three peaks are visible on each sensor, but the higher frequencies, generated by the 
tower, are more spread out and do not correlate as well.  
Figure 11 is a comparison of the frequency spectra for one hour periods using data 
gathered from an accelerometer attached to the respective turbine when it was 
operational and non-operational.  The spectra for the Proven 35-1 have a similar 
trend and the peak for the first bending mode at 1Hz is particularly prominent in both. 
For the Gaia, when the turbine is non-operational, the amplitude drops and the 
spectra flatten off, although peaks at 7.5Hz and 9.5Hz which may relate to torsion 
and the second bending mode, respectively can still be seen. 
Attenuation of the signal at each site is shown in Figure 12.  These plots show 
spectra from a one hour period when the turbine is operational, using data from 
sensors at increasing distances away from the turbine.  At both sites, by 100m the 
signal from the turbine is masked by the background noise.  At Holestone Moor, this 
occurred by 30m and the frequency spectra for both the 30m and 100m sensors are 
almost identical.  
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At the Gaia site in Wigton, a sensor was placed in the ground at the base of the 
turbine.  The bottom plot of Figure 12 shows that the signal is transferred into the 
ground but has already dropped by 20 dB/Hz.  At 10m the signal on the tower is only 
seen in the ground for frequencies above 6Hz.  By 70m the signal attenuates enough 
to not be seen above the background noise.


Figure 10 Frequency spectra for the two accelerometers attached to the Gaia-Wind 133 turbine using 
data while the turbine was non-operational. 
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Figure 11 Comparison of the operational and non-operational frequency spectra for the Proven 35-1 
turbine (top) and Gaia-Wind 133 turbine (bottom) 
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4. Finite element modelling methodology of a small wind turbine 
 
It is expected that small wind turbines of less the 50kW will generate higher resonant 
frequencies than their larger counterparts, in a similar manner to that of a trumpet 
producing a higher pitch than a tuba.  There is less tubing (or tower) for the air to 
interact with and for vibrations to travel along.  However, the size of the turbine is not 
the only factor to affect vibrations. Properties and thickness of the material, mass of 
the nacelle, position and size of the flanges and rotational speed of the blades affect 
the results and should be considered.  In addition any vibrations are likely to have 
lower amplitudes which attenuate relatively quickly. 
The vibrations can be seen by modelling a wind turbine using finite element software, 
like COMSOL.  The software can perform a finite element analysis on a model of the 
turbine and calculates the respective eigenfrequencies.  This is also a useful tool for 
locating key positions where accelerometers could or should not be placed.  For 
example, positioning on a node is not recommended as this may not give the full 
range of vibrational spectra. 
The models described in this paper were run on an Intel Core i7 2.93GHz desktop 
machine with 8GB RAM running Windows 7 64Bit.  The finite element analysis was 
performed using COMSOL Multiphysics 3.5a software with the average runtime for a 
model when calculating 100 eigenfrequencies taking about two seconds. 
The modelling process is a four-phase (Figure 13) iterative process. Firstly, the basic 
geometry is created and boundary conditions assigned.  A mesh is subsequently 
applied to the structure and an eigenfrequency analysis performed to find the 
resonant frequencies.  Finally the results of running a frequency response analysis 
on the model are compared with data collected in the field to verify the model.  
Depending on the accuracy, minor alterations can be made to the model in places 
where assumptions and simplifications have been made to try and achieve a greater 
level of accuracy, while optimising the computational power available. 
The two small wind turbines discussed in this paper are mounted on hollow tubular 
towers and can be described simply using Shells which are contained within the 
Structural Mechanics module of COMSOL.  This application mode allows for easy 
definition of boundaries by assigning values for material thickness, density,  
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Figure 12 Frequency spectra for the Proven 35-1 (top) and Gaia-Wind 133 (bottom) at increasing 
distances away from the respective turbine, showing how the signal attenuates with distance. 
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Young’s modulus and Poisson’s ratio. 
The towers are simplified by using a constraint on the base edge of the tower rather 
than including foundations.  This replicates the interaction of the turbine with the 
concrete foundations.  A stiffness matrix is applied to the base edge of the turbine 
and is defined as 


 
Equation 1 


where  is the force,  is the displacement and  is the stiffness matrix.  In this case, 


 can be defined as a constant equal to the stiffness of concrete, 25GPa (COMSOL 
Materials Library). 
The nacelle is simplified to consist of a hollow polyhedron, generated from a 
combination of simple shapes (sphere, cylinder, etc.).  The density of the nacelle is 
calculated using the formula 


 
Equation 2 


where  is density,  is the mass of the nacelle (not including blades) and  is the 
volume of the nacelle in the model, taking the thickness into consideration. 
An eigenfrequency analysis of a model identifies the natural resonant frequencies 
under given boundary and load conditions.  A frequency response analysis will show 
the amplitudes of a range of frequencies. These can be compared to the results 
obtained from monitoring the turbine in order to verify the model (Section 5).  


Figure 13 The four stages of the finite element modelling process of a small wind turbine.  From left to 
right: Creating the geometry and assigning boundary conditions; applying the mesh; running an 
eigenfrequency analysis; and comparing model results with the monitored data. 
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5. Predicted vibrations from two small wind turbines using FEM 
 
Finite element analysis of each turbine was undertaken concurrently with the 
respective monitoring work, in order to assess the potential vibrations from the 
turbine.  The models were verified using monitored data with the aim of creating a 
valid model which could be used to solve further problems without the requirement of 
further monitoring.  Both the Proven 35-1 and Gaia-Wind turbines were modelled 
within COMSOL and had an eigenfrequency and frequency response analysis 
performed upon them. 
The mesh for each turbine (Figure 14) was generated automatically within COMSOL 
and the statistics for each mesh are shown in Table 1.  The differences between the 
two models occur due to the surface area.  Although the Gaia is a taller turbine (18m 
compared to the Proven at 15m), the Proven 35-1 model is more complex.  It 
includes the rudder section and wider blades generating a larger surface area. 
Results for the Proven 35-1 eigenfrequency analysis are shown in Figure 15.  Both of 
the first bending modes occur at 1.1HZ and the second bending modes at 7.11Hz 
and 7.52Hz respectively. The eigenfrequency analysis results for the Gaia-Wind 133 
tubular tower turbine are shown in Figure 16.  Both first and second bending modes 
on the Gaia occur at slightly higher frequencies than those of the Proven.  The first 
bending modes are at 1.49Hz and 1.77Hz respectively and the second at 8.52Hz and 
9.58Hz.  Higher bending modes were also seen on both turbines.  
A bending mode is defined by the number of nodes on the tower at a given 
frequency.  There are two possibilities for each bending mode, occurring parallel and 
perpendicular to the direction the nacelle is pointing.  The turbines were modelled 
with the length of the nacelle parallel to the y-axis. 
In addition, the towers have breathing modes (Figure 17).  Breathing modes are 
visualised where sections of the tower appear to be inflated, as if the tower had 
expanded with air and was ‘breathing’.  These are more prevalent in the Gaia-Wind 
133 than the Proven 35-1.  There are a couple reasons why this may be so, the 
Proven 35-1 has a rudder, made from a polypropylene composite material 
(tradename Twintex), which is supported by a steel cross pole.  This may provide 
extra support for the nacelle.  Further, the towers differ in construction.  Both towers 
contain three sections which decrease in radius with height.  The sections of the 
Gaia-Wind 133 are fastened together with flanges, whereas the Proven 35-1 tower 
has interlocking sections, which overlap each other.  As such this gives a double 
thickness to the tower in certain areas, producing a more rigid structure. 


Turbine No. of 
points 


No. of 
triangular 
elements 


No. of edge 
elements 


No. of 
vertex 
points 


Degrees of 
freedom 


Proven 35-1 5390 10947 1845 396 32340 


Gaia 133 2531 2517 736 77 13962 


 
Table 1 The mesh statistics for the Proven 35-1 and Gaia-Wind 133 models. 
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Figure 15 The first (left) and second (right) bending modes of the Proven 35-1 wind turbine, 
occurring at 1.1Hz and 7.11Hz respectively.  Colour indicates displacement with red being high 
and blue low.  All dimensions are in metres. 


Figure 14 The meshed models.  Left: Gaia-Wind 133 Right: Proven 35-1.  All dimensions are in 
metres. 
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Figure 16 The first (left) and second (right) bending modes of the Gaia-Wind 133 turbine with a 
tubular tower, occurring at 1.5Hz and 9.58Hz respectively.  Colour indicates displacement with 
red being high and blue low.  All dimensions are in metres. 


Figure 17 Two examples of the breathing modes on the Gaia-Wind 133 turbine.  The left image 
occurs at 34.7Hz and the right at 44.4Hz.  All dimensions are in metres. 
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6. Verification of the computational models 
 
Verification of a wind turbine model is performed by comparing a frequency analysis 
from the model to a frequency spectrum generated from monitored data.  A point is 
chosen on the model (Figure 18) closest to where the sensor data was collected.  
For the two turbines modelled in this paper the point selected was on the base edge 
of the tower, underneath the blades. 
Figure 19 shows the comparison of the modelled and monitored data for the Proven 
35-1 turbine at Holestone Moor.  The frequency spectrum generated from the 
monitored data uses data acquired over an hour period, while the turbine was 
operational.  The peaks for the first bending mode occurring at ~1Hz match well in 
terms of location and amplitude.  Additionally, peaks which occur in the modelled 
data between 5 and 6Hz are visible in the monitored data, although it is a much 
broader peak.  Overall, the general shape and amplitudes match relatively well. 
The comparison of the data for the Gaia-Wind turbine at Wigton is presented in 
Figure 20.  Again, peaks depicted in the frequency response from the model are 
clearly visible in the monitored spectrum.  However, some of the peaks in the 
monitored spectrum are missing from the modelled spectrum.  This could be due to 
complexities introduced by the dynamic nature of the turbine.  The mechanics of the 
structure and rotation of the blades and nacelle would produce other frequencies in 
the monitored data that are not seen in the static model. 
The amplitude of the peaks at just over 1Hz and 8.5Hz match particularly well. 


Point used to generate the 
frequency response graph 


Figure 18 Points available on the Gaia-Wind model on which a frequency response can be 
conducted. 
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Figure 19 Comparison of the FEA frequency response (red line) of the Proven 35-1 model and the 
frequency spectra using data obtained on the turbine while it was operational (blue line). 


Figure 20 Comparison of the FEA frequency response (red line) of the Proven 35-1 model and the 
frequency spectra using data obtained on the turbine while it was operational (blue line). 
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7. Conclusions 
Previous work (Styles, 1996; Schofield, 2002; Fiori et al., 2009) has demonstrated 
that modern wind farms generate vibrational frequencies in the 4 to 5Hz band of 
interest, detrimental to the detection capabilities of the Eskdalemuir seismic station in 
Scotland.  This report discussed the monitoring and modelling of two small turbines, 
the Proven 35-1 and Gaia-Wind 133 tubular tower to investigate whether they 
generate the same frequencies and how any frequencies which are generated 
attenuate. 
Monitoring of the two turbines has shown that some frequencies (for the bending 
modes) are present when the turbine is not operational as well as when it is, 
although the amplitude drops by ~35 dB rel (m/s2)2/Hz on the Proven turbine and ~40 
dB rel (m/s2)2/Hz on the Gaia.  When operational, the signal has attenuated enough 
to not be seen above the background noise at a distance of 100m at both sites. 
Using finite element analysis, the peaks seen in the monitored data can be identified 
as different bending modes of the towers.  The second bending modes occur out of 
the critical 4-5Hz band at 7.1Hz and 7.5Hz for the Proven and 8.5Hz and 9.5Hz for 
the Gaia. 
The models generate results which are relatively well representative of the monitored 
data, although not as noisy.  As the models are static, vibrations caused by the 
dynamics of the actual turbine, e.g. blade rotation, are not seen.  Also, monitored 
data spectrum will show frequencies which may have been generated from sources 
external to the turbine, such as farm machinery or at Wigton, a train passing by.  
As a consequence of the work presented in this paper, the MoD has issued revised 
guidelines regarding small wind turbines in the Eskdalemuir region (MoD to 
RenewableUK, Ref. Safeguarding/Egmts/Policy/20101217, 2010).  In summary this 
means: 
No wind turbine of any size will be allowed within 10km of Eskdalemuir.  Within the 
statutory consultation zone (10km-50km), the interim level of 0.00001nm for small 
wind turbines (<50kW) remains unless, 


1. The Applied and Environmental Geophysics Research Group at Keele 
University have monitored the turbine and provided the MoD with suitable 
report based evidence on the vibrational spectra for a specific design type of 
small wind turbine. 


2. Once the MoD confirms that the specific small wind turbine-type has been 
shown to excite negligible seismic energy in the frequency pass-band of 
interest for EKA, that specific turbine will be accepted within the statutory 
consultation zone. 


This allows landowners and farmers in Southern Scotland to take advantage of small 
scale wind developments to produce sustainable energy assisting the UK reach its 
target of 60% renewable energy by 2050. 
Machines in the range from 50 to 500kW are still subject to the total aggregate 
threshold but further work is required to evaluate their true potential for interference. 
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Abstract         
Noise is a crucial factor in wind turbine rotor design, as wind turbines move closer to 
inhabitant regions as the world wide energy consumption further increases. Active 
Flow Control is expected to be a convenient solution to reduce the trailing edge 
noise, which is the main source of noise at wind turbines [1], and to increase the 
performance of the turbine as well. This paper deals with constant suction and shows 
the impact on various boundary layer parameters, which influence the emitted trailing 
edge noise. Numerical and experimental results are presented showing that constant 
suction leads to a significant reduction of trailing edge noise.  


 


Introduction  
Wind farms can not be located too close to inhabitant regions due to prohibitive 
levels of noise emission. The noise emitted from operating wind turbines can be 
divided into two sources: mechanical, and flow-induced. In this study, we are 
interested in attenuating flow-induced noise, namely the turbulent boundary layer – 
trailing edge interaction noise (TBL-TE noise), which is considered to be the most 
dominant noise source of modern wind turbines [1]. This noise is generated by 
turbulent pressure fluctuations in the boundary layer, which are scattered at the 
trailing edge of the turbine blade. Currently noise reduction is achieved by airfoil 
shape design [2] or other passive devices like serrated trailing edges [3]. A candidate 
technology for further reducing the noise levels resulting from turbulent structures 
interacting with the trailing edge is Active Flow Control (AFC). Flow control 
techniques affect the boundary layer features and as such it can be expected that 
also the emitted trailing edge noise will be influenced. Currently, numerical and 
experimental investigations are performed at the University of Stuttgart and Tel-Aviv 
University to investigate the effect of AFC on the boundary layer and their potential 
for trailing edge noise reduction. 
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Numerical Model and Results  
Different types of actuation systems were simulated at the IAG. First a single slot 
device was tested to investigate the general effect of suction on the relevant 
boundary layer parameters and the emitted trailing edge noise. The latter was 
determined by the Noise prediction tool Rnoise [4], which was developed at the IAG. 
It is based on the theory of Blake [5] solving a Poisson equation. For the wall 
pressure fluctuations caused by the turbulent boundary layer Blake showed that the 
wall pressure fluctuations can be described by following equation: 
 


 
Here Λ2 is the integral length scale in wall normal direction. It roughly describes the 
vertical extension of the energy containing eddies passing the trailing edge. U1 is the 
velocity of the flow at the trailing edge in streamwise direction and Ф22 is the 
spectrum of vertical velocity fluctuations. The moving axis spectrum Фm describes the 
distribution of energy away from the convective ridge (in the k1-ω plane) for the 
energy in the vertical velocity and <u2


2(y2)> is the Reynolds stress component in wall 
normal direction. ki are the wave numbers in i-direction (see also figure 1) and ω is 
the angular frequency.  
Rnoise uses the solution of a RANS simulation obtained from the CFD codes 
FLOWer [6] or TAU [7], both developed by the DLR (Deutsches Zentrum für Luft und 
Raumfahrt). The boundary layer profile U1(y2) is directly taken from the RANS result, 
but all other variables must be modelled from different boundary layer parameters, 
depending on the used turbulence model [4].    
Finally the propagation to the farfield is calculated by solving the diffraction problem 
[8]:  


                                                                                                                                                          (2)   


     
                                                                                                                                                                                                                      
Here L is the length of the trailing edge, R is the observer distance to the trailing 
edge and c0 is the speed of sound.  
 
 
 
Based on equation (1) an actuation device must be found that affects the shown 
parameters so that the pressure fluctuations are reduced. It is obvious that a 
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reduction of Λ2, Ф22 and <u2
2(y2)> will lead to reduced pressure fluctuations and 


subsequently to lower noise emission (eq. 2).  
 


 
Fig 1: Schematic presentation of the production of trailing edge noise 


 


As a first opportunity constant suction was considered to have the mentioned effects 
on the relevant boundary layer parameters as it is known to reduce the boundary 
layer thickness (and with it Λ2)  and to reduce the turbulence within the boundary 
layer (reduction of Ф22 and <u2


2(y2)>). 
To give proof to this assumption, 2D 
CFD simulations of a NACA64-418 
airfoil with a small single slot on the 
upper surface were performed using 
the TAU code. The TAU code is an 
unstructured finite volume code. The 
mesh was generated by IGG from 
NUMECA [13]. The y+ value which 
defines the height of the first cell row is 
set to 1. In the region of the suction 
slot and at the trailing edge the mesh 
is refined. The slot is meshed with 20 
cells in streamwise direction. The 
simulation is fully turbulent. Figure 2 
shows the solution of one of these 
simulations. The Mach number was set 
to 0.15 and the Reynolds number was 
3.5e6. The magnified image on the             
upper left of figure 2 depicts the flow region at the actuator position. It shows how a 
part of the passing flow displayed by streamlines is sucked into the airfoil. In these 


 
Fig 2: RANS solution of NACA64-418 with local 
suction slot at 50% chord. The slot width is 0.25% 
of chord length. The magnified picture shows the 
area near the slot. 
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first simulations the actuator was simulated by a pressure reservoir boundary 
condition defining a pressure on the surface smaller than the static pressure of the 
undisturbed passing flow at this position.            


RANS simulation of single slot actuators were performed for different suction rates, 
slot widths and actuator positions. Figure 3 shows the velocity profile extracted 
directly at the trailing edge for different suction rates and for the baseline without 
suction. In these simulations the actuator was positioned at 70% chord. The suction 
rate is described by the momentum coefficient, which is described as 


ref


w


AU
vm


c
⋅


⋅
=


∞
221 ρµ



 (3) 


Here m is the massflow through the actuator, vw is the suction velocity, U∞ is the 
freestream velocity and Aref is the projected surface of the airfoil.   
As it can be seen the velocity profile becomes fuller with increased suction rate. This 
causes a larger velocity gradient close to the wall. Further away from the airfoil 
surface the gradient is reduced. A zero gradient is reached for smaller wall distances 
than for the baseline indicating a smaller boundary layer thickness. A smaller 
boundary layer thickness leads to a smaller integral length scale Λ2 as visible in 
figure 4a.  
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Fig 3: Velocity profile extracted directly at the trailing edge on the upper side of the NACA64-
418 airfoil for the baseline and different suction rates described by momentum coefficient cµ. 
Actuator positioned at 70% chord. Slot width is 0.25% of chord length.  
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Fig 4a and 4b: Integral length scale and turbulent kinetic energy of a NACA64-418 RANS solution with local 
suction. Slot position: 70% chord, slot width: 0.25% chord. The legend showes the massflow coefficient cµ. 
Turbulence kinetic energy normalized by URef = (R*T)0.5. R is the gas constant and T is the freestream 
temperature. 


 
Figures 4a and 4b show the distribution of integral length scale and turbulence 
kinetic energy in wall normal direction. The results are again extracted directly at the 
upper side of the trailing edge. For the integral length scale a significant reduction 
can be recognized for increasing suction rate. The same effect is visible for the 
turbulent kinetic energy. It is used as replacement for the parameter <u2


2>, 
introduced in equation (1). In case of isotropic turbulence it can be assumed that, 


Tku
3
22


2 >=<      (4) 


Both effects indicate a reduction of trailing edge noise. For the turbulence kinetic 
energy a small increase can be seen very close to the wall. This will have a negative 
effect on the noise emission at high frequencies. At figure 5 the noise spectra are 
shown for the different suction rates evaluated by Rnoise. Clearly visible is the noise 
reduction at low frequencies. But at higher frequencies a noise increase is 
recognized. A final analysis of these spectra showed that in total a noise reduction 
could be achieved.    
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Fig 5: Noise spectra for a NACA64-418 RANS solution with local suction. Slot position: 70% 
chord,  slot width: 0.25% chord. Suction rate is described by the massflow coefficient cµ 


 


Wind Tunnel Tests (Tel-Aviv) 
  
Parallel to the simulations at the University of Stuttgart experiments investigating the 
effect of suction on boundary layer parameters were performed at Tel-Aviv University 
(TAVU). Instead of local slots the suction was applied over a large area using a 
porous plate. The experiments were conducted in the mixing-layer facility, located at 
the Meadow Aerodynamics lab at TAVU, described by Oster and Wygnanski [9]. A 
mixing layer facility simulates the flow conditions as they occur at the trailing edge of 
a cambered airfoil. The facility mainly comprises of two inflows and one plate 
between these inflows, as shown in figure 6.   
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Fig 6: Mixing layer facility at Tel-Aviv University 


 
The velocity of the slower stream (bottom test section) was 5±0.2 m/s, and the 
velocity of the faster stream was 7±0.2 m/s. The data was acquired with a single hot 
wire and a pair of X-shaped hot-wires operated at a constant temperature mode and 
calibrated in a manner described by Oster and Wygnanski [9]. The single hot-wire 
was used mainly to identify locations where the low spatial resolution of the X-wire 
(about 1mm) adversely affected the reliability of the data and above the splitter plate. 
The airfoil aft region suction is simulated by the addition of a splitter plate to the 
mixing layer facility. The splitter plate suction area is 75mm long by 529mm wide. 
The plate porosity is 26% with suction holes diameter of 0.8mm. 
A comparison between different flow features at the mixing layer region is shown in 
Figures 7a and 7b. The velocity profiles are turbulent. The influence of the suction 
technique is evident not only on higher statistics but also on the mean velocity profile. 


 
Fig 7a and 7b: Distribution of mean velocity (a) and velocity fluctuations (b) in wall normal direction 
for different suction velocities and the baseline configuration without suction. 
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 Following the acquisition of the mean velocity profiles, the integral parameters of the 
boundary layers, with and without suction were computed (Figure 8). For the mixing 
layer data sets, only the upper surface (“suction” in airfoil terminology) boundary 
layer was taken into account. Figure 8 presents the displacement thicknesses 
measured upstream and downstream of the trailing edge, respectively. It is evident 
that by taking into account only the upper part 
of the boundary layer (above the wake), the 
influence of the boundary layer suction is 
evident in the data and is consistent for both 
measurement locations. As expected, the 
displacement thickness decreases with 
increasing suction magnitude. The same effect 
was discovered for the momentum thickness. 
 Figures 9a and 9b show the velocity gradient 
and the velocity fluctuations in wall normal 
direction respectively for different suction rates. 
Both are reduced for increasing suction 
velocity. Regarding equation (1) this will have a 
positive effect on the emitted trailing edge 
noise.  
 


 
Fig. 9a and 9b: Velocity gradient (a) and velocity fluctuations in wall normal direction (b) at the trailing 
edge of the splitter plate. 


 


 
Fig 8: Effect of suction on displacement 
thickness measured 17.4mm upstream of 
the splitter plate (blue circles) and in the 
upper part of the wake 20mm 
downstream of the splitter plate (black 
triangles). 
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Wind Tunnel Tests (University of Stuttgart) 
 To prove the results achieved by CFD 
simulations and boundary layer 
measurements at Tel-Aviv University 
additional wind tunnel tests of a NACA64-
418 airfoil with suction device were 
performed in the Laminar Wind Tunnel of the 
IAG [10]. The model was equipped with a 
distributed suction device covered with a 
porous plate. The holes of this plate had a 
diameter of 250µm and the open area was 
25% of the plate area. That way suction 
could be applied on the upper side of the 
airfoil from 40 to 90 percent chord. In 
practice a smaller region was used to 
prevent circulatory flow in the actuator box 
caused by the streamwise pressure 
gradient. This could only be avoided by 
reducing the width of the suction area by 
adhesive foil and increasing the suction rate. 
Usually suction was applied over the whole 
span of the model (0.73m) and 10% of chord 
length. Aerodynamic and aeroacoustic 
measurements were performed. The latter 
was done by the CPV method [11]. This 
method developed at the Laminar Wind 


Tunnel was applied for trailing edge noise measurements. Special hot-wires are used 
for the measurement of particle velocity and the velocity fluctuations are converted to 
sound pressures assuming sources of monopole type located at the trailing edge. 
From the phase of the cross correlation function it is possible to distinguish between 
trailing edge noise and background noise. The hot wires are mounted on two 
cantilevers which have the shape of a symmetric airfoil. The trailing edges of these 
cantilevers are equipped with serrations to minimize the trailing edge noise 
emissions of the cantilevers and therefore to minimize the disturbances on the 
trailing noise measurements. The two cantilevers are mounted on a flat plate which is 
attached to the turn table. The CPV system is shown in figure 9 together with the 
NACA64-418 model and a magnified picture showing the holes of the porous plate. 
For details of the method see [11] and [12].    
The results of the aeroacoustic measurements are shown in figure 10 exemplarily for 
an actuator position from 55% to 65% chord. Like in the CFD simulations of the 
single slot suction a noise reduction at low frequencies was achieved while at high 
frequencies a noise increase is obtained. Calculating the total noise a reduction of up 
to 5dB was received.  
 


 
Fig. 10: Picture of the NACA64-418 inside 
the Laminar Wind Tunnel of the IAG with 
CPV-System. The magnified picture shows 
the holes of the porous plate. Each hole has 
a diameter of 250µm. 
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Fig 11: Measure Noise spectra of a NACA64-418 airfoil. Suction was applied from 55% to 65% 
chord.  


 


 
Conclusions  
Steady distributed suction proved as a suitable method for trailing edge noise control. 
CFD simulation of single slots showed the positive effect on different boundary layer 
parameters like length scale, turbulent kinetic energy and the velocity profile leading 
to a significant reduction of pressure fluctuations inside the boundary layer, which are 
responsible for trailing edge noise. Boundary layer measurements performed in a 
Mixing Layer facility by Tel-Aviv University showed in general the same 
characteristics, although distributed suction was applied instead of local suction. 
Finally aeroacoustic measurements in the Laminar Wind Tunnel of the University of 
Stuttgart showed that the trailing edge noise could be reduced by distributed suction 
by around 5dB.  
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Abstract 


The most effective and cost saving solution to control and reduce wind turbine noise 
is in the design stage. An integrated wind turbine rotor modelling and analysis tool 
validated with measured data for aero-acoustics modelling capabilities is needed.  
This tool will be utilized to perform turbine optimization through advanced airfoil/blade 
design and rotor control.  A strategy and frame work for an integrated wind turbine 
model, including VTS (Vestas Turbine Simulation), CFD (Computational Fluid 
Dynamics), and CAA (Computational Aero-Acoustics) utilizing the state-of-art 
technology to model the airfoil/blade and rotor aero-acoustics, is laid out in Figure 1 
and 2.  The computed airfoil and rotor noise in both time and frequency domains due 
to the airfoil and rotating blade, as seen in Figure 3-12, were presented and 
compared to available wind tunnel data with anechoic chamber acoustic 
measurements and the new acoustic array field measurement for validation and 
correlation.   


 


Objectives 


When a wind turbine or wind farm is installed near a populated residential 
community, its noise impact on the community, especially at night, is a great concern 
and can be a major market entry factor.  International Electro-technical Commission 
(IEC) 61400-11 specifies the acoustic noise measurement standards.  The objective 
of this research effort is to develop a validated and integrated rotor simulation with 
the state-of-the-art aero-acoustic model that can be utilized in rotor design and 
control for quieter wind turbine technology.  The dominant aerodynamically 
generated noise for large wind turbines will be modeled and studied.  The research 
work here also represent largely collaborated efforts with Sandia National 
Laboratory, National Renewable Energy Laboratory, Pennsylvania State University, 
commercial CFD software vendors and Riso National Laboratory for Sustainable 
Energy in Denmark; together we want to develop the advanced modeling methods 
with validations, and developed the advanced testing methods and measurements as 
well as design concepts.  The ultimate goal is to develop and demonstrate how the 
state-of-art integrated aero-acoustic modeling/simulation technology with validation 
can be utilized for quieter wind turbine design and rotor control process, so that the 
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noise generated from a wind turbine and wind farm can be reduced and controlled by 
an improved installation.  


 


Methods 


It is expected that the wind turbine noise reduction should not be achieved through 
loss of wind turbine performance in term of energy production.  At the same time, it is 
understood that wind turbine aero-acoustic sources have strong coupling with wind 
turbine aerodynamics and blade dynamics including elastic effects.  Thus the 
following integrated rotor modeling and simulation should be utilized and validated 
with various fidelity models [Ref 1].  The Figure 2 shows the development process 
and frame where it is shown that airfoil noise should be validated by wind tunnel test 
inside anechoic chamber, and wind turbine rotor aero-acoustics should be validated 
with field test such as acoustic array.  The Figure 3 shows the integrated 
airfoil/blade/rotor modeling and design optimization diagram with the key tool 
module. 


 


Figure 1.  Development Process and Framework 
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Figure 2. Integrated Aero-acoustic Modeling 


Tool selection for each module in the system is based on a rigorous literature review, 
trial evaluation, bench marking and validation among various commercially-available 
software codes or though government and university support.  It is found that each 
software have its own advantages and limitations; therefore tool selection should 
depend on the specific objective.  


For CFD (Computational Fluid Dynamics) tool, evaluation was based on bench 
marking AcuSolve, CFX/Fluent, STARCCM+, and CFD++.  We found each code has 
significant aerodynamic modeling capabilities with its own Pros and Cons depending 
on the objective. 


For CAA (Computational Aero-Acoustics) tool, we have evaluated Fluent-CAA, 
CFD++/CAA++, PSUWOPWOP, NREL NAFNOISE and FAST, and Riso HAWTOPT.  
It is found that using PSUWOPWOP code which was developed for helicopter 
industry [Ref 2, 3 and 4] is a very efficient way to compute the far-field low frequency 
noise when it is coupled with a rotor aerodynamics and dynamic modeling based on 
Blade-Element Method (BEM), while NAFNOISE is a very efficient tool [Ref 5] in 
evaluating typical airfoil broadband noise, such as laminar/turbulence boundary layer 
noise, trailing edge separated flow noise, trailing edge bluntness vortex shedding 
noise, and turbulence inflow noise, which are very important wind turbine 
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aerodynamically generated noise.  It should be noted that NAFNOISE for airfoil and 
FAST for 3D rotor noise are the semi-empirical aero-acoustic noise prediction codes 
that compute the noise in frequency domain, which should be validated in new airfoil 
noise simulation.  On the other hand, the CAA code such as PSU-WOPWOP and 
Fluent-CAA (FWH), based on Ffowcs Williams-Hawkings (FWH) equation solution 
method, is a time domain aero-acoustic noise prediction code, and is more 
deterministic time domain solution that can be utilized for high fidelity modeling when 
it is coupled with CFD using LES turbulence model or NLAS (Non-Linear Acoustic 
Solver) model.  VTS (Vestas Turbine Simulation code) is our most efficient 
comprehensive wind turbine simulation code which includes airfoil/rotating blade 
aerodynamics, dynamic with elastic modes, nacelle and tower that include 
transmission, generator and rotor controller.  VTS was utilized in this study to couple 
with PSU-WOPWOP for the far-field aero-acoustic rotor noise simulation, followed by 
parametric study to identify the key wind turbine aero-acoustic noise sources. 


 


Validations with Wind Tunnel and Field Acoustic Array Tests 


For the airfoil noise model validation, we did bench marking and validated our airfoil 
noise modeling using both NAFNOISE and FLUENT-CAA simulations on classic 
NACA0012 airfoil and validated the modeling against NASA wind tunnel test with 
acoustic measurements inside anechoic chamber where its results was published in 
NASA Reference Publication 1218 [Ref 5].  Figure 3 shows our high fidelity 
computed acoustic pressure result in time history using Fluent (Large Eddy 
Simulation) at microphone located at about 5 chords above airfoil suction side.  Its 
1/3 Octave frequency spectrum was shown in Figure 4 in comparison with NASA 
wind tunnel acoustic test data and low fidelity tool NAFNOISE computation result.  
The Figure 5 shows the airfoil noise source contribution to the total noise from 
NAFNOISE.  Figure 6 shows the wind tunnel with anechoic chamber and acoustic 
array facility that we might want to use for future airfoil noise study.  
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Figure 3 CFD LES/CAA simulation of Airfoil Noise 
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Figure 4 LES/CAA and NAFNOISE simulation 
of Airfoil Noise in comparison with Experiment  
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Airfoil Noise Analysis using NAFNoise
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Figure 5 NAFNOISE prediction of Airfoil 
spectrum 


 


Figure 6 Wind Tunnel in Anechoic Chamber


 


 


For the rotor aero-acoustic noise modeling validation, we did integration the VTS 
coupled with PSUWOPWOP then combined with the airfoil noise modeling result into 
the final wind turbine aero-acoustic noise simulation.  The computed wind turbine 
rotor noise with sound pressure contribution contour using VTS+PSUWOPWOP in 
Figure 7 is compared with B&K Acoustic Array test data measured in the similar 
condition for the same turbine model with result showing the sound pressure 
contribution level contour in Figure 8.  The validation is also done with different wind 
speeds between our modeling results and IEC 61400-11 test results for the same 
turbine as shown in Figure 9.  For the field acoustic test development, we are 
working with Bruel and Kjar Sound and Vibration as the partnership.  It is understood 
that the high background noise is a big issue for the conventional IEC 61400-11 
standard test as well as to separate the rotor aero-acoustic noise and nacelle 
mechanical noise.   Thus, for the first time, we worked with B&K on the acoustic 
array test using B&K 30 microphones array system as shown in Figure 10.  It is 
found through the field test that wind turbine aero-acoustic noise has modulation in 
its character.  Thus, it is important to model the rotor acoustic in time domain; Figure 
11 shows our first effort to simulate the rotor aero-acoustic in time domain which 
clearly shows the each blade rotating noise and blade tower interaction effect.  
Figure 12 shows the acoustic array test result in the similar condition after post-data 
processing focused on rotor downdraft aero-acoustic noise, this confirms the rotor 
aero-acoustic has modulation in its nature.    
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Figure 7 Modelling Noise Rotor Map Figure 8 Acoustic Array Test Result 


 


Figure 9 Modeling vs Test results 


 


Figure 10 B&K Pentangle Acoustic Array   


 
Figure 11 Modelling Rotor Noise 


 


Figure 12 Acoustic Array Test Rotor Noise 
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Conclusions 


Comprehensive wind turbine aero-acoustic simulation system is developed 
and correlated with wind tunnel test for airfoil noise and acoustic array field test for 
rotor aero-acoustic noise.  The key wind turbine aero-acoustic noise generation 
mechanisms including RPM, blade-tower interaction, airfoil broadband noise, blade 
design such as swept tip, rotor control inputs, and atmospheric turbulence were 
evaluated through subsequent parametric studies.  It is found that wind turbine aero-
acoustic noise has strong coupling with aerodynamics and rotor dynamics including 
elastic modes necessitating the use of integrated wind turbine simulation that 
includes both wind turbine aerodynamic performance and aero-acoustics noise.  
Thus the wind turbine aero-acoustic noise reduction can be achieved with rotor 
design and control optimization while considering both wind turbine performance and 
noise at the same time.  It is also found the acoustic array testing technology is an 
effective tool to suppress background noise and separate the rotor aero-acoustic 
noise versus nacelle mechanical noise, which we would like to continue working in 
this technology. 


 


Acknowledgement 


The authors would like to acknowledge and thank tremendous support from 
B&K team with acoustic array testing and post data processing.   The authors would 
like to thank Carsten Westergaard, Jan Johansen, Bryan Edwards and Jens Jakob 
Wedel-Heinen for their great support and interest through out the test process. 
Thanks are also due to our management and project support. 


 


References 


1. S. Xue and et al from Bell Helicopter Textron Inc “Integrated Aero-Acoustics 
Rotor Simulation and Design Optimization”, 27th AIAA Aero-acoustics 
Conference, May, 2006   


2. K. Brentner and F. Farassat, “Modeling aerodynamically generated sound of 
helicopter rotors”, Aerospace Sciences 39, pp 83-120, 2003 


3. T. Samuels and S. Xue “Helicopter Noise Prediction and Validation: First look 
at Combined Main and Tail Rotor”, 64th American Helicopter Society Annual 
Forum, April 29, 2008. 


4. S. Xue and A.S. Lyrintzis,”Rotating Kirchhoff Formulation for 3D Blade Vortex 
Interaction for Hovering Rotor”, AIAA Journal, Vol. 32, No. 7, July 1994. 


5. P. Moriarty and P. Migliore, “Semi-Empirical Aero-acoustic Noise Prediction 
Code for Wind Turbines”, NREL, Technical Report, Dec. 2003  


6. T. Brooks NASA Langley Research Center and et al, “Airfoil Self-Noise and 
Prediction”, NASA Reference Publication 1218, 1989. 





		Fourth International Meeting on Wind Turbine Noise

		Rome  Italy  12-14 April 2011

		Integrated Airfoil/Blade Aeroacoustics Modeling and Validation

		Sidney Xue, JingShu Wu, and Matthew Summers

		Vestas Technology R&D Americas Inc., Houston, Texas

		sixue@vestas.com

		Abstract

		The most effective and cost saving solution to control and reduce wind turbine noise is in the design stage. An integrated wind turbine rotor modelling and analysis tool validated with measured data for aero-acoustics modelling capabilities is needed.  This tool will be utilized to perform turbine optimization through advanced airfoil/blade design and rotor control.  A strategy and frame work for an integrated wind turbine model, including VTS (Vestas Turbine Simulation), CFD (Computational Fluid Dynamics), and CAA (Computational Aero-Acoustics) utilizing the state-of-art technology to model the airfoil/blade and rotor aero-acoustics, is laid out in Figure 1 and 2.  The computed airfoil and rotor noise in both time and frequency domains due to the airfoil and rotating blade, as seen in Figure 3-12, were presented and compared to available wind tunnel data with anechoic chamber acoustic measurements and the new acoustic array field measurement for validation and correlation.  
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Abstract 
Specific regulations regarding noise surveys near receptor locations in wind farm 
sites are currently missing in Italy. Therefore, all tests are performed in accordance 
with the general national requirements stated by Ministry of Environment Decree 
16/03/98. Developers, consultants and regulatory authorities express an increasing 
need to establish a common approach to deal with noise pollution for this kind of 
facilities. At UNI - Italian Organization for Standardization, a working group was 
created in 2008, with the aim to prepare a guideline document to address this 
specific need and support the assessment procedure. The document, which has the 
form of a “technical specification”, is currently in its final stage of development. It 
provides customized measurement and data processing methods, strictly connected 
to the existing national legislative framework. In the technical specification, salient 
technical matters are identified and the following issues are addressed: (1) noise 
measurements near receptor locations in the pre-operational phase for residual noise 
characterization, (2) noise limits compliance assessment for an existing wind farm 
and (3) noise impact calculations for planned wind farms. 
 


Introduction 
Italy has many laws concerning different features of environmental noise: noise limits 
for stationary sources, for railway, airport and road noise, acoustic characteristics of 
buildings, noise pollution measurement techniques and so on. But no document 
specifically addresses noise from wind farms, which are considered as common 
industrial sources. The impact assessment procedure is the same as for normal 
industrial noise sources too. Noise produced by wind farms has very specific 
characteristics which have to be accounted for with great care not only in the 
measurement and data processing phase, but also in the noise propagation 
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modelling process. In recent years there has been a growing interest for the use of 
wind energy in Italy and noise is surely one of the most significant environmental 
factors to consider. In this context, developers, consultants and regulatory authorities 
express an increasing need to establish a common approach to deal with noise 
pollution for this kind of facilities. So, in 2008, a working group (WG in the following) 
was created by the Italian standardization body (UNI) with the aim to develop a 
document, in form of a “Technical Specification” (TS in the following), dealing with 
the topic of wind farm noise. The present document is designed to become the 
seventh part of UNI 11143 standard [6] (UNI 11143-7). This standard, which deals 
with noise climate and impact for different kinds of sources, was issued some years 
ago; it has a general introduction (part 1) and some applicative parts, related to road 
noise (part 2), railway noise (part 3), noise from industrial settlements (part 5), etc.  
The present memory describes the general principles and the main contents of the 
TS, which is in its final stage of development by the WG and will be subjected to 
public enquiry in the next months. 


Field of application of the TS 
The TS defines the methods for describing the acoustic climate and the noise impact 
generated from wind farms in the surrounding area. This technique can be applied to 
existing, new or repowered wind farms. It provides practical guidance on the 
following aspects. 
1. Noise immission measurements near receptor locations (residential areas) 


situated in proximity of existing or planned wind farms. The method is suitable 
both for ambient noise measurements in the pre-operational phase (residual 
noise1) and for the purpose of assessment after the completion of the plant. 
Some indications are given also for noise measurement inside buildings2


1
, 


required by italian laws [ ] [2]. 
2. Noise impact estimation. An approach is suggested for the preparation of noise 


impact studies for wind farms, according to the specific features of these 
sources.  


This document does not deal with the calculation of sound power level of wind 
turbines, which is considered in other standards [4] [5]. 
The aim of the standard is not to define new approach for the assessment of wind 
farm noise, based on different indicators and procedures (this is duty of the National 
Government), but only to define a suitable technical approach for this kind of 
sources, with the aim of supporting the assessment procedure. Noise limits and 
indicators are derived from the national legislation. General national requirements 
about measurement methods are set by the Ministry of Environment Decree 
16/03/98 [2] (DMA in the following). 
                                            
1 Residual noise is the ambient noise remaining at a given position in a given situation when one or 
more specific noise sources are turned off. 
2 Noise immission limits are distinguished in: (a) absolute immission limits, related with ambient noise 
measured outside buildings, and (b) “differential” immission limit, related to the difference between 
ambient noise and residual noise, measured inside buildings. 
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Noise immission measurements near receptor locations 
Noise immission level is strictly related to ambient noise level, i.e. the equivalent 
continuous A-weighted sound pressure level produced by all the sound sources 
acting in a given place at a given time. It is composed by residual noise and specific 
contributions of all noise sources. 
The TS gives a step-by-step procedure to implement the survey, dealing with the 
planning phase, the measurement phase and the data processing phase. The 
general principle that underlies the methods outlined in the TS is that noise 
measurements must be carried out together with wind speed measurements on the 
wind farm site and near the noise monitoring station. All the equipment must be 
synchronized. So, the following parameters must be acquired at the same time, over 
consecutive measurement periods:  
1. time series of overall and spectral noise levels; 
2. time series of wind speed and direction characteristic for the plant site, through 


one of the following procedures: 
a. by means of an anemometer placed on the plant site, a situation which can 


occur frequently in the pre-operational phase and during early operating 
period; 


b. through the power curves of wind turbines, considering their electrical power 
output; 


c. by the anemometers on the wind turbine nacelles; 
3. time series of wind speed affecting the microphone, by means of a local 


anemometer placed in proximity of the noise measurement position; 
4. time series of the meteorological parameters (temperature, humidity, pressure, 


rainfall) recorded by a local weather station. 
In case of measurements with the wind farm in operation, it is necessary to gather 
the power output data for the turbines during the survey, in order to take into account 
the actual level of operation. 


Measurement methods 
Two different measurement methods are proposed in the TS: 


- long-term unattended monitoring survey; 
- short term measurement survey. 


With the “long term” method, the measurement lasts several days with no 
interruptions, while with the “short term” method the total measurement duration 
consists of only a few hours.  
The best method to describe environmental noise on a wind site is long-term 
monitoring survey with acquisition of wind speed data by automatic measurement 
instruments. The measurement microphone must be supplied with a mounting kit for 
outdoor use and equipped with the standard windshield provided by the 
manufacturer for this type of installation. The sound level meter is normally placed in 
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an airtight casing, and the connection must be made through a microphone 
extension cable. The total duration of the measurement survey must guarantee that 
the data obtained are representative of the characteristics of the wind site (with 
reference to long-term statistics anemometers, generally available for different wind 
sites). A typical survey could last one week, but some conditions regarding the 
number of valid samples collected must be fulfilled, as specified below.  
The “short term” measurement technique consists of carrying out a series of 
repeated, usually not consecutive measurements, spanning a total time of several 
hours. In this case, too, it is compulsory for the noise measurement to be in sync with 
the wind speed data gathering. The operator supervises the survey and records 
circumstances and events occurring during the measurement. The microphone is 
equipped with its standard windshield, it is to be mounted on a tripod and it may be 
connected to the sound level analyser through a microphone extension cable. The 
short-term technique can be used near a receptor location in those cases when it is 
not possible to install a long term monitoring station, as well as in case of noise 
surveys inside buildings. In this case the TS suggests to perform short term 
measurements in conjunction with the instalment of a reference station outside the 
building.  
If the monitoring campaign is aimed at determining the noise contribution of the wind 
farm on environmental noise level, the best measurement method is the one 
requiring temporary shutdown of the wind farm. Measurements must be conducted 
with the same procedures in both the wind farm operational conditions, collecting 
noise level and wind speed values at the wind site, in order to guarantee 
comparability of data. The TS suggests to plan consecutive series of arrests and 
restarts of the wind turbines, allowing the acquisition of at least 5 or 6 valid 
measurements. Alternatively, prolonged out of service phases can be planned and 
balanced with other phases of operation. 


Setting of the noise measurement system 
The TS defines the basic dataset of sound level parameters that has to be acquired: 
- A-weighted equivalent sound pressure level (LAeq); 
- A-weighted percentile levels LA10, LA50 and LA90; 
- 1/3 octave band spectra of equivalent level (Leq) and minimum level (Lmin). 
Optional requirements might be: 
- 1/3 octave band spectra of percentile levels L10, L50 and L90. 
The value of measurement interval (TP) should be chosen considering the average 
time of the plant anemometer or of the electrical power output data logger, in order to 
allow a precise synchronization between noise levels and wind speed data. The 
value of TP = 10 minutes is commonly used in wind energy environment; it is the 
average time used for the determination of the power curve and is therefore indicated 
as the most suitable choice for this type of investigation. Shorter measurement times 
can be used too, but in this case the measured data will need to be collected in time 
blocks of the requested length TP during the post processing phase. 
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The TS provides practical hints about measurements. The measurement point 
should be representative of the receptor’s position. Particular care is to be given to 
the most exposed façade of the building and to any areas outside the living spaces, 
available for rest and recreation (such as gardens, patios, terraces). When installing 
the measuring station, the operator must be careful not to place it close to trees, 
vegetation or structures, whose interaction with wind could locally affect the noise 
measurement. The distance of the microphone from reflective surfaces must be at 
least 1 m, but over 5 m would be preferable. The microphone must be installed at 1.5 
m above ground level.  


Wind speed data 
The wind speed range of interest in the application of the TS goes from the Vcut-in to 
the wind speed corresponding to the maximum sound power level of the wind turbine 
(Vm.n.e. in the following). The wind speed must be referred to the hub height of wind 
turbines. The TS does not define a specific wind speed profile model to be used for 
the calculation of wind speed at different heights, but the equations used must be 
thoroughly discussed in the technical report. 


Data processing 
At the end of the survey, for each measurement position, time series of overall and 
spectral noise parameters, wind speed at plant site and at the microphone position, 
meteorological parameters and, possibly, electric power output, will be available for 
processing. Data processing and calculation of reference noise levels must be 
performed through the following phases: 
1. Detection of measurement periods affected by adverse weather conditions 


(excessive wind on the microphone, rain, snow) - The measurement periods 
during which wind speed on the microphone has been higher than 5 m/s 
(average value over the measurement time), as indicated by DMA, must not be 
considered. In case of automatic measurements, the detection of rainy periods is 
done by analysing the data measured by the weather station placed near the 
noise monitoring position. For short-term manned surveys, adverse weather 
conditions are reported by the operator. 


2. Definition of homogeneous groups - Each measured sample is assigned to an 
homogeneous group. Groups are defined according to the most significant 
variables: reference time (day-time and nighttime required by [1]) and operating 
conditions of the source. Possibly, if the number of valid data is sufficient, 
additional variables that may be introduced are: wind direction (receptor up / 
downwind from the source), weather conditions (stability / instability), working / 
non working day, and so on. Within homogeneous groups, each record of 
collected data is therefore assigned to the corresponding class of wind speed at 
hub height of wind turbines. Each class has an amplitude of 1 m/s and is 
centered on integer values from Vcut-in to Vm.n.e.. 


3. Detection of unusual events - As established by existing national legislation, 
ambient noise level is the reference parameter for noise immission level 
assessment. It has to be purged of all those sound events which can be 
identified as unusual in relation to the environmental values for the zone and 
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corrected for tonal and impulsive content in the measured sound [2]. Therefore, 
the calculation of the equivalent level of each homogeneous group and class 
requires the deletion of unusual events. The TS states that this operation can be 
carried out manually or automatically, using percentiles of sound level 
distribution, with the application of statistical methods. 
With manual procedure, the detection of unusual events occurring during 
measurements is done through a detailed analysis of the time series of 
measured parameters (Leq, LN, spectra). Other elements that may be helpful in 
the analysis are the spectra of percentile levels. This phase may become easier 
by setting sound level thresholds on the measurement equipment, with the 
activation of specific instrumental settings or audio recordings when the 
thresholds are exceeded. The measurement periods that have been identified as 
unusual are marked and excluded from the calculation. If the measurement time 
is less than TP, being Tev the total duration of abnormal events within the 
measurement period TP, all periods in which Tev > TP/2 are deleted. JS indicates 
the number of discarded periods. 
The first step of automatic procedure is the recalculation of LAeq for each 
measurement period. This phase is based on the use of percentile levels, 
acquired directly in each measurement period or obtained during post processing 
by combining shorter measurement times. The standard deviation σ of the noise 
levels is calculated for each measurement period j by means of the following 
relation: 


( )
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assuming that noise levels are normally distributed. The correct equivalent level 
of each period j is then calculated as: 
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The rejection threshold level Lmax above which L’Aeq,j must be discarded is 
calculated by means of the following equation: 


MedMedMax σKLL ×+=  


The quantity K is a function of the number of periods belonging to each class and 
group. Values are, e.g., 0,967 for 5 periods, 1,335 for 10 periods, 1,668 for 20 
periods, 2,062 for 20 periods, 2,330 for 100 periods. If L’Aeq,j > LMax, the period is 
excluded from calculations. 







 Towards a national standard to support the assessment of the noise impact of 
wind farms Page 7 of 11 


 
 


4. Check of minimum number of samples in groups and calculation of reference 
parameters  
The measurement campaign should provide a sufficient number of data among 
the speed range of interest (Vcut-in ÷ Vm.n.e.). The condition set in the TS is to have 
at least 3 valid measurement periods of duration TP for each class in each 
homogeneous group. If this condition is fulfilled, the equivalent level of each 
class in each group, is calculated as the log-mean of the remaining (J - JS) 
equivalent levels. 
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5. Study of the correlation between noise and wind 
Within each homogeneous group, the regression line on L’Aeq data at different 
wind speed is calculated. This regression can be used to interpolate the data if a 
wind speed class is missing. The TS gives formulas for the calculation of the 
regression line.  
 


Checking compliance with community noise limits 
The Italian legislation regarding noise pollution is based on the “Framework law on 
noise pollution” n° 447/95 [3]. The fundamental tool for noise regulation is the noise 
classification plan (i.e. zoning), that must be set by each City Council. In the zoning 
plan, the territory is divided into acoustically homogeneous areas on the basis of the 
main effective or intended use of the same area. There are six kinds of classes, 
starting from “Protected areas” (class 1) to “Exclusively industrial areas” (class 6). 
Emission and immission limits are established with reference to the aforesaid classes 
for daytime (h. 6.00 ÷ 22.00) and nighttime (h 22.00 ÷6.00) reference times. The 
noise levels are evaluated as A-weighted equivalent sound pressure levels (LAeq) 
during these periods. 
The TS provides guidance on the criteria for assessing compliance of a wind farm in 
operation with community noise limits, according to the results of measurements 
carried out as previously described. All the reference levels must be related to wind 
speed at hub height of wind turbines. 
The tabulated data of L’Aeq at various wind speeds and for each homogeneous group 
in daytime and night time, represent the rating levels to be compared with absolute 
immission limits, according to the municipal acoustic zoning.  
The assessment of the differential immission level requires the shut down of the wind 
farm and the measurement of noise levels inside buildings. The short-term 
measurement method can be successfully used. Differential immission levels are 
given by the arithmetic difference between ambient and residual noise levels. 
Threshold applicability levels stated by [1] must be considered. 
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The emission level of the wind farm can be calculated as the log-difference between 
ambient noise level and residual noise level, whenever the difference between the 
two levels is equal to or greater than 3 dB. 


Presentation of results 
A paragraph of the TS deals with the contents of the survey report, which should be 
organized in two distinct parts: (a) survey’s results and (b) data processing and 
calculation of reference noise levels. Beside the general indications about 
measurement reports described by DMA and UNI 11143 [6] standard, in the TS more 
elements are introduced: the description of the wind data source, wind conditions 
during the survey, results of surveys in form scatter plots (noise vs. wind at hub 
height) and time histories of noise and wind parameters. The description of the data 
processing and calculation phase must include at least the following information: 
criteria for selection of data, homogeneous groups and excluded periods. The final 
results must at least present the values of L’Aeq of each homogeneous group for wind 
speeds from vcut-in to vm.n.e., together with the calculated uncertainty of L’Aeq, the mean 
values of LA90, the number of records acquired and the calculated regression lines. 
The report for an operating wind farm must also include the description of the 
installed turbines and the wind farm operating conditions during the measurement 
campaign. 
 


Noise impact estimation of wind farms 
The noise impact estimation for a new wind farm or for the repowering of an existing 
one must be conducted in two phases:  
1. acoustic characterization of residual noise, according to the procedures previously 


described; 
2. estimation of noise immission levels after the completion of the wind farm. (This 


phase requires the calculation of the noise level produced by the plant by means 
of a noise propagation model). 


The main steps for the completion of phase 2 are described in the TS: 
- sound power data recovering; 
- mathematical modeling; 
- analysis of simulation results, in relation to community noise limits; 
- basic content of the noise impact report. 


Sound power data recovering 
The following basic information about sound power data, in accordance with IEC 
61400-11 [4], must be available for planned wind turbines: 
- apparent sound power level LWA at different wind speeds; 
- sound power spectrum of the wind turbine, expressed in octave or 1/3 octave 


frequency bands; 
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- directivity. 
Other data to be acquired from the manufacturer are: vcut-in, vcut-out and vm.n.e., 
regulation and hub height of the turbine. The wind profile equation used to transfer 
wind speed at hub height must be indicated in the report. 


Mathematical modeling 
The TS provides a list of documentation to be acquired: orography of the plant site 
and of the surrounding area for an extension of at least 1.5 km around the wind 
turbines, location, size and acoustic characterization of wind turbines, location and 
characteristic of all the receptors, characteristics of natural or artificial shielding, 
sound absorption characteristics of the ground, land cover, long-term wind speed 
and direction statistics of the site and weather conditions (air temperature, relative 
humidity and atmospheric pressure).  
The TS defines the minimal features of the noise propagation models to be used. It 
must be able to manage at least the following items: 
- sound power spectral data; 
- orography of the site; 
- attenuation terms due to geometrical divergence, atmospheric absorption, 


reflecting characteristics of the ground, attenuation due to screening, effect of 
reflection from vertical surfaces. 


A basic request for the model would to be able to represent the “worst case” situation 
of “downwind propagation” (i.e. the wind is blowing from the turbine to the receivers). 
In the annex B of UNI 11143-1 a list of noise propagation algorithms is given. The TS 
allows the application of both simplified propagation formulas, based on general 
conservative assumptions, and of more complex propagation models. In both cases, 
the calculation hypotheses and the input factors must be clearly described in the 
noise impact report. The assumptions must be conservative enough to ensure the 
compliance of the operational wind farm. 
For the purpose of calculating noise propagation at a distance in the area 
surrounding the wind farm, each turbine can be represented by omnidirectional point 
sources placed at hub height, at the rotor center. More detailed representations, e.g. 
involving the directivity or a more complex pattern of noise sources, can be used, but 
they must be described in the noise assessment report.  
In the TS some hints for the application of the widely used ISO 9613-2 [7] standard 
are suggested. For ground absorption coefficient (G) a value not exceeding 0.5 is 
recommended. 
Noise simulation must be performed at different wind speeds at hub height, including 
at least Vcut-in, Vm.n.e. and the annual average wind speed of the site. The noise 
prediction can be performed by assigning the same wind speed to all turbines. 
Calculations may be performed in terms of sound pressure level at receiver locations 
or contour maps. In the first case the calculation must be referred to different wind 
speeds, as stated previously. On the other hand, noise contours may be produced 
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only with reference to Vm.n.e.. The calculation height must be set at 1.5 m above 
ground level.  


Analysis of simulation results 
The TS deals with the comparison between predicted noise levels and community 
noise limits. The noise emission level of the wind farm is represented by predicted 
noise levels near receptor points. These values, calculated with reference to Vm.n.e., 
are to be compared with the limits set by the acoustic class of the receiver. The 
immission level at receptor locations is calculated by the log-sum of the measured 
residual noise level and the calculated contribution the wind farm, at different wind 
speeds, for daytime and night-time period. Within an impact assessment, the 
differential immission level can only be estimated outside buildings, using arithmetic 
difference between immission level and residual noise level.  


Contents of the of noise impact assessment report 
The content of the noise impact assessment report is described in national general 
legislation or in regional legislation about environmental noise, issued in 
implementation of [3]. In addition to these requirements, the TS indicates some 
information that has to be presented in the report, relating specifically to wind farms: 
long term wind statistics, features of the planned wind turbines considered within the 
study, apparent sound power levels at various wind speeds, wind profile equation 
adopted in the study, predicted noise contribution for the wind farm on the receptors 
at different wind speeds, with reference to the defined homogeneous groups, 
absolute immission levels, estimated differential level. 


Simplified method for the assessment of wind farms 
The TS accepts a simplified procedure for the assessment of wind farm noise impact 
in the following cases: 
- within the area of influence of the wind farm there are no receptors; 
- mathematical modeling under conservative assumptions provides, at the most 


critical receptors, noise levels lower than 30 dB; 
- the overall sound power level of the wind farm is reduced (i.e. for the replacement 


of obsolete equipment with quieter ones or for the removal of some turbines). 
Within this simplified approach, the TS does not require experimental campaigns, but 
only noise prediction calculations, with reference to Vm.n.e.. Noise contours in the area 
surrounding the plant must be produced. Whenever the total sound power level of 
the wind farm has been lowered, the reduced impact, compared to the previous 
situation, must be demonstrated. 


TS attachments 
The TS has some informative attachments, dealing with (a) the basic instrumentation 
requirements, (b) a glossary for wind turbines and (c) methods for reduction of wind 
induced noise on microphones.  
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Conclusions  
The wind farm noise TS deals with noise immission measurement near receptor 
locations and noise impact calculation. The TS introduces some measurement 
methods and noise impact calculation suitable for wind farm noise, with the aim of 
supporting the assessment procedure, with reference to the existing legislative 
framework. The document is in its final stage of development and will be subject to 
public enquiry in the next months; some topics are still under discussion by the WG, 
e.g. the detailed procedure for the assessment of noise levels in relation to acoustical 
zoning, the detection of tonal components and some topics about noise impact 
estimation. 
This document acts as a starting point: after some years of application, it will be 
reviewed to improve the measurement methods herein described and to introduce a 
more specific and complete assessment approach, based on different indicators and 
procedures, according to scientific and technical developments in this field. 
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Abstract         
The issue of amplitude modulated noise (often referred to as ‘blade swish’ or ‘AM’) 
arising from the operation of wind turbines is presently receiving a high focus of 
attention. Whilst the acceptability of audible noise from wind turbines continues to be 
the subject of considerable debate, the specific issue of AM has come to the fore 
following the publication of a number of studies claiming that the existence of such 
noise may result in an enhanced possibility of adverse effects, both in terms of 
subjective response and in terms of direct adverse health effects. 
The issue of AM is not a new one, having been the subject of a previous study 
undertaken on behalf of DEFRA in the UK by the University of Salford in 2007. That 
study was initiated following complaints of what was believed to be problematic 
levels of low frequency noise arising from a limited number of operational wind farms. 
A research project is underway which aims to improve understanding of the 
phenomenon, and develop an objective method for quantifying levels of AM and 
provide a well-defined dose-response relationship. This paper will discuss 
preliminary results and invite contributions from the wind turbine noise research 
community on the subject. The project is 100 % funded by RenewableUK. 
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Introduction  
The issue of amplitude modulated noise (often referred to as ‘blade swish’ or ‘AM’) 
arising from the operation of wind turbines is presently receiving a high focus of 
attention. Whilst the acceptability of audible noise from wind turbines continues to be 
the subject of considerable debate, the specific issue of AM has come to the fore 
following the publication of a number of studies claiming that the existence of such 
noise may result in an enhanced possibility of adverse effects, both in terms of 
subjective response and in terms of direct adverse health effects. 
Residual confusion is still often encountered as to what aspect of wind farm noise 
people are actually complaining of, particularly as the term ‘low frequency sound’ is 
often used to refer to broadband amplitude modulated aerodynamic sound. With 
specific regard to low frequency sound and infrasound, repeated studies have 
confirmed the lack of sufficient energy in these low frequency and/or infrasonic 
frequency bands to result in the claimed direct adverse health or even subjective 
effects from operational wind farms. Hence the possible existence of enhanced 
levels of AM provided a possible causal link between a physically measurable and 
subjectively perceptible effect and reported adverse responses. It should be noted 
here that what constitutes ‘normal’ and ‘enhanced’ levels of AM is still the subject of 
some debate. In this respect it is noted here that aerodynamic noise from wind 
turbines is always amplitude-modulated at the blade-passing frequency.   Work by 
Oerlemans described below confirms that the dominant noise source for typical wind 
turbine operating conditions is the outer section of blade, near the tip.  The directivity 
of noise radiated from this area of blade, which varies in time for rotor position, 
explains the generally-observed ‘normal’ level of amplitude modulation (swish) at 
locations close to the turbine.  This directivity-related effect diminishes as distance 
from the turbine increases as the ‘angle of view’ to the extremes of the rotor disk 
becomes small.  However, the reported AM problems concern ‘enhanced’ levels of 
AM, where AM is distinctly audible at distances in excess of 500 metres, is 
sometimes impulsive in nature (described as ‘thump’) and is observed to occur 
intermittently rather than being an inherent feature of the radiated noise.   
The authors are part of a consortium which was commissioned by the RenewableUK 
association to undertake further research to improve the understanding of wind 
turbine Amplitude Modulation (AM). Specifically, the aim of this study is to obtain a 
better understanding of the causes of AM (and therefore its likelihood of occurrence), 
develop a reproducible means of objectively quantifying AM, and obtain an 
associated dose-response relationship based on this objective metric. 
As this research is currently on-going, the present paper presents a brief review of 
current knowledge and experience of AM: relevant and available studies in the 
scientific and technical literature, as well as relevant reports of disturbance or 
complaints from wind turbines, mainly in the UK. Further developments may be 
referred to in the presentation, and contributions from the wind turbine noise 
research community on the subject will be invited.  
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In the UK  
ETSU-R-97 
The ETSU-R-97 report [1] noted that blade swish, defined as a rhythmic modulation 
of the aerodynamic noise of the turbines, can be audible in some circumstances by 
wind farm neighbours at typical separation distances. It suggested that it might be 
due to directivity of trailing edge noise, dependent on blade profile and tip speed, and 
it was described as being dominated by high frequencies: 800 – 1000 Hz and above. 
It will be more apparent closer to the turbines, with typical variations of 2-3 dB(A) in 
A-weighted levels, but with stronger variations in some frequency bands. But with 
increasing observer distance, because of atmospheric absorption and the reduced 
impact of directivity effects, this modulation becomes less pronounced. As the 
relative contribution of background noise will also generally increase, this would 
reduce the prominence of the “swish”. The document reports variations in swish 
levels between different turbines, as well as site-specific variations for the same 
turbine type.  
ETSU-R-97 on page 68 contains further descriptions of AM: 
“This modulation of blade noise may result in a variation of the overall A-weighted 
noise level by as much as 3dB(A) (peak to trough) when measured close to a wind 
turbine. As distance from the wind farm increases, this depth of modulation would be 
expected to decrease because of atmospheric absorption […]. However, it has been 
found that positions close to reflective surfaces may result in an increase in the 
modulation depth […]. If there are more than two hard, reflective surfaces, then the 
increase in modulation depth may be as much as +/- 6dB(A) (peak to trough).” Due 
to standing wave effects from reflection from building structures, the modulation in 
specific frequency bands can increase significantly.    
The noise limits defined within ETSU-R-97 were established on the basis that they 
took account of the noise from wind turbines containing a certain level of AM, but the 
report also suggested that it would be useful to undertake further work to understand 
and assess this feature of wind turbine noise. 
Additional UK research  
A report for ETSU in the UK in 1999 [2] monitored turbine noise at close range of 
what would currently be considered a relatively small turbine (32 m to the hub). It 
concluded that “the experimentally observed modulation [measured close to the 
turbine] is due to a combination of tower shadow effects as the blades pass the tower 
plus the preferential radiation of noise into some directions in preference to others.” It 
should be noted that that this “shadow effect” was a predominantly a shielding 
mechanism rather than a blade-tower interaction effect, the test turbine being of the 
upwind type. 
The modulation observed above 1 kHz, which was more marked than at 500 Hz and 
below, was found to be strongly correlated to yaw error, but not with wind shear or 
turbulence intensity, and only weakly correlated with wind speed. 
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Jiggins [3] measured turbine swish from several wind farm sites in some detail, both 
at close range and further away from several wind turbine sites. The turbines studied 
were also relatively small in size compared to more recent machines. 
He noted variations in the time between peaks, which may have been due to the 
contributions of different turbines. Variations in time in the depth of the modulation 
(observed in a limited frequency range), similar to “beating”, suggested a possible 
interaction of noise between two or more turbines. The modulation in the high-
frequency bands was observed to be reduced further away from the turbines. The 
document also reported an experimental study of loudness perception of simulated 
broad-band sounds of increasing modulation depth. 
Government-funded studies 
In 2006, the results of a study specifically commissioned by the DTI to look at the 
effects of infrasound and low frequency sound arising from the operation of wind 
farms were published [4]: referred to as the “DTI LFN Report”. This report was 
actually commissioned primarily to investigate the effects of “infrasound”, as a direct 
result of the claims made in the press concerning health problems arising from noise 
of such a low frequency ‘that it is beyond the audible range, such that you can’t hear 
it but you can feel it as a resonance’. For this reason the results pertaining to 
infrasound are reported separately from those pertaining to audible low frequency 
sound above 20 Hz. In respect of infrasound, the DTI LFN Report is quite categorical 
in its findings: infrasound is not the perceived health threat suggested by some 
observers, nor should it even be considered a potential source of disturbance. Whilst 
it is known that infrasound can have an adverse effect on people, these effects can 
only come into play when the infrasound reaches a sufficiently high level. 
In respect of low frequency sound as opposed to infrasound, the DTI LFN Report 
identified that wind farm noise levels at the studied properties were, under certain 
conditions, measured at a level just above the threshold of audibility. The report 
therefore concluded that ‘for a low-frequency sensitive person, this may mean that 
low frequency sound associated with the operation of the three wind farms could be 
audible within a dwelling’. This conclusion was, however, placed into some context 
with the qualifying statement that “at all measurement sites, low frequency sound 
associated with traffic movements along local roads has been found to be greater 
than that from the neighbouring wind farm”. In particular it was concluded that, 
although measurable and, under some conditions, audible, levels of low frequency 
sound were below permitted night time low frequency sound criteria.  
Notwithstanding the conclusions and advice presented in the preceding paragraphs 
concerning both infrasound and low frequency sound, the DTI LFN Report went on to 
suggest that, where complaints of noise at night had occurred, these had most likely 
resulted from an increased level of amplitude modulation of the blade passing noise, 
making the ‘swish, swish, swish’ sound (often referred to as ‘blade swish’) more 
prominent than normal.  This was referred to in the report as “audible modulation of 
the aerodynamic noise” or ‘AM’.  Whilst it was therefore acknowledged that this effect 
of enhanced amplitude modulation of blade aerodynamic noise may occur, it was 
also concluded that there were a number of factors that should be borne in mind 
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when taking into account the importance to be placed on the issue when considering 
present and proposed wind farm installations: 


• it appeared that the effect had only been reported as a problem at a very 
limited number of sites (the DTI report looked at 3 out of the 5 U.K. sites 
where it has been reported to be an issue out of 126 onshore wind farms 
reported to be operational at the time); 


• the effect occurred only under certain conditions at these sites (the DTI LFN 
Report was significantly delayed while those involved in taking the 
measurements waited for appropriate conditions to occur at each location); 


• at one of the sites concerned it had been demonstrated that the effect can be 
reduced to an acceptable level by the introduction of a Noise Reduction 
Management System (NRMS) which controls the operation of the turbines as 
necessary under the relevant wind conditions.  This NRMS had to be switched 
off in order to gain the data necessary to inform the DTI LFN Report; 


• the increase in the stability of the atmosphere during evening and night time 
periods was raised as a potential cause of the increased amplitude 
modulation; however it was also noted that in at least one case this 
phenomenon was due to extremely site specific topographical effects: “[T]he 
presence of high levels of modulation at Site 1: location 1 is associated with 
wind direction and the inappropriate aerodynamic conditions seen by the 
closest three wind turbines to the dwelling”; 


• internal noise levels were below all accepted night time criteria limits and 
insufficient to wake residents, it was only when woken by other sources of a 
higher level (such as local road traffic) that there were self-reported difficulties 
in returning to sleep, the report commented: “it is not uncommon for a wind 
farm to be identified as a cause of the awakenings although noise levels and 
the measurements/recordings indicate to the contrary”. 


The following levels of modulation (peak-through) were reported: 


• Site 1: 3 to 5 dB(A) at façade level (6-10 dB in individual octave bands)    and 
5-6 dB internally (1/3 octave bands 315-800 Hz) 


• Site 2: 3 to 5 dB(A) in free-field (6-10 dB in individual octave bands) and 4-
6 dB(A) internally (1/3 octave bands 315-800 Hz); AM described as “thumping 
and roaring”, “whoosh whoosh” etc. 


• Site 3: 2 to 3 dB(A) internally but modulation depth likely limited by extraneous 
sources of noise  


Following publication of the findings of the DTI LFN report and their provisional 
advice on how the findings of the report should not be allowed to influence the 
adoption of ETSU-R-97 as the appropriate methodology, the Government 
commissioned an independent research project to further investigate the findings of 
the report. The scope of this research project included a more detailed investigation 
into the prevalence of the impact of enhanced levels of amplitude modulation across 
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UK wind farms. This research work was awarded to the University of Salford who 
reported on their findings in July 2007 [5].  
In the questionnaire sent out by the University of Salford, AM was defined as “Wind 
turbine blade noise which is modulated at blade passing frequency (typically once 
per second) with a sharper attack and a more clearly defined character than usual 
blade swoosh. It is sometimes described as being like a distant train or distant piling 
operation.” This description derives from the observations made in the DTI LFN 
study. 
A total of 133 windfarm sites were operational across the UK at the time of the 
survey. Based on responses from local authorities with wind-farms in their areas, the 
report concluded that: “AM was considered to be a factor in four of the sites, and a 
possible factor in another eight. Regarding the four sites, analysis of meteorological 
data suggests that the conditions for AM would prevail between about 7% and 15% 
of the time. AM would not therefore be present most days, although it could occur for 
several days running over some periods. Complaints have subsided for three out of 
these four sites, in one case as a result of remedial treatment in the form of a wind 
turbine control system. In the remaining case, which is a recent installation, 
investigations are ongoing.”  
The reported noted that “the causes of AM are not fully understood and that AM 
cannot be fully predicted at current state of the art”.  But it does suggest that 
“[a]erodynamic noise generation depends primarily on the rotor tip speed, but there is 
also some dependence on wind speed.  Therefore, if wind speed is not even across 
the rotor plane then some fluctuation in level can be expected as the blade turns.” 
The report goes on to finally conclude:- 
“Considering the need for further research, the incidence of AM and the number of 
people affected is probably too small at present to make a compelling case for further 
research funding in preference to other types of noise which affect many more 
people. On the other hand, since AM cannot be fully predicted at present, and its 
causes are not understood we consider that it might be prudent to carry out further 
research to improve understanding in this area.” 
Following receipt of the report, the UK Government [6] stated that it “does not 
consider there to be a compelling case for more work into AM and will not carry out 
any further research at this time; however it will continue to keep the issue under 
review.” The statement then concludes with the advice of the continued support of 
the ETSU-R-97 methodology. 
Following a freedom of information request, the full data used to support the 
conclusions of the Salford University report was published on the internet [7]. The 
four sites with noise complaints identified by the local authorities as arising from 
turbine AM were: Bears Down (designated ‘First Site’ in Sections 4.1 to 4.4 of the 
University of Salford report), Askam (‘Second site’), Deeping St Nicholas (‘Third site’) 
and Llyn Alaw (‘Fourth site’).  The report notes that AM may have been “a possible 
factor in another eight sites”. 
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1) Bears Down 
Several complaints were received from 4 locations: “Loud/noisy”, “rhythmic” 
“thumping”, ”sometimes overlapping”, “like a washing machine”.  No complaints were 
recorded following remedial works in 2004. The Salford analysis suggests that the 
weather conditions in which the AM was found to occur would be present on average 
around 15% of the time. 


2) Askam (Far Old Park Farm, Ireleth, Askam-In-Furness) 
In the report by the local authority, AM was described as being “like train in next field” 
and “percussive” with what was termed the “Van Den Berg effect (i.e. AM) apparent 
occasionally”. This is thought to refer to the results published by Van Den Berg which 
are described below. “The characteristics of the noise -chopping, whoomphing etc- 
are very noticeable even at levels below 35dB(A). An example: LA90 34dB, noise 
judged to be a nuisance at 600m UPWIND of turbines.” “A consultant considered the 
nature of the topography i.e. landform sloping downwards from the turbines 
contributed to the characteristics of the noise”. Measurements “have indicated that 
third octave band levels when complaints were received before the implementation of 
wind turbine control features, indicated level changes of 12–15dB.” The available 
information suggests that this corresponds to “site 1” in the DTI LFN report.  
A “library” of conditions leading to nuisance was arduously built up and noise 
management system put in place. Complaints have reduced dramatically since this 
system was put in place. It was found that “AM occurred specifically for Easterly 
winds and for speeds from the cut-in speed, of around 5m/s, up to 10 m/s measured 
at a height of 10m above ground level”. Specifically, “AM on this site was associated 
with three specific wind turbines. To alleviate the problem, a turbine control system 
was programmed to shut down these three machines for wind directions between 55° 
and 130°.” 
Wind shear effects associated with atmospheric stability effects can be dismissed as 
a cause there, as they were found to be very limited at the site, based on 
anemometry measurements. But the Salford report noted that “topographical effects 
result in some wind turbines being ‘unsure’ as to the wind direction. This is caused by 
the wind turbine wind vane being influenced by the wind direction at the hub height of 
the rotor but the wind direction at the lower arc of the rotor may be from a different 
direction.” This would result in the turbine blades, at some points in their rotation, not 
being fully pointed into the wind.  


3) Deeping St Nicholas 
One complainant describes periods of operation when amplitude modulation of the 
aerodynamic noise (AM) is clearly audible inside and outside the building. The 
Salford report notes that this occurred when the wind direction was in a narrow 
sector, and the wind speed in a given range (neither very high or very low). Analysis 
of long-term anemometry data led the authors to conclude that the range of 
conditions associated with AM would be expected to occur for 7% of the year on 
average.   
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4) Llyn Allaw 
The noise character was described as AM, with “swoosh swish” and “beating 
(rhythmic)”. During the site visit, council representatives experienced audible blade 
noise woosh. 


Bowdler review 
Bowdler [8] reviews the state of knowledge at the time of the article to assist with 
further work on the subject. He notes that the general descriptions of AM in refs [1] 
and [2] are consistent with the subsequent work of Oerlemans and Scheper [9], 
which showed that the directivity of the trailing edge noise from the blade, combined 
with the Doppler amplification effect of the blade movement, would explain the 
‘normal’ swishing noise of a turbine. More recent research by these authors [10] has 
validated this model using measurements, and shown that “for both cross-wind 
directions, the average level is lower than in the up- and downwind directions, but the 
variation in level is larger.”  
Bowdler describes his observation that, in a crosswind direction the swish reduces, 
and that the “maximum modulation” is experienced at 45 degrees from the crosswind 
direction. In the work of Oerlemans and Scheper, this intermediate location does not 
correspond to the worst-case modulation depth; however at 45 degrees from 
crosswind there is a combination of both high absolute noise level and deeper 
modulation. 
These effects of radiation directivity could be expected to decrease with increased 
separation distance, as the directivity effects relative to the observer reduce in 
magnitude. However, Bowlder argues that this might not be the case in some 
situations, in particular 45 degrees from downwind, because of a shadowing effect 
form the tower in one case.  He also considers that the Oerlemans model can be 
interpreted as describing “standard” turbine swish as opposed to the enhanced 
impulsive “thumping” described by others. 
Bowdler also reviews the complaints related to AM at Deeping St Nicholas and 
proposes a likely correlation of specific “thump” occurrences to the 45-degrees-from-
crosswind conditions discussed above; however this interpretation need to be taken 
with caution because of uncertainties as to the exact wind direction reference used. 
Bowdler also discusses the Wharrels Hill site but notes that “thump” was not 
observed there. 


Europe 
As noted in Reference [5], European regulations on wind turbine noise are generally 
stated in terms of maximum dB(A) noise levels and make no particular allowances 
for AM. 
Van den Berg publications 
Van den Berg [11] has described measurements at a 30MW, 17-turbine wind farm 
located on the Dutch-German border. One of the main findings of this research was 
that measured sound levels were higher than predicted at set 10 m height wind 
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speeds because of wind shear effects, which are now well-recognised and 
incorporated in the study of wind farms in the UK according to best practice. 
But another of the reported main findings is that “wind turbines can produce sound 
with an impulsive character.” The “thumping” nature of the wind turbine sound was 
observed in some occasions, and the author suggested that this must have 
contributed to the annoyance of the residents. The example illustrated in the article 
shows a modulation of up to +/-5 dB (peak to trough), measured at 750 m from the 
nearest turbine, 2 m away from a reflective surface, in the middle of the night. 
Because of the presence of a reflective surface, this is consistent with comments in 
ETSU-R-97. Pulses of depth 3-4 dB occurred for dozen of seconds with the worst 
cases impulses for no more than ~3s; they are also described as more “pronounced 
and annoying” at higher rotational speeds. The noise level graph shown exhibits a 
clear impulsive shape. The frequency and conditions of occurrence are not 
described. 
Van den Berg distinguishes the standard “swish”, which can be heard during most 
conditions and the more pronounced “thump” described in the paper. Van den Berg 
has stated (in verbal evidence at the Bald Hills Wind Farm Project hearing, as 
reported in Ref. [14]) that the layout (i.e. turbines in line or “randomly” laid out) was 
not more likely to lead to “impulsiveness”.  
The varying depth of modulation in the latter was attributed by the author to short 
periods of synchronisation in phase of the rotation of the dominant turbines (closest 
to the measurement location). He speculated that this surprising emission of pulses 
would not be apparent in measurements of single turbines, because of his proposed 
synchronisation effect. The author also suggests that the interaction of the blade 
passing the tower influences the character of the noise.  
Bowdler casts some doubt on this analysis as the modulation depth would not 
increase if turbines become in phase. Examining this hypothesis in his review, 
Bowdler notes that: “it is perhaps more correct to suggest not that, when turbine 
noises are in phase the level increases, but rather that when they are out of phase 
the modulation is reduced because they average each other out”. Bowdler also notes 
that in modern upwind turbine configurations, blade-tower interaction effects have 
been shown [9] to be marginal acoustically.  Bowdler notes that in other publications, 
Van den Berg has attributed AM clapping or beating to wind velocity differentials 
across the turbine rotor associated with wind shear, and Bowdler suggests similar 
differentials could occur with turbulence of meteorological or topographical origin. 
Finland – Di Napoli 
In 2009, Di Napoli presented [12] measurements made at single, isolated 1 MW 
turbine (66 m hub, pitch regulated), located approximately 750 m from holiday 
houses in Finland. Measurement made at a point 530 m from the turbine showed 
some AM, with levels generally varying with wind speed but some periods of clear, 
apparently impulsive peaks at blade passing frequency, with a worst-case amplitude 
of 5 dB peak-to-peak for at least a few seconds.  







Wind Turbine Amplitude Modulation: Research to Improve Understanding as to its 
Cause & Effect        Page 10 of 14 
 
 
 


The author describes this as generally occurring as wind speed decreased or 
stopped accelerating, and reports observing it to a certain degree during most of the 
recording on the day of the measurements. Some “notches” or double-pulses were 
apparent at times. These results indicate that whilst turbine-turbine interaction may 
be a contributory factor in some cases, it is not the only potential cause of AM 
effects. 


Australia 
A 2006 review of the subject [13] concluded that there were little publicly available 
records of complaints from large modern wind farms at the time, with the exception of 
the Toora Wind Farm, located in South Gippsland Shire Council, Victoria, Australia.  
A report by Fowler [14] notes that residents near Toora have reportedly complained 
about the audible rhythmic noise, and the turbine blade rotation being “clearly 
audible”.  The author of the latter report therefore argues that a 5 dB penalty should 
be added for “special audible characteristics” which was specified in the New 
Zealand standard NZ6808:1998 [15] applicable at the time. But it is not clear 
however if this modulation was typical of turbines or if some enhanced modulation 
was experienced at this site. The author might apply this penalty to all wind turbines 
according to his interpretation of the NZ standard, due to the inherent character of 
the wind turbine noise.  
Another recent review [16] suggests that, based on the available information, the 
general inclusion of this penalty for all wind farm schemes would not be justified. It 
cites the first draft of the Australian National Wind Farm Development Guidelines [17] 
for which excessive swish is referred to as one of the potential Special Audible 
Characteristics (or SACs), but recommends for example that “[w]ith the exception of 
tonality, the assessment of SACs will not be carried out during the noise impact 
assessment phase, that is, pre-construction”. 
The wind farm at Waubra (Victoria) is another site which has received some attention 
in the press as some residents have complaining about the health effects impacts of 
wind turbine noise. The descriptions from some residents include: “when in sync, 
every minute or two you can hear 3-4 big wooshes that you can actually feel”. “[You] 
feel that you have motion sickness”, “I wake up 5-6 times at night”.  
A report by Thorne for one of the residents [18] has described “pulsing at low 
frequency” which some residents believe is at the origin of their problems. However, 
the frequency of occurrence of this feature was not determined. It is not therefore 
known whether this modulation was a continuous feature of the site which would then 
potentially warrant a penalty for “special audible characteristics”. The author 
suggests that this “rumble/thump” may be caused by the downstream wake from 
adjacent turbines or by interaction of the blade with the tower.  
New Zealand 
West Wind, Meridian's wind farm near Wellington, comprises 62 Turbines on 
elevated hills with valleys either side. It was officially opened in April 2009. Since 
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then, the company's been dealing with complaints from people living in the adjacent 
Makara Valley, as reported in the media. 
Ref [18] quotes one resident as saying: “[we] get the low frequency thump/whump 
inside the house, is very similar to a truck driving past or boy racers sub-woofer 
100m away[…] we have no line of sight [sic] turbines and the closest one is 1.35km 
away. […]. The sound is extremely ‘penetrating’ and while we have a new house with 
insulation and double glazing, the low frequency modulation is still very evident in the 
dead of night. It is actually less obvious outside as the ambient noise screens out the 
sound.” The rumble/thump is reportedly heard just before or after wind gusts. 
The planning conditions for the West Wind project [19] require a penalty of 5 dB be 
added for “special audible characteristics”, such as tonality or “audible modulation”. 
The text then goes on to clarify that “a test for modulation is if the measured peak to 
trough levels exceed 5 dBA on a regularly varying basis or if the spectral 
characteristics, third octave band levels, exhibit a peak to trough variation that 
exceeds 6dB on a regular basis in respect of the blade pass frequency”. The recently 
revised New Zealand standard NZS6808:2010 has a test for modulation that is 
similar to those conditions. 
A noise compliance report published by the operator [20] describes measurements 
undertaken at various locations around the wind farm. It showed clear levels of 
tonality in the measured turbine noise. Mitigation measures are described which 
aimed to reduce the tonal noise emissions by changing the operation of the turbines. 
The presence of these tones was said to explain the audibility of the wind farm even 
at relatively large separation distances.  
The report then goes on to consider amplitude modulation. It argues that (in theory) 
during “high power conditions”, the use of turbine blade pitch adjustment may lead to 
aerodynamic noise becoming more audible at receiver locations, and that this may 
be more easily perceived in sheltered rather than exposed locations. Following an 
analysis of complaint records (mentioning “whoosh”) and a review of the 
measurements, the report concludes that audible modulation has only found been 
found to occur for very short periods, i.e. no more than 5 seconds in a 1 minute 
recording, and on no regular basis. Although some modulation which met the level 
test of the condition of the condition (>6 dB change in the 160 Hz octave band), this 
was for such brief intervals that it was considered inappropriate to apply a penalty for 
this characteristic. 
A subsequent report [21] notes that following the progressive implementation of 
mitigation measures across the wind farm (between February and April 2010), 
tonality levels and the number of complaints from residents both reduced 
significantly. 
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Conclusions  
On the basis of this review, it is apparent that there remains some debate on the 
definition of AM, let alone its causes. Some instances of ‘enhanced’ AM are reported 
as distinctly audible at distances in excess of 500 metres, sometimes impulsive in 
nature when they usually come to be described as ‘thump’.  However, the low 
frequency of occurrence of this feature is notable and to date has made definitive 
research on the subject difficult. 
The mechanisms causing enhanced AM need to be understood so that the risk of its 
occurring on a particular site can be mimimised by design, and effective remedial 
action can be taken on sites where it is found to occur after installation. One possible 
source mechanism is cyclic variation in aerodynamic blade loading caused by non-
uniform inlet flow across the rotor disc, possibly resulting from wind shear, yaw error 
or large-scale atmospheric turbulence. At a distant receptor, the perception of ‘at 
source’ AM may also be influenced by propagation effects resulting from atmospheric 
factors, changes in background noise levels or interaction between modulated noise 
from a number of turbines.   It seems likely that the phenomenon will eventually be 
linked to a combination of factors, including but not necessarily limited to this list. 
The current RenewableUK sponsored research project aims to improve the 
understanding of this phenomenon through further fundamental research into the 
causes of AM, using a combination of data available to date, further study of wind 
turbine aerodynamic design and control systems, theoretical models and additional 
targeted measurements on wind turbine sites where the presence of enhanced levels 
of AM has been reported.  
A robust objective metric for the rating of AM effects is required which would relate 
directly to the subjective impact of AM where it occurs. Fundamental to developing a 
dose response relationship is the use of a metric which represents the characteristics 
of the stimulus (the amplitude-modulated noise) and weights these characteristics to 
generate (ideally) a single number value that can be shown to correlate with 
subjective response. It is planned to undertake carefully controlled listening tests to 
assess and develop this metric, which could provide a robust basis for an AM  
‘correction factor’ or ‘penalty’ to be added to a measured noise level to reflect the 
increased subjective response to amplitude-modulated noise.    
It is planned to publish and disseminate the outcome of this research. The authors 
would like to invite contributions from the wind turbine noise research community on 
the subject. Assistance in the collation of relevant audio or acoustic data would be 
particularly appreciated.  
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Abstract 
To determine whether noise annoyance from large wind turbines is generally 
different from that of small turbines listening tests were carried out. The question 
arose in the context of concerns of the Danish population over the widespread 
replacement of small turbines with large turbines.  
Audibility thresholds and equal annoyance contours were established for 
idealised wind turbine sounds containing low frequency tones with focus on the 
question whether annoyance changes with the frequency of the tone. The test 
sounds consisted of a specific low frequency tone embedded in a broadband 
spectrum. The participants were asked to imagine being in an indoor scenario 
and an outdoor scenario with and without masking garden noise.  
In a second part of the study wind turbine recordings from a large and a small 
wind turbine were compared in annoyance with steady traffic noise.  
Results are presented on the appropriateness of current standards to establish 
masking thresholds and on the frequency dependence of annoyance as well as 
the significance of spectral content on annoyance. 
 


Introduction 
The presented work is part of the EFP-06 project “Low Frequency Noise from 
Large Wind Turbines”. The project was designed out of the concern about the 







sound characteristics of modern, large wind turbines at a time when in Denmark 
small turbines started to be replaced by larger ones [1]. The question arose 
whether Danish regulations would be sufficient to protect neighbouring residents 
from excessively annoying noise. Particular concerns were raised about the low 
frequency content of sound from large wind turbines.  
In a first part of the project, characteristic properties of small and large wind 
turbine sound were measured and analysed. The main findings published in the 
summary report [2] were that the broadband characteristics of small and large 
wind turbines where very similar. A small average difference in low frequency 
content of up to 3 dB was attributed to the presence of low frequency tones  
between 20 and 200 Hz in sound from large turbines. It was concluded however 
that spectral characteristics often vary more strongly between turbine models of 
similar size than between different turbine sizes.  
There is contradictory evidence in the literature such as [3] and [4] on how 
annoyance is related to the low frequency content of sound. Therefore the 
objective characterisation of the sounds needed to be supplemented by listening 
tests. And because the low frequency tonal content had been identified as the 
characteristic difference between small and large turbines, idealised stimuli were 
designed to systematically investigate the frequency dependence of annoyance.   
While annoyance scales such as categorical and numerical scales are commonly 
used in survey studies [5], the laboratory environment offers the opportunity of 
using comparative methods such as the paired comparison where a test stimulus 
is adjusted to match the annoyance of a reference stimulus. The relative 
measure is more meaningful because absolute scales that are established in a 
laboratory environment do usually not apply to the context that the sounds are 
naturally perceived in.  
Amplitude modulation, which naturally occurs in wind turbine sound, was 
excluded from the idealised stimuli because of the general lack of knowledge on 
this phenomenon [6] and because of its huge variability which would have made 
the scope of the listening tests unfeasible. However, recordings were used in a 
second part of the test to realistically compare the annoyance between a large 
and a small wind turbine.  
The perception of noise does not only depend on the characteristics of the sound 
but also on the listening context such as busy or leisure times, time of the day [7] 
and sense of ownership and personal space [8]. It was therefore regarded as 
important to enable the comparison of different listening scenarios with respect to 
annoyance.  
In summary, listening tests were performed at the University of Salford with the 
following main objectives: 


• To establish audibility thresholds and relative annoyance contours for low 
frequency tones in the presence of broadband masking noise 







• To establish relative wind turbine levels that produce equal annoyance for two 
sizes of turbines taking into account the effect of masking noise on these 
estimates. 


• To answer the question whether noise from large wind turbines is more 
annoying than noise from small wind turbines 


 


Study design 
The tests were conducted in the listening room conforming to ITU-R BS 1116-1 
(Figure 1). The room contains extensive passive absorption, resonant absorption 
and diffusion, giving it a low reverberation time 
(RT) and eliminating false spatial cues. Precise 
sound reproduction was required to ensure 
accurate reproduction of each scenario, 
particularly at low frequencies. A planar ambisonic 
reproduction system was chosen for its well-
defined source-direction-rendering properties, 
supplemented by a low-frequency reinforcement 
system.  The system was calibrated using a 
custom measurement system and modification of 
the stimuli signals sent to each loudspeaker.  The 
performance of this approach was evaluated 
using a 01 dB Symphony PC measurement 
system and DELTA’s NoiseLab software. 
The loudspeakers and acoustic room treatment 
were hidden to the participants by a white curtain 
to make it visually neutral. The comfortable, non-vibrating chair, screen and low 
table are objects that could be found in a typical living room or outdoor leisure 
environment.  
The participants were asked to imagine being in different scenarios which were 
indoor and outdoor scenarios with and without ‘garden noise’ from wind in 
vegetation. The outdoor scenario presented tones embedded in broadband 
sounds largely representative of a wind turbine at three A-weighted sound 
pressure levels, each with and without garden noise, whereas the indoor 
scenario omitted the garden noise since the facade attenuation rendered it 
inaudible. 
The tone frequencies consisted of four low frequency test tones at 32, 44, 72 and 
115 Hz, a reference tone at 180 Hz and a mid-frequency tone for comparison at 
400 Hz.  
The wind turbine masking spectra were derived from third-octave sound power 
measurements of 45 wind turbines, each attenuated to simulate propagation to 
the minimum distance permitted to a dwelling by Danish regulations (4 total 
heights), scaled to the target A-weighted SPL, and finally averaged.  Propagation 


Figure 1 - Listening room setup. 
Detail on sound reproduction is 
available in [1] 







attenuation was predicted in third octave bands by the Nord2000 model for a 
receiver 1.5 m above flat grassy terrain with a wind speed of 8m/s in the 
downwind direction. 
The local garden noise was created to match a noise spectrum of 8 m/s wind 
through deciduous foliage.  A similar process was followed for the stimuli for the 
indoor scenario, except that a third octave façade attenuation spectrum was 
applied to all spectra, and the propagation attenuation for the wind turbine was 
averaged over three heights (0.5 m, 1.5 m, 2.5 m) to account for excitation over 
the full height of the façade. The façade attenuation was chosen from the values 
presented in [9]. 
First, tone audibility thresholds were established for each participant using a two-
Alternative-Forced Choice (2AFC) method to test their hearing and allow 
comparison with the annoyance values.  
In a second step, a 
comparative adaptive 
method was used to 
establish relative equal 
annoyance levels in the 
form of equal annoyance 
contours. The stimulus 
containing the 180 Hz 
tone was used as the 
reference stimulus as that 
was considered similar 
enough to the low and 
high frequency stimuli to 
make the adaption 
procedure possible.  The test tones combined with the masking noises were 
played and compared to a reference tone at 180 Hz at a fixed tone level above 
masking  [3]. The participant adjusted the test tone level until they considered it 
as annoying as the reference stimulus (Error! Reference source not found.).  
The tests were designed to enable comparisons between different scenarios, 
broadband levels, tone frequencies, masked and unmasked ‘wind turbine’ sound, 
and two different prominence levels for the reference tone at 180 Hz.  
In a second part of the study wind turbine recordings from a large and a small 
wind turbine were compared in annoyance with steady traffic noise using a 
similar user interface to Figure 2. The recordings were manipulated to include the 
effect of sound propagation and façade attenuation. They were also normalised 
to equal A-weighted levels. 
20 listeners, 10 male and 10 female of normal hearing participated in the tests. 
Their age ranged from 19 to 65 years. All participants either lived or wanted to 
live in the countryside. This was important because the results of a Zimmer-
Ellermeier noise sensitivity questionnaire study used for screening participants 


Figure 2 – Graphical user interface to measure equal 
annoyance. 







suggested higher noise sensitivity in volunteers with countryside preference. 
More detail on the study design can be found in [10]. 
 


Results on audibility and masking thresholds 
Results on tone audibility in quiet, that is in the room without artificial noise 
played back, are shown in Figure 3. The measured audibility threshold (blue line) 
is seen to be in good agreement with the published hearing threshold (black line) 
according to [11]. The red and green curves in Figure 3 are equal annoyance 
contours and will be explained in the following section. As the broadband noise 
level increases the tones are heard at levels that are determined by the masking 
level as shown in Figure 4 (blue line).  


 
Figure 3 - Room background without masking noise - Audibility threshold (blue), equal 
annoyance to 180 Hz tone at 5 dB audibility (green) and 10 dB audibility (red) of low frequency 
tones. Black solid line: Hearing threshold according to [11]. Error bars denote 95 % confidence 
intervals. 


Masking thresholds predicted by [12] (black dashed line in Figure 4) agree well 
with the measured tonal audibility thresholds as long as the masking noise 
clearly exceeds the hearing threshold of the tones. As low levels can frequently 
occur indoors in the neighbourhood of wind turbines when the Danish noise 
regulations are observed it would be useful to extend the standard to include a 
method to evaluate the hearing threshold.  
 


Results on the annoyance of tones in background 
Low frequency tones were adjusted to higher tone levels above the masking 
threshold to be equally annoying as higher frequency tones. Examples of the 
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measured equal annoyance contours in quiet are shown by the red and green 
lines in Figure 3 and for equal annoyance contours in the outdoor scenario in 
Figure 4. In both figures the equal annoyance contours are almost parallel to the 
masking threshold thereby demonstrating that annoyance is dominated by the 
frequency dependence of the hearing threshold. This is also demonstrated by the 
fact that the equal annoyance levels increase as the masking noise levels 
increase.  


 
Figure 4 - Outdoor scenario – Masking thresholds (blue), equal annoyance to 180 Hz tone at 5 
dB audibility (green) and 10 dB audibility (red) of low frequency tones within broadband masking 
noises at A-weighted levels as labelled. Black solid line: Hearing threshold according to [11]. 
Dashed black line: Masking threshold according to [12].  Error bars denote 95 % confidence 
intervals. 


 


It is shown that increasing the tone level by 5 dB (at 180 Hz: red line level – 
green line level) increases the equal annoyance level by a smaller value both for 
tone frequencies lower than 180 Hz and at 400 Hz. This casts doubt on the 
appropriateness of the adjustment used in [12] which adds penalty adjustments 
which increase linearly with sound pressure level above masking.  
Relative sensation levels are calculated from equal annoyance contours to 
determine whether low frequency tones are relatively more annoying than high 
frequency tones. This is done by subtracting the measured audibility level from 
the annoyance level for both the test tone and the reference tone. Then that level 
difference at the test tone was subtracted from the difference at the reference 
tone. The results for all scenarios are very similar and an average relative 
sensation level is shown in Figure 5. When accounting for a familiarisation effect 
at 180 Hz the frequency dependence is not shown to be significant. The main 
influence on these levels is the tone level above masking level: Tones at higher 
levels are more annoying than tones at lower levels above masking. Both 
findings are common for the indoor and outdoor scenarios.  
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Figure 5 - Relative sensation level for equal annoyance averaged over all masking noise types 
and scenarios at reference tone prominence levels of 5 dB (green) and 10 dB (red). Error bars 
show 95 % confidence intervals. 


Results on annoyance when comparing recordings of a small 
and a large wind turbine 
To compare real recordings of a large and a small wind turbine a test protocol 
was developed. An example of outdoor results is seen in Figure 6.  
The comparison between normalized recordings show the spectral 
characteristics of the small turbine to be more annoying outdoors than those of 
the large turbine recording. This is attributed to the different spectral and 
temporal characteristics of the two turbines. These differences are effectively 
masked by garden noise and the equal annoyance ratings change accordingly. 
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Figure 6 - Equal annoyance contours for recorded turbines small wind turbine (blue lines) and a 
large wind turbine (red lines) matched to a neutral noise source (traffic noise) a) Outdoor scenario 
without garden noise, b) Outdoor scenario with garden noise. Error bars are 95 % confidence 
intervals. 
Also in the indoor scenario the turbines were not found to be differently annoying. 
If these results can be reproduced in other listening experiments then it follows 
that the specific differences in spectral content will determine the annoyance 
levels from a wind turbine more than whether it is a small or a large turbine. It 
would also mean that the differences in annoyance between wind turbines get 
smaller when sufficient masking noise is present. Presently, the finding that the 
small turbine is more annoying cannot be generalised to large and small wind 
turbines or to a wider range of wind and terrain conditions than were used in the 
test. The listener responses are however consistent and therefore demonstrate 
the potential of the comparison method.  
In answer to the initial question whether large turbines are more annoying than 
small wind turbines, the results of this study find no evidence for a significant 
difference in annoyance between small and large wind turbines as long as total 
noise levels and tonal characteristics are taken into account in the assessment. 
Temporal variations of wind turbine noise such as the level of swishing might 
also have to be evaluated in the future.  
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Conclusions 
 
Within the project on “Low Frequency Noise from Large Wind Turbines”, the 
perception of low frequency noise from wind turbines was studied. Listening tests 
were conducted using synthesised stimuli consisting of tones in broadband wind 
turbine noise in the first part and recorded stimuli for small and large wind 
turbines in comparison in the second part. 
More specifically 


• audibility thresholds and equal annoyance contours were established for 
idealised wind turbine sounds containing low frequency tones at frequencies 
between 32 Hz and 400 Hz. The listening test simulated an indoor scenario 
and an outdoor scenario with and without masking garden noise. 


• For the perception of real wind turbines, samples from a large and a small 
wind turbine were compared with traffic noise in the same scenarios used in 
the first part of the listening tests.  


Within the scope of the test stimuli, the listening tests find no evidence for a 
significant difference in annoyance between small and large wind turbines.  
More specifically the results show that for the same tone prominence there is no 
evidence that tones at lower frequencies are more annoying than tones at higher 
frequencies. 
It is also shown that frequency dependence of annoyance level is strongly related 
to hearing and masking thresholds and that increasing the level of a tone in noise 
makes the tone more annoying. Both of these effects are covered in current 
standards but some improvements are suggested: Where the masking 
thresholds are close to the hearing thresholds in quiet a standard method of 
calculating the audibility of broadband noise should be defined. For tone penalty 
regulations more work needs to be done to establish whether annoyance scales 
linearly with tone levels above masking thresholds.  
The results of annoyance ratings when comparing two wind turbine recordings 
are explained by spectral and temporal characteristics of the chosen sound 
samples. The method gives consistent results within the range of stimuli 
evaluated in this study. The general applicability of the results beyond this scope 
is not validated. 
In summary the study shows that listening tests can be successfully used to find 
answers to the perception of low frequency tonal wind turbine noise and to 
compare recordings of wind turbine sounds although. However, a large number 
of sound samples would be required to get representative and general results on 
a sufficient number of wind turbine models, sites and meteorological conditions, 
all of which will change the sound characteristics and therefore the annoyance. 
Further work should be done to investigate the role of temporal variation on 
annoyance and to relate the annoyance between different scenarios. 
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Abstract         
The expansion of wind energy in Sweden is increasing as a response to the national 
target on carbon dioxide free energy. Many of the planned wind farms are situated in 
hilly terrain. Such sites have shown to be more sensitive to disturbances on wind 
turbine noise.  This is believed to be caused by big differences in wind speed 
between the wind turbines and the noise sensitive areas as the wind turbines are 
often placed on higher ground for energy efficiency. The main reason for the 
increase in reported disturbances is that the wind turbine noise is more audible as 
the masking effect from wind induced noise is reduced due to low wind speed, 
especially at sheltered locations as housings in a valley were the wind turbines are 
located on the crest of the hill. The National Swedish Environment Protection Board 
has proposed that sites with big differences in wind speed between wind turbines 
and housings could compel a decreased guideline value. It is left to the project 
developer to show if that is the case, although no verified method to determine these 
sites is given. The main goal of this study is to develop such a method that can be 
used early in the planning process as an early adoption could lead to decreased 
development costs. Measurements of noise immission from wind turbines are 
performed at several sites in both the southern and northern parts of Sweden. At 
some of the sites disturbances has been reported believed to have been caused 
partly of the described phenomena. Based on the analysis and results suitable steps 
are discussed and a method presented. The results in this paper are part of a project 
financed by the Swedish Energy Agency.  
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Introduction  
In Sweden many of the prospected wind farms are planned at locations with big 
variations in topography. At several existing wind farms situated at such locations 
disturbances of noise has been reported. The main reason is believed to be that the 
dwellings are located in sheltered areas were wind induced background noise is low 
compared to noise from the wind turbines, often placed at nearby hills, thus 
decreasing the masking effect on wind turbine noise. The National Swedish 
Environment Protection Board proposed that sites with big differences in wind speed 
between wind turbines and housings could compel a decreased guideline value. A 
wind speed ratio of at least 2:1 between wind speed at the wind turbines and the 
dwellings has been suggested as condition. This suggested condition has not been 
verified by measurements. The main goal of this study is to develop a verified 
method which can be adopted early in the planning process. This work has been 
partially financed by Energimyndigheten, the Swedish Energy Agency in project 
32446-1, which is gratefully acknowledged. 


Method 
The first step is to perform measurements of sound and wind at several sites to find 
which factors are of importance for evaluation. Based on the identified factors a 
suitable verification method is discussed. The performed measurements should be 
carried out according to the recommended measurement standard in the Swedish 
guidelines for wind turbine noise. The recommended measurement standard is [1] a 
Swedish version of the International standard presented in [2]. 
The measurement procedure according to the standard is to measure the sound 
pressure level at 1.2-1.5 m height and wind at 10 m height at the immission point. 
Wind speed at the wind turbine is evaluated from produced power of the wind turbine 
and is scaled down to 10 m height at the reference condition, i.e. roughness length 
0.05. Sound can be measured in free field or with the microphone mounted on the 
façade of a building using a standardized measurement board, a so called 6-dB 
measurement. Double wind screens are used to minimize the influence of wind 
induced sound at the microphone. 
Suitable measurement sites for this project should follow the criteria that the wind 
turbines are placed on high altitude in hilly terrain and the immission point should be 
located in a supposed sheltered location. Measurements have been performed at 
three such locations. All sites have been anonymized in the presentation. For some 
of the sites there have been complaints on disturbances from wind turbine noise.  


Measurements - Site 1  
Site 1 is located in southwest of Sweden and the wind farm consist of 6 wind turbines 
in MW class. There have been complaints on noise from the wind turbines at a 
nearby dwelling, were the measurements are performed. Disturbances are most 
frequent for some wind directions when the dwelling is most likely to be sheltered by 
hilly terrain. The height difference between the dwelling and the wind turbines is at 
most 130 m. The calculated equivalent sound pressure level is far below the Swedish 
guideline value 40 dBA. A satellite picture of the site is presented in figure1. 
Downwind conditions according to the standard occurs for 150° ±45° wind direction 
were the nearest wind turbine, WTGref, is located 1200 m from the immission point. 
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Figure 1. Satellite picture of site 1 with the immission point, , and four of the wind 
turbines, , marked. Nearest wind turbine, WTGref, at a distance of approx. 1200 m. 
 
Measurements are performed for a period of three weeks and all data has an interval 
time of 1 minute. The microphone is mounted on a standardized measurement board 
on a facade that faces the wind farm, all measured sound pressure levels are 
reduced with 6 dB. Data reduction have been performed. Only points with a wind 
speed of 6 m/s or higher, at 10 m height, at the nearest wind turbine, WTGref, were 
considered. Wind speed 6 m/s is chosen as it is for wind speeds above this that 
complaints are most likely to occur and any relations are more likely to be shown in 
the analysis. Wind speeds between 6-10 m/s are also those which should be 
analyzed according to [1]. Wind speed relative wind direction at the wind turbine, 
WTGref, for the immission point and WTGref is presented in figure 2. The wind 
direction is equal to the hub direction of WTGref. 
 
 
 
 


Immisson point 


WTGref 


1200 m 


N 
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Figure 2. Wind speed relative wind direction (hub direction) at the wind turbine for 
immission point and WTGref. Wind speed at WTGref over 6 m/s only. 
 
From figure 2 it is clear that the wind speed at the immission point is dependent on 
wind direction; see especially the marked area (green ellipse). The wind speed at the 
immission point is more equal to the wind speed at the wind turbine at a wind 
direction of approximately 200° to 240°. This means that the ratio between the wind 
speed at WTGref and immission point is lowest at a wind direction of approximately 
200° to 240° although some values have a high ratio. In figure 1 it can be seen that 
these wind directions corresponds to reduced sheltered conditions for the dwelling 
area. In table 1, the wind speed ratio is presented for two wind directions 150°±5° 
(downwind) and 215°±5°given as the number of one minute values during the entire 
measurement period. A high ratio is more likely to cause audible noise from the wind 
turbines due to the reduced masking effect from wind induced noise. An interesting 
observation from the analysis is that large ratios, over 10:1, only seem to occur in the 
evening and night time primarily between 20:00-07:00. This is valid for all wind 
directions. This is also true to some extent for ratios down to 2:1 while the opposite 
holds true for ratios below 2:1 which are more frequent during day time. 
 


Wind direction 
(WTGref) 


Ratio <2:1 Ratio ≥2:1 Average wind 
speed 


150°±5° 
(downwind) 45 318 6.8 m/s 


215°±5° 768 58 7.8 m/s 


Table 1. Example of ratio between wind speed at WTGref and wind speed at 
immission point for two wind directions with average wind speed for all analyzed 
values noted. 
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Figure 3 shows the total equivalent sound pressure level at the immission point for 
the same conditions as in figure 2, that is, all values are above 6 m/s at WTGref. The 
presented values include both noise from the wind turbine and background noise 
from primarily wind induced vegetation noise. Trees and bushes are located near the 
immission point and also noise from a road at a distance of 900 m from the 
measurement point can be heard for some conditions. Noise from the wind turbines 
is clearly audible at time.  
 


 
Figure 3. Total equivalent sound pressure level at the immission point relative wind 
direction (hub direction) at WTGref. Wind speed at WTGref over 6 m/s only.  
 
The similarities with figure 2 can be seen which shows the relationship between wind 
speed at the immission point and the measured total sound pressure level. This is 
most likely due to the influence of wind induced noise were higher wind speed gives 
a higher total equivalent sound pressure level. Figure 4 shows analysis of the noise 
from the wind turbine according to method B in [1] which gives the value of the wind 
turbine noise including the background noise as no correction for background noise 
is performed. The analysis is done for downwind conditions 150° ±45° according to 
standard. As the measurement was unmanned and because of the number of data 
that is recorded during the measurement period, the one-minute intervals with high 
maximum sound pressure levels, LAFmax>50 dBA, are cancelled.    
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Figure 4. Analysis according to method B in [1]. The sound pressure levels include 
background noise. 


Regression analysis according to standard gives an equivalent sound pressure level 
of 37 dBA at 8 m/s on 10 m height under reference conditions according to Swedish 
guidelines.It shall be noted that this is the total sound pressure level in the immission 
point and that the sound pressure level from the wind turbines is probably lower. The 
calculated value is 33 dBA. 
Summary for site 1 is that for some wind directions the dwelling is more sheltered 
which could make the wind turbine noise more audible, although the guideline value 
is fulfilled. The wind speed ratio for downwind conditions are mostly over 2:1 which 
fulfill the conditions suggested by The National Swedish Environment Protection 
Board and thus could imply a reduced guideline value. Of importance is that the 
conditions are not fulfilled for all wind directions for example 215° according to table 
1 which is also a more frequent wind direction during the measurement period. It 
seems that big differences in wind speed primarily occurs in the evening and night 
time.  
   


Measurements - Site 2  
Measurement site 2 is also located in southwest of Sweden. The wind farm consists 
of one MW wind turbine which is located 550 m from the selected immission point at 
a nearby assumed sheltered dwelling. Complaints on wind turbine noise have been 
reported although the wind farm produces noise below the guideline value in 
calculations. The height difference between the wind turbine base and the dwelling is 
75 m, an incline of about 17%. A photo from the tower base is presented in figure 5. 
The microphone is mounted on a facade facing the wind turbine and a 10 m 
measurement mast for meteorology is placed nearby. All measurement values has 
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an interval time of 10 minutes and the measurement period is one month. Downwind 
conditions occurs for wind direction 270°±45°.    
 


  
Figure 5. Picture from tower base showing the nearby terrain. 


 
Wind speed relative wind direction at the wind turbine for the immission point and 
wind turbine is analyzed and presented in figure 6. Only values with wind speed 
above 6 m/s are shown with explanation as previously. Wind direction is equal to hub 
direction for the wind turbine.  


 
Figure 6. Wind speed relative wind direction (hub direction) at the wind turbine for 
immission point and wind turbine. Wind speed at wind turbine over 6 m/s only. 
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Big differences between wind speed at the wind turbine and immission point can be 
observed. The largest wind speed ratio can be seen for wind directions at the wind 
turbine of about 200°-250°, thus fullfilling downwind conditions. This can be partly 
explained by looking at the topography of the site which is shown in figure 7. For 
these wind directions the wind blows almost at right angles to the hills crest which 
would imply for good sheltered conditions at the dwelling. 
 


 
Figure 7. Topography of the site with the wind turbine and immission point marked. 


 
The wind speed ratio is above 2:1 for almost all measurement values, wind speeds 
above 6 m/s, as presented in table 2. As for site 1 a big difference in wind speed 
primarily occurs in the evening and night time in this case approximately between 22-
06. 
 


Wind direction 
(Wind turbine) Ratio <2:1 Ratio ≥2:1 Average wind 


speed 


All directions 17 656 7.5 m/s 


Table 1. Wind speed ratio between wind turbine and immission point for all wind 
directions at the wind turbine with average wind speed for all analyzed values noted. 
 
Total equivalent sound pressure level versus wind direction at the wind turbine for 
the whole measurement period is given in figure 8, for wind speeds at the wind 
turbine above 6 m/s. Sound from the wind turbine is clearly audible in the immission 
point for some conditions as well as wind induced vegetation noise from nearby trees 
and bushes. 
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Figure 8. Total equivalent sound pressure level at the immission point relative wind 
direction (hub direction) at the wind turbine. Wind speed at wind turbine over 6 m/s 
only. The sound pressure levels include background noise. 


 
The same similarities as for site 1 can be seen comparing the total noise level and 
wind speed at the immission point in figure 7. A majority of the measurement values  
exceds 40 dBA probably due to wind induced vegetation noise and other temporary 
noise sources in the nearby surroundings. Analysis according to method B in [1] 
gives the result in figure 9. Data reduction is performed and all measurement values 
with a maximum sound pressure level of LAFmax=48 dBA are eliminated from the 
presentation. The result represents downwind conditions according to the standard 
with a wind direction of 270°±45°. Due to small amount of data, values down to 4 m/s 
are included in the regression analysis.  
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Figure 9. Analysis according to method B in [1] 


The equivalent sound pressure level at 8 m/s is extracted through the second order 
polynomial as 38 dBA which represents the total sound level in the immission point. 
This is close to the calculated value.  
Conclusions for site 2 concur with those for site 1 with the difference that the wind 
speed ratio is 2:1 or more for almost all measured data pairs of wind speed. This 
would meet the proposed conditions for a sheltered dwelling area which could lead to 
a more audible wind turbine noise causing increased disturbance. A big wind speed 
ratio is most likely to occur in the evening and night time. 


Measurements - Site 3  
Located in northern Sweden site 3 consists of 5 wind turbines in MW class. The 
immission point is not located near a dwelling, it has been chosen for the anticipated 
sheltered conditions. The calculated value in the immission point is 42 dBA and the 
distance from the nearest wind turbine is 550 m with a height difference from turbine 
base of 110 m, for topography and measurement points see figure 10. Downwind 
condition according to the standard occurs for wind direction 260°±45°. 
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Figure 10. Topography of the site with the nearest wind turbine, WTGref,  and 
immission point marked. 


 
Measurement interval is 10 minutes for all data and the measurement was performed 
during 6 hours in night time. The microphone was placed on a tripod 1.5 m above 
ground with a 10 m mast for meteorology placed nearby. A big road with sporadic 
traffic during night time is located about 600 m from the immission point, its influence 
on the result is minimal. Figure 11 shows the wind speed at WTGref and immission 
point relative wind direction (hub direction) at WTGref. Reference conditions, 
roughness length 0.05 m, are not applied in the analysis instead roughness length 
0.3 m is used which meet the requirements in the standard when the measurement 
was performed. With roughness length 0.05 m the wind speed at the wind turbine 
would be a little bit higher. 
 


 
Figure 11. Wind speed relative wind direction (hub direction) at the wind turbine for 
immission point and WTGref.  
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When the wind turns to the north during the measurement the wind speed at the 
immission point is enhanced . Looking at the topography in figure 10 this could 
probably be explained by the decreased sheltering effect on the wind by the crest 
situatued to the west of the immission point, the wind can blow more freely down to 
the valley and the immission point. However, it shall also be noted that the wind 
speed at the wind turbines has increased as well. For wind directions below 270° no 
wind induced background sound can be heard, but for wind speeds of 3-4 m/s the 
influence of the wind induced background noise on the total noise is extensive. This 
shows that although the wind speed ratio is larger than 2:1 for all measured data 
pairs the wind induced background  noise can for some cases be clearly audible and 
partly mask the wind turbine noise. The total equivalent sound pressure level is 
shown in figure 12. 


 
Figure 12. Total equivalent sound pressure level at the immission point relative wind 
direction (hub direction) at WTGref.  
 


Influence by the wind induced vegetation noise can be seen in figure 12 for wind 
directions above 280°, the total level is raised approximately 5 dBA and the wind 
turbine noise is partly masked. The objective experience reported by the 
measurement personel was that the noise was less disturbing than with lower 
background noise. Figure 13 shows the analysis according to method B in [1], only 
values with a minimum influence by the background noise are used in the analysis. 
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Figure 9. Analysis according to method B in [1] 


 
Regression analysis gives the equivalent sound pressure level at 8 m/s as 43 dBA 
which is close to the calculated value. The measured value has minimum influence 
by the background noise. 
Site 3 is a good example, which shows that the sheltering effect in many cases can 
be dependent on wind direction. Although the wind speed ratio is greater than 2:1 for 
all data pairs of wind speed the background noise is also dominant for some wind 
directions. As the measurements are performed for a limited period of time the 
statistical accuracy can not be guaranteed. It shall also be noted that wind speed at 
the wind turbine is raised during the measurement which could maybe explain the 
raise of wind speed at the immission point. 


Discussion 
The presented results show that it is not easy to establish a method that is valid for 
all cases. Four suggestions of an evaluation method based on the experience in this 
study are presented below. 
 
 


1. Measurement of wind speed at the wind turbine and dwellings were also noise 
is measured. 


2. Measurement of only wind speed or only noise. 
3. Study differences of heights in the topography at the planned site and 


compare with known cases of sheltered areas. 
4. Calculate wind speed in the microclimate based on detailed wind analysis. 
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Method 1 and 2 is probably the most accurate but could lead to extensive 
measurement programs and also bring halt to the planning process and are probably 
also the most expensive. Should measurements for example be carried out at all 
nearby dwellings or just a few? If measurements are going to be performed early in 
the planning process maybe a wind speed dependent guideline value would be 
better, as for example used in United Kingdom and in France. 
Method 3 needs measurements at more locations for statistical certainty and maybe 
a class division for different topography. Could be suitable for mapping of big areas 
using inclination between the wind turbines and dwellings but needs good altitude 
data.  
Method 4 would most likely be the preferred method if a sufficiently good wind 
analysis method was available. No such method, with enough accuracy, is known to 
the authors. 
This study raises several questions. For example should the guideline value be 
reduced for all dwellings on a specific site were wind sheltering has been found for 
just a few?  
The sheltering effect has also been shown to be dependent on wind direction. For 
some wind directions the wind speed ratio could be low meaning a good masking 
effect from wind induced noise. Could the reduced guideline value be valid only for 
some wind directions? That could mean that sector based regulations could be used 
on the wind turbines to fulfil more strict requirements on noise for specific wind 
directions.  
As it seems that also the time of day has great importance on the wind speed at the 
immission point, could the guideline value be divided into different time periods for 
example day and night?  
Is a 2:1 ratio the best way? Although the wind speed ratio is more than 2:1 this 
doesn't mean that there is no wind induced background noise. For as low wind 
speeds as 3-4 m/s, at 10 m height, the wind induced background noise could be 
fairly dominant over the wind turbine noise. For what time period should the ratio 2:1 
be fulfilled to enforce a reduced guideline value?  


Conclusions 
There is no doubt that a reduced masking effect caused by sheltered wind conditions 
could lead to increased disturbance from wind turbine noise. This is obvious to 
people who live at such locations which also lead to more complaints on noise from 
wind farms. A reduced guideline value could be important to reduce these complaints 
already before the wind farm is built. Although this study shows that it is not easy to 
verify such sheltered locations. There are also many questions that need answers 
before deciding on a reduced guideline value.   
The ongoing project for the Swedish Energy Agency may perhaps, and until time for 
the conference, have found some more answers to the questions. Also more 
measurements will hopefully have been performed. 
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Abstract         
Catalonia pioneered wind turbine installation in Spain. In this process, the ICAEN 
(Catalan Institute for Energy) and the Polytechnics school of the University of Girona 
worked together in the mark of the National Energy Plan (PEN). 
The objectives of this collaboration, in the early eighties, were the development of the 
National Wind Map of Spain, and the location of the firsts wind turbines in Spain, in 
Girona Province. 
 
Despite being a pioneer in wind energy in Spain, nowadays Catalonia occupies a 
low/mid position among the different Spanish autonomic communities. 
Wind energy resources in Catalonia aren’t the problem; they are copious and well 
identified. So, what factors slow down the wind energy development in Catalonia? 
Mainly, the problem has been the incompatibility between Catalan environmental and 
industry departments in the Catalonian government. Finally was difficult to know 
were the location of wind turbines were acceptable and were not, so, wind energy 
projects in Catalonia were mostly rejected or procrastinated. 
 
In this paper, wind farms projected in Catalonia will be evaluated, and how the actual 
situation of wind energy in Catalonia could be different if the most of these projects 
could have been approved and constructed, as well as data about natural parks in 
Catalonia and other zones where wind energy utilization is restricted. 
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Introduction  
 
Nowadays, Spain is one of the leader countries in installed wind energy power, just 
behind Germany, with little more than 20 GW installed by the end of 2010 and the 
European country with more wind energy power installed during 2010, with more 
than 1,5 GW. 
In Spain, the first Wind Farm connected to the grid was installed in Catalonia at 
1994. The location chosen was Garriguella at the north area of Catalonia. This 
pioneer wind farm was composed by 5 wind turbines of 24 kW each one. 
After its demonstrating objectives, the wind farm was dismantled in 1998. 
The pioneer autonomous region of one of the pioneer countries in Europe, it’s 
supposed to have a very developed internal Market, but it is so? 
In order to assess the development of the internal market of an area, there are 
various criteria that can be studied, for example the compliance with the Energy 
plans or the optimum exploitation of the natural resources. 


 
Wind energy behaviour in Spain 
Win energy in Spain has had an important increase in the installed power, in fact 
nowadays is the second European country by installed power and the first one in 
market grow. 
The impulse of wind energy in Spain has been so important, that in fact all energy 
plans has underestimated it. 
In 1999 an energy plan about renewable energies in Spain was approved PLAFER 
(Plan de Fomento de las Energies Renovables). This plan, estimated a wind energy 
installed power of 8.974 MW by 2010. The reality was very different, in 2004, the 
94% of that power objective was already installed. 
By 2002, it was clear that Plafer objective was too much conservative, and an gas 
and electrical sectorial plan was approved. This new addenda to the original plan 
estimated the wind energy power installation by 2010 in 13.000 MW. In fact, by 2006 
approximately the 90% of that objective was already done. 
By 2005, in was clear that the original plan, and the addenda that changed it, really 
underestimated the importance of wind energy in Spain, so, because of this, and 
other factors, a new renewable energy plan was redacted in 2005, that lasted until 
2010, The PER 2005-2010 (Plan de las Energia Renovables 2005-2010). 
The PER estimated an objective for the wind energy in 2010 of 20.155 MW, a 155% 
more than the last plan three years before. 
The real data in 2010, was that the wind energy power in Spain was 20.676 MW, so, 
the ambitious objective of the renewable energy plan in Spain was accomplished. 
It’s fair to say, that Wind energy in Spain has been a success, even more than initial 
plans and evidences indicated. 
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Wind energy behaviour in Catalonia. 
It’s fair thinking, that in a country where wind energy has been a success, in the 
pioneer area, where the first Wind Farm connected to the grid was installed, the wind 
energy also has been a success, but … It is so? 
 
The PLAFER estimated an objective for wind energy power in Catalonia of 425MW. 
As has been exposed in the anterior section, in the whole Spain this objective was 
almost completed in 2004, in Catalonia was completed in 2008. 
So seems that, the success of wind energy in Catalonia is a less success than the 
rest of Spain. 
In the renewable energy plan of 2005, also established an objective for wind energy 
power in Catalonia of 1.000 MW at 2010. 
The truth is that in 2010, in Catalonia there were a wind energy installed power of 
approximately 850 MW, so the objective was not accomplished, really only 85% of 
the objective in Catalonia was really done, meanwhile the objective for the whole 
Spain, as has been stated, was accomplished. 
 Catalonia has it’s own Energy Plan, redacted originally in 2002 and modified by 
2005. This plan has objectives until 2015 and for 2010 basically is in line with 
Spanish objectives. 
 
The Catalan Renewable Energy Plan PEC2015, estimates two scenarios, the BASE 
scenario, which is a conservative scenario, and the intensive in renewable energies 
IER scenario, which assumes some effort from public administrations and some 
inversions in renewable energies, and describe the “best” development renewable 
energies can experiment in Catalonia. 
The BASE objective in Catalonia is 1.000 MW (in line with Spanish estimations) and 
in IER scenario the objective is 2.750 MW. 
It is clear, by the real figures of Catalonia at 2010, that none of these objectives were 
accomplished. 
In the next figure, the real evolution of wind energy in Catalonia can be compared 
with the estimations of the Catalan Energy Plan, year by year. 
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Fig. 1.- Evolution of wind energy in Catalonia, compared with the Catalan energy plan. 


 
As can be seen in figure 1, the reality of wind energy in Catalonia is always under 
even the most conservative estimations of BASE scenario, and very far from the 
most optimistic objectives of IER scenario. 
So, from 2005 to 2010, the estimated accumulated energy produced by wind turbines 
was 8.500 GWh in Base scenario and 22.795 GWh in IER scenario. 
This data has been calculated considering a mean annual operation at full power of 
Spanish wind farms of 2.350 hours per year, as is stated in the Spanish energy plan 
of 2005. 
The real energy produced, in comparison, and by the same hypothesis is 6.187 
GWh, a 72% and 27% of BASE and IER scenarios respectively. 
The actual factor emission of CO2 by electrical generation, in Catalonia is estimated, 
by the electrical mix, in roughly 385 T CO2 / GWh. 
So the non compliance of renewable energy plans, by wind energy has supposed the 
emission of 920.000 T CO2 respect BASE scenario and 6.400.000 T CO2 respect IER 
scenario. 
 
It’s clear that the development of wind energy in Catalonia is not as successful as the 
rest of Spain. What happened? 
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Wind energy problems in Catalonia 
The no-so-successful development of win energy in Catalonia, compared to the rest 
of Spain, can be ascribed to environmental compatibility. Publicly, this has been the 
most visible problem. 
In 2002, there was approved the wind energy implantation map in Catalonia. 
That map, in conjunction with wind resources map, located which areas were usable 
and environmentally compatible and which ones not. 
An extract of that map is presented in the figure 2. 
 
mean wind 


speed at 
80m (m/s) 


Total Surface (m2) Incompatible Surface (m2) Compatible Surface 
(m2) 


11,5-12 3,08 2,68 87,01% 0,4 12,99% 
11-11,5 8,28 7,2 86,96% 1,08 13,04% 
10,5-11 21,68 20,08 92,62% 1,6 7,38% 
10-10,5 38,28 33,92 88,61% 4,36 11,39% 
9,5-10 61,12 53,76 87,96% 7,36 12,04% 
9-9,5 95,48 77,76 81,44% 17,72 18,56% 
8,5-9 159,64 121,96 76,40% 37,68 23,60% 
8-8,5 284,68 183 64,28% 101,68 35,72% 


Fig. 2.- Wind energy resources and compatibility in Catalonia 


 
If the most usable areas are selected between 8 to 12 m/s of annual mean wind 
speed, only the 2,1% of Catalan territory comply with that requirement. 
However, as can be seen in figure 2, the most of this area have environmental 
incompatibility, so only 25,5% of that surface can be used for wind energy 
exploitation, and conditioned to environmental impact assessments. 
Anyway, all that information was available when Catalan Energy Plan was redacted, 
so it’s unfair to just blame the environmental compatibility. 
Nowadays, finally, wind priority development areas have been defined, and offered to 
wind energy companies to exploit. 
In 2010, apart from the 849,28 MW of installed and fully functional wind farms in 
Catalonia, there are 168,7 MW of authorised wind farms in construction, and these 
wind priority development areas include 769 MW to be constructed in the near future. 
So Finally, Catalonia, likely will have at least 1.787 MW of wind energy power 
installed by 2015. This will be enough to accomplish the most conservative wind 
energy objectives, detailed in the Base scenario in Catalan Energy Plan of 1.400 MW 
installed in 2015, but very far from the 3.500 MW of the much more optimistic IER 
scenario. 
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Abstract  
Different analysis techniques are explored for noise immission levels captured in 
accordance with a newly proposed Ontario protocol for quantifying the noise immission 
from wind turbines for the purposes of comparison to local regulatory limits and 
establishment of compliance with those limits. The three methods include a polynomial 
regression analysis, a binning process and a statistical analysis on binned data. The 
results of the different analysis methodologies are compared and the limitations of each 
are explored. 


1. Introduction 
In Ontario, Canada, wind turbine facilities have been rapidly growing due to new 
opportunities to develop renewable energy. With this growth, the Ontario Ministry Of 
Environment (MOE) has developed specific guidelines for noise pollution limits from 
Wind Turbine facilities. In cases where the turbine facilities are built and operating, there 
is currently no standardized method for conducting measurements from wind turbines in 
order to determine whether a facility is in compliance with the applicable noise limit. This 
has led to inconsistencies in the way consultants measure, quantify and assess the 
noise immissions from wind turbine facilities in noise audit scenarios. 
Aercoustics Engineering Limited has been contracted by the Ontario Ministry to assist 
them in developing a standardized method to be used in quantifying the noise 
contribution from wind turbines at the point of immission (typically residential dwellings). 
The study has included a literature review, and practitioner consultation before 
developing a proposed measurement method. This paper discusses various data 
analysis methods in order to quantify the noise contribution from the turbines as 
measured using the proposed measurement protocol. 


2. Noise Immission measurements 
The final stage of the contract is the field validation of the protocol. During this stage 
various locations are used as test cases to determine if the methodology yields reliable 
results. At the time of this paper, field tests at two such locations were carried out. The 
measurement campaign included measuring sound from a wind turbine facility at 
setbacks of 538 and 650 metres from the closest turbine. Unattended measurements 
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were carried out for approximately three weeks. During the measurement campaign the 
following was measured simultaneously: 
 
2.1. Sound data 
Unattended sound measurements were conducted with the microphone at 4.5 metre 
height (point of reception height for two storey dwelling in Ontario), and measurements 
were logged in 1 minute intervals. For each interval, the 1/3rd Octave Band equivalent 
continuous sound level (Leq) was logged, as well as spectral statistics (L5, 10, 50, 95, 
99). Additionally, the time signal was recorded at an 8000Hz sampling rate. The 
microphone was fitted with a double windscreen –similar in specification to the one 
suggested in IEC-61400-11. 
 
2.2. Meteorological and other non-acoustic data 
Meteorological data was captured simultaneously at the same measurement location at 
a 10 metre height. The Ontario Ministry Sound Level Limits are prescribed with 
reference to the wind speed at 10 metres height. At that height, the following parameters 
are logged in 1 minute intervals: 


1 Temperature 
2 Humidity 
3 Average wind speed 
4 Min/Max wind speed 
5 Wind direction 
6 Precipitation (Rain capable only) 


During the measurement campaign, the wind speed at the hub height was also obtained 
from the turbine SCADA system, along with the power output of the turbines. This 
information was available in 10 minute intervals. 
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Figure 1: Noise Immission measurement test site 


 


3. Analysis methods 
Given the large amount of data, the protocol proposes applying filters to isolate times 
when the maximum signal to noise can be expected. With this, only data taken at night 
is considered (10pm – 5am). Additionally, data taken during rainy periods and gusty 
periods is removed. The spectrum is also visually inspected to identify any insect or 
animal noise that effect the measurements – in the cases of insects (such as cicadas or 
crickets) the 1/3rd octave bands affected are discounted. The data is also filtered for 
times when the turbines are generating power (>10%) capacity. 
During the measurement campaign one night is selected for obtaining the ambient 
noise. This is done by parking the turbines in the vicinity of the measurement location 
such that the predicted level falls at least 10dB. 
The remaining data is then used in the analysis. Three analysis techniques were 
considered: 
3.1. Polynomial best fit 
In this method, a polynomial (Up to 3rd order) is fit to the LAeq vs. 10m wind speed data. 
This is done for both the turbine operational, and ambient data set. From the polynomial 
fits, the level at integer wind speeds is obtained, and the ambient LAeq level is 
logarithmically subtracted from that of the turbine operational level. The result is the 
expected contribution from the turbines. This can be compared to the MOE noise limit at 
those integer wind speeds. 
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3.2. Binning by Wind speed 
This method groups the filtered data by integer wind speed. Within each wind speed, 
there will be a number of 1-minute LAeq measurements. For each bin, the mean 
(arithmetic) LAeq is tabulated, along with the Standard deviation. The same is carried 
out for the ambient noise. As in the case with the Polynomial fit, the ambient level is 
logarithmically subtracted from the turbine operational level. The obtained contribution 
from the turbines only is then compared with the allowable level. 
 
3.3. Statistical spread within each wind speed 
Where the first method has a very broad look at the variability of the data, the second 
method gives some idea of the spread with the standard deviation. This method 
considers the variability within each bin in more detail. For each integer wind speed bin, 
the probability distribution of the A-weighted level is computed. This can be carried out 
with both the turbine operational, and the ambient case. This data can then be 
presented in a surface chart where contours of different probability density give an 
understanding on what range of noise levels were measured within each wind speed. 
With this information, one could compute the percentage of time the noise level  at the 
immission point falls within the Sound Level Limits. It should kept in mind, however, that 
this includes the ambient contribution. This method gets more complicated if the 
ambient level is to be subtracted from the noise levels with the turbines operational. 
 


4. Preliminary Results 
With the first two locations, three weeks of data was captured which covered 10m high 
wind speeds up to a speed of 9m/s. Given a requirement of at least 60 individual 
measurements within each usable wind speed interval, enough data was captured for 
the range of 0 – 8m/s with the turbines operational. However, for the night where the 
turbines were parked – the forecast proved wrong and insufficient data was obtained for 
the ambient case for wind speeds above 3m/s. Nonetheless, the analysis methods are 
carried out for this data, and provide interesting insight. 
 
4.1. Polynomial best fit 
Figure 2 shows the data spread for the filtered data set including both turbine noise and 
background noise. The dark line shows a 3rd order polynomial fit. From the curve fit, the 
points at each integer wind speed would be tabulated and, with available ambient 
measurements, be used to calculate the contribution from the turbines alone. 
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Figure 2:  Sound Level measured ~550m away from closest turbine. The data includes the 


ambient noise. 
The benefit of this method is in its simplicity. The drawback is that the accuracy is 
skewed at the periphery of the polynomial curve. There is also a requirement that there 
be at least 60 points in the integer wind speed measured. This ensures that there are 
sufficient samples in the data set at the wind speeds of interest. Extrapolating the 
polynomial is not permitted. A second drawback is that little information is obtained 
about the variability of the data. The coefficient of determination, R2, gives an idea about 
the overall fit of the polynomial, but does so in a simplified manner. 
4.2. Binning by Wind speed 
Table 1 below shows the mean noise level in each wind speed along with the number of 
samples within each bin, and the standard deviation. The information is graphically 
presented in Figure 3.  


Table 1: Mean LAeq for binned wind speeds 
Wind speed [m/s] LAeq [dBA] No of points St dev 


1 30.9 459 4.9 
2 33.1 456 5.1 
3 35.4 556 5.1 
4 37.4 593 4.0 
5 40.5 324 3.9 
6 43.3 195 2.0 
7 44.5 188 2.2 
8 44.8 60 1.8 
9 46.3 2 0.1 
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Figure 3:  Sound level measured ~550m away from the closest turbine analyzed by binned wind 


speeds. The dark line represents the mean LAeq within each bin. The shaded zone 
represents one standard deviation 


This method is quite similar to the polynomial best fit. The differences are that it does 
not explicitly assume a polynomial behaviour of the data set, and that it provides 
information on the variability of the data at each wind speed. The figure shows the solid 
line as dotted after 8m/s due to the number of data points being below 60. 
 
4.3. Statistical spread within each wind speed 
The probability distribution of the overall A-weighted sound pressure level was 
computed in 1dB increments from the binned data set. The distribution for each wind bin 
is presented in Figure 4 below as a function of overall A-weighted sound pressure level. 
The contour chart is also presented showing the distribution of data within each bin 
(Figure 5).  
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Figure 4: Probability density of the LAeq at varying wind speeds. 
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Figure 5: Probability density of the overall sound pressure level (LAeq) measured at 550m away 


from a wind facility. The probability density is broken into 1dB increments and the 
contours represent the percentage of time the level fell within an integer wind speed 
bin. 


This method focuses on the variability of the data and shows the expected level within 
each wind speed. The main advantage of this method is that with it one can develop a 
percentage of time that the sound level exceeds a certain level. The percentage can be 
also obtained for a noise limit that changes with wind speed (as is the case for Ontario). 
The challenge is quantifying the contribution of the ambient when two sets of such data 
are available, and developing a statistical curve for the contribution of the turbines 
alone. This approach may be worth considering for a protocol that compares the 
percentage of time the noise level exceeds the prescribed limit with and without the 
turbines operating. Such a comparison would give a real world impact on the change in 
the overall ambient environment with the introduction of wind turbines. The drawback of 
this method is that it is difficult to design for such a case during the prediction and 
modeling stage. Modeling statistical variation in atmospheric conditions or source levels 
is not usually carried out. 


5. Conclusions 
The first conclusion is that quantifying the ambient noise level is critical. Without this 
information, it is difficult and speculative to claim a reliable quantification of the sound 
level contribution from the wind turbines – this is especially the case at wind speeds 
above 4m/s. 
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In the absence of ambient noise data, three methods of analysis were carried out. Each 
has merits worth considering. The methods range from the simple to complex. The 
simplicity focuses on reporting a usable quantity whereas the complex focuses on 
quantifying the variability. 


6. Future Work 
As part of the current research contract, more sites will be measured with a heavier 
focus on obtaining adequate ambient noise. More work will also be carried out to identify 
if better filtering will give a more convincing picture of the turbine noise without available 
background contribution. 
The self noise of the microphone windscreen and the Insertion Loss performance of the 
wind screen are also areas to be addressed. 
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Abstract 
Italy is facing for the next decade a period in which noise will be more and more 
important in the scale of constraints for positioning a wind farm. As a matter of facts 
Italian population density is high. Windy zones are therefore closer and closer to 
inhabited places. At the same time turbine technology is going towards bigger and 
noisier machines. This means that a major effort has to be put in evaluating noise 
effects on population. 
In Italy, the guidelines for noise control are contained in the national regulation 
‘DPCM 1/3/1991’ and in ‘L. 447 /1995’. This laws are not specific for wind industry, 
and contain some norms that are in open conflict with wind turbine technology. As for 
example the limitation to evaluate noise up to of wind at 5 m/s at the observer.  
The first purpose of this paper is to give a complete overview on Italian noise 
regulation, above all underlining its faults and limits: in few words, what Italian noise 
regulation doesn’t contains and what the possible effects of these lacking norms. 
Moreover, some example cases will be analyzed and discussed in order to 
understand how the Italian laws can be conservative or not for people’s health. 
The last part will be dedicated to a brief review of the most discussed issues on wind 
turbine noise estimation in Italy: measuring techniques, characteristic parameters, 
most useful sample rates to adopt and examples of correlation between noise levels 
estimated on ground level and wind data measured at hub height. 
Finally we analyze what are ‘state of the art’ techniques to comply with one of the 
most important problems of today’s norms: noise background evaluation with large 
number of receivers with an undetermined classification. We evaluate what are the 
possibilities to create models of background noise map for large size areas. 
 


Introduction 
Besides all eco-sustainability purposes, wind energy in Italy still represents an 
excellent business. Italian Laws and European Electricity Market offer very high 
incentive tariffs and good energy sale prices. Thus, as wind farms can produce 
thousands of equivalent hours every year, also in not very windy geographic sites, 
they can bring high profits and short pay-back times for investors. 
Energy supplied by Large Wind Farms (above 1 MWp) can be bought, sold and 
traded within the Electricity Market. The sellers can also add to this profit another 
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benefit whose size is related to the green energy supply: the official authority (GSE 
i.e. "Gestore Servizi Elettrici") release energy stocks (CV i.e. "Certificati Verdi") which 
can be bought by all the owners of fossil-fuel power stations. 
Recent estimations revealed that wind energy is the cheapest among the other 
renewable technologies: in a windy site it costs amost 5 c€/kWh for a 20-year 
investment. On the other hand, if we take into account the total amount of money that 
can be gain by adding the Italian incentive tariff plus the energy sale, the average 
assessment rate for 2011 is 15.4 c€/kWh. So it's not hard to understand why wind 
energy has involved many companies and businessmen more than ‘the gold rush’. 
Italian tariffs are very high in comparison with the other ones applied by the others 
members of EU. This is also due to the high complexity of the Italian authorization 
process for renewable energy projects, thus tariffs are high in order to attract 
developers. 
In fact, the mortality rate of projects is very high: 21 % of request with accepted 
solution for the connection to national grid, have reached the end of the authorization 
processes. That consequence depends on the fact that Italian authorization process 
can be extremely tricky. In addition to your usual local building permits, 
environmental impact studies and right of way issues among others, the actual final 
FIT (Feed-In Tariff) approval process varies from region to region. The building 
permit called A.U. (Autorizzazione Unica) is mostly preferred by investors as the 
most secure license because it is based on a specific regional authorization for a 
specific project and clearly outlines the requirements for final award of the license 
and therefore the ability to sell the electricity to the GSE. 
Despite many difficulties wind energy in Italy grows faster and faster. 
Moreover, International Environmental Policy encourages nations to prevent global 
warming by limiting the emissions of C02, promoting renewable energies as 
scheduled by Kyoto Protocol and Copenhagen Convention on Climate Change.  
As outlined in GWEC’s Global Wind Energy Outlook 2008, wind power is on track to 
supply 10-12% of global electricity demand by 2020, reducing CO2 emissions by 1.5 
billion tons per year, far more than any other power sector technology . It will help 
revitalize economies, and create millions of jobs in the process.  
Europe has also stated the legally binding target of 20% of final energy consumption 
from renewable energy by 2020 and that will keep the attention of the members on 
wind energy. Italy is focusing on wind power energy, in order to reach this goal. 
Recently Italy ranked as the european’s third largest producer of wind power praising 
an installed nameplate capacity of 4849 MW at the beginning of 2010 with 6.70 TWh 
electricity generated, behind Germany, Spain and ahead of France and the United 
Kingdom. 
In fact, according to the last estimations, now Italian wind farms can produce an 
amount of energy that alone represents 14% of national energy produced from 
renewable sources (10% onshore; 4% offshore). 
The Italian Wind Energy Association (ANEV) reports that the current target for 
installed capacity by end-2020 is 16200 MW, with generation of 27.2 TWh. 
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Unfortunally, Italy is a small country and even if it is not lacking in wind, the windy 
sites without environmental constraints are already full. So the last tendency is to 
install big and noisy wind turbines still in the countryside or mountainside but nearer 
and nearer industrial and of course inhabited areas. 
Besides the exponential growth of new wind farms, in older wind farms it happens 
that turbines become more and more noisy as time passes, because of electro-
mechanic components wear. As a consequence of that evidence some anthropic  
receivers can become annoyed by turbines noise even if their relative distance from 
wind farm was judged not dangerous for noise impact. Moreover owing to many new 
turbines installations, also cumulative noise impact problems can rise. 
So noise analysis is becoming one of the main issues in arranging new wind farms 
layout and in preventing noise impacts caused by old wind farms. 
Thus a new approach is needed, according to which noise impact must be the first 
constraint in projecting and monitoring wind farms. In that way, engineers can 
prevent that people living or working nearby could be annoyed by the turbine noise or 
at least to manage noise impact. 
 


The Italian Acoustic Regulation  


Acoustic matters are very young in the huge evolution of Italian laws life. During the 
last two decades many DLGS (‘Decreti Legislativi’), DPCM (‘Decreti del Presidente 
del Consiglio’) or DM (‘Decreti Ministeriali’) were issued by the government in order 
to legally introduce noise limits and ensure acoustic safety in houses and working 
places. 
Now, Italian acoustic regulation includes a considerable body of laws, but it’s more 
functional to refer to three main legal directives which contain references to the other 
ones: 
 
- Legge quadro (LQ) sull’inquinamento acustico del 26/10/95 n.447 e relativi decreti; 
- D.P.C.M. 14/11/97 “Determinazione dei valori limite delle sorgenti sonore”; 
-D.M. 16/3/98 “ Tecniche di rilevamento e di misurazione dell’inquinamento acustico”. 


A quick description of each one is required. 
 
LQ 477/95 


The law named LQ 477/95 gives the “general guidelines on acoustic pollution” and is 
structured in 17 articles whose finality is to establish the fundamental principles in 
subject of guardianship of indoor and outdoor spaces by acoustic pollution. 
The main issues introduced by law 447/95 were: 


• Articulated definition of the limits for the environmental noisiness; 
• Recognition of the professionalism of the “technical expert in acoustics”; 
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• Obligations for public and private corporate body with temporal expirations 
and sanctions; 


• Characterization of all the environmental acoustic problems (among which 
noise produced by roads, railroads, airports, autodromes, etc.); 


• Characterization of the passive acoustic requirements of buildings, whose 
regulation is delayed to a specific decree. 


The law 447/95 sets the bases for the various problems and cross-refer to specific 
degrees to put in act the directives. 
 
DPCM 14/11/97 


The guidelines given by LQ 447/95 aimed to regulate organically the subject of noise. 
Then a series decrees put in act those principles.  The first important law was the 
Decree of the President of the Council of Ministers 14/11/97 about the determination 
of the legal limits of acoustic sources. 
Some definitions quoted by LQ 447/95 were officialized and extended (Table 1). 
Moreover the DPCM 14/11/97 confirmed the outline introduced by the previous 
DPCM 1/3/91, by setting the absolute input limits in a unique table for all kind of 
acoustic sources (Table 2). 
Both the differential limits agree with the same one gave by DPCM 1/3/91: 
 


Emission Limit (Limite di emissione) Maximum noise level that can be emitted by an 
acoustic source 


Input Limit (Limite di immissione) Maximum noise level that can propagate towards 
environment or inside inhabited places, caused 
by a single acoustic source or more than one. It 
can be absolute or differential (Total noise less 
Background noise). 


Warning Value (Valore di attenzione) Noise level that marks a potential risk edge 


Quality Value (Soglia di qualità) Acceptable Acoustic Level for short medium or 
long time. 


Table 1 – Noise levels definitions in DPCM 14/11/97. 


 
In houses with open windows absolute noise can’t exceed background noise more 
than 3 dB during the night and 5 dB during the day. This criterion doesn’t apply in 
industrial areas and nearby roads. 
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Use Class Day-Time (6.00-22.00) Night-Time (22.00-6.00) 


I - Protected Areas 50 dB 40 dB 


II - Residencial Areas 55 dB 45 dB 


III – Mixed Areas 60 dB 50 dB 


IV – Intense Human Activity Areas 65 dB 55 dB 


V – Prevalently Industrial Areas 70 dB 60 dB 


VI - Indistrial Areas 70 dB 70 dB 


Table 2 – Acoustic classifications and noise limits of the areas within township lines. 


 
An analog Table is also defined for emission levels according to the different use 
classes: it’s the same of Table 2 but it has been applied a subtraction of 5 dB to each 
value.  
For municipality that didn’t provide an acoustic classification, DPCM 1/3/91 also, 
prescribes the following countrywide noise limits: 
  


Use Class Day-Time (6.00-22.00) Night-Time (22.00-6.00) 


All National Territory 70 dB(A) 60 dB(A) 


Zone A (DM n.1444/68) 65 dB(A) 55 dB(A) 


Zone B (DM n.1444/68) 60 dB(A) 50 dB(A) 


Indistrial Areas 70 dB(A) 70 dB(A) 


Table 3 – Countrywide noise limits. 
 
Zone A – Historical urban districts or areas which are considered relevant for their 
architecture belong to this area; 
Zone B – District which are characterized by high population density belong to this 
area. 
 
DM 16/3/98 


The purpose of DM 16/3/98 was to provide suitable general method for measurement 
and analysis of sound from any kind of acoustic sources which can be heard in both 
public and private activities. The law provides guidance on the main useful and 
noticeable parameters for sound estimation and characterization at noise sensitive 
locations. However it leaves the acoustic technician free to assume some different 
choices beside some basic prescriptions. 
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We can summarize this decree in four big topics: 
1. Definitions and parameters. 


 


Some of the most relevant are: The Equivalent Sound Level –Leq (quantifies 
the noise signal as a single value of sound level for any desired duration); 
Measure Time-Range - TM (it is the time range in which we can identify a 
clear develop of the characteristic sound phenomena); Environmental noise 
level - LA (it represents the Leq of all audible noise at the selected sensitive 
location); Residual noise level – LR (it represents the Leq of all audible noise 
at the selected sensitive location but after that one relevant source has been 
disabled); Differential noise level –LD (it can be estimated by computing the 
subtraction LA-LR ); Corrected noise level – LC (it represents the measured 
noise increased by a penalty factor, if sound is characterized by impulsivity, 
tonality or low frequencies). 
 


2. Description of suitable measuring conditions. 
 


The content doesn’t give specific and strict rules about the choice of the 
microphone position, about  how to manage residual noise in the case of 
multiple noise sources or about the choice of noise events that have to be 
excluded as  believed not typical of the acoustic environment of the site. Thus, 
impliedly, the degree permits many discretional choices and different 
interpretations. However, measurement must be taken without any form of 
influence caused by weather conditions  (average wind speed less than 5 m/s, 
no rain, no snow) and microphone has to be placed not too close to other 
objects or people (at least 1m far from walls, electricity poles, and so on; 
moreover the operator has to keep himself apart from the microphone more 
than 3 m). 
 


3. A specific method for roads and railroads noise. 


 Section C of DM 16/3/98 describes an extend methodology and some basic 
 prescriptions to evaluate noise near roads and railroads. 


 
4. Prescriptions on results description in noise reports. 


Acoustic technician must include in his final report some specifications like: 
a) date, hour, measuring time-ranges and weather conditions; 
b) a complete description of the acoustic measure , including a brief 
description of the acoustic instruments; 
c) Final sound levels; 
d) The area use class to whom belong the site; 
e) Conclusions; 
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f) a list containing the names of all the technicians who has collaborated to the 
acoustic measure campaign; 
g) Id and original signature of the acoustic technician who related the final 
report. 


 


The IEC 61400-11  
The picture given by the description of Italian acoustic regulation has shown that 
Italian laws are too general to give clear and univocal outlines in order to evaluate 
noise emitted from wind farms. One of the most crucial issue is that Italian regulation 
doesn’t consider valid noise measurements in windy conditions (more than 5 m/s at 
ground; DM 16/3/98) and, of course, doesn’t consider any correlation between 
sources noise and wind direction, neither between wind intensity and residual nose. 
Thus, sometimes it’s useful to follow the International Standard IEC 61400-11 as it 
represents a more precise and fitting directive for wind farms noise. Unfortunally, IEC 
61400-11 gives all the right issues to measure wind farm noise at ground level but 
just for one single turbine. If we want to know noise levels at anthropic  receivers, we 
have to extend measured data by an acoustic model which can predict how noise 
spreads. 
The noise emitted from a wind turbine is very depending on wind speed and 
direction. Thus, noise and wind speed must be measured in parallel in order to 
correlate noise with wind speed. The first version of the standard IEC predicted that 
wind speed should be measured upwind from the wind turbine and by an 
anemometric sensor at 10 m height. Last versions adopted a different approach due 
to a poor correlation between wind speed at 10 m height and at hub height for big 
wind turbines (hub height above 50 m). Now, wind speed is derived in part from the 
certified power curve and partly estimated from the anemometer on the nacelle. 
However, anemometric measures at 10 m height are still needed while the 
background noise is measured, as the power curve can’t be used when wind turbines 
are parked. 
Figure 1 shows how must be arranged the experimental setup. 
A reference microphone must be located downwind of the turbine at a distance equal 
to the hub height plus half the rotor diameter. The microphone is placed on a circular 
plywood ground board that is one meter in diameter and 13 mm thick. The ground 
board is placed on a flat surface with no cavities beneath and the edges of the board 
are covered with dirt.  
Three additional microphones and ground boards can be  placed around some 
turbines  for special tests. IEC Standard recommends to consider wind speeds of 6–
10 m/s, but is very often to get measurements outside this range for some turbines. 
An anemometer is placed upwind with respect to the selected wind turbine in order to 
measure wind speed when the machine is parked for background noise 
measurements. The distance b to the anemometer is between 2 and 4 rotor 
diameters. In circumstances of intrusive background noise, such as airplanes, 
automobiles or animals, the test data must be discarded.  
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Figure 1– Noise measurement setup according to IEC 61400-11. 


 
Each measurements shall be done over at least 1 min at each integer wind speed. 
Background noise is also measured in order to apply corrections to the turbine noise. 
For average background sound pressure levels (Ln) that are 6 dB or more below the 
total noise level (wind turbine plus background; Ls+n), a correction must be applied 
to the turbine noise level in order to decrease it to the final value Ls.  
If the equivalent continuous sound pressure level of the wind turbine plus 
background noise (Ls+n) is less than 6 dB but more than 3 dB higher than the 
background level, Ls+n is corrected by subtraction of 1.3 dB. 
IEC 61400-11 also gives some basic requirements for acoustic instrumentation, 
pursuing the will to ensure a quality standard to measurements. 


 
Acoustic Data Analysis 
In this section we present the description of a typical study case in which the main 
purpose is to evaluate sound levels in one anthropic receiver that could be annoyed 
by several turbines noise. 
Thus besides all measuring techniques just described before, now we focus on data 
analysis and post processing. 
Measure campaign generally takes a couple of days in order to evaluate both night-
time and day-time conditions. Residual background noise is evaluated while turbines 
are parked. Absolute noise is measured while turbines are operating. Every measure 
can concern variable time-ranges: typically form 10 to 40 minutes. The sample rate is 
set to be 100 ms in agreement with DM 16/3/98 suggestions. 
After measurements, noise signals are post processed in order to exclude any sort of 
disturbance peak such as: noise produced by the operator, motor vehicles, dogs, 
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birds singing near the microphone etc.. Then, LAeq values are estimated every 5 sec 
from clean time-history. This procedure was necessary to correlate noise data with 
local anemometric wind measurements (one wind mean speed every 5 s). So for 
each survey were determined every 5s: an equivalent continuous level (LAeq), wind 
speed, wind direction, temperature and relative humidity. 
The observation of wind characteristics takes place with an anemometric pole placed 
in the area where acoustic measurements are made. All data are stored in a logger 
‘Ammonit Meteo 32’. All instruments are calibrated according to IEC 61400. The time 
is synchronized. Direct wind measurements in situ are correlated with anemometric 
data from hubs of the turbines which mainly may affect the anthropic  receiver in 
object.  
In order to apply Italian acoustic regulation one single value for ‘environmental noise 
level’ and ‘residual noise level’ must be evaluated. So they can easily be estimated 
from the clean noise signal (a time-history with a sample rate of 100 ms) both for 
day-time and night-time. Differential noise level can be derived by subtracting 
residual noise from absolute noise in the respective time period. 
 
Moreover, LAeq data derived from down-sampling (5 s) original time series are used 
to model a theoretical curve which describe noise trend while wind is increasing 
(Fègeant, 1999; Bartolazzi & Mariani 2009). 
In that way we can get two curves for background noise for both day-time and night-
time: N(dB)=f(W). This curve is useful because by applying an offset of 3 dB or 5 dB 
(related to the analyzed time period: night or day) we can plot the Italian regulation 
limits for differential noise depending on wind speed. 
The absolute limits can be drawn by plotting a straight line on the maximum noise 
level that law can admit. 
Thus, if we put experimental measures on this graph we can appreciate which is the 
crucial wind class if the final LAeq values of noise don’t satisfy Italian legal limits. 
The results of acoustic measurement campaign are summarized in the following 
plots. 
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Figure 2– a: Measured background noise (purple dots) is modeled with a continuous curve (“Rumore”) 
where wind is estimated at 10 m a.g.l.; b: Original noise signal that has been acquired with 100 ms as 
sample rate. 


 
Figure 3– Final check of legal limits: black curve represents differential noise limits; purple curve 
represents absolute noise limits; orange curve represents the modeled background noise curve; blue 
crosses are the experimental measures of the total noise; wind is estimated at 10 m a.g.l.. 
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Sometimes if the equivalent level of background noise and total noise are very close 
each other, it could happen that the absolute noise input is slightly lower than the 
residual value. This condition is already an indication of a lack of influence of noise 
generated by wind farm. In this case it is useful to refer to the statistical value L90 
estimated for the background noise in order to get a statistically maximized 
differential value and therefore very precautionary. This methodology is useful 
because, if the residual noise and the absolute noise are very close together, the 
result obtained from direct subtraction (LAeq total- LAeq background) falls within the 
range of statistical error. This experimental evidence is even more noticeable if the 
noises belonging to different wind classes are compared each other. 
 


Discussion 


As described the typical phases that must be performed in evaluating the noise of a 
future wind park are the following: 


• Analysis of the receivers 
• Measurement of background noise at the receivers 
• Calculation of turbine noise at the receiver points 
• Confrontation with legal limits 
• Suggestion of modifications to comply with constraints 


Each of the phases presents problems that must be faced. 
The analysis of the receivers has usually as a result 1 to 10 sensible receivers. But 
if we make an analysis of all the construction that are at less than 1 km from a wind 
park we usually identify tens or hundreds receivers. Most of them are usually ruins, 
small barracks used for country cultivation or inhabited, but what is the key point in 
deciding that a house is or isn’t a receiver? 
Adding to this problem there is a tendency in Italy to restructure old houses, 
sometimes in ruins, to spend some time in the country. So we maybe identify a ruin 
that in two years becomes a country house we someone spend his vacations. 
Italian parliament recently put a definition in the National Guidelines for Renewables, 
deciding that from an acoustic point only inhabited houses count. Who certifies if a 
house is inhabited or not?  
The number of possible receivers is also a relevant problem during measurement of 
background. As a matter of facts to measure 5 receiver is pretty feasible, but to 
measure one hundred receivers is almost impossible given the usual times and 
budget for these works. This leads to procedures of background noise forecast 
based on the extension of few measurement points to a larger area. This process 
introduces another key uncertainty. 
The main problem with measurement of background is its intrinsic validity. To be 
clearer it is extremely difficult to have a good repeatability of measurements. The 
reasons for that is that background noise changes much with many factors: 


• direction and intensity of the wind 
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• position of the measurement in the surroundings of the house 
• season (summer/winter),  
• working season (in some periods there is much more work in the fields) 
• period of the week (week or weekend) 


A difficulty in the measures is the practical impossibility to perform measurements 
from inside the houses. The law describes measurements with open windows or with 
closed windows. But in the reality most of the works are usually done outside the 
house, because of the difficulty of accessing the houses. From a noise point of of 
view the surroundings of the houses are changing a lot, in relation to possible 
sources of noise like for example trees, animals and so on.  
Also wind measurment point is a major weakness of this kind of analysis. As a matter 
of facts, the law doesn’t indicate a precise point. The reader is forced to understand 
that this point should be nearby the measurement. But this point of measurement as 
a very weak relation with the wind blowing at the turbines hub. 
To further complicate the matter there is a weak relation between the wind direction 
and speed measured in different parts of the site. A Rotation of 90° or more degrees 
from one turbine to another, or from a measurment point to the hub of a turbine, is 
pretty common. Particularly in Italian sites that are on hills or mountains. For 
example, we experienced a site where there is a good wind from NorthWest while 
some part of the turbines receive a wind from East. This means 120° degrees of 
rotation. A situation that changes completely the noise scenario.  
This situation is even more important when calculating the turbine noise at the 
receiver points. Following a common methodology (CONCAWE), there are around 
5 dB difference between noise upwind and downwind. 
The norm IEC 61400 considers noise measured downwind. This approach is more 
conservative (even if it introduces a pessimistic or noise scenario)  
 


Suggestion for the new noise guidelines 
Some key points must be suggested in extending the actual law to wind parks: 


• Noise measurments must be put in relation with wind 
• One of the wind measurement points must indicate or be well related with a 


global turbine functioning level 
• New regulations must give some suggestion on how extend noise data from 


monitorized receivers in order to model a background noise map, and how 
estimate turbines noise from power curve. This can be useful to evaluate 
noise impact while projecting winfarms; 


• How much measures are repeatable, and what is a reasonable reference 
sampling time range for this kind of environmental noise studies. 


 


 



http://www.google.it/url?sa=t&source=web&cd=6&ved=0CEgQFjAF&url=http%3A%2F%2Fwiki.answers.com%2FQ%2FUncertainty_that_is_repeatable_from_measurement_to_measurement&ei=2ghUTb22FoT4sgbh3IHsBg&usg=AFQjCNEZ4Yp_39b0Njeh1qyRA9GrUHlNrQ&sig2=oySkGBHPtBo4aJWWiwjuzw�
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Abstract 
This paper outlines a research project designed to improve our understanding of the 
phenomenon known as ‘amplitude modulation’ (AM), and presents key results. 
The frequency and severity of AM in the UK is such that there has been no need for 
a specific planning condition to control its emission. Regardless, there is increasing 
pressure from planning authorities and local residents for developers to accept such 
a condition for AM. The problem for the wind power industry is that there is currently 
insufficient knowledge on which to base a condition without potentially causing 
unnecessary difficulties in future. 
The project aims to improve understanding of the AM phenomenon, so that a suitable 
condition can be developed, based on an objective method for quantifying levels of 
AM and a well-defined dose-response relationship for AM. 
In parallel with this, fundamental research will be pursued so that the key drivers that 
cause AM in the first place can be identified. This knowledge will enable developers 
and manufacturers to predict when AM is likely to occur, and reduce or possibly even 
avoid entirely the potential for it. 
The aim of this project, therefore, is to be highly targeted and to provide clear, 
definitive recommendations on AM for use by the industry, planners and the public, 
on a rapid timescale. 


1 Introduction 
This paper outlines a research project designed to improve our understanding of the 
phenomenon known as ‘amplitude modulation’ (AM). There is little peer-reviewed, 
published research into the causes of AM and, because there is an increasing 
pressure for controls on such noise in the planning system, it is essential that this 
lack of knowledge is rapidly remedied. 
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2 Background 


RenewableUK are strongly of the view that the frequency and severity of AM are 
such that there is no need for a planning condition to control its emission – the 
University of Salford report ‘Research into Aerodynamic Modulation of Wind Turbine 
Noise’ makes precisely this point [1]. Despite this, there is increasing pressure from 
both local authorities and the public to accept a planning condition designed to 
control the emission of amplitude modulation. The problem for the industry is that 
there is currently insufficient knowledge to be able to draft such a condition or, at 
least, to draft one which does not cause difficulties for the industry in future. This lack 
of knowledge has not stopped opposition groups from drafting their own condition 
and, in the absence of an alternative from the industry, Planning Inspectors have, on 
several recent occasions, adopted an opposition condition. The concern is that this 
condition is completely untested and may pose a serious barrier to the continued 
development of onshore wind power in the UK whilst, at the same time, not giving 
proper protection to nearby residents. The best way to address this is to improve 
understanding of the phenomenon, so that a condition can be developed, based on 
an objective method for quantifying levels of AM and a well-defined dose-response 
relationship for AM. 


In parallel with this, it is essential that the industry understands the key drivers that 
cause AM in the first place. Only with this knowledge will developers & manufacturers 
be able to predict when AM is likely to occur, and possibly even avoid or reduce the 
potential for this acoustic feature entirely. 


3 Outcomes 
Given this background to the situation, there is clearly little benefit in pursuing 
research which may deliver inconclusive results or simply highlight the need for 
further research. The aim of this project, therefore, is to be highly targeted and to 
provide clear, definitive recommendations for use by the industry, planners and the 
public, on a rapid timescale. 
Specifically, the research will deliver the following hard outcomes: 


• an improved understanding of the mechanisms causing the phenomenon, 
specifically an understanding of the key drivers that cause AM in the first 
place, so that developers & manufacturers are better able to predict when AM 
is likely to occur 


• an objective measurement method for quantifying levels of AM and, 
associated with it, a well-defined dose-response relationship for AM. 


In order to gain maximum credibility for this work, an essential element is widespread 
dissemination of the results, e.g. at this conference. In addition to ensuring that all 
individual work packages are publicised as widely as possible, both in the literature 
and at conferences, it is essential that a final report summarising all the findings of 
the work are published in a peer reviewed, internationally-respected acoustics 
journal. This will ensure maximum exposure of the work and should provide a 
definitive reference in future planning appeals, public inquiries and court cases. 
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It is anticipated that the project outcomes will allow the creation of model planning 
conditions for AM, which embody both the objective measurement methodology and 
the dose-response relationship. 


4 Project Overview 


The project commenced on 19 January 2011 and is due to report in July 2011. It 
comprises two phases, within which there are a number of separate work packages, 
as follows: 


Phase 1 Research into Amplitude Modulation 


Work Package A Fundamental Research into the Causes of AM 


Work Package B Development of Objective Amplitude Modulation 
Measurement Method & Dose-Response 
Relationship 


Work Package C Collation and Analysis of Existing Acoustic 
Recordings 


Work Package D Measurement and Analysis of New Acoustic 
Recordings 


Phase 2 Publication and Refinement of Results 


Work Package E Dissemination of Results 


Details of each phase and each work plan are detailed below. 


5 Project Phases 
5.1 Phase 1: Research into Amplitude Modulation 
Work Package A - Fundamental Research into the Causes of AM 


Although there is little peer-reviewed, published research into the causes of 
amplitude modulation (AM), some of the work that has been published is convincing, 
e.g. that based on detailed aero-acoustic analysis which identifies possible 
mechanisms by which AM may be caused. Measurements using microphone arrays, 
for example, have shown that these predictions agree well with measured levels of 
AM [2,3]. 


To date this modelling has been developed assuming a wind turbine operating in 
rather unrealistic wind conditions, i.e. zero wind shear. It is intended to extend this 
work to consider the effects of other atmospheric conditions by explicitly including 
wind shear, since this may be an exacerbating factor to AM. The driver for this is 
anecdotal evidence which suggests that AM is particularly prevalent during stable 
atmospheric conditions – characterised by high shear, low turbulence and low levels 
of background noise – something that existing modelling does not yet include. 
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The goal of this work is to gain a more fundamental understanding of what causes 
AM at the source, i.e. at the wind turbine blades. This may give insight into what 
measures, if any, manufacturers may take to reduce or avoid such noise emission in 
future or, at the very least, may make AM a more ‘predictable’ phenomenon. Such 
measures may relate to the blade geometry and manufacture, the conditions in which 
the blade operates or some ‘retrofit’ option, e.g. serrated leading or trailing edges. 


In addition to considering the source of this acoustic feature, guidance will also be 
provided to developers & manufacturers on other factors which may affect the levels 
of AM emitted, including, for example: 


• ‘stumpy’ towers, i.e. towers which are relatively ‘short’ in relation to the rotor 
diameter 


• high levels of turbulence 


• yaw error 


• closely spaced turbines, e.g. in a linear array. 


Whilst there are relatively few researchers working in this field, there are several that 
are making important contributions. Efforts will be made to review the literature, 
locate those doing promising work and to identify the potential for this to make a 
significant contribution to understanding the underlying physics of AM in future. 


The deliverables for this work package are as follows: 


• an aero-acoustic model capable of predicting levels of AM in both ‘near’ and 
‘far’ field from a modern wind turbine, to include a wide range of atmospheric 
conditions, e.g. wind shear, turbulence etc 


• through analysis of this model and its results, a description of the fundamental 
causes of AM at the source, i.e. at the wind turbine blades 


• identification of the key drivers of amplitude modulation, and hence guidance 
into measures manufacturers may take to reduce or avoid such noise 
emission at source. This may relate to blade geometries, construction, finish 
or retrofit options 


• guidance into measures developers may take to reduce or avoid such noise 
emission. This may relate to turbine layout, hub height choice and the effects 
of a site’s wind regime 


• the identification of others working in the area who are pursuing promising 
lines of research and assessment of their potential for future contributions to 
the area. 


Work Package B - Development of Objective Amplitude Modulation 
Measurement Methodology & Development of a Dose – Response Investigation 


A fundamental requirement for understanding AM is having a methodology available 
able to provide an objective, repeatable measure of the level of AM present in a 
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sample of acoustic data. If the wind industry is to understand the levels of AM 
residents are being exposed to, then such an objective method for measuring it 
absolutely essential. 


Renewable Energy Systems Ltd (RES) has already developed a candidate 
methodology which serves as an objective measurement method for AM: this has 
been widely circulated among the acoustics section of the UK wind energy 
community. The methodology has been extensively tested on both artificially created 
test data and on around 60 hours of measured acoustics recordings from wind farms. 
As a result, the method should be regarded as a ‘good, working model’ that has 
received a reasonable degree of validation. 


Figure 1: Typical Results from RES Analytical Software 


 


However, this candidate methodology is clearly only a starting point and it will receive 
considerably more critical attention that it has done to date. This means detailed 
review by those experienced in the area of noise analysis and, particularly, 
frequency-based noise analysis. To achieve this, RES have provided the existing 
code base, and accompanying documentation, to this project for further development 
in this fashion. 


In addition, the RES methodology needs to be tested on real-world data, hence Work 
Packages C & D, which will provide the raw material to allow this development. 
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The ability to quantify objectively the level of AM present in an acoustic recording is 
one thing, but for the number obtained to have any meaning it must be considered 
within a wider context, i.e. what is the psycho-acoustic (subjective) response of a 
typical listener to this level of AM? 


To obtain this essential ‘context’ a series of detailed listening tests will be conducted 
in an audiometry chamber (or ‘listening’ room). A large number of listeners, drawn 
from as wide pool of the general public as possible, will be exposed to noises with 
varying degrees of amplitude modulation, of varying waveforms, and asked to rate 
them in terms of annoyance. Careful controls will be used to ensure that relative 
annoyance can be precisely determined using well-defined and accepted statistical 
methods. 


As it is entirely possible that the results of such listening tests may highlight that the 
objective method, identified above, for quantifying AM does not provide a ‘useful’ 
measure, ‘useful’ in the sense that it does not correlate with the subjective 
responses, the listening tests will be conducted in two phases. The first phase will be 
a relatively quick, simple and cheap test to verify that the objective measurement 
methodology provides a useful index of subjective response. If it does, then a second 
phase of listening tests will be pursued, this similar to the first phase in content but 
considerably more detailed and lengthy, and aim to arriving at the best possible 
definition, in statistical terms, of the dose-response relationship. If it does not, then 
alternative objective metrics should be investigated, until some index can be isolated 
that correlates well with the subjective response. The second phase of listening tests 
will then be redesigned from the first phase, to take this new index into account, but 
be considerably more detailed and lengthy than the first phase. Again, the aim is to 
arrive at the best possible definition, in statistical terms, of the dose-response 
relationship. 


To ensure the widest possible acceptance of the results of such tests, the following 
are essential: 


• the experimental design will be peer-reviewed before commencement 


• the tests will be conducted by an independent body whose reputation is 
impeccable and who have experience in the area of audiometry  


• the statistical analysis of the results, leading to a dose-response relationship, 
will be peer-reviewed following analysis. 


The outcome of this phase will be an objective measurement methodology for AM, a 
dose – response relationship for AM and, based on this, a meaningful noise penalty 
scheme for AM. 


The deliverables for this work package are as follows: 


• an objective, repeatable methodology for quantifying the level of amplitude 
modulation present in a sample of acoustic data 


• a demonstration, by means of the real-world data obtained through Work 
Packages C & D, that this methodology can provide meaningful results 







Fundamental Research in Amplitude Modulation - RUK Page 7 of 11 
 
 


• the identity of a high-profile, independent body capable and willing to 
undertake AM listening tests who have experience in the area of audiometry.  


• an initial experimental plan for deriving a dose - response relationship and 
details of a peer-review of this obtained prior to commencement 


• a highly-credible listening test in an audiometry chamber, with a sample of 
listeners from the general population, and a rigorous statistical analysis of the 
results, this also to be peer-reviewed 


• details of any refinement of the objective measure required depending on the 
results of the preliminary listening test 


• developing a second, and final, experimental plan for deriving a dose - 
response relationship and details of a peer-review of this obtained prior to 
commencement 


• a highly-credible listening test in an audiometry chamber, with a large sample 
of listeners from the general population, and a rigorous statistical analysis of 
the results, this also to be peer-reviewed 


• a dose – response relationship for the amplitude modulation of wind turbine 
noise and, based on this, a penalty scheme for AM suitable for inclusion in 
noise planning conditions. 


Work Package C - Collation and Analysis of Existing Acoustic Recordings 
The most effective way to make rapid progress with the development of the objective 
AM assessment method, as described in Phase 1: Work Package B, is to test it on 
real-world data. This process can be greatly accelerated by making use of data that 
already exists within the wind energy community, i.e. acoustic data that has been 
collected for other purposes. Indeed, RES have already used 60 hours of such data 
in their development of the methodology. 


To achieve this, developers, consultants and others with appropriate data will be 
approached with a view to compiling a database of wind farm acoustic recordings. It 
is likely that this database will feature data measured in both near and far fields, and 
from a wide variety of wind turbines. The benefits of doing this will be twofold: 


• assuming the available data is representative of all UK wind farms, it will 
enable a ‘broad’ estimate of the frequency and severity of the AM problem to 
be determined 


• it will enable the details of the analysis methodology (Phase 1: Work Package 
B) to be refined. 


The acoustic data obtained should, as far as possible, consist of mono, or stereo, 
audio (WAV) recordings at high frequency (e.g. 48 kHz). Ideally this would be 
accompanied by information on: 


• the site’s topography/turbine model/hub height/rotor diameter/blade geometry 
etc... 


• whether the site has any reported AM issues 
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• how the measurements were made, i.e. in free-field conditions, on a façade or 
by use of a parabolic microphone. 


• meteorological data, such as wind speed, direction etc, up to tip height 


• turbine operational data, if available from site operator. 
If there are problems relating to commercial confidentiality, these could be addressed 
by either removing any meta-data enabling identification of the data source, or by 
asking the data owner to analyse the data themselves using a ‘standard’ version of 
the methodology. 


The deliverables for this work package are as follows: 


• a compilation of wind farm noise audio recordings suitable for testing using the 
AM assessment methodology, this to be accompanied by a description of the 
measurement circumstances, i.e. ‘near’ or ‘far’ field; turbine type & hub height, 
for each data file, as above 


• an indication of the frequency and severity of the AM from UK wind farms, 
based on analysis of the above data, and those data directly assessed by the 
data owners 


• identification of any common factors to low/high levels of AM etc, based on 
analysis of the above data, and those data directly assessed by the data 
owners 


• insight into conditions where AM may be observed, and the effect of 
measurement conditions, i.e. free-field, façade or internal. 


 
Work Package D - Measurement and Analysis of New Acoustic Recordings 
Whilst existing data may prove useful to the understanding the frequency and 
severity of AM, as well as in the development of an objective AM assessment 
method, as described in Phase 1: Work Package B, the very fact that these data 
have been collected for other purposes may compromise its usefulness. 


To gain real insight into these areas, and to optimise development of the 
methodology described in Phase 1: Work Package B, the ideal approach is to collect 
highly targeted acoustic data from the current fleet of UK wind farms. This would 
involve making acoustic measurements: 


• at approximately 7 sites, and possibly more 


• at least one measurement location per site, and possibly more 


• as mono, or stereo, audio (WAV) recordings at high frequency (i.e. 48 kHz) 


• at sites with varying topography/turbine models/hub heights/rotor 
diameters/blade geometries etc 


• at sites both with, and without, reported AM issues 
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• in both free-field conditions, on a façade and possibly using a parabolic 
microphone. 


It would also involve making non-acoustic measurements: 


• of meteorological data such as wind speed; direction etc, up to tip height, 
possibly using remote sensing technology 


• of turbine operational data, if available from site operator. 
These data should enable the level of AM to be directly correlated with the operating 
conditions of the wind farms, e.g. wind direction; wind speed and atmospheric 
stability, to provide a greater understanding of the circumstances in which high levels 
of AM occur, and hence possible mitigation or prevention/minimisation of effects. 


• assuming the available data is representative of all UK wind farms, it would 
enable a ‘broad’ estimate of the frequency and severity of the AM problem to 
be determined 


• it would enable the details of the analysis methodology (Phase 1: Work 
Package B) to be refined. 


The deliverables for this work package are as follows: 


• a compilation of measured wind farm noise audio recordings suitable for 
testing using the AM assessment methodology, this to be accompanied by a 
description of the measurement circumstances, i.e. ‘near’ or ‘far’ field; turbine 
type & hub height, for each data file, as above 


• based on analysis of the above data, an indication of the frequency and 
severity of the AM from UK wind farms 


• based on analysis of the above data, identification of any common factors to 
low/high levels of AM etc 


• insight into conditions where AM may be observed, and the effect of 
measurement conditions, i.e. free-field, façade or internal. 


5.2 Phase 2: Publication & Refinement of Results 
Work Package E – Dissemination of Results 


In order to gain maximum credibility for this work, an essential element is widespread 
dissemination of the results. In addition to ensuring that all individual work packages 
are publicised as widely as possible, both in the literature and at conferences, it is 
essential that a final report summarising all the findings of the work are published in a 
peer reviewed, internationally-respected acoustics journal. This will ensure maximum 
exposure of the work and should provide a definitive reference in future planning 
appeals, public inquiries and court cases. 


The deliverables for this work package are as follows: 
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• the identity of an high-profile, international, independent, peer-reviewed 
journal best placed to receive the results of this work 


• a published paper in this journal describing the results of all parts of this 
project, and publishing as much of the measured data as possible 


• the identity of suitable workshops, conferences and seminars which are best 
placed to receive the results of this work 


• a presentation at least 1 of the above events describing the results of this 
project 


• a collation of feedback, comments, and other publications deriving from the 
above 


• suggestions for modifications to the objective measure and AM penalty 
scheme developed in Work Package B above, based on feedback received 
following widespread dissemination 


• an objective measurement methodology and dose-response relationship that 
can be used to used to write model planning conditions, in the form of a 
penalty scheme, capable of surviving inspection at Public Inquiry, and suitable 
for inclusion in UK noise planning conditions and standards 


• a final report detailing the above deliverables. 


6 Project Programme 


Phase Work Package Duration
1 A-Fundamental Research 6 months
1 B-Development of AM Methodology-I 3 months
1 B-Development of AM Methodology-II 3 months
1 B-Dose-Response Investigation 3 months
1 C-Collate Existing Data 3 months
1 D-Obtain New Data 6 months
2 E-Dissemination 1 month
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7 Conclusions 
This paper outlines a research project designed to improve our understanding of the 
phenomenon known as AM so that a suitable planning condition can be developed, 
based on an objective method for quantifying levels of AM and a well-defined dose-
response relationship for AM. 
In parallel with this, fundamental research will be pursued so that the key drivers that 
cause AM in the first place can be identified. This knowledge will enable developers 
and manufacturers to predict when AM is likely to occur, and reduce or possibly even 
avoid entirely the potential for it. 
The aim of this project is to be highly targeted and to provide clear, definitive 
recommendations on AM for use by the industry, planners and the public, on a rapid 
timescale. 
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Abstract         
The paper presents two different numerical approaches that are capable to predict 
the sound generation induced by turbulent flows in rotating machinery such as fans. 
Both methods belong to hybrid aeroacoustic methodologies, which use a previous 
transient CFD computation.  The data from this aerodynamic simulations are then 
used for in-house codes solving the classical Ffowcs-Williams Hawkins (FW-H) 
equation (integral approach) and the inhomogeneous wave equation of Lighthill using 
a Finite Element (FE) method.  Our second approach accounts for both the 
movement of flow-induced sound sources and reflection of sound waves by the 
casing at the same time. Both applied methodologies are computational tools for 
getting a better physical understanding of flow induced noise, the source distribution 
as well as noise propagation.  


 
Introduction  
Nowadays, noise reduction plays an important role in most product development 
processes and in special in the field of wind turbines. The optimization of such 
machines is a quite complex task, since two phenomena have to be considered: 
aerodynamics and aeroacoustics. Experimental studies on noise reduction 
mechanisms have been presented, i.e. in Neise W (1976a) and Neise W (1976b). 
However, due to the fact that over the past 20 years the performance of computers 
has strongly increased, computational techniques are now available for virtual 
prototyping. Therewith, the developer is able to study on the computer the complex 
flow, the sound generation and its propagation. 
To calculate the generated and radiated sound by turbo machinery based on the 
unsteady flow fields, acoustic analogies are employed. The first acoustic analogy 
was presented in Lighthill J (1952) and Lighthill J (1954) to predict sound produced 
by turbulence, which was further extended in Curle N (1955) to take the influence of 
solid bodies into account. In FfowcsWilliams J (1969) a generalized integral 
formulation of Lighthill’s acoustic analogy (FW-H) useful for predicting helicopter 
noise was presented, which is also the basis for the acoustic integral formulation 
used in this work. Applying FW-H acoustic analogy, a complete computational 
approach to predict the sound radiated by axial flow fans was presented for instance 
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by Maaloum A (2004) using a two-dimensional potential flow field as input for an 
acoustic analogy calculating only the acoustic dipole. A similar approach based on 
inviscid and incompressible flow was used in Jeon W (2003) for the noise prediction 
of a radial fan as used in a vacuum cleaner. In Moreau S (2006) they applied an 
approach based on the Unsteady Reynolds-Averaged Navier-Stokes (URANS) 
equations together with acoustic analogy and a broadband source model for the 
sound prediction of axial fans.  
Recently, the Finite Element (FE) method has been applied to Lighthill’s analogy for 
predicting noise radiation, e.g. from an automotive blower in Caro S (2005). In this 
work the blower’s casing was taken into account, but the solution of Lighthill’s 
inhomogeneous wave equation was computed only in the non-rotating system. The 
acoustic pressure fluctuations inside the rotor were resolved by the compressible 
flow computation, which requires high numerical accuracy and computational effort. 
Therefore, the aim of our work is to develop numerical schemes that are able to 
account for the flow induced sound generation and propagation inside of rotating 
wind turbines. The numerical prediction tool includes acoustical effects from the 
movement of sound sources inside the rotor and reflection and refraction at blades of 
wind turbines.  
 


Aeroacoustic Formulation  
To calculate the sound pressure spectra radiated by the wind turbine impeller an 
approach based on FW–H and a FE-method was developed.  
In a first method the acoustic pressure p’ radiated by the impeller is calculated by 
solving the FW-H equation in the time domain. The FW-H equation is a rear-
rangement of the continuity and momentum equations such that an inhomogeneous 
wave equation is obtained. The solution to this equation can be calculated by 
convolution with Green’s function for radiation into free field. Several different integral 
formulations exist in the literature. In the present work, formulation I in Farassat  F 
(1996) is used. It can be written for a stationary, porous integration surface as 
 


 ( ) ( ) ( ) ( ),,,,, txptxptxptxp QLT
 ′+′+′=′     (1) 


 
where p’T  denotes thickness noise, p’L loading noise and p’Q the quadrupole noise, 
which was not explicitly evaluated in the present work. Thickness and loading noise 
in Eq. (1) were calculated by integration over a porous integration surface S 
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with ρ0 being the density, a0 the speed of sound at ambient conditions and R the 
distance between surface source and the observer position. The subscript ret in Eqs. 
(2) and (3) indicates evaluation of the integral at retarded time, and Un and Lr are 
new variables as defined in Francescantonio P (1997).    


ii uU
0ρ
ρ


=       (4) 
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with ui being the velocity vector, nj the out-ward normal vector, Pij the compressible 
stress tensor and ri the distance vector between the surface source and the observer 
position. In the case of a stationary surface the retarded time is calculated as 
 


     0/ aRttret −=      (6) 


 
where t in Eq. (6) is the evaluation or observer time. Using Eqs. (1) to (6), one has to 
take simulation data from different time steps at different source positions for the 
evaluation of the acoustic signal. Therefore an alternative approach to Eq. (6) is used 
which allows taking per acoustic evaluation step simulation data from only one time 
step. This so-called advanced time method was presented in Caselino D (2003) and 
instead of Eq. (6) the advanced time or signal arrival time is used 
 


     0/ aRttadv +=      (7) 


 
Although the quadrupole noise is not explicitly calculated, all quadrupole sources 
inside the integration surface are implicitly taken into account by the surface integral. 
In the second approach, we base our formulation on Lighthill’s inhomogeneous wave 
equation for the sound pressure p’  
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where a0  denotes the mean speed of sound in the acoustic medium. The Lighthill 
tensor Tij  can be approximated for the case of isentropic flow at low Mach number by 


jiij uuT 0ρ≈     (9) 


with ρ0 being the mean density of the medium and ui denoting the i-th component of 
the velocity vector u. 
We obtain a weak formulation of Eq. (8), that is then suitable for discretization with 
the FE method, by multiplying it with a test function w, then integrating over the 
computation domain Ω , and applying Stokes’ integral theorem (see, e.g. 
Kaltenbacher M (2010)) 
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In this equation Ω∂=Γ denotes the boundary of the computation domain, and n 
represents the outward normal vector on Γ . The boundary integral is typically set to 
zero at rigid obstacles. 
In order to be able to account for the rotation, we impose a domain decomposition 


21 Ω∪Ω=Ω that divides the computation domain into a rotating subdomain 1Ω  and 


a stationary one ( 2Ω ). The subdomain 1Ω  rotates with an angular frequency ω, 


which we describe by a rotational operator rt, so that 1Ω  can be written as a function 
of time 


).0()( 11 Ω=Ω trt    (11) 


Inside of 2Ω  we use a stationary frame of reference. 


As a consequence of the domain decomposition both subdomains 21,ΩΩ are 
discretized separately, so that we obtain two disjoint domains having two solution 
functions p1, p2, respectively. 


Additionally, the decomposition gives rise to an internal boundary 21 Ω∩Ω=Γi , 
whereas we call the exterior boundary eΓ . We ensure exchange of sound waves 
between the grids of both domains (which are in general non-conforming on iΓ  ) by 
application of the so-called Mortar method (see, e.g., Flemisch B (2006), 
Triebenbacher (2010)). The additional condition 
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ensures continuity in the trace of both solution functions p1, p2 at the interface iΓ . μ 
denotes a suitable test function. Furthermore, in order to achieve continuity in the flux 
of p1, p2  we introduce the Lagrange multiplier λ defined by 
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where ni  denotes the outward normal vector on iΓ . The Lagrange multiplier λ is then 
substituted into the boundary integral in Eq. (10). 
 


Validation 
The test case for the FW-H formulation was a design of a real impeller. First it was 
necessary to define the flow domain. The flow domain consisted of the impeller with 
all blade passages. The computational grids were generated with ANSYS ICEM 11.0 
and consist of tetrahedral as well as prism elements at the walls. The grid was 
modelled with 2.340.567 elements (among 278.563 prism elements). These grid 
sizes resulted from a convergence study to assure grid independency of the solution. 
To perform the numerical simulations, the commercial finite-volume-based Navier-
Stokes solver ANSYS CFX 11.0 was used. The inlet boundary condition was given 
by the mass flow rate and the outlet boundary was defined by an opening boundary 
condition at ambient pressure. The rotational speeds prescribed for the impeller were 
obtained analytically from the torque-speed characteristic curve of the motor. 
Base on the different fluid domains (stationary and rotating) a multiple-frame-of-
reference numerical calculation was performed. The interface between the different 
frames of reference is taken to be a Transient Rotor Stator General Connection 
Model. 
The turbulence model adopted is the Shear Stress Transport Model (SST) in Menter 
F (1993). It employs a turbulence/frequency-based model (k–ω) in the near-wall-
region and a k-ε turbulence model in the bulk flow. A blending function ensures a 
smooth transition between the two models. 
In order to get reliable data base for the validation two impellers with different wrap 
angle were simulated. The results were compared directly to measurements. Figure 
1 shows the spectra obtained by experiment and simulation of the impeller with 150 
degree wrap angle. As one can see, good agreement is obtained between for both 
broadband and tonal components. The slight frequency shift between the two peaks 
of the blade passage frequency is due to a small speed difference between 
simulation and experiment. To reduce the difference in the high frequency range 
between the experiment and simulation would need an even smaller time step in 
CFD and acoustic computations. The first tonal component is related to the vortex 
detachment, the second peak to the blade passage frequency and the third one to 
the second harmonic of the blade passage frequency. 
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In Figure 2  the sound pressure level (SPL) plotted versus the volume flow rate is 
shown. Both microphone measurements and simulation results for the impellers with 
150 and 228 degree wrap angles are shown.  
 


 
Figure 1: Radiated sound spectra from the impeller with 150 degree wrap angle; Simulation 


and experiment 


Good agreement exists between measurement and simulation. As one can see, the 
impeller with 228 degree wrap angle is about 2 dB less noisy over the whole range. 
This result was obtained for both experiment and simulation. Figure 3 shows the 
frequency spectra for 150 and 228 degree wrap angle from the simulation obtained 
by the FW-H method.  


 
Figure 2: Sound pressure level (SPL) over volume flow rate for 150 and 228 degree wrap 


angle 
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The impeller with 150 degree wrap angle is louder than the impeller with 228 degree 
wrap angle over the whole frequency range.   


 
Figure 3: Simulated frequency spectra of the impellers with 150 and 228 degree wrap angle 


 
By using the FW-H methodology it is only possible to get information of the radiated 
sound field.  What is missing, is the acoustic source term distributions and their 
radiation in the near and far field. This is very important in developing efficient noise 
reduction tools.  In such test cases we are using the new FE formulation. 
The FE scheme described above is validated by applying the method to two problem 
settings with known analytical solution. First, we consider a simple two-dimensional 
case as depicted in Figure 4.  


 
Figure 4: Test case 1- computation domain; absorbing boundary ( eΓ , —), interface between 


frames of reference ( iΓ , - · -), monopole source(- - -) 
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Inside of an air-filled volume, which rotates at 1000 rpm, we place an off-center 
monopole source (f = 150Hz). The rotating volume is surrounded by a volume with a 
stationary frame of reference. Although such a setting is completely hypothetical, it is 
suitable for validation of our method. We expect to observe the Doppler effect 
caused by the movement of the monopole source. No other effects should be 
observed, as there is no reflection from rigid obstacles or the outer boundary, upon 
which we impose an absorbing condition. Indeed the results clearly show the Doppler 
effect (cf. Figure 5), looking at the evolution of the sound pressure p at two observer 
points P1, P2 (see Figure 4). 
 


 
Figure 5. Evolution of sound pressure at observer points 


 
The second validation case tests, if the method can handle more complex radiation 
patterns than that of a monopole. So we modify the problem setting by replacing the 
monopole source with a quadrupole source (now located in the center of the 
domain). Fig. 6 shows a snapshot of the computational domain at an arbitrary time 
step. One can recognize the typical quadrupole radiation pattern that gets swirled by 
the rotation of the acoustic source. 
 


Conclusions  
Aeroaacoustic simulations for rotating systems were carried out using a hybrid 
approach applying an integral formulation solving FW-H formulation and a volume 
discretization scheme solving  Lighthill’s  inhomogeneous wave equation by  the FE 
method in order to calculate the generated and radiated sound. Acoustic 
measurements and calculations showed good agreement, such that the approaches 
can be used in order to incorporate acoustic tools for the design process of wind 
turbines. 
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Figure 6. Contour plot of the radiation pattern of a rotating quadrupole source 


 
With the help of the acoustic code the design of the impellers can now be done 
treating both the aerodynamic and aeroacoustic processes. However, one should be 
aware of the fact, that hydrodynamic optimized machines will not automatically be 
acoustically optimized. In addition to aerodynamic optimization, aeroacoustic tools 
should also be applied to obtain the best compromise between efficiency and noise. 
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Abstract 
In this presentation we will first quickly present the state of the art in acoustic impact 
control of wind farms in France. The current guidelines or normative (e.g. AFNOR 
PRs 31-114 in project) are based on the principle of scattered diagram of noise level 
versus wind velocity, as in IEC 61400-11 (Wind turbine generator systems – Part 11: 
Acoustic noise measurement). The noise indicator used for impact control in France 
is the result of a statistic analysis of the measured samples (usually the median 
value). 
Regarding this methodology, the main input parameters data are: wind velocity data, 
noise level data, power production of the machines, meteorological conditions (e.g. 
wind directions, temperature gradient), ground impedance and other environmental 
data which may have an impact on noise. 
The goal of this paper is to present a sensitivity analysis of this “French method”: we 
will study the variations (uncertainty) in the output of this method when a variation 
(uncertainty) is applied on the input parameters.  
In our case the sensitivity analysis we will be done for one of the most influent input 
parameters: the wind velocity at hub height. In fact this parameter is one of the most 
difficult to measure (it’s almost impossible when turbine is running), and is by nature 
very fluctuant (not stable). IEC 61400-11 also focuses on this parameter which may 
induce the most important uncertainties on the apparent sound power level (cf. 
Annex D - Table D.1 of the norm). 
This sensitivity analysis will be presented on a specific example of impact control 
measurements. For a given uncertainty on wind velocity data (including metrological 
uncertainties) and also on noise data (only metrological uncertainties) we will present 
the calculation of the resulting uncertainty on the “French noise indicator”. 
Finally, we will show how those uncertainties can be reduced by increasing the 
number of samples (i.e. the number of measurement days) using long term 
measurements (noise monitoring). 
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Introduction 
To obtain a building permit for a wind farm in France, according to the 
neighbourhood noise regulations stated in the « Décret 2006-1099 du 31 août 
2006 », an acoustic study is needed. Such regulations require measurements 
compliant with actual French standard NFS 30-010 (the AFNOR project Prs 31-114 
is going to set new standards for future noise measurements). 
The current regulations set noise limits related to the background noise level, to be 
fulfilled in term of “emergence”, defined as the difference between ambient noise and 
background noise. These limits are shown in picture 1 here below. 


 
Picture 1: current neighbourhood noise limits in France 


The criteria has to be fulfilled for the dB(A) value of the “emergence”, as well as for 
the octave band values, the latter measured inside habitations. 
The state of the art for the analysis to state on the “emergence” values is given in the 
next chapter. 


State of the art 
The main difficulty to face in order to perform such analysis is the variability of the 
input values, due to the meteorological effects, to long distance noise propagation 
effects and to the variations on the wind turbines noise power levels. 
The general methodology currently used for the “emergence” analysis” is based on 
the correlation between the wind speed and the noise values, by means of a 
statistical approach through scatter diagrams. This analysis is done for the major 
wind directions on site. 


 
Picture 2: Example of a typical scatter diagram for background noise. 
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The noise indicator finally used for impact control is the result of the statistic analysis 
of the measured samples (usually the median value), as shown in the following 
picture. 


 
Picture 3: Example of statistic analysis and median calculation of the noise samples 


This analysis is done for each wind speed class, and for some homogeneous 
conditions based on specific periods (day or night), wind direction (headwind, 
crosswind, downwind) and, if necessary, on specific environmental noises. 
In the end, the output is a risk indicator, based on a large number of data (usually 5-7 
days of continuous measurements), and is more representative than a simple 
analysis based on spot measurements. 
Anyway, this indicator has revealed to be sensitive to several parameters, which are 
listed in the following chapter. 


Main influent parameters 
The most influent input parameter influencing the risk indicator is the wind velocity at 
hub height, which is the most difficult to be measured effectively. 
Furthermore this parameter is very unstable, due also to the effect of the turbine 
blades movement. 
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Picture 4: illustration of the variation of a measured 1s wind speed at hub height, 


during 10 mn recording 
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Even the IEC 61400-11 norm focuses on this parameter, which may induce the most 
important uncertainties on the apparent wind turbine sound power level (cf. Annex D 
- Table D.1 of the norm). 
The wind uncertainty affects thus the noise measurements uncertainty and the 
“emergence” uncertainty as well, which can be sometimes too high if related to the 
limit value of 3 dB(A). 
In order to better clarify this issue, a sensitivity analysis has been carried out to find 
out a way to ensure a lower uncertainty on the results of the acoustic impact study. 


Methodology 
The Monte Carlo method 
Monte Carlo methods are a class of computational algorithms that rely on repeated 
random sampling to compute their results. They are often used in simulating physical 
and mathematical systems. 
Because of their reliance on repeated computation of random or pseudo-random 
numbers, these methods are most suited to calculation by a computer and tend to be 
used when it is unfeasible or impossible to compute an exact result with a 
deterministic algorithm. 
Given a series of input parameters Xi, they can be represented by a density 
probability function px(xi) (xi are the possible values for Xi). The best assessment for 
the Xi value is noted as E(Xi) and the associated uncertainty is u(xi) = σ(Xi). 
The purpose of the application is to estimate the uncertainty associated to the output 
variables u(Y) simulating M times the input parameters X). 
The random variables xik are simulated based on the density probability function 
px(xi), in order to generate “real samples” of Y variables for each shooting k, by 
means fo the following equation: 
yk = f(x1k, x2k…xnk), for n = 1…M 
Here is the pattern to follow for the application of this approach: 
 Define, inside the system to be studied, the input variables Xi influencing the 


uncertainty of the variables Y. 
 Define the density probability function gXi, related to the above Xi variables. 
 Define the number of shootings for the application of the method. 
 Simulate M series of random numbers (xi1, xi2, xi3… xik…xiM) for each one of 


the selected input variables, where I = 1,…N. 
 Calculate the M samples for Y using the equation yk = f(x1k, x2k…xNk), where k 


= 1…M. 
The uncertainty u(Y) equates the standard deviation of the sample. 
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Application on a given measurement sample 
For the purposes of this study, the Monte Carlo method has been applied to a given 
sample of long term measurement data. 
The input variables Xi are selected in a sample of long term ambient and background 
noise measurements for a given wind speed and for headwind - crosswind 
conditions. 
The graph here below shows the scatter diagram of the collected data (background 
noise over wind speed) at about 700 meters of a wind farm with 5 machines. This 
diagram points out an “emergence” of 4.3 dB(A) at 4 m/s. 
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Picture 5: Scatter diagram of noise measurements over 30 days period, for a 23pm-


5am period, and crosswind-headwind conditions. 


The background and ambient noise values are the statistical indicators L50 calculated 
over 5 minutes recording periods. 
The wind speed (vhub) has been measured at the hub height (Hhub) with a 5 minutes 
sampling and converted to the standard wind speed (vs at 10 m height), parameter to 
be used for the noise impact control. 
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In the sensitivity analysis we first set the wind speed standard deviation and the 
noise level standard deviation to fixed values. In this paper we will make the 
simplistic assumption that the standard deviations are: 


• σ(vs) = 0.5 m/s 


• σ(L50Background) = 1 dB(A) 


• σ(L50Ambiant) = 1 dB(A) 
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Then, we will calculate the resultant standard deviation on the “French noise 
indicator”, using the Monte Carlo method. 
For each sample length from 10 up to 200, the Monte Carlo method has been 
applied to the standard deviations of the wind speed, the background noise level and 
the ambient noise level, in order to calculate the standard deviation on the output 
indicators. 
The application of the Monte Carlo method is then basically: 
 The selection of the values to be considered as input, based on the chosen 


sample length, for the purpose of this study, the selection is made for a given 
wind speed (4 m/s) and for headwind-crosswind conditions. 


 The application of the probability function on these samples, with M iterations. 
 The calculation of noise indicators (ambient level, background level, 


“emergence”) for each iteration. 
 The calculation of the mean values and of the standard deviation of these 


indicators. 
 
 
 
 
 
 
 
 
 


Picture 6: Principle of the Monte Carlo simulations 
Limits of the application 
The limits of this application reside basically in the fact that the results cannot be 
exactly applied on other measurement samples: in fact, the uncertainties are valid 
only for the sample data considered in this study. Any extrapolation to another period 
or campaign is not possible: in this case, the only solution would be to apply again 
the whole Monte Carlo method. 
Anyway, the purpose of the study is not to define the uncertainty for the 
“emergence”, but to identify a trend for this parameter, trend which can be 
considered valid for any measurement sample. 


Results 
The following graphs show the results obtained with the application of the Monte 
Carlo method on the given sample. The first graph shows the upper and lower values 
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calculated for the background and ambient noise, while the second one shows the 
upper and lower values calculated for the “emergence”.  
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Picture 7: Influence of the number of samples on the standard deviation of the 


ambient and background noise indicator (at 4 m/s, night period). 
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Picture 8: Influence of the number of samples on the standard deviation of the 


“emergence” indicator (at 4 m/s, night period). 


The analysis of the given graphs allows the identification of a general trend for the 
standard deviation. By growing the available measurement samples, we can obtain 
lower values of the standard deviation, meaning more precise values of the 
“emergence”. 
Furthermore, we can observe that for shorter samples the standard deviation for the 
“emergence” can be close (or even higher) to the limit value of 3 dB(A), situation 
which could jeopardize the whole impact study. 
In this example, we can see that a good estimation of the “emergence” is obtained 
with more than 70 or 80 samples, which means a total duration of about 6-7 hours of 
background noise and about 6-7 hours of ambient noise (always at 4 m/s on night 
period).  
It also means that a minimum of 10 days measurements is necessary, if we are 
searching for such a good estimation of the “emergence” for 5 wind conditions (ex: 
from 3 m/s to 7 m/s). If we also take in consideration that the wind usually doesn’t 
blow every night in the same directions, it may be necessary to get a minimum of 20 
days measurements, which would be a better approximation of a “good” duration. 


Emergence limit 
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Conclusions: « Long measurements = Low risk » 
The quality of an acoustic impact control depends on the quality of the 
measurements and also on the duration those measurements. The sensitivity 
analysis developed in this paper shows that longer measurements may improve the 
quality of the “emergence” estimation, with a lower sensitivity to uncertainties.  
This study shows that, in some cases, the typical duration of 5-7 days measurements 
is not long enough, and a quite better estimation can be achieve with longer 
measurements: like 10 to 20 days. 
Improving the duration is thus a way to reduce the risk of imprecise results. 
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 Abstract 


This paper presents results from a computational study of sound propagation 
from a wind turbine at a site in Northern Sweden. The landscape surrounding the 
site is complex with varying ground altitude as well as surface conditions. The 
objective of the study is to investigate variations of the noise dosage exposure on 
the ground with varying atmospheric and ground conditions at time scales 
extending from diurnal to seasonal. Two different sound propagation models, 
based on a parabolic equation approximation and a hybrid ray-tracing/Gaussian 
beam technique, respectively, are used. Meteorological input from the HIRLAM 
prognosis model, and geographical data on altitude and terrain type from digital 
maps, are used for input to the propagation models. The results are compared to 
the noise exposure obtained assuming a spherical spreading assumption as in 
the ISO9613 standard. 


 


 1. Introduction 
The current state of computer science and numerical models combined with 
geographical and meteorological databases allows for a dramatic shift of noise 
dose assessments from wind turbine noise. Instead of using simple archaic 
procedures to determine noise propagation at specific meteorological conditions 
it has now become possible to process large amount of environmental data to be 
used as input for numerical schemes far more accurate at non-standardized 
weather and ground conditions. This paper is an investigation of the possibilities 
to acquire a noise dose from high performing calculations of noise propagation 
from a wind turbine site at a hilly, forested terrain in the northern part of Sweden. 
Several different numerical solvers are used which enables comparison between 
different methods as well as highlighting the methods strengths and weaknesses. 
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 2. Method 
2.1 Noise dose from wind turbines 


Varying sounds is something inherent of the wind turbine noise issue. These 
alterations are depending on the source sound generation and directivity and 
also on the current meteorological conditions causing changing propagation 
paths. Annoyance is aroused by noise peaks when these factors are giving 
strong emission and unfortunate sound propagation. Therefore, noise 
distributions are essential to estimate annoyance from wind turbine sound. As 
has earlier been stated (van den Berg 2004 & Davies 2007) these moment 
usually occur at evenings or nights which is explained by strong wind gradients 
causing downward refraction of the sound combined with low levels of masking 
noise. Consequently a nominal or an average noise dose is probably not as 
representative as a measure of the noise dose in the worst case scenarios which 
could be represented by for example the LA10 percentile i.e. the noise level at the 
highest 10% of the time. To calculate such dose measures more accurate noise 
propagation algorithms than the ISO 9613 will have to be implemented and the 
authors of the current paper as well as other researchers Van Den Eerden 
(2008), Plovsing (2009), Sondergaard & Plovsing (2009) are currently working in 
this area.  


 


2.2 Data acquisition 


Sound propagation is depending upon environmental parameters to be computed 
correctly. Ground altitude and acoustic impedance are determining the amount of 
ground reflection that can be expected. Diffraction of sound waves is caused by 
changing sound speeds in the propagation media (air) and consequently 
knowledge of the sound speed profile spatial and temporal variations is also a 
prerequisite to calculate sound propagation accurately. 


Geographical databases provide information of ground height and ground cover 
in most of the industrialized world. The data used in this article have been 
retrieved from the database “Metria” covering all the territory in Sweden. Altitude 
data are specified by a 50x50 m grid and ground coverage data by 25x25 m and 
thus quite accurate pictures of the landscape around the wind turbine is 
available. Ground coverage data are not directly convertible to ground 
impedances and vast ground impedance measurements even less so. Therefore, 
a schematic procedure converting ground conditions to specific flow resistivity 
parameters according to the tables in Embleton et al (1983) are used as input 
into the model suggested by Delany & Bazley (1970).  


Meteorological information is readily available from the Swedish Meteorological 
and Hydrological Institute. These data come from a HIRLAM model which gives 
height profiles of wind velocity, temperature and humidity with grid size 5x5 km at 
every 3 hours. Although the model is not optimized for conditions at the boundary 
layer or near boundary layer the data have seasonal and daily variations and it is 
thus interesting to examine.     
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2.3 Site description 


The wind turbine is located on a forested hill and was chosen because it has 
good wind resources, good grid capacity and long distance ~1 km to nearest 
dwelling (to the south). It is a 0.8 MW turbine with a hub height of 73 m and a 
rotor diameter of 53 m with an annual energy production estimated to 1.6*106 
kWh. As this paper do not investigate the acoustic source from turbines a coarse 
assumption that the wind turbine have a cut-on wind speed at 3 m/s at hub height 
and a cutoff wind speed at 15 m/s Enercon (2011) the turbine is assumed to 
generate as 98 dBA taken from a mean of 0.8 MW turbines Madsen & Pederson 
(2010). A terrain map is shown in figure 1. As can be observed most of the area 
is forested with only marginal fields around the villages Latikberg and Järvsö. 
The hill where the turbine is positioned has a steep north-eastern slope while the 
remaining sides are gentler. Several smaller hills around the wind turbine like 
Frostberget (east) and Bomsjöberget (south) could shield sound and therefore 
the terrain is demanding correct noise propagation into acoustic shadow zones.   


 


 


Figure 1: Map of the wind turbine site with the red spot showing the location of 
the turbine. Houses are shown as black squares. 


The altitude and ground conditions can be seen in figure 2. As can be observed 
the altitude at the turbine is approximately 600 m above sea level and the 
nearest dwelling 200 m below at a distance of ~1 km. The houses and fields at 
Latikberg in figure 1 are seen as blue and turquoise colors in figure 2 (b) while 
the lake South of Latikberg has a deep red color.   


 
  (a)      (b) 


Figure 2: Show the altitude (a) and ground data (b) from the geographical data 
base. The abscissa and ordinate represent distances in km. The wind turbine 


position is pointed out by arrows. 


 


Turbine 
site 
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2.4 Treatment of environmental data 


The sound propagation algorithms require the ground height and all atmospheric 
and ground parameters to be smooth functions of the spatial coordinates. 
Therefore the atmospheric and ground data are processed into smooth functions 
of (x,y,z) and (x,y), respectively, using variance-reducing B-splines, de Boor 
(1985).  The sound propagation algorithms compute the soundfield in vertical 
planes through the source in which the effective sound speed – the sum of the 
sound speed and the wind speed in the direction of propagation – is a function of 
range r to the source and height z.  


 


2.5 Sound propagation algorithms 


Three different methods are described in this section. All of these are 
fundamentally different from each other. The first and most simplistic is the ISO 
9613 (1996) comprised of a direct and reflected sound propagation rays without 
taking refraction into account. The second method is based on a numerical 
calculation of a parabolic equation derived from the Helmholtz equation while the 
third is a geometrical acoustics solution incorporating Gaussian beams. The first 
method is widely used at present moment but grossly simplifies the sound 
propagation while the latter ones are, although with elementary different 
approaches, capable of using irregular terrain as well as range dependent sound 
speed profiles. Consequently, it is believed by the authors that if these two 
calculations show similar results quite some faith could be trusted to the 
solutions. 


 


 


ISO9613 


Calculation results according to the ISO 9613 standard are shown in figure 3 
Svewind (2006). As can be seen, the sound levels are concentric circles around 
the wind turbine with the largest (purple) circle representing 35 dBA and the 
innermost showing the 50 dBA curve. No concern is taken for the changing 
altitude or changing terrain in this method.  
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Figure 3: ISO 9613 calculation from Svewind (2006) of the sound level around 


the wind turbine. The innermost red circle denote 50 dBA, the green 43 dBA the 
blue 39 dBA and the purple 35 dBA. The fields around the village Latikberg can 


be seen as yellow blocks and the forest surrounding them is green. 


  


Jeltsch Energy-conserving Parabolic Equation, JEPE 


This computational method is based on a parabolic equation (PE) derived from 
the Helmholtz equation for frequency-domain soundfields. It is based on 
formulating the PE as a ordinary differential-algebraic (DA) system of equations 
by discretizing in space, and solving the DA-system by a fourth-order, strongly 
damped, scheme by Jeltsch (1977), see Karasalo & Sundström (1996) for further 
details. JEPE was originally developed for underwater acoustic applications and 
later adapted to atmospheric sound propagation by introducing a local artificial 
absorption layer Salomons (2003) as an approximation of the non-reflecting 
condition at the upper boundary. Irregular terrain is handled by using orthogonal 
boundary-adapted curvilinear coordinates Abrahamsson (1991), which simplifies 
the formulation of stable boundary conditions at the upper and lower boundaries. 
An adaptive range-step controlled by a local error estimate is used for marching 
in range. 


 


Gaussian beams 


The Gaussian beam summation method was developed in the early 1980s as a 
technique for avoiding the well known shortcomings of classical ray tracing 







Wind turbine noise exposure in a complex terrain                             Page 6 of 11  


algorithms such as caustics and shadow zones. In the Gaussian beam method 
the rays are replaced by beams with amplitude given by a Gaussian function of 
distance to the ray and width as function of arc-length along the ray controlled by 
the equations of dynamic ray tracing.  For a detailed description of the method 
the interested reader is referred to Popov (1982) and Gabillet & Schroeder 
(1993). 


 


2.6 Noise dose calculation 


To estimate the noise dose from the transmission losses from sound propagation 
calculations are calculated as follows: 


1. Ground data are processed. 


2. Meteorological data are processed at time T. 


3. Calculating the transmission losses at 80 Hz from wind speeds at hub 
height between 3 to 15 m/s in 72 cross sections at every 5° angle. Then 
time T is propagated 6 hours and step 2 and 3 is looped until a complete 
year has past (except one day with missing data). 


4. Assumption of omnidirectional spherical spreading from the hub. The 
acoustic power is assumed to 98 dBA at all included wind speeds. To 
acquire the sound pressure level at 1 m distance i. e. the starting condition 
of the transmission loss the sound power is reduced by 11 dB.  


5. The calculated TLs in the different cross sections are subtracted from the 
Lp at 1 m distance and thus noise levels from that particular time is 
calculated.  


6. Calculate equivalent, mean and 10-percentile sound levels from the 
results obtained in step 5.  


This procedure simplifies the situation because only one frequency dependent 
transmission loss is performed at every time. More suitable would be to calculate 
sound transmission for several octave bands, know the wind speed depending 
source spectra and to take into account the sound source 3D directivity. 
However, the present paper emphasize the effects of sound propagation over 
complex terrain and the above stated generalizations are therefore considered of 
relatively small importance in this context although they certainly needs to be 
taken into account if more realistic noise doses are to be calculated.       


 


 3. Results 
Comparison between the sound propagation methods 


To compare the different numerical schemes the sound propagation at 80 Hz is 
examined. Shown in figure 4 are the sound speed profiles to the left and 
transmission loss for four different calculations at 180° (southern) propagation 
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direction to the right. A local maximum of the sound speed can be observed at 
1.4 km and 1.3 km at respective ranges. Quite high resemblance between 
transmission losses are observed between Gaussian beams modeling and JEPE 
calculations but the ray tracing (without Gaussian beams) shows a shadow zone 
at 3 km distance. From these results and other calculations the similarity 
between Gaussian beams and JEPE solutions are good and therefore the first 
method is preferred for the complete dose calculation due to its’ higher 
computational speed.    


  
Figure 4: Sound speed profiles at 0 and 10 km distance and transmission loss 
plots from four different calculations to the right. The date is 19th April 2009 at 


4:47 am and the frequency 80 Hz. 


 


Noise dose calculations 


This subsection show results from the calculations of sound propagation from the 
wind turbine every 6 hours for the entire year of 2009. These calculations are 
performed by the Gaussian beam algorithm. The sound levels are acquired by 
the procedure described in section 2.6. These 4*364 = 1454 calculations in 
different weather conditions required approximately 480 process hours (60 h on 
an 8 kernel computer).  


Shown in figure 5 is a noise map of the average A-weighed sound level (LA) from 
these calculations while figure 6 shows the equivalent level LAeq and figure 7 the 
10-percentile distribution. As can be noticed the average sound pressure level 
over the period is low close to the turbine. This is a result of that the rays are 
limited to ±20° from the horizontal plane in order to increase the computational 
speed. If a detailed study of the region close to the turbine is considered 
interesting wider angles should also be included to increase the accuracy. The 
sound levels between 25 and 30 dB form concentric circles around the turbine 
site and are thus somewhat comparable to the ISO 9613 predictions although the 
levels are different.     
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Figure 5: Noise map of LA from the investigated wind turbine site. The colors 


show the average sound level around the wind turbine placed in the middle of the 
plot. 


 
Figure 6: Displays the LAeq equivalent sound levels.  


 1 km
 


 1 km
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Figure 7: Noise map of the 10-percentile A-weighed sound level (LA10). 


Apart from noise maps, another interesting variable could be the histograms of 
distributions at points where noise annoyance might occur. Samples of such 
graphs are shown in figure 8 where the histograms from the four cardinal 
directions are shown at 1 km distance from the turbine. 20 % of the times the 
turbine is not running as seen by the bar at 0 dBA. The distributions differ quite 
significantly between the four directions. All distributions are centered round 20 
dBA but the Southern and Western directions are more varied than the other two. 
When analyzing consequences of wind turbine noise these kinds of dose 
distributions could be a simple and straightforward procedure to reveal if sound 
peaks might appear and how often they could be expected.  


 
Figure 8: A-weighed sound pressure level distributions at 1 km distance to the 


turbine in the cardinal directions. 


 1 km
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 4. Conclusion 
Advances in computer science have led to a point where calculations of noise 
doses from wind turbines are possible. Databases with information of altitude, 
ground conditions and meteorological data provide input parameters to estimate 
time varying sound propagation over long periods. The methodology described in 
this paper show promising results of delivering sound propagation mapping in 
complex terrain with weather conditions over yearly basis. This procedure allows 
for, apart from just calculating a nominal noise dose as in ISO 9613, to calculate 
the actual noise maps and noise distributions which could hopefully give an 
improved understanding and more accurate predictions when estimating the 
annoyance caused by wind turbines. Furthermore, this kind of calculations opens 
up for guidelines determined by the noise dose rather than the inaccurate 
estimations related to the ISO 9613 now in extensive use. This would be a 
procedure that, in the authors’ opinions, would be much fairer than many of the 
present rules which could mean varying noise dose from   
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Abstract       
Wind turbine noise often is quantified in terms of time averaged overall sound power 
levels, whilst annoyance due to noise level fluctuations in mid- to high-range 
frequencies (‘swish’) are not taken into account. Recent experimental research on 
wind turbine noise has revealed the major causes of the swishing noise to be due to 
the directivity of the noise sources and convective amplification effects of the moving 
turbine blades. The findings have been incorporated in the noise prediction tool 
SILANT which in addition to sound power levels gives sound pressure level 
predictions for specified observer positions.  
The noise sources that are taken into account are trailing edge, inflow and tip noise, 
using the models of Brooks, Pope and Marcolini (BPM) and Amiet and Lowson. The 
blade is divided into a number of independent elements for which effective inflow 
velocity and angle of attack information is a necessary input. A distinction is made 
between the various profiles along the blade span by including their boundary layer 
displacement thicknesses at the trailing edge in a profile database.  
The propagation model includes directivity, convective amplification, Doppler shift 
and atmospheric absorption. The effect of the retarded time is taken into account 
individually for the separate elements along the blade span using the time dependent 
rotor azimuth position. A simple empirical model is applied to quantify meteorological 
effects influencing refraction and ground effects. 
Prediction results are compared to SIROCCO project measurements from 
microphones positioned in a circle around a turbine. The high spatial and temporal 
resolution of the SILANT simulations gives new insights in the variation of wind 
turbine inflow and trailing edge noise as a function of observer position, rotor azimuth 
angle and frequency band. The influence of directivity is illustrated for the dominant 
noise sources. 
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1. Introduction  
Wind turbine noise often is quantified in terms of time averaged overall sound power. 
The periodic nature of wind turbine operation introduces noise level fluctuations 
which vary around 1 Hz for modern wind turbines. Although these fluctuations are 
often perceived as annoying, they are not taken into account in modern guidelines for 
standardized measurements (1). Recent experimental research on wind turbine 
noise has revealed the major causes of the swishing noise to be due to the directivity 
of the noise sources and convective amplification effects of the moving turbine 
blades (2).  
There have been many previous modeling efforts in the field of wind turbine noise, 
which for modern turbines mostly focus on aerodynamic noise from the blades (3). 
Mechanical noise is often not considered an important source, as long as tonal 
components are not present (4). Where rotational harmonics are dictating the low 
frequency spectrum for downwind rotors, they seem to be insignificant above 20 Hz 
for upwind placed rotors (5)(6). Both aerodynamic source modeling as well as its 
propagation have hence been subject of investigation, mostly for upwind placed 
rotors.  
Source modeling ranges from simple empirical one-equation models to 
computational aeroacoustic (CAA) simulations resolving both the flow field and 
acoustic perturbations around the wind turbine blades (7). A compromise between 
accuracy and computational effort can be found in semi-empirical methods that 
divide the wind turbine blades into segments and treat these as two-dimensional 
airfoil sections producing incoherent sound sources (8). The most popular model for 
predicting these sectional sources is the Brooks, Pope and Marcolini (BPM) model 
(9). It includes a prediction method for turbulent boundary layer trailing edge noise, 
which is believed to be the dominant source for  wind turbine applications (10). 
However, the TNO model (11) which includes a more physics based approach is 
currently under investigation by several parties for an enhanced prediction of this 
source (12). 
 For a propagation prediction the empirically calculated sources are often lumped 
together at the hub height and an estimate is made for the integrated directivity of the 
sources. However, to properly predict the time varying noise, it is necessary to 
calculate propagation separately for each blade segment, especially in the vicinity of 
the turbine. For a proper evaluation of wind turbine noise it is argued that it is not 
sufficient to solely determine the emission level. The ECN program SILANT has been 
improved to take into account these effects, which are the subject of the current 
investigation. 
The content of the present paper is as follows. Firstly the noise model used in 
SILANT is described, including both source and propagation modeling. The model 
and its implementation are then validated by comparing its results to field 
measurements. The properties of the simulated sound field around the turbine are 
discussed. Finally the effect of wind shear and the tower on both emission and 
immission are evaluated. 
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2. Model  
SILANT originated in 1996 from a Dutch consortium consisting of Stork Product 
Engineering BV, the Netherlands Organisation for Applied Scientific Research (TNO) 
and the Dutch Aerospace Laboratory (NLR). The model was designed to calculate 
noise emission of wind turbines, based on the sources that are considered most 
important: trailing edge noise (including separation-stall noise) and inflow noise. After 
ECN became the manager of the tool several improvements have been made, partly 
in cooperation with NLR. The improvements include the addition of models for 
prediction of tip noise and propagation effects. 
 The approach of SILANT to calculate the noise levels is as follows. The rotor blades 
are divided into a number of segments, usually in the order of 10 to 20  per blade 
(Figure 1). For each element, the trailing edge and inflow noise source are 
calculated. For the tip element, the contribution of tip noise is added. To determine 
the total emission, the element contributions are acoustically summed, assuming the 
sources to be incoherent. Optionally the sound pressure levels are calculated for 
specified receiver positions, located in a  polar grid around the turbine. The source 
and propagation models are discussed in more detail below. 
 


r=rroot r=0 r=R 


 s 
 r 


 
Figure 1: Division of rotor blades into segments 


2.1. Source modelling 
The sources included in SILANT are trailing edge noise, inflow noise and tip noise. 
The modelling of these sources is discussed separately below. 


2.1.1. Trailing edge noise 
Turbulence in the airfoil boundary layer convecting past the trailing edge is 
considered the main source of trailing edge noise. Therefore the BPM turbulent 
boundary layer trailing edge noise model (9) is implemented, which necessitates the 
input of boundary layer displacement thickness at the trailing edge for both airfoil 
pressure and suction side. The displacement thicknesses come from an a priori 
created database which contains the thicknesses as a function of airfoil angle of 
attack and Reynolds number. Therefore the effective local incoming velocity and 
angle of attack of each element needs to be supplied from an aerodynamic code, 
e.g. BEM or a vortex line method. The database can be obtained from wind tunnel 
tests or calculations as long as the profile geometry is known. The RFOIL design and 
analysis code (13) is a suitable tool for this purpose. Equation (1) shows the resulting 
formula. 
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𝑃𝑊𝐿 = 10 log[4𝜋𝛿∗𝑀5 𝑠] + 𝐴(𝑓, 𝛼, 𝑈𝑒 , 𝛿∗) 


𝑃𝑊𝐿      : Power Watt Level 
𝛿∗           : trailing edge boundary layer displacement thickness   
𝑈𝑒           : local effective incoming velocity 
𝑀            : Mach number based on 𝑈𝑒 
𝑠              : segment width  
α             : local angle of attack  
𝑓             : frequency 
𝐴            : spectral function 


 (1) 


The spectral shape is determined using the frequency dependent function A. For 
angles of attack above stall there is a contribution of the separated flow with the 
airfoil solid surface. The model then switches to separation-stall noise by modifying 
the frequency dependent function A. 


2.1.2. Inflow noise 
The interaction of the airfoil with turbulence in the oncoming flow results in inflow 
noise. The model of Amiet (14) and Lowson (15) is used for prediction of this 
noise type, using formula (2) below. 


𝑃𝑊𝐿 = 10 log[4𝜋𝑀5 𝑠𝐿
𝑢′2


𝑈𝑒
2 𝐵(𝑓, 𝑈𝑒 , 𝐿, 𝑐)] + 181.3 


𝑃𝑊𝐿      : Power Watt Level 
𝑈𝑒           : local effective incoming velocity 
𝑀            : Mach number based on 𝑈𝑒 
𝑠              : segment width  
𝑓             : frequency 
𝑐              : local chord 
𝐿             : turbulence length scale 
𝑢′2          : variance of turbulent velocity �luctuations 
𝐵             : spectral function 


 (2) 


The spectral shape is determined using the frequency dependent function B. The 
turbulence length scale and variance of turbulent velocity fluctuations are 
determined using the specified roughness length and element height as defined 
by ESDU (16).  
2.1.3. Tip noise 
The formation of the tip vortex creates turbulent flow interacting with the trailing 
edge of the airfoil tip region. This contribution is only calculated for the tip element 
using the BPM model (9). The level and spectral content of the tip noise are 
determined using the spanwise extent of separation l at the trailing edge due to 
the tip vortex. Equation (3) shows the resulting formula. 
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𝑃𝑊𝐿 = 10 log[4𝜋𝑀5 (1 + 0.036𝛼)3𝑙2] + 𝐶(𝑓, 𝑙, 𝑈𝑒 , 𝛼) 


𝑃𝑊𝐿      : Power Watt Level 
𝑈𝑒           : local effective incoming velocity 
𝑀            : Mach number based on 𝑈𝑒 
α             : angle of attack at the tip region  
𝑙              : spanwise extent of separation 
𝐶             : spectral function 


 (3) 


The spectral shape is determined using the frequency dependent function C. The 
spanwise extent of separation is determined using 


𝑙/𝑐 ≈ 0.008𝛼 


𝑐             : chord of the tip region 


. (4) 


The above equation (4) is only valid for rounded blade tips.   
2.2. Propagation model 


The propagation effects are calculated separately for each element-receiver 
combination and source. Tip noise is treated as trailing edge noise for this purpose. 
The actual turbine geometry (i.e. location, orientation and velocity of each element) is 
determined from specified radial location, hub height, pitch-, tilt- and cone angle, 
azimuth position and rotational speed. Equation (5) shows how the contributions are 
incorporated to obtain the immission of an element-receiver combination.  


𝑆𝑃𝐿 = 𝑃𝑊𝐿 + 𝐿𝐷𝐼 + 𝐿𝐶𝐴 + 𝐿𝑠𝑝𝑟𝑒𝑎𝑑 + 𝐿𝑎𝑡𝑡 + 𝐿𝑚𝑒𝑡𝑒𝑜 
𝑆𝑃𝐿        : Sound Pressure Level 
𝑃𝑊𝐿      : Power Watt Level 
𝐿𝐷𝐼         : directivity  
𝐿𝐶𝐴         : convective ampli�ication 
𝐿𝑠𝑝𝑟𝑒𝑎𝑑  : geometrical spreading 
𝐿𝑎𝑡𝑡         : atmospheric attenuation  
𝐿𝑚𝑒𝑡𝑒𝑜   : refraction and ground effect  


 (5) 


After the propagation effects have been incorporated, A-weighting of the sound 
pressure levels can be applied. The different contributions of the propagation model 
are discussed separately below. 


2.2.1. Directivity 
Directivity is source type dependent, and equation (6) and Figure 2 demonstrate the 
directivity functions used for trailing edge and inflow noise.  
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Figure 2: Definition of directivity angles from (9) 


𝐿𝐷𝐼𝑖𝑛 = 10 log[sin2θesin2ψe] 


𝐿𝐷𝐼𝑡𝑒 = 10log [(2sin2 �
θe


2
� sin2ψe)s] 


𝐿𝐷𝐼𝑖𝑛: directivity for in�low noise 
𝐿𝐷𝐼𝑡𝑒: directivity for trailing edge 
            noise 
θe   : directivity angle (Figure 2) 
ψe  : directivity angle (Figure 2) 


(6) 


The directivity function for trailing edge noise is smoothed (s) around the discontinuity 
for radiation towards the leading edge as outlined by Oerlemans (2). The tip noise 
directivity pattern is taken the same as for trailing edge noise. The resulting directivity 
patterns are illustrated in Figure 3 and Figure 4. 


 
Figure 3: Inflow noise (dipole) directivity 


 
Figure 4: Trailing edge noise directivity 


2.2.2. Convective amplification 
The fact that the noise sources on the turbine are moving with respect to the fixed 
receivers changes the amplitude of the noise perturbations depending on the relative 
source-receiver position and velocity. The convective amplification term is expressed 
in equation (7). The exponent of the denominator is 4 for all sources, as suggested in 
the BPM model. 


𝐿𝐶𝐴 = 10log [1 (1 − 𝑀𝑐𝑜𝑠𝜃𝑒)4⁄ ]  (7) 


2.2.3. Geometrical spreading 
The energy of the noise sources spreads out along the propagation path, reducing 
the pressure level at the receiver. Uniform spherical spreading is assumed, resulting 
in the equation below. The source receiver distance r is taken as the direct linear 
propagation line. 


𝐿𝑠𝑝𝑟𝑒𝑎𝑑 = −10log [4𝜋𝑟2] 
𝑟        : source receiver distance 


 (8) 
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2.2.4. Atmospheric attenuation 
Air friction causes the acoustic perturbations to be absorbed by the atmosphere, 
depending on frequency temperature and humidity. 


𝐿𝑎𝑡𝑡 = −𝛼(𝑓, 𝑇, 𝐻) ∙ 𝑟 100⁄  
𝛼      : attenuation coef�icient 
𝑓      : frequency 
𝑇      : temperature 
𝐻     : relative humidity 


 (9) 


The attenuation coefficient is determined from the ICAO standard (17) . The 
temperature is fixed to 288 K and the relative humidity to 50%.  


2.2.5. Refraction and ground effect 
Temperature and velocity gradients result in refraction of the sound rays. At sufficient 
upstream distance this can result in a shadow zone. Angle of incidence with respect 
to the ground will change due to refraction, which influences the way sound rays are 
absorbed or reflected by the ground. A relatively simple model (18) is implemented to 
take into account these frequency dependent effects for a flat terrain with soft (grass 
type) ground. Temperature gradients are neglected.  


             𝑓 < 200 Hz  𝐿𝑚𝑒𝑡𝑒𝑜 = −50log[𝑑 2𝑆⁄ ] for 𝑑 > 2𝑆 (upwind) 
200 ≤ 𝑓 ≤ 600 Hz  𝐿𝑚𝑒𝑡𝑒𝑜 = −25𝑒−𝛼 1.25⁄ + 2 
             𝑓 > 600 Hz  𝐿𝑚𝑒𝑡𝑒𝑜 = −75 log[𝑑 𝑆⁄ ]    for 𝑑 > 𝑆   (upwind) 
𝑑      : horizontal distance from source to receiver 
𝛼      : angle of incidence with respect to the ground 
S      : horizontal distance from source to shadow zone along propagation path  


 (10) 


The shadow zone location and angle of incidence are estimated from the 
meteorological conditions and the source receiver geometry (18). 


2.2.6. Doppler effect 
A source approaching a receiver will results in a higher observed frequency and vice 
versa. This Doppler effect is accounted for using the equation below. 


𝑓′ 𝑓⁄ = 1 (1 − 𝑀𝑐𝑜𝑠𝜃𝑒)⁄  
𝑓′     : Doppler shifted frequency 


 (11) 


2.2.7. Retarded time effect 
To estimate the temporal variation of the noise immision it is necessary to take the 
travel time of the sound waves into account.  


∆𝑡 = 𝑟 𝑎𝑒𝑓𝑓⁄  
∆𝑡     : time delay 
𝑎𝑒𝑓𝑓 : effective speed of sound 


 (12) 


The effective speed of sound is taken as the speed of sound taking into account wind 
velocity and direction at a height above the receiver of 80% of the vertical source 
receiver distance. 
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3. Validation  
The SIROCCO field measurements (19) are used to validate the SILANT software 
package. Firstly the measurement set-up is discussed, then both calculated emission 
and immision characteristics are compared to the measured values. 


3.1. Description of field measurements 
The SIROCCO measurements were performed at two locations involving two 
different turbines, a GE (2.3 MW, 94 m diameter) and GAMESA (850 kW, 58 m 
diameter) turbine. For both locations microphone array measurements were 
performed upwind from the relevant turbine. For the measurements on the GE 
turbine also 8 polar microphones were positioned in a 120 m radius circle around the 
turbine. The setup is illustrated in Figure 5. Only the polar microphone 
measurements on the GE turbine were made available for the present comparison. 
The measurement time of a datapoint was 30 seconds and the acoustic 
measurements were synchronised with the measured turbine data to determine the 
azimuth dependent noise contribution. For more details on the field measurements, 
the reader is referred to the relevant papers (2)(19)(20). Since the microphones were 
placed relatively close by to the turbine on ground boards, refraction and ground 
effects were not taken into account for the calculations and the measured values 
were corrected for the hard surface using the assumption of pressure doubling.  


  
Figure 5: Test set-up of SIROCCO GE measurements taken from (20) 


3.2. Comparison of emission 
The PWL of the turbine is determined by using the downstream located microphone 
according to the procedure of the IEC measurement guidelines (1). A deviation from 
the standard is the absence of a background noise correction and a measurement 
period of 30 instead of 60 seconds, which are expected to be of small influence for 
this case. The overall PWL (OAPWL, which denotes the summated PWL over the  
frequencies bands) is shown as a function of hub height wind velocity for all 
measured datapoints in Figure 6. The agreement is almost within 1 dB, which is 
about the measurement uncertainty. Figure 7 shows the 1/3-Octave band averaged 
spectra, where the field data is sorted in bins of the integer wind speed at 10 m 
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height. On a whole, both predicted spectral shape and level are in good agreement 
with the measurements. The trailing edge noise is predicted to be the dominant 
source type, except from frequencies below 100 Hz where the inflow noise is 
dominant. A comparison using the microphone array measurements to determine the 
OAPWL can be found in (20). 


 


Figure 6: Comparison of OAPWL 


 


Figure 7: Comparison of 1/3-Octave band PWL 
spectrum for 7m/s bin 
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3.3. Comparison of immission 
The immission characteristics are compared using the summated SPL over the 
frequency  bands (OASPL) at the eight polar locations around the turbine. The polar 
angle of the microphones is defined with respect to the orientation of the turbine and 
hence varies with the yaw angle of the turbine. The polar angle is positive in 
clockwise direction whilst looking at the ground plane from above and an angle of 
zero degrees corresponds to the location straight downwind from the turbine. The 
measured directivity pattern of the turbine is compared to the calculated pattern in 
Figure 8. The displayed values represent the difference with the polar-averaged 
OASPL value around the turbine. Apart from a few outliers the trend is well captured. 
It should be noted that the processed measured and calculated data (similar to the 
report in (20)) only take the frequencies between 250 Hz and 800 Hz into account for 
the determination of OASPL. The exclusion of wind noise on the microphones was 
the main reason for this omission. 


 


Figure 8: Comparison of directivity pattern 


 


Figure 9: Comparison of swish amplitude 


The variation in OASPL due to the revolution of the blades (swish) is considered in 
Figure 9 for the different polar locations. The swish amplitude is determined as the 
difference between maximum and minimum OASPL over a revolution. The OASPL 
values are binned in 24 rotor azimuth segments. A closer inspection of the level 
variation for each individual microphone is shown in Figure 10 for a representative 
datapoint. The periodic fluctuation with azimuth angle is well predicted for the 
upstream positioned microphones. A possible explanation for the worse agreement 
of the downstream positions is the loss of coherence due to sound propagation 
through the turbine wake, which is not accounted for in the current model. The steep 
gradient of OASPL variation with polar angle for the sideway locations (see also 
section 4) is a possible explanation for the level discrepancy for these directions. A 
small yaw misalignment will yield a large difference in noise for these directions. 
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Figure 10: Variation of OASPL with azimuth of 8 polar positions for a single datapoint 
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4. Source directivity 
Using the current model it is possible to have a closer look at the distribution of noise 
levels around the turbine. Also the spatial distribution of the temporal variation of 
noise levels can be inspected. The result is displayed in Figure 11. 


   


   


Figure 11: Predicted time averaged OASPL (above) and OASPL standard deviation footprints (below) for 
inflow noise (left), trailing edge noise (mid) and total noise (right) 


The total noise footprint is entirely dominated by trailing edge noise, which is in line 
with section 3.2 showing inflow noise only noticeable for low frequencies. The 
absolute level of the scale of the inflow noise is 10 dBA lower than for the trailing 
edge noise model. According to the implemented directivity functions, both inflow and 
trailing edge noise show a dipole like noise pattern around the turbine, as confirmed 
by previous research and measurements. The temporal variation of the noise is 
shown by means of the standard deviation of the OASPL in the bottom of Figure 11. 
The trailing edge noise is predicted to be responsible for the swish, especially 
present in sideway direction. Inflow noise mostly fluctuates in close proximity to the 
turbine, probably due to the variation of geometrical spreading within a rotor 
revolution. 
In close proximity to the turbine (less than one diameter distance), the noise footprint 
is highly influenced by the turbine geometry. Tilt, cone and pitch angle result in large 
differences between upstream and downstream predicted noise levels. The current 
model allows for a flexible variation of these parameters and the evaluation of the 
corresponding result. Alignment of the predicted footprints for increasing azimuth 
angle in a movie clearly shows the origination and propagation of sound waves in the 
surroundings depending on the rotor position 
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5. Wind shear and tower effect 
The current modelling in SILANT uses a constant acoustic source strength over  a 
rotor revolution. In practice, wind shear and tower effect change the segment 
effective incoming velocity and angle of attack depending on the azimuth angle. In 
addition to that, turbulence intensity and turbulence length scale will vary with the 
element height during a rotor revolution. Using the variation of these variables with 
azimuth angle from an aerodynamic BEM code, an estimate is made of the influence 
of this effect on the noise emission and immission. A roughness length of 0.2 m was 
used to model the vertical wind shear and the relevant settings for the tower effect 
(tower diameter and rotor to tower distance) were set according to the specifications 
of the relevant SIROCCO turbine. The resulting variation of emission is depicted in 
Figure 12. 


  


Figure 12: Variation of OAPWL per blade with rotor azimuth for inflow (left) and trailing edge noise (right) 


The variation of inflow noise variation is much larger than the variation of the trailing 
edge noise, which is about 1dBA. Since the inflow noise is much less dominant, the 
effect on the total OAPWL is rather small. Comparison of the corresponding azimuth 
averaged emission spectra shows a negligible difference between calculations with 
and without wind shear and tower effect, indicating that the frequency content is also 
hardly altered. Since the OAPWL lumps all the relevant contributions in the rotor 
centre the same does not necessarily hold for the immission characteristics. The 
difference for several polar locations are illustrated in Figure 13. It is interesting to 
see that opposite to common belief, the difference is also rather small for the 
observed pressure levels. Hence it can be concluded for the current model that the 
swish is mainly determined by the directivity of the rotating noise sources on the 
blade rather than the wind shear and tower effect. The other polar locations give the 
same trend between prediction with and without shear and tower effect. The 
predicted noise variation with azimuth angle is less smooth however when wind 
shear and tower effect are taken into account and compare better with the more 
discontinuous measurement results. More investigation of configurations is 
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necessary to get a better insight in the dependence of noise on wind shear and tower 
effect. Also it should be noted that possible reflection of noise due to the presence of 
the solid tower surface is not taken into account in the present model. 


   


Figure 13: Variation of OASPL with azimuth for three polar positions as predicted with and without wind 
shear and tower effect 


Conclusions  
An enhanced model for prediction of wind turbine noise levels (SILANT) has been 
developed. Comparison between predicted and measured noise are in good 
agreement for both noise source strengths as well as receiver sound pressure levels. 
The high spatial and temporal resolution of the SILANT simulations gives new 
insights in the variation of wind turbine inflow and trailing edge noise as a function of 
observer position, rotor azimuth angle and frequency band.  
A test campaign at ECN is underway to perform more validation measurements. 
Possible improvements include incorporation of a more detailed propagation model 
such as Harmonoise (21). In addition to that it is recommended to couple the SILANT 
model to an aero-elastic code to take into account the effects of deformation and  
use the time history of the sectional forces for a more accurate prediction of inflow 
noise.  
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Abstract 
Project West Wind is an operational wind farm located 8 km west of New Zealand’s 
capital city, Wellington.  The wind farm was granted resource consent (planning 
permission) from the Environment Court in May 2007 after the application was 
lodged with the Wellington City Council in July 2005.  The site on which the wind 
farm is located was originally identified as being suitable for wind generation more 
than ten years earlier. 
The consent granted for the wind farm had numerous conditions attached, of which 
31 conditions (seven pages) related to operational wind farm noise and construction 
noise matters.  One of the conditions of consent required continuous sound level 
monitoring to be undertaken at a minimum of four and maximum of five 
measurement locations and to be undertaken for a minimum period of two years. 
Noise meters were set up at four locations around the wind farm site in July 2008, 
almost a full year prior to the wind farm being commissioned.  The initial noise 
measurements were used to establish the background noise levels.  A fifth meter 
was used in a portable configuration which allowed shorter-term measurements to be 
undertaken at a number of other locations. 
Background noise measurements were gathered over the period of a year and 
subsequently operational noise measurements have been made over a year in order 
to assess the operational wind farm levels. 
This paper discusses the lessons learned from the long-term noise measurement 
programme and other noise measurements made around the wind farm site. 
 


1 Introduction 
Wellington is the capital city of New Zealand.  Project West Wind is a wind farm 
located on the hills, 8 km west of the city, adjacent to Wellington’s west coast.  The 
area has been investigated as a potential wind farm since 1994 as it has an excellent 
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wind resource with annual mean wind speed in excess of 10 m/s.  Resource consent 
was lodged for the project in July 2005 with the Wellington City Council.  The Council 
approved the project in December 2005 and that decision was appealed to the 
Environment Court.  In May 2007 the Environment Court approved the project with 
some modifications including 66 rather than 70 turbines and some turbine 
relocations.  The court finalised the conditions of consent in July 2007. 
The Environment Court set down a number of conditions on the project and those 
conditions included numerous noise conditions[1].  While the noise conditions were 
issued by the Environment Court, they were largely agreed through caucusing of the 
five noise experts involved in the court process.  Two experts were engaged by 
Meridian, two by the opposition groups and one by the Council. The Council expert 
was responsible for setting the originally proposed conditions, which then became 
the focus of discussions between experts. 
The first of the wind turbines began generation in March 2009 with all 62 turbines 
operating in October 2009.  When the wind farm commenced full operation there 
were a large number of calls to the free phone inquiries line set up as a requirement 
of the consent conditions.  Noise monitoring revealed the turbines initially exhibited 
some tonality. Changes were made to the turbines to reduce the level of tonality from 
the wind farm and complaints have reduced significantly.   
Noise measurements have been conducted at four locations for a period of two and a 
half years which included both background and operational noise levels.  
Measurements have been made at selected other locations and the results of the 
monitoring have been reported to the Wellington City Council.  Brϋel and Kjær noise 
monitoring terminals have been used for the measurement of both background and 
wind farm sounds.  The reports issued to date show that the wind farm is complying 
with the conditions of consent[2,3]. 
The number of noise conditions placed on the project, together with the extensive 
range of noise measurements carried out has resulted in a number of findings and 
these are presented below. 
 


2 Overall Process Used In New Zealand Standard NZS6808 
The noise conditions for Project West Wind are based on the process outlined in 
NZS6808:1998.  While this Standard has since been updated, the wind farm 
conditions were set three years prior to the updated version being released.  The 
process followed in the Standard covers four overall steps: 


• Sound pressure levels are predicted at residential locations surrounding the 
wind farm; 


• Background sound pressure levels (LA,95) are undertaken prior to the wind 
farm becoming operational; 


• Operational noise levels (LA,95) are taken once the wind farm is operational, 
these levels being a measurement of both the background plus the wind farm 
level; 
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• The wind farm noise levels are determined from the two sets of 
measurements (background levels and operational levels) and these wind 
farm levels should not exceed the limits. 


In December 2007 a final noise prediction report was issued to the Wellington City 
Council (WCC) based on the wind farm layout to be used for construction and the 
measured sound power level of the Siemens SWT2.3-83VS wind turbine which was 
selected for installation at the West Wind site[4].  Noise predictions were made for 
157 locations around the West Wind site over a range of different wind speeds.  The 
results of the noise predictions were also represented as noise contours. 
One of the noise conditions required in the installation of a minimum of four and a 
maximum of five permanent noise monitoring systems.  In consultation with the WCC 
it was decided to install four permanent systems and configure a fifth system such 
that it could be moved to a number of different locations. 
Based on the predicted noise levels an assessment was made of locations most 
suitable for the four permanent monitoring locations.  These four locations were 
agreed with the WCC.  A number of other sites were assessed as possible locations 
for noise monitoring and these were prioritised so that they could be used for 
temporary monitoring. 
The noise monitoring equipment was installed in May 2008, approximately a year 
prior to the commissioning of the wind farm.  This was done to obtain a detailed 
record of the background levels.  The four permanent locations were each monitored 
for a period of about a year and additionally six other locations were each monitored 
for varying lengths of time, but for at least seven weeks each. 
After the wind farm was commissioned, operational noise measurements were made 
over the period of about a year.  The background levels were subtracted from the 
operational levels to determine the wind farm noise levels and these have been 
compared to both the predicted levels and the allowable limits. 
The wind farm levels that were determined showed that the predicted wind farm 
levels were conservative in all cases (i.e. over prediction) by between 0 and 15 dB 
depending on the wind speed, wind direction and proximity of the measurement point 
to the turbine locations.  The results were included in a compliance report issued to 
the WCC[3].  Examples of the results presented in that report are shown in Figures 1 
to 6. 
There are three key conclusions that can be made from the compliance assessment 
process. 


1. The predicted noise levels were conservative, i.e. the operational levels 
derived for the wind farm from measurements taken were lower than the 
predicted operational levels. 


2. While the wind farm limits comprised both a fixed part and background plus 
limit, in all cases the wind farm complied with the fixed part of the limit.  This 
illustrates that the need to measure the background levels is not significant 
where predicted levels are lower than the fixed portion of the limit. 


3. The whole process adopted in the New Zealand Standard in relation to 
undertaking predictions which are checked by means of compliance 
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measurements worked well and West Wind continues to comply with the limits 
imposed on the project. 


 


 
Figure 1.  Operational, Night Northerly 


 
Figure 2.  Operational – Night Southerly 
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Figure 3.  Background and Operational  – 


Night Northerly 
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Figure 4.  Background and Operational  – 


Night Southerly 
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Figure 5.  Wind farm level and prediction – 


Night Northerly 
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Figure 6.  Wind farm level and prediction – 


Night Southerly 


 


3 West Wind Secondary Limit  
The West Wind conditions included a secondary limit in addition to the limit set out in 
NZS6808:1998.  This modification to the NZS6808:1998 incorporates a more 
stringent secondary limit based on the background level and local 10 m wind speed.  
This secondary limit was written as: 
“When the background sound conditions are at or below 25 dBA L95 determined from 
the appropriate regression curve, without the interference of the wind farm, and when 
the mean wind speed at a representative location for the dwelling is less than 1.5 m/s 
measured at a height of 10 m AGL, then noise from the wind farm shall not exceed 
35 dBA L95 at the dwelling.” 


This condition required that 10 m wind speed measurements be made 
simultaneously with background measurements.  Results from the measurements 
showed that conditions where the background levels were lower than 25 dBA and the 
local 10 m wind speed was less than 1.5 m/s were rare with the result that the 
35 dBA limit applied only for a very small percentage of time and at some locations 
did not apply at all.  It applied for different periods of time in northerly wind directions 
to southerly wind directions. 
This particular condition was unnecessarily complicated and at some locations 
provided little or no additional benefit over the limits set out within NZS6808:1998[5].  
This resulted in significant uncertainty around the background noise monitoring that 
took place prior to the wind farm becoming operational.  The extent to which this 
condition created uncertainty was demonstrated through an enforcement order being 
taken out against Meridian during the construction period, in an attempt to have the 
commissioning of the wind farm delayed while numerous other background data sets 
were monitored.  The community felt that it was necessary to undertake background 
noise measurements at a significantly greater number of locations than was initially 
proposed.  
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A simplified approach to what was intended by this condition has been included in 
the 2010 version of NZS6808. 
 


4 Conditions need to be Clear and Unambiguous 
Condition 40(d) of the West Wind Resource Consent conditions required: 
“The implementation of an automatic control mechanism to de-rate or stop the wind 
turbine generators to ensure compliance with condition 17.”  


This condition was interpreted by some as the installation of a direct feed-back loop 
from the noise monitoring equipment to control the wind farm on an instantaneous 
basis.  However, as the control mechanism was to ensure compliance with condition 
17 i.e. the wind farm limits, which in turn are based on regression analysis, the 
control system was put in place to reduce the wind farm noise in the event a 
particular wind speed or wind direction was found to cause the operation of the wind 
farm to exceed the limits. 
A control system was installed which had the ability to reduce the sound power level 
of selected turbines under any combination of; time of day, day of the week, wind 
speed and wind direction.  The control system was tested on two turbines for a 
combination of different wind speed and direction values to ensure that it could 
perform the task required by the condition of consent. 
The results of the compliance testing showed that the wind farm complied with the 
conditions of consent without having to alter its performance, and while a control 
system has been installed, it is not needed to alter the sound power level of the 
turbines. 
Ultimately this condition was unnecessary as the wind farm had to comply with the 
limits irrespective of whether an “automatic control system” was in place or not.  This 
condition simply states a mechanism that could be used to achieve compliance 
should the wind farm be found to be exceeding its limits.  The condition did, however, 
raise the expectation of the community that the wind farm would be controlled on an 
instantaneous basis. 
 


5 Specific Dates for Reports and Periods for Measurement 
NZS6808:1998 suggests that 10 to 14 days of monitoring is indicative of the period 
required to measure both background and operational noise levels.  If the consent 
conditions had followed NZS6808:1998 more closely, shorter measurement periods 
would have been used to quantify both the background and operational noise levels.  
Reporting of the results would have occurred after these “short-term” measurements 
had been completed. 
The requirement to operate “permanent” noise monitoring equipment for a minimum 
of two years led to the measurement of background noise levels over the period of a 
year.  When it came to the assessment of the operational levels, as they were 
compared against background levels monitored over such a significant period of 
time, there was a tendency to wait until more operational levels were monitored prior 
to issuing a formal compliance report.  Periodic results were initially provided to the 
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Council on a monthly basis, however as these were not formal compliance reports, 
no formal statement was issued by the Council on the status of the compliance of the 
wind farm. 
The use of the permanent noise monitoring equipment meant new data was always 
available for analysis and unfortunately the conditions of consent required analysed 
results to be presented to the Council within 21 days of the monitoring being 
completed.  As the monitoring was on-going there was no definitive date for issuing a 
compliance report.  The reporting process was further complicated by the fact that 
Meridian was in the process of consenting an adjacent Wind Farm (Mill Creek) which 
planned to use the same wind turbine as installed at West Wind. 
 


6 Only One Test Method for Tonal Analysis 
Condition 34 addressed special audible characteristics due to the presence of clearly 
audible tones.  The condition included a test for tonality based on a 1/3 octave 
measurements and a level which a single 1/3 octave band should not exceed the 
arithmetic mean of the two adjacent bands.  This is a very simple test to complete 
and can easily be performed and is historically the way in which Councils make an 
objective test for tonality. 
The same condition, however, also stated that a sound may still appear tonal despite 
the 1/3 octave test not identifying a tone.  In these cases the condition allowed for the 
sound to be assessed using the Joint Nordic Method Version 2 (JNM2). 
The issue that arises is that the 1/3 octave test is less stringent than the JNM2 
approach.  Using the 1/3 octave approach to asses the tonal character is not 
definitive as the condition still allows for the more stringent JNM2 to be used.  
Ultimately, while the 1/3 octave test is included for a “quick” assessment, compliance 
cannot be certain until the JNM2 analysis has been completed.  On this basis the 1/3 
octave approach is redundant and should not be included together with an alternative 
more rigorous tonality test in conditions of consent. 
 


7 Tonality 
After the initial commissioning of the turbines, it was apparent that tonality in the wind 
farm sound was present to a greater level than expected.  Measurements were 
undertaken close to the turbines to determine the frequencies of the particular tones. 
A solution was implemented to the turbines which included a change to the maximum 
rotational speed and the fitting of tuned absorbers onto the gearbox.  Measurements 
close to the turbine showed a reduction in the tonal peak of more than 6 dB.  
Numerous measurements were undertaken at locations around the wind farm 
subsequent to the changes and all of the measurements confirmed that a penalty 
was not required under the JMN2 assessment. 
From the work undertaken here, it was apparent that while there was tonality present 
to a greater level than expected, working closely with the wind turbine supplier 
allowed changes to be made to the turbines which significantly reduced the level of 
tonality. 
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9 Conclusions 
The operation of four permanent noise monitoring terminals for nearly three years 
around the Project West Wind site has led to significant scrutiny on the noise 
performance of the wind farm.  During the monitoring and analysis periods, the 
conditions of consent have been scrutinised by a great number of people.  Some of 
the lessons learned during this monitoring programme are: 


• The process of undertaking compliance measurements in order to validate the 
initial predictions; as required by NZS6808:1998 worked well. 


• The modifications made to limits set out in NZS6808:1998 for Project West 
Wind, led to a significant monitoring burden and very little additional benefit to 
the community.  The uncertainty that the condition created was significant and 
unnecessary.  This approach has been modified and included in the 2010 
version of NZS6808 and provides greater benefit without additional monitoring 
requirements. 


• Noise conditions need to be clear and simple to minimise the potential for the 
conditions to be misinterpreted. 


• Only one test for tonality should be included in the conditions of consent. 


• Taking a proactive approach to the wind farm noise does allow improvements 
to be made to the overall sound character. 


• Overall, Meridian worked with the conditions of consent; however, we wouldn’t 
want this particular set of conditions to become the norm for future wind farm 
consents. 
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Abstract 
Industrial noise complaints and their development show a pattern that is well known 
to those who work in the noise field.  A problem often starts with a specific complaint 
about part of an industrial operation.  If unresolved and particularly if the complainant 
perceives the noise maker is being unhelpful or even obstructive it can develop more 
widely.  After time the complainant may become stressed or suffer from lack of sleep 
with all the symptoms that go with those things. 
Turbine noise is recognised as being more of a problem, decibel for decibel, than 
most other noise sources.  This paper will argue that the reason for this is not 
because there is anything fundamentally different about wind turbine noise but that 
non-acoustic factors have adversely moderated people’s perception of the noise.  
Wind farm developers and governments have entirely failed to respond to the 
problem.  As a result the introduction of large scale renewable energy, which ought 
to be something that brings communities together, instead divides them. 
The paper will also argue that there is no credible evidence to suggest that there is 
any syndrome or any exceptional infrasound associated with turbine noise and the 
symptoms described to justify such claims are no different from those exhibited by 
people annoyed by other types of noise.  Those who claim there is something 
fundamentally different about wind turbine noise are doing a dis-service to those who 
suffer from it because it is a distraction from the real problems.  Wind farms now 
have a nocebo effect.  Whatever the real facts of any particular case are, residents 
believe they will suffer from noise and have health problems long before a wind farm 
is commissioned.  
There is no doubt that a significant number of wind farms cause justifiable complaints 
but the suggestion that there is something inherently damaging distracts from the 
plight of those who really suffer from wind farm noise because it is too loud. 
 


Introduction 
I am not a medical expert but I do speak from over forty years as an acoustic 
consultant working frequently with those who complain about noise.  The scenarios I 
have here are taken from many real life cases but do not relate to any individual.  I 
work in the UK and what I say is related to my experience there though I suspect 
what I have to say will apply to many other countries. 







Why Turbine Noise Annoys Page 2 of 9 
 
 


It is established that wind turbine noise annoys more that most other noise with 
similar loudness[1]. Some people have put that down to some feature of turbine 
noise that we do not understand.  In fact, it is much more likely that there is nothing 
special acoustically about turbine noise and that it is non-acoustic factors that make 
turbine noise more annoying than other forms of noise. 
 


Scenario 1 – The Distribution Depot 
I want to look first at a typical noise complaint from a common industrial source and a 
typically poor response to it - a distribution warehouse where goods were brought in 
by large lorry, unloaded by fork lift truck and then distributed to smaller vans.  This 
had operated during the day without complaint for ten years.  When night operations 
started a nearby resident complained.  The response from the company was off-hand 
and nothing was done.  The local authority investigated and found it to be a 
significant problem with not only high noise levels but banging and the noise of 
reversing bleepers.  Not only was it too loud but it had a character that was 
objectionable.  The local government negotiated to bring in mitigation.  This took 
months and was largely ineffective.  The complainant could not sleep.  She 
developed mental and physical problems, she easily became angry, she felt tired all 
the time.  She had difficulty concentrating even on simple tasks.  She had dizzy 
spells usually in the house.  She used to be able to get some relief from sleeping in 
her back bedroom where she could not hear the noise but now it seemed to be 
worse and he could hear it in the back bedroom as well. She was convinced that the 
operator was purposely carrying out his operation in the noisiest manner possible 
just to annoy her. 
She complained to the local authority that the noise was worse.  The authority said 
that the noise levels had been reduced and that the operator could not reduce them 
further and that there was nothing more they could do.  She complained again to the 
operator but none of he emails or phone calls was returned. 
Finally, after four years, the night time operation was stopped because the work 
pattern changed.  But the complainant could still hear noise at night from the depot.  
It was now a problem during the day.  She could even hear it at night in her back 
bedroom where she had not been able to hear it before – even though the operator 
and the local government had assured her that it did not operate at night.  The 
problem continued and the complainant experienced vibration inside the house at 
night even though investigations showed that there was nothing approaching levels 
of human perception. 
So even though the noise is stopped the complainant still hears it.  She decides that 
it must be something the authorities have not considered.  There must be some 
noise generating mechanism causing it.  Building resonances perhaps creating 
ground vibrations, infrasound?  Of course the complainant is being unreasonable.  
She has been driven to unreasonableness, not by the noise itself but by the 
arrogance and intransigence of the operator and the local government.   
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Factors that Determine Noise Impact 
The factors that determine impact of a new noise source are complex and extend 
well beyond the loudness of the noise.  They can be summarised as: 


• Loudness in decibels – mostly compared with the pre-existing noise 
• Character of the noise, that is to say mainly whether it has any tonality, and 
how the noise varies with time. 
• The listener’s perception of the noise and of the whole situation. 


The first factor is loudness and in particular loudness relative to the background 
noise before the development.  Some wind farms are simply too close to housing.  I 
have no doubt, for example, that most of the subjects in Dr Pierpont's investigation[2] 
had a genuine grievance related simply to the loudness of the noise.  Half were less 
than 750m away from a turbine and the nearest 305m.  In the same way I do not 
doubt that most of those people who were the subject of Dr Harry’s report [3] 70% of 
whom were less than 750m away had a genuine grievance related directly to the 
loudness of the noise. 
The second factor is the character of the noise.  I am going to leave tonal noise and 
other frequency characteristics on one side – not because they are unimportant but 
because when they occur with wind turbines they can nearly always be mitigated.  
The dominant characteristic of turbine noise that cannot be mitigated completely is 
amplitude modulation or AM.  All modern large turbines exhibit AM and this has been 
explained by Oerlemans [4] when the observer is close to the turbines and at greater 
distances in specific directions.  The effect is merely the directivity and Doppler 
amplification of the noise.  Upwind or downwind of the turbine this reduces quite 
rapidly with distance but Oerlemans has shown that it can project over longer 
distances in the cross wind directions.  This is what is often called “swish”.  If it is 
present in the noise at a receiver, the noise is perceived as being more annoying 
than if the noise has no modulation.  It can become impossible not to notice the 
noise. 
However, there appears to be another type of AM.  It is sometimes called thump on 
the basis that some people including Salford University [5] van den Berg [6] and me 
have suggested that it has a faster rise time than the swish described by Oerlemans.  
It seems possible now that this fast rise time is not a feature but that the fundamental 
difference is that there is a low to mid frequency component (125 to 250Hz) to the 
AM in thump which does not occur in swish.  However, we do not know this at the 
time of writing.  Research to investigate this is still being carried out [7] and, by the 
time of the Conference more may be known.  The paper by Bass et al gives more 
details of this research.  What we do know is that people’s descriptions of it suggest 
it is subjectively worse than swish.  It seems, anecdotally at least, to be penetrating 
and relentless.  It is also frequently perceived indoors which may be understandable 
if it is around the same frequency as the weak resonance region of double glazing 
units. 
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Perception 
I now want to turn to the key factor in wind turbine noise – Perception.  Public health 
officers and noise consultants are well aware that listeners’ attitudes to any noise are 
important.  Many of us are familiar even with extreme versions of this where people 
complain of noise which is non-existent because they have a grudge against the 
noise maker.  The man who complains about noise from his ex-employers premises 
because he was made redundant.  The racist who complains about noise from an 
Indian restaurant. 
A number of large surveys of noise annoyance from aircraft were published in the 
late 1960s and in the 1970s when there was a big expansion of jet aircraft 
movements.  An American study [8] concluded that people who were highly annoyed 
by aircraft noise had a high fear of aircraft crashing, high susceptibility to noise, felt 
that there was some misconduct on the part of the airport or airline staff and did not 
rate the airport as important as most people.  The noise level to which they were 
exposed did not correlate highly with their annoyance. 
Eveline Maris [9] wrote in The Social Side of Noise Annoyance in 2008 that Based on 
a meta-analysis of several survey studies, it has been estimated that the effects of 
acoustical (e.g., the loudness, pitch, predictability) and non-acoustical variables (e.g., 
perceived control, personality traits like noise sensitivity, and attitudes towards the 
sound and its source) each account for about one third of the variance in annoyance 
scores (e.g., Job, 1988; Fields, 1993; Guski, 1999). The final 33% of the variance is 
considered error variance. 
She carried out research to test this hypothesis. 
Participants are told that they are engaged in a study on effects of sound on people’s 
performance during exams. As part of the experiment, they will take an exam while 
being exposed to sound. Half the participants are taken through a “fair” procedure in 
which three types of aircraft noise are described and asked to select the one which 
they think will cause them least annoyance.  The other half are given a “neutral” 
procedure where they are not asked to choose. 
In the second test half the participants are given an “unfair” test.  They are informed 
that they will be listening to a 15-min sample of their choice: nature sounds, a radio 
programme, or aircraft sound. They make their choice of sounds (not usually aircraft) 
and the experimenter then selects aircraft noise irrespective of the subject’s choice 
and leaves the test booth saying “I have set the computer to aircraft sound.”  
Maris established that when the exposer was unfair, annoyance was higher.  In her 
conclusion she says A person’s evaluation of the sound is affected by the social 
process between themselve(s) and the operator(s) of the source. The results from 
the laboratory experiment confirm that the unfairness of the sound management 
procedure influences the evaluation of the sound. Relative to a neutral sound 
management procedure, an unfair procedure is found to yield collective excess 
annoyance. 
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Scenario 2 – The Wind Farm 
A neighbour is 650m from a newly constructed wind farm in a very quiet rural area.  
In what I will call week 1 the wind farm comes into operation.  The neighbour is 
downwind in the prevailing wind and there can be day after day when he hears the 
relentless swishing and thumping noise.  He finds it difficult to get to sleep 
sometimes and when he in on his patio on a summer evening it is worse because it 
seems to reflect on the walls of the house.  He complains to the local council about it 
in week 3..  The council come and investigate and decide that there is a potential 
problem but they can’t say whether it breaches the conditions imposed on the 
building of the wind farm so they ask the wind farm operator to investigate the matter 
in week 6.  Nobody does anything so the neighbour complains again in week 9.  The 
Council representative speaks to the operator who finally employs a noise consultant 
in week 12 and tells the council that this has been done.  Nobody speaks to the 
complainant.  In week 14 he complains again.  He explains that he now can’t get to 
sleep at night without sleeping tablets and he simply can’t go out in the summer 
evenings when the wind is blowing from the turbines. 
In week 16 he comes back from work and finds a tripod and a box and some other 
pieces of equipment in the open field beyond his garden fence.  The next day he 
phones the local Council to ask them what is happening.  They don’t know.  They 
suggest he phones the operator of the wind farm direct.  He does that but the person 
he needs is not available.  He leaves a message but nobody phones back.  He calls 
the council and says that he can’t get hold of anybody.  The council say they can’t 
really help because it’s up to the operator to carry out the measurements. 
By week 18 he is becoming extremely annoyed and frustrated.  He goes to the 
doctor for more sleeping pills and asks if they have side effects because he is feeling 
anxious and also developing headaches that he never had before.  The doctor 
changes his sleeping tablets.  Later that week when he returns from work the 
equipment has gone.  He is annoyed.  No-one has ever contacted him about it.  The 
location in the field bears no relation to his patio or to his bedroom where the 
problem is.  He phones the council.  They are very sympathetic but say that it is up to 
the operator to sort it out.  More time goes by and by week 24 still nothing has 
happened.  He phones the council regularly and gets the impression that they don’t 
want to talk to him, that he is just a nuisance.  As he gets more vocal about the lack 
of action the council get defensive.  The impression is given that the complainant 
must be over-sensitive or even ill.  The council’s original view that there might be a 
problem has been forgotten by the council itself and by the complainant.  The 
implications of dealing with a problem are too big to contemplate.  But they say they 
will chase the operator up.   
He visits the doctor again because he feels tired all the time and cannot concentrate 
on his work.  He is getting irritable with his colleagues. 
Week 26 comes and the council say they have received the operators report but they 
can’t let him have it yet.  Eventually in week 32 after a lot of trouble he manages to 
get a copy of the report that, after a good number of pages of technical stuff he does 
not understand, concludes that the noise level probably is not a breach of the 
conditions applied to the wind farm when it was given consent but they have not 
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really got enough evidence yet.  He visits the doctor again because he is getting 
dizzy spells and feeling sick. 
This man does not have Wind Turbine Syndrome, he is not affected by infrasound or 
vibrations or anything else mysterious.  He is suffering from a noise that he finds 
unacceptable severely moderated by extreme annoyance and stress brought about 
by the intransigence of the local council and the arrogance of the wind farm operator.  
It is likely that all this could have been avoided if the matter had been handled 
properly by everyone concerned. 
 


Mass Annoyance 
This poor sound management and complaint management procedure does not 
merely affect the individuals who genuinely suffer from excessive noise.  It now 
affects large numbers of people who only have the expectation of wind turbine noise 
in the future.  One of the major changes in the last decade has been the ubiquity of 
the internet.  Previously we, as noise consultants, met people with the symptoms I 
describe exposed to all sorts of industrial noise but the people themselves rarely 
communicated with each other.  They never knew there were other people who had 
the same symptoms. 
So when the people who had been genuinely affected by wind farm noise and been 
consistently ignored or ridiculed started communicating via the internet they 
discovered they had the same symptoms.  The idea that their common factor was 
that they were exposed to levels of noise which were too high got lost somewhere 
because they had been brainwashed into thinking that there was something wrong 
with them – not the wind farms.  They concluded there must be something special 
and different about the noise from wind turbines because the problem did not seem 
to arise with other noise sources.  The reason other noise sources did not figure was 
because wind farms are high profile developments in every sense of the word.   
The ideas of Wind Turbine Syndrome and Vibro-Acoustic Disease grew from this and 
spread so widely on the internet that now people who had an application for a wind 
farm in their area began to get concerned that, even if it was many kilometres away 
they might be adversely affected by noise from it and would certainly be made ill.  
What has now happened is that all wind farms, whatever their merits, face a long 
battle to get approval because of the misinformation that has built up.   
The arrogance of many developers who felt they had a government given right to 
build wind farms where they liked drove this further forward as did consistent 
misinformation prevarication by government itself. 


Ten years ago, we had developers saying that the noise would be inaudible 
when it turned out to be 10dB above background noise.   
Developers now hold what they call consultation meetings with the public 
when they say things like “We want to involve the community in the project. 
We want your views” and then when you ask what size the turbines are they 
can’t say because “its not been finalised yet”.  People don’t feel they are being 
treated fairly  
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The Government says “Advances in turbine technology have helped to avoid 
increased noise from larger turbines”.  That is simply wrong. .A typical 0.5MW 
turbine in 1996 was 100dBA. Typical 3MW turbine 2011 is 107dBA. 
Government says there is “No evidence to suggest that AM is as a result of 
Turbine Size”  when the people arguably with best knowledge of turbine noise 
in the UK told it in 2006 “The trend for larger more sophisticated turbines could 
lead to an increase in noise from AM”  


Government in the UK consistently commissions, not real research into how 
problems and potential problems can be identified and solved, but research into how 
the existing established but out-of-date standards and beliefs can be applied in a 
more consistent and effective manner.   
People perceive, rightly or wrongly, that  
– Their lives will be blighted by these developments  
– They will gain no benefit  
– They pay subsidies in the form of Tax  
– They pay more for electricity.  
– Developers make all the money  
The result is that that people believe that government and developers are covering 
something up. This merely reinforces the views of those people who already believe 
that there is something mysterious about wind farm noise. 
 


Nonsense, Misinformation and Exaggeration 
The stated government policy in the UK and in many other countries is that 
renewable energy projects should be driven by the private sector and that any 
environmental or other impacts in applications will be controlled by the planning 
system.  This is a part of the democratic process of the country – the developer on 
the one side and the planning process representing ordinary people.  If there are no 
objections to a proposal going through the planning system then it will be approved.  
So objectors to wind farms are doing more than exercising their right they are 
exercising their obligation to take part in the democratic process.  Only by people 
objecting can there be any chance of testing whether or not the application meets all 
the reasonable standards for developments – imposed, after all, by the Government 
in the first place. 


Ed Miliband, now leader of the opposition in the UK but then minister in 
charge of dealing with climate change, said in 2009 “Opposition to wind farms 
should become as socially unacceptable as failing to wear a seatbelt” [10]. 
In November 2010 RenewableUK – the trade and professional body for the 
UK wind and marine renewables industries said [11] that “England stands to 
lose over £1.3bn in investment that will directly create jobs and opportunities 
for local companies, funds for community activities and increased business 
rates for local authorities because of the actions of anti-windfarm 
campaigners”.  
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Let us look at these two statements.  In the first one we have a government minister 
saying that people who exercise their democratic rights should be made social 
outcasts.  In the second we have the developers association suggesting that if 
developers did not have to go through the democratic process they could create 
more jobs.  It is these sorts of comments that build up resentment in people who are 
near wind farms or potential wind farms and in the end it is counter-productive 
because it makes people more determined and, quite often, more unreasonable. 
Such comments bring statements of equal nonsense from the “other side”.  A 
quotation from the Wind Turbine Syndrome website [12] says:  “The noise makes the 
windows on his house rattle and he hears some turbines a mile away in his living 
room. On the walk to his mailbox, it can reach nearly 100 decibels.”  At 900 feet of 
course it will be a noise problem – but not 100dB. 
In an interview Dr Harry said that “low-frequency noise - which was used as an 
instrument of torture by the Germans during the Second World War because it 
induced headaches and anxiety attacks - could disturb rest and sleep at even very 
low levels.  It travels further than audible noise, is ground-borne and is felt through 
vibrations," [13] 
And another comment conveniently confusing sound power levels with the sound 
pressure levels is “A single modern wind turbine emits approximately 105 dBA of 
industrial noise pollution.  To put 105 dBA in perspective, this is between the sound 
power level of a pneumatic hammer drill and a rock band. [14]   
 


Conclusions 
All this is a matter of great frustration to me as a noise consultant.  Everyone 
involved, even I have to say, some noise consultants and other scientists, has 
handled this whole affair of wind turbine noise with an ineptitude that I have never 
seen before on this scale. 
The large opposition to noise from wind turbines has developed because of the 
complete lack of proper noise management by developers and by government and 
the failure to address real issues when they arise.  This means that the real issues 
become inseparable from myth and hyperbole. 
In the UK central government has done nothing to deal with the small number of 
undoubted problems.  It has done nothing to curb the excesses of the worst 
developments and, indeed, has generally supported them.  It has allowed mass 
annoyance and objection to any wind farm developments to build up to an extent that 
it threatens the development of renewable energy generally.  The result of this 
ineptitude is not trivial.  It has had two serious results: 


Facing the problem of climate change, the challenge of the century that ought 
to have drawn communities together, has instead divided them. 
The painting of wind turbine noise as something mysterious does a dis-service 
to the real sufferers from plain ordinary wind farm noise because it makes 
them look like cranks.  As a result nothing is done about their problems. 
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Abstract  
The planned order-of-magnitude expansion of the UK offshore wind industry coupled 
with ambitious wave, tidal stream and tidal range projects over the next 20-30 years 
will undoubtedly lead to an increase in noise associated with the installation, 
operation and decommissioning of these devices. Before these potential effects can 
be quantified, the background noise needs to be characterised with regard to its 
constituent frequency bands and the anthropogenic/natural origins of the noise 
source. 
This paper presents the results of background noise measurements at two near-
shore sites along the Welsh Coast. One site is subject to tidal currents up to 2 m.s-1 
during spring tides and has a resident population of harbour porpoise in close 
proximity. The other is relatively sheltered with tidal flows around 1 m.s-1 and is close 
to a transient population of harbour porpoise. The problems associated with taking 
hydrophone readings in high tidal, turbulent currents are discussed. The influences 
that tidal environment and shipping activity have on background noise are also 
discussed. 
This paper presents the underwater background noise difference (levels, 
frequencies) between offshore wind site (low energy flow) and tidal/wave energy site 
(high energy flow). 


Using the Power Level (PL) in dB re 1 µPa and sound pressure level (SPL) in root 
mean square (dB re 1 µParms in 1/3rd Octave band), this paper establishes the 
underwater background noise comparison of two different energy sites as a function 
of the tide, boat traffic and current speed. 
It has been found that the low frequency response of underwater background noise 
at high and low energy sites were similar. Both sites showed increases in sound 
pressure levels (SPL) around 1-20 Hz although the extent of the increase varied with 
tidal speed and weather conditions. 
The importance of characterising background noise (and subsequent operational 
noise) across the spectra of frequencies is emphasised. Background noise levels are 
normally reported as root mean squared values whereas operational noise is 
measured as zero-to-peak or peak-to-peak. The authors stress that whenever noise 
measurements are presented that the methodology and units should be stated to 
avoid misunderstanding. 
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Introduction 
U.K marine energy market is going to move from the offshore wind energy to tidal 
stream and wave energy market. Underwater noise emitted by wave and tidal energy 
devices is likely to induce temporary or permanent hearing losses of marine 
mammals and fish species (Richards et al, 2007). It is therefore necessary to assess 
through measurement and analysis the amplitude and frequency distribution of noise 
emitted during installation, operational and decommissioning phases. This 
assessment must begin by underwater background noise characterisation, to define 
the distribution of the "natural noise" of the studied area. Underwater background 
noise or underwater ambient noise is defined as a mixture of natural, biological and 
anthropogenic noise.  
In 2004, Nedwell & Howell defined underwater background noise as the sound that is 
measured in the environment not originating from the sensor, or from an identifiable 
localised source. Underwater background noise depends of several factors, such as 
the natural environment, biological and anthropogenic factors. 
Underwater ambient noise monitoring and analysing in water flow environment is 
less well understood that from a low energy flow area. Thus, the Marine Energy 
Research Group (MERG) of Swansea University has carried out underwater ambient 
noise measurements in low and high energy flow area to assess the main difference 
that these two sites may have. 
 


Study Areas 
This study has been built on two underwater noise surveys: Mumbles Head and 
Ramsey Sound. 


 
Figure 1: Mumbles and Ramsey Sound sites, South Wales, UK 


The first survey was located at Mumbles Head, Swansea Bay, Wales, UK (Figure 1). 
In August/September 2008, drilling operations have been carried out in this area. The 
MERG gathered some data from the ambient and drilling noise to study noise 
emitted and propagated. In this study, only underwater background noise will be 
taken into account. Swansea Bay is characterized by a tidal range in excess of 10 m 
during spring tide. At low tide, the area exposes sand and mud. The current regime is 
unusual, in that water follows in an anticlockwise gyre, following in the same direction 
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throughout the tidal cycle (Heathershaw, 1979). Out into the Bristol Channel currents 
may reach 3 m.s-1, but remain below 1 m.s-1 in the sheltered waters of the bay. 
Swansea Bay is a protected area as a site of special scientific interest (SSSI) 
because it is a species-rich, biologically-diverse area. The bathymetry of Swansea 
Bay is quiet flat and the sea depth at the study area is around 15-20 m. 
The second area concerns Ramsey Sound, Pembrokeshire (Figure 2). Underwater 
background noise measurements were taken in late spring and midsummer 2009. 
Ramsey Sound is designated as a marine special area of conservation (Marine 
SAC), a special protection area (SPA), a site of special scientific interest (SSSI) and 
a national nature reserve. It has a resident population of harbour porpoise and it 
hosts the largest colony of grey seals in southern Britain. The main recreational 
activity in Ramsey Sound is wildlife/nature tour boat trips which operate from May to 
October. No commercial shipping or trawling activities operate the Ramsey Sound. 
Ramsey Sound is subject to semi diurnal tides (two high water and two low water 
events per day). Highest high water is around 5.1 m whilst lowest low water is 0.7 m. 
Ramsey is subject to tidal flows in excess of 3 m s-1 on spring tides (United Kingdom 
Hydrographic Office, 1999). The north flowing (flood) tide changes to south flowing 
(ebb) tide between 2.5 to 3 hours after high water at Milford Haven (Figure 1). The 
change from ebb to flood occurs between 8.75 to 9.5 hours after high water at Milford 
Haven. The bathymetry in Ramsey Sound is diverse, containing a steep sided trench 
up to 66 m deep LAT and several rocky outcrops. Consequently, parts of the Sound 
experience extreme turbulence and upwelling. 


 
Figure 2: Ramsey Sound site map, South Wales, UK 


 


Noise Measurement 
Underwater noise was recorded with a C54XRS hydrophone, able to records sound 
from 1 to up 22 050 Hz. Sound measurements were taken with the engine turned off 
so that the rigid inflatable boat (RIB) was allowed to drift with the current. This 
reduced the turbulence around the hydrophone and consequently removed the 
associated with noise. Underwater noise was recorded in the range of 1.2 up to 
22 000 Hz. After each run the hydrophone was turn off and the boat was motored 
back up to the start position. 
Concerning the Mumbles Head study, each recording was carried out from the 
University Research Vessel Noctiluca over a 2 minutes period and at a depth of 2 m 
below the sea surface. The ambient noise was recorded only at the end of August 
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and the beginning of September 2008. The weather during the recordings was calm 
with light variable winds. 
The Ramsey sound recordings have been gathered from a RIB. The hydrophone 
was immersed at around a depth of 10 m below the sea surface. The boat drifted 
during all of the Ramsey sound recordings. Measurements were made in the ebb 
and flood directions throughout the tidal cycle. The lengths of the recordings vary 
from 15 min to 40 min depending on the speed of the current (neap or spring tides). 
Data was gathered at two separate occasions: April 2009 and August 2009. In April, 
there was very little boat traffic in Ramsey Channel. In August, Ramsey Sound was 
busy with recreational and tourist boats around Ramsey Island. The weather for both 
seasons was light variable wind and a calm sea (Sea State 1). For April and August, 
the surveys were conducted during tides between neap and spring. 
 


Noise Analysis 
Sound recording have been analysed with Spectra Pro software. Measurements of 
frequency (Hz) and amplitude (dB re 1µParms) were taken every 2 seconds. The 
sampling rate used was 44100 Hz with a sampling precision of 16 bits defined during 
the recordings. The sound pressure levels were expressed in root mean square (dB 
re 1 µParms) in 1/3 Octave band. In fact, this unit matches well to express underwater 
background noise because it is a constant noise and it can be used to assess the 
potential disturbance on marine mammals. The Power Level (PL) was calculated by 
using the root mean square (RMS) value for the frequency band from 1 to 20 Hz. 
 


Anthropogenic noise influence 
Mumbles Head is considered as the low energy flow area due to its low current 
speeds. Ramsey Sound is considered as the high energy flow area due to its fast 
current speeds. The Power Level (PL) of the sound has been used to determine the 
influence of tide on the ambient noise (Wenz, 1962). 
The PL displays the total RMS power level for a specified spectrum. For each run, 
the data has been processed from 1 Hz to 20,000 Hz. Then, the PL values are 
averaged to obtain mean PL for each recording.  
Figure 3 represents the PL results from 1 Hz to 22,000 Hz in function of time after 
fastest tide current. Standard deviations have also been represented. 
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Figure 3: Background Noise evolution (in terms of Power Levelrms for 1 Hz to 22,000 Hz) after fastest tide 


current for three data set: Mumbles, Ramsey in April and Ramsey in August 


From Figure 3, it appears that Ramsey in August has the highest PL across all time 
ranges. Mumbles and Ramsey in April have much lower values. This first comment 
can be directly linked to anthropogenic noise. As noted previously, Ramsey Sound 
area in August was busy by several sort of pleasure boat. Boat noise has affected 
the recording on these frequencies. 
Regarding the errors bars, it can be seen that Ramsey error bars are much diffuse 
than Mumbles error bars for all the time range displayed. This is due to higher waters 
motion and more pressure fluctuation in Ramsey, where the current speed can reach 
2/3 m.s-1 in a rough environment, than in Mumbles where the current is much still in a 
flat environment. 
Wenz (1962) states that underwater ambient noise is generally a composite of at 
least three overlapping components. From 1 Hz to 10 Hz turbulent-pressure 
fluctuation such as current or water motion dominates. From 10 Hz to 1,000 Hz, the 
noise generally comes from the traffic noise and can also be affected by very low 
frequency noise (below 10 Hz) or higher frequency noise (above 1,000 Hz). High 
frequency noise above 1,000 Hz results from wind-dependent noise. This type of 
noise is generated by the interaction of sea with bubbles and spray, created by the 
sea state and wave height. 
Thus, it has now been chosen to focus the results on the frequency range. Figure 4 
shows the PL processed through the frequency range 1-10 Hz. 
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Figure 4: Background Noise evolution (in terms of Power Levelrms for 1 Hz to 10 Hz) after fastest tide 


current for three data set: Mumbles, Ramsey in April and Ramsey in August 


Figure 4 (PL from 1 to 10 Hz) shows that the PL distribution seems to have the same 
shape than for the PL from 1 to 22 000 Hz. In fact, Ramsey August PL values are still 
higher than Ramsey April and Mumbles. However, tide characteristics and current 
speeds for Ramsey April and August were very similar. This important PL difference 
between Ramsey April and August is due to the noise from pleasure boat. In fact, 
noise from any source usually contributes to a number of frequency ranges and is 
not strictly and clearly defined in a single frequency range. Current noise has surely 
been hidden by anthropogenic noise, such as intense traffic boat that occurred 
around Ramsey Sound during the recordings. In this case, boat traffic noise has a 
strong impact on the frequency range 1-10 Hz. 
For Mumbles and Ramsey in April, PL decreases with increasing time after fastest 
current. This partly proves that turbulences created by the current speed has an 
impact on the PL from 1 to 10 Hz and consequently on the background noise. 
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Influence of the current speed 
In Figure 5 Power Level for 1 Hz to 10 Hz has been plotted the two of the studied 
sites: Mumbles and Ramsey in April. 
 


 
Figure 5: Background Noise evolution (in terms of Power Levelrms for 1 Hz to 10 Hz) after fastest tide 


current for three data set: Mumbles, Ramsey in April 


For both of the sites Mumbles and Ramsey, PL have the same shape evolution. 
Higher PL occurs during fastest current speed (around 0-1 hours) and decreases 
with increasing in time. In addition this PL can be linked to the current speed. Around 
0-1 hours, PL for Ramsey April reaches 103 dB re 1 µParms and 100 dB re 1 µParms 
for Mumbles. In comparison, 2-3 hours after strong current, Ramsey April PL value is 
99 dB re 1 µParms and Mumbles PL reaches 94 dB re 1 µParms. It can be noted that 
Ramsey PL is always higher than Mumbles PL. In fact, Ramsey Sound currents are 
much stronger than Mumbles because Ramsey Sound seabed is much rougher than 
Mumbles and the current in there are much faster than in Mumbles. This induces 
more turbulence in the middle and thus higher noise. 
 


Sound Pressure Level Analysis 
Figure 6 shows the distribution and amplitude in RMS of frequencies from 1 to 20 Hz 
in 1/3rd Octave bands at Mumbles and Ramsey April. Sound Pressure Level (SPL) 
has been displayed in dB re 1 µParms. SPL is a Decibel measure of sound pressure. 
SPL is defined as: 
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SPL = 20log (
P


Pref
) 


Pref is the reference pressure (1 µParms for underwater acoustic). 


 
Figure 6: The variation of background noise levels (SPLrms) in 1/3 octave frequency bands with times 


after strong tide current for two site: Mumbles and Ramsey Sound in April 


Ramsey background noise in April is quite similar to Mumbles background noise at 
very low frequencies. For Ramsey in April the values between 1.2 Hz and 20 Hz 
ranges between 80 and 98 dB re 1 µParms. For Mumbles the value ranges between 
78 and 95 dB re 1 µParms.It can be added that Ramsey SPL and Mumbles SPL are 
not so different from each other. Ramsey SPL values are around 3-6 % higher than 
Mumbles SPL values. From Y.T. Chan (1988), "the noise as such radiated from 
turbulent region is not likely to be of significance due to its quadrupole character and 
thus its rapid fall-off with distance from the source region". 
 
Conclusion 
The underwater ambient noise monitoring and analysing is an essential process for 
all marine energy project. Monitoring and analysing underwater noise in high tidal 
flow environment is more complex than in low energy site as it is the case for 
offshore wind turbine because it is the current which induces turbulence. 
Underwater background noise can be analysis in different ways. In this paper, it has 
been chosen to express underwater background noise in power level and in sound 
pressure level. Data has been processed in RMS. First of all, underwater background 
noise has been expressed in power level from 1 to 22,000 Hz. It has enabled the 
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study to show that anthropogenic noise has an important impact on the background 
noise, as it is the case for Ramsey in August. 
Then, the study has been focused on the frequency range 1 to 10 Hz, frequency 
range identified by Wenz as current noise. It has been shown that Ramsey PL in 
August is higher than Ramsey Sound in April and Mumbles especially at low 
frequency. This is due to boat traffic noise that affected very low frequency. This 
study has shown that tide noise can be only identified in sites where anthropogenic 
noise is very low or even inexistent. Anthropogenic noise is in fact very low in 
comparison of current noise, and thus, current noise is most of the time hidden by 
anthropogenic noise. 
In low anthropogenic noise cases (Ramsey in April and Mumbles) it has been 
possible to identify the impact of the current noise on the background noise. As 
expected, the current noise is higher in high energy flow sites than in low energy flow 
sites by about +3/6 dB re 1µParms. For Ramsey Sound in April, underwater noise 
during strong tide reaches 104 dB re 1µParms and 99 dB re 1µParms at low current. 
Sound Pressure Level show that current noise in the range of 1 to 20 Hz is very 
similar in low and high energy flows. The main difference appears in the range of 
5 Hz to 20 Hz. SPL differences between the two sites can reach 5/7 dB re 1 µParms. 
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Abstract 


In the early stages of design, there may be few input data available which can be 
used to predict noise from a  wind turbine. This makes consideration of noise difficult 
until the blade specification is practically finished. In recent work, (MINI Wind Turbine 
of 13m rotor diameter, power output 7-10kW, produced by Tozzi Nord), we have 
used very simple line source models to estimate noise from wind turbines, based on 
the data from initial aerodynamic designs. We present a comparison of results from 
these very crude models with data from more sophisticated techniques which can be 
used in the later part of a design, and also measured data. We find that even simple 
models give results which, if interpreted with care, can allow rational decisions on 
noise output to be made, to engineering accuracy, even when data on broadband 
sources on the blade are not known. This finding allows simple models to be 
implemented in the very early stages of design to allow alternative geometries to be 
ranked with respect to their noise output, with some reasonable confidence. 


 


Introduction 


One of the major factors affecting acceptance of wind turbines as a power source, is 
the noise which they generate, or are perceived to generate. For this reason, it is 
desirable to include an assessment of noise early in the design process, allowing the 
possibility of optimizing a design to reduce noise to an acceptable level, possibly with 
some reduction in efficiency, but allowing a new design to be sited where it might be 
useful. This is especially important for small turbines which are designed to be sited 
near homes and other buildings, for example in supplying power to schools and 
similar establishments. In this case, acceptance by the user group is essential both 
for immediate implementation of the power plant and for the possible development of 
wind energy solutions in the future. If a small, local plant is judged too noisy, there 
will be greater community opposition to future larger systems. 


There are a number of different methods available for prediction of noise from wind 
turbines, which to a greater or lesser degree implement physics-based models for 
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the known source mechanisms. The aim of this paper is to compare two such 
models, one very simple approach, based on the loading distribution on the blades, 
and one sophisticated, industry-standard method, which computes aerodynamics 
and noise including the various turbulent source mechanisms which are known to be 
important in the audible range. Our aim is to assess the noise predictions made by 
the simpler model, which can be used when only limited data are available, such as 
in the early stages of design, by comparison with the results from the more complex 
model which uses all of the detail available. As a case study, we consider the design 
of a recently developed mini turbine to be produced by Tozzi Nord. The fundamental 
question to be answered is:`at the earliest stage of design, how well can we assess 
the noise produced by a turbine?' 


Noise models 


The two models which are used in performing calculations are a simple `line source' 
model for tonal noise and the FAST model, developed by the US National 
Renewable Energy Laboratory (NREL).  


The first, simple, model is based on the representation of the turbine rotor by a line 
distribution of forces, given by the axial and azimuthal loads on the blades. This is a 
model which can be implemented using the most basic data available for a rotor, the 
loading distribution, with the consequent disadvantage that it can only predict tonal 
noise. In effect, in using this model, we make the tacit assumption that the noise 
levels predicted for the (low frequency) tonal components will scale in the same 
manner as the (higher frequency) turbulent and trailing edge noise terms, so that the 
tonal noise can be used as a proxy to indicate the relative noise levels of different 
design iterations. 


The noise radiated from a point force f is given by the standard expression: 


 (   )      
 (    


 
 )


   
 


where x and y are the observer and source points respectively, R is the source-
observer distance and c is the speed of sound. Upon integration over the rotor disk, 
this gives: 
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where the source is written using cylindrical coordinates (     ). In a cylindrical 
system of coordinates, the force distribution can be written as a Fourier series: 


 (     ) ∑   
  (     ) 


where   is the turbine rotation speed, and inserted into the radiation integral to give 
the noise radiated at each multiple of the blade passage frequency (Wright 1969; 
Gutin 1948): 
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where    is the axial component of force on the blade at radius     and    is the 
azimuthal (torque) component. The wavenumber        


This is the simplest model which can make reasonable predictions of the noise 
radiated by a rotor and is readily implemented using a simple computer code which 
reads the output of a `lifting line' type calculation. The Sound Pressure Level (SPL) is 
computed by summing the contribution from each tone, with no adjustment such as 
A-weighting. It has also been assumed that at the low Mach numbers typical of 
realistic wind profiles, the effect of the mean flow on noise propagation can be 
neglected. This would not be a good assumption for large systems whose noise 
propagates over large distances through strongly varying atmospheric conditions, but 
is reasonable for small turbines whose noise levels will be perceived quite close by. 


The second model which we have used is the NREL FAST code (Jonkman & Buhl 
2005) with the addition of a semi-empirical noise prediction scheme (Moriarty & 
Migliore 2003). This is a very sophisticated model for the aerodynamics, dynamics 
and performance of wind turbines. With the addition of the noise prediction scheme, 
based primarily on the prediction scheme of Brooks, Pope & Marcolini (1989), it uses 
a database of geometrical and aerodynamical information for the blade aerofoils 
estimate the noise generated by the main noise sources. These sources are the 
turbulent boundary layer trailing edge interaction, flow separation, laminar boundary 
layer vortex shedding, trailing edge bluntness and tip vortex formation. These 
sources are modelled using wind-tunnel measurements taken on two-dimensional 
aerofoils which have been processed to give empirical noise correlations based on 
Reynolds number, section Mach number, boundary layer displacement thickness and 
directivity functions. In the calculations for this paper, we have included all of these 
mechanisms and the effect of inflow turbulence. Sound Pressure Levels are 
presented as A-weighted sums of the third-octave band SPLs. 


Turbine model 


The turbine considered in this paper is TN535, Figure 1, an upwind MINI Horizontal 
Axis Wind Turbine, designed and produced by Tozzi Nord srl (Trento, Italy), 
specifically for low wind speed sites (class IV, according to IEC 61400-2). The turbine 
is rated 10 kW power and its rated wind speed is approximately 6.5 m/s. The rotor 
diameter is 13 m. Hub altitude is 18 m.The generator is synchronous with permanent 
magnets, gearless but with belt for the transmission. The turbine is pitch-controlled  
and has an active yaw system. Rotor speed is variable, ranging from approximately 
20 to 66 rpm. At 66 rpm, rated power is reached. Cut-in and cut-out wind speed are 
respectively 2m/s and 16 m/s. Blade profiles are suited to low Reynolds numbers and 
the blade geometry is optimized to improve both the power performance and 
structural strength. 


During the preliminary phase of the project we tried to make a choice of those design 
parameters that most influence the aeroacoustic emissions without compromising 
other performance of the turbine. One of the main parameters that influences the 
noise emission is the rpm, and TN535 remains low speed throughout its operation, 
being designed for sites with low wind speeds. Besides that, with regard to the 
geometry of the blades, a thin trailing edge was imposed. The shape of the blade tip 
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was investigated in the literature to reduce tip vortices (Wagner, 1996). From the 
available blade profiles with appropriate performance and operating speed were 
chosen those with good noise characteristics, on the basis of published data for other 
MINI wind turbines (Migliore et al, 2003) and several case studies reported in the 
literature . 


 


 


Figure 1: The TN535 turbine 


 


Noise predictions 


The first set of predictions shown, Figure 2, show the variation of predicted noise 
level on the ground, over a range of axial displacements 50 metres upstream and 
downstream of the turbine rotor at a nominal wind speed of 7m/s. It is clear from the 
data presented that the noise predictions of the two models are very different in 
character. The broadband results from the FAST model have a lower maximum 
Sound Pressure Level but at large distances from the rotor the noise level is much 
higher than that predicted by the tonal model. This result is not unexpected: the 
broadband noise mechanisms generate sound at higher frequency than the tonal 
model and have a rather different directivity. Likewise, the tonal model generates 
higher maximum noise levels, but in a region just upstream and downstream of the 
rotor plane. 







 Appropriate resolution models for MINI wind turbine noise Page 5 of 8 


 


 


 


 


Figure 2: Predicted overall SPL for nominal wind speed 7m/s. FAST predictions 
shown as solid line, tonal model data shown as circles. 


 


Obviously, the two models do not give the same results and the simple tonal model 
cannot be used to make predictions of absolute levels for use in deciding where to 
site a turbine. This is not our purpose in applying the technique, however. The aim is 
to implement a model which uses minimal data to correctly predict the trend of noise 
level as design parameters are varied. At the early stages of a design, the 
aerodynamic calculations are based on simple `lifting line' type models assuming a 
uniform inflow. Given this level of detail, the question is: `can we correctly predict 
how the noise level changes as the operating environment changes?' 
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Figure 3: Variation of noise level with wind speed. Plot a: 20m downstream of rotor; 
plot b: 40m downstream of rotor. FAST predictions are shown as a solid curve, tonal 


model data are shown as circles. The tonal model predictions at 40m have been 
shifted up by 25dB (see main text for details). 


 


Figure 3 shows the variation in overall SPL as a function of nominal wind speed, 
downstream of the rotor (results upstream of the rotor show similar trends). The 
measurement points chosen are on the ground, 20 and 40 meters downstream of the 
rotor centre. The match between the two prediction methods is very good at 20m, 
except for the different trend predicted as the wind speed increases over 10m/s. 
Otherwise, the tonal model follows the FAST data quite well over the range 4m/s to 
10m/s. At 40m downstream of the rotor, it is clear from Figure 2 that there is a large 
difference between the two prediction methods. For this reason, to make the trends 
clearer, the tonal model predictions have been shifted up by 25dB in the second plot 
of Figure 3. With this shift, the trend in noise is again predicted quite well, over the 
range 4m/s to 10m/s, but fails to predict the increase in noise which FAST yields at 
12m/s. The relevant point is that using the simple disk model would have correctly 
predicted the variation in noise level over the primary range of wind speeds.  


The results for this test case show that it is possible to use a simple model to make 
decisions about the gross design of a rotor, using the basic aerodynamic data which 
are available. It is worth noting that running the simple tonal model takes very much 
less time than running FAST (which also performs a full aerodynamic and structural 
calculation) so it can be used in optimization of a design at an early stage. The point 
which must now be addressed is why this simple model works, given that it must 
obviously be interpreted with some care. 


Model comparison 


We have found that, for the test case considered, a simple tonal model and a 
sophisticated analysis tool predict the same trends in aerodynamic noise over the 
range of velocities relevant to a small turbine. If the simple model is to be used, it is 
important to understand why and how it gives good results for the trend, so that its 
predictions can be used properly in making decisions about new designs. 


The correlations which the FAST code uses for noise prediction are described by 
Moriarty and Migliore (2003). For most of the mechanisms the SPL is given by an 
equation of the form: 
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where   is the boundary layer displacement thickness,   is the blade section span,   
is an empirical directivity function and M is the section Mach number based on the 


local velocity. The term   is composed of a number of terms which depend on the 
noise mechanism being considered. For a given blade geometry, the prediction 
equation can be summarized as composed of a part which scales with Mach number 
and boundary layer thickness and a Reynolds number dependent part which is 
measured empirically. The directivity is taken from measured data. Clearly, the 
directivity function is quite different from that computed for the tonal model, as is 
evident from Figure 2, but the scaling with blade section velocity will be similar in 
both cases. It is known (Parry & Crighton, 1989) that the noise from subsonic rotors 
is exponentially dominated by the source at the blade tip so the scaling with local 
Mach number can be expected to be the dominant cause of variation in the radiated 
noise. This scaling will be similar for the tonal and broadband models, though with a 
different amplitude. Furthermore, the steady blade loading should vary with the same 
parameters (Reynolds number, for example) as the terms which control the radiated 
broadband noise. In effect, the blade loading acts as a proxy for the broadband noise 
terms and yields a prediction for noise which varies with velocity in the same way as 
the detailed semi-empirical model, within the uncertainty of the data at the first stage 
of design. We conclude that, if proper precautions are taken, a simple tonal model 
can be used to assess the variation of noise with operating parameters of small scale 
turbines. 


Conclusions  


A simple model has been applied to the prediction of noise from a mini wind turbine. 
Comparison with the results from a sophisticated model which incorporates the full 
range of mechanisms responsible for noise from turbines has shown that while the 
low frequency, tonal model does not give predictions comparable to the noise from 
the full set of mechanisms, it does give results which scale in a similar manner. We 
conclude that a simple tonal model can be used with limited aerodynamic data to 
make rational choices about blade design in the early stages of a new project when 
simple, engineering methods are appropriate. 
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Abstract 
This paper presents the results of two-dimensional CFD simulations of the flow field 
around a vertical-axis wind turbine rotor, with emphasys on noise generation and 
propagation. The effect of the central shaft on overall rotor noise emission is 
analyzed using the Ffowcs-Williams and Hawkings acoustic model.  
The solutions are obtained using unstructured moving sub-grids rotating along with 
the rotor blades. After describing and validating the computational model with 
experimental data, a time-accurate flow solution is generated for two different rotor 
configurations, characterized by a simple NACA 0021 three-bladed rotor and by a 
NACA 0021 three-bladed rotor presenting a central shaft. 
After running transient solutions until statistically steady-states are obtained by 
monitoring the major flow field and dynamic variables (such as rotor instantaneous 
torque), 8 acoustic receivers are placed inside the computational domain and their 
sound pressure signals are analyzed as a function of both time and rotor angular 
position. 
Flow field characteristics are investigated for optimum tip speed ratio conditions, 
allowing a first estimation of the influence of the central shaft on vertical-axis wind 
turbine sound emission. 
 


Nomenclature 
As [mm2]   rotor swept area 
c [mm]   blade chord 
Cp,ave [-]   average power coefficient during a full rotor revolution 
CT(θ) [-]   rotor instantaneous torque coefficient 
Drotor [mm]   rotor diameter 
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Dshaft [mm]   shaft diameter 
f [Hz] acoustic pulsation frequency due to interference between 


blades and shaft wake 
Hrotor [mm]   rotor height 
Lx [mm] distance from rotor axis in the direction of unperturbed 


freestream 
Lw [dB]   acoustic power level 
N [-]    number of rotor blades 
p [Pa]    sound pressure 
pref [Pa]   reference  sound  pressure (assumed 2·10-5) 
Pave [W]   average power during a full rotor revolution 
Rrotor [m]   rotor radius 
T [s]    rotor period of revolution 
Trotor (θ) [Nm]   rotor instantaneous torque 
TSR [-]    tip speed ratio 
V∞ [m/s] unperturbed wind velocity at computational domain 


entrance 
W0 [W]   reference sound power level (assumed 10-12) 
Wsound [W]   sound power 
θ [°]    blade azimuthal coordinate 
ρ [kg/m3]   air density (assumed 1.225) 
σ [-]    rotor solidity 
ω[rad/s]   rotor angular velocity 
 


Introduction 
The urgent need to reduce dependence on fossil fuels is being met, at least in part, 
by the development of wind turbines, both onshore and offshore: the awareness of 
the limited resources of fossil fuels and the rising concern for the effects of the 
increased amount of greenhouse gases in the atmosphere have given the wind 
turbine industry a considerable push forward. As pointed out by the First International 
Conference on Wind Turbine Noise [1], the development of onshore wind power 
results in wind turbines closer to habitations, leading to the possibility of noise 
problems, such that frequent objections raised in planning procedures concern noise 
and vibration. 
In recent years a growing interest in the use of wind turbines inside urban areas is 
also to be registered. Due to the unpredictability and unsteadiness of the airflow 
close to buildings, conventional horizontal-axis wind turbine (HAWT) designs resulted 
in low efficiency because of their requirement to be set into the wind direction in 
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order to operate at maximum power coefficient. Thanks to its inherent capability of 
operating independently from wind direction, an effective alternative is a vertical-axis 
design, which has now reached first-generation production level. Moreover, vertical-
axis wind turbine (VAWT) maximum power coefficient can be obtained at lower tip-
speed ratio compared with conventional HAWTs, thus reducing flow induced noise. 
However, little is known about such turbine noise generation. Hence, as stated by 
Sezer-Uzol et al. [2], the accurate predictions of aerodynamic loads and noise 
become a challenging key issue in the design process of wind turbines, in 
consideration of their intended locations. VAWT designers result therefore in need of 
guidance to ensure that their products have satisfactory acoustic performance. As 
reported by Pedersen [3], on the one hand, there is a social requirement for erecting 
more wind turbines in order to generate electricity without harm to the environment; 
on the other hand, there is an individual need for quiet and peace in the home 
environment: both these demands have to be met in the future developments of wind 
turbine design. 
Computational Fluid Dynamics (CFD) can nowadays be considered as a powerful 
design tool, whose integration into industrial development and production life-cycles 
is continuously rising. As observed by Caridi [4], this was made possible because of 
two main factors: 


• the increase in computer performance and network facilities; 
• the progress made in general purpose CFD software between modeling 


complexity and practicability within the industrial environment. 
Nevertheless, while numerical methodologies are well established for several 
applications such as aerodynamics, heat exchange, etc., aeroacoustic CFD 
simulations still represent a challenge, in particular as far as their industrial 
practicability is concerned. 
Timouchev [5] performed three-dimensional CFD analysis of a 2 m diameter and 
4.03 m height Savonius rotor characterized by a twisted double-bladed architecture 
for a wind velocity of 10 m/s. The numerical simulations showed that the non-
uniformity of the flow-field generated by the interaction between the freestream and 
the Savonius turbine blades generates blade passing frequencies (BPF) pressure 
pulsations, whose amplitudes attenuate very rapidly inside a zone of about 15 rotor 
diameters from the noise source.  
Iida et al. [6] simulated the unsteady flow field around a three-bladed Darrieus rotor 
adopting the discrete vortex method. The aerodynamic noise radiated from the 
turbine, estimated at 5 m distance from the rotor axis, was determined using the 
Ffowcs Williams-Hawkings method [7]. The numerical results showed the reduced 
noise emission of a VAWT compared to a classical horizontal-axis configuration, 
indicating VAWTs as useful candidates in order to develop low-noise power 
generation systems. 
The present work proposes the results of two-dimensional, time-accurate, parallel 
CFD simulations of the flow field around a three-bladed Darrieus rotor. Realizable k-ε 
turbulence model with Enhanced Wall Treatment option is used for viscous 
computations. The commercial 2-D, unsteady, parallel, finite volume flow solver 
ANSYS FLUENT ® is used for the simulations. The solutions are obtained using 
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unstructured moving grids rotating with the turbine blades. Two different flow cases 
are investigated: 


• a three-bladed configuration without central shaft, named Model 0; 
• the same rotor architecture in presence of the central shaft, named Model 1.  


The effect of the central shaft on overall rotor noise emission is thus analyzed, using 
the Ffowcs-Williams and Hawkings acoustic model, by means of 8 receivers placed 
inside the computational domain, whose sound pressure signals are analyzed as a 
function of both time and rotor angular position. 
 


Model Geometry 
The aeroacoustic analysis proposed in the present work is based upon the 2D 
vertical-axis Darrieus wind turbine geometry analyzed by RacitiCastelli et al. [8], [9]. 
Rotor's main geometrical features are summarized in Table 1. The solidity parameter 
σ is defined as Nc/Rrotor, as suggested by Strickland [10]. 
 


Drotor [mm] 1030 


Hrotor [mm] 1 (2D simulation) 


N [-] 3 


Blade profile NACA 0021 


c [mm] 85.8 


Spoke-blade connection 0.25 c 


σ [-] 0.5 


Dshaft [mm] 50 


 
Table 1: Main geometrical features of the tested models 
 
Rotor azimuthal position was identified by the angular coordinate of the pressure 
centre of blade No. 1 midsection (set at 0.25·c for NACA 0021 airfoil), starting 
between the 2nd and 3rdcartesian plane octants, as can be seen in Figure 1. 
The aeroacoustic analysis was conducted for the turbine operating inside a constant 
wind speed of 9 m/s and for an optimum tip speed ratio, defined as: 
 
TSR = ωRrotor / V∞          (1) 


 
of 2.33, as can be determined from Figure 2, representing the evolution of rotor 
average power coefficient, defined as: 
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            (2) 
 
as a function of the TSR parameter. 
 


 
Figure 1: Azimuthal coordinate of blade midsection’s centre of pressure (from: 
[8]) 
 
 


 
Figure 2: Evolution of rotor average power coefficient as a function of TSR for 
an incident wind speed of 9 m/s (from: [8]); the red arrow indicates the 
optimum TSR position, where the aeroacoustic analysis was conducted 
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Spatial Domain Discretization 
The use of moving sub-grids was necessary, due to the movement of the rotor 
elements. In particular, the discretization of the computational domain into macro-
areas has led to two distinct sub-grids: 


• a rectangular outer zone, determining the overall calculation domain, with a 
circular opening centered on the turbine rotational axis, which was identified 
as Wind Tunnel sub-grid, fixed; 


• a circular inner zone, which was identified as Rotor sub-grid, rotating with rotor 
angular velocity ω. 


 


Wind Tunnel Sub-Grid 
Figure 3 shows the main dimensions and the boundary conditions of the Wind 
Tunnel sub-grid area. 
 


 
Figure 3: Main dimensions [mm] of the Wind Tunnel sub-grid area (from: [8])  
 
Two symmetry boundary conditions were used for the two side walls. The 
circumference around the circular opening centered on the turbine rotational axis 
was set as an interface, thus ensuring the continuity in the flow field. 
An unstructured mesh was chosen for the Wind Tunnel sub-grid, in order to reduce 
engineering time to prepare the CFD simulations. 
 


RotorSub-Grid 
The Rotor sub-grid is the fluid area simulating the revolution of the wind turbine and 
is therefore characterized by a moving mesh, rotating at the same angular velocity of 
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the turbine. Its location coincides exactly with the circular opening inside the Wind 
Tunnel sub-grid area and is centred on the turbine rotational axis. 
Figure 4 shows the main dimensions and the boundary conditions of the Rotor sub-
grid area. 
 


 
Figure 4: Schema of Rotor sub-grid main dimensions [mm] (from: [8]) 


 


 
Figure 5: Grid points clustering close to trailing edge (from: [9]) 
 
An isotropic unstructured mesh was chosen for the Rotor sub-grid, in order to test the 
prediction capability of a very simple grid. All blade profiles inside the Rotor sub-grid 
area are enclosed in a control circle of 400 mm diameter. Unlike the interface, it has 
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no physical significance: its aim is to allow a precise dimensional control of the grid 
elements in the area close to rotor blades by adopting a first size function operating 
from the blade profile to the control circle itself and a second size function operating 
from the control circle to the whole Rotor sub-grid area, ending with grid elements of 
the same size of the corresponding Wind tunnel sub-grid elements. An interior 
boundary condition was used for control circle borders, thus ensuring the continuity 
of the cells on both sides of the mesh. 
Some details of the grid are visible in Figures 5 and 6: grid independent solutions 
were found using an unstructured mesh topology with approximately 106 cells. For 
more information about mesh generation and code validation, see [8] and [9]. 
 


 
Figure 6: Control circle for NACA 0021 blade section (from: [9]) 
 


Temporal Discretization and Convergence Criteria 
The commercial CFD package used was ANSYS FLUENT 6.3.26 ®, that implements 
2-D Reynolds-averaged Navier-Stokes equations using a finite volume-finite element 
based solver. The fluid has been assumed to be incompressible, being the maximum 
fluid velocity in the order of 60 m/s. 
The temporal discretization has been achieved by imposing a physical time step 
equal to the lapse of time the rotor takes to make a 1° rotation. An improved 
temporal-discretization simulation did not show any significant variation [9]. 
As a global convergence criterion, each simulation has been run until instantaneous 
torque coefficient values showed a deviation of less than 1% compared with the 







 
CFD Analysis of the Influence of Central Shaft on VAWT Noise Emission 


  Page 9 of 20 
  
 


corresponding values of the previous period, corresponding to a rotation of 120° due 
to rotor three-bladed geometry. Residual convergence criterion for each physical 
time step has been set to 10-5. 
The present simulations required about 16 CPU seconds per physical time step. An 
average of about 30 sub-iterations have been necessary to converge the solution at 
each physical time step. The simulations, performed on an 8 processor, 2.33 GHz 
clock frequency computer, have required a total CPU time of about 16 days for each 
simulation. 
 


Aerodynamic Noise Simulation 
As pointed out by Surugiu and Paraschivoiu [11], wind turbine acoustic emissions 
can be subdivided in mechanical and aerodynamic: 


• mechanical sound is mainly generated by the gearbox, but also by other 
machine components, such as the generator. As reported by Pedersen [3], in 
the last 10 years, manufacturers have been able to decrease the mechanical 
sound to a level below the aerodynamic sound; 


• aerodynamic sound is typically the dominating part of wind turbine noise. It 
comprises a broadband sound (that is a continuous distribution of sound 
pressure over a frequency range) and an amplitude modulation (when the 
sound pressure level rises and falls with time). It is generated by the 
fluctuating aerodynamic components of action (mainly the lift force) on the 
turbine blades. 


The present work concentrates merely on aerodynamic sound: the performance and 
aeroacoustic analysis is based upon a simplified aerodynamic model, consisting in 
the representation of flow field characteristics every 4 deg rotor azimuthal position 
along blade trajectory, as exemplified in Figure 7. 
 


 
Figure 7: Reference azimuthal position along blade trajectory (from: [8]) 
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After running the simulation until the transient flow field had become statistically 
steady [12], ANSYS FLUENT far-field method based on the Ffowcs Williams and 
Hawkings equation and its integral solution was adopted [7]. This acoustic model, 
based on an inhomogeneous wave equation that can be derived by manipulating the 
continuity equation and the Navier-Stokes equations, allows to select multiple source 
surfaces and receivers. The sound pressure signal thus obtained can be processed 
using the fast Fourier trasform (FFT) and associated postprocessing capabilities to 
compute and plot quantities such as the overall sound pressure level (SPL) and 
power spectra. 


 
Figure 8: Spatial displacement of the eight acoustic receivers 
 
The spatial coordinates of the acoustic receivers location are summarized in Table 2. 
 


Receiver x coordinate [mm] y coordinate [mm] 


1 1030 0 


2 892 515 


3 892 -515 


4 2060 0 


5 1784 1030 


6 1784 -1030 


7 3090 0 


8 4120 0 


Table 2: Spatial coordinates of the acoustic receivers location 
 
Figure 8 represents the location of the eight acoustic receivers displayed inside the 
computational domain: four of them were placed axially in the wake of the rotor, 
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spaced one rotor diameter each other, while the other four receivers were displayed 
aside from the direction of unperturbed wind speed, at an angle of ±30 deg with 
respect to the rotor axis. 
 


Results and Discussion 
Figure 9 represents the evolution of the maximum values of acoustic power level, 
defined as: 
 
LW = 10 log10 (Wsound/W0)        (3) 
 
during a full period of revolution (equal to 120 deg, due to rotor three-bladed 
geometry) as a function of azimuthal position, for an incident wind speed of 9 m/s 
and an optimum tip speed ratio of 2.33, for both Model 0 and Model 1 rotor 
architectures. Also Model 0 instantaneous torque coefficient, defined as: 
 
            (4) 
 
is represented, allowing a comparison between rotor torque generation and noise 
emission. As can be clearly seen, the azimuthal positions of maximum torque 
generation (and, consequently, power, being the rotor operating at constant angular 
speed) correspond to the azimuthal positions of maximum noise emission. It can also 
be noticed that instantaneous values of acoustic power level are quite similar for the 
two analyzed models. 
 


 
Figure 9: Evolution of the maximum values of acoustic power level (left) and 
instantaneous torque coefficient (right) for the two analyzed models (being 
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torque values quite similar, for the sake of clarity just Model 0 instantaneous 
values of torque coefficient are represented) 
 
Two relevant azimuthal positions can be identified: 


• a peak of noise emission, in correspondence of 88 deg azimuthal position; 
• a minimum point of noise emission, in correspondence of 20 deg azimuthal 


position. 
 


 
Figure 10: Contours of acoustic power level [dB] in correspondence of 88 deg 
azimuthal position, Model 0 
 
 


 
Figure 11: Contours of acoustic power level [dB] in correspondence of 88 deg 
azimuthal position, Model 1 
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Figures 10 and 11 compare the contours of acoustic power level in correspondence 
of 88 deg azimuthal position (peak of noise emission) for both Model 0 and Model 1 
configurations. As can be clearly seen, noise emission during the upwind period of 
blade revolution (where maximum blade torque values are reached) is quite higher 
with respect to the downwind one. Once more, it can be noticed that instantaneous 
values of acoustic power level are quite similar for the two analyzed models, being 
the noise emission of the central shaft negligible if compared to the noise emission of 
rotor blades. 
 


 
Figure 12: Spectral analysis of sound pressure level for receivers No. 1, 2 and 
3 (placed at one diameter distance from rotor axis) in correspondence of 88 
deg azimuthal position, Model 0 
 


 
Figure 13: Spectral analysis of sound pressure level for receivers No. 4, 5 and 
6 (placed at two diameter distance from rotor axis) in correspondence of 88 
deg azimuthal position, Model 0 
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Figures 12 and 13 show the spectral analysis of sound pressure level, defined as: 
 
SPL = 20 log10 (p/pref)         (5) 
 
for receivers No. 1, 2, 3, 4, 5 and 6 in correspondence of 88 deg azimuthal position 
(peak of noise emission) for Model 0 rotor configuration. In order to take into account 
also the dependence of the sensation of loudness with frequency according to the 
work of Fletcher and Munson [13], A-frequency weighting was applied to the 
computed sound pressure level, as schematized in Figure 14. 
 


 
Figure 14: A-frequency weighting contours 
 


 
Figure 15: Decrease of A-weighted values of SPL as a function of the non-
dimensionalized distance from rotor axis in the direction of unperturbed 
freestream for several ranges of frequency, Model 0 
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The higher A-weighted SPL can be registered between 350 and 710 Hz for the 
receivers located at one-diameter distance from rotor axis, being the higher values 
registered from the receiver (No. 1) placed axially in the wake of the turbine. 
However, as can be seen in Figure 13, A-weighted SPL values decrease quite 
dramatically with the distance from rotor axis, at least for lower frequencies (under 
710 Hz). This phenomenon can be better seen from Figure 15, showing the decrease 
of A-weighted values of SPL as a function of the non-dimensionalized distance from 
rotor axis in the direction of unperturbed freestream for several ranges of frequency. 
Figures from 16 to 19 compare the evolution of the maximum values of A-weighted 
SPL (measured from all of the acoustic receivers displayed inside the computational 
domain) as a function of azimuthal position during a full period of rotor revolution. 
The effect of the central shaft is now dramatically visible: while Model 0 maximum 
values of A-weighted SPL are almost constant during the turbine revolution, Model 1 
measured values present marked oscillations as a function of azimuthal position. 
From Figure 18, a sudden decrease of maximum values of A-weighted SPL is 
registered from receiver No. 1 in correspondence of 12 deg azimuthal position and a 
gradual increase to the original value (with respect to Model 0 calculations) can be 
seen between 68 and 88 deg azimuthal position. 
The described phenomenon is due to the passage of the downwind blade into the 
wake generated from the rotor shaft, as can be clearly seen from the comparison 
between Figures 20 and 21, showing the contours of absolute velocity magnitude in 
corrispondence of 44 deg azimuthal position (as evidenced by the red arrow in 
Figure 18) for both Model 0 and Model 1 rotor configurations. 
 
 


 
Figure 16: Evolution of the maximum values of A-weighted SPL (measured 
from receivers No. 1, 4, 7 and 8) as a function of azimuthal position during a 
full period of rotor revolution, Model 0 
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Figure 17: Evolution of the maximum values of A-weighted SPL (measured 
from receivers No. 2, 3, 5 and 6) as a function of azimuthal position during a 
full period of rotor revolution, Model 0 
 
 
 
 
 


 
Figure 18: Evolution of the maximum values of A-weighted SPL (measured 
from receivers No. 1, 4, 7 and 8) as a function of azimuthal position during a 
full period of rotor revolution, Model 1 (the red arrow indicates a reference 
position which will be used in the continuation of the present work) 
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Figure 19: Evolution of the maximum values of A-weighted SPL (measured 
from receivers No. 2, 3, 5 and 6) as a function of azimuthal position during a 
full period of rotor revolution, Model 1 
 


 
 


 
 
 
 
 
 
 
 
Figure 20: Contours of absolute velocity magnitude [m/s] in correspondence of 
44 deg azimuthal position, Model 0 
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Figure 21: Contours of absolute velocity magnitude [m/s] in correspondence of 
44 deg azimuthal position, Model 1 
 
The resultant effect of the described phenomenon is a pulsation occurring twice in a 
period: 


• when the downwind blade enters the wake from the central shaft (in 
correspondence of the sudden decrease of maximum values of A-weighted 
SPL); 


• when the downwind blade exits from the wake from the central shaft (in 
correspondence of the gradual increase of maximum values of A-weighted 
SPL). 


Being rotor angular velocity, determined from eq. (1), equal to 40.73 rad/s, the 
corresponding rotor period of revolution can be determined from the following 
equation: 
 
            (6) 
 


s051.0=
ω3
π2


=T
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resulting the corresponding acoustic pulsation frequency: 
 
            (7) 
 


Conclusions and Future Works 
In this paper, a numerical model for the evaluation of the effect of the central shaft on 
overall rotor noise emission of a straight-bladed vertical-axis Darrieus wind turbine 
was presented, based on the application of the Ffowcs-Williams and Hawkings 
acoustic model. 
A simplified aeroacoustic model, based on the analysis of pressure fluctuations at 
discrete and fixed rotor azimuthal positions along blade trajectory was presented, 
allowing the correlation between rotor dynamic characteristics, such as torque and 
power coefficients, and acoustic measurements. 
The results of two-dimensional simulations were proposed for a classical NACA 0021 
three-bladed rotor design operating at optimum TSR value. The obtained results 
showed great correspondence between azimuthal positions of maximum torque and 
power generation and azimuthal positions of maximum noise emission, once again 
confirming wind turbine noise emission to be strictly connected with power 
generation. It was also seen that noise emission during the upwind period of blade 
revolution (where maximum blade torque values are reached) is quite higher with 
respect to the downwind one. 
The obtained results showed also a quite dramatic decrease of A-weighted SPL 
values with the distance from rotor axis, at least for lower frequencies (under 710 
Hz). 
The comparative analysis of acoustic power level between two rotor architectures, 
respectively characterized by the presence and the absence of the central shaft, 
showed very little difference, resulting the noise emission of the central shaft 
negligible if compared to the noise emission of rotor blades. On the contrary, the 
evolution of the maximum values of A-weighted SPL as a function of azimuthal 
position during a full period of rotor revolution evidenced the dramatic effect of the 
central shaft, causing marked oscillation in the measured acoustic values due to the 
passage of the downwind blade into the wake generated from the rotor shaft itself 
and causing a low frequency pulsation whose period is connected to rotor angular 
velocity. 
Further work is to be performed in order to investigate several freestream velocities 
and TSR values, allowing a quantification of the effect of the central shaft on noise 
emission for the full range of rotor operating conditions. 
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Abstract 
A number of proposed wind farm developments have been granted planning 
permission in recent years in Victoria, Australia.  In each case there are a number of 
conditions, including conditions for noise emission, associated with the planning 
permit, which must be satisfied throughout the construction and operational phases 
of the wind farm.  The noise conditions typically require that noise monitoring be 
carried out at residential properties around the wind farm in order to confirm that 
emission from the wind farm complies with noise limits determined according to the 
relevant standard, New Zealand Standard 6808:1998 Acoustics - The assessment 
and measurement of sound from wind turbine generators (NZS6808:1998).  Early 
permit conditions required 10-14 days monitoring to occur once a month for a period 
of 12 months.  More recent permits require two sets of 10-14 days monitoring 
separated by approximately 10-12 months in some cases with additional filtering for 
wind direction.  As a continuation of earlier work (Delaire, 2007) this paper reviews 
noise conditions from recent planning permits.  In addition, a set of representative 
data is analysed using the various noise conditions to determine how consistent the 
outcomes of the various methods are. 
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INTRODUCTION 
When a wind farm development is granted planning permission in Victoria, Australia 
there are a number of conditions, including conditions for noise emission, which must 
be satisfied throughout the construction and operational phases of the wind farm.  
The noise conditions typically require that noise monitoring be carried out at 
residential properties around the wind farm in order to confirm that emission from the 
wind farm complies with noise limits determined according to the relevant standard, 
New Zealand Standard 6808:1998 Acoustics - The assessment and measurement of 
sound from wind turbine generators ([1] NZS6808:1998).   
Early permit conditions required 10-14 days monitoring to occur once a month for a 
period of 12 months.  More recent permits require two sets of 10-14 days monitoring 
separated by approximately 10-12 months in some cases with additional filtering for 
wind direction.  Delaire (2007) Error! Reference source not found. supported the 
adoption of permit conditions which did not require 12 months post-construction 
noise monitoring.  In June 2009, the Lal Lal Wind Farm permit conditions were 
released.  Consistent with the Macarthur Wind Farm permit conditions and the 
recommendations from Delaire (2007), the Lal Lal Wind farm planning permit 
conditions involve 2 rounds of monitoring spaced 10-14 months apart, with some 
discrimination of the data on the basis of wind direction.  Since then noise related 
permit conditions have been issued for seven Victorian wind farms using, in general 
terms, the approach to post-construction noise monitoring described in the Lal Lal 
Wind Farm permit conditions.   
As a continuation of Delaire (2007) this paper reviews noise conditions from a 
selection of recent planning permits.  In addition, a set of representative data is 
analysed using the various noise conditions to determine how consistent the 
outcomes of the various methods are.  This paper considers unattended post-
construction measurement methods as these have been used most commonly to 
data in Victoria.  Attended or on/off tests are not directly considered. 
 


A REVIEW OF PREVIOUS WORK 
A paper presented at the Wind Turbine Noise 2007 Conference, Review of post-
construction noise compliance assessment conditions included in various wind farm 
planning permits in Victoria, Australia (Delaire, 2007), reviewed and discussed a 
number of planning permits issued for wind farms in Victoria, Australia.   
As the current paper continues the theme of this analysis, several key items from 
Delaire (2007) are noted herein. 
 
Planning process 
The planning permit conditions for a proposed wind farm in Victoria are currently 
determined by an independent panel appointed by the State Minister for Planning, 
when the project's power output exceeds 30MW, or by the local council for smaller 
projects. 
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During the panel hearing, the community, local council and technical experts provide 
submissions to assist the panel in making its decision.  The panel members usually 
consist of lawyers, planners and engineers.  During this process planning permit 
conditions can be proposed by any submitters and the panel will then decide on the 
final set of conditions to be included in the planning permit.  An indicative flowchart of 
the process is presented in Figure 1. 
 


 
Figure 1: Planning process indicative flow chart 


The Independent Panel provides its recommendations to the Minister for Planning 
through a Panel Report which includes recommended draft permit conditions to fit 
any specific requirements that may exist for a particular project.  The Minister for 
Planning then issues the final planning permit which may differ significantly from the 
Independent Panel’s recommendation.   
 
Planning permit conditions 
A summary of planning permit conditions included in the 2007 study which relate to 
the post-construction noise assessment for wind farms are presented Table 1. 


Planning permit 
conditions 


Independent 
Panel 


Developer 


Community 


Local Council 


Technical experts 
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Table 1: Summary of requirements 


Wind Farm 


Compliance 
with 


NZS6808:1998? 


Post-construction noise monitoring program 


Comments Required? Commencement Duration 


Challicum Hills 
issued 8/10/2001 


Yes No n/a n/a To the satisfaction of the 
responsible authority 


Wonthaggi Yes Yes Not specified Not specified At any existing dwelling at the 
time of the application 
To the satisfaction of the 
responsible authority 


PWEP 
issued 04/2003 


Yes Yes 2 months from the 
commissioning of 
the first generator 


A minimum of 12 
months after the 
commissioning of 
the last generator 


Monthly results must be 
forwarded to the Minister for 
Planning within 30 days of the 
end of each month 


Waubra 
issued 26/05/2005 


Yes Yes 2 months from the 
commissioning of 
the first generator 


A minimum of 12 
months after the 
commissioning of 
the last generator 


Report summarising the 
results of the monitoring 
program must be forwarded to 
the Minister for Planning within 
45 days of the end of the 
monitoring period 


Macarthur 
issued 26/10/2006 


Yes Yes Initial program: 
within 2 months of 
the commissioning 
of the last turbine 
(or group of 
turbines if staged 
construction) 
Second program


 


: 
between 10-12 
months of the start 
of the initial 
program for the 
whole site 


Monitoring starting date and 
extent to be agreed between 
the responsible authority and 
the facility operator 
Concurrently monitoring at all 
dwellings where background 
noise monitoring was 
undertaken 
If compliance was 
demonstrated by the initial 
program, a second noise 
compliance  monitoring 
program is to be undertaken 
No further noise compliance  
monitoring program is required 
if compliance is demonstrated 
by the second program 
Further noise compliance 
monitoring may be required by 
the responsible authority at 
any dwelling on the basis of a 
reasonable belief that the 
noise limits are exceeded. 


 
2007 recommendations 
After reviewing a selection of planning permit conditions related to post-construction 
noise assessment, the 2007 study found that the level of complexity and detail varied 
significantly between projects.  The New Zealand Standard provided only the 
methodology for determining compliance while details regarding the way the post-
construction noise monitoring program should be undertaken were limited. 
It was considered that permit conditions requiring measurements to be performed 
once the first generator was completed would not prove compliance or otherwise with 
NZS6808:1998 noise limits as the measurements would not be representative of the 
whole wind farm and would likely be affected by construction noise.  In addition, it 
was considered that guidance regarding the wind conditions required during the 
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measurement period should be provided in addition to the duration of the monitoring 
period. 
The following recommendations were proposed for inclusion in future revisions of 
NZS6808:1998: 


• Post-construction noise monitoring should be undertaken during a period of worst 
case wind when the monitored property is located downwind from the nearest 
turbines  


• Compliance should be demonstrated during two periods of noise monitoring 
separated by at least ten months and no more than twelve months 


An example revised post-construction noise assessment condition was proposed in 
the 2007 study, which is represented in Appendix A. 
 


THE CURRENT STATE OF PLAY 
New and revised standards and guidelines 
Recently in Australasia, several standards and guidelines have been either published 
or revised.  The following key new documents are available: 


• New Zealand Standard 6808:2010 Acoustics – Wind farm noise (NZS6808:2010) 
[3] 


• Australian Standard 4959:2010 Acoustics – Measurement, prediction and 
assessment of noise from wind turbine generators (AS4959:2010) [4] 


• South Australia Environment Protection Authority Wind farms environmental 
noise guidelines (SA Guidelines 2009) [5] 


• EPHC National wind farm development guidelines – Draft July 2010 (NWFDG) [6] 
Notwithstanding the above, it is still currently NZS6808:1998 which is the guidance 
document specified by the Victorian State Government for assessment of noise 
emission from wind farms, just as it was being applied during the work undertaken in 
2007. 
Only the SA Guidelines 2009, which are not applicable in Victoria, provide a detailed 
methodology for measuring and analysing post-construction noise monitoring results.  
They state that compliance assessment should be based on 500 data points 
associated with the worse case wind direction from the wind farm to the monitored 
property ±45°. 
In late 2010, state elections saw a new government take power in the state.  Wind 
farm noise emission featured in the pre-election policies campaigned by the elected 
party and it is understood that legislation regarding noise emission is currently being 
drafted. 
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Recent Victorian planning permits 
In February 2008, during the Crowlands Wind Farm panel hearing, post-construction 
noise compliance conditions consistent with Delaire (2007) were recommended by 
the noise expert.  These conditions were largely adopted by the panel, as detailed in 
their report dated June 2008.  However the Crowlands Wind Farm panel report was 
not made publically available until August 2010, after the time of issue of the 
planning permit.  The Crowlands Wind Farm planning permit conditions are 
consistent with Delaire (2007). 
In November 2008, post-construction noise compliance conditions consistent with 
Delaire (2007) were also presented by the noise expert during the Lal Lal Wind Farm 
panel hearing.  The conditions were again largely adopted by the panel as detailed in 
their report dated February 2009.  However, the post-construction noise compliance 
conditions included in the planning permit for the wind farm, issued in April 2009, 
varied significantly from those drafted in the panel report. 
In 2010, during the panel hearings for the Berrybank, Mortlake, Ararat, Stockyard 
Hill, Yaloak South and Moorabool wind farms, the Lal Lal Wind Farm planning permit 
was a key reference document.  In particular, the timings of the various hearings 
predated the issue of the Crowlands Wind Farm planning permit whereas the Lal Lal 
Wind Fram planning permit had only recently been issued.  The noise related permit 
conditions for the Berrybank, Mortlake, Ararat, Yaloak South and Moorabool wind 
farms have effectively shadowed the Lal Lal Wind Farm permit conditions, with some 
variations from project to project.  A summary of the NZS6808:1998 based post-
construction noise conditions from selected planning permits issued since Delaire 
(2007), is provided in Table 2.  Extracts of noise related conditions from selected 
planning permits are presented in Appendix B. 
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Table 2: Overview of recent Victorian planning permits 


Wind farm Comply 
with 


NZ6808:1998 


Post-construction noise monitoring program? Comments 


Required? Timing Duration 


Lal Lal [7] 
Issued 30/04/2009 


 


Yes Yes Completed within 
14 months from 
commissioning of 
the last turbine 


In accordance with 
NZS6808:1998, which 
implies at least 10 days 
monitoring and 1440 
data pairs. 


A second round of 
monitoring is to be 
carried out within 10-14 
months of the first 
round. 


Additional data requirements 
include: 
+ Minimum 500 data points 
+ 1% of data pairs at hub height 
wind speeds ≥ 8m/s 
+ 1% of data pairs at hub height 
wind speeds ≤ 4m/s 
+ The number of data pairs in the 
down wind direction proportional to 
the expected monthly average* 


Attended monitoring may be used in 
lieu. 


Crowlands [7] 
Issued 18/08/2010 


 


Yes Yes Started within 2 
months of 
commissioning of 
the last turbine 


In accordance with 
NZS6808:1998, which 
implies at least 10 days 
monitoring and 1440 
data pairs. 


A second round of 
monitoring is to be 
carried out within 10-12 
months of the first 
round. 


Consistent with the recommended 
permit conditions of Delaire (2007) 


 


Berrybank [9], [10] 
issued 24/08/2010 
Mortlake [11] 
issued 07/10/2010 
Ararat [12], [13] 
issued 22/10/2010 
Yaloak South  
issued 26/10/2010 
Moorabool [9] 
issued 29/10/2010 


Yes Yes Completed within 
14 months from 
commissioning of 
the last turbine 


In accordance with 
NZS6808:1998, which 
implies at least 10 days 
monitoring and 1440 
data pairs. 


A second round of 
monitoring is to be 
carried out within 10-14 
months of the first 
round. 


Attended monitoring may be used in 
lieu. 


Stockyard Hill [15] 
issued 26/10/2010 


Yes Yes As specified by the 
Noise Compliance 
Testing Plan, 
which must be 
approved by the 
Minister prior to 
the wind farm 
being 
commissioned, but 
generally not more 
than 60 days after 
commissioning 


As specified by the 
Noise Compliance 
Testing Plan, which 
must be approved by the 
Minister prior to the wind 
farm being 
commissioned.    


Pragmatically, likely to 
require a minimum of 
4000 data points for 
analysis. 


Additional requirements:** 
+ Consideration of time of day  
(24 hour and night time)  
+ Consideration of wind direction, 90 
degree quadrants, without 
consideration of surrounding noise 
sources and geographical 
arrangement of the farm. 


An alternative attended monitoring 
program could also be used, which 
is of shorter duration. 


* see below for additional discussion of wind direction related issues. 
** See below for additional discussion.  
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The post-construction noise monitoring requirements detailed in the planning permit 
for the Stockyard Hill Wind Farm are less explicit than those detailed in other permits.  
For example, where the Lal Lal Wind Farm permit details the timing and duration of 
post-construction monitoring, the Stockyard Hill Wind Farm refers these 
requirements to the Noise Compliance Testing Plan.  Requirements for pre-
construction noise monitoring, however, are well detailed.  For example, information 
is provided regarding the number of properties to be monitored and minimum number 
of data points to be collected as are details of analysis of wind direction and time of 
day.  It could be inferred that the post-construction monitoring requirements should 
mirror the requirements of the pre-construction campaign.  However, while it is this 
approach which has been adopted for the notes in Table 2, there are no specific 
comments provided in the permit conditions.  Of the planning permits detailed in 
Table 1 and Table 2, three general types or groups of permit may be identified, as 
detailed in Table 3 below. 
Table 3: Planning permit condition groupings 


Type  Wind farms Features Comments 


A  PWEP 
Waubra 


12 rounds of fortnightly 
monitoring 


- 


B 1 Macarthur 
Crowlands 
 
 


First monitoring campaign to 
be started within 2 months 
of commissioning of the last 
turbine 


Second monitoring 
campaign to be undertaken 
10-12 months from the first 
campaign showing 
compliance 


Conditions do not explicitly require 
consideration of wind direction.  
However, time of noise monitoring 
should be agreed with the Relevant 
authority. 


2 Lal Lal First monitoring campaign to 
be started within 2 months 
of commissioning of the last 
turbine 


Second monitoring 
campaign to be undertaken 
10-14 months from the first 
campaign showing 
compliance 


Conditions require specific wind direction 
considerations. 


3 Berrybank 
Mortlake 
Ararat 
Yaloak South 
Moorabool 
 


First monitoring campaign to 
be completed within 14 
months of commissioning of 
the last turbine 


Second monitoring 
campaign to be undertaken 
10-14 months from the first 
campaign showing 
compliance 


Conditions do not explicitly require 
consideration of wind direction.  
However, their permit conditions do 
include a clause describing how to 
determine the worst case wind direction 
from which it could be implied that wind 
direction review is appropriate. 


C  Stockyard Hill As defined in the Noise 
Compliance Testing Plan.  
Pragmatically, 4000 data 
pairs should be collected. 


- 
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For Type B permit conditions, where the noise monitoring is to start 10-14 months of 
commissioning, it would allow for monitoring to be undertaken during expected worst 
case wind directions at each of the dwelling.  For example, annual wind data could 
be reviewed to determine the time of year when the wind direction is most commonly 
downwind from the wind farm to the monitoring location.  Repeating the noise 
monitoring campaign within 10-14 months of the first campaign would typically allow 
for the same wind conditions to be monitored. 
Concurrently, it should be noted that carrying out two rounds of monitoring 10-14 
months apart will effectively only capture noise levels during one season of the year.  
If there is significant seasonal variation in noise levels, this would not be well 
represented using the monitoring approach of the Type B permit conditions. 
 
A COMMENT REGARDING WIND DIRECTION 
Some recent planning permits (Type B1 and B2) require consideration of wind 
distributions to establish the extent of wind which blows from the wind farm to the 
monitored property ±22.5°.  This approach, while reasonable in principle, can present 
some difficulties in practice.   
It can often be unclear what the downwind or worst case wind direction should be.  
The SA2009 Guidelines note that a worst case wind direction defined as a “wind 
direction spread of 45° either side of the direct line between the nearest WTG and 
the relevant receiver is considered acceptable”.  
However, this type of approach can prove problematic.  For example, consider the 
following simple scenario. 


 
Figure 2: Simple worst case wind direction scenario 


The nearest turbine, to the west, is 500m from the dwelling.  However, there are two 
turbines positioned approximately 700m east of the dwelling whose combined noise 
emission may be similar to the one turbine to the west.  In this case, should the worst 
case wind direction be: 


• To the east 


• To the west 


• A combination of easterly and westerly directions and, if so, what proportion of 
winds should be in which direction 


500m 


700m 
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Even this simple example presents three feasible options for the worst case wind 
direction.  Wind farms will, of course, generally be much more involved than this 
simple three turbine case, which can result in even less clarity regarding what the 
worst case wind direction might be. 
In such a situation the SA Guidelines 2009 requires a separate analysis for each of 
the worse case wind directions. 
The use of a “noise rose” can assist in determining the most suitable range of worse 
case wind directions.  A noise rose is created by calculating or predicting the noise 
emission levels from noise sources around a given receiver and plotting the noise 
level according to the direction of the noise source from the receiver. 
An example of a “noise rose” for the site used in the case study below is presented in 
Figure 3.  The wind direction resolution for the noise rose in Figure 3 is 10° and noise 
level iterations are shown as increasing circles.  The grey areas in Figure 3 indicate 
wind directions where noise emission from wind turbines will impact on the selected 
receiver.  Red areas indicate wind directions for which there are no wind turbines.  
 


  
Figure 3: Example noise rose 


According to the noise rose presented in Figure 3, there are two significant wind 
direction ranges for this dwelling, namely: 70-210°, and; 260-350°.  Similar to the 
simple case study considered above, it is again not immediately clear which range of 
wind directions should be considered the worst case.  The maximum predicted noise 
emission is at 300° in the 260-350° wind direction range whereas the 70-210° range 
has moderately lower levels of predicted noise emission but over a greater range of 
wind directions. 
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Given the relatively uniform distribution of noise emission across the two wind 
direction ranges, it would likely be most appropriate to incorporate both ranges into 
the worst case direction range.   
In practical terms, it is considered that any given worst case range should not be less 
than 90°. 
 


CASE STUDY FOR DATA ANALYSIS 
A set of representative data is analysed herein according to the various noise 
conditions described above to determine how the outcomes may vary.  In other 
words, for a given set of data, do the various monitoring and analysis methods from 
the planning permits considered result in the same level of post-construction wind 
farm noise emission being derived? 
The example data set used in the following analysis comprises more than 20,000 
data pairs.  For the analysis and comparison purposes, it is inherently assumed that 
the regression analysis of this rather large data set is generally representative of the 
actual post-construction noise level/wind speed relationship at the monitored 
property.   
The key wind speed range in the following analysis is approximately 5-10m/s at 10m 
AGL as below 5m/s wind farm noise emission tends to be dominated by the ambient 
noise and at higher wind speeds, above about 10m/s, wind generated noise sources 
closer to the monitoring location tend to dominate the wind farm noise emission. 
 
NZS6808:1998 procedure 
Post-construction noise monitoring is addressed in Section 5 of NZS6808:1998.  The 
key features are noted here: 


• Monitoring is to be carried out in general accordance with the requirements of the 
pre-construction monitoring methodology.  Specifically, measuring LA95 noise 
levels over continuous 10 minute intervals for a period of 10-14 days. 


• Monitored noise levels are to be correlated with wind speeds measured at the 
wind farm at a height between 10m above ground level (AGL) and hub height. 


• A regression analysis should be carried out for the noise level/wind speed data 
pairs, to determine a regression equation which describes the variation in noise 
level with changes in wind speed. 


It is the regression curve discussed in bullet point three that is the focus of the 
following analysis.  Note that for the current analysis the regression curve represents 
the average post-construction noise levels at the monitoring location, comprising 
wind farm noise emission and ambient noise.  It would typically be the case that a 
compliance assessment would include calculations to correct the post-construction 
noise levels for ambient (background) noise to derive an estimate for the wind farm 
noise emission.  As the focus of the following analysis is comparison this additional 
step has not been carried out and average post-construction noise levels are used 
directly.   
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For this study, all wind speeds have been referenced to hub height.  In the charts 
presented in the following sections, the value presented in brackets beside each item 
in the legend is the correlation coefficient for that item. 
 
Permit Type A 
By consolidating the data collected during the 12 rounds of fortnightly monitoring, the 
resulting regression analysis generates the curve shown in Figure 4 below.  The 
vertical scale is in iterations of 5dB. 


    


Long term regression curve (0.83)


 
Figure 4: Regression curve from consolidated data set 


As noted above, the analysis which follows inherently assumes that this regression 
curve is generally representative of the actual post-construction noise level/wind 
speed relationship. 
 
Permit Type B 
Permit Type B involves 2 rounds of monitoring, 10-14 months apart.   
To determine the range of regression curves that could be encountered from two 
independent rounds of fortnightly monitoring, we have divided the long term data set 
into groupings which are approximately a fortnight in duration.  The range of 
regression curves is presented in Figure 5 below.  
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Long term (0.83) Set One (0.94) Set Two (0.9) Set Three (0.53) Set Four (0.95) Set Five (0.94) Set Six (0.96)


Set Seven (0.92) Set Eight (0.96) Set Nine (0.87) Set Ten (0.83) Set Eleven (0.78) Set Twelve (0.6) Set Fifteen (0.81)


 
Figure 5: Variation across fortnightly monitoring sets 


For the critical wind speed range of 7-13m/s it can be seen that there is variation of 
up to approximately 5dB across the set of fortnightly regression curves, in 
comparison to the long term regression curve.  The variation is generally more 
pronounced at lower and higher wind speeds, which are at the edge of the 
assessment range.  Figure 6 presents the positive and negative variation sums from 
the long term regression curves.  For example, for the wind speed 3m/s, the positive 
variation sum shows the sum of the fortnightly regression curves whose values are 
greater than the long term regression curve at 3m/s.  The negative variation sums 
are derived analogously. 
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Figure 6: Positive and negative variation sums from the long term regression curve 


As an example of the variation in measured noise levels which can occur between 
rounds of monitoring separated by 10-14 months, Figure 7 below presents 
monitoring results from data sets One and Two, shown with black and grey curves 
and data sets Fourteen and Fifteen, shown by blue curves, which were collected 14 
months after sets One and Two.  In this particular, the variation across the regression 
curves does not, visually, appear to be especially significant.   
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Long term (0.83) Set One (0.89) Set Two (0.83) Set Fourteen (0.74) Set Fifteen (0.68)


 
Figure 7: Variation across fortnightly monitoring sets separated by 10-14 months 


As noted in Table 3 above, it is not clear whether the monitoring should include 
consideration of wind directions.  The analysis in Figure 5 and Figure 7 above 
ignores wind direction.   
Figure 8 and Figure 9 below repeat the analysis shown in Figure 5 with the additional 
refinement of selecting only downwind data.  For the selected monitored property 
there are turbines on two sides of the house.  As discussed above, this can make the 
selection of a genuine downwind direction more involved.  Figure 8 below presents 
analysis for downwind conditions relating to turbines on one side of the property 
while Figure 9 presents analysis for downwind conditions relating to turbines on the 
other side of the property. 
 


    


Long term (0.83) Set One (0.94) Set Two (0.9) Set Three (0.53) Set Four (0.95) Set Five (0.94) Set Six (0.96)


Set Seven (0.92) Set Eight (0.96) Set Nine (0.87) Set Ten (0.83) Set Eleven (0.78) Set Twelve (0.6) Set Fifteen (0.81)


 
Figure 8: Variation across fortnightly monitoring sets, down wind direction (A) 


For the critical wind speed range of 7-13m/s it can be seen that there is variation of 
up to approximately 5dB across the set of fortnightly regression curves, in 
comparison to the long term regression curve.   
 







Review of noise conditions from planning permits recently approved in Victoria 
Australia Page 15 of 35 


    


Long term (0.83) Set One (0.53) Set Two (0.78) Set Four (0.56) Set Five (0.59)


Set Eight (0.83) Set Nine (0.85) Set Ten (0.84) Set Eleven (0.55) Set Twelve (0.78)


Set Thirteen (0.87) Set Fourteen (0.85) Set Fifteen (0.61)


 
Figure 9: Variation across fortnightly monitoring sets, down wind direction (B) 


For the data in this case study it appears that regression curves discriminated for 
wind direction (B) are generally higher than the long term regression curve and 
results appear to be more consistent than the case of including all wind directions.  
Positive and negative variation sums are presented for wind directions (A) and (B) in 
Figure 10 and Figure 11 respectively.   
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Figure 10: Positive and negative variation sums, down wind direction (A) 
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Figure 11: Positive and negative variation sums, down wind direction (B) 


As can be seen in Figure 10, variations for wind direction A tend to be negative 
meaning the fortnightly regression curves tend to lie beneath the long term 
regression curve.  The converse may be said regarding wind direction B in Figure 11. 
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Permit Type C 
As noted in Table 2 above, the post-construction noise monitoring requirements 
detailed in the planning permit for the Stockyard Hill Wind Farm are less explicit than 
those detailed in other permits.  Requirements for pre-construction noise monitoring, 
however, are well detailed.  For example, information is provided regarding the 
number of properties to be monitored and minimum number of data points to be 
collected as are details of analysis of wind direction and time of day.  For the analysis 
which follows is has been inferred that the post-construction monitoring requirements 
should mirror the requirements of the pre-construction campaign.  In particular: 


• Each subset of data has 4000 data pairs 


• North, east, south and west wind quadrants each have an independent 
regression analysis. 


• 24 hour and night time periods are considered concurrently. 
The results from two 4000 data pair sets are presented below in Figure 12 and 
Figure 13.  For ease of interpreting the figures, the 4 wind direction-dependent 
regression curves derived from the 24 hour data are all shown in yellow.  Similarly 
the 4 curves derived from the night time data are all shown in grey.  For a given wind 
direction quadrant the 24 hour and night time regression curves appear ‘paired’ on 
the figures. 
 


    


Long term (0.83) 24 hour data, 315-45 quadrant (0.86) 24 hour data, 45-135 quadrant (0.81)
24 hour data, 135-225 quadrant (0.92) 24 hour data, 225-315 quadrant (0.94) Night time data, 315 -45 quadrant (0.85)
Night time data, 45 -135 quadrant (0.93) Night time data, 135 -225 quadrant (0.97) Night time data, 225 -315 quadrant (0.95)
Nighttime data, all directions (0.9) 24 hour data, all directions (0.9)


 
Figure 12: Permit Type C data analysis, example 1 
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Long term (0.83) 24 hour data, 315-45 quadrant (0.84) 24 hour data, 45-135 quadrant (0.88)
24 hour data, 135-225 quadrant (0.85) 24 hour data, 225-315 quadrant (0.92) Night time data, 315 -45 quadrant (0.89)
Night time data, 45 -135 quadrant (0.94) Night time data, 135 -225 quadrant (0.83) Night time data, 225 -315 quadrant (0.91)
Nighttime data, all directions (0.88) 24 hour data, all directions (0.86)


 
Figure 13: Permit Type C data analysis, example 2 


The results shown in Figure 12 and Figure 13 are very similar.  For the critical wind 
speed range of 7-13m/s it can be seen that variation from the long term regression 
curve of up to approximately 2.5dB is observed depending on the wind quadrant and 
wind speed.   
There is generally a good level of consistency between the 24 hour and night time 
regression curves for a given wind quadrant.  Again the variation is most marked at 
high wind speeds, towards the upper limit of the assessment range. 
Positive and negative variation sums for each example are shown in Figure 14 and 
Figure 15 below. 
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Figure 14: Positive and negative variation sums, Permit Type C data analysis, example 1 
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Figure 15: Positive and negative variation sums, Permit Type C data analysis, example 2 
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CONCLUSION 
A range of recent planning permits have been considered and reviewed, highlighting 
a large degree of commonality in the basic structure of the permits.  For example, the 
majority of permits now required post-construction noise monitoring to be carried out 
in two rounds, separated by 10-14 months, with some consideration of wind 
direction, although it can be limited. 
The review also identified some very significant differences including variation in the 
minimum number of data pairs required for analysis, the distribution of that data 
across the wind speed range and with discrimination of wind direction, and time of 
day considerations. 
A case study has been used to explore the extent of differences in outcome that may 
result from analysing a common set of data according to the requirements of the 
various permit conditions.  While the case study involved data collected at only one 
property, such that the results of the study cannot be considered representative of 
the general case, the results nonetheless suggest that outcomes can vary 
significantly.  
If a greater degree of consistency and equity is preferred by the Victorian regulators 
who consider wind farm noise emission, it would be advisable to provide planning 
panels with a planning permit noise condition template.  The template could form the 
basis for the noise relating permit conditions, such that the conditions would be 
common across many wind farms.  Beyond this, the panel could propose 
amendments or additions to the template, as required for specific cases, to tailor 
monitoring requirements to a given project. 
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APPENDIX A 
DELAIRE (2007) PROPOSED PERMIT CONDITION 
 
The operation of the wind energy facility must comply with the New Zealand Standard 
‘Acoustics – The Assessment and Measurement of Sound from Wind Turbine Generators’ 
(NZ 6808:1998) (the ‘New Zealand Standard’), in relation to any dwelling existing or 
approved in the vicinity of the wind energy facility at the approval date of this document. 
 
A post-construction noise monitoring and compliance assessment program must be 
undertaken by the wind energy facility operator.  This must be to the satisfaction of the 
responsible authority with regard to timing, program design, determination of compliance, 
any necessary remedial action and information dissemination. 
 
The initial compliance noise monitoring program must commence within 2 months of the 
commissioning of the last turbine in the wind energy facility or, if the facility is constructed in 
groups of turbines, separate programs within 2 months of the commissioning of each group.  
The date at which ‘commissioning’ has been deemed to occur and the extent of the noise 
compliance monitoring shall be agreed between the responsible authority and the wind 
energy facility operator. 
 
After the complete wind energy facility is commissioned, noise monitoring shall be carried 
out at all dwellings used to measure background sound levels, subject to the approval of 
their owners.  The wind turbines shall be operating in their normal mode. 
 
The design of the program and the evaluation of the acoustic data must be undertaken by an 
independent expert who has had experience in the analysis, interpretation and presentation 
of acoustic data from wind turbines, and who is preferably a member of a recognised 
professional association in that field. 
 
Should compliance be demonstrated by the program above the compliance noise monitoring 
program must be repeated commencing not less than 10 months and not greater than 12 
months after the commencement of the initial compliance noise monitoring program for the 
whole site.  Should the further monitoring program demonstrate compliance with the noise 
criteria no further noise compliance monitoring shall be required at those locations unless 
otherwise determined by the responsible authority. 
 
The responsible authority may require noise compliance monitoring at a dwelling or 
dwellings other than the reference dwellings on the basis of a reasonable belief that noise 
criteria may not be being complied with. 
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APPENDIX B 
EXTRACTS FROM RELEVANT PERMIT CONDITIONS 
 
B.1 CROWLANDS WIND FARM 
 
NOISE  


26.  Except as provided as below in this condition the operation of the wind energy facility must 
comply with the noise criteria specified in NZS 6808:1998 ‘Acoustics – The Assessment and 
Measurement of Sound from Wind Turbine Generators’ at any non-participating stakeholder 
dwelling existing in the vicinity of the wind energy facility at 20 June 2007 when measured by 
the method in that standard. In determining compliance the following shall apply;  


a)  The sound level from the operating wind energy facility when measured outdoors within 
10 metres of such dwelling shall not exceed the background sound level (L95) by more 
than 5 dBA or a level of 40 dBA L95, whichever is greater. Compliance shall be assessed 
separately for all-time data and for night-time data. Night time is defined as 10 pm to 7 
am; and  


b)  If the sound has a special audible characteristic the measured sound level shall have a 
penalty of 5 dB applied.  


This condition does not apply at any dwelling existing on land on which one or more turbines of 
the wind energy facility is located ie. a dwelling on participating landowner’s land, or at an 
existing dwelling of a nonparticipating landowner for which an agreement has been reached by 
which that landowner accepts the noise levels in outdoor areas of the dwelling may exceed the 
standard. In those cases the operator under the permit must into an agreement with Minister for 
Planning as the responsible authority and the registered proprietor of the subject land pursuant 
to Section 173 of the Planning and Environment Act 1987.  


27.  Before the development commences a detailed proposal must be prepared the satisfaction of 
the Minister for Planning to obtain robust background noise measurements at a selection of non 
participating landowner dwellings in the vicinity of the proposed wind farm. If this proposal 
requires background noise measurements before construction commences those 
measurements shall be made, and if successful, those results will provide the background noise 
measurements which shall be submitted to the Minister for Planning for approval.  


28.  If background noise measurements can only be obtained post construction that shall be done 
as soon as possible after commissioning, and if successful, those results will provide the 
background noise measurements which shall be submitted to the Minister for Planning for 
approval.  


29.  If robust background measurements are obtained the acceptable noise limit curve derived from 
those background noise curves shall provide the references at the relevant dwellings for post-
construction compliance testing. If reliable background noise curves cannot be obtained, and in 
the interim until such measurements are made,  


and acceptable noise limit of 40 dBA L95 as a presumptive criterion shall apply across the 
range of operating wind speeds.  


30.  A post-construction noise monitoring and compliance assessment program must be undertaken 
by the operator under the permit. The initial compliance noise monitoring program must 
commence within two months of the commissioning of the last turbine in the wind energy facility 
or, if the facility if constructed and commissioned in groups of turbines, separate programs at 
the dwellings in the vicinity of each group within two months of the commissioning of each 
group. The monitoring must be carried out in accordance with a method in NZS 6808:1998. 
Should one or more wind turbines in the facility not be operating at the time of measurement the 
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operator under the permit shall demonstrate to the satisfaction of the Minister for Planning that 
that would have an immeasurably small effect on the measured result.  


The noise monitoring must be carried out by an independent expert with relevant wind turbine 
noise experience and, as far as possible the monitoring organisation should be NATA (National 
Association of Testing Authorities) accredited and the monitoring instruments calibrated by a 
NATA accredited organisation.  


31.  The results of the post-construction noise monitoring program (s) of condition 27 and statement 
of compliance or otherwise must be provided to the Minister for Planning within 45 days of the 
end of each monitoring program.  


32.  Should the results show non-compliance the holder of this permit must submit to the Minister for 
Planning a detailed program to bring the facility into compliance. On approval, that program 
shall be implemented and on its completion noise monitoring shall be repeated to demonstrate 
compliance and the results provided to the Minister for Planning within 45 days of the 
completion program.  


33.  Noise monitoring shall be repeated commencing not less than 10 months and not greater than 
12 months after the commencement after the program in Conditions 30 or 32 as applicable. 
Should that further noise monitoring program demonstrate compliance with the noise criteria no 
further monitoring shall be required unless otherwise determined by the Minister for Planning.  


34.  Before the use begins the operator under the permit must prepare a detailed noise complaint 
evaluation and response plan generally in accordance with the draft Noise Complaint and 
Evaluation Procedure in Volume 1 Part B Section 10 of the Crowlands Wind Farm planning 
application to the satisfaction of the Minister for Planning.  


 


 







Review of noise conditions from planning permits recently approved in Victoria 
Australia Page 23 of 35 


 
B.2 LAL LAL WIND FARM 
 
NOISE LIMITS 


22. Construction of the wind energy facility must comply with noise criteria specified in the Interim 
Guidelines for Control of Noise from Industry in Country Victoria, N3/89 at any dwelling existing 
on land in the vicinity of the proposed wind energy facility as at the date of the issue of this 
permit to the satisfaction of the Minister for Planning. 


23. Except as provided below in this condition, the operation of the wind energy facility must comply 
with the noise criteria specified in NZ6808:1998 ‘Acoustics – The Assessment and 
Measurement of Sound from Wind Turbine Generators’ at any dwelling existing on land in the 
vicinity of the proposed wind energy facility as at the date of the issue of this permit, to the 
satisfaction of the Minister for Planning. 


In determining compliance the following requirements apply:  


a) The sound level from the wind energy facility within 20 metres of any dwelling must not 
exceed a level of 40dBA (L95) or where the relationship between background noise levels 
and wind speed has been determined by the method specified in Condition 24 of this 
permit, the background noise level by more than 5dBA, or a level of 40dBA L95, 
whichever is the greater 


b) Compliance must be assessed separately for all-time and night time.  For the purpose of 
this requirement, night time is defined as 10.00pm to 7.00am, and  


c) If the noise has a special audible characteristic and measured sound level must have a 
penalty of 5dBA applied. 


Any dwelling on the subject land may be exempt from this condition.  This exemption will 
be given effect through an agreement with the landowner that must apply to any 
occupant of the dwelling and must be registered on title.  Such dwellings will be known as 
host dwellings. 


 


NOISE COMPLIANCE TESTING  


24. Before the development starts a noise compliance testing plan must be prepared by a suitably 
qualified acoustics expert to the satisfaction of Minister for Planning. 


When approved, the noise compliance testing plan will be endorsed be the Minister for Planning 
and will then form part of this permit. 


The use must be carried out in accordance with the noise compliance testing plan to the 
satisfaction of the Minister for Planning. 


The noise compliance testing plan must include: 


a) A determination of the noise limits to be applied during construction using the 
methodology prescribed in the Interim Guidelines for the Control of Noise from Industry in 
Country Victoria, N3/89 


b) a program of compliance  testing to be implemented during the construction of the wind 
energy facility that: 


(i) Is designed by a suitably qualified acoustic expert, and  


(ii) Utilises the methodology prescribed in State Environment Protection Policy (Control 
of Noise from Commerce, Industry and Trade) No. N-1, to demonstrate compliance 
with the limits determined in (a) above. 


c) A prediction, by a suitable qualified acoustic expert, of the area within which the noise 
level from the wind energy facility during full operation will be 35dB(A) or greater 
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d) Identification of all dwellings, excluding host dwellings, within the area predicted in (c) 
above and a statement as to whether consent from the owner of each of the identified 
dwellings for compliance testing has been obtained or refused 


e) A method or methods of testing compliance with noise limits prescribed in Condition 23 of 
this permit for each dwellings identified in (d) above for which consent for the conduct of 
compliance testing has been obtained. 


The compliance testing method must be either:  


(i) The method described in NZS6808:1998 ‘Acoustics – the Assessment and 
Measurement of Sound from Wind Turbine Generators’ with the following criteria 
being met:  


• The regression curves required must be derived from a data set: 


o Of at least 500 noise level/wind speed data pairs 


o Including wind speed measurements made at turbine hub height 


o Including at least 10 data pairs or 1% of the total number of data pairs 
whichever is the greater at wind speeds greater than 8 m/s 


o including at least 10 data pairs or 1%  of the total number of data pairs 
whichever  is the greater at wind speeds less than 4 m/s, and  


o with the percentage of data pairs that are the results of measurements 
made with the wind in the direction from the wind energy facility to the 
dwelling being equal or greater than values determined in (f) below, and  


• the coefficient of determination for the regression curves will be 0.5 or great, or 


(ii) a method, designed by a suitably qualified acoustics expert, in which  measurements 
of operating and background noise levels are measured with: 


• Background noise levels being measured with all turbines that, when operating, 
influence the noise level at the dwelling, shut down, and  


• Then wind in the direction from the wind energy facility to the dwelling for at 
least 50% of the measurement period. 


f) For each dwelling at which compliance testing is to be performed, determination of the 
maximum monthly proportions of the wind direction distribution that is from the wind 
energy facility to the dwelling, plus or minus 22.5 degrees 


g) A schedule for compliance testing under which compliance testing at all identified 
dwelling for which consent for such testing has been obtained is performed in the 14 
months following the commissioning of the last turbine in a section of the wind energy 
facility or a stage of the wind energy facility, if the development is in stages, and repeated 
between 10 and 14 months after the first compliance test 


h) A procedure for the assessment, by a suitably qualified acoustics expert, of the 
characteristics of the noise from the wind energy facility to determine if that noise has any 
special audible characteristics that require the addition of 5dB (A) to the measured 
operating noise levels as shown in Condition 23 of this permit 


i) A procedure under which all results of compliance testing conducted in any month are 
reported to the Minister for Planning by the 15th day of the following month and to the 
owners and occupiers of particular dwellings as soon as results relating to that particular 
dwelling are available, and  


j) A procedure under which the implementation of the noise compliance testing plan is 
directed and supervised by a suitable qualified acoustic expert to the satisfaction of the 
Minister for Planning. 
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NOISE COMPLIANCE ENFORCEMENT  


25. If an exceedance of the noise limits prescribed in Condition 23 of this permit is detect the wind 
energy facility operator must:  


a) Within 5 days of the detection of the exceedance, take sufficient actions to reduce the 
wind energy facility noise level at the subject dwelling as predicted using the prediction 
methodology contained in NS6808:1998 ‘Acoustics – the Assessment and measurement 
of Sound from Wind Turbine Generators’ by an amount equal to or greater than the 
amount of exceedance 


b) Within 7 days for the detection of the exceedance, provide the responsible authority and 
the owner,/occupier of the dwelling with: 


(i) The results of the compliance testing measurements including the magnitude of the 
detected exceedance 


(ii) Details of the actions taken to reduce the wind energy facility noise emissions, and 


(iii) Evidence that the actions taken will produce a decrease in the wind energy facility 
noise level at the dwelling by an amount equal to the magnitude of the exceedance 
based on a prediction using the methodology of NZS6808:1998 ‘ Acoustics – the 
Assessment and Measurement of Sound from Wind Turbine Generators’. 


c) Continue to operate the wind energy facility with the implemented actions until approval 
for a different mode of operation is given by the responsible authority under the provision 
of (d) below 


d) Within 60 days of the detection of an exceedance provide the responsible authority and 
owner/occupier of the dwelling with either: 


(i) The result of compliance testing using the procedures prescribed in Condition 24 of 
this permit that demonstrate compliance, or 


(ii) A program for the development and evacuation of an alternative mode of wind energy 
facility operation that can be reasonably be expected to result in continuing 
compliance with noise levels as allowed in Condition 23 of this permit. 


The program will: 


• Be developed and implemented under the supervision of a suitably qualified 
acoustics expert 


• Include detailed descriptions of proposed actions 


• Include predictions of wind energy facility noise levels at the dwelling at each 
stage of the program 


• Not include any actions or combination of actions that are predicted to result in 
non-compliance  


• Include compliance testing using the procedures prescribed in Condition 24 of 
this permit both as the final step in the program and with that compliance 
testing being repeated after between 10 and 14 month, and 


• Include a program schedule that specifies the timing of each stage of the 
program 


to the satisfaction of the responsible authority. 


Within 10 days of receipt of the program the responsible authority will either: 


a) Approve the implementation of the program, or 


b) Advise the wind energy facility operator of modifications to the program that are required 
before approval will be granted. 







Review of noise conditions from planning permits recently approved in Victoria 
Australia Page 26 of 35 


If the responsible authority requires the program to be modified, the wind energy facility 
operator may either submit a modified program or immediately withdraw the program and 
conduct compliance testing using the procedures prescribed in Condition 24 of this permit. 


Following implementation of the program, the wind energy facility operator may provide the 
responsible authority and the owner/occupier with a detailed description of an alternative mode 
of operation of the wind energy facility together with evidence that under that mode of operation 
compliance can be expected, to the satisfaction of the responsible authority.  Given such 
information and evidence the responsible authority may approve the operation of the wind 
energy facility in the alternative mode and such approval will be unreasonably withheld. 
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B.3 MOORABOOL WIND FARM 
 
PRE-DEVELOPMENT NOISE ASSESSMENTS 


36. Before the development starts a pre-development noise assessment of the wind energy facility 
must be completed to the satisfaction of the Minister for Planning.   


 The pre-development noise assessment must be completed in accordance with the noise 
criteria specified in the noise standard referenced in the “Policy and planning guidelines for 
development of wind energy facilities in Victoria”. 


 All aspects of the assessment must be conducted by a suitably qualified and experienced 
acoustic expert. 


 


NOISE STANDARD 


37. Except as provided below in this condition, the operation of the wind energy facility must comply 
with the noise criteria specified in the noise standard referenced in the “Policy and planning 
guidelines for development of wind energy facilities in Victoria” at any dwelling existing on land 
in the vicinity of the proposed wind energy facility as at the date of the issue of this permit, to 
the satisfaction of the responsible authority.  In determining compliance with the standard, the 
following requirements apply: 


• The sound level from the wind energy facility within 20 metres of any dwelling must not 
exceed a level of 40dBA (L95 or where the relation between background noise levels and 
wind speed has been determined by the method specified in Condition 36 of this permit, the 
background noise level by more than 5dBA or a level of 40dBA (L95), whichever is the 
greater 


• Compliance must be separately assessed for all time and night time.  For the purpose of the 
requirement, night time is defined as 10.00 pm to 7.00 am, and 


• If the noise has a special audible characteristic the measured sound level must have a penalty 
of 5dBA applied 


• Any dwelling on the subject land may be exempt from this condition.  This exemption will be 
given effect through an agreement with the landowner that must apply to any occupant of 
the dwelling and must be registered on title.  Such dwellings will be known as ‘host 
dwellings’. 


 


NOISE COMPLIANCE ASSESSMENT 


38. Before the development starts a noise compliance testing plan must be prepared by a suitably 
qualified acoustics expert to the satisfaction of the Minister for Planning. 


 When approved, the noise compliance testing plan will be endorsed by the Minister for Planning 
and will then form part of this permit. 


 The use must be carried out in accordance with the noise compliance testing plan to the 
satisfaction of the responsible authority. 


 The noise compliance testing plan must include: 


a) A determination of the noise limits to be applied during construction using the 
methodology prescribed in the Interim Guidelines for the Control of Noise from Industry in 
Country Victoria, N3/89 
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b) A program of compliance testing to be implemented during the construction of the wind 
energy facility that 


• Is designed by a suitably qualified acoustic expert, and 


• Utilises the methodology prescribed in State Environment Protection Policy (Control 
of Noise from Commerce, Industry and Trade) No n-1, to demonstrate compliance 
with the limits determined (a) above 


c) A method or methods of testing compliance with the noise limits prescribed in Condition 
37 of this permit for all non-stakeholder dwellings at or above the noise level of 35dBA 
predicted from Condition 36 above. 


Compliance testing will be carried out according to: 


(i) The method described in NZS6808:1998 ‘Acoustics – the Assessment and 
measurement of Sound from Wind Turbine Generators’’ or 


(ii) A method, designed by a suitably qualified acoustics expert, in which measurements 
of operating and background noise levels are measured with: 


• Background noise levels being measured with all turbines shut down that, when 
operating, influence the noise level at the dwelling, and 


• The wind in the direction from the wind energy facility to the dwelling for at least 
50% of the measurement period 


d) For each dwelling at which compliance testing is to be performed, determination of the 
maximum monthly proportions of the wind direction distribution that is from the wind 
energy facility to the dwelling, plus or minus 22.5 degrees; 


e) A schedule for compliance testing under which compliance testing at all identified 
dwellings for which consent for such testing has been obtained is performed in the 14 
months following the commissioning of the last turbine in a section of the wind energy 
facility or a stage of the wind energy facility, if the development is in stages, and repeated 
between 10 and 14 months after the first compliance test; 


f) A procedure for the assessment, by a suitably qualified acoustics expert, of the characteristics 
of the noise from the wind energy facility to determine if that noise has any special 
audible characteristics that require the addition of 5dBA to the measured operating noise 
levels as shown in Condition 38© of this permit 


g) A procedure under which all results of compliance testing conducted in any month 
reported to the Moorabool Shire Council and Minister for Planning every six months 


 


NOISE COMPLIANCE ENFORCEMENT 


39. Before the use begins the proponent must prepare a detailed noise compliant evaluation and 
response plan in consultation with the Environment Protection Authority and the Moorabool 
Shire Council and to the satisfaction of the Minister for Planning. 


 This plan must include the following elements: 


a) a toll free noise complaint telephone service 


b) the erection of a sign on site advising of the complaints telephone number 


c) minimum recording requirements for noise complaints (that is, date, time, noise 
description and weather conditions at the receptor) 


d) a process for determining whether the noise complaint identifies a breach of permit 
conditions 
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e) a response protocol for confirmed breached including, but not limited to: 


(iii) determination of the meteorological circumstances at the time of the breach and 
operational status of the turbine(s) at that time 


(iv) noise optimization of the relevant wind turbine(s) under the same meteorological 
circumstances as occurred at the time of the breach 


(v) in the event of a further breach the selective shut down of the relevant wind turbine(s) 
or turbines in the same meteorological circumstances 


(vi) where under the same meteorological conditions subsequent confirmed noise 
breaches occur, the decommissioning of the relevant turbine(s) 


f) a register of complaints, responses and rectifications which may be inspected by the Minister 
for Planning and the Moorabool Shire Council, and 


g) provision for review of the complaint, any necessary improvement and an evaluation 
process 12 months after commencement of the operation of the wind energy facility. 
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B.4 STOCKYARD HILL WIND FARM 
 
NOISE LIMITS 


18. Except as provided below in this condition, the operation of the wind energy facility must comply 
with the noise criteria recommended in NZs6808:1998 Acoustics – ‘The assessment and 
measurement of sound from wind turbine generators’ at any dwelling existing on land on or in 
the vicinity of the proposed wind energy facility as at the date of issue of this permit.  In 
determining compliance the following requirements apply: 
a) Noise from construction of the wind energy facility must comply with the requirements of 


the Interim Guidelines for Control of Noise from Industry in Country Victoria, N3/89 (EPA 
Vic, 1989) 


b) The noise of the wind energy facility only at any non-stakeholder dwelling after the wind 
energy facility has commenced operation must not exceed the background noise level by 
more than 5dBA, or a level of 40dBA, l95, whichever is the greater 


c) The noise of the wind energy facility only at any participating landowner’s dwelling after 
the wind energy facility has commenced operation must not exceed the background 
noise level by more than 5dBA, or a level of 45dBA L95, whoever is the greater.  This 
condition does not apply to any dwellings under option to the permit holder 


d) Compliance must be assessed separately for 24 hour and night time and for each of 
those time periods for wind direction sectors of ± 45° of 0°, 90°, 180°, and 270°.  For this 
requirement, night time is defined as 10.00 pm to 7.00 am; and  


e) If the noise has a special audible characteristic the measured sound level must have a 
penalty up to maximum 5dB applied. 


 


BACKGROUND AND ACCEPTABLE NOISE LEVELS 


19. Before the development starts, background noise monitoring must be undertaken to the 
satisfaction of the Minister for Planning complying with the following requirements: 
a) A background noise monitoring plan, or plans, must be prepared by a suitably qualified 


and experienced acoustics expert.; 
b) If the wind energy facility is to be constructed in stages, the background noise monitoring 


plan may be prepared for each stage before the development of that stage begins and 
those plans may be submitted successively to the Minister for Planning for approval, 
provided that where a dwelling might be affected by noise from more than one stage that 
is accounted for 


c) The plan, or plans, must include the number and location of background noise monitoring 
sites and the justification for the selection of those sites, the methodology to be used for 
the noise monitoring and the development of the background noise curves, and a 
statement of how the uncertainty of those results will be estimated; 


d) The plan must include background noise monitoring at a minimum of 20 representative 
non-stakeholder dwellings for the whole wind energy facility, subject to access being 
granted, or a lesser number per stage if the wind energy facility is to be so constructed, 
as approved by the Minister for Planning.  These monitoring sites must be within the 
modeled 35dBA L95 noise contour for noise from the wind energy facility only, as 
determined in Condition 19 c); 


e) The plan must include background noise monitoring at a minimum of 10 representative 
stakeholder dwellings, other than dwellings under option to the permit holder, for the 
whole wind energy facility, or a lesser number per stage if the wind energy facility is to be 
so constructed, as approved by the Minister of Planning. These monitoring sites shall be 
within the modeled 40dBa L95 noise contour for noise from the wind energy facility only 
as determined in Condition 19 c); and  


 
f) When approved by the Minster for Planning the noise monitoring plan, or each plan (if the 


wind energy facility is to be developed in stage), must be made publicly available. 
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20. After the noise monitoring plan is approved, the background noise testing at each dwelling must 
be carried out in accordance with that plan and in accordance with NZS 6808:1998 Acoustics – 
‘The assessment and measurement of sound from wind turbine generators’ subject to the 
following:  
a)  Unless with the consent of the Minister for Planning, the equipment used for measuring 


noise, wind speed and wind direction must be calibrated by a NATA accredited testing 
organization and the background noise measurement and assessment carried out by a 
NATA approved signatory; 


b) Unless with the consent of the Minister for Planning, the noise monitor used at each site 
must be a Type 1 noise logger calibrated with a Type 1 calibrator; 


c) The anemometer used for the correlation of background noise against wind speed must: 
• be situated at hub height on the nearest meteorological mast to the noise monitoring 


site; 
• remain in place after commissioning of the wind energy facility of that stage of it, and 
• be unaffected by wind turbine turbulence. 


d) A minimum of 4000 ten minute data pairs are to be collected for each site; 
e) The data pairs must be correlated by 24 hour and night (10 pm to 7 am) time periods and 


for each time sector for wind direction of ± 45° of 0°, 90°, 180°, and 270° using the 
regression technique of NZS 6808:1998 or ‘bin analysis’, as appropriate 


f) For each noise monitoring site, the same correlation technique must be used for this pre 
construction background noise monitoring as this will be used for the post construction 
compliance monitoring, including the same order regression equation; and 


g) An estimate must be made of the uncertainty of the background noise curves. 


21. For each of the above background noise curves the derived acceptable noise limit curves for 
the wind energy facility at each dwelling for specified time periods and wind direction sectors 
must then be prepared as described in NZS 6808:1998 Acoustics – ‘ the assessment and 
measurement of sound from wind turbine generators’. 


22. The background noise curves and the derived acceptable noise limit curves for each 
background noise monitoring site for the specified time periods and wind direction sectors must 
be provided to the Minister for Planning for approval as having been carried out in accordance 
with these conditions; and when approved by the Minister for Planning the background noise 
curves and the acceptable noise limit curves must be made publicly available. 


 


NOISE MODELLING  


23. Before the development starts a noise modeling plan must be prepared to the satisfaction of the 
Minister for Planning meeting the following requirements:  
h) Noise modeling must be undertaken by a suitably  qualified and experienced acoustics 


expert; 
i) If the wind energy facility is to be constructed in stages noise modeling may by carry out for 


each stage before the development of that stage commences and those results 
submitted successively to the Minster for Planning for approval provided that where a 
dwelling might be affected by noise from more than one stage that is accounted for; 


j) The modeling must include; 
(i) The wind energy facility noise contours; 
(ii) Modeling of the wind energy facility only noise at those dwellings for which acceptable 


noise limit curves have been prepared; and  
(iii) An estimate of the uncertainty of the modeled results; 


24. The results of the noise modeling for ach dwelling must:  
• Be overlaid on the acceptable noise limit curve for that dwelling; 
• Together with the comparison against the acceptable noise limit, be submitted to the Minister 


for Planning for approval as having demonstrated that noise compliance can be expected; 
and  


• When approved by the Minister for Planning, be made available publicly. 
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25. Should the modeling required above not be done with the turbine finally selected for the wind 
energy facility that modeling must be repeated once the final turbine type is selected and 
resubmitted to the Minister for approval. 


 
NOISE COMPLIANCE TESTING  


26. Before the wind energy facility is commissioned, a noise compliance testing plan must be 
prepared to the satisfaction of the Minister for Planning meeting the following requirements: 
a) The noise compliance testing plan must be prepared by a suitably qualified and 


experienced acoustics expert; 
b) The noise compliance testing plan must include a plan for noise monitoring to assess 


noise levels after construction of the wind energy facility and a plan for concurrent 
assessment of the presence or otherwise of special audible characteristics; 


c) The noise compliance testing plan must include advice on timing of the assessment 
including defining when commissioning of the wind energy facility, or an identified stage 
of it, will occur, and when the compliance noise monitoring results will be provided to the 
Minister for Planning.  That time must not be more than 60 days after commissioning 
unless with the further consent of the Minister for Planning; 


d) If the Wind Energy Facility is to be constructed in stages a nose compliance testing plan 
may be prepared for each stage before the development of that stage commences and 
those plans submitted to the Minister for Planning for approval provided that where a 
dwelling might be affected by noise from more than one stage that is accounted for;  


e) The noise compliance testing must be carried out at those dwellings at which background 
noise curves were determined as identified in Conditions 19 d)-e). 


27. After approval of the testing plan by the Minster for Planning the noise compliance testing shall 
be carried out by a suitably qualified and experienced acoustics expert: 
• Generally in accordance with NZS 6808:1998 Acoustics -  ‘The assessment and 


measurement of sound from wind turbine generators ‘ with the variations described in this 
permit; or 


• Subject to approval by the Minister for Planning by an ‘on/off’ or ‘shutdown’ method as 
referred to in sections 7.12 and 7.7.1 or NZS 6808:2010-Acoustics-Wind farm  noise. 
If this method is used, it must have been earlier approved by the Minister for Planning as a 
part of the noise compliance testing plan and must be designed by a suitably qualified and 
experienced acoustics expert; 


The presence or otherwise of special audible characteristics must be assessed concurrently at 
all the subject dwellings over a range of operational and meteorological conditions. 


28. The results of the noise compliance testing for each dwelling, adjusted for any penalty for 
special acoustic characteristics, must:  
• Be compared with the acceptable noise limit curve for that dwelling to identify whether or not 


compliance has been achieved; 
• Whether with an accompanying statement of compliance or otherwise, be submitted within the 


time specified in Condition 26 c) to the Minister for Planning; and 
• Be made available publicly and provided to the owner or occupier of the dwellings(s) involved 


 
NOISE COMPLIANCE ENFORCEMENT 


29. If a breach of the noise limits prescribed in Condition 18 is detected by the procedure in 
Condition 27: 
a) The permit holder must take immediate action to vary the operation of the Wind Energy 


Facility such that, based on professional advice, it can be expected to be brought into 
compliance; 


b) When the breach of noise limits is notified to the Minister for Planning as required by 
Condition 28 the permit holder must advise of the immediate response in Condition 29 a) 
and the actions to be taken to bring the wind energy facility into compliance and to 
demonstrate that compliance; 


c) Within 180 days of the commissioning of the wind energy facility it must be brought into 
compliance to the satisfaction of the responsible authority.  That compliance must be 
demonstrated by testing as described in Condition 26 having been completed; 
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d) The wind energy facility must continue to be operated in that noise  compliant mode 
unless a plan for varied operation is submitted to and approved by the Minister for 
Planning; 


e) Should such a variation as foreshadowed by Condition 29b) be sought and approved that 
must be made available publicity. 


f) Between 10 and 14 months after commissioning of the wind energy facility noise compliance 
testing as required by Condition 28 must be repeated to demonstrate continuing 
compliance of the facility and submitted to the Minister for Planning; and 


g) When approved by the Minister for Planning the noise compliance testing results required 
by Condition 28 must be made available publicly.  


 
NOISE COMPLAINTS 


30. Any complaint about noise from the construction or operation of the wind energy facility must be 
dealt with in accordance with the complaints management section of the Environmental 
Management Plan in Condition 6 above, or in accordance with Condition 29 above, as 
appropriate to the receipt of the complaint. 


 
ACTIVE NOISE MANAGEMENT SYSTEM 


31. Before the development starts, an active noise management system plan must be prepared and 
submitted to the Minister for Planning for approval.  It must meet the following requirements: 
a) The plan must indicate that an active noise management system for the wind energy 


facility as to be prepared by a suitably qualified and experienced acoustics expert; 
b) The plan must indicate that the active noise management system will be supplementary  


to the design of the proposed wind energy facility to meet the noise standards required 
by these conditions and hence will be designed to respond to any non-compliance  with 
noise standards and to assist with the resolution of any justified noise complaints whilst 
having regards to operational efficiency; and  


c) The active noise management system plan must describe the methodology and timing for 
the design of the system, its testing, refinement and implementation. 


32. When approved by the Minister for Planning, the active noise management system plan will 
form part of this permit and must be made available publicly.  Thereafter, the operation of the 
wind energy facility must comply with the active noise management system. 
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Abstract 
This article explains in detail the results of the wind turbine noise measurement 
campaign, which took place around Olostunturi in the Finnish Lapland in 2009. 
Olostunturi is a single hill with a peak level height of 510 m above sea level. On the 
top of the hill there stand 5 x 600kW Bonus stall regulated upwind wind turbines 
erected in 1998 and 1999. A nearby hill only 14 km away from this site is under 
investigation for a new 30-45 MW wind turbine site where a holiday residential area 
lies about 1.6 km away from the nearest planned turbine. The purpose of the 
measurements was to provide general information on wind turbine noise in low 
background sound areas, typical of the Finnish Lapland with a small population and 
industrial density. 
 
The measurements were carried out in different distances, locations, wind directions 
and time of day, but mostly during evening and night-time hours with low 
measurement level ground wind speed and moderate wind speed at the turbines. 
The measurement results revealed that even the smaller and older turbine types can 
produce significant amplitude modulation detectable about two kilometres away from 
the nearest turbine. On the basis of the results the atmospheric changes to the 
sound propagation and amplitude modulation were estimated by using simple and 
practical tools. The measurements also revealed issues related to pulsating 
infrasound emitted from the turbines, which was detected around the area. 
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1  Introduction 
This paper discusses of some measurement results gathered in 2009 around a 
single hill located in the Finnish Lapland. The purpose was to estimate wind turbine 
sound in far field locations, since a new 30- 45 MW wind park site was under 
investigation with some noise sensitive holiday cottages situated at about 1.6 km 
from the planned site. Both hills have similarities (single hill) and the goal was also to 
gain more information about different local weather conditions influencing the sound 
propagation and wind turbine sound quality. 
The hill under measurement study has 5 x Bonus 600 kW stall regulated upwind 
models erected in -98 -99 thus during the measurement period, the turbines had 
already serviced about half of their planned life time under tough and cold climatic 
conditions. Tower ground height is about 500 meters from the sea level and a skiing 
centre is located on the north side of the hill at approximately 200m lower level. The 
south side was mainly forest wilderness with few jogging/skiing routes made around 
the hill. Site was visited during the cold winter season but most of the measurements 
were undertaken during summer period mostly during evening and night time (and 
under the midnight sun) due to the presence of more stable atmosphere at the 
immission points (van den Berg, 2007). In this paper, only results from the amplitude 
modulation are presented. 
 


2  Measurement setup 
Far field noise measurements were carried out by using relatively lightweight 
equipment as the initial idea was to record far field wind turbine noise from many 
points around the hill and in different periods of time. The current turbine site has had 
an active period of research and development for blade heating technology with wind 
mast, but all such activities were just a memory when this project started. Thus wind 
and other atmospheric data had to be collected from the nearby hills and from a town 
7 km west from this site by using the national weather service and its network 
stations which luckily had the same height as the turbines hub height providing 
valuable information especially for measurement planning prior to the start of each 
measurement date. 
 
2.1  Emission measurements 
Before far field measurements, one turbine (typically the closest one) was selected 
for simultaneous emission sound level measurement with flat 1m diameter round 
hard ground board and at the distance from the turbine according to the IEC 61400-
11:2002. Also during day time additional turbine sound emission measurements were 
conducted by shutting down one turbine and by logging wind speeds or turbine 
power levels from the control unit. Since these stall regulated turbines have only two 
main rotational speeds (27 rpm and 17 rpm), it became quickly clear that the 
emission measurement SPL remained mostly stable even during long measurement 
periods (overnight) and it typically varied between 54 and 56 dB(A) thus giving sound 
power levels between 97-99 dB(A). 
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2.2  Immission measurements 
Each far field immission point was selected mainly based on the wind speed and 
especially wind direction. Original plan was to select direct downwind, upwind and 
crosswind positions but due to the difficult landscape around the hill especially at the 
south side prevented sometimes for selecting such positions. Thus some 
measurement locations (or positions relative to the wind direction) were sometimes 
20-30 degrees tilted. Also some locations were at the side such as some turbines 
were clearly closer compared to the rest of the turbines. However most of the far field 
measurements, especially downwind locations, were carried out during direct wind 
directions from the turbines to the immission point. 
The equipment consisted of a B&K 2238 sound level meter with attached wind 
screen, a tripod and a memory card based 16 bit 44 kHz linear PCM sound recorder. 
Typical measurement periods were 1-2 hours at the same location. Since many 
measurements were pre-selected based on the lowest possible wind speed at the 
immission level, there was no practical need for continuous wind speed loggings and 
thus wind speeds were only randomly measured by using a hand held wind speed 
meter. Also low level wind speeds at the immission point measurement level were 
sometimes well blocked by the surrounding trees.  
      


3  Some practical tools for assessing amplitude modulation 
Before the measurements started it was decided to use a method which could reveal 
amplitude modulation (later “AM”) of wind turbine sound from A or C weighted SPL 
time domain data. Therefore it was necessary to obtain a far field measurement 
setup which fulfilled the Nyquist-Shannon theorem by using a sound recorder. The 
previous measurement case revealed that AM could be successfully measured and 
assessed under certain wind conditions for just one turbine. (Di Napoli, 2009) 
 
3.1  Nordtest method 
In time domain data amplitude modulation occurs as fluctuating SPL with roughly the 
frequency of the turbine rotation for three blades. One fluctuation peak consist of an 
onset rate (OR, measured as dB/s) and level difference (LD, as dB). A Nordtest 
method for assessing impulsive sounds objectively from A-weighted broad band 
recorded sound with fast- time constant was found to contain such parameters by 
using a function of Predicted Prominence P (Nordtest Acou 112, 2002). 
 


)lg(2)lg(3 LDORP ⋅+⋅=           (1) 


 
If the onset rate exceeds 10 dB/s and highest predicted prominence P > 5 for one 
impulse sound is found, a graduate adjustment KI can be addressed to the measured 
LAeq level in order to assess the sound annoyance due to the impulsive character of 
sound. This method now fulfils the ISO 1996:1987 K2i correction objectively by 
substituting a subjective approach for sound annoyance correction (ISO 1996-
2:1987). If OR < 20 dB/s, LD must be > 3.5 dB for exceeding P>5. KI correction 
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becomes > +1 dB if LD > 7 dB with 20 dB/s onset rates thus meaning that for wind 
turbine noise, AM of higher KI corrections (> 3 + dB) is highly dependent on the level 
of OR. 
 
3.2  Fluctuation Strength  
The fluctuation strength model was introduced for quantitative assessment of the 
amplitude modulation and originally it was proposed by Fastl (Fastl, 1983) and the 
formula for calculation of the fluctuation strength contained average linear broad 
band level L. (Lenchine, 2009) 
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It is suggested in (Fastl and Zwicker, 2007) that perception of the amplitude 
modulation becomes significant if it reaches about 10% of the relative fluctuation 
strength (100% can be produced by amplitude- modulated broadband noise of 60dB 
SPL at 4Hz modulation frequency and modulation depth 40dB or greater). For 
amplitude modulated broad band noise it is achieved at about 0.2vacil. This number 
is suggested as criterion to decide if the amplitude modulation is a characteristic of 
the wind turbine noise. (Lenchine, 2009). 
 


4  Measurement results 
Annex 1 at the end of this paper has 3 pictures on each page representing broad 
band SPL changes as dB(A) in time-domain window from each main wind direction 
and different distances from the closest turbine. Each result represents a very short 
sample period from a wave format file recorded at those locations and typically are 
the ones with the maximum AM. From the sample files it can be concluded that for 
downwind samples, AM does not seem to vanish although the measurement location 
goes further away from the closest turbine. Upwind results show also surprisingly 
high levels of AM, but most of the crosswind results are without any AM.  
By using the Nordtest method (chapter 3.1), some processed peaks were calculated 
into a single graph below. 
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Figure 1. Predicted prominence of impulse sounds with increasing distance. 


The KI correction level is also drawn as a dotted line and from the graph it can be 
seen that most of the maximum broad band AM peaks at the downwind locations has 
at least one clear peak which has a prominence level so high, that also a low KI 
correction to the measured LAeq level could have been used. The black dotted line is 
drawn (KI > + 3dB) to represent a higher KI correction, which could lead to a +5 dB 
correction in a typical Nordic noise assessment due to an impulsive character of 
sound for this particular time period (Nordtest Acou 112, 2002). This measurement 
location was about 630 m from the closest turbine, 150 m below the top ground 
height and also in the middle of the row thus giving many AM peaks where two or 
more turbines caused synchronized AM peaks. 
The IEC distance location represents results from the emission measurement board, 
where LD was typically 3.5 dB to maximum 4 dB in broad band time domain data but 
always with relatively low OR of about 18-20 dB/s. Spectrogram analysis was 
performed to emission measurement recordings as well as to the immission point 
recordings which revealed that AM was typically more pronounced at far field 
locations in the broad band recorded noise (see pictures 2a and 2b). 


    
Figures 2a and 2b. Spectrogram analysis from the emission measurement location 
(a) and from 2km location (b).  
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The fluctuation strength method takes account also the broad band sound level and 
thus is assumed to give a lower fluctuation strength in vacil scale with increasing 
distance. As an example only few maximum AM peaks were selected mainly from 
the emission measurement point and other downwind locations. 
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Figure 3. Fluctuation strength of AM peaks with increasing distance by using linear 
and A-weighted broad band sound levels. 0.2 vacil line is marked with red line. 


Fluctuation strength F seems to decrease with distance but only after the 630m 
downwind location. Emission measurement point had the highest SPL but only 4 dB 
modulation depth versus the downwind 2km point, where a 6 dB AM in A-weighted 
time domain data was found (and clearly heard). Synchronized turbine rotation in 
terms of sound pulses in phase, seemed to play in important role together with low 
background sound level. Also a large difference of F between L and A-weighted SPL 
was discovered. 
In annex 2, more sample plots are given to visualize what was clearly audible at the 
site: the dominance of the AM at downwind locations in different dates or opposite 
directions. In Figure 4, two audio files were fully investigated and all AM peaks 
calculated (as beats per minute) in order to extract the difference between upwind 
and downwind locations during the same measurement date. 
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Figure 4. Number of AM beats per minute during one evening measurement at the 
opposite sides of the hill. 


The stall regulated upwind turbine models under study also had a clear footprint of 
infrasound at a region from 6-10 Hz. This was accidentally discovered during one 
crosswind measurement period, where the wave form data showed a steady 
pulsation although the broad band modulation depth in time domain was minimal 
(see plots in annex 3). LD was now 10-14 dB and was found from many recordings 
analysed afterwards. Although the equipment used in field measurements was not 
optimized for such low frequencies, it gave interesting information regarding the 
phase difference of broadband SPL versus the infrasound level and modulation 
depth. A 30-32° blade rotation phase difference was found from the emission 
recording data and if it indeed is emitted when blade passes to tower (e.g. older 
downwind models, see Jakobsen, 2005), then it supports the idea that the highest 
broad band SPL is emitted from the downward blade movement presented by 
Oerlemans (Oerlemans, 2007).    
 


5  Conclusions 
Noise measurement campaign gave interesting results regarding the level of 
amplitude modulation at different distance in a complex terrain case. Two different 
methods for assessing AM were used to objectively measure the level of AM at 
different locations. AM of wind turbine broad band sound did not decrease with 
distance as was expected. Low night time immission point wind speed together with 
synchronized AM pulses increased the AM onwards from the emission point. The 
highest modulation depth with higher onset rates was typically found from the 
downwind samples and in particular at the far field measurement points which were 
located normal to a turbine row axis or at points directly downwind. By using two 
assessment methods of sound annoyance showed that a conservative approach 
assessing wind turbine noise in complex terrain cases is needed. This may 
especially be the case if the area has low nocturnal background sound levels. The 
Infrasound results indicate that the downward movement of the blade produces most 
the broad band modulation measured.  
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Annex 1 – AM sample plots 


 
Plot 1. Crosswind sample @ 530 meters, dB(A) in time domain. 7m/s @ 510m, 4 m/s 
@ 230m. 


 
Plot 2. Crosswind sample at 1000 meters, dB(A in time domain. 14 m/s @ 510m, 5 
m/s @ 230m. 


 
Plot 3. Crosswind sample at 1300 meters, dB(A) in time domain. 12 m/s @ 510m, 6 
m/s @ 230m. 
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Plot 4. Upwind sample at 520 meters, dB(A) in time domain. 8 m/s @ 510m, 2 m/s @ 
230m. 
 


 
Plot 5. Upwind sample at 1000 meters, dB(A) in time domain. 7 m/s @ 510m, 4 m/s 
@ 230m. 
 


 
Plot 6. Upwind sample at 1300 meters, dB(A) in time domain. 8 m/s @ 510m, 2 m/s 
@ 230m. LD = 4.2 dB, OR = 20 dB/s, P = 5.4. 
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Plot 7. Downwind sample at 630 meters, dB(A) in time domain. 9 m/s @ 510m, 2 m/s 
@ 230m. LD was now 7 dB, OR about 42 dB/s => KI = +3.1 dB 
 


 
Plot 8. Downwind sample at 1000 meters, dB(A) in time domain. 9 m/s @ 510m, 2 
m/s @ 230m. 
 


 
Plot 9. Downwind sample at 2000 meters, dB(A) in time domain. 8 m/s @ 510m, 0 
m/s @ 230m. 
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Annex 2 – AM sample plots – Comparisons 
 


 
Plot 1. Immission point at 1000m, two different measurement dates, same location, 
opposite wind directions, same turbine rpm. 
 


 
 Plot 2. Immission points at 1000m upwind and 1200m downwind during the same 
night time measurement, same turbine rpm, opposite sides of the hill. At the 1.2 km 
immission point directly downwind from the turbine, the “famous” pile driving sound 
now was present with rapid onset rates and frequencies only up to 300 Hz. 
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Annex 3 – Infrasound sample plots 
 


 
Plot 1. Wave-format data showing infrasound pulsations during one crosswind 
measurement. 
 


 
Plot 2. C-weighted infrasound as band bass frequency from 6 Hz to 10 Hz (red 
curve) during one crosswind measurement at 520m from the closest turbine. LD is 
about 14 dB. 
 


 
Plot 3. C-weighted infrasound as band bass frequency from 6 Hz to 10 Hz (red 
curve) during the 2 km downwind measurement under stable atmospheric conditions. 
LD is about 10 dB. 
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Abstract         
LBP|SIGHT are monitoring wind turbine noise since November 2009 at different sites 
in the Netherlands. The measured turbines are all large 2 – 3 MW Wind turbines 
positioned in the centre of the Netherlands, as well as near the seashore. At each 
site a measuring system is installed consisting of three microphones around a turbine 
and two anemometers to measure the relationship between the wind velocity and 
sound level of this turbine. Also the turbine data from the scada system is used in the 
monitoring. All data is collected continuously and automatically and stored in a 
database accessible through the internet. The aim of the measurements is to get 
insight in the Lden of a representative year. The sound regulation for wind turbines is 
recently changed in the Netherlands from a nightly Leq to a yearly Lden. The data is 
processed automatically so that during the measurements results can be obtained of 
the relation between the sound power level and the wind velocity at 10 metres, wind 
velocity at hub height, wind direction, and other factors. With these results the effects 
of directivity and wind shear can be acquired. The results can be sorted in different 
ways, for example by wind direction, by day- or nighttime or by season. The 
microphones are positioned close by according to the IEC 64110. This article will 
discuss the measurement system, the sites, the calculation and the so far obtained 
results. 


Introduction  


In 2008 the Dutch government was planning to change the noise regulation for wind 
turbines. The reason for this intention was the discussion between developers and 
opponents about the effect of wind shear on the noise immission. The existing 
regulation is a curve in which the permitted sound level Leq rises with the wind 
velocity at 10 metres height. During a night with a certain amount of wind shear the 
wind velocity at 10 metres height might be considerably lower than the wind velocity 
at hub height. This would cause a discrepancy between the noise emission and the 
sound limit. The effect of this discrepancy is cause for much discussion during the 
procedures for new wind parks and has let to delay and cancellation of wind parks. 
The yearly average Lden is proprosed as the quantity for the new regulation. This Lden 
is based on the wind statistics at hub height.  
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This proposed change to a yearly average led to monitoring programs set up by 
LBP|SIGHT. In a joint assignment of different wind park developers and energy 
companies LBP|SIGHT are now monitoring the noise of different wind turbines at 
several sites in the Netherlands. The aim of these measurements is to study the 
amount and frequency of wind shear on different locations in the Netherlands, to 
study the effect of this wind shear on the noise emission and to measure the yearly 
Lden value. 


Measurements and processing  


Measurements of wind turbine noise are mostly done according to the IEC61400-11 
as this method gives the most consistent results free from wind-induced noise and 
other disturbances. For a long term monitoring this IEC method was used as a 
guideline but some deviations had to be made.  


The first problem is the positioning of the microphone. The IEC requires a flat and 
hard surface but this would cause problems with rain and water on the surface. 
Instead, the microphone is placed on a slanted surface, which is additionally 
sheltered from above. Figure 1 shows the mounting. This set-up is also covered with 
a secondary wind screen. The function of the top shelter is not only to reduce the 
amount of rain on the microphone but also to increase the noise of rainfall. The 
filtering out of the measurement samples during rainfall is easier with this increased 
noise level.  


 


Figure 1  Microphone orientated to the rotor centre 


 


A second deviation is the distance from the noise measuring position to the wind 
turbine. This distance is decreased from hub height and half the rotor diameter to 
only the hub height. This shorter distance gives a higher signal which increases the 
signal to noise ratio for the automatic processing of the data.  
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These deviations of the IEC standard do not affect the measurement results. The 
set-up is calibrated by performing a manned measurement according to the IEC and 
comparing the results with the monitoring set-up. In figure 2 this comparison is 
shown. The difference is 0.2 dB. In table 1 the spectral differences are given. In the 
low frequencies the difference is probably caused by the not completely cancelled 
out ground effect due to the slanted plate and in the high frequencies by attenuation 
of the rain shelter. 


Table 1 
The spectral difference of the IEC measurement and the monitoring set-up 


Level monitoring set-up minus 
IEC measurement: 


Octave [Hz] 


63 125 250 500 1k 2k 4k 8k 


Difference: -0.2 dB 0.5 0.5 -0.3 -0.4 -0.2 0.1 -1.9 -4.3 dB 
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Figure 2 Difference between IEC measurements and monitoring set-up 


 







 Continuous noise monitoring of wind turbines Page 4 of 10 


 


 


 


Figure 3 Positioning of the three microphones and one of the two anemometers 
around the wind turbine 


 


At each wind turbine three microphones are positioned around the turbine. Two cup 
anemometers are positioned on a mast at 10 metres height. In figure 3 the total set-
up at one of the turbines is pictured. In the turbine a central processing unit (cpu) is 
placed which processes the five signals (three sound, two wind) and transmit them to 
a central web server (www.geluidbeheer.nl). On the server the data is stored in a 
database after the following processing. Each second a root mean square noise level 
is stored of each octave. Each second the wind velocities are recorded. Hourly and 
ten minutes averages of both noise and wind are calculated. Data from the wind 
turbine is also stored in the same database. This data is the ten minute average of 
the wind velocity at hub height, the wind direction on hub height (positioning of the 
nacelle), the electrical output and the revolutions per minute (rpm).  


To filter out disturbances and non valid data, several checks are made. For example, 
the rpm of the rotor has to be higher than zero to check if the turbine is in operation. 
Furthermore, the wind velocity on hub height has to be at least 1 m/s to check for 
inconstancies, and also the results at very very high (> 25 m/s) wind speeds on the 
10 metres masts are not taken into account (the wind turbine will then be shut off). 


 



http://www.geluidbeheer.nl/�
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Results  


With all the data on the server different results can be examined. Some subsets of 
the results will be discussed in this article.  


In figure 4 the measured sound level is plotted against the measured wind velocity. 
This relation can be used for the calculation of the sound power level. This relation is 
obtained from measurements during one month. 


 


Figure 4 Measured sound pressure level against V10 during nighttime for one month 


 


The wind shear (the wind velocity at hub height divided by wind velocity at 10 metres 
height) is shown in figure 5 for daytime and figure 6 for nighttime. Although the factor 
Vhh/V10 hovers around the line depicting a neutral atmosphere (in this example 1.2 for 
a hub height of 80 metres). It is clear that during some nights the factor is much 
higher due to a stable atmosphere. On these nights the measured sound level will be 
higher than expected from the V10 during those nights.  
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Figure 5 Average Vhub/V10 during daytime for several months 


 


 


Figure 6 Average Vhub/V10 during nighttime for several months 
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The effect of this wind shear for the sound level can be calculated according to the 
old Dutch noise regulation. This regulation is called the WNC. The sound levels are 
corrected for wind velocity at 10 metres height according to table 2. The resulting 
level should be 40 dB(A) or lower at dwellings during the night (an eight hour 
equivalent). According to Dutch law this 40 dB(A) noise limit should be met almost 
every night of the year. A few exceptions a year are tolerable, usually 12 a year. This 
means that when measuring for one year, the 13th highest noise level of the year is 
representative. In figure 7 the levels in nighttime according to the WNC regulation are 
given. The 13th highest level (with reference to one year) is 55.8 dB(A) (this level is at 
the measuring position, not at a dwelling). This level in this example is 0.9 dB higher 
then calculated if wind shear due to non-neutral atmospheric conditions was not 
taken into account. So for this turbine at this position the effect of stable atmospheric 
conditions is 0.9 dB during three months of measuring. The effect of wind shear due 
to higher than standard roughness length is considered to be almost zero for this 
site.  


Table 2 
Correction of sound level according to the WNC 


V10 [m/s] 3 4 5 6 7 8 9 10 11 12 


Correction [dB] -1 -1 -2 -2 -3 -4 -6 -7 -8 -10 


 


The level obtained according to the old Dutch regulation can be compared to the new 
regulation. The new regulation states a maximum yearly average Lden of 47 dB. The 
Lden is calculated by adding 0, 5 and 10 dB to respectively Lday, Levening and Lnight and 
subsequently averaging the levels time-weighted. In a formula:   


 


The Lday, Levening and Lnight are the equivalent levels during the periods 7.00 to 19.00, 
19.00 to 23.00 and 23.00 to 7.00 hours. Figure 8 shows the levels at each day during 
a year. If this period of three months of measuring is representatieve for a whole year 
than a Lden of 61.1 dB is obtained. So for this wind turbine, with these surroundings, a 
Lden of 61.1 dB is measured together with a WNC corrected noise level of 55.8 dB(A). 
The difference (Lden – WNC) is 5.3 dB. This difference is less than the difference 
between the old en new regulation: The limit for the Lden is 47 dB and for the WNC 40 
dB(A) and thus the difference between the nose limits is 7 dB. If this wind turbine 
meets the old noise limit exactly than the Lden of this turbine will be 45.3 dB and thus 
meets the maximum allowed level of 47 dB.    
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Figure 7 Average nighttime sound levels (red: measured, green: +10 dB correction 
for Lden during night, blue: correction for V10 according to Dutch WNC) 


 


 


Figure 8 Average 24hours sound levels (red: measured, green: corrected for Lden, 
blue: correction for V10 according to Dutch WNC)
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In figure 9 an example of the measurements results of directivity is shown. This 
figure is valid for a wind velocity of 6 m/s at hub height. The graph is obtained by 
plotting the measurement results at one of the microphones against the orientation of 
the nacelle. In this example the average level downwind (in the direction of the 
microphone) is 51 dB. The lowest averages are found halfway and are about 46 dB. 
The effect of directivity resulting from this graph is thus 5 dB. By combining all the 
results from the three microphones the directivity for all directions can be calculated 
for all the wind velocities. 


 


 


Figure 9 Directivity at Vhh=6 m/s when the rotor is facing one of the microphones 
(some noise disturbance exists in this example at a wind direction exactly from wind 
turbine to the microphone)  
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Conclusions 


Continuous noise monitoring of a wind turbine is feasible provided the distance 
between turbine and microphone is not too large. In this research the distance 
between tower base and microphone was the same as the hub height. By using 
three microphones around the turbine the resulting data can be processed for 
different wind directions (wind from sea or wind from land). Also the directivity of the 
rotor can be examined.  


The results show that wind shear to stable atmospheric conditions can be a relevant 
factor although the effect on the noise immission is small.  


The Lden of a wind turbine can be calculated by monitoring the sound level. The effect 
of the change in Dutch law from a WNC corrected noise limit of 40 dB to a yearly 
average Lden of 47 dB is depending on the turbine type and the positioning of the 
turbine. The measurements results of a period of more than a year show a difference 
between site near the sea and inland sites.  
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Abstract 
Internationally accepted methods are available for the characterisation of acoustic 
noise of wind turbines but, whereas the designers of wind turbines are convinced that 
their machines are acoustically all right and the independent acoustic consultants 
rely on acoustic indicators leading to reproducible results, some wind farm 
neighbours keep complaining about disturbing noise, tones or other sound effects. 
Whereas most fields of engineering refer to physical quantities which can be 
measured, they seldom have to refer to the field of human perception. The 
acoustician however must relate his measurements to human hearing. Whereas the 
unpleasantness of wind farm noise is first dependent on loudness and second to 
tonality, other more subtle effects, e.g. fluctuation strength, play also a significant 
role. Some robust indicators are available for the assessment of the loudness and 
the tonality but they are still missing for the later effects. 
In parallel to the development of dedicated measuring procedures, ear-training by 
listening and identifying particular wind turbine sounds helps improving the quality of 
the description and of the diagnostic which can be made about individual wind 
turbine noise conditions. 
This paper is illustrated by selected wind turbine noise samples ranging from the 
legacy Monopetros 50 sound to inconspicuous acoustic problems which could turn 
out to be disturbing on the long term. 


Acoustic noise emission measurements 
The most widely applied measurement methods of acoustic noise emission from 
wind turbines are currently the international standard IEC 61400-11 [1] and the 
technical guideline TR1 [2]. 
These standards specify the measurement set-up, the operating conditions, the 
evaluation procedures as well as the reporting of the results. At a first glance, they 
give the impression that the task of producing a measurement report is within the 
realm of a skilled person with technical background. 
Whereas the standards mainly describe objective assessment methods, they give 
the opportunity to the operator to make use of his listening skills. This is the case for 
example in section 7.2.4 of the IEC standard which recommends “other optional 
measurements” or in the TR1: “the described methods should contribute to a unified 
assessment of the noise, its tonality for example. They cannot however replace the 
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subjective evaluation by the expert. As a consequence, the results of the frequency 
analysis must be confronted to the audible impression at the time of the 
measurement and must also be reported.” 


Applications of acoustic noise measurements 
The introduction of TR1 reminds that “the acoustic noise measurement reports are 
meant to improve the reliability of the permiting process. This is of interest to the 
administrations, the operators, the project engineer as well as the manufacturer” [2]. 
Among other interest groups, the administration represents the neighbours of the 
wind farm projects who are not directly sensitive to the amplitude of physical 
parameters but on their perception. To a large extent, the perception is related to 
psychoacoustic parameters and the standards on acoustic noise measurements 
specify how to assess these parameters. However some effects are still difficult to 
quantify and the final judge is the human ear. This is the main reason why the ear of 
the operator at the test site has still an important role to play. 


Subjective evaluation 
The engineer performing acoustic noise measurements should be able to assess the 
peculiarities of the noise of the turbine under test in order to adapt the measurement 
protocol if necessary. Furthermore he should be able to communicate to other 
persons about his impression. The preferred way of communication is textual since it 
can be included in the measurement report. Translating an audible impression into a 
textual description is however not an easy task and it has to be trained. To prevent 
misunderstandings it is recommended to complement the textual description by short 
audio samples which can be played back at the office. 
Onomatopoeia is a way of imitating the sounds associated with the objects or actions 
they refer to. A set of terms is proposed by the IEC standard such as “whine, hiss, 
screech, hum, bangs, clatters, clicks, thump” but it can be extended at will. 


Surrounding noise sources 
The sound sources surrounding the wind turbine under test must be carefully 
documented and their effect on the measurement assessed in order to decide about 
the best measurement setup and conditions.  
This is especially the case when a wind turbine under test is surrounded by other 
wind turbines. Only the person at the test site can reasonably assess where the 
noise is coming from. 
Wind-induced noise in the vegetation, animal noise, noise from the next industrial 
plant, traffic noise (cars, planes, farm machines etc…) belong to the usual potentially 
disturbing noise sources. 
Wind-induced noise at the measurement microphone should be differentiated from 
the surrounding noise and eventually avoided by using state-of-the art wind screens.  


The tools of the trade 
The acoustician at the site has usually a high quality sound level meter which can 
help assessing the various noise sources. However, the ear of the operator can be 
considered as the most talented tool. The measurement microphone must be 
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protected from wind-induced noise by suitable wind screens. In a similar fashion, the 
human ear can be protected using wind screens. During strong wind conditions, 
these ear wind screens definitely improve the capability of the ear to segregate the 
various noise sources. Further tools are a high quality headphone amplifier as well 
as a closed headphone. 


Typical wind-turbine sounds 
A method for developing listening skills is to listen to typical wind turbine noise. We 
give in the following a set of examples to start with. Most of these sound samples are 
derived from measurements at the IEC reference position 1 [1]. 
Monopteros 50 
Wind turbine opponents often complain about the thump noise produced by the blade 
while passing the tower. One of the best examples of an objectionable wind turbine 
noise is given by the Monopteros 50. This one-blade downwind wind turbine has 
been in operation from the late 80’s to the late 90’s. It had a rated power of 640 kW, 
a rotor diameter of 56 m and a 60-m hub height. The rotational speed ranged from 32 
to 43 rpm. The measured sound power level reached 113 dB(A) [3]. The vibrations of 
this wind turbine type where not only objectionable for the neighbours but they also 
contributed to a premature wear of the mechanical components. 
The time plot of the sound pressure level (arbitrary dB scale) shows maxima when 
the blade is passing by the tower and most of the acoustic energy is radiated at low 
frequencies (Fig. 1). 


 
Fig. 1: Monopteros 50 
 
Two-blade downwind 
A two-blade downwind wind turbine has typically a binary rhythm where a low 
frequency thump alternates with a high frequency swish (Fig. 2). 
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Fig. 2: Two-blade downwind wind turbine 
 
Three-blade wind turbine 
The former two examples had the salient characteristic of thump noise at tower 
passing which is typical for downwind wind turbine types. An old-fashioned upwind 
three-blade wind turbine has a significantly smoother sound (Fig. 3). Amplitude 
variations can be noticed on the time plot of the sound pressure level but the rhythm 
is not as regular as with the former examples. Individual tonal components can be 
heard and with the help of the spectrogram can be identified to be in the range of 
450 Hz and 2400 Hz. 


 
Fig. 3: An old-fashioned three-blade wind turbine 
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Four-blade wind turbine 
A four-blade rotor is more difficult to balance than a three-blade one. That can be 
heard in the sound example where the whip of the blades is varying in amplitude. 
The unsteady amplitude can also be seen on the time-plot of the sound pressure 
level in Fig. 4. 


 
Fig. 4: A four-blade wind turbine 
 
Blade whistling and machinery noise 
An old-fashioned two-blade wind turbine gives an example of problems which have 
to be avoided: the whistling of the blade tips as well as the fixed-frequency 
machinery noise (Fig. 5). By refining the mechanical design and maintaining the 
blades these problems can be effectively reduced. 
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Fig. 5: Blade whistling and machinery noise 
 
Fans and wind turbine stop 
For the sake of dependability, the measurements according to IEC or TR1 have to be 
performed during fairly steady operational conditions in each wind-speed bin. 
Measuring during transition phases (stop/start of the wind turbine) would lead to 
unreliable results but listening at these periods can reveal many details about the 
wind turbine, its auxiliary components as well as its acoustic integration in the 
environment. Listening to the recording of the start and stop phases while reading 
the measurement report provides a vivid illustration of the acoustic scenery. 
Figure 6 illustrates the stop phase of a wind turbine whose cooling fans stop with a 
few seconds delay. The acoustic level drops from the operating level down to the 
background noise level but shows an intermediate level when only the fans are in 
operation. The investigation of the individual spectral lines would allow differentiating 
between acoustic signature of the wind turbine and that of the fans. 
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Fig. 6: Machinery, fans, surroundings 
 
Gearbox and bearings 
Gearbox and bearings are powerful sources of vibrations which can be transmitted 
and sometimes even amplified by the mechanical structure on which they are 
mounted. The sound pattern is very characteristic and can be extremely annoying for 
the neighbours of the wind farm.  
The mechanical engineer works at avoiding vibrations because they have a negative 
impact on the expected life-time of the mechanical components. As a by-product, he 
expects that the level of the vibrations will be acceptable also for the neighbours of 
the wind farm. However, assessing the audibility of the vibrations by a human ear 
often requires the feedback from field testing. 
Figures 7.1 and 7.2 show the example of a gearbox and bearing noise in a typical 
prototype wind turbine at an early stage of testing. In the shown time excerpt, the 
rotational speed was steady enough so that the IEC tonal assessment delivered a 
significant and consistent value ∆La = 1.6 dB.  
During unsteady operational conditions the result of the IEC tonal assessment might 
have been blurred because of the time averaging of spectra originating from slightly 
differing rotational speeds. This remark points to a shortcoming of the tonal 
assessment method according to IEC 61400-11 ed.2.1. From the perspective of 
human hearing, the noise would be as objectionable during unsteady as during 
steady operational conditions. 
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Fig. 7.1: A prototype wind turbine: spectrogram 


 
Fig. 7.2: A prototype wind turbine: tonality assessment. Source: DEWI. 
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Unusual sounds 
The IEC standard [1] recommends documenting the “unusual sounds” or “noise that 
is irregular enough in character to attract attention”.  
Such sounds might occasionally appear during short periods of time and are usually 
not significant for the assessment of the sound power level or of the tonality of the 
wind turbine. They must however be documented because they could give a hint 
about the condition of individual wind turbine components or be decisive for the 
acceptance of the wind farm project by the neighbours of the wind farm.  
An example is given by a yaw geared-motor noise which is usually not objectionable 
but which might become a problem for the neighbours of the wind farm if, e.g. during 
calm nights with continuously changing wind directions, the wind turbine would 
correct its orientation every now and then. Figure 8 shows a spectrogram of the 
yawing period before and after start of operation of a wind turbine. 


 
Fig. 8: Yaw geared-motor noise 
 
Unexpected noise 
Unexpected noise components can give a hint that the wind turbine runs in an 
unusual operational mode or that a component or a setting deviates from the 
specifications. In such a situation, double checking with the client is recommended 
before proceeding with the acoustic noise measurements. 
A sample recording was made on the ground in the vicinity of a wind turbine at about 
30 m distance. The spectrogram in figure 9 shows a low rumble tone (50 Hz) which 
was not expected and turned out to be related to an unusual type of gearbox. The 
high frequency components around 2.5 kHz which could be heard close to the wind 
turbine are due to the electrical power converter. At a larger distance of the wind 
turbine they were less of an issue than the rumble tone. 
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Fig. 9: Unexpected very low frequency noise 
 
State of the art 
The sound of a modern three-blade wind turbine has almost no salient features. The 
very slight amplitude variations over time which can be seen on figure 10 are more 
likely dependent on the instabilities of the wind field than on the wind turbine itself. 
Some spectral lines can be identified on the spectrogram but most listeners will not 
complain about these tones because they are below the hearing threshold. This is in 
agreement with the results of the standardised IEC tonality assessment method. 
Under particular listening conditions these individual frequencies might become 
clearly audible. This is especially the case when playing back the recording in a room 
where the low-frequency modes amplify the objectionable tones. 
Under open field propagation, this amplification of the low frequency components is 
not expected to happen but during a long-term exposition to the low-frequency 
steady frequency components, the complaining neighbour might develop an 
enhanced sensitivity to this noise. 
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Fig. 10: A modern three-blade wind turbine 
 


Disclaimer 
The presented sound samples are derived from experimental or prototype 
measurements. They are representative of potential acoustic noise problems but are 
not representative of the final acoustic characteristics of the wind turbine types once 
their designs have been finalized by the wind turbine manufacturers. 


Conclusion 
The application of the standard measurement methods leads to reproducible results 
but the tiny interesting details might get blurred by a large amount of average data. 
By carefull listening and identification of individual sound sources, the measurement 
sequence can be focused on the most relevant operating conditions. Experience 
shows that trained listening skills help better assess the situation at the test site and 
the conditions of the measurement. 
This helps improve the signal to noise ratio, reduce the measurements uncertainties 
and identify exception conditions when a correction or a repair of the wind turbine 
should be performed before the measurement can proceed. 
When the measurement report is made available along with a description of the 
peculiar noise issues, the potential problems can be better understood by the design 
engineers and the operator of the wind farm. This can open the way to a faster 
improvement of the acoustic characteristics of the wind turbine or to a better 
acceptance of the wind farm project. 
This presentation has dealt with the wind turbine as a source of noise. At the 
receptor location, other phenomena should be taken into account which might affect 
the hearing perception such as the acoustic propagation and the accumulation of the 
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contributions from several similar wind turbines operating at an almost synchronous 
speed. 
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Abstract 
Soil vibrations produced by wind turbines are a possible concern for scientific 
experiments performing extremely accurate length measurement; such as the Virgo 
gravitational wave detector (Cascina, Pisa, Italy). We present the case study of the 
seismic disturbance produced by a wind park of four 2MW turbines located at a few 
km from Virgo. The site seismic wave-field has been studied by means of seismic 
array measurements and correlations with wind speed, which permitted to 
disentangle the seismic signal of the wind park from the anthropogenic noise 
background. The main seismic component is found at 1.7Hz and its spectral 
amplitude is measured to be still above the quiet noise background at distances of 
11km from the park. A model is proposed which explains the measured attenuation 
properties accounting for the site geology. Separately we also find a relationship 
between wind speed and seismic amplitude. These two pieces of information are 
used to asses a predictive relationship linking wind speeds with expected seismic 
noise amplitude for any custom configuration of turbines. 


 
1. Virgo and its seismic issue 


Virgo is a large laser interferometer aiming to the detection of the tiny space 
deformations associated to Gravitational Waves, which according to Einstein’s theory 
of general relativity, are produced by large accelerated masses like Supernovae 
explosions, spinning neutron stars or coalesce of binary star systems [Saulson, 1]. 
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Virgo is hosted by the European Gravitational Observatory (EGO) which is a French-
Italian (CNRS and INFN) scientific consortium. EGO-Virgo is located about 15km 
South-East of the city of Pisa, Italy. Figure 1 shows a map of the area. The site is 
within the Arno river alluvial basin; it is bounded by the Monti Pisani to the North, 
another smooth relief to the South, and the Tyrrhenian Sea to the West. The geology 
of the area is well documented by several borehole explorations and stratigraphy 
studies [Cantini,2] also performed during Virgo construction [Stefanelli,3] as 
consisting of shallow lime sediments up to a depth of 50m, followed by gravel 
deposits, and a layer of  carbonate bedrocks at a depth of about 800m. 
 


 
Figure 1 – Simplified geological map of central-western Tuscany including the study area 
(shaded rectangle). The inset at the bottom right shows the layout of Virgo with positions of 
the Virgo Central Building (CB), West Building (WB) and North Building (NB); the location of 
the four turbines (red stars) of the existing wind park named “Eolico Gello”, and the position 
of seismic station 931E (instrumented with one Lennartz Le3D-5s) which was kept fixed in 
continuous acquisition during the whole measurement campaign. 
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Virgo is a Michelson interferometer made of two 3km long perpendicular arms [The 
Virgo collaboration, 4]. A laser light beam is split in two by one semi-reflective mirror 
placed at the arms common vertex, and reflected back by mirrors placed at the arms 
extremities. An impinging GW is expected to alternatively stretch one arm while 
compressing the other. By reading the phase shift of the recombined beam an 
extremely precise measurement of the arm length difference is made. Virgo is 
sensible to strain variations of the order of 10-22 in the range from 10Hz to 10000Hz. 
To obtain this performance Virgo exploits frontier technologies in the field of ultra-
stable high power lasers, super-polished mirrors, ultra-high vacuum, and extremely 
efficient seismic isolation [Accadia, 5]. Nevertheless, intense low-frequency ground 
vibrations might overcome the seismic isolation systems and deteriorate the Virgo 
performance. One concern is that 0.1-10Hz monochromatic ground vibrations can 
match and excite the resonant modes of the Virgo isolation systems. Another 
concern is the phenomenon of diffused light [Accadia, 6]. Tiny fractions of the light 
beam might, because of mirrors imperfections, get off the main beam path, hit 
ground-connected parts and be scattered back-in carrying a phase noise which has 
“memory” of the scatterer vibration. To illustrate the relevance of this noise path, 
Figure 2 shows the expected impact of an increase of a factor 10 of the RMS ground 
seism in the 1Hz to 2Hz frequency range. The associated strain noise would be 
limiting the sensitivity of the present Virgo and its upgraded version (“Advanced 
Virgo” foreseen for operation in 2015). 


 
Figure 2 – Predicted impact on Virgo of an increased ground seism at 1-2Hz. Left: ground 
displacement due to normal seism (grey) and simulated excess in the 1-2Hz region (blue). 
Right: projected noise in the Virgo Gravitational Wave signal associated to the typical ground 
seism (grey) and the excess seism (blue). The projection is done using the diffused light 
noise model described in [Accadia, 6] and a typical noise coupling value (G=1E-21) 
measured in Virgo. Note the diffused light noise model is not linear: a ground displacement 
noise at a few Hz causes a noise at 10-50Hz in the Virgo output signal. 
 


Wind Turbines (WT) are known to emit acoustic and seismic noise which might still 
be detected at far distances [Schofield, 7; Styles, 8]. 
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In the previous edition of this conference (WTN2009) we reported about the concern 
for the possible disturbance produced by a wind farm planned for construction in the 
vicinity of Virgo. In that occasion we illustrated results of seismic measurements at 
one wind farm in Germany, and used that data to extrapolate possible effects at Virgo 
[Fiori, 9]. 
The wind farm is now in operation: “Eolico Gello” consists of four 2MW turbines of 3-
bladed type located East of Virgo. The closest turbine is at 5.9 km from the far 
extremity of the Virgo North arm.  Also, additional turbines are proposed for 
installation in the vicinity of the EGO site. These are: an extension of “Eolico Gello” 
with the addition of 3 turbines, and a new wind farm (named “Guasticce”) counting six 
turbines located South-West of Virgo. Figure 3 illustrates the present and proposed 
wind parks layout.  
EGO has commissioned to the Italian Institute of Geophysics and Volcanology 
(Istituto Nazionale di Geofisica e Vulcanologia, INGV) a noise study aimed at 
verifying properties and intensity of the vibrations produced by the existing wind 
turbines and assessing the possible impact of the new proposed wind farms. Details 
of this study are given in one article which has been recently accepted for publication 
[Saccorotti, 10]. Here we report the main results of this study. In Section 2 we 
describe the measurements; in Section 3 we describe how the wind park seismic 
signal has been disentangled from the anthropogenic noise by correlating it with wind 
and by measuring its directional properties; in Section 4 we describe the attenuation 
measurement and its modeling; in Section 5 we propose a predictive model which we 
apply to the new wind park projects. 


 
Figure 3 – Map of the study area. It is shown Virgo (blue squares mark Virgo’s West Building-
WB, North Building-NB and Central Building-CB), the existing “Eolico Gello” wind park (red 
circles: T1 to T4), its proposed extension (light-blue circles) and the proposed new wind park 
“Guasticce” (light-blue squares in the bottom left). 
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2. Acquisition of seismic data 
The measurement campaign was carried out between October 26 and November 17 
2009. This period covers a wide range of wind conditions also encompassing periods 
of intense winds. A total of 17 seismic stations was employed, six of which were kept 
in fixed position through the whole campaign duration, while the others were 
arranged in different size and aperture array geometries for short duration 
measurements of wave-field directional and attenuation properties. Sensors 
consisted of Lennartz LE3D-5s velocimeters (flat response bandwidth 0.2-40Hz), 
Guralp CMG-40T tri-axial velocimeters (0.025-50Hz) and EpiSensors FBA ES-T tri-
axial accelerometers (0.1-100Hz). Instruments were calibrated and cross calibrated 
before the beginning of the survey. Along the data collection period, each individual 
recorder performed hourly synchronizations to the Global Positioning System time 
signal. Throughout the study period wind speed and direction was measured by one 
anemometer (Davis, Vantage Pro ISS) located atop of the Virgo control building at 
about 10m from soil. 
 


3. Identification of the Wind Turbine seismic wave field 
3.1 Measurement with a single station 
The time-frequency plot in Figure 4 illustrates the measured characteristics of 
frequency and time variability of the soil seismic noise amplitude at about 1200m W 
of the west-most turbine through the entire duration of the study campaign (station 
“931E” in Figure 1). 


 
Figure 4 – Spectrogram for the horizontal (N) component of motion at station 931E for the 
whole duration of the survey. Each column in the plot is the spectral amplitude estimated by 
averaging 10 discrete Fourier transforms over subsequent not-overlapping 60-s-long 
windows of signal. Colour scale unit is ms-1/√Hz. The time scale is expressed in Julian days 
from the beginning of the year; as a reference, day 302 corresponds to October 29 2009. 
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The site seismicity over the 1 to 20Hz range evidences a typical daily periodicity with 
maxima at working hours and minima at night time and weekends. In order to 
investigate the noise components likely due to the WTs, we investigated the 
correlation between noise amplitude and wind speed. The rows of the spectrogram in 
Figure 4 are time series of spectral amplitude which we average over 0.1Hz-wide 
frequency bins and we cross correlate against the contemporaneous time series of 
wind speed. In Figure 5 the maxima of the correlation function and the associated 
time lag (i.e. the delay between an increase of seismic noise and a correlated 
increase of wind speed) is plotted against the bins central frequency. Correlation is 
markedly good at some peculiar frequencies: 0.45Hz, 1.7Hz, 3.5Hz and 4.5Hz. 
Among these, only the 0.45Hz seism correlates with a delay of some hundreds 
minutes. This evidence points to a different origin of the 0.45Hz seism which might be 
marine microseism. Figure 5(c) illustrates the correlation of windiness and the 1.7Hz 
seism, occurring with no appreciable delay. 


 


 
Figure 5 – Correlation between the spectral amplitude of seismic noise for the N component 
of motion and the wind speed throughout the duration of our survey. (a) Maxima of the 
normalized correlation function. (b) Time lags corresponding to the maximum of the 
correlation function. (c) Comparison between the times series of wind velocity (black) and 
seismic noise spectral density at the frequency 1.7Hz (red). 
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3.2 Measurement in the near field 
The time-frequency plot in Figure 6 depicts one turbine activation sequence. Soil 
motion data are recorded in close proximity of the turbine. In the composite spectrum 
we observe the onset of persistent components at peculiar frequencies. Among these 
we note: (i) some gliding spectral peaks at multiples of 0.3 Hz up to frequencies of 
20Hz; (ii) a few steady spectral peaks, the most energetic of which at about 0.45Hz 
and 1.7Hz. The turbine is 3-bladed. We thus hypothesize that the observed 0.3Hz-
spaced gliding spectral peaks are due to structure vibrations associated with the rotor 
movement, which at the time of measurements had a noted period of about 10s. The 
time stationarity of the 0.45Hz and 1.7Hz peaks indicates they might be associated to 
mechanical modes of the turbine structure itself. 
 


 


 
Figure 6 – (a) Measure of the Z component of the ground velocity and (b) related 
spectrogram measured close to turbine n.2. Data were recorded on Nov.10 during a period 
of low winds (3m/s).The turbine switched on at about second 3100th. (c) The bottom plot 
compares velocity spectrum close to the turbine when the WT was off (blue) and active 
(green). 
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3.3 Measurement of directional properties 
Kinematic properties (velocity and direction of propagation) of the seismic wave-field 
are measured with dense arrays (sensors spacing of ∼100m) deployed in proximity of 
the wind park (see inset in Figure 7). Data are analyzed with the PWF method (Plane 
Wave Fitting, [Del Pezzo, 11]). In the approximation of plane wave fronts, this method 
estimates the two components of the slowness vector using the inter-station delays 
corresponding to the maximum of the cross-correlation function. 
We note (Figure 7) an abrupt variation of wave-field direction and velocity around 
1Hz. Below 1Hz the wave field direction is consistent with a source located in 
proximity of the coast, thus reinforcing the hypothesis it is the microseism wave-field 
associated to marine activity, which has been thoroughly investigated at Virgo also in 
other studies [Acernese, 12]. Above 1Hz the wave field direction is consistent with a 
source located in proximity of the wind park (red lines in Figure 7, right). Additional 
wave-field properties, as its polarization which indicates a prevalence of a transverse 
wave (see [8]) and the low velocity (0.1-0.2 km/s), suggest that the seismic signal 
propagates mainly as a Love wave type. Measured properties indeed agree with 
those typically observed for shear waves in not-consolidated sediments [Castagna, 
13]. 
 


 
 


Figure 7 – (Left) Dispersion curves derived from the frequency dependent slowness 
estimate. Slowness data are obtained from 24 consecutive not overlapping 600s long 
segments. The inset shows the configuration of the array used for the slowness estimate 
(blue circles) with respect to the wind park (red stars). (Right) Wave back-azimuth (direction 
of arrival) as function of frequency. Two dashed red lines mark the angular interval 
encompassing the wind park. 
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4. Attenuation properties of WT seismic field and its model 
In Figure 8 the seismic field spectral amplitude is compared among synchronized 
stations located at increasing distance, 1.2km to 11km, from the wind park 
barycenter. The measurement was done during a windy night for which we expect 
low anthropic noise and large radiation from the wind park. 
 


 


 
Figure 8 – (a) Amplitude spectral density of ground seism (North-South component) at 
increasing distances from the wind park. Data are recorded during a windy night period 
(average wind speed of 14m/s). (b) The logarithm of spectral amplitude (units of ms-1/√Hz) is 
plotted as a function of frequency and distance from the wind park barycenter. (c) Spatial 
decay of the amplitude of the 1.7Hz peak. 
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As shown by means of overlapped amplitude spectra and an intensity map (Figure 
8,a and Figure 8,b) seismic noise peaks attenuate as receding from the wind park, in 
agreement with the hypothesis that they are originated by the turbines. A bit 
surprisingly, the 1.7Hz component appears to travel the farther distance being still 
distinguishable at a distance of 11km from the park (seismic station inside the Virgo 
west building). The 1.7Hz seismic component exhibits a complicate attenuation 
pattern with distance (Figure 8,c). In particular, we observe a marked change in the 
amplitude decay rate at a source–receiver distance of 2500-3000m. 
 


 
Figure 9 – Spatial decay of the Amplitude Spectral Density of ground velocity computed over 
a 0.1Hz bin encompassing the 1.7Hz frequency, as function of distance from the wind park 
barycenter.  Blue dots are experimental data. In red is the fit curve using the described 
model, with parameters: n=0.75, A0=465µms-1/√Hz. 
 
We can explain the two different decay rates using a simple model accounting for the 
site geology. We hypothesize that the observed signal is the result of the 
superposition of direct surface waves and body waves refracted at the 800m-deep 
carbonate layer. We also assume that the velocity structure of the propagation 
medium is homogeneous and local amplification effects are negligible. Figure 10 
illustrates the model. 
It is assumed that each turbine emits energy isotropically, half of it as a surface wave 
travelling with group velocity v0 within the shallow layer of quality factor Q0 and half of 
it as a body wave travelling through an intermediate layer (Q1, v1) and continuously 
refracted at the interface with a deeper and more rigid layer (Q2, v2). The laws 
describing the attenuation with distance of the two seismic wave components (direct 
AD, and refracted AR) of a single turbine are (Eq.1 and Eq.2): 
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(Eq.1)  𝐴𝐷(𝑓, 𝑟) =  𝐴0
√𝑟
𝑒
−𝜋𝑓𝑟
𝑄0𝑣0 


(Eq.2) 𝐴𝑅(𝑓, 𝑟) = 𝐴0(2𝑟1 + 𝑟2)−𝑛𝑒
−2𝜋𝑓𝑟1
𝑄1𝑣1


 − −𝜋𝑓𝑟2𝑄2𝑣2
  


 
Assuming N identical turbines which signals sum constructively (1


 (Eq.3) 𝐴𝑇(𝑓) = 𝐴0 ∑ (𝐴𝐷(𝑓, 𝑟𝑖) + 𝐴𝑅(𝑓, 𝑟𝑖)𝑁
𝑖=1 ) 


), the total seismic 
field at the receiver, located at distances ri ( i =1…N)  from the individual turbines, is 
given by (Eq.3): 


 
A minimization procedure is applied to fit the model to the measured data letting the 
free parameters (A0, n, Qx and vx, x=0,1,2) to span over a defined grid of sensible 
values. The “Qx” and “vx” fit values are consistent with the rounded values given in 
Figure 10 and with the typical values reported in literature [Campbell, 14] for a soil 
with the geological characteristics of the study area. The best estimate (one sigma 
C.L.) of the other parameters is: n=0.70±0.04 and A0=400±26µms-1/√Hz, where the A0 
value corresponds to an average wind speed of 14m/s measured 10m high from soil.  
 


 
Figure 10 – Sketch of the model of propagation of the seismic wave-field between one WT 
source located at the left top and a receiver at surface distance “r” at the top right. Direct 
waves (black arrow) are confined in the shallow layer (yellow), while body waves (red arrow) 
cross an intermediate layer (green) and are continuously refracted by the 800m deep 
carbonate layer (blue). The critical distance (XC) is defined by the critical angle of refraction 
between the intermediate and the carbonate layers: XC=2h.tan(sin-1(v1/v2)). Consequently, 
for a source located at the surface, refracted waves can be observed only at distances larger 
than XC. Reported wave speeds (vx) and quality factors (Qx) are representative values for the 
site geology. 


                                            
1 This is a working hypothesis. A more realistic estimate shall consider that turbines are not all in 
phase neither all emit at exactly the same frequency. In this case, the sum law in Eq.3 shall be 
replaced by a quadratic sum. 
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5. Predictive relationship applied to the wind park extension 
We still have to include in the model the effects of wind. The correlation between 
seismic noise amplitude and wind speed can be tentatively evaluated considering 
that the power in the seismic signal shall be proportional to the power that the turbine 
extracts from the wind. This last is proportional to the cube of the air velocity (2


Figure 11 shows the correlation between the amplitude of the seismic signal at 1.7Hz 
measured through the entire seismic campaign at the reference station (931E) and 
the wind velocity measured at Virgo (10m from soil). Although data are a bit 
dispersed (and we would attribute this mainly to differences in the wind field between 
Virgo and the wind park) they are sufficiently well described by the model (W is wind 
speed) in Eq.4: 


). It 
seems therefore reasonable to expect the seismic noise amplitude (square root of the 
seismic noise energy) to grow as the 3/2 power of the wind speed. 


 (Eq.4) 𝐴𝑅𝐸𝐹(𝑊) = 𝑐 + 𝑎 ∙ 𝑊
3
2. 


 


 
Figure 11 – Scatter plot of the amplitude spectral density at 1.7Hz measured at 931E and the 
wind speed through the whole seismic campaign period (i.e. about three weeks).The grey-
tones scale indicates the wind direction (degrees) measured clockwise from North. The black 
curve is the model: AREF=c+a.W3/2 with best fit parameters c=1.4x10-6 ms-1/√Hz and a= 
2.1x10-7 /√Hz. 


                                            
2 The power that a turbine extracts from the wind is proportional to the energy of the volume of air 
flowing through its blades in the unit time. This air volume increases linearly with wind speed, and its 
energy is proportional to the average air speed squared. 
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Keeping in mind the mentioned assumptions and limitations, and in presence of a 
robust wind statistics, the described model permits to predict the soil noise level at 
any given distance from any given custom configuration of wind turbines on the site. 
Figure 12(left) illustrates the model prediction of the increase of seismic noise 
consequent to the installation of three additional turbines next to the existing “Eolico 
Gello” wind park. For distances greater than about 2500m, soil vibration at 1.7Hz 
would become about 1.8 times larger than at present. 
We have applied the previsional model also to the new “Guasticce” 6-turbines park. 
In this case, given the collected wind speed statistics, the model has been used to 
estimate the probability distribution of the noise seismic amplitude produced by the 
wind park at increasing distances from it. This is illustrated in Figure 12(right). For 
example, at Virgo West Building (5000m from the “Guasticce” park), there would be a 
95% probability to observe soil displacements smaller than 0.2 µm/√Hz or, vice-
versa, a 5% probability to observe soil displacements larger than 0.2 µm/√Hz, 
produced by the action of the new wind park. These evaluations, together with the 
spectrum of the typical ground displacement at the Virgo site (Figure 2, left) will 
permit to set constraints on the minimal desirable distance for the wind park, and 
suggest changes in the layout or number of turbines. 


 
 


Figure 12 – Examples of application of the previsional model to the proposed new wind 
turbines in the study area. (Left) Application to the case of the extension of the existing 
“Eolico Gello” wind park from 4 to 7 turbines: the curve shows the expected increase of 
ground seism amplitude at 1.7Hz as a function of the distance from the park barycenter. 
(Right) Application to the case of the proposed “Guasticce” wind park: for any distance from 
the park barycenter (horizontal axis), the color scale gives the probability that the ground 
seism amplitude at 1.7Hz produced by the park is less than a given value (selected along the 
vertical axis). The Virgo West Building is located at 5000m along this distance scale. 
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6. Conclusions 
Experiments which perform high precision measurements require particular attention 
towards preserving the site seismic climate against potential noise sources. This 
motivates the interest in evaluating the noise effects of wind turbines. This is indeed 
the case for the Virgo experiment. The seismic study described in the previous pages 
has reached two important goals: (1) to measure the main characteristics of the 
seismic wave-field produced by wind turbines at the Virgo site, and (2) to formulate a 
model which, with some simplification hypotheses and disposing of a robust wind 
speed statistics, allows to estimate the increase of ground seismic noise produced by 
any proposed geometry of wind turbines at the Virgo’s sensible receptors. 
The study evidenced a low frequency seismic wave-field which, also on the basis of 
its directional properties and its strong correlation with wind speed, is certainly 
attributed to the four existing aerogenerators. The most energetic wave-field 
component is at 1.7Hz and it has the characteristics of a surface shear Love wave 
with group velocity of 0.2km/s. Quite surprisingly this component is detected, in 
favorable conditions of wind and low anthropic noise, at epicentral distances of 11km. 
This poor attenuation is explained accounting for the contribution of a body wave 
component totally reflected at the interface with the deep carbonate bedrocks layer. 
We also measure that the wave amplitude correlates with the 3/2 power of the wind 
speed. The previsional model is built merging these two pieces of information. 
On the basis of these results and relying on the use of the previsional model, the 
EGO consortium has started a negotiation with the local authorities which is aimed to 
agree on constraints to preserve the site seismic climate. 
EGO has also initiated an exchange of information with the “Eolico Gello” managing 
company. Although, obeying an agreement with the company we cannot make public 
the turbines data, we can mention that studies concern: (i) switch off tests of the 
turbines which definitively confirm the origin of the noise; (ii) identification of the 
1.7Hz frequency as a structural mode of the tower; (iii) correlation of wind speed data 
measured at the turbines which help to precise and essentially confirm the result of 
Eq.4. These studies are still ongoing. In particular, the correlation study of the 
seismic noise data with turbines operation data might provide hints for reducing the 
noise emissions. 
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Abstract         
At the end of June 2009 a hydro sound recording system was installed at the FINO 1 
platform which is close to the first German offshore wind farm Alpha Ventus. Since 
then the system has been continuously recording underwater sound with high 
resolution. The hardware concept allows to handle both “sea state zero noise” and 
“pile driving noise” by using two hydrophones with different saturation.  
Data archived up to now covers construction noise of Alpha Ventus wind turbines 
and pile driving noise from other distant offshore installation works. Detection criteria 
for pile driving noise were elaborated based on evaluations of several hydro sound 
measurements performed since 2003 in the German Bight and the Baltic Sea. The 
sound recordings were scanned for construction noise and provide an extensive pool 
of data for the current research project HYPROWIND. Combined with data from 
temporary measurements of wind farm construction noise this underwater sound 
data base is interesting especially with regard to improvements of sound propagation 
calculation methods and is also able to provide data for consideration of cumulative 
effects within extended construction periods. 
These experiences help to optimize future monitoring systems for offshore wind 
turbine construction noise, which are planned to be installed as part of further 
research projects. 
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Introduction  
During the installation of offshore wind turbines significant emissions of underwater 
noise are radiated into the marine environment. This noise and the methods of 
avoidance are currently a major subject in the planning permission process of 
offshore wind farms in Germany. Especially during pile driving, hydro sound 
potentially might cause temporary (TTS) or even permanent threshold shifts (PTS) to 
marine animals. Potential banishment out of their common habitat or physical 
damage might harm sensitive marine mammals.  
Hydro sound measurements during offshore wind farm construction works are often 
hard to realize and cost intensive due to the weather depended time schedule of 
installation works. An effective acoustic monitoring of offshore construction and 
operation noise requires a long term recording system, which is able to operate 
stand-alone and can be installed independently of the installation works. 
 
 


Prior experience with hydro sound measurements 
The German wind energy institute DEWI is involved with several research projects 
dealing with hydro sound from wind turbines [1] – [6] during installation processes as 
well as during operation. Further topics of the actual investigations are the 
interactions between physics and biology, standardisation, measurement of source 
levels, underwater sound propagation and mitigation of pile driving noise. 
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Figure 1: Alpha Ventus pile driving action 


 
Taking part in working groups together with biologists it became clear that relevant 
acoustic parameters and evaluation methods have not been clearly defined and 
standardised yet. Therefore a recording system must allow post processing of any 
kind. Practical experience with temporary pile driving noise measurements showed 
that a hydrophone should be installed near the sea floor. Cables and ropes have to 
be fixed, because any movement might cause structure born noise which has to be 
avoided. The measurement results and the extrapolation to the dimensions of future 
wind turbine foundations (e.g. monopiles with more than 5 m diameter) show that the 
recording system has to be sensitive for background noise as well as for peaks of 
impulsive sound pressure up to more than 200 dB re 1µPa. 
 


Conception and realization of the recording system 
Because of the high dynamic range, two different hydrophones were chosen for an 
autonomous underwater sound recording station:   


- a “sensitive hydrophone” for background noise and far distant pile driving, 
which might saturate in cases of pile driving noise from installations nearby 
and 


- a “low gain hydrophone”, specialised for high sound pressure levels expected 
from near pile driving. 
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These two hydrophones were mounted in a protective body. The construction takes 
care to keep the sensors out of turbulences due to tidal stream. Flexible parts like 
cables and ropes were tightly attached to the construction (Figure 2). The concept 
includes signal amplifiers to be installed close to the sensors. The “sensitive 
hydrophone” (Bruel & Kjaer 8106) is a built-in amplifier type and the amplifier of the 
“low gain” hydrophone (Bruel & Kjaer 8105) is mounted on the ground of the 
microphone carrier construction.  
 


 
Figure 2: Mount of hydrophones 


 
The hydrophones were installed in the North Sea at 54°0.9’ W, 6°35.32’ E. They 
were built up by divers at a distance of 75 m from the FINO 1 research platform. 
FINO 1 stands for the first “Forschungsplattform in Nord und Ostsee” and was set up 
in 2003 as base for extensive meteorologic and oceanographic measurements. It is 
sited 45 km north of Borkum island (Figure 3). The installation of the hydro sound 
measurement station was completed at the beginning of July 2009. Thus until now a 
nearly complete time series of sound pressure levels of about 16 month was 
obtained. 
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Figure 3: FINO 1 platform 


 
One single cable connects the hydrophones and the recording system, which is 
placed inside the FINO 1 measurement container and is part of the DEWI data 
acquisition system. The hydrophone signals are continuously stored on hard discs, 
uncompressed and with a sample rate of 48 kHz and 24 Bit resolution.  
The FINO1 research platform is sited close to the first German offshore wind farm 
Alpha Ventus. The wind farm consists of twelve 5 MW wind turbines, set up in a 
rectangular pattern. The installation of the foundations was completed in August 
2009. The hydrophone position is at a distance of approximately 400 m to the 
nearest turbine of the wind farm. 
The distance to the source of the sound is important information for the interpretation 
of the measurement results. The position the Alpha Ventus test field and of the hydro 
sound measurement station is illustrated in Figure 4. Here, blue lines indicate 
distances between the hydro sound measurement station and possible sources for 
pile driving as the wind turbines of the Alpha Ventus test field and BARD Offshore 1 
which is under construction since March 2010. 
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Figure 4: Location of Alpha Ventus test field in the North Sea (left) and position of the 


hydro sound measurement station and Alpha Ventus wind turbines (right) 
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Measurement results 
The obtained measurements are divided into two topics, depending on the distance 
of the sound source:  


- measurement of long-range sound and  
- measurement of pile driving noise coming from neighbouring sources. 


In the latter case the installation works of the Alpha Ventus foundations certainly 
belong to the last category. As Alpha Ventus is a test site, schedules of the works are 
documented and can be accessed. The installation of the foundations ended at the 
end of August 2009. Thus any other sound regarded as pile driving noise can be 
ascribed to far distant works in other wind farms. As far as we know no pile driving 
was announced after August 2009 and in 2010 except for the BARD Offshore 1 wind 
farm. The timescale of detected pile driving noise correlates to published notes about 
the progress of the installation works of the wind farm. 
The following illustration Figure 5 presents the statistical distribution of 30-second 
averages of the equivalent continuous sound pressure levels Leq between July 7, 
2009 and August 26, 2009. The data was recorded by the low gain sensor (Bruel & 
Kraer 8105). During this period of time 4 wind turbines of Alpha Ventus were 
installed. The highest value at about 130 dB can be identified as close to the lower 
limit of the “low gain” canals dynamic range. Not visible in this figure, at 130 and 131 
dB the total number of hours rises up to 190. In addition enhanced background noise 
due to general installation activities (e.g. traffic) has influenced the distribution. A 
further concentration is obvious at sound pressure levels above 150 dB with a 
maximum at 159 dB, which can be related as pile driving noise. The total time of pile 
driving is 42.5 h. 
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Figure 5: Distribution of Leq (30-second averages), July 7, 2009 to August 26, 2009 


 
 
A second example is presented in Figure 6. Here the sound pressure level 
distribution measured by the sensitive sensor Bruel & Kraer 8106 between April 1, 
2010 and November 17, 2010 is shown. The maximum occurrence of background 
noise (in this context: “not pile driving noise”) is at about 120 dB. This sound 
pressure level is lower than the one observed in the time period shown before 
(Figure 5), because the high gain hydrophone was under saturated in the range of 
the lower background noise. Furthermore, a rise in the distribution above 129 dB can 
be observed, which includes distant pile driving noise. 
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 Figure 6: Distribution of Leq (30 s averages), May 1 to 31, 2010 
 
 
The following figures give examples of results of each kind of measurement tasks 
“long-range” and “close surroundings”. Because of the availability of high resolution 
raw data additional assessments of any kind are possible.  
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Figure 7: Example of approximately 1400 m distant pile driving noise  


(Leq as 10 s averages), obtained on July 14, 2009 
 
Figure 7 shows time series of pile driving noise from installation works in the 
neighbourhood of the hydrophones. is the saturation of the “sensitive” hydrophone at 
approximately 180 dB is clearly visible. The under saturation of the high gain 
microphone for levels lower than 130 dB is also visible. During this time period 
presented in Figure 7 the western pile of the wind turbine AV2 (see Figure 4) was 
driven. 
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Figure 8: Example of far distant pile driving noise  
(Leq as 10 s averages), obtained on May 9, 2010 


 
 
A time series that can be allocated to far distant pile driving noise (Figure 8) show an 
increase of 13 dB of Leq at the start of the hammering. Values of Lpeak values become 
up to 20 dB. This demonstrates that the pile driving noise is fairly different from the 
background noise and that sound from even further distant construction works might 
be detectable. 
 
Figure 9 presents a time series of sound pressure obtained on July 14, 2009 starting 
at 19:00 UTC. The upper graph shows a sequence of 10 strokes that occurred during 
pile driving. Here the western pile of the wind turbine AV2 was driven, which is 
located at a distance of approximately 1400 m. These events clearly stick out of the 
background noise. The frequency of the strokes at this point is 32 strokes per minute.   
The bottom graph of Figure 9 illustrates the sound pressure during one stroke. The 
duration of this event can estimated to about 0.11 seconds. 
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Figure 9: Amplitude and frequency of strokes  


of nearby pile driving on July 14, 2009 
 
 
In comparison Figure 10 shows a time series of sound pressure measured on May 9, 
2010 at 4:00 UTC, when pile driving was performed in a greater distance. Single 
strokes can be identified easily as well, but the significant noise is stretched by 
dispersion to a much broader signal. The frequency of the hammering sequences is 
23 strokes per minute. 
The bottom graph of Figure 10 presents the sound pressure during one stroke. The 
duration of this event is much longer than pile driving in the direct vicinity of the 
hydrophone (see Figure 7) and can be estimated to approximately 1.7 seconds.  
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Figure 10: Amplitude and frequency of strokes  


for far distant pile driving on May 9, 2010 
 


 
 
 
Pile driving noise is not only characterised by impulsivity andfrequency of the strokes 
typically in the range of 20 to 50 per minute, but also by spectra showing maxima in 
the range of 150 Hz to 300 Hz. One-third octave band spectra of pile driving noise 
from near and far distant sources are presented in Figure 11. It has to be underlined 
that the two spectra shown in Figure 11 differ with regard to the measurement 
distance and also the sources of noise, because pile dimensions, hammers and 
impact energy are not the same.  
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Figure 11: One-third octave band spectra of pile driving noise from near and far 


distant sources 
 
 
 


Conclusions  
The FINO1 underwater sound recording station has been working continuously since 
July 2009 and demonstrates the feasibility of long term hydro sound measurements 
under hard offshore conditions. In this case even with low maintenance costs. The 
dynamic range of sensors and recording system allows collecting pile driving noise 
from both close and far distant sources. The data can be scanned for pile driving 
sound. A simple “threshold method” used as first attempt can detect noise from wind 
farm installation works more than 50 km away. Because of the characteristic acoustic 
finger print of pile driving noise, the automatically monitored area will enlarge by a 
factor of 2 to 3 applying more sophisticated scanning methods in the future. Even 
with progress in automatic pile driving noise detection tools still the human ear will 
stay the last instance. Thus the requirements of a sound recording, which can be 
listened to in cases of doubts, will last. Permanent operating real time scanning tools 
might trigger recordings of possible pile driving events and thus help to reduce the 
quantity of stored data in the future. The concept for the next DEWI long term 
underwater sound recording station will be similar, because the high availability of a 
simple but reliable recording system has been proved.  
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Abstract  
In France, until today, the noise of wind turbines had to respect the " neighborhood’s 
noise regulations ". This one bases on the respect for an emergence lower than 3 dB 
at night and 5 dB in the daytime. These rules present the advantage to avoid an 
excessive annoyance of the neighborhood, but present the inconvenience to make 
the statutory control measurement extremely delicate. Indeed, when the noise of 
wind turbines respects the statutory requirement, the measurement of the 
emergence, which requires to measure the "signal" and the "noise", must be made 
with a “signal on noise” ratio equal to zero or negative. The wind turbines noise's 
regulations are now evolving in France, towards that of “establishments classified for 
the environmental protection”. This evolution will circumvent the difficulty of present 
measurement by defining a maximum allowable limit level at a check point 
(installations in operation) closer the wind turbines, so that, the signal on noise ratio 
will increase. This maximum level will have to be defined by the acoustic analysis to 
respect the regulatory thresholds of emergence with the local resident. 
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Introduction  
 
The potential development of wind energy in France is considerable :  


• The wind resource is significant, 
• On the economic plan , attractive fixed fee conditions set by the state are 


being forwarded. 
• In technical terms, maturity has been achieved with efficient and reliable 


machines. 
However, the development of wind energy in France is lagging behind with only 
5,000 Mw installed in 2010. At this pace, French wind farms will not exceed 15 000 
MW until 2020 instead of 25,000 MW set in the law "Grenelle Environnement", 
targeting the urgent reduction of emissions of greenhouse gases, but also the desire 
to diversify energy sources. 
One cause of this delay appears to be the social acceptance of wind farms : wind 
turbines are large structures and their location, most often in rural locations, modifies 
the visual and auditory landscape which provokes debate, sometimes passionate, 
and often reactions of rejection. 
Noise is one of the main issues with the landscape, in the development of a wind 
farm. When in operation, the complaints against noise are the main argument. 
After discussing the factors related to noise nuisance, we will present the various 
French regulations on noise in the environment. We'll see how the French legislature 
regulates noise from wind farms. By comparing these rules with those of other 
leading countries in wind energy development, we will observe that the French 
legislation on noise from wind turbines is the most severe. We'll see that these 
regulations have, however the advantage of avoiding excessive discomfort in the 
neighbourhood. Finally, in the current regulation of wind farms, we'll talk about the 
technical difficulty to provide decision on compliance with regulatory limits since 
because of in this case, the measure of the wind turbine signal and the background 
noise is made with a signal/noise ratio zero or negative. We'll see what regulatory 
revisions could propose to resolve this problem. 
 


Is the noise nuisance due to noise itself ? 
 
The annoyance caused by noise is conditioned by many factors other than acoustic, 
and can be grouped into two families: 


• the factors affecting psychical acceptability of the activities which are at the 
origin of noise, and linking the manageable behaviour of the noisy activity and 
the relationship with neighbours : a well intended activity, in respect of the 
rules, benefits all, ... including myself, are some of positive criteria to 
appreciate (noise of) activity 


• the factors which affect the physical acceptability and which can translate 
through to have an impact on the environment :a muddy road, a bad smell, an 
undesirable view, they are all rejection criteria, moreover when the installation 







 Title of paper here Page 3 of 12 


and the neighbourhood are closer together, and which contribute to a negative 
appreciation of the perceived noise, 


But, of course, noise annoyance depends on the physical characteristics of the noise 
itself, duration (and time of day), absolute intensity, and emergence. 
One recalls that noise annoyance is greater when the duration of exposure, or the 
sound level, or the emergence are greater too, and so, all the regulations take these 
into account. 
One recalls also  that the differential sensitivity of the ear  varies with the perceived 
sound level as shown in figure 1. That means that ear is more sensitive to the noise 
variation when the sound level is lower. However this particularity is denied in all the 
regulations, and we will see below that they all authorise in fact, a greater emergence 
when the sound level is lower. 
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Illustration 1 : Sonie vs sound level 







 Title of paper here Page 4 of 12 


European regulations  
All the European regulations distinguish the day and night periods. Some  take into 
account also the evening period. The time limits of these periods depend from one 
country to another. 
Some of them place a value to be respected at the reception point, mostly close to 
the neighbour, even inside. Most of the European regulations on wind turbine noise 
rest on  the measurement of an absolute sound level close to the neighbour 
(including wind turbine noise and background noise). More often this value depends 
of the area (rural, urban, ...) and of the time of the day  
Other requirements are expressed in emergence. 
The following definitions apply : 


- Residual noise, Lr : A-weighted equivalent noise level measured when 
excluding the specific noise sources under study (here the wind turbines noise 
WTN) 


- Ambient noise, La : A-weighted equivalent noise level due to all the noise 
sources available, including the specific noise sources under study :  


La=Lr “+” LWTN 


- Emergence, e : The arithmetic difference between La and Lr : e = La - Lr 
We propose to glance over the regulations or recommendations on wind turbine 
noise in the leading countries. This presentation is not exhaustive. 
 
 German regulation  
It applies for all types of noise in neighbourhood. It requires maximum global sound 
level (including the specific noise of the installation on study), values are defined as a 
function of the area and depends on indoor or outdoor : 
 


Classes of  land use 


Out door : 


day 


(6-22) 


night 


(22-6) 


I. Entirely industrial areas 70 70 


II. Industrials or commercials areas 65 50 


III. Mixed areas 50 45 


IV. Areas of intense human activities 55 ou 50  40 


V. Particularly protected areas (health center, ...) 45 35 


Table 1. Absolute limit values for outdoor environments, dB(A). 
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Classes of  land use 


Indoor (windows closed) : 


day 


(6-22) 


night 


(22-6) 


For all categories  35 25 


  
This regulation has the advantage of simplicity and fixe thresholds protectors inside 
the premises, but relatively tolerant outside. 
 
 English Recommendations ETSU-R-97 
These recommendations were write to solve the wind turbine problems: 
measurements with wind, analyses of noise levels depending on wind speeds. 
The statistical index  L90/10 min of the equivalent continuous sound level, is used for 
the residual and ambient levels.  
The residual levels measured must be correlated to wind speeds measured on site at 
height reference of 10 meters.  


Day time : 7h – 23h, 
Regulation time 


Night time : 23h – 7h. 
 


These criteria apply to areas representing the outside of each residence. They apply 
for all wind speeds. 


Regulatory requirements 


During the day, the value of ambient noise (with wind turbine) must not exceed a limit 
between 35 and 40 dB(A). The limit is based on the following criteria :  
− number of house affected, 
− number of machines / installed power, 
− level of duration and sound exposure. 
 
During the night, this limit is 43 dB(A). 
 
Beyond these limits, the noise due to wind turbine operation (Lamb) should not 
exceed more than 5 dB(A) the level of residual noise, whatever the period. 
These requirements can be illustrated by two graphs (below). 
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These requirements allow in fact very high emergence for low noise levels, 
particularly at night. 
 
 Danish Regulation 
The noise level of wind turbines in functioning outside the building, should not 
exceed the following values. 
 


Classes of  land use Day and night à 8 m/s 


I. Scattered house 45 


II. Residential areas 39 


Table 1. Absolute limit values for outdoor environments, dB(A). 


 
Again, we can see that this regulation allows out side high emergence, at night time, 
and specially for individual houses 
 
 Swedish regulation 
The Swedish regulation looks like the Danish one, but limit values out side, with wind 
turbines working depends on three different day times (day, evening,night) and on 
thee different areas. 
 







 Title of paper here Page 7 of 12 


Classes of  land use day evening night 


I. Industrials or commercials areas 60 55 50 


II. Residential areas 50 45 40 


III. Recreational areas 40 35 30 


Table 1. Absolute limit values for outdoor environments, dB(A). 


 
 Italian regulation 
This one requires limit values to be respected out door, and emergences to be 
respected in door 


 
Outdoors (“absolute criterion”) 


Classes of  land use 
day 


(6-22) 


night 


(22-6) 


I. Particularly protected areas 50 40 


II. Mainly residential areas 55 45 


III. Mixed areas 60 50 


IV. Areas of intense human activities 65 55 


V. Mainly industrial areas 70 60 


VI. Entirely industrial areas 70 70 


Table 1. Absolute limit values for outdoor environments, dB(A). 


 


The difference La - Lr =e  must not exceed the following limits: 
Indoors (“differential criterion”) 


5 dB(A) during the day (06-22) 
3 dB(A) during the night (22-06) 
 
These limits do not apply if: 


• with open windows, La < 50 dB(A) (day) and La < 40 dB(A) (night) 
• with closed windows, La < 35 dB(A) (day) and La < 25 dB(A) (night). 


 


The French regulations of the noise in the environment  
This one concerns three fields of application : 


• The noise of the infrastructures of transport, ground (highway, railway) and 
air, 
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• The noise of the Classified Installations for the Environmental Protection ( 
ICPE). It is mainly about industrial installations, but we also find breeding of 
animals or installations of storage of dangerous products. Two 
subcategories exist: the installations subjected to authorization and those 
who are subjected to simple statement(declaration). In the first case, the 
applicable statutory text is the order of January 23rd, 1997 and in the 
second case the order of August 20th, 1985 (formerly applicable to both 
categories before July 1st, 1997). 


• The noises of neighbourhood, governed by the decree 2006-1099 of 
August 31st, 2006 : all the other sources(springs) of noise are concerned 
which do not enter the category of the Classified Installations. We find in 
this family for example, wind farms, the technical equipments of the building 
(air conditioning) used by the private individuals or the professionals, the 
equipments of sports and leisure activities, other industrial plants which are 
not classified such as production plants of drinking water; 


Each of these regulations by their criteria, favours more or less the functioning of the 
activity which it regulates. The noises of transport are the only ones to be limited by a 
level absolved in front of houses. Two other categories (industrial noises and 
neighbourhood) are regulated by a criterion of absolute level and emergence. The 
activities with strong economic stake are more favoured with less severe thresholds. 
Exception in the rule, the noise of wind turbines is regulated, until now, by the 
regulations on the noises of neighbourhood, for which we shall see below that the 
statutory thresholds are the most severe. 
 


Neighbourhood noise : desire to take account of the discomfort 
Since 31 August 2006, a new decree on the regulation of the neighbourhood noise   
(n° 2006-1099) revises the previous  (décret 95-408 du 18 avril 1995) and also 
imposes compliance of the global emergence in dB(A) for outside; the respect of 
emergences by frequency band for inside, in the case of occupational noise, 
windows open or closed.   
Outside


− There is no breach when the ambient global noise in dB(A) outside is less 
than 30 dB(A). 


, the regulatory limits are : 


− For a noise above 30 dB(A) outside, the emergence of the disturbing 
noise must be less than :  


• 5 dB(A) during the day (7h - 22h), 


• 3 dB(A) during the night (22h - 7h). 
Regarding inside


− There is no breach when the ambient global noise in dB(A) inside is less 
than 25 dB(A), windows open or closed. 


 : 


− For a ambient noise above 25 dB(A) inside, the emergences spectral 
must be less than: 
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frequency 125 hz 250 hz 500 hz 1000 hz 2000 hz 4000 hz 


Emergence 
(dB) 


7 7 5 5 5 5 


 
These regulatory limits are severe because, the night, beyond a low absolute 
level(30 dB(A)), the regulation authorizes the installation to make just as much noise 
as background noise .  
This value of emergence allows to limit inconvenience to local residents, because the 
discomfort is well correlated to the emergence, especially since we are more 
sensitive to an emergence in a background noise less than 40 dB(A). In wind turbine 
case, the acoustic sensitivity for a wind farm is greatest for low and moderate winds 
(4 – 6 m/s to 10m from ground). For this conditions, the wind noise in the vegetation 
is still low, but at the height of the rotor, the wind is sufficient for the acoustic power 
of the machine is already on the second part of the curve. These conditions 
correspond to a background noise of between 25 and 30 dB (A), while the noise of 
machines, depending on the number and distance, is greater than 30 dB (A). 
Moreover, these ranges of wind are generally more than the half of operating 
conditions of the wind farm during the night. 
Also we can see the spectrum of machine noise is concentrated on the frequency 
bands 125-500 Hz, while the background noise in rural areas is generally not 
affected by these frequencies. The graph below shows some spectral emergences 
important while the global emergence in dB (A) remains below 3 dB (A). 
 


 
The limitations by frequency band allows also to limit the impact of the acoustic 
signature of wind turbines more marked on certain frequency bands as that of the 
background noise 


Illustration 2 : Ambient and background noise at neighbourhood 
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These regulations on neighbourhood noise is harsh but it responds adequately to 
limit noise of discomfort in the vicinity of the wind turbines. In contrast, the regulatory 
thresholds to check to the local resident provides measurement condition impossible 
to realize because, it leads to the characterization of noise measurements equal to or 
lower compared to the background noise.  
 
 Regulation of industrial noise  (ICPE) 
This regulation (like the neighbourhood noise presented in the preceding paragraph) 
bases on the concept of emergence. 
Order of 23 January 1997 considers that there is non compliance when one of the 
following conditions is true: 


 Maximum permissible levels (Llimit) property boundaries of the installation are 
exceeded. These levels allowable limits at property boundaries have to be 
determined in the authorization in order to meet the emergence in the 
emergence areas regulated (among residents). Nevertheless, they are capped 
and can not exceed 70 dB (A)  during the day and 60 dB(A) during the night 
unless the residual noise level is above this limit for the period. 


 The emergence (e) in the area to be emergence-regulated, compared to the 
level of residual noise (Lr) exceeds a certain value depending on the period 
and the level of ambient noise as shown in the table : 


 


Ambient noise level   
existing in the emergence 
areas regulated (including 
the noise of the 
establishment) 


EMERGENCE eligible for 
the daytime 7h to 22h 
except Sundays and 
holidays  


EMERGENCE eligible for 
night time  22h to 7h 
including Sundays and 
holidays  


Above 35 dB (A) and    
less than 45 dB (A) 6 dB(A) 4 dB(A) 


Above 45 dB(A) 5 dB(A) 3 dB(A) 


Table 1 : Regulatory limits for industrial noise (ICPE) 


Table: Emergence 
 
Moreover, the regulations allow the study of the tonality. It is detected in a spectrum 
unweighted third octave when the level difference between the third octave band 
considered and the four octave bands closest (the two bands immediately below and 
the two immediately above) meets or exceeds the levels indicated in the table below: 
 


This analysis will be acquired from a minimum of 10 seconds  


50 Hz to 315 Hz 400 Hz to 1250 Hz 1600 Hz to 8000 Hz 


10 dB 5 dB 5 dB 
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In the presence of pure tonal sound, total duration of occurrence can not exceed 
30% of the operating time of installation in each period night and day. 
 
 Summary table  
 


Country Absolute criterion Differential criterion 


Germany  yes for 10 m/s no 


England  yes for all wind speed yes for all wind speed 


Denmark  yes for 8 m/s no 


Sweden  yes for 8 m/s no 


Italy yes yes (indoor) 


France until now yes yes 


France after july 2012 yes yes 


 


Towards a regulatory evolution of wind turbine noise in France  
 
Today, the legal regime of the wind turbines is being changed provided with a 
ranking of Installation Classified for the Protection of the Environment.  
This evolution of wind turbine noise to that of industrial facilities would circumvent the 
difficulty of present measurement on the regulation of noise from neighbours.  
The regulation of industrial noise circumvents this difficulty by defining a maximum 
allowable limit level at the limit of property line of the industrial facility (installations in 
operation). This maximum level is defined by the acoustic analysis so that, given the 
propagation conditions between the property line and local resident, to respect the 
regulatory thresholds of emergence with the local resident. This has the following 
advantages:  


• have an easy access to the measurement without entering in a property, 
• not having to stop the facilities for the control measure, 
• getting closer to the facilities, increase the signal on noise ration. 


For wind turbine noise, it's possible to consider the same regulatory principle by 
introducing a check measurement of a maximum allowable ambient level at a 
distance closer to the wind turbine. Compliance with this value have to ensure 
compliance with regulatory thresholds emergences among residents, for all operating 
conditions of the wind farm. We have seen that the turbine noise and background 
noise is depending of the wind speeds so several values of maximum permissible 
level must be defined: either for each wind speed, or for some speeds corresponding 
to different classes of sound levels (for example, 4 – 6 – 8 m/s). Two other additional 
problems related to wind turbine appears in the application of such guidelines.  
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• The difficulty of determining a property line to the wind  turbine. In France, the 
operator of a wind farm leased a parcel defined by sweeping of the the wind 
turbine blades, but he is not owner.  


• The distance of wind turbines to houses are important. Under these 
conditions, the propagation between the sound source and receiver depends 
on the meteorological conditions (wind, temperature, humidity, …). The 
definition of maximum permissible level on short distance of the machines will 
consider this issue. 


 
 
Conclusion 
In France, the current regulations on the noise of wind turbines are the most severe 
French regulations of the noise in the environment and also the most severe of 
regulations European. This regulation allows however to limit the embarrassment of 
the local residents. Indeed, the statutory limitations of emergence are effective from 
the low levels of background noise. This allows to limit emergences which can be 
important for low wind speed (low background noise because the noise of the wind in 
the vegetation is still low and the contribution of wind turbines begin to grow). The 
limitations by frequency band allows also to limit the impact of the acoustic signature 
of wind turbines more marked on certain frequency bands as that of the background 
noise. 
These statutory requirements are with difficulty controllable at the local resident's 
because the wind turbine noise for which we try to check(control) is then equivalent 
or lower than that of the background noise. 
The regulations on the classified plants propose an approach allowing to by-pass this 
difficulty by defining an acceptable maximal ambient level in limit of property of the 
industrial installation. This level limit acceptable is defined so that his respect can 
guarantee at the local resident's, the respect for the emergences. This allows to 
approach the source of noise so as to improve the signal on noise ratio, also 
facilitates the access to the measurements and avoids the stop of the installation to 
be checked. 
An evolution of the regulations on the wind turbines noise is thus possible in this 
direction. This evolution raises however some additional difficulties. The position of 
control of the maximum level admissible remains to define because the industrial 
property does not exist in the wind energy. Several acceptable maximum ambient 
levels of noise will be to define according to the conditions of wind and the 
meteorological conditions. 
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Abstract   
Both background and turbine noise depend on wind speed. In rural environment, 
background noise is mostly influenced by the wind speed in the lowest parts of the 
atmospheric boundary layer, where the air flow interacts with vegetation and other 
obstacles. Conversely, turbine noise is related to the wind speed at hub height, which 
determines the operational conditions of rotor and electromechanical components. 
The IEC 61400-11 reports a reference roughness length of 0.05 m to account for 
wind vertical profile, linking wind speed at ground and hub height. In real cases, wind 
shear can differ considerably from these reference conditions, because of orographic 
effects and thermal stratification. In this work the use of remote sensing device like a 
SODAR is proposed as a mean to refine the acoustic analysis of wind farm projects. 
The SODAR can be easily transported and moved within the project site, and it can 
be used to measure the wind profile up to hub height. It is straightforward to 
discriminate the orographic effects such as speed-up across hills, and possible 
strong diurnal variability of the wind shear due to thermal stratification. A test case is 
proposed using real SODAR data, and the effect of the wind shear variability on the 
acoustic emission of a wind turbine is investigated. The resulting noise at a possible 
house is calculated in day/night cases. Both overall and differential noises are 
compared with the limits imposed by the Italian regulations, showing the role of the 
SODAR-detected wind shear on the accuracy of the acoustic analysis. 
 


Introduction  
In the early stages of wind energy development, wind projects could benefit of almost 
ideal sites, with excellent wind conditions and few environmental concerns. In many 
densely inhabited countries like Italy, the actual wind farm developer works through 
the maze of variable regulations and conditions, and the solution for a wind farm 
project has often to be found as a compromise between technical and environmental 
constraints. Among the latter, an important issue is that of the acoustic impact of 
wind turbines, which is growing attention as long as wind projects are closer and 
closer to villages or isolated houses in the countryside. In acoustic analyses, the first 
step which is typically performed is that of measuring background noise at possible 
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acoustic receptors like houses in the area of interest. In rural environment, 
background noise is mostly influenced by the wind speed in the lowest parts of the 
atmospheric boundary layer, where the air flow interacts with vegetation and other 
obstacles. Fageant et al. [1, 2, 3] have recently evidenced the dependence of 
background noise on wind speed, suggesting an analytical expression to represent 
such relation. Once the acoustic climate of the area is obtained by means of 
measurements, noise arising from wind turbines is estimated, typically through 
software simulation. When dealing with turbines, two aspects should be remarked: 
on the one hand, turbine noise depends on wind conditions at hub height, which 
influence the operational state of the turbine and hence its noise generation. On the 
second hand, in order to intercept stronger winds, modern turbines present higher 
and higher hub elevations, rising up to 100 – 120 m agl. This paper focuses on the 
relation between wind speed at ground and hub height, and its influence on the 
acoustic analysis of a wind farm. In particular, the role of a remote sensing device 
like a SODAR is investigated as a tool to achieve an accurate experimental 
evaluation of the wind vertical profile. The SODAR, lying on a car-truck, can be easily 
transported on site. After a brief (1-hour) configuration, the device starts emitting 
acoustic pulses on three tilted beams, and is able to reconstruct the wind vector with 
5 m steps from 10 m agl to 150 m agl or more. After few days – weeks of operation, 
the recorded database can be used to derive the typical features of the wind vertical 
profile in the desired position. In particular, possible effects of site orography on the 
wind shear can be highlighted; furthermore, thermal effects can be evidenced, often 
resulting in clear variation between the diurnal and nocturnal wind shear. These 
features can have a significant operational meaning in terms of acoustic analysis, 
because many acoustic regulations require the calculation of diurnal and nocturnal 
shifts from background noise. The determination of accurate day and night wind 
profiles can therefore help to refine the acoustic analysis, evidencing possible critical 
conditions. In the present work a test case using real SODAR measurement is 
proposed.  
 


Methods  
A test case is reported in the following. The working hypothesis is that the installation 
of a wind turbine is proposed in a rural site, characterized by a farmland with open 
appearance and simple orography. The case of a Repower MM92 wind turbine is 
considered, having a 92 m rotor diameter; the hub height is hypothesized to be 100 
m. A house is present in the near-by, thus being the only sensitive acoustic receptor. 
As in the aforementioned typical approach, the acoustic analysis starts with the 
evaluation of background noise at the house position. Here a typical noise from a 
rural environment is assumed, relying on [4], that is considering the following 
expression: 
 


𝑁𝐵 = 10𝑙𝑜𝑔10 �10
𝑘∗𝑙𝑜𝑔10(𝑣)


10 + 10
𝑏
10�, 
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In such equation, an increase of background noise with wind speed (v) at ground is 
assumed, because of the wind effects on surrounding vegetation, according to two 
parameters: b and k. With a typical choice for such parameters, the considered 
background noise at the site is reported in Figure 1. 


 
Figure 1 – Background noise assumed at the site. 


 
To investigate the wind vertical profile, a SODAR device (AQ500 Wind Finder from 
AQSystem) is transported at the site, and set-up in the position where the wind 
turbine should be installed. It can be noticed that, given the simple orography of the 
site, the ground wind conditions at the whole area of interest, including the positions 
of turbine and house, are assumed homogeneous. 
The SODAR device is kept working for few days-weeks. Then the measured wind 
data are elaborated to identify the experimental wind profile at the site, distinguishing 
between mean, day and night profiles. Such profiles are then used to estimate noise 
emission from the wind turbine, in the aforementioned cases plus a reference one, 
(exponential profile with α = 0.14, as reported in the international standard IEC 
61400-11 [5]). In other words, when a certain wind speed occurs at ground level (10 
m), a different wind speed is calculated at hub height (here assumed 100 m) 
depending on the considered wind profile. In turn, different wind speeds at hub height 
correspond to specific noise emission of the turbine.  
Finally, noise generated by the wind turbine is calculated at the house position, 
assuming a simple propagation model and a distance between them ranging from 
200 m to 300 m. It is shown that, depending on site-specific wind shear, different 
acoustic results at the house are obtained. 
 







 SODAR wind measurements as a mean to refine acoustic analysis of wind 
projects Page 4 of 11 


 
 


SODAR measurements: experimental wind profile  
Real SODAR data were used in this study, related to a measurement campaign in a 
simple terrain. SODAR transportability and placement are shown in Figure 2. 
 


 
Figure 2 – SODAR transportation and set-up. 


System set-up requires approximately 1 hour, and is needed to check the absence of 
undesired echoes related to possible surrounding obstacles. Once installed on site, 
the SODAR system starts delivering acoustic pulses on three tilted beams, by means 
of three parabolic antennas. The analysis of the scattered signal allows measuring 
the profile of the three-dimensional wind vector in the lower atmospheric boundary 
layer, from the height of 10 m up to 150 m or more. 
Typical output of the device is a time series of wind speed and direction at the 
various measuring heights. It is straightforward to derive an average wind profile, as 
shown in Figure 3, related to about one month of data. 
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Figure 3 – Average vertical profile obtained by SODAR measurements. 


 
The experimental measurements can be fitted through classical laws like Log and 
Power laws. The latter describes the wind shear as: 


𝑉(ℎ) = 𝑉(ℎ0) ∗ � ℎ
ℎ0
�
𝛼
 , 


where h0 is a reference height and α the empirical exponent accounting for vertical 
dependence. 
In the present case, a more detailed analysis of the daily pattern of the wind profile 
was carried out. The daily variation of the power law exponent is given in Figure 4, 
where each hourly value is obtained averaging about 200 vertical profiles in that 
specific time slot. 
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Figure 4 Daily pattern of wind vertical profile (expressed with power law exponent). 


 
The daily profile reveals a strong variability of the wind shear: in the central part of 
the day, the high sun irradiation promotes ground heating and hence vertical mixing 
of the air flow. As a result, the α coefficient is significantly lower than during night 
time, where thermal stability is more frequent.  
To characterize the measured daily pattern, the wind shear at the site was divided in 
3 classes: mean profile, day profile (from 6 a.m to 10 p.m), and night profile (from 10 
p.m to 6 a.m.). Such intervals are those indicated by the Italian regulation for 
acoustic analysis. The resulting profiles are reported in Figure 5, where the 
corresponding α coefficients are also reported. 
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Figure 5 – Classification of the wind shear into mean, day and night profiles. 


 
The remarkable variability of the wind shear between day and night is clearly shown 
in Figure 5. The corresponding α is about 0.1 if averaging over the whole day, while 
is reduced to about 0.07 in the day-time, an rises up to about 0.16 at night. 
It can be stated that the observed behaviour, mainly due to thermal effects at the 
site, is typical of many Italian wind sites. 
 


Linking wind profile with turbine noise emission  
The calculated wind profiles can be used to relate wind speed at ground and wind 
speed at hub height, in the various identified cases. The acoustic relevance of this 
relation is straightforward: given a certain wind speed at ground, a different noise will 
be emitted by the turbine, depending on the existing wind shear. Indeed, the output 
noise depends on wind speed at hub height, and the latter depends on the wind 
shear. In this study the acoustic specifics of Repower MM92 were considered [6]. For 
the identified profiles, the corresponding sound power levels emitted by the turbine 
are reported in Figure 6. 
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Figure 6 – Turbine sound power levels corresponding to different profiles. 


It can be noticed that, for wind classes between 5-7 m/s at ground, the sound power 
level of the turbine will be higher at night than during the day, because of the higher 
α coefficient, and hence wind speed at hub height.  


This can possibly lead to critical acoustic conditions: at night, when the background 
noise is low because of low wind conditions at ground, the nocturnal wind shear can 
make the turbine emit enough noise to overcome the differential limits. 


 
Acoustic analysis: results of noise propagation  
Finally, a simple propagation model was implemented to calculate turbine noise at 
the house position, assumed to be 200 m or 300 m away from the turbine. The 
propagation model is as follows [7]: 
 


𝐿𝑝 =  𝐿𝑤𝑎 − 10 𝑙𝑜𝑔10(2𝜋𝑟2) − 𝑎𝑟 


where Lwa is turbine output power, r the house distance and a is an attenuation 
coefficient, assumed constant and equal to 0.005 dB/m. The model neglects any 
orographic effects in sound propagation, an acceptable assumption in the present 
simple-terrain test case. 
The model was used to calculate turbine noise at the house, and then a logarithmic 
sum with background noise was performed, in order to calculate both total and 
differential noise at the house position.  
In the case of 200 m distance between turbine and house, the noise results are 
reported in Figure 7, for the different considered wind profiles. In Figure 7, both total 
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noise (Ntot) and differential noise (Delta) are reported, and the differential limits of 5 
dB and 3 dB are also indicated.  
 
 


 
Figure 7 – Total and differential noise in the house position, at a distance of 200 m form the wind turbine. 
A, wind shear with z0=0.05. B, mean wind shear calculated with SODAR. C, day wind shear calculated with 
SODAR. D, night wind shear calculated with SODAR. 


Significant differences can be evidenced on noise results, depending on the 
considered wind profile. 
When considering a z0=0.05 wind profile (panel A), the differential noise Delta 
exceeds the limit of 5 dB for a range of wind speed (at ground). Conversely, if 
considering SODAR calculated profile, it is shown that during the day (panel C), 
Delta never exceeds 5 dB, because of the low α wind profile. At night instead, the 
differential noise Delta is always higher, and reaches 6 dB for given wind classes. 
Being 3 dB the night differential limit, this configuration shows therefore critical noise 
conditions at night.  
When considering a greater distance (300 m) between house and turbine, noise 
results change according to Figure 8.  
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Figure 8 - Total and differential noise in the house position, at a distance of 300 m form the wind turbine. 
A, wind shear with z0=0.05. B, mean wind shear calculated with SODAR. C, day wind shear calculated with 
SODAR. D, night wind shear calculated with SODAR. 


 
Also in this case, noise results are dependent on wind shear. 
In particular, if considering the z0=0.05 and SODAR mean wind profiles (panel A and 
B), Delta nearly reach the 3 dB limit; when discriminating between day and night 
profiles (panel C and D), it is clear that, for a narrow range of wind speed, the 3 dB 
limit is exceeded, but only at night. In this case a slight nocturnal power control 
strategy would be sufficient to avoid the night limit to be exceeded. 
 


Conclusions  
In this work it is shown that, even in an easy test case with simple orography, thermal 
effects in the atmospheric boundary layer can induce significant variability in the wind 
shear, with a marked difference between day and night profiles. Therefore, given a 
certain wind speed (and background noise) at ground, a different wind speed will 
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occur at hub height, depending on the existing wind shear. Noise emitted by a wind 
turbine will correspondingly vary, thus affecting the both total and differential noise at 
a house nearby the turbine. The SODAR device, because of its simple transportation 
and set-up, proved to be a valuable tool to refine the acoustic analysis of a wind 
turbine, allowing to include wind shear effects. Further work will encompass real 
measurements of diurnal and nocturnal background noise during SODAR 
measurements, and also progressive complication of site orography. In complex 
terrain, the orographic effects on wind vertical profile can make the use of SODAR 
device even more attractive. 
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ABSTRACT 
During the planning phase for their approved Portland Wind Energy Project (PWEP), 
developers Pacific Hydro presented predicted wind farm noise emission curves in their design 
application.  These curves were developed based on requirements of New Zealand Standard 
6808:1998 Acoustics - The assessment and measurement of sound from wind turbine 
generators (NZS6808:1998) which was applicable at the time the PWEP Design Application 
was submitted.  The prediction method recommended by NZ6808:1998 is based on 
hemispherical spreading and, as noted by the Standard, ‘is generally accepted as being 
slightly conservative’.  Several stages of PWEP are now in operation and Pacific Hydro has 
carried out several post-construction monitoring campaigns, in accordance with 
NZS6808:1998, as required by their planning permits.  This paper compares the results of the 
post-construction monitoring campaigns with the levels of predicted wind farm noise 
emission which were developed during the planning phase of PWEP.  An average level 
difference between the predicted and measured data sets is determined to quantify the 
conservatism in the predicted levels.  In addition the prediction methods of International 
Standard 9613:1996 Acoustics – Attenuation of sound during propagation outdoors: Part 2: 
General calculation method (ISO 9613-2:1996), are considered to investigate whether they 
offer any significant improvements in accuracy of predictions and whether particular 
parameters may be identified as the source of the conservatism.  
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INTRODUCTION 
During the planning phase for their approved Portland Wind Energy Project (PWEP), 
developers Pacific Hydro presented predicted wind farm noise emission curves in their design 
application.  These curves were developed using the simple prediction algorithm from New 
Zealand Standard 6808:1998 Acoustics - The assessment and measurement of sound from 
wind turbine generators (NZS6808:1998) [1], which was applicable at the time the PWEP 
Design Application was submitted.   


Multiple stages of PWEP are now in operation and Pacific Hydro has carried out several post-
construction monitoring campaigns, in accordance with NZS6808:1998, as required by their 
planning permits.  The collection of this data presents an opportunity to compare post-
construction monitored noise levels with the levels of predicted wind farm noise emission 
according the NZS6808:1998, which is generally considered to be conservative.  Moreover, 
the post-construction data can also be compared to levels of wind farm noise emission 
predicted using ISO9613 [2][3], to contrast with the results from NZS6808:1998.   


An analysis of the post-construction data and various arrangements for wind farm noise 
emission predictions are presented herein.  The post-construction noise levels are analysed for 
the range of wind speeds recorded during the monitoring surveys.  Noise emission predictions 
are analysed for the wind speed range 5-10m/s at 10m above ground level (AGL).   


The primary objective of this paper is to quantify the degree of conservatism in the 
NZS6808:1998 predictions for the properties where monitoring occurred.  A secondary 
objective is to establish whether, as expected, predictions calculated using ISO9613 are less 
conservative or, indeed more accurate.   


 


SITE DESCRIPTION 
The PWEP is located in south western Victoria and comprises of the four following sites: 
 
• Yambuk (PWEP I) 
• Cape Bridgewater (PWEP II) 
• Cape Nelson South (PWEP III) 
• Cape Nelson North and Cape Sir William Grant (PWEP IV) 
 


This paper considers data collected during the development of two of the PWEP projects, the 
Cape Bridgewater Wind Farm (PWEP II) and the Cape Nelson South Wind Farm (PWEP III).  
These are presented in Figure 1. 
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Figure 1: Study site locations 


The Cape Bridgewater Wind Farm, PWEP II, essentially comprises two turbine areas 
(northern and southern) along Cape Bridgewater’s western side.  The coastal escarpment on 
the west of the cape is 30 to 40m above sea level, and away from it the area features a gently 
undulating landscape. The northern area offers a slightly more complex topography than the 
southern area.  Most native vegetation has been cleared from this site and grazing pasture is 
predominant.  


The Cape Nelson South Wind Farm is located in a headland surrounded by coastal cliffs and 
escarpments which rise between 40 to 70m above sea level. The cape itself undulates slightly, 
generally rising up to Picnic Hill in the centre at 110m, and from this point the landform 
slopes downwards undulating gradually inland to the north east at an average height of 70-
80m before dropping down to around 30m closer to Portland.  Although predominantly open, 
the pastoral setting supports scattered stands of low remnant vegetation. The western coastal 
edge and southern section of the Cape have a dense cover of low remnant vegetation. 


 
  


Cape Bridgewater 


Cape Nelson 
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PREDICTED WIND FARM NOISE EMISSION 
The New Zealand Standard 
The New Zealand Standard 6808:1998 Acoustics - The assessment and measurement of sound 
from wind turbine generators (NZS6808:1998) is used in the State of Victoria to assess noise 
emissions from wind farms. Although the standard was revised in 2010 [5], it is the 1998 
version of the Standard that still applies in Victoria.  Section 4.3 of the standard recommends 
the following simple algorithm for prediction of wind farm noise emission: 


LR = LW −10 log(2π R2 )− ∆La 


where 


LR = the sound pressure level from a single WTG at 1.2m to 1.5m above local ground level in 
dB(A) at distance R 


Lw = Sound power level of the WTG in dB(A).  Measured according to IEA procedures relating 
to WTG measurement or IEC DIS 61400-11. 


R = the distance between the source and the receiver in metres. 


∆La = αa R 


αa = attenuation of sound due to air absorption, in dBA/m for broadband sound which is 
typically 0.005dB(A)/m (refer ISO9613-1).  This value is dependent upon the spectral 
character of the sound and the atmospheric conditions. 


The Standard then goes on to provide the following comments about the methodology: 
Equation 1 is based on hemispherical spreading of the sound from the source and does not take into 
account attenuation due to screening effects, i.e. where there is no line of sight between the WTG and 
receiver locations.  Acoustic absorption and reflection effects due to vegetation and ground cover are 
also ignored....a good estimate can be derived when predicting sound propagation through free space 
(eg. across open gullies), and a conservative estimate (ie. over-prediction) for propagation across flat 
locations where ground absorption may be significant. 


 
Sound power level data 
During the planning phase for a wind farm the turbine supplier will provide guaranteed 
maximum sound power level data for the turbine(s).  This will generally comprise: 


• A set of A-weighted levels across a range of wind speeds. 


• An octave or one-third octave band spectrum, commonly for a single, reference wind 
speed, to indicate the frequency characteristics of the turbine (the spectral data is 
often only provided on request and may not be guaranteed). 
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The spectral data is not strictly required for a prediction according to NZS6808:1998 as the 
entire routine can be carried out using A-weighted levels only.  Indeed, as noted above, it 
would typically be the case that the A-weighted sound power levels from the manufacturer 
would be guaranteed whereas the spectral data would not.   


However, spectral data can be used for predictions in accordance with NZS6808:1998.  The 
spectral data can also be of use when carrying out predictions using ISO9613-2:1996 
Acoustics – Attenuation of sound during propagation outdoors – Part 2: General method of 
calculation (ISO9613-2:1996) as discussed later in the paper.  


For Cape Bridgewater Wind Farm, sound power level data is also available from site sound 
power level measurements carried out according to IEC61400-11:2006 Wind turbine 
generator systems – Part 11: Acoustic noise measurement techniques (IEC61400-11).  As 
could be expected, the measured sound power level data is moderately lower than the 
guaranteed levels and, arguably, provides a more accurate indication of the actual output of 
the turbines.  Both guaranteed and measured sound power level data is used in this paper. 


 
ISO9613-2:1996 
To compare and contrast with the results with the NZS6808:1998 simple algorithm, this paper 
also presents results of wind farm noise emission predictions using ISO9613-2:1996.  The 
following additional propagation factors, which are explicitly ignored in the NZS6808:1998 
algorithm, are considered in the ISO9613-2:1996 model: 


• Frequency dependent air absorption 


• Ground effect 


• Topographical effects of the surrounding landscape, such as shielding 


The predictions in this paper use reference atmospheric conditions of 70% humidity, 10°C 
and 101.325kPa to calculate the frequency dependent air absorption using ISO9613-1:1993 
Acoustics – Attenuation of sound during propagation outdoors – Part 1: Calculation of the 
absorption of sound by the atmosphere (ISO9613-1:1993).  These atmospheric conditions are 
comparable to those nominated in several Australian wind farm noise guidance documents [6] 
[7] [8] where humidity levels of 70-80% and temperatures of 10-15°C are suggested. 


 Three scenarios have been considered when evaluating ground effects: 


• Hard ground, with a ground factor of 0 


• Mixed ground, with a ground factor of 0.25 


• Mixed ground, with a ground factor of 0.5 
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Topographical effects have not been considered in the ISO9613-2:1996 model developed for 
this paper.  In other words, the ground is assumed to be flat and level between the turbines 
and the receiver.  It is anticipated that this assumption is reasonable given the flat to gently 
undulating pastoral land around each wind farm. 


 


NOISE LEVEL MONITORING 
Measurement procedure 
The methodology recommended in NZS6808:1998 for noise level measurements is generally 
the same for pre-construction and post-construction noise level measurements.  In each case, 
a logger is placed at a selected residential property adjacent to the wind farm.  LA95 noise 
levels are measured continuously over 10 minute intervals for a period of 10-14 days so as to 
collect at least 1440 data values.  Concurrently, 10 minute wind speed data is collected from a 
suitably located met mast on the wind farm site.  


The use of the LA95 statistical index is intended to capture the background ambient noise 
levels, free from effects of brief periods of increased noise such as momentary events, 
including vehicle pass-by's or a dog bark.  Collected data should be reviewed and known or 
likely extraneous noise levels should be removed, for example, where rain fall data suggests 
that rainfall has occurred. 


The product of either pre-construction or post-construction monitoring will be a data set 
generally of at least 1440 data pairs, where each pair comprises: 


• A 10 minute LA95 noise level measurement 


• A wind speed measurement for the same 10 minute period 
 
Regression analysis 
Section 4.5.5 of NZS6808:1998 requires that background noise measurements be correlated 
with wind speeds and that a regression curve is to be used to describe the average background 
noise level versus the wind speed.  In practice the regression curve is typically being a 2nd or 
3rd order polynomial.   


It is the noise levels determined from the regression curve/equation, at integer wind speeds, 
which are typically used to represent the range of levels that have been measured, particularly 
for assessment of compliance with noise limits.  We shall in this paper refer to such a noise 
level as the average noise level.  For example, the average post-construction noise level at 
6m/s shall refer to the noise level determined from the regression curve/equation through the 
set of post-construction data pairs, at the integer wind speed of 6m/s. 
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Derived wind farm noise emission 
Section A1.3 Compliance testing of NZS6808:1998 states the following: 


[...] the results of the ‘operational’ sound measurements should be compared to the background 
measurements (non –operational) defined by equation A1, to determine compliance.  Since the 
‘operational’ measurements will be combined wind farm and background levels, it may be necessary to 
adjust these measurements to determine the ‘wind farm only’ levels. 


Despite these comments, NZS6808:1998 does not provide detailed guidance regarding how to 
correct for background noise.  However, Comment C7.5.3 from Section 7.5 Post-Installation 
Measurements of NZS6808:2010 notes the following1


While a simple energy subtraction of background and post-installation sound levels is not strictly 
mathematically correct for L90 centile levels, the difference may be taken as the L90 wind farm sound 
levels. 


: 


In practice, despite the time that can elapse between the pre-construction and post-
construction monitoring campaigns and the associated likelihood of changes in the ambient 
noise level during that time, logarithmic subtraction of the average pre-construction noise 
level from the average post-construction noise level is used to determine the derived level of 
wind farm noise emission.  It is typically the derived level of wind farm noise emission which 
is compared to noise limits to assess compliance. 


It is also worth nothing that the logarithmic subtraction process recommended by the above 
documents relates to the average pre-construction and post-construction noise levels where, in 
each case, the levels are derived from a regression curve.  Thus, while the origins of the 
analysis is a set of LA95 values, the noise level derived from a regression curve cannot, itself, 
be strictly considered as a statistical index.  


 
PWEP monitoring campaigns 
During the planning phase of the PWEP in 2004-2005, Pacific Hydro carried out pre-
construction noise monitoring at properties adjacent to both wind farms for a minimum period 
of 10 days.  They carried out further pre-construction monitoring campaigns at the same set 
of residential properties at various times throughout a three year period from 2005 to 2008 to 
collect a more comprehensive set of pre-construction data.  This extended set of data is used 
herein to represent the pre-construction noise environment.2


  
  


                                                 
1 NZS6808:2010 uses the LA90 statistical index in lieu of the LA95.  The two indices are broadly comparable and 
can both be used to quantify the background level of ambient noise.  It is understood that NZS6808:2010 adopts 
the LA90 to achieve better consistency with NZS6801:2008. 
2 Refer to Delaire & Walsh (2009) Error! Reference source not found. for a review of data collected during the 
pre-construction monitoring campaigns. 
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During the initial operating phase for the Cape Bridgewater Wind Farm and for the Cape 
Nelson South Wind Farm, following commissioning, Pacific Hydro carried out post-
construction noise monitoring campaigns.  For each wind farm the campaign comprised at 
least twelve (12) sets of fortnightly monitoring, spaced to occur approximately once a month.  
Similar to the consolidation of the pre-construction data, the extended set of post-construction 
data is used herein to represent the post-construction noise environment. 


In total, results from 12 monitoring locations were available for analysis across the two wind 
farms. 


 


COMPARISON OF POST-CONSTRUCTION NOISE LEVELS WITH 
PREDICTIONS 
Coordinating noise levels 
The objective of this paper is to gauge the degree of conservatism that is inherent in levels of 
wind farm noise emission predicted using the simple algorithm from NZS6808:1998.  To that 
end, the following noise levels are available for comparison: 


• (A) Predicted LAeq wind farm noise emission levels 


• (B) Average pre-construction noise levels, 
derived from LA95 data 


• (C) Average post-construction noise levels, 
derived from LA95 data, comprising ambient noise and wind farm noise emission. 


• (D) Derived wind farm noise levels  
being the logarithmic subtraction of the average pre-construction noise levels from 
average post -construction noise levels. 


Various combinations of the above data sets could be used for comparison.  Analytically, the 
simplest comparison would be the difference, (C) - (A).  However, the average post-
construction noise levels include influence of ambient noise which is likely to skew the 
differences that are found with the predicted wind farm noise emission levels.  There is also a 
debatable discrepancy with the noise level descriptors for curve (A) which is calculated as an 
Leq and curve (C) which is derived from LA95 data.  While this is not necessarily a major issue, 
it was deemed preferable to keep noise level comparisons as consistent as possible. 


After consideration of various data combinations and differences, the following two sets of 
noise levels have been compared: 


• (A) + (B), the logarithmic sum of the predicted wind farm noise emission and the 
average pre-construction noise levels, and; 


• (C), the average post-construction noise levels. 
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The advantage of this arrangement is that, during the planning phase, a best estimate of the 
levels that are likely to be measured at a property once the wind farm is operating, is the 
logarithmic sum (A) + (B).  Accordingly, the sum will be referred to as the estimated post-
construction noise level. 
An inherent drawback of this method is that the predicted levels (A) are in terms of LAeq 
while the contribution of wind farm noise emission to the average post-construction noise 
levels is recorded as an LA95.  One means of overcoming this issue would be to estimate the 
LA95 predicted noise levels from the LAeq values.  However, it was felt that the additional 
uncertainty that this may introduce into the analysis would not be justified in terms of any 
potential gains in accuracy.  Therefore, the method outlined above has been used and readers 
should be aware of the potential inconsistency across noise level descriptors.   


 
NZS6808:1998 predictions 
Figure 2 below presents the analysis carried out for one of the twelve monitored sites.  It can 
be observed that: 


• The estimated post-construction noise level, being the logarithmic sum (A) + (B), is 
shown in black. 


• The average post-construction noise level curve (C) is shown in red. 


• The scatter of noise level and wind speed data pairs collected during the post-
construction monitoring campaign are also included, in green, for information. 


These predictions use guaranteed sound power level data for the turbines and an A-weighted 
air absorption coefficient of 0.0023dBA/m 3


                                                 
3 0.0023 dB/m has been the absorption coefficient used for wind farm noise emission predictions for PWEP 
during the various planning processes and, for continuity, is therefore also used in this paper. 


 in lieu of the 0.005dBA/m value suggested in 
NZS6808:1998. 
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Figure 2: Comparison of average and estimated post-construction noise levels (NZS6808:1998)  


A complete set of figures is included in Appendix A.  Table 1 below presents a summary of 
the arithmetic differences between the average and estimated post-construction noise levels 
across the range of assessed wind speeds.  In other words, for each property analysed, it 
shows the difference at each integer wind speed between the black and red curves. 
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Table 1: Summary of comparison of average and estimated post-construction noise levels (NZS6808:1998) 


House Wind speed at 10m AGL (m/s) 


5 6 7 8 9 10 


A 6 5 4 3 3 2 


B 1 1 1 1 1 2 


C 4 4 3 4 4 4 


D 5 6 5 5 5 4 


E 4 3 3 2 1 1 


F 1 2 2 2 2 3 


G 3 5 5 4 3 2 


H 2 4 4 2 1 1 


I 2 4 4 3 1 1 


J 5 4 3 2 1 1 


K 4 5 5 4 4 3 


L 5 5 4 3 2 1 


Average 3.5 4.0 3.6 2.9 2.3 2.1 


Standard 
deviation 1.7 1.4 1.2 1.2 1.4 1.2 


As shown in the table, the NZS6808:1998 simple prediction algorithm results in over-
predicting average post-construction noise levels by 1-6dBA.  The average level of over 
prediction ranges from 2.1-4dBA.  Note that this conclusion is based on the use of guaranteed 
sound power level data. 


Adjusting the air absorption coefficient from 0.0023dBA/m to 0.005dBA/m, the value 
suggested in NZS6808:1998, will decrease predicted levels of wind farm noise emission.  The 
decrease will generally be in the order of 2-4dB depending on the relative distance of the 
turbines from the receiver.  Table 2 below presents the same summary of differences as 
shown in Table 1 above with the exception that predicted levels use an air absorption 
coefficient of 0.005dB/m. 
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Table 2: Summary of comparison of average and estimated post-construction noise levels 
(NZS6808:1998), air absorption coefficient of 0.005dB/m 


House Wind speed at 10m AGL (m/s) 


5 6 7 8 9 10 


A 5 5 4 3 2 2 


B 0 0 0 0 1 1 


C 2 2 2 2 2 2 


D 3 3 3 3 3 2 


E 2 1 0 0 0 -1 


F 0 1 1 1 2 2 


G 1 3 3 2 1 1 


H 0 2 1 1 0 -1 


I 0 2 1 0 0 -1 


J 2 2 1 0 0 0 


K 2 4 4 3 2 2 


L 3 2 2 1 0 0 


Average 1.3 1.7 1.4 1.0 0.7 0.7 


Standard 
deviation 1.9 1.7 1.5 1.3 1.2 1.2 


As shown in the table, average post-construction noise levels are over-estimated by  
-1-5dBA.  The average level of over prediction ranges from 0.7-1.7dBA.  Adjusting the air 
absorption coefficient from 0.0023dBA/m to 0.005dBA/m therefore generally improves 
agreement between the average and estimated post-construction noise levels.  However it 
should be noted that at three of the monitored properties the estimated post-construction noise 
levels under-predict the average post-construction noise levels – a circumstance which would 
typically be undesirable during the planning phase of a wind farm.  Moreover, the monitoring 
sites are generally 500-1000m from the closest turbine and at this moderate distance the effect 
of the atmospheric absorption coefficient is, in relative terms, less.  At greater distances from 
the nearest turbine, the effect of the 0.005dBA/m coefficient will become greater and could 
results in some very significant under-prediction of actual noise emission levels.  
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ISO9613-2:1996 predictions 
The ISO9613-2:1996 prediction algorithms allow consideration of ground effect and 
frequency dependent air absorption into the predicted wind farm noise emission levels.  
Assumed atmospheric conditions are detailed above. Results presented here use a ground 
factor of 0.5. 


Figure 3 below presents a similar analysis to that presented above for NZS6808:1998, using 
ISO9613-2:1996 predicted levels to derive the estimated post-construction noise levels which 
are shown by the black, dashed curve. 


For this series of predictions, guaranteed sound power level data has been used. 


 
Figure 3: Comparison of average and estimated post-construction noise levels (ISO9613-2:1996) 


A complete set of figures in included in Appendix A.  Table 3 below presents a summary of 
the arithmetic differences between the average and estimated post-construction noise levels 
across the range of assessed wind speeds.  
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Table 3: Summary of comparison of average and estimated post-construction noise levels (ISO9613-
2:1996) 


House Wind speed at 10m AGL (m/s) 


5 6 7 8 9 10 


A 5 4 4 3 2 2 


B -1 0 0 0 1 1 


C 1 1 1 1 1 2 


D 3 3 3 3 3 2 


E 1 0 0 -1 -1 -1 


F 0 1 1 1 1 2 


G 1 2 2 1 1 1 


H 0 1 1 0 0 -1 


I 0 1 1 0 -1 -1 


J 2 2 1 0 0 0 


K 2 3 3 2 2 1 


L 1 0 0 -1 -1 -1 


Average 1.3 1.7 1.4 1.0 0.8 0.7 


Standard 
deviation 1.7 1.4 1.2 1.1 1.1 1.2 


As shown in Table 3, the ISO9613-2:1996 prediction algorithm with frequency dependent air 
absorption and a ground factor of 0.5 results in over-predicting average post-construction 
noise levels by 0-5dBA.  The average level of over prediction ranges from 0.8dBA to 
1.7dBA.  Note that this conclusion is based on the use of guaranteed sound power level data. 


Average level differences for a range of ISO9613 predictions, determined by varying the 
ground factor, are summarised in Table 4 below. 
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Table 4: Variation in noise level differences by varying the ISO9613-2:1996 ground factor 


Scenario Average difference between average and estimated post-
construction noise levels 


Wind speed at 10m AGL (m/s) 


5 6 7 8 9 10 


Ground factor 0.5  
(Base case) 1.3 1.7 1.4 1.0 0.8 0.7 


Ground factor 0.25 2.3 2.8 2.4 1.9 1.5 1.3 


Ground factor 0 3.6 4.2 3.7 3.1 2.4 2.0 


As shown in Table 4, the ISO9613 prediction algorithm with frequency dependent air 
absorption and a ground factor of 0 results in a 2-3 fold increase in the over-prediction of 
average post-construction noise levels compared to the case of a ground absorption 
coefficient of 0.5. 


Note that the above comparisons use guaranteed sound power level data to determine the 
estimated post-construction noise level.  The degree of conservatism inherent in this data is 
not known but it anticipated to be in the order of 1-2dBA. 


Measured wind turbine sound power level data was available for the Cape Bridgewater Wind 
Farm turbines.  This data has been used to calculate the estimated post-construction noise 
levels for the seven monitored properties adjacent to the wind farm.  The average and 
standard deviation of the noise level difference between the average and estimated post-
construction noise levels for these seven properties is detailed in Table 5.  A ground factor of 
0.5 has been used. 
Table 5: comparison of average and estimated post-construction noise levels (ISO9613-2:1996), measured 
SWL data 


Scenario Average difference between average and estimated post-construction 
noise levels 


Wind speed at 10m AGL (m/s) 


5 6 7 8 9 10 


Average level difference 0.4 1.0 1.2 0.6 0.0 0.3 


Standard deviation 2.2 1.8 1.5 1.4 1.4 1.2 


Using the measured sound power level data tends to result in over-predicting average post-
construction noise levels by 0-1.2dBA and seems to provide the best agreement of the various 
ISO9613 prediction arrangements considered. 


 


UNCERTAINTY 
There is uncertainty in both the measured noise level data used in this analysis and the 
prediction algorithms used. 
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Prediction accuracy 
NZS6808:1998 does not provide any explicit discussion of the accuracy or uncertainty of its 
recommended prediction algorithm.  However, the fundamental approach of the algorithm, 
being geometric divergence, is similar to that used by ISO9613-2:1996 where the later 
standard does include a discussion of accuracy. 


Specifically, ISO9613-2:1996 estimates an average accuracy of ±3dB for source heights less 
than 30m and receiver distances of less than 1000m, with moderate downwind conditions.  
These conditions often don’t apply to wind farms where the source height will generally be 
much greater than 30m, the separation distance will often be more than 1000m and the wind 
speed and direction can vary greatly over the duration of the monitoring period.  Accordingly, 
it could be anticipated that an average accuracy of more than ±3dB is likely. 


However, a study by Bass, Bullmore and Sloth [11] found that for flat, rolling and complex 
terrain sites ISO9613-2:1996 predicted noise levels to within 1.5dBA accuracy of levels 
measured under conditions of an 8ms-1 positive wind vector.   


A study conducted by Hoare Lea Consulting Engineers [12] compared predicted levels using 
ISO9613-2:1996 to measured levels at four receiver locations between 100 – 800m distance 
from an operational UK wind farm.  The downwind measurements used in the comparison 
were between +/- 15 to 45 degrees, with hub height wind speeds of 8-14 ms-1.  Two ground 
factors were modelled, a hard ground assumption (G=0) and a mixed ground assumption 
(G=0.5).  Results from the study indicated that when considering worst case downwind 
directions of +/- 45 degrees from the direct line between source and receiver, ISO9613-
2:1996 predicted levels approximately 1-2 dBA higher than measured levels at the farthest 
measurement location.  Where the wind direction angle was limited to downwind +/- 15 
degrees, ISO9613 predicted levels up to 3dBA higher than measured levels, up to 13ms-1.  
However, it was noted that as distance from source to receiver increased, the comparative 
difference decreased, until at the farthest measurement position, predicted and measured 
levels were equal.  This trend could be attributed to the increasing contribution of background 
noise to overall noise level as a function of distance. 


The results of these studies suggest that the ±3dB average accuracy range of the ISO9613-
2:1996 prediction model may indeed also be valid for the source/receiver arrangements for 
wind farms. 


 
Measurement uncertainty 
There are a range of factors which contribute to the uncertainty in the measurements, 
including the passage of time between the pre-construction and post-construction noise 
monitoring campaigns.  Also, there are uncertainties associated with the collection of wind 
data, which occurs over a range of heights and has involved different met masts, in different 
locations, throughout the duration of the monitoring campaigns.  


Not least of the uncertainties is that of the meters used to carry out the monitoring.  Type 2 
meters were used, with an uncertainty of approximately ±1.5dB. 
 







Comparison of predicted wind farm noise emission and measured post-construction 
noise levels at the Portland Wind Energy Project in Victoria, AustraliaPage 17 of 24 


 


 


Discussion 
Given the range of uncertainties associated with the analysis, any agreement between the 
average and estimated post-construction noise levels of better than 1.5dBA, that is with a 
difference of less than 1.5dBA, may be considered as a good level of agreement. 


 


CONCLUSION 
Long term, unattended pre-construction and post-construction noise monitoring data has been 
used to quantify the degree of conservatism that results from using a two wind farm noise 
emission algorithms, NZS6808:1998 and ISO9613-2:1996, with a number of different 
parameter arrangements. 


Using the comparison of the average post-construction noise levels with the estimated post-
construction noise levels, as these terms are defined above, an average level of over-
prediction has been calculated. 


For the NZS6808:1998 predictions algorithm, the average over prediction ranges from 
approximately 2-4dBA for the modelling assumptions detailed.  For the ISO9613-2:1996 
algorithm, the average over prediction is less, and ranges from approximately 1.5-2dBA for 
the assumptions detailed. 


Moreover, for the wind farms considered by this paper, a ground factor of 0.5 resulted in the 
best agreement with measured data, compared to ground factors of 0.25 and 0.  The absence 
of a ground factor in the NZS6808:1998 simple prediction method is a significant source of 
conservatism for the source to receiver arrangements at PWEP.   


Further, using measured wind turbine sound power level data in lieu of guaranteed levels also 
further improved agreement with measurements. 
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Appendix A 
Analysis using NZS6808:1998 and ISO9613-2:1996 prediction algorithms 


 
Figure 4: House A comparison of average & estimated post-construction noise levels  


 
Figure 5: House B comparison of average & estimated post-construction noise levels  
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Figure 6: House C comparison of average & estimated post-construction noise levels  


 
Figure 7: House D comparison of average & estimated post-construction noise levels  


15


20


25


30


35


40


45


50


55


60


65


70


1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18


No
ise


 L
ev


el
s, 


L A
95


-
dB


A


Wind speed @ 10m AGL - m/s


Predicted vs Post-Construction Noise Levels
House C


Post-construction


Post-construction noise


Estimated (NZS6808:1998) post-construction noise level


Estimated (ISO9613) post-construction noise level


15


20


25


30


35


40


45


50


55


60


65


70


1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18


No
ise


 L
ev


el
s, 


L A
95


-
dB


A


Wind speed @ 10m AGL - m/s


Predicted vs Post-Construction Noise Levels
House D


Post-construction


Post-construction noise


Estimated (NZS6808:1998) post-construction noise level


Estimated (ISO9613) post-construction noise level







Comparison of predicted wind farm noise emission and measured post-construction 
noise levels at the Portland Wind Energy Project in Victoria, AustraliaPage 20 of 24 


 


 


 
Figure 8: House E comparison of average & estimated post-construction noise levels  


 
Figure 9: House F comparison of average & estimated post-construction noise levels  
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Figure 10: House G comparison of average & estimated post-construction noise levels  


 
Figure 11: House H comparison of average & estimated post-construction noise levels  
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Figure 12: House I comparison of average & estimated post-construction noise levels  


 
Figure 13: House J comparison of average & estimated post-construction noise levels  
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Figure 14: House K comparison of average & estimated post-construction noise levels  


 
Figure 15: House L comparison of average & estimated post-construction noise levels  
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Abstract         
In the last years, the wind turbine became one of the most relevant renewable 
energy source, in particular in some areas with peculiar wind and orography 
conditions. Moreover, the presence of residential buildings in proximity of the wind 
farm can be a relevant issue in the site choice, because of the environmental impact 
of the turbines. Among the most important elements that annoy people living close to 
a wind farm, one can find, most of all, the landscape worsening and the acoustical 
noise problem. 
This work is focused on the characterization of the noise coming from wind farms, 
already operating or still under construction, the latter from a predictive point of view. 
Starting from the geometrical and technical data of the farm, the sound power level of 
the turbine can be analyzed. From the wind data (direction and speed) on a given 
area, according to the dependence of source power level from wind speed given in 
literature, the characterization of the source can be performed. Thus, the crucial point 
is the propagation model choice, that can heavily influence the noise impact. The 
results of this procedure can be used in the prediction of noise in a farm under 
construction.  
In this work the authors consider a case study and analyze the noise impact due to 
the operation of turbines, by means of different propagation models compared with a 
commercial software noise map and experimental measurements. 


 
1. Introduction 
The need for new and efficient renewable energy sources is going to become a very 
relevant research issue. One of the most important solution is represented by the 
wind turbines. This system is particularly useful in some peculiar areas, where the 
wind exposition and speed are suitable. In this framework, new technologies need to 
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be developed in order to reduce the environmental impact of the wind turbines. In 
particular, besides the various physical polluting agents, acoustical noise must be 
considered. The turbines generate unwanted sound, both mechanical and 
aerodynamic. In the last years, with the advancement of technology, wind turbines 
became much quieter, but their noise is still an important source, to be considered in 
the site choice phase. 
The evolution of wind turbines started with the farm irrigation and millworks. Today’s 
modern wind turbines have been adopted in many countries to produce electricity 
from a "green" source, i.e. wind. Data presented at Global Wind Energy Council, 
2009, refers of approximately 120.800 megawatts of wind energy capacity installed 
around the world at the end of 2008 [1]. 
Besides these very impressive data, wind turbines have several detractors, mainly 
because of noise annoyance, visual impacts, landscape and wildlife disturbances [2]-
[3]. This environmental cost is primarily felt by those living near the wind farm. 
In particular, acoustical noise must be deeply investigated among these 
environmental polluting agents, both on a predictive point of view (before installation) 
and on an experimental basis (for operating turbines). The turbines, in fact, generate 
unwanted sound, both mechanical and aerodynamic. Recently, thanks to the 
advancement of technology, wind turbines became much quieter, but their noise is 
still an important source, to be taken in account. In this framework, new technologies 
need to be developed in order to reduce the environmental impact of the wind 
turbines. 
Together with the technologies, a source and propagation modelling improvement 
could be helpful in order to understand the correct behaviour of the noise produced 
by the wind turbine.  
In this paper, the authors analyze the properties of noise intensity function, from an 
analytical point of view, focusing on its slope when considering different 
dependences. In addition, in the last section, results obtained with a commercial 
predictive software are reported; the simulation are performed after a parameters 
tuning on experimental measurements.  
 


2. Background on wind turbine noise  
Noise produced by wind turbine has been deeply investigated. In literature one can 
find many papers regarding this issue. A relevant result is that annoyance from wind 
turbines is generally weakly related to the equivalent A-weighted SPL [2]-[4]-[5]. 
Different sound properties, not fully described by the equivalent A-weighted level, 
can be related to the perception and annoyance for wind turbine noise, also 
depending on the operating conditions of the wind farm. Persson Waye and 
Ӧhrstrӧm [6] pursued an experimental study in order to support this hypothesis, 
recording noise produced by five wind turbines and comparing them in terms of 
reported perception and annoyance. A relevant result was that the five different 
noises gave different annoyance perceptions, although the equivalent A-weighted 
SPL were the same. More subsequent studies enforced this result and suggested 
that the presence of sound characteristics subjectively described as lapping, 
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swishing, and whistling was responsible for the differences in perception and 
annoyance between the sounds [7].  
These subjective sound characteristics could be very relevant for perception and 
annoyance, especially at low background noise levels. The perception of wind 
turbine noise, in fact, could be covered by wind generated noise. However, usually 
the wind turbines have a stable rotor speed, that results in a quite steady noise 
emission, even if the wind speed and the background level is low. In addition, noise 
from wind turbines comprises modulations with a frequency that corresponds to the 
blade passage frequency [8] and it is usually poorly masked by ambient noise in rural 
areas [9]. 
Together with these phenomenological studies on the intensity and annoyance from 
wind turbine noise, a very important effort has been spent in physical modelling of 
the source and of the noise propagation. Regarding the source, in [10] a summary is 
reported. 
The sources of sounds emitted from operating wind turbines can be divided into 
mechanical and aerodynamic sources. In particular, mechanical sounds come from 
the interaction of turbine components such as meshing gears, non-aerodynamic 
instabilities interacting with a rotor blade surface, or unstable flows over holes or slits 
or a blunt trailing edge, etc.. Aerodynamic sounds, instead, are produced by the flow 
of air over the blades, especially interaction of wind turbine blades with atmospheric 
turbulence (also described as the characteristic "swishing" or "whooshing" sound), 
localized deficiencies on the blade or disturbed air due to the flow around the tower, 
etc.. 
A more detailed review of each of these sound generation mechanisms can be found 
in the paper of Wagner et al. (1996) [11]. 
 


3. A simple theoretical model 
In this section, the wind turbine noise analysis is presented, starting from the 
construction of a simple model, based on the following assumptions: 


1. The turbine can be, in a first approximation, considered as a point like 
source, with a subsequent spherical spreading of the noise. 


2. Ground is considered completely absorbing. 
3. Air absorption can be neglected over a short range. 
4. The source sound power is assumed to be broad band. 


 
Assumption 2 is supported from the fact that usually wind farms are designed and 
built in countryside environments. Even if these ideal conditions can appear far from 
reality, the authors will show that this description is enough adequate to the aims of 
the paper. A more detailed analysis, especially in the frequency domain, is 
postponed to further studies. 
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The geometry of the approximated model is shown in Fig. 1, where the source and 
the receiver positions are highlighted, together with the relevant parameters to be 
considered. 
 


   
Fig. 1: Geometry of the source/receiver configuration of the presented model and 
sketch draw of a wind turbine taken from the web. 
 
At the beginning one has to evaluate the source sound power level LwA (A weighted) 
of the turbine. This result can be achieved, for instance, by fitting noise emission data 
provided by datasheet of manufacturers, obtained according to IEC 61400-11 [12]. 
In this paper, the fit on data of two different turbines (Fig. 2) is reported. A polynomial 
function has been used and results are reported in Fig. 3. 
Once the fit equation is obtained, it is easy to relate the source power level global 
emission to any wind speed value (in the range of the fit). These data can be used to 
evaluate the sound intensity level LI at a certain distance r (see Fig. 1) from the 
source. In the pointlike source and absorbing ground approximations, one can write: 
 


r
r
rLL WAI α−−−= 11log20
0


10   (1) 


 
where LwA is the source power level, r0 is the reference distance, chosen as 1 m and 
α is the air absorption coefficient. In this study, the N80 fit equation has been used. 
The absorption of sound by the atmosphere can be obtained according to the 
calculation method described in "Acoustics - Attenuation of sound during propagation 
outdoors - ISO 9613-1:1993" [13] and depends on the frequency, temperature, and 
humidity of the air. In a simple approach, a constant value can be assumed as follow: 
 


mdBA /005,0=α    (2) 
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Obviously, within 100 m from the source, this attenuation can be neglected since it 
follows in the experimental uncertainty of any measurement.  
With respect to the general propagation formula presented in ISO 9613, in this work 
some contributions, due for instance to ground reflection, screens, etc., are 
neglected since they are not relevant in this framework and can be easily 
implemented in a further study as simply additive terms. 
  


 
Fig. 2: Noise emission levels for two different turbines versus standardised wind 
speed (at 10 m height) [taken from the web]. 
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Fig. 3: Sound Power Level data fit for two different turbines. Data have been 
provided by manufacturer datasheets. The R2 determination coefficient of the fit is 
reported in the plot. 
 
Formula (1) is derived from the usual expression of a newtonian field (see for 
instance [19]) which gives the sound intensity I produced by a pointlike source in 
terms of source power W and distance source-receiver r : 
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W0, I0, r0 are reference values, used to make the logarithm argument dimensionless. 
If one includes all the constant values and the source power W in a parameter K as 
follow: 
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K
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the sound intensity is: 
 


2
1
r


KI =    (5) 


 
Let us underline that, in this model, the parameter K is ruled only by the wind speed 
value which is related to the power of the source by the fit procedure described 
above. 
Considering that (see Fig. 1): 
 


22222 )( HxHHxr SR +=−+=            (6) 


 
with H = HR - HS, the sound intensity can be finally written as: 
 


( )22
1


Hx
KI


+
=              (7) 
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This Lorentzian-like function is plotted vs x in Fig. 4. 
Studying function (7), one can easily find that it has a maximum in x = 0, with value 
Imax = K/H2, and an inflection point in: 
 


3
Hx =      (8) 


 
where the second derivative is null. 
Of course the 10 Log operator does not affect the properties on x axis, thus also the 
sound intensity level LI  has an inflection point (see Fig. 5). 
By this result, one can affirm that there is a first region of proximity to the turbine in 
which the intensity level decreases slightly slower than the second region. The 
concavity, in fact, influences the slope of the sound intensity function. 
 


 
Fig. 4: Sound Intensity vs horizontal distance from the turbine base for a pointlike 
source with LW= 103,5 dBA, height of the source = 70 m and height of the receiver = 
2 m. 
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Fig. 5: Sound Intensity Level vs horizontal distance from the turbine base for a 
pointlike source with LW= 103,5 dBA, height of the source = 70 m and height of the 
receiver = 2 m. 
 
It is valuable to underline that the only parameter that influences the delimitation of 
the regions of different concavity is the difference between the source and the 
receiver heights. 
An additional study that can be easily performed is the dependence of the sound 
intensity and of the intensity level from the height of the source in a fixed point. 
Looking at formula (7), one can easily notice that the function has the same 
dependence from the x and H variables, that means that it has the same slope with 
respect to each of them. The result of the plot is shown in Fig. 6 and, as discussed 
above, it is again a Lorentzian-like function with the same properties. It is easy to 
understand that the higher is the source, the lower is the noise impact on the 
receiver.  


 
Fig. 6: Sound Intensity Level vs height of the source for a pointlike source with LW= 
103,5 dBA, distance from wind turbine base = 70 m and height of the receiver = 2 m. 
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4. Predictive software simulation and experimental results 
In this section, results obtained with a different model, embedded in a predictive 
software, i.e. CadnaA®, are presented for different situations and compared with the 
model presented above and with experimental measurements. 
The “Angle Scanning” and the inverse “ray-tracing” principles are at the basis of the 
software algorithm. The calculation grid is obtained dividing area under analysis in 
many small surfaces in which a receiver is placed at a variable height (in our case is 
2 m). Each grid element releases many rays with a full angle coverage (omni 
directive) and these rays, eventually after many reflections, intercept the noise 
source. The path length of the single ray describes the attenuation of the sound wave 
coming from a certain noise emitter. In addition, specific receivers can be inserted in 
the map, with the possibility to export the results in a worksheet. In this study, these 
receivers have been placed 5 m from each other and at 4 m height, in order to 
compare the results with the model presented in previous section.  
A first study has been pursued to validate results of the previous section. For this 
purpose, a pointlike source has been placed in a certain point and the propagation of 
noise has been studied both by means of noise mapping and of fixed receivers. 
The parameters of the first simulation are resumed in Tab. 1. 
 


Tab. 1: Single wind turbine simulation parameters 


Pointlike source approximation  


LW 103,5 dBA 


Wind speed 8 m/s 


Height of the source 70 m 


Evaluation grid height 2 m 


Receivers height 4 m 


Distance between receivers 5 m 


 
Fig. 7 reports the noise level pattern of a single turbine, i.e. a pointlike source, while 
in Fig. 8 the comparison between this simulation and the results from the theoretical 
model presented in previous section, is shown. The agreement between the two 
curves is quite good and it implicitly validates the assumption of the presented 
model. 
Fig. 9 and Fig. 10 show the results of the simulation of an array of 8 wind turbines, 
approximated again as a pointlike source with the same parameters as above. The 
plot in Fig. 10 is obtained with the results of the receivers placed in proximity of three 
turbines. The Lorentzian slope is clearly evidenced.  
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Fig. 7: CadnaA noise map (values are in dBA) for a pointlike source with LW= 103,5 
dBA (wind speed = 8 m/s), height = 70 m, absorbing ground. The grid is evaluated at 
2 m from the ground and the distance between two receivers (black and white 
circles) is 5 m, while their height is 4 m. 
 


 
Fig. 8: comparison between noise level predicted with CadnaA (blue diamonds) and 
with the proposed model (red squares), for a pointlike source with LW= 103,5 dBA, 
height = 70 m and absorbing ground. The values are taken at 4 m of height. 
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Fig. 9: CadnaA noise map for an array of  8 pointlike sources with LW= 103,5 dBA, 
height = 70 m and absorbing ground. The grid is evaluated at 2 m from the ground 
and the distance between two receivers (black and white circles) is 5 m, while their 
height is 4 m. 
 


 
Fig. 10: CadnaA results for an array of 8 pointlike sources, limited to the proximity of 
three turbines, with LW= 103,5 dBA, height = 70 m and absorbing ground. Values are 
taken at 4 m of height and the data points refer to receivers shown in the previous 
map. 
 
In order to validate the model and to better tune the parameters of software 
simulation, an experimental session has been pursued in an operating wind farm, 
located in Taverne Vecchie (Salerno), Italy. 
The map of the area, taken from Google map © and implemented in the software 
CadnaA, is shown in Fig. 11. 
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Fig. 11: Map of the area of Taverne Vecchie (SA), Italy, taken from Google map. The map has been 
implemented in CadnaA framework and the roads have been traced. The turbines are the red circles. 
 
The experimental measurements have been taken according to ISO standard, with 
Class 1 devices and in weather conditions fulfilling regulation requirements. Let us 
remind that even if the turbines were operating with a wind speed of about 5-6 m/s, 
at the ground level, where the receivers were placed, the wind was below the 
threshold fixed by regulation. 
In Fig. 12 the data taken in proximity of an operating wind turbine have been plotted. 
The receivers have been moved along two radius pointing to the turbine base, in 
order to both validate the spherical propagation (pointlike source) assumption and 
the lorentzian shape of the intensity plotted versus the horizontal distance (see Fig. 
5). The results well fit these assumptions and theoretical results. Only one point 
results to be lower than the expected slope, but during that measurement a strong 
lowering in the wind speed has been registered, making reasonable the lowering of 
the measured level. 
 


 
Fig. 12: Experimental data taken in proximity of an operating wind turbine. The receiver is placed at 
1,5 m and the phonometers have been placed along two radius pointing to the turbine base. 
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Once this measurements have been performed, it resulted interesting to model the 
entire wind farm in the predictive software, in order to achieve a complete mapping of 
the noise in the area. Starting from the experimental data and back propagating to 
the source, the source power level has been chosen to 93,5 dBA and a simulation 
was performed. Resulting noise map is shown in Fig. 13. 
 


 
Fig. 13: Noise map of the wind farm area, obtained in predictive software framework. The power of 
the pointlike sources (turbines) has been set to 93,5 dBA, according to the experimental measurement 
taken. 


 
This noise is evidently not very significant, as experienced also by the operators 
during the measurement session. In any case, the main aim of tune the software 
parameters on experimental data has been achieved and now this propagation 
model can be used in order to predict the noise impact in different wind conditions. 
The following figures, thus, have been obtained for a wind speed of 8 m/s, with a 
resulting source power of 103,5 dBA. Simulation parameters are resumed in Tab. 2 
while the noise map is shown in Fig. 14.  
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Tab. 2: Wind farm simulation parameters 


Pointlike source approximation  


LW 103,5 dBA 


Wind speed 8 m/s 


Height of the source 65 m 


Evaluation grid height 4 m 


Receivers height 1,5 m 


 


 
Fig. 14: Noise map simulation in an average wind speed condition, i.e. 8 m/s. The resulting source 
power is 103,5 dBA.  


 
The pattern clearly shows the peaks in correspondence of the wind turbines, and it 
can be deduced that the orography of the terrain has a certain influence in the noise 
propagation. The latter consideration can be also exploited thanks to the 3D image 
engine of the software. In Fig. 15 a collection of 3D images is shown. The images are 
correspondent to the region in the bottom-right area of the map in Fig. 14, where the 
receiver is placed. It is evident how the orography and the position of the sources 
and of the receivers/buildings influence the resulting noise level.  
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Fig. 15: 3D images of the wind farm area under investigation. The colours on the terrain are according 
to the noise pattern and the legenda in Fig. 14. The blu crosses are the pointlike sources, mimicking 
the wind turbines, the white and black circles are the receivers and the parallelepipeds are the 
buildings. The different colours on the buildings represent the noise level according to the legenda in 
Fig. 14. 
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5. Conclusions 
In this paper, the authors analyzed the propagation of noise produced by a single 
wind turbine and an operating wind farm. This study has been performed in terms of 
a theoretical approach, an experimental analysis and predictive software simulations. 
The turbine has been characterized and approximated to a pointlike source. This 
assumption led to a specific noise propagation theoretical model studied in section 3. 
The function is lorentzian-like and can be analytically studied in terms of slope, 
maximum and inflection point. 
The theoretical model has been then tested in the CadnaA predictive software 
framework and compared to experimental measurements. 
These measurements have been used to tune the parameters of the simulations, 
leading the authors to obtain a full noise map of the area under investigation. Once 
the source power level has been tuned, the prediction of different situations can be 
easily performed and an example has been reported. 
Moreover, the software 3D imaging has been performed in the last part of section 4, 
showing the influence in the noise map of orography of the terrain and turbines site 
choice. In addition, the 3D plots are very useful to understand what happens to 
building with a not negligible height, as well as in the phase of presentation of the 
results. 
Finally, this paper shares lights to further investigations on the noise propagation 
modelling, being a relevant integration of theoretical, experimental and software 
issues. Very often, in fact, these elements are not considered together. 
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Abstract  
Dose response relationships have been commended as an appropriate tool in 
determining safe levels of wind turbine noise. Sleep disturbance is a major concern 
and the probable source of most of the claimed health consequences. Most studies 
to date have relied upon subjective reports of recalled awakenings or difficulty in 
initiating sleep. Arousals, brief lightening of sleep, are much more common than 
recalled awakenings and are not remembered. Arousals fragment sleep making it 
unrefreshing and of poor quality. Relying on recalled sleep disturbances will 
underestimate the impact of wind turbine noise. 
 
Arousals may be detected electrophysiologically, from secondary cardiovascular 
effects or body movements. All of these measures require instrumentation and 
multiple nights of recording. While useful in investigating causation in sleep and 
health complaints, individual variability in response to sleep fragmentation 
undermines their utility as outcome measures 
 
The purpose of sleep is ensure wakefulness and appropriate daytime functioning. 
Measures of sleepiness, fatigue and sleep quality which assess the actual restorative 
function of sleep could be appropriate outcome measures. Questionnaires are 
commonly used in sleep medicine and correlate well with laboratory measures. The 
Pittsburgh Sleep Quality index is widely used and is sensitive enough to detect 
changes with treatment. The Epworth Sleepiness Score measures average 
sleepiness and has been widely used to assess changes with therapy and population 
studies. As short questionnaires, they may be self-administered or delivered by 
relatively unskilled personnel and are available in a variety of different languages. 
 
Data will be presented from studies of operating wind farms confirming that these 
measures are suitable outcome measures for the construction of dose-response 
relationships between wind turbine noise and effects on human sleep and health. 
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Introduction 
A common feature of virtually all anecdotal and research reports of adverse health 
effects of industrial wind turbines (IWT) is sleep disturbance (Hanning 2010). All 
government sponsored reviews of noise and health focus on the effect on sleep and 
the majority of regulations governing the installation of IWT acknowledge the 
importance of preserving sleep and commonly, but not always, impose lower external 
noise limits during night time hours. 
A number of government bodies have commended the use of dose-response 
relationships in judging the effects of noise on human health (eg, Berry and Flindell 
2009, Verheijen 2009) and these would seem to be an appropriate tool for 
determining external IWT noise levels and/or setback distances. However, the 
selection of the appropriate outcome measure is key. Ideally, it should be a sensitive, 
robust, easily and economically measured parameter which integrates all possible 
effects of IWT noise on sleep. 
While sleep physiologists have actively contributed to the study of the effects of road, 
rail and aircraft noise, they do not, thus far, seem to have contributed to the study of 
IWT noise. The purpose of this paper is to review sleep disturbance from a sleep 
medicine perspective and to suggest appropriate outcome measures for evaluating 
the effects of IWT. 
 


Sleep Physiology 
Sleep was previously regarded as a time of bodily restoration but current thought is 
that it is of the brain and for the brain and concerned primarily with the consolidation 
and storage of memory. To be refreshing and restorative, human sleep must be 
adequate both for duration and quality. The consequences of sleep deprivation 
include daytime sleepiness and fatigue, impaired concentration, memory and 
learning, low mood and impaired psycho-social functioning. Road accident rates are 
increased and employment prospects impaired. Obesity, increased risk of diabetes, 
high blood pressure, cardiovascular disease and cancer risk have been reported 
also. The short term consequences of sleepiness and fatigue are not trivial, having 
as much effect on quality of life as epilepsy and diabetes. 
Sleep is not a unitary state, it comprises slow wave sleep (SWS) and rapid eye 
movement (REM) sleep. The former is characterised by a decreased frequency and 
increased amplitude of the EEG (brain electrical activity). Four levels of increasing 
depth are recognised (1-4). Stage 2 is the first level of true sleep and is characterised 
by spindles, short bursts of 12-14 Hz waves with a duration of 0.5-1.5 seconds. The 
spindle density (number/hr of sleep) is a marker of the ease with which sleep can be 
disturbed (Dang-Vu 2010). Spindle density decreases with age and is lower in some 
individuals, a trait which seems to be inherited. Arousals, brief increases in EEG 
frequency which may be sufficient to effect a change to a lighter level of sleep, occur 
both spontaneously and in response to internal (snoring, leg twitching) and external 
stimuli (noise, light, touch). The likelihood of an arousal occurring in response to a 
noise depends not just upon the depth of sleep, sound pressure and individual 
propensity but also upon frequency (Bruck 2009) and meaning, for example our 
name rather than a non-specific noise or a baby’s cry. A sufficient stimulus may 
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cause an awakening. The transition between sleep and wakefulness is a process 
and transfer of information from short-term to long-term memory is the last to return 
on wakening and vice-versa. Short awakenings, less than c30sec, are thus not 
recalled. 
Sleep is organised into a series of cycles, each lasting about 90mins. The first two 
cycles comprise predominantly deep SWS. Each cycle ends with REM sleep. As the 
night progresses, the cycles comprise mainly Stage 2 SWS and REM sleep. 
Awakenings occur commonly between cycles, particularly the later cycles and will be 
recalled if long enough. 
Arousals and awakenings are usually accompanied by an autonomic arousal, 
increased heart rate and blood pressure, which is thought to be the cause of the 
daytime high blood pressure in those with multiple arousals, for example obstructive 
sleep apnoea. 
 


Effects of IWT noise on human sleep 
The most obvious means for IWT noise to disturb sleep is to prevent the onset of 
sleep or the return to sleep following an awakening, either spontaneous or induced. 
At least 15% of the population are not robust sleepers and are easily disturbed. It is 
easy to dismiss this as an entirely psychological response but there is good evidence 
that this is largely an hereditable trait and therefore not just a result of attitude to IWT 
or perceived benefit (Shepherd 2010). The noise sensitive tend to be found in quieter 
rural areas. This response is very likely related to “annoyance” and the consequent 
stress with IWT noise. There is no doubt that IWT noise is much more annoying than 
rail, road and aircraft noise at the same sound pressure levels (Pedersen 2004, van 
den Berg 2008). WHO (2009) and EEA (2010) night noise guidelines are predicated 
largely on annoyance responses indicating that these organisations do not regard 
annoyance as trivial. 
While there are as yet no studies confirming increased arousals secondary to IWT 
noise, as they have been found with all other environmental noise sources, there can 
be no doubt that they do occur. In addition, not all subjects reporting sleepiness, 
fatigue and other symptoms report recalled awakenings further supporting the 
conclusion that IWT noise causes arousals. The impulsive nature of IWT noise and 
the large low frequency component may be contributory. 
 


Detection and measurement of sleep disturbance 
Inadequate sleep duration due to delayed sleep onset or wakefulness during the 
sleep period is usually readily apparent to the individual. Simple diaries may suffice 
although a more objective measure may be obtained by actigraphy. These 
inexpensive wristwatch sized devices are worn on the non-dominant wrist and record 
movement for periods of up to 6 weeks and are thus suitable for field studies. 
Wakefulness and sleep can be distinguished with reasonable accuracy from the 
movement pattern. Arousals are often accompanied by brief movements and these 
can be inferred also. 
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The “gold standard” for assessment of human sleep is polysomnography (PSG), the 
recording of multiple electrophysiological, respiratory and cardiovascular signals. It is 
time-consuming and expensive, requiring skilled technicians. While it possible to 
undertake recordings in a subject’s home, it is better suited to laboratory based 
studies investigating the mechanisms of sleep disturbance and noise. 
While arousals may be detected by PSG and by actigraphy, many studies rely on 
detecting the autonomic response. Heart rate changes may be measured easily and 
inexpensively either by chest electrodes (ECG) or from a peripheral pulse monitor. 
Absolute blood pressure is more difficult as the cuff based methods themselves 
cause an arousal as the cuff inflates. Relative blood pressure changes can however 
be inferred from the time delay between heart contraction (ECG) and the pulse wave 
arriving at the finger, the pulse transit time (PTT). This technology is widely used for 
the home assessment of patients with obstructive sleep apnoea who may have 
several hundred arousals due to airway obstruction each night. 
However, it would seem to be more logical to assess the overall effects of sleep 
disruption by considering daytime functioning. It has been said that we sleep to stay 
awake and stay awake in order to sleep. It is reasonable also to conclude that, in 
general, sleep disruption is of little or no consequence if it does not effect daytime 
functioning. The major exception to this rule is where there are cardiovascular effects 
as they may be largely symptomless. Sleep clinicians not infrequently meet patients 
who seem to have major sleep disruption but deny any daytime consequences. 
Measures of the well established consequences of sleep deprivation are therefore 
appropriate. 
The “gold standard” methods for measuring daytime sleepiness use PSG to 
determine sleep onset under standardised conditions (Multiple Sleep Latency Test or 
Multiple Wakefulness Test) but again, these are expensive and time consuming. 
Vigilance tests such as the OSLER (Bennett 1997) are simpler and relate well to the 
PSG based tests but are still essentially laboratory tools. Questionnaires are widely 
used in sleep medicine and the Epworth Sleepiness Score (ESS) (Johns 1991) has 
proved particularly effective and is universally accepted being translated into around 
40 languages. Subjects are asked to rate their likelihood of falling asleep in eight 
situations on a 0-3 scale (0;never, 1;slight chance, 2; moderate chance, 3: high 
chance). Scores therefore range from 0-24. Normal subjects typically score 2-5, 
insomniacs scoring lower. Scores >10 are deemed excessive daytime sleepiness 
and are regarded as pathological, However, there is a wide range found among 
“normal” subjects although whether this represents the normal range or whether 
some of these subjects are sleep deprived is open to conjecture. In the absence of 
clinical change, scores are generally stable. 
The ESS correlates well with the more objective measures of sleepiness and is 
commonly used as an outcome measure in pharmaceutical studies. It therefore 
would seem to be a suitable tool for the assessment of IWT noise. Nissenbaum and 
colleagues used the ESS in a study of IWT effects presented at this meeting. There 
were significant differences in mean ESS score between those living close to the 
turbines and those living further away. A plot of ESS score against distance from 
turbines showed a good relationship with ESS scores increasing sharply from 2000-
400m. 
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Vigilance and psychomotor performance can be assessed by a number of simple 
tests which could conducted in the field rather than the laboratory. Elmenhorst and 
colleagues (2008, 2010) used the psychomotor vigilance task (PVT) and a memory 
search task in a study of the cognitive effects of exposure to aircraft noise. The study 
showed a clear link between noise levels and PVT decrements down to night-time 
LAeq noise levels of 32dB(A). This methodology should therefore be applicable to 
studies of IWT also. 
A number of questionnaires have been published with the intention of providing an 
overall assessment of sleep quality. The Pittsburgh Sleep Quality Index (PSQI) 
(Buysse 1989) has proved to be robust and reproducible and has been widely used 
in surveys, pharmaceutical and therapeutic studies (for example, Morgan 2004). It is 
available in over 50 languages. 10 questions, most with sub-sections, explore most 
aspects of sleep and daytime functioning. Analysis is straightforward using on-line 
tools. Poor quality sleep is defined as a score >5. Nissenbaum and colleagues used 
the PSQI in a study of IWT effects presented at this meeting. Those living close to 
the turbines had greater mean PSQI scores (p<.05) and were more likely to have a 
PSQI >5 (p = 0.07) than those living further away. A plot of PSQI score against 
distance from turbines showed a good relationship with PSQI scores increasing 
sharply from 2000-400m. 
 


Conclusions 
Self reported sleep disturbance is an inappropriate outcome measure for assessing 
the effects on sleep of IWT noise. While technologically based measures may be 
helpful in investigating causation and in confirming causal relationships, simple 
questionnaires such as the PSQI and ESS provide an inexpensive and effective 
means of assessing the effects of IWT noise on sleep and merit further research. 
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Abstract 
Sound levels from operational wind turbine projects are often relatively low in overall 
magnitude at the nearest potentially sensitive receptors because they are always at 
least several hundred meters away.  Long propagation distances can lead to a 
situation where the project sound level is generally comparable to the natural 
background sound level.  Consequently, the total measured sound level at a distant 
point of interest rarely quantifies the actual project-only sound level but instead 
reflects the sum of both project noise and a typically significant background noise 
component.  If the background contribution is not factored out in some way, the 
result will erroneously overestimate the project sound level at that position.  Such an 
error is undesirable in all circumstances but is particularly unwelcome when the 
purpose of the test is to verify compliance with regulatory limits or planning consent 
conditions.  In the special case of wind turbines, the sound generated by a project is 
highly variable with time and directly dependent on the very specific wind and 
atmospheric conditions occurring at a particular moment, meaning that a generic 
background sound level measured under generally similar conditions at some other 
time can’t really be relied upon to represent the background level that would have 
otherwise existed during a measurement of operational sound.  Even if the wind 
speed were about the same, the wind direction, shear gradient, degree of 
turbulence, thermal gradient, humidity, cloud cover, foliage, etc., all of which have a 
bearing on wind turbine sound, may all have been different.  What is needed to 
derive the project-only sound level is a measurement of the background sound level 
at the same time and under the same conditions as the operational sound level is 
measured so that this level can be subtracted from the total to yield the project 
sound level.  This is sometimes achieved by temporarily shutting down the turbine 
under test, if not the entire project, but this approach is often impractical for a variety 
of reasons.  This paper suggests and discusses an alternative approach using off-
site “proxy” sound monitors to create a time history of the likely on-site background 
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levels allowing the project-only sound level to be reasonably estimated at any time 
during a long-term measurement survey of operational sound levels. 


Introduction 
Sound levels from operational wind turbine projects are often relatively low in overall 
magnitude at the nearest potentially sensitive receptors because they are always at 
least several hundred meters away, if only due to set back requirements, and 
frequently much further away.  Long propagation distances can lead to a situation 
where the project sound level is generally comparable to the natural background 
sound level, particularly under the windy conditions necessary for the project to 
operate.  Consequently, the total measured sound level at a point of interest, such 
as a residence hundreds of meters from the nearest turbine, rarely quantifies the 
actual project-only sound level but instead reflects the sum of both project noise and 
a typically significant background noise component.  If the background contribution 
is blithely assumed to be negligible and not factored out in some way, the result will 
erroneously overestimate the project sound level at that position.  Such an error is 
undesirable in all circumstances but is particularly unwelcome when the purpose of 
the test is to verify compliance with regulatory limits or planning consent conditions.   
 
In the special case of wind turbines, the sound generated by a project is highly 
variable with time and directly dependent on the very specific wind and atmospheric 
conditions occurring at a particular moment, meaning that a generic background 
sound level measured under generally similar conditions at some other time can’t 
really be relied upon to represent the background level that would have otherwise 
existed during a measurement of operational sound.  Even if the wind speed were 
about the same, the wind direction, shear gradient, degree of turbulence, thermal 
gradient, humidity, cloud cover, foliage, etc., all of which have a bearing on wind 
turbine sound, may all have been different.  What is needed to derive the project-
only sound level is a measurement of the background sound level at the same time 
and under the same conditions as the operational sound level is measured so that 
this level can be subtracted from the total to yield the project sound level.  This is 
sometimes achieved by temporarily shutting down the turbine under test, if not the 
entire project, but this approach is often impractical for a variety of reasons.  This 
paper suggests and discusses an alternative approach using off-site “proxy” sound 
monitors to create a time history of the likely on-site background levels allowing the 
project-only sound level to be reasonably estimated at any time during a long-term 
measurement survey of operational sound levels.  Surveys of two to four weeks in 
duration are typically required to adequately capture turbine sound levels over a full 
range of wind and atmospheric conditions.  


Typical Background Levels 
In the rural or semi-rural environments in which wind projects are typically located 
the background sound level may subjectively appear to be negligible or even zero to 
a casual observer but that is almost never actually the case.  The plot below (Figure 
1) shows the results of a very typical pre-construction background survey for a 
proposed wind project where LA90(10 min) sound levels were measured over a 14 day 
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period at 6 locations representative of the nearest potentially sensitive receptors.  
Even during periods of essentially calm winds the sound level is not zero but rather 
in the 25 to 30 dBA range and, more importantly, when the wind speed increases the 
sound level can easily increase to more than 50 dBA.  
 


Typical Pre-Construction Background Sound Survey Result
6 Positions Distributed Over a 242 sq. km Area (22 x 11 km) 


LA90(10 min) Compared to Normalized Wind Speed 
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Figure 1 


 
In general, it is common for background levels, even the near-minimum LA90 
statistical, at typical wind project sites to range from 25 to 55 dBA – without any wind 
turbines present.  Since it is not unusual for project-only sound levels to be in the 35 
to 45 dBA range at residences during moderately windy conditions, one can clearly 
see that background noise must be accounted for in some way when attempting to 
accurately quantify the project-only sound level.  If, for instance, the allowable limit 
for the project associated with Figure 1 were 40 dBA at non-participating residences, 
the background sound level would need to be 30 dBA or less in all winds higher than 
about 5 m/s to be rightfully neglected.  Obviously, an assumption at this site during 
an operational sound test that background noise can be ignored would undoubtedly 
lead to the unfavorable conclusion that project noise exceeds 40 dBA much or most 
of time while the truth of the matter could well be that project noise was actually 
insignificant or even undetectable.  Without any quantitative analysis of the 
background level one would essentially be left without any definitive conclusion 
either way except for the appearance that project noise is higher than it most likely 
is. 
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One current approach to defining the background level is to take spot measurements 
during calm conditions while the project is idle, or even before it is built, and use this 
result as a “conservative” estimate of the background level while the project is 
operating.  From Figure 1 it can be seen that this tactic would likely lead to a working 
value somewhere between 20 and 30 dBA, which, besides being fallacious, would 
have the same effect as neglecting the background level altogether as just 
discussed.  The sound level measured at night during a dead calm, for instance, 
generally has no relevance to the background levels that typically exists during 
normal operating conditions.  The justification that this approach accounts for all 
conceivable wind shear and atmospheric stability conditions goes well beyond being 
reasonably conservative. 
 
One final point about Figure 1 is that the 6 monitoring positions for this particular 
survey were distributed over an unusually large 242 sq. km area in which some 
monitors were over 22 km (14 mi) apart.  What is remarkable about this is that the 
levels at all the positions are as similar as they are.  They all follow the same wind-
driven temporal trends and no one position is consistently higher or lower than the 
others; rather they intertwine together in such a way that the arithmetic average can 
reasonably be taken to be representative of the sound level at virtually any location 
within the entire site area.  This is a common and by now expected finding at all rural 
sites and is germane to the discussion of proxy measurement positions below.     


Proxy Background Measurements 
The tendency, at least in fairly homogenous rural settings, for sound levels 
measured over a wide area to be similar can be applied to the problem of quantifying 
the background sound level a specific time that might otherwise have existed at a 
given measurement position close to or within a wind turbine project area if the 
turbines weren’t present.   
 
The general idea is to set up continuously recording monitors at several positions 
well outside of the project area - as a supplement to the on-site positions - that are 
far enough away from any turbines that project noise is undetectable but not so far 
that the measured levels are unrepresentative of the site area itself.  If the results 
from these off-site locations surrounding the project area turn out to be similar, the 
arithmetic average can be considered a reasonable estimate of the background 
sound level that would have existed within the site area (in-between the background 
positions) over the survey period.  This “proxy” background level can then be 
subtracted from the total sound level recorded at the same time at the on-site 
positions to derive the project-only sound level at each position.   
 
Of course, comparable statistical measures must be used in this calculation for both 
the on-site and off-site levels. It has generally been found that the LA90(10 min) 
measure leads to give the clearest result since sporadic noises, which are usually 
unrelated to the project, are essentially filtered out.  The average, or Leq, on the other 
hand, is usually so dominated by contaminating noise events that it is not very 
meaningful.  In fact, both the on-site and off-site Leq levels are often similar, falsely 
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suggesting that project noise is undetectable or insignificant - when that is frequently 
not the case.   
 
While the exact background sound level at each on-site position at a specific 
moment is unknowable in the presence of operational noise, this approach of 
estimating the background from simultaneous measurements made just out of 
earshot of the project during identical atmospheric conditions is considered vastly 
superior to either assuming the background is negligible or estimating it from 
measurements taken at another time under necessarily different wind and weather 
conditions. 


Selecting Off-Site Measurement Positions 
As mentioned above, proxy background measurement locations should be far 
enough away that project noise is negligible and yet close enough that they are 
reasonably representative of the site area.  It is generally sufficient to establish off-
site positions at least 2.5 to 4 km (1.5 to 2.5 mi) from the nearest turbine associated 
with the project being tested or any other turbine that might be part of an adjoining 
project.  At this distance, wind turbine noise is usually inaudible and/or almost 
certainly negligible in magnitude. 
 
For projects in rural areas where the site surroundings are similar in topography and 
general character to the site itself, the ideal off-site monitoring locations would be 
diametrically opposed in the four cardinal directions.  A typical example of a project 
in homogenous, open farm country is illustrated in Figure 2.  Note that the southern 
position is moved to the west to avoid unrepresentative noise from an interstate 
highway and a fairly large town to the south of the project area. 
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Figure 2 


 
The positions themselves should be similar in character and setting to the positions 
of primary interest on or within the site area, which are generally residences.  For 
example, if the key receptor points are on high and exposed hilltops then the 
background positions should be on similar hilltops.  If the residences are sheltered in 
valleys then the background positions should mirror this setting, including such 
things as the proximity to wooded areas and the typical setback distances from 
residences to roads.  It is often necessary to establish off-site monitoring positions 
that are in varied settings representative of all those encountered at the on-site 
measurement locations.  Many sites have houses in high and exposed settings and 
in protected valleys each requiring representative proxy measurement positions.  
There may be more than one background level if the background levels in the 
sheltered locations, for instance, are consistently quieter than the levels measured in 
other settings.  Experience suggests, however, that all the off-site monitors will have 
similar, intertwining levels even when a variety of off-site settings were deliberately 
chosen in an effort to represent each major type of on-site setting. 
 
Care should be taken to avoid monitoring positions, both on and off the site, that are 
anywhere near audible flowing or potentially flowing water, such as streams, small 
rivers, and drainage ditches, since there is a strong tendency for water flow noise to 
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either obscure project noise or create an artificial noise floor.  For simple reasons of 
topography streams are often found near homes that are located in ravines below 
ridge crest turbines making for a difficult situation.  When a key receptor point, such 
as the closest residence to project turbines, is located near flowing water it is best to 
find another measurement point to the extent practicable with similar exposure to 
project noise but away from the flow noise, since this sound source may not always 
be present and will almost certainly vary substantially in magnitude with the flow rate 
in the stream, creek or ditch. 
 
Fortunately, for the purpose of estimating simultaneous background sound levels, 
most wind projects are located in rural areas but, of course, not all of them are and 
other situations exist.  In urban settings or near major highways the background 
sound is no less important, in fact more so, but its dependence on wind and 
atmospheric conditions is greatly diminished, if not relegated into complete 
insignificance.  In such cases, the proxy background technique is still theoretically 
viable although the selection of background positions that are representative of 
receptors potentially affected by project noise becomes highly specific to the 
circumstances at each receptor.  In the case of a highway, for instance, one might 
try to find a background position that is the same distance from the roadway as the 
actual point of interest and similar in all other ways but far enough from any turbines 
that they are undetectable.  In this kind of a complicated situation where the 
background level is more dependent on man made noise than natural, wind-induced 
sounds it may be necessary to perform a pre-construction survey at the key 
receptors near turbines and at a number of candidate background positions to 
evaluate the validity of the proxy locations (i.e. their degree of correlation to the 
actual background sound levels on the site) before the project turbines become 
operational. 
 
Similarly, the general validity of the approach can be evaluated for any project by 
temporarily shutting down the project when the wind speed is the critical 5 to 7 m/s 
range and comparing the off-site background levels to the actual background levels 
at the on-site positions during the shutdown. 


Correcting On-Site Measurements for Background Noise  
Once a site-wide or setting specific design LA90 background sound level has been 
developed from the data collected at the off-site proxy positions it can then be 
subtracted in the usual logarithmic manner from the LA90 levels measured at each of 
the on-site positions to deduce the project-only sound level.  However, this 
correction process is only relevant to samples recorded while the turbines were 
actually in operation and not necessarily to all samples; consequently, the data must 
be sifted to ignore all periods of calm winds.  This can be accomplished by dealing 
only with data sets collected above the effective cut-in wind speed for the turbine 
model in question (bearing in mind whether that wind speed is measured at 10 m or 
hub height) or, more preferably, by comparing the measured data to a time history of 
project electrical output obtained from the SCADA, or project control system.  For 
this latter option it is best to compare the operational output of the 2 or 3 units 
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closest to each on-site measurement position rather than the total project output 
because this not only accurately defines the on and off times at each monitoring 
station but also may reveal, the fairly common occurrence, that certain units were 
temporarily down for maintenance or due to some unexpected malfunction.  The 
relevance of this, of course, is that the measurements of project noise during this 
period would not have captured the maximum possible sound level.  
 
Because the proxy background level is, for practical reasons, an inexact estimation 
of the site-wide background level, there will usually be instances when the 
background level exceeds the total measured level at certain on-site positions.  
Under this circumstance, and when the background level is below but within 3 dB of 
the total level, the project-only sound level would normally be considered 
indeterminate.  In such cases, a decision has to be taken whether to simply discard 
these samples or take a slightly less cautious tack and assume the background level 
is dominant and that turbine noise must be at least 10 dB below the measured level 
– and therefore subtract 10 dB from the total measured level to estimate the project-
only sound level.  Both approaches have their merits with the second option leading, 
probably not unfairly, to a slightly lower result.  A third possible path, that of taking 
no correction under these circumstances and assuming the total level is due entirely 
to turbine noise, probably is unfair and is not recommended.     
 
While the calculation of the project-only sound level is mathematically possible when 
the background level is below but within 3 dB of the total level, doing so tends to 
create spurious mathematical artifacts where the project level can be estimated at 
unrealistically low and obviously incorrect sound levels.  Since most standards, such 
as ISO 3746 [1], essentially disallow this calculation it seems best to follow that 
policy here as well.  IEC 61400-11 [2] takes the somewhat unusual hybrid approach 
of allowing the calculation only where the difference between the total and 
background levels is 6 dB or more and suggests using a constant of 1.3 dB as a 
universal correction for differences of between 6 and 3 dB. 


Example 
Figure 3 below is a plot of the sound levels measured at three proxy background 
locations surrounding from a site in the Eastern United States where the landscape 
is rural and generally homogenous in nature within the project area and for some 
distance beyond it in terms of topography (rolling hills), vegetation (a mix of farm 
fields and wooded areas) and population density (farms and residences scattered 
more or less uniformly over the site area).  The 80 or so 1.5 MW turbines are spread 
throughout a roughly 5200 ha (20 sq. mi) project area on numerous parcels of 
private land and thoroughly intermixed with the residences in the area.  Proxy 
background measurement positions were set up about 3 km beyond the perimeter of 
the turbine array to the northwest, east and south of the project (a neighboring wind 
project to the west prevented measurements in that direction) at locations that were 
similar in character to the various settings near on-site residences; i.e. one was on 
an open and exposed hilltop, another was at the edge of a field with nearby trees 
and a third was essentially in a forested area.  The expectation was that there might 
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be a consistent difference between these different positions – with the sheltered 
forest location being quieter than the windy hilltop, for instance – in which case 
background corrections for a particular setting would be applied to on-site 
measurements at positions with comparable settings.  However, as can be seen 
from the figure, the levels at all three locations, each many kilometers from the 
others, were largely the same at any given time and, perhaps more significantly, no 
one position is consistently higher or lower than the others.  Consequently, the 
arithmetic average of all three, with the site area physically lying between them, can 
be taken as a reasonably reliable estimate of the on-site background level at any 
particular time that accounts for the specific wind speed, direction, time of day and 
atmospheric conditions prevailing during that 10 minute period.  
 


Background Sound Level, LA90(10 min), at All Three Off-Site Monitoring Stations 
with Contaminating Noise Events Eliminated - Compared to Wind Speed
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Figure 3   


 
The data in Figure 3 have been edited to remove noise spikes that were observed 
only at one position and not at any others, indicating a contaminating local noise 
event that is not representative of the area as a whole.  Spikes were also deleted 
(from both the on-site and background data) if there were no concurrent spike in 
wind speed, even if they may have occurred at multiple locations, on the premise 
that the noise was not associated with the turbines and may have been due to 
thunder, rain, a helicopter flyover or some other area-wide noise event. 
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The results shown in the Figure 3 example are not unique to that site and a similar 
consistency between the off-site proxy location sound levels has been observed at a 
number of other projects in rural areas even though the background monitors are 
deliberately set up in diverse settings. 
 
Figure 4 compares the average (design) background level measured at the three 
proxy positions to the total sound level measured at a typical on-site receptor 
position.  The noise spikes at A through D are clearly local noise events that cannot 
be ascribed to the project since there was no simultaneous gust of wind; however, 
spikes E – I are evidently related to the wind and would normally be put down in their 
entirety to the turbines if it weren’t for the fact that these peaks are matched or 
exceeded in magnitude with concurrent spikes at the background positions (see Fig. 
3).  Consequently, the proxy background measurements show that not all of this 
noise was due to the project and its sub-component contribution to the total can 
generally be calculated.  This is particularly significant in this case because the 
regulatory limit for this project was 50 dBA at non-participating residences. 
 


As-Measured LA90 vs. Time at Test Position
Compared to Proxy LA90 Background Sound Level and Wind Speed
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Figure 4 


 
Figure 5 shows the nominal project-only sound level over the survey period after 
correction for background and the elimination of periods when the project was idle. 
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Derived Project-Only Sound Level After Correction for Background Noise and 
Project Down Times at Test Position Compared to Wind Speed


Overall Survey Period
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Figure 5 


 
This result shows that, despite apparent indications to the contrary in the as-
measured levels at this receptor point, the project-only sound level did not exceed, 
at least on a sustained basis, the 50 dBA limit during the noise peaks at E – I in 
Figure 4 or at any other time. 


Conclusions 
Background sound levels without any turbines present at typical wind turbine sites in 
rural areas commonly range from 25 to 55 dBA depending largely on wind speed, 
which means that background noise is often comparable to the project-only sound 
level at neighboring residences and therefore cannot be neglected when measuring 
operational noise; particularly during regulatory compliance testing.  During the type 
of long-term monitoring survey necessary to measure wind turbine sound levels 
under a variety of wind and weather conditions it is not generally practical to shut 
down the project intermittently to obtain background levels nor it is appropriate to 
use the background level measured during calm conditions when the project is idle 
to represent the background level during windy conditions.  Instead, a technique is 
suggested where off-site monitors are set up to measure background levels on a 
continuous basis throughout the survey for use in correcting the on-site 
measurements for background noise.   
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Numerous pre-construction surveys at future wind project sites indicate that a fairly 
uniform ambient sound level typically exists over wide areas in rural settings.  
Consequently, measurements at diametrically opposed off-site positions are often 
similar at any given time allowing the average level to be used as a representative 
background level for all on-site positions, which are physically situated between the 
off-site “proxy” measurement points.  This approach has the important advantage of 
developing a time history of the approximate background sound level over the entire 
survey period of several weeks.  Thus the background sound level measured under 
identical and concurrent wind and atmospheric conditions is used to correct the 
measurements made at the same time at on-site receptors yielding the project-only 
sound level. 
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Abstract         
There is an intense debate between proponents and opponents of wind turbine 
projects on the subject of health effects from LFN attributable to modern wind 
turbines.  Opponents, using mainly early 1970’s reports from obsolete-design 
downwind-turbine models, declare excess LFN to exist and to be a suspect cause of 
adverse health effects.  Proponents point to the fact that there is no credible 
evidence showing LFN from wind turbines to have any adverse health effects.  
Hessler Associates has been a technical consultant on more than 60 wind projects 
with the primary duty of drafting Noise Assessment Analysis for project developers. 
We, and I might add most opponents of wind projects, are certainly not qualified as 
experts in the subject of health effects from LFN. In our capacity, the LFN debate is 
addressed by referencing studies performed by qualified scientists in the field.  
However, while not health experts, we can apply engineering measurements, logic 
and common sense to form an opinion on the subject as described in this note. 


 
Introduction  
One can address the LFN debate by answering the following three questions: 


• How much LFN noise is created by modern wind turbines? 
What pressure spectra attributable to wind turbines occurs both outside and inside 
residences near wind projects? 


• Are the pressure levels at residences excessive based on scientific 
evaluations and comparison to other LFN sources? 


 







A Note on the Debate about Health Effects from Low Frequency Noise (LFN) from Modern 
Large Wind Turbine                                                                                    Page 2 of 12                                                                                                                             
 
 


 
Wind Turbine Sound Power  
Figure 1 below plots the measured apparent A-weighted sound power spectra from 
78 wind turbines ranging in capacity from 75 kW to 3.6 MW1


 


.  Measurements were 
carried out down to 4 Hz in some cases.  Electrical tones associated with the 
generator show up at 50 and 60 Hz. 


 
Figure 1 


 
The red overlay was drawn by the author to represent the sound power for the 
largest wind turbines in use today.  Figure 2 shows the computed A, C and Z 
weighted overall levels and 1/3 octave spectra for this overlay.  
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Figure 2 


 
The overall A-weighted level of nearly 110 dBA, re. 1 pW agrees well with specific 
data from recent large turbine projects.  The C-A quantity of 11 dB is the first 
indicator that large wind turbine spectra are not dominated by the low frequency 
range. The threshold to determine LFN dominance in a spectrum is typically 15 to 20 
dB level difference. 
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Wind Turbine Pressure Spectra at Residences 
Pressure spectra at residences attributable to wind projects is a highly variable with 
time, whereas measured spectra at the IEC test distance of one hub height plus ½ 
the rotor diameter is almost perfectly steady with time.  This of course is due to 
atmospheric effects and the very nature of natural wind.  To illustrate, Figure 4 below 
plots the long term A-weighted LA90 (10 minute) overall level over a 14-day sampling 
period.  The data is for three equal directions of 300 m for a single turbine located at 
the end of a line of turbines about 300 m apart.  Hence, we have upwind, downwind 
and directional variability as well as the unsteadiness of the wind source.  The area is 
very quiet large farm farmland with typical background sound at about 20 dBA during 
low wind periods. 


 
Figure 4 


How do we model such a moving target to get the correct answer?  In our repeated 
experience, using the relatively simple algorithms of ISO 9613, part 2 that does not 
account for any atmospheric instability gives surprisingly representative results.  The 
wind turbine is modelled as an omni-directional point source at hub height using the 
measured downwind sound power determined by IEC 61400-11.  Ground surface 
effects are the major variable for typical wind projects without complex topography.  
Figure 5 re-plots the above data with ISO 9613 model results for the range of ground 
absorption between 0 and 1.  The ground in this example was a planted soybean 
field with plants about 400 mm high that would suggest a ground effect input of 
between 0.5 and 1.0. 
 
Figure 5 shows that an input of 0 is clearly too conservative but an input of 0.5 gives 
a very representative and slightly conservative prediction of long term wind turbine 
noise and even an input of 1.0 is correct for substantial time periods. 
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Figure 5 


Now that we have a useful model we can calculate the pressure spectra for 
representative modern day large wind projects using the sound power developed in 
the first section.  The ISO 9613 calculation and plot of the indoor and outdoor spectra 
results are given below in Figure 6. 
The distance chosen and additive correction were chosen to result in a wind project 
sound level of 45 dBA outside of the closest residences. We recommend a design 
goal of 40 dBA and a regulatory limit of 45 dBA to clients and receptors to minimize 
audible impact based on our detailed journal article2


 


.  Therefore, the spectrum is 
representative of the higher level for a well designed project based on our 
experience. 
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CALCULATE Lp AT: 750M PER ISO 9613, PART 2


16 31 63 125 250 500 1k 2k 4k 8k dB(A) dB(C) C-A
MAXIMUM UNIT SIZE SOUND POWER 118 117 117 113 111 107 103 100 95 88 109.2 120.6 11.5


PATH ATTENUATION:
HEMISPHERICAL SPREADING, R,feet= 2460 -65 -65 -65 -65 -65 -65 -65 -65 -65 -65


DIRECTIVITY, 0-110 DEG.(HAI), ANGLE= NONE 0 0 0 0 0 0 0 0 0 0
AIR ABSORPTION,59F(15C) 50%RH, R= 1 0 0 0 0 -1 -2 -3 -8 -27 -96


NUMBER OF IDENTICAL SOURCES= 4 6 6 6 6 6 6 6 6 6 6
ISO GROUND EFFECTS-D,Hs,Hr,ABS= 0.5 0 0 0 -3 -2 -2 -2 -2 -2 -2


MISCELLANEOUS 0 0 0 0 0 0 0 0 0 0
MISCELLANEOUS 0 0 0 0 0 0 0 0 0 0


SUM OF PATH ATTENUATION: -60 -60 -60 -63 -62 -63 -64 -69 -88 -157
CALCULATED  OUTSIDE Lp PER ISO 9613.2 @ 750M 58 58 57 50 48 44 39 31 7 -69 45.5 60.2 14.7


EST.CONSERVATIVE O TO I  NR (CLOSED WINDOWS) 4 9 16 19 22 24 26 27 29 31


CALCULATED  INDOOR Lp PER ISO 9613.2 @ 750M 54 48 42 31 26 20 13 4 -22 -100 23.2 49.5 26.3
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Figure 6 


 
Note the interior spectrum is based on a Noise Reduction (NR) developed as follows. 
Figure 7 below plots the NR measured in an early study3


The red dashed line plots the mass law transmission loss (TL) for a relatively 
lightweight non-masonry building wall and windows.  While meaningful above 63 Hz, 
there is of course no theoretical reason that mass law TL should apply to NR for 
frequency bands below 63 Hz.  


 for aircraft and traffic 
sources.  The black filled and open circles plot the measured NR in the audible 
frequency range from the 63 to 8000 Hz octave bands.  While this study is over 40 
years old, its value is the data base of 116 measurement sites.  It can be reasoned 
that energy saving building design today provide higher noise reduction and hence 
the NR values are almost certainly conservative. 
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Figure 7 


The grey colour triangle markings plot the best conservative estimate for low 
frequency NR of Danish dwellings based on recent a study 4


 


 in 2010.  For 
convenience and conservatism, the NR used in Figure 6 is the calculated mass law 
TL in the 16 and 31 octave bands and the cited measurements of NR for 63 Hz and 
above. 


Evaluation of Developed Pressure Spectra with Annoyance 
Thresholds 
We have now a representative spectrum for both outdoor and indoor spaces at 
residences near modern wind projects.  The first thing we can look at is the threshold 
of perception for LFN.  This is shown graphically on Figure 8 below.  The range of 
perception thresholds at low frequencies is discussed and summarized nicely in 
reference 5


 


 and is shown as the range for current research.  We can immediately 
conclude from this data that infrasound (below 20 Hz) is a non-problem since the 
wind project noise is 20 to 40 dB below the perception threshold. 


We can also see that LFN becomes perceptible at approximately 30 and 60 Hz 
outdoors and indoors, respectively.  When perceptible, are the spectra magnitudes 
annoying?  Research in Japan on LFN annoyance thresholds can provide valuable 
tools. 
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Figure 8 


 
Nakamura and Tokita research6 using independent test audiences provide the 
thresholds in Figure 9 that are plotted with the developed wind project spectra.  This 
work says the outdoor noise spectrum becomes perceptible at 40 Hz, but never 
exceeds the threshold for potential annoyance.  Similarly, Inukai7


 


 has developed an 
Unpleasantness Index, again based on test audiences as presented in Figure 10.  
Based on this work, the wind project spectra at the closest residences would be 
perceived as “Somewhat Unpleasant” and “Not Unpleasant at All” outdoors and 
indoors.  This is based on the normal limit of LFN at 200 Hz. 


Some authors and agencies define ‘annoyance’ as having an adverse effect on 
health.  Even by this definition, one may conclude there are no adverse health effects 
due to LFN since there is no predictable annoyance. 
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Figure 9 


WTG LFN EVALUATION AFTER INUKAI
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Figure 10 
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Wind Turbine Project LFN compared to another LFN Source 
One way to create infrasound is to simply lower a rear window in an automobile at 
highway speeds.  We often compare LFN encountered in practice against annoyance 
indexes developed in test audiences.  Figure 11 below plots the measured spectra 
with a rear window open and closed.  Note that painful infrasound in the 16 and 31 
Hz 1/3 octave bands is created.  Of interest here is that the closed window spectra 
would be judged at levels 3 to 4 or “Unpleasant to Quite Unpleasant” for this case, a 
modern automobile at highway speed. 
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Figure 11 


Therefore driving in a modern automobile at highway speed is exposure to LFN.  
One can safely say there are billions of hours of such exposure to man women and 
children of all ages throughout the world.  To my knowledge, such exposure has 
never been suspected of causing adverse health effects. It is telling to compare the 
automobile spectrum with those developed above for wind turbine projects as is done 
in Figure 12 below.  
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Figure 12 


Wind turbine spectra are 20 to 30 dB lower than the level experienced in an 
automobile at highway speed.  It is inconceivable to me that one can reason or 
even suspect that LFN is an issue at wind projects.  Adding to this, we have 
never received or even heard of noise complaints at any wind farm where 
complainants reported typical low frequency symptoms. 
 


Conclusions  
The indisputable sound power from large wind turbines was developed using 
independent measurements from 45 wind turbines.  Conservative pressure spectra 
were calculated both outdoors and indoors for the largest possible currently available 
wind turbine at typical wind project buffer distances.  Spectra were compared to 
scientifically developed LFN annoyance criteria using group response to controlled 
LFN.  In addition, wind turbine spectra were compared to a common source of LFN 
that has been exposed to men, women and children of all ages for billions of hours 
with no reported ill effects from noise at any frequency.  Common sense brings me to 
the conclusion that LFN at wind projects is a non-issue and should not be endlessly 
debated for every proposed wind project. 
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Abstract         
This paper describes the development of the updated New Zealand wind farm noise 
standard NZS6808:2010 and the methodology it recommends for both assessing 
potential noise impacts for proposed wind farms, and the methods recommended for 
field monitoring of noise from existing wind farms to verify compliance where 
necessary.  
The paper explains how the 2010 version of NZS6808 underwent a rigorous 
Standards New Zealand review process which resulted in a large number of 
comments following the release of the draft revised Standard (DZ6808) in 2008. The 
review process was required to address a wide range of alleged technical short-
comings of NZS6808:1998 raised by so-called experts, members of the public, in the 
media and at planning hearings.  
This paper records a summary of the technical amendments and enhancements 
made as part of the Standards review process, including allowing for recommended 
compliance limits to be lowered to 35 dB at sensitive receiver sites where special 
conditions may arise – the "high amenity" noise limit.  
Wind farm projects currently or recently adopting the 2010 version of NZS6808 are 
identified. It is concluded methods used to assess wind farm noise in New Zealand 
have been strengthened with the uptake of NZS6808:2010.  
 


Introduction  


NZ Standard NZS6808 provides methods suitable for the prediction, measurement, 
and assessment of sound from wind turbines. In the context of the relevant New 
Zealand planning law, it is said compliance with this Standard will provide reasonable 
protection of health and amenity at noise sensitive locations (SNZ 2010).  
The 2010 revised version of NZS 6808 updates and enhances the original 1998 
version. This paper discusses the process and outcome of a review of the original 
1998 Standard, including describing the additions and amendments that have been 
incorporated into NZS6808:2010.  The review of the Standard initiated submissions 
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and comments from many parties, covering a wide range aspects of the Standard.  
This paper summarises some of the concerns raised, and the methods adopted to 
improve the Standard, which although having undergone technical re-evaluation and 
public scrutiny remains fit for purpose, on the basis of available evidence and 
observations.  
 


NZS6808:1998  
NZS6808:1998 was developed specifically for the measurement and assessment of 
noise from Wind Turbine Generators (WTG’s) and wind farm developments. The 
stated purpose of NZS6808:1998 was to aid both wind farm development and 
Territorial Local Authority planning procedures by providing a suitable method for the 
measurement and assessment of sound from WTG’s. NZS6808:1998 provides 
guidance on limits of acceptability for sound received at residential and noise 
sensitive locations emitted from both wind farms and single WTG’s. 
In New Zealand, the role of such a Standard is to provide guidance in the land use 
planning process for the establishment of new or extended wind farms. This is 
achieved (in part) by being adopted into “District Plans” which are plans that set out 
mandatory planning requirements for various zones within a district.  NZS6808 
becomes relevant when preparing a wind farm planning application which a 
Territorial Local Authority must assess in accordance with the Resource 
Management Act 1991.  
NZS6808 was developed during the mid-1990’s in response to perceived needs, 
particularly because adopting the normal District Plan noise limits used for assessing 
usual noise sources (factories and power stations for example) presented some 
practical difficulties when used for wind farm noise assessment. The use of 
traditional  LAMAX, LA10, LAeq, etc. measures require noise compliance to be 
determined without the influence of local weather conditions and were found to be 
technically inappropriate for assessing wind turbine noise.  The concerns centred 
around the need for a method to assess WTG noise impact across a range of 
operational wind speeds, under the acoustic conditions that would occur at those 
times, but with allowance for some locations which may experience “quiet” levels of 
ambient sound at these times, such as in sheltered locations near wind farms where 
ambient sound levels may not be affected by natural wind sounds.  
The methods adopted were based on the approach recommended by the UK 
Working Group on Wind Turbine Noise (ETSU 1996) which utilises background 
sound level (LA90) data, measured continuously on 10 minute basis, over a period of 
at least 10 days at affected noise sensitive locations expected to receive wind farm 
sound.  LA90 measurement data is plotted against simultaneous wind speed data, 
measured at the proposed wind farm to  provide for regression analysis. Wind farm 
sound levels are then calculated across the range of operational wind speeds for that 
assessment location.  The assessment of noise impact is made by comparing the 
calculated wind farm noise level with the average measured background noise level, 
across the range of operational wind speeds to determine if the wind farm sound 
level falls within an acceptable range. There is no requirement to consider 
background sound if the expected level is 35 dB or less. Where the wind farm sound 
is expected to be received at levels above 35 dB, wind farm noise [LA90] is permitted 
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Fitted regression line (background noise level):
L 95 =  - 0.0056 V 3 + 0.1550 V 2 + 0.452 V + 26.52


R 2 = 0.772
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Fitted regression line (background noise level):
L 95 =  - 0.0056 V 3 + 0.1550 V 2 + 0.452 V + 26.52


R 2 = 0.772


Wind turbine prediction:
L R,1+2 =  0.9 V + 28.7


Acceptable wind
farm noise limit


up to 5 dB above the regression line for background noise [LA90]. For example at a 
given wind speed the average background sound level is 38 LA90, then the permitted 
wind farm noise level at that wind speed would be 43 LA90. 
An example of the relationship between measured background sound level (LA95 in 
this case) and wind speed measured on the wind farm site, at the hub height of the 
selected and proposed WTG model is shown in Figure 1.  
Adapting the UK ETSU recommendations, NZS6808:1998 recommends a wind farm 
noise limit of 40 dB LA95(10 min) or the background plus 5 dB, whichever is the greater, 
as measured at noise sensitive locations such as rural residences. Figure 2 below 
shows how this limit is derived based on the average background sound level, across 
the operational wind speed range. 
 
 
 
 


 
 
 
 
 
 
 
 
 
 


 
 
 


Figure 1 Scattergraph of background sound level survey, in accordance with 
NZS6808:1998. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


  Figure 2 Predicted total wind farm sound levels and the “acceptable” NZS6808:1998 wind 
farm noise limit (based on 40 dBA or the background sound level + 5 dB). 


 


Wind Speed (metres/sec)  Measured at WTG hub height 


Wind Speed (metres/sec)  Measured at WTG hub height 
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In practice the fixed limit of 40 dB LA95(10 min) applies where the average background 
is less than or equal to 35 dB LA95(10 min). For conditions where the average 
background is greater than 35 dB LA95(10 min), the wind farm limit becomes 5 dB more 
than the background level. The recommended noise limits of NZS6808:1998 are said 
to adequately protect against unacceptable noise disturbance1


The methods of NZS6808:1998 were, at the time, considered adequate to account 
for the effects of wind farm noise received at times of little or no natural wind sounds, 
that is, other sounds from non-wind farm sources.  The potential impact of wind farm 
sound during times of low ambient sound has since been re-examined, leading to the 
adoption of a “High Amenity” recommended noise limit (described below). 


.  


 


NZS6808:1998 Review Process 
The 1998 version of this Standard was written prior to significant wind farm 
development in New Zealand. The basic methodology proved robust during its use  
as the preferred noise assessment method for many wind farm developments taking 
place between 1998 and 2010. Botha (2010) cites 14 wind farm projects using NZ 
Standard NZS6808:1998 for guidance on noise impact2


Experience and research over the following decade brought to light potential 
refinements and enhancements which triggered a revision of the Standard. The 
project to revise NZS 6808 was partly funded by the Energy Efficiency and 
Conservation Authority and the New Zealand Wind Energy Association.  


.   


The committee conducting the review consisted of representatives from a number of 
sectors, including engineering and scientific experts in acoustics, practitioners in 
planning, resource management and environmental health, wind farm developers, 
and individuals who represented local authority and community interests. The 
committee initially split into working groups addressing different issues such as noise 
limits, measurements and predictions. Each working group submitted 
recommendations back to the main committee, where they were vigorously debated 
and tested against the evidence. 
The make-up of the review committee has been commented on by anti-wind farm 
campaigners and a disgruntled committee member.  Firstly, anti-wind farm protesters 
expressed views such as “...committee members have not sufficiently declared, nor 
has Standards New Zealand sufficiently acknowledged, conflicts of interest”  and with 
accusations that some committee members were  “...individuals enjoying financial 
arrangements with the sponsoring organisations”3


Secondly, newspaper articles in The Press (‘Revisit noise standards – academics’ 
and ’Opposition to decision making process’ dated 18 August) called into question 
the integrity of Standards New Zealand’s development process and its committee 


.  


                                            
1 NZS6808:1998 states at clause 4.4.1 that the recommended noise limits represent  “... an upper limit 
of acceptable WTG sound levels outdoors at residential locations.” 
2 In addition, NZS6808:1998 were adopted (at one time or other) as the preferred noise assessment 
method within some of the states in Australia and is therefore referred to within many noise 
assessment reports regarding proposed Australian wind farm projects. 
3 See:  http://turiteawindfarm.blogspot.com/2010/09/blog-post.html 
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members. In particular claims are made that the wind-energy industry had exerted 
undue influence in revising of NZS 6808:2010. 
Thirdly, Dr Dickinson, a representative of Massey University on the NZS6808 review 
committee is on record as an expert witness at the Mill Creek wind farm appeal 
hearing as saying he considered committee members did not bring to bear an 
“impartial and independent” perspective to the review of NZS6808. The reasons for 
Dr Dickinson’s objections to NZS6808:2010 were set out in the public domain 
following the public release of certain committee documents as a result of a request 
under the Official Information Act. 
These accusations of committee bias and mismanagement have been thoroughly 
investigated at the highest levels within Standards New Zealand with no conflict 
found to exist.  The Chairperson of the NZS6808 Review Committee wrote to parties 
in 2010 to assure them that the NZS6808 review committee was properly convened 
and that procedures followed during the committee process were beyond reproach. 
The Chief Executive of Standards NZ formally responded to the above claims with a 
media release stating: 


“The revised wind farm noise standard, NZS 6808:2010 was developed through well-
established, robust standards development processes, consistent with the 
development of international standards.” 


Given the strong public interest in the revision, an evidence-based approach was 
used throughout the review process to make decisions which needed to be 
documented to a greater degree than normal. The process was focussed on 
achieving consensus, which requires general agreement, but not unanimity. The 
rules for voting on all Standards New Zealand standards require at least 80 per cent 
agreement among committee members, a more stringent requirement than many 
international standards bodies. In the case of this standard, the committee achieved 
and exceeded this requirement.  
During deliberations the NZS6808 revision committee considered more than 200 
reference documents, including overseas research relevant to wind-farm noise. More 
than 600 public comments were received on the proposed standard. Each comment 
was individually considered by the committee, and changes agreed with a final draft 
released in mid 2009. 
It is not uncommon for standards development committee members and experts to 
have differing views. Through the creation and refinement phases of the standards 
development process, these views are robustly facilitated and debated. Each 
committee member puts forward their views (which are to be evidence-based as per 
the terms of reference), and are required to discuss the merits of their proposal with 
their peers.  
The last action for a technical committee is a ‘postal ballot’ to approve the final 
version of the Standard for publication. In this instance, several unexpected issues 
emerged at the ballot through a number of negative votes. The draft was therefore 
amended over the following months until consensus was reached at the second 
postal ballot later in 2009. There remained one negative vote at the second postal 
ballot, from the representative of Massey University. That individual has publicised 
his views [Dickinson 2009] which promotes points of view that have not garnered any 
technical support from the local or international acoustic fraternity. The remainder of 
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the committee could not reconcile the arguments he advanced against the Standard, 
given all the available scientific evidence, and the framework for noise assessment in 
New Zealand set out within other NZ Standards.   
Due to the negative vote and public sensitivity around this Standard, the Standards 
Council would not issue its final approval to publish the revision of NZS 6808 until it 
was demonstrated in detail that Standards New Zealand had followed correct 
procedures, and there were legitimate technical reasons not to accept the issues 
raised by the negative vote. Special text was inserted into the new Standard to 
recognise Dr Dickinson’s position. Inside the front cover of the 2010 Standard is a 
sentence which reads  “The representative of Massey University, while recognising 
the revised Standard is an improvement on the original, does not support the 
Standard.” 
The process ended with final publication of the new Standard on 1 March 2010, ‘NZS 
6808:2010’.  
Although Dr Dickinson consistently provided a negative vote including at the final 
ballots, the committee process for arriving at the changes was inclusive and robust 
with a willingness to listen to alternative views when they arose. Impartial decisions 
were reached and new wording developed using, as far as possible, the consensus 
views of expert opinion from around the committee table.   
 


NZS6808:2010 – Summary Of Changes 
Regarding assessment methods and the recommended limits for wind farm noise,  
the generic assessment method (based on the relationship between measured 
background sound levels at receiver locations and the wind speed measured on the 
wind farm site) has not changed.   Section 5.2 of NZS6808:2010 sets out 
recommended noise limits similar in effect to the 1998 version. The 2010 standard 
expresses these recommended limits as follows: 


As a guide to the limits of acceptability at a noise sensitive location, at any 
wind speed, wind farm sound levels LA90(10min) should not exceed the 
background sound level by more than 5dB, or a level of 40 dB LA90(10min), 
whichever is the greater. 
 


The background +5 dB variable part of the noise limit requires a relationship to be 
determined between background sound levels and wind farm wind speed. In some 
cases good correlations of the data are not achieved, such as when sound levels are 
dominated by road-traffic, or when a location is sheltered by terrain in certain wind 
directions. The committee determined that a prescriptive procedure for the 
correlations would not be practical as there are too many site specific factors. 
However, significant additional guidance has been provided, with various factors now 
required to be taken into account. It is now explicit the degree to which data may 
need to be separated into different times or wind conditions. Also, notes are provided 
for issues such as measurements near water courses and trees. 
Dr Dickinson has criticised the use of relationships between hub height wind speed 
and background sound levels at noise sensitive locations as insufficient to describe 
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local conditions.  However it is implicit that the users of the Standard would act 
responsibly where field sampling is concerned. This means the user should be able 
to justify the selected locations for monitoring, the representativeness of sampling 
periods, etc. The minimum sampling periods can be exceeded if the user thought 
sampling inadequate to describe local conditions.  As with any Standard the methods 
of NZS6808 could be mis-used or mis-applied by some users, however the well 
informed user will find the Standard provides clear and concise guidance on how to 
conduct a wind farm noise assessment free from errors or bias. 
 
The 2010 version of NZS6808 requires that sound power data for wind turbines 
quoted at 10 m AGL wind speed be corrected to hub height wind speeds using 
equation 7 from IEC 61400 – Part 11, across a range of operating wind speeds 
measured at hub height.   This ensures wind farm sound output can be accurately 
predicted as it removes the possibility of under-predicting wind farm sound levels 
based on incorrect wind shear assumptions and is a clear improvement. The revised 
standard provides detailed guidance on this matter in section 7.4 of NZS6808:2010.  
 
The issues raised by Dr Dickinson are largely addressed by following the 
assessment steps and instructions in the Standard NZS6808:2010, such as 
production of separate plots for different conditions. There is unavoidable scatter in 
background sound levels as the measurements include sound from varying natural 
processes. The effect of this scatter is mitigated by conducting a large number of 
measurements to give robust datasets, as recommended by NZS6808:2010. 
 
The simple prediction method in the 1998 version has been replaced by methods 
using octave-band calculations and accounting for a wider range of factors 
influencing sound propagation. The 1998 version of NZS 6808 provided a simple 
propagation algorithm accounting just for distance attenuation and air absorption, 
based on 500 Hz. While this is generally conservative, the use of air absorption only 
at 500 Hz can introduce significant errors. 
 
NZS 6808 now specifies a wide range of factors that must be taken into account in 
propagation modelling and references ISO 9613-2 [ISO 1996] as an appropriate 
method. A simplified method is still provided in an appendix, but the limitations are 
clearly set-out and octave-bands are required for air absorption. The simplified 
version of ISO 9613-2 described in NZS6808:2010 is said to be only appropriate 
typically for “small distributed generation or community scale wind farms, or where 
there are no nearby neighbours” (section C6.1.3).  The use of the ISO 9613-2 
prediction method that has been in use for wind farms in New Zealand and 
internationally for over a decade. Other than Dr Dickinson, the committee were not 
aware of any cases where significant errors have been found using this method. Dr 
Dickinson is correct that this method was not written for wind farms and that wind 
turbines do not comply with the stated limitations of the method. However, in practice 
the method has been shown to be accurate. The most recent example is the 
measurements at the West Wind wind farm, which validated the predictions using 
ISO 9613-2 [Chiles 2010].  
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Dr Dickinson proposes that wind farms should be modelled as line sources, which 
would result in attenuation of 3 dB with a doubling of distance. A line source is a 
theoretical construct to represent a series of point sources. As computer models 
can directly model an array of point sources there is no benefit in using the 
intermediate step of a line source, and in fact it will cause a loss of accuracy. 
 
Using either approach will result in the same theoretical attenuation with distance. 
Sound from an individual point source will attenuate at 6 dB with a doubling of 
distance. However, for both a long array of point sources and a long line source the 
attenuation will be 3 dB with a doubling of distance.  Thus, these concerns of Dr 
Dickinson were not accepted among the other technical experts on the review 
committee.  
 
Measurement procedures have been clarified. The Standard also provides 
alternative simpler measurement procedures at clauses 7.1.2 and 7.7. 
The assessment method has also been clarified with a useful guide in Figure 1 of 
NZS6808:2010 setting out the steps to follow when using that Standard within the 
statutory planning processes prior to wind farm construction.  The recommended 
sequence of steps are set out in NZS6808:2010 (together with a reference to the 
relevant section of NZS6808:2010) are as follows; 


 
1. Consider any specific district or regional plan provisions relating to wind farms (section 4) 
2. Conduct initial predictions to determine the location of the 35 dB LA90(10 min) contour (section 6) 
3. If necessary, measure background sound at selected locations in the 35 dB LA90(10 min) contour (7.4) 
4. Determine site specific wind farm noise limits (section 5) 
5. If necessary, refine predictions of wind farm sound levels at each noise sensitive location (section 6) 
6. Prepare a report to form part of the assessment of environmental effects (section 8) 
7. If necessary, conduct post installation sound level measurements (7.5 and 7.6) 


Compared to the earlier 1998 version of NZS6808, the recommended procedures 
and processes set out within NZS6808:2010 appear to be more aligned with 
Resource Management Act procedures used in New Zealand for the assessment, 
management and control of the adverse effects (if any) of land use activities, 
including wind farms. 
 
 
Wind Farm Noise Limits & Health Effects 
The guidance set out in NZS6808:2010 is to limit cumulative wind farm sound to no 
more than 40 dBA outside dwellings, unless existing average background sound 
levels are exceeding 35 dBA, under which circumstances the recommended noise 
limit becomes the average LA90(10 min) plus 5 dB. 
In arriving at this guideline a review of wind farm noise limits and health was 
undertaken by the NZS6808 review committee.  According to the World Health 
Organisation (WHO) (1999) annoyance is an adverse health effect. Studies of wind 
turbine effects on health have tended to be concentrated on the self-reported 
perception of annoyance.  
One study of wind turbine noise and annoyance found that no adverse health effects 
other than annoyance could be directly correlated with noise from wind turbines. The 
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authors concluded that reported sleep difficulties, as well as feelings of uneasiness, 
associated with noise annoyance could be an effect of the exposure to noise, 
although it could just as well be that respondents with sleeping difficulties more easily 
appraised the noise as annoying (Pedersen & Persson Waye, 2008). 
The Pedersen and Waye study found that being able to see wind turbines from one’s 
residence increased not just the odds of perceiving the sound, but also the odds of 
being annoyed, suggesting a multimodal effect of the audible and visual exposure 
from the same source leading to an enhancement of the negative appraisal of the 
noise by the visual stimuli (Pedersen & Persson Waye, 2008).  
Another study of residents living in the vicinity of wind farms from the Netherlands 
found that annoyance was strongly correlated with a negative attitude toward the 
visual impact of wind turbines on the landscape, however the proportions of 
respondents expressing annoyance at wind turbine sound levels of 40 dBA or less 
were quite small whether or not the turbines could be seen, see Figure 3.  
 
 
 
 
 
 
 
 
 
 
Figure 3  Comparison in proportion of respondents experiencing wind turbine noise 
who (left side) notice wind farm sound outdoors at each grouped receiver level of 
wind turbine sound, and (right side) expressed annoyance reported for respondents 
who could see at least one wind turbine from their dwelling and those who could not 
*=p0.05, **=p0.01, ***=p0.001 Mann–Whitney U-test. Ref. (Pedersen et al, 2009). 
 
The study also concluded that people who benefit economically from wind turbines 
were less likely to report noise annoyance, despite exposure to similar sound levels 
as those people who were not economically benefiting (Pedersen et al, 2009). 
WHO guidelines sets guideline limits for all sources of noise. These 
recommendations and other internationally accepted guidelines were examined and 
drawn on during the revision committee’s work. Recommended WHO criteria for 
during the daytime states that few people are seriously annoyed by activities when 
outdoor sound levels are below 55 dB; or moderately annoyed at outdoor levels 
below 50 dB. Sound pressure levels outdoors during the evening and night should be 
5–10 dB lower than during the day.  
For sleep within bedrooms, WHO recommend an equivalent indoor level of 30 dBA 
or Lmax 45 dBA. The recommended wind farm noise limits of NZS6808:2010 meets 
these WHO criteria.  
The  recommended criteria of NZS6808:2010 are based on a 10 to 15 dB noise 
reduction from outdoors to indoors. This is consistent with the reduction of 15 dB 
described in the WHO Community Noise Guidelines for sound travelling from outside 
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to inside a house with the windows partially open for ventilation. Dr Dickinson 
disputes this value, although he does not reference any actual sound insulation 
measurements to support an alternative to the 10 to 15 dB losses assumed through 
an open window.  
The committee’s review of relevant wind farm noise limits concluded there was no 
peer-reviewed scientific evidence indicating that noise from wind turbines received at 
levels at or below the NZS6808:2010 guideline limits cause an adverse impact on 
human health.  This is supported by other specific internationally published reviews 
of health effects of wind turbine noise, such as reviews conducted by the Canadian 
and American Wind Energy Associations (CanWEA, 2009 and Colby et al 2009) and 
the Australian National Health and Medical Research Council (NHMRC 2010).  
From a holistic health impact perspective, it has been found that wind energy is 
associated with fewer health effects than other forms of traditional energy generation 
and in fact results in an overall positive health benefit (WHO, 2004). 
Some of the most common assertions regarding potential adverse noise impacts of 
wind turbines concerns low frequency sound and infrasound. Dr Dickinson also 
commented negatively on the ability of NZS6808:2010 to adequately assess and 
control this aspect of wind turbine sound.  However, he appears to be inconsistent on 
this issue.  Environment Court transcripts for the Mill Creek wind farm hearing reveal 
that during the discussions regarding the original development of the 1998 version of 
NZS6808 the issues of low frequency wind turbine noise and infrasound were noted 
at the time by Dr Dickinson as not giving rise to any concerns.  Dr Dickinson stated at 
the time (1998) that no special techniques were needed to address these effects.   
Regardless of the concerns raised, the review committee noted there has been 
significant research on the emission of low frequency sounds from wind turbines 
since the 1998 version of NZS6808 was published.  The collective results of this 
research were found to support the notion that low frequency sound and infrasound 
associated with modern wind turbines is not a source which will result in noise 
emissions that may be injurious to the health of people living near wind farms (DTI, 
2006).  
Several claims of potential adverse health effects of WTG noise were made within 
submissions received following the release of the draft DZ6808.  These included the 
possibility of “Vibro-acoustic disease”, VAD (Alves-Pereira & Branco, 2007) and  
“Wind Turbine Syndrome”, WTS, a syndrome identified in the work of Dr Nina 
Pierpont who has released a book “Wind Turbine Syndrome: A report on a Natural 
Experiment”.  


VAD was initially described as a consequence of long term exposure to large 
pressure amplitude low frequency noise - noise at levels greater than 90dB in the 
frequency range below 500Hz. The VAD researchers in Portugal have dropped the 
“greater than 90dB” criterion and now appear to be saying that VAD will result from 
exposure to almost any level of infrasound and low frequency noise at any frequency 
below 500Hz. The work identifying VAD as a valid disease of concern has been 
severely criticised when it has been presented at conferences. VAD papers are only 
presented by few authors, all closely associated with Ms Alves-Pereira and her 
colleagues. These papers are not backed by peer reviews.  The papers are available 
only as conference papers which have not been independently evaluated prior to 
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presentation. Until the uncertainty is clarified, and a receptor mechanism revealed, 
no reliance can be placed on the claims that the low levels of infrasound and low 
frequency noise are a cause of vibroacoustic disease (Hayes 2006). 
In relation to WTS, this is said to be caused by infrasound and low frequency noise. 
The symptoms of WTS are said to include: 


• Sleep problems: noise or physical sensations of pulsation or pressure make it 
hard to go to sleep and cause frequent awakening 


• Headaches which are increased in frequency or severity 
• Dizziness, unsteadiness, and nausea 
• Exhaustion, anxiety, anger, irritability, and depression 
• Problems with concentration and learning 
• Tinnitus (ringing in the ears). 


Dr Pierpont’s assertions regarding WTS are yet to be published in a peer-reviewed 
journal, and have been heavily criticised by other experts.  WTS was identified based 
on a case-series study of phone interviews with 10 self-reported households, with no 
dose/response relationship determined for this syndrome. The literature on WTS 
does not identify a rational “cause and effect”.   
The NZS6808 review committee specifically investigated low frequency sound and 
infrasound from wind turbines.  The majority view was that infrasound and low 
frequency sound generated by properly operated modern wind farms is well below 
demonstrated human health thresholds and the literature shows no dangers of added 
health risks that are not adequately controlled by adherence to the wind turbine noise 
limits recommended within NZS6808:2010. 
 
High Amenity Areas 
The original recommended noise limits are retained within NZS6808:2010 but were 
modified by the provision of a more stringent noise limit to be applied at some sites 
under some certain local circumstances. This is referred to as the “High Amenity” 
noise limit. The 1998 version of NZS6808 allowed for the situation where a limit of 
less than 40 dBA may be applied at receiver sites,  however the 1998 Standard 
provided no guidance on methods to be used to assess whether or not a sub 40 dBA 
wind farm noise limit was appropriate at any particular site. 
NZS6808:2010 recommends at clause 5.3.1: ‘…a more stringent noise limit may be 
justified to afford a greater degree of protection of amenity during evening and night-
time’.   This means residences or other noise sensitive sites situated in high amenity 
areas receive maximum wind farm sound at levels 5 dB less than the normally 
recommended limit of 40 dBA, or the background sound level + 5 dB (whichever is 
the greater). In designated high amenity areas, the noise limit becomes 35 dBA or 
the background noise level +5 dBA whichever is greater.  
The high amenity limit is recommended to be applied at sites were; 


1. The nature of the receiving site is such that little or no additional ambient 
sound is experienced at times when the wind farm is operating, and that the 
site is close enough to be affected by significant wind farm noise; 
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2. The site is located within a “high amenity” area. Under New Zealand planning 
procedures this would be the case for site where a District Plan “..promotes a 
higher degree of protection of amenity related to the sound environment of a 
particular area”.  


 
The High Amenity limit was introduced into NZS6808 because the committee were 
concerned about some wind farm consents being granted with a sub 40 dBA noise 
limit applied inconsistently, with little or no scientific basis to the reasoning given for 
the more stringent noise limits.  The committee had already decided the 40 dBA limit 
was sufficient for sleep protection, however it was decided to address evening and 
night time aural amenity at sheltered receiver sites in the vicinity of wind farms where 
low ambient sound levels are experienced when the wind farm is operating normally. 
The NZS6808 review committee reviewed information regarding the Noise 
Perception Index (NPI) as a means of determining whether sub 40 dBA wind farm 
noise limits may be appropriate under some conditions.   
 
NPI was presented as an ambient-based noise assessment concept developed by 
Hessler (2009) as a measure of the true pressure average measure of the “new” 
noise by examining in detail the increases above ambient levels, during night time in 
particular in the case of NZS6808:2010.   
 
The NPI method utilises the measured LA90 background sound levels together with a 
consideration of the wind farm sound level, across the range of operational wind 
speeds. A high calculated NPI value for a given site indicates wind farm sound levels 
are likely to regularly be received at levels 5 to 10 dB above normal ambient sound 
levels. Where the baseline monitoring shows this could occur for significant periods 
during night time, NZS6808:2010 recommends the High Amenity limit be applied.  
 
Botha (2010) looked at the High Amenity limit and compared its usefulness alongside 
some sub 40 dBA noise limits that had been included within the consent conditions 
attached to some approved wind farms in New Zealand. The sub 40 dBA noise limits 
were found to be less than straight forward in their operation, were inconsistently 
applied between projects, and required further extensive monitoring.  Botha found 
assessing the impact of wind farms (predictions and monitored compliance levels) is 
more straight forward and far less confusing if the high amenity noise limit under 
NZS6808:2010 is used rather than the variety of sub 40 dBA limits that have been 
applied to date. This is simply because both the wind farm noise and the wind farm 
limits (primary and high amenity) can be more simply characterised as a function of 
wind farm wind speed. 
 
 
Special Audible Characteristics 
 
NZS6808:2010 has updated the earlier recommendations (NZS6808:1998) for 
assessing the potential for special audible characteristics, such as tonality or 
impulsiveness, to cause adverse community response.  That is, adverse community 
response at lower sound levels than sound without such characteristics would 
normally be expected to generate. 
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Special audible characteristics within wind farm sound may be caused by: 


(a) Tonal sound, for example, a hum or a whine from sources such as 
transformers or gear boxes; 


(b) Impulsive sound, for example, bangs or thumps; 
(c) Amplitude modulation, asynchronous or synchronous beating. 


 
NZS6808:2010 sets out recommended assessment methods within a new Appendix 
(Appendix B) which is normative. The recommendations are based around objective 
and subjective assessment methods.  NZS6808:2010 states subjective assessment 
can be sufficient in some circumstances to assess special audible characteristics. 
 
Methods for assessing amplitude modulation present within wind farm sounds has 
been added into the 2010 version.  These potentially additionally annoying qualities 
of wind farm sound are “penalised” in the assessment process by adjusting the wind 
farm sound level upwards by up to +6 dB for noise sensitive locations (see 
NZS6808:2010, clause 5.4.3). This adjustment is intended to account for the adverse 
subjective response likely to be aroused by sounds containing such characteristics. 
 


Current & Future Use Of NZS6808:2010 
 
Despite some media reports decrying the new Standard, NZS6808:2010 has been 
positively received by the industry and by Standard’s users.  The methodology is 
improved and better guidance provided on how to undertake the assessment.  As 
above, the Standard now includes a step by step guide on what to do and how to 
follow the correct assessment procedures.  Obviously, the new Standard covers the 
topic more thoroughly than the previous version and overall is a more comprehensive 
guideline.  The size of the Standard has increased from 22 Pages (1998) to the 48 
pages found in the 2010 version. 
The chief executive of the NZ Wind Energy Association, Mr Fraser Clark, welcomed 
the new Standard4


NZS6808:2010 has been used for wind farm noise assessment for all wind farm 
proposals being considered since the new Standard was released in March 2010.  
NZS6808:2010 is adopted as the noise assessment Standard for the following wind 
farms in New Zealand and Australia currently being developed or in the consent 
process; 


 saying “...it provides councils, communities and wind farm 
developers with a way forward through an emotive and contentious issue.  Overall, it 
enables the appropriate development of wind farms while still protecting nearby 
residents’ health and the amenity of their properties – an approach that is consistent 
with how other sources of sound are managed....” 


                                            
4 http://www.infonews.co.nz/news.cfm?id=48686 
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• Castle Hill Wind Farm   - Genesis Energy 


• Mt Cass wind farm  - MainPower 


• Hurunui Wind Farm  - Meridian Energy 


• Central Wind – Rangitikei  - Contact Energy 


• Ararat Wind Farm Project -  RES Australia 
 


Summary & Conclusion 
 
This paper has considered the technical review of NZS6808:1998 which took place 
between 2008 and 2010 and resulted in a new Standard for the measurement and 
assessment of wind farm noise in New Zealand.  The review and development of the 
new Standard has resulted in a number of technical amendments which improve 
noise assessment for wind farms in New Zealand.  The amendments include a new 
“High Amenity” noise limit, improved assessment of wind farm sounds containing 
special audible characteristics, and better integration with the New Zealand planning 
procedures.  
The development of NZS6808:2010 dealt with a range of technical and non-technical 
matters raised by some anti-wind farm advocates and one member of the technical 
committee. Concerns from these parties focussed on expressing doubts about the 
technical content of the Standard and promoted the view that the Standards NZ 
committee set up to develop the new Standard were unduly influenced by the wind 
industry.  Following a review by Standards NZ the conclusion was that the Standards 
review process was conducted in an appropriate manner, consistent with the 
accepted methods by which all New Zealand Standards are revised from time to 
time. 


NZS 6808:2010 balances sustainable management of natural wind resources with 
the protection of the community.  Applying the noise limits recommended in NZS 
6808:2010 will help avoid significant adverse noise effects from wind farms, although 
the wind farm may be audible at times.  


On the basis of the above, the review of 1998 Standard NZS6808:1998 has resulted 
in an improved Standard NZS6808:2010 that is considered fit for purpose. 
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Abstract 
Complaints against wind turbine noise are recently increasing in Japan. Then, exact 
measuring method of the wind turbine noise is needed to investigate the occurrence 
of the complaints. 
According to the IEC 61400-11, calculating energy-averaged value for more than one 
minute of the wind turbine noise is recommended in the measurement. However, 
when we measure the wind turbine noise at area close to the residents, it is usually 
far from the wind turbine, and then the noise measurement is easily influenced by the 
background noise or the wind noise around the microphone fitted to the sound level 
meter. These conditions probably prevent to measure the wind turbine noise 
correctly by using the energy-averaging method for one or ten minutes. 
Therefore, we have studied measuring and data processing methods of the wind 
turbine noise by using various noise indices such as Leq and Lx, based on the field 
measurement at distances of 100, 200 and 400 m from a wind turbine located 
upward. 
As a result, we have found that continuous measurement of Leq calculated by 
averaging for any 10 seconds (Leq,10s) is appropriate and allows us to effectively 
exclude the data contaminated by the wind noise, birds' cry, and pass-by noise of the 
vehicles that occurred suddenly. 
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1. Introduction 
As one of the energy sources that can realize both preservation of global 
environment and national energy security, wind energy is rapidly being developed 
around the world. According to the global trend, introduction target of the wind power 
has been set to 300 million kW up to 2010 in Japan, and the wind power plants have 
been steadily constructed. Then, some of them are at around the residential areas. 
As a result, complaints against wind turbine noise are recently increasing in Japan. 
Then, exact measuring method of the wind turbine noise is needed to investigate the 
causes of the complaints. According to the IEC 61400-11 [1], calculating energy-
averaged value of the wind turbine noise for more than one minute is recommended 
in the measurement that the microphone is set directly on a hard plate and is 
covered by both a primary and a secondary windscreen. 
However, when we measure the wind turbine noise at area close to the residents, 
where are usually far from the wind turbine, attenuation of the noise is getting larger 
with increasing distance and, therefore, the noise measurement is easily influenced 
by the background noise and/or the wind noise around the microphone fitted to the 
sound level meter. These conditions probably prevent to measure the wind turbine 
noise correctly by using the energy-averaging method for one or ten minutes 
described above. 
The Ministry of the Environment, the Government of Japan (hereafter, MOE) has 
started investigation on the current situation of the noise generated from the wind 
turbines in detail. In the paper, we have studied measuring and data processing 
methods of the wind turbine noise by using various noise evaluation indices such as 
Leq and Lx, based on the field measurement carried out by the MOE. From the 
literature survey [2, 3], we have found that various noise indices such as not only Leq 
but also Lx are used to evaluate the wind turbine noise in the world. 
 


2. Field measurement in a wind farm 
2.1 Outline of measurement of wind turbine noise 
Figure 1 is a ground plan of a wind farm where the field measurement has been 
performed, and six wind turbines were scattered about over a flat farming area. 
Among them, a wind turbine (no.3) was used to the measurement and was about 
420 m or more distant from the others. 


       
Figure 1  Ground plan of a wind farm for wind turbine noise measurement. 
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The wind blew from northeast direction on the day for the measurement, and the 
wind speed was 7.5 m/s in constant at the height of nacelle during the measurement. 
Therefore, the measuring points were set up at 100, 200 and 400 m away from the 
wind turbine downward, as shown in right-hand side of the Figure 1. Both a sound 
level meter (LA1250K, ONOSOKKI) and a low frequency sound level meter (NA18A, 
RION) were placed at each measuring point, and the output signals were recorded 
simultaneously on the data recorder. The sound level meter fitted with a 90-mm-
diameter urethane spherical windscreen was on a tripod 1.2 m height from the 
ground. The low frequency sound level meter, which was fitted with the same 
windscreen as the sound level meter and was covered with a hemispherical double-
layered net windscreen [4] as a secondary windscreen, was on a plywood plate put 
directly on the ground to prevent the wind noise on the measurement. The cross-
section of the hemispherical double-layered net windscreen is shown in Figure 2, 
and the wind noise reduction by the hemispherical double-layered net windscreen 
relative to the 90-mm-diameter spherical windscreen at 1.2 m height above the 
ground is plotted in Figure 3. We observed the wind noise reduction of around 8 dB 
by the urethane spherical windscreen on the ground at frequencies from 2 to 25 Hz. 
The reduction by the double-layered net windscreen was generally larger, and the 
reduction values were from 10 to 20 dB at the same frequency range. Furthermore, 
decrease of the reduction performance at frequency range more than 20 Hz was 
caused by background noise. 


 
Figure 2  Cross section of hemispherical double-layered net windscreen. 


 
Figure 3  Relative noise reduction to a 90-mm-diameter urethane spherical 
windscreen at 1.2 m height above ground (wind speed: 5-8 m/s). 







Measuring method of wind turbine noise at residential area Page 4 of 11 
 
 


The wind turbine no.3 was forcibly stopped in operation only for 10 minutes for the 
background noise measurement, while the other turbines were continuously 
operating. 
The outline of the wind turbine for the measurement is shown in Table 1. It was 
upwind type with the rated power of 1.5 MW and the total height was 100 m from the 
ground surface. 


Table 1  Outline of the wind turbines 


Total Height (m) 100 Cut-in Speed (m/s) 3 


Rated Power (MW) 1.5 Cut-out Speed (m/s) 25 


Rated Wind Speed (m/s) 12   


 


2.2 Data processing 
We calculated equivalent continuous sound pressure levels averaged for any 10 s 
(Leq,10s) of the wind turbine noise measured downward. In addition, following several 
measures were calculated from the same data. 


・ Leq,10m that was obtained from averaging instantaneous values of the sound 
pressure level every 0.1 s for 10 minutes. 


・ Mean of Lmin.1m(Leq,10s) that was obtained from averaging the minimum values of 
Leq,10s in each one minute. 


・ Lmin.10m(Leq,10s) that was the minimum value of Leq,10s in each 10 minutes. 


・ Lx that was percentile level and L5, L10, L50, L90, and L95 were calculated. 
By comparing these values, appropriate method for the data processing or evaluation 
of the wind turbine noise was examined. 
 


3. Results 
3.1 Low frequency sound 
Frequency analyses in low frequency range of the wind turbine noise measured at 
each point were performed, and the results were shown in Figure 4. Two hearing 
thresholds for low frequency sound [5, 6] were added for the comparisons. The 
sound pressure levels by the noise indices were below the two thresholds at 
frequencies less than 25 Hz. 


(1) Influence of background noise and wind noise 
Black-thick lines in Figure 4 indicate frequency spectrums of the background noise 
measured at each point when the wind turbine has been stopped. Since the sound 
pressure levels at all the frequencies of the background noise at 100 m were smaller 
than those of the wind turbine noise, we confirmed that the wind turbine noise could 
be detected at this point. However, the signal to noise ratios in frequency range from 
10 to 80 Hz at both 200 and 400 m became insufficient because of attenuation of the 
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Figure 4  Low frequency spectrums of wind turbine noise evaluated by several noise 
indices at each measuring point (continued on next page). 


100 m 


200 m 
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Figure 4  Low frequency spectrums of wind turbine noise evaluated by several noise 
indices at each measuring point. (Blue-long bar: L5, Blue-short bar: L10, Red-circle: 
Leq,10m, Green-square: L50, Orange-short bar: L90, Orange-long bar:L95, Diamond: 
Mean of Lmin,1m(Leq,10s), Triangle: Lmin,10m(Leq,10s), Black-thick: Background noise, 
Gray-circle: Threshold by Ref. [5], Gray-open-circle: Threshold by ISO 226). 
 
wind turbine noise. In addition, the sound pressure levels of the background noise at 
frequencies of 1 to 8 Hz at 400 m were different from those observed at 100 and 200 
m, and increased. This is probably because these frequencies were influenced by 
the wind noise generated at around the microphone. The noise indices such as L5, 
L10, and Leq,10m seem to be affected easily by the wind noise, since the levels of 
these indices clearly increased at the frequencies. 


(2) Characteristics of wind turbine noise 
As compared to the spectrum of the background noise at 100 m, the dominant 
frequency components of the wind turbine noise seemed to range from 1.6 to 6.3 Hz 
in 1/3 octave band, and the 25 Hz band was slightly tonal. Similar tendency was 
seen at the measurement of 200 m, although the tonal peak at 25 Hz was not clear. 


(3) Comparisons between noise evaluation indices 
・ Leq,10m 
The sound pressure levels of Leq,10m at 100 and 200 m were almost the same as 
those of L50. At 400 m, the levels of Leq,10m  were almost the same as L50 at 
frequencies more than 10Hz. This is because the other frequencies seemed to be 


400 m 
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influenced by the wind noise, and then the sound pressure levels became closer to 
those of L10. 


・ Mean of Lmin.1m(Leq,10s) 
The sound pressure levels of mean of Lmin.1m(Leq,10s) were very close to L50 at all 
measuring points. The levels at frequencies less than 10 Hz were still stable, even 
when the increase in the levels of Leq,10m were observed by the effect of the wind 
noise. This may suggest that the mean of Lmin.1m(Leq,10s) is not influenced by the 
wind noise easily in the measurement of wind turbine noise. 


・ Lmin.10m(Leq,10s) 
The sound pressure levels of Lmin.10m(Leq,10s) were very close to L90 or L95 at all 
measuring points. While we may acquire the sound pressure levels of wind turbine 
noise stably by Lmin.10m(Leq,10s), this seems not to reflect changes of the wind turbine 
noise sufficiently and may result in underestimation of the low frequency 
components. 


 


3.2 Audible sound 
Frequency analyses in audible range of the wind turbine noise measured at each 
point were performed, and the results were shown in Figure 5. The marks in the 
figure are the same as those in figure 4. We could hear the wind turbine noise easily 
at the measuring points of 100 and 200 m, although we slightly heard the noise at 
400 m. 


(1) Influence of background noise 
While the sound pressure levels at all the frequencies of the background noise at 100 
m were smaller than those of the wind turbine noise, we found influence of the 
background noise at frequencies from 1 to 10 kHz at 200 m and from 3.15 to 4 kHz 
at 400 m. From re-analyzing the data of wind turbine noise recorded, we found that 
increase in the levels at 3.15 to 4 kHz was caused by birds’ cry. The noise indices 
such as L5, L10, and Leq,10m seem to be affected easily by the background noise, 
since the levels of these indices clearly increased at the frequencies described 
above. 


(2) Characteristics of wind turbine noise 
Tonal components at 160 and 200 Hz were appeared at 100 and 200 m points, and 
these can be still observed at 400 m. Small peak at 25 Hz was also seen at 100 m. 


(3) Comparisons between noise evaluation indices 
・ Leq,10m 
The sound pressure levels of Leq,10m at 100 and 200 m were almost the same as 
those of L50. However, the levels of Leq,10m at 200 and 400 m became larger at 
frequencies around 4 kHz. It is noted that Leq,10m is influenced by temporary noises 
such as birds’ cry and so on. 


・ Mean of Lmin.1m(Leq,10s) 
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The sound pressure levels of mean of Lmin.1m(Leq,10s) were very close to L50 at all  


 
 


 


200 m 


100 m 
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Figure 5  Audible frequency spectrums of wind turbine noise evaluated by several 
noise indices at each measuring point (continued on next page). 


 
Figure 5  Audible frequency spectrums of wind turbine noise evaluated by several 
noise indices at each measuring point. (Blue-long bar: L5, Blue-short bar: L10, Red-
circle: Leq,10m, Green-square: L50, Orange-short bar: L90, Orange-long bar:L95, 
Diamond: Mean of Lmin,1m(Leq,10s), Triangle: Lmin,10m(Leq,10s), Black-thick: Background 
noise). 
 
measuring points. The mean of Lmin.1m(Leq,10s) were still stable at frequencies around 
4 kHz, and therefore this may suggest that the mean of Lmin.1m(Leq,10s) is not 
influenced by the background noise in the measurement. 


・ Lmin.10m(Leq,10s) 
The sound pressure levels of Lmin.10m(Leq,10s) were very close to L90 or L95 at all 
measuring points. While we may acquire the sound pressure levels of wind turbine 
noise stably, Lmin.10m(Leq,10s) seems not to reflect changes of the wind turbine noise, 
and may result in underestimation of the wind turbine noise. 


 


5. Conclusions 
Field measurement of wind turbine noise has been performed, and appropriate 
method for the data processing or evaluation of the wind turbine noise was examined 
by comparing with the values of several noise indices. 


400 m 
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Since any noise indices could not exclude the influence of wind noise or temporary 
noises completely, either of the following operations is essential to analyze the wind 
turbine noise exactly. 


・ The data without any these influence were selected from whole measurement 
and analyzed. 


・ First, Leq,10s is continuously calculated under the condition where the time was 
exactly synchronized among all the measuring points, and secondly the data 
uncorrelated in time with others were excluded and then analyzed. 


The wind noise and temporary noises have occurred independently on the 
measuring points and/or the measuring periods. Therefore, it is effective basically to 
make data processing by short time-interval such as 10 s to exclude any these 
influences well. Furthermore, the data processing by using the longer time-interval 
such as one minute can be applied only when the wind noise or temporary noises 
are not influenced the measurement. Anyhow, it is still necessary to continue the 
measurement and accumulate effective data set of the wind turbine noise, in order to 
establish the appropriate data processing or evaluation. 
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Abstract 
The permitting procedure in the Czech Republic involves a noise study and 
according to computing result usually a check measurement and a final calculation 
assessment. Every wind turbine (WT) or farm exceeding circa 35 dB sound pressure 
level (90% of them) is checked if the theoretical calculation works in the field. 
Measurement results are used as a validation of wind farm area model. 
Measurement consists of single and full WT emission check according to IEC 61400-
11, basically. One position is identified as the reference position, next ones are 
placed at longer distances towards the nearest imission positions downwind. On 
demand (LF concerns) the measurement inside the dwellings is included. This 
means that about 4 - 6 sound level meters simultaneously measure WT noise. 
Modelling consists of creating 3D model and its calibration by measured values. A 
ground absorption is a major variable in the calibration process. We choose planned 
calculated ground absorption 0, default long-term ground absorption estimation 0.2 
and real ground absorption calculated by reverse engineering. Ideally, the measured 
and calculated values at measurement positions coincide. Really, it is not always 
true. 
One of the causes of problems may be sound power level assessment according to 
IEC. Sound power level shall be calculated from sound pressure level at the 
reference position. If there is an obstacle in this position, measurement has to be 
done at different position in the range of inclination angle. If there is not any obstacle 
widely, we can use more measured values to sound power level assessment. So it 
may happen that the calibration process is better suited for values except for the 
reference position. Because the imission positions are placed further from the WT, 
positions rather away from WT seem more appropriate (if there is a low background 
noise present). 
This article describes the phenomenon based on recent measurements. 
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Introduction 
Measurement: 
SLMs: BK2250, 2260 and 2270, primary windscreen, third-octave analysis 
Reference microphone position (MP): EN 61400-11, lying circle board 


Technical MP: EN 61400-11, circle board adjusted to the similar inclination angle φ 
as in the reference MP 
Imission MP: EN 61400-11, standing circle board, window sticking, rarely tripod 
Wind speed and direction derived from WT anemometer, assumption: logarithmic 
wind speed profile 
Calculation: 
Software: LimA 
Method: ISO 9613-2, max. 2 m contour line, constant building height (4.5 - 6 m), 
omnidirectional point source LWA, third-octave spectra, climate 10 ˚C, 70 %, without 
meteorological coefficient, relative calculation height 3 m, planned calculated ground 
absorption 0, real ground absorption calculated by reverse engineering, default long-
term ground absorption estimation 0.2  
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Locality Horní Loděnice - “standard locality” 
9 WT Vestas V90 - 2.0 MW, 1 reference MP behind WT at 150 m distance, 2 MP 
behind WT at 225 m and 450 m, no imission MP - long distances, nearly flat terrain 
WT noise measurement 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


WT noise calculation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Locality is a rather noisy place near the main road 


November 2009, 11:00 - 19:00, overcast, 3.5 - 6.4 °C, 89 - 100 % 


wind direction 
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Measurement results: 
Measurement position 1 - 150 m 


wind speed 
vs 


 [ms-1] 


LAeq,T  
background 


[dB] 


LAeq,T 
WT + bg. 


[dB] 


LAeq,T 
WT corr. 


[dB] 


sound 
power level 


LWA [dB] 
5 35.5 44.0 43.3 ± 0.8 99.5 ± 0.8 
6 35.7 45.3 44.8 ± 0.8 101.0 ± 0.8 
7 36.0 45.9 45.4 ± 0.8 101.6 ± 0.8 
8 36.2 45.7 45.2 ± 0.8 101.3 ± 0.8 


Measurement position 2 - 225 m 
wind speed 


vs 
 [ms-1] 


LAeq,T  
background 


[dB] 


LAeq,T 
WT + bg. 


[dB] 


LAeq,T 
WT corr. 


[dB] 


sound 
power level 


LWA [dB] 
5 33.5 41.1 40.2 ± 0.8 99.1 ± 0.8 
6 34.0 42.3 41.6 ± 0.8 100.5 ± 0.8 
7 34.5 42.9 42.2 ± 0.8 101.1 ± 0.8 
8 35.0 42.8 42.0 ± 0.8 100.9 ± 0.8 


Measurement position 4 - 450 m 
wind speed 


vs 
 [ms-1] 


LAeq,T  
background 


[dB] 


LAeq,T 
WT + bg. 


[dB] 


LAeq,T 
WT corr. 


[dB] 


sound 
power level 


LWA [dB] 
5 34.4 37.4 35.2 ± 0.8 99.5 ± 0.8 
6 34.6 37.8 35.6 ± 0.8 99.8 ± 0.8 
7 34.8 38.0 35.8 ± 0.8 100.1 ± 0.8 
8 35.0 38.1 35.9 ± 0.8 100.2 ± 0.8 


Noise calculation results LAeq,T [dB] in calculation points: 
Measurement 


position 
distance 


 
[m] 


LAeq,T 
backgr. 


[dB] 


LAeq,T 
meas. 
[dB] 


LAeq,T 
calc.9613-2 


[dB] 


diff. 
meas.-calc. 


[dB] 
1 150 36.0 45.4 45.4 (46.9) 0.0 
2 225 34.5 42.2 42.3 (45.3) 0.1 
4 450 34.8 35.8 * 35.9 (44.0) 0.1 
- 638 * * - (35.5) - 


reverse engineering calculated ground absorption 0.32, wind speed 7 ms-1 


* too high background noise, in parenthesis results for 9 WT 







Sound power level assessment. Is a reference position really reference? P. 5 of 15 


Third-octave spectra: 


WT Vestas V90 - 2.0 MW 
Locality Horní Loděnice
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WT Vestas V90 - 2.0 MW 
Locality Horní Loděnice
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Locality assessment: 
Noise is below the nighttime limit 40 dB, LF noise is minimal, WT got working 
permission. 
Residents haven’t complained of WT. 







Sound power level assessment. Is a reference position really reference? P. 6 of 15 


Locality Věžnice - “sound channelling” 
2 WT REpower MM92 - 2.0 MW, 1 reference MP behind WT at 126 m distance, 2 
MP behind WT at 180 m and 250 m, 2 imission MP - the nearest dwelling downwind 
at 795 m outside and inside, nearly flat terrain 
WT noise measurement 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
WT noise calculation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Locality is standard, quiet village place 


May 2010, 18:00 - 1:00, overcast, 7.4 - 4.5 °C, 85 %


wind direction 







Sound power level assessment. Is a reference position really reference? P. 7 of 15 


Measurement results: 
Measurement position 1 - 126 m 


wind speed 
vs 


 [ms-1] 


LAeq,T  
background 


[dB] 


LAeq,T 
WT + bg. 


[dB] 


LAeq,T 
WT corr. 


[dB] 


sound 
power level 


LWA [dB] 
5 32.5 46.8 46.7 ± 0.8 101.2 ± 0.8 
6 33.0 49.3 49.2 ± 0.8 103.7 ± 0.8 
7 33.8 49.6 49.5 ± 0.8 103.9 ± 0.8 
8 34.8 49.7 49.6 ± 0.8 104.1 ± 0.8 


Measurement position 2 - 180 m 
wind speed 


vs 
 [ms-1] 


LAeq,T  
background 


[dB] 


LAeq,T 
WT + bg. 


[dB] 


LAeq,T 
WT corr. 


[dB] 


sound 
power level 


LWA [dB] 
5 31.2 45.1 44.9 ± 0.8 101.8 ± 0.8 
6 32.1 47.5 47.4 ± 0.8 104.3 ± 0.8 
7 33.2 47.9 47.7 ± 0.8 104.6 ± 0.8 
8 34.5 47.9 47.7 ± 0.8 104.6 ± 0.8 


Measurement position 3 - 250 m 
wind speed 


vs 
 [ms-1] 


LAeq,T  
background 


[dB] 


LAeq,T 
WT + bg. 


[dB] 


LAeq,T 
WT corr. 


[dB] 


sound 
power level 


LWA [dB] 
5 31.0 42.9 42.7 ± 0.8 102.0 ± 0.8 
6 31.9 45.4 45.2 ± 0.8 104.5 ± 0.8 
7 33.3 45.8 45.5 ± 0.8 104.9 ± 0.8 
8 35.0 45.9 45.5 ± 0.8 104.9 ± 0.8 


Noise calculation results LAeq,T [dB] in calculation points: 
Measurement 


position 
distance 


 
[m] 


LAeq,T 
backgr. 


[dB] 


LAeq,T 
meas. 
[dB] 


LAeq,T 
calc.9613-2 


[dB] 


diff. 
meas.-calc. 


[dB] 


LAeq,T 
calc.13.8log 


[dB] 
1 126 34.8 49.6 50.8 (51.1) 1.2 (49.8) 
2 180 34.5 47.7 48.2 (48.7) 0.5 (47.7) 
3 250 35.0 45.5 45.5 (46.2) 0.0 (45.7) 
4 795 38.8 39.7 * 34.8 (35.9) - (38.5) 


reverse engineering calculated ground absorption 0.16, wind speed 8 ms-1 


* too high background noise, in parenthesis results for 2 WT 







Sound power level assessment. Is a reference position really reference? P. 8 of 15 


Third-octave spectra: 


WT REpower MM92 - 2.0 MW 
Locality Věžnice
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WT REpower MM92 - 2.0 MW  
Locality Věžnice
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Locality assessment: 
Noise is below the nighttime limit 40 dB, LF noise is minimal, WT got working 
permission. 
Residents haven’t complained of WT. 







Sound power level assessment. Is a reference position really reference? P. 9 of 15 


Locality Hora Svatého Šebestiána - “tonality” 
3 WT Nordex S70 - 1.5 MW, 1 reference MP behind WT at 100 m distance, 3 MP 
behind WT at 150, 200 m and 300 m, no imission MP - long distances, nearly flat 
terrain 
WT noise measurement 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
WT noise calculation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Locality is standard, quiet village place 


November 2009, 17:00 - 23:30, clear sky, 4.7 - 6.2 °C, 62 - 77 % 


wind directions 







Sound power level assessment. Is a reference position really reference? P. 10 of 15 


Measurement results: 
Measurement position 1 - 100 m 


wind speed 
vs 


 [ms-1] 


LAeq,T  
background 


[dB] 


LAeq,T 
WT + bg. 


[dB] 


LAeq,T 
WT corr. 


[dB] 


sound 
power level 


LWA [dB] 
7 36.9 49.8 49.6 ± 0.7 102.1 ± 0.7 
8 38.0 50.5 50.3 ± 0.7 102.8 ± 0.7 
9 39.1 51.0 50.7 ± 0.7 103.3 ± 0.7 
10 40.2 51.4 51.0 ± 0.7 103.5 ± 0.7 


Measurement position 2 - 150 m 
wind speed 


vs 
 [ms-1] 


LAeq,T  
background 


[dB] 


LAeq,T 
WT + bg. 


[dB] 


LAeq,T 
WT corr. 


[dB] 


sound 
power level 


LWA [dB] 
7 35.3 45.6 45.2 ± 0.8 100.5 ± 0.8 
8 35.8 46.0 45.5 ± 0.8 100.8 ± 0.8 
9 36.3 46.2 45.7 ± 0.8 101.0 ± 0.8 
10 36.7 46.4 45.9 ± 0.8 101.2 ± 0.8 


Measurement position 7 - 300 m 
wind speed 


vs 
 [ms-1] 


LAeq,T  
background 


[dB] 


LAeq,T 
WT + bg. 


[dB] 


LAeq,T 
WT corr. 


[dB] 


sound 
power level 


LWA [dB] 
7 34.9 40.0 38.5 ± 1.1 99.2 ± 0.8 
8 35.9 41.5 40.1 ± 1.1 100.8 ± 0.8 
9 37.0 42.4 41.0 ± 1.1 101.7 ± 0.8 
10 38.0 42.8 41.1 ± 1.1 101.8 ± 0.8 


Noise calculation results LAeq,T [dB] in calculation points: 
Measurement 


position 
distance 


 
[m] 


LAeq,T 
backgr. 


[dB] 


LAeq,T 
meas. 
[dB] 


LAeq,T 
calc.9613-2 


[dB] 


diff. 
meas.-calc. 


[dB] 
1 100 40.2 51.0 50.0 (50.4) -1.0 
2 150 36.7 45.9 46.9 (47.5) 1.0 
7 300 38.0 41.1 41.1 (42.3) 0.0 
- 400 * * 39.7 (41.4) - 


reverse engineering calculated ground absorption 0.64, wind speed 10 ms-1 


* too high background noise, in parenthesis results for 3 WT 







Sound power level assessment. Is a reference position really reference? P. 11 of 15 


Third-octave spectra: 


WT Nordex S70 - 1.5 MW 
Locality Hora Svatého Šebestiána
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WT Nordex S70 - 1.5 MW 
Locality Hora Svatého Šebestiána
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Locality assessment: 
Noise was over the nighttime limit 40 dB. After remedies noise is below the nighttime 
limit 40 dB, LF noise is minimal, WT got working permission. 
Residents complained of WT, after remedies complaints disappeared. 







Sound power level assessment. Is a reference position really reference? P. 12 of 15 


Locality Janov - “low wind speed tonality” 
2 WT Wikov W2000spg - 2.0 MW, 1 reference MP behind WT at 120 m distance, 2 
MP behind WT at 240 m and 300 m, no imission MP - traffic noise, flat terrain 
WT noise measurement 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
WT noise calculation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Locality is noisy place near the main road 


March 2010, 11:00 - 2:00, nearly clear sky, 16.9 - 11.8 °C, 64 - 84 % 


wind direction 







Sound power level assessment. Is a reference position really reference? P. 13 of 15 


Measurement results: 
Measurement position 1 - 120 m 


wind speed 
vs 


 [ms-1] 


LAeq,T  
background 


[dB] 


LAeq,T 
WT + bg. 


[dB] 


LAeq,T 
WT corr. 


[dB] 


sound 
power level 


LWA [dB] 
5 34.4 51.5 51.4 ± 1.0 105.6 ± 1.0 
6 34.7 51.0 50.9 ± 1.0 105.1 ± 1.0 
7 35.0 50.7 50.6 ± 1.0 104.7 ± 1.0 
8 35.4 50.5 50.4 ± 1.0 104.5 ± 1.0 


Measurement position 2 - 240 m 
wind speed 


vs 
 [ms-1] 


LAeq,T  
background 


[dB] 


LAeq,T 
WT + bg. 


[dB] 


LAeq,T 
WT corr. 


[dB] 


sound 
power level 


LWA [dB] 
5 33.9 45.6 45.3 ± 0.9 104.3 ± 0.9 
6 34.1 45.6 45.3 ± 0.9 104.3 ± 0.9 
7 34.4 45.6 45.3 ± 0.9 104.4 ± 0.9 
8 34.6 45.7 45.4 ± 0.9 104.4 ± 0.9 


Measurement position 3 - 300 m 
wind speed 


vs 
 [ms-1] 


LAeq,T  
background 


[dB] 


LAeq,T 
WT + bg. 


[dB] 


LAeq,T 
WT corr. 


[dB] 


sound 
power level 


LWA [dB] 
5 33.9 43.5 43.0 ± 0.9 103.8 ± 0.9 
6 34.2 43.5 43.0 ± 0.9 103.8 ± 0.9 
7 34.5 43.6 43.0 ± 0.9 103.9 ± 0.9 
8 34.8 43.8 43.2 ± 0.9 104.0 ± 0.9 


Noise calculation results LAeq,T [dB] in calculation points: 
Measurement 


position 
distance 


 
[m] 


LAeq,T 
backgr. 


[dB] 


LAeq,T 
meas. 
[dB] 


LAeq,T 
calc.9613-2 


[dB] 


diff. 
meas.-calc. 


[dB] 
1 120 35.4 50.4 50.7 (51.6) 0.3 
2 240 34.6 45.4 45.3 (47.4) -0.1 
3 300 34.8 43.2 43.3 (45.9) 0.1 
- 1018 * * 29.4 (34.0) - 


reverse engineering calculated ground absorption 0.28, wind speed 8 ms-1 


* too high background noise, in parenthesis results for 2 WT 







Sound power level assessment. Is a reference position really reference? P. 14 of 15 


Third-octave spectra: 


WT Wikov W2000spg - 2.0 MW 
Locality Janov
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WT Wikov W2000spg - 2.0 MW 
Locality Janov
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Locality assessment: 
Noise is below the nighttime limit 40 dB, LF noise is minimal, WT got working 
permission. 
Residents haven’t complained of WT. 







Sound power level assessment. Is a reference position really reference? P. 15 of 15 


Conclusions 
1. Reference MP is very practical, because: 


• it is largely free without obstacles 


• it doesn’t require an adjustment 


• other WT’s don’t interfere with measured one 


• correction for background noise is usually small 
2. In some cases sound power level assessment can be burdened with error 


whether positive or negative effect.  
Probability of error increases with spectral problems (yawing, tonality). 
Magnitude of error isn’t big (compared to noise propagation), but it can affect the 
WT model noise comparison or noise limit compliance. 


3. If possible I recommend to measure at longer distance(s) from WT, especially in 
the case of spectral problems. 
This system should also help identify the tonality at longer distances where it is 
currently not addressed. A common statement “tonality cannot be transferred 
directly to longer distances” is true, but useless. 
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Abstract   
In the future, more wind turbines may be located in forest terrain. Sound from wind 
turbines located in open terrain has been under study by many researchers and 
models for determining the noise level of receivers at different distances exist. But 
sounds from wind turbines located in forest terrain is a rather new field, which haven’t 
been under study in the same extent. After measurements performed in Sweden 
(Almgren et al WTN 2009 see [1]) of a wind turbine located in forest terrain it was 
discovered that the sound level measured inside the forest was higher than 
expected. The uncertainty of the cause of why the calculated level was lower than 
the measured level created the need for this investigation. Various hypotheses have 
been compiled which may explain a possible increase of the sound pressure level 
inside the forest. Promising hypotheses is the reverberation in the forest, refraction 
from local climate, scatter effect from the tree trunks that contribute to the 
reverberation but also reduces the attenuation of the ground effect. 
Measurements were made at different times, places and meteorological conditions. 
The main measured parameters are: reverberation for different distances in the 
forest, the attenuation of noise for different distances in the forest, wind speed and 
temperature at different heights of the forest, the trees in average diameter, number 
of trees per hectare and humidity of the air inside the forest. A calculation method 
has been developed and compared with measured data. The calculation method has 
integrated a model used within room acoustics to combine the reverberation with 
sound pressure level in the forest. Thus, the forest has been regarded as a room. Its 
weakness is that it’s difficult to determine the dimensions of the "forest room". A 
scale factor has been used to model forest room volume. Results from this 
comparison show that the reverberation is in relatively good agreement with the 
calculated reverberation time based on the volume multiplied by the square of the 
measurement distance. 
The calculation model C.N.P.E. (Crank Nicholson Parabolic Equation) has been used 
to calculate the sound pressure level with distance under the action of refraction 
created by wind and temperature gradients with height. 
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Introduction 
Sound from wind turbines can be perceived as annoying and may lead to a 
deterioration of the living environment and the quality of life for people exposed by 
the noise. It is therefore important to ensure a good sound environment in the 
process of environmental permission of new wind turbines. Homes are rarely settled 
inside the forest, but sometimes a target value of 35 dBA for the sound level is set in 
quiet outdoor areas. In recent years there have been discussions about the 
establishment of wind turbines in forests. The knowledge on how a forest reduces 
and scatters the sound is important in the establishment of new wind turbines in a 
forest terrain. An increasing number of wind turbines are planned to be located in 
forests in Sweden. The Swedish company Vattenfall has built two wind turbines at 
Ryningsnäs, close to Hultsfred in Småland. They have been built in connection to a 
wind measuring mast. The purpose of these turbines was to gain sufficient 
experiences of wind turbines in forests in order to establish larger wind turbine 
projects more efficiently [2].  
In a Swedish research program called “Vindforsk”, the company ÅF-Ingemansson 
(Gothenburg, Sweden) measured the sound from a wind turbine in a forest terrain. 
The measurements were made inside the forest; see [1]. Both sound emission 
(sound power level, LW) from the wind turbine and the sound immission (sound 
pressure level, SPL or Lp) inside the forest were measured. The measurements were 
compared with predictions of the noise level by commonly used calculation models 
e.g. Nord2000 (a Nordic propagation model for outdoor sound), but without taking the 
forest into account. It was discovered that the sound immission in the forest was 1 to 
2 dB higher than expected from calculations. A conclusion was that the available 
calculation models do not predict the sound immission in the forest correctly and 
further investigation needs to be done. The exact reason for the difference between 
the calculation model and measurements is not fully known. However, various 
hypotheses exist trying to explain the higher levels of sound immission in the forest. 
Two examples of possible hypotheses are the reverberation in the forest and due to 
strengthened wind and temperature gradient with height in the canopy. The 
measurements presented in this paper are made in coniferous forests, which is the 
common forest type in Sweden. 
This work has been partially financed by Energimyndigheten, the Swedish Energy 
Agency in project 32445-1, which is gratefully acknowledged. We also would like to 
thank Jens Forssén at Chalmers University of Technology for his advice and his 
permission to use the CNPE script. 
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Sound propagation in forest 
The sound propagation in forest is complex and influenced by many factors. The 
general factors of outdoor sound propagation are attenuation due to geometrical 
divergence, wind and temperature changing the speed of sound, air absorption, 
absorptive properties within ground. Special factors for forests are absorption by 
vegetation, changed wind and temperature profile, and scattering-/ and reflective 
properties due to the forest geometry, shape (age) and tree type. 
Changed wind profile in forest 
Just above the canopy in forests the air can be turbulent causing large deviations in 
the wind speed. Inside the forest it is often calm and the wind speed is dramatically 
decreased to find a speed which is much lower compared with open field at same 
height. 
Swearingen and White calculated the wind velocity profile for open field and forest, 
using a model by Heimann [3] and compared them in a figure. This figure is an 
example of differences between wind speed at open field and in forests can be seen 
in Figure 1 [4 p. 4]. 


 


Figure 1. Wind profile over open field and forest, by Swearingen & White [4] 


In figure 1 it can be seen that the wind velocity for the open field has a logarithmic 
shape, but the wind velocity inside the forest has a more varying shape. In [4] it is 
stated that the condition for this calculation is that the canopy starts at 10 m height, 
seen from the ground, and making the total tree height of 15m. In figure 1 the canopy 
is exposed to a rapidly increasing wind velocity between 2.4-4.4 m/s. The wind 
velocity increases even more above the canopy, ranging from 4.4 to 8.7m/s. At 40m 
height the open field and the forest reaches the same value. The differences can be 
regarded as two layers, one below the canopy and one above. The difference will 
probably cause downward refraction, i.e. sound reaching the forest will undergo 
refraction and the sound intensity will be increased close to the ground. 
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Changed temperature profile in the forest 
The temperature in the forest may have a large vertical variation, which is usually 
different from the case of open field. Surfaces directly exposed by the sun are heated 
faster compared with the surfaces lying in the shade. Temperature differences want 
to be compensated but the process will be delayed, which creates variations over the 
day. 
Phenomenon of daily variation is described by A. Tunick [5], for deciduous trees 
explaining how different trees are able to balance the surface temperature to the 
ambient air temperature. This is shown in Figure 2 below:  


 


Figure 2. Profiles of the leaf-to-ambient temperature (TL-Ta) differences (oC) for 
different trees, z=height above ground, h=height of canopy, picture from A. Tunick [5 
p. 1799] 


In Figure 2 one can see the difference between leaf (TL) and ambient air (Ta) 
temperature. Close to the ground the TL is 2 oC higher than Ta. At height of half the 
tree (z/h=0.5) differences can be seen among the trees. The dotted line has the peak 
in temperature difference of 3.5 oC at z/h=0.55, the dashed line has a value of 3.6 oC 
at z/h=0.68, and the solid line has a value of 3.75 oC at z/h=0.8. After each peak all 
tree types strive towards a negative temperature difference, at z/h=1.0 (the top of the 
tree) all trees has a value of -1.7 oC. At this height the curves from the different tree 
types gather together. A reason for this may be that the balance between incoming 
solar energy absorbed by leafs in canopy and the outgoing long-wave energy emitted 
is negative, [5 s. 1799]. At the height of z/h ≈ 0.9 the temperature difference is zero. 
Here the incoming solar energy and the outgoing heat from the leaves are balanced.  
Keith Attenborough presents the diurnal variation of temperature gradient in a pine 
forest in his paper [6]. Among other figures he presents figure 3: 
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Figure 3. Temperature variation with height over one day, from Keith Attenborough [6 
p. 2666] 


In the upper part of figure 3 the temperature difference, ΔT (horizontal), for different 
heights (vertical, z) is described. The lower part of figure 3 shows the temperature 
variations over a day. It can be seen that the greatest influence of positive 
temperature gradient occurs in the hours around sunset, but also at noon. The main 
effects can be seen in the height range between z=8-12m. 
Changed speed of sound profile with height in forest 
Due to changed wind profile and temperature profile the speed of sound will have a 
resulting profile which usually is different compared with sound propagation over 
open field. Under these conditions the sound propagation will be influenced by 
refraction. An example of downwards refraction for an assumed sound speed profile 
can be seen in figure 4 below: 


 


Figure 4. Propagation for an assumed speed of sound profile [7 p. 25] 


The left part of figure 4 shows the speed of sound profile with height. Close to the 
ground (0-200m) the sound speed increases, above 200m it decreases. The right 
part of figure 4 shows the calculated sound pressure level for the corresponding 
sound speed profile. The sound pressure level is plotted over a horizontal range (x-
axis) and height above ground (y-axis). The highest sound levels are marked as red 
and lowest levels as blue. In the figure it is showed how the downward refraction 
causes an increased level compared with other areas, as can be seen close to the 
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ground. In these areas a vertical concentration of the propagated sound is occurring 
close to the ground. The downward refraction is caused by the characteristic speed 
of sound profile, which is seen to the left as a function of height. From ground level to 
about 200m height there is a positive gradient, which also can be seen in the colour 
plot. At higher levels the gradient becomes negative, hence the colour plot shows an 
upwards refraction. 


Compilation of hypotheses for higher sound level in forest 
In order to study the phenomenon with sound pressure increase inside forests, it 
would be interesting to investigate if this is a common phenomenon, if it is known 
since earlier. According to [8 p. 16] forests has an attenuating effect, but may in 
some cases induce increased sound pressure levels. Also, in the presence of a solid 
barrier, the complex mechanisms of sound propagation may create local unstable 
conditions with increased or decreased sound pressure levels. Also Defrance [9 p. 
5], writes about increased sound levels in the forest. It is described that for long 
distances sounds forests can be increased when unfavourable conditions are 
present. On the other hand it is also described that this phenomenon is of little 
importance because the levels of these distances are relatively low. According to [10 
p. 22], sounds containing frequencies mainly below 1 kHz “perceive” the forest as 
being transparent, i.e. parts limiting the horizontal propagation are not present, e.g. 
scattering obstacles or absorptive surfaces. Sounds above 1 kHz attenuate mostly 
due to absorption of the forest. One clue to the problem may therefore be that the 
potential noise increase inside the forest mostly occurs at low frequencies or at least 
is frequency dependent. Researchers have discovered that animals communicate 
acoustically in specific frequency ranges. Many birds communicate in 1-3kHz. This 
may be because that sounds in this frequency range is more easily propagating and 
less attenuated [11]. Therefore it can be assumed that low and mid frequency 
regions may be used by large mammals in the forest. This may indirectly show that 
some frequency ranges make sound propagation easier. 
Reverberation in forest 
When regarding the reverberation in the forest, forest may be treated partly as a 
room and partly as being free field. This must be simplified. An ordinary room has 
clear and obvious dimensions, but the forest room is geometrically unclear, because 
of no definite points where walls, ceiling or floors starts and ends. Therefore it is not 
for certain that the Sabine formula can at all be applied to a forest. However, if so 
assumed, some dimensions of the forest must be assumed, in order to make the 
calculation model possible. The layer between the ground and the lower part of the 
canopy contain a temperature gradient which limits the sound energy in this layer. 
Sound from e.g. wind turbine is then concentrated in the area under the canopy and 
attenuates horizontally. This attenuation will occur more slowly with time compared 
with the one for open field, because of higher concentration of sound energy due to 
backscattering from tree trunks. 
Temperature and wind gradient causing downward refraction 
In a forest there is usually a different temperature gradient compared with open field. 
The possible refraction caused by the temperature gradient may increase the sound 
at an observer. The phenomenon with refraction is very sensitive in forests due to the 
sometimes strong temperature gradient; see Figure 3. The temperature gradient can 
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limit the vertical sound, as Figure 4 shows. Horizontally the sound is not limited and 
propagates in all directions. Vertically the sound is limited due to the refraction and 
therefore not propagating to higher altitudes in the same extent, e.g. causing sound 
shadow. Compared with other effects influencing the sound propagation, e.g. 
scattering by trees or ground reflection, the atmospheric profile is the most important 
[12 p. 117] and is affected by the temperature gradient. Wind turbines located at 
oceans are expected to have higher levels during spring and beginning of summer. 
This is due to that a positive temperature gradient is created between the cold sea 
water and the warm air. This causes a downwards refraction of the sound. The 
sound is in this way concentrated close to the surface of the ocean. In contrast, a 
negative temperature gradient during the autumn is causing upwards refraction of the 
sound. The sound from wind turbines located at the sea may therefore be seasonally 
dependent. In analogy this seasonal dependency could be seen in the forest. 
Although the same effect could appear during sound pressure measurements of wind 
turbines close to lakes in forests. 
Scattering effects 
Scattering is caused when the sound is reflected at a surface or when reaching 
turbulent air and hence the propagating direction changes randomly. The scattered 
sound interferes with direct sound or other reflections and can build a diffuse sound 
field. If a sound source is put inside a forest the horizontal sound propagation will be 
affected by scattering from trunks. This horizontal scattering may theoretically be 
separated from the vertical scattering through the canopy layer, because of the 
differences in propagation direction. Within the horizontal scattering the sound is 
being scattered and reflected by the trunks, which have cylindrical shape, and extend 
the sound horizontally in the forest. The trunk scattering is mainly a phenomenon in 
mid frequency region, i.e. the wavelength is approximate the same as trunk diameter. 
The effect caused by scattering is mainly attenuation, but the reverberation, 
turbulence or interference effects caused by scattering may increase the sound 
pressure level [8 p. 53]. The possible increase of sound in forests can be related to 
that the sound is trapped as reflections between the trunks. The trunks are rather 
hard compared with the porous ground, which will make reflections possible. The 
attenuation by tree trunks increases linearly with increasing trunk diameter. It also 
increases with increased tree height. Trunk scattering reduces the ground effect, 
because it disturbs the coherence between direct and reflected waves. In favourable 
conditions the ground effect dip may therefore be reduced and the sound pressure 
level can be underestimated. 


Measurements of sound in forest 
In order to understand more about what possible caused the difference between the 
measured and predicted levels described in [1], different forests in the surroundings 
of Gothenburg has been investigated. The purpose was not to simulate the sound 
from a wind turbine, but rather to understand more about the phenomenon 
influencing the sound propagation in forests. The measurements have been 
performed at two locations, the first at Fjällhult during 9th Dec 2009, north of Lerum, 
and the second at Holmevatten, north of Kungälv close to the nature reserve of 
Svartedalen during the 19th of March and 9th and 13th of April. Another purpose of the 
measurements was to compare it with predictions, making better conditions for 
verifying or developing a calculation model. 
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During the 9th Dec 2009 the reverberation time was measured in a Swedish pine 
forest. The measurement was performed at several different positions with a 
loudspeaker as source. A result from that measurement is shown in figure 5 below. 
The figure shows results from measurements from position no. 5, 6, 11, 14, 15 and 
23. The distance to source were: pos 5,6 = 9m, pos 11 = 7m, pos 14 = 9.2m, pos 15 
= 10.5m and pos 23 = 10.2m. The mean value is shown as a thick curve. 


 


Figure 5. The reverberation time (RT) measured at different positions 


Probably there are many reasons for the character of the reverberation time. 
According to the Sabine’s formula the reverberation time is directly dependent on the 
amount of absorption, i.e. long reverberation is due to little absorption [13]. If this 
concept would be used for characterization of results in figure 5 the frequencies 
containing highest values of reverberation also contains the smallest amount of 
absorption. This means that the sound has been absorbed as most in frequencies 
125-315Hz but also to a great extent at high frequencies. At very low frequencies 
(<100 Hz) the sound treats the forest as being transparent, according to [10], and the 
reverberation should be long. The long reverberation time at 80 Hz cannot be 
explained for the moment. Vegetation, trees and ground absorb sound from the 
loudspeaker and decrease the reverberation. Also the long wavelengths of low 
frequencies generally demands large dimensions of the absorbing surfaces. But this 
does not concur with the results in Figure 5, where there must have been some 
measurement error at 50 Hz. This could be caused by that the loudspeaker lacked 
the ability to excite the sufficient reverberation at low frequencies, which also resulted 
that the reverberation could not be measured and become RT=0 sec. 
During the 19th of March the reverberation time (T30) for different distances was 
measured and the results can be seen in Figure 6 below. During this measurement 
the ground in the forest was covered with snow and gunshots were used as sound 
source.  
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Figure 6. Average reverberation time (T30) for different distances 


In figure 6 it can be seen how the T30 have a peak at around 500 and 630 Hz for the 
case of 100m distance. Here the T30 reaches a value of almost 4 seconds. 
Comparing the different distances it can be seen that for frequencies lower than 500 
Hz, increased distance also give increased T30. And for frequencies higher than 500 
Hz, decreasing almost linearly (in this logarithmic plot) with increased frequency, the 
longest distance decrease fastest. It should be noted that the high levels of snow 
surely have influenced the results. The peak at 80 Hz in figure 5 could not be 
repeated in the experiments for figure 6. 


Calculation model 
Mainly two calculation models has been used, one is referred to two British 
mathematicians John Crank and Phyllis Nicholson and one is developed by this 
author during the time of project. The first is the CNPE-model (Crank Nicholson 
Parabolic Equation). This can be used in acoustics to solve problems with long 
distance sound propagation, where parameters as wind and temperature gradients 
can be used. The second is an attempt to model the forest according to Sabine´s 
room equation, together with introducing a scale factor of the volume which should 
correspond the volume of the “forest room”. Here the model show good agreement 
with the investigated forest, but may not be implemented generally to other forests. 
CNPE-model 
When using the CNPE-model to calculate the sound propagation in a forest, the 
change in wind profile can be introduced. A wind profile possible for forest was 
incorporated into the 2Dmodel. This is shown in figure 7 and figure 8. In figure 7 the 
used profile is taken from figure 1, a profile developed by Swearingen & White (here 
shortened to only Swearingen wind). The CNPE script has been developed and 
provided by Jens Forssén at Chalmers University of Technology. 
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Figure 7. Forest sound speed 
profile up to 30m, above 30m 
logarithmic wind profile 


Figure 8. Rel SPL for f=250Hz and for a range 0-
550m 


Figure 7 shows the speed of sound profile corresponding to a forest climate 
(developed by Swearingen & White) and figure 8 shows the relative sound pressure 
level (rel SPL) for frequency f=250Hz and for a range between 0-550m. The source 
and receiver height was chosen to 1.5m above ground. In figure 8 the resulting 
sound shows a peculiar pattern. The level drops and finds its minimum of -24dB at 
150m distance. Then a dramatic increase of the sound appears and a maximum of 
4dB at 300m distance is found. This can be interpreted in a way that the sound is 
refracted downwards and concentrated at a distance of 300m. Comparing other 
frequencies (which are not shown here) one finds that the maximum level occurs at 
low and mid frequencies, first in broad distance range at 50-80Hz, then peaks at 250-
350 m for 250-315Hz.  
The developed model (RT-forest) 
The developed model (RT-forest) regards the forest and predicts the sound pressure 
level at a distance in a forest stand. The developed model takes air absorption, 
ground effect, scattering by trees and reverberation into account. The input variables 
are the source and receiver geometry, the dimensions of the forest, meteorological 
conditions, measured RT and the sound power level used for calculations. In the 
model the reverberation time (RT) is related to the sound pressure level by the 
classic room acoustic formula: 


𝐿𝑝 = 𝐿𝑤 + 10𝑙𝑜𝑔 �
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Here the RT is included in the absorption area. Changing the RT will also change the 
Lp. The sound power level LW is calculated from the sound pressure level at 12m 
distance, including ground effect and divergence. The basic formulas used are: 


I Lp = LW + ΔLair + ΔLground + ΔLscattering + ΔLdivergence Excl. reverberation 


II Lp = LW + ΔLair + ΔLground + ΔLscattering + ΔLdivergence+reverberation Incl. reverberation 


The ground effect is using the parameter model by Delany & Bazley and the tree 
trunk scattering effect is modelled using the approach in Nord2000 which gives an 
attenuation. In figure 9 a result from the RT-model is presented. 


 


Figure 9. RT-model, all effects included with volume adjustments (Vscale) 


The two curves in figure 9 shows a measured and a predicted sound level at 100m in 
a forest stand. The average difference for the case of all effects and unadjusted 
volume became +12.33dB and for the case of adjusted volume +0.036dB. The 
parameter Vscale is a factor with purpose to adjust the volume of the “forest room” and 
used in calculations as follows: 


scaletrees VHrrV ⋅⋅⋅=
2


 


The parameter is chosen to an appropriate value, e.g. Vscale =1 the volume remains 
unchanged, Vscale =2 the volume is doubled or Vscale =0.5 the volume has half the 
size. It was found that when the parameter Vscale was chosen to 17.5, an optimal 
adjustment to measurement was obtained, shown in figure 9 above. This means that 
when the tree height remain the same, the forest area for unadjusted model would be 
5000m2, i.e. half hectare, and for adjusted model about 90000m2, i.e. 9 hectare. 
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Conclusions 
The promising hypotheses, which may increase the sound pressure in forest, are 
reverberation, scattering and sound concentration through refraction.  
Reverberation makes the sound energy trapped below the canopy due to horizontal 
backscattering from tree trunks and vertical scattering by the underside of canopy. It 
has been shown that the reverberation in forest increases with distance. This is 
related to a larger amount of scattered sound energy and increased volume of the 
“forest room”.  
The backscattering by tree trunks reduces the ground effect at medium and low 
frequencies, when the scattered sound disturbs the coherence between reflected and 
direct sound. However, the strongest reason for the increased sound pressure level 
is probably the microclimate inside the forest causing downward refraction of the 
sound. 
From the compilation part it can be understood that attenuation at low frequencies is 
due to the ground effect and at mid frequencies due to scattering effects. When the 
propagation is changed into favourable conditions due to downward refraction, the 
concentrated sound energy may increase the sound pressure level inside the forest.  
The calculation model, CNPE, uses an advanced approach and gives the resulting 
sound pressure level over range and height. The CNPE-model has the 
meteorological parameters (wind and temperature over height) which are necessary 
for predicting refraction effects.  
Even though that the developed model “RT-forest”-model shows good agreement in 
figure 9, crucial components make it not applicable for other conditions, i.e. other 
forest. Here the best value of Vscale = 17.5 was obtained but this may differ from 
situation to situation. The good agreement was probable given because that the  
same meteorological conditions appeared when measuring the RT and measuring 
the sound pressure level. 
The results from the calculations show that there can be a significant sound pressure 
level increase inside forests, but mainly for low and mid frequencies. The ground 
effect may not increase the sound pressure level more than +6dB. For sound waves 
passing through a forest, the sound is attenuated more than if the forest was not 
there. 
  







The wind turbine sound amplifying forest Page 13 of 14 
 
 


References  


[1] Almgren, Martin; Grönlund, Josefin and Schönfeld, Stephan. Sound 
Emission and Sound Propagation for Wind Turbines in Forest Terrains, Wind 
Turbine Noise, WTN 2009, Aalborg 


[2] Davy, Thomas och Wieslander, Agneta. Miljöbeskrivning av två vindkraftverk 
vid Ryningsnäs, ”Ryningsnäs 1”. Stockholm : Vattenfall Power Consultant, 
2007-11-21. 


[3] Heimann, Dietrich. Numerical Simulations of Wind and Sound Propagation 
Through an Idealised Stand of Trees. Wessling, Germany : Acta Acustica 
United with Acustica, 2003. 


[4] Swearingen, Michelle E. och White, Michael J. Sound propagation through a 
forest: a predictive model. Champaign, USA : US Army Engineer Research and 
Development Center, 2003. 


[5] Tunick, Arnold. Calculating the micrometeorological influences on the speed 
of sound through the atmosphere in forests. Adelphi, Maryland : Journal 
Acoustic Society of America, 2003. 


[6] Attenborough, Keith och Huisman, Wilibrord H.T. Reverberation and 
attenuation in a pine forest. Milton Keynes, UK and Nijmegen, The 
Netherlands : Journal Acoustic Society of America, 1991. ss. 2264-2277. 0001-
4966 


[7] Bolin, Karl. Wind Tubine Noise and Natural Sounds - Masking, Propagation 
and Modeling. Stockholm : Royal Institute of Technology, KTH, 2009. 


[8] Bucur, Voichita. Urban forest acoustics. Berlin Heidelberg : Springer, 2006. 


[9] Defrancs, Jerome, Barriére, Nicholas och Premat, Eric. A Diffusion Model 
For Sound Propagation Through Forests. Saint-Martin-d’Hères : Centre 
Scientifique et Technique du Bâtiment, 2002. 


[10] Bullen, R. och Fricke, F. Sound propagation through vegetation. Sydney, New 
South Wales, Australia : Journal of Sound and Vibration, 1982. ss. 11-23. 
0022-460X. 


[11] Padgham, Mark. Reverberation and frequency attenuation in forest - 
implications for acoustic communication in animals. Melbourne, Australia : 
Journal Acoustic Society of America, 2003. 


[12] Swearingen, Michelle E. och White, Michael J. Influence of scattering, 
atmospheric refraction, and ground effect on sound propagation through a pine 
forest. 2007. ss. 113-119. 


[13] Beranek, Leo L. Analysis of Sabine and Eyring equations and their application 
to concert hall audience and chair absorption. Cambridge, Massachusetts : 
Journal Acoustic Society of America, 120, p.1399-1410, 2006. 0001-4966. 


[14] Forssén. J. The Influence of Atmospheric Turbulence on Barrier Sound 







The wind turbine sound amplifying forest Page 14 of 14 
 
 


Reduction Gothenburg, Chalmers University of Technology, Doctoral Thesis 
No. 639, 2001 


 





		Fourth International Meeting on Wind Turbine Noise

		Rome  Italy 12-14 April 2011

		The wind turbine sound amplifying forest

		Elis Johansson and Martin Almgren

		ÅF, P.O. Box 1551, SE 401 51 Gothenburg, Sweden

		Elis.johansson@afconsult.com and martin.almgren@afconsult.com

		Abstract

		Introduction

		Sound propagation in forest

		Changed wind profile in forest

		Changed temperature profile in the forest

		Changed speed of sound profile with height in forest



		Compilation of hypotheses for higher sound level in forest

		Reverberation in forest

		Temperature and wind gradient causing downward refraction

		Scattering effects



		Measurements of sound in forest

		Calculation model

		CNPE-model

		The developed model (RT-forest)



		Conclusions

		References








 Implementation and Verification of an Aeroacoustics Wind Turbine Blade 
Analysis Tool Page 1 of 16 


 
 


 
Fourth International Meeting on Wind Turbine Noise 


Rome  Italy  12-14 April 2011 


 
Implementation and Verification of an Aeroacoustic Wind Turbine 
Blade Analysis Tool     
 
M. Kamruzzaman, Th. Lutz, K. Nübler and E. Krämer 
IAG, University of Stuttgart, Germany, kamruzzaman@iag.uni-stuttgart.de; 
  
Abstract         
A quasi 3D wind turbine rotor aeroacoustic simulation tool IAGNoise has been 
developed based on the improved TNO-Blake trailing-edge noise prediction model. 
The model consists of dividing the blades of the wind turbine into two-dimensional 
airfoil sections and predicting the total noise emission as the sum of the contribution 
from each blade element. The main input for the noise prediction model is the wall 
normal distributions of the turbulent boundary-layer parameters. Calculation of these 
parameters by any aerodynamic simulation codes required local inflow 
characteristics to the blades. A Blade Element Momentum (BEM) technique is 
utilized to predict these quantities. Moreover, the simulation tool incorporates with 
three distinct 2D prediction schemes Xnoise, XEnoise and Rnoise each of which 
uses different aerodynamic calculation methods XFOIL, EDDYBL finite difference 
code and RANS solver FLOWer respectively.  
 


The prediction tool is applied to the Bonus 300 kW wind turbine at a wind speed of 8 
m/s. The spectra for the trailing-edge noise sources are determined and compared to 
measurements. A sensitivity study on different design parameters is performed and 
primary results are encouraging.  
 
1. Introduction  
Wind turbine noise is one of the major issues for the widespread use of wind energy. 
For a modern large wind turbine, aerodynamic/flow-induced noise from the blades is 
generally considered to be the dominant noise source, provided that mechanical 
noise is adequately treated. The sources of aerodynamic noise can be divided into 
airfoil self-noise and inflow-turbulence noise [1]. Airfoil self-noise is the noise 
produced by the blade in an undisturbed inflow and is caused by the interaction 
between the boundary-layer and the trailing-edge (TE) of the blade. Self-noise can 
be tonal or broadband in character and may be caused by several mechanisms, such 
as turbulent boundary-layer trailing-edge interaction (TBL-TE) noise (subsequently 
denoted as TBL-TE/trailing-edge noise), laminar boundary-layer vortex-shedding 
(LBL-LS) noise, blunt trailing-edge (BTE) noise, or blade tip (TIP) noise. Acoustic 
field measurements within the European research project SIROCCO showed that the 
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TBL-TE noise is the most dominant noise mechanism for large wind turbines [2, 3]. 
Thus, accurate prediction and reduction of this noise source is the main focus of the 
acoustics airfoil design methods for the future generation wind turbine blades. 
However, the design process principally depends on the development of an accurate 
theoretical model in which correct modelling of turbulent BL structure plays the key 
role [4, 5]. 
 


At the Institute of Aerodynamics and Gas Dynamics (IAG), University of Stuttgart, 
different highly efficient and accurate airfoil trailing-edge noise prediction schemes, 
namely Xnoise, XEnoise and Rnoise have been developed. Theoretical prediction 
results are extensively validated with measurement data obtained in institute's 
Laminar Wind Tunnel (LWT), and excellent agreement has been observed [4, 5]. The 
enhanced prediction schemes are coupled in a Graphical User Interface (GUI) based 
tool IAGNoise [13]. IAGNoise permits the computation of far-field noise spectra by 
various methods, and analysis of the predicted and measured data in a user friendly 
way. So far theoretical prediction models are investigated only for the noise 
generated by a 2D airfoil model. The main objective of the current study is therefore, 
development of a quasi 3D simulation tool within IAGNoise for the prediction of noise 
radiated from a complete wind turbine rotor. This implementation enables verification 
of the theoretical results with full scale turbine field test measurements.  
 


2. Noise Prediction Model  
The key focus of the current study is the trailing-edge noise, because it is the most 
dominant noise source among other flow-induced wind turbine noise mechanisms. 
The model considered in the present study is the well-known TNO-Blake model [7, 8, 
5], which reads in final form as, 
 
 


where ),,( 31 ωkkP  is the wavenumber-frequency spectrum model given as a solution 
of the simplified Poisson equation for wall pressure fluctuations (WPFs) underneath a 
turbulent boundary-layer, and is given by following Blake [7] as, 
The different parameters, e.g., Ф22 is the normalized wavenumber spectrum of the 


vertical velocity fluctuations <u2
2(y2)>, Λ2 represents the vertical integral length scale 


for the eddy field, Фm is the moving axis spectrum, R is the distance from the trailing-
edge to the observer and L is the wetted length of the trailing-edge. Other 
parameters such as U1(y2) is streamwise mean velocity, 2y is wall normal coordinate, 
ρ is the fluid density and c0 is the speed of sound. 
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3. Rotor Noise Modelling & Simulation Tool  
It is obvious that the accuracy of the noise prediction via Eqn. (1) depends on the 
accurate modelling of the turbulent noise source terms, i.e. 2


2231222 ,),,,( ukky ΛΦ  etc. 
For this purpose three different aerodynamic analysis methods namely the coupled 
panel integral boundary-layer code XFOIL [9], the Finite-difference boundary-layer 
code EDDYBL [10] and a RANS flow solver FLOWer [11] have been coupled with 
the TNO-Blake model. As these methods differ with regard to modelling accuracy 
and output data, for convenience the resulting noise prediction methods are denoted 
as Xnoise (XFOIL based), XEnoise (EDDYBL based) and Rnoise (RANS simulation 
based). In detail description about the basics of each prediction schemes can be 
found in authors previous papers [5]. 
 


 
Figure.1: Overall flow chart of the 3D extension of the IAGNoise GUI. 
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3.1 Airfoil Self Noise Prediction Tool- IAGNoise GUI  
The Xnoise, XEnoise and Rnoise prediction schemes are written in Fortran 77 and 
each of this code has an user defined input file which consists of different 
flags/options. The prediction schemes are coupled with different aerodynamics 
analysis codes, thus, before starting the noise computations it is necessary to 
perform aerodynamic simulations. In order to combine all these prediction schemes 
in a single platform, a routinely design aerodynamics and aeroacoustics prediction 
tool called IAGNoise GUI has been implemented [13, 14, 15]. IAGNoise program is a 
stand alone Windows ® application written in Microsoft ® Visual Basic ® 2005. All 
the noise prediction codes (i.e. Xnoise, XEnoise, Rnoise) executables are integrated 
in the tree structure of the IAGNoise framework. IAGNoise  permits the computation 
of far-field noise spectra by various methods, and analyzed the predicted and 
measured data in a user friendly way. Note that besides in-house prediction codes, 
the 2D-NAFNoise tool [16] developed by National Renewable Energy Laboratory 
(NREL), USA has been also included within IAGNoise platform. NAFNoise is an 
XFOIL airfoil analysis based airfoil self noise prediction tool which uses BPM and 
TNO-Blake TE noise model. 
The prediction schemes which operate by IAGNoise GUI actually provide 2D results 
related to a 2D airfoil model. To develop a quasi 3D wind turbine noise prediction 
tool, the 2D-NAFNoise scheme has been extended further as a part of Masters 
thesis of Francois Broux [15]. In current study, Xnoise, XEnoise and Rnoise schemes 
are integrated to the IAGNoise framework. The improved IAGNoise tool offers the 
possibility of a 3D noise computation for a complete wind turbine blade or a rotating 
turbine. Figure.1 depicted the implementation approach, code structure and the 3D 
extended main flow chart of the IAGNoise prediction tool. 
 
3.2 Wind Turbine Rotor Noise Modelling  
The blades of the wind turbine are non-uniformly divided into a number of airfoil 
sections or blade elements. The two-dimensional noise prediction schemes 
Xnoise/XEnoise/Rnoise is applied for each blade section and the total noise level is 
determined by summing up all the noise sources. For the ith blade element, 


( )










= ∑ +


j


KLTotal
ip


AjpL ,1.0
10, 10log10  ------------------------- (2) 


where j denotes the different noise sources such as TBL-TE noise, Separation-Stall 
noise (SEP), Laminar Boundary Layer Vortex Shedding (LBL-VS) noise, Tip Vortex 
Formation noise (TIP) and Blunt Trailing Edge vortex shedding noise (BTE) etc. AK  
is the relative response of the A-weighting filter in dB. The sound pressure level 
radiated from a single wind turbine is the sum of the sound pressure level from all 
blade elements, 
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Since the field measurements indicated that trailing-edge noise is the dominant noise 
source for large turbines, only this noise source is incorporated in the IAGNoise 
prediction tool, which means that all other noise source as mentioned earlier are 
excluded in the present study. The calculation can be divided into three steps: blade 
aerodynamics, 2D trailing-edge noise source strength, and directivity and convective 
amplification.  
 
3.3 Blade Aerodynamics 
For the aerodynamic calculations the blade is first divided into a number of radial 
segments. Next, for each segment the local Reynolds number and angle of attack 
are obtained from an aerodynamic wind turbine model, based on the BEM theory 
[17]. Then, depending on the method being applied i.e. Xnoise, XEnoise or Rnoise 
the aerodynamic simulation has been performed to calculate the necessary noise 
source parameters for the model Eqn. (1). 
The sound pressure level is approximately proportional to the fifth power of the Mach 
number, thus, it is important to refine the discretization of the blade into small 
elements in the region near the tip. At each blade section the relative velocity  relV  
and hence the local Mach number is determined from a BEM code by iterative 
method for axial and tangential interference factors a  and b  of induced velocity by 
following 


( ) ( ) irotia rbVVaV ω+=−= 1,1  


where aV  and rotV  are the relative axial and azimuthal velocity components defining 
the local inflow, 0VVi =  is the free-stream wind speed at the ith blade element, and ir  
denotes the blade radius at location i. The present implementation of the BEM 
method are identical to Ref. [17, 18], which includes, among other things, a tip 
correction method to ensure the accuracy of computations near the tip region. 
Furthermore, the wind velocity iV  is given at each blade element taking into account 
the shear and tower effect by the atmospheric power law. 
 
3.4 Blade Segment Trailing-edge Noise Source Strength 
The aerodynamic simulations have been performed for each radial blade segment 
using the reference local inflow characteristics provided by the previous step (BEM 
model) to extract the turbulence parameters necessary for the model Eqn. (1). In the 
subsequent step, the source spectrum for each segment is calculated applying any 
of the 2D trailing-edge noise prediction schemes Xnoise, XEnoise or Rnoise. This 
way trailing-edge sound pressure level for each radial blade segment will be 
available via Eqn. (2). Note that total noise prediction via Eqn. (1) only calculates the 
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source strength for an observer at a fixed position with respect to the blade segment; 
observer directivity and convective effects are discussed in the next section. 
 
3.5 Noise Directivity & Observer Position 
The calculation in the previous section yields the trailing-edge source spectrum in 
1/3-octave band, for each radial blade segment. In order to obtain the effective 
source strength for a given blade azimuth angle, as perceived by an observer at a 
specified position, the effects of trailing-edge noise directivity and convective 
amplification should be taken into account. 
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Figure. 2: (a) Rotor & observer coordinates (b) Angles in observer directivity function 


[19] and (c) Different angles around airfoils. 
The directivity of sound is a phenomenon of sound reduction which depends on the 
position of an observer relative to a noise source. This means that sound has a 
directional component by having a strong noise amplitude in one direction (two 
directions in case of a dipolar source, and so on) and in other directions the noise 
has some reduction degree. In [19] this concept is introduced by the example of a 
static observer and a flat plate in motion, as shown in Figure.2 (b), where the plate is 
the noise source to be considered. Also, a local coordinate system is presented with 


eΘ  and eΦ  being the directivity angles while eR  is the distance between the trailing-
edge and the observer position. The sound directivity functions are then given by 
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following equation. The high-frequency directivity function is valid for all the 
aerodynamic sources except for the stall situation 


 
where M is the Mach number for the airfoil section, MMc 8.0= is the convective 
Mach number, eΘ  and eΦ  are the directivity angles. The over bar in the equations 
means that they are "normalized by the TE noise radiated in the 90=Θe  and 


90=Φe  direction"[20].  


A complete wind turbine rotor noise prediction model requires consideration of some 
other issues such as air absorption effect, atmospheric and terrain factors, wind 
farms etc. These factors are not included into the present model and are the topic of 
future implementation.  
 
 3.6 Coordinate Systems 
The coordinate system is one of the most important aspects in the 3D extension of 
the IAGNoise tool. Although the directivity functions HD already account for the 
observer position relative to blades trailing-edge, the observer is always kept at 


)90,90(),( =ΦΘ ee  see Figure. 2(b). Therefore, despite of the source being in 
motion, the observer stays in the same position relative to the blade / wing. So, the 
first obstacle is to adapt the TNO-Blake prediction model to a real wind turbine model 
where its blades are in rotation and the observer is motionless. Moreover, because 
the blades are segmented into separate sections and taken for a single source, it is 
necessary to know the observer position relative to each segments trailing-edge as 
demanded by the directivity functions, for each blade rotation step around the rotor 
axis. For this purpose, a coordinate transformation of the position of the sound 
source into a global coordinate system is applied. In the present study, four different 
coordinate systems have been used. The observer position shall be provided by the 
user at wind turbine coordinate system ),,( eeee ZYXB = . Using this information, the 
retarded distance iR  is found by transformation from coordinate system e  to 
coordinate system i . The directivity angles iΘ  and iΦ  are then found by vector 
calculus in the coordinate system i . In detail about this implementations can be 
found in Ref. [15]. 
In order to analyzed the observer azimuth/directivity effects as it will be described in 
Section 4.2 the observer position is rotated by τ  degrees around the tower vertical 
axis, eZ . Hence, the observer coordinates become: )sin(),cos( 0000 ττ RYRX −=−= ,  


0R  is the distance in meters, between the tower vertical axis and the observer, 
determined by the user. Figure. 2(a) shows the azimuth variation of the observer 
position and rotor initial position 0=Ψ  (relative to the first blade B1 and eY  axis. 
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4. Computational Results & Validations 
First, a validation study is performed for the 2D airfoil TE noise spectra in order to 
investigate the prediction accuracy of the various models. Next, the total rotor noise 
spectra for a reference turbine the Bonus 300 kW has been simulated by the 
enhanced prediction tool. The model sensitivity to tripped boundary-layer, local 
AOAs, trailing-edge BL structure, turbulence scale and observer position for the 
sound pressure level is analyzed. Comparisons with measurements of the total 
sound power level are made. The directivity of the sound pressure level around the 
Bonus300kW turbine is mapped. 


 
Figure.3: Xnoise, XEnoise, Rnoise and experimental data inside the TNO-Model. 


 
4.1 2D Airfoil Trailing-edge Noise Validation 
The wall normal distributions of the Xnoise, XEnoise and Rnoise predicted 
turbulence noise source parameters such as 2


2u , 2Λ  and 1U  at chord position 
999.0=c


x  and associated trailing-edge noise spectra for NACA0012, 
0,166.0,105.1Re 6 ==×= AoAMa  are compared with wind tunnel measurement data 


and depicted in Figure 3. From the left most plot it can be clearly seen that the 
agreement of the wall normal 1U  distribution is reasonably good, with a small shift. 
The same plot shows suction side 2


2u distribution. For the XEnoise and Rnoise 
excellent agreement is visible, whereas for the Xnoise case a huge disagreement 
exists. Note that this improved results of the XEnoise and Rnoise is due to the 
recently developed turbulence anisotropy modelling [5]. Examining the integral length 
scale 2Λ  distribution at the middle plot, clearly, for this particular case, a reasonably 
good agreement is visible. The impact of each input noise source parameter into the 
total predicted far-field noise levels at R=1m distance can be seen in the right most 
plots of Figure. 3. The Xnoise variants under predict the measured spectra 
significantly, which is nothing but due to the inaccurate turbulence parameters 
modelling as observed in the left most two plots. The anisotropic Rnoise and 
XEnoise provide significantly improved results, which reflect the shape of the 
measured spectrum perfectly. It can be realized easily, that this is a result of the 
more realistic distribution of the anisotropic vertical velocity fluctuations and length 
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scales. Best agreement is achieved, when the measured BL parameters are fed into 
the prediction model (1) (line legend "Exp_In"), which makes the far-field spectrum 
practically collapse to the measured spectrum, with slightly overestimation. The BPM 
model result for the same case is also presented with line legend "NAFNoise (BPM)". 
Agreement is excellent as expected because the model is developed based on 
NACA0012 measurement data base. 
In summary it can be concluded that, the numerical far-field radiated noise model 
(Eqn. 1) capture the measured peak amplitude level as well as peak position 
remarkably well, if the turbulence noise source parameters are estimated properly 
including turbulence anisotropy effects. Among all the investigated methods the 
RANS based prediction scheme Rnoise shows most promising results. This 
encouraging outcome of the 2D results motivated us further development of a 3D 
prediction tool and is the topic of the next section.  
 
4.2 Wind Turbine Rotor Noise Validation 
Reference Wind Turbine Description 
In order to validate the present 3D IAGNoise tool for the case of noise generated 
from a real wind turbine a comparison is made with the work of Zhu and Vargas [17, 
18] where a Bonus 300kW wind turbine was used. The standard simulation 
parameters are exactly same as references [17, 18], only computation has been 
performed by Xnoise, XEnoise and Rnoise prediction schemes for TE noise only by 
IAGNoise.  
The results under this section have been computed assuming: three bladed rotor, 
same airfoil NACA0012 along the span, tripped boundary-layer at 5% of the chord, 
induced velocities contribution via BEM, flat tip, observer is at 40m downwind 
direction at ground level (-40, 0, -31), constant airfoil bluntness angle (14) and no air 
absorption effects. The blade noise consists of Ns=8 segments and the frequency 
spectra of Nf=33 center frequencies in 1/3-octave band. The total SPL value 
computation, as mentioned before, consists of gathering the all information  i.e. 
number of points depends on the blades rotation angle, Ψ  which will translate in ΨN  
blade increments and on the number of blades segments, Ns. However, for each 
point, the pressure is computed for multiple frequencies, Nf. So, the number of 
computed pressure values is fs NNNNp ××= Ψ . The processing time is naturally 
affected by this final number. 
Moreover, to gain a uniform basis for comparison, the IEC Ref.~88/48/CDV 
recommends the calculation of the sound power level, wL , for an equivalent single 
noise source at the rotor center as 
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Where Total
pL  is the total sound pressure level corrected for back ground noise, where 


the rightmost term is the geometrical attenuation, which accounts for the attenuation 
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of a spherical sound wave at the distance wR  and 10 =S 2m  is a reference area. Note 
that wR  is the distance from the measurement observer point to the rotor center.  


The transition to turbulent BL for a NACA0012 profile is usually between 1e5 and 
1e6.  As TE noise are related to the turbulent BL, consequently, for the total rotor 
noise evaluations the blade segments which correspond to the Re larger than 1e6 
are considered only. In the present reference case it was found that after the rotor 
radial position > 0.35 the local Re > 1e6. This behaviour is also consistent with field 
test measurement of Oerermens el at. [2], where the most dominant TE noise source 
was found also from outer part of the blade. Note that observing the validation of 2D 
case in Figure. 3, all the predicted Xnoise results ar shifted with +8dB. 
  
Example of Typical Noise Spectra of Wind Turbine 
In Figure.4, computed noise spectra of Bonus 300 kW wind turbine are plotted for all 
source mechanisms. The contributions from the various source mechanisms can be 
seen from the individual spectra. For this particular case, the turbulent inflow noise is 
dominant at low frequency region; the TBL-TE noise and the SEP noise are the most 
important self-noise sources; the TEB-VS noise may also play a role in case that the 
blade thickness at the trailing edges is large. However, present study focus only the 
TBL-TE noise spectra, other noise source mechanisms are excluded.  
Comparison results of the IAGNoise BPM model predicted TE noise spectra with 
experiment and Ref. [18] BPM model total noise spectra are depicted in right hand 
plot of Figure. 4.  A clear offset can be seen, which is nothing but due to the inflow 
noise dominant contribution as shown in the left hand plot.  


Figure.4: BPM model noise spectra of all source mechanisms of Bonus 300 kW wind 
turbine collected from Ref. [18] (left). IAGNoise predicted BPM model trailing-edge 
noise spectra only (right). 
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Induced Velocities & Angle of Attacks 
The induced wind velocity and angle of attack of each section are calculated from the 
incoming wind speed, the rotor velocity, the radial position of the section, the pitch 
and the twists angles by BEM method.  
Computational results of the relative velocity and AOAs at each blade sections along 
the radial positions are depicted in Figure. 5. In this computations a variation of the 
blade element radial position and corresponding twist, chord distribution were made 
while keeping constant the other parameters: incoming wind speed: ~ 9m/s, pitch 
angle: -1°, rotor velocity: 35.2 rpm.  Decrease of AOAs increasing relative velocity 
from the root to the tip region is clearly visible as expected. The normal and 
tangential induced velocities, which can be determined inside the BEM method, are 
compared with the prediction results of Vargas [17]. After examining the induced 
velocity trends in Figure. 5 [right], it is noticed that the tangential induced velocity 
behaves similarly for both models but the normal components evolve slight 
disagreement.  This can be due to the dissimilar tip correction formula. 


Figure.5: IAGNoise predicted AOAs and induced wind velocity as a function of blade 
radius- incoming velocity °−=≈ 1,9 pitchV s


m
i , rotor velocity 35.2RPM (left). Induced 


tangential and normal velocity compared with Vargas2008 [17] data. 
 
Boundary-layer Tripping & Integral BL Parameters 
It is known that the sound pressure level changes with the tripping of the BL. In 
general the noise spectral peak level and position will depend on the position of the 
BL transition. A clear over prediction at the high frequency for the untripped BL case 
are visible from Figure. 6 (A). This behaviour can be due to the error from XFOIL 
predicted BL parameters, because for some flow conditions XFOIL results do not 
converse properly. The calculated displacement thickness ( 1δ ) as a function of radius 
is shown for each segment in Figure 6(B). These results represent conditions close 
to the average experimental conditions, i.e. incoming wind speeds of 8.0 m/s, RPM 
values of 35.2, and pitch angle of -1.0° respectively. For the untripped case pressure 
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side 1δ  is lower due to the fact that BL remain laminar along the chord. The suction 
side tripped and untripped values are close to each other because for the untripped 
case BL transition appears approximately at the same position as tripped case i.e. 
5% of the chord. Examining the right hand plot which shows the over all TE noise 
from each section it can be concluded that most dominant source is the outer part of 
the blade (close to the tip).  The PS untripped results are not reliable because it is 
related to the laminar BL.  
 
 
 
 
 
 
 
 
 
 
 
Figure.6 (A): Impact of tripping on predicted SPL (left).  Comparison of the different 
prediction codes calculated sound power level using NACA0012 airfoil with 
measurement (right). 
 
 
 
 
 
 
 
 
 
 
 
Figure.6(B): Calculated trailing-edge integral BL displacement thickness on suction 
and pressure side as a function of rotor radius (left). Section total TE noise spectra in 
dB (right). 
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 Sound Directivity Pattern 
It is known that the sound pressure level changes with the observer position. For the 
Bonus 300 kW wind turbine, sound pressure level at different locations is shown in 
Figure. 7 (right). In the figure, the receiver positions are distributed on circles of 
radius between 60 and 200 m from the wind turbine centre and the wind is coming 
from left to right. From the figure, it is seen that the noise radiation from the wind 
turbine behaves as a dipole sound source with slightly non-symmetrical properties 
since blades are twisted. This behaviour is almost similar as previous studies 
reported in references [17, 18]. 
In order to analyze the influence of blade position on noise propagation, the overall 
sound pressure level is plotted in Figure. 8. Here the observer location is fixed on the 
ground and 40 meters downstream of the wind turbine. The result shows that the 
maximum change of sound pressure level at different azimuthal angles is about 1 dB 
during the rotation. The pressure difference will be significant if the observer stays 
closer to the tower, which corresponds to the Ψ =90° as clearly shown in figure. The 
general trend of the rotor azimuth vs noise level during the rotation from each blade 
can be seen from the left hand plot of Figure. 7. Clearly, relative to a stationary 
observer at (-40, 0, -31), during rotation (clockwise direction) Blade-1 increase the 
level while Blade-3 decreased. This behaviour is physically consistent, because the 
noise from downwash rotation will be always higher due to the closer to the observer.  


 
Figure.7: Each blade sound pressure level observed by a stationary receiver at (-40, 
0, -31) function of rotor azimuth angles (left). Observer azimuth distribution of the 
rotor noise levels (right). 
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Figure.8: SPL at ground level 40 meters downstream for one revolution period (left).  
Total sound power level predicted by different methods (right). 
 


5. Outlook 
Most accurate RANS based TE noise scheme Rnoise predicted result for the most 
dominating segment (@95% of span) is compared with XFOIL based Xnoise data in 
right hand plot of Figure. 8.  It can be seen that Rnoise result is excellent. This 
scheme will be implemented further for the 3D rotor noise computation. 
 


6. Conclusions 
A quasi 3D aeroacoustics simulation tool IAGNoise for computing noise emission 
from wind turbines, based on the TNO-Blake  trailing-edge model has been 
developed by three different aerodynamics methods taking into account the turbulent 
boundary-layer structure of the actual airfoil shapes and the local wind speed at the 
blade positions. The model has been tested for the Bonus 300 kW wind turbine at a 
wind speed of 8 m/ s. Comparisons of the total trailing-edge noise spectra with 
overall rotor noise measurements shows a clear offset of approximately 6-10dB. 
Examining the BPM model predicted all noise source spectra exhibits turbulent inflow 
noise is dominant. However, the IAGNoise BPM and Xnoise predicted trailing-edge 
noise spectra are in good agreement with other prediction code results. RANS based 
prediction code Rnoise provide promising 2D results, which will be implemented in 
the 3D framework in future. 
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Abstract         
An extensive measurement program, with economical support from the Swedish 
Energy Agency, have been started up to measure the long-time meteorological 
effects on sound propagation from wind turbines at three sites in Sweden. The 
measurements will be performed continuously during 1-2 years. The sound 
propagation is studied in a 1) forest area, 2) over a water bay and 3) over 
heterogeneous terrain. The sites are representative for typical Swedish conditions, 
which are quite common on other geographical locations around the world. The first 
two of them are located in the southern part of Sweden and the third is located in the 
northern part of Sweden. The meteorological conditions change over the day and the 
year and vary a lot depending of the terrain conditions. Variations of the order of 20-
25 dB at an immission point for different weather conditions have been found in 
earlier investigations [1]. Greatest variations of the immission levels have found 
between day and night for sources close to the ground. Variations of the same order 
are expected during different parts of the year for sound propagation over sea. 
The aim of the project is to improve the knowledge about sound propagation from 
wind turbines and especially over varying terrain and different weather conditions. 
The hub height of the studied wind turbines varies from 80-138 m and the effect of 
the source heights on the sound propagation will be investigated. The result shall be 
improved sound propagation models, updated measuring requirements, validation of 
modelled sound levels and methods for deriving meteorological input data for a 
sound propagation model. These measurements will validate the sound propagation 
model, Nord2000, for varying terrain and weather. The sound propagation model will 
then be improved according to the long-term measurements. A numerical boundary 
layer model, MIUU-model, which has been used for mapping the wind energy 
resources over Sweden, will be used to produce meteorological input data to the 
sound propagation model. Statistical distribution of the sound level can be calculated 
for different terrain and weather conditions. 
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Introduction 
In the light of global warming, the society needs to increase the usage of renewable 
power sources. One important renewable source is wind turbine power. Swedish 
energy agency have recommended a national goal, 30 TWh year 2020, where 20 
TWh should be land based wind power and 10 TWh sea based [2]. The future goal 
would mean that the number of wind power turbines must increase from around 1000 
today to between 3000-6000 depending of effect until 2020 [2].  
The public opinion of wind turbines is generally positive, both in cities and on 
countryside. It is the energy source that we should commit most to according to 
opinion polls [3]. However, when wind turbines are planned close to people, many 
change their mind. This phenomenon is often related to as "not in my backyard". 
International research has found that the sound level is the greatest disturbance, 
when asking people living close to wind power plants. The sound level from a wind 
turbine varies a lot. The main factors causing this variation are of course the 
rotational speed of the turbine but also the meteorological situation. Meteorological 
effects have a great influence on sound propagation. The effect could be seen 
already at distances of 25 m from the source and is growing with distance [1]. 
Meteorological effects of sound propagation are, refraction, air absorption and 
scattering from turbulence.  The scientific field of sound propagation in the 
atmosphere has been studied for many years. Studies of sound propagation from 
wind turbines are, however more rare. Wind turbine sound is a relatively new type of 
environmental noise. One could maybe expect the sound propagation from these 
elevated sound sources to be different from sources closer to the ground. Knowledge 
about sound propagation in the atmosphere and how often a certain extreme values 
of the sound pressure levels occur is crucial, when planning locations for new 
turbines. Regarding environmental planning, sound propagation models are used. 
These have until recently not included the meteorological effects, which have been a 
great disadvantage. Newly developed models do, but need more validation before 
we can trust their predictions.  
The objective of this paper is to discuss the sound propagation in three different 
landscapes (in forest, over sea and in complex terrain). The meteorological 
conditions in these three landscape types could be very different from those over a 
plain ground. The knowledge of sound propagation over plain ground is today by 
many considered to be pretty good. However sound propagation in forest, over sea 
and in heterogeneous terrain are more complex.  
The aims of the recently started measurement campaign will also be presented 
together with the distribution of sound levels at the Ryningsnäs site so far.  
 


Meteorological effects on sound propagation 
The knowledge on sound propagation outdoors has been improved a lot during the 
last decades [1,4,5,6]. The meteorological impact on sound propagation has been 
investigated since 1976 at Uppsala University at the Department of Meteorology, 
which 1998 merged into the Department of Earth Sciences. Wind turbines are high-
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elevated sound sources and the sound propagation could be different from sources 
located closer to the ground. The three most important meteorological effects on 
sound propagation are: refraction, scattering by turbulence and air absorption. 
 
Refraction of sound rays occurs if there is a change of temperature with height 
and/or a change of the wind speed with height, i.e., there are vertical gradients of 
temperature and wind. Two examples of wind and temperature profile measurements 
are given in Fig. 1. The refraction influences the sound level. The angle of sound 
incidence at the ground changes the ground attenuation. The sound rays are bent 
upwards in upwind conditions and/or temperature lapse. They are bent downwards in 
downwind conditions and/or temperature inversion. When the sound rays are bent 
upwards shadow zones are created, where no direct sound rays can reach. When 
the refractive conditions change, the path lengths of different frequency waves 
reaching the receiver also change. Thus, depending on the phase relations, a 
change in the refractive conditions could amplify some frequencies and damp others. 
Temperature gradients often show a diurnal variation over land surfaces as in Figure 
1 and a seasonal variation over sea surfaces.    


 
Figure 1. Examples of wind and temperature profiles in a forest during a) a summer 
day, 1 July 2010 12:40 and b) a summer night, 12 July 2010 03:10. The values are 
10 minutes averages from the Ryningsnäs site. Black solid line gives the temperature 
and red dashed line gives the wind speed.   
 
Turbulence in the boundary layer influences the sound propagation. Temperature 
and wind speed fluctuations produce random distortions of the sound wave front. 
These distortions scatter sound into sound shadow zones and cause fluctuations in 
phase and amplitude of the sound waves, thus destroying the interference between 
different rays reaching the receiver. This will mean higher sound levels than 
expected for frequencies were the ground attenuation has its maximum. The effect of 
turbulence is smaller for low frequency sound. If measurements are performed over 
many turbulence cycles the random fluctuations can be evened out. Mean sound 
levels for 10 minutes give more reproducible results than instantaneous 
measurements. 
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Atmospheric absorption depends on frequency, relative humidity, temperature and 
atmospheric pressure. The absorption increases linearly with distance and is a very 
important phenomenon when larger sound propagation distances are studied. 
Monthly and diurnal variations in relative humidity and temperature introduce great 
variations in atmospheric absorption. The values of atmospheric absorption need to 
be calculated using data from local meteorological stations instead of global mean 
values of relative humidity which are discussed in [4].  
 


Measurement campaign 
Simultaneous long-term measurements of wind turbine sound levels and 
meteorological variables will be carried out at three different locations in Sweden. 
The measurements will be continuous and last for around 1-2 years at the following 
three sites:  


  
Figure 2. The sound station in the forrest in the autumn (left picture) and the 
meteorological mast at the edge of the forrest in the winter (right picture) at 
Dragaliden. 
 
The Dragaliden station (65.45º N 20.54º E) 50 km west of Piteå in the north of 
Sweden. This is the planned area for one of the greatest wind parks in the world 
(1101 wind turbines). Today 12 wind turbines are located on a hill 1 km south of the 
microphone and the terrain in between is complex and covered by coniferous trees. 
The microphone is located 1.5 m above ground within the forest, see Figure 2. The 
surroundings are very less populated so apart from vegetation induced sound, small 
disturbances are expected. Meteorological parameters are given at 6 levels from a 
120 m mast in the area. A separate 20 m high meteorological mast placed at the 
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edge of the forest measure temperature and wind at 4 different levels together with 
relative humidity and atmospheric pressure. 
The Ryningsnäs station (57.28º N 16.00º E) 25 km south of Hultsfred represent 
sound propagation in a relatively flat terrain covered by coniferous trees. The 
acoustical measurement site is located at a distance of around 400 m from 2 wind 
turbines. A road is located 1.8 km south and a railway 4 km west of the measurement 
location but is not though to disturb the measurements. The microphone is located at 
1.5 m above the ground inside the forest. A 140 m high meteorological mast gives 
the wind speed at 7 levels, temperature at 3 levels and wind direction at 5 levels. A 
separate 20 m high meteorological mast placed in the forest measure temperature 
and wind at 4 different levels together with relative humidity and atmospheric 
pressure. 
The Burgsviken station (57.05º N 18.29º E) is located on the island of Gotland. The 
sound level is measured at 1.5 m close to the shore. At a distance of around 4 km 
across the bay around 100 wind turbines are located at Näsudden. At this site sound 
propagation over sea surface will be investigated. The microphone is mounted on a 
board according to [7] to reduce the effect of wind induced sound. A 145 m tall 
meteorological mast at Näsudden gives wind speed at 12 levels, wind direction at 5 
levels and temperature at 7 levels. An additional 20 m mast gives temperature, wind 
speed (4 levels), humidity and air pressure close to the microphone. 
 
The acoustical data at all three sites are measured at 1.5 m height by a Norsonic 140 
sound level meter. The equivalent sound level Leq and the sound spectrum in 1/3 
octave band every second is measured. The values are averaged over 10 minutes. 
The higher resolution measurements will be needed to detect environmental 
disturbances from the surroundings. 
 


First indications 
 
When making long-term measurements of wind turbine sound it is of great 
importance to be sure that the actual sound pressure level measured actually 
originate from the wind turbines. The measurements will be disturbed by wind 
induced sound from the vegetation, sound from aeroplanes flying over the area and 
sound from biological activity. The measurements at our three sites will mostly be 
influenced by vegetation sound and at the Burgsviken site also waves. One idea to 
detect these sounds is to use Karl Bolin's model for vegetation sound [6]. The model 
will first be further validated against our measurements during periods where the 
wind turbines are standing still. Then the model will give 10 minutes averaged sound 
pressure levels for the vegetation sound. The main advantage using Karl Bolin's 
model would be that we still could use all our measurements. The other possibility is 
to set a criterion for when the wind turbine sound is dominant. In this way we reject a 
number of the measurements. Van den Berg [5] used L5-L95< 4.0 dB to distinguish 
when wind turbine sound was the dominant sound source. Van den Berg's 
measurement site was located in a relatively open landscape and a different criterion 
for dominant wind turbine sound could be expected at forest sites.   
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Figure 3 gives the sound spectrum at the site Ryningsnäs for three different times. 
During these measurements a person were detecting the different sound sources. 
Figure 3 shows that under very windy conditions where the wind at 100 m height 
(v100) is 12.5 ms-1, the sound from the vegetation is dominant. The typical frequency 
peak for wind turbines at around 200 Hz could also be seen. The difference between 
the background sound (black solid line) and wind turbine (WT) sound (red dashed 
line) is 6.2 dB. 


 
Figure 3. 1/3 octave band sound pressure spectrum from the Ryningsnäs site at 
three different times. WT stands for wind turbine. The wind speed at 100 m height is 
given for each measurement. All measurements are made under snow conditions.  
 
The vegetation-induced sound is dependent of the wind speed at the tree tops. A 
criterion for when no sound come from the vegetation was set during an inspection at 
the Ryningsnäs site. This criterion imposes a ceiling on the wind speed at 25 m 
height (v25), which is right above the tree tops. The requirement for the standard 
deviation of the wind speed (σ v25) excludes measurements with a lot of turbulence. 
No vegetation sound is expected when v25< 2.7 ms-1 and σ v25< 1 ms-1. An example 
of a measurement sequence from Ryningsnäs, fulfilling this criterion is shown in 
Figure 4. The figure shows that the sound level at the imission point is strongly 
correlated with the wind speed at hub height, which creates the wind turbine sound. 
All the measurements from the site Ryningsnäs fulfilling v25<2.7 ms-1 and σ v25< 1 
ms-1 is shown in Figure 5.  
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Figure 4. One hour running mean sound pressure level (solid line) plotted against 
one hour running mean wind speed at 100 m height (dashed line) for the Ryningsnäs 
site.  


 
Figure 5. Histogram for all the measurements from Ryningsnäs fulfilling v25<2.7 ms-1 
and σ v25< 1 ms-1. 


 
According the Swedish wind turbine noise recommendation [8], the highest 
recommended sound level is either 35 dBA (if the area is seen as an important area 
for recreation and wildlife) or 40 dBA otherwise. The measurement station at 
Ryningsnäs is clearly located at a very interesting distance according to these 
recommendations.  
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Conclusions 
The meteorological effects of sound propagation are very important. The 
meteorological parameters as wind, humidity and temperature change during the day 
and year and influence the vertical sound speed profile. When using these 
parameters in sound propagation models it is necessary to use a cumulative 
distribution instead of mean values to get a more reliable picture of the sound 
environment. Wind turbines are high-elevated sound sources. Meteorological 
parameters in a deep layer may therefore be of interest, especially when studying 
larger propagation distances. Meteorological phenomena like low level jets are also 
very important. Wind turbines as sound sources are extended in space and the 
horizontal and vertical directivity pattern need to be further looked upon. Sound 
propagation within a forest canopy and hilly terrain is very complex and the 
meteorological parameters are not expected to behave as over plain open ground. 
Performing long-term measurements is necessary to get a reliable distribution of how 
the sound level at a certain location varies with difference meteorological conditions 
during the year. However long-term measurements need to be carefully analysed to 
exclude disturbances from other sources such as vegetation sound and sound from 
breaking sea waves.   
Sound propagation models like the Nord2000 model could be improved, for varying 
terrain and weather condition cases, using the result from long-term measurements. 
A meteorological boundary layer model, like the MIUU-model could produce 
meteorological input data to a sound propagation model for a specific geographical 
location. This would further improve the sound propagation model.  
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Abstract 
A numerical study was conducted to model the amplitude modulation of the 
aerodynamic noise from a generic 2.5MW wind turbine. In order to focus on the time-
varying characteristics of the wind turbine noise, the aerodynamic noise from the 
wind turbine is predicted in the time domain. In the present study, the rotor blades 
are modeled as the combination of a thin rectangular flat plate, and assumed to be 
moving at zero angle of attack. Since trailing edge noise is known to be the dominant 
source of the wind turbine noise, the noise prediction only includes this noise source. 
The acoustic pressure radiated from the blade surface is calculated by using the 
loading term of Formulation 1A of Farassat. An unsteady surface pressure 
distribution is analytically derived from the model proposed by Amiet. Validation of 
the numerical prediction model is also carried out by comparing with an experimental 
study. By using these numerical methods, the sound pressure level and the 
modulation depth of wind turbine noise are successfully predicted in this study. 
 


Introduction  
Noise from a modern upwind wind turbine is generally lower than that from other 
environmental noise sources. For a generic 2 MW  wind turbine, the A-weighted 
sound pressure level is about 35 ~ 45 dBA  at a distance of 400m  from the wind 
turbine [1]. However, because of its amplitude modulation characteristic, in some 
circumstance, wind turbine noise is heard even far away from the turbines [2, 3]. 
Several possible mechanisms for this amplitude modulation were proposed such as 
noise directivity, excessive wind shear, and blade-tower interaction. However, the 
cause of the amplitude modulation is still not clearly revealed. Thus, more intensive 
studies are being required regarding the prediction of the amplitude modulation in 
wind turbine noise. 
Several studies [4, 5] have predicted the amplitude modulation by using the semi-
empirical model proposed by Brooks, Pope, and Marcolini [6]. This semi-empirical 
model provides 1/3 octave band spectra of airfoil self-noise, and it gives good results 
for predicting the overall sound pressure level and the frequency spectrum of wind 







Time domain modeling of aerodynamic noise from wind turbines Page 2 of 12 
 
 


turbine noise [7]. However, it is questionable whether the semi-empirical model is 
acceptable to calculate the amplitude modulation of wind turbine noise. To predict 
the amplitude modulation, the temporal variation of wind turbine noise should be 
predicted properly. However, the semi-empirical model can only predict airfoil self-
noise in frequency domain. Moreover, the semi-empirical model uses an inaccurate 
directivity function for predicting the amplitude modulation. This model employs a 
cardioid-type directivity function, based on the assumption that the noise is produced 
from a semi-infinite plate. Although this assumption is reasonable for high frequency 
component of airfoil self-noise, the cardioid pattern becomes inaccurate as the 
frequency decreases. 
In the present study, in order to model the amplitude modulation of wind turbine 
noise properly, time-domain modeling of the aerodynamic noise from a wind turbine 
is carried out. Since turbulent-boundary-layer trailing edge noise is known to be the 
main source of the wind turbine noise [8], the modeling in this study only includes this 
noise source. A trailing edge noise model proposed by Amiet [9, 10] is used to model 
the unsteady surface pressure of a rectangular flat-plate. Far field noise is calculated 
by using the loading term of Formulation 1A of Farassat [18]. This model is extended 
to rotor blades based on a strip theory approach. Validation of the numerical 
prediction model is also carried out with the experimental data of Brooks, Pope, and 
Marcolini [6]. 
 


Trailing edge noise model 
In order to predict trailing edge noise in the time domain, unsteady surface pressure 
should be obtained experimentally or numerically. However, it is difficult to measure 
or predict the unsteady pressure on wind turbine blade surface. Thus, in the present 
work, a simplified analytic model proposed by Amiet [9, 10] is used to obtain the 
unsteady surface pressure. This model is based on thin airfoil theory, and it provides 
chordwise unsteady pressure distribution for a flat-plate at zero angle of attack. Even 
though the airfoil is modelled as a flat-plate, this model also gives reasonable results 
for a slender airfoil [11]. Since most aerodynamic noise is generated at the outboard 
region, which is rather slender, it seems acceptable to use this model. 


 
Figure 1 Schematic for a flat-plate model problem 
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According to this model, the surface pressure jump on the moving surface of a flat-
plate, such as Fig. 1, can be expressed as, 


 1 2 1{ ( ) } *
1 2 0 1( , , ) { 1 (1 ) [ ( )]}c c y ci k y U t k y k y


c c yp y y t p e e i E y k M dk dkε µ ζ
∞ ∞ − − +


∞ ∞
∆ = − + + − + +∫ ∫  (1) 


where,    ck : chordwise convective wave number ( /c ck Uω= ) 


yk : spanwise wave number 


cU : convection velocity 
M : Mach number 


*[ ]E  : complex conjugate of Fresnel integral 
1ck yeε  : exponential convergence factor 


2 2 2/ykζ µ β= −   2/M Uµ ω β=  21 Mβ = −  


Complex conjugate of Fresnel integral, *[ ]E  can be numerically calculated as 
described in Ref. [12]. Equation (1) is the sum of induced surface pressure jump and 
incident surface pressure jump. The detail descriptions of this equation can be found 
in Ref. [13]. 
In order to solve Eq. (1), it is necessary to integrate this equation along two wave 
numbers. However, since the surface pressure spectrum in the boundary layer is the 
strongest within the convective ridge centered on /c ck Uω= , 0yk =  [14], by 
assuming that the surface pressure convects as a frozen pattern, it is possible to 
simplify the equation into 


 1 2 1 2 / , 0
( , , ) ( , , )


c c y
c k U k


p y y t p y y t
ω= =


∆ ≈ ∆  (2) 


where cU  is a constant convection velocity. The convection velocity is usually 
0.5 0.7cU U U≈  , and it is set to 0.6cU U=  in this study. Thus, Eq. (2) becomes 


 1 1( ) *
1 0 1( , ) { 1 (1 ) [ { (1 )}]}c c cik y U t k y


c c cp y t p e e i E y k M dkε µ
∞ − −


∞
∆ = − + + − + +∫  (3) 


Next, the numerical integration of Eq. (3) is carried out by the method described in 
Ref. [11]. Using this method, Eq. (3) is approximated by 


 { }, 1 , 1( ) *
1 1 ,


1
( , ) 4 { 1 (1 ) [ { (1 )}]}c n c n c n


N
i k y U t k y


c n c n
n


p y t A e e i E y k Mφ επ µ− − +


=


∆ ≈ − − + + − + +∑  (4) 


where,    ,( ,0)n qq c n cA k k= Φ ∆  


nφ  : independent random variables uniformly distributed on [0, 2 ]π  


qqΦ  : the wall pressure wavenumber-frequency spectrum 


,c Nk  : the maximum wavenumber,  ,c c Nk k N∆ =   ,c N ck n k= ∆  


For a frozen pressure pattern, the wavenumber-frequency spectrum, qqΦ  can be 
written as 
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qq c y pp


Uk l Sω ω ω
π


Φ =  (5) 


where ( )yl ω  is the spanwise correlation length, and ( ,0)ppS ω  is the wall point 
pressure frequency spectrum. Several empirical formulas are exist for the spanwise 
correlation length, ( )yl ω , but the formula based on the experimental data of Brooks 
and Hodgson [15] is applied for this study, as shown in Eq. (6). 
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According to Ref. [16], for an airfoil the wall point pressure frequency spectrum, 
( ,0)ppS ω  can be empirically expressed as, 
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The boundary layer displacement thickness, *δ  in Eq. (7) can be obtained by an 
empirical formula for a flat plate [13] or NACA0012 airfoil [6]. However, in the present 
study, it is numerically obtained by using the XFOIL [17]. 
 


Acoustic formulation 
Formulation 1A of Farassat [18] is used to obtain the acoustic pressure due to the 
unsteady surface pressure. Since thickness noise is negligible for the low Mach 
number [19], only loading noise is calculated in this study. The loading term of 
Formulation 1A is described as 


 
2 2 2
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∫ ∫
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where,    l



: unsteady surface pressure vector ( [ ]cl p n=ℜ −∆



) 


0c : speed of sound 
0f =  : the surface of the plate 


r x y= −
  


  r r x y= −
  


   rM M r= ⋅
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[ ]ret  denotes that the integration is evaluated at the retarded time. Using the equation 
above, the acoustic pressure at the point x



 at time t  can be calculated. 


 


Validation case 
Before rotor noise predictions, we first validate the numerical prediction method. The 
validation is carried out by comparing the result of the experiment of Brooks, Pope, 
and Marcolini [6]. They performed extensive experiments to measure the airfoil self-
noise from NACA0012 airfoil models. The test case of interest here is the tripped 
boundary layer case of the 2D sharp trailing edge model at zero angle of attack. 
Since the model has sharp trailing edge and the angle of attack of the test cases is 
zero, it can be regarded that the dominant source of the airfoil-self noise is trailing 
edge noise. The span and the chord length of the airfoil model is 0.4572s m=  and 


0.3048c m= , respectively. The inflow velocities of the validation case are 39.6 , 55.5 , 
and 71.3 m s . 


For the numerical prediction of the trailing edge noise, the airfoil is modelled as a flat-
plate grid which has the same span and chord length with the experiment model. The 
rectangular surface grid is clustered near the trailing edge, whereas it is uniformly 
applied in the spanwise direction. The longest chordwise grid is sufficiently small 
enough to resolve the highest frequency ( . 10nmax grid length λ< ). The maximum 
frequency, Nf  of the acoustic prediction is set to 10,000Nf Hz= . The frequency 
range is divided into 1,000 frequencies for the numerical integration. Consequently, 
the bandwidth (or the lowest frequency) becomes 1 10f f Hz∆ = = . The calculation is 
performed during one period of the lowest frequency. Figure 2 shows the predicted 
acoustic pressure for an inflow velocity of 71.3 m s  when the observation position is 
at (0, 0,1.22)x =



. 


 
Figure 2 Predicted time domain signal (V=71.3m/s) 


 
Figure 3 demonstrates the comparisons of the 1/3 octave band spectra between the 
experimental data and the prediction result. Except low frequency region, the sound 
pressure levels of the numerical prediction agree well with that of the experimental 
data (within 3dB± ). However, the discrepancy is larger in the mid-to-low frequency 
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range ( 500f Hz< ). This is because the basic assumptions of the Amiet’s model are 
less appropriate for the low-frequency range. 


 
Figure 3 Comparison of 1/3 octave band spectrum 


 
Moreover, the noise directivity of the model airfoil is investigated. First, the acoustic 
pressure is predicted at each direction in the same way, and then the narrowband 
spectrum is obtained by applying the fast Fourier transform. The directivity is 
determined by the RMS value of the frequency spectrum. Figure 4 shows the polar 
directivity in the mid-span plane for a frequency bands of 100Hz , 500Hz , 1000Hz , 
and 5000Hz . The thin curve represents the theoretical directivity function for a semi-
infinite flat-plate, while the light curves are the noise directivity for the model airfoil. 
Each curve is normalized by its maximum value. The result is consistent with that of 
previous studies [20]. 


 
Figure 4 Polar directivity (θ -direction) in the mid-span plane 
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Rotor noise prediction 


The wind turbine model used here is a generic 2.5MW 3-blade wind turbine, which 
has typical multi-MW wind turbine characteristics. This turbine is pitch regulated, 
variable speed type with a rotor diameter of 93 m  and a hub height of 82 m . It 
reaches a maximum rotational speed of 15.4 RPM  at a wind speed of 9 m s , and its 
rated power is 2.5MW at a wind speed of 11.5 m s . 


In order to apply the trailing edge noise model for a 
rectilinear motion to the rotating blades, a strip theory 
approach is used. First, each blade is divided into 20 
segments, and each segment is modelled as a 
rectangular flat-plate. Next, the trailing edge noise model 
is applied to each segment. Each segment assumed to 
move rectilinearly at zero angle of attack; the inflow 
velocity to each segment is assumed to be the rotational 
velocity based on the center of the segment. 
Figure 5 demonstrates the direction of rotor rotation and the rotor position at 0τ = . 
The calculation is performed for a duration of 1/3 revolution of the turbine ( 1 BPFT f= ). 
The maximum frequency and the frequency bandwidth are set to 2,500Nf Hz=  and 


10f Hz∆ = , respectively. High frequencies ( 2500f Hz> ) are not predicted in this 
study, because not only they are easily attenuated by air absorption, but the 
computation cost will increase rapidly as the maximum frequency, Nf  increases. 


 


Result and Discussion 
Figure 6 presents the predicted acoustic pressure at the reference positions 
according to IEC 61400-11. The overall sound pressure levels and the A-weighted 
sound pressure levels are also shown in the figure. 


 
Figure 6 IEC 61400-11 Reference position: Acoustic pressure 


 
Figure 5 Wind turbine model 
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Since the effect of angle of attack is not included in this prediction procedure, the 
result may underestimate the noise level from wind turbines. Instead, this result 
clearly shows that the amplitude modulation of wind turbine noise exists for all of the 
observer positions. In order to assess the strength of this amplitude modulation, first 
of all, the predicted acoustic pressure is divided into two signals by the shifting 
procedure described in Fig. 7. 


 
Figure 7 Division into upper and lower acoustic pressure 


 
Next, 1/3 octave band spectra is obtained for upper, lower, and total acoustic 
pressure at position 1 and 2, as shown in Fig. 8. The blue bars represent the average 
1/3 octave band spectra, whereas the black and red bars mean the 1/3 octave band 
spectra of the lower and upper acoustic pressure, respectively. The average 
spectrum of the acoustic pressure at position 1 is similar to that of the acoustic 
pressure at position 2, except in the range of 100 ~ 200Hz  and 800 ~ 1250Hz ; the low 
frequency spectrum at position 1 is slightly higher than the spectrum at position 2, 
and the mid-frequency spectrum at position 2 is a little higher than the spectrum at 
position 1. However, the modulation depth, which is defined as the difference 
between the upper and lower spectrum, is different between the observer positions. 
The modulation depth at position 2 is much higher than the modulation depth at 
position 1. These differences increase as the center frequency increases. This is due 
to the difference of the noise directivity between low and high frequencies, as 
presented in Fig. 4. 


 
Figure 8 1/3 octave band spectra of total, upper, and lower acoustic pressure 
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Moreover, in order to evaluate the sound pressure level and the modulation depth at 
far distances from the wind turbine, the acoustic pressure is calculated for the 
downwind positions ( 90 90ψ− ° < < ° ) at a distance of 250m , 500m , 750m , and 1000m  
from the wind turbine. These acoustic signals are then converted to 1/3 octave band 
spectra ( 100 ~ 2000cf Hz= ) as the procedure in Fig. 7 and 8. Next, to include the 
effect of atmospheric attenuation, the sound pressure levels at each frequency band 
are subtracted from the attenuated sound levels, which are determined as the 
multiplication of attenuation coefficients [21] and the distance between the rotor hub 
and the observer point. The air temperature, the relative humidity, and the air 
pressure are assumed as 15 C , 60% , and 1atm , respectively. The overall sound 
pressure levels and the overall modulation depths for the 1/3 octave band spectra 
are plotted in Fig. 9. 


 
Figure 9 Overall sound pressure level and modulation depth 


 
It is found that the sound pressure level is maximum at downwind direction ( 0ψ = ° ), 
but it is minimum at crosswind direction ( 90ψ = ± ° ). On the other hand, the 
modulation depth is largest at crosswind direction, but the amplitude modulation does 
not exist at downwind direction. Furthermore, it is worthy of notice that at far 
distances (e.g. 250r m> ) the modulation depth is consistent with increasing the 
distances, while the overall sound pressure level decreases by about 6dB per 
distance doubling. This is because the variation range of the directivity angles ( ,θ φ  
in Fig. 1) is invariant with the distances. 
 


Perception of AM at far distances 
Figure 10 presents the directivity angles with respect to rotor azimuth, ξ , when an 
observer is assumed to be located at far distance from the turbine (e.g. 1,000r m= ). 
The rotor azimuth angle is defined as described in Fig. 5. The directivity angles in Fig. 
10 are calculated at the outward segment of the blade. 
Figure 10 clearly shows why the amplitude modulated sound is produced due to the 
variation of the directivity angles. Even though an observer is located far from the 
turbine, θ  and φ  vary considerably as the rotor rotates. This leads to the variation of 
the sound pressure level of trailing edge noise. Moreover, this variation increases as 
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the observer is closer to the rotation plane. When the observer is located at the 
downwind position ( 0Ψ = ° ), the differences between the maximum angles and the 
minimum angles are less than 10° . However, if the observer is located near the 
rotation plane (e.g. 75Ψ = ° ), these differences can reach up to 150° . This is why the 
modulation depth is largest at crosswind direction, as shown in Fig. 9. 


 
Figure 10 Variation of directivity angles with respect to rotor azimuth 


 
Nevertheless, although the modulation depth is large near the rotation plane, there is 
little possibility of perceiving the sound in this direction, because the sound pressure 
level is too low; the overall sound pressure level is less than 10dBA in crosswind 
directions. On the other hand, in downwind direction, even though the sound 
pressure level is relatively high, the amplitude modulation does not exist. Thus, this 
sound will be easily masked by background noise. However, the amplitude 
modulation may be perceived in the range of about 30 ~ 60Ψ ≈ ± ± ° . In this direction, 
not only the amplitude modulation exists, but also the sound level is not very low 
even far away from the turbine. Therefore, there is a possibility of perceiving the 
amplitude modulation in this direction, if the background level is quiet low (e.g. less 
than 30dBA). 
 


Conclusion 
This study predicted the aerodynamic noise from a generic 2.5MW wind turbine in 
time domain to model the amplitude modulation of wind turbine noise. A trailing edge 
noise model for a rectilinear motion is used to obtain the unsteady surface pressure 
on a flat-plate surface. This noise model for a flat-plate is extended to the rotor blade 
based on a strip theory approach. 
By applying this numerical method to the model rotor, the acoustic pressure radiated 
from the wind turbine blade is successfully predicted in this study. Moreover, using 
predicted acoustic pressure, 1/3 octave band spectra and its modulation depth can 
be obtained at far distance from the turbine. The result showed that the amplitude 
modulation is largest at crosswind direction, but it does not exist at upwind and 
downwind direction. It is also found that at far distances the modulation depth does 
not decrease with increasing the distance. 
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Abstract        
According to Swedish guidelines, noise from wind turbines close to residencies 
should not exceed the equivalent free field value of 40 dBA. Furthermore, low 
frequency noise is to be considered irrelevant if the difference between C-weighted 
and A-weighted levels is lower than 15 dB. There is a common concern when wind 
farms are established, that the low frequency noise has not been thoroughly 
investigated and could lead to disturbance. To further investigate the topic, a master 
thesis has been written on low frequency noise (20–200 Hz) from wind turbines in 
regards to sound propagation, sound generation and sound insulation.  
The low frequency sound insulation of typical Swedish family houses is compared 
with the frequency spectra from several wind turbine noise measurements. The 
outdoor wind turbine levels in third octave band frequencies 20–200 Hz, belonging to 
an A-weighted equivalent level of approximately 40 dBA, is especially observed. The 
analysis indicates that wind turbine noise at low frequencies is close to outdoor 
background levels and the outdoors levels typically contain guidance values indoors 
och exceed with up to 10 dB. The thesis shows that very low facade sound insulation 
may be obtained at frequencies corresponding to the first room’s resonances. In 
typical residencies these frequencies appear at approximately 30–60 Hz. Wind 
turbine noise levels in third octave bands 31.5–100 Hz are normally below 
recommended indoor levels why sound insulation at these frequencies most often 
are of minor concern. The conclusion of the thesis confirms that indoor low frequency 
sound level rules will be met if the outdoor sound is within the recommended level, 
i.e. the equivalent sound level of 40 dBA. So far this conclusion applies to wind farms 
with a maximum capacity of around 100 wind turbines up to 5 MW size. 
 


Introduction  
Swedish government authorities have established guidelines regarding indoor low 
frequency noise. Indoor sound level limits in third octave bands 31.5–200 Hz, due to 
external activity, have been defined in order to prevent annoyance, see Table 1. 
Research regarding human hearing on low frequencies has concluded that 
perception levels are close to annoying levels. Compiled limiting levels in the 
guidelines are therefore similar to normal human perception levels at low 
frequencies. This article concludes a master thesis on low frequency sound from 
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wind turbine contra indoor guidelines in regards to sound propagation and sound 
insulation [1].  


Table 1 Swedish guidelines regarding indoor noise at low frequencies 


Low frequency noise (indoor) 


Third octave band [Hz] Sound level [dB] 


31,5 56 


40 49 


50 43 


63 41,5 


80 40 


100 38 


125 36 


160 34 


200 32 


 


Low frequency sound from wind turbines close to residencies 
Sound from wind turbines is normally described with an A-weighted equivalent sound 
pressure level, which to some extent underestimates the loudness of low 
frequencies. Since high frequencies (>200 Hz) are more effectively absorbed by the 
atmosphere and the ground, it is possible that low frequency levels may cause 
disturbance despite an moderate A-weighted equivalent level, especially at long 
distances from the source.  
In order to investigate the probability that low frequency wind turbine sound could 
lead to disturbances among residents, third octave band sound pressure levels 
between 31.5–200 Hz from outdoor wind turbine measurements were compared with 
indoor guidelines. The results in Table 2 refer to four different outdoor measurements 
on wind turbine sound [1], [6], [7]. The purpose of Table 2 is to display the minimum 
level of low frequency sound insulation needed to meet Swedish indoor guidelines, 
presuming that presented outdoor sound levels are wind turbine generated (three of 
four results are not corrected due to background noise). In resident areas where 
trees or some kind of shrubbery are present, wind generated background levels 
normally mask wind turbine sound at low frequencies effectively. Sounds from ocean 
waves or road traffic close to residencies could increase low frequency background 
levels even further. The results indicate that even though low frequency levels 
increase with an increased amount of wind turbines, sufficient sound insulation, to 
prevent annoying indoor low frequency wind turbine noise, is likely to be obtained in 
most types of resident constructions. In third octave bands 31.5–100 Hz wind turbine 
noise levels are normally below or very close to recommended indoor levels why 
sound insulation at these frequencies most often are of minor or no concern.  
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It has been observed that wind turbines generate a frequency spectrum that varies 
between models and manufactures. Calculations on sound propagation from large 
scale off shore wind farms (800-1000 turbines) made at ÅF-Sound & Vibrations, 
using prediction model Nord2000, indicate that significant differences in sound levels 
at low frequencies can occur due to the type of wind turbine used in the calculation. 
On great distances from the wind farm where the equivalent sound level touch upon 
40 dBA, the choice of wind turbine type can be crucial when determining if indoor 
guidelines at low frequencies are met. 
 


Table 2 Level difference between measured outdoor wind turbine noise (in three cases including 
background noise) and Swedish guidelines regarding indoor noise at low frequencies [1], [6], [7] 


Measured low frequency sound from wind turbines compared with indoor guidelines 
Wind park capacity  1 turbine (1 MW) 1 turbine (2 MW) 17 turbines (2 MW) 60 turbines 


Distance [m] 650  270 750 1000 


Wind speed 8 m/s 8 m/s Data missing Data missing 


Free field level [dBA] 40 41 50 Data missing 


Background noise 
correction Yes - - - 


Frequency [Hz] Level difference between outdoor wind turbine noise and indoor guidelines [dB] 


31,5 -15 -9 1 7 


40 -10 -4 5 10 


50 -9 0 7 14 


63 -0,5 1 7,5 13,5 


80 6 1 12 11 


100 7 2 16 11 


125 5 2 14 9 


160 3 3 15 7 


200 11 4 14 7 


 
Sound insulation at low frequencies 
Separating walls with a double panel construction are frequently used in resident 
buildings in Sweden. The transmission loss decreases substantially at the mass-air-
mass resonance frequency of the double panel. In order to avoid mass-air-mass 
resonance frequency influence on the weighted sound reduction index RW (average 
of measured reduction levels at third octave band frequencies 100–3150 Hz) double 
panels are normally constructed with the mass-air-mass resonance frequency below 
100 Hz, resulting in very poor sound insulation at frequencies below 100 Hz in many 
separating walls [2].  
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Great low frequency sound insulation is normally obtained in heavy, stiff 
constructions, e.g. concrete or brick walls. Even multiple layers of gypsum boards 
can obtain relatively decent low frequency sound insulation, provided that the mass-
air-mass resonance frequency is set very low, e.g. by adjusting the air gap.  
Sound transmission through windows is partially area dependent where an increase 
in window area significantly decreases sound insulation at low frequencies, which 
probably is caused by lower stiffness when window area is increased. According to 
calculation experiments, using the modeling program Insul, reduction levels 
decreases with 5 dB at third octave band frequencies below 160 Hz when window 
area is doubled (calculations refer to 4 mm double glazed window with 12 mm air 
gap). With the intention to reduce low frequency sound transmission through doubled 
glazed windows, a method has been developed using optimally tuned Helmholtz 
resonators, [3]. A 10 dB improvement is achieved at the mass-air-mass resonance 
frequency by placing 4-6 resonators along the frame in between the glasses.  
The sound insulation, at the frequencies 20-200 Hz, within separating walls may vary 
substantially depending on e.g. fastener properties, the receiving room’s dimensions 
and leakage through cavities etc. At some frequencies the collaboration between 
room resonances and wall modes can result in a very low sound insulation. The 
reduction level at low frequencies in the separating wall between two rooms does not 
solely depend on wall properties, but also the dimension of the room, the position of 
the source and the reverberation time. This means the reduction level, especially at 
low frequencies, is defined as the coupling between room-wall-room. 
In a Danish study of low frequency wind turbine sound in residencies, the sound 
insulation of five typical family houses was measured [4]. The results show that 
façade sound insulation at low frequencies varies greatly between different types of 
houses. Below approximately 50 Hz the sound reduction in some façades was very 
low. This could be explained by the receiving room’s first resonance frequencies 
collaborating with the wall modes in such a way that the sound insulation strongly 
deteriorates. The average of the sound level difference outdoors/indoors measured 
in 10 different rooms is shown in Table 3. The measurements were performed in two 
rooms per house. No room correction has been made. Merely corner microphone 
positions have been used, which gives approximately 3-4 dB lower sound reduction 
as in comparison with using a large number of microphone positions equally spread 
out in the receiving room. 
 


Table 3 The average of 10 sound insulation measurements, expressed as the level difference 
indoor/outdoor [5] 


Frequency [Hz] 20 25 31,5 40 50 63 80 100 125 160 200 


ΔL [dB] 16,7 15,5 19,1 13,3 12,0 15,2 16,1 18,3 15,9 16,1 16,7 


 


Measurement methods 
Reliable low frequency measurements in ordinary rooms are difficult to achieve due 
to the presence of a non-diffuse sound field below the Schroeder frequency. 
Standing wave patterns creates a sound field where the sound levels at different 
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positions vary significantly. Maximum levels appear in room corners and close to 
walls and minimum levels occur in the centre of the room. In typical rooms in 
residencies (30-50 m3) the Schroeder frequency appears at approximately 200-300 
Hz, somewhat lower in well-furnished rooms. Levels between different positions vary 
the most at frequencies close to approximately the first, second and third room 
modes. At subsequent modes the variation between positions are less explicit due to 
high modal overlap. The first room mode appears between approximately 30-50 Hz. 
There are many methods and theories on low frequency measurements in room. The 
choice of microphone positions and the number of microphones distinguishes the 
methods mostly. International Standard ISO 140-5 and ISO 140-4 requires a 
minimum of five microphone positions to be used in the receiving room and a 
minimum distance between microphone positions of 0.7 m, with 0.5 m between any 
microphone position and the room boundaries. Annex D in ISO 140-4 (guidance on 
measurements at low frequencies) states that there should be a minimum distance of 
1.0–1.2 m between any microphone position and the room boundaries and that the 
number of microphone positions should be increased. In typical rooms in dwellings 
(30-50 m3) these restrictions implies that only a very narrow area in the middle of the 
room is suitable for microphone positions, which on the other hand should be 
avoided due the presence of anti-modes. 
 
Simmons guidance on measurements at low frequencies, SP INFO 1996:17 [5], 
requires relatively few microphone positions where the purpose is to find the 
maximum disturbance level in a typical resident. The method requires one 
microphone corner position and two microphone positions where the resident 
normally is positioned. The method normally presents a room average level that is 1-
2 dB higher than a level based on a great number of microphone positions.  
 
The sound insulation of a typical Swedish resident, located on the country side, was 
measured in the project. The separating wall was built of timber and gypsum boards 
with a double glazed window in the centre. The results in Figure 1 refer to 
measurements with microphone positions in the receiving room according to ISO 
140-5 and SP INFO 1996:17. As predicted, somewhat lower reduction levels was 
measured following SP INFO 1996:17. To investigate room mode influence on sound 
insulation, the receiving room eigenfrequencies was estimated with a simple 
calculation model, assuming acoustically hard walls and a sound speed of 340 m/s. 
The first room mode was calculated to 29 Hz which coincide with the decrease in 
reduction level at the 31.5 Hz third octave band. The second and third room modes, 
at 45 Hz and 54 Hz, coincide with the decrease in reduction level at the 50 Hz third 
octave band. The increase in reduction level at the 40 Hz third octave band could be 
explained by the presence of an anti-mode between the first and second room mode. 
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Figure 1 Measured sound level difference using microphone positions according to ISO 140-5 and 
SP INFO 1996:17 


  
Conclusions 
The sound insulation in ordinary residencies is considered sufficient; not exceeding 
the indoor guidelines for low frequency noise, provided the outdoor wind turbine 
excited A-weighted equivalent sound pressure level comes to approximately 40 dBA. 
It has been shown that very low façade insulation can be obtained from the 
frequencies corresponding to the receiving room’s first resonance frequencies. The 
first eigenfrequencies in typical residences occur between approximately 30-60 Hz. 
In third octave bands 31,5-100 Hz wind turbine noise levels may be several decibels 
below indoor guidelines. Therefore the façade insulation at these frequencies in most 
cases is of no concern.  
On low frequency measurements in rooms, a method which acknowledges the 
standing wave pattern appearing at low frequencies is recommended. By including 
corner microphone positions when measuring in rooms a more representative room 
average is obtained. 
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Abstract 
Low frequency noise and infrasound from large wind turbines is still a major concern 
when discussing new wind farms. 
New results from the Danish project “Low Frequency Noise from Large Wind 
Turbines” [1] funded by the Danish Energy Authority, Dong Energy, Vattenfall AB 
Vindkraft, E.ON Vind Sverige AB, Vestas Wind Systems A/S and Siemens Wind 
Power A/S is presented. 
The study is based on new measurements on large wind turbines representative for 
the large wind turbines installed in Danish wind farms during the last two years. An 
evaluation of the development in low frequency noise when comparing to older small 
turbines is made and differences are discussed. 
Methods for evaluation of the low frequency noise impact at residences close to wind 
turbines are presented. This includes all steps from measurement of noise 
characteristics of the wind turbines to the calculation of resulting indoor noise levels 
at nearby residences. 
 


Introduction 
Until now only very limited noise data has been available for the discussion of the 
impact on the surroundings with regard to low frequency noise from modern wind 
turbines. The work presented here gives a more extensive data material for this 
discussion. 
The main part of the work is carried out as part of the project on “Low Frequency 
Noise from Large Wind Turbines” [1] that was initiated due to a growing anxiety in the 
public that new large wind turbines might have a larger impact on the environment, 
associated with significantly more low frequency noise than experienced from smaller 
wind turbines already present.  
Besides evaluation of the noise emission from large and small wind turbines the 
project also covers, investigation of noise generation mechanisms at low 
frequencies, methods for calculation of noise propagation, evaluation of audibility and 
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masking effects and investigation of annoyance of low frequency wind turbine noise 
based on listening tests. 
This paper will focus on the discussion of development in noise emission from large 
wind turbines and describe and demonstrate the proposed method for evaluation of 
low frequency noise at residences close to wind turbines.  
 


Study of low frequency noise emission from large wind turbines 
After a period from 2004 to 2007 where only a few new turbines were installed in 
Denmark, the number of installed turbines increased in 2008, 2009 and 2010. 
Table 1 shows the statistics for turbines installed in Denmark during 2008, 2009 and 
2010 until end of September 2010 (only turbines with a max capacity larger than 1 
MW are shown).  
 


Installations Turbine 
Max capacity 


[MW] 


Hub 
height 


[m] 


Rotor 
diameter 


[m] 


Total height
[m] 2008 2009 2010 


Measurements 
available 


1.8 
1.8 
2.0 
2.0 
3.0 
3.0 
2.3 
3.0 
3.6 
3.6 
3.6 
3.6 


80 
107 


60-78 
80 
94 
80 
80 


98.5 
80 
90 
90 
90 


90 
100 
90 
90 


112 
90 
93 


101 
107 
107 
120 
107 


125 
157 


105-123 
125 
150 
125 


126.5 
149 


133.5 
143.5 
150 


143.5 


0 
0 
11 
1 
0 
0 
17 
0 
0 
1 
0 
0 


4 
1 
1 
0 
0 
6 
25 
1 
3 
0 
0 
2 


0 
0 
1 
0 
1 
5 
12 
0 
0 
2 
6 
0 


3 
0 
0 
0 
0 
2 
5 
0 
3 
1 
1 
2 


Total 30 43 27 17 


Table 1 
Turbines with capacity above 1 MW installed in Denmark in the period 2008 until end of 
September 2010 [2] shown together with the number of new measurements carried out by DELTA 
on large wind turbines in 2009 and 2010. 


In the analysis discussed in the following only measurement data for the turbines 
above 2 MW are included and it is seen that the available measurements perform a 
good representative basis for the evaluation.  
The total number of installed wind turbines in Denmark taken per ultimo September 
2010 with a nominal power between 400 and 2000 kW is 3263 and the average 
nominal power of these turbines is 800 kW [2]. The 33 small wind turbines included 
in the following comparisons have an average nominal power of 950 kW. For 
comparison the 82 large turbines above 2 MW installed in the period 2008-2010 and 
represented by the new measurement results have an average nominal power of 
2500 kW. 
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The measurements were made in accordance with Danish regulations [3] to verify 
compliance to these regulations on noise from the wind turbines. The measurement 
method is compliant with IEC 61400-11 2nd edition (2002).  
For the measurements the frequency range was extended to include the low 
frequency content of the noise according to [1] and as specified in the draft for the 3rd 
edition of IEC 61400-11. The measurement method with extension of the 
measurement frequency range down to at least 10 Hz has been used with success 
for the measurements and is now used as standard for all other measurements 
carried out on wind turbines. For almost all situations it has been possible to 
determine the low frequency noise emission with good precision using the proposed 
secondary wind shield. 
All the investigated turbines are placed as part of wind farms in Denmark and all 
turbines were found to comply with Danish regulations regarding the A-weighted 
sound immission at dwellings close to the wind farms.  
In Figure 1 and Figure 2 sound power levels, LWA, and the low frequency content of 
the sound power level, LWA,LF are plotted against nominal power for the wind 
turbines. The plots and analysis includes data for 33 small wind turbines and a total 
of 22 measurements on large turbines (> 2MW). 
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Figure 1 
Sound power level LWA and the low frequency sound power level LWA,LF as a function of nominal 
wind turbine power. The full lines are the regression lines. The dotted lines are the 95% 
confidence intervals for the regression. Results are included from 33 small turbines and 22 large 
turbines (> 2MW) 


In Figure 1 the regression lines for LWA and LWA,LF are shown. Furthermore the 
confidence intervals for the lines are shown. The confidence lines show the interval 
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around the regression lines, where we with a probability of 95 % expect to find the 
true value for the regression lines.  
The statistical analysis1 shows that the difference in the slope of the two lines is 
significant. This means that the relative amount of low frequency noise is increasing 
with increasing wind turbine size. According to the regression shown in Figure 1 a 
doubling of nominal electrical power will in general increase the sound power level, 
LWA, by approx. 2.9 dB(A) and the low frequency sound power level, LWA,LF, by 3.9 
dB(A). This means a relative increase of LWA,LF of 1 dB. The relative increase in 
LWA,LF from a 1 MW turbine to a 5 MW turbine will be 2.4 dB.  
In Figure 2 the data from Figure 1 is presented as the logarithm to the ratios between 
sound power and electrical power plotted against nominal power for the wind 
turbines. This shows the relative decrease of total sound power with increasing wind 
turbines size and the increase of low frequency sound power with increasing wind 
turbine size. 
It is clearly seen from both Figure 1 and 2 that the differences between small and 
large wind turbines are much smaller than the differences between the individual 
wind turbine in each electrical power class with regard to total noise emission and to 
low frequency noise emission. For example the relative general difference in low 
frequency noise emission from the smallest to the largest turbines is less than 3 dB 
where a spread in noise emission for the same wind turbine size is up to 9 dB. One 
of the main reasons for the variation within one wind turbine size is related to the 
possibility of operating the turbines with different “noise settings” to reduce noise 
emission. 
From this discussion it could also be questioned whether this kind of statistical 
treatment makes sense and it must be emphasized that use of the general statistical 
data must be made with caution. 


                                             
1The regression has been done with a linear model after linearization of the wind turbine power with a 


natural logarithm. A t-test has been performed on the slope of the regression lines. The analysis 
showed that the difference between the slopes is significant (p = 0.009, α=0.05). An analysis of 
covariance has been performed in order to confirm the previous t-test on the slopes. The results of 
the analysis of covariance support the results of the t-test (p=0.01,  α=0.05). 
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Figure 2 
Emitted A-weighted acoustic power per kW electric nominal wind turbine power shown as the 
logarithm to the ratio between the acoustic sound power and the nominal electric wind turbine 
power in kW. The full lines are the regression lines. The dotted lines are the 95 % confidence 
intervals for the regression. Results are included from 33 small turbines and 22 large turbines. 


In Figure 3 the A-weighted sound power spectra in 1/3-octave bands are shown for 
all 17 new measurements mentioned in Table 1.  


Sound Power spectra for 17 wind turbines
Results from 2009 - 2010
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Figure 3 
A-weighted sound power spectra for new measurements on newly installed turbines with a 
nominal power between 1800 and 3600 kW. 
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In the following only measurements from the 14 turbines with a nominal power 
capacity above 2 MW are taken into account  
In order to decide whether a development of the low frequency noise has occurred all 
spectra has been normalized to the same A-weighted level, LWA =100 dB re 1pW, 
making it possible to compare the spectral shape of the noise and evaluate the 
relative content of low frequency noise for different wind turbines. 
For comparison of the spectral contents of the large wind turbines to the small 
turbines average spectra are used. When averaging the spectra the data are 
multiplied with a weighting factor for each wind turbine type corresponding to the 
actual number of installed turbines of different types and size according to the 
presented statistics in Table 1. 
In Figure 4 the normalized spectrum representing the installed wind turbines from 
2008-2010 is compared to results from older small turbines. 


Sound Power spectra
Normalized to LWA = 0 [dB re 1 pW] 
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Figure 4 
Comparison of A-weighted normalized sound power spectra. 
Older small turbines (blue) and the new large turbines representing the turbines installed in 
Denmark the period 2008-2010 (red). Values for small turbines with estimated background noise 
correction below 50 Hz (black dotted line). The vertical bars represent plus/minus one standard 
deviation on the average value for each spectrum. 


The old measurements on small wind turbines shown in Figure 4 were made with a 
higher uncertainty due to the influence from background noise below 50 Hz. From 
analysis of the old data a best estimate of the potential influence from background 
noise has been determined. In Figure 4 a corrected mean spectrum for the frequency 
range below 50 Hz is indicated with the black dashed line. The correction 
corresponds to -3 dB at 25 Hz, -2 dB at 31.5 Hz, -2 dB at 40 Hz and -1 dB at 50 Hz.  
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As it can be seen from Figure 4 there is an essential overlap of the standard 
deviations for the two groups of turbines. As 68 % of the levels of the individual 
turbines will be found within the interval of +/- one standard deviation this means that 
you will easily find small turbines with normalized levels that exceed the levels of a 
large turbine and vice versa. I.e. a certain small turbine may have larger low 
frequency components than a larger and vice versa. 
It is seen that there is a small increase in the relative content of low frequency noise 
for the large turbines compared to the small for the frequency range 80 – 160 Hz. 
From the narrowband (fft) noise spectra from the new large turbines shown in Figure 
5 it is seen, that tones contributes considerable to the mentioned increase in the low 
frequency noise emission. 
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Figure 5 
A-weighted narrowband (fft) spectra for 7 different new turbines (>2MW). 
Frequency spacing 2 Hz. 


Method for evaluation of low frequency impact at residences close 
to wind turbines 
To make a reliable assessment of noise from wind turbines in the environment it is 
necessary to have reliable and applicable methods for determination of the emitted 
noise, methods for calculation of noise propagation and data for noise insulation of 
houses. 
In Figure 5 a typical situation of sound propagation from a wind turbine to an indoor 
position at a residence in the vicinity is illustrated. This includes the strength of the 
wind turbine sound source, the sound attenuation caused by the propagation over 
distance with influence of the type of landscape and the weather and the sound 
attenuation due to sound reduction of the building. All put together giving the indoor 
noise level experienced by the neighbour to the wind turbine. 
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Figure 6 
The 3 elements required for noise assessment 


The sound power determination for source description was discussed in the previous 
section.  
The calculation of sound propagation from the wind turbine to nearby residences 
must be made using a model appropriate for handling of both landscape and 
meteorology at low frequencies and it must also be valid for noise sources placed 
high above ground level as wind turbines are. In [1] and [4] the Nord2000 
propagation model that is chosen for this project is described in more detail. In [4] an 
extensive validation of the method for specific use on wind turbine noise is 
presented. The method was field tested under various conditions with very good 
results.  
To be able to perform the indoor assessment of low frequency noise it is necessary 
to have proper estimation of sound reduction indices for houses. In the project [1] 
measurements of sound insulations were carried out for a number of houses and 
rooms. These data have been further investigated, combined with other data sources 
and treated statistically in order to present a proposal for general sound insulation 
data for the low frequency range to be used for low frequency noise assessment. 
The data are published in [5] as values representative for typical Danish dwellings.  
The resulting method for assessment of low frequency noise at residences close to 
wind turbines are then given as follows: 


• Measurement of the sound emission from wind turbines performed with extension 
of the frequency range down to at least 20 Hz (recommended down to 10 Hz). 
Appropriate measures such as special wind screens must be taken into account 
to reduce measurement uncertainties at lower frequencies. 


• Calculation of sound propagation from turbine to receiver points outdoor at 
nearby residences made using the Nord2000 sound propagation model. 


Sound power  


Sound propagation 


Sound insulation 
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• Calculation of indoor noise levels using the sound insulation values for houses 
given in [5]. 
 


Indoor low frequency noise levels from wind turbines 
To evaluate the noise impact from wind turbines on the surroundings it is relevant to 
look at the sound pressure levels at distances relevant for the nearest residences 
close to single wind turbines or groups of wind turbines. Based on the results from 
Figure 4 a study of this has been made comparing the impact from small and large 
turbines.  
According to Danish regulations a wind turbine cannot be installed closer to the 
nearest residence than at a distance corresponding to at least 4 times the total height 
of the wind turbine. This distance is referenced as “the minimum distance”. Another 
part of the regulations state that the maximum A-weighted sound pressure level at 
the nearest residences are not allowed to exceed 44 dB(A) in none noise sensitive 
areas. 
Based on these regulations two situations have been chosen for further investigation: 
If the noise limits are not exceeded at a distance of 4 total wind turbine heights then it 
is relevant to compare the two groups of turbines for this distance (for single turbines 
at this distance). A spectral comparison for this is given in Figure 7. 
If the noise limits are just met at four total heights (e.g. for more than one turbine in a 
wind farm at that distance) then it is relevant to normalize the spectra for the two 
groups of wind turbines to the same A-weighted level (44 dB(A)) and compare. 
Calculations of sound pressure levels at the minimum distance have been made for 
all turbines using the Nord2000 method, not to underestimate the noise at the lowest 
frequencies. For the calculations downwind propagation at wind speed 8 m/s at 10 m 
height over a flat agricultural area are supposed. 
In Figure 7 it is seen that at high frequencies the noise is reduced for the large 
turbines compared to the small ones. This is due to increased air absorption of the 
sound at the larger minimum distances for the large turbines. 
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Sound Pressure level spectra
At 4 times total wind turbine height
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Figure 7 
Sound pressure level spectra for new large and old small single turbines at a distance of 4 total 
heights.  


In Table 2 and Table 3 the calculated sound pressure levels LpA and LpA,LF for the two 
scenarios are presented for both outdoor and indoor situations. For the indoor 
situation sound reduction values from [5] are used. 
 


Nominal power LpA 
Outdoor 


LpA,LF 
Outdoor


LpA,LF 
Indoor


400 - 1000 39.1 29.7 14.6 


1000 - 2000 39.5 30.4 15.3 


400 - 2000 39.2 29.9 14.8 


>2000 New turbines 38.0 30.4 14.4 


Table 2 
Noise levels at minimum distance for single wind turbines. 
LpA, LpA,LF and LpA,LF – outdoor and indoor in dB re 20 µPa.  
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Nominal power LpA 
Outdoor 


LpA,LF 
Outdoor


LpA,LF 
Indoor


400 - 1000 44.0 34.6 19.5 


1000 - 2000 44.0 34.9 19.9 


400 - 2000 44.0 34.7 19.6 


>2000 New turbines 44.0 36.5 20.4 


Table 3 
Values from table 2Table  recalculated for a wind farm situation with 44 dB(A) outside the 
residence. LpA, LpA,LF and LpA,LF – outdoor and indoor in dB re 20 µPa. 


For both scenarios it is seen that the indoor low frequency noise level (LpA,LF), that is 
the most relevant parameter for evaluation of low frequency noise impact at 
neighbours to wind turbines, only show small differences for the different wind turbine 
groups.  
The scenario with a 44 dB(A) outdoor level could also be realized with a larger 
number of wind turbines placed at larger distances to the receiver position at the 
residence. Longer distances between the wind turbines and the receiver position will 
due to the effect of air absorption result in a damping of the high frequency part of 
the noise from the wind turbines as it is seen from Figure 7 and thereby increase the 
relative amount of low frequency noise. This effect will however be the same 
regardless of the size of the wind turbine. 
It is important to mention that the results from the study presented above are based 
on general average noise data for large and small wind turbines. For evaluation of 
absolute values at different distances to wind farms the specific data from the 
involved wind turbines and distances based on the actual wind farm layout must be 
taken into account.  
 


Example of low frequency noise assessment  
Although there is no specific legislation in Denmark at the moment, dealing with low 
frequency noise from wind turbine noise, the method presented above for 
assessment of low frequency noise from wind turbines has already been used in 
situations where wind farm developers would like to ensure about compliance with 
reasonable low frequency impact at the environment. 
In Figure 8 a potential lay out of a wind farm with six 3.0 MW wind turbines are 
shown. The picture is taken from the calculation model used for prediction of low 
frequency noise exposure indoor at nearby residences. The landscape contours are 
modeled as well and taken into account. The six turbines are marked with pink 
rosettes and the main receiver points are marked in red. Buildings are marked with 
purple. 
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Figure 8 
Calculation model for a wind farm with six 3.0 MW wind turbines shown as pink rosettes. Main 
receiver points at nearby residences are marked with red. Terrain height shown as contours. 


Using this model the presented method has been applied using measured sound 
power levels, Nord2000 for sound propagation and the sound insulation data from [5] 
to get to the indoor low frequency noise levels. In Figure 9 a contour plot with indoor 
low frequency noise levels as is expected achieved if a house was placed at the 
various positions is shown. 
Although there are no limits on low frequency noise from wind turbines comparison 
are often made to guidance limits applicable for industry in Denmark. This limit is at 
night 20 dB(A) for LpA,LF. From Figure 9 it is seen that this limit is respected with 
some margin for this specific case.  
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Figure 8 
Calculated low frequency noise levels indoor at residences close to a wind farm. LpA,LF shown as 
colour contours. 
 


Conclusions 
Based on new measurement results from large wind turbines it is concluded that 
large wind turbines do not cause a special problem regarding impact of low 
frequency noise at residences close to wind turbines. 
It is seen that it is important to evaluate each project individually based on the 
specific data for the project with respect to wind turbine noise data, distances and 
terrain. 
A method for assessment of low frequency noise levels indoor at nearby residences 
is presented and demonstrated. The method has already been used for specific 
projects to provide a better and more precise basis for the debate on noise impact 
caused by these specific wind farms. 
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