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Effects of industrial wind turbine noise on sleep and health
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Abstract
Industrial wind turbines (IWTs) are a new source of noise in previously quiet rural environments. Environmental noise is a
public health concern, of which sleep disruption is a major factor. To compare sleep and general health outcomes
between participants living close to IWTs and those living further away from them, participants living between 375 and
1400 m (n = 38) and 3.3 and 6.6 km (n = 41) from IWTs were enrolled in a stratified cross-sectional study involving two
rural sites. Validated questionnaires were used to collect information on sleep quality (Pittsburgh Sleep Quality Index PSQI), daytime sleepiness (Epworth Sleepiness Score - ESS), and general health (SF36v2), together with psychiatric
disorders, attitude, and demographics. Descriptive and multivariate analyses were performed to investigate the effect of
the main exposure variable of interest (distance to the nearest IWT) on various health outcome measures. Participants
living within 1.4 km of an IWT had worse sleep, were sleepier during the day, and had worse SF36 Mental Component
Scores compared to those living further than 1.4 km away. Significant dose-response relationships between PSQI, ESS,
SF36 Mental Component Score, and log-distance to the nearest IWT were identified after controlling for gender, age, and
household clustering. The adverse event reports of sleep disturbance and ill health by those living close to IWTs are
supported.
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Full Text
Introduction

Environmental noise is emerging as one of the major public health concerns of the twenty-first century. [1] The drive to
'renewable', low-carbon energy sources, has resulted in Industrial Wind Turbines (IWTs) being sited closer to homes in
traditionally quiet rural areas to reduce transmission losses and costs. Increasing numbers of complaints about sleep
disturbance and adverse health effects have been documented, [2],[3],[4] while industry and government reviews have
argued that the effects are trivial and that current guidance is adequate to protect the residents. [5],[6] We undertook an
epidemiological study to investigate the relationship between the reported adverse health effects and IWTs among
residents of two rural communities.

Methods

General study design
This investigation is a stratified cross-sectional study involving two sites: Mars Hill and Vinalhaven, Maine, USA. A
questionnaire was offered to all residents meeting the participant-inclusion criteria and living within 1.5 km of an industrial
wind turbine (IWT) and to a random sample of residents, meeting participant inclusion criteria, living 3 to 7 km from an
IWT between March and July of 2010. The protocol was reviewed and approved by Institutional Review Board Services,
of Aurora, Ontario, Canada.
Questionnaire development
Adverse event reports were reviewed, together with the results of a smaller pilot survey of Mars Hill residents. A
questionnaire was developed, which comprised of validated instruments relating to mental and physical health (SF- 36v2)
[7] and sleep disturbance ((Pittsburgh Sleep Quality Index (PSQI) [8] and the Epworth Sleepiness Scale (ESS) [9] ). In
addition, participants were asked before-and-after IWT questions about sleep quality and insomnia, attitude toward IWTs,
and psychiatric disorders. A PSQI score > 5 was taken to indicate poor sleep and an ESS score > 10 was taken to
indicate clinically relevant daytime sleepiness. [1],[2],[3],[4] Responses to functional and attitudinal questions were graded
on a five-point Likert scale with 1 representing the least effect and 5 the greatest. The questionnaire is available on
request.
Study sites and participant selection
The Mars Hill site is a linear arrangement of 28 General Electric 1.5 megawatt turbines, sited on a ridgeline. The
Vinalhaven site is a cluster of three similar turbines sited on a low-lying, tree-covered island. All residents living within 1.5
km of an IWT, at each site, were identified via tax maps, and approached either door-to-door or via telephone and asked
to participate in the study (near group). Homes were visited thrice or until contact was made. Those below the age of 18
or with a diagnosed cognitive disorder were excluded. A random sample of households in similar socioeconomic areas, 3
to 7 km away from IWTs at each site, were chosen to participate in the study to allow for comparison (far group). The
households were approached sequentially until a similar number of participants were enrolled. A nurse practitioner
supervised the distribution and ensured completion of the questionnaires.
Simultaneous collection of sound levels during data collection at the participants' residences was not possible, but
measured IWT sound levels at various distances, at both sites, were obtained from publically available sources. At the
Mars Hill site, a four quarter study was conducted and data from all four seasons were reported by power outputs at
several key measurement points. The measurement points were located on or near residential parcels. The predicted and
measured levels at full power were derived from figures in the Sound Level Study, Compilation of Ambient and Quarterly
Operations Sound Testing, and the Maine Department of Environmental Protection Order No. L-21635-26-A-N. Measured
noise levels versus distance at Vinalhaven were taken over a single day in February 2010, with the turbines operating at
less than full power in moderate-to-variable northwest winds aloft (R and R, personal communication, 2011). [Table 1]
shows the estimated and measured noise levels at locations of varying distances and directions from the turbines at Mars
Hill and Vinalhaven.{Table 1}
Data handling and validation
The Principal Investigator (Michael Nissenbaum, MD) did not handle data at any point in the collection or analysis phase.
Questionnaire results were coded and entered into a spreadsheet (Microsoft Excel 2007). Each questionnaire generated
over 200 data elements. The distance from each participant's residence to the nearest IWT was measured using satellite
maps. The SF36-V2 responses were processed using Quality Metric Health Outcomes™ Scoring Software 3.0 to
generate Mental (MCS) and Physical (PCS) Component Scores.
Data quality of the SF36-V2 responses was determined using QualityMetric Health Outcomes™ Scoring Software 3.0. All
SF36-V2 data quality indicators (completeness, response range, consistency, estimable scale scores, internal
consistency, discriminant validity, and reliable scales) exceeded the parameter norms. SF 36-V2 missing values were
automatically accommodated by the scoring systems (99.9% questions were completed). No missing values were
present for other parameters (ESS, PSQI, psychiatric and attitudinal observations, and demographics).
Statistical analysis

All analyses were performed using SAS 9.22. [10] Descriptive and multivariate analyses were performed to investigate
the effect of the main exposure variable of interest (distance to the nearest IWT) on the various outcome measures.
Independent variables assessed included the following: Site (Mars Hill, Vinalhaven); Distance to IWT (both as a
categorical and continuous variable); Age (continuous variable); Gender (categorical variable). The dependent variables
assessed included the following: Summary variables - Epworth Sleepiness Scale (ESS), Pittsburgh Sleep Quality Index
(PSQI), SF36-V2 Mental Component Score (MCS), SF36-V2 Physical Component Score (PCS); Before and after
parameters - sleep, psychiatric disorders (both self-assessed and diagnosed by a physician), attitude toward IWTs; and
Medication use (both over-the-counter and prescription drugs). A P value of < 0.05 was regarded as being statistically
significant.

Results

Study participants
Thirty-three and 32 adults were identified as living within 1500 m of the nearest IWT at the Mars Hill (mean 805 m, range
390 - 1400) and Vinalhaven sites (mean 771 m range 375 - 1000), respectively. Twenty-three and 15 adults at the Mars
Hill and Vinalhaven sites respectively, completed the questionnaires. Recruitment of participants into the far group
continued until there were similar numbers as in the near group, 25 and 16 for Mars Hill and Vinalhaven, respectively
[Table 2].{Table 2}
Statistical results
The binomial outcomes were assessed using either the GENMOD procedure with binomial distribution and a logit link; or
when cell frequencies were small (< 5), Fisher's Exact Test. When assessing the significance between variables with a
simple score outcome (e.g., 1 - 5), the exact Wilcoxon Score (Rank Sums) test was employed using the NPAR1WAY
procedure. Continuous outcome variables were assessed using the GENMOD procedure with normal distribution. When
using the GENMOD procedure, age, gender, and site were forced into the model as fixed effects. The potential effect of
household clustering on statistical significance was accommodated by using the REPEATED statement. Effect of site as
an effect modifier was assessed by evaluating the interaction term (Site*Distance).
Participants living near IWTs had worse sleep, as evidenced by significantly greater mean PSQI and ESS scores [Table
3]. More participants in the near group had PSQI > 5 (P = 0.0745) and ESS scores > 10 (P = 0.1313), but the differences
did not reach statistical significance. Participants living near IWTs were significantly more likely to report an improvement
in sleep quality when sleeping away from home. {Table 3}
The near group had worse mental health as evidenced by significantly higher mean SF36 MCS (P = 0.0021) [Table 3].
There was no statistically significant difference in PCS (P = 0.9881). Nine participants in the near group reported that they
had been diagnosed with either depression or anxiety since the start of turbine operations, compared to none in the far
group. Nine of the 38 participants in the near group reported that they had been prescribed new psychotropic medications
since the start of turbine operations compared with three of 41 in the far group (P = 0.06).
The ESS, PSQI, and SF36 scores were modeled against distance from the nearest IWT (Score = ln (distance) + gender +
age + site [controlled for household clustering]), and the results are shown in [Figure 1], [Figure 2] and [Figure 3]. In all
cases, there were clear and significant dose-response relationships (P < 0.05), with the effect diminishing with increasing
log-distance from IWTs. Log-distance fit the health outcomes better than distance. This was expected given that noise
drops off as the log of distance. Measured sound levels were plotted against distance at the two sites on [Figure 1],
[Figure 2] and [Figure 3]. {Figure 1}{Figure 2}{Figure 3}
There were no statistically significant differences between the near and far groups with respect to age, gender, or duration
of occupation. In addition, Site, and Site*Distance were not significant, indicating that the modeled exposure-outcome
relationships were similar across both sites.

Discussion

This study supports the conclusions of previous studies, which demonstrate a relationship between proximity to IWTs and
the general adverse effect of 'annoyance', [11],[12],[13] but differs in demonstrating clear dose-response relationships in
important clinical indicators of health including sleep quality, daytime sleepiness, and mental health. The levels of sleep

disruption and the daytime consequences of increased sleepiness, together with the impairment of mental health and the
dose-response relationships observed in this study (distance from IWT vs. effect) strongly suggest that the noise from
IWTs results in similar health impacts as other causes of excessive environmental noise 1 .
The degree of effect on sleep and health from IWT noise seems to be greater than that of other sources of environmental
noise, such as, road, rail, and aircraft noise. Bray and James have argued that the commonly used noise metric of LAeq
(averaged noise level adjusted to human hearing) is not appropriate for IWT noise, which contains relatively high levels of
low frequency sound (LFN) and infrasound with impulsive characteristics. [14] This has led to an underestimation of the
potential for adverse health effects of IWTs.
Potential biases
Reporting and selection biases in this study, if they existed, may have underestimated the strength of the association
between distance to IWTs and health outcomes. Both Mars Hill and Vinalhaven residents gain financially from the wind
projects, either through reduced electricity costs and / or increased tax revenues. The fear of reducing property values
was also cited as a reason for downplaying the adverse health effects. Conversely, the possibility of legal action could
result in symptoms being over stated. It was clear to the respondents that the questionnaire was directed at investigating
adverse health effects potentially associated with IWT noise and no distractor questions were included. Nevertheless,
given the large differences in reported adverse health effects between participants living within 1400 m and those living
beyond 3300 m of an IWT, we do not believe that bias alone could have resulted in the differences demonstrated between
the groups. In addition, the finding of strong dose-response relationships with log-distance, together with extensive
sub-analyses using survey questions more and less likely to be influenced by bias demonstrating similar results, further
support the existence of causative associations.
Visual impact and attitude are known to affect the psychological response to environmental noise. [11],[15],[16] At both
sites, turbines are prominent features of the landscape and were visible to a majority of respondents; at Mars Hill, IWTs
are sited along a 200 m high ridge, and Vinalhaven is a flat island. The visual impact on those living closest to turbines
was arguably greater than on those living some distance away. Most residents welcomed the installation of IWTs for their
proposed financial benefits and their attitudes only changed once they began to operate and the noise and health effects
became apparent. Pedersen estimates that, with respect to annoyance, 41% of the observed effects of IWT noise could
be attributed to attitude and visual impact. [11] The influence of these factors on other consequences, such as the health
effects investigated in this study, remains to be determined. Even as these factors may have contributed to the reported
effects, they are clearly not the sole mechanism and health effects are certain.
Mechanisms
A possible mechanism for the observed health effects is an effect on sleep from the noise emitted by IWTs. Industrial
wind turbines emit high levels of noise with a major low frequency component. The noise is impulsive in nature and
variously described as 'swooshing' or 'thumping'. [12] The character, volume, and frequency of the noise vary with
changes in wind speed and direction. Industrial wind turbine noise is more annoying than road, rail, and aircraft noise, for
the same sound pressure, presumably due to its impulsive character. [12],[15] Pedersen concludes that it is noise that
prevents restoration, that those subjected to it are unable to find psychological recovery in their homes because of its
intrusive nature. [16] Noise can affect sleep by preventing sleep onset or return to sleep following spontaneous or induced
awakening. Clearly, attitude and psychological factors such as noise sensitivity may be important in influencing the ability
to fall asleep, but it should be noted that noise sensitivity is, in part, heritable. [17] Noise also affects sleep by inducing
arousals, which fragment sleep, reducing its quality and leading to the same consequences as sleep deprivation. [18]
There is good evidence that road, rail, and aircraft noise induce arousals and lead to daytime consequences and there is
no reason to suppose that IWT noise will not have a similar effect. [19],[20],[21],[22],[23] A recent study on the likelihood
of different hospital noises that induce an arousal shows a considerable effect of sound character, with impulsive noises
being more likely to induce an arousal. [24] It has also been shown that there is individual variability in the likelihood of an
arousal in response to noise, which may be predicted from a spindle index, a measure of sleep quality. [25]
ESS assesses daytime sleepiness from the self-assessed propensity to fall asleep in different situations averaged over
several weeks. [9] It is widely used in sleep medicine to assess daytime sleepiness, and scores in excess of 10 are
deemed to represent clinically relevant excessive daytime sleepiness. If sleep is only disrupted occasionally, the ESS will
not be affected, as the sleep deficit can be compensated on other nights. Changes in the ESS score observed in this
study imply that sleep has been disrupted to a degree where compensation is not possible in at least some participants.
PSQI also examines the sleep quality averaged over a period of weeks, scores in excess of 5 are deemed to represent
poor quality sleep. [8] An individual's score will not be significantly affected by occasional disrupted nights, thus
confirming the conclusions drawn from the ESS data. It is noteworthy also that significant changes in ESS and PSQI have
been observed, despite the scatter in values indicative of the typical levels of impaired sleep found in the general
population. [8],[9]

Other mechanisms than sleep disruption cannot be excluded as an explanation for the psychological and other changes
observed. Low frequency noise, and in particular, impulsive LFN, has been shown to be contributory to the symptoms of
'Sick Building Syndrome,' which has similarities with those reported here. [26],[27] Salt has recently proposed a
mechanism, whereby, infrasound from IWTs could affect the cochlear and cause many of the symptoms described. [28]
We assessed causality using a well-accepted framework. [29] Although the measured parameters (ESS, PSQI, and
SF36) assess the current status, the evidence of the respondents is that the reported changes have followed the
commencement of IWT operation. This is supported by the reported preferences of the residents; the great majority of
those living within 1.4 km expressed their desire to move away as a result of the start of turbine operations. However, a
study of the same population before and after turbine operation will be necessary to confirm our supposition. We believe
that there is good evidence that a time sequence has been established. The association between distance to IWT and
health outcome is both statistically significant and clinically relevant for the health outcomes assessed, suggesting a
specific association between the factors. Given that this is the first study investigating the association between IWTs and
a range of health outcomes, the consistency and replication to prove causation is limited. However, this study includes
two different study populations living next to two different IWT projects. Despite these differences, the study site was not a
significant effect modifier among any of the measured outcomes. In addition, adverse health effects similar to those
identified in this study among those living near IWTs, have been documented in a number of case-series studies and
surveys. [2],[3],[4],[30] Finally, causal association can be judged by its coherence with other known facts about the health
outcomes and the causal factor under study. The results of this study are consistent with the known effects of other
sources of environmental noise on sleep.
The data on measured and estimated noise levels were not adequate to construct a dose-response curve and to
determine an external noise level below which sleep disturbance will not occur. However, it is apparent that this value will
be less than an average hourly LAeq of 40 dBA, which is the typical night time value permitted under the current
guidance in most jurisdictions.

Conclusions

We conclude that the noise emissions of IWTs disturbed the sleep and caused daytime sleepiness and impaired mental
health in residents living within 1.4 km of the two IWT installations studied. Industrial wind turbine noise is a further source
of environmental noise, with the potential to harm human health. Current regulations seem to be insufficient to adequately
protect the human population living close to IWTs. Our research suggests that adverse effects are observed at distances
even beyond 1 km. Further research is needed to determine at what distances risks become negligable, as well as to
better estimate the portion of the population suffering from adverse effects at a given distance.
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