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Executive Summary

People have been harnessing the power of the wind for more than 5,000 years. Initially used
widely for farm irrigation and millworks, today’s modern wind turbines produce electricity
in more than 70 countries. As of the end of 2008, there were approximately 120,800
megawatts of wind energy capacity installed around the world (Global Wind Energy
Council, 2009).

Wind energy enjoys considerable public support, but it also has its detractors, who have
publicized their concerns that the sounds emitted from wind turbines cause adverse health
consequences.

In response to those concerns, the American and Canadian Wind Energy Associations
(AWEA and CanWEA) established a scientific advisory panel in early 2009 to conduct a
review of current literature available on the issue of perceived health effects of wind
turbines. This multidisciplinary panel is comprised of medical doctors, audiologists, and
acoustical professionals from the United States, Canada, Denmark, and the United
Kingdom. The objective of the panel was to provide an authoritative reference document for
legislators, regulators, and anyone who wants to make sense of the conflicting information
about wind turbine sound.

The panel undertook extensive review, analysis, and discussion of the large body of peer-
reviewed literature on sound and health effects in general, and on sound produced by wind
turbines. Each panel member contributed a unique expertise in audiology, acoustics,
otolaryngology, occupational/ environmental medicine, or public health. With a diversity of
perspectives represented, the panel assessed the plausible biological effects of exposure to
wind turbine sound.

Following review, analysis, and discussion of current knowledge, the panel reached
consensus on the following conclusions:

e There is no evidence that the audible or sub-audible sounds emitted by wind turbines
have any direct adverse physiological effects.

e The ground-borne vibrations from wind turbines are too weak to be detected by, or to
affect, humans.

e The sounds emitted by wind turbines are not unique. There is no reason to believe,
based on the levels and frequencies of the sounds and the panel’s experience with sound
exposures in occupational settings, that the sounds from wind turbines could plausibly
have direct adverse health consequences.
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SECTION 1

Introduction

The mission of the American Wind Energy Association (AWEA) is to promote the growth of
wind power through advocacy, communication, and education. Similarly, the mission of the
Canadian Wind Energy Association (CanWEA) is to promote the responsible and
sustainable growth of wind power in Canada. Both organizations wish to take a proactive
role in ensuring that wind energy projects are good neighbors to the communities that have
embraced wind energy.

Together AWEA and CanWEA proposed to a number of independent groups that they
examine the scientific validity of recent reports on the adverse health effects of wind turbine
proximity. Such reports have raised public concern about wind turbine exposure. In the
absence of declared commitment to such an effort from independent groups, the wind
industry decided to be proactive and address the issue itself. In 2009, AWEA and CanWEA
commissioned this report. They asked the authors to examine published scientific literature
on possible adverse health effects resulting from exposure to wind turbines.

The objective of this report is to address health concerns associated with sounds from
industrial-scale wind turbines. Inevitably, a report funded by an industry association will be
subject to charges of bias and conflicts of interest. AWEA and CanWEA have minimized
bias and conflicts of interest to the greatest possible extent through selection of a
distinguished panel of independent experts in acoustics, audiology, medicine, and public
health. This report is the result of their efforts.

1.1 Expert Panelists

The experts listed below were asked to investigate and analyze existing literature and
publish their findings in this report; their current positions and/or qualifications for
inclusion are also provided.

e W. David Colby, M.D.: Chatham-Kent Medical Officer of Health (Acting); Associate
Professor, Schulich School of Medicine & Dentistry, University of Western Ontario

e Robert Dobie, M.D.: Clinical Professor, University of Texas, San Antonio; Clinical
Professor, University of California, Davis

e  Geoff Leventhall, Ph.D.: Consultant in Noise Vibration and Acoustics, UK
e David M. Lipscomb, Ph.D.: President, Correct Service, Inc.

e Robert J. McCunney, M.D.: Research Scientist, Massachusetts Institute of Technology
Department of Biological Engineering; Staff Physician, Massachusetts General Hospital
Pulmonary Division; Harvard Medical School

e Michael T. Seilo, Ph.D.: Professor of Audiology, Western Washington University
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WIND TURBINE SOUND AND HEALTH EFFECTS
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Bo Sendergaard, M.Sc. (Physics): Senior Consultant, Danish Electronics Light and

Acoustics (DELTA)

Mark Bastasch, an acoustical engineer with the consulting firm of CH2M HILL, acted as
technical advisor to the panel.

1.2 Report Terminology

Certain terms are used frequently throughout this report. Table 1-1 defines these terms. An

understanding of the distinction between “sound” and “noise” may be particularly useful to

the reader.
TABLE 1-1
Definitions of Acoustical Terms
Term Definitions

Sound Describes wave-like variations in air pressure that occur at frequencies that
can stimulate receptors in the inner ear and, if sufficiently powerful, be
appreciated at a conscious level.

Noise Implies the presence of sound but also implies a response to sound: noise is

1-2

Ambient noise level

Decibel (dB)

A-weighted sound
pressure level (dBA)

Hertz (Hz)

Infrasound

Low-frequency sound

often defined as unwanted sound.

The composite of noise from all sources near and far. The normal or existing
level of environmental noise at a given location.

A unit describing the amplitude of sound, equal to 20 times the logarithm to
the base 10 of the ratio of the measured pressure to the reference pressure,
which is 20 micropascals (uPa).

The sound pressure level in decibels as measured on a sound level meter
using the A-weighted filter network. The A-weighted filter de-emphasizes the
very low and very high frequency components of the sound in a manner
similar to the frequency response of the human ear and correlates well with
subjective reactions to noise.

A unit of measurement of frequency; the number of cycles per second of a
periodic waveform.

According to the International Electrotechnical Commission’s (IEC’s) IEC
1994, infrasound is: Acoustic oscillations whose frequency is below the low-
frequency limit of audible sound (about 16 Hz).

However this definition is incomplete as infrasound at high enough levels is
audible at frequencies below 16 Hz.

(IEC (1994): 60050-801:1994 International Electrotechnical Vocabulary -
Chapter 801: Acoustics and electroacoustics).

Sound in the frequency range that overlaps the higher infrasound
frequencies and the lower audible frequencies, and is typically considered as
10 Hz to 200 Hz, but is not closely defined.

Source: HPA, 2009.



SECTION 2

Methodology

Three steps form the basis for this report: formation of an expert panel, review of literature
directly related to wind turbines, and review of potential environmental exposures.

2.1 Formation of Expert Panel

The American and Canadian wind energy associations, AWEA and CanWEA, assembled a
distinguished panel of independent experts to address concerns that the sounds emitted
from wind turbines cause adverse health consequences.

The objective of the panel was to provide an authoritative reference document for the use of
legislators, regulators, and people simply wanting to make sense of the conflicting
information about wind turbine sound.

The panel represented expertise in audiology, acoustics, otolaryngology, occupational /
environmental medicine, and public health. A series of conference calls were held among
panel members to discuss literature and key health concerns that have been raised about
wind turbines. The calls were followed by the development of a draft that was reviewed by
other panel members. Throughout the follow-up period, literature was critically addressed.

2.2 Review of Literature Directly Related to Wind Turbines

The panel conducted a search of Pub Med under the heading “Wind Turbines and Health
Effects” to research and address peer-reviewed literature. In addition, the panel conducted a
search on “vibroacoustic disease.” The reference section identifies the peer and non-peer
reviewed sources that were consulted by the panel.

2.3 Review of Potential Environmental Exposures

The panel conducted a review of potential environmental exposures associated with wind
turbine operations, with a focus on low frequency sound, infrasound, and vibration.
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SECTION 3

Overview and Discussion

This section summarizes the results of the review and analysis conducted by the expert
panel and responds to a number of key questions:

How do wind turbine operations affect human auditory response?

How do we determine the loudness and frequency of sound and its effects on the
human ear?

How do wind turbines produce sound?
How is sound measured and tested?
What is vibration?

What type of exposure to wind turbines is more likely to be perceived by humans (low
frequency sound, infrasound or vibration)?

Can sounds in the low frequency range, most notably the infrasonic range, adversely
affect human health? Even when such levels are below the average person’s ability to
hear them?

How does the human vestibular system respond to sound?
What are the potential adverse effects and health implications of sound exposure?

What does scientific literature say about wind turbines, low frequency sound, and
infrasound?

3.1 Wind Turbine Operation and Human Auditory Response to

Sound

3.1.1 Overview

The normal operation of a wind turbine produces sound and vibration, arousing concern
about potential health implications. This section addresses the fundamental principles
associated with sound and vibration, sound measurement, and potential adverse health
implications. Sound from a wind turbine arises from its mechanical operation and the
turning of the blades.
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3.1.2 The Human Ear and Sound

The human ear is capable of perceiving a wide range of sounds, from the high-pitched
sounds of a bird song to the low-pitched sound of a bass guitar. Sounds are perceived based
on their loudness (i.e., volume or sound pressure level) or pitch (i.e., tonal or frequency
content). The standard unit of measure for sound pressure levels is the decibel (dB). The
standard unit used to describe the tonal or frequency content is the Hertz (Hz), measured in
cycles per second) — Appendix A provides more information on the fundamentals of sound.
Customarily, the young, non-pathological ear can perceive sounds ranging from 20 Hz to
20,000 Hz. Appendix B provides more information on the human ear.

Frequencies below 20 Hz are commonly called “infrasound,” although the boundary
between infrasound and low frequency sound is not rigid. Infrasound, at certain frequencies
and at high levels, can be audible to some people. Low frequency sound is customarily
referred to as that between 10 Hz and 200 Hz, but any definition is arbitrary to some degree.
Low frequency sound is the subject of concern to some with respect to potential health
implications.

TABLE 3-1
TYPICAL SOUND PRESSURE LEVELS MEASURED IN THE ENVIRONMENT AND
INDUSTRY
Noise Source A-Weighted Sound
At a Given Distance Level in Decibels Qualitative Description
Carrier deck jet operation 140
130 Pain threshold
Jet takeoff (200 feet) 120
Auto horn (3 feet) 110 Maximum vocal effort
Jet takeoff (1000 feet) 100
Shout (0.5 feet)
N.Y. subway station 90 Very annoying
Heavy truck (50 feet) Hearing damage (8-hour,
continuous exposure)
Pneumatic drill (50 feet) 80 Annoying
Freight train (50 feet) 70to 80
Freeway traffic (50 feet)
70 Intrusive
(Telephone use difficult)
Air conditioning unit (20 feet) 60
Light auto traffic (50 feet) 50 Quiet
Living room 40
Bedroom
Library 30 Very quiet
Soft whisper (5 feet)
Broadcasting/Recording studio 20
10 Just audible

Adapted from Table E, “Assessing and Mitigating Noise Impacts”, NY DEC, February 2001.
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Table 3-1 shows sound pressure levels associated with common activities. Typically,
environmental and occupational sound pressure levels are measured in decibels on an
A-weighted scale (dBA). The A-weighted scale de-emphasizes the very low and very high
frequency components of the sound in a manner similar to the frequency response of the
human ear. For comparison, the sound from a wind turbine at distances between 1,000 and
2,000 feet is generally within 40 to 50 dBA.

Section 3.2 discusses the effects of exposure to wind turbine sound. Section 3.3 describes the
potential adverse effects of sound exposure as well as the health implications.

3.1.3 Sound Produced by Wind Turbines

Wind turbine sound originates from either a mechanical or aerodynamic generation
mechanism. Mechanical sound originates from the gearbox and control mechanisms.
Standard noise control techniques typically are used to reduce mechanical sound.
Mechanical noise is not typically the dominant source of noise from modern wind turbines
(except for an occasional gear tone).

The aerodynamic noise is present at all frequencies, from the infrasound range over low
frequency sound to the normal audible range and is the dominant source. The aerodynamic
noise is generated by several mechanisms as is described below. The aerodynamic noise
tends to be modulated in the mid frequency range, approximately 500 to 1,000 Hz.

Aerodynamic sound is produced by the rotation of the turbine blades through the air. A
turbine blade shape is that of an airfoil. An airfoil is simply a structure with a shape that
produces a lift force when air passes over it. Originally developed for aircraft, airfoil
shapes have been adapted to provide the turning force for wind turbines by employing a
shape which causes the air to travel more rapidly over the top of the airfoil than below it.
The designs optimize efficiency by minimizing turbulence, which produces drag and noise.
An aerodynamically efficient blade is a quiet one.

The aerodynamic sound from wind turbines is caused by the interaction of the turbine blade
with the turbulence produced both adjacent to it (turbulent boundary layer) and in its near
wake (see Figure 3-1) (Brooks et al., 1989). Turbulence depends on how fast the blade is
moving through the air. A 100-meter-diameter blade, rotating once every three seconds, has
a tip velocity of just over 100 meters per second. However, the speed reduces at positions
closer to the centre of rotation (the wind turbine hub). The main determinants of the
turbulence are the speed of the blade and the shape and dimensions of its cross-section.
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FIGURE 3-1
Sound Produced by Wind Turbine Flow
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The following conclusions have been derived from the flow conditions shown in Figure 3-1
(Brooks et al., 1989):

At high velocities for a given blade, turbulent boundary layers develop over much of the
airfoil. Sound is produced when the turbulent boundary layer passes over the trailing
edge.

At lower velocities, mainly laminar boundary layers develop, leading to vortex
shedding at the trailing edge.

Other factors in the production of aerodynamic sound include the following;:

When the angle of attack is not zero —in other words, the blade is tilted into the wind —
flow separation can occur on the suction side near to the trailing edge, producing sound.

At high angles of attack, large-scale separation may occur in a stall condition, leading to
radiation of low frequency sound.

A blunt trailing edge leads to vortex shedding and additional sound.

The tip vortex contains highly turbulent flow.

Each of the above factors may contribute to wind turbine sound production. Measurements
of the location of the sound source in wind turbines indicate that the dominant sound is
produced along the blade —nearer to the tip end than to the hub. Reduction of turbulence
sound can be facilitated through airfoil shape and by good maintenance. For example,
surface irregularities resulting from damage or to accretion of additional material, may
increase the sound.
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Aerodynamic sound has been shown to be generated at higher levels during the downward
motion of the blade (i.e., the three o’clock position). This results in a rise in level of
approximately once per second for a typical three-bladed turbine. This periodic rise in level
is also referred to as amplitude modulation, and as described above for a typical wind
turbine, the modulation frequency is 1 Hz (once per second). In other words, the sound level
rises and falls about once per second. The origin of this amplitude modulation is not fully
understood. It was previously assumed that the modulation was caused when the blade
went past the tower (given the tower disturbed the airflow), but it is now thought to be
related to the difference in wind speed between the top and bottom of the rotation of a blade
and directivity of the aerodynamic noise (Oerlemans and Schepers, 2009).

In other words, the result of aerodynamic modulation is a perceivable fluctuation in the
sound level of approximately once per second. The frequency content of this fluctuating
sound is typically between 500 Hz and 1,000 Hz, but can occur at higher and lower
frequencies. That is, the sound pressure levels between approximately 500 and 1,000 Hz will
rise and fall approximately once per second. It should be noted, however, that the
magnitude of the amplitude modulation that is observed when standing beneath a tower
does not always occur at greater separation distances. A study in the United Kingdom (UK)
also showed that only four out of about 130 wind farms had a problem with aerodynamic
modulation and three of these have been solved (Moorhouse et al., 2007).

In addition to the sound levels generated by the turbines, environmental factors affect the
levels received at more distant locations. For example, warm air near the ground causes the
turbine sound to curve upwards, away from the ground, which results in reduced sound
levels, while warm air in a temperature inversion may cause the sound to curve down to the
earth resulting in increased sound levels. Wind may also cause the sound level to be greater
downwind of the turbine —that is, if the wind is blowing from the source towards a
receiver —or lower, if the wind is blowing from the receiver to the source. Most modeling
techniques, when properly implemented, account for moderate inversions and downwind
conditions. Attenuation (reduction) of sound can also be influenced by barriers, ground
surface conditions, shrubbery and trees, among other things.

Predictions of the sound level at varying distances from the turbine are based on turbine
sound power levels. These turbine sound power levels are determined through
standardized measurement methods.

3.1.4 Sound Measurement and Audiometric Testing

A sound level meter is a standard tool used in the measurement of sound pressure levels.
As described in Section 3.1.2, the standard unit of sound pressure level (i.e., volume) is dB
and the standard unit used to describe the pitch or frequency is Hz (cycles per second). A
sound level meter may use the A-weighting filter to adjust certain frequency ranges (those
that humans detect poorly), resulting in a reading in dBA (decibels, A-weighted). Appendix
C provides more information on the measurement of sound. The pitch or frequencies
(sometimes referred to as sound level spectrum) can be quantified using a sound level meter
that includes a frequency analyzer. Octave band, one-third octave band, and narrow band
(such as Fast Fourier Transform, or FFT) are three common types of frequency analyzers.
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Consider, for example, a routine audiometric test (hearing test) in which a person sits in a
booth and wears headphones, through which sounds are transmitted to evaluate hearing.
Outside the booth, a technician turns a dial which yields certain frequencies (for example,
125 Hz, a low-pitched sound, or 4,000 Hz, a high-pitched sound) and then the technician
raises the volume of each frequency until the person recognizes the sound of each tone. This
is a standard approach used to measure thresholds for many reasons, including noise-
induced hearing loss (NIHL). As the technician raises the volume of the designated
frequency, the sound level (in dB) is noted. People who need more than 25 dB at more than
one frequency to hear the sound (ie loudness of the tone) are considered to have an
abnormal test.

The effects of prolonged, high-level sound exposure on hearing have been determined
through audiometric tests of workers in certain occupations. The studies have been
published in major medical journals and subjected to the peer review process (see, for
example, McCunney and Meyer, 2007). Studies of workers have also served as the scientific
basis for regulations on noise in industry that are overseen by the Occupational Safety and
Health Administration (OSHA). Workers in noise-intensive industries have been evaluated
for NIHL and certain industries are known to be associated with high noise levels, such as
aviation, construction, and areas of manufacturing such as canning. Multiyear worker
studies suggest that prolonged exposure to high noise levels can adversely affect hearing.
The levels considered sufficiently high to cause hearing loss are considerably higher than
one could experience in the vicinity of wind turbines. For example, prolonged, unprotected
high exposure to noise at levels greater than 90 dBA is a risk for hearing loss in occupational
settings such that OSHA established this level for hearing protection. Sound levels from
wind turbines do not approach these levels (50 dBA at a distance of 1,500 feet would be a
conservative estimate for today’s turbines). Although the issue of NIHL has rarely been
raised in opposition to wind farms, it is important to note that the risk of NIHL is directly
dependent on the intensity (sound level) and duration of noise exposure and therefore it is
reasonable to conclude that there is no risk of NIHL from wind turbine sound. Such a
conclusion is based on studies of workers exposed to noise and among whom risk of NIHL
is not apparent at levels less than 75 dBA.

3.2 Sound Exposure from Wind Turbine Operation

This section addresses the questions of (1) whether sounds in the low frequency range, most
notably the infrasonic range, adversely affect human health, and whether they do so even
when such levels are below the average person’s ability to hear them; (2) what we are
referring to when we talk about vibration; and (3) how the human vestibular system
responds to sound and disturbance.

3.2.1 Infrasound and Low-Frequency Sound

Infrasound and low frequency sound are addressed in some detail to offer perspective on
publicized hypotheses that sound from a wind turbine may damage health even if the noise
levels are below those associated with noise-induced hearing loss in industry. For example,
it has been proposed that sounds that contain low frequency noise, most notably within the
infrasonic level, can adversely affect health even when the levels are below the average
person’s ability to detect or hear them (Alves-Pereira and Branco, 2007b).
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Comprehensive reviews of infrasound and its sources and measurement have been
published (Berglund and Lindvall, 1995; Leventhall et al., 2003). Table 3-2 shows the sound
pressure level, in decibels, of the corresponding frequency of infrasound and low frequency
sound necessary for the sound to be heard by the average person (Leventhall et al., 2003).

TABLE 3-2
Hearing Thresholds in the Infrasonic and Low Frequency Range
Frequency (Hz) 4 8 10 16 20 25 40 50 80 100 125 160 200

Sound pressurelevel 107 100 97 838 79 69 51 44 32 27 22 18 14
(dB)

NOTE:
Average hearing thresholds (for young healthy people) in the infrasound (4 to 20 Hz) and low frequency region
(10 to 200 Hz).

Source: Leventhall et al., 2003

As Table 3-2 indicates, at low frequencies, a much higher level sound is necessary for a
sound to be heard in comparison to higher frequencies. For example, at 10 Hz, the sound
must be at 97 dB to be audible. If this level occurred at the mid to high frequencies, which
the ear detects effectively, it would be roughly equivalent to standing without hearing
protection directly next to a power saw. Decibel for decibel, the low frequencies are much
more difficult to detect than the high frequencies, as shown in the hearing threshold levels
of Table 3-2.

Table 3-2 also shows that even sounds as low as 4 Hz can be heard if the levels are high
enough (107 dB). However, levels from wind turbines at 4 Hz are more likely to be around
70 dB or lower, and therefore inaudible. Studies conducted to assess wind turbine noise
have shown that wind turbine sound at typical distances does not exceed the hearing
threshold and will not be audible below about 50 Hz (Hayes 2006b; Kamperman and James,
2008). The hearing threshold level at 50 Hz is 44 dB, as shown in Table 3-2. Recent work on
evaluating a large number of noise sources between 10 Hz and 160 Hz suggests that wind
turbine noise heard indoors at typical separation distances is modest on the scale of low
frequency sound sources (Pedersen, 2008). The low levels of infrasound and low frequency
sound from wind turbine operations have been confirmed by others (Jakobsen, 2004; van
den Berg, 2004).

The low frequency sound associated with wind turbines has attracted attention recently
since the A-weighting scale that is used for occupational and environmental regulatory
compliance does not work well with sounds that have prominently low frequency
components. Most environmental low frequency sound problems are caused by discrete
tones (pitch or tones that are significantly higher in level (volume) than the neighboring
frequencies); from, for example, an engine or compressor, not by continuous broadband
sound. The high frequency sounds are assessed by the A-weighted measurement and, given
their shorter wavelengths, are controlled more readily. Low frequency sounds may be
irritating to some people and, in fact, some low frequency sound complaints prove
impossible to resolve (Leventhall et al., 2003). This observation leads to a perception that
there is something special, sinister, and harmful about low frequency sound. To the
contrary, most external sound when heard indoors is biased towards low frequencies due to
the efficient building attenuation of higher frequencies. One may recognize this when noise
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from a neighbot’s stereo is heard within their home — the bass notes are more pronounced
than the higher frequency sounds. Any unwanted sound, whether high frequency or low
frequency, can be irritating and stressful to some people.

Differences in how a low frequency sound and high frequency sound are perceived are well
documented. Figure 3-2 shows that lower-frequency sounds typically need to be at a high
sound pressure level (dB) to be heard. Figure 3-2 also demonstrates that as the frequency
lowers, the audible range is compressed leading to a more rapid rise in loudness as the level
changes in the lower frequencies. At 1,000 Hz, the whole range covers about 100 dB change
in sound pressure level, while at 20 Hz the same range of loudness covers about 50 dB (note
the contours displayed in Figure 3-2 are in terms of phons, a measure of equal loudness; for
additional explanation on phons, the reader is referred to http:/ /www.sfu.ca/sonic-
studio/handbook/Phon.html [Truax, 1999]). As the annoyance of a given sound increases
as loudness increases, there is also a more rapid growth of annoyance at low frequencies.
However, there is no evidence for direct physiological effects from either infrasound or low
frequency sound at the levels generated from wind turbines, indoors or outside. Effects may
result from the sounds being audible, but these are similar to the effects from other audible
sounds.

Low frequency sound and infrasound are further addressed in Section 3.3, Potential
Adverse Effects of Exposure to Sound.
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FIGURE 3-2
Hearing Contours for Equal Loudness Level (International Standards Organization, 2003)
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3.2.2 Vibration

Vibration, assumed to result from inaudible low frequency sounds, has been postulated to
have a potential adverse effect on health. This section defines vibration, describes how it is
measured, and cites studies that have addressed the risk of vibration on health.

Vibration refers to the way in which energy travels through solid material, whether steel,
concrete in a bridge, the earth, the wall of a house or the human body. Vibration is
distinguished from sound, which is energy flowing through gases (like air) or liquids (like
water).

As higher frequency vibrations attenuate rapidly, it is low frequencies which are of potential
concern to human health. When vibration is detected through the feet or through the seat,
the focus of interest is the vibration of the surface with which one is in contact —for
example, when travelling in a vehicle.

Vibration is often measured by the acceleration of the surface in meters per second, squared
(m/s?), although other related units are used. Vibration can also be expressed in decibels,
where the reference excitation level used in buildings is often 10->m/s? and the vibration
level is 20log (A/105) dB, where A is the acceleration level in m/s2.

The threshold of perception of vibration by humans is approximately 0.01 m/s2 If a
frequency of excitation (vibration) corresponds with a resonant frequency of a system, then
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excitation at the resonant frequency is greater than at other frequencies. However, excitation
by sound is not the same as excitation by mechanical excitation applied at, say, the feet.

Figure 3-3 shows an object excited by point mechanical vibration and by sound. The object
contains a resiliently suspended system. For example, if the object was the body, the
suspended system might be the viscera (internal organs of the body). The left hand of the
figure can be interpreted as the body vibrated by input to the feet. The vibration of the
viscera will be maximum at the resonant frequency? of the suspended system, which, for
viscera, is about 4 Hz. When excitation is by long wavelength low frequency sound waves,
as shown at the right of the figure, not only is the force acting on the body much smaller
than for vibration input, but, as the wavelength is much greater than the dimensions of the
body, it is acting around the body in a compressive manner so that there is no resultant
force on the suspended system and it does not vibrate or resonate.

FIGURE 3-3
Comparison of Excitation of an Object by Vibration and by Sound

\l/
7 AN

Unfortunately, this lack of effect has not been addressed by those who have suggested the
mechanical vibration response of the body instead of the acoustic response as a potential
health consequence. This oversight has led to inaccurate conclusions. For example, Dr. Nina
Pierpont bases one of her key hypotheses for the cause of “wind turbine syndrome” on such
an egregious error (Pierpont, 2009, pre-publication draft). Although not a recognized
medical diagnosis, “wind turbine syndrome” has been raised as a concern for proposed
projects —refer to Section 4.3 for more information.

Vibration of the body by sound at one of its resonant frequencies occurs only at very high
sound levels and is not a factor in the perception of wind turbine noise. As will be discussed

1 A common example of resonance is pushing a child on a swing in which energy is given to the swing to maximize its
oscillation.
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below, the sound levels associated with wind turbines do not affect the vestibular or other
balance systems.

3.2.3 Vestibular System

The vestibular system of the body plays a major role in maintaining a person’s sense of
balance and the stabilization of visual images. The vestibular system responds to pressure
changes (sound pressure, i.e., decibels) at various frequencies. At high levels of exposure to
low frequency sound, nausea and changes in respiration and blood pressure may occur.
Studies have shown, however, that for these effects to occur, considerably high noise levels
(greater than 140 dB, similar in sound level of a jet aircraft heard 80 feet away) are necessary
(Berglund et al., 1996).

Head vibration resulting from low frequency sound has been suggested as a possible cause
of a variety of symptoms that some hypothesize as being associated with wind turbines. In
order to properly assess this hypothesis, this section addresses the human vestibular system.
The “vestibular system” comprises the sense organs in the vestibular labyrinth, in which
there are five tiny sensory organs: three semicircular canals that detect head rotation and
two chalk-crystal-studded organs called otoliths (literally “ear-stones”) that detect tilt and
linear motion of the head. All five organs contain hair cells, like those in the cochlea, that
convert motion into nerve impulses traveling to the brain in the vestibular nerve.

These organs evolved millions of years before the middle ear. Fish, for example, have no
middle ear or cochlea but have a vestibular labyrinth nearly identical to ours (Baloh and
Honrubia, 1979). The vestibular organs are specialized for stimulation by head position and
movement, not by airborne sound. Each vestibular organ is firmly attached to the skull, to
enable them to respond to the slightest head movement. In contrast, the hair cells in the
cochlea are not directly attached to the skull; they do not normally respond to head
movement, but to movements of the inner ear fluids.

The otolith organs help fish hear low frequency sounds; even in primates, these organs will
respond to head vibration (i.e., bone-conducted sound) at frequencies up to 500 Hz
(Fernandez and Goldberg, 1976). These vibratory responses of the vestibular system can be
elicited by airborne sounds, however, only when they are at a much higher level than normal
hearing thresholds? (and much higher than levels associated with wind turbine exposure).
Thus, they do not help us hear but appear to be vestiges of our evolutionary past.

The vestibular nerve sends information about head position and movement to centers in the
brain that also receive input from the eyes and from stretch receptors in the neck, trunk, and

2 Young et al. (1977) found that neurons coming from the vestibular labyrinth of monkeys responded to head vibration at
frequencies of 200-400 Hz, and at levels as low as 70 to 80 dB below gravitational force. However, these neurons could not
respond to airborne sound at the same frequencies until levels exceeded 76 dB sound pressure level (SPL), which is at least
40 dB higher than the normal threshold of human hearing in this frequency range. Human eye movements respond to 100 Hz
head vibration at levels 15 dB below audible levels (Todd et al., 2008a). This does not mean that the vestibular labyrinth is
more sensitive than the cochlea to airborne sound, because the impedance-matching function of the middle ear allows the
cochlea to respond to sounds that are 50-60 dB less intense than those necessary to cause detectable head vibration.
Indeed, the same authors (Todd et al., 2008b) found that for airborne sound, responses from the cochlea could always be
elicited by sounds that were below the threshold for vestibular responses. Similarly, Welgampola et al. (2003) found that
thresholds for vestibular evoked myogenic potential response (VEMP) were higher than hearing thresholds and stated: “the
difference between hearing thresholds and VEMP thresholds is much greater for air conducted sounds than for bone
vibration.” In other words, the vestigial vestibular response to sound is relatively sensitive to bone conduction, which involves
vibration of the whole head, and much less sensitive to air conduction.
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legs (these stretch receptors tell which muscles are contracted and which joints are flexed,
and provide the “proprioceptive” sense of the body’s position and orientation in space). The
brain integrates vestibular, visual, and proprioceptive inputs into a comprehensive analysis
of the position and movement of the head and body, essential for the sense of balance,
avoidance of falls, and keeping the eyes focused on relevant targets, even during movement.

Perception of the body’s position in space may also rely in part on input from receptors in
abdominal organs (which can shift back and forth as the body tilts) and from pressure
receptors in large blood vessels (blood pools in the legs when standing, then shifts back to
the trunk when lying down). These “somatic graviceptors” (Mittelstaedt, 1996) could be
activated by whole-body movement and possibly by structure-borne vibration, or by the
blast of a powerful near explosion, but, as described in Section 4.3.2, it is unlikely that intra-
abdominal and intra-thoracic organs and blood vessels could detect airborne sound like that
created by wind turbines.

Trauma, toxins, age-related degeneration, and various ear diseases can cause disorders of
the vestibular labyrinth. A labyrinth not functioning properly can cause a person to feel
unsteady or even to fall. Since the semicircular canals of the ear normally detect head
rotation (such as shaking the head to indicate “no”), one of the consequences of a
dysfunctional canal is that a person may feel a “spinning” sensation. This reaction is
described as vertigo, from the Latin word to turn. In normal conversation, words like
vertigo and dizziness can be used in ambiguous ways and thus make careful interpretation
of potential health claims problematic. “Dizzy,” for example, may mean true vertigo or
unsteadiness, both of which may be symptoms of inner ear disease. A person who describes
being ”dizzy” may actually be experiencing light-headedness, a fainting sensation, blurred
vision, disorientation, or almost any other difficult-to-describe sensation in the head. The
word “dizziness” can represent different sensations to each person, with a variety of causes.
This can make the proper interpretation of research studies in which dizziness is evaluated a
challenge to interpret.

Proper diagnostic testing to evaluate dizziness can reduce errors in misclassifying disease.
The vestibular labyrinth, for example, can be tested for postural stability. Information from
the semicircular canals is fed to the eye muscles to allow us to keep our eyes focused on a
target; when the head moves; this “vestibulo-ocular reflex” is easily tested and can be
impaired in vestibular disorders (Baloh and Honrubia, 1979).

3.3 Potential Adverse Effects of Exposure to Sound

Adverse effects of sound are directly dependent on the sound level; higher frequency
sounds present a greater risk of an adverse effect than lower levels (see Table 3-2). Speech
interference, hearing loss, and task interference occur at high sound levels. Softer sounds
may be annoying or cause sleep disturbance in some people. At normal separation
distances, wind turbines do not produce sound at levels that cause speech interference, but
some people may find these sounds to be annoying.

3.3.1 Speech Interference

It is common knowledge that conversation can be difficult in a noisy restaurant; the louder
the background noise, the louder we talk and the harder it is to communicate. Average
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levels of casual conversation at 1 meter (arm’s length) are typically 50 to 60 dBA. People
raise their voices —slightly and unconsciously at first —when ambient levels exceed 50 to
55 dBA, in order to keep speech levels slightly above background noise levels.
Communication at arm’s length requires conscious extra effort when levels exceed about
75 dBA. Above ambient levels of 80 to 85 dBA, people need to shout or get closer to
converse (Pearsons et al., 1977; Webster, 1978). Levels below 45 dBA can be considered
irrelevant with respect to speech interference.

3.3.2 Noise-Induced Hearing Loss

Very brief and intense sounds (above 130 dBA, such as in explosions) can cause instant
cochlear damage and permanent hearing loss, but most occupational NIHL results from
prolonged exposure to high noise levels between 90 and 105 dBA (McCunney and Meyer
2007). Regulatory (OSHA, 1983) and advisory (NIOSH, 1998) authorities in the U.S. concur
that risk of NIHL begins at about 85 dBA, for an 8-hour day, over a 40-year career. Levels
below 75 dBA do not pose a risk of NIHL. Thus, the sound levels associated with wind
turbine operations would not cause NIHL because they are not high enough.

3.3.3 Task Interference

Suter (1991) reviewed the effects of noise on performance and behavior. Simple tasks may
be unaffected even at levels well above 100 dBA, while more complex tasks can be disrupted
by intermittent noise as low as 75 dBA. Speech sounds are usually more disruptive than
nonspeech sounds. Levels below 70 dBA do not result in task interference.

3.3.4 Annoyance

Annoyance as a possible “effect” of wind turbine operations is discussed in detail in later
sections of this report (Sections 3.4 and 4.1). In summary, annoyance is a subjective response
that varies among people to many types of sounds. It is important to note that although
annoyance may be a frustrating experience for people, it is not considered an adverse health
effect or disease of any kind. Certain everyday sounds, such as a dripping faucet—barely
audible —can be annoying. Annoyance cannot be predicted easily with a sound level meter.
Noise from airports, road traffic, and other sources (including wind turbines) may annoy
some people, and, as described in Section 4.1, the louder the noise, the more people may
become annoyed.

3.3.5 Sleep Disturbance

The U.S. Environmental Protection Agency (EPA) document titled Information on Levels of
Environmental Noise Requisite to Protect Public Health and Welfare with an Adequate Margin of
Safety (1974) recommends that indoor day-night-level (DNL) not exceed 45 dBA. DNL is a
24-hour average that gives 10 dB extra weight to sounds occurring between 10p.m. and

7 a.m., on the assumption that during these sleep hours, levels above 35 dBA indoors may
be disruptive.

3.3.6 Other Adverse Health Effects of Sound

At extremely high sound levels, such as those associated with explosions, the resulting
sound pressure can injure any air-containing organ: not only the middle ear (eardrum
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perforations are common) but also the lungs and intestines (Sasser et al., 2006). At the other
extreme, any sound that is chronically annoying, including very soft sounds, may, for some
people, create chronic stress, which can in turn lead to other health problems. On the other
hand, many people become accustomed to regular exposure to noise or other potential
stressors, and are no longer annoyed. The hypothesis that chronic noise exposure might lead
to chronic health problems such as hypertension and heart disease has been the subject of
hundreds of contradictory studies of highly variable quality, which will not be reviewed in
this document. Other authors have reviewed this literature, and some of their conclusions
are quoted below:

“It appears not likely that noise in industry can be a direct cause of general health
problems..., except that the noise can create conditions of psychological stress...which
can in turn cause physiological stress reactions...” (Kryter, 1980)

“Epidemiological evidence on noise exposure, blood pressure, and ischemic heart
disease is still limited.” (Babisch, 2004), and “contradictory” (Babisch, 1998), but “there is
some evidence...of an increased risk in subjects who live in noisy areas with outdoor
noise levels of greater than 65 - 70 dBA.” (Babisch, 2000)

“The present state of the art does not permit any definite conclusion to be drawn about
the risk of hypertension.” (van Dijk, Ettema, and Zielhuis, 1987)

“At this point, the relationship between noise induced hearing loss and hypertension
must be considered as possible but lacking sufficient evidence to draw causal
associations." (McCunney and Meyer, 2007)

3.3.7 Potential Health Effects of Vibration Exposure

People may experience vibration when some part of the body is in direct contact with a
vibrating object. One example would be holding a chainsaw or pneumatic hammer in the
hands. Another would be sitting in a bus, truck, or on heavy equipment such as a bulldozer.
Chronic use of vibrating tools can cause “hand-arm vibration syndrome,” a vascular
insufficiency condition characterized by numbness and tingling of the fingers, cold
intolerance, “white-finger” attacks, and eventually even loss of fingers due to inadequate
blood supply. OSHA does not set limits for vibration exposure, but the American National
Standards Institute (ANSI) (2006) recommends that 8-hour workday exposures to hand-arm
vibration (5 to 1400 Hz, summed over three orthogonal axes of movement) not exceed
acceleration values of 2.5 m/s2.

Excessive whole-body vibration is clearly linked to low back pain (Wilder, Wasserman, and
Wasserman, 2002) and may contribute to gastrointestinal and urinary disorders, although
these associations are not well established. ANSI (1979) recommends 8-hour limits for
whole-body vibration of 0.3 m/s?, for the body’s most sensitive frequency range of 4 to

8 Hz. This is about 30 times more intense than the weakest vibration that people can detect
(0.01 m/s?).

Airborne sound can cause detectable body vibration, but this occurs only at very high
levels —usually above sound pressure levels of 100 dB (unweighted) (Smith, 2002; Takahashi
et al., 2005; Yamada et al., 1983). There is no scientific evidence to suggest that modern wind
turbines cause perceptible vibration in homes or that there is an associated health risk.
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3.4 Peer-Reviewed Literature Focusing on Wind Turbines,
Low-Frequency Sound, and Infrasound

This section addresses the scientific review of the literature that has evaluated wind
turbines, the annoyance effect, low frequency sound, and infrasound.

3.4.1 Evaluation of Annoyance and Dose-Response Relationship of Wind Turbine
Sound

To date, three studies in Europe have specifically evaluated potential health effects of
people living in proximity to wind turbines (Pedersen and Persson Waye, 2004; Pedersen
and Persson Waye, 2007; Pedersen et al., 2009). These studies have been primarily in
Sweden and the Netherlands. Customarily, an eligible group of people are selected for
possible participation in the study based on their location with respect to a wind turbine.
Control groups have not been included in any of these reports.

In an article published in August 2009, investigators reported the results of their evaluation
of 725 people in the Netherlands, who lived in the vicinity of wind turbines (Pedersen et al.,
2009). The potential study population consisted of approximately 70,000 people living
within 2.5 kilometers of a wind turbine at selected sites in the Netherlands. The objective of
the study was to (1) assess the relationship between wind turbine sound levels at dwellings
and the probability of noise annoyance, taking into account possible moderating factors, and
(2) explore the possibility of generalizing a dose response relationship for wind turbine
noise by comparing the results of the study with previous studies in Sweden.

Noise impact was quantified based on the relationship between the sound level (dose) and
response with the latter measured as the proportion of people annoyed or highly annoyed
by sound. Prior to this study, dose response curves had been modeled for wind turbines.
Previous studies have noted different degrees of relationships between wind turbine sound
levels and annoyance (Wolsink et al., 1993; Pedersen and Persson Waye, 2004; Pedersen and
Persson Waye, 2007).

Subjective responses were obtained through a survey. The calculation of the sound levels
(dose) in Sweden and the Netherlands were similar. A dose response relationship was
observed between calculated A-weighted sound pressure levels and annoyance. Sounds
from wind turbines were found to be more annoying than several other environmental
sources at comparable sound levels. A strong correlation was also noted between noise
annoyance and negative opinion of the impact of wind turbines on the landscape, a finding
in earlier studies as well. The dominant quality of the sound was a swishing, the quality
previously found to be the most annoying type.

The authors concluded that this study could be used for calculating a dose response curve
for wind turbine sound and annoyance. The study results suggest that wind turbine sound
is easily perceived and, compared with sound from other sources, is annoying to a small
percentage of people (5 percent at 35 to 40 dBA).

In this study, the proportion of people who reported being annoyed by wind turbine noise
was similar to merged data from two previous Swedish studies (Pederson and Persson
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Waye, 2004; Pedersen and Persson Waye, 2007). About 5 percent of respondents were
annoyed at noise levels between 35 to 40 dBA and 18 percent at 40 to 45 dBA.

Pedersen et al. also reported significant dose responses between wind turbine sound and
self-reported annoyance (Pedersen and Persson Waye, 2004). High exposed individuals
responded more (78 percent) than low exposed individuals (60 percent), which suggests that
bias could have played a role in the final results.

An analysis of two cross-sectional socio-acoustic studies —one that addressed flat
landscapes in mainly rural settings (Pedersen and Persson Waye, 2004) and another in
different terrains (complex or flat) and different levels of urbanization (rural or suburban)
(Pedersen and Persson Waye, 2007) —was performed (Pedersen, 2008). Approximately

10 percent of over 1000 people surveyed via a questionnaire reported being very annoyed at
sound levels of 40 dB and greater. Attitude toward the visual impact of the wind turbines
had the same effect on annoyance. Response to wind turbine noise was significantly related
to exposure expressed as A-weighted sound pressure levels dB. Among those who could
hear wind turbine sound, annoyance with wind turbine noise was highly correlated to the
sound characteristics: swishing, whistling, resounding and pulsating/throbbing (Pedersen,
2008).

A similar study in Sweden evaluated 754 people living near one of seven sites where wind
turbine power was greater than 500 kilowatt (kW) (Pedersen and Persson Waye, 2007).
Annoyance was correlated with sound level and also with negative attitude toward the
visual impact of the wind turbines. Note that none of these studies included a control group.
Earlier field studies performed among people living in the vicinity of wind turbines showed
a correlation between sound pressure level and noise annoyance; however, annoyance was
also influenced by visual factors and attitudes toward the impact of the wind turbines on
the landscape. Noise annoyance was noted at lower sound pressure levels than annoyance
from traffic noise. Although some people may be affected by annoyance, there is no
scientific evidence that noise at levels created by wind turbines could cause health problems
(Pedersen and Hogskolan, 2003).

3.4.2 Annoyance

A feeling described as “annoyance” can be associated with acoustic factors such as wind
turbine noise. There is considerable variability, however, in how people become “annoyed”
by environmental factors such as road construction and aviation noise, among others
(Leventhall, 2004). Annoyance is clearly a subjective effect that will vary among people and
circumstances. In extreme cases, sleep disturbance may occur. Wind speed at the hub height
of a wind turbine at night may be up to twice as high as during the day and may lead to
annoyance from the amplitude modulated sound of the wind turbine (van den Berg, 2003).
However, in a study of 16 sites in 3 European countries, only a weak correlation was noted
between sound pressure level and noise annoyance from wind turbines (Pedersen and
Hogskolan, 2003).

In a detailed comparison of the role of noise sensitivity in response to environmental noise
around international airports in Sydney, London, and Amsterdam, it was shown that noise
sensitivity increases one’s perception of annoyance independently of the level of noise
exposure (van Kamp et al., 2004).
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In a Swedish study, 84 out of 1,095 people living in the vicinity of a wind turbine in

12 geographical areas reported being fairly or very annoyed by wind turbines (Pedersen,
2008). It is important to note that no differences were reported among people who were
“annoyed” in contrast to those who were not annoyed with respect to hearing impairment,
diabetes, or cardiovascular disease. An earlier study in Sweden showed that the proportion
of people “annoyed” by wind turbine sound is higher than for other sources of
environmental noise at the same decibel level (Pedersen and Persson Waye, 2004).

3.4.3 Low-Frequency Sound and Infrasound

No scientific studies have specifically evaluated health effects from exposure to low
frequency sound from wind turbines. Natural sources of low frequency sound include
wind, rivers, and waterfalls in both audible and non-audible frequencies. Other sources
include road traffic, aircraft, and industrial machinery. The most common source of
infrasound is vehicular (National Toxicology Program, 2001).

Infrasound at a frequency of 20 Hz (the upper limit of infrasound) is not detectable at levels
lower than than 79 dB (Leventhall et al., 2003). Infrasound at 145 dB at 20 Hz and at 165 dB
at 2 Hz can stimulate the auditory system and cause severe pain (Leventhall, 2006).These
noise levels are substantially higher than any noise generated by wind turbines. The U.S.
Food and Drug Administration (FDA) has approved the use of infrasound for therapeutic
massage at 70 dB in the 8 to 14 Hz range (National Toxicology Program, 2001). In light of the
FDA approval for this type of therapeutic use of infrasound, it is reasonable to conclude that
exposure to infrasound in the 70 dB range is safe. According to a report of the National
Research Council (NRC), low frequency sound is a concern for older wind turbines but not
the modern type (National Research Council, 2007).
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SECTION 4

Results

This section discusses the results of the anaylsis presented in Section 3. Potential effects from
infrasound, low frequency sound, and the fluctuating aerodynamic “swish” from turbine
blades are examined. Proposed hypotheses between wind turbine sound and physiological
effects in the form of vibroacoustic disease, “wind turbine syndrome,” and visceral
vibratory vestibular disturbance are discussed.

4.1 Infrasound, Low-Frequency Sound, and Annoyance

Sound levels from wind turbines pose no risk of hearing loss or any other nonauditory
effect. In fact, a recent review concluded that “Occupational noise-induced hearing damage
does not occur below levels of 85 dBA.” (Ising and Kruppa, 2004) The levels of sound
associated with wind turbine operations are considerably lower than industry levels
associated with noise induced hearing loss.

However, some people attribute certain health problems to wind turbine exposure. To make
sense of these assertions, one must consider not only the sound but the complex factors that
may lead to the perception of “annoyance.” Most health complaints regarding wind
turbines have centered on sound as the cause. There are two types of sounds from wind
turbines: mechanical sound, which originates from the gearbox and control mechanisms,
and the more dominant aerodynamical soun