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ABSTRACT

Purpose of the research: The present government in the Netherlands intends to realize a substantial growth of
wind energy before 2020. both onshore and ofTshore. Wind tu rbines. when positioned in the neighborhood of
residents may cause visual annoyance and noise annoyance. Studies on other environmental sound sources,
such as railway, road traffic, industry and aircraft noise show that (long-term) exposure to sound can have
negative effects other than annoyance from noise. This study aims to elucidate the relation between exposure
to the sound of wind turbi nes and annoyance. self-re11or1ed sleep disturbance and psychological distress of
people that live in their vicinity. Data were gathered by questionnaire that w.is sent by mail 10 a representative sample of residents of the Netherlands living in the vicinity of wind turbines
Principal results: A dose-response relationship was found between immission levels of wind turbine sound
and selfrcported noise annoyance. Sound exposure was also related to sleep disturb.1 nce and psychological
distress amo1\g those who reported that they could hear the sound. however not direcrly but with noise
annoyance acting as a mediator. Respondents living in areas with other background sounds were less affected
than respondents in quiet areas.
Major co11clus/011s: People living in the vicinity of wind rnrbines are at risk of being annoyed by the noise, an
advl'rse effect in itself. Noise annoyance in ru rn could lead 10 sleep disturbance and psychological distress. No
direct effects of wind turbine noise on sleep disturbance or psychological stress has been demonstrated,
which means that residents, who do not hear the sound, or do not feel disturbed, are not adversely affected.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In 2007 the European Union leaders committed themselves to the
"20-20-20" targets, aiming for a reduction in greenhouse gases of
20%, a reduction of20% in primary energy use and renewables contributing 20% to the energy consumption in the EU in the year 2020 (EU,
2011 ). One way to achieve this is by increasing the contribution of
wind energy at the expense of energy based on fossil fuels. In the Netherlands wind energy generation is rapidly expanding; at the moment it
amounts to nine percent of the national electricity consumption which
is just over one percent of the entire national energy consumption. The
Dutch government has the intention to realize a substantial growth of
wind energy before 2020, both onshore and offshore. The production
capacity to be realized onshore during this period is about 4000 MW,
• Corre5ponding author at: l\fdeling Toegepast Gezond heidsu11Jei,uek (TGO),
Universi tair Medisch Centrum Groningen, A, Deusinglaan 1, 9713 AV Groningen, The
Netherlands, Tel.: + 31 503637382.
E-mail address: r.h.bakker@med.umcg.nl (R.H. Bakker).
1 Deceased.
0048-9697/$ - see front matter<O 2012 Elsevier B.V. All rights reserved.
doi: t 0.10l 6/j .scitotenv.2012.03.005

equivalent to 800 to 2000 wind turbines of 2 to 5 MW capacity each.
However, when positioned in residential areas wind turbines may cause
noise annoyance as reported in international llte.rarure (Persson Waye
and 6hrstrlim. 2002; Pedersen and Persson Waye, 2004, 2007; Pedersen
et al., 2009, 2010). Dose-response curves between levels of wind turbine
sound and percentages of annoyed residents show that wind turbine
sound induces a higher proportion of annoyed residents than traffic
noise does at comparable sound levels Uanssen et al., 2011 ). Noise annoyance has an adverse effect on health-related quality oflife according to the
World Health Organization (WHO, 2000) and is also an indicator of other
possible adverse health effects (l<laeboe, 2011 ), and therefore studies of
such effects, other than those of noise annoyance, are needed.
A major effect of environmental noise is sleep disturbance (WHO,
2009). Associations between levels of sound and impaired sleep
have been found for road traffic noise (Miedema and Vos, 2007). Residents in noisy urban areas of Belgrad more frequently reported waking
up than residents in less exposed areas (Jakovljevic et al., 2006). Furthermore, De l<luizenaar et al. (2009) found that long-term road traffic
noise exposure is associated with an increased risk of getting up tired
and not rested in the morning in the general population. Passchier-
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Vermeer et al. ( 2007) performed a field study on the effects of nighttime
road and railway noise. Nighttime noise turned out to have adverse effects on sleep. Motility, motility onset and heart rate (monitored with
ECG-equipment) increased with increasing road and railway noise exposure indoors during sleep. Griefahn and Spreng (2004) found similar
effects. Levels of environmental sound only explain part of the effects;
noise induced disturbances vary according to the physical characteristics of the noise events (Mu zer. 2007). Dose- response relationships between nighl sound levels of aircraft noise and etfects on sleep could be
substantially improved by add ing the number of noise events (Basner
et al., 2010). Saremi et al. (2008) found that railway noise d isturbs
both the macro- and microstructure of sleep and indicated that for the
same ma.id.mu m level and the same patterns eluting the night, sleep
would be more fragmented by freight trains than by passenger and automotive trai ns. The more harmful effect of freight trains is attributed to
their length, infl uencing the duration of bei ng exposed to their sound in
addi tion to the enhanced risk of vibration exposure and the low frequency cha racter of the sound. Sound occurrence and sound levels
from wind turbi nes at a nearby dwelling are dependent on wind
speed and wind direction and hence differ unpredictably in duration
and intensity. The sou nd is furthermore amplitude modulated, by residents reported as "swishing" or "lashing" (Pedersen er ,11.. 2009).
The e properties indicate that sleep distu rbance due to wind turb ine
noise could be a problem despite often lower sound levels than those
previously known to have adverse effects.
Environme ntal noise has been fo und to be associated with psychologica l distress other than annoyance in the fo rm of inc reased anxiely
(Stansfeld et al., 1996: Ha rdoy et al .. 2005 ), depressed mood
(Ohrstrom. 1989) a nd cognitive impairment (Elmen horst et al.,
2010). Interaction effects between a.1moy,10ce and psychological distress (Stansfeld ,incl Matheson. 2003; SransfeJd and Clark. 20 I I) as
well as between annoyance and sleep (Klaeboe, 2011 ) can be
expected. Annoyance due to aircraft no ise has been found to be related to psychological distress as measured with the General Health
Questionna ire (C HQ) in a study among res idents living in the vi cinity
of Heathrow airport (Ta rnopolsky et a l.. 1978). An association between noise annoyance and sleep disturbance was found among residents highly exposed to aircraft noise, but not among those that were
exposed at lower leve ls (Bronzafc et al., 1998 ). A large Norwegian
study on the impact of road traffic sound found significant relationships between no ise annoya nce and sleeping problems (f'yhri and
A..1Svang, 2010) ancl strong links between pse udoneurologica l complaints (palpitation, heat flus hes, dizziness, anxiety and depression ),
an noya nce and sleep.
Until now it is not clear if the sound of wind turbines has an adverse effect on sleep disturbance and psychological distress and if
so, how such a n effect comes about. The aims of the study presented
here were to add know ledge about the impact of wind turbines on
sleep and psychological distress of people living in the ir vicinity and
to contrib ute to the clarification of the process underlying such an impact. Knowledge about this process can lead to better recommendations with regard to wind farm planning in the neighborhood of
residential areas. The study focuses on the following questions:
1. Are residents annoyed and if so, does the extent of exposure have a

2.
3.
4.
5.

pro po rtional impact on the level of annoyance: i.e. the more one is
exposed (in terms of decibels) the more one gets annoyed?
Does an noyance lead to (self-reported) impaired sleep?
Does annoyance lead to psychological distress?
Does expos ure to w ind turbi ne sound (in terms of decibels) lead to
(self-reported) impaired sleep auu/ur psychological distress?
If such a (direct) relation does not exist, can annoyance and/o r
sleep qua lity be regarded as intermed iate states?

The research questions are visualized in Fig. 1. Exposure to the
sound of wind turbines may lead to annoyance (arrow 1) and/or to
sleep distu rbance (arrow 2) and/or to psychological distress (arrow

Annoyance

6

Expoaureto
WT-eound

Peychologlc■l

clletre..

Fig. 1. Model of possible associations between sound exposure, annoyance, sleep
disturbance and psychological distress.

3). Alternatively, annoya nce may (also) lead to sleep disturbance
(arrow 4) and/or (in the d irect sense) to psychologic,11 distress
(arrow 5). Finally, sleep disturbance may lead di rectly to psychological distress (arrow 6).
In this study psychological distress was considered as the major
dependent varia ble, ignoring the possibility that it could also act as
an indepe ndent variable or determinant
When looking for answers to these questions, ownership of wind
turbines or shares in wind tu rbines will be taken into account. The
reason is that economic interests could more strongly play a role as
a co nfounder or moderator compared to (financial) interests in
other e nvironme ntal sound sources. such as road traffic and aircraft
noise. In case of ownership wind turbines are often set up on the
property of the owner. Moreover, from li terature it is known that economic benefits have a major impact on the way exposure to the
sound of wind turbines is experienced ( Pedersen et al., 2009).
2. Method

A questionnaire, partly based on a Swedish q uestionnaire used by
Pedersen and Persson Waye (2004, 2007) and translated into Dutch,
was sen t by mail to a representative sample of residents of the Netherlands living in the vicinity of wind turbines in April 2007. Reminders
were sent 3 weeks la ter. Questions about other environmental factors
and about road traffic noise preceded similar questions about wind turbine noise, to mask the main research topic of the questionna ire:
measu ring the effect of wind turbines on annoyance, sleep disturbance
and psychological distress. The questionnaire questions are listed in an
appendix of the study report (Van den Berg et al., 2008).
2.1. Sample

With the GIS application Arcmap 9.2, a software program which is
used fo r mapping and editing tasks and for map-based que ries and
analyses, postal codes were selected in relation to their distance to
the closest wind turbine, us ing a list of all wind turbines in the Netherlands. Postal code selection yielded 50,375 addresses with individual x and y coordinates. From these a selection was made of
addresses within 2.5 km from a wi nd turbine w ith a nominal electric
power of at least 500 kW and with another wind turbine (~ 500 kW)
present within 500 m of the first turbine. The 2.5 km was chosen because at th is distance the sound of a modern, call wind turbine must
be considered inaud ible when staying indoors and usually not or
only fa intly aud ible when outdoors. As the focus of this study was
on modern wind farms, turbines of at least 0.5 MW nominal electric
power were considered with at least one adjacent similar turbine. It
was expected that for visua l impact a distinction between rural and
built-up areas would be important. For acoustic impact the background noise was expected to be relevant. Apart from natural sources,
the background sound in the selected areas was usually determined
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by road traffic. Therefo re, all addresses were divided into three types
of environment:
- rural area (with no major road within 500 m from the closest
wind turbine);
- rural area with a major road within 500 m from the closest wind
turbine;
- more densely populated built-up area.
Later, more detailed information on background noise was obtained
from the National Institute for Public Health and the Environment or
RIVM (see below). This background noise level due to transportation
sound consisted predominantly of road traffic sound, as other noise
sources (air, rail) were usually distant. The average background level
at the respondents' dwellings was 41 dB(A) in rural areas and
49 dB(A) (both Lden) in both rural areas with a majo r road and builtup areas. In the text below the strictly rura l area will be denoted as
the quiet area type, both other areas as the noisy area type.
It was estimated that at least 50 respondents in each sound expo-•
su re class ( <30, 30- 35, 36-40, 41 - 45, > 45 dB(A) for each of tl1e three
area types were necessary to obtain statistically reliab le results. This
estimate was based on the possibility to detect a difference between
10% and 30% annoyed (Pedersen and Persson Waye, 2004), fo r twosided tests, with a probability level of 0.05 and a statistical power of
0.8. With an expected response rate of 30% we thus aimed for 150
pa rticipants in each group. In the low exposure groups, containing
most of the addresses, addresses we re randomly selected. In the highest exposu re groups (::2:.45 dB(A)) and in the second highest exposure
group in the built up area type all addresses were used. Details are in
the study report (Van den Berg et al., 2008 ).
An agency that enriched addresses with names and telephone
numbers provided 2056 names and telephone numbers for the 3727
addresses we had selected. Only addresses that contained private
names were used for th is study - businesses or organizations were
left out -, finally yielding 1948 add resses evenly distributed over
the three area types. At each address the adult with a birth date
closest to a fixed date was asked to complete the questionnaire.

2.2. Sound exposure
Information on wind turbines and their sound power levels was
collected from various sources such as Wind Service Holland. Sound
power data of 1182 of the 1846 turbines in this project sound
power data were available. When sound power data were not available (usually of older and smaller wind turbines), data of comparable
types with the same electric power were used. For all respondents the
immission sound level was calculated from the sound power level at
high electric power according to a sound propagation model that
takes each resident's distance from a wind turbine into account
(Pedersen et al., 2009). The immission levels represent A-weighted
sound pressure levels outside the dwellings averaged over the time
with an 8 m/s downwind. Van den Berg (2008) has shown that this
level is closely related to the Lden. The RIVM supplied information
about transportation sound levels. These levels were available on a
square grid with cells of25 m x 25 rn, covering the entire country.
The sound propagation models used for botl1 the wind turbines and
the RIVM sou rces are those that comply with the Dutch noise regulations. The propagati on model for wind turbine sound is very similar to
the 1S09613.2 sound propagation model and yielded nearly identical
results (Van den Berg et al., 2008). When calculating sound levels at respondents' locations the contributions or all wind turbines (including < SOO kW) were tal<en into account. Topographical e.ffects were
disregarded as all wind farms are in flat terrain where only low, local elevations (dikes, elevated roads) may exist. Reflections and screening
were not expected as al! addresses in the rural areas were from either
farms or countrys.i de dwellings, but they could occur very locally (perhaps due to barns) and in the buUt up area.

2.3. Psychological distress
Non-specific psychological distress was assessed with the 12-item
version of the General Health Questionnaire (Goldberg and Williams,
1988; Koeter and Orme!, 1991) designed to detect psychiatric disorders
in community samples and non-psychiatric clinical settings. An example of a positive GHQ item is 'Have you recently been able to enjoy
your nonna l day-to-day activ ities?'. An example of a negative GHQ
item is 'Have yo u recently lost much sleep over worry?'. For ea.ch of
the 6 positive items, respondents were asked to indicate whether
their present state was (1) better than, (2) the same as, (3) worse or
(4) much worse tha n usual. For each of the 6 negative items, respondents could either indica te that t11e statement ( I) did not apply at all ,
or that their current state was (2) the same as, (3) worse or (4) much
worse than usual. The scale score was calcu lated in accordance with
the C-GHQscoring method suggested by Goodchild and Duncan-Jones
(1985 ). For positive items only the last two answering categories
were considered as signs of distress; for negative items also the second
answering category ("the same as") too was regarded as a distress
score. This has resulted in a score range of0-12.

2.4. Annoyance
Annoyance was assessed in two different ways. Fi rstly by two
questions 'Please indicate whatever you have noticed or whether
you are annoyed by .... [sound from wind turbines)' (one for the indoor and one for the outdoor situation) which could be answered
on a 5-point ordinal scale ranging from 'do not notice' to 'do notice,
very much annoyed'. Secondly by two Likert scales in the questionnaire ranging from O ('I am not annoyed at all') to 10 ('I am extremely
annoyed'). also for both the situation indoors and outdoors.

2.5. Sleep disturbance
Sleep disturbance was measured by one question in the questionnaire dealing with the frequency of sleep disturbance by environme ntal sound (' how often are yo u disturbed by sound?'). Answers could
be given on an ordinal scale with the items '(almost) never', 'at
least once a year', 'at least once a month', 'at least once a week', and
'(almost) daily'. Exposure of wind turbine sound occurs irregularly
and people living in the vicinity of the turbines are not exposed
every night. A min imal reported frequency of 'at least once a month'
was therefore in this study considered as sleep disturbance.

2.6. Non-response analysis
A non-response analysis was carried out. aiming to answer two
questions:
- are respondents and non-respondents equally exposed to the
sound of wind turbines?
- are respondents and non-respondents equally annoyed by the
sound of wind turbines?
The first question can be answered by comparing the immission
sound levels that respondents and non-respondents had been exposed to. The second question was answered by sending a separate
short questionnaire to a randomly chosen sub sample of 200 nonrespondents. This short questionna irr consisted of two questions
from the original questionnaire that could be regarded as 'core questions' of our study. These questions dealt with the level of annoyance
respondents experienced from the sound of wind-turbines outside
and inside their dwelling. On both questions respondents could circle
a figure between O and 10, which corresponded closest to their perceived annoyance.
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2. 7. Statistics
The model in Fig. l was tested through Structural Equation Models
as LISREL (Joreskog, 1990). The SEM analysis consists of two components: factor analysis and a regression
model defining the associations between the latent variables. As indicators or the goodness of fit of the mode l the Root Mean Square Error
of Approximation (RMSEA) and the Chi-square with the p-value
were used. For rhe RMSEA a value below .05 is supposed to indicate
a good fit: v,1lues up to .08 being accepted as well (Kaplan, 2000). A
sma ll p-value of the Chi-square statistic corresponds with a bad fit
of the model. wh ile a large p-value corresponds with a good fit.
According to Joreskog {1990) it is preferable to use Maximum
Likelihood (ML) instead of Weighted Least Squares (WLS) if the variables in the model are not normally distributed and the sample size is
not sufficie ntly large to produce an accurate estimate of the asymptotic covariance matrix. ·nlerefore. SEM analyses presented in this
article will be based on ML
According to Herzog a nd Boomsma (2009) traditional estimators of
fit measures that are based on the noncentral chi-square distribution,
sudl as Root Mean Square Error of Approximation (RMSEA), tend to
overreject acceptable models when the sample size is small. Herzog et
al. propose a method to handle this problem, the so-called Swain correctio n. ·nlis correction has been applied to correct the chi-square en
1>-values in the structural equation models presented in Appendix 1.
Presented regression weights are a ll standardized.
The model was tested with ,1ge as a mode rating va1iable as both
sleep quality (Muzet, 2007) and psychological distress (Nilsson et a l.,
2010) are related to age. Pyhd and Aasvang (2010) have shown in a
structura l model with noise. sleeping problems and heJlth complaints,
that age cou ld be positively related to sleep quality and negatively related to sleeping problems. Aasvang et al. (2008) reported a statisticall y
non significant decrease in self-reported sleep cli.stu rbance with age.
Aasva ng et al. (2007) fu rther found tha t younger people were more
annoyed than older people by noise from railway tunnels. However,
the relationship between age and sleep disturbance remains puzzling,
since it is also known that sleep 1>atterns from hea lt:hy older adults d iffer
from that of younger adults, with decreased total sleep time and less
time in the deeper stages of sleep (Missildine et al., 2010). Sare mi et
al (2008) found that age related sleep disturbances are not aggravated
by noise and hypothesize that this could be due to the fact that older
subjects are more often awake during the night. Moreover, scientific
find ings regarding age and sleep are some.times controversial. since
there are also sn1dies wh o report a dea·eased nocturnal noise tolerance
in older subjects (Busby er al.. 1994: De Gen naro and Ferrara. 2003:
Dang-Vu et a l., 20 I0). Annoy,mc:e due to transportation noise has previously been found to have an inversed LI-shaped relationsh ip with age,
so that people around 45 years old showed the largest number of highly
annoyed. wh ile the lowest number was found in the youngest and oldest age segments (van Gerven er al.. 2009). However, noise annoyance
correlated positively to age in chis study so that older respondents
were more likely to be annoyed by wind turbine noise th.in younger respondent~ (van den Berg et al .. 2008). Pathways from age to annoyance,
sleep disturbance and psychological disr.ress were included in the
model to correct for any age effects. also allowing age and sound exposure to be correlated.
The two I I-point Likerr sca les (see paragr.iph 2 in Method section) were used as an indicator for Jnnoyance in SEM ana lyses, one
representing annoyance outdoors and one annoyance indoors. Sleep
disturbance and psychologicJI distress were entered as described in
the Method section.
The model was tes ted in two sets of sub-samples: (i) respondents
who did not notice sound from wind turbines (annoyance was omitted in this model) versus respondents who noticed the sound, and
(ii) respondents w ho noticed the sound and lived in areas that were
classified as quiet versus noisy with regard to background sound
{SEM) analysis. also known
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levels. Respondents that reported economic benefits from wind
turbines were excluded from all model testing.
3. Results

3.1. Response rate
1948 residents received a questionnaire and 725 completed and
returned it, yielding a response rate of 37%. Table 1 shows the percentages of respondi ng residents in relation to immission levels and
the three area types.
Table 1 shows that th e percentage of respond ing residents
(summed over all area types) was almost evenly divided with regard
to imm ission levels; only the highest immission level is slightl y underrepresented. Also, the number of respondents in built-up areas
with immission levels over 35 dB(A) is relatively small, due to the
smaller number of peo ple exposed to high immission levels in builtup areas. As a result the percentage of respondents shows underrepresentation in th is area type (x2 = 57.012, df= 8. p <0.001).
The sound levels in the study group (at 8 m/s wind speed) ranged
from 21 to 54 dB(A) with an arithmetic average of 35 dB(A) (not in
the Table).
3.2. Non response analysis

32.1. Exposure
The exposure to background sound (predominantly road traffic )
and to the sound of wind turbines was tested between respondents
(n = 725) and non-respondents (n = 1223 ) with independent ttests (t= -0.759 and t= -0.382 respectively, not significant (NS)).
For both sound exposures no statistically significant difference could
be fou nd between the two groups.
3.2.2. Annoyance

Ninety-five non-respondents completed and returned the small
q uestionnaires on annoyance (response rate 48%). The mean score
on both questions was compared between responders ( n = 725)
and these 95 'responding non-responders', using independent ttests (for the main questions: t=-0.82, p=0.412 and t = - 0.74
and p =0.458, NS). No statistically significa nt (NS ) differences in
an noya nce between the two groups was fo und, implying that there
is no evidence that respondents form a selective group with regard
to annoyance within our sam ple of all approached people living in
the vicinity of wind turbines (n= 1948).

3.3. Demographic factors
The mean age of the respondents was 51 years. There was a statistically significan t relationship between age and sound exposure in the
se nse that decreasing age correlated with increasing sound levels
(Spearman's rho= -0.198, df = 8, p <0.001). The proportion of men
and women was almost equal, 51% vs. 49%. The proportion of higher
educated res pondents was large r in the group of high ly exposed
Table 1
Percentage of respondents in thre e area types and different immission levels.
Sound pressure level, in dB(A)
<30

n
Built-up area
68
Rural with main road
so
Rural without main
67
road
Total
185

30-35
%

n

%

36-40
n

%

41 - 45

> 45

n

n

%

Tota l
%

n

%

28 17 18 19
I 2 199
59 38 36 38 30 46 245
75 47 40 43 34 52 281

23
36
41

38 219 37 162 38 94 38 65 33 725

100

37
27
36

84 38
70 32
65 30
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Table 2
Response to wind turbine sound, outdoors and indoors.
Res ponse
Notice, not annoyed

Slightly annoyed

Rathe r annoyed

Ve ry annoyed

n

%

n

%

n

%

n

%

11

284
465

40

259
139

37
20

92
54

13

44

8

21

6
3

Do not notice

So und outdoors
Sound indoors

67

Total

%

n

%

29

4

20

3

708
699

100
100

respondents (> 45 dB(A)) with regard to the sound of wind turbines
(x 2 =26,51, df=8, p <.001).

a significant dose (exposure) response (annoyance) relationship was
found (Spearman's rho= .373, p<0.001 ).

3.4. Annoyance due to wind turbine sound

3.5. Sleep disturbance

23%of the respondents reported (on the 5-point annoyance scale)
that they we re slightly, rather or very annoyed with wind turbine
noise when spending time outside their dwelling and 14% when indoors (Table 2). Those who stated that they benefited from wind turbines as owners or otherwise were less annoyed (Table 3 and 4 ).
Among those who did and did not benefit an eq ual proportion of
respondents reported to be slightly annoyed with wind turbine noise
outdoor. The proportion of benefiting respondents who were rather
or very annoyed by wind turbine sound was fo ur times lower compared to the non-benefiters (12 versus 3%), a statistically significant
difference (Zmwu = -2.55, p <0.05) despite the fact that respondents
who benefited economically were ex posed to higher levels of wind
turbine sound (t= -16.1, p<0.001) and noticed the sound of wind
turbines more often (Table 3). In the indoor situation serious annoyance from the sound of wind turbines has not been reported at all by
economically benefiting respondents. A Fisher Ex.act test showed a
significa nt difference between benefi ting and non-benefiting respondents in the indoor situation as well (Fisher Exact= 27.9, p <0.01 ). In
order to control for the influence of the facto r 'economical benefit',
benefiting respondents were eliminated from fu rther analysis.
In Tables 5 and 6 the relation between perception/annoyance and
the exposure to t he sound of w ind turbines is presented for both outdoo r and indoor situations. Exposure was categorized in five sound
pressure levels (outdoor sound pressure level <30, 30- 35, 36-40,
41-45, > 45 dB(A) for illustrative purposes.
As can be seen in Table 5, at higher sound pressure levels respondents outdoors reported mo re annoyance (Spearman's rho= 0.508,
p<0.001 ). At a low sound pressure level of <30 dB(A), 4% of the respondents reported annoyance, while at a level of >45 dB(A) this
percentage has risen to 66%. The same, though less strongly, holds
for the indoor response: at a sound pressure level of <30 dB(A), 2%
of the respondents were annoyed by the sound, while at a level of
> 45 dB(A) 29%of the respondents reported annoyance. Also indoors

In Fig. 2 the relation between the level of wind turbine sound and
reported sleep disturbance (waking up at least once a month) due to
sound is shown fo r all responde nts (including those with economical
benefit). Sleep disturbance increased with increasing sound pressure
level, especially at levels over 45 dB( A) where 48% of the respondents
reported sleep distu rbance. When respondents exposed to sound
levels from wind turbines below 30 dB(A) were chosen as controls
in a binary logistic regress ion, while adjusting fo r age, gender and
economical benefit. being disturbed in sleep was statist ically higher
among respondents exposed to sound pressure levels above
45 dB(A) (OR 2.98, 95%Cl 1.347-6.597).
Table 7 shows the sound sources to which sleep disturbance was
attributed. Two thirds of all respondents reported not to be disturbed
by any sound at all. Disturbance by traffic noise or other mecha nical
sounds was reported by 15.2% of the respondents. Disturbance by
the sound of people (varying from 'teenagers leaving the disco' to
'snoring partner') and of animals (such as barking dogs and crowing
roosters ) was reported by 13.4% and disturbance by the sound of
wind turbines by almost 4.7% of the respondents (6% in a quiet area
type and 4% in a noisy area type). As can be expected, sleep disturbance by the sound of people and/or animals and by the sound of traffic and/or mechanical sounds is more freq uently reported in noisy
areas, while sleep disturbance by the sound of wind turbines is
more frequently reported in quiet areas.

3.6. Psychological distress
As can be seen in the correlation matrices in the appendix there is
a positive relation between sound expos ure and the C-GHQ-score that
indicates the level of psychological distress. The more one is exposed
to the sound of wind turbines, the more psychological distress is
reported. This correlation is significant in quiet areas (r= 0.208,
p<0.05 ) and in all ( quiet and noisy) area types (r = 0.160, p <0.01 ).

Tablel
Response to ou tdoor wind turbine sound among economically ben efitting and n on-benefitting res ponde nts.
Response
Slightly a nnoyed

Rather annoyed

%

n

%

n

%

11

%

n

%

n

%

255
15

44

184
68

31
69

78
13

13
13

41

7

28

5

2

2

586
99

100
100

Do no t notice

No econom ical benefit
Economical benefit

Very annoyed

Notice, not annoyed

n

15

Total

Table 4
Response to indoor wind tu rbine sou nd amo ng economically benefitting and non-benefitting responde nts.
Response
Slightly annoyed

Rather annoyed

Very annoyed

n

%

n

%

n

%

n

%

n

%

n

%

394

68

8
7

21
0

4
0

20
0

4

54

17
39

46

53

98
39

579
99

100
100

Do not notice

No economical benefit
Economical benefit

Notice, not annoyed

7

0

Total
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Table 5
Response to wind turbine sound outdoors in relation to 5 dBA-inte rvals of sound
level s; only respondents who did not benefit economically from wind turbines.
Response
outdoors

Sound pressure level, in dBA
<30
fl

30-35

%

fl

%

36-40
fl

%

Do not notice
124
75
92 46 30 21
Notice, but not 34 21
71
36 52
37
annoyed
Slightly
4
2 20
10
30 21
annoyed
Rather
2
7
13
19 14
annoyed
Very annoyed
2
3
2
9
6
Total
166 100 199 100 140 100

41-45

%

fl

7
22

Total

>45

n

12
37

%

to 255

I.)

..
C

2
5

24 184

44
31

0

Ill

Ill

..!!

16

27

8

38

78

13

4

7

3

14

41

7

II
18 3
60 100 21

100
90
s= 80
c0 70
E 60
Ill
;!.

GI

%

fl

14 28
5
JOO 586 100
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>45

Fig. 2. Relation between levels or wind turbine sound and reported sleep disturbance
(any sound source) with 95% confidence intervals.

3.7. Not notidng versus noticing wind turbine sound
The hypothesized model was tested with SEM among respondents
who did not notice sound from wind turbines (n = 323) and among
those who reported that they noticed and/or were annoyed by the
sound (n=243). Among those who did not notice wind turbine
sound exposure to this sound has no impact on either sleep disturbance or psychological distress, but sleep disturbance predicted psychological distress (r=0.17) (Fig. 3 ). The explained variance of
psychological distress in this model was 5%. The model showed
good fit with the data (Swain corrected chi-square 1.49, df= 1,
p=0.22, RMSEA=0.04).
Among respondents who reported that they noticed or/and were
annoyed by wind turbine sound psychological distress was also not predicted directly by sound exposure (Fig. 4). Exposure led however to annoyance (r=0.27) that in turn predicted psychological distress directly
(r=0.17) as well as sleep disturbance (r= 0.55). The regression weight
between sleep disturbance and psychological distress did not reach statistical significance. The model fit was acceptable (Swain corrected chisquare 0.042, df=3, Swain corrected p-value=0.042, RMSEA=0.08)
and 9% of the variance in psychological distress was explained.

3.8. Noisy versus quiet area
Exposure to sound from wind turbines did not lead to noise annoyance among responden ts who lived in areas classified as noisy and
reported that they could hear the wind turbine sound ( n = 147). Annoyance with wind turbine noise was in this group highly related to
sleep disturbance (r=0.60), but not statistically significant to psychological distress (Fig. 5). The model showed good fit (Swain corrected
chi-square 2.8, df= 3, Swain corrected p-value= 0.42, RMSEA <0.001 ).
Sound exposure predicted noise annoyance (r=0.54) among respondents who reported that they could hear wind turbine sound
and lived in areas classified as quiet ( n = 118 ). Annoyance was in
Table 6
Response to wind turbine sound indoors in relation to 5 dBA-intervals of sound levels;
only respondents who did not benefit economiG1 lly from wind turbines.
Response
indoors

Sound pressure leve l, in dBA
<30

N

30-35

%

n

%

36-40

n

%

Do not notice
144 86 140 73
85 61
Notice, but not 19
1 1 27
14 29 2 1
annoyed
Slightly
16
2
8
14
10
annoyed
Rather
0
0
6
6
4
3
annoyed
Very annoyed
2
2
1
6
4
Total
167 100 191 100 140 100

41-45
%

fl

18
15
12
6

9
60

30
25
20

Total

> 45

%

n
7
8
2

10
14
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This study was guided by five research questions, presented in the
Introduction and visualized in Fig. 1. Based on the results of this study
we will formulate answers to these questions and discuss the plausibility of the model.

4.1. Sound exposure and annoyance
Part of the respondents living in the vicinity of wind turbines
reported to be annoyed by their sound, both outdoors (24%) and indoors ( 14%). or those that noticed the sound two out of three respondents were not or only slightly annoyed. As can be expected, the level
of annoyance depended on the level of exposure to their sound; a
higher exposure increased the chance of being annoyed. Obviously, no
annoyance was reported among respondents who did not notice the
sound of wind turbines. Apart from the level of sound exposure, there
are indications that annoyance also depends on psychological factors.
Among respondents that benefited economically from wind turbines
the proportion of people who were rather or very annoyed was significantly lower, as if wind turbine sound was differently valued by them
compared to non-benefiting respondents. This finding is in line with
literature (Pulles et al., 1990). This was despite the fact that benefiting
respondents were generally exposed to higher sound levels.
Sound exposure predicted annoyance when the proposed model
was tested among those who reported that they noticed the sound.
This prediction was statistically significant for respondents living in
quiet areas, but not for those in noisy areas. A simple explanation may
be that in the built-up area type (part of the noisy area type) the high
exposure class is underrepresented (Table 1), so there is a smaller
range of exposure. It could also be due to the presence of higher levels
or background sound reducing annoyance due to masking effects,
even if th is is not always the case as discussed below. Other differences
Sound sources or sleep disturbance in ru ral and urban area types, only respondents
who did not benefit economically from wind turbines.

68
17

Sound source or sleep disturbance

18

21

4

15
1
5
20
100 21 100 579

4
JOO

10

3

33 394
38
98

4. Discussion and conclusion

Table7
%

fl

tum related to sleep disturbance (r= 0.46). Psychological distress was
not statistically significantly explained by any of the included variables
(Fig. 6). The model showed an acceptable fit (Swain corrected chisquare 10.0, df = 3, Swain corrected p-value = 0.02, RMSEA = 0.14).

Not disturbed
Disturbed by people/ animals
Disturbed by traffic/ mechanical sounds
Disturbed by wind turbines
Total

Urban

Rural

Total

fl

%

n

%

fl

t;

196
33
35
17
281

69.8
11.7
12.5
6.0
100

288
64
75

64.9
14.4
16.9
3.8
100

484
97
110
34
725

66.8
13.4
15.2
4.7
100

17

444
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between the area types also could influence the dose response relationship. The visual impact of wind turbines has been previously shown to
be more pronounced in rural areas when compa red to more densely
1>opulated areas (Pedersen and La rsma n. 2008). Finally, reactions to environmental sound and people's perceptions can be influenced by thei r
expectations about future exposures. Schreckenberg et al.(201 0) conducted a s urvey on the environmental and he.11th related quality of
life among residents living near Frankfurt Airpo rt. The results or their
study indicate a higher noise annoyance than could be predicted from
general exposure- response curves, leading them to the conclusion
tha t source related attitudes, such as expectations concerning future
airport expa nsion and trust ln authorilies' e fforts to reduce ai rcraft
noise, were also associated with being annoyed by aircraft noise.
4.2. Annoyance and sleep disturbance

As is the case with annoyance, sleep disturbance increased with increasing sound pressure level due to wind turbines, but this increase is
significant only at high levels. Sleep disturbance may not be caused by
the sound of wind turbines only, but also by other environmental
sounds such as traffic noise or other mechanical sounds or sounds of
people and animals. It is nol clear fro m this study if there is a pri ma ry
source causing sleep disturbance and how respondents ,1ltribute being
awakened by different environmental so und sources. Wind tu rbines
are less frequently reported as a sleep disturbing sound source than
these other environment.-i l sounds, in·espective of the area type. Neve rtheless, the Structural Equation Models show that among respondents
who notice the so und of wind turbines annoyance is the only factor in
the equation that predicts sleep disturbance. l11is holds for all area
types, i.e. quiet, noisy and total (both combined). A possible explanation
might be that being annoyed con tributes to a person's sens ibility for any
environmenta l sound, and the reaction may be caused by lhe combination of all sounds present The significant increase in sleep disturbance
at sound pressure levels of 45 dB(A) and higher is close to the recommendation of the WHO tha t an average outdoor noise level at night
s hould be no more than 40 dB(A) (see Introd uction).

4.5. Is the model supported?
Based on the structural equation models of this sttrdy it can be concluded that the model that has been presented in Fig. 1 can partially be
supported. TI1e extent or exposure to the sou nd of wind turbines appears ro have a prnportional impact on the level of annoyance of people
living in their vici nity: the more one is exposed, the more one is
an noyed. This conclusion holds not for those who are economically
benefiting from wind turbines. Though they are mostly high ly exposed,
they report significantly less annoyance than non-benefirting res pondents clo. This study indicates that a nnoya nce can lead to sleep disturbance and psychologica l distress. There appears to be no 'direct'
relation between exposure to the sound of wi nd turbines and selfperceived sleep disturbance or psychological distress. Annoyance can
be regarded as an interm ediate state between sou nd exposure a nd psychological distress in the combined (quiet and noisy) area, and between
sound exposure and sleep disturbance in combined and quiet areas. The
hypothesis that sleep quality would be an intermediate factor between
sound exposure and psychological d istress was not confirmed.
The fact that the model is tested in different subsamples allows us to
draw conclusions that are wortb considering when planning new wind
fa nns dose to residents. People who live close to wind turbi nes and do
nol benefit economically will be at risk to experience sleep disturbance
and psychological distress. ll1is risk increases with increasing sound
levels. Howeve r, this will not apply to all residems, but on ly to those
who are annoyed by the sound. People who do not notice the sound
will not be adversely affected by non-audible sound as the test of the
model among not noticing respondents showed. Among those who do
notice the sound there appears to be no direct influence of the sound
on sleep dis tu rba nce or psychological distress. meaning that those
who a re not annoyed by the noise will not be affected. Only those
who are annoyed by the noise are at risk of being distt1rbed in thei r
sleep and/or of being distressed. This risk is more pronou nced in qu iet
areas compared to noisy areas as the link between the sound levels
and annoyance is stronger in these areas.

4.3. Annoyance .and psycltologica/ distress

4.6. Suggestions for further research

Psychological distress was in the model predicted by annoya nce
due to w ind turbine sound amo ng those who noticed the sound. In
the separated (noisy or quiet) area types the associations were no
longer statistically significant, possibly due to the lower number of responden ts in these sub samples. One could argue that in noisy or
quiet area types sleep disturbance-could act as an intermediate va riable, but the structural model does nol su pport this assum ption,
si nce in none of the models sleep disturbance and psychological distress are significantly related.

In th is study design we worked with a model that was based on
hypotheses regarding relations between five central variables that
stem from the lite rature on the impact of environmental sound
sources on psychological distress and health. It is obvious that expla natory variables are missi ng, because sleep d isturbance and psychologica l distress do not depend on noise exposure only. This is reflected by
the low percentages of explained va riance in the structura l mod els;
percentages however that are quite common in field research. Future
research should add possible factors of infl uence, both individual
and social, in order to fu rthe r increase the understanding of adverse
effects related to wind turbine noise.
Such research could also address the question if in noisy areas the
absence of signi ficant re lations between so und expos ure and annoyance on the one hand and between annoya nce and psychological
distress on the other can be explai ned by th e noisier envi ronment,
which might in part mask the sound of wind turbines. An other q uestion that is wor th co nsidering is th e question whether people w ho
live in noisier areas are perhaps better habituated to noise.
Data on psychological distress were gathered through questionnaire in this study. A rece nt Dutch study showed that self~reported
data and primary care rl ,1ta from general practitioners (GPs) in
urban and rura l areas render different results (l<roneman et al.,
2010). Self- reported health problems point to a perceived better
health in rural than in urban areas, whe reas, according to GP records,
acute somatic and chronic diseases occur more often in rural than in
urban areas. Although self- reported physical and mental hea lth are
important health indicators, these findings indicate that more

4.4. Sound exposure and psychological distress
Sound expos ure and psychological distress showed a significa nt
positive corre lation, indicating tha t highe r exposure leads to more
distress. In the SEM-ana lyses suc h a relation did nor show up in the
di rect sense, but indirectly with annoyance as an intermediate variable. Among those who reported that they noticed the so und . an noyance due to wind turbi ne sou nd can be considered as a mediator
between sound exposure and sleep disturbance and also between
so und expos ure and psychologica l distress.
Among people who were not noticing the sound of wind turbines
no sign ificant pathways between sound exposure and psychological
distress can be di tingulshed in the SEM ana lyses. However, there
seems to be a re lation between sleep disturbance a nd psychological
distress irrespective of exposure to wind turbine noise (Fig. 3 in
Appendix I), but here sleep disturbance only explains 5% of Lhe variation of psychological distress.
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objective data can be useful when exploring the complicated relationship between (wind turbine) noise and psychological distress.

Annoyance

Appendix 1. Strurtural equation models (Figs. 3 through 6)

p

.

!

Sleep
Disturbance
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.......p
· 0.15

Sound

Expoaure

Sound
Exposure

PsychologJcel
Dletreu

0.05

• •p<O.O!
Chi-square= 1.51, df., 1. RMSEA., 0.040, P' Psych Oil• 0.05
Swain ,;om,cted chi•aqu- • 1.499, Swain c:om,cted p vlllue • O.221

0 12

Paychologlcel
DletrNa

' • P < 0.05
Chi•9QU8nl • 2.88. di• 3. RMSEA • •0.001 . R' Paych Dia• 0.09
Swain comu:1ed clli-aquan, = 2.8. Swain CO<T0cled p-value • 0.422

0

Fig. 3. Structural model with age, sleep disturbance, exposure to wind turbines and
psychological distress (as a dependent variable) among people who were not notici ng
the sound or wind turbines and have no economical benefit (n =265).

Fig. 5. Structural model with age, annoyance, sleep disturbance, exposure to wind turbines and psychological distress (as a dependent variable) among people who were
noticing the sound or wind turbines, have no economical benefit and live in noisy
area types (n = 147).

Annoyance
Annoyance
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Dlstren

•0,11
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0

Swain comicted cN,equan, • 8.20. Swaln COITeeled P,YeluO • 0.042
Fig. 4. Structural model with age, annoyance, sleep disturbance, exposure to wind
turbines and psychological distress (as a dependent variable) among people who
were noticing the sound of wind turbines and have no economical benefit ( n = 265 ).

Fig. 6. Structural model with age, annoyance, sleep disturbance, exposure to wind turbines and psychological distress (as a dependent variable) among people who were
noticing the sound or wind turbines, who have no economical benefit and who live
in quiet area types (n = 118).

so

R.H. Bakker et al. / Science of the Total Environment 425 (2012) 42-51

Appendix 2. Table 8 Correlation matrices

Sleep disturbance

Psychological dis tress

.191"
.172"
.005

-.129'
.053

Age

Quiet + noisy do not notice ( n = 323)
Sleep disturbance (m= 1.7. SD= 1.2)
Psychological distress (m = 3.3, SD= 2.8)
Age (m=S6.8, SD= 15.9)
Sound exposure (m = 31.4. SD= 4.2)

Annoyance outside

Annoyance inside

-.068

Sleep disturbance

Psychological distress

Age

Quiet +noisy do notice (n =265)
Annoyance outside ( m = 3.4, SO= 3.2)
Annoyance inside ( m = 1.9 SD= 3.0)
Sleep disturbance ( m = 2.0, SD= 1.3)
Psychological distress (m = 3.7, SD= 2.8)
Age (m = S3.4. SD= 13.8)
Sound exposure ( m = 36.9, SO= 4.9)

.781"'
.444..

.184..
.116
281"

.493"
.243"
.084
.206'"

.205..
.071
.094

- .077
.160""

-.084

.782"
.499"
.174'
236"
.057

.534"
.217"
.157
.065

.220"
.084
.014

-.087
.130

- .146

.783..
380"'
201'
-.027
533"

.438"
.282"
- .012
.382"

.182'
.045
.200•

-.065
.208'

Noisy do notice (11 = 147)
Annoyance outside (m=3.5, SD = 3.1 )
Annoyance inside (m=2.0, SD=3.0)
Sleep disturbance ( m=2.l, SD = 1.3)
Psychological distress (m =3.7, SD =3.0)
Age (m = 54.7, SD= 13.8)
So und exposure ( m = 36.6, SD =4.9)

Quiet do notice (n

= 118)

Annoyance outside ( m = 3.3, SD = 3.4)
Annoyance inside (m= 1.9, S0=2.9)
Sleep disturbance ( m = 2.0, SO= 1.3)
Psychological distress (m = 3.6. SD = 2.5)
Age (m = 51 .8. SD= 13.6)
Sound exposure (m=37.2, S0=5. I)

.007

' = p <0.05, ·•=p <0.01.
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