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ABSTRACT 
Sound power levels of wind turbines and consequently also the immission sound pressure 
levels at nearby residents vary with the wind speed. A standard meteorological situation is 
therefore commonly used when the immission levels are discussed; wind speed 8 m/s at 10 m 
height downwind. There is a need for a more comprehensive description of the sound that could 
be included in the Environmental Impact Assessment. The objectives of this study were to 
explore if it is possible to measure how often the sound is heard, and if the occurrence could be 
related to the standardized immission levels or the performance of the wind turbine. Twenty four 
people living in three wind turbine areas (A-weighted sound pressure levels 29.6 – 45.9 dB) 
filled in diaries for three weeks, noting when they were at home, when they were outdoors, and 
when they could hear sound from wind turbines. The incidents when the wind turbines were 
heard varied largely from 0% to 100% of the times spent outdoors. The percentage increased 
with increasing standardized immission levels (r = 0.56, p < 0.01). In two of the areas it was 
possible to get data from the nearest turbines for the study period. The sound was more easily 
heard at wind speeds above 5 m/s than at lower wind speeds. No indication of a decreased 
possibility to hear the sound when the wind increased further was found. Possibility to hear the 
sound was most closely related to the electrical power generation. 
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1. INTRODUCTION 
The impact of wind turbine noise on people living in the vicinity is of growing concern as the 
sizes of the turbines, the number of turbines included in each wind farm and the number of 
operating wind farms are increasing. Results from previous epidemiological studies show a 
rather high proportion of people annoyed by wind turbine noise outdoors, already at sound 
pressure levels around 40 dB(A) (calculated as sound pressure levels outside a dwelling at the 
wind speed 8 m/s at 10 m height downwind)1. People have also reported that they hear the 
noise rather frequently. In a Swedish study, 25% of the respondents exposed to 35 dB(A) or 
more outside their dwelling reported that they heard and were annoyed by the noise daily or 
almost daily1. Corresponding proportion in a Dutch more recent study was 17%2. Both studies 
took place during the summer and probably reflect situations when more time is spent outdoors 
than during the rest of the year. It is however surprisingly often as several parameters determine 
whether the sounds can be heard or not. The possible receiver must for one thing be at home 
and, in most cases, outdoors. Previous studies show that wind turbine noise is only heard 
indoors at relatively high levels1, 2. Furthermore, the wind turbine must be operating to be heard, 
i.e. the wind speed must exceed 2 – 4 m/s. Background noise in the area must furthermore be 



relatively low, even though noise from wind turbines has been found to be noticeable at levels 
10 dB below the levels of the presumed masking noise3. 
 
Even if people perceive that they hear the wind turbine almost every day, it could not be 
excluded that this measurement is inflated by recall bias. For a better prediction of how the 
sound will influence neighbours to a proposed wind farm, it is of interest to find ways to establish 
the frequency with which the neighbours could expect to hear the noise. The objective of this 
paper was therefore to explore if it is possible to measure how often wind turbine noise is heard 
by people living nearby. If so, could the occurrence of perception be related to exposure, either 
described by standard immission levels or by parameters related to the performance of the 
operating turbine? 

2. METHOD 
Three study areas were chosen: two areas with single turbines on a hill and undulating terrain, 
and one area with two wind turbines on a field in a flat, rural landscape (Table 1). Households 
within distance of the wind turbines where the immission levels were estimated to 30 dB(A) or 
more were chosen as study population. However, only people whose addresses and telephone 
numbers were available were approached with an introduction letter followed by a telephone 
call. Twenty-four people agreed to participate. Each participant filled in a diary protocol every 
day during approximately three weeks. The protocol was sent by mail the day after it was 
answered in order to avoid that the participants would fill it in later. The protocol comprised 
several columns for each hour of the day were the participants noted if they were at home 
(indoors or outdoors), and if they heard the wind turbine. This study design hence gave 24 
measured occasions a day for each participant, in total 10 920 measured occasions for the 24 
participants. Measured occasions when the participant noted that the heard the wind turbine are 
in this paper named incidents. 
 

Table 1 : Study areas. 
 

 Area I Area II Area III 

Terrain Hilly forest and 
fields 

Hilly forest and 
fields 

Flat rural 

Wind turbines, number (size) 1 (600 kW) 1 (850 kW) 2 (1.5 MW) 

Approached households, n 19 21 38 

Participants, n 5 11 8 

Standard immission levels, mean dB(A) 
(range) 

35.8  
(31.4 – 38.7) 

39.7  
(32.5 – 45.9) 

31.2  
(29.6 – 33.0) 

Data from wind turbine available Yes No Yes 

Study period Sept. 2006 Oct-Nov 2006 June 2007 

  
Data related to the momentary performance of the wind turbines were logged from the wind 
turbines in Area I and III (no data from Area II were available): wind speed at hub height, 
rotation per minute and electrical power, all averaged over 10 minute periods and re-calculated 
as average over 1 hour to match the diaries. 
 
A-weighted sound pressure levels in dB of wind turbine noise (standard immission levels) 
outside the dwellings of the participants were calculated with the algorithm proposed by the 
Swedish Environmental Protection Agency4. The immission levels correspond with a situation 
with wind speed 8 m/s at 10 m height, downwind conditions, in this paper called a standard 



situation. The highest standard immission levels were found in Area II; the lowest in Area III 
(Table 1). 
 
The results are presented using descriptive statistics, for example as proportion of incidents (%) 
when the participants could hear the sound. Chi-square test, or if numbers were small Fischer’s 
exact test, was used to test if observed differences were statistically significant. Differences 
between means were tested with Student’s t-test. Associations between two variables were 
tested with Person’s moment correlation (r) and further explored with linear regression. All tests 
were two-sided and a p-value <0.05 was considered as an indication of statistical significance.  

3. RESULTS 

A. Participants and perception of the noise 
Twenty of the 24 participants were females. The average age was 52 years with the range 26 to 
77 years. Most of the participants could see one or more wind turbines from their house or 
garden; only three could not see any turbine. The participants were on average at home 76% of 
the measured occasions, but the variation was large; from 52% to 92% (Table 2).  
 

Table 2 : Participants. 
 

Participants 

Standard 
immission 

level, dB(A) 
Outdoor 

occasions 

Incidents 
when the WT 

was heard 
Days WT 
was heard 

Area I, days: 16, measured occasions: 384 
I:1 38,7 35 13 7 
I:2 35,6 39 1 1 
I:3 37,6 27 15 8 
I:4 35,9 134 30 6 
I:5 31,4 86 12 4 

Area II, days: 21, measured occasions: 504 
II:1 34,6 67 11 6 
II:2 32,5 40 11 9 
II:3 40,9 36 0 0 
II:4 32,9 50 22 11 
II:5 44,2 83 71 21 
II:6 44,1 43 26 17 
II:7 37,5 34 28 13 
II:8 40,1 22 22 10 
II:9 43,6 10 0 0 
II:10 39,9 40 31 15 
II:11 45,9 74 60 18 

Area II, days: 18, measured occasions: 432 
III:1 31,8 94 0 0 
III:2 31,6 91 4 3 
III:3 30,2 140 65 17 
III:4 31,8 89 35 7 
III:5 33,0 28 0 0 
III:6 29,6 37 0 0 
III:7 30,0 88 0 0 
III:8 31,9 31 2 3 

 



During the study period, the participants were outdoors by their dwelling on average 12.5% of 
the time. The highest frequency of outdoor occasions was found in Area III where the study was 
carried out in June (17.3%). The number of incidents when the participants heard the wind 
turbine varied largely. Four of the participants never heard the turbine and one participant heard 
it at 71 occasions. On average the turbine was heard 4.1% of the measured occasions. In 
relation to outdoor occasions, the proportion of incidents when the noise was heard varied from 
0% to 100% of the occasions spent outdoor. 
  
Among participants with a standard immission level >35dB(A) (n = 12), wind turbine sound was 
heard  on average 5.2% of the measured occasions (25 incidents; range 0 to 71). The 
participants would hence hear the sound once a day or more if these incidents were spread out 
over the study period. This was not the case, but almost; the wind turbine noise was, among 
these participants, heard on average 13 days during the study period (Table 2). 
 

B. Perception related to standard immission levels 
A statistically significant relationship between how often the sound was heard when spending 
time outdoors and sound pressure levels for a standard situation outside the dwelling was found 
(r = 0.56, n = 24, p<0.01). The higher calculated sound pressure levels, the more often the 
sound was heard (Figure 1). The relationship was somewhat stronger if those three participants 
that did not see any wind turbines from their home were excluded (r = 0.61, n = 21, p<0.01). 
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Figure 1 : Incidents when wind turbine sound was heard for each of the 24 participant as proportions of 

outdoor occasions related to calculated sound pressure levels outside their dwellings for a standard 
situation (wind speed 8 m/s at 10 m height downwind). 

 
Nine of the 24 participants heard the wind turbine sound at least one time indoors and of these, 
seven lived in Area II in which the highest standard immission levels were found. However, the 
incidents when the noise was heard indoors were few; only two participants reported that they 
could hear the sound more than 10% of the indoor occasions. 
 

C. Perception related to the performance of the win d turbine 
Wind speed varied largely during the study weeks, and hence also rotations per minute and 
electrical power of the wind turbines in Area I and Area III for which data were available. The 
relationships between wind speed and the two other parameters respectively are shown in 
Figure 2. Only one of the wind turbines at Area III is included as the results of the data logging 
were almost identical for the two turbines.  
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Figure 2 : Variation in wind speed at hub height during the study periods for the 600 kW wind turbine in 
Area I (first column) and the 1.5 MW wind turbine in Area III (second column) related to rotations per 

minute (first road) and electrical power (second road) respectively. 
 
The average wind speed at incidents when the participants heard the sound outdoors was 
compared to that when the wind turbine was not heard (Table 3). For all participants except one, 
the wind speed was on average higher when they heard the noise. For four of them, the 
difference was statistically significant. As seen above, wind speed was strongly correlated to 
rotation of the rotor blades and the electrical power, and hence the same difference between 
when the turbine was heard or not was found for these variables.  
 



Table 3 : Mean values of wind speed, rotation per minute and electrical power when the wind turbine 
could not be heard and when it was heard with the differences of means tested statistically. Only the 5 

participants in Area I and the 4 participants in Area III that heard the sound at least at one occasion 
during the study period (n = number of incidents). 

 
Wind speed, m/s Rotation, rpm Electrical power, kW 

Partici-
pants 

Not 
heard 

Mean (n) 

 
Heard 

Mean (n) 

 
 

p-value 

Not 
heard 
Mean 

 
Heard 
Mean 

 
 

p-value 

Not 
heard 
Mean 

 
Heard 
Mean 

 
 

p-value 
I:1 4.8 (42) 6.1 (13) <0.05 19.8 23.9 <0.05 68 137 <0.01 
I:2 4.8 (38) 2.6 (1) 0.251 20.0 13.9 0.293 71 1 0.456 
I:3 4.8 (12) 6.1 (15) <0.05 20.0 23.9 <0.01 68 126 <0.05 
I:4 4.7 (104) 6.9 (30) <0.001 19.4 25.7 <0.001 61 190 <0.001 
I:5 4.8 (74) 6.1 (12) <0.05 19.8 24.0 <0.05 68 151 <0.001 
III:1 5.7 (87) 6.8 (4) 0.333 12.8 14.7 0.354 247 293 0.729 
III:2 5.5 (75) 6.0 (65) 0.142 12.6 13.2 0.293 203 265 0.117 
III:3 4.8 (54) 5.0 (35) 0.595 11.7 12.7 0.234 190 209 0.659 
III:4 5.6 (29) 7.9 (2) 0.141 12.7 16.5 0.139 218 455 0.123 
 
The mean difference for the nine participants between incidents when the sound was heard at 
outdoor occasions and when it was not was calculated in order to explore which of the variables 
obtained from the wind turbine that exhibited the strongest relation with the possibility to hear 
the sound. The electrical power was on average 70 kW higher when the sound was heard than 
when it was not. The difference was statistically significant. The rotation and the wind speed 
were not significant different at the two compared situations (Table 4). 
 
Table 4 : Mean difference of wind speed, rotation per minute and electrical power when the wind turbine 
could not be heard and when it was heard with the differences of means tested statistically. Only the 9 

participants in Area I and Area III that heard the sound at least on one occasion during the study period. 
 
 Mean difference t Df p-value 

Electrical power (kW) 70 2.54 8 <0.05 

Rotation (rpm) 2.2 1.87 8 0.098 

Wind speed at hub height (m/s) 0.89 1.96 8 0.086 

 
It was expected that the possibility to hear the sound would increase with wind speed up to a 
certain value, and then increase as the wind induced ambient noise levels would mask the wind 
turbine noise. Visual inspection of the data did not confirm this. Instead the reports of incidents 
when the wind turbine was heard when the participants where outdoors increased with wind 
speed without decreasing at high wind speeds in Area I (Figure 3). The relationship was in Area 
III, where the standard immission levels were comparable low, indistinct.  
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Figure 3 : Proportion of incidents when wind turbine sound was heard of time spent outdoors among 

participants in Area I (n = 5) and Area III (n = 8). 
 

For those participants for whom a statistically significant difference between the incidents when 
the sound was heard and when it was not, 95% confidence intervals were calculated to give a 
view of in what range the sound was audible. Figure 4 shows that the average wind speed at 
incidents when the wind turbine was heard (and the participant spent time outdoors) was 
approximately between 5 and 8 m/s. The turbine was seldom heard at wind speeds below 5 
m/s.  
 

I:1I:1 I:3 I:3I:4 I:4I:5 I:5

0

1

2

3

4

5

6

7

8

9

Not heard Heard

W
in

d 
sp

ee
d,

 m
/s

 
Figure 4 : Wind speed at incidents when the wind turbine was not heard and heard respectively among 

the four participants in Area I that heard the sound more than one time, 95% confidence intervals. 
 

3. DISCUSSION 
It was possible to recruit participants who were willing to register the perception of wind turbine 
noise on a daily base. The participants appear to have carried out the task well, despite a few 
odd notations. During the development of the diary protocol it was discussed whether modern 
technology could be used, such as Internet or cell-phones. The suggestions were dismissed for 
this study as it was carried out in remote areas without reliable Internet and mobile phone 
connections. The study design could however be developed further and modern software 
techniques be used when suitable. The results from this study should not be generalized as the 
number of participants was low, but despite this, rather much information was obtained with a 
simple method for data collection. 
 



The frequency of incidents when the wind turbine was heard was related to standard immission 
levels; i.e. higher exposure implicate higher occurrence of situations when the noise is heard 
when spending time outdoor. Comparisons with previous epidemiological studies showed an 
unexpected consistency that validates subjective measurements in large populations. However, 
on an individual level the occurrence is also depending on behaviour. How much time that is 
spent at home, and also how often this includes outdoor activities, determines how often the 
individual are at risk for perception of the noise. Large variation between participants of this 
study was observed which could explain part of the response variance in epidemiological 
studies.  
 
The possibility to hear the sound was also related to the operation of the wind turbine during the 
study period. The momentary electrical power was higher at incidents when the sound was 
heard than otherwise. Wind turbine noise that is heard at distances relevant for this study is 
mainly emitted from the outer end of the rotor blades and is due to the turbulence at the trailing 
edge5. This turbulence increases with wind speed and is hence also related to the rotation of the 
rotor blades and the electrical power. The expected wind power distribution over a year for a 
proposed wind turbine is often available prior to erecting a wind farm as this is of concern for the 
developer. This distribution could be related to findings from a possible future study with the 
same study design as this, but enlarged to increase the feasibility to generalize. The purpose 
would be to develop a description of wind turbine noise, including how often it can be expected 
to be heard, that could be presented to future wind farms neighbours as a complement to the 
standard immission levels often presented today.  
 
The general understanding that wind turbine noise is masked by wind induced background 
noise at high wind speeds has led to the recommendation of a standard situation for the 
calculations of immission sound levels, often 8 m/s. This wind speed was chosen as a worst 
case scenario. This has to be questioned. Large modern wind farms are heard at long distances 
where the wind speed due to local circumstances could be substantially lower at the receiver 
than at the turbine. No masking effect at high wind speeds was found in this study, especially 
not in the area with undulating terrain where shelter effects could be expected. The presentation 
of immission levels to the public in the planning process of a wind farm should hence also be 
extended, advisedly with expected noise levels at all integer wind speeds that the wind turbine 
operates at. 
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