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The Council of Canadian Academies
Science Advice in the Public Interest
The Council of Canadian Academies (the Council) is an independent,
not-for-profit organization that supports independent, science-based, authoritative
expert assessments to inform public policy development in Canada. Led by a
12-member Board of Governors and advised by a 16-member Scientific Advisory
Committee, the Council’s work encompasses a broad definition of science,
incorporating the natural, social, and health sciences as well as engineering
and the humanities. Council assessments are conducted by independent,
multidisciplinary panels of experts from across Canada and abroad. Assessments
strive to identify emerging issues, gaps in knowledge, Canadian strengths, and
international trends and practices. Upon completion, assessments provide
government decision-makers, researchers, and stakeholders with high-quality
information required to develop informed and innovative public policy.
All Council assessments undergo a formal report review and are published and
made available to the public free of charge in English and French. Assessments
can be referred to the Council by foundations, non-governmental organizations,
the private sector, or any level of government.
The Council is also supported by its three founding Member Academies:
The Royal Society of Canada (RSC) is the senior national body of distinguished
Canadian scholars, artists, and scientists. The primary objective of the RSC is
to promote learning and research in the arts and sciences. The RSC consists
of nearly 2,000 Fellows — men and women who are selected by their peers
for outstanding contributions to the natural and social sciences, the arts, and
the humanities. The RSC exists to recognize academic excellence, to advise
governments and organizations, and to promote Canadian culture.
The Canadian Academy of Engineering (CAE) is the national institution
through which Canada’s most distinguished and experienced engineers provide
strategic advice on matters of critical importance to Canada. The Academy
is an independent, self-governing, and non-profit organization established
in 1987. Fellows are nominated and elected by their peers in recognition of
their distinguished achievements and career-long service to the engineering
profession. Fellows of the Academy, who number approximately 600, are
committed to ensuring that Canada’s engineering expertise is applied to the
benefit of all Canadians.
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The Canadian Academy of Health Sciences (CAHS) recognizes individuals of
great achievement in the academic health sciences in Canada. Founded in 2004,
CAHS has approximately 400 Fellows and appoints new Fellows on an annual
basis. The organization is managed by a voluntary Board of Directors and a
Board Executive. The main function of CAHS is to provide timely, informed,
and unbiased assessments of urgent issues affecting the health of Canadians. The
Academy also monitors global health-related events to enhance Canada’s state
of readiness for the future, and provides a Canadian voice for health sciences
internationally. CAHS provides a collective, authoritative, multidisciplinary
voice on behalf of the health sciences community.
www.scienceadvice.ca
@scienceadvice
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Message from the Chair
Wind turbines are a relatively new addition to the Canadian landscape and
energy mix. Although wind power in the form of windmills is a common sight
on the farm and on the Prairies, wind turbines on a commercial scale are a
modern phenomenon. Their recent growth in both number and size has raised
questions regarding potential health impacts on nearby residents.
In response to public concern, the Government of Canada, through the Minister
of Health, asked the Council to determine if there is evidence to support a
causal association between exposure to wind turbine noise and health effects.
This report presents the expertise and contributions of a panel of 10 experts from
Canada and abroad, drawn from fields as diverse as engineering and medical
science, including myself as Chair. I am deeply grateful for my colleagues on
the Panel who contributed their substantial time and effort to ensure the depth
and quality of this report. I would also like to extend my appreciation to the
nine reviewers who assisted the Panel and whose efforts significantly improved
the earlier version of the report.
Before this Panel was assembled, Health Canada had started, in 2012, a large
cross-epidemiological study to measure potential health outcomes of exposure
to sound from wind turbines in areas of Canada where wind energy is used. The
preliminary results from this study became available as the Panel was concluding
its deliberations and finalizing this report (November 2014). Although results
from this study were not included in the body of evidence assessed by the Panel,
they are summarized and discussed in this report. I would like to assure readers
that Health Canada was not involved in or privy to the Panel’s deliberations
before publication, nor was the Department given access to drafts of this report.
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Finally, the Panel is grateful for the support it received from the staff members
of the Council of Canadian Academies who were assigned to this assessment.
They are a dedicated and accomplished team of scholars and professionals,
and it has been an honour and a pleasure to work with them.
I would like to extend my personal appreciation to the Panel members for
their cooperation, rigour, patience, and devotion to the task.

Tee L. Guidotti
Chair, Expert Panel on Wind Turbine Noise and Human Health
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Report Review
This report was reviewed in draft form by the individuals listed below — a
group of reviewers selected by the Council of Canadian Academies for their
diverse perspectives, areas of expertise, and broad representation of academic,
industrial, policy, and non-governmental organizations.
The reviewers assessed the objectivity and quality of the report. Their
submissions — which will remain confidential — were considered in full by
the Panel, and many of their suggestions were incorporated into the report.
They were not asked to endorse the conclusions, nor did they see the final
draft of the report before its release. Responsibility for the final content of this
report rests entirely with the authoring Panel and the Council.
The Council wishes to thank the following individuals for their review of
this report:
Prudence Allen, Director and Associate Professor, National Centre for Audiology,
Western University (London, ON)
François Benoit, Scientific and Administrative Lead, National Collaboration
Centre for Healthy Public Policy, Institut national de santé publique du Québec
(Montréal, QC)
Arline L. Bronzaft, Consultant and Professor Emerita, City University of
New York (New York, NY)
Jeffrey M. Ellenbogen, Assistant Professor of Neurology, Johns Hopkins
University (Baltimore, MD)
Wendy Heiger-Bernays, Associate Professor of Environmental Health, Boston
University School of Public Health (Boston, MA)
Stefan Oerlemans, Senior Key Expert Aeroacoustics, Siemens Wind Power
(Brande, Denmark)
Stéphane Perron, Physician and Clinical Adjunct Professor, Montréal
Public Health Department, Université de Montréal and McGill University
(Montréal, QC)
Bo Søndergaard, Senior Consultant, Department of Acoustics, Grontmij
(Aarhus, Denmark)
Jian Wang, Professor, School of Human Communication Disorders, Dalhousie
University (Halifax, NS)
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The report review procedure was monitored on behalf of the Council’s Board
of Governors and Scientific Advisory Committee by Susan A. McDaniel, FRSC,
Director, Prentice Institute; Canada Research Chair in Global Population and Life
Course; Prentice Research Chair in Global Population and Economy; Professor of
Sociology, University of Lethbridge (Lethbridge, AB). The role of the report review
monitor is to ensure that the Panel gives full and fair consideration to the submissions
of the report reviewers. The Board of the Council authorizes public release of an
expert panel report only after the report review monitor confirms that the Council’s
report review requirements have been satisfied. The Council thanks Dr. McDaniel
for her diligent contribution as report review monitor.

Janet W. Bax, Interim President
Council of Canadian Academies
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Executive Summary
Demand for renewable energy, including wind power, is expected to continue
to grow both in Canada and globally for the foreseeable future. The wind
energy sector in Canada has grown at an ever-increasing pace since the 1990s,
and Canada is now the fifth-largest market in the world for the installation
of new wind turbines. As the sector grows, the wind turbines being installed
are getting more powerful. The first megawatt-scale turbines were installed in
Canada in 2004, with 3 megawatt models arriving in 2008; larger models up
to 7.5 megawatt are currently being tested internationally. To produce this
power, turbines have also increased in size. As wind turbines become a more
common feature of the Canadian landscape, this new source of environmental
sound has raised concerns about potential health effects on nearby residents.
Determining whether wind power causes adverse health effects in people is
therefore important so that all Canadians can equitably share in the benefits
of this technology.
THE C HA R G E T O T H E PANE L

In response to growing public concern about the potential health effects of
wind turbine noise, the Government of Canada, through the Minister of Health
(the Sponsor), asked the Council of Canadian Academies (the Council) to
conduct an assessment of the question:
Is there evidence to support a causal association between exposure to wind turbine noise
and the development of adverse health effects?
The Charge also includes the following sub-questions:
• Are there knowledge gaps in the scientific and technological areas that need to be
addressed in order to fully assess possible health impacts from wind turbine noise?
• Is the potential risk to human health sufficiently plausible to justify further research
into the association between wind turbine noise exposure and the development
of adverse health effects?
• How does Canada compare internationally with respect to prevalence and nature of
reported adverse health effects among populations living in the vicinity of commercial
wind turbine establishments?
• Are there engineering technologies and/or other best practices in other jurisdictions that
might be contemplated in Canada as measures that may minimize adverse community
response towards wind turbine noise?
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The Panel defined health in a way that is consistent with the World Health
Organization’s concept of health: “a state of complete physical, mental
and social well-being and not merely the absence of disease or infirmity”
(WHO, 1946). The Panel interpreted noise to include both objective measures
of acoustic signals in the environment (sound), as well as subjective perceptions
of sound sensations that are unwanted by the listener (noise). As there are a
variety of wind turbines available worldwide, with differing sound characteristics,
the Panel focused specifically on the type that constitutes almost all of the
installed turbines in Canada: modern, three-bladed, tower-mounted, utilityscale (500 kilowatt capacity or more), upwind, horizontal-axis wind turbines
that were land-based.
THE PA N E L’ S A P P R OACH

To respond to the Charge, the Panel used an evidence-based approach to
identify and review relevant research. First, the Panel identified more than
30 symptoms and health outcomes that have been attributed to exposure to
wind turbine noise, based on a broad survey of peer-reviewed and grey literature,
web pages, and legal decisions.
Empirical evidence related to any associations between these health outcomes
and exposure to wind turbine noise was then collected from several sources,
including peer-reviewed journal articles, conference papers, and grey literature.
More than 300 publications were found through a comprehensive search, and
these were narrowed down to 38 relevant studies related to the health effects of
wind turbine noise. The body of evidence concerning each health outcome was
appraised and assessed according to Bradford Hill’s guidelines for causation,
and summarized using standard terms adopted from the International Agency
for Research on Cancer (IARC). The major steps of the Panel’s approach are
illustrated in Figure 1.
KEY F I N D I N G S

Based on its expertise and review of empirical research, the Panel made findings
in the following areas:
• Acoustic characteristics of wind turbine noise;
• Evidence of causal relationships between exposure to wind turbine noise
and adverse health effects;
• Knowledge gaps and further research; and
• Promising practices to reduce adverse community response.
Other aspects of the Charge, such as the prevalence of adverse health outcomes
in Canada, could not be answered because of a lack of data.
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Literature Specific to Wind Turbines and Human Health
Environmental
Noise and Human
Health Literature

Empirical
Research

Critical
Appraisal

Reviews and
Discussions

Legal Decisions
(ERTs)

Web Pages

Reported Adverse
Health Effects

Conceptual Framework
Weight and Summary of Evidence
of a Causal Relationship
• Sufficient
• Inadequate
• Limited
• Lack of causality

Conceptual Framework:
Conclusions

Figure 1
Evidence Assessment Process
Brown lines show information used in defining potential health outcomes and building a model
of pathogenic mechanisms; blue lines show the literature review process with reference to causal
associations between wind turbine noise and each potential health effect.

A C O US TI C CH ARAC T E RI S T I C S OF W IND TU R B INE NOISE

1. Sound from wind turbines is complex and variable
Like sound from any source, wind turbine noise can be described by frequency
components (which determine pitch), sound pressure levels (which determine
loudness), and the way both of these change over time. Sound from wind turbines
is highly complex and variable, but has some characteristics that are similar
to other sources of community noise, such as road and airport traffic noise:
• Sound from wind turbines is broadband, composed of sound over a broad
range of frequencies.
• The overall sound pressure levels outdoors vary greatly depending on distance,
wind speed, and transmission from the source to the receiver.
• However, higher frequencies tend to be reduced indoors and with increasing
distance, leading to an emphasis on lower frequencies.
• It is amplitude modulated, with sound levels changing over time.
Wind turbines also emit sound with the following characteristics, which are
less common than other sources of community noise:
• Sounds from wind turbines may extend down to the infrasonic range and,
in some cases, may include peaks or tonal components at low frequencies.
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• Sound emissions from a wind turbine increase with greater wind speed at
the height of the blades, up to the turbine’s rated wind speed (speed at which
it generates maximum power), above which sound does not increase.
• Sound from wind turbines can exhibit periodic amplitude modulation, often
described as a “swishing” or “thumping” sound. The causes and consequences
of this periodic amplitude modulation are areas of ongoing research, as
wind turbine designers and manufacturers seek ways to reduce or mitigate it.
Most sound from wind turbines is produced by interactions between the
surface of the blade and the air flowing over it (aerodynamic processes), which
is strongest near — but not at — the blade tips. Mechanical noise from the
physical movements of the gearbox, generator, and other components produces
low-frequency tones in some cases.
2. Standard methods of measuring sound may not capture the
low-frequency sound and amplitude modulation characteristic
of wind turbine noise
Measurement of sound for health surveillance and research uses standard
methods. The most commonly used methods include A-weighting, which
emphasizes the frequencies according to human hearing sensitivity, and deemphasizes low and very high frequencies. Although A-weighted measurement
is an essential method, it may fail to capture the low-frequency components
of wind turbine sound. In addition, measurement is often averaged over time
(Leq), which does not convey changes in sound pressure levels occurring in
short periods (for example, within a second). Time-averaged measurement
may thus fail to capture amplitude modulation.
A-weighted measurements are an important first step in determining people’s
exposure to audible sound in most cases, but more detailed measurements may
be necessary in order for researchers to fully investigate the potential health
impact of specific sources of wind turbine noise. The metrics of sound exposure
most relevant to potential health outcomes are not completely understood,
however, and remain an important area for further research.
WIND TUR B I N E N O I S E AND ADV E R S E H E ALTH EFFEC TS

The relevant empirical evidence was reviewed and weighted in order to determine
the strength of evidence for a causal link between wind turbine noise and each
potential adverse health effect.
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3. The evidence is sufficient to establish a causal relationship between
exposure to wind turbine noise and annoyance
The evidence consistently shows a positive relationship between outdoor wind
turbine noise levels and the proportion of people who report high levels of
annoyance. However, many factors can modify the strength of this relationship,
such as a person’s attitudes toward wind turbines and any economic benefits the
person derives from them. As well, visual and noise effects of wind turbines are
difficult to isolate from each other. The current state of the evidence does not
allow for a definite conclusion about whether annoyance is caused by exposure
to wind turbine noise alone, or whether factors such as visual impacts and
personal attitudes modify the noise-annoyance relation — and to what extent,
since the studies completed to date do not measure these factors independently
of each other. It is also unclear which sound characteristics contribute to longterm chronic annoyance, although low-frequency components and periodic
amplitude modulation have been investigated as likely candidates.
4. There is limited evidence to establish a causal relationship between
exposure to wind turbine noise and sleep disturbance
The available evidence suggests that a direct causal relationship or an indirect
(via annoyance) relationship between exposure to wind turbine noise and sleep
disturbance might exist. While sleep disruption has been investigated in several
studies, the resulting evidence base is smaller than that which examines the
relationship between wind turbine noise and annoyance.
5. The evidence suggests a lack of causality between exposure to wind
turbine noise and hearing loss
There is convincing evidence that exposure to wind turbine noise at typical levels
associated with regulated noise limits and setbacks (distance from structures)
does not cause loss of hearing, even over a lifetime of exposure.
6. The Panel found inadequate evidence of a direct causal relationship
between exposure to wind turbine noise and stress, although stress
has been linked to other sources of community noise
Available evidence suggests that a direct or indirect mechanism between exposure
to wind turbine noise and stress might exist, similar to the finding for sleep
disturbance, but the evidence lacks methodological and statistical strength.
Stress has been identified as a risk factor for a number of other diseases, such
as cardiovascular diseases, in the context of long-term exposure to community
noise from other sources, such as road, rail, and air traffic. The current evidence
related to exposure to wind turbine noise and stress is inconsistent, however.
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7. For all other health effects considered (fatigue, tinnitus, vertigo,
nausea, dizziness, cardiovascular diseases, diabetes, etc.), the evidence
was inadequate to come to any conclusion about the presence or
absence of a causal relationship with exposure to wind turbine noise
Hypertension and other cardiovascular diseases, diabetes, tinnitus, cognitive or
task performance, psychological health, and health-related quality of life have
all been the subject of empirical, population-based, wind-turbine noise studies.
The evidence, however, was inconsistent or the studies had methodological
limitations preventing the determination of a causal relationship between these
effects and exposure to wind turbine noise. None of the other health effects
considered have been the subject of a population-level study or experiments
in the context of wind turbine noise. Therefore, the evidence for a causal
association is largely lacking for these other effects.
Factors Influencing Responses

External Stimuli
• Sound Pressure Level
• Frequency Characteristics
• Tonal Components
• Amplitude Modulation

Modifying Factors
• Noise Sensitivity
• Pre-Existing Conditions
• Personal Attitudes
• Visual Impacts

Mechanisms

Direct
ReceptorMediated
(hearing,
vestibular)

Health Outcomes
Nervous System
• Cognitive
Performance
• Tinnitus
• Health-Related
Quality of Life
Sleep
Disturbance

Endocrine System
• Diabetes
Stress

Perceptual
Cognitive and
Emotional
Response

Sufficient evidence of a causal relationship
Limited evidence of a causal relationship
Evidence from the environmental noise literature

Annoyance

Psychological
Health
Cardiovascular
System

Grey boxes: inadequate evidence of a causal
relationship for the specific health outcome
Unlinked boxes: no clear mechanism linking
the health outcome to wind turbine noise

Figure 2
Summary of Evidence for Causal Pathways Between Exposure to Wind Turbine Noise
and Adverse Health Effects
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Conclusions about causal relationships are therefore lacking for most of the health
effects postulated in a wide variety of sources reviewed by the Panel, mainly as a result
of lack of evidence or problems with the quality of evidence. However, research
on environmental noise has shown that annoyance can be a contributing factor or
precursor to adverse health effects such as sleep disturbance, stress and cardiovascular
diseases. The Panel thus developed a conceptual framework of pathways through
which sound from wind turbines could plausibly result in health outcomes.
Figure 2 shows this framework and summarizes the Panel’s findings on the potential
causal pathways between exposure to wind turbine noise and the development
of adverse health effects, or the exacerbation of existing health conditions.
KN O W LE D G E GAP S AND F U RT H E R RESEAR C H

8. Knowledge gaps prevent a full assessment of public health effects
of wind turbine noise
The Panel identified specific knowledge gaps for each health condition studied,
where specific types of evidence would help clarify the strength of associations,
minimize bias, or eliminate possible confounding factors with respect to exposure
to wind turbine noise. For example, it is unclear whether the possible pathway
that could lead to sleep disturbance or stress is the direct result of exposure to
wind turbine noise or of annoyance as a mediating factor.
Most existing epidemiological studies of wind turbine noise lack sufficient
power to detect small changes in the risk of adverse health effects, or were
designed in a way that could not rule out bias in responses or adequately control
confounding factors. The Panel also identified an absence of longitudinal studies.
The Panel stresses that there is a paucity of research on sensitive populations,
such as children and infants and people affected by clinical conditions that
may lead to an increased sensitivity to sound.
The use of adequate methods and procedures for measuring and modelling
sound exposure from wind turbines, particularly indoors, would improve the
quality of future studies on adverse health effects (see Key Finding 2).
9. Research on long-term exposure to wind turbine noise would
provide a better understanding of the causal associations between
wind turbine noise exposure and certain adverse health effects
Chronic annoyance and sleep disturbance have been linked to stress responses
in studies of long-term exposure to other sources of noise, such as air and road
traffic. Furthermore, these health effects are themselves risk factors for other
diseases, such as cardiovascular diseases, which have previously been associated
with long-term exposure to other sources of community noise. Given the
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burden of cardiovascular diseases on society and Canada’s health care system,
further research on the long-term effects of exposure to wind turbine noise, in
particular on stress and sleep disturbance, would provide more data to assess
the health effects of wind turbine noise. Finally, the Panel stresses that the
available evidence does not allow conclusions with regard to the prevalence of
annoyance or other health effects within the population exposed to sound from
wind turbines in Canada. Further research and surveillance would provide a
better understanding of this prevalence, both in those exposed to wind turbine
noise and in the general population.
PROMI S I N G P R A C T I CE S AND T E C H NOL OGIES TO R EDU C E
ADVE R S E C O M M U NI T Y R E S P ONS E T O W I ND TU R B INE NOISE

10. Technological development is unlikely to resolve, in the short term,
the current issues related to perceived adverse health effects of wind
turbine noise
Wind turbine designs, modifications, and technology that could reduce sound
emissions are currently being explored by wind turbine manufacturers. Ongoing
technological development has contributed to lower sound emissions for
turbines of a given size over the previous generation of turbines, with further
improvements expected. Other factors such as power output favour larger
turbines, however, which can offset overall reductions in sound emissions per
kilowatt of electricity produced.
11. Impact assessments and community engagement provide
communities with greater knowledge and control over wind energy
projects and therefore help limit annoyance
Equity and fairness have been crucial for the acceptance of wind turbines in
many communities, with perceived loss of social justice and disempowerment
being significant barriers to acceptance in some cases. One important regulatory
approach is to conduct a noise impact assessment of any proposed project;
several Canadian provinces and other countries require such an assessment.
In some of the international practices reviewed by the Panel, wind energy
developers engaged in consultation and communication with local authorities
and residents beginning at an early stage of project development, through all
stages of implementation, and even after installation. Community engagement
helps to inform and educate local residents, as well as involve them in a wind
energy project with the goal of fostering social acceptance.
Wind turbines are a progressively familiar sight in Canada and contribute an
increasing share of the electricity consumed in Canada. Concerns over the health
effects of wind turbine noise have been expressed in many ways but rarely with

Executive Summary

xix

detailed, reproducible, and rigorous data sufficient to support a conclusion on
either causation or magnitude of any potential health effect. The Panel’s final
report is an attempt to objectively and rigorously review empirical research on
the causal link between wind turbine noise and adverse health effects, as well as
potential solutions to noise-related issues contemplated elsewhere, all of which
may help in addressing concerns about wind turbine noise in Canada. The
report is intended not only as a tool to inform decision-making and academic
research on the subject, but also to inform the continuing dialogue across
Canada and internationally, and across many sectors, about wind turbine noise
and adverse human health effects.

