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1

INTRODUCTION

2

Q.

PLEASE STATE YOUR NAME AND BUSINESS ADDRESS.

3

A.

My name is Christopher Ollson.

4

My business address is 37 Hepworth Crescent,

Ancaster, Ontario, Canada.

5
6

Q.

7

A.

BY WHOM ARE YOU EMPLOYED AND IN WHAT CAPACITY?

I am the sole proprietor of Ollson Environmental Health Management. This is a

8

consultancy that provides expertise on environmental health challenges related to siting

9

of energy projects (e.g., oil and gas, pipelines, gas plants, wind turbines, solar,

10

transmission lines, and energy-from-waste). Our clients include a mix of private sector

11

companies and governments at all levels.

12
13

Q.

WHAT ARE YOUR RESPONSIBILITIES?

14

A.

I am a consultant to Crowned Ridge Wind, LLC ("CRW") on the scientific literature

15

related to sound and shadow/flicker and proper siting of wind turbines to ensure the

16

protection of health of residents.

17
18

Q.

PLEASE DESCRIBE YOUR BACKGROUND AND QUALIFICATIONS.

19

A.

My area of expertise is in the field of environmental health science.

I am trained,

20

schooled, and practiced in the evaluation of potential risks and health effects to people

21

associated with environmental health issues. I have been consulting on environmental

22

health issues for over 20 years. My full curriculum vitae is found in Exhibit 1.

23

formal education includes:

My

001564

Page 2 of21

1

•

2
3

Canada, Kingston, Ontario, Canada, 2003.
•

4

5
6

Doctorate of Philosophy, Environmental Science, Royal Military College of

Master of Science, Environmental Science, Royal Military College of Canada,
Kingston, Ontario, Canada, 2000.

•

Bachelor of Science (Honours), Biology, Queen's University, Kingston, Ontario,
Canada, 1995.

7

In addition to my consulting practice, I hold an appointment of Adjunct Professor in the

8

School of the Environment at the University of Toronto. From 2013 - 2016, I was

9

appointed to the Governing Council, and was Vice-Chair of the Academic Affairs

10

Committee, of the University of Toronto Scarborough. I teach a graduate course at the

11

University of Toronto in Environmental Risk Analysis, and have supervised a number of

12

Doctoral students and Post-Doctoral Fellows.

13

I was a co-recipient of the 2015 Canadian Wind Energy Association R.J. Templin

14

Award. This award recognizes an individual or organization that has undertaken

15

scientific, technical, engineering, or policy research and development work that has

16

produced results that have served to significantly advance the wind energy industry in

17

Canada.

18

I have been qualified to provide expert opinion evidence on wind turbines and

19

potential health effects at a number of North American hearings, tribunals, and legal

20

proceedings.

21

In addition, from 2014 to 2017, I provided expert advice on wind turbines, health

22

and siting requirements for the Vermont Public Services Department. I have also

23

appeared before the Indiana State Senate Energy Committee Meeting on Wind Turbine
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1

Siting (2017), and twice before the North Dakota State Senate Energy and Natural

2

Resources Committee (2017).

3

Q.

4

5

HAS THIS TESTIMONY BEEN PREPARED BY YOU OR UNDER YOUR
DIRECT SUPERVISION?

A.

Yes.

Q.

HAVE YOU PREVIOUSLY TESTIFIED BEFORE THE SOUTH DAKOTA

6

7

8
9

PUBLIC UTILITIES COMMISSION?

A.

No.

Q.

PLEASE

10

11

12

13
14

DESCRIBE

THE

PURPOSE

OF

YOUR

SUPPLEMENTAL

TESTIMONY.

A.

15

The purpose of my supplemental testimony is to address comments made at the March
20, 2019 public input hearing on the sound and shadow/flicker.

16
17

Q.

18
19

PLEASE DESCRIBE THE METHODOLOGY YOU USED TO SELECT THE
LITERATURE SITED IN YOUR SUPPLEMENTAL TESTIMONY.

A.

I sourced the literature from the following: 1) Scientific peer-reviewed studies published

20

in scientific journals or on the Internet; and 2) Government agency reports. I place less,

21

and in some cases no, weight on Internet source material, or self-published material, that

22

has not been independently peer-reviewed or published.

23
24

Q.

25
26
27

PLEASE EXPLAIN WHAT IS MEANT BY "PEER-REVIEWED" AND WHY
THIS TERMINOLOGY IS IMPORTANT?

A.

"Peer-reviewed" means that prior to publication the study was evaluated by scientific,
academic, or professionals working in the field of health effects and wind turbines. The
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1

peer review process is considered a fundamental tenet of quality control in scientific

2

publishing. As with any scientific undertaking it is important that evidence be critically

3

evaluated and reviewed when forming an opinion in a transparent, systematic manner

4

(Knopper and Ollson, 2011 at Exhibit 2).

5

To that end, I place a higher degree of weight on research that has been published

6

in credible scientific peer-reviewed journals. This is but the first step in the evaluation.

7

Although a paper may have been published, that does not mean that it should not be

8

critically reviewed, especially when considering what the entire body of the scientific

9

field reveals.

10

The second tier or level of evidence that I consider is government agency reports,

11

consulting reports, and primary research. Often these reports are not published in the

12

scientific literature, but can nonetheless be very informative.

13
14

15

SOUND
Q.

DO

THE

GRANT

COUNTY

AND

CODINGTON

COUNTY

ZONING

16

ORDINANCES PLACE RESTRICTIONS ON ALLOWABLE SOUND LEVELS

17

FROMCRW?

18

A.

Yes. Both counties have sound limits in their ordinances.

19

Grant County:

20

Noise level shall not exceed 45 dBA, average A-weighted Sound pressure
including constructive interference effects measured twenty-five (25) feet ("ft")
from the perimeter of the existing non-participating residences, businesses, and
buildings owned and/or maintained by a governmental entity.

21

22
23

24
25

26
27
28

Noise level shall not exceed 50 dBA, average A-weighted Sound pressure
including constructive interference effects measured twenty-five (25) ft from the
perimeter of participating residences, businesses, and buildings owned and/or
maintained by a governmental entity.
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Codington County:

2

Noise level shall not exceed 50 dBA, average A-weighted Sound pressure
including constructive interference effects at the property line of existing non
participating residences, businesses, and buildings owned and/or maintained by a
·
governmental entity.

3
4
5
6

7

Although Codington County's standard is to measure noise at the property line for all

8

receptors, CRW applied a more stringent design goal of no greater than 45 dBA at the

9

exterior of all non-participating residents, regardless of which county the turbines are

10

located.

11
12

Q.

AT THE PUBLIC INPUT HEARING THERE WERE COMMENTS EXPRESSED

13

THAT CRW'S ADHERENCE TO SOUND METHODOLOGY AND DBA

14

THRESHOLDS

15

SUFFICIENT TO PROTECT THE HEALTH OF RESIDENTS.

16

SCIENTIFIC LITERATURE SUPPORT THIS CONCERN?

17
18

A.

IN

GRANT

AND

CODINGTON

COUNTIES

IS

NOT

DOES THE

No. First, I will provide an overview of the scientific literature, and then apply the
findings to the Grant and Codington counties' sound ordinance.

19

20

The critical effect from a health perspective m setting any nighttime sound source

21

standard is to ensure that it is protective of sleep. Quality of sleep and sleep perception

22

can be challenging to establish causation through self-reported surveys alone.

23

For a general context, in 2006, the Institute of Medicine of the National

24

Academies released the book Sleep Disorders and Sleep Deprivation: An Unmet Public

25

Health Problem (IOM, 2006). In that book, it was reported that: "It is estimated that 50
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1

to 70 million Americans suffer from a chronic disorder of sleep and wakefulness,

2

hindering daily functioning and adversely affecting health."

3

In the context of wind turbines, there are a number of wind turbine specific sleep

4

studies in relation to nighttime noise levels at exterior of homes. See, e.g., Michaud et

5

al., 2016. Effects of Wind Turbine Noise on Self-Reported and Objective Measures of

6

Sleep, Sleep, Vol. 39, No. 1 (Health Canada) (Exhibit 3). This study presents the peer-

7

reviewed published findings of the Health Canada Wind Turbine Noise ("WTN") and

8

Health Study with respect to sleep. This is most comprehensive study of its kind to date

9

and its results will be referenced a number of times in this testimony. This study, initiated

10

in 2012, was a partnership between Health Canada and Statistics Canada to understand

11

the potential impacts of wind turbine noise on health and well-being of communities in

12

Southern Ontario and Prince Edward Island. A total of 1238 households participated in

13

the study, with an almost 80% response rate of all households within 6 miles of projects

14

investigated, making it the largest and most comprehensive study ever undertaken.

15

Households that were studied were located between 820 feet and 6 miles from

16

operational wind turbines. The A-weighted ("dBA") sound levels (audible sound/noise)

17

were grouped into 5 dBA increments with the loudest level in the study at the exterior of

18

a home being 46 dBA Leq (highest nighttime level).

19

For this sleep study, all 1,238 participants self-reported sleep quality over 30 days

20

using the Pittsburgh Sleep Quality Index ("PSQI") and additional questions assessing the

21

prevalence of diagnosed sleep disorders and the magnitude of sleep disturbance over the

22

previous year. Also, for the first time, objective measures for sleep latency, sleep

23

efficiency, total sleep time, rate of awakening bouts, and wake duration after sleep were
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1

recorded using the wrist worn Actiwatch2® for 654 participants, over a total of 3,772

2

sleep nights. This is currently the largest and most comprehensive sleep study of its kind

3

ever undertaken for wind turbine noise. The study presented the following conclusions:

4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

The potential association between WTN levels and sleep quality was assessed
over the previous 30 days using the PSQI, the previous year using percentage
highly sleep disturbed, together with an assessment of diagnosed sleep disorders.
These self-reported measures were considered in addition to several objective
measures including total sleep time, sleep onset latency, awakenings, and sleep
efficiency. In all cases, in the final analysis there was no consistent pattern
observed between any of the self-reported or actigraphy-measured endpoints and
WTN levels up to 46 dB(A) [820 ft]. Given the lack of an association between
WTN levels and sleep, it should be considered that the study design may not have
been sensitive enough to reveal effects on sleep. However, in the current study it
was demonstrated that the factors that influence sleep quality (e.g. age, body mass
index, caffeine, health conditions) were related to one or more self-reported and
objective measures of sleep. This demonstrated sensitivity, together with the
observation that there was consistency between multiple measures of self-reported
sleep disturbance and among some of the self reported and actigraphy measures,
lends strength to the robustness of the conclusion that WTN levels up to 46 dB(A)
[820 ft] had no statistically significant effect on any measure of sleep quality.

23

sound requirements in the Grant and Codington County ordinances will ensure that

24

residents do not experience sleep disturbance from the wind turbine sound, because for

25

non-participants in both counties the sound from wind turbine operation is below 45 dBA

26

at the residence in which they sleep.

The conclusion in the Michaud et al. sleep study supports the position that the

27

Further, the Michaud et al. study findings are consistent with previously published

28

peer-reviewed literature in the field. See, Bakker et al. 2012. Impact of wind turbine

29

sound on annoyance, self-reported sleep disturbance and psychological. distress. Science

30

of The Total Environment, Volume 425, 15 May 2012, Pages 42-51(Exhibit 4). The

31

Bakker et al. study completed the most compelling research, prior to the Michaud et al.

32

sleep study, into wind sound awakenings. This research reported the number or
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1

percentage of awakenings with those living in proximity to wind turbines in a rural

2

setting. As can be seen in Table 7 (below) from the Bakker paper, more people in rural

3

environments are awakened by people/animal sound and traffic/mechanical sounds, than

4

by the proximate wind turbines. In this study, people living in close proximity to wind

5

turbines reported being awoken more by people/animal noise (11.7%) and rural

6

traffic/mechanical noise (12.5%), than by turbine noise (6.0%). Sound levels in this study

7

were as high as 54 dBA from wind turbines at the exterior of neighboring homes.
Table 7
Souncl sources or sleep disturb,lll('C in I LIr,1I and urban area types, only respondent s
who did not benefit econo111ically from wind turbines.
Sound so uI·cc or sleep disturbance

11

Not disturbed
Dislurbcd by people/ anim,1ls
Disturbed by traffic/ mechanical sounds
Disturbed by wind lu rbi nes
TulJI

Urban

Ru1al

196
33
35
17
281

%

69.8
11.7
12.5
G.O
100

Tota l

11

X

288

64,9 484
14,4
97
16.9 110
'J,8
34
100
725

64
75
17
444

11

%
GG,8
13.4
15.2
4.7
100

8
9

10
11
12

The Baker Study was recognized in the Michaud Study:
Study results concur with those of Bakker et al. (2002), with outdoor
WTN levels up to 54 dB(A), wherein it was concluded that there was no
association between the levels of WTN and sleep disturbance when noise
annoyance was taken into account.

13
14
15

These results also support the Grant and Codington allowance of sound above 45 dBA for

16

participating landowners, as even levels at 54 dBa for wind turbines have not been found

17

to result in sleep disturbance.

18

Also, the first study to be published on before-after operation effect of wind

19

turbine noise on objectively measured sleep was conducted with respect to 16 participants

20

living within 1.25 miles of a five-wind turbine project in Ontario, Canada. Jalali et al.

21

22

sleep parameters, Noise Health; 18:194-205. (Exhibit 5).

This study used portable
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polysomnography for the first time, which is a comprehensive system that objectively

2

monitors people's sleep in their homes. The study concluded:

3

The result of this study based on advanced sleep recording methodology
together with extensive noise measurements in an ecologically valid
setting cautiously suggests that there are no major changes in the sleep of
participants who host new industrial WTs in their community.

4
5

6
7
8

Conclusion on WIN and Sleep

9

The published findings reveal that there is no association between exterior wind

10

turbine sound levels of up to 46 dBA at homes and impact on sleep. The maximum

11

sound level for non-participants was 45 dBA, and, therefore residents should not

12

experience sleep disturbance from the wind turbine sound. Similarly, even levels at 54

13

dBa for wind turbines have not been found to result in sleep disturbance that support

14

Grant County holding sound levels for participants to 50 dBA and Codington County not

15

having a specific threshold for participants.

16

presented by witness Jay Haley shows that there will be no non-participant that

17

experience more than 45 dBA at their residence, and no participant that experiences more

18

than 50 dBA at their residences.

Also, importantly, CRW's modeling

19

20

Q.

AT

THE

PUBLIC

HEARING,

THERE

WERE

COMMENTS

ABOUT

21

INFRASOUND AND LOW FREQUENCY NOISE. CAN YOU EXPLAIN WHAT

22

THESE ARE AND IF THERE IS A CONCERN FOR HEAL TH?

23

A.

Infrasound is a term used to describe sounds that are produced at frequencies too low to

24

be heard by the human ear at frequencies of 0 to 20 Hz, at common everyday levels.

25

Infrasound is typically measured and reported on the G-weighted scale ("dBG"). Low

26

frequency noise ("LFN"), at frequencies between 20 to 200 Hz, can be audible.
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1

Infrasource is typically measured and reported on the C-weighted scale ("dBC") to

2

account for higher-level measurements and peak sound pressure levels.

3

Universally, wind turbine sound standard are set using audible dBA levels, as they

4

are in Grant and Codington Counties, and approved based on modeling. Over the past

5

couple of years there have been a limited number of researchers that have speculated that

6

wind turbine infrasound and LFN could be the potential cause of potential health impacts

7

or sleep disturbance. The mere presence of measured LFN and infrasound does not

8

indicate a potential threat to health or an inability for people to sleep. The fact that one

9

can measure infrasound and LFN from wind turbines at either the exterior or interior of a

10

home does mean that infrasound is at a level that poses a potential health threat. In

11

addition, just because there may be a distinct acoustical signature that allows sound

12

engineers to distinguish between low levels of infrasound or LFN from turbines does not

13

mean that these sounds result in health impacts.

14

Although wind turbines are a source of LFN and infrasound during operation,

15

these sound pressure levels are not unique to wind turbines. Common natural sources of

16

LFN and infrasound include ocean waves, thunder, and even the wind itself.

17

Anthropogenic sources include road traffic, refrigerators, air conditioners, machinery,

18

and airplanes.

19

In the context of wind turbines, a study was conducted to investigate whether

20

typical audible noise-based guidelines for wind turbines account for the protection of

21

human health given the levels of infrasound and LFN typically produced by wind

22

turbines. Berger et al., 20 l 5. Health-based Audible Noise Guidelines Account for

23

lnfrasound and Low

requency Noise Produced by Wind Turbines in the journal
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1

Frontiers in Public Health Vol 3, Art. 31 (Exhibit 6).

2

measurements of indoor infrasound and outdoor LFN at locations between 1,312 ft and

3

2,952 ft from the nearest turbine, which were previously underrepresented in the

4

scientific literature, were reported and put into context with existing published works.

5

The analysis showed that indoor infrasound levels were below auditory threshold levels

6

while LFN levels at generally accepted setback distances were similar to background

7

LFN levels.

In this study, new field

8

The study also discussed two guidelines for exposure to infrasound, dBG,

9

although neither is specific to wind turbine noise. The first was The Queensland

10

Department of Environment and Resource Management's Draft ECOACCESS

11

Guideline- Assessment of Low Frequency Noise. The authors of this study proposed an

12

interior infrasound limit of 85 dBG. This value was derived based on a 10 dB protection

13

level from the average 95 dBG hearing threshold and previous Danish recommendations

14

for infrasound limits. The second was The Japanese Handbook on Low Frequency Noise,

15

which provides an infrasound reference value of 92 dBG at 10 Hz and 1/3 octave bands

16

up to 80 Hz. These values were derived from investigations that monitored complaints of

17

mental and physical discomfort from healthy adults exposed to low frequency sounds in a

18

room. The application of these guidelines for infrasound to CRW shows that that they

19

would not be reached in homes situated in the CRW Project. These homes are located

20

too far back from the turbines based on audible sound criteria to have the accompanying

21

infrasound levels exceed these guidelines. In fact, these levels of infrasound are not

22

reached even in close proximity to the wind turbines themselves.
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1

Furthermore, studies support that that levels of infrasound and LFN are not

2

sufficient to induce adverse health effects, and, thus, health-based audible noise

3

guidelines are suitable for the protection of human health. Simply put, the sound level

4

for the CRW Project on the A-weighted scale, and the setback to homes, act as surrogates

5

to ensure that levels of LFN and infrasound will not impact health or sleep. See, Turnbull

6

C, Turner J, Walsh D. 2012. Measurement and level of infrasound from wind farms and

7

other sources, Acoust Aust 40:45-50. (Exhibit 7).

8

In 2012, the Turnbull et al. peer-reviewed paper presented a study conducted in

9

Australia around wind turbines and other common sources of infrasound and included the

10

Clements Gap Wind Farm and the Cape Bridgewater Wind Farm. The Clements Gap

11

Wind Farm is comprised of 27 Suzlon S88 2.1 MW wind turbines and the Cape

12

Bridgewater Wind Farm is comprised of 29 Repower MM82 2.0 MW wind turbines. The

13

authors of this paper determined that infrasound from wind turbines reached ambient

14

(background) levels within 656 ft (200 m) to 1,180 ft (360 m) (Table 5). The levels were

15

found to be lower than those measured around beaches, gas fired plants and major

16

roadways. Indeed, humans are regularly exposed to infrasound from several natural and

17

engineered sources at levels that exceed those produced by wind turbines.
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Noise Source

Measured Level
(dB(G))

Clements Gap Wind Fmm at 85m

72

Clements Gap Wind Fann at 185111
Cape Bridgewater Wind Fann at 100111

67
61
66

Cape Bridgewater Wind Farm at 200111

63

Cape Bridgewater Wind Fann ambient

62
75

Clements Gap Wind Fann at 360m

Beach at 25m from high wilter line
250111 from coastal cliff face

69

8km inland from coast

57
74

Gas fired power station at 350m

1

Adelaide CBD at least 70m from any
major road

76

2
3
4
5
6
7

8
9
10
11

In addition, with respect to LFN and infrasound the Michaud et al. 2016 (Exhibit
3) sound study also included the following conclusion:
In the current study, low-frequency noise was estimated by calculating Cweighted sound pressure levels. No additional benefit was observed in
assessing low frequency noise because C- and A-weighted levels were so
highly correlated. Depending on how dB(C) was calculated and what
range of data was assessed, the correlation between dB(C) and dB(A)
ranged from r = 0.84 tor= 0.97.

12

Because LFN (dBC) and A-weighted (dBA) levels were so highly correlated, these

13

Health Canada conclusions on the absence of direct or indirect health effects for audible

14

wind turbine noise <46 dB A are true also for the noise in the LFN (dBC) range around

15

the wind turbines they studied. In other words, one does not have to conduct additional

16

studies on LFN to determine potential noise health related impacts or sleep disturbance

17

from wind turbines. Therefore, exposure to these frequencies are inherently included in

18

the findings that no sleep disturbance was found in people living with up to 46 dBA

19

audible sound. These conclusions are supported by other peer-revised studies.

20

McCunney et al. (2014), published a study entitled Wind Turbines and Health: A Critical
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1

Review of the Scientific Literature in the Journal of Environmental and Occupational

2

Medicine (Exhibit 8) and The Ministry for the Environment, Climate and Energy of the

3

Federal State of Bade Wuerttemberg in Germany reported on their study Low-frequency

4

noise including infras ound from wind turbines and other sources (MECE, 2016; Exhibit

5

9).

6

Conclusion on Low Frequency Noise and Infrasound

7

The hypothesis that low frequency noise or infrasound from wind turbines is a causative

8

agent in health effects or sleep disturbance is not supported by the scientific and medical

9

literature. Although infrasound and low frequency noise are emitted from wind turbines

10

and their contribution above background sources can be measured close to wind turbines,

11

noise levels are typically within background levels at homes and are well below levels

12

that could induce health impacts. Measurements at other wind farms are similar, if not

13

lower, than natural and anthropogenic sources of infrasound that we are exposed to, and

14

are below international guidelines on infrasound. Given the setback distances to

15

participant and non-participants residences and CRW's modeled sound levels, the

16

international research indicates that the CRW Project will not impact the health or sleep

17

of local residents.

18

Q.

AT THE HEARING THERE WERE GENERAL COMMENTS ON HEALTH

19

CONCERNS THAT THEY BELIEVED WOULD OCCUR WHEN CRW IS

20

OPERATIONAL. ARE THESE HEALTH CONCERNS LIKELY TO MANIFEST?

21

A.

No.

There are numerous peer-reviewed studies that have explicitly examined the

22

relationship between levels of wind turbine noise and various self-reported indicators of

23

human health and well-being. These are summarized in the Knopper et al 2015 (Exhibit
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1

10) and McCunney et al. 2014 (Exhibit 8) literature reviews. These studies have included

2

a wide range of wind turbine models, manufacturers, heights, and noise levels. They were

3

conducted over several years, in some cases over 10 years, after wind turbines became

4

operational. The study of wind turbine health concerns began in Europe in the early

5

2000s and most recently conducted examined in Canada.

6

In general, the peer-reviewed studies do not support a correlation between wind

7

turbine noise exposure and any other response other than some annoyance. For example,

8

various studies based on the results of two surveys performed in Sweden and one in the

9

Netherlands (1755 respondents overall), found that no measured variable (e.g., self-

10

reported evaluations of high blood pressure, cardiovascular disease, tinnitus, headache,

11

sleep interruption, diabetes, tiredness, and reports of feeling tense, stressed, or irritable),

12

other than annoyance that was directly related to wind turbine noise for all three datasets.

13

Michaud et al. 2016a. Exposure to wind turbine noise: Perceptual responses and

14

reported health effects. (Exhibit 11 ). The Michaud et al. study provides the results of

15

Health Canada's investigation into perceptual responses (annoyance and quality of life)

16

and those of self-reported health effects by participants from the WTN and Health Study.

17

Only the self-reported health effects results are discussed here. Health Canada developed

18

a final questionnaire that consistent of socio-demographics, modules on community noise

19

and annoyance, self-reported health effects, lifestyle behaviors, and prevalent chronic

20

illness.

21

Health Canada reported that:

22
23
24
25

The results from the current study did not show any statistically significant
increase in the self-reported prevalence of chronic pain, asthma, arthritis,
high blood pressure, bronchitis, emphysema, chronic obstructive
pulmonary disease (COPD), diabetes, heart disease, migraines/headaches,
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1

dizziness, or tinnitus in relation to WTN exposure up to 46 dB. In other
words, individuals with these conditions were equally distributed among
WTN exposure categories.

2
3
4
5

This resulted in the overall conclusion of the paper that "Beyond annoyance, results do

6

not support an association between exposure to WTN up to 46 dBA and the evaluated

7

health-related endpoints."

8

Conclusions on Other Potential Health Impacts

9

This research studies indicates that given that the maximum sound level at the exterior of

10

non-participating residences (i.e., occupied structures) is less than 45 dBA at non-

11

participants and 50 dBA at participates that CRW Project should not result in these

12

residences experiencing any health effects when the wind turbines become operational.

13
14

Q.

15
16

SO ARE THE GRANT AND CODINGTON COUNTY ORDINANCES ON SOUND
PROTECTIVE OF HEALTH?

A.

Yes. As described above the counties' ordinances and the overall CRW design goal of no

17

more than 45 dBA at the exterior of non-participating occupied structures. Also, CRW's

18

conservative modeling shows that no non-participant will experience over 45 dBA at

19

their residence and no participant over 50 dBA at their resident, which will protect the

20

health of local residents.

21

22

Q.

DO THE GRANT AND CODINGTON COUNTY ORDINANCES ON SOUND

23

REQUIRE THAT CRW SETBACK A CERTAIN DISTANCE TO COMPLY

24

WITH THE ORDINANCES?

25

A.

Yes. Although both counties ordinances require a 1,500 foot setback from the wind

26

turbines to non-participating occupied structures, the 45 dBA sound level requirement

27

effectively requires typically a 2,000 foot setback to achieve sound compliance.

28

Similarly, both counties ordinances require a 1,000 foot setback from the wind turbines to
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1

participating occupied structure, while the 50 dBA sound level requirement effective

2

requires typically a 1,500 foot setback to achieve sound compliance.

3
4

5

SHADOW/FLICKER STUDY

Q.

DO

THE

GRANT

COUNTY

6

ORDINANCES

7

FLICKER LEVELS FROM CRW?

8

A.

PLACE

AND

CODINGTON

RESTRICTIONS

ON

COUNTY

ALLOWABLE

ZONING
SHADOW/

Yes. Both counties have the same requirement in their ordinances.

9
10

Flicker at any receptor shall not exceed thirty (30) hours per year within the
analysis area.

11

12

The level of no more than 30 hours a year maybe exceeded by obtaining a written waiver

13

from the landowner.

14

Q.

ARE THE 30 HOURS OF SHADOW/FLICKER STANDARD IN THE COUNTY

15

ORDINANCES

16

THRESHOLD FOR SHADOW/FLICKER?

17

A.

Yes.

CONSISTENT

WITH

THE

LITERATURE

ON

THE

Two of the most comprehensive and widely cited published scientific review

18

articles on this topic are Knopper & Ollson (2011; Exhibit 2) and McCunney et al. (2014;

19

Exhibit 8). Both papers review the potential health impacts of shadow/flicker and

20

concluded that there are no health effects associated with this issue living in proximity to

21

wind turbines. Knopper & Ollson (2011) concluded:

22
23
24
25

26

Although shadow flicker from wind turbines is unlikely lead to a risk
of photo-induced epilepsy there has been little if any study
conducted on how it could heighten the annoyance factor of those
living in proximity to turbines. It may however be included in the
notion of visual cues. In Ontario it has been common practice to
attempt to ensure no more than 30 hours of shadow flicker per
annum at any one residence.

27
28
29
30

Since 2011, there has only been one study conducted that examined the potential for

31

shadow/flicker to lead to increased annoyance for those living near wind turbines. Health
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1

Canada recently completed the most comprehensive study of wind turbine health and

2

annoyance issues of its kind in the world (Health Canada, 2014). (Voicescu et al., 2016;

3

Exhibit 12). By using questionnaires of over 1200 people living as close as 800 ft from a

4

turbine they attempted to determine if they could predict the percentage of people that

5

were highly annoyed by varying levels of hours of shadow/flicker a year or number of

6

minutes on a given day. However, although annoyance did tend to increase with

7

increasing minutes a day they could not find a statistical relationship:

8

For reasons mentioned above, when used alone, modeled SFm results
represent an inadequate model for estimating the prevalence of
HA WTSF as its predictive strength is only about 10%. This research
domain is still in its infancy and there are enough sources of uncertainty
in the model and the current annoyance question to expect that
refinements in future research would yield improved estimates of SF
annoyance.

9
10

11
12

13
14
15

16

In light of this study, a no more than 30 hours of shadow/flicker modeled on a residence

17

has almost become the universally adopted standard. To put this in perspective it

18

represents less than 0.5% of the daylight hours a year.

19

Q.

ARE THE 30 HOURS OF SHADOW/FLICKER STANDARD IN THE COUNTY

20

ORDINANCES CONSISTENT WITH THE HOW OTHER JURISDICTIONS

21

APPLY THE THRESHOLD FOR SHADOW FLICKER?

22

A.

Yes. For context, the origins of the 30 hour shadow/flicker threshold standard can be

23

traced to Germany in 2002. The German Territorial Committee for Emissions control

24

released the document "Hinweise zur Ermittlung und Beurteilung der optischen

25

Immissionen von Windenergieanlagen, Landerausschuss fur Immissionsschutz [Notes on

26

the identification and evaluation of optical emissions from wind turbines], (in German;

27

Exhibit 13)." The standard was based on limiting the nuisance of local residents. This

28

level is often cited as being below one that would result in nuisance of local residents.
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1

They subsequently codified this formal shadow/flicker guideline as part of the Federal

2

Emission Control Act (Haugen, 2011 ).

3

Also, across the United States many jurisdictions have successfully adopted

4

shadow/ flicker restrictions based on the "Realistic/Expected" scenario of no more than

5

30 hours a year. The following are examples of state-wide legislation.

6

North Dakota

7

The North Dakota Public Service Commission ("NDPSC") from the impact upon

8

light-sensitive land uses to be managed and maintained at an acceptable minimum

9

(N.D. Admin. Code §69-06-08-01(5)(c)(3)). The NDPSC has recognized the 30-hour

10

per year standard and evaluates shadow/flicker impacts pursuant to this standard.

11

Justification, similar to what is contained in this report, for continued use of this

12

standard has been provided to the ND PSC during several recent wind project

13

applications and hearings.

14

Connecticut

15

Similarly, the Regulations of Connecticut State Agencies Section 16-50j-95, part (c)

16

reqmres:

17
18
19
20
21
22
23

Shadow flicker shall not occur more than 30 total annual hours cumulative
at any off-site occupied structure location from each of the proposed wind
turbine locations and any alternative wind turbine locations at the
proposed site and any alternative sites.

Q.

AT THE PUBLIC INPUT HEARING THERE WERE CONCERNS EXPRESSED

24

THAT CRW'S ADHERENCE TO SHADOW/FLICKER THRESHOLD OF 30

25

HOURS IN GRANT AND CODINGTON COUNTIES IS NOT SUFFICIENT AND

26

POSES A HEALTH CONCERN.

27

SUPPORT THEIR CONCERN?

DOES THE SCIENTIFIC LITERATURE
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1

A.

No. First, I will provide an overview of the scientific literature, and then apply the

2

findings to the Grant and Codington counties' shadow/flicker ordinance threshold of 30

3

hours. The main health concern that has been raised with shadow/flicker is the potential

4

risk of seizures in those people with photosensitive epilepsy. Photosensitive epilepsy

5

affects approximately 5% of people with epilepsy where their seizures can be triggered

6

by flashing light. The Epilepsy Society first investigated this issue in the United Kingdom

7

in the late 2000s. They polled their members and determined that no one had experienced

8

an epileptic seizure living or being in proximity to a wind farm from shadow/flicker

9

(Epilepsy Society, 2012; Exhibit 14).

10

Following on from this informal polling, two of the United Kingdom's academic

11

experts in epilepsy published scientific research articles in the area. Harding et al. (2008;

12

Exhibit 15) and Smedley et al. (2010; Exhibit 16) have published the seminal studies

13

dealing with this concern. Both authors investigated the relationship between photo-

14

induced seizures (i.e., photosensitive epilepsy) and wind turbine shadow/flicker. Both

15

studies indicate that flicker from turbines that interrupt or reflect sunlight at frequencies

16

greater than 3 Hz pose a potential risk of inducing photosensitive seizures in 1. 7 people

17

per 100,000 of the photosensitive population.

18

translates to a maximum speed of rotation of 60 revolutions per minute (rpm). Large,

19

modem, utility scale wind turbines spin at rates well below this threshold and are

20

typically below 20 rpm. For example, the General Electric turbines being proposed for

21

the CRW Farm have a maximum rotational speed of 15.6 rpm (0.78 Hz). Therefore,

22

shadow/flicker from these wind turbines is not at a flash frequency that could trigger

23

seizures and not a concern supported in the peer-review scientific literature.

For turbines with three blades, this
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1

Further, in 2011, the Department of Energy and Climate Change (United

2

Kingdom) released a consultant's report entitled "Update of UK Shadow Flicker

3

Evidence Base" (Exhibit 17). The report concluded that:

4
5
6
7
8

On health effects and nuisance of the shadow flicker effect, it is
considered that the frequency of the flickering caused by the wind turbine
rotation is such that it should not cause a significant risk to health.
Therefore, there is nothing in the scientific literature that suggests that shadow/flicker

9

should be limited to protect health.

10

11

Q.

DO THE GRANT AND CODINGTON COUNTY ORDINANCES ON SHADOWI

12

FLICKER REQUIRE THAT CRW SETBACK A CERTAIN DISTANCE FROM

13

THE OCCUPIED STRUCTURE TO BE UNDER THE 30 HOUR THRESHOLD?

14

A.

Yes. Although both counties ordinances require a 1,500 foot setback from the wind

15

turbine to non-participating occupied structures, the 30 hour shadow/flicker level

16

requirement effectively requires at least a 1,600 foot setback to achieve compliance.

17

Given that participants in the CRW Project will also not experience more than 30 hours

18

of shadow/ flicker, this setback is also applicable to those residents.

19
20

Q.

DOES THIS CONCLUDE YOUR SUPPLEMENTAL TESTIMONY?

21

A.

Yes, it does.
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State of South Dakota
County of _ 6---.a,.r......
m._.~

---

)
) ss
)

I, Chris Ollson, being duly sworn on oath, depose and state that I am the witness identified in the
foregoing prepared testimony and I am familiar with its contents, and that the facts set forth are
true to the best of my knowledge, information and belief.

Chris Ollson
ne thisrd'._th day of April,

My Commission Expires 4-1-22

SEAL

My Commission Expires _ _ __
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CHRISTOPHER OLLSON, PH.D., QPRA
Owner and
Senior Environmental Health Scientist

37 Hepworth Cres
Ancaster, Ontario
Canada, L9K 0C4
(416) 456-1388
Christopher.ollson@gmail.com

Dr. Ollson is Owner and Senior Environmental Health Scientist at Ollson Environmental Health
Management (OEHM). He has 20 years of international consulting experience in environmental
health sciences and toxicology. Dr. Ollson has worked across the United States and is well versed
in Federal and State environmental legislation. His Canadian experience spans from coast-tocoast-to-coast, having worked in all Provinces and Territories . Throughout his career, Chris has
led some of North America's most high profile and controversial multi-disciplinary environmental
health assessments.
Dr. Ollson is considered an expert in environmental health issues related to the energy sector. He
has led risk assessments and provided risk communication support for wind turbine, solar,
hydroelectric, energy-from-waste I waste-to-energy facilities, wind turbine projects, natural gas
fired stations, oil sands environmental assessments, refineries, pipelines, and coal power plants.
Dr. Ollson has conducted extensive research in potential health and environmental issues
surrounding wind turbine facilities and has published numerous peer-reviewed articles and
government white papers on the topic.
Chris has spent countless hours in community and stakeholder consultation on behalf of clients.
Through proper risk communication they became part of the decision-making process on issues
surrounding atmospheric, soil and water contaminant issues. Specific to the wind and solar sector
Dr. Ollson has spent 1000s of hours in public consultation, stakeholder engagement, meetings
with public health staff and local councils.
Dr. Ollson has testified at more than a dozen environmental review tribunals, commissions,
hearings and court proceedings with respect to potential health concerns in living in proximity to
wind turbines. With six peer-reviewed scientific journal articles, numerous invited conference
presentations and invited university lectures he is considered one of the foremost experts in North
America on renewable energy health issues. In recognition of these accomplishments he was the
co-recipient of the 2015 Canadian Wind Energy Association R.J . Templin Award. The R.J. Templin
Award recognizes an individual or organization that has undertaken scientific, technical,
engineering or policy research and development work that has produced results that have served
to significantly advance the wind energy industry in Canada.
In addition to his consulting practice, Dr. Ollson maintains an active research program through his
Adjunct Assistant Professor appointment at the University of Toronto Scarborough. He teaches
graduate level courses in Environmental Risk Assessment and has co-supervised a number of
graduate students and Post-Doctoral Fellows. Dr. Ollson's primary research interests are in
potential health issues related to the renewable energy sector, waste-to-energy sector and the
emerging field of Health Impact Assessment of major projects.
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EDUCATION
2003

Ph.D., Environmental Science (Specialization in Risk Assessment),
Royal Military College of Canada
M.Sc., Environmental Science, Royal Military College of Canada
B.Sc., (Honours), Biology, Queen's University.

2000
1995

Qualified Person for Risk Assessment as defined by the Environmental
Protection Act of Ontario (Brownfields Legislation)

QPRA

AREAS OF SCIENTIFIC EXPERTISE
•
•
•

Health Impact Assessment
Environmental Health
Air Quality Assessment

•
•
•

Human Health Risk Assessment
Major Infrastructure Health Assessment
Energy Sector

EMPLOYMENT HISTORY
2015 - Present

Ollson Environmental Health Management
Senior Environmental Health Scientist

2011-2015

lntrinsik Environmental Sciences Inc.
Mississauga, Ontario
Vice President, Strategic Development
Senior Environmental Health Scientist

2002-2011

Stantec Consulting Ltd (formerly Jacques Whitford Limited)
Practice Leader, Environmental Health Sciences

1997 - 2002

Royal Military College of Canada,
Environmental Sciences Group (ESG)
Senior Environmental Scientist I Risk Assessor

1990 - 2002

Naval Reserves, Department of National Defence
Maritime Surface (MARS) Officer, Lt(N) Ret'd

PROFESSIONAL AFFILIATIONS
•
•

Full Member of the International Association for Impact Assessment (IAIA)
Full Member of the Society of Practitioners of Health Impact Assessment (SOPHIA)

2
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ACADEMIC EXPERIENCE
2013 - PRESENT

University of Toronto Scarborough, Department of Physical and
Environmental Sciences
Adjunct Professor

2011 - PRESENT
University of Toronto, School of the Environment
Graduate Course Lecturer
2013 - 2016
University of Toronto Scarborough, Member Campus Governing
Council, Vice-Chair of the Academic Affairs Committee
2009-2011

University of Toronto, Scarborough
Adjunct Lecturer, Physical & Environmental Sciences,

2004 - PRESENT

Royal Military College of Canada
Adjunct Assistant Professor

AWARDS
Co-recipient of the 2015 Canadian Wind Energy Association R.J . Templin Award. First awarded in 1985, the
R.J. Templin Award recognizes an individual or organization that has undertaken scientific, technical.
engineering or policy research and development work that has produced results that have served to
significantly advance the wind energy industry in Canada.

Wjpg Jyrhjpe Peec Bexieweg sc;eotific pybucatjgns
Pctroacv Research
Berger, R.G., Ashtiani, P., Ollson, C.A., Whitfield Aslund, M. McCallum, L.C., Leventhal!, G. and Knopper,
L.D. 2015 Health-based audible noise guidelines account for infrasound and low-frequency noise produced
by wind turbines. Front. Public Health 3:31. Citations: 8
Mccallum, L., Whitfield Aslund, M., Knopper, L.D., Ferguson, G.M. and Ollson, C.A. 2014. An investigation
of wind energy and health: quantifying electromagnetic fields around wind turbines in Canada.
Environmental Health 2014, 13:9. Citations: 7
Whitfield Aslund, M.L., Ollson, C.A., Knopper, L.D. 2013. Projected contributions of future wind farm
development to community noise and annoyance levels in Ontario, Canada . Energy Policy 62, 44-50.
Citations: 4

systematjc uteratyre Reviews
Knopper, L.D., Ollson, C.A., Mccallum, L.C., Aslund, M.L., Berger, R.G, Souweine, K., and McDaniel, M.
2014. Wind turbines and Human Health. Front. Public Health, 19 June 2014. Citations: 22
Knopper, L.D. and Ollson, C.A. 2011. Health Effects and Wind Turbines: A Review of the Literature.
Environmental Health. 10:78. Open Access . Highly Accessed. Citations: 86

PybUsbed cr;t;aye
Ollson, C.A., Knopper L.D. McCallum, L.C., Aslund-Whitfield, M.L. 2013. Are the findings of 'Effects of
industrial wind turbine noise on sleep and health' supported? Noise & Health 15:63, 148-150. Citations: 5
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Hearings, Tribunals and court Proceedings on Wind Turbines and Associated Transmission Lines
In the following proceedings I testified and formally qualified as an expert in wind turbines and human health

Rivard & Bourque v. Eoliennes de l'Erable S.E.C. Superior Court of Quebec. Case No. 415-06000002-128. (March 2019)
Diana's Great Idea, LLC, et. al. v. Crazy Mounty Wind, LLC et. al. Cause No. Dv 18-161 Montana Sixth
Judicial District Court Park County (February 2019)
Ontario Environmental Review Tribunals - Appeal of Company Renewable Energy Approvals
Erickson v. MOE 2011
Monture v. MOE [GREP] 2012;
Moseley v. MOE 2014;
Lambton County v. MOE 2015
EOCA v MOE 2015

Suncor
Samsung
Capstone
Suncor
ProWind

Queen's Bench of Saskatchewan in McKinnon v. Martin (2010 - also referred to as the Red Lily case)
Alberta Utilities Commission (AUG) Proceeding No. 22563, Halkirk 2 Wind Project (November 2017)
Alberta Utilities Commission (AUG) Proceeding No. 3329, Grizzly Bear Creek Wind Project (March 2016)
Alberta Utilities Commission (AUG) Proceeding No. 1955, Bull Creek Wind Project (October 2013)
North Dakota Public Services Commission 2015
Brady Wind Energy Center NextEra
Brady II Wind Energy Center NextEra
Oliver Ill Wind Energy Center NextEra
Clinton County Planning and Zoning Commission, MO, County Ordinance Changes (2016)
Chowan County and Perquimins County Board of Commissioners hearings for the Timbermill Wind Project
(2016)

Court Proceedings Unrelated to Wind Turbine Protects
John Chart vs. Town of Parma. W.D .N.Y Civil Action No. 6:10-CV-06179, Deposed 2013.
Lockridge and Plain v. Ministry of the Environment and Suncor Energy Products Ltd., 528/10, Ontario
Superior Court of Justice, Deposed 2012

Appearances before Goyernment Bodjes
North Dakota State Senate and Representative Natural Resources Committee. Study on Wind Energy
Conversion Facilities. December 2017.
Indiana State Senate Energy Committee Meeting on Wind Turbine Siting. October 2017.
North Dakota State Senate Energy and Natural Resources Committee. Senate Bill 2313. Exclusion Areas for
Wind Energy Conversion Facilities. February 2017.
Vermont Public Services Board. Proposed Rule on Sound from Wind Generation Facilities. December 2016.
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Example Appearances before us county Plannjna & zonjng commissions and county Boards
Redfield Town Board, New York, Mad River Wind Farm, 2017
Parshville Town Board, New York; North Ridge Wind Farm, 2017
Grant and Dickinson County Planning and Zoning Commissions, Iowa, Upland Prairie Wind Farm, 2017
Codington and Grant County Planning Commissions, Dakota Range Wind, South Dakota, 2017
Deuel County Zoning Board, South Dakota, Crown Ridge Wind Project, 2017
Rush County Board of Zoning Appeals, Indiana, West Forks Wind Project, 2016
Hettinger County Planning and Zoning Commission and County Commission, North Dakota , Brady II Wind
Energy Center, 2016
Kingman County Planning and Zoning Commission, Kansas, Kingman Wind Energy Center, 2016
Pratt County Planning and Zoning Commission, Kansas, Ninnescah Wind Energy Center, 2016
Stark County Planning and Zoning Commission and County Commission, North Dakota, Dickinson Wind
Energy Center, 2015, 2016
Stark County Planning and Zoning Commission and County Commission, North Dakota, Brady Wind Energy
Center, 2015, 2016
Colfax Township Board, Dekalb County, Missouri, Osborn Wind Energy Center, 2016
WashingtonTownship Planning Board, Dekalb County, Missouri, Osborn Wind Energy Center, 2016
Niagara County Board of Health, New York, Lightstation Wind Energy Center, 2015
El Paso Planning Commission and County Commission, Colorado, Golden West Energy Center, 2015
Stony Creek Town Commission, New York, Proposed lnvEnergy project, working for the Town Commission,
2011

Wjnd Project PeYel 0 pecs- worked as project Health Consultant 0 1Becord (Alphabetjcal)
•

APEX, Algonquin Power, Avangrid, BluEarth, Boralex, Capital Power, Capstone, EDF, EDPR,
lnvEnergy, Longyung Power, NextERA, Niagara Region Wind Corporation, Northland Power, Pattern
Energy, Prowind, RES, Samsung, South Canoe Wind, Sprott, Suncor, Veresen, Vermont Public
Services Department, WPD

Wind Turbine Conference Proceedings
Whitfield Aslund , M.L., Berger, R.G.; Ashtiani, P.; Ollson, C.A.; Mccallum L.C.; Leventhal!, G.; Knapper,
L.D . 2015. Health-based audible noise guidelines account for infrasound and low frequency noise produced
by wind turbines. Proceedings of the 6th International Conference on Wind Turbine Noise, April 2015,
Glasgow, Scotland.
Whitfield Aslund, M.L., Ollson, C.A., Knopper, L.D. 2013. 'Projected contributions of future wind farm
development to community noise and annoyance levels in Ontario, Canada', submitted for publication in
Proceedings of the 5th International Conference on Wind Turbine Noise, Denver Colorado 28-30 August
2013
Knapper, L.D. , Whitfield Aslund , M.L., Mccallum, L.C ., Ollson, C.A. 2013. 'Wind turbine noise: What has the
Science Told Us?', submitted for publication in Proceedings of the 5th International Conference on Wind
Turbine Noise, Denver Colorado 28-30 August 2013
Conference Presentations on Wind Turbines and Health
Ollson, C.A., 2015. Effective Communication Strategies for Addressing Health Concerns. CanWEA annual
conference.
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Ollson, C.A. 2014. Responding to Health Concerns. CanWEA annual conference.
Ollson, C.A. 2014 Wind Turbines - Do They Cause Health Impacts? CPANs Air & Waste Management
Association. Edmonton, Alberta
Ollson, C.A., McCallum, L.C., Whitfield Aslund, M.L., Knapper, L.D. 2014. Social Licence to Operate Lessons From Canadian Wind Industry. International Association of Impact Assessment (IAIA) International
Conference 2014. Chile.

Whitfield Aslund, M.L., Ollson, C.A., Knapper, L.D. 2013. 'Projected contributions of future wind farm
development to community noise and annoyance levels in Ontario, Canada', Wind Turbine Noise 2013,
Denver , August 2013.
Ollson, C.A. ; Knapper, L.D ., Whitfield Aslund, M.L., Mccallum, LC., 2013. 'Wind turbine noise: What has
the Science Told Us?', Wind Turbine Noise 2013, Denver, August 2013.
OJ/son, C.A., 2013 Health Effects and Renewable Energy: An Overview of the Issues. Association of Power

Producers of Ontario Toronto, 2013
Ollson, C.A. and Knapper, L.D. Health Effects and Wind Turbines: A Review of the Issues. CANWEA
Communications Summit , Vancouver, October, 2011

Addjtjonal Peer-Rey;ewed Scjentjfic PubUcat;ons
Mccallum, LC, Ollson, CA, Stefanovic, IL. 2017. An adaptable Health Impact Assessment (HIA) framework
for assessing health within Environmental Assessment (EA): Canadian Context, International Application.
Impact Assessment and Project Appraisal. In Press.
Mccallum, LC, Ollson, CA, Stefanovic, IL. 2016. Prioritizing Health: A Systematic Approach to Scoping
Determinants in Health Impact Assessment. Frontiers in Public Health. Aug 22;4:170
Mccallum, LC, Ollson, CA, Stefanovic, IL. 2016. Development of a Health Impact Assessment Screening
Tool: A Value Versus Investment Approach. Journal of Environmental Assessment Policy and Management
Vol. 18, No. 2
McAuley, C., Dersch, A., Kates, L. N., Sowan, D. R. and Ollson, C. A. 2016. Improving Risk Assessment
Calculations for Traditional Foods Through Collaborative Research with First Nations Communities. Risk
Analysis. Dec; 36(12):2195-2207
McAuley, C., Dersch , A., Kates , L. N., Sowan , D. R., Kappe, Rand Ollson, C. A. 2016 . Assessment of
Exposure to Chlorinated Organics through the Ingestion of Moose Meat for a Canadian First Nation
Community. Frontiers in Environmental Science. November 2016: Vol 4: Article 78
Mccallum LC, Souweine K, McDaniel M, Kappe B, McFarland C, Butler K, Ollson CA. Health Impact
Assessment of an oil drilling project in California. Int J Occup Med Environ Health. 2016;29(2):229-53.
Mccallum, L.C., Ollson, C.A. and Stefanovic I.L. 2015. Advancing the practice of health impact assessment
in Canada: obstacles and opportunities. Environmental Impact Assessment Review. Volume 55, November
2015, Pages 98-109
Ollson, C.A., Knapper, L.D. , Whitfield Aslund, M. , Jayasinghe, R. 2014 . Site specific risk assessment of an
energy-from-waste thermal treatment facility in Durham Region, Ontario, Canada. Part A: Human health risk
assessment. Science of the Total Environment 466-467: 345-356.
Ollson, C.A. , Knapper, L.D ., Whitfield Aslund, M., Dan, T. 2014. Site specific risk assessment of an energyfrom-waste/ thermal treatment facility in Durham Region, Ontario, Canada. Part B: Ecological risk
assessment. Science of the Total Environment 466-467: 242-252 .

Johnson KE, Knapper LO, Schneider DC, Ollson CA, Reimer KJ. 2009. Effects of local point source
polychlorinated biphenyl (PCB) contamination on bone mineral density in deer mice (Peromyscus
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maniculatus). Sci Total Environ. 2009 Sep 1; 407(18):5050-5. Epub 2009 Jul 5
Ollson, C.A., Koch, I., Smith, P.; Knapper, L.D., Hough, C., Reimer, K, J. 2009 . Addressing arsenic
bioaccessibility in ecological risk assessment: A novel approach to avoid overestimating risk.
Environmental Toxicology and Chemistry 28(3): 668-675.
Knapper, L.D ., Smith, G.K., Ollson, C.A., Stephenson, M. 2009. Use of Body Mass Scaling of Dose in
Ecological Risk Assessments In Ecotoxicological Research Developments. Nova Publishers, pp.
23-29.
Gregor, D., Stow, J., Kennedy, D., Reimer, K., Ollson, C. 2003. Local Sources of Contaminants in the
Canadian Arctic. Canadian Arctic Contaminants Assessment Report /l(CACAR /I) Physical
Environment 157-183
Reimer, K.J., Ollson, C.A. , Koch, I. 2002. An Approach for Characterizing Arsenic Sources and Risks at
Contaminated Sites: The Consequences of 60 Years of Gold Mining in Yellowknife, NWT, Canada .
2003. Metals in the Environment. American Chemical Society.
Koch, I., Hough, C., Mousseau, S., Mir, K., Rutter, A., Ollson, C., Lee, E., Andrewes, P., Granhchino, S,,
Cullen, B., Reimer, K. 2002 . Canadian Journal of Analytical Sciences And Spectroscopy 47(4):109118.
Koch, I. , Ollson, C.A., Patten, J., and Reimer, K.J. 2002. Arsenic in Vegetables: An Evaluation of Risk from
the Consumption of Produce from Residential and Mine Gardens in Yellowknife, Northwest
Territories, Canada. I. in Annual Reviews in Food and Nutrition: Toxic and Pathological Aspects ,
Taylor & Francis, London.
Koch, I., Wang, L., Ollson, C.A., Cullen, W.R., Reimer, K. J. 2000. The Predominance of Inorganic Arsenic
Species in Plants from Yellowknife, Northwest Territories, Canada. Environmental Science and
Technology 34:22 26.
Ollson, C. A. 2003. Arsenic Risk Assessments: The Importance of Bioavailability. PhD Thesis, Royal
Military College of Canada.
Ollson, C. A. 1999. Arsenic Contamination of the Terrestrial and Freshwater Environment Impacted by
Gold Mining Operations, Yellowknife, NWT. M,Sc, Thesis, Royal Military College of Canada.
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Knopper and Ollson Environmental Health 2011, 10:78
http://www.ehjournal.net/content/10/1 /78

REVIEW

ENVIRONMENTAL HEALTH

Open Access

Health effects and wind turbines: A review of the
literature
Loren D Knopper 1• and Christopher A Ollson 2

Abstract
Background: Wind power has been harnessed as a source of power around the world. Debate is ongoing with
respect to the rela tionship between reported health effects and wind turbines, specifically in terms of audible and
inaudible noise. As a result. minimum setback distances have been established world-wide to reduce or avoid
potential complaints from, or potential effects to, people living in proximity to wind turbines. People interested in
this debate turn to two sources of information to make informed decisions: scientific peer-reviewed studies
published in scientific journals and the popular literature and internet.
Methods: n ,e purpose of this paper is to review the peer-reviewed scientific literature, government agency reports,
and the most prominent information found in the popular literature. Combinations of key words were en tered into
the Thomson Reuters Web of KnowiedgesM and the in ternet search engine Google. The review was conducted in
the spirit of the evaluation process outlined in the Cochrane Handbook for Systematic Reviews of Interventions.

Results: Conclusions of the peer reviewed literature differ in some ways from those in the popular literature. In peer
reviewed studies, wind turbine annoyance has been statistically associated with wind turbine noi5e, but found to be
more strongly related to visual impact, attitude co wind turbines and sensitivity to noise. To date, no peer reviewed
articles demonstrate a direct causa l link between people living in proximity to modern wind tu rbines, the noise they
emit and resulting physiological health effects. If anything, reported health effects are likely attributed to a number of
environmental stressors that result in an annoyed/stressed state in a segment of the population. In the popular
literature, self-reported health outcomes are related to distance from turbines and the claim is made that infrasound
is the causative factor for the reported effects, even though sound pressure levels are not measured.
Conclusions: What both types of studies have in common is the conclusion that wind turbines can be a source of
annoyance for some people. The difference between both types is the reason for annoyance. While it Is
acknowledged that noise from wind turbines can be annoying to some and associated with some reported health
effects (e.g., sleep disturbance), especially when found at sound pressure levels greater than 40 db(A), given that
annoyance appears to be more strongly rela ted to visual cues and attitude than to noise Itself, self reported health
effects of people living near wind turbines are more likely attributed to physical manifestation from an annoyed
state than from wind turbines themselves. In other words, it appears that it Is he change in the environment that
!s associated with reported health effects and not a turbine-specific variable like audible noise or infrasound.
Regardless of its cause, a certain level of annoyance in a population can be expected (as with any number of
project5 that change the local environment) and the acceptable level is a policy decision to be made by elected
officials and their government representatives where the benefits of Wind power are weighted against their cons.
Assessing the effects of wind turbine on human health is an emerging field and condL1ctlng further research into
the effects of wind turbines (and environmental changes) on human health, emotional and physical, Is warranted.
Keywords: Wind turbines, health, annoyance, infrasound, sound pressure level, noise
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Background

Wind power has been identified as a clean renewable
energy source that does not contribute to global warming
and is without known emissions or harmful wastes [l].
Studies on public attitudes in Europe and Canada show
strong support for the implementation of wind power
[2]. Indeed, wind power has become an integrated part of
provincial energy strategies across Canada; in Ontario,
the Ontario Power Authority has placed a great deal of
emphasis on procuring what they term "renewable and
cleaner sources of electricity", such as wind [3] .
Although wind power has been harnessed as a source
of electricity for several decades aro und the world, its
widespread use as a significant source of energy in
Ontario is relatively recent. As with the introduction of
any new technology, concerns have been raised that wind
power projects could lead to impacts on human health.
These concerns are related to two primary issues: wind
turbine design and infrastructure (i.e., electromagnetic
frequencies from transmission lines, shadow flicker from
rotor blades, ice throw from rotor blades and structural
failure) and wind turbine noise (i.e., levels of audible
noise [including low frequency noise] and infrasound). If
left unchecked and unmanaged, it is possible that individually or cumulatively, these issues could lead to potential health impacts. In terms of noise, high sound
pressure levels (loudness) of audible noise and infrasound
have been associated with learning, sleep and cognitive
disruptions as well as stress and anxiety [4-8].
As a result, minimum setback distances have been established world-wide to reduce or avoid potential effects for
people living in proximity to wind turbines. Under the
Ontario Renewable Energy Approval (REA) Regulation
(0. Reg. 359/09, as amended by 0. Reg. 521/10), a minimum setback distance of 550 m must exist between the
centre of the base of the wind turbine and the nearest
noise receptor (e.g., a building or campground). This minimum setback distance was developed through noise modeling under worst-case conditions to give a conservative
estimate of the required distance to attain a sound level of
40 dB(A) [9], the noise level that corresponds to the
WHO (Europe) night-noise guideline, a health-based limit
value "necessary to protect the public, including most of
the vulnerable groups such as children, the chronically ill
and the elderly, from the adverse health effects of night
noise" [8]. Globally, rural residential noise limits are generally set at 35 to 55 dB(A) [10].
T his paper focuses on the research involving landbased wind turbine projects. There are several international off-shore marine projects that are in operation.
There was considerable interest in Ontario in developing off-shore wind projects on the Great Lakes. However, in February, 2011 the Province announced that it

Page 2 of 10

would not proceed with proposed offshore wind projects
until furt her scientific research is conducted http:/ /www.
news.ontario.ca/ ene/ en/2011/02/ ontario-rules-out-offshore-wind-projects.html. This does not appear to have
been related, however, to health concerns.
Regardless, debate is ongoing with respect to the relat ions hip between reported health effects and wind
t urbines, specifica lly in terms of audible and inaudible
noise. People interested in this debate tend to turn to two
sources of information in order to make decisions: scientific peer-reviewed studies published in scientific journals,
and the popular literature and internet. For the general
public, the latter sources are the most readily available and
numerous websites have been constructed by individuals
or groups to support or oppose the development of wind
fa rms. Often these websites state the perceived impacts
on, or benefits to, human health to support the position of
the individual or group. The majority of information
posted on these websites cannot be traced back to a scientific peer-reviewed source and is typically anecdotal in
nature. This serves to spread misconceptions about the
potential impacts of wind energy on human health making
it difficult for the general public (and scientists) to ascertain which claims can be substantiated by scientific
evidence.
Accordingly, the purpose of this paper is to provide
results of a review of the peer-reviewed scientific literature
and the most prominent information found in the popular
literature. We have selected this journal as the source of
publication because it is a scientifically credible journal
with peer-reviewed articles that are easily accessible by the
general pop ulation who are interested in the subject of
wind turbines and health effects. Results of this review are
used to draw conclusions about wind turbines and health
effects using a weight-of-evidence approach.
Methods
Peer-Reviewed Literature

Publication of scientific findings is the basis of scientific
discourse, communication and debate. The peer review
process is considered a fundamental tenet of quality
control in scientific publishing. Once a research paper
has been submitted to a journal for pub lication it is
reviewed by external independent experts in the field .
The experts review the validity, reliability and importance of the results and recommend that the manuscript
be accepted, revised or rejected. This process, though
not perfect, ensures that the methods employed and the
findings of the research receive a high level of scrutiny,
such that an independent researcher could repeat the
experiment or calculation of results, prior to their publication. This process seeks to ensure that the published
research is of a high standard of quality, accurate, can
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be reproduced and demonstrates academic/professional
integrity.
In order to assess peer-reviewed studies designed to
test hypotheses about the association between potential
health effects in humans and wind turbines, a review of
the primary scientific literature was conducted. While
our review did not strictly follow the evaluation process
outlined in the Cochrane Handbook for Systematic
Reviews of Interventions [ll]. the standard for conducting information reviews in healthcare and pharmaceutical
industries, it was conducted in the spirit of the Cochrane
systematic review in that it was designed based on the
principle that "science is cumulative", and by considering
all available evidence, decisions could be made that
reflect the best science available. It also involves critical
review and critique of the published literature and at
times weighting some manuscripts over others in the
same scientific field.
To facilitate this review, combinations of key words (i.e.,
annoyance, noise, environmental change, sleep disturbance, epilepsy, stress, health effect(s), wind farm(s), infrasound, wind turbines(s), low frequency noise, wind turbine
syndrome, neighborhood change) were selected and
entered into the Thomson Reu ters (fo rmerly 1S1) Web of
I< nowledge 5 M. The Web of KnowledgesM is a database
that covers over 10,000 high-impact journals in the
sciences, social sciences, and arts and humanities, as well
as international proceedings coverage for over 120,000
conferences. The Web of Knowledge 5M comprises seven
citation databases, t\'rO of which are relevant to the search:
the Science Citation Index Expanded (SCI-Expanded)
and the Social Sciences Citation Index (SSCI). The SCIExpanded includes over 6,650 major journals across
150 scientific disciplines and includes all cited references
captured from indexed articles. Coverage of the literature
spans the year 1900 to the present. On average, 19,000
new records per week are added to the SCI-Expanded.
SSCI is a multidisciplinary index of the social sciences
literature. SSC! includes over 1,950 journals across
50 social sciences disciplines from the year 1956 to the
present. It averages 2,900 new records per week. Use of
this literature search platform means the most up-to-date
multidisciplinary studies published and peer-reviewed
could be obtained.
Although hundreds of articles were found during the
search, very few were related to the association between
potential health effects and wind turbines. For example,
numerous articles have been published about infrasound,
but very few have been published about infrasound and
wind turbines. Indeed, only fifteen articles, published
between 2003 and 2011, were found relevant [12-26] .
What can be seen from these articles is that the relationship between wind turbines and human responses to
them is extremely complex and influenced by numerous
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variables, the majority of which are nonphysical. What is
clear is that some people living near wind turbines
experience annoyance due to wind turbines, and visual
impact tends to be a stronger predictor of noise annoyance than wind turbine noise itself. Swishing, whistling,
resounding and pulsating/throbbing are sound characteristics most highly correlated with annoyance by wind turbine noise for those people who noticed the noise outside
their dwellings. Some people are also disturbed in their
sleep by wind turbines. In general, five key points have
come out of these peer-reviewed studies with regards to
health and wind turbines.
1. People tend to notice sound from wind turbines
almost linearly with increasing sound pressure level

In the studies designed to evaluate the interrelationships
amongst annoyance and wind turbine noise, as well as the
influence of subjective variables such as attitude and noise
sensitivity, Pedersen and Persson Waye [13-15] showed
that people tend to notice sound from wind turbines
almost linearly with increasing sound pressure level.
Briefly, Pedersen and Persson Waye conducted crosssectional studies (in 2004: n = 351; in 2007: n = 754) and
gave people questionnaires regarding housing and satisfaction with the living environment, including questions
about degree of annoyance experienced outdoors and
indoors and sensitivity to environmental factors, wind turbines (noise, shadows, and disturbances), respondents'
level of perception and annoyance, and verbal descriptors
of sound and perceptual characteristics. The third section
had questions about chronic health (e.g., diabetes, tinnitus,
cardiovascular diseases), general wellbeing (e.g., headache,
undue tiredness feeling tensed/stressed, irritable) and normal sleep habits (e.g., quality of sleep, whether or not sleep
was disturbed by any noise source). The last section comprised questions on employment and working hours. Of
import, the purpose of the study was masked in the questionnaires, which was done to reduce the potential for
survey bias.
Of the 754 respondents involved in the Pedersen and
Persson Waye study [14]. 307 (39%) noticed sound from
wind turbines outside their dwelling (range of sound pressure level: < 32.5, 32.5-35.0, 35.0-37.5, 37.5-40.0, and >
40 .0 dB(A)) and the proportion of respondents who
noticed sound increased almost linearly with increasing
noise. In the 37.5-40.0 dB(A) range, 76% of the 71 respondents reported that they noticed sound from the wind turbines; 90% of respondents (n = 18) in the > 40.0 dB(A)
category noticed sound from the wind turbines, The odds
of noticing sound increased by 30% for each increase in
dB(A) category. When data from both studies [13,14] were
combined (n = 1095) results were the same: the proportion of respondents who noticed sound from wind
turbines showed increased almost linearly with increasing
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sound pressure level from roughly 5-15% of people noticing noise at 29 dB(A) to 45-90% noticing noise at 41 dB
(A)[15].
In 2011 Pedersen [25] reported on the results of three
cross-sectional studies conducted in two areas of Sweden
(a flat rural landscape (n = 351) and suburban sites with
hilly terrain (n = 754) and one location in the Netherlands
(flat landscape but with different degrees of road traffic
intens ity (n = 725)) de igned assess th e re la tionship
between wind tu rbine noise and possible adverse hea lth
effects. Questionnaires were mailed to people in the three
areas to obtain information about annoyance and health
effects in response to wind turbines noise. Pedersen
included questions about several potential environmental
stressors and did not allow participants to know that the
focus of the study was on wind turbine noise, again in an
attempt to reduce self-reporting survey bias. For each
respondent, sound pressure levels (dB(A)) were calculated
for nearby wind turbines. The questionnaires were
designed to obtain information about people's response to
noise (i.e., annoyance), diseases or symptoms of impaired
health (i.e., chronic disease, diabetes, high blood pressure,
cardiovascular disease, tinnitus, impaired hearing), stress
symptoms (i.e., headache, undue tiredness, feeling tense or
stressed, feeling irritable), and disturbed sleep (i.e., interruption of the sleep by any noise source). Results showed
that the frequency of those annoyed with wind turbines
was related to an increase in sound pressure level as
shown by odds ratios (OR) with 95% confidence intervals
(Cl) greater than 1.0. Sleep interruption was associated
with sound level in two of the three studies (the are-as with
flat terrain), but unlike the finding that people tend to
notice sound from wind turbines almost linearly with
increasing sound pressure level, sleep disturbance did not
increase gradually with noise levels, but spiked at 40 dBA
and45 dBA.
2. A proportion of people that notice sound from wind
turbines find it annoying

Results of the Pedersen and Persson Waye studies [13-15]
also suggested that the proportion of participants who
were fairly annoyed or very annoyed remained quite level
thrnugh th e 29-37 dB(A) range (no mo re than rough ly
5%) but increased at noi se leve ls above 37 dB(A), with
peaks at 38 db(A) and 41 dB(A), where up to 30% of people were very annoyed. Respondents in the cross-sectional
studies (and other studies [12]) noted that swishing, whistling, resounding and pulsating/throbbing were the sound
characteristics that were most highly correlated with
annoyance by wind turbine noise among respondents who
noticed the noise outside their dwellings. This was also
found by Leventhal[ [16]. Seven percent of respondents
(n = 25) from the Pedersen and Persson Waye study [13]
were annoyed by noise from wind turbines indoors, and
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this was related to noise category; 23% (n = 80) were
disturbed in their sleep by noise. Of the 128 respondents
living at sound exposure above 35.0 dB(A), 16% (n = 20)
stated that they were disturbed in their sleep by wind turbine noise. The authors comment that some people may
find wind turbine noise more annoying than that of other
types of noise (e.g., airplane and traffic) experienced at
similar decibel levels.
Similar results were shown by Pedersen and Persson
Waye (14]: a total of 31 of the 754 respondents said they
were annoyed by wind turbine noise. In the < 32.5 to the
37.5 dB(A) category 3% to 4% of people said they were
annoyed by wind turbine noise; in the 37.5-40.0 dB(A)
category, 6% of the 71 respondents were annoyed; and in
the > 40.0 category, 15% of 20 of respondents said they
were annoyed by wind turbine noise. In addition, 36% of
those 31 respondents who were annoyed by wind turbine
noise reported that their sleep was disturbed by a noise
source. Nine percent of those 733 respondents not
annoyed said their sleep was disturbed by a noise source.
Results of Pedersen [25] showed similar results: the frequency of those annoyed was related to an increase in
sound pressure level. Moreover, self reported health effects
like feeling tense, stressed, and irritable, were associated
with noise annoyance and not to noise itself (OR and 95%
CI > LO). Sleep interruption, however, was associated with
sound level and annoyance (OR and 95%CI > 1.0). Pedersen notes that this finding is not necessarily evidence of a
causal relationship between wind turbine noise and stress
but may be explained by cognitive stress theory whereby
"an individual appraises an environmental stressor, such as
noise, as beneficial or not, and behaves accordingly". In
other words, it appears that it is the change in the environment that is associated with the self-reported health
effects, not the presence of wind turbines themselves.
Keith et al. (17) proposed that in a quiet rural setting,
the predicted sound level fro m wind turbines should not
exceed 45 dB(A) at a sensitive receptor location (e.g., residences, hospitals, schools), a value below the World
Health Organization guideline for sleep and speech disturbance, moderate annoyance and hearing impairment. The
authors [17] suggest this level of noise could be expected
to result in a 6.5% increase in the percentage of highly
annoyed peopl . Since publication of the Keith et al. study,
the WHO Europe Region has released new Night Noise
Guidelines for Europe [8] and state that: "The new limit is
an annual average night exposure not exceeding 40 decibels (dB), corresponding to the sound from a quiet street
in a residential area". The value of 40 dB is considered the
lowest observed adverse effect level (LOAEL) for night
noise based on the finding that an average night noise
level over a year of 30-40 dB can result in a number of
effects on sleep such as body movements, awakening, selfreported sleep disturbance and arousals [8]. The WHO
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states that even in the worst cases these effects seem
modest [8].
3. Annoyance is not only related to wind turbine noise
but also to subjective factors like attitude to visual
impact, attitude to wind turbines and sensitivity to noise

Pedersen and Persson Waye (13] revealed that attitude to
visual impact, attitude to wind turbines in general, and
sensitivity to noise were also related to the way people
perceived noise from turbines. For example, 13% of the
variance in annoyance from wind farms could be
explained by noise and the odds that respondents would
be annoyed by noise from wind turbines increased 1.87
times from one sound category to the next. When noise
and attitude to visual impact was statistically assessed,
46% of the variance in annoyance from win d farms could
be explained and the odds that respondents would be
annoyed from wind turbines increased 5.05 times from
one sound category to the next. Statistical analyses
showed that while attitude to wind turbines in general
and sensitivity to noise were also related to annoyance,
they did not have a greater influence on annoyance than
visual effect. Building on their 2004 paper, Pedersen and
Persson Waye (14] conducted a cross-sectional study in
seven areas in Sweden across dissimilar terrains and with
different degrees of urbanization. Three areas were classified as suburban; four as rural. Noise annoyance related
to wind turbines was also statistically related to whether
or not people live in suburban or rural areas and landscape (flat vs. hilly/complex). Visual impact has come out
as a stronger predictor of noise annoyance than wind turbine noise itself. People who economically benefit from
wind turbines had significantly decreased levels of annoyance compared to individuals that received no economic
benefit, despite exposure to similar sound levels (18].
One suggestion of the diffe re nce between rural and suburban areas is level of background sound and interestingly,
perception and annoyance was associated with type of
landscape, "indicating that the wind turbine noise interfered with personal expectations in a less urbanised area ...
pointing towards a personal factor related to the living
environment" [14]. The authors also concluded that visual
exposure enhances the negative associations with turbines
when coupled with audible exposure. They also point out
that this study showed that aesthetics play a role in annoyance: "respondents who think of wind turbines as ugly are
more likely to appraise them as not belonging to the landscape and therefore feel annoyed" [14].
In 2007 Pedersen et al. (19] conducted a grounded theory study to gain a deeper understanding of how people
living near wind turbines perceive and are affected by
them. Findings indicated that the relationship between
exposure and response is complex and possibly
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influenced by variables not yet identified, some of which
are nonphysical. The notion that wind turbines are
"intruders" is a finding not reported elsewhere. A conclusion of this paper is that when the impacts of wind turbines are assessed, values about the living environment
are important to consider as values are firmly rooted
within a personality and difficult to change.
In 2008, Pedersen and Larsman (20] conducted a study
to assess visibility of wind turbines, visual attitude and
vertical visual angle (WA) in different landscapes. This
study follows up on the findings of previous work showing
a relationship between noise annoyance in people living
near wind turbines and the impact of visual factors as well
as an individual's attitude toward noise (1 3-15,25]. Overall,
Pedersen and Larsman concluded that respondents in a
landscape where wind turbines could be perceived as contrasting with their surroundings (i.e., flat areas) had a
greater probability of noise annoyance than those in hilly
areas (where turbines were not as obvious), regardless of
sound pressure level, if they thought wind turbines were
ugly, unnatural devi.ces that would have a negative impact
on the scenery. The enhanced negative response could be
linked to aesthetical response, rather than to multi-modal
effects of simultaneous auditory and visual stimulation.
Moreover, VY A was associated with noise annoyance,
especially for respondent who could see at least one wind
turbine from their dwelling, if they were living in flat terrain and rural areas. Pedersen and Larsman suggest that
these results underscore the importance of visual attitude
towards the noise source when exploring response to
environmental noise. In 20l0 Pedersen et al. [2 1] hypothesized that if high levels of background sound can reduce
annoyance by masking the noise from a wind farm, then
turbines could cause less noise annoyance when placed
next to motorways instead of quiet agricultural areas. In
general, the hypothesis was not supported by the available
data [15]. further providing support for the notion of
visual cue being a strong driver of annoyance.
4. Turbines are designed not to pose a risk of photoinduced epilepsy

Harding et al. (22] and Smedley et al. [23] investigated the
relationship between photo-induced seizures (i.e., photosensitive epilepsy) and wind turbine blade flicker (also
known as shadow flicker). This is an infrequent event,
typically modelled to occur less than 30 hours a year from
wind turbine projects we have reviewed and would be
most common at dusk and dawn, when the sun is at the
horizon. Both studies suggested that flicker from turbines
that interrupt or reflect sunlight at freq uencies greater
than 3 Hz pose a potential risk of inducing photosensitive
seizures in 1.7 people per 100,000 of the photosensitive
population. For turbines with three blades, this translates
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to a maximum speed of rotation of 60 rpm. The normal
practice for large wind farms is for frequencies well below
this threshold.
Although shadow flicker from wind turbines i unlikely
lead to a risk of photo-induced epilepsy there has been
little if any study conducted on how it could heighten the
annoyance factor of those living in proximity to turbines.
It may however be included in the notion of visual cues.
In Ontario it has been common practice to attempt to
ensure no more than 30 hours of shadow flicker per
annum at any one residence.
5. The human ear responds to infrasound

Infrasound is produced by physiological processes like
respiration, heartbeat and coughing, as well as man-made
sources like air conditioning systems, vehicles, some
industrial processes and wind turbines. Salt and Hullar
[24) provide data to suggest that the assumption that
infrasound presented at an amplitude below what is audible has no influence on the ear is erroneous and summarize the results of previous studies that show a
physiological response of the human ear to low frequency
noise (LFN) and infrasound. At very low frequencies the
outer hair cells (OHC) of the cochlea may be stimulated
by sounds in the inaudible range. Salt and Hullar
hypothesize that "if infrasound is affecting cells and
structures at levels that cannot be heard this leads to the
possibility that wind turbine noise could be influencing
function or causing unfamiliar sensations". These authors
do not test this hypothesis in their paper but suggest the
need for further research.
To assess the possibility that the operation of wind turbines may create unacceptable levels of low frequency
noise and in frasound, O'Neal et al. [26) conducted a tudy
(com missio ned by a wind energy developer, Nex.tEra
Energy Resources, LLC) to measure wind turbine noise
outside and within nearby residences of turbines. At the
Horse Hollow Wind Farm in Taylor and Nolan Counties,
Texas, broadband (A-weighted) and one-third octave band
data (3.15 hertz to 20,000 hertz bands) were simultaneously collected from General Electric (GE) l.5sle
(1.5 MW) and Siemens SWT-2.3-93 (2.3 MW) wind turbines. Data were collected outdoors and indoors over the
course of one week under a variety of operational conditions (it should be noted that wind speeds were low during
the measurements; between 3.2 and 4.1 m/s) at two distances from the nearest wind turbines: 305 meters and
457 meters. O'Neal et al. found that the measured low frequency sound and infrasound at both distances (from
both turbine types at maximum noise conditions) were
less than the standards and criteria published by the cited
agencies (e.g., UK DEFRA (Department for Environment,
Food, and Rural Affairs); ANSI (American National
Standards Institute); Japan Ministry of Environment). The

authors concluded that results of their study suggest that
there should be no adverse public health effects from
infrasound or low frequency noise at distances greater
than 305 meters from the two wind turbine types
measured.
Popular Literature

Scientific studies peer reviewed and published in scientific journals are one way of disseminating information
about wind turbines and health effects. The general public does not always have access to scientific journals and
often get their information, and form opinions, from
sources that are less accountable (e.g., the popular literature and internet). Some of the same key words used to
obtain references from the primary literature were
entered into the common internet search engine Google:
"health effects wind farms" returned 300,000 hits; "health
effects wind turbines" returned 120,000 hits; "annoyance
wind turbines" returned 185,000 hits and "sleep disturbance wind turbines" returned 19,500 hits. What is
apparent is that numerous websites have been constructed by individuals or groups to support or oppose
the development of wind turbine projects, or media sites
reporting on the debate. Often these websites state the
perceived impacts on, or benefits to, human health to
support the position of the individual or group hosting
the website. The majority of information posted on these
websites cannot be traced back to a scientific, peerreviewed source and is typically anecdotal in nature. In
some cases, the information contained on and propagated by internet websites and the media is not supported, or is even refuted, by scientific research. This
serves to spread misconceptions about the potential
impacts of wind energy on human health, which either
fuels or diminishes opposition to wind turbine project
development.
Works by Dr. Michael Nissenbaum conducted at Mars
Hill and Vinalhaven Maine [27) and Dr. Nina Pierpont in
New York [28) seem to be the primary popular literature
studies referenced on websites. These works suggest a
causal link between human health effects and wind turbines. Works by Dr. Robert McMurtry and Carmen
Krogh, and Lorrie Gillis, Carmen Krogh and Dr. Nicholas
Kouwen [29) have also been used to suggest a relationship between health and turbines. These works have been
presented as reports or as slide presentations on websites
and authors of these studies have presented their findings
in various forua such as invited lectures, affidavits, public
meetings and open houses. Briefly, Nissenbaum evaluated
22 exposed adults (defined as living within 3500 ft of an
arrangement of 28 1.5 MW wind turbines) and 27 unexposed adults (living about 3 miles away from the nearest
turbine). Participants were interviewed and asked a number of questions about their perceived health, levels of
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stress and reliance on prescription medications in relation to the turbines [27].
In 2009, a book entitled Wind Turbine Syndrome: A
Report on a Natural Experiment by Dr. Nina Pierpont,
was self-published and describes "Wind Turbine Syndrome", the clinical name Dr. Pierpont coined for the collection of symptoms reported to her by people residing
near wind turbines [28]. The book describes a case series
study she conducted involving interviews of 10 families
experiencing adverse health effects and who reside near
wind turbines. Similar to the process followed by Nissenbaum, people living in proximity wind turbines were interviewed about their health. For all of these works, selfreported symptoms generally included sleep disturbance,
headache, tinnitus (ringing in the ears), ear pressure, dizziness, vertigo, nausea, visual blurring, tachycardia (rapid
heart rate), irritability, problems with concentration and
memory and panic episodes. These symptoms have been
purported to be associated with proximity to wind turbines, and specifically, to the infrasound emitted by the
turbines. It should be noted that of the 351 people
assessed by Pedersen and Persson Waye [13], 26% (91)
reported chronic health issues (e.g., diabetes, tinnitus, cardiovascular diseases), but these issues were not statistically
associated with noise levels. Results of Pedersen [25)
showed similar results: self reported health effects like feeling tense, stressed, and irritable, were associated with
noise annoyance and not to noise itself. Sleep interruption,
however, was associated with sound level and annoyance.
In 2007, Alves-Pereira and Castelo Branco http:/ /www.
wind-watch.org/documents/industrial-wind-turbinesinfrasound-and-vibro-acoustic-disease-vad/ issued a
press-release suggesting that their research demonstrated
that living in proximity to wind turbines has led to the
develo pment of vibro-acoustic disease (VA D) in nearby
ho me-dweller . It app ears t hat this research h as o nly
been presented at a conference, has no t been pu blished
in a peer-reviewed journal nor has it undergone thorough
scientific review. Moreover, Alves- Pereira and Castelo
Branco appear to be the primary researchers that have
promulgated V AD as a hypothesis for adverse health
effects and wind turbines. Indeed, Dr. Pierpont has noted
that VAD i not the same "wind turbi ne syndrome" [28].
To date, these studies have not been subjected to rigorous scientific peer review, and given the venue for their
distribution and limited availability of data, it is extremely
difficul t to assess whether or not the info nnation provided
is reliable or valid. What is apparent, however, is that
these studies are not necessarily scientifically defensible:
they do not contain noise measurements, only measured
distances from study participants to the closest turbines;
they do not have adequate statistical representation of
potential health effects; only limited rationale is provided
for the selection of study participants (in some cases
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people living in proximity to turbines have been excluded
from the study); they suffer from a small number of participants and appear to lack of objectivity as authors are
also known advocates who oppose wind turbine developments. Unlike the questionnaires used by Pedersen et al.
[13-15,25], the purpose of the studies are not hidden from
participants. In fact, the selection process is highly biased
towards finding a population who believes they have been
affected by turbines. This is not an attempt to discount
the self-reported health issues of residents living near
wind turbines. Rather, it points out that the self-reported
health issues have not been definitively linked to wind
turbines.
What the peer reviewed literature and popular l.iterature
have in common is the conclusion that wind turbines can
be a source of annoyance for some people. Of note are the
different reasons and possible causes for annoyance. In the
peer reviewed studies, annoyance tends to peak in the >
35 dB(A) range but tends to be more strongly related to
subjective factors like visual impact, attitude to wind turbines in general (benign vs. intruders) and sensitivity to
noise rather than noise itself from turbines. In the popular
literature, health outcomes tend to be more strongly
related to distance from turbines and the claim that infrasound is the causative factor. Though sound pressure level
in most of the peer reviewed studies was scaled to dB(A)
(but refer to O'Neal et al. [26] for actual measurements of
low frequency noise and infrasound), infrasound is a component of the sound measurements and was inherently
accounted for in the studies.
Annoyance

Studies on the health effects of wind turbines, both published and peer-reviewed and presented in the popular literature, tend to conclude that wind turbines can cause
annoyance for some people. A number of governmental
health agencies agree that while noise from wind turbines
is not loud enough to cause hearing impairment and are
not causally related to adverse effects, wind turbines can
be a source of annoyance for some people [1,30-34].
It has been hypothesized that the self reported health
effects (e.g., sleep disturbance, headache, tinnitus (ringing
in the ears), ear pressure, dizziness, vertigo, nausea, visual
blurring, tachycardia (rapid heart rate), irritability, problems with concentration and memory, and panic episodes) are related to infrasound emitted from wind
turbines [28]. Studies where biological effects were
observed due to infrasound exposure were conducted at
sound pressure levels (e.g., 145 dB and 165 dB [5,16]; 130
dB (71) much greater than whut is produced by wind turbines (e.g., see O'Neal et al. [26]). Infrasound is not
unique to wind turbines but is ubiquitous in the environment due to natural and man-made sources, meaning
that people living near wind turbines were exposed to
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infrasound prior to turbine operation. For example, Berglund and Hassmen (35] reported that infrasound (a
component of low frequency sound) is emitted from road
vehicles, aircraft, industrial machinery, artillery and
mining explosions, air movement machinery including
wind turbines, compressors, and air-conditioning units,
and Leventhall [5] reported that infrasound comes from
natural sources like meteors, volcanic eruptions and
ocean waves . Indeed, many mammals communicate
using infrasound [36]. Given the low sound pressure
levels of infrasound emitted from wind turbines and the
ubiquitous nature of these sounds, the hypothesis that
infrasound is a causative agent in health effects does not
appear to be supported.
Peer reviewed and scientifically defensible studies suggest that annoyance and health effects are more strongly
related to subjective factors like visual impact and attitude
to wind turbines rather than to noise itself (both audible
and inaudible [i.e., infrasound]). Indeed, many of the self
reported health effects are associated with numerous
issues, many of which can be attributed to anxiety and
annoyance (e.g., Pedersen 2011 (25]). Shargorodsky et al.
[37] published that roughly 50 million adults in the United
States reported having tinnitus, which is statistically correlated (based on 14,178 participants) to age, racial/ethnic
group, hypertension, history of smoking, loud leisure-time,
firearm, and occupational noise, hearing impairment and
generalized anxiety disorder (based on 2265 participants)
identified using a World Health Organization Composite
Diagnostic Interview). In fact, the odds of tinnitus being
related to anxiety disorder were greatest for any of the
variables te ted. Folmer and Griest [381, based on a ·tudy
of 174 patients undergoing treatment for tinnitus at the
Oregon Health Sciences University Tinnitus Clinic
between 1994 and 1997, reported that insomnia is associated with greater severity of tinnitus. Insomnia is also
associated with anxiety and annoyance. Bowling et al. [39]
described statistically that people's perceptions of neighbourhood environment can influence health. Perceptions
of problems in the area (e.g., noise, crime, air quality, rubbish/litter, traffic, graffiti) were predictive of poorer health
score. In their 2003 publication Henningsen and Priebe
[40] discussed the characteristics of "New Environmental
Illness", illnesses where patients strongly believe their
symptoms are caused by environmental factors, even
though symptoms are not consistent with empirical evidence and medically unexplained. A key component to
such illnesses is the patient's attitude toward the source of
the environmental factor. What is more, health effects
from annoyance have been shown to be mitiga1·ed though
behavioural a nd cognitive behaviournl inte rve ntions
[30,41], lending support to Pedersen's (25] conclusion that
health effects can be explained by cognitive stress theory.
In other words, it appears that it is the change in the
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environment that is associated with health effects, not a
turbine-specific variable like infrasound.
Conclusions

Wind power has been harnessed as a source of power
around the world. Debate is ongoing with respect to the
relationship between reported health effects and wind
turbines, specifically in terms of audible and inaudible
noise. As a result, minimum setback distances have
been established world-wide to reduce or avoid potential
effects for people living in proximity to wind turbines.
People interested in this debate turn to two sources of
information to make informed decisions: scientific peerreviewed studies published in scientific journals and the
popular literature and internet.
We found that conclusions of the peer reviewed literatme differ in some ways from the conclusions of the studies published in the popular literature. What both types
of studies have in common is the conclusion that wind
turbines can be a source of annoyance for some people. In
the peer reviewed studies, wind turbine annoyance and
some reported health effects (e.g., sleep disturbance) have
been statistically associated with wind turbine noise especially when found at sound pressure levels greater than
40 db(A), but found to be more strongly related to subjective factors like visual impact, attitude to wind turbines in
general and sensitivity to noise. To date, no peer reviewed
scientific journal articles demonstrate a causal link
between people living in proximity to modern wind
turbines, the noise (audible, low frequency noise, or infrasound) they emit and resulting physiological health effects.
In the popular literature, self-reported health outcomes
and annoyance are related to distance from turbines and
the claim is made that infrasound is the causative factor
for the reported effects, even though sound pressure levels
are not measured. Infrasound is not unique to wind turbines and the self reported health effects of people living
in proximity to wind turbines are not unique to wind turbines. Given that annoyance appears to be more strongly
related to visual cues and attitude than to noise itself, self
reported health effects of people living near wind turbines
are more likely attributed to physical manifestation from
an annoyed state than from infrasound. This hypothesis is
supported by the peer-reviewed literature pertaining to
environmental stressors and health.
The authors have spent countless hours at community
public consultation events hosted by proponents announcing new projects and during updates to their environmental assessment process. Historically, citizens'
concerns about wind turbine projects appeared to involve
potential impact on property values and issues surrounding avian and bat mortality. Increasingly in North America the issue surrounding fears of potential harm to
residents' health have come to the forefront of these
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meetings. It is clear that the announcement of a new project can led to a heightened sense of anxiety and annoyance in some members of the public, even prior to
construction and operation of a wind turbine project.
The authors have been involved in all manner of risk
communication, consultation and risk assessment projects in the energy sector in Canada and it has been our
experience that this heightened sense of annoyance, agitation or fear is not unique to the wind turbine sector.
Whether the proposed project is a wind turbine, gas-fired
station, coal plant, nuclear power plant, or ene rgy-fromwaste incinerator we have seen a level of concern in a
sub-set of the population that goes well beyond anyth ing
that would be conside red the traditional sense of not- inmy-back-yard (NIMBY). These people genuinely are fearful about the potential health effects that the project may
cause, regardless of the outcomes of quantitative assessments that demonstrate that there is a de minimus of
potential risk in living next to a particular facility. The literature and our own experience highlight the need for
informative discussions between wind power developers
and community members in order to attempt to reduce
the level of apprehension. We encourage continued dialogue between concerned citizens and developers once
projects become operational.
Canadian public health agencies subscribe to the World
Health Organizatio n defUlit ion of health. "Health is a state
of complete physical, mental and social well-being and not
merely the absence of infirmity or disease", a quote often
used by both sides of the wind turbine debate. We believe
that the primary role of the environmental health/risk
as sessment practition er is to ensure that ph ys iol ogical
mani festa tion of infi rm ity o r disease is not predicted to
occur from exposure to an environmental contami nant ln
terms of wind power, ethics dictate an honest reporting of
the issues surrounding annoyance and the fact that it
appears that a limited number of people have self-reported
health effects that may be attributed to the indirect effects
of visual and attitudinal cue. We believe that any physiological based effect can be mitigated through the use of
appropriate setback distances. However, it is not clear that
fo r thjs hypersensit ive annoyed population tha t an y set
back dista nce could mitigate the indirect effects. T herefore, it is up to our elected officials and ministerial staff
when establishing an energy source hierarchy to weigh all
of the information before them to determine the trade-offs
between "mental and social well-being" of these individuals against the larger demand for energy and its source.
A number of governmental health agencies agree that
while noise from wind turbines is not loud enough to
cause hearing impairment and are not causally related
to adverse effects, wind turbines can be a source of
annoyance for some people. Ultimately it is up to governments to decide the level of acceptable annoyance in
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a population that justifies the use of wind power as an
alternative energy source.
Assessing the effects of wind turbines on human health
is an emerging field, as demonstrated by the limited
number of peer-reviewed articles published since 2003.
Conducting further research into the effects of wind turbines (and environmental change) on human health,
emotional and physical, as well as the effect of public
consultation with community groups in reducing preconstruction anxiety, is warranted. uch an underta king
should be initiated pri or to public announcemen t of a
project, and could involve baseline community health
and attitude surveys, baseline noise and infrasound monitoring, observation and questionnaires administered to
public during the siting and assessment process, noise
modeling and then post-construction follow-up on all of
the aforement ioned aspects. Regardless it would be
imperative to ensure robust study design and a clear
statement of purpose prior to study initiation.
We believe that research of this nature should be undertaken by multi-disciplinary teams involving, for example,
acoustical engineers, health scientists, epidemiologists,
social scientists and public health physicians. Ideally developers, government agencies, consulting professionals and
non-government organizations would form collaborations
in attempt to address these issues.
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Effects of Wind Turbine Noise on Self-Reported and Objective Measures of
Sleep
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Study Objectives: To investigate the association between self-reported and objective measures of sleep and wind turbine noise (WTN) exposure.
Methods: The Community Noise and Health Study, a cross-sectional epidemiological study, included an in-house computer-assisted interview and sleep
pattern monitoring over a 7 d period. Outdoor WTN levels were calculated following international standards for conditions that typically approximate the
highest long-term average levels at each dwelling. Study data were collected between May and September 2013 from adults, aged 18-79 y (606 males. 632
females) randomly selected from each household and living between 0.25 and 11.22 kilometers from operational wind turbines in two Canadian provinces.
Self-reported sleep quality over the past 30 d was assessed using the Pittsburgh Sleep Quality Index. Additional questions assessed the prevalence of
diagnosed sleep disorders and the magnitude of sleep disturbance over the previous year. Objective measures for sleep latency, sleep efficiency, total sleep
Ume, rate of awakening bouts, and wake duration alter sleep onset were recorded using the wrist worn Actiwatch2® from a subsample of 654 participants
(289 males, 365 females) for a total of 3,772 sleep nights.
Results: Participant response rate for the interview was 78.9%. Outdoor WTN levels reached 46 dB(A) with an arithmetic mean of 35.6 and a standard
deviation of 7.4. Self-reported and objectively measured sleep outcomes consistently revealed no apparent pattern or statistically significant relationship to
WTN levels. However, sleep was significantly influenced by other factors, including, but not limited to, the use of sleep medication, other health conditions
(including sleep disorders), caffeine consumption, and annoyance with blinking lights on wind turbines.
Conclusions: Study results do not support an association between exposure to outdoor WTN up to 46 dB(A) and an increase in the prevalence of disturbed
sleep. Conclusions are based on WTN levels averaged over 1 y and, in some cases, may be strengthened with an analysis that examines sleep quality in
relation to WTN levels calculated during the precise sleep period time.
Keywords: actigraphy, annoyance, multiple regression models, PSQI, sleep, wind turbine noise
Citation: Michaud OS, Feder K, Keith SE. Voicescu SA, Marro L, Than J, Guay M, Denning A, Murray BJ, Weiss SK, Villeneuve PJ, van den Berg F. Bower T.
Effects of wind turbine noise on self-reported and objective measures of sleep. SLEEP 2016;39(1):97-109.

Significance
This study provides the most comprehensive assessment to date of the potential association between exposure to wind turbine noise (WTN) and sleep.
As the only study to include both subjective and objective measures of sleep, the results provide a level of insight that was previously unavailable. The
absence of an effect of WTN on sleep is based on an analysis of self-reported and objectively measured outcomes in relation to long term outdoor
average sound levels. Knowledge in this area may be strengthened by future research to consider the potential transient changes in WTN levels
throughout the night, which may influence subUe measures of sleep not assessed in the current study.

INTRODUCTION
Sleep loss has been implicated in a variety of negative health
outcomes1 including cardiovascular abnormalities,2 immunological problems,3 psychological health concerns, 4 and neurobehavioral impairment that can lead to accidents. 5 Sleep
loss may be related to total sleep time restriction and/or reduced sleep quality in the sleep time obtained. Sleep disorders
such as insomnia and obstructive sleep apnea are associated
with an increased incidence of hypertension, heart failure,
and stroke. 6•7
Sleep can clearly be disrupted with noise. 8 It has long been
recognized that electroencephalography (EEG) arousals can
be induced with external environmental stimuli, but are modulated by sleep state.9 The World Health Organization (WT-I )
Guidelines for Community Noise recommend that, for conl inuous noise. an indoor sound level of 30 dB(A) hould not
be exceeded during the sleep period time to avoid sleep disturbance.10 More recently, the WHO's Night Noise Guidelines for
SLEEP, Vol. 39, No. 1, 2016

Europe 11 suggest an annual average outdoor level of 40dB(A)
to reduce negative health outcomes from sleep disturbance
even among the most vulnerable groups.
Sleep can be measured by subjective and objective means12
although due to the fundamental nature of unconsciousness
in this state, people are unable to introspect on their sleep
state. As such, an individual may surmise the quality of his
or her sleep, with descriptions of what his or her presumed
sleep was like, periods of awakening, and consequences of
the state. However, sleep state misperception is a common
clinical phenomenon, whereby patients with some degree of
insomnia may report much worse quality of sleep than what
actually occurred. 13 S11hjectiv~ interpretation of sleep state is
thus subject to biased reporting from the individual and therefore subjective and objective measures of sleep are frequently
discordant. Therefore, objective physiological measures of
sleep can provide a more accurate reflection of what actually
happened during an individual's sleep and form the basis of an
97
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unprejudiced understanding of the actual biological effect of
factors such as noise on sleep.
Although the current study is the first to include objective
measures in the assessment of sleep quality in the context of
wind turbine noise (WTN) exposure, the psychological experience of the individual must be considered, though this factor
may be more prone to subjective interpretation. Numerous subjective scales of sleep have been devised. The Pittsburgh Sleep
Quality Index (PSQI)14 is a measure of the subjective experience of sleep that has had detailed psychometric assessment, 15
validation in numerous populations, 16- 18 and is one of the most
common subjective methodologies used in sleep research.
The PSQI has been administered in a study to compare subjective sleep quality among 79 subjects living near two different
wind farms wherein it was reported that sleep quality was worse
among the group living closer to the wind turbines. 19 Pedersen20
found that self-reported sleep disturbance for any reason from
any source was inconsistently related to the level of WTN.
Bakker et al.2 1 showed that self-reported sleep disturbance was
correlated to WTN level, but when noise annoyance from wind
turbines was brought into a multiple regression, sleep disturbance appeared to be highly correlated to the annoyance, but
not to WTN level and only annoyance wa · ·tali ·tically correlated to WTN level. This is consistent with the study by van den
Berg et al. 22 wherein noise annoyance was reported as a better
predictor of self-reported sleep disturbance than noise level for
transportation, industrial, and neighbor noise.
Several studies have provided objectively measured assessments of transportation noise-induced sleep disturbance. 23 - 26
Although it is clear that noise is among the many factors that
contribute to sleep disturbance 23 ·24 ·27 •28 there has been no study
to date that has provided an assessment of sleep disturbance in
the context of WT exposures using objective measures such
as actigraphy.
The current study was designed to objectively measure
sleep in relation to WTN exposure using actigraphy, which has
emerged as a widely accepted tool for tracking sleep and wake
behavior_ 29.Jo The objective measures of sleep, when considered together with self-report, provide a more comprehensive
evaluation of the potential effect that WTN may have on sleep.
This study was approved by the Health Canada and Public
Health Agency of Canada Review Ethics Board (Protocol
#2012-0065 and #2012-0072).

completed survey responses. For 1,120 survey responses there
should be sufficient statistical power to detect at least a 7%
difference in the prevalence of sleep disturbances with 80%
power and a 5% false positive rate (Type I error). There was
uncertainty in the power assessment because the current Community Noise and Health Study, was the first to implement
objectively measured endpoints to study the possible effects
of WTN on sleep. How these power calculations applied to
actigraphy-measured sleep was also unknown. In the absence
of comparative studies, a conservative baseline prevalence for
reported sleep disturbance of 10% was used. 3 1•32 Sample size
calculation also incorporated the following assumptions: (1)
approximately 20% to 25% of the targeted dwellings would
not be valid dwellings (i .e., demolished, unoccupied seasonal,
vacant for unknown reasons, under construction, institutions,
etc.); and (2) of the remaining dwellings, there would be a 70%
participation rate. These assu mptions were validated (see response rates and sample characteristics related to sleep).
Study locations were drawn from areas in southwestern
O11tario ( N ) and Prince Edward l laud (PEL) where here
were a sufficient nu mber of dwellings within the vicinity of
wind turbine installations. The ON and PEI sampling regions
included 315 and 84 wind turbines, respectively. The wind turbi ne electrical power out-puts ranged between 660 kW to 3 MW
(average 2,0 ± 0.4 MW). All lurbine w re modern mono p le
tower design with three pitch-controlled rotor blades (-80 m
diameter) upwind of the lower and most had 80 m hub heights.
All identified dwellings within approximately 600 m from a
wind turbine and a random selection of dwellings between
600 m and 11.22 km were selected from which one person per
household between the ages of 18 and 79 y was randomly selected to participate. T he final sample size in O and P I was
l,0ll and 227, respectively. Participants were not compensated
in any way for their participation.
Wind turbine sound pressure levels at dwellings
Outdoor sound pressure levels were estimated at each dwelling
using both ISO 9613-13 3 and ISO 9613-2 34 as incorporated in
the commercial software CadnaA version 4.4. 35 The resulting
calculations represent long-term (1 y) A-weighted equivalent
continuous outdoor sound pressure levels (LAeq). Therefore,
calculated sound pressure levels can only approximate with a
certain degree of uncertainty the sound pressure level at the
dwelling during the reference time periods that are captured by
each measure of sleep. The time reference period ranges from
1-7 d (actigraphy), to 30 d for the PSQI and the previous year
for the assessment of the percentage highly sleep disturbed.
Van den Berg36 has shown that, in the Dutch temperate climate, the long-term average WTN level for outdoor conditions
i 1.7 ± 1.5 dB(A) below the ound pressure level at 8 m/sec
wind speed. Accordingly, a best estimate for the average nighttime WTN level is approximately 2 dB(A) below the calculated
levels reported in this study.
Calculations included all wind turbines within a radius of
10 km, and were based on manufacturers' octave band sound
power spectra at a standardized wind speed of 8 m/sec and
favorable sound propagation conditions. Favorable conditions
assume the dwelling is located downwind of the noise source, a

METHOD
Sample Design
Target population, sample size, and sampling frame strategy
Several factors influenced the determination of the final
sample size, including having adequate statistical power to
assess the study objectives, and adequate time allocation for
collection of data, influenced by the length of the personal indwelling interview and the time needed to collect the physical
measures. Overall statistical power for the study was based on
the study's primary objective to assess WTN-associated effects on sleep quality. Based on an initial sample size of 2,000
potential dwellings, it was estimated that there would be 1,120
SLEEP, Vol. 39, No. I, 2016

98

Wind Turbine Noise l!.'ffects on Sleep-Michaud et al.

001604

stable atmosphere, and a moderate ground-based temperature
inversion. Although variations in wind speeds and temperature
as a function of height could not be considered in the model calculations due to a lack of relevant data, 8 m/sec was considered
a reasonable estimate of the highest noise exposure conditions.
The manufacturers' data were verified for consistency using
on-site measurements of wind turbine sound power. The standard deviation in ound levels wa e timatecl to be 4 dB(A) up
to 1 km, and at 10 km the uncertainty was estimated to be between IO dB(A) and 26 dB(A). Although calculations based on
predictions of WTN levels reduces the risk of misclassification
compared to direct measurements, the risk remains to some
extent. The calculated levels in the current study represent reasonable worst-case estimates expected to yield outdoor WTN
levels that typically approximate the highest long-term average
levels at each dwelling and thereby optimize the chances of
detecting WIN-induced sleep disturbance. The few dwellings
beyond IO km were assigned the same calculated WTN value
as dwellings at IO km. Unless otherwise stated, all decibel references are A-weighted. A-weighting fil ters out low fre tuencies in a sound that the human auditory system is less sensitive
to at low sound pressure levels.
In the current study, low-frequency noise was estimated by
calculating C-weighted sound pressure levels. No additional
benefit was observed in assessing low frequency noise because C- and A-weighted levels were so highly correlated. Depending on how dB(C) was calculated and what range of data
was assessed, the correlation between dB(C) and dB(A) ranged
from r = 0.84 tor= 0.97.37

sleep quality, sleep disorders, perceived stress, lifestyle behaviors, and prevalence of chronic disease. To avoid bias, the
true intent of the sh1dy, which was to assess the community
response to wind turbines, was masked. Throughout the data
collection, the study's official title was: Community Noise and
Health Study. This approach is commonly used to avoid a disproportionate contribution from any group that may have distinct views toward wind turbines. Data collection took place
through in-person interviews between May and September
2013 in southwestern ON and PEI. After a roster of all adults
aged 18 t 79 y living in the dwell ing was compi led, a computerized method was used to randomly select one adult from
each household. No substitution was permitted; therefore, if
the targeted individual was not at home or unavailable, alternate arrangements were made to invite them to participate at
a later time.
All 16 interviewers were instructed to make every reasonable attempt to obtain interviews, which included visiting the
dwelling at various times of the day on multiple occasions and
making contact by telephone when necessary. If the individual
refused to participate, they were then contacted a second time
by either the senior interviewer or another interviewer. If, after
a second contact, respondents refused to participate, the case
was coded as a final refusal.
Self-reported sleep assessment

Long-term self-reported sleep disturbance included an assessment of the magnitude of sleep disturbance experienced
at home (of any type for any reason) over the past year. Participants were requested to describe their level of sleep disturbance at home over the past year using one of the following
categories: "not at all," "slightly," "moderately," "very" or "extremely," where the top two categories were collapsed and considered to reflect "highly sleep disturbed." For the purposes
of this analysis the bottom three categories reflect "low sleep
disturbance." These categories and the classification of"highly
sleep disturbed" is cons istent with the appr ach adopted fo r
annoyance 44 and facilitates comparisons to self-reported sleep
disturbance functions developed for transportation noise
sources. 45 Data were collected on prevalence of diagnosed
sleep disorders. In addition, participants completed the PSQI,
which provided an assessment of sleep quality over the previous 30 d. The seven components of the PSQI are scored on a
scale from O (better) to 3 (worse); therefore the global PSQI is
a score ranging between 0-21, where a value of greater than 5
is thought to represent poor sleep quality. 14 -I6- I8

Background nighttime sound levels at dwellings

As a result of certain meteorological phenomena (atmospheric
stability and wind gradient) coupled with a tendency for
background sound levels to drop throughout the day in rural/
semi-rural environments, WTN can be more perceptible at the
dwelling during nighttime. 38- 41 In Canada, it is possible to estimate background nighttime sound pressure levels according to
the provincial noise regulations for Alberta, Canada, 42 which
estimates ambient noise levels in rural and suburban environments. Estimates are based on dwelling density per quarter
section, which represents an area with a 451 m radius and distance to heavily travelled roads or rail lines. When modeled in
accordance with these regulations, estimated levels can range
from 35 dB(/\) to 51 dB(A). The po sibility !hat exposure
to high levels of road traffic noise may create a background
sound pressure level higher than that estimated using the Alberta regulations was considered. In O , road noise for the sixlane concrete Highway 401 was calculated using the United
States Federal Highway Administration (FHWA) Traffic Noise
Model43 module in the CadnaA software.35 This value was used
when it exceeded the Alberta noise estimate, making it possible to have levels above 51 dB(A).

Objectively measured sleep

An Actiwatch2® (Philips Healthcare, Andover, MA, USA)
sleep watch was given to all consenting and eligible participants
aged 18 to 79 y who were expected to sleep at their current address for a minimum of3 of the 7 nights following the interview.
There were 450 devices at hand that were cycled throughout the
study. In order to receive the device, respondents also needed
to have full mobility in the arm on which the watch was to be
worn. Respondents were asked to wear the device on their wrist
during all hours of the day and night for the 7 d following their
interview. The Actiwatch2® provides key information on sleep

Data Collection
Questionnaire administration and refusal conversion strategies

The questionnaire instrument included modules on basic demographics, noise annoyance, health effects, quality of life,
SLEEP, Vol. 39, No. I, 2016
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patterns (based on movement), including timing and duration of
sleep as well as awakenings, and has been compared with polysomnography in some patient samples, 46 but does not replace
polysomnography due to imperfect sensitivity and specificity
for detecting wake periods. However, this tool can provide reasonable estimates for assessing subjects objectively for more
prolonged periods of time than conventional assessment tools,
with minimal participant burden. 47 The devices were configured
to continuously record a data point every 60 sec for the entire 7
d period. Data analysis was conducted using Actiware®Version
5.1 48 with the soflware set to default settings (i.e., sensitivity setting of medium and a minimum minor rest interval size of 40
min). With these settings an epoch of 40 counts (i.e., accelerometer activity above threshold) or less is considered sleep and epochs above 40 counts are considered wake. However, any given
epoch is scored using a 5-epoch weighting scheme. This procedure weighs the 2 epochs adjacent to the epoch in question.
The 5-epoch weighting is achieved by multiplying the number
of counts in each respective epoch by the following: 1/25, 1/5,
1, 1/5, 1/25, whereby an average above 40 indicates "awake" for
the central epoch. The sleep start parameter was automatically
calculated by the Actiware® software determined by the first
10 min period in which no more than one 60 sec epoch was
scored as mobile. An epoch is scored as mobile if the number
of activity counts recorded in the epoch is greater than or equal
to the epoch length in 15 sec intervals (i.e., in a 60 sec epoch an
activity value of 4 or higher). Endpoints of interest from wrist
actigraphy included sleep efficiency (total sleep time divided
by measured time in bed), sleep latency (how long it took to
fall asleep), wake after sleep onset (WASO) (the total duration
of awakenings), total sleep time, and the number of awakening
bouls (WAff[) (du ring a sleep period). The WJ\BT data was
analysed as the rate of awakening bouts per 60 min in bed.
To help interpret the measured data, respondents were asked
to complete a basic sleep log each night of the study. The log
coolaiued informaliou about wh lher the respondcnl slept at
home or not, pre· net: of window in the room where they slept,
and whether or not the windows were open. After the 7 d collection period, respondents were asked to return the completed
sleep log with the actigrnph in a prepaid package.

and/or considered by the authors to conceptually have a potential association with the modeled endpoint. The analysis
of each variable only adjusts for WTN category and province;
therefore, interpretation of any individual relationship must be
made with caution.
The primary objective in the current analysis was to use
multiple regression models to identify the best predictors for
(I) reporting a PSQI score greater than 5; and (2) the actigraphy
endpoints. All explanatory variables that were statistically significant at the 20% level in the univariate analysis for each respective endpoint were considered in the multiple regression
models. To develop the best model to predict each endpoint of
interest, the stepwise method, which guards against issues of
multicollinearity, was used for multiple regression models.
The stepwise regression was carried out in three different
ways wherein the base model included: (1) WTN exposure
category and province; (2) WTN expo ure category, province,
and an adjustment for individuals who reported receiving personal benefit from having wind turbines in the area; and (3)
WTN category and province, stratified for those who received
no personal benefit.
For the analysis of PSQI, multiple logistic regression models
were developed using the stepwise method with a 20% significance entry criterion and a 10% significance criterion to
remain in the model. The WTN groups were treated as a continuous variable, giving an odds ratio (OR) for each unit increase in WTN level, where a unit reflects a 5 dB A) WTN
category. The Nagelkerkc pseudo R 2 is reported for logistic
regression models.
Repeated-measures data from all wrist actigraphy measurements were modeled using the generalized estimating equations (GEE) method, as available in SAS (Statistical Analysis
System) version 9.2 PRO
ENM00.50- 52 nivar iate GEE
regression models only adjusting for WTN exposure groups,
province, day of the week, and the interaction between WTN
groups and day of the week were carried out. The interaction
between WTN and province was significant for the total sleep
time outcome in the univariate models, but was no longer significant in the multiple EE regression model. Therefore, the
base model for the multiple GEE regression models included
only WTN category, province, and day of the week. The same
stepwise meU1odology that was applied to build the PSQI
models was used to develop multiple GEE regression models
for each actigraphy endpoint. The within-subjects correlations
were examined with different working correlation matrix structures (unstructured, compound symmetry, and autoregressive
of first order). An unstructured variance-covariance structure
between sleep nights was applied to all endpoints with the exception of sleep latency, where compound symmetry was used.
The advantage of the GEE method is that it uses all available
data to estimate individual subject variability (i.e., if 1 or more
nights of data is missing for an individual, the individual is still
includecl in the analysis).
The wrist actigraphy endpoints of sleep efficiency and rate of
awakening bouts do not follow a normal distribution, because
one is a proportion ranging between O and l (sleep efficiency)
and the other is a count (awakening bouts). Therefore, to analyze awakening bouts a Poisson distribution was assumed. The

Statistical Methodology
The analysis follows the description in Michaud et al., 49 which
provides a summary of the study design and objectives, as
well as a proposed data analysis. Briefly, the Cochran MantelHaenszel chi-square test was used to detect associations between self-reported magnitude or contributing sources of sleep
disturbance and WTN exposure groups while controlling for
province. Because a cut-off value of 5 for the global PSQI
score provided a sensitive and specific measure distinguishing
good and poor sleep, the PSQI score was dichotomized with
the objective to model the proportion of individuals with poor
sleep quality (i.e., PSQI > 5). 14 As a first step to develop the
best model to predict the dichotomized PSQI score, univariate
logistic regression models only adjusting for WTN exposure
groups and province were carried out. It should be emphasized
that variables considered in the univariate analysis have been
previously demonstrated to be related to the modeled endpoint
SLEEP, Vol. 39, No. 1, 2016
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Figure 1-Histogram showing the distribution of participants as a function of calculated outdoor A-weighted wind turbine noise levels. (A) The number of
participants who self-reported on the questionnaire that wind turbines were visible from anywhere on their property. (B) The number of participants who
self-reported that wind turbines were audible from inside or outside their home.

number of awakening bouts was analyzed with respect to the
total time spent in bed and is reported as a rate of awakening
bouts per 60 min in bed. Sleep efficiency, sleep latency, and
WASO were transformed in order to normalize the data and stabilize the variance. 53- 55 In the ·E models, statistical tests were
based on transformed data in order to satisfy the normality and
constant variance assumptions. Because back-transformation
was not possible for some endpoints, the aritlunetic mean (least
squares mean [LSM]) is presented for all endpoints.
All regression models for PSQI and actigraphy endpoints
were adjusted for provincial differences. Province was initially
assessed as an etlect modifier. Because the interaction was
not statistically significant for any of the multiple regression
models, province was treated as a confounder in the models
with associated adjustments, as required. Statistical analysis
was performed using SAS version 9.2. A 5% statistical significance level was implemented throughout unless otherwise
stated and Tukey corrections were applied to account for all
pairwise comparisons to ensure that the overall Type I (false
positive) error rate was less than 0.05.

05:00 was re-coded and considered as sleep for the previous
night to avoid having two sleep observations for the same night.
For the remaining data, all available data was used whether the
person wore the watch for 1 d or for the maximum 7 d.

RESULTS
Wind Turbine Sound Pressure Levels at Dwellings
Calculated outdoor sound pressure levels at the dwellings determined by ISO 9613-!33 and ISO 9613-234 reached levels as
high as 46 dB(A). Results are considered to have an uncertainly
of ± 4 dB(A) within distances that would have the strongest
effect on sleep (i.e., -600 m). Figure I illustrates the distribution of participants as a function of WTN levels and identifies
the number of participant who reported wind turbine were
visible from anywhere on their propert y (panel A) and 11udiblc
(pauel B) wbil they were eitber outside or in ide Lheir dwcll iug.
Background Nighttime Sound Pressure Levels
Modeled background nighttime sound (BNTS) levels ranged
between 35 and 61 dB(A) in the sample. Average .BNTS was
highest in the WTN group 30- 35 dB(A) and lowe t in area
where modeled WTN levels were between 40-46 dB(A). 37 In
the univariate analysis of global PSQI, the proportion of people
with poor sleep (i.e., global scores above 5) was statistically
similar among the BNTS levels (P = 0.9727). For actigraphy,
BNTS levels were only statistically significant for the endpoint
WA
(P = 0.0059). where ii was fou nd that individuals in
areas with louder BNTS levels tended to have longer durations
of awakenings. WASO increased from 50.7 min (95% confidence interval [CI]: 46.9, 54.4) in areas with < 40 dB{A) ONTS
to 67.2 min (95% CI: 57.0, 77.5) in areas with 2'. 55 dB(A) BNTS
levels (see supplemental material).

Actigraphy Data Screening
The sleep actigrnphy file consisted of 4,742 nights of actigraphy
measured sleep (i.e., sleep nights) data from 781 participants.
The following adjustments to the file were made to account for
data that could not be processed: removal of sleep nights with
no data (n = 15), data where the dates from the sleep watch and
sleep log diary did not match (n = 61), recordings bey nd 7 d
(representing data collected off wrist or during return shipment)
(n = 56), nights with shift work (n = 630), and data related to
sleep nights away from home (n = 132). Removal of these data
supported the objective to relate sleep behavior to noise exposure from wind turbines at the participants' dwelling. Sleep
starting after 05:00 with awakening on the same day before
18:00 was considered day sleep and removed from the analysis
(n = 70). One participant was removed where there appeared to
be a watch malfunction (i.e., indicated nearly constant sleep).
The final sample size consisted of 3,772 sleep nights and 654
participants. Any sleep that started after midnight, but before
SLEEP, Vol. 39, No. 1, 2016

Response Rates and Sample Characteristics Related to Sleep
A detailed breakdown of the response rates, along with personal and situational variables by WTN category, is presented
by Michaud. 37 Of the 2,004 potential dwellings, 1,570 were
valid and 1,238 agreed to participate in the survey (606 males,
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Table 1-Self-reported magnitude and contributing sources of sleep disturbance.
Wind Turbine Noise, dB(A)

<25

25-30

30-35

35-40

40-46

83

95

304

519

234

Overall
1,235

112 (36.8)
192 (63.2)
41 (13.5)

208 (40.1)
311 (59.9)
75 (14.5)

85 (36.3)
149 (63.7)
24 (10.3)

478 (38.7)
757 (61.3)
164 (13.3)

Source of sleep disturbance (among participants at least slightly sleep dlsturbed) n (%)
nd
186
298
53
51
Wind turbine
0 (0.0)
2(3.9)
4 (2.2)
45 (15.1)
Children
9 (17.0)
12 (23.5)
21 (11 .3)
36 (12.1)
Pets
7 (13.2)
12 (23.5)
9 (4.8)
45 (15.1)
6 (11 .3)
5(9.8)
Neighbors
9 (4.8)
13 (4.4)
41 (77.4)
162 (87.1)
232 (77.9)
Other
35 (68.6)
33(11.1)
Stress/anxiety
6 (11 .3)
2(3.9)
21 (11.3)
Physical pain
11 (20.8)
9 (17 .6)
50 (26.9)
48 (16.1)
Snoring
5(9.4)
6 (1 1.8)
17 (9.1)
20(6.7)

138
31 (22.5)
20 (14.5)
22 (15.9)
5 (3.6)
87 (63.0)
11 (8.0)
18 (13.0)
12 (8.7)

726
82 (11.3)
98 (13.5)
95(13.1)
38 (5.2)
557 (76.7)
73 (10.1)
136 (18.7)
60 (8.3)

Variable
n

Self-reported sleep disturbance n (%)
Not at all
29 (34.9)
At least slighUyb
54 (65.1)
Highly•
13 (15.7)

44 (46.3)
51 (53.7)
11 (11.6)

CMH
P value•

0.7535
0.4300

< 0.0001

0.2965
0.3582
0.0169
0.0128
0.8938
0.0289
0.4126

Participants were asked to report their magnitude of sleep disturbance over the last year while at home by selecting one of the following five categories: not
at all, slightly, moderately, very, or extremely. Participants that indicated at least a slight magnitude of sleep disturbance were asked to identify all sources
perceived to be contributing to sleep disturbance. •The Cochran Mantel-Haenszel chi-square test was used to adjust for provinces. bAt least slightly sleep
disturbed includes participants indicating the slightly, moderately, very or extremely categories. ' Highly sleep disturbed includes participants who reported
the very or extremely categories. The prevalence of reported sleep disturbance was unrelated to wind turbine noise levels. dOf the 757 participants who
reported at least a slight amount of sleep disturbance, 31 did not know what contributed to their sleep disturbance. Of the remaining 726, at least one source
was identified. Columns may not add to sample size totals as some participants did not answer questions and/or identified more than one source as the
cause of their sleep disturbance.

Table 2-Summary of Pittsburgh Sleep Quality Index scores.
Wind Turbine Noise, dB(A)

<25
Mean (95% Cl)
n (%)score> 5•

6.22 (5.32, 7.11)
40 (49.4)

25-30
5.91 (5.05, 6.77)
45 (48.9)

30-35
6.00 (5.51, 6.50)
138 (46.5)

35-40
5.74 (5.33, 6.1 6)
227 (44 .4)

40-46
6.09 (5.55, 6.64)
106 (46.7)

Overall
5.94 (5.72, 6.17)
556 (46.0)

•Pittsburgh Sleep Quality Index score above 5 is considered to represent poor sleep. Cl, confidence interval.

632 females), resulting in a final overall response rate of78.9%.
Of the 1,238 participants, 1,208 completed the PSQI in its entirety (97.6%) and 781 participated in the sleep actigraphy portion of the study (63%). Sleep actigraphy participation rates
were in line with projections based on an unpublished pilot
study designed to assess different sleep watch devices and participant compliance. Participation rate was equally distributed
across WIN categories.
The prevalence of reporting a diagnosed sleep disorder was
unrelated to WIN levels (P = 0.3102). 27 In addition, the use
of sleep medication at least once a week was significantly related to WIN levels (P = 0.0083). The prevalence was higher
among the two lowest WIN categories (< 25 dB(A) and
25-30 dB(A)). 37 Factors that may affect sleep quality, such
as self-reported prevalence of health conditions, chronic illnesses, quality of life, and noise sensitivity were all found to
be equally distributed across WTN categories. 37•56 In response
to the general question on magnitude of sleep disturbance for
any reason over the past year while at home, a total of 757
participants (61.3%) reported at least a "slight" magnitude of
SLEEP, Vol. 39, No. 1, 2016

sleep disturbance (includes ratings of "slightly," "moderately,"
"very" and "extremely"), with a total of 164 (13.3%) classified
as "highly" sleep disturbed (i.e., either very or extremely). The
levels of WIN were not found to have a statistically significant
effect on the prevalence of sleep disturbance whether the analysis was restricted to only participants highly sleep disturbed
(P = 0.4300), or if it included all participants with even a slight
disturbance (P = 0.7535) (Table 1). When assessing the sources
reported to contribute to sleep disturbance among all participants with even slight disturbance, reporting wind turbines
was significantly associated with WIN categories (P < 0.0001).
The prevalence was 2'.: 15.1% among the participants living in
areas where WTN levels were 2'.: 35 dB(A) compared to:::; 3.9%
in areas where WIN levels were below 35 dB(A). However,
wind turbines were not the only, nor the most prevalent, contributing source at these sound levels (see Table 1).
PSQI Scores
For the 1,208 participants who completed the PSQI in its entirety, the average PSQI score across the entire sample was
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5.94 with 95% confidence interval (Cl) (5.72, 6.17). The Cronbach alpha for the global PSQI was 0.76 (i.e., greater than the
minimum value of 0.70 in order to validate the score). Table 2
presents the summary statistics for PSQI as both a continuous
scale and a binary scale (the proportion of respondents with
poor Jeep; i.e., P. QI ab ve 5) by WTN exposure categories. Analysis of variance wa ' u ·ed Lo compare the average
PSQI score across WIN exposure groups (after adjusting for
provinces). There was no statistical difference observed in
the mean PSQI scores between groups (P = 0.7497) as well
as no significant difference between provinces (P = 0.7871)
(data not shown). Similarly, when modeling the proportion of
respondents with poor sleep (PSQI > 5) in the logistic regression model, no statistical differences between WIN exposure
groups (P = 0.4740) or provinces (P = 0.6997) were observed
(see supplemental material).

sleep quality after closing windows and those who did not need
to clo. e windows (P .:5 0.0006, in both ca e ·). Unemployed individua l had higher odd of p or sleep compan::d with those
who were employed (OR (95% CI]: 1.55 [1.12, 2.15]).
Long-term sleep disturbance (of any type by any source)
was included in the tudy because dose-response relationship
have been published for lb is measure in relation to other community noise sources 45 and this endpoint provides a longer
time reference period than the previous 30 d assessed using
the PSQI. Those who reported a very or extremely high level
of sleep disturbance (i .e., percentage highly sleep disturbed) by
any source while at home had 6 times higher odds of poor sleep
assessed with the PSQI ( R [95%CI]: 6.28 [3.46, l l.40]) when
compared to those with no, light, or moderate re ported leep
distu rba nce. Pim1lly, participanls uffe ring from migraines/
headaches, asthma, arthritis and a diagnosed sleep disorder
(e.g .. sleep apuea or in omnia) had higher odd · of poor sleep
when compared 10 those not urte ring Crom these heal th and
chronic conditions.

Effects of Personal and Situational Variables on PSQI Scores
and Actigraphy
A univariate analysis of the personal and situational variables
in relat ion to the P Qr cores (logistic reg.re ion) and acligrnphy (GEE) was conducted. The list of variable considered
was extensive and included, but was not limited to, age, sex,
income, education , body ma ·s index, caffeine consu mption,
housing fea tures d iagno ed leep di-orders, health conditions annoyance hem ·ehold complaint , and per onal benefit
(i.e., rent, payments or other indirect benefits through community improvements) from having wind turbines in the area.
The analysis of these and several other variables in relation
to the endpoints has been made available in the supplemental
material.

Sleep Actigraphy
The majority of participants (56%) wore the watch for the full
7 nights (mean number of day 5.77, 'D = 1.85). The frequency
across the days of the week was equally distributed (data not
shown). Response rates for the actigraph were equally distributed across WTN exposure groups (P = 0.5585), although a
higher proportion of participants were noted in PEI, in comparison to ON (P = 0.0008).
Table 5 presents the su nunary data for each leep actigraphy
endpoint analyzed. Although mean values appear stable between one sleep night to the next within an endpoint, the standard deviation is ob. erved to ·fl uctuate between lecp nights
(data not shown). T he observed correlation between U1e P QT
and the actigraphy endpoints are presented as supplemental
material.

Multiple Logistic Regression Models for PSQI
Table 3 provides a summary of the variables retained in the
multiple regressions for the PSQI and actigraphy endpoints. A
detailed description of the statistical results, including the direction of change and the pairwise comparisons made among
the groups within each variable is available in the supplemental material.
Table 4 presents the results from stepwise multiple logistic regression modeling of the proportion of respondents
with "poor sleep" (i.e., scores above 5 on the PSQI). The
final models for the three approaches to stepwise regression
as Ii led in the Statistica l Methods . cctiou produced nearly
id oticaJ resu lts to one another. Therefi re, re. ult are on ly
presented for the regression method where the variables
WIN category, province, and personal benefit were forced
into the model that fit the data well (Hosmer-Lemeshow test,
P > 0.05). Usiag stepwise regression, the predictive strength
of the final model was 37%. There was no observed relationship between the proportion of respondents with poor sleep
and WTN levels (P = 0.3165).
Participants who had improved sleep quality after closing
their bedroom window were found to have the same odds of
poor sleep when compared to those who did not need to close
their wind w (P = 0.0565). Participant. who .· lated that closing
their window did not improve sleep qua li ty had higher odds of
poor sleep in comparison with both those who bad improved
SLEEP, Vol. 39, No. /, 2016

Multiple GEE Regression Models for Actigraphy
Mu ltiple regression models for the five sleep actigraphy endpoints were developed. Variables that were associated with
each endpoint (i.e., significant at the 10% level) are summarized in Table 3. Specific information on these variables,
including the direction of change, P values, and pairwise comparisons has been made available in the supplemental material.
Table 6 presents the LSM and the P values for the exposure of
interest, the WTN exposure categories, obtained from the GEE
regression models for the sleep actigraphy endpoints. Unadjusted results reflect the base model (including WTN, province,
day of the week, and the i oteract.ion between WTN ·and day
of the week) whereas a.djusted res ults come from the mult iple
regression models obtained through the stepwise method and
take into account factors beyond the base model. The level of
exposure to WTN was not found to be related to sleep efficiency (P = 0 ·1932), sleep latency (P = 0.6491), total sleep time
(P = 0.8002), or the number of awakening bouts (P = 0.3726).
There was an inconsistent association found between WASO
and WIN exposure where there was a statistically significant
reduction in WASO time observed in areas where WIN levels
were 25-30 dB(A), in comparison with < 25 dB(A) and 40-46
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Table 3-Variables retained in multiple generalized estimating equations and multiple logistic regression models.
Slaap Efficiency
(%)

Sleep Latency
(min)

Total Sleep Time
(min)

WASO(min)

Rate of
Awakening Bouts
(par 60 min)

PSQI (scores > 5)

B11&mod1I

WTN levels

++

Province

+

+

Demographic variables

Sex

++

BMI group

+

Age group

++

++

Marital status

+

Employment

++

Smoking status

++

Caffeine consumption

++

Education

++

++

+

++

Situational vari1bl11

Bedroom location

++

Air conditioning unit in bedroom

++

Bedroom on quiet side

+

Bedroom window type

+

Sleep improved by closing window

++
++

Closure of bedroom windows/other•
BNTS level

++

++

Audible rail noise

++

Audible aircraft noise

++

Wind turbine related variables

Complaint about wind turbines

+

Personal benefits

++

Annoyance with blinking lights

++

++

Par1on1I and health related variables

Self-reported sleep disturbance•

++

Sleep disturbed by pain

++

Sleep disturbed by neighbors

++

++

++

Sleep disturbed by other'
Annoyed by snoring

+

Sleep medication d

++

Migraines

++

Dizziness

+

Chronic pain

+

Asthma

++

++

Arthritis

++

Diagnosed sleep disorder

+

Restless leg syndrome

++
++

A summary of significant variables retained in mulllple generalized esllmaling equations and mulUple logistic regression models for objecuvely measured and sell-reported
sleep endpoints, respectively The specific direction or change, level or statistical significance, pail w1s1:1 i.;0111µa1 isons between variable groups and full descnp11011 ol lhe variable
names is provided in supplemental material. •The source rdenti 1ed by participants as the cause of closing bedroom windows lo reduce noise levels was not road traffic, a1rcrall.
rail or wind turbines. bEvaluates the magnitude or reported sleep dlslurbance at home from not at all to extremely, lor any reason over the previous year. •The source identified by
parlicrpants as conlribuling to their sleep disturbance was not wind turb1nes, children, pets or neighbors. 4Use ol sleep medication was nole considered ,n the mulliple regression
model forPSQI since It is one of the seven components that make up the global PSQI score. +,++ denotes statistically significant, P < 0.10, P < 0.05, respectively BMI, body
mass index; SNTS, background nighttime sound level: PSQI, Pittsburgh Sleep Quality index: WTN. wind turbine nose.
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Table 4-Multiple logistic regression model for Pittsburgh Sleep Quality Index.

Variable

Model: WTN, Province, and Personal Benefit Forced in
PSQI•
Pvalue•
OR (Cl)d
(n = 933, Ri = 37%, H-L P = 0.9252)h

Groups In Variable h

WTN, dB(A)'

0.3165

0.93 (0.80, 1.07)

Province

PEI/ON

0.0810

1.46 (0.95, 2.25)

Personal benefit

NoNes

0.0499

1.82 (1.00, 3.30)

Sleep improved by closing
window (overall P value
< 0.0001)

Yes
No
Did not need to close windows

1.41 (0.99. 2.00)
8.48 (3.11 , 23.14)

0.0565
<0.0001
Reference

Employment

No/Yes

0.0085

1.55 (1 .12, 2.15)

Audible rail noise

NoNes

0.0380

1.56 (1.03, 2.37)

Reported cause for sleep disturbance
other!

Yes/No

< 0.0001

2.55 (1 .86, 3.48)

Self-reported sleep disturbance~

Hi.gh/Low

< 0.0001

6.28 (3.46, 11.40)

Annoyed by snoring

High/Low

0.0693

2.16 (0.94, 4.94)

Migraines

YeS/No

0.0062

1.76 (1 .17, 2.64)

Dizziness

YesJNo

0.0696

1.46 (0.97, 2.20)

Chronic pain

Yes/No

0.0754

1.47 (0.96, 2.25)

Asthma

Yes/No

0.0166

2.01 (1 .14, 3.56)

Arthritis

Yes/No

0.0497

1.45 (1 .00, 2.10)

Diagnosed sleep disorder

Yes/No

0.0001

2.99 (1.71 , 5.23)

•The logistic regression is modeling the probability of having a PSQI score above 5. ~where a reference group is not specified it is taken to be the last
group. •p value significance is relative to the reference group. dQR (Cl) odds ratio and 95% confidence interval based on logistic regression model. •The
exposure variable, WTN level, is treated as a continuous scale in the logistic regression mod.el. 1The source identified by participants as the cause of closing
bedroom windows to reduce noise levels was not road traffic, aircraft. rail or wind turbines. gEvaluates the magnitude of reported sleep disturbance at home
from not at all to extremely for any reason over the previous y~ar. hH-L P > 0.05 indicates a good fit. Cl, confidence interval; H-L. Hosmer-Lemeshow lest:
ON, Ontario; OR, odds ratio; PEI, Prince Edward Island; PSQI , Pittsburgh Sleep Quality Index; WTN, wind turbine noise.

will be 32 ± 2 dB(A), which is close to the 30 dB(A) indoor
threshold in the WHO's Guidelines for Community Noise.10
Considering the uncertainty in the calculation model and input
data, only dwellings in the highest WTN category are expected
to have indoor levels above 30 dB(A) and thus sensitivity to
sleep disturbance. However, with windows closed, indoor outdoor level difference is approximately 26 dB, which should
result in an indoor level around 20 dB(A) in the current study.
Factors including, but not limited to, medication use, other
health effects (including sleep disorders), caffeine consumption, and annoyance with blinking lights on wind turbines
were found to statistically influence reported and/or actigraphically measured sleep outcomes. However, there was no
evidence for any form of sleep disturbance found in relation
to WTN levels. Studies published to date have been inconsistent in terms of self-reported evidence that WTN disrupts
sleep, 59-60 and none of these studies assessed sleep using an
objectively measured method. These inconsistent findings are

dB(A) WTN categories. This was because of a higher mean
WASO time among participants from PEI living in areas where
WT level were less than 25 dB(A) (data not shown).
DISCUSSION
The effects on health and well-being associated with accumulated sleep debt have been well documented_l-5,57 The sound
pressure levels from wind turbines can exceed the WHO recommended annual average nighttime limit of 40 dB(A) for preventing health effocts from noise-induced sleep disturbance_ll
The cal ·u lated outdoor A-weighted WTN levels in this study
reached a maximum of 46 dB(A), with 19% of dwellings found
to exceed 40 dB(A. Within an uncertainty of approximlltely
4 dB(A), the calculated A-weighted levels in the current study
can be compared to the WHO outdoor nighttime annual average threshold of 40 dB(A). 11 •58 With the average fayade attenuation with windows completely opened of 14 ± 2 dB(J\),58
the average bedroom level at the highest fayade level, 46 dB(/\),
SLEEP, Vol. 39, No. 1, 2016
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Table 5-Summary of Actiwatch2® data.
Wind Turbine Noise, dB(A)

n (weekday, weekend)
Sleep Actigraphy Endpoint
Sleep latency, min

<25

25-30

30-35

35-40

40-46

(198, 78)

(200,68)

(705,273)

(1114, 420)

(526, 190)

Sleep Night
Weekday
Weekend

Mean (SD)
14.53 (23.31)
22.85 (37.01)

Mean (SD)
13.89 (23.08)
10.02 (15.86)

Mean(SD)
13.02 (26.14)
13.23 (22 .47)

Mean (SD)
13.01 (23.05)
15.36 (36.13)

Mean (SD)
13.01 (22.83)
12.94 (26.96)

Sleep efficiency, %

Weekday
Weekend

84.69 (6.59)
83.62 (7.93)

85.64 (7.84)
87.73 (5.46)

84.92 (7.56)
84 .37 (8.39)

85.24 (7.83)
85.01 (7.96)

85.01 (7.03)
84.28 (8.47)

WASO, min

Weekday
Weekend

58.58 (29.45)
60.49 (37.14)

50.43 (34.80)
48.57 (27.00)

54.99 (31.63)
58.28 (38.69)

52.63 (30.14)
54.11 (35.56)

55.50 (34.19)
56.60 (37.53)

Total sleep time , min

Weekday
Weekend

455.24 (160.65)
468.12 (163.83)

447.70 (165.62)
462.21 (139.61 )

448.88 (169.37)
457.15 (167.15)

445.76 (166.52)
448.63 (155.09)

448.38 (179.82)
442.85 (174.23)

Number of awakening bouts,
count

Weekday
Weekend

24.41 (9.49)
24.89 (10.00)

22.04 (10.04)
22.09 (8.76)

25.05 (13 .53)
26.09 (13.01)

23.56 (9.86)
24.60 (10.54)

24.01 (9.81)
24.35 (10.22)

lime in bed, min

Weekday
Weekend

536.05 (173.73)
559.85 (184.18)

521.39 (176.46)
526.99 (154.00)

526.53 (180.77)
540.13 (179.72)

520.55 (173.97)
527.18 (166.46)

524.48 (187.30)
522.57 (176.14)

Rate of awakening bouts per
60 min in bed

Weekday
Weekend

2.83 (1 .00)
2.77 (1 .06)

2,64 (1.1 2)
2.60 (1.06)

2.94 (1.27)
2.97 (1.18)

2.82 (1 .08)
2.87 (1 .08)

2.89 (1.09)
2.93 (1 .14)

SD, standard deviation; WASO, wake after sleep onset.

Table &-Generalized estimating equations regression models for sleep actigraphy endpoints.

n

Sleep Efficiency, %
618

Sleep Latency, min
526

Total Sleep Time,dmin
619

WASO,min
647

Number of Awakening
Bouts during Sleep
626

Sleep nights<

3,561

3,017

3,552

3,728

3,595

P value unadjusted•

0.2420

0.9051

0.7222

0.0655

0.2460

P value adjustedb

0.3932

0.6491

0.8002

0.0056

0.3726

Unadjusted' WTN, dB(A)
< 25
25-30
30-35
35-40
40-46

LSM (95% Cl)•
84.71 (83.25, 86.17)
86.49 (85.12, 87.87)
84.82 (83.86, 85.78)
85.33 (84.60, 86.05)
85.01 (84.05, 85.98)

LSM (95% Cl)•
16.34 (11 .40, 21.28)
12.34 (8.88, 15.80)
12.51 (10.54, 14.49)
13.02 (11.39, 14.65)
12.64 (10.50, 14.78)

LSM (95% Cl)•
458.00 (428.08, 487.93)
462.68 (427.47, 497.90)
464.00 (441 .44, 486.57)
449.10 (433.95, 464.24)
445.78 (426.60, 464.96)

LSM (95% Cl)•
58.83 (52.78, 64.87)
49.11 (43.72, 54.50)
55.39 (52.04, 58.74)
53.08 (50.35, 55.80)
55.46 (51 .45, 59.47)

LSM (95% Cl)•
24.26 (22.28, 26.25)
21.08 (19.14, 23.02)
24.57 (23.01, 26.14)
23.37 (22.40, 24.35)
23.84 (22.55, 25.13)

Adjustedb WTN, dB(A)
<25
25-30
30-35
35-40
40-46

LSM (95% Cl)•
85.62 (83.97 , 87.28)
87.28 (85,55, 89.01)
85.82 (84.52, 87.13)
85.97 (84.86, 87.08)
86.16 (84.84, 87.48)

LSM (95% Cl)•
15.08 (10.03, 20.13)
10.88 (6.45, 15.32)
9.95 (7.02, 12.87)
10.71 (7.88, 13.54)
10.92 (7.01, 14.82)

LSM (95% Cl)•
462.41 (407.97, 516.84)
453.43 (401 .10, 505.76)
455.22 (406.72, 503.72)
466.12 (416.21 , 516.02)
472.95 (422.09, 523 .81)

LSM (95% Cl)•
62.00 (55.14, 68.85)
51 .67 (44.14, 59.20)
56.11 (50.81 , 61.42)
57.80 (52.36, 63.24)
62.06 (55.64, 68.48)

LSM (95% Cl)•
23.19 (20.58, 25.79)
20.57 (17.87, 23.26)
24.00 (21 .26, 26.75)
22.56 (20.57, 24.56)
22.85 (20.68, 25.02)

' The base model for the multiple generalized estimating equations (GEE) regression models for all endpoints included wind turbine noise (WTN) exposure
groups, province, day of the week, and the interaction between WTN groups and day of the week. bA complete list of the other variables included in each
multiple GEE regression model based on the stepwise methodology is presented in Table 3. <Sample size for the adjusted GEE regression models. dThe
base model for total sleep lime includes the Interaction between WTN groups and province. •LSM, least squares means, for each group after adjusting for
all other variables In the multiple GEE regression model and corresponding 95% confidence interval (Cl). P values for both the adjusted and unadjusted
models are based on the transformed variable in order to satisfy model assumptions of normality and constant variance.

current study.27•28 .45 Study results concur with those of Bakker
et al. ,21 with outdoor WTN levels up to 54 dB(A), wherein
it was concluded that there was no association between the

not entirely surprising considering that sleep disturbance reported as a result of transportation noise exposure occurs at
sound pressure levels that exceed WTN levels calculated in the
SLEEP, Vol. 39, No. I, 2016
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levels of WTN and sleep disturbance when noise annoyance
was taken into account.
The current study employed a wide range of self-reported
and objectively measured endpoints related to sleep to provide
a comprehensive assessment of the potential effects that WTN
exposure may have on sleep. elf-reported diagnosed sleep
disorders 37 and selJ-reported h.igbly sleep di t"urbed for any
reason were factors found to be unrelated to WTN exposure.
Furthermore, taking medication at least once per week was
more commonly reported among participants living in areas
where WTN levels were below 30 dB(A). Scores on the PSQI,
either analyzed as a proportion above 5, or as a mean score,
were also unrelated to WTN level. Actigraphy-measured sleep
latency, sleep efficiency, the rate of awakening bouts, and total
sleep time were all found to be unrelated to WTN exposure.
The only statistically significant finding found between WTN
level and actigraphy was a reduced wake time after sleep onset
among participants living in areas where WTN levels were
25-30 dB(A) and this was because of a higher WA O time at
the lowest WTN category among PEI participants. The results
of the current study do not support conclusions that exposure
to WTN up to 46 dB(A) has any statistically significant effect
on self-reported or objectively measured sleep. However, annoyance with blinking lights on wind turbines (used as aircraft
warn ing igna ls) may be related to a higher rate of awakening
bouts and reduced total leep time.
Thi Ludy has some important li mitations. Objective measures of sleep were assessed for up to 7 d, whereas the PSQI
and the reported highly sleep disturbed outcomes represent
time periods of 30 d and l y, respectively. The concern is that
7 d of actigraphy may not represent long-term average sleep
patterns. However, the selected time frame for actigra phy
measures is typical, and supported in the literature and considered more than adequate for evaluating sleep in a nonclinical
study sample. 30•61 If there were situational factors (e.g. an ill
child) that made sleep worse in the actigraphy-assessed week,
it would not be expected to bias against the effect of wind turbines on sleep, and in fact, would overstate the effect of recent
situational events as compared to the long-term theoretical
concern about WTN-induced sleep disturbance. As previously
discussed, the analysis of actigraphy results was based on
nightly average sleep patterns in relation to long-term WTN
levels. Although WT calculations would be expected to produce the highest sound pressure levels at the dwelling, they
do not take into consideration the influence that night-to-night
variations in outdoor WTN levels may have had on actigraphy
results. Similarly, an analysis based on long-term average
sound level does not fully account for transient deviations
in WTN levels that could potentially interfere with sleep. An
analysis based on a time-matched comparison between operational turbine data and actigraphy would permit a more refined
assessment of the possible effect that night-to-night variations
in WTN levels may have on sleep. These limitations extend to
the fact that fluctuations in indoor sound levels during sleep
remain unknown.
The possibility that wind turbine operators may have intentionally altered the output of their turbines in order to reduce
potential WTN effects on sleep has been one of the concerns
SLEEP, Vol. 39, No. 1, 2016

raised during the external peer review of this paper. When the
Community Noise and Health Study was originally announced
several months preceding data collection the study locations
were unknown. Although awareness of the precise study locations would have become greater as data collection commenced, the deployment of the sleep watches took place over
several months among a subsample of participants across the
entire study sample. Furthermore, the reforence period time for
selt:reported sleep disturbance was over the previous year and
previous 30 d (PSQI). Finally, the subsets of sound power measurements were consistent with manufacturer-supplied data.
In the authors' opinion, there is no evidence to suggest that
wind turbine operators intentionally altered the output of their
turbines to minimize potential effects on sleep at any point
in the study.
CONCLUSIONS
The potential association between WTN levels and sleep
quality was assessed over the previous 30 d using the PSQI,
the previous year using percentage highly sleep disturbed, together with an assessment of diagnosed sleep disorders. These
self-reported measures were considered in addition to several
objective measures including total sleep time, sleep onset latency, awakenings, and sleep efficiency. In all cases, in the final
analysis there was no consistent pattern observed between any
of the self-reported or actigraphy-measured endpoints and
WTN levels up to 46 dB(A). Given the lack of an association between WTN levels and sleep, it should be considered
that the study design may not have been sensitive enough to
reveal effects on sleep. However, in the current study it was
demonstrated that the factors that influence sleep quality (e.g.
age, body mass index, caffeine, health conditions) were related to one or more self-reported and objective measures of
sleep. This demonstrated sensitivity, together with the observation that there was consistency between multiple measures
of self-reported sleep disturbance and among some of the selfreported and actigraphy measures, lends strength to the robustness of the conclusion that WTN levels up to 46 dB(A) had no
statistically significant effect on any measure of sleep quality.
The WHO's11 health-based limit for protecting against sleep
disturbance is an annual average outdoor level of 40 dB(A).
This level was exceeded in 19% of the cases, but by no more
than 6 dB(A) and as such represents a limit to detecting a potential effect on sleep. It is therefore important to acknowledge
that no inferences can be drawn from the current results to
areas where WTN levels exceed 46 dB(A). Likewise, assuming
a baseline prevalence of 10%, the study was designed so that
the statistical power would be sufficient to detect at least a 7%
difference in the prevalence of self-reported sleep disturbance.
A larger sample size would be required to detect smaller differences . The statistical power of a study design is a limitation
that applies to all epidemiological studies.
Although it may be tempting to generalize the current study
findings to other areas, this would have required random selection of study locations from all communities living near wind
turbines in Canada. Despite the fact that participants in the
study were randomly selected, the locations were not and for
this reason the level of confidence one has in generalizing the
107

Wind Turbine Noise Effects on Sleep- -Michaud et al.

001613

22.

results to other areas can only be based on a certain level of
scientific judgment regarding the level of exposure and the
similarity between the current study sample and others. Despite limitations in generalizing the results of this analysis
beyond the study sample, the current study is the largest and
mo t comprehensive analysis of both self-re p rtcd and objectively measu red lcep di tu rbanc in relation to WTN level
published to date.
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ABSTRACT

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

1. Introduction

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

equivalent to 800 to 2000 wind turbines of 2 to 5 MW capacity each.
However, when positioned in residential areas wind turbines may cause
noise annoyance as reported in international llte.rarure (Persson Waye
and 6hrstrlim. 2002; Pedersen and Persson Waye, 2004, 2007; Pedersen
et al., 2009, 2010). Dose-response curves between levels of wind turbine
sound and percentages of annoyed residents show that wind turbine
sound induces a higher proportion of annoyed residents than traffic
noise does at comparable sound levels Uanssen et al., 2011 ). Noise annoyance has an adverse effect on health-related quality oflife according to the
World Health Organization (WHO, 2000) and is also an indicator of other
possible adverse health effects (l<laeboe, 2011 ), and therefore studies of
such effects, other than those of noise annoyance, are needed.
A major effect of environmental noise is sleep disturbance (WHO,
2009). Associations between levels of sound and impaired sleep
have been found for road traffic noise (Miedema and Vos, 2007). Residents in noisy urban areas of Belgrad more frequently reported waking
up than residents in less exposed areas (Jakovljevic et al., 2006). Furthermore, De l<luizenaar et al. (2009) found that long-term road traffic
noise exposure is associated with an increased risk of getting up tired
and not rested in the morning in the general population. Passchier-

0048-9697/$ - see front matter<O 2012 Elsevier B.V. All rights reserved.
doi: t 0.10l 6/j .scitotenv.2012.03.005
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Vermeer et al. ( 2007) performed a field study on the effects of nighttime
road and railway noise. Nighttime noise turned out to have adverse effects on sleep. Motility, motility onset and heart rate (monitored with
ECG-equipment) increased with increasing road and railway noise exposure indoors during sleep. Griefahn and Spreng (2004) found similar
effects. Levels of environmental sound only explain part of the effects;
noise induced disturbances vary according to the physical characteristics of the noise events (Mu zer. 2007). Dose- response relationships between nighl sound levels of aircraft noise and etfects on sleep could be
substantially improved by add ing the number of noise events (Basner
et al., 2010). Saremi et al. (2008) found that railway noise d isturbs
both the macro- and microstructure of sleep and indicated that for the
same ma.id.mu m level and the same patterns eluting the night, sleep
would be more fragmented by freight trains than by passenger and automotive trai ns. The more harmful effect of freight trains is attributed to
their length, infl uencing the duration of bei ng exposed to their sound in
addi tion to the enhanced risk of vibration exposure and the low frequency cha racter of the sound. Sound occurrence and sound levels
from wind turbi nes at a nearby dwelling are dependent on wind
speed and wind direction and hence differ unpredictably in duration
and intensity. The sou nd is furthermore amplitude modulated, by residents reported as "swishing" or "lashing" (Pedersen er ,11.. 2009).
The e properties indicate that sleep distu rbance due to wind turb ine
noise could be a problem despite often lower sound levels than those
previously known to have adverse effects.
Environme ntal noise has been fo und to be associated with psychologica l distress other than annoyance in the fo rm of inc reased anxiely
(Stansfeld et al., 1996: Ha rdoy et al .. 2005 ), depressed mood
(Ohrstrom. 1989) a nd cognitive impairment (Elmen horst et al.,
2010). Interaction effects between a.1moy,10ce and psychological distress (Stansfeld ,incl Matheson. 2003; SransfeJd and Clark. 20 I I) as
well as between annoyance and sleep (Klaeboe, 2011 ) can be
expected. Annoyance due to aircraft no ise has been found to be related to psychological distress as measured with the General Health
Questionna ire (C HQ) in a study among res idents living in the vi cinity
of Heathrow airport (Ta rnopolsky et a l.. 1978). An association between noise annoyance and sleep disturbance was found among residents highly exposed to aircraft noise, but not among those that were
exposed at lower leve ls (Bronzafc et al., 1998 ). A large Norwegian
study on the impact of road traffic sound found significant relationships between no ise annoya nce and sleeping problems (f'yhri and
A..1Svang, 2010) ancl strong links between pse udoneurologica l complaints (palpitation, heat flus hes, dizziness, anxiety and depression ),
an noya nce and sleep.
Until now it is not clear if the sound of wind turbines has an adverse effect on sleep disturbance and psychological distress and if
so, how such a n effect comes about. The aims of the study presented
here were to add know ledge about the impact of wind turbines on
sleep and psychological distress of people living in the ir vicinity and
to contrib ute to the clarification of the process underlying such an impact. Knowledge about this process can lead to better recommendations with regard to wind farm planning in the neighborhood of
residential areas. The study focuses on the following questions:
1. Are residents annoyed and if so, does the extent of exposure have a

2.
3.
4.
5.

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

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

Annoyance

6

Expoaureto
WT-eound

Peychologlc■l

clletre..

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

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

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

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

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

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

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

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

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

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

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

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

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

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

30-35
%

n

%

36-40
n

%

41 - 45

> 45

n

n

%

Tota l
%

n

%

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

23
36
41

38 219 37 162 38 94 38 65 33 725

100

37
27
36

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

Slightly annoyed

Rathe r annoyed

Ve ry annoyed

n

%

n

%

n

%

n

%

11

284
465

40

259
139

37
20

92
54

13

44

8

21

6
3

Do not notice

So und outdoors
Sound indoors

67

Total

%

n

%

29

4

20

3

708
699

100
100

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

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

3.4. Annoyance due to wind turbine sound

3.5. Sleep disturbance

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

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

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

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

Rather annoyed

%

n

%

n

%

11

%

n

%

n

%

255
15

44

184
68

31
69

78
13

13
13

41

7

28

5

2

2

586
99

100
100

Do no t notice

No econom ical benefit
Economical benefit

Very annoyed

Notice, not annoyed

n

15

Total

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

Rather annoyed

Very annoyed

n

%

n

%

n

%

n

%

n

%

n

%

394

68

8
7

21
0

4
0

20
0

4

54

17
39

46

53

98
39

579
99

100
100

Do not notice

No economical benefit
Economical benefit

Notice, not annoyed

7

0

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

Sound pressure level, in dBA
<30
fl

30-35

%

fl

%

36-40
fl

%

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

41-45

%

fl

7
22

Total

>45

n

12
37

%

to 255

I.)

..
C

2
5

24 184

44
31

0

Ill

Ill

..!!

16

27

8

38

78

13

4

7

3

14

41

7

II
18 3
60 100 21

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

GI

%

fl

14 28
5
JOO 586 100
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:i

so

T'

T

-I_,,..--,---- /

1.

r

I

40

30
20
10
0

T.L

<30

30-35
35-40
40-45
Sound pressure levels, dB(A)

>45

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

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

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

Sound pressure leve l, in dBA
<30

N

30-35

%

n

%

36-40

n

%

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

41-45
%

fl

18
15
12
6

9
60

30
25
20

Total

> 45

%

n
7
8
2

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

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

68
17

Sound source or sleep disturbance

18

21

4

15
1
20
5
100 21 100 579

4
JOO

10

3

33 394
38
98

4. Discussion and conclusion

Table7
%

fl

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

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

Urban

Rural

Total

fl

%

n

%

fl

t;

196
33
35
17
281

69.8
11.7
12.5
6.0
100

288
64
75

64.9
14.4
16.9
3.8
100

484
97
110
34
725

66.8
13.4
15.2
4.7
100

17

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

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

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

4.3. Annoyance .and psycltologica/ distress

4.6. Suggestions for further research

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

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

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

Annoyance

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

p

.

!

Sleep
Disturbance

Age

.......p
· 0.15

Sound

Expoaure

Sound
Exposure

PsychologJcel
Dletreu

0.05

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

0 12

Paychologlcel
DletrNa

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

0

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

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

Annoyance
Annoyance
p

•
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Sleep
Disturbance
Age
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0.01

-0.08

Ptychologlcal

Sound

Expoaure

0.10
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Dlstren

•0,11

• •p<0.05
'• p<0.05
Chl-lquen, • 8.31 , di• 3. RMSEA • 0.082. R' Plyd\ Oil • 0.09

Chl-aquare • 10.32, elf• 3, RMSEA • 0,144, R' Payct, Ola • 0.08
Swain c:onected clli4qllwe • 10.00, sw.in conected p value • 0,018
0

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

Fig. 6. Structural model with age, annoyance, sleep disturbance, exposure to wind turbines and psychological distress (as a dependent variable) among people who were
noticing the sound or wind turbines, who have no economical benefit and who live
in quiet area types (n = 118).
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Appendix 2. Table 8 Correlation matrices

Sleep disturbance

Psychological dis tress

.191"
.172"
.005

-.129'
.053

Age

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

Annoyance outside

Annoyance inside

-.068

Sleep disturbance

Psychological distress

Age

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

.781"'
.444..

.184..
.116
281"

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

.205..
.071
.094

- .077
.160""

-.084

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

.534"
.217"
.157
.065

.220"
.084
.014

-.087
.130

- .146

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

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

.182'
.045
.200•

-.065
.208'

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

Quiet do notice (n

= 118)

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

.007

' = p <0.05, ·•=p <0.01.

References
A.lSVang GM, Engdahl B. Rot hschild K. Annoy,1 nre amlsc lr-rcponed sleep dis turbances
due to structurally radiated noise rrom r,1ilway tunnels. AJ>pl Acousr 2007;68:
970- 8 1.
Aasvang CM. Momn T. Engda hl B. Self reported s leep disturbances duer o r,,llway
noise: exposure- response relationships ror nighttime equivalent ond m,iximum
noise levels. J Acoust Soc Am 2008;124:257-68.
Basner M, Millier U, Griefahn B. Practical guidance for risk assessment of traffic noise
effects on sleep. Appl Acoust 2010;71 :518-22.
Bronz.lfi AL. Dec Ahern K. McCinn R, O'Connor J. Savino D. /\lrcraf1 noise: a potential
health hazard. f:nviron Bchav 1998;30: 101-13.
Busby KA. Mercier L, PMk RT. Ontogcnct c variations in auditory .irousal threshold
during sleep. Psychophysiology 1994;3 I: 182-8.
Dang-Vu T. McK in ney SM, Buxton OM. Solet JM, Ellenbogen JM. Spontaneo,1s brain
rhythms predict sleep s tability in the race or nolst•. Curr Biol 20l0:20: R626- 7.
De Gennaro L ferrar,1 M. Slee1> s11indlcs: an overview. Sleep Med Rev 2003:7:423- 40.
de Kluizcn,1ar Y. Jans~cn SA, van Lcnlhe l'J. Miedema HM, Mackcnb,1ch JP. Long- tcnn
road traffic noise ('xposure Is nssoci,1tcd with an increase In morning tiredness.
J l\coust Sor Am 2009; 126:626--33.
Elmenhorst EM, Elmenhorst D, Wenzel J, Quehl J, Mueller U, Maass H, et al. Effects of
nocturnal alrm1n noise on cognitive porfom1ance in the following rnoming:
dose-response relationships In lahoratory ,ind Reid. Int Arch O.:cup Environ Health
2010;83:743 -51.
EU. TI1e EU climate and en~q,,,y package. sec wellsire h1111://cc.curopa.cu/clh11a/
policies/brier/ eU/package_c n.ht m 201 I. consulted March 15, 20 11.
l'yhri A. Aasva ng GM. Noise, sk't!p and poor health : modeling the rcla1 ionship between
road tra(fic noise o1nd cardi0vasrul,1r problem s. Sci Total Environ 20 10:408:
4935--42.
Goldberg DP, Will iams P. A user's guide to the General Health Questionnaire. Windsor:
NFER-Nelson; 1988.
Coodchild ME. Duncan-Jones P. Chronicity ,ind the gcner,il h~al th qucstionn,1ire. Br J
l•sych1a1ry 1!.1!15; 14li:SS- 61.
GrieFahn B, Spreng M. Disturbed sleep patterns and limitations or noise. Noise Health
2004;6:27-33.
I lardoy MC. C,1rra MC, Marci AR. carbonc F, Cadecldu M. Koves~ V. ct al. Exposure to aircraft noise and risk of psychiat ric disorders: the Elmas survey. Sue. Psychiatry Psychiatr. F.p clcniiol. 2005:40:24- 6.
Herzog W. IJoomsma A. Small-sample robust estimators or 11oncentr,1lity b.ised and
incremental model fit. Struct Equ Model 200'J; IG: l-27,

Jakovljcvic B. Belojevic G. l',1 unovic K. Srojanov V. Road tramc noise and s leep
disturb.'lnccs in an urban populat ion: cross-sectional study. Croat Mcdj 2006:47:
125- 33.
Janssen SA. Vos H. Eisser AR. Pedersen E. A comparison between c;xposure-re:s1ionsc
relationships ror wind tur11ine annoyance a nd a nnoyan c dw to other sources.
JAcoust Soc Am 2011;130:3746-53.
JOrcskog KG. New d evelopme nts in LISREL: analysis or ord inal variables using polycho·
rlc correlations and weighted least squares. Qua/ QJJant 1990;24:387-404.
Kaplan 0 , Evaluating and modifying structural equation models. In: Kaplan 0, editor.
Structur,il equation modeling. foundations and extensions. TI1ous.1nd Oaks: Sage
Public,11lons; 2000. p. 106-29.
Klacboe R. Noise and health: annoyance and imcrferencc. Noise pol utlon and health
cffcctsEncycl Env. Health: 2011. p. 152- 63.
l<Qeter M, OrmelJ. Ccner.11 heJlth questionnaire: NL>tlcrl,mdsc bcwerkl11g- liandlciding.
Llsse Swittcrland: Sweis & Zcitlingcr. 1991.
Kroneman M, Verheij R. Tacken M, van der Zee J. Urban-rural health differences:
primary care data and self reported data render different results. Health Place
2010; 16:893-902.
Miedema HME, Vos H. Associations between self-reponed sleep disturbance and environmental noise based on rcanaly ·cs or 1100/cd dara from 24 s1uclies. Ochav Sleep
Med 2007;5: 1-20.
Missildi ne K. llergstTom N, Meininger J, Rk hards K. Forem,m MD. Sleep in hospitalized
ciders: a pilot study. Geriatr Nurs 2010:31 :263- 7 L
Muzet A Environmental noise, sleep and health. Sleep Med Rev 2007; 11 :135-42.
Nilsson KW, Lc1>pcrt J. Simonsson 8, Starrin 8. Sense or coherence and psychologlr,1I
well-belng: improvement with age, J Epidemiol Communhy Hc,tlt.h 2010:6'I:
347-52.
0Jm;tr6m E. Sleep disturb.1ncc, psycho-social and medical symptonis - a pilot survey
a111011g persons expo ed to high levels of road traffic noise. J Sound Vlb
1989; 133: 117-28.
Passchier-Vermeer W, Vos H, Janssen SA, Miedema HME. Sleep and traffic noise. TNO
summary report. DelFt: TNO; 2007. 2007-D-20012/A.
Pedersen E, t;irsnMn P. The Impact or visual factors on noise annny,mrr arnMe 11Mplc
living In the vicinity of wind 1Urbines. J Environ Psycho/ 2008:28:379- 89.
Pedersen E, Persson Waye K. Perception and annoyance due to wind turbine noise - a
dose-response relationship. J Acoust Soc Am 2004;116:3460-70.
Pedersen E. Persson Waye K. Wind turbine noise, annoyance ,md self rcporwd he.11th
,ind wellbeing ln different living cnvlronmcms. Occup Environ Med 2007:64 :
480-6.
Pedersen E, van den Berg F, Bakker RH, Bouma]. Response to noise from modern wind
farms in The Netherlands. J Acoust Soc Am 2009; 126:634-43.

001624

51

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

Pedersen E, van den Berg F. Bakker R, Bouma J. Can road traffic mask sound from wind
turbines? Response m wind turbine sound cllfTcrcnt levels or r<Md traffic sound.
Energy Policy 2010:38:2520- 7.
Persso,1 Waye K. Ohrsrrllm E. P&ycho-acousrlc char,1ctcrs or relevance for annoyance or
wind turbine no,sc. J Sound Vib 2002: 146:65- 73.
Pulles MPJ, Biesiot W, Stewart R. Adverse effects of environmental noise on health: an
lnrcrdisciplina,y approach. , I August 1988 th rough I Augu~t 1988Environ Int
1990: 16( 4-6):437- 45.
S.1rt!m1 M. Grcnecl~ J, Bonncfond A, Roh mer 0, Eschenlaucr A. Tassi P. Effects of noc1umal
ra!lway nut5e on sleep fragmcnt.1tion in yow1g and mldclle-ilgl.'d subjects as a function
or type of 1r,1in ,ind sound lcveL Im J Psychophysiol 2008:70: 184-91.
Schrcckcnberg D. Meis M, Kahl C, Peschel C. Elkmann T. Al reran noise and c1uali1.y oflifc
around Frankfurt /lirpon. Int J Environ Res Pu blic Hea.lrh 20 10:7:3382-405.
Stansfcld S, Clark C. Mental health effects or noise. Noise polurion .ind health effects.
Encycl. Env. He.1 1th: 2011. 11, 683- 9,
St,insfold SA. Matheson MP. Noise pollution: non-auditory effects on health. Br Med
Bull 2003 ;68:243- 57.

.,t

Stansfel<f SA, Gallacher J, B,1l1isch W, Shipley M. Road tramc noise and psychiatric
disorder: pros11ectlve findings rrom the Caerphilly Study. OMJ 1996;313:266- 7.
Tarnopolsky A, 11.lrkcr SM, Wlggins RD. McLean EK. The cffe<t of aircraft noise on the
mental he.11th or .1 communicy sample : a 1>ilotsiudy. l'sychol Med 1978:8:219- 33.
Van den llcrg I'. Crlterl,1 ror wind form noise : 1.max and Wen. rroc. l\coustics08. Paris;
2008.
Van den llcrg F, Pedersen Ii Bouma J, 8,1kkcr R. WINDFARMpcrccption: visual and
acoustic im11aa or wind turbine or wind turbine farms on residents. Rt!1ion FP6·
200S-Sclcncc-and•Sodety•20. University of Croningen and Gilccborg University;
2008.

van Gctvcn PWM, Vos H, van Boxtcl MPJ,Janssen SA. Mlcdem,1 HME. Annoyance rrom
cnvlronmcnt,11noise across the lifespan. J Acoust Soc Am 2009; 126: 187-94.
WHO. Guidelinrs for community noise. Genev,1 : World Health Organization: 2000.
WHO. Night noise guidelines for Europe. WHO Regional Office for Europe; 2009.

001625

Exhibit 5
Original Article

Before-After Field Study of Effects of Wind Turbine Noise on
Polysomnographic Sleep Parameters
Leila Jalali1, Philip Bigelow1, Mohammad-Reza Nezhad-Ahmadi 2, Mahmood Gohari1, Diane Willlams1, Steve McColl1
School of Public Health and Health Systems, 2Departrnent of Electrical and Computer Engineering, University of Waterloo, Waterloo, Ontario, Canada

1

Abstract
Wind is considered one of the most advantageous alternatives to fossil energy because of its low operating cost and extensive availability.
However, alleged health-related effects of exposure to wind turbine (Wf) noise have attracted much public attention and various symptoms,
such as sleep disturbance, have been reported by residents living close to wind developments. Prospective cohort study with synchronous
mea~urement of noise and sleep physiologic signals was conducted to explore the possibility of sleep disturbance in people hosting new
industrial Wfs in Ontario, Canada, using a pre and post-exposure design. Objective and subjective sleep data were collected through
polysomnography (PSG), the gold standard diagnostic test, and sleep diary. Sixteen participants were studied before and after WT installation
during two consecutive nights in their own bedrooms. Both audible and infrasound noises were also concurrently measured inside the bedroom
of each participant. Different noise exposure parameters were calculated (LAcq, Lz..,q) and analyzed in relation to whole-night sleep parameters.
Results obtained from PSG show that sleep parameters were not significantly changed after exposure. However, reported sleep qualities were
significantly (P = 0.008) worsened after exposure. Average noise levels during the exposure period were low to moderate and the mean of
inside noise levels did not significantly change after exposure. The result of this study based on advanced sleep recording methodology
together with extensive noise measurements in an ecologically valid setting cautiously suggests that there are no major changes in the sleep of
participants who host new industrial WTs in their community. Further studies with a larger sample size and including comprehensive singleevent analyses are warranted.
Keywords: Before- after study, polysornnography, sleep disturbance, wind turbine noise

INTRODUCTION
Sleep, a natural behavioral state and a vital part of every
individual's life, involves distinct characteristics and many
vital physiological changes in the body's organs that are
fundamental for physical and mental health. The
physiological processes involve protein biosynthesis,
excretion of specific hormones, and memory consolidation,
all of which prepare the individual for the next wake period.l 11
Fragmented and insufficient sleep can adversely affect
general health impacting daytime alertness and
performance, quality of life, and health, and potentially
lead to serious long-term health effects. 121
Sleep disturbance is considered the most serious nonauditory
effect of environmental noise exposure.lZ-4J Harnessing wind
energy has resulted in a new source of environmental noise,
and wind is one of the fastest growing forms of electricity
production worldwide. Canada's current installed capacity is
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over 10,000 MW, with an anticipated minimum of 55,000
MW by 2025 .151 This growth in wind energy development is
not without controversy, as health effects such as noise
annoyance and sleep disturbance have been reported by
residents living close to wind developments. 16-91 Such
reports are increasing in Canada and worldwide, despite
the adoption of setbacks and other measures that have
been effective for other sources of noise pollution.
A number of different methods have been used to assess noise
effects on sleep quality, such as questionnaires, signal-led
awakenings, actigraphy, and various physiological recordings
obtained by polysomnography (PSG). PSG is the most
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comprehensive method of evaluating sleep and deemed the
gold standard for measuring sleep. It is most often used in
laboratory settings; however, with the recent emergence of
portable wireless PSG systems and sleep monitoring devices,
high-quality home sleep assessment has become a reality. At
present, portable computerized PSG in unattended home
settings is a viable alternative to laboratory-based systems
for obtaining adequate sleep recordings_l 101 Sleep recordings
obtained at home using portable PSG also has advantages
because sleep patterns in the laboratory may not be
representative of typical sleep as participants must adapt to
the unfamiliar environment. 1111 Testing location is also
important when studying the effects of environmental
noise on sleep, as people may adapt Lo. noise in their home
setting.112 · 1 1 Moreover, in a laboratory, it is difficu lt to
generate some types of environmental noises, and noise
from wind turbines (WTs) is especially problematic
because of its significant low-frequency component.
This study aims at comparing the sleep of residents before and
after exposure to WT noise, using in-home polysomographical
recordings and simultaneous indoor noise measurement.

METHODS
Participant and study design
This research employed a multidisciplinary approach and
prospective cohort design with subjective sleep diaries, and
synchronous measurement of physiological sleep signals
and indoor noise. Participants were recruited from Ontario,
Canada, in an area where WTs were scheduled to be
installed in near future (June 2014). Five Vestas Vl001.8 MW turbines, with hub heights of 90 m and rotor
diameters of 100 m, were planned to be installed in open
and flat agricultural fields . Turbines had an estimated
power of about 26 million kW per year. Residents who
lived within 2000 m radius from the underconstruction
turbines and met further criteria required for valid and
reliable home sleep assessment [over 18 years of age,
general good health, no known sleep disorder, no
children under 5 years of age living in the same
household, no regular nightshift work, not being
regularly disturbed during the night by other noise
sources such as traffic or trains, no regular use of
sleeping pills, and no hearing loss (one or both ears,
self-reported, not confirmed by audiometry)] were
eligible for participation. The study was conducted in
two time periods. The first time of data collection (Tl)
was conducted postturbine erection but preoperation to
avoid construction noise effects on sleep quality (May to
June 2014 ). The second time of data collection (T2)
occurred after the turbines became operational and it
happened from September to October to minimize
seasonal and temperature effects. Participants were also
asked to fill a rescreening form before T2 to point out any
changes to sleep environment as well as health condition
that might affect the sleep compared with Tl.
Noise & Hen llh I Jul -Aug 2016 : Volume 18 : Issue 83

Participants slept for two consecutive nights in their own
bedroom with the recording equipment and were encouraged
to follow their normal sleeping habits. A trained sleep
technician along with a researcher with expertise in
acoustical assessment installed the noise measurement
instrumentation, performed all PSG sensor applications,
checked for signal impedances, and performed calibrations
and instrument diagnostic tests. These visits were scheduled
so as not to interfere with participants' habitual bedtime
routine. The participants were free to have the bedroom
window in their usual position (open or closed during the
night). In each case, the position of the bedroom window was
noted by the researcher. Polysomnographic recordings were
obtained from a Somte PSG (Compumedics, Melbourne,
Australia) sleep system. As the first nights served for
adaptation of participants, only results from the second
nights were analyzed. The start and stop of sleep
recordings were preset by the technician according to each
participant's reporting of expected bedtime and final
awakening. Sleep data were stored on a computer using a
PSG digital system.
Participants were also provided with sleep diaries and asked
to enter information over a period of one week. These diaries
enabled participants to record their times of going to bed,
attempting to fall asleep, waking up and getting out of bed,
nocturnal awakenings, and daytime napping periods. In
addition, subjective ratings of sleep quality, depth of sleep,
mood and stress level, and how rested participants felt were
recorded. Participants also answered a series of behavioral
questions such as whether they slept with the windows open,
and if they used earplugs or other sleep aids. The designed
diary had two sections: one filled at bedtime and another in
the morning.
Sleep-related physiologic signals were obtained by six
electroencephalograms (EEGs) (C3/A2-C4/Al, O3/A2-O4/
Al , F3/A2-F4/AI), po. itioned according to the L0-20
international electrode placement system, right and left
electrooculograms,
five
electromyograms
(EM Gs;
submental, anterior tibialis), and left and right
electrocardiograms (ECGs). To screen for breathing-related
sleep disorders such as central or obstructive sleep apnea as
well as periodic leg movements, the following data were also
collected: finger pulse rate, oxygen saturation (finger pulse
oximeter), nasal air flow (nasal cannula), respiratory
movements (two piezoelectric belts), body position, and
leg movements.
Each PSG recording was scored manually (using Profusion 3
software from Compumedics) and blindly (regarding noise
exposure and distance) by an experienced sleep technician in
30-s epochs according to the standard developed by the
American Academy uf Slt!t:p Medicine (AASM). 1141
From these data, the following sleep parameters were derived:
( 1) sleep period (SLP), defined as the time elapsed from sleep
onset to final awakening; (2) sleep onset latency (SOL),
defined as the period of time between reported lights out
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and 2 min of unbroken sleep; (3) time spent in stages one and
two (Sl, S2); (4) rapid eye movement (REM); (5) slow wave
sleep (SWS); (6) wakeup time after sleep onset (W ASO),
defined as total amount of time awake excluding SOL; (7)
total sleep time (TST), which is SLP minus W ASO; (8) sleep
stage changes to a lighter stage (SSC), that is, SI to wake, S2
to SI or wake, SWS to S2, S 1 or wake, REM to S2, SI or
wake; (9) apnea-hypopnea index; (10) periodic limb
movement index (PLM); and (11) arousal index. An
arousal is defined as an abrupt and transient shift of EEG
frequencies consisting of alpha, theta, and/or frequencies
greater than 16 Hz. In this study, arousals were classified
according to the criteria published in AASM1141 and divided
into spontaneous (SP) arousals, respiratory-event (RE)related arousals (arousals following apnea or hypopnea),
and arousals associated with PLMs (LM arousals). Only
the SP arousals were hypothesized to be related to noise;
hence, the other types of arousals were scored but not directly
analyzed with regard to noise exposure.

Noise exposure assessment
A noise measurement system was placed in participant's
bedroom to record both audible and low-frequency noise for
the duration of their leep. The system was programmed 10 Lum
on and off aut matically at the start and end of each period. The
indoor microphone was fitted with a windscreen and mounted on
a microphone stand in the bedroom at a location close Lo the
participant's head, at the same height as the sleeping person and
Im horizontally from the participant's head. A Soundbook
analyzer (MKl) (Sinus/Messtechik, Germany) was used with
a G.R.A.S 40AZ low-frequency microphone. The whole system
is capable of measuring noise in the 0.5 Hz to 20 KHz frequency
range. The system was calibrated before and after each recording
u ing a known frequency (250 Hz) and sound pres. ure level
(SPL) ( 114 dB) source. Th results of the sound measurements
and recording, were 1ransferred from the Souodbook to a
personal computer. Further processing and calculations were
performed using the software package Samurai 2.6.
Indoor noise was measured at two participants' residences,
varying each night, for total of 16 nights before and 16 nights
after operation of the turbines. In total, 64 sets of data were
collected. For each night and each residence, noise data were
recorded for 10 h. For each participant, two cuts of full data
were analyzed. The first cut was noise measurement for the
period that the participant was in bed (TIB, from lights off to
lights on). The second cut was noise measurement for one
hour (lH) during the night at a point when inside spikes (eg,
coughing, snoring, and dog barking) were minimal. Z and Aweighted parameters for TlB and IH noise (LAeq - TlB, Lze 9
- TlB, and LAcq - lH, Lze 9 - IH) were measured for each
night, respectively. Frequency band for Z-weighted noise
parameters was from 5 Hz to 20 KHz. The sound analyzer
was time synchronized to the sleep recording instrumentation.

In addition to noise measurements, weather, temperature, and
wind speed data were collected from the companies that had

IPlW

weather stations close to the location of the study. Wind speed
data, taken at LO m height, was used for before and after
analysis of noise versus wind speed, from the closest weather
station to the WTs. In addition, wind speed and temperature
data, taken at 95 m height at the location of WTs, were used
for after turbine operation analysis. The wind speed data at the
height of 95 mis average of wind speed at the location of five
turbines. It provides more accurate insight into the
relationship of the measured indoor noise and wind speed
at the height of 95 m where the turbine blades are interacting
with wind and generating low-frequency noise.
Participants' noise sensitivity and attitude to WTs were
measured on a 5-point scale ranging from "not at all
sensitive" to "very sensitive" and "very positive" to "very
negative," respectively. Noise sensitivity and attitude were
dichotomized into "not sensitive" and "sensitive" (l-3 vs
4-5, respectively), and attitude into "not negative" and
"negative" (l-3 vs 4-5, respectively).
This study was reviewed and received ethics clearance by the
University of Waterloo Research Ethics Committee,
Waterloo, Ontario, Canada, and written consent was
obtained from all participants prior to the study. A
certified sleep technician performed, monitored, and scored
all PSG recordings.

STATISTICAL ANALYSIS
All analyses were performed using SPSS, Version 22 for the
Windows 8 operating system (IBM Corp). Normality
assumption were examined using Shapiro-Wilk tests and
descriptive statlstlcs, including means and standard
deviations (SDs), were performed on a number of dependent
and independent variables for sleep parameters. Comparisons
before and after exposure for objective sleep variables that
could be treated as continuous variables (sleep duration,
number of awakenings) were performed by paired t tests or
the Wilcoxon igned rank le! t, as appropriate. For subjective
sleep ratings, McNemar tests were used. For normal data, an
independent samples t test was used to compare the means of
variables for two independent groups. Nonparametric tests such
as Mann- Whitney test was used to compare mean differences
of measures in two independent groups. Spearman's rank
correlation coefficients were calculated to determine the
strength of the relationship between the noise exposure
parameters and the sleep parameters. The threshold level for
statistical significance was established at P < 0.05.
In addition, an event-related analysis was performed on a few
participants at different distances from the WTs and with
different levels of wind speed. A time period of 60 s (two
sleep epochs) after a high level of noise was screened for
sleeper reactions.

RESULTS
Table I shows the demographic characteristics of the
participants. Ten women and six men with a mean age of
Noise & Hcu lth : Jul -Aug 20 16 : Volume 18 : Issue 83
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55.9 years participated in the study. All participants lived on
farms or in single detached houses; 87.5% could see at least
one WT from their dwelling, and 62.5% lived at a distance of
less than 1000 m from the nearest turbine. Regarding the
noise sensitivity, 12.5% of participants were "rather or very
sensitive" to noise.
Table 2 compares different sleep factors from TI and T2
observation. All scorings were judged to be of sufficient
quality to provide reliable sleep staging and EEG arousal
data. Calculation of SOL relied on the participant's reporting
of lights out. There were no significant differences between
measured sleep factors in Tl and T2 observations. Neither
sleep discontinuity factors (W ASO, duration of S l sleep, SSC
and the number of awakenings) nor sleep quantity factors
(TST and duration of S2 sleep) showed any significant
changes after the new exposure. The difference between
mean number of arousal indices in Tl and T2 of
observation was not significant (P = 0.079), with the mean
of 15.92 (SD=7.15) in Tl and 13.23 (SD=5.29) in T2. The

Table 1: Demographic Characteristics of Participants in
Wind Turbine and Sleep Study, Ontario, Canada
Variable
Gender
Marital status
Occupation

Education

Own their home
Distance to nearest
turbine
Turbine visibility
Bedroom facing wind
turbine
Bedroom location
Double glass window
Noise sensitivity

Attitude to turbines

N

%

Male
Female
Married/common law
Separated or widow
Full-time employment
Retired
Part-time/self-employment
Post-Graduate college/university
High school diploma/less than
secondary

6
10
14
2
8
5
3
13

37.5
62.5
87.4
12.6
50
31.3
18.7
8 1.2
18.8

Yes
Rented or others
< 1000 m

16
0
10

> 1000 m
Yes
No

6
14
2
14

37.5
87.5
12.5
87.5

2

12.6

Yes
No
First floor
Second noor
Yes
Not answered
Not or slightly sensitive
Rather or very sensitive
Not answered
Negative
Nt:i ther negative or posit[ ve

Positive
Owned the land where w ind turbine is located
Age (mean, range)

Noise & Health : Jul-Aug 2016: Volume 18 I Issue 83

3

100
62.5

56.3
9
7
43.8
13 81.3
18.7
3
12
75
2
12.5
12.5
2
8
50
12.5
2
37.5
6
18.8
3
55.94
(39, 78)

mean of REM sleep and sleep efficiency remained unchanged
after exposure. The percentage of SWS decreased after
exposure; however, this change was not significant
(P=0.145). The mean of sleep latency remained
unchanged and, in general, all the participants in T2
except two had SOL less than 20 min. Those two
participants with long sleep latency also had long SOL in Tl.
Regardless of exposure presence, sleep efficiency, arousal
index, SSC, and WASO in both Tl and T2 of observation
were strongly related to age; older adults (>55) had lower
sleep efficiency (P < 0.001), higher number of arousals
(P=0.041), higher number of SSC (P=0.016), and longer
awakening (P < 0.001) than middle-age group (30-55 years
old). The distribution of all sleep factors did not significantly
differ between men and women.
Tables 3-5 compare changes of sleep factors over time based
on age, sex, distance, bedroom, and window situation. REM
sleep latency is decreased in middle age but increases in older
adults after exposure (P = 0.042); SSC also changed in
different ways for men and women, with men having more
SSC after exposure than women (P = 0.042).
Sleep quantity and sleep quality were compared using sleep
diary data from before and after exposure. Total sleep time
(P=0.472), number (P=0.126), and length (P=0.062) of
awakenings and sleep latency (P = 0.942) did not change
significantly after exposure. However, reported quality of
sleep significantly declined after exposure (P = 0.008).
Participants also reported higher levels of stress before
bedtime (P=0.039) and in the morning (P=0.064), and

Tabla 2: Comparison of Mean Sleep Factors at Time 1
and Time 2 of Observations, Wind Turbine and Sleep
Study, Ontario, Canada
Sleep factors
Wake after sleep onset
(WASO, min)
Stage I of sleep (%)
Sleep stage changes
(SSCs)/h
Number of awakening
Sleep efficiency (SE)%
Sleep period (SLP, min)
Total sleep time (TST,
min)
Stage 2 of sleep%
Slow wave sleep
(SWS)%
REM sleep%
Spontaneous arousal/h
Respiratory arousal
Limb movement arousal
REM sleep latency
Sleep latency (min)

p

Time 1
(Mean :t SD)

Time 2
(Mean :t SD)

value

34.81 ±25.95

34.37±26.92

0.950

16.25±7.54
9.25±2.78

16.16±6.96
8.66±2.80

0.953
0.444

20.50±10.37
88.5±7.06
415.12±71.64
380.31 ±68.80

17.63±9.19
89.40±6.87
437.07±53.44
402.13±36.44

0.145
0.634
0.28 1
0.226

56.94±9.45
7.33±7.14

58.17±6.70
5.72±5.58

0.526
0.145

19.47±3.70
10.48±5.25
3.39±4.42
0.53±1.81
90.37±42.60
14.91±17.73

19.94±5.02
M.lJl±3.65
2.72±3.53
0.1±0.25
88.84±36.62
I 1.06± 16.88

0.728
U.179
0.298
0.284
0.87[
0.371
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Table 3: Changes of Sleep Discontinuity Factors Over Time by Age, Sex, Distance, Bedrooms, and Windows Situation; Wind Turbine and Sleep Study, Ontario, Canada
Wake after Sleep Onset
Variables

Sleep Stage Changes
P value

Time 1

Time 2

Men

34.67±30.16

32.25±20.69

Women

34.90±24.85

35.65±31.07

Middle age
Older adultb

20.17±11.03
53.64±28.05

20.33±15.82
52.43±28.33

0.758

32±25 .32

29.65± 18.92

0.635

39 .50±28.73

42.25±37.57

0.958

Spontaneous Arousal
P value

Time 1

Time 2

8.58±2.43

9.65±2.43

9.66±3.02

8.06±2.96

8.21±1.68
10.60±3.43

7.68±2.12
9.91±3.22

0.837

8.54±1.88

8.64±3.49

0.428

10.44±3.75

8.70±1 .27

0.042"

Number of Awakenings

Time 1

Time 2

P value

7.93±3.96

7.51±1.86

12.01±5.50

9.75±4.27

8.93±3.16
12.47±6.87

7.61±1.33
10.58±5.02

1.00

0.635

0.428

Time 1

Time 2

P value

20.83±10.24

17±11.47

2.3010.98

18±8.21

0.706

16.67±9.27
25.43± I0.17

16.22±9.31
19.43±9.43

0.146

0.181

Distance (m)
<1000 m
>1000 m

9.68±3.59

8.90±3.14

11.82±7.48

8.93±4.72

8.78±3.22
12.67±6.71

7.62±1.34
10.57±5.02

19±8.98

18.10±10.53

23±12.85

16.83±7.25

14.67±8.15
28±7.96

14.67±8.41
21.43±9.32

Bedroom' s floor:
First

22.72±13.50

30.50±34.08

Second

50.35±30.66

39.36±14.57

0.252

8.12±1.62

7.67±2.11

10.71±3.38

9.92±3.21

1.000

0.918

0.080

....e.

Window at bedtime
Close
Open

25.17±9.74
42.94±32.10

25.50± 17 .42

0.324

38.83±32.66

8.83±1.77
9.58±3.50

0.260

8.45±2.03
8.21±2.89

9 .25±.1.81
11.39±6.35

7.82±1.57
8.72±3.74

0.252

19.67±9.81

19.33±10.17

20.78±11.83

14.67±6.95

0.105

:..
~

"'=-

'P value is significant at <0.05. "Middle age considered 30-55 years and older adult considered >55 years .

:E
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Table 4: Changes in Sleep QuaUty Parameters Over Time by Age, Sex, Distance, Bedrooms, and Windows Situation; Wind Turbine and Sleep Study, Ontario, Canada
Sleep latency

z

~n
Ro
:i::

""'
s:
....

Variables
Men
Women
Middle age•
Older adult
Distance m

N
0

< 1000
>IOOOm
Bedroom floor:

°'
<

0

C:

3

"~
?

Time 2

p

Time 1

Time 2

p

Sleep efficiency
Time 1

Time 2

p

First
Second
Window at bedtime:
Close
Open

0.604

0.328

"'2

C.

89.97±4.52

87.91±6.95

87.62±8.34

90.29±7.04

92.73±3 .50
83.05±6.86

93.59±4.37
84.01±5.70

0.918

0.647

89.30±7.09
87.17±7.48

89.99±7.21
88.42±6.81

0.890

391.56±36.91
418.0±32.18

0.351

90.82(6. 16)
85 .51(7.47)

91.71±6.57
86.43±6.50

0.995

368.66±49.84

390.66±27.69

0.774

91.05(2.81)

92.27±4.88

0.881

369.39±59.60

403.06±38. 17

86.68(8.94)

88.49±7.51

380.33±49. 13

384.20±29.28

380.30±80.92

411.10±37.63

376.05±49.15

0.623

385.79±92.47

389.17±34.39
421.58±32.70

0.678

387 .65±77.57
368.08±55.54

406.11±34.97
396.16±41 .12

7.50±10.46
15.64±22.87

0.657

359.61±51.11
406.93±82.96

10.83±9.60

7.66±13.25

0.197

14.33±20.25

7.27±5.43

9.92±9.93

9.0±12.61

17.90±21 .05

12.30±19.54

9.06±8.16
22.43±24.09

6.67±10.71
16.71±22.21

0.470

15.10±19.30
14.58±16.53

9.85±19.72
13.08±12.13

13.05±13 .36
17.29±23.17

0.230

C:

"....
oc

"
"

"'
;."O

'<

E.

~

nme 1

Total sleep time

•Middle age considered 30-55 years and older adult considered > 55 years.
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also reported feeling more sleepy (P=0.013) in the morning
and throughout the day (P = 0.014) after exposure.
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The means of wind and temperature data from 10:00 pm to
8:00 am for each night were used in the analysis. The means
·
· ht o f 1Om, were not sigm
. 'fi1cantIy
of wmd
speed, at he1g
different (P = 0.559) between Tl and T2 periods of
observation: 3.64m/s (SD= 1.19) in Tl and 3.33m/s
(SD= 1.39) in T2. The mean of wind speed at hub height
for exposure nights was 6.48 (SD= l.84) mis, with a range of
3.70-9.40 mis. The cut-in wind speed for the turbines was
4 mis. The average A-weighted noises measured in Tl and T2
observation were not significantly different with means of
36.55 dBA (SD=4.18) in Tl and 36.50 dBA (SD=4.20) in
T2 forTIB (P= 0.959) and mean of31.52 dBA (SD= 5.16) in
Tl and 31.23 dBA (SD=4.91) in T2 for lH (P=0.740). The
•
.
•
average Z-weighted nmses measured m Tl and T2
observation were also not significantly different with
means of 63.78 dBZ (SD=25.75) in Tl and 61.93 dBZ
(SD=36.07) in T2 for TIB (P=0.218) and mean of 59.93
dBZ (SD=27.33) in Tl and 57.44 dBZ (SD=28.49) in T2
for lH (P = 0.090).
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Figures 2a and b show the A-weighted noise exposure for TIB
an~ I H for Tl and T2 of ~bservation ~ersus win~ speed at the
height of 10 m. Increasing trends m the nmse level are
.
,
observed by increasmg wmd speed; however, none of the
fimct·mgs were s1gm
. 'fi1cant. For TIB , the s \ope of nmse
. 1s
. 0 .75
for T2 (P= 0.247) versus 0.82 for Tl (P = 0.136), and for 1H
noise the slope of noise is 0.17 (P = 0.823) at T2 versus 0.32
(P=0.638) at Tl.
Figures 3 and 4 demonstrated the Z-weighted and A-weighted
noise exposure at T2 for TIB and 1H versus wind speed at the
height of 95 m, respectively. The slopes of Z-weighted noise
versus wind speed are2.23 forTIB (P < 0.001) and 2.36for lH
(P < 0.001 ). The slopes of A-weighted noise versus wind speed
noise are 0.63 forTIB (P-0.171) and0.2Hor 1H (P= 0.650).
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Figures la and b show the Z-we1ghted nmse exposure for TIB
and lH for Tl and T2 ofobservation versus wind speed at the
•
•
•
•
height of 10 m. Increasmg trends m the nmse level are
observed by increasing wind speed and slope of noise at
T2 is higher than Tl for both TIB and l H noise equivalent; for
TIB, the slope of noise is 3.22 (P < 0.001) for T2 versus 2.01
forTl(P=0.001),andforlHnoise,theslopeofnoiseis3.15
(P < 0.001) at T2 versus 2.60 at Tl (P < 0.001).
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Figures 5 and 6 identify the relationship between distance
from the closest WT and noise levels (LAeq• Lzeq) for TIB and
l H. Results of Spearman's correlation indicate that there is no
significant correlation between distance and inside noise after
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Figure 1: (a) Time 1 (before exposure) and Time 2 (after exposure) Z-weighted equivalent noise for "time in bed "versus wind speed atthe height of 10 m.
(b) Time 1 (before exposure) and after Time 2 (after exposure) Z-weighted equivalent noise exposure for 1H versus wind speed at the height of 10m
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91 dB that is about 34 dB variation on the amplitude of the
noise signal.

exposure (LAeq - TIB: Spearman's r=-0.047, P=0.862,
LAeq - lH: Speannan's r=-0.353 , P=0.180, lz.q - TIB:
Spearman's r=-0.230, P=0.392, lz.q - lH: Spearman's
r=-0.080, P=0.769).

Associations between noise exposure and sleep parameters

Figure 7a and b provides an example of typical lowfrequency waveform swing measured inside the bedroom
at a distance of 550 m from the turbines at T2. All the noise
recordings were observed to identify nonrelevant peak noise
levels. For this particular example, the measured peak of
noise is 0. 7 Pa that is approximately equivalent to SPL of
91 dB. The peak of noise signal varies from 57 to about

The Speannan's rank correlation coefficients were used for the
associations between average noise difference (LA,-,12- LA I I)
and sleep facto rs difference in Tl and T2 of . tudy. Noise
difference correlated with the difference in lhe number of
awakenings (r= 0.605, P = 0.001), SSC difference (r= 0.600,
P=0.001), arousal difference (r=0.551, P=0.004), and
percentage of S2 difference (r=-0.499, P= 0.009).
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Figure 3: (a) Time 2 (after exposure) Z-weighted equivalent noise for "time in bed" versus average wind speed at the height of 95 m. (b) Time 2 (after
exposure) Z-weighted equivalent noise for 1H versus average wind speed at the height of 95 m
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Figure 5: (a) Time 2 (after exposure) Z-weighted equivalent noise versus distance from the closest wind turbine for "time in bed." (b) Time 2 (after
exposure) Z-weighted equivalent noise versus distance from the closest wind turbine for 1H

DISCUSSION
A detailed analysis of the individual sleep epochs measured by
PSG in the present study showed no major changes in the sleep of
Noise & Health I Ju.I -Aug 20 16: Volume 18 : fs ~uc SJ

participants residing near new industrial WTs in their community.
The analysis considered the possible effects on whole-night sleep
parameters, sleep discontinuity (increased number and length of
awakenings, numberof sleep stage changes, and length ofshallow
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Figure 6: (a) Time 2 (after exposure) A-weighted equivalent noise versus distance from the closest wind turbine for "time in bed." (b) Time 2 (after
exposure) A-weighted equivalent noise versus distance from the closest wind turbine for 1H.
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Figure 7: (a and b) Time variation of turbine noise (raw data) in Pascal and peak of Z-weighted data in dB, indoor and 550 m distant, showing lowfrequency noise waveform swings

sleep), sleep quantity and quality (reduced total sleep time,
reduced stage 2, and REM and SWS sleep), and sleep
efficiency. Previous noise-effect studies have regarded SSC as
the primary indicator for disturbed sleepJ 151The numberof SSCs
per hour, measured in this present study, remained unchanged
after exposure. The effects on sleep obtained by sleep diary
support findings from PSG with regard to sleep quantity,
whereas perceived sleep quality measured by sleep diary
decreased after exposure to Wfs.

EUFt

A total of 640 night-hours of indoor noise measurement on 32
nights were perfor med, at different distances and locations,
before and afler turbine operation . Results of the noise
measurement showed that average noise levels during the
exposure period were low to moderate, with an average of
31.29 dBA in lH with minimal indoor spikes. The mean of
inside noise levels did not significantly change after turbines
operation. Outside sound monitoring also was performed at
four residential houses before and after exposure. The outside
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sound levels ranged between 40 and 45 dBA before and 38
and 42 dBA after the turbines became operational. 1I61 These
results also indicate that the wind farm project resulted in no
significant changes in the ambient SPLs in the surrounding
area.
Previous studies, investigating the relationship between sleep
and Wf noise, mostly had cross-sectional designs and were
based on self-reported symptoms. Only two studies measured
objective sleep parameters in relation to Wf sound exposure. In
general, the current findings are consistent with the results of
those two objective studies; 1I7•181 however, their study designs
were different with the current study and both used actigraphy for
measuring sleep and did not compare the sleep data before and
after exposure. Lane et a l.1171 studied 11 exposed and 10
unexposed individual. to WTs, respectively, and found no
significant changes for the worse in sleep parameters in the
exposed group. Results of a very recent large study, conducted by
Health Canada, provided the most comprehensive assessment of
the association between exposure to WT noise and sleep and
showed that outdoor WT noise leve ls near participants' homes
were not a. sociated with sleep fac tors measured by actigraphy,
such as sleep efficitmcy, the rate of awakenings duration of
awakenings, total sleep time, or sleep latency. 1181
Sleep disturbances are often indicated by body movements,
which are easier to record and much easier to evaluate than
polysomnogram. The current study relied on polysomnogram
that recorded and evaluated according to internationally
accepted criteria and it provides information about sleep

~
~~

depth, and reliabfy detected EEG arousals. Basner et al. 1191
showed that for low maximum SPLs and chronic exposure
situations with partial adaptation, the strongest association
between noise and effects on sleep was observed for EEG
arousals. In the present study, the mean of spontaneous
arousal indices did not change significantly after exposure.
Failing to find an association between noise exposure and any
of the sleep parameters might be because of the relatively low
level of indoor noise. Adaptation to moderate levels of noise
is possible because of the more continuous character of the
noise; Aasvang et a/. 1121 also found that people were more
easily habituated to continuous traffic noise compared with
intermittent rail road sounds. Some adaptation processes
might have happened to compensate for sleep disruption
th roughoul the night and produce no or minimal global
e ffect on sleep. Ba ne r et a/. 1201 suggested thal trnffic noise
events may cause awakenings in study participants, but these
awakenings replaced the majority of awakenings that would
otherwise have spontaneously occurred.
An event-related analysis was performed on three participants
at differen t distances from the WTs and with di fferent levels of
wind speed. The results varied; in some observations, arousals
were immediately captured after WT noise events (high peak
level of noise), as shown in Figure 8, and in some, no changes
were observed in participants' physiological signals [Figure 9].
The reactions of participants to noise was nonspecific, as is the
case in most studies, and it was unclear whether these reactions
were induced by noise or spontaneous. Basnet21 1 used a
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Figure 9: Sleeper's reactions to a single noise event at a distance of 967 m from the turbine

formula in his study to calculate sleep reactions induced by
noise. However, in the current study, the numbers of noise
events were limited and mostly moderate, and drawing a
conclusion would have needed more rigorous and detailed
analyses with larger sample size.
Discrepancies between subjective and objective evaluations
of sleep, . uch as those found in this srudy, are nol surprising
and have been previously explained in olher tudie: .
Jackowska et a/.1221 pointed ou t that people's judgments of
sleep efficiency are associated with psychosocial stress and
affective responses. Concern about environmental changes,
especially those associated with new but nonperceptible
exposures, such as low-frequency noise, appear to act as a
trigger for such reports of ill health. !23 •241 Self-reported sleep
disturbance may also be associated to the indirect effects of
individual differences such as visual and attitudinal
factors.l2 51 Further research into the effects of WTs on
sleep quality, emotions such as preconstruction and
postconstruction anxiety, and fear for health is warranted.
Several points need to be considered; because of the field
study design, there was a lack of control, both with regard to
the exposure levels and wind speed, and with other possible
sources of variation that might affect results.
A potential source of bias for repeated measure studies is
"order effects" in which repeated uses of a diagnostic test
such as PSG influence dependent variables. In the current
study, contrary to expectation, the mean arousal index in Tl
was higher than the same index in T2 of observation

Ellt

=0.079). This result might be related to "order effect,"
and participants might get used to the system after frequent
uses, and there is no way to control for it.

(P

Slight improvement in sleep and lower arousal index in T2 may
also be explained by possible lower su·ess and anx_iety after
turbine operations. Any new WT development could be a source
of concern us residents don t know lhe outcome, and could lead
local people to ruminate about this new change. Rumination,
such as wony, functions as a source of presleep cognitive arousal
and intert'eres with sleep quality perhaps causing sleep-related
d.ifficulties.1261 After WTs operation, most probably residents
accepted this new change in the community and they found the
turbines less disturbing than anticipated.
Some operational characteristics of WTs may also have
impacted the study. Exposure to WT sound occurs
irregularly, and people living in the vicinity of turbines are
not exposed every night; examination of sleep quality in one
nighl may be affected by WT noi e and sleep quality in the
nights preceding data collection. Moreover, several other
factors impact measurement and exposure to WT noise,
including characteristics of the participant's home, weather
conditions, local flora and topography, and the number of and
layout of the turbines. Larger wind farms tend to generate more
noise than smaller unt:s, as several WTs in the same vicinity can
lead to increased pulse sounds, with increased SPLs of 5 dB. r271
It is also common for old turbines to operate at a fixed speed, or
perhaps at one or two fixed speeds, depending on the wind
speed. However, new turbines are fully variable in blade
Noise & Health: Jul-Aug 2016: Volume 18: Issue 83
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rotational speed and so are able to operate at the most efficient
rotational speed across a wide range of wind speeds. The result
of this technological improvement is that at low speeds of
rotation in light winds, noise emissions are lower. Further
research is needed to evaluate sleep quality in residents
living adjacent to older WTs.

7.

The strength of this study is that it involved baseline noise and
infrasound monitoring and objective and subjective sleep
assessments during turbine construction and follow-up
during the operation period. This study is the first
published study of WT-related sleep disturbances assessed
using polysomnographic techniques while simultaneously
collecting inside SPLs. Further studies should be
performed involving the simultaneous field collection of
PSG and noise signals but with a large sample size and
including comprehensive single-event analyses.

IO.
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Setbacks for w ind turbines have been established in many jurisd ictions to address potential health conce rns associated with audible noise . However. in recent years, it has been
suggested that infrasound (IS) and low-frequency noise (LFN) cou ld be respons ible for
the onset of adverse health effects se lf-reported by some individuals living in proxim ity to
w ind turbines, even w hen audible noise limits are met. The purpose of this paper was to
investigate whether current audible noise-based guidelines for w ind tu rbines account for
the protection of human health, given the leve ls of IS and LFN typically produced by w ind
turbines . New field measurements of indoor IS and outdoor LFN at locations between 400
and 900 m from the nearest turbine, which were previous ly underrepresented in the scientific literature, are reported and put into context with existing published works. Ou r analysis
showed that indoor IS leve ls were below auditory threshold levels while LFN levels at distances >500 m were similar to background LFN levels. A clear contribution to LFN due to
wind turbine operation (i.e., measured with turbines on in comparison to with turbines off)
was noted at a distance of 480 m. However, this corresponded to an increase in overa ll
audible sound measures as reported in dB(A), supporting the hypothesis that controlling
audible sound produced by normal ly operating wind turbines w ill also control for LFN . Overall, the ava ilable data from th is and other studies suggest that health-based audible noise
wind turbine siting guidelines provide an effective means to evaluate, monitor, and protect
potential receptors from audible noise as well as IS and LFN.
Keywords: wind turbines. infrasound, low-frequenc:y noise, health, human perception, noise, sound pressure level,
annoyance

INTRODUCTION
Wind-based energy production has been identified as a clean and
renewable resource that does not produce any known emissions or
harmful wastes ( I). As a result, wind power has become the fastest
growing source of new electric power generation, with several
countries achieving high levels of wind power capacity and overall
penetration (2 ). Within the last decade, wind power generation
has increased substantially in Canada. In the province of Ontario
alone, l,700MW (5% of Ontario's energy generation) have been
installed since 2006, with an additional 2,000 MW expected to be
installed by the end of 2014 (3 ). Public support for the use of
wind energy is typically high; however, acceptance of projects at
the local level does not always reflect this trend. While support i
found in some locations, strong opposition stemming from concerns of visual esthetics, health risk perception, and noise levels
can be fouml iu olhers (4-7).
Currently, there exists an ongoing debate surrounding the relationship between wind turbines and human health within both the
public and the scientific communities (8). This debate is driven

www.frontiersin.org

by the fact that some people that live near wind turbines have
reported adverse health effects such as (but not limited to) ringing in ears, headaches, lack of concentration, vertigo, and sleep
disruption that they attribute to the wind turbines. Some argue
that reported health effects are related to wind turbine operational
effects [e.g., electromagnetic fields (EMF), shadow flicker from
rotor blades, audible noise, low-frequency noise (LFN), and infrasound (IS)]; others suggest that when turbines are sited correctly,
reported effects are more likely attributable to a number of subjective variables, including nocebo responses, where the etiology of
the self-reported effect is in beliefs and expectations rather than a
physiologically harmful entity (9-13). Indeed, there are numerous
peer-reviewed studies on the issue and governmental reviews of
these studies (14-16).
It is well known that exposure to excessive levels of audible
noise, regardless of the source, can cause annoyance, sleep disturbance, cognitive impairment, and other serious health effects.
According to the World Health Organization (WHO), nighttime exposure to noise levels above 55 dB(A) outdoors averaged
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over the year is considered increasingly dangerous for public
health and a sizeable proportion of the population will be highly
annoyed and sleep-disturbed ( l 7). As a result, jurisdictions across
the globe have developed noise regulations specific to wind turbine projects to protect the public from potential noise-related
health effects (Table 1). Guidelines are found at various levels
of governmental structure including country, state/province, and
county/municipality. The list in Table I is not globally comprehensive yet is wide-ranging and inclusive of numerous jurisdictions.
Though some variability exists among jurisdictions, the majority
of the guidelines center around an outdoor limit between 35 and
45 dB(A). This limit coincides with the WHO Europe nighttime
noise guideline of 40 dB(A) outdoors, a health-based value derived
to "protect the public, including the most vulnerable groups such as
children, the chronically ill and the elderly, from the adverse health
effects of night noise" ( 17).
Even when these health-based noise limits are met, some people living near wind turbines self-report a variety of adverse health
effects that they attribute to living near the wind turbines (8, 16).
As a result, the etiology of these health effects has been hxpothesized by some to stem from exposure to low-frequency sounds,
including IS (0.01-20 Hz) and LFN (10-200 Hz) (36-38), both of
which are known components of the broad-band sound associated
with normal wind turbine operation (9, 39, 40). For example, in
2011 M0ller and Pedersen (38) stated" Even when A-weighted levels
are considered, a substantial part of the noise is at low frequencies,
and for several of the investigated large turbines, the one-third-octave
band with the highest level is at or below 250 Hz. It is thus beyond any
doubt tlrat tlie low-frequency part ofthe spectrum plnys an i111porta11t
role in the noise ...." In response to these concerns, a number of
investigations (published since 2010) have measured IS and LFN
associated with modern wind turbine operation at a variety of
distances, operating scenarios, and geographic and meteorological
conditions (Tables 2 and 3). Collectively, these reports suggest that
sound associated with well-functioning wind turbines has measurable energy within the IS and LFN spectra. However, IS levels,
which are often described in dB(G), are consistently well below
auditory perceptual levels ( 41--45) and LFN is below available
guidelines (42). Furthermore, IS levels at relatively dose distances
to wind turbines are equivalent to or less than those produced by
a number of natural or engineered sources that individuals are
exposed to on a regular basis (43, 44, 46). The physical characteristics of sounds emitted from wind turbines have been recognized
to influence the perception and annoyance to wind turbine associated sounds; however, this generally refers to sounds that are above
the auditory level of perception ( 10, 4 7, 48).
It has been suggested that wind turbine noise limits set in dB(A),
which simulates the sensitivity of human hearing and perception,
may underestimate the contribution ofIS and LFN from wind turbines (37). Alternative sound weightings, including G-weighting
[dB(G)] and C-weighting [dB(C)], have been proposed as more
appropriate metrics for noise limits when LFN and IS are present,
respectively (37, 49). However, Health Canada recently suggested
that, in Lhe case of wind turbine noise, there was "no additional benefit in assessing LFN as C- and A-weighted levels were so highly correlated (r= 0.94) that they essentially provided the same information"
(50). Accordingly, the purpose of this paper is to examine further
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IS, LFN, and overall sound levels typically produced by wind turbines and provide discussion as to whether concerns regarding
wind turbine associated (S and LFN are warranted. Field measurements of outdoor LFN and overall sound levels and indoor IS
at locations between 400 and 900 m from the nearest wind turbine,
which were previously underrepresented in the scientific literature,
are reported. The results of these measurements are put into context with existing published works and current available guidelines
based on dB(A) to provide a weight-of-evidence conclusion.

MATERIALS AND METHODS
INDOOR INFRASOUND MEASUREMENTS
Sound measurements were conducted in three residences, two at
450 m and one at 900 m from the nearest wind turbine. These
turbines were part of an operating wind farm with over 40 turbines, each with a power capacity of 1.5 MW. The measurements
were carried out using Class 1 instrumentation with sufficiently
low-frequency range and noise floor. Measurements were carried out on a ground plane fitted with a double windscreen.
The double wind screen consisted of the thin hemispherical wireframe (450 mm diameter) covered with a thin layer (approximately
10 mm) of open cell foam. This setup is consistent with that
defined in IEC 61400-11 with the exception that the measurement
location was at a dwelling rather than close to a wind turbine.
Although not in a windy environment, a double wind creen helps
protect very low frequency and infrasonic measured levels against
pressure fluctuations within a dwelling caused by moving air from
ventilation and opening/closing doors.
For these measurements, access was not available to turbines
in order to conduct on/off tests for quantifying ambient levels.
Additionally, turbine power performance was not made available
during the study. In order to identify whether the turbines in the
facility were operating, an autocorrelation technique was used in
the signal analysis in order to detect characteristics in the sound
signal attributable to the turbine operation. This autocorrelation
technique (52) exploits the periodicity in the signal attributable to
the wind turbine operation and uses this feature to detect when the
turbines were operating. IS levels measured during wind turbine
operation were compared to those when the wind turbines were
unlikely to be operational (i.e., at wind speeds below turbine cut-in
at 3 mis). Data were collected from 1 to 1000 Hz and subsequently
weighted using dB(G) to focus the analysis on the IS component,
and allow for comparison to other studies.
The data presented in this report represent the periods where 1min interval recordings showed the existence of the wind turbine
noise (i.e., characteristic blade passage frequencies) the clearest out
of the entire measurement period, which was 3---4 weeks. Because
the nature of the signal detection mechanism, and the averaging
over a minute, the Type A uncertainty for the measured value is
difficult to quantify. The Type B uncertainty of the measurement
is that of a Class 1 instrumentation, which is typically ± 1 dB.
OUTDOOR LOW-FREQUENCY NOISE AND OVERALL SOUND
MEASUREMENTS
Sound levels were measured near two different wind turbine facilities, both with more than 30 wind turbines each. The turbines had
a power capacity between 1.5 and 2.4 MW. Measurements were
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Table 1 I Current or proposed wind turbine noise limits per jurisdiction.
Country/region

Noise limits

Reference

Australia/New

"For a new wind farm developmen't, the predicted equivalent noise level (l eq, 10 min), adjusted for any excessive

South Wales

levels of tonality, amplitude modulation. or low frequency, but including all other normal wind farm characteristics.

(1 8)

should not exceed 35dB(Al or the background noise (L 90) by more than 6 dB(A). Whichever Is the greater. at all
relevant receivers not associated with the wind farm, for wind speed from cut-in to rated power of the WTG and each
integer wind speed in between, The noise criteria must be established on the basis of separate daytime 17 a.m . ·to
10 p.m.l and night-time (10 p.m. to 7 a.m .) periods" . .. "criteria have been set to restrict noise generated by wind
turbines to 5 dB(A) below the lowest acceptable noise criteria for a suburban or rura l amenity area (which Is
40dB(Al at nightl"
Australia/South

Background noise is to be measured at the wind farm at various w ind speeds at which the turbines operate to

(1 9)

determine masking effects of w ind generated noise at relevant receiver locations. Noise level predictions are to be
identified at all relevant receiver locations. Wind farm noise levels, which may be adjusted for tonality, should not
exceed "35dB(Al at relevant recewers in localities. which are primarily Intended for n.1ral living. or 40dB(A) at relevant
receivers in locali ties in other zones. or the background noise ll Aeq, 10) by more than 5dB(Al. whichever is greater."
W ind turbine setbacl< distances are then based on these criteria
Austral iaM'estem

(20, 2 1)

Sound generated from w ind farms should not exceed 5dB(A) above the background sound level or 35dB(Al using a
10-m in L Aeq. whichever is greater. Measurements are to be taken at noise-sensitive premises. Setback limits are
based on data obtained from sound studies with a 1 km guideline

Australia/Victoria

(22, 23)

Noise level limits are set in accordance with the New Zealand Standard NZS 6808:2010 where "the level of sound
from a w ind farm should not exceed the background sound level by more than 5 dB. or a level of 40 dB L A90 (10 min),
whichever is the greaIer" . .. "despite any other condition of this permit, no plans will be endorsed by the responsible
authority. and no variation to the endorsed plans will be approved by the responsible authority, which allow a tu rbine
to be located w ith 2 km of an existing dwelling . . . unless evidence has been provided to the satisfaction of the
responsible authority that t he owner of the dwelling has consen ted in writing to the location of the turbine"

Canada/Alberta

The minimum basic sound level used to calculate the permissible sound level is 40 dB(A) L eq nighulme wlth

(24)

adjustments made for proximity to transportation and population density. The night noise limits should remain
between 40 and 56 dB(Al LA eq. based on the number of other residences and existing Infrastructure noise sources.
For most wind energy locations. the night noise limits will probably fall between 40 and 46 dB(A) LA eq. The day
noise limits are 10 dBIAl above night limits
Canada/British

Outdoor sound levels measured at an,existing residence are to nor exceed a maximum of 40dB(A) based on wind

Columbia

speed 8-11 m/s. More specifically, " where ambienl conditions are 35dBIA) or less: night-time criterion: L eq, 9h of

(25)

40dB(AJ between 10:00 p,m. and 7:00 a.m.; Day-time criterion: Leq, 15h of 40dB(A) between 7:00a.m . and
10:00 p.m.: Ambient conditions are to be assumed at 35dB{Al for calculation purposes. Where ambient conditions
are shown to be >35 dB(Al during either the

day or night (except where another w ind power project is present!. a

5 dB(A) increment may be applied to a measured background sound level to determine lhe day or night criterion. to a
maximum of 50 dBIA) "
Canada/Manitoba

Sound lim its are based on the levels recommended by CanWEA whe re a sliding scale based on wind speed is used.

(26)

These levels start at 40dB(AJ at a wind speed ol 4 m/s and rise to 53dB(AJ at 11 m/s. For setback limits. sound
modeling-based assessments have been used to determine that 500-550 m from a receptor (an occupied dwelling)

is sufficient to ensure that the so\md criteria can be met
Canada/New

Ar a w ind speed of 7 m/s the overall noise limit is 40 dB(A}. this value increases with increasing w ind speeds to

Brunswick

53 dB(Al at speeds ~ 10 m/s. Proposed wind farms must demons1rate compliancy with these guidelines for all

(21, 27 )

sensitive receptors. including homes and recreational areas within 1 km of t!)e turbine. These values are used to
determined setback distances
Canada/Ontario

"If the w ind mrbine(sl are audible

111

a recording (does not include extraneous noise sources) then additional analysis

(28)

is required for the subject recording: determine the value of the 10 min L eq via software or obtain it dlrectly lrom lhe
recording device; determine if the wind !Urbine noise is tonal; obtain the average wind speed at the microphone
heigh t (1.5 or 4.5 ml over the 10 min recording session ." "Results of the 10 min L eq lmcludmg tonal penalty If
opplicoble) ere to be compared against the applicable sou nd I..v..I ll111i~ co11tc:1i111:1u in Lhe 2008 Noise Guidelines··
where at standardized wind speeds at 10 m height from below 5-10 m/s the sound level limil ranges from 40 to
51dB(Al
(Continued)
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Table 1 I Continued
Noise limits

Reference

Based on a review by 1he Minnesota Department of Commerce, municipalities determine setbacks in the Province ot

(21)

Country/region
Canada/Quebec

Quebec, with 500 m being the most commonly used setback distance. No noise guidelines were reported. However,
it does appear the Province of Quebec

has a nighttime rural noise limit (zone 1) of 40 dB(A) that is not wind turbine

specific
Denmark

" The total noise impact from wind turbines may not exceed the follow111g limit values: l1J at the most noise-exposed

(29)

point in outdoor living area no more than 15 rn from dwellings in open countryside: (al 44 dB(A) at a wind speed of
8 m/s. (b) 42 dB(Al at a wind speed of 6 m/s. (2) At the most noise-exposed point in areas with noise-sensitive land
use: (a) 39 dB{Al al a wind speed of 8 m/s. (bl 37 dB(A) at a w ind speed of 6 m/s"
Germany

" For immission points outside buildings. the binding immission values lor Ihe rating level are (a)

11) indl1str ial areas

(30)

70d8(A); (bl in comm ercial zones during the day 65d8(A) at night 50dBIAl: (cl in core areas, village areas. and
mixed-use zones during the day 60 dBIAl at night 45 dBIAl: Id) in general residential areas and small residential estate
areas during the day 55d8(A) at night 40d8(AJ; (e.) in purely residential areas during the day 50d8{A) at night
35dB(AJ; (f) in spa areas. for hospitals and nursing homes during the day 45d8(A) at night 35d8(Al"
Ireland

A m inimum setback distance of 500 m has been suggested, but Is not absolute "because of the lack of correlation

(3 1)

between separation dis1ance and w ind turbine sound levels. the use of a defined setback of turbines . . . is not
appropriate" . ... An outdoor limit of 40dB(A) "anributed to one or more w ind turbines. should be applied in order to
restric1 noise from wind turbines at noise sensitive properties·· was defined. Post construction noise levels can be
measured at wind farms to confirm if noise regulations are being met
New Zealand

..The level of sound from a w ind farm should not exceed the background sound level by more than 5d8. or a level of

(23)

40 dB L A90 (10 minl. whichever is the greater. About 40 dB is typical of a quiet residential area with only light traffic
and natural sounds such as the wind in the trees. In contrast , sound levels along-side an urban road would be around
60-70 dB during the day and about 50-60 dB at night. There are some locations that are particularly quiet at \imes and
so the recommended limit of 40dB would be considered to be unreasonable" .... " Where a local authority has
iden tified in its district plan the need to provide a higher degree of prot ection of acoustic amenity. The standard
recommends that when particular conditions are met, the sound from the wind farm during the evening and night
time should not exceed the bac~ground sound level by more than 5d8 or a level of 36d8 LA90(10minl.whichever is
the greater"
UK/England

For both day and night lime. noise is recommended to be limited to 5 dB(AJ above background noise. There is a fixed

(32)

mgh t limit of 43 dB(A) using L A90 110 min) or 45d81Al for properties benefiting financially from w ind turbine
development. A penalty of up to SdB(AI may be added if a distinct tone is distinguishable. England has no minimum
setback distance though the noise limits suggest a minimum of 350m for a typical wind turbine
USA/Oregon

(3 3)

For noise generated by a w ind energy facility, the assumed backg round L50 noise levels if 26d8(A) or the actual
ambient background level. " The noise levels from

a w ind energy facillty may increase

the ambient sta1istical noise

levels L 10 and L50 by more than 10d8IAl" .•.. Noise levels at the appropriate measorement point are predicted
assuming that all of the proposed wind facility 's turbines are operating between cut-in speed and the wind speed
corresponding to the maximum sound power level established by IEC 61400-11 (version 2002-12)
(1 4)

USA/

Massachusetts has dra ft " Promising Pracrices for Nighttime Sound Pressure Levels by Land Use Type" for wind

Massachusetts

turbine noise. These values were provided in a 2012 report (Wind Turbine Health Impact Study). MassDEP co nvened a
technical advisory group to consider potential revisions to its noise regl1lations and policy. The promising practices for
nighttime sound pressure levels

are industrial areas 70dB(A); Commercial are.as 50d8(A); villages. mixed usage

45d8(A); sparsely popula ted areas. 8m/s wind 44dB(A); sparsely populated areas, Gm/s w ind 42dB!A); residential
areas, 8 m/s w ind 39d8(A); residential areas, 6 mis wind 37 dB(A). Wind speeds should be measured at 10 m above
ground. outside of residence, or location of concern
USA/New

No noise limit has been imposed by the State. However, the State Site Evalua tion Committee (SEC) has accepted a

Hampshire

45 dB(A) setback on at least one project (e.g .. Groton Wind ProIect: Groton. New Hampshire)

USA/Maine

The Slate of Maine has Sound Level Limits for Routine Operation of Wind Energy Developments in Chapter 375

(34)

ot

(35)

Rule Chapters fol the Department of Environmental Protection. The sound levels resulting from routine operation of a
wind energy development shall not exceed (a) 75d8(Al at any time of day at any property line of the wind energy
development or contiguous property owned or controlled by the wind energy developer. whichever is farther from the
proposed wind energy development's regulated sound sources: and (bl 55 dB(A) between 7:00 a.m. and 7:00 p.m.
(the "daytime limit"!. and 42 dBIAl between 7:00 p.m. and 7 :00 a.m . (the "nighttime limit") at any protected location
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Table 21 Review of reported wind turbine IS emissions (reported after 2010").
Author

Reference

WT rated

Distance (ml

IS

Overall sound level

Background sound level

power
Ambrose et al.

(5 1)

1.65

Boczar et al.

(4 1)

2

Turnbull et al.

(43)

2.1

2

Evans et al.

(44)

2.1
2.1

Evans

(45)

3

Wind
speed (mis)

520

131

51--64d8 (G) indoor

18-24d8 (A) indoor

39-44dB (G) indoor

54-65 dB(G) outdoor

4 1-46 dB(A) outdoor

49-54d8(G) outdoor

55-70d8 SPL outdoor

Not reported

Not reported

1-8

Not reported

Not reported

6-8

Not reported

62 dB(G) outdoor

85

72d B(G) outdoor

185

67 dB(G) outdoor

360

61 dB(G) outdoor

100

66 dB(G) outdoor

200

63 dB(G) outdoor

1500
1400

49-56 dB(G) indoor

Not reported

51-55d8(G) indoor

57-61 dB(G) outdoor

Not reported

58-60 dB(G) outdoor

57-66 dB(G) indoor

Not reported

Not reported

56-62 dB(G) outdoor

Not reported

Not reported

6-20

10-12

1800

40-70d8(G) indoor

Not reported

45-60d8(G)

1-1 8

2700

45-70dB(G) indoor

Not reported

45-70dB(G)

1-22

'In addition to the siudies cited here. others have measured wind evrbme associated IS; however, only those that explicitly reported ranges were inclucled m this

table.

Table 3 I Review of reported wind turbine LFN emissions (reported after 2010").
Author
O'Neal et al.

(42)

2.3
1.5

Evans et al.

Overall sound level Background sound laval Wind speed (mis)

Reference WT rated power Distance (ml LFN

(46)

2.1

305

63.5dB(C) outdoor

49.4dB(A) outdoor

323

54.7 dB(C) indoor

33.BdB(A) indoor

Nor reported

3.3
3.2

290

471 dB(C) indoor

27.1 dB(AJ indoor

305

62.8 dB(C) outdoor

50.7 dB(A) outdoor

3.3

312

50.6 dB(C) indoor

33.6dB(A) indoor

6.4

1500

0-4dB(A) indoor

NA

21- 25dB(A) outdoor

Not reported

3-8 dB(AJ indoor

6.2

10-12

22-29 dB(A) outdoor

'In addition to the studies cited here, others have measured wind turbine associated LFN; however, only those that explicitly reported ranges were included in this
table.

carried out outdoors at 4.5 m height, and at a distance between
400 and 800 m. Meteorological data were also recorded at a height
of 10 mat the same location. The sound measurements were carried out using Class 1 instrumentation with sufficiently low noise
floor. A large 450 mm diameter spherical secondary windscreen
was employed in addition to a commercially available 7 cm primary wind screen to minimize pseudo-noise from wind flowing
over the microphone. Field sound measurements of wind turbines
are highly susceptible to contamination from extraneous noise
such as from human activity, fauna, insects, and wind-induced
noise. To control for these sources of contamination, the following
methods were used:
sound measurements were only collected during nighttime,
between 10 p.m. and 5 a.m.;
measurements were conducted in 1 min intervals;
measurements were binned by wind speed for each 1 min
interval;

www.frontiersin.org

intervals within 1 h of rainfall or snowfall were not used; and
• intervals with gusty winds (>2 m/s above the mean wind
speeds) were not used as these periods are more susceptible to
wind-induced pseudo-noise.
Measurements were carried out in the vicinity of the wind facility
during wind turbine operation as well as with the turbines off. The
same filtering and data quality management methods were applied
to both data sets. A minimum of 60 data points in each wind bin
were gathered. To isolate only the LFN portion of the spectrum,
data between 20 and 200 Hz were analyzed and summed. Once
tallied, the mean spectrum for the 3 and 6 mis integer wind speeds
was calculated. For each of those cases, the calculation was made
from spectra where the mean wind speeds were within 0.5 mis of
the stated value and was relatively steady during the entire interval. The gust filtering ensures that no gust was more than 2 mis
above the mean. The mean spectrum was calculated by computing the energy averaged sound level for each 113rd octave band
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between 20 and 200 Hz, and then computing an A-weighted sum
of the spectrum.
The self-noise emitted by the system itself was assessed using the
measurements conducted during periods when the wind turbines
in the vicinity were not operating. The mean spectrum at various wind speeds was compared to those found in other literature
comparing measured ambient levels with respect to wind speed.
The most applicable study, conducted by the Japanese Ministry of
Environment and reported by Tachibana (53) compared sound
levels measured with various windscreens ranging from naked
microphone to a specialized dodecahedron double windscreen.
Measured low-frequency levels were at or below those reported in
the double windscreen case in the Japanese study for most wind
speeds and locations. It should be noted that although the measured ambient levels are consistent with those measured with high
degree of windscreen protection, pseudo-noise contamination of
the signal cannot be fully avoided.
Based on the measurements conducted, the typical measured
SD for the A-weighted level was ±3 dB for the turbines ON,
and ±2 dB when the turbines were OFF. The SD was higher at
lower wind speeds and decreased with increasing wind speed.
This is due to wind-induced ambient noise (which is fairly steady)
dominating the signal at the higher wind speed. At lower wind
speeds, because the ambient levels are lower, individual nonturbine related events such as vehicular traffic, faunal noise, or
other intermittent noises increase the variability in background
noise. Additionally, during lower wind speeds, the wind turbine
noise source would be more susceptible to changes in wind speed
at the hub. For ex.ample, for two cases where the ground levet wind
speed is 3 m/s, the hub height wind speed could be 4 mis in one
case and 8 m/s in another. This would result in a difference in the
amount of noise produced by the turbine. It is the authors' view
that given the above variability, wind turbine noise measurements
at far field distances should carry a nominal uncertainty value of
±3 to ±5dB.

RESULTS AND DISCUSSION
INDOOR INFRASOUND MEASUREMENTS
Infrasound levels in the homes at 450 m were relatively similar,
measuring 59 and 58 dB(G) (Table 4). IS measured at the furthest location of 900 m was comparable to the measurements at
450 m, measuring 60 dB(G). These data indicate that IS levels were
relatively constant with increased distance from the nearest wind
turbine and were approximately 25 dB below the level of human
perception [approximately 95 dB(G) (54) ], which may be indicative of non-wind turbine associated distant sources of IS. The
results reported here are consistent with previous measurements
at varying distances ( 4 1-45 ). For instance, IS measurements from
290 to 323 m from wind turbines were 20-30 dB below the human
auditory threshold levels ( 42). Additional measurements of IS in
the 1-30 Hz range at a distance of 200 m from the wind turbines
also remained below the human auditory threshold (4 1). Other
investigations have shown that at further distances ( 1.5 km) indoor
IS levels in two residences were between 49 and 61 dB(G), with no
reported difference between operational and shutdown periods,
also suggesting that there are other sources of IS contributing to
these results ( 44) . The same group (55) also showed that indoor IS
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Tabla 4 I Indoor infrasound measured at thraa homes at two different
distances to 1.5 MW turbines.
WT rated power (MW)

1.5
1.5

1.5

Distance (m)

IS level [dB(G)]

450
450
900

59

58

60

Tabla 5 I lnfrasound noise limits per jurisdiction (not wind turbine
specific).
Country/region

Noise limits

Reference

Aust ralia/

G-weighting function used to

Queensland

determine annoyance due to

(57)

infrasound within the frequ ency range
from 1 to 20 Hz. The recommended
limit value for infrasound inside
dwellings during the day, evening and
night is 85dB(G}. Noise is measured
over a 10-min period and a 5 dB penalty
is added for impulsive noise.
Approximate determination of sound
pressure level may be made by
analysis of the signal using one-third
octave bands and appl ication of the
provided weighting values
Japan

(59)

The reference value for complaints of
mental and physical discomfort include
the G-weighted sound pressure level
of 92 dB(G) as measured at 10 Hz

levels were between 50 and 70 dB(G) at distances of 1.8 and 2.7 km
from the nearest wind farm . In conjunction with these reports, the
results from the current field investigation indicate that wind turbines are a source of IS; however, sound levels are well below the
human auditory threshold.
Only two jurisdictions have developed clear guidelines for IS
and neither is specific to wind turbine noise (Table 5). This may
be partly a result of the highly sophisticated equipment and analyses required to accurately measure IS and distinguish between the
IS generated from wind turbines and other natural and engineered
sources (56). The Queensland Department of Environment and
Resource Management's Draft ECOACCESS Guideli11e•Assess111elll
of Low Frequency Noise proposed an interior IS limit of 85 dB(G)
(57). This value was derived based on a 10 dB protection level
from the average 95 dB( G) hearing threshold ( 54) and previous
Danish recommendations for IS limits (58). The Japanese Handbook on Low Frequency Noise provides an IS reference value of
92 dB(G) at 10 Hz and 1/3-octave bands up to 80 Hz (59). These
values were derived from investigations that monitored complaints
of mental and physical discomfort from healthy adults exposed to
low-frequency sounds in a room (59). Though the Japanese guidelines were derived through short-term monitoring experiments
and are not equivalent to the long-term exposure associated with
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living in proximity of wind turbines, the levels of IS measured
as part of this current study (Table 4) are 20-30 dB below these
guidelines.
A limited number of reports have suggested that the IS component of wind turbine noise is the cause of self-reported adverse
health effects ( 51, 60, 61). Mechanisms within the inner ear
that are sensitive to low levels of IS stimulation have been proposed to be associated with adverse health responses (36, 37, 62).
However, functional magnetic resonance imaging has provided
powerful evidence that IS is perceived via similar auditory pathway as audible sounds when above the level of perception with
no indication of cortical activation at sub-threshold values (63 ).
Furthermore, exposure to IS is known to originate from other
engineered or natural processes, including wind and weather systems (64), volcanic (65) and auroral activity (66), and mountain
ranges (67); this would arguably also induce stimulation of the
inner ear. Recent outdoor measurements have provided an indication of IS levels from a number of natural sources, including
sea waves at 25 m from the coast (75 dB(G)], 250 m from a coastal
cliff face [69 dB( G)] and 8 km inland from the coast [57 dB (G)]
(43 ). The authors reported that wind turbine IS levels, which were
between 61 and 72 dB (G) at distances of 85-360 m, were lower
than many of the natural sources measured (43 ). IS is also generated in urban environments as a result of human activity and
engineered sources such as industrial processes, ventilation systems, and vehicles (43, 44). Measurements of IS in a typical urban
setting have been reported to be upto 70 dB(G) during the daytime
and 63 dB(G) at night (4.J ). Jn comparison, studies reporting biological responses to rs exposure were at sound pressure levels that
were above the level of auditory perception, much higher than
those produced by wind turbines [e.g., 145 dB and 165 dB (68,
69) ]. Collectively, these reports and the measurements from the
current investigation indicate tha t humans are regularly expo ed
to IS from several natural and engineered sources at levels that
exceed those produced by wind turbines. Although sounds with
impulsive characteristics (e.g., wind turbines) generate greater levels of annoyance than non-impulsive sources, annoyance levels
have only been associated with noises that are above the threshold
of auditory perception (9, 70). Our measurements oflS, and those
from the literature, are all well below the threshold of auditory
perception.

OUTDOOR LOW-FREQUENCY NOISE AND OVERALL SOUND MEASURES
Outdoor LFN levels were assessed through 1/3-octave band measurements with wind turbines operational (on) and during scheduled shutdown periods (off) at distances of 480, 490, 611, and
810 m (Figure 1). The most evident result is the similarity between
measured LFN levels with wind turbines on and off (ambient)
from 20 to 100 Hz, at which point sound levels began to deviate
from one another. This deviation was most apparent at measurements taken nearest the turbines (Figures lA,B) where levels of
LFN from turbines on differed from ambient by 6 and 9 dB at
wind speeds of 3 and 6 mis, respectively. As distance from the
turbines increased, the amount by which LFN levels measured
with turbines on and off differed compared those observed at
480 m. At 490 and 611 m, the maximum difference between on
and off was between 3 and 4 dB. At the furthest observation point
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of 810 m (3 mis), there was no difference in LFN levels measured
during wind turbine operation and shutdown (Figure lG). At
lower frequencies within the LFN spectrum (20-100 Hz), the contribution of the wind turbines was negligible when compared to
ambient levels at distances :::490 m (Figures IC-G). At all distances and wind speeds, irrespective of wind turbine operation,
LFN exceeded the ISO-defined audible threshold at frequencies
>40-50 Hz (7 I). These results indicate that the observed increase
in LP during wind turbine operation was found primarily in
the frequency range consistent with the audible range of hearing.
namely 20-20,000 Hz, and not in the IS range ( < 20 Hz). It is also
noted that the sam e applie to ambient noise levels, namely that
the levels cross the aud ito ry threshold at frequencies between 40
and 50 Hz and higher.
Through the 1/3-octave band analysis of overall sound levels (20-20,000 Hz; Figure 2), it was apparent that the increase in
LFN from wind turbine operation was accompanied by increased
sound levels at higher frequencies (i.e., >200Hz) . This was particularly evident at 480 m where wind turbine associated sound
levels continued to be above ambient levels until approximately
3150Hz (Figures 2A,B). At further distances, sound levels were
above ambient levels at frequencies between 125 and 1000 Hz, but
not easily distinguishable from ambient levels below 125 Hz or
above I kHz (Figures 2C-F). These resul ts indicate tha t though
there was an observed increase in LFN levels during wind turbine
operation at the 480 m location this increase was accompanied by
an increase in sound levels up to 3 kHz.
At closer distances where the LFN component can be measured above the ambient conditions, the mid frequency sound
levels were also above ambient levels. In those cases, the signalto-noise ratio of the mid frequency sound levels was higher than
that below 125 Hz, indicating that the most audible portion of
the frequency spectrum was between 125 and 3150 Hz. At further
distances, it was evident that the signal-to-noise ratio decreased,
such that only acoustic energy between 125 Hz and about 8001000 Hz was above background, with the highest signal-to-noise
ratio between 200 and 500 Hz {Figures 2C-F). The ingle measurement point at 810 m showed no measurable increase in any
of the mean sound levels. This is indicative that a presence of
LFN in the signal from wind turbines was accompanied by a presence in mid frequency sound levels. For instance, where the LFN
levels were considerably above ambient levels, the mid frequency
sounds levels were also considerably increased. This indicates that,
at the distances of interest, it is the mid frequency region that is
the most audible portion of the noise from the turbines. Only
at closer distances, where the mid frequency components would
be clearly audible (6-9 dB signal-to-noise ratio), would the lowfrequency components from the turbines start to be audible above
ambient levels. The overall A-weighted sound pressure level was
significantly affected by the mid frequency component. As a result,
it would be expected that by controlling the overall sound pressure level [dB(A)] from normal functioning wind turbines that
the LFN component would also mitigated.
When the wind turbines were operating, the highest mean LFN
level [dB(A)] was observed at 480 m (Table 6). At the other locations >480 m from the wind turbines, the measured difference
between wind turbines on and off was between 1 and 3 dB, at
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FIGURE 1 I Outdoor low-frequency noise measurements at 480 m (A,BI, 490 m (C,DI, 611 m (E,F), and 810 m (GI from 1.5 MW wind turbines with wind
speeds of 3 m/s (A,C.E,GI and 6 m/s (B,D,FI with turbines on and off. Hearing threshold (ISO 226:20031 is also provided.

least half of that observed at 480 m. The mean overall sound lcveis
reported in dB(A) showed very similar trends to those reported
in the LFN analysis. Critically, the increase in mean sound levels
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at the closest location (480 m) reported in the LFN spectrum and
overall sound in the 1/3-octave band analysis was maintained. In
addition, the observed trends at 490,611, and 810 m , also remained
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consistent. From these results, it is evident that during wind turbine operation, the increased sound levels that began in the LFN
spectrum, at approximately 160 Hz and continued to 1000 Hz,
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were above auditory threshold levels and represented in the mean
dB(A) sound measures. The consistency between the mean dB(A)
measurements and trends observed in the 1/3-octave band analysis
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suggest that the contribution of the LPN component and overall
sound levels were accounted for in the calculation.
A number of investigations have reported LPN levels in the
proximity of wind turbines (Table 2) similar to those reported
here. Furthermore, the results showing LPN levels passing the
auditory threshold between 40 and 50 Hz are similar to those
that have been previously reported (42, 72). For instance, O'Neal

Table 6 I Low-frequency noise (LFNI and overall sound levels with
turbines on and off (i.e., backgroundl in dB(A) .
Wind

Distance (ml

LFN "On"

LFN uOff"

speed (m/s)

Overall

Overall

sound

sound

3

480
490
61 1
810

30
32
31
25

26
30
30
26

41
40
42
36

35
39
40
36

6

480
490
611

36
39
37

30
38
34

47
49
49

40
48

45

•Ambient noise at £his location, w11h turbines off, is influenced by wind speed

/3 and 6 mis} and movement of vega1ation in the measuring /ocalio11.

et al. ( 42) measured indoor and outdoor LPN levels from wind
turbines at a distance of 300 m and found the levels were below
the United Kingdom's (UK) Department for Environmental and
Rural Affairs (DEFRA) and Japanese guidelines and became
audible at approximately 50 Hz (42). Elsewhere, LPN levels were
only marginally higher and remained well below guidelines even
though measurements were taken as close as 104 m from the nearest wind turbine (72) . LPN measured at 1.8 and 2.7 km from
the nearest wind farm was comparable during pre-operational
and operational periods of development, though small increases
at frequencies above 63 Hz were reported (45). At a greater distance of 1.5 km from wind turbines, Evans et al. found LPN levels
were similar to those measured at distances of 10 and 30 km
from the turbines (46 ). Further, organized shut downs of the two
wind farms showed that the contributions of the turbines to LPN
measurements were negligible or relatively small contributions at
I 00 Hz and above ( 46 ). As shown with IS, LPN is also produced by
natural and common engineered sources: in urban environments,
including offices and residences, LPN levels often exceed available
guidelines and are greater than those measured 1.5 km from the
nearest wind turbine (46).
The sound characteristics and associated fall off with distance
have been extensively measured by Tachibana in the range from
0.8 Hz to 5 kHz at 164 locations around 29 wind farms, using
one third octave analysis. The average of the measures fell with a
slope of 4 dB/octave over the whole range. The average passed

Table 71 Indoor LFN noise limits per jurisdiction (not wind turbine specific).
Country/region

Noise limits

R•farance

Australia/

Overall sound pressure level inside residences should not exceed 50d8 !linear). If the dB (linear) measurement

Queensland

exceeds the dB(A) measurement by more than 15 dB further analysis of one-t hird octave band between 20 and

(57)

200 Hz. is suggested. Recommended limits for non-tonal low-frequency noise in a dwelling, during the evening and
night is 20dB(Al and during the day 25 dBtAJ
Denmark

(75)

Low-frequency noise lim its are limited to a total level ol 20 dB(Al indoors as measured by the A-we ighted level of
noise in 1/3-octave bands between 'lO and 160 Hz

Japan

(59)

Reference values for complaints of mental and physical discomfort are provided in 1/3-octave sound pressure levels
from 10 to 80 Hz. The handbook suggests taking sound pressure level and G-weighted sound pressure levels. The
guidelines provided by the handbook are only applicable to LFN produced by s ta tionary so1,md sources that produced
LFN continuously and is not appHcable to LFN from transie1,t and intermitten t sources such as airplanes, railways. or
explosive blasts. Values

for men tal and physical complaints were based on an investi_gation of tolerable levels of

low-frequency noise from which a 10 percentile curve was developed
Poland

"Criteria we re based on the measurement data of ann oying noises, investigation of the effects of noise on the health

(74)

of the e)(posed inhabitants, laboratory tests of thresholds ot narrow and broad-band noise perception and a review of
the present literature. In order to assess the noise spectra measured in dwellings, the A 10 characterist ic has been
accepted as the rating curve. Its levels, L. for 1/3-octave bands are determine by the relation LalO = 10-Ka, wliere Ka
is the A-weighting , Low -frequency noise is annoving when the sound pressure levels of the noise exceed the A 10
curve and simultaneously exceed the bacJ(ground noise level by more than 10 dB for tonal noise and by 6dB tor
broad-band noise"
United

Indoor recordings of Leq, l10 and L90 In third octave bands between 10 and 160 Hz should be made. If the Leq

Kingdom

exceeds va lues provided then it

(76)

may indicate a significant source of LFN that could be causing disturbances, If the

noise only occu rs during the day then a 5d8 relax11tion may be applied. If the noise is steady then a SdB rela1<ation
may be applied. Reference curve was developed based on protective value of 5 dB below the average threshold of
hearing
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through 55 dB at 10 Hz and crossed the hearing threshold at
about 50 Hz (7 3). Other, less detailed measurements on individual turbines have shown slopes of 5 dB/octave to 6 dB/octave (42 ).
A spectrum, which falls at 5 dB/octave and passes through, for
example, 60 dB at 10 Hz has an A-weighted level of 39 dB(A),
which is mainly determined by a broad peak in the A-weighted
spectrum in the region of 200 Hz to 630 Hz. Any shift in the
level at 10 Hz is reflected in the A-weighted level. Similarly, this
spectrum has a C-weighted level of 58 dB(C). The difference
between dB(A) and dB(C) levels depends only on the spectrum
shape and is independent of overall level, indicating that for
similar spectrum shapes, the dB(A) and dB(C) levels are highly
correlated.
There are currently no widely accepted international healthbased limits for LFN specifically derived for wind turbines. A
number of jurisdictions have developed both indoor and outdoor
LFN limits to address potential issues associated with industrial
noise emissions (Tables 7 and 8). The majority of the limits are
for indoors and utilize 1/3-octave sound pressure level measurements between 5 and 200 Hz. This analysis enables assessors to
identify tonal components within the spectrum that may be problematic. The 1/3-octave band limits vary significantly between
jurisdictions. In Poland, LFN limits are around 10 dB(A) across
1/3-octave bands between 10 and 250 Hz (74 ). In Denmark, LFN
is limited to a total level of 20 dB(A) between 10 and 160 Hz (75),
while in UK, guidelines are generally between 10 and 25 dB(A)

depending on the frequency between 10 and 100 Hz (76). Indoor
LFN limits provide a basis to address specific complaints from
local residents; however, for wind farm development, regular
monitoring of outdoor sound levels presents a more practical
option.
Only a small number of jurisdictions, including the province of
Alberta, Canada (24) , Japan (59), and Australian States of South
Australia and New South Wales (18), have introduced outdoor
LFN noise limits (Table 8). Several of these guidelines determine
the difference between C- and A-weighted sound measurements
( 19, 24, 77). This calculation can provide an indication of an unbalanced pectrum; a difference >20 dB between two weightings may
warrant further investigation based on those regulations (78 , 79).
The ability of this calculation to predict LFN issues is limited,
particularly when there are low levels of background noise that
result in a large difference between the A- and C-weighted sound
levels that are not associated with increased levels of annoyance
(80 ). In the current investigation the difference between wind turbine operational scenarios (i.e., on and off) was <5 dB at the
490 and 611 m locations at both wind speeds. Measured background levels at 490 and 611 m were also high, measuring 48 and
45 dB(A), respectively. A number of noise guidelines, including
those in UK (32 ), New Zealand (23), and several of the Australian
states ( I 8-20, 22 ), take into account the potential for high levels
of background noise by suggesting that the contribution of wind
turbines to be limited to < 5 dB above background. In the current

Table 8 I Outdoor LFN noise limits per jurisdiction (not wind turbine specificl.
Reference

Country/region

Noise limits

Australia/New

Considered it unnecessary to establish the lull spectral signa ture of all w ind turbines based on the findings that wind

South Wales

turbines have very similar spectral signatures and do not generate excessive levels ol low•frequency noise.

(77)

Recommended using dB(Cl measurements at Intermediate locations to identify any anomalies such as a mechanical
problem or a need for any further investigation. "Trigger levels of 65/60 dB(Cl as suggested by Broner 1201 1l were
adopted " " 5dB(Al penalty should be applied to the predicted or measured noise level from the wind farm for the
periods and meteorological conditions under which the low -frequency noise has been identified," New South Wales

lndustflel Noise Policy (1999) suggests that a difference of 15 dB or greater between dB(AJ and dB(Cl weightings can
establish the presence of a low-frequency noise can be established and addressed
Australia/Sout h

Follow the suggestions made by the New South Wales Industrial Noise Policy, but do not provide any specific limit or

Australia

required actions

Canada/Alberta

A LFN issue exists both when " (Al the tlme-weighted dB(Cl-dB(A) value for the measured daytime or nighnime

(19)

(24)

period is ~20 dB and (8) A clear tonal component exists at a freque ncy betw een 20 and 250 Hz." When a LFN issue
has been identified, measurements of C- and A-weighted scales are to be made concurrently. The presence of a LFN
issue ts confirmed when both "IA) The isolated time-weighted average dBICJ.-dB(A) va lue for t he measured daytime
or nighttime period is ~20dB. For ihe 1/3-octave frequency bands between 20 and 250 Hz and below. la) the linear
sou nd level of one band must be at least 10 dB or more above one of the adjacent bands wi tt1in two one-thi rd octave
bandwidths (bl there must be at least a five dB drop in level within two bandw idths on the opposite side of the
frequency band exhibiting the high sound levels.~ If these condltions exist. "5dB(A) m ust be added to the measured
comprehensive sound level. II this value exceeds the permissible sound level, the licensee must identify the source
of the LFN and implement noise attenuation measures to address the issue in a timely way"
Japan

(59)

Reference values for outdoor measurements of low-frequency noise to provide guidance in how to address
complaints of rattling windows and doors are provided for 1/3-octave bands from 5 Hz up to 50 Hz as reported in L eq.
The va lues were based on rattling thresholds observed in tw o studies. At 5 Hz. the maximum value is 70 dB L eq and
increases up to 99 dB L eq at 50 Hz
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investigation, the 480 m location was the only one observed to
be :;::5 dB above background levels (6 dB at 3 mis and 7 dB at
6m/s).

CONCLUSION
Data from the current investigation indicate that wind turbines
produce noise that is broad-band in nature, which includes energy
within the IS and LFN spectrums. Based on the data presented
here, the indoor IS component of wind turbine noise measured
as dB(G) at distances of 450 and 900 m, was well below the levels
of human perception (54), providing further support to previous
reports (39, 41-45, 8 I). IS is produced at levels comparable or
greater than those shown here by natural and engineered sources
(43, 81 ). There is no scientific evidence to indicate that exposure
at these G-weighted levels of IS can directly impact human health.
Recent studies have indicated that psychological factors (12, 13)
and the manner in which information is presented from media
reports and non-scientific sources may influence the perception
and expectations associated with wind turbine sounds (82). These
reports suggest that subjective variables may be a more likely etiology for self-reported effects than from exposure to IS associated
with normal wind turbine operation.
The LFN analysis showed that when the turbines were both
on and off sounds above 40-50 Hz exceeded the threshold for
auditory perception as defined by ISO 226:2003 (7 1). A clear
contribution from the operation of the wind turbines was only
observed at the closest location of 480 m when compared to background levels. Increases in LFN observed between 100 and 200 Hz
corresponded to increases in overall sound measures reported in
dB(A) . The use of alternative sound weightings [i.e., dB(C)] may
have utility in instances where there are significant increased levels
of LFN, particularly when a tonal component is present. However,
the results from the current investigation indicate that increases in
LFN associated with wind turbine operation are correlated with
increases in overall sound levels. These results, in conjunction with
those of previous reports, suggest that controlling for overall sound
levels produced by normally operating wind turbines will inherently control for LFN (38, 48, 77). The results reported here are
in agreement with a recent report issued by Health Canada, which
concluded that following over 4,000 h of wind turbine noise measurements, there was "no additional benefit in assessing LPN as
C- and A-weighted levels were so highly correlated (r= 0.94) that
they essentially provided the same information" (50). Given the low
levels of IS and the correlation bet\veen LFN and overall sound
levels from wind turbines, the development and enforcement of
suitable outdoor guidelines and limits, based on dB(A), provide
an effective means to evaluate, monitor, and protect potential
receptors.
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Wind Turbines and Health
A Critical Review of the Scientific Literature
Robert J. McCunney, MD, MPH, Kenneth A. Mundt, PhD, W. David Colby, MD, Robert Dobie, MD,
Kenneth Kaliski, BE, PE, and Mark Blais, PsyD

Objective: This review examines the literature related to health effects of
wind turbines. Methods: We reviewed literature related to sound measurements near turbines, epidemiological and experimental studies, and factors
associated with annoyance. Results: (I) Jnfrasound sound near wind turbines does not exceed audibility thresholds. (2) Epidemiological studies have
shown associations between living near wind turbines and annoyance. (3)
lnfrasound and low-frequency sound do not present unique health risks. (4)
Annoyance seems more strongly related to individual characteristics than
noise from turbines. Discussion: Further areas of inquiry inc lude enhanced
noise characterization, analysis of predicted noise values contrasted with
measured levels postinstallation, longitudinal assessments of health pre- and
postinstallation, experimental studies in which subjects are "blinded" to the
presence or absence ofinfrasound, and enhanced measurement techniques to
evaluate annoyance.

T

he development of renewable energy. including wind, solar. and
bioma ·s, has been accompanied by attention to potential environmental health risks. Some people who live in proximity of wind
turbines have raised health-related concerns about noise from their
operations. The issue of wind turbines and human health has also
now been explored and considered in a number of policy, regulatory,
and legal proceedings.
This review is intended to assess the peer-reviewed literature
regarding evaluations of potential health effects among people living
in the vicinity of wind turbines. It will include analysis and commentary of the scientific evidence regarding potential links to health
effects, such as stress, annoyance, and sleep disturbance, among others, that have been raised in association with Jiving in proximity
to wind turbines. Efforts will also be directed to specific compo-

From the Department of Biological Engineering (Dr McCunney), Massachusetts
Institute ofTechnology, Cambridge; Department ofEpidemiology (Dr Mundt),
Environ International, Amherst, Mass; Travel Immunization Clinic (Dr
Colby), Middlesex-London Health Unit, London, Ontario, Canada; Dobie
Associates (Dr Dobie), San Antonio, Tex; Environment. Energy and Acoustics (Mr Kaliski), Resource Systems Group, White River Junction, Vt; and
Psychological Evaluation and Research Laboratory (Dr Blais), Massachusetts
Gencrnl Hospital, Boston.
The Canadian Wind Energy Association (CanWEA) funded this project through
a grant to the Department of Biological Engineering of the Massachusetts
Institute of Technology (MIT). In accordance with MIT guidelines, members
of the Can WEA did not take part in editorial decisions or reviews of the
manuscript. Ors McCunney, Mundt, Colby, and Dobie and Mr Kaliski have
provided testimony in environmental tribunal hearings in Canada and the USA.
Tho Mussnchusetts Institute of Technology conducted 1111 indcpcnclcnt review
oflh~ finnl manuscript to ensuN m;ndcmic indcpcndcncc of the commentnry
and to el im inate any bias in the interpretation of the literature. All six coauthors
also reviewed the entire manuscript and provided commentary to the lead
author for inclusion in the final version.
The authors declare no conflicts of interest.
Supplemental digital contents are available for this article. Direct URL citation
appears in the printed text and is provided in the HTML and PDF versions of
this article on the journal's Web site (www.joem.org).
Address correspondence to: Robert J. McCunney, MD, MPH, Department of Biological Engineering, Massachusetts Institute of Technology, 77 Massachusetts
Ave, 16-771 , Cambridge, MA 02139 (mccunney@mit.edu).
Copyright © 2014 by American College of Occupational and Environmental
Medicine
DOI: I 0.1097/JOM.00000000000003 13

e108

nents of noise associated with wind turbines such as infrasound and
low-frequency sound and their potential health effects.
We will attempt to address the following questions regarding
wind turbines and health:
I. Is there sufficient scientific evidence to conclude that wind turbines adversely affect human health? If so, what are the circumstances associated with such effects and how might they be prevented?
2. ls there sufficient scientific evidence to conclude that psychological stress, annoyance, and sleep disturbance can occur as a
result of living in proximity to wind turbines? Do these effects
lead to adverse health effects? If so, what are the circumstances
associated with such effects and how might they be prevented?
3. Is there evidence to suggest that specific aspects of wind turbine
sound such as infrasound and low-frequency sound have unique
potential health effects not associated with other sources of environmental noise?
The coauthors represent professional experience and training
in occupational and environmental medicine, acoustics, epidemiology, otolaryngology, psychology, and public health.
Earlier reviews of wind turbines and potential health implications have been published in the peer-reviewed literature 1--6 by state
and provincial governments (Massachusetts, 2012, and Australia,
2014, among others) and trade associations. 7
This review is divided into the following five sections:
I. Noise: The type associated with wind turbine operations, how it is
measured, and noise measurements associated with wind turbines.
2. Epidemiological studies of populations living in the vicinity of
wind turbines.
3. Potential otolaryngology implications of exposure to wind turbine
sound.
4. Potential psychological issues associated with responses to wind
turbine operations and a discussion of the health implications of
continuous annoyance.
5. Governmental and nongovernmental reports that have addressed
wind turbine operations.

METHODS
To identify published research related to wind turbines and
health, the following activities were undertaken:
l. We attempted to identify and assess peer-reviewed literature related to wind turbines and health by conducting a review of
PubMed, the National Library of Medicines' database that indexes more than 5500 peer-reviewed health and scientific journals
with more than 21 million citations. Search terms were wind turbines, wind turbines and health effects, infrasound, infrasound and
health effects, low-frequency sound, wind turbine syndrome, wind
turbines and annoyance, and wind turbines and sleep disturbances.
2. We conducted a Google search for nongovernmental organization and government agency reports related to wind turbines and
environmental noise exposure (see Supplemental Digital Content
Appendix I, available at: http://links.lww.com/JOM/A 179).
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3. After identifying articles obtained via these searches, they were
categorized into five main areas that are noted below (section D)
and referred to the respective authors of each section for their
review and analysis. Each author then conducted their own additional review, including a survey of pertinent references cited in
the identified articles. Articles were selected for review and commentary if they addressed exposure and a health effect-whether
epidemiological or experimental-or were primary exposure assessments.
4. Identified studies were categorized into the following areas:

I. Sound, its components, and field measurements conducted in
the vicinity of wind turbines;
II. Epidemiology;
m. Effects of sound components such as infrasound and
low-frequency sound on health;
rv. Psychological factors associated with responses to wind
turbines;
V. Governmental and nongovernmental reports.
5. The authors are aware of reports and commentaries that are not in
the scientific or medical peer-reviewed literature that have raised
concern about potential health implications for people who live
near wind turbines. These reports describe relatively common
symptoms with numerous causes, including headache, tinnitus,
and sleep disturbance. Because of the difficulties in comprehensively idenlifying non- peer-reviewed reporls ·uch as these and
the inherent uncertainty in the quality of non-peer-reviewed reports, they were not included in our analysis, aside from some
books and government reports that are readily identified. A similar approach of excluding non-peer-reviewed literature in scientific reviews is used by the World Health Organization (WHO)'s
International Agency for Research on Cancer (IARC) in its deliberations regarding idenlification of human carcinogens.8 International Agency for Research on Cancer, however, critically evaluates exposure assessments not published in the peer-reviewed
literature, if conducted with appropriate qua lity and in accordance with international tandards and guidelines. International
Agency for Research on Cancer uses this policy for exposure
assessments because many of 1hese efforts, altJiough containing
valuable data in evaluating health risks associated with an exposure to a hazard, are not routinely published. The USA National
Toxicology Program also limits its critical analysis of potential
carcinogens to the peer-reviewed literature. In our view, because
of the critical effect of scientific studies on public policy, it is imperative that peer-reviewed literature be used as the basis. Thus,
in this review, only peer review studies are considered, aside from
exposure-related assessments.

Wind Turbines and Health

Wind turbines sound is made up from both moving components and interactions with nonmoving components of the wind
turbine (Fig. I). For example, mechanical components in the nacelle
can generate noise and vibration, which can be radiated from the
structure, including the lower. The blade has several components
that create aerodynamic noise, such as the blade leading edge, which
contacts the wind first in its rotation, the trailing edge, and the blade
tip. Blade/tower interactions, especially where the blades are downwind of the tower, can create infrasound and low-frequency ound.
This lower orientalion is no longer used in large wind turbines. 0

Sound Level and Frequency
Sound is primarily characterized by its pitch or frequency as
mea ured in Hertz (Hz) and its level as measured in decibels (dB).
The frequency of a sound is the number of limes in a econd that
the medium U1rough which the sound energy is traveling (ie, air, in
the cnse of wind turbine sound) goe through n compression cycle.
Normal human hearing is generally in the range of20 to 20.000 Hz.
As an example, an 88-key piano ranges from about 27.5 to 4186 Hz
with middle C at 261.6 Hz. As in music, ranges of frequencies can
be described in "octaves," where the center of each octave band has
a frequency of twice that of the previous octave band (this is also
written as a "I/ I octave band"). Smaller subdivisions can be used
such as 1/3 and 1/12 octaves. The level of sound pressure for each
frequency band is reported in decibel units.
To represent the overall sound level in a single value, the levels
from each frequency band are logarithmically added. Because human
hearing is relatively insensitive to very low- and ltigh-frequency
ounds, frequency-specific adjustme nt ' or weightings are added lo
the unweighted sound levels before summing to the overall level.
The most common of these is the A-weighting, which simulates the
human respon e to various frequencies at relatively low levels (40
phon or about 50 dB). Examples of A-\ eighted sound levels are
shown in Fig. 2.
Other weightings are cited in the literature, such as the
C-weighting, which is relatively flat at the audible spectrum; Gweighting, which simulates human perception and annoyance of
sound that lie wholly or partly in the range from I to 20 Hz; and
Z-weighting, which does not apply any weighting. The weighting of
the sound is indicated alter the dB label. For example, an A-weighted
ound level of 45 dB would be written as 45 dBA or 45 dB(A). lfno
label is shown, the weighting is either implied or unweighted.

'

'

.

RESULTS
Characteristics of Wind Turbine Sound
In this portion of the review, we evaluate studies in which
sound near wind turbines has been measured, discuss the use of modeled sound levels in dose-response studies, and review literature on
measurements of low-frequency sound and infrasound from operating wind turbines. We evaluate sound levels meas ured in areas, where
symptoms have been reported in the context of proximity to wind turbines. We address methodologies u ed lo measure wind turbine noise
and low-frequency sound. We also address characteristics of wind
turbine sound, sound levels measured near existing wind turbines,
and the response of humans to different levels and characteristics
of wind turbine sound. Special attention is given to challenges and
methods of measuring wind turbine noise, as well as low-frequency
sound (20 to 200 Hz) and Infra ound (less than 20 Hz).

FIGURE 1 . Schematic of a modern day wind turbine.
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Beyond the overall level, wind turbine noise may be amplitude
modulated or have tonal components. Amplitude modulation is a
regular cycling in the level of pure tone or broadband sound. A
typical three-bladed wind turbine operating at 15 RPM would have
a modulation period or cycle length of about 1.3 seconds. Tones
are frequencies or narrow frequency bands that are much louder
than the adjacent frequencies in sound spectra. Prominent tones
can be identified through several standards, including ANSI S12.9
Part 4 and [EC 61400-11. Relative high-, mid-, and low-frequency
content can also define how the sound is perceived, a well as many
qualitative factors unique to the listener. Consequently, more than
just the overall levels can be quantified, and studies have measured
the existence ofamplitude modulation, prominent tones, and spectral
content in addition to the overall levels.

Wind Turbine Sound Power and Pressure Levels
The sound power level is the intrinsic sound energy radiated
by a source. It is not dependent on the particular environment of the
sound source and the location of the receiver relative to the source.
The sound pressure level (SPL), which is measured by a sound-level
meter at a location. is a function of the sound power emitted by
neighboring source and is highly dependent on the environment
and the location of the receiver relative to the sound source(s).
Wind turbine sound is typically broadband in character with
most of the sound energy at lower frequencies (less than 1000 Hz).
Although wind turbines produce sound at frequencies less than the
25 Hz 1/3 octave band, sound power data are rarely published below
that frequency. Most larger, utility-scale wind turbines have sound
power levels between I 04 and I 07 dBA. Measured sound levels because of wind turbines depend on several factors, including weather
conditions, the number of turbines, turbine layout, local topography, the particular turbine used, distance between the turbines and
the receiver, and local flora. Meteorological conditions alone can
cause 7 to 14 dB variations in sound levels. 10 Examples of the SPLs
because of a single wind turbine with three different sound powers, and at various distances, are shown in Fig. 3 as calculated with
ISO 96 13-2. 11 Measurement results of A-wcighred, C-weighted, and
G-weighted sound levels have confirmed that wind turbine sound
attenuates logarithmically with respect to distance. 12
With respect to noise standards, Hessler and Hessler 13 found
an arithmetic average of 45 dBA daytime and 40 dBA nighttime
for governments ou t ide the United States, and a nighttime average
of 47.7 dBA for US state noise regulation and siting standards.
The metrics for those levels can vary. Common metrics are the dayevening-night level (Lden), day-night level (Ldn ). equivalent average
level (Leq), level exceeded 90% ofrhe time (L90). and median (L50).
The application of how these are measured and the time period
over which they are measured varies, meaning that, from a practical
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FIGURE 3. Sound levels at varying setbacks and turbine
sound power levels-RSG Modeling, Using ISO 9613-2.

standpoint, sound-level limits are even more varied than the explicit
numerical level. The Leq is one of the more commonly used metric.
It is the logarithmic average of the squared relative pressure over a
period of time. This results in a higher weighting of louder sounds.
Owing to large number of variables that contribute to SPL
becau e of wind turbines at receivers measured levels can vary
dramatically. At a wind farm in Texas, O'Neal et a11•1 measured
sound levels with the nearest turbine at 305 m ( 1000 feet) and with
four turbines within 610 m (2000 feet) at 50 to 51 dBA and 63 dBC
( I 0-minute Leq), with the turbines producing sufficient power to
emit the maximum sound power. During the same test, sound levels
were 27 dBA and 47 dBC (IO-minute Leg) inside a home that was
located 290 m (950 feet) from the nearest turbine and within 610 m
(2000 feet) of four turbines 15 (see Fig. 4).
Bullmore et ai 16 measured wind turbine sound at distances
from 100 to 754 m (330 to 2470 feet), where they found sound levels
ranging from 40 to 55 dBA over various wind conditions. At typical
receiver distances (greater than 300 m or 1000 feet), sound was
attenuated to below the threshold of hearing at frequencies above the
1.25 kHz l /3 octave band. In studies mentioned here, measurements
were made with the microphone between I and 1.6 m (3 and 5 feet)
above ground.

Wind Turbine Emission Characteristics
low-Frequency Sound and J1,frasou11d
Low-frequency sound is typically defined as sound from 20
to 200 Hz, and infrasound is sound less than 20 Hz. Low-frequency
sound and infrasound measurement results at distances close to wind
turbines ( < 500 meters) typically show infrasound because of wind
farms bu1 not nb ve audibility thre hold (such as I O 226 or as
published by the authors 12 •15 • 17- 21• 149 ). One study found sound levels
360 m and 200 m from a wind farm to be 61 dBG and 63 dBG, respectively. The threshold of audibility for G-weighted sound levels is 85
dBG. The same paper found infrasound levels of 69 dBG 250 m
from a coa tal cliff face and 76 dBG in downtown Adelaide,
Au tralia. 18 One study found that, even at distances less than 450
feet ( 136 m), infrasound levels were 80 dBG or less. At more typical
receiver distances (greater than 300 m or 1000 feet), infrasound levels were 72 dBG or less. This corresponded to A-weighted sound
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FIGURE 4. Sound power of the Siemens SWT 2. 3-93 (TX) wind turbine.15

levels of 56 and 49 dBA, respectively, higher than most existing
regu latory noise limits. 12
Farther away from wind farms ( 1.5 km) infrasound is no higher
than what would be caused by localized wind conditions, reinforcing the necessity for adequate wind-caused pseudosound reduction
measures for wind turbine sound-level measurements. 22
Low-frequency sound near wind farms is typically audible,
with levels crossing the threshold of audibility between 25 and
125 Hz depend ing on the distance between the turbines and measurement location. 12· 15•19.20.2J Figure 5 shows the frequency spectrum
of a wind farm measured at about 3500 feel compared with a truck at
50 feet, a field of insects and birds, wind moving through vegetation,
and the threshold of audibility according to ISO 387-7.

amplitude modulation may be the cause of"infrasound" complaints
because of confusing of amplitude modulation, the modulation of a
broadband sound, with actual infrasou nd. 19

Amp litude Modulation

Sound Levels at Residences where Symptoms
Have Been Reported

Wind turbine sound emissions vary with blade velocity and
are characterized in part by amplitude modulation, a broadband oscillation in sound level, with a cycle time generally corresponding to
the blade passage frequency. The modulation is typically located in
the 1/1 octave bands from 125 Hz to 2 kHz. Fluc tuation magnitudes
are typically not uniform throughout the frequency range. These
fluctuations are typically small (2 to 4 dB) but under more unusual
circumstances ~ n _be ~s. great as 10 dB for A-weif,hted levels and as
much as 15 dB 111 111d1v1dual 1/3 octave bnnds. 19· 4 t1gwood et al 24
found that, in groups of several turbines, the individual modulations
can often synchronize causing periodic increases in the modulation
magnitude for periods of 6 to 20 seconds with occasional periods
where the individual turbine modulations average each other out,
minimizing the modulation magnitude. This was not always the case
though, with periods of turbine synchronization occasionally lasting
for hours under consistent high wind shear, wind strength, and wind
direction.
Amplitude modulation is caused by many factors, including
blade passage in front of the tower (shadowing), sound emission
directivity of the moving blade tips, yaw error of the turbine blades
(where the turbine blades are not perpendicular to the wind), inflow
turbulence, and high levels of wind shear. 19 ·24 •25 Amplitude modulation level is not correlated with wind speed. Most occurrences of
"enhanced" amplitude modulation (a higher magnitude of modulation) are caused by anomalous meteorological conditions. 19 Amplitude modulation varies by site . Some sites rarely exhibit amplitude
modulation, whereas al others amplitude modulation has been measured up to 30% of the time. to It has been suggested by some that

Tonality
Tones are specific frequencies or narrow bands of frequencies
that are significantly louder than adjacent frequencies. Tonal sound
i not typically generated by wind turbines but can be found in some
ca es.20 •26 In most cases. the tonal sound occurs at lower freq uencies (less than 200 Hz) and is due to mechanical noise originating
from the nacelle, but has also been found to be due lo structural
vibrations originating from the tower, and :momalous aerodynamic
characteristics of the blades 27 (see Fig. 5).

One recent research focus has been the sound levels at (and
in) the residences of people who have complained about sound levels emitted by turbines as some have suggested that wind turbine
noi.s e may be a di fferent type of environmental noise. 28 Few studies
have actually measured sound levels inside or outside the homes of
people. Several hypotheses have been proposed about the characteristics of wind turbine noise complaint , including infras ound,28
low-frequency tones.2'1 amp litude modu lation, 19·29 a nd overall noise
levels.

Overall Noise Levels
Because of the large variability of noise sensitivity among
people, sound levels associated with self-reported annoyance can
vary considerably. (Noise sensitivity and annoyance are discussed
in more detail later in this review.) People exposed to measured
ex ternal sound level from 38 to 53 d8A ( 10-minuteor I-hour LecQ.
Department of Trade and lndustry, 1Q Walker et al,2 8 Gabriel et a1; 9
and van den Berg et a1 30 • 149 have reported annoyance. Sound levels
have also been measured inside complainant residences at between
22 and 37 dBA ( I 0-minute Leq). 19

Low Frequency and Infrasonic Levels
Concerns have been raised in some settings that low-frequency
sound and infrasound may be special features of wind turbine noise
that lead to adverse health effects. 31 As a result, noise measurements in areas of operating wind turbines have focused specifically
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on sound levels in the low-frequency range and occasionally the
infrasonic range.
Infrasonic sound levels at residences are typically well below
published audibility thresholds, even thresholds for those particularly
sensitive to infrasound. Nevertheless, low-frequency sound typically
exceeds audibility tl1resholds in a rnnge starting between 25 and 125
Hz.' 9•20· 23 Ln some cases, harmonics of the blade passage freq uency
(about l Hz, ie infrasound) have been measured at homes of people
who have raised concerns about health implications of living near
wind turbine with sound levels reaching 76 dB; however, these are
well below published audibility thresholds. 28

Amplihtde Modulation
Amplitude modulation has been suggested as a major cause
of complaints surrounding wind turbines, although little data have
been collected 10 confirm this hypothesis. A rece nt s tudy of residents surrounding a wind farm that had received several complaints
showed predicted sound levels at receiver distances to be 33 dBA or
less. Residents were instructed to describe the turbine sound, when
they found it annoying. Amplitude modulation was present in 68 of
95 complaints. Sound recorders distributed to the residents exhibited
a high incidence of amplitude modulation. 29
Limited studies have addressed the percentage of complaints
surrounding utility-scale wind farms, with only one comparing the
occurrence of complaints with sound levels at the homes. The complaint rate among residents within 2000 feet (610 m) of the perimeter of five mid-western United States wind farms was approximately
4%. All except one of the complaints were made at residences, where
wind farm sound levels exceeded 40 dBA. 13 The authors used the
LA90 metric to assess wind farm sound emissions. LA90 is the Aweighted sound level that is exceeded 90% of the time. This metric
is used to eliminate wind-caused spikes and other short-term sound
events that are not caused by the wind farm.
In Northern New England, 5% of households within 1000
m of turbine complained to regulatory agencies about wind turbine
noise.32 All complaints were included, even tho e thaL were related to
temporary issues that were resolved. Up to 48% of the complainants
were at wind farms, where at least one noise violation was found or a
variance from the noise standard. A third of the all complaints were
due to a single wind farm.

Sound Measurement Methodology
Collection of accurate, comparable, and useful noise data depends on careful and consistent methodology. The general method-
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FIGURE 5. Comparison of frequency
spectrum of a truck passby at 50 feet,
wind turbines at 3500 feet, insects,
birds, wind, and the threshold of audibility according to ISO 387-7.

ology for environmental sound level monitoring is found in ANSI
12.9 Part 2. This standard covers basic requirements tllat include
the type of measurement equipment necessary, calibration procedures, windscreen specifications, microphone placement guidance,
and suitable meteorological conditions. Nevertheless, there are no
recommendations for mitigating tile effects of high winds (greater
than 5 111/s) or measuring in the infrasonic freq uency range (le s
than 20 Hz). 33 Anot her applicable standard is IEC 6 1400-11 , which
provides a method for determining tile sound power of individual
wind turbines. The standard gives specifications for measurement
positions, the type of data needed, data analysis methods, report
content requirements, determination of tonality, determination of directivity, and the definitions and descriptors of different acoustical
parameters. 34 The standard specifies a microphone mounting method
to minimize wind-caused pseudosound, but some have found the
setup to be insufficient under gusty wind conditions, and no recommendations are given for infrasound measurement. 35 Because the
microphone is ground mounted, it is not suitable for long-term measurements.

Lo111-Freq11e11cy So1111d a11d b,frasotmd Measurement
There are no standards currently in place for the measurement of wind turbine noise that includes the infrasonic range
(ie, frequencies less than 20 Hz), although one is under development (ANSI/ASA Sl2.9 Part 7). Consequently, all current attempts
to measure low-frequency sound and infrasound have either used an
existing methodology, an adapted existing methodology, or proposed
a new methodology.
The main problem with measuring low-frequency sound and
infrasound in environmental conditions is wind-caused pseudosound
due to air pressure fluctuation, because air flows over the microphone.
With conventional sound-level monitoring, this effect is minimized
with a wind screen and/or elimination of data measured during windy
periods (less than 5 mis [I I mph] at a 2-m [6.5 feet] height). 36 In the
case of wind turbines, where maximum sound levels may be coincident with ground wind speeds greater than 5 mis ( I I mph), this is not
the best solution. With infrasound in particular, wind-caused pseudosound can influence measurements, even at wind speeds down to
I m/s. 12 In fact, many sound- level meters do not measure infrasonic
frequencies.
A common method of dealing with infrasound is using an
additional wind screen to further insulate the microphone from air
flow. 18 •35 Ln some cases, U1is is simply a larger windscreen that further insulates the microphone from air flow. 35 One author used a
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windscreen with a subterranean
to shelter the microphone, and another used wind resistant cloth. s A compromise to an underground
microphone mounting is mounting the mi crophone close (20-cm
height) to the ground, minim izing wind influence, or using a standard
ground mounted microphone with mounting plate, as found in IEC
61400- I l. 3s Low-frequency sound and infmsound differences between measurements made with dedicated specialized windscreens
and/or measurement setup and standard wind screens/measurements
setups can be quite large. 12 •37 Nevertheless, increased measurement
accu racy can come at the cost of reduced accuracy at higher frequencies us i.ng some methods? ~
To further filter out wind-caused pseudosound, some authors
have advocated a combination of microphone army and signal processing techniques. The purpose of the signal processing teclu1 iques
is to detect elements o f imilarity in the ound fie ld measured at the
different rrticrophones in the array.
Levels of infrasound from other environmental sources can
be as high as infrasound from wind turbines. A study of infrasound
measured at wind turbines and at other locations away from wind
turbines in South Australia found that the infrasound level at houses
near the wind turbines is no greater than that found in other urban
and rural environments. The contribution of wind turbines to the
infrosound levels is insignifica nt in co mparison with the background
level ofinfrasou nd in the environment. 22

Conclusions
Wind turbine noise measurement can be challenging because
of the necessity of measuring sound levels during high winds and
down to low frequencies. No widely accepted meas urement me thodologies address all of these issues, meaning that methods used in
publi shed mea urcments can differ substantially, affecting the comparobi Iity of results.
Measurements of low-frequency sound, infrasound, tonal
sound emission, and amplitude-modulated ound show that infrasound is emitted by wind turbines, but the levels at customary distances to homes are typically well below audibility thresholds, even
at residences where compla ints have been raised. Low- frequency
sound, often audible in wind turbine sow1d, typi cally crosses the audibility threshold between 25 and 125 Hz depending on the location
and meteo rological conditions. 12•15•19•20·2' Amplitude modulation, or
the rapid (once per second) and repetitive increase and decrease of
broadband sound level, has been measured at wind farm·. Ampli tude
modulation is ty pically 2 to 4 dB but can vary more than 6 dB in
some cases (A-weighted sound levels). 19 •24
A Canadian report investigated the total number of noiserelated complaints because of operating wind farms in Alberta,
Canada, over its entire history of wind power. Wind power capacity
exceeds 1100 MW; so me of the turbines have bee n in operation for
20 years. Five noise-oriented compla int at utility-scale wi nd farms
were reported over th is period, none of which were repeated after the
compla ints were addressed. omplaints were more common during
construction of the wind farms; other power generation methods
(gas, oil, etc) received more complaints than wind power. Farmers
a nd ranc hers did not ra i e co mpla ints becau se of effects on crops
and cattle. 4 1 An Austrn lia n tudy found a complai nt rate orless than
I % for residents living within 5 km of turbines greater than I MW.
Complaints were conce ntrated among a fow wind fimns; many wind
farms never received compl aints. 15
Reviewing complaints in the vicinity of wind farms can be
effective in determining the level and extent of annoyance because
of wind turb ine noise but there are limital ions Lo lh i approach.
A compl aint may be beca use of h.igher levels of annoyance (rather
annoyed or ve ry a nn oyed), and the amount of annoyance required for
an individua l to compla.in may be dependent on the personality ofthe
person and the corresponding attitude toward the visual effect of the
turbines, their respective attitudes toward wind energy, and whether

Wind Turbines and Health

they derive economic benefit from the turbines, (All of these factors
are discussed in more detail later in this report.)
Few studies have addressed sound levels at the residents of
people who have described symptoms they consider because of wind
turbines. Limited ava ilable data show a wide range of levels (38 to
53 dBA [10-minute or I-hour L eq] outside the residence and from
23 to 37 dBA [IO-minute Leq] inside the residence). 19 •26 •28 •28 The
rate of complaints surrounding wind farms is relatively low; 3%
for residents with in I mile of wind farms and 4% to 5% within
I km. 1i ,J2 ,41

Epidemiological Studies of Wind Turbines
Key to understanding potential effects of wind turbine noise
on hUD1an health is to consider relevant evidence from wellconducted epidemiological . tuclies, which ha the advantage of reflecting risks of rea l-world exposures. Neverthe less, envi ronme ntal
epidemiology is an observational (vs experimental) science that depends on design and implementation characteristics that are subject
to numerous inherent and methodological limitations. Nevertheless,
evidence fro m epidemiological studies of reasonable quality may
provide the best available indication of whether certain exposuressuch a industrial wind turbi ne noi
may be harmi ng human
health. C ritic al review and synthesis o f the epidemiological evidence. combined wit h consideration of evidence fro m other line
o f inq uiry (ie, animaJ studies and exposure assessments), provide a
scientific basis for identi fying causal relationships, man aging risks,
and protecting public health.

Methods
Studie of greatest value for validly ident ify ing ri sk factors for disea e include well-de igned and conducted cohort studie
and case-control studies-provided that specific diseases could be
identi fied- fo llowed by cros.~-sectional srudi es (or urveys). Case
reports and case series do not constitute epidemiological studies and
were not considered because they lack an appropriate comparison
group, wh ich can obscure a relationship or even suggest one ,vhere
none exists. 9 •4o.4z uch studies may be useful in generating hypotheses th at might be tested u ing epidemiologi cal methods but nre not
considered capable of demonstrating causality, a position also taken
by international agencies such as the WHO.8
Epidemiological studies selected for this review were identified through searches of Pub Med and Google Scholar using the following key words individually and in various combinations: "wind,"
"wind turbine," "wind farm," "windmill," "noise," "sleep," "cardiovascular," "health," "symptom," "condition," "disease," "cohort,"
"case-control," "cross-sectional," and "epidemiology." In addition,
general Web searches were performed, and references cited in all
identified publications were reviewed. Approximately 65 documents
we re identi fied and obta ined, and ·creened to determ ine whether I)
the paper described a primary epidemiological study (including experimental or laborato ry-ha ·ed study) published in n peer-reviewed
health, medical or relevant scientific journal; (2) the study focused
on or at least included wind turbine noise as a risk factor; (3) the
study measured at least one outcome of potential relevance to health;
and (4) the study attempted to relate the wind turbine noise with the
outcome.

Results
Of the approximately 80 articles initially identified in the
search, only 20 met the screening criteria (14 observational
and six controlled human exposure studies), and these were reviewed in detail to determine the relative quality and validity of reported findings. Other documents included several revi ew and comment ari es4•5•7A3- 51 ; ca e reports, case studies, and
surveys 23 · 5l-54 ; and documents published in media other th an peerreviewed journals. One study publi hed as part of a conference
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proceedings did not meet the peer-reviewed journal eligibility criterion but was included because it seemed to be the first epidemiological study on this topic and an impetus for subsequent studies. 55
The 14 observational epidemiological studies were critically
reviewed to assess their relative strengths and weaknesses on the
basis of the study design and the general ability to avoid selection bias
(eg, the selective volunteering ofindividuals with health complaints),
information bias (eg, under- or overreporting of health complaints,
possibly because of reliance on self-reporting), and confounding
bias (the mixing of possible effects of other strong risk factors for
the same disease because of correlation with the exposure).
Figure 6 depicts the 14 observational epidemiological studies
published in peer-reviewed health or medical journals, all of which
were determined to be cross-sectional studies or surveys. As can be
seen from the figure, the 14 publications were based on analyses of
data from only eight different study populations, that is, six publications we re based o n analyses ofa previously publi shed study (eg,
Pedersen et a rs6 and Bakker ct al 57 were ba eel on 1he data from Pedersen et aJ 58 ) or on combined data from previously published studies
(eg, Pedersen and Larsman 59 and Pedersen and Waye60 were based
on the combined data from Pedersen and Waye6 1. 62 ; and Pedersen 63
and Janssen et a1 64 were based on the combined data from Pedersen
et al,s~ Pedersen and Waye,6 1 and Pedersen and Waye62 ). Therefore,
in the short summaries of individual studies below, publications
based on the same study population(s) are grouped.

Summary of Observotio11al Epidemiological Stu die.~
Possibly the first epidemiological study evaluating wind turbine sound and noise annoyance was published in the proceedings
of the 1993 European Community Wind Energy Conference.55 Investigators surveyed 574 individuals ( I 59 from the Netherlands, 216
from Germany, and 199 from Denmark). Up to 70% of the people
Relallve size and location of study groups
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FIGURE 6. The 14 observational epidemiological studies

published in peer-reviewed health or medical journals, all
of which were determined to be cross-sectional studies or
surveys.
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resided near wind turbines for at least S years. No response rates were
reported, so the potential for selection or participation bias cannot
be evaluated. Wind turbine sound levels were calculated in S dBA
intervals for each respondent, on the basis of site measurements and
residential distance from turbines. The authors claimed that noiserelated annoyance was weakly correlated with objective sound levels
but more strongly correlated with indicators of respondents' attitudes
and personalily. 55
In a cross-sectional study of3SI participants residing in proximity to wind turbines (power range 150 lo 650 kW), Pederson (a
coauthor of the Wolsink 5s tudy) and Persson and Wnye 61 described
a statistically significant association between modeled wind turbine
audible noise estimates and self-reported annoyance. In this section,
"statistically significant" means that the likelihood that the results
were because of chance is less than 5%. No respondents among
the 12 exposed to wind turbine noise less than 30 dBA reported
annoyance with the sound; however, the percentage reporting
annoyance increased with noise exceeding 30 dBA. No differences
in health or well-being outcomes (eg, tinnitus, cardiovascular
disease, headaches, and irritability) were observed. With noise
exposures greater than 35 dBA, 16% of respondents reported sleep
disturbance, whereas no sleep disturbance was reported among those
exposed to less than 35 dBA. Although the authors observed that
the risk of annoyance from wind turbine noise exposure increased
statistically significantly with each increase of 2.5 dBA, they also
reported a statistically significant risk of reporting noise annoyance
among those self-reporting a negative attitude toward the visual
effect of the wind turbines on the landscape scenery (measured on
a five-point scale ranging from "very positive" to "very negative"
opinion). These results suggest that attitude toward visual effect is
an important contributor to annoyance associated with wind turbine
noise. In addition to its reliance on self-reported outcomes, this
study is limited by selection or participation bias, suggested by tbe
difference in response rate between the highest-exposed individuals
(78%) versus lowest-exposed individuals (60%).
Pederson 62 examined the association between modeled wind
turbine sound pressures and self-reported annoyance, health, and
well-being among 754 respondents in seven areas in Sweden with
wind turbines and varying landscapes. A total of 1309 surveys were
distributed, resulting in a response rate of57 .6%. Annoyance was significantly associated with SPLs from wind turbines as well as having
a negative attitude toward wind turbines, living in a rural area, wind
turbine visibility, and living in an area with rocky or hilly terrain.
Those annoyed by wind turbine noise reported a higher prevalence
of lowered sleep quality and negative emotions than those not annoyed by noise. Because of the cross-sectional design, it cannot be
determined whether wind turbine noise caused these complaints or if
those who experienced disrupted sleep and negative emotions were
more likely to notice and report annoyance from noise. Measured
SPLs were not associated with any health effects studied. In the
same year, Petersen et al reported on what they called a "grounded
theory study" in which IS informants were interviewed in depth
regarding the reasons they were annoyed with wind turbines and associated noise. Responses indicated that these individuals perceived
the turbines to be an intrusion and associnted with Feelings o f lack
of control and influence. 65 Although not an epidemiological study,
this exercise was intended to elucidate the reasons underlying the
reported annoyance with wind turbines.
Further analyses of the combined data from Pedersen and
Waye 61•62 (described above) were published in two additional
papers.59 , 60 The pooled data included 1095 participants exposed
to wind turbine noise of at least 30 dBA. As seen in the two original studies, a significant association between noise annoyance and
SPL was observed. A total of84 participants (7.7%) reported being
fairly or very annoyed by wind turbine noise. Respondents reporting
wind turbines as having a negative effect on the scenery were also
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statistically significantly more likely to report annoyance to wind
turbine noise, regardless of SPLs. 59 Self-reported stress was higher
among those who were fairly or very annoyed compared with those
not annoyed; however, these associations could not be attributed
specifically to wind turbine noise. No differences in self-reported
health effects such as hearing impairment, diabetes, or cardiovascular diseases were reported between the 84 (7.7%) respondents who
were fairly or very annoyed by wind turbine noise compared with all
other respondents.60 The authors did not report the power of the study.
Pederson et. a1s1,-ss evaluated the data from 725 residents in
the Netherlands living within 2.5 km of a site containing at least
two wind turbines of 500 kW or greater. Using geographic information systems methods, 3727 addresses were identified in the study
target area, for which names and telephone numbers were found
for 2056; after excluding businesses, 1948 were determined to be
residences and contacted. Completed surveys were received from
725 for a response rate of 3 7%. Although the response rate was
lower than in previous cross-sectional studies, nonresponse analyses indicated that similar proportions responded across all landscape
types and sound pressure categories.57 Calculated sound levels, other
sources of community noise, noise sensitivity, general attitude, and
visual attitude toward wind turbines were evaluated. The authors
reported an exposure-response relationship between calculated Aweighted SPLs and self-reported annoyance. Wind turbine noise was
reported to be more annoying than transportation noise or industrial
noise at comparable levels. Annoyance, however, was also correlated
with a negative attitude toward the visual effect of wind turbines
on the landscape. In addition, a statistically significantly decreased
level of annoyance from wind turbine noise was observed among
those who benefited economically from wind turbines, despite equal
perception o f noi e and exposure to generally higher (greater than
40 dBA) sound level ,58 Annoyance was strongly correlated with
self-reporting a negative attitude toward the visual effect of wind
turbines on the landscape scenery (measured on a five-point scale
ranging from ''very positive" to "very negative" opinion). The low
response rate and reliance on self-reporting of noise annoyance limit
the inte rpretation of these findings.
Result of further analyse of noise annoyance were reported
in a separate report,51i which indicated that road tra ffic noise had no
effect on annoyance to wind turbine noise and vice versa. Visibility
of, and attitude toward, wind turbines and road traffic were significantly related to annoyance from their respective noise source; stress
was significantly associated with both types ofnoise. 56 • 157
Additional analyses of the same data were performed using
a structural equation approach that indicated that, as with annoyance, sleep disturbance increased with increasing SPL because of
wind turbines; however, this increase was statistically significant
only at pres ures of 45 dBA and higher. ResuHs of analyses of lhe
combined data from the two wedish61 •62 and the Dutch58 crosssectional studies have been published in two additional papers. Using the combined data from these three predecessor studies, Pedersen
et at 56 · 58 identified 1755 (ie, 95.9%) of the 1830 tota l partic ipants
for which complete data were available to explore the relationships
between calculated A-weighted SPLs and a range of indicators of
health and well-being. Specifically, they considered sleep interruption; headache; undue tiredness; feeling tense, stressed, or irritable;
diabetes; high blood pressure; cardiovascular disease; and tinnitus. 63
As in the precursor studies, noise annoyance indoors and outdoors
was correlated with A-weighted SPLs. Sleep interruption seemed
at higher sound levels and was also related to annoyance. No other
health or well-being variables were cons istently related to SPLs.
Stress was not directly associated with SPLs but was associated with
noise-related annoyance.
Another report based on these data (in these analyses, 1820
of the 1830 total participants) modeled the relationship between
wind turbine noise exposure and annoyance indoors and outdoors. 64

Wind Turbines and Health

The authors excluded respondents who benefited economically from
wind turbines, then compared their modeled results with other
modeled relationships for industrial and transportation noise; they
claimed that annoyance from wind turbine noise at or higher than 45
clBA is associated with more a1Jnoyance than oth er noi e sources.
Shepherd et al, 66 who had conducted an earlier eva luation
of noise sensitivity and Health Related Quality of Life (HRQL), 158
compared survey results from 39 residents located within 2 km of
a wind turbine in the South Makara Valley in New Zealand with
139 geographically and socioeconomically matched individuals who
resided at least 8 km from any wind farm. The response rates for
both the proximal and more distant study groups were poor, that
is, 34% and 32%, respectively, although efforts were made to blind
respondents to the study hypotheses. No indicator of exposure to
wind turbine noise was considered beyond the selection of individuals based on the proximity of their residences from the nearest wind
turbine. Health-related quality-of-life (HRQOL) scales were used to
describe and compare the general well-being and well-being in the
physical, psychological, and social domains of each group. The authors reported statistically significant differences between the groups
in some HRQOL domain scores, with residents living within 2 km of
a turbine installation reporting lower mean physical HRQOL domain
score (including lower component scores for sleep quality and selfreported energy levels) and lower mean environmental quality-of-life
(QOL) scores (including lower component scores for considering
one's environment to be less healthy and being less satisfied with the
conditions of their living space). No differences were reported for
social or psychological HRQOL domain scores. The group residing
closer to a wind turbine also reported lower amenity but not related
to traffic or neighborhood noise annoyance. Lack of actual wind turbine and other noise source measurements, combined with the poor
response rate (both noted by the authors as limitations), limits the
inferelltial value of these results because lhey may perta in ro wind
turbine emissions.66
Possibly the largest cross-sectional epidemiological study of
wind turbine noise on QOL was conducted in an area of northern
Poland with the most w ind turbines.67 Surveys were completed by a
total of 1277 adults (703 women and 574 men), aged 18 to 94 years,
representing a I0% two-stage random sample of the selected communities. Although the response rate was not reported, participants
were sequentially enrolled until a 10% sample was achieved, and the
proportion of individuals invited to participate but unable or refusing to participate was estimated at 30% (8. Mroczek, dr hab n. zdr.,
e-mail communication, January 2, 2014 ). Proximity ofresidence was
the exposure variable, with 220 ( 17 .2%) respondents within 700 m;
279 (21.9%) between 700 and 1000 m; 221 (17.3%) between 1000
and 1500 m; and 424 (33.2%) residing more than 1500 m fro m the
nearest wind turbine. Indicators of QOL and health were measured
using the Short Form- 36 Questionnaire (SF-36). The SF-36 consists of 36 questions specifically addressing physical funct ioning,
role-functioning physical, bodily pain, general health, vitality, social functioning, role-functioning emotional, and mental health. An
additional question concerning health change was included, as well
as the Visual Analogue Scale for health assessment. It is unclear
whether age, sex, education, and occupation were controlled for in
the statistical analyses. The authors report that, within all subscales,
those living closest to wind farms reported the best QOL, and those
Jiving farther than l 500 m scored the worst. They concluded that living in close proximity of wind farms does not result in the worsening
of, and might improve, the QOL in this region. 67
A small survey of residents of two communities in Maine
with multiple industrial wind turbines compared sleep and general
health outcomes among 38 participants residing 375 to 1400 m
from the nearest turbine with another group of 41 individuals residing 3.3 to 6.6 km from the nearest wind turbine. 68 Participants
completed questionnaires and in-person interviews on a range of
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health and attitudinal topics. Prevalence of self-reported health and
other complaints was compared by distance from the wind turbines,
statistically controlling for age, sex, site, and household cluster in
some analyses. Participants living within 1.4 km of a wind turbines
reported worse sleep, were sleepier during the day, and had worse
SF-36 Mental Component Scores compared with those living farther
than 3.3 km away. Statistically significant correlations were reported
between Pittsburgh Sleep Quality Index, Epworth Sleepiness Scale,
SF-36 Mental Component Score, and log-distance to the nearest wind
turbine. The authors attributed the observed differences to the wind
turbines 68 ; methodological problems such as selection and reporting
biases were overlooked. This study has a number of methodological
limitations, most notably that all of the "near" turbine groups were
plaintiffs in a lawsuit aga inst the wind turbine operators and had
already been interviewed by the lead investigator prior to the study.
None of the "far" group had been interviewed; they were "cold
called" by an assistant. This differential treatment of the two groups
introduces a bias in the integrity of the methods and corresponding
results. Details of the far group, as well as participation rates, were
not noted. 68
In another study, the role of negative personality traits (defined by the authors using separate scales for assessing neuroticism,
negative affectivity, and frustration intolerance) on possible associations between actual and perceived wind turbine noise and medically
0nexplainecl non pecific symptoms was investigated via a mailed
survey. 6? Of the 1270 identified hou eholds within 500 m of eight
0.6 kW micro-turbine farms and within 1 km of four 5 kW small wind
turbine farms in two cities in the United Kingdom, only 138 questionnaires were returned, for a response rate of I 0%. No association
was noted between calculated and actual noise levels and nonspecific
symptoms. A correlation between perceived noise and nonspecific
symptoms was seen among respondents with negative personality
traits. Despite the participant group's reported representativeness of
the target population, the low survey response rate precludes firm
conclusions on the basis of these data. 69
ln a study of residents living near a "wind park" in Western
New York State, surveys were admin is tered to 62 individuals living
in 52 homes.70 The wind park inc luded 84 turbine . o association
was noted between self-reported annoyance and short duration sound
measurements. A correlation was noted between the measure of a
person's concern regarding health risks and reported measures of the
prevalence of sleep disturbance and stress. While a cross-sectional
study is based on self-reported annoyance and health indicators, and
therefore limited in its interpretation, one of its strengths is that it
is one of the few studies that performed actual sound measurements
(indoors and outdoors).
A small but detailed study on response to the wind turbine
noise was carried out in Poland. 71 The study population consisted
of 156 people, age 15-82 years, living in the vicinity of 3 wind
farms located in the central and northwestern parts of Poland. No
exclusion criteria were applied, and each individual agreeing to participate was sent a questionnaire patterned after the one used in
the Pederson 2004 and Pederson 2007 studies and including questions on Jiving conditions, self-reported annoyance due to noise from
wind turbines, and self-assessment of physical health and well-being
(such as headaches, dizziness, fatigue, insomnia, and tinnitus). The
response rate was 71 %. Distance from the nearest wind turbine and
modeled A-weighted SPLs were considered as exposure indicators.
One third (33.3%) of the respondents found wind turbine noise annoying outdoors, and one fifth (20.5%) found the noise annoying
while indoors. Wind turbine noise was reported as being more annoying than other environmental noises, and self-reported annoyance
increased with increasing A-weighted SPLs. Factors such as attitude
toward wind turbines and "landscape littering" (visual impact) influenced the perceived annoyance from the wind turbine noise. This
study, as with most others, is limited by the cross-sectional design
ell6

and reliance on self-reported health and well-being indicators; however, analyses focused on predictors of self-reported annoyance, and
found that wind turbine noise, attitude toward wind turbines, and
attitude toward "landscape littering" explain most of the reported
annoyance.

Other Possibly Relevant Studies
A publication based on the self-reporting of 109 individuals
who "perceived adverse health effects occurring with the onset of
an industrial wind turbine facility" indicated that 102 reported either
"altered health or altered quality of life." The authors appropriately
noted that this was a survey of self-selected participants who chose
to respond to a questionnaire specifically designed to attract those
who had health complaints they attributed to wind turbines, with no
comparison group. Nevertheless, the authors inappropriately draw
the conclusion that "Results of this study suggest an underlying
relationship between wind turbines and adverse health effects and
support the need for additional studies." 48<P· 336l Such a report cannot
provide valid evidence of any relationship for which there is no
comparison and is oflittle if any inferential value.
Researchers atthe School of Public Health, University of Sydney, in Australia conducted a study to explore psychogenic explanations for the increase around 2009 of wind farm noise and/or health
complaints and the disproportionate corresponding geogra phic distri bution o f tho e comp laints.s 2 They obtained record of complaints
about noise or health from residents living near all 51 wind farms
(1634 turbines) operating between 1993 and 2012 from wind farm
companies and corroborated with documents such as government
public enquiries, news media records, and court affidavits. Of the
51 wind farms, 33 (64.7%) had no record of noise or health complaints, including all wind farms in Western Australia and Tasmania. The researchers identified 129 individuals who had filed
complaints, 94 (73%) of whom lived near six wind farms targeted by anti-wind advocacy groups. They observed that 90% of
complaints were registered after anti-wind farm groups included
health concerns as part of their advocacy in 2009. The authors concluded that their findings were consistent with their psychogenic
hypotheses.

Discussion
No cohort or case-control studies were located in this updated review of the peer-reviewed literature. The lack of published case-control studies is less surprising and less critical because there has been no discrete disease or constellation of diseases
identified that likely or might be explained by wind turbine noise.
Anecdotal reports of symptoms associated with wind turbines include a broad array of nonspecific symptoms, such as headache,
stress, and sleep disturbance, that afflict large proportions of the
general population and have many recognized risk factors. Retrospectively associating such symptoms with wind turbines or even
measured wind turbine noise-as would be necessary in casecontrol studies- does not prevent recall bias from influencing the
results.
Although cross-sectional studies and surveys have the advantage of being relatively simple and inexpensive to conduct, they
are susceptible to a number of influential biases. Most importantly,
however, is the fact that, because of the simultaneous ascertainment of both exposure (eg, wind turbine noise) and health outcomes
or complaints, the temporal sequence of exposure-outcome relationship cannot be demonstrated. If the exposure cannot be established to precede the incidence of the outcome-and not the reverse,
that is, the health complaint leads to increased perception of or annoyance with the exposure, as with insomnia headaches or feeling
tense/stressed/irritable-the association cannot be evaluated for a
possible causal nature.
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Conclusions
A critical review and synthesis of the evidence available from
the eight study populations studied to date (and reported in I 4 publications) provides some insights into the hypothesis that wind turbine
noise harms human health in those living in proximity to wind turbines. These include the following:
• No clear or consistent association is seen between noise from
wind turbines and any reported disease or other indicator of harm
to human health.
• In most surveyed populations, some individuals (generally a small
proportion) report some degree of annoyance with wind turbines;
however, further evaluation has demonstrated:
• Certain characteristics of wind turbine sound such as its in1ermitte nce or rhythmic ity may enhance reported perceptibility
and annoyance;
• The context in which wind turbine noise is emitted also influences perceptibility and annoyance, including urban versus rural
setting, topography, and landscape features, as well as visibility
of the wind turbines;
• Factors such as attitude toward visual effect of wind turbines
on the scenery, attitude toward wind turbines in general, personality characteristics, whether individuals benefit financially
from the presence of wind turbines, and duration of time wind
turbines have been in operation all have been correlated with
self- reported annoyance; and
• Annoyance does not correlate well or at all with objective sound
measurements or calculated sound pressures.
• Complaints such as sleep disturbance have been associated with
A-weighted wind turbine sound pressures of higher than 40 to
45 dB but not any other measure of health or well-being. Stress
was associated with annoyance but not with calculated sound
pressures. 63
• Studies of QOL including physical and mental health scales and
residential proximity to wind turbines report conflicting findingsone study (with only 38 participants living within 2.0 km of
the nearest wind turbine) reported lower HRQOL among those
living closer to wind tu rbines than responden ts living fa rthe r
away,66 wherea !he larges! of all studi es (wiU1 853 living wilhin
1500 m of the nearest wfnd turb ine)67 fo und that those l.ivi ng closer
lo wind tu rbines reported higher QOL and health than those Jiving
fart her away.67
Because these statistical correlations arise from crosssectional studies and surveys in which the temporal sequence of
the exposure and outcome cannot be evaluated, and where the effect
of various forms of bias (especially selection/volunteer bias and recall bias) may be considerable, the extent to which they reflect causal
relationships cannot be determined. For example, the claims such as
"We conclude that the noise emissions of wind turbines disturbed the
sleep and caused daytime sleepiness and impaired mental health in
residents living within I .4 km of the two wind turbines installations
studied" cannot be substantiated on the basis of the actual study
design used and some of the likely biases present. 70
Notwithstanding the limitations inherent to cross-sectional
studies and surveys-which alone may provide adequate explanation
for some of the reported correlations-several possible explanations
have been suggested for the wind turbines-associated annoyance
reported in many of these studies, including attitudinal and even
persona lily characteri stics f the survey partic ipants. 69 Pedersen and
colleague,59 who have been involved in the mRjo rily of publications on this topic, noted "The enhanced negative response [toward
wind turbines] could be linked to aesthetical response, rather than to
multi-modal effects of simultaneous auditory and visual stimulation,
a nd a risk of hind mnce to psycho-physiological re toration could
not be excluded."(p.JS•>i T hey a lso found that wind tu rbin es might

be more likely to elicit annoyance because some perceive them to
be "intrusive" visually and with respect to their noise.65 Alternative explanations on the basis of evaluation of all health complaints
filed between 1993 and 2012 with wind turbine operators across
Australia include the influence of anti-wind power activism and the
surrounding publicity on the likelihood of health complaints, calling
the complaints "communicated diseases." 52
As noted earlier, the 14 papers meeting the selection criteria
for critical review and synthesis were based on only eight independent 1udy gro ups-three publications were based on Lhe same study
group fro m the Netherl nndsjKand fo ur add itional publications were
based on the combined data from the two Swedish surveys 6 1,62 or
from the combined data from all three. The findings across studies
based on analyses of the same data are not independent observations, and therefore the body of available evidence may seem to
be larger and more consistent than it should. This observation does
not necessarily mean that the relationships observed (or the lack of
associations between calculated wind turbines sound pressures and
disease or other indicators of health) are invalid, but that consistency
across reports based on the same data should not be overinterpreted
as independent confinnation of findings. Perhaps more important is
that all eight were cross-sectional studies or surveys, and therefore
inherently limited in their ability to demonstrate the presence or
absence of true health effects.
Recent controlled exposure laboratory evaluations lend support to the notion that reports of annoyance and other complaints
may re flect, at least in part, preconceptions about the ability of wind
turbine no ise to hanu health 52•7l. 72 or even the colo r of th e tu rbine73
more than the actual noise emission.
Sixty years ago, Sir Austin Bradford Hill delivered a lecture
entitled "Observations and Experiment" to the Royal College of
Occupational Medicine. In his lecture, Hill stated that "The observer
may well have to be more patient than the experimenter-awaiting
the occurrence of the natural succession of events he desires to study;
he may well have to be more imaginative-sensing the correlations
that lie below the surface of his observations; and he may well have
to be more logical and less dogmatic- avoiding as the evil eye the
fallacy of 'post hoc ergo p rop/er hoc, · the mistaking of correlation
for causa1ion." 741P·•000 >
Although it is typical and appropriate to point out the obvious
need for additional research, it may be worth emphasizing that more
research of a similar nature-that is, using cross-sectional or survey
approaches-is unlikely to be informative, most notably for public
policy decisions. Large, well-conducted prospective cohort studies
that document baseline health status and can objectively measure
the incidence of new disease or health conditions over time with the
introduction would be the most informative. On the contrary,
the phenomena th at constitute wind turbi ne exposures-prima.rily
noise and visual effect- are not dissimilar to many other environmental (eg, noise of waves along shorelines) and anthropogenic (eg,
noise from indoor Heating Ventilation and Air Conditioning or road
traffic) stimuli, for which research and practical experience indicate
no direct harm to human health.

Sound Components and Health: lnfrasound,
Low-Frequency Sound, and Potential Health
Effects

Introduction
This section addresses potential health implications of infrasound and low-frequency sound because claims have been made that
the frequency of wind turbine sound has special characteristics that
may present unique health risks in comparison with other sources of
environmental sound.
Wind turbines produce two kinds of sound. Gears and generators can make mechanical noise, but this is less prominent than the
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TABLE 1.

Human Thresholds for Different Frequencies

Frequency (Hz)

Threshold (dB SPL)

25

27
69

lO

97

100

SPL, sound pressure level.

aerodynamic noise of the blades, whose tips may have velocities in
excess of 200 mph. Three-bladed turbines often rotate about once
every 3 seconds; their "blade-pass" frequency is thus about 1 Hz
(Hz: cycle per second). For this reason, the aerodynamic noise often
rises and falls about once per second, and some have described the
ounds as "whooshing'' or )>ulsJng.''
everal studies 44 •75 •7 have shown that at di ' tances of300 m
or more, wind turbine sounds are below human detection thresholds
for frequencies less than 50 Hz. The most audible frequencies (those
whose acoustic energies exceed human thresholds the most) are in
500 to 2000 Hz range. At this distance from a single wind turbine,
overall level ' are typically 35 to 45 dBA. 77 •78 These levels can be
audible in a typical residence with ambient noise of 30 dBA and
windows open (a room with an ambient level of 30 dBA would be
considered by most people to be quiet or very quiet). In outdoor
environments, sound levels drop about 6 dB for every doubling of
the distance from the source, so one would predict levels of 23 lo
33 dBA, that is, below typical ambient noise levels in homes, at a
di tance of 1200 m. For a wind farm f 12 large turbines. M0ller and
Pedersen 79 predicted a level of35 dBA at a distance of 453 m.
As noted earlier in this report, sound intensity is usually measured in decibels (dB), with O dB SPL corresponding to the softest
sounds young humans can hear. Nevertheless, humans hear well only
wi lhin the frequency range that includes the frequencies most important for speech understanding
bout 500 to 5000 Hz. At lower
frequencies, hearing thresholds are much higher. 75 Although frequencies lower than 20 Hz are conventionally referred to as "infrasound," sounds in this range can in fact be heard, but only when they
are extremely intense (a sound of97 dB SPL has IO million times as
much energy as a sound of27 dB; see Table I).
Complex sounds like those produced by wind turbines contain
energy at multiple frequencies. The most complete descriptions of
such sounds include dB levels for each of several frequency bands
(eg, 22 to 45 Hz, 45 to 90 Hz, 90 to 180 Hz, .. . , 11,200 10 22,400 Hz).
II is simpler, and appropriate in most circumstances, to specify overall o und intensity u ing meters that give full weight to U1e frequencie people hear well, and less weight to frequencies less lhan 500
Hz and higher than 5000 Hz. The resulling metric is 'A-weighted''
decibel or dBA. Levels in dBA correlate well with audibility; in
a very quiet place, healthy young people can usually detect sounds
less than 20 dBA.

Low-Frequency Sound and lnfrasound
Low-frequency noise (LFN) is generally considered frequencies from 20 to 250 Hz as described earlier in more deta il in subsection "Low Frequency and Infrasonic Levels." The potential health
implications of low-frequency sound from wind turbines have been
investigated in a tudy of four large turbines and 44 smaller turbines
in the Netherlands. 17 In close proximity to the turbines, infrasound
levels were below audibility. The authors suggested that LFN could
be an important aspect of wind turbine noise; however, they did
not link measured or modeled noise levels with any health outcome
measure, such as annoyance.
e118

A literature review of infrasound and low-frequency sound
concluded that low-frequency sound from wind turbines at residences did not exceed levels from 01her common noise sources such
as traffic. 44 The authors concluded thala "statistically significant association between noise levels and self-reported sleep disturbance
was found in two of the three (epidemiology] studies."<r-ll. It has
been suggested that LFN from wind turbines causes other and more
serious health problems, but empirical suppotl for these claims is
lacking.44
Sounds with frequencies lower than 20 Hz (ie, infrasound)
may be audible at very high levels. At even higher levels, subjects
may experience symptoms from very low-frequency sounds---ear
pressure (at levels as low as 127 dB SPL), ear pain (at levels higher
than 145 dB), chest and abdominal movement, a choking sensation, coughing, and nausea (at levels higher than 150 dB).80 ·8 1 The
National Aeronautics and Space Administration considered that infrasound exposures lower than 140 dB SPL would be safe for astronauts; American Conference of Governmental Industrial Hygienists
recommends a threshold limit value of 145 dB SPL for third-octave
band levels between I and 80 Hz.81 As noted earlier, infrasound from
wind turbines has been measured at residential distances and noted
to be many orders of magnitude below these levels.
Whenever wind turbine sounds are audible, some people may
fi nd the ounds annoying, as discussed elsewhere in this review. ome
authors, however, have hypothesized that even inaudible sounds,
especially at very low frequencies, could affect people by activating
several types of receptors, including the following:
1. Outer hair cells of the cochlea82 ;
2. Hair cells of the normal vestibular system, 83 especially the otolith
organs84 ;
3. Hair cells of U1e ves1ibular system aner it fluid dynamics have
been disrupted by infrasound82 ;
4. Visceral graviceptors acting as vibration sensors. 83

To evaluate these hypotheses, it is useful to review selected
aspects of the anatomy and physiology of the inner ear (focusing
on the differences between the cochlea and the vestibular organs),
vibrotacti\e sensitivity to airborne sound, and the types of evidence
that, wllile absent at present, could in theory support one or more of
these hypotheses.

How the Inner Ear Works
The inner ear contains the cochlea (the organ of hearing) and
five vestibular organs (three semicircular canals and two otolith organs, transmitting information about head position and movement).
The cochlea and the vestibular organs have one important feature in
common-they both use hair cells to convert sound or head movement into nerve impulses that can then be transmitted to the brain.
Hair cells are mechanoreceptors that can elicit nerve impulses only
when their stereocilia (or sensory hairs) are bent.
Tbe anatomy of the cochlea ensures thar i'ts hai r cells respond
well to airborne sound and poorly lo head movement, whereas the
anatomy of the vestibu larorgans optimizes hair cell response to head
movemenl and minimize respon ·e to airborne sound. pecifically.
the cochlear hair cells are not attac hed to the bony otic cap ul e, and
the round window permits the cochlear fluids to move more freely
when air-conducted sound causes the stapes to move back and forth
in the oval window. Conversely, the vestibular hair cells are attached
to the bony otic capsule, and the fluids surrounding them are not
positioned between the t\vo windows and thus cannot move as freely
in response to air-conducted sound. At the most basic level, this
makes it unlikely that inaudible sound from wind turbines can affect
the vestibular system.
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Responding to Airborne Sound
Airborne sound moves the eardrum and ossicles back and
forth; the ossicular movement at the oval window then displaces inner
ear fluid, causing a movement of membranes in the cochlea, with
bendingofthe hair cell stereocilia. Nevertheless, this displacement of
the cochlear hair cells depends on the fact that there are two windows
separating the inner ear from the middle ear, with the cochlear hair
cells positioned between them- whenever the oval window {the bony
footplate- of the slapes, constrained by a thin annular ligament) is
pu bed inward, the round window (a collngenous membrane lined
by mucous membrane) moves outward, and vice versa. When the
round window is experimentally sealed, 85 the cochlea's sensitivity to
sound is reduced by 35 dB.
The vestibular hair cells are not positioned between the two
cochlear windows, and therefore airborne sound-induced inner ear
fluid movement does not efficiently reach them. Instead, the vestibular hair cells are attached to the bone of the skull so lhat they can
respond faithfully to head movement (the cochlear hair cells are not
directly attached to the skull). As one might expect, vestibular hair
cells can respond to bend vibration (bone-conducted sound), such
as when a tuning fork is held to the mastoid. Very intense.airborne
sound can also make the head vibrate; people with severe conductive
hearing loss can hear airborne sound in this way, but only when the
sounds are made 50 to 60 dB more intense than those audible to
normal people.
The cochlea contains two types of hair cells. It is often said
that we hear with our inner hair cells (lHCs) because all the "type
I" afferent neurons that carry sound-evoked impulses to the brain
connect to the IHCs. The outer hair cells (OHCs) are important as
"preamplifiers" that make it possible to hear very soft sounds; they
are exqui itely tuned to pecific frequencies, and when they move
they create fluid current that then displace the slereocilia of the
IHCs.
Although more numerous than the IHCs, the OHCs receive
only very scanty afferent innervation, from "IYf>e II" neurons, the
function of which is unknown. Salt and Hullar82 have pointed out
that OHCs generate measurable electrical responses called cochlear
microphonics to very low frequencies (eg, 5 Hz) at levels that are
presumably inaudible to the animals and have hypothesized that the
type II afferent fibers from the OHCs might carry this information
to the brain. Nevertheless, it seems that no one has ever recorded
action potentials from type II cochlear neurons, nor have physiological responses other than cochlear microphonics been recorded in
response to inaudible sounds.86 •87 In other words, as alt ond Hullar82
acknowledge, "The fact that some inner ear components (such as the
OH ) may respond to [airborne] infrasound al the frequencies and
levels generated by wind turbines does not nece sarily mean that
they will be perceived or disturb function in any way."<P•19l

Respo11ses of the Vestib11/ar Orga11s
As previously noted, vestibular hair cells are efficiently coupled to the skull. The three semicircular canals in each ear are designed to respond to head rotations (roll, pitch, yaw, or any combination). When the head rotates, as in shaking the head to say " no,"
the fluid in the canals lags behind the skull and bends the hair cells.
The otolith organs (utricle and saccule) contain calcium carbonate
crystals ( otoconia) that are denser than the inner ear fluid, and this allows even static head position to be detected; when the head is tilted,
gravitational pull on the otoconia bends the hair cells. The otolith
organs also respond to linear acceleration of the head, as when a car
accelerates.
Many people complaining about wind turbines have reported
dizziness, which can be a symptom of vestibular disorders; this
has led to suggestions that wind turbine sound, especially inaudible
infrasound, can stimulate the veslibularorgans. 83 •84 Pierpont81 introduced a term "Wind Turbine Syndrome" based n a ca e series of I 0
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families who reported symptoms that they attributed to living near
wind turbines. The author invited people to participate if they thought
they had symptoms from living in the vicinity of wind turbines·
this approach introduces substantial selection bias that can distort
the results and their corresponding significance. Telephone interviews were conducted; no medical examination, diagnostic studies
or review, and documentation of medical records were conducted
as part of the case series. Noise measurements were not provided.
Nonetheless, the author described a collection of nonspecific symptoms that were described as "Wind Turbine Syndrome." The case
series, at the time of preparation of lhis review, has not been published in the peer-reviewed scielltific literature. Although not medically recognized, advocates of this "disorder" suggest that wind
turbines produce symptoms, such as headaches, memory loss, fatigue, dizziness, tachycardia, irritability, poor concentration, and
anxiety. 88
To upport her hypotheses, Pierpont cited a report by Todd
et aJ 8~ that demonstrated human vestibular responses to boneconducted sound at levels below those that can be heard. But as
previously noted, this effect is not surprising because the vestibular system is designed to respond to head movement (including
head vibration induced by direct contact with a vibrating source).
The relevant issue is how the vestibular system responds to airborne sound, and here the evidence i clear. Vestibu lar responses
to ai.rbome sound requ ire levels welJ above audible thresholds. 90 •91
Indeed, clinical tests of vestibular function using airborne sound
use levels in excess of 120 dB, which raise concerns of acoustic
trauma.92
Salt and Hullar8 2 acknowledge that a normal vestibular system
is unlikely to respond to i,mudible airborne ound- "Although the
hair cells in other sensory structures such 11s the saccule may be
tuned to infrasonic frequencies, auditory stimulus coupling to these
structures is inefficient so that they are unlikely to be influenced by
airborne infrasound."1P•121They go on lo hypothesize that infrasound
may cause endolymphatic hydrops, a condition in which one of the
inner ear fluid compartments is swollen and may disturb normal hair
cell function. But here, too, they acknowledge the lack of evidence-,, .. . ii has never been tested whether stimuli in ihe infmso und range
cause endolymphatic hydrops.'>(J,·19) In previous research , alt93 was
able to create temporary hydrops in animals using airborne sound, but
only at levels (115 dB at 200 Hz) that are many orders of magnitude
higher than levels that could exist at residential distances from wind
turbines.

Hu111a11 Vibrotuctile Se11sitivity to Airbome So1111d
Very loud sound can cause head and body vibration. As previously noted, a person with absent middle ear function but an intact
cochlea may hear sounds at 50 to 60 dB PL 'ompletely deaf people can detect airborne ounds using the vibrotactile sense, but only
at levels far above hearing threshold, for exa mple, 128 dB SPL at
16 Hz.94 Vibrotactile sensation depends on receptors in the skin and
joints.
Pierpont 83 hypothesized that "visceral graviceptors,"95 •96
which contain somatosensory receptors, could detect airborne infrasound transmitted from the lungs to the diaphragm and then to
the abdominal viscera. These receptors would seem to be well suited
to detect body tilt or perhaps whole-body vibration, but there is no
evidence that airborne sound could stimulate sensory receptors in the
abdomen. Airborne sound is almost eolirely reflected away from the
body; when Takahashi et a1 97 u ·ed airborne sound to produce cbes1
or abdominal vibration that exceeded ambient body levels, levels
had to exceed 100 dB at 20 to 50 Hz.

Further Studies of Note
The influence of preconception on mood and phy ical symptoms after exposure io LFN was examined by showing 54 university
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students one of two series of short videos that either promoted or dispelled the notion that sounds from wind turbines had health effects,
then exposing subjects to 10 minutes of quiet period followed by
infrasound (40 dB at 5 Hz) generated by computer software, and assessing mood and a series of physical symptoms. 71 In a double-blind
protocol, participants first exposed to either a "high-expectancy"
presentation included first-person accounts of symptoms attributed
to wind turbines or a "low-expectancy" presentation showed experts stating scientific positions indicating that infrasound does not
cause symptoms. Participants were then exposed to 10 minutes of
in frasound nnd IO minutes of sham infrasound. Physical symptoms
were reported before and during each l 0-minute exposure. The study
showed that healthy volunteers, when given information designed to
invoke either high or low expectations that exposure to infrasound
causes symptom complaints, reported symptoms that were consistent with the level of expectation. These data demonstrate that the
participants' expectations of the wind turbine sounds determined
their patterns of self-reported symptoms, regardless of whether the
exposure was to a true or sham wind turbine sound. The concept
known as a "nocebo" response, essentially the opposite of a placebo
response, will be discussed in more detail later in this report. A nocebo response refers to how a preconceived negative react ion can
o cur in anticipation ofan even1.q 8
A further study assessed whether positive or negative health
infonnalion about infrasound generated by wind n1rbi11es affected
participants' symptoms and health perceptions in response t wind
farm sound. 72 Both physical ymptoms and mood were evaluated
after exposure to LFN among 60 university students first shown highexpectancy or low-expectancy short videos intended to promote or
dispel the notion that wind turbines sounds impacted health. One
set of videos presented information indicating that exposure to wind
turbine sound, particularly infrasound, poses a health risk, whereas
the other set presented information that compared wind turbine so und
to subaudible sound created by natural phenomena such as ocean
waves and the wind, emphasizing their positive effects on health.
Students were continuously exposed during two 7-minute listen ing
sessions to both infrasound (50.4 dB, 9 Hz) and audible wind farm
sound (43 dB), which had been recorded I km from a wind farm, and
assessed for mood and a series of physical symptoms. Both highexpectancy and low-expectancy groups were made aware that they
were listening to the sound of a wind farm and were being exposed to
sound containing both audible and subaudible components and that
the sound was at the same level during both sessions. Participants
exposed to wind farm sound experienced a placebo response elicited
by positive preexposure expectations, with those participants who
were given expectations that infrasound produced health benefits
reporting positive health effects. They concluded that reports of
symptoms or negative effects could be nullified if expectations could
be framed positively.
University students exposed to recorded sounds from locations I 00 m from a series of Swedish wind turbines for IO minutes
were assessed for parameters ofannoyance.99 Sound was played at a
level of 40 dBAeq (the "eq" refers to the average level over the 10minute exposure). After the initial exposure, students were exposed
to an additional 3 minutes of noise while filling out questionnaires.
Authors reported that ratings of annoyance, relative annoyance, and
awareness of noise were different among the different wind turbine
recordings played at equivalent noise levels. Various psychoacoustic parameters (sharpness, loudness, roughness, fluctuation strength,
and modulation) were assessed and then grouped into profiles. Attributes such as "lapping," "swishing," and "whistling" were more
easily noticed and potentially annoying, whereas "low frequency"
and "grinding' were associated with less intrusive and potentially
less annoying sounds.
Adults exposed to sounds recorded from a 1.5 MV Korean
wind turbine were assessed for the degree of noise annoyance. 100
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Over a 40-minute period, subjects were exposed to a series of 25
random 30-second bursts of wind turbine noise, separated by at least
IO seconds of quiet between bursts. Following a 3-minute quiet period, this pattern was repeated. Participants reported their annoyance
on a scale of I to 11. Authors found that the amplitude modulation of wind turbine noise had a statistically significant effect on the
subjects' perception of noise annoyance.
The effect of psychological parameters on the perception of
noise from wind turbines was also assessed in Italian adults from
both urban and rural areas. Recorded sounds from different distances
(150 m, 250 m, and 500 m) away from wind turbines were played
while pictures of wind turbines were hown and subjects described
their reaction to the pictures. 73 Pictures differed in color, the number
of wind turbines, and distance from wind turbines. Pictures had a
weak effect on individual reactions to the number of wind turbines;
the color of the wind turbines influenced both visual and auditory
individual reactions, although in different ways.

Epilepsy and Wind Turbines
Rapidly changing visual stimuli, such as flashing lights or oscillating pattern changes, can trigger seizures in susceptible persons,
including some who never develop spontaneous seizures; stimuli that
change at rates of 12 to 30 Hz are most likely to trigger seizures. 101
Rotating blades (of a ceiling fan, helicopter, or wind turbine) that
interrupt light can produce a flicker, leading to a concern that wind
turbines might cause seizures. Nevertheless, large wind turbines
(2 MW or more) typically rotate at rates less than I Hz; with three
blades, the frequency of light interruption would be less than 3 Hz,
a rate U1at would pose negligible risk to developing a photoepileptic
seizure. 102
Smedley et al 103 applied a complex simulation model of
seizure risk to wind turbines, assuming worst-case conditions--a
cloudless day, an observer looking directly toward the sun with wind
turbine blades directly between the observer and the sun, but with
eyes closed (which scatters the light more broadly on the retina); they
concluded that there would be a risk of seizures at distances up to
nine times the turbine height, but only when blade frequency exceeds
3 Hz, which would be rare for large wind turbines. Smaller turbines,
typically providing power for a single structure, often rotate at higher
frequencies and might pose more risk of provoking seizures. At the
time of preparation of this report, there has been no published report
of a photoepileptic seizure being triggered by looking at a rotating
wind turbine.

Sleep and Wind Turbines
Sleep disturbance is relatively common in the general population and has numerous causes, including illness, depression, stress,
and the use of medications, among others. Noise is well known to
be potentially disruptive to sleep. The key issue with respect to wind
turbines is whether the noise is sufficiently loud to disrupt sleep.
Numerous environmental studies of noise from aviation, rail, and
highways haveaddre sed sleep implicotions, mnny of which are summarized in the WH 's position paper on Nighttime Noise Guidelines
(Fig. 7). 104 This consensus document is based on an expert analysis of
environmental noise from sources other than wind turbines, including transportation, aviation, and railway noise. The WHO published
the figure (Fig. 7) to indicate that significant sleep disturbance from
environmental noise begins to occur at noise levels greater than 45
dBA. This figure is based on an analysis of pooled data from 24 different environmental noise studies, although no wind turbine-related
noise studies were included in the analysis. Nonetheless, the studies
provide substantial data on environmental noise exposure that can be
contrasted with noise levels associated with wind turbine operations
to enable one to draw reasonable inferences.
In contrast to the WHO position, an author in an editorial
claimed that routine wind turbine operations that result in noise
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levels less than 45 dBA can have substantial effects on sleep, with
corresponding adverse health effects. 105 Another author, however
challenged the basis of the assertion by pointing out that Hanning
had ignored 17 reviews Oil the topic with alternative perspectives and
different results ..106
Sleep disturbance is a potential extra-auditory effect of noise,
and research has shown a link between wind turbine no ise and sleep
disruption. 4..S 7,6l.r. 6, 107 As with of the other variables reviewed, quantifying leep quality is typically done with coarse mea ures. [n fact,
this reviewer identified no studies that used a multi-item validated
sleep measure. Researcb studies typically rely on a single item (sometimes answered yes/no) to measure sleep quality. Such coarse mea·urement of sleep quality is unfortunate because impaired sleep is a
plausible pathway by which wind turbine noise exp sure may impact
both psychological well-being and physical health.
Disturbed sleep can be associated with adverse health
effects_ioR Awakening thresholds, however, depend on botl1 phy. ical and p ·ychological factors. Signiffoalion is a psychological factor
that refers to the meaning or attitude attached to a sound. Sound
with high signi'ficalion will awaken n sleeper at lower intensity than
sound lacking signification. !08 As reviewed above, individuals often
attach allitudes to wind turbine sound; a uch, wind turbine sleep
disruption may be impacted by psychological factors related to the
sound source.
Shepherd et a\66 found a significant difference in perceived
sleep quality between their wind farm and comparison groups, with
the wind farm group reporting worse sleep quality. In the wind farm
group, noise sensitivity was trongly correlated with sleep quality.
In both the wind farm and comparison groups, sleep quality showed
similar strong positive relationships wilh physical HRQL and psychological HRQL. Pedersen 63 found U1at sound-level exposure was
associated with sleep interruption in two oftb.ree studies reviewed·
however the effect sizes associated with sound exposure were
minimal.
Bakker el al j'/ found that noise exposure was related to sleep
disturbance in quiet areas (d = 0.40) but not for indiv iduals in noisy
areas (d = 0.02). Nevertheless, when extreme sound exposure groups
were composecl,H data showed that ind ividuals living in high sound
areas (greater than 45 dBA) had significantly greater sleep disruption
thnn subjects in low sound areas (less than 30 dBA). Annoyance mt-
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FIGURE 7. Worst-case prediction of noise-induced
behavioral awaken ings. Adapted from WHO 104 (Chapter 3);
Miedema et al. 163

ings were more strongly associated with sleep disruption.j'/ Furthermore, when 57 structural equation models (SEMs) were applied, the
direct a sociation between sound level and sleep disruption was lost
and annoyance seemed to mediate the effect of wind turbine sound
on sleep disturbance. Across the reviewed studies it eems that sleep
disruption was associated with sound-level exposure; however, the
-associations were weak and annoyance ratings were more strongly
and consistently associated with self-reported sleep disruption.

Conclusions
Infrasound and low-frequency sound can be generated by the
operation of wind turbines; however, neither low-frequency sound
nor infrasound in the context of wind turbines or in experimental
studies has been associated with adverse health effects.

Annoyance, Wind Turbines, and Potential Health
Implications
The potential effect of noise on health may occur through boU1
physiological (sleep disrurbance) and psychological pathways. Psychological factors related to noise annoyance reported in association
with wind turbine noise will be reviewed and analyzed. A critique of
the methodological adequacy of the existing wind turbine research
as it relates to psychological outcomes will be addressed.
As noted earlier, "annoyance" has been used as an outcome
measure in environmental noise studies for many decades. Annoyance is assessed via a questionnaire. Because annoyance has been
associated under certain circumstances with living in the vicinity of
wind turbines, this section examine · the significance of annoyance,
risk factors for reporting annoyance in the context of wind turb ines,
and potential health implications.
For many years, it has been recogn ized that exposure to high
noise levels can adversely affect heallh 109 - 11 0 and that environmenta l noise can adversely affect psychological and physical heallh. 111
Key to evaluating the health effects of noise exposure-like any
hazard- is a thorough consideration of noise intensity and duration.
When outcomes are broadened to include more subjective qualities
like annoyance and QOL, additional psychological factors must be
studied.
Noise-related annoyance is a subjective psychological condition that may result in anger, disappointment, dissatisfaction, withdrawal, helplessness, depre sion. anxiety, distraction, agitation, or
exhausiion. 112 Armoyance is pri mari ly identifi ed using standardized
self-report questionnaires. Well-established psychiatric conditions
like major depressive disorder are also subjective states that are most
often identified by self-report questionnaires. Despite its subjective
nature, noise annoyance was included as a negative health outcome
by the WHO in their recent review of disease burden related to noise
exposure. 112 The inclusion of annoyance with conditions like cardiovascular disease reinforces its status as a legitimate primary health
outcome for environmental noise research .
This section reviews the literature on the effect of wind turbines, including noise-relaled annoyance and its corresponding effect on heallh QOL, nnd psychological well-being. "Quality of life'
is a multid imensional concept that captures ubjeclive aspecls of
an individual 's experience of functioning, well-being, and satisfaction across the physical, mental, and social domains of life. The
WHO defines QOL as "an individual's perception of their position
in life iu the context of lhe culture and valu e systems in which
they live and in relation to their goals, expectations, standards and
concerns. It is a broad ranging concept affected in complex ways
by the person's physical henllh, psychological status, personal beliefs, social relalion hip and their relationship co ·alient feature
of their environment''. 1 ncpi 4<~1l Numerous well-valida1ed QOL measures are available, with the SF-12 and SF-36 114 and the WHO
Quality of Life-Short Form (WHOQLO-BREP 11 5) being among
the most commonly used. Quality oflife mea ures have been widely
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adopted as primary outcomes for clinical trials and cost-effectiveness
research.
Meta-analysis is a quantitative method for summarizing the
relative strength of an effect or relationship as observed across
mull'iple independent tudies. II 6 The increased application of metaanalysis has had a considerable effect on how literature reviews are
approached. Currently, more than 20 behaviornl science journals require tha l authors report measures of effect size along with te ts
of significance.! 17 The use of effect size indicators enhances lhe
comparability of findings across studies by changing the reported
outcome statistics to a common metric. In behavioral health, the
most frequently used effect size indicators are the Cohen d 118 and r
the zero-order (univariate) correlation coefficient. 117 An additional
advantage of reporting outcomes as effect size units is that benchmarks exist for judging the magnitude of these (significant) differences. Studies reviewed below report an army of statistical analyses
(the t test, analysis of variru1ces, odds ratios, and poi nt-bi erial and
biserial correlations), some ofwhicl1 are not suitable for conversion
into the Cohen d; lhu , following the recommendations of McGrath
and Meyer, 117 r will be used as U1e common effect size measure
for evaluating studies. As reference points, r between 0.10 and 0.23
represents small effects,,. between 0.24 and 0.36 represents medium
effects, and r of0.37 and greater represent large effects. I17 Although
these values offer useful guidelines for comparing findings, it is important to realize that, in health-related research, very small effect
wilh r < 0. 10 can be or great imporlance. I19

Noise Sensitivity
Noise sensitivity i a stable and nom1ally distributed p ychological trait, 120 but predicting who will be annoyed by sound is nor
a straightforward process. 12 1 Noise sensitivity has been raised a a
major risk factor for reporting annoyance in the context of environmental noise. 15 Noise sensitivity is a p ·ychological trait that. affects
how a person reacts to sound. Despite lacking a standard definition,
people can usually reliably rate themselves as low (noise tolerant),
average, or high on noise sensitivity questionnaires; those who rate
themselves as high are by definition noise sensitive.
Noise-sensitive individuals react to environmental
sound more easily, evaluate it more negatively, and experience stronger emotional reactions than noise tolerant
people. 122- 124. 1~6 . IB - 1S6 . 159- 16 1 Noise sensitivity is not related to objectively measured audi tory thresholds, 125 intensity
discrimination, auditory reaction time, or power-function
exponents for loudness. 1w Noise sensitivity reflects a psychophy iological process with neurocognitrve and psychological
features. Noise-sensitive individuals have noise "annoyance thresholds" approximately IO dB lower than noise tolerant individuals. 123
Noise sensitivity has been described as increasing a person's risk
for experiencing annoyance when exposed to ound al low and
moderate level .4 • 157

Noise-Related Annoyance
Noise sensitivi7n and noise-related annoyance are moderately
correlated (r = 0.32 1- 0 ) but not isomorphic. The WHO 11 2 defines
noise annoyance as a subjective experience that may include anger,
disappointment, dissatisfaction, withdrawal, help! ssness, depresion, aruciety, distraction, agitation. or exhaustion. A survey of an
international group of noise researchers indicated that noise-related
annoyance is multifaceted and includes both behavioral and emotional features. 126 This finding is consistent with Job's 122 definition
of noise annoyance as a state associated with a range of reactions,
including frustration, anger, dysphoria, exhaustion, withdrawal, and
helplessness.
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Annoyance and Wind Turbine Sounds
As noted elsewhere in this review, Pedersen and
colleagues 58 •61 •62 · 65 conducted the world's largest epidemiological
studies of people living in the vicinity of wind turbines. These
tudies have been discussed in detail in the epidemiological studies
section of this review. Other authors have also addres ed annoyance
in the context ofliving near wind turbines. 57 ·c,r. iis. 127 , 128 Pedersen6 J
later compared findings from the three cross-secti nal epidemiological studies to identify common outcomes. Acr ss all three studies,
SPLs were associated with annoyance outside (r between 0.05 and
0.09} and inside of the people~ home (r between 0.04 and 0.05).
These effect sizes were all less than U1e mall effect boundary of
0. 10, meaning that sound levels played a minor role in annoyance.
The percentages of people rep rting annoyance with wind turbine
noise ranged from 7% to 14% for indoor exposure and 18% to 33%
for out ide exposure. 58 •61 These rates are similar to those reported
for exposure to other forms of environmental noise. I29
The dynamic nature of wind turbine sound may make it more
annoying than other sources of community noise according to Pedersen et al. 58 They compared self-reported annoyance from other
environmental noise exposure studies (aircraft, railways, road traffic, industry, and shunting yards) with annoyance from wind turbine
sound. Proportionally, more subjects were annoyed with wind turbine sound at levels lower than 50 dB than with all other sources of
noise exposure, except for shunting yards. Pedersen and Waye 107 • 128
reported that the sound characteristics of swishing (r = 0. 70) and
whistling (r = 0.62) were highly correlated with annoyance to wind
turbine sound. Others have reported similar findings. One author has
suggested that wind turbine sound may have acoustic qualities that
may make it more annoying at certain noise levels. 80 Other theories
for ymptoms described in association with living near wind turbines
have also been proposed. 139
Annoyance associated with wind turbine sounds tends to show
a linear association. Sound levels, however, explain only between
9% (r
0.31) and 13% (r = 0.36) of the variance in annoyance
rati11g .57, 61 Therefore, SP Ls seem to play a sign ificanl ,a lbeit limited,
role in the experience of annoyance associated with wind turbines, a
conclusion similar to that reached by Knopper and Ollson. 4

=

Nonacoustical Factors Associated With Annoyance
Although noise levels and noise sensitivity affect the risk of
a person reporting annoyance, nonacoustic factors also play a role,
including the visual effect of the turbines, whether a person derives
economic benefit from lhe turbines and the type of terrain where one
lives.~ Pedersen and Waye61 assessed the effect of visual/perceptual
factors on wind turbine-related annoyance; all of lhe variables described above were significantly related to self-reported annoyance
after controlling for SPLs. Nevertheless, when these variables were
evaluated simultaneously, only attitude to the visual effect of the turbines remained significantly related to annoyance (r = 0.41, which
can be interpreted as a large effect) beyond sound exposure. Pedersen and Waye 128 also found visual effect to be a significant factor
in addition to s und exposure for self-reported annoyance to wind
turbine sound . Pedersen et al 58 explored the effect of visual an itude on wind turbine sound-related annoyance. Logistic regression
showed that sound levels, noise sensitivity, attitudes toward wind turbines, and visual effect were all significant independent predictors
of annoyance. Nevertheless, visual attitudes showed an effect size
of,· = 0.27 (medium effect), whereas noise sensitivity had an r of
0.09. Other authors have also found the visual effect of wind turbines
to be related to annoyance ratings. 130 Results from multiple studies
support the conclusion that visual effect contributes to wind turbine
annoyance,4 with this review finding visual effect to have an effect
size in the medium lo large range. Nevertheless, given that noise sensitivity and visual attitude are consistently correlated (r = 0. 19 and
r = 0.26, respect·lvely),58 •61 it is possible that isual effect enhances
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annoyance through multisensory (visual and auditory) activation of
the noise-sensitivity trait.

Economic Benefit, Wind Turbines, and Annoyance
Some studies have indicated that people who derive economic
benefi t from wind turbines are le likely to report annoyance. Pedersen et al 58 found that people who benefited econonlically (11 =
l 03) from wind turbines reported significantly less annoyance despite being exposed to relatively high levels of wind turbine noise.
Tbe nnnoyance mitigating effect of economic benefi t was replicated
in Bakker et al. 57 Tl1e mitigntion effect of economic benefit st.-ems
to be within the small effect size range (r = 0.15). 57 In addition,
because receiving economic benefit represents a personal choice to
have wind turbines on their property in exchange for compensation,
the involvement of subject selection factors (ie, noise tolerance) requires additional study.

Annoyance, Quality of Life, Well-being,
and Psychological Distress
The largest cross-sectional epidemiological study of wind turbine noise on QOL was conducted in northern Poland. 67 Surveys
were completed by 1277 adults (703 women and 574 men), aged
18 to 94 years, representing a 10% two-stage random sample of
the selected communities. Although the response rate was not reported, participants were sequentially enrolled until a 10% sample
was achieved, and the proportion of individuals invited to participate but unable or refusing to participate was estimated at 30%
(B. Mroczek, personal communication). Proximity of residence was
the exposure variable, with 220 (17.2%) respondents within 700 m,
279 (21.9%) between 700 and 1000 m, 221 (17.3%) between IOOO
and 1500 m, and 424 (33.2%) residing more than 1500 m from the
nearest wind turbine. Several indicators of QOL, measured using
the SF-36, were analyzed by proximity to wind turbines. The SF36 consists of 36 questions divided into the following subscales:
physical functioning, role-Functioning physical, bodily pain, general
health, vitality, social functioning, role-functioning emotional, and
mental health. An additional question concerning health change was
included, as well as the Visual Analogue Scale for health assessment. It is unclear whether age, sex, education, and occupation were
controlled. The authors report that within all subscales, those living
closest to wind farms reported the best QOL, and those living farther
than 1500 m scored the worst. They concluded that living in close
proximity to wind farms does not result in worsening of the QOL. 67
The authors recommend that subsequent research evaluate the reasons for the higher QOL and health indicators associated with living
in closer proximity to wind farms. They speculated that these might
include economic factors such as opportunities for employment with
or renting land to the wind farm companies .
Individuals living closer to wind farms reported higher levels
of mental health (r = 0.11 ), physical role functioning (r = 0.07), and
vitality (r = 0. 10) than did those living farther away. 67 Nevertheless
the implication of the study67 are unclear, ns the authors did not
estimate sound-level exposure or obtain noise annoyance ratings
from their subjects. Overall with the exception of !he study by
Mroczek et al ,67 noise annoyance demonstrated a consistent' small to
medium effect on QOL and psychological well-being.
A study a year earlier of 39 individuals in New Zealand came
to different conclusions than the Polish study. 131 Survey results from
39 residents located within 2 km of a wind turbine in the South
Makara Valley in New Zealand were compared with 139 geographically and socioeconomically matched individuals who resided at
least 8 km from any wind farm. The response rates for both the proximal and more distant study groups were poor, that is, 34% and 32%,
respectively, although efforts were made to blind respondents to the
study hypotheses. No other indicator of exposure to wind turbines
was included beyond the selection ofindividuals from within 2 km or

Wind Turbines and Health

beyond 8 km of a wind turbine, so actual or calculated wind turbine
noise exposures were not available. Subjective HRQOL scales were
used to describe and compare the self-reported physical, psychological, and social well-being for each group. Health-related quality of
Iife measures are believed to provide an alternative approach to direct
health assessment in that decrements in well-being are assumed to
be sensitive to and reflect possible underlying health effects. The authors reported statistically significant differences between the groups
in some HRQOL domain scores, with residents living within 2 km of
a turbine installation reporting lower mean physical HRQOL domain
score (including lower component scores for sleep quality and selfreported energy levels) and lower mean environmental QOL scores
(including lower component scores for considering one's environment to be less healthy and being less satisfied with the conditions of
their living space). The wind Fann group scored significantly lower
on physical HRQL (r = 0.21), environmental QOL (r = 0. I 9), and
overall HRQL (r = 0.10) relative to the comparison group. Al though
the psychological QOL ratings were not significantly different
(P = 0.06), the wind farm group also scored lower on this measure
(r = 0.16). In the wind farm group, noise sensitivity was strongly
correlated with noise annoyance (r = 0.44), psychological HRQL
(r = 0.40), and social HRQOL (r = 0.35). These correlations approach or exceed the large effect size boundary (r > 0.37 suggested
by Cohen).
There were no differences seen for social or psychological
HRQOL domain scores. The turbine group also reported lower
amenity scores, which are based on responses to r.vo general
questions- "! am satisfied with my neighborhood/living environment," and "My neighborhood/living environment makes it difficult
for me to relax at home." No differences were reported between
groups for traffic or neighborhood noise annoyance. Lack of actual
wind turbine and other noise source measurements, combined with
the low response rate (both noted by the authors as limitations), limits lhe inferential va lue of this study because it might pertain to wind
turbine emissions.
Across three studies, Pedersen63 found that outdoor annoyance
with turbine sound was associated with tension and stress (r = 0.05
to 0.06) and irritability (r = 0.05 to 0.08), qualities associated with
psychological distress. Balcker et a157 also found that psychological
distress was significantly related to wind turbine sound (r = 0.16),
reported outside annoyance (r = 0. 18) and inside annoyance (r =
0.24). Taylor et a1<•9 found that subjects living in ureas with a low
probability of hearing turbine noise reported significantly higher
levels of positive affect than those living in moderate or high noise
areas (r = 0.24), suggesting greater well-being for the low noise
group.

Personality Factors and Wind Turbine Sound
Personality psychologists use five bipolar dimensions (neuroticism, extraversion-introversion, openness, agreeableness, and
conscientiousness) to organize personality Lraits. m Two of these
dimensions, neuroticism and extraversion-introversion, have been
studied in relation to noise sensitivity and annoyance. Neuroticism
is characterized by negative emotional reactions, sensitivity to harmful cues in the environment, and a tendency to evaluate situations
a threatening. 133 Introversion (the opposite pole of extraversion)
is characterized by social avoidance, timidity, and inhibition. 133
A strong negative correlation has been shown between noise sensitivity (self-ratings) and self-rated extraversion, 125 suggesting that
introverts are more noise sensitive. Introverts experience a greater
disrupti n in vigilance when exposed to low-intensity noise than
do extroverts. 134 Extroverts and introverts differ in terms of stimulation thresholds with introverts being more easily overstimulated than
extroverts. m Despite these studies, the potential link between broad
personality domains and noise annoyance remains unclear.
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Taylor et al 69 explored the role of neuroticism, attitude toward wind turbines, negative oriented personality (NOP) traits (negative affectivity, frustration intolerance), and self-reported nonspecific
somatic symptoms (NSS) in reaction to wind turbine noise. Despite
one of the few peer-reviewed studies of personality and noise sensitivity, it only achieved a 10% response rate, which raises questions
as to the representativeness of the findings . Nonetheless, the study
sample reported a moderately positive attitude toward wind turbines
in general and seemed representative of the local community. In the
study by Taylor et nl,69 zero-order correlations showed that estimated
sound levels were significantly related to perceived turbine noise
(r = 0.33) and reduced positive affect (r = -0.32) but not to nonspecific symptoms (r = 0.002), whereas neuroticism and NOP traits
were significantly related to NSS (r of 0.44 and 0.34, respectively).
Multivariate analysis uggesred that high NOP traits moderated the
relationship between perceived noise and the report of NSS; that
is, subjects with higher NOP traits reported significantly more NSS
than did subjects low in NOP across the range of perceived loudness
of noise.

Nocebo Response
The aocebo response refers to new or worsen.ing symptoms
produced by negative expectations. 9K. I 6 When negatively worded
pretreatment information ("could lead to a slight increase in pain")
was given to a group of chronic back pain patients, they reported
significantly more pain (r = 0.38) and had worse physica l performance (r
0.36).98 These effect sizes are within the moderate to large ranges and reflect a mean.ingful adverse effect for
the negative information contributing to the nocebo response. The
effect of providing negative information regarding wind turbines
prior to expo ure t infra ound has been experimentally explored.
Crichton ct al 1 7 exposed college students to hum and true infrasound under high-expectancy (ie, adverse health effects from wind
turbines) and low-expectancy (ie, no adverse health effects) conditions. The high-expectancy group received unfavorable information
from TV and Internet accounts of symptoms associated with wind
farm noise, whereas the low-expectancy group heard experts stating that wind farms would not cause symptoms. Symptoms were
assessed pre- and postexposure to actual and sham infrasound. The
high-expectancy group reported significantly more symptoms (r =
0.3 7) and greater symptom intensity (r = 0.37) following both sham
and true infrasound exposure (r = 0.65 and 0.48, respectively). The
effect sizes were similar to those found in medical research on the nocebo response. These findings demonstrate that exposing individuals
to negative information can increase symptom reporting immediately following exposure. The inclusion of information from TV and
the Internet suggests that similar reactions may occur in real-world
settings.
A study by Deignan et al 138 analyzed newspaper coverage of
wind turbines in Canada and found that media coverage might contribute to nocebo responses . Newspaper coverage contained fright
factor words like "dread," "poorly understood by science," "inequitable," and "inescapable exposure"; the use of "dread" and
"poorly understood by science" had increased from 2007 to 2011.
These results document the use of fright factor words in the popular
coverage of wind turbine debates; exposure to information containing these words may contribute to nocebo reactions in some people.
Wind turbines, similar to multiple technologies, such as power
lines, cell phone towers, and WiFi signals, among others, have been
associated with clusters of unexplained symptoms. Research suggests that people are increasingly worried about the effect of modern
life (in particular emerging technologies) on their health (modern
health worries [MHW]). 140 ) Modern Health Worries are moderately
correlated with negative affect (r = 0.23) and, like the nocebo response, are considered psychogenic in origin. The expansion of wind
turbine energy has been accompanied by substantial positive and neg-
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alive publicity that may contribute to MHW and nocebo responses
among some people exposed to this information. Health concerns
have also been raised about the potential of electromagnetic fields
associated with wind turbine operations; however, a recent study
indicated that magnetic fields in the vicinity of wind turbines were
lower than those produced by common household items. 140
Chapman et a1 52 explored the pattern of formal complaints
(health and noise) made in relation to 51 wind farms in Australia
from 1993 to 2012. The authors suggest that their study is a test of the
psychogenic (nocebo or MHW) hypothesis. The findings showed that
very few complaints were formally lodged; only 129 individuals in
Australia formally or publically complained during the time period
studied, and the majority of wind farms had no complaint made
against them. The authors found that complaints increased around
2009 when "wind turbine syndrome" was introduced. On the basis
of these findings, the authors conclude that nocebo effects likely play
an important role in wind farm health complaints. But the authors
do report that the vast majority of complaints ( 16 out of 18) were
filed by individuals living near large wind farms (r = 0.32). So while
few individuals complain, those who do almost exclusively live near
large wind farms. Nevertheless, it is important to note that filing a
formal or public complaint is a complex sociopolitical action, not
a health-related outcome. Furth em1ore, analysis of dtlta provided in
Table 2 of the Chapmans4 study shows that the strongest predictor
of a formal complaint was the presence of an opposition group in
the area of the wind farm. A review of Table 2 shows that opposition
groups were present in 15 of the 18 sites that filled complaints,
whereas there was only one opposition group in the 33 areas that
did not file a complaint (r = 0.82). Therefore, the relevance of this
study for understanding health effects of wind turbines is limited.
Chapman has also addressed the multitude of reasons why some
Australian home owners may have left their homes and attributed the
decision to wind turbines. 54 Gross 140 provides a community justice
model designed to counter the potential for nocebo or psychogenic
response to wind farm development. This method was pilot tested
in one community and showed the potential to increase the sense of
fairness for diverse commun.ity members. No empirical data were
gathered during the pilot study so the effect of method cannot be
formally evaluated.

Conclusions
Annoyance is a recognized health outcome measure that has
been used in studies of environmental noise for many decades. Noise
levels have been shown to account for only a modest portion of selfreported annoyance in the context of wind turbines (r = 0.35). 4 Noise
sensitivity, a stable psychological trait, contributes equally to exposure in explaining annoyance levels (r = 0.3 7). Annoyance associated
with wind turbine noise shows a consistent small to medium adverse
effect on self-rated QOL and psychological well-being. Given the
coarseness of measures used in many studies, the magnitude of these
findings are likely attenuated and underestimate the effect of annoyance on QOL. Visual effect increases annoyance beyond sound
exposure and noise sensitivity, but at present there is insufficient research to conclude that visual effect operates separately from noise
sensitivity because the two variables are correlated. Wind turbine development is subject to the same global psychogenic health worries
and nocebo reactions as other modern technologies. 139
Economic benefit mitigates the effect of wind turbine sound;
however, research is needed to clarify the potential confounding
role of (self) selection in this finding. The most powerful multivariate model reviewed accounted for approximately 50% (r = 0.69)
of the variance in reported annoyance, leaving 50% unexplained.
Clearly other relevant factors likely remain unidentified. Nevertheless, it is not unusual for there to be a significant percentage of unexplained variance in biomedical or social science research. For example, a meta-analysis of postoperative pain (a subjective experience),
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covering 48 studies and 23,037 subjects, found that only 54% (r =
0.73) of the variance in pain ratings could be explained by the variables included in the studies. 14-1 Wind turbine development is subject
to the same global psychogenic health worries and nocebo reactions
as other modem technologies. Therefore, communities, government
agency, and companies would be well advised to adopt an open,
transparent, and engaging process when debating the potential effect of wind turbine sites. The vast majority of findings reviewed in
this section were correlational and, therefore, do not imply causality,
and that other as of yet unidentified (unmeasured) factors may be
associated with or responsible for these findings.

DISCUSSION
Despite the limitations of available research related to wind
turbines and health, inferences can be drawn from this information, if
used in concert with available scientific evidence from other environmental noise studies, many of which have been reviewed and assessed
for public policy in the WHO's Nighttime Noise Guidelines. 104 A
substantial database on environmental noise studies related to transportation, aviation, and rail has been published. 147 Many of these
studies have been used lo develop worldwide regul atory noise guideIi nes, such as those orthe WHQ, 10-l which have proposed night1ime
noise levels primarily focused on preventing sleep disturbance.
Because sound and its components are the potential health
hazards associated with living near wind turbines, an assessment of
other environmental noise studies can offer a valuable perspective in
assessing health risks for people living near wind turbines. For example, one would not expect adverse health effects to occur at lower
noise levels if the same effects do not occur at higher noise levels. In
the studies of other environmental noise sources, noise levels have
been considerably higher than those associated with wind turbines.
Noise differences as broad as 15 dBA (eg, 55 dBA in highways vs 40
dBA from wind turbines) have been regularly reported. 147 In settings
where anthropogenic changes are perceived, indirect effects such as
annoyance have been reported, and these must also be considered in
the evaluation of health effects.
We now attempt to address three fundamental questions posed
at the beginning of this review related to potential health implications
of wind turbines.
ls there avc1i/ab/e scientific evidence io co11c/11de that wind
turbines adversely affect /111111011 health? If so, what are the
circumstances associated with such effects and how might
they be prevented?
The epidemiological and experimental literature provides no
convincing or consistent evidence that wind turbine noise is associated with any well-defined disease outcome. What is suggested by
this literature, however, is that varying proportions of people residing near wind turbine facilities report annoyance with the turbines
or turbine noise. It has been suggested by some authors of these
studies that this annoyance may contribute to sleep disruption and/or
stress and, therefore, lead to other health consequences . This selfreported annoyance, however, has not been reported consistently and,
when observed, arises from cross-sectional surveys that inherently
cannot discern whether the wind turbine noise emissions play any
direct causal role. Beyond these methodological limitations, such
results have been associated with other mediating factors (including personality and attitudinal characteristics), reverse causation (ie,
disturbed sleep or the presence of a headache increases the perception of and association with wind turbine noise), and personal
incentives (whether economic benefit is available for living near the
turbines).
There are no available cohort or longitudinal studies that can
more definitively address the question about causal links between
wind turbine operations and adverse health effects. Nevertheless,
results from cross-sectional and experimental studies, as well as
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studies of other environmental noise sources, can provide valuable
information in assessing risk. On the basis of the published crosssectional epidemiological studies, "annoyance" is the main outcome
measure that has been raised in the context of living in the vicinity
of wind turbines. Whether annoyance is an adverse health effect,
however, is disputable. "Annoyance" is not listed in the International
Classification of Diseases ( I 0th edition), although it has been suggested by some that annoyance may lead to stress and to other health
consequences, such as sleep disturbance. This proposed mechanism,
however, has not been demonstrated in studies using methods capable
of elucidating such pathways.
The authors of this review are aware of the Internet sites and
non- peer-reviewed reports, in which some people have described
symptoms thatthey attribute to living near wind turbines. The quality
ofthis information, however, is severely limited such that reasonable
assessments cannot be made about direct causal links between the
wind turbines and symptoms reported. For example, inviting only
people who feel they have symptoms because of wind turbines to
participate in surveys and asking people to remember events in the
past in the context of a current concern (ie, postturbine installation) introduce selection and recall biases, respectively. Such major biases compromise the reliability of the information as used in
any rigorous causality assessment. Nonetheless, consistent associations have been reported between annoyance, sleep disturbance, and
altered QOL among some people living near wind turbines. It is
not possible to properly evaluate causal links of these claims in the
absence of a thorough medical assessment, proper noise studies, and
a valid study approach. The symptoms reported tend to be nonspecific and associated with various other illnesses. Personality factors,
including self-assessed noise sensitivity, attitudes toward wind energy, and nocebo-like reactions may play a role in the reporti ng
of these symptoms. [n the absence of thorough medical evaluations
that include a characterization of the noise exposure and a diagnostic medical eval uation, confirmation that the symptoms are due 10
living near wind turbines cannot be made with any reliability. In
fact, the use of a proposed case definition that seemed in a journal
not indexed by PubMed can lead to misleading and incorrect assessment of people's health, if perfom1ed in the absence of a thorough
diagnostic evaluation. 143 We recommend that people who su ·peel
that they have symptoms from living near wind turbines undergo a
thorough medical evaluation to identify all potential causes of and
contributors 10 the symptoms. Attribu ting symptoms to living near
wind turbines in the absence of a comprehensive medical evaluation
is not medically appropriate. It is in the person's best interest to be
properly evaluated to ensure that recognized and treatable illnesses
are recognized.
Available scientific evidence does not provide support for any
bona fide-specific illness arising out of living in the vicinity of
wind turbines. Nonetheless, it seems that an array of factors contribute to some proportion of those living in proximity to wind
turbines, reporting some degree of annoyance. The effect of prolonged annoyance-regardless of its source or causes-may have
other health consequences, such as increasing stress; however, this
cannot be demonstrated with the existing scientific literature on annoyance associated with wind turbine noise or visibility.
Is there available sc:ie11tific evidence to co11c/11de that psychological stress, annoyance, and sleep disturbance can occur
as a result of living in proximity to wind turbines? Do these
effects lead to adverse health effects? If so, what are the circumstances associated with such effects and how might they
be prevented?
Available research is not suitable for assessing causality because the major epidemiological studies conducted to date have
been cross-sectional, data from which do not allow the evaluation of
the temporal relationship between any observed correlated factors.
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Cross-sectional studies, despite their inherent limitations in assessing causal links, however, have consistently shown that some people
living near wind turbines are more likely to report annoyance than
those living farther away. These same studies have also shown that a
person's likelihood of reporting annoyance is strongly related to their
attitudes toward wind turbines, the visual aspect of the turbines, and
whether they obtain economic benefit from the turbines. Our review
suggests that these other risk factors play a more significant role than
noise from wind turbines in people reporting annoyance.
The effect of annoyance on a person's health is likely to vary
considerably, based on various factors. To minimize these reactions,
solutions may include informative discussions with area residents
before developing plans for a wind farm along with open communications of plans and a trusted approach to responding to questions
and resolving noise-related complaints.
Is there evidence to suggest that specific aspects of wind
turbine so1111d such as i11fraso111ul and low-fre.q11e11cy sound
have unique potential health effects not associated with other
sources of environmental noise?
Both infrasound and low-frequency sound have been raised as
possibly unique health hazards associated with wind turbine operations. There is no scientific evidence, however, including results from
field measurements of wind turbine-related noise and experimental
studies in which people have been purposely exposed to infrasound,
to upport this hypothe is. Measurements of low- frequency sound,
infrasound, tonal sound emission, and amplitude-modulated sound
show that infrasound is emitted by wind turbines, but that the levels
at customary distances to homes are well below audibility thresholds, even at residences where people have reported symptoms that
they attribute to wind turbines. These levels of infrasound- as close
as 300 m from the turbines-are not audible. Moreover, experimental studies of people exposed to much higher levels of infrasound
than levels measured near wind turbines have not indicated adverse
health effects. Because infra ound is associated more with vibratory effects than high-frequency sound, it has been suggested that
the vibration from infrasound may be contributing to certain physical sensations described by some people living near wind turbines.
These sensations are difficult to reconcile in light of field studies that
indicated that infrasound at distances more than 300 m for a wind
turbine meet international standards for preventing rattling and other
potent ial vi bra tory effects, 14

Areas for Further Inquiry
In light of the limitations of available studies for drawing
definitive conclusions and the need to address health-related concerns associated with wind turbines raised by some nearby residents, each author discussed potential areas of further inquiry to address current data gaps. These recommendations primarily address
exposure characterization, health endpoints, and the type of epidemiological study most likely to lead to informative results regarding
potential health effects associated with living near wind turbines.

Noise From Wind Turbines
As with any potential occupational or environmental hazard,
further efforts at exposure characterization, that is, noise and its
components such as infrasound and low-frequency sound, would be
valuable. Ideally, uniform equipment and standardized methods of
measurement can be used to enable comparison with results from
published studies and evaluate adherence to public policy guidelines.
Efforts directed at evaluating models used to predict noise levels from wind turbines-in contrast to actual measured noise levelswould be valuable and may be helpful in informing and reassuring
residents involved in public discussions related to the development
of wind energy projects. Efforts at fine tuning noise models for accuracy to real-world situations can be reassuring to public health
e126

officials charged with evaluating potential health effects of noise.
The development and the use of reliable and portable noise measuring devices to address components of noise near residences and
evaluating symptoms and compliance with noise guidelines would
be valuable.

Epidemiology
Prospective cohort studies would be most informative for
identifying potential health effects of exposure to wind turbine noise
before and after wind turbines are installed and operating. Ideally,
substantially large populations would be evaluated for baseline health
status, and subsequently part of the population would become exposed to wind turbines and part would remain unexposed, as in an
area where large wind turbine farms are proposed or planned. The
value of such studies is in the avoidance of several forms of bias
such as recall bias, where study participants might, relying on recall,
under- or overreport risk factors or diseases that occurred sometime
in the past. As has been noted by several authors, the level of attention given the topic of wind turbines and possible health effects
in the news and the Internet makes it difficult to study any population truly "blinded" to the hypotheses being eval uated. The main
advantage of prospective cohort studies with a pre- and post-wind
turbine component is the direct ability to compare changes in disease and health status among individuals subsequently exposed to
wind turbine noise with those among similar groups of people not
exposed. These conditions are not readily approximated by any other
study approach. A similar but more complex approach could include
populations about to become exposed to other anthropogenic stimuli, s uch as highways rail roads, commercial centers, or other power
generation sources.
We note that additional cross-sectional studies may not be
capable of contributing meaningfully and in fact might reinforce
biases already seen in many cross-sectional studies and surveys.

Sound and Its Components
Several types of efforts can be undertaken to test hypotheses proposed about inaudible sound being a risk for causing adverse health effects. It would be simple, at least conceptually, to
expose blinded subjects to inaudible sounds, especially in the infrasound range, to determine whether they could detect the sounds
or whether they developed any unpleasant symptoms. Ideally, these
studies would use infrasound levels that are close to hearing thresholds and comparable with real-world wind turbine levels at residential distances. Crichton et al 137 · 149 have begun such studies, finding
that subjects could not detect any difference between infrasound and
sham "exposures." The infrasound stimulus used, however, was only
40 dB at 5 Hz, more than 60 dB lower than hearing threshold and
lower than levels measured at some residences near wind turbines.
The possibility of adverse effects from inaudible sound could
also be tested in humans or animals in long-term studies. To date,
there seem to be no reports of adverse effects in people exposed to
wind turbine noise that they could never hear (such reports would
require careful controls), nor are any relevant animal studies known
to the authors of this review.
Controlled human exposure studies have been used to gain
insight into the effects of exposure to LFN from wind turbines.
Human volunteers are exposed for a short amount of time under
defined conditions, sometimes following various forms of preconditioning, and different response metrics evaluated. Most of these
studies addressed wind turbine noise annoyance but no direct health
indicator; however, one study addressed visual reaction to the color
of wind turbines in pictures,71 and another evaluated physical symptoms in response to wind turbine noise. 137 •149
Efforts to document a potential effect ofinfrasound on health
have been unsuccessful, including searches for responses to sound
from cochlear type II afferent neurons or responses to inaudible
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airborne sound from the vestibular system. But in other cases, the
relevant experiments (can inaudible sound cause endolymphatic hydrops?) seem not to have been conducted to date. This seemingly
improbable hypothesis, however, could be tested in guinea pigs,
which reliably develops endolymphatic hydrops in response to other
experimental interventions.

Psychological Factors
This review has demonstrated that a complex combination
of noise and personal factors contributes to some people reporting
annoyance in the context of living near wind turbines. Further efforts
at characterizing and understanding these issues can be directed to
improvements in measurement of sound perception, data analysis,
and conceptualization.
We suggest improvements in the quality and standardization
of measurement for important constructs like noise sensitivity and
noise annoyance across ludie . We also suggest eliminating Lhe use
of single-item "measures" for primary outcomes.
Data analysis should ideally include effect size measures in
all studies to supplement the significance testing (some significant
differences are small when sample sizes are large). This will help
improve the comparability of findings across studies.
Integrate noise sensitivity, noise annoyance, and QOL into a
broader more comprehensive theory of personality or psychological funct ioning, such as the widely accepted five-factor model of
personality.

SUMMARY
1. Measurements of low-frequency sound, infrasound, tonal sound
emission, and amplitude-modulated sound show that infrasound
is emitted by wind turbines. The levels of infrasound at customary distances to homes are typically well below audibility
thresholds.
2. No cohort or case-control studies were located in this updated
review of the peer-reviewed literature. Nevertheless, among the
cross-sectional studies of better quality, no clear or consistent
association is seen between wind turbine noise and any reported
disease or other indicator of harm to human heal th.
3. Components ofwind turbine sound, including infrasoundand lowfrequency sound, have not been shown to present unique health
risks to people living near wind turbines.
4. Annoyance associated with living near wind turbines is a complex phenomenon related to personal factors. Noise from turbines
plays a minor role in comparison with other factors in leading
people to report annoyance in the context of wind turbines.
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Linear third octave level in dB

The meas~meot results of wind turbines also shOW" no acoustic
abnon:nalit:ies for the f~uency range of audible sound. Wand
turbines ca.o thus be u:sessed like other i.nst:alb.tioos according
to the specifications of the 'IA Linn (no~ p~cotion regulati-
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It can be concluded that. given the ~spectivc complW!.et: with
legal a.ad professional technic:al requirements for planning a.ad
approval, harmful effects CX o0isc from wind turbincs cmnot be
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FURTHER INFORMATION

10

Detailed information on the measuring project is included
in the docamcot .,l.ow-&cquency noise iocl infnsound &om
wind turbines and other sources - Rqx:irt on the results of the
measutement project 2013-l0l!i". Jt can be downloaded in the
LUBW online shop a.t www.luhw.de/servletlW2624-tli,
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Further informalion a.bout wind energy a.nd infusound
can be found in the lea.flet .,Wiodenctg~ und Infwdudl -
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of"1em-.r-.:lwindutiirw,d:ltanc11~3:10m

lieffrequ.ente Gctiusche durcb Wi.ndenergieanlagen", which the
LUBW bas i.ssued in coope~on with the public health autho-

CONCLUSION

Inh'ZoWJd and low·&cquency aoise ;m: ui evecyd.ay put of our
udwiuS ~d na.tunl envilonmenL Compattd with other technical and n:uural soun:~, the l~d of inhsound ca.use:! by wind
turbines is low. Already at a distmce of 1'0 m, it is well below

the buau.o timit:s cl perception. Accordlagly, .it i:s even lower
ac the usu.al distances from residential tttaS. Meets on heah:b.
caused by infra.sound below the perception thresholds ba.ve ooc
bcm scientifically proven. Together with the health authorities,
we in Ba.dc:n-Wllrttembetg have come to the conclusion that
adverse effects rdati.ng to infruouad from wind turbines c.annot
be expected on the Wis of the evidence at lwid.
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rities of Baden-Wurttcmbetg, a.ad che publica.tion ,.Fagen und
Aotwotten :i:u Windcnttg.C UCJd Seba.II - Bcbauptw>gcn uod
Fakten". Both publicarioos are in German bnguagc and can be
downloa.ded or ocde11:d wing r:he search 6eld on the LUBW
home page wwwlubw.de.
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Li near sound level in dB

TtU ISSUE AT Hit.NO
In ~dition to tbe usual audible sound, the noise coming from
wind turbines also conains k,w freciueocies including infruouad,
SoWld below the wdible range, i.e. with freit,uencies of less than
20 ha-tz (Hz), LS called infrasouad. Noise is defined as low•6:e-qucncy noise if substmtial puts of it ate in the frequency range
below 100 hem (Hz) ln&.sound is thus a. part of \ow-fttquency
souod,

70

.....•

Our hearing is very insensitive to low fn:queocies Howe\/e:t, in

•

,...,

•

«ffllffltor or hearing, ~ re also aa&lysed in rbe n y that they
occur indoors. Addirional measutt menc, of natur,.l infraso11nd in
an open fid d, at the: edge or a foresz: and in a forest rounded off
the mcuun: cncnt p rogn..mmc.

THE MEASUREMENT PROJECT

WIND TURBINES

The acoustic owninations were carried out in the yeus
2013 througb 201:5 in coopenrion with c~ company Wol.fel
Engineering GmbH & Co. KG in the vicinity :,f W: wind cwbioes
by different ma.nu&cwrers and of different siz~ Additional vibra•
tioo me:a.surcm~ts WCil: also carried out at ooe wiod turbine , In
ocder to appropriately classify the d.a~ collected, low·frec:pency
sound from olher SOlllCCS wa.S also mC2SDred a.rid evihiated: effe:as
of an urban ro3d outside and inside a residien:tial building. neu a
mmonw.y, u two LUBW measuring SC1Ltions for road cnf6c noise.
as well as inside driving an. Measurements 'Mthout direct source
reference wete taken in the dty centre of l<arW\lhc. furthermore,
noise from technka.1 home appliances, siJch 25 washing macbUle.,

Depend{I18 on the respective local conditio~ the mCllSU.rcments

Depending oo the SSue, the fruQuencies al sound 31118 v.t1igl'ltad drffenmt·
ly A-v..9igJTDng is 0.1$101"nafV ano eXOtessed as dBW, which rovghlycorresponds to human auditory perc::epuon. However, fa 1he range of infrasound, so-calledG•weightITTi;., e,cpressed indB(GJ, is i..sed Thi G-wsighti~
1s focused at 20 Hz: T'ne contnbuuons of sound bet~n 10 1-tZ and 25 Hz
.!If& Str't'.lng/y incorporated into the lewl, t he contribuli;xis atxMl end beloY,,
on¥ slightly. U11V>9ightsd 8Wls (linear kwelsl are nonnally u • for fr&Quency anatysisandthe com?Bri,on wJth the perception threisho~ In th5
case, all frequeneies are weighted equally. The Figures in this leaflet show
lXlWlighted third oc:t!MI spectra or r.arrcw--twld spectra

,.

The vibrations caused by the wind turbine being examined
were already minimal at a distance or le.u than 300 m. The tea·
dings were well be-lO'N the reference values in acro,dance wiEb
DIN 41,0 Part 2 lbis standud applies fo, the assessment of
vibrations that affect people in building,., At distances rcquircd
io the vicinity of residential areas for ooi.sc protection reuo.ns
alone, .no relevant effects can thw be expected for residential

30

the context of tbe devdopme!l.t of wind power ubliution, fears
are often expressed that wind power plaou might ptOduce: a great
amount of infra.sound, But bow mocb iofusound do wind tutbines
really produce? This i$ the quesOOn the LUBW o:a.miocd in an
e:uensive measurement projea. lbis leafier swnmariies the: main
results of the survey.

EvllultionofnolN

extent. At this distance, the infrasound is mainly induced by the
wi.nd &nd noc generated by the: power planes (see Figure bottom
of psgc 4)

MP1 / 150m

Windd lnction

20

buildings.

the s.ix wind curbi~ were carried oot at distances of appro.~
00 m, :500 m and 700 1JL 'Jbe turbines cove«d a power f'l.llge from
L8 to 3.2 megawatts. It turned oot tb.a.r: the infruound cocning
from wind power pl:anu Cl.l'I be dc~cted by measurement ritbcr
well in t~ v,cini.ty of the power p\iiD.ls. lo addition to the noise
ci the wind turbine, sound ge:oer:ucd by wind in the vicinity as
well as wind-induced sound 1.t the microphone art: also perally
picked up. In the oarrowba.nd spectrutn. a typical sawtooth patttrn
can be seeD below 8 Hi. This is due to the u.aiform movement of
the rotor blades, which appears as a fundamenl21 oscil.l.ation with
harmonic wives (see Figu« cop of page 4),

IQ
ROAD TRAFFIC

_..,..,.....

_..._

FtOQU,OftCv In Hz

,. I

at

With values of ~cweco 4, and 7' dB (unwOghted), the infra•
sound third ocuve level, meuurcd around the wind turbines are
~II beLaw the human perception threshold as de6.ned by DIN
4'680 (draft 2013) even at close distance5 of uound 1-'0 m. The
.measured values show a wide range of variation.. This is due to dif.
Jercnt environ.mental conditions and the nrying ooise: compooenls d the wind. At a. d15tance of 700 m from the wi.rid turbines, it
was observed th:11.t when the turbine is switched oo, the measured
inf'ruound le~l did aot inctt:asc notably or oaly to a limited

,.

70

60

so

As expected, the rnet.suremeotS of noise from traffic showed 2
cleu cott1:lation bct,veen noi~e and ctdfic density. The hijber
the volwne of tl2ffic, the higher wu the low·&eque!l.C)' noise
level, Contruy to the situatioc with wind turbines, the level,
cawed by road traffic 41.so occur direcdy nc:u residentia.l buil•
dinp. The G-a.ccd Wasound levels n.r:t.r 1esidcntial buil·
ding, WCTC bcrweeo ,, and 80 dB(G) lncte-ased level values
wete observed mainly in tbe rrcque:ncy mnge between 30 and
80 Hz. These noise components ar1: well above the pcrcepb·
oo. threshold in accordLOce with DIN 4,680 (20U draft). The
measured low•frequency noise from road traffic is sipificantly
louder tmn in the vicin.icy of wind turbines (see Figure on pa~
7). The in&a.sound and low-&equeocy noise !~els dropped at
night.

40

In the evenings, the G-level declined steadily. ln the frequency
range becween 2' .and 80 Hz, relatively high third ocu~ lcvds
ofup to 60dB (unweighted) we.re observed These are probably
due Eo tra.ffic noise in the wider vicinity. G-levels of between 4!i
and 60 dB(G) were measured iod()Q[S,
TECHNICAL EQUIPMENT IN RESIDENTIAL BUILDINGS

The: mdSUCCment of appli:11.nces in a residcori:al buildiDg showed
the hi~st G·we'gbtcd infmound lrvels with up to 8:5 dB(G)
duriog the spin cycle of Wtibing machines. Jn some frequeo·
cy ranges, the l~els reach the human petcepcion threshold in
accordance with DIN 4'680 (2013 dnft) Tbe: linear third ocrave
level, wised by an oil beating wue ~ o ,oand 1,dB (see
Figure page 7)
RURAL ENVIRONMENT

The coise situ2t.ion with the wind blowing in an opeD field, at
the edge of :11. forest and in a forest is similu to that ic the vid•
n.icy of 1. wind turbine. At a wind speed d 10 mis in the open
field, the measurcme.nts 0£ }} to 6J dB(G) on the opeo field
showed slighdy higher G--weigbr:ed iott&sound levels chan at the
edge of the fures:: and in the forest, where :50 to 60 d&{G) were
mcuured, This cUI be: e:xpb.ioecl by the iowrc wiod speed at the
edge of the forest 1,t1d in the forest. For audible rnWld, the noise
level rises 1.t the edge oi the forest and in rhe: forest compared co
the open field. This is due to tbc costling of leaves ( see Figure
ptge

7).

COMPARISON OF DIFFERENT SOURCES

30

20
10
0 -1-~..-,~~--.-~"T'",...."T'".....~~,....,~ .....
Frequency In Hi.
[

-

••lkaroundrd•

-

TOlall'DI•

LU

j

~ f t O , ) f , IIP~ofOW - ~ ~
no.,-~
f'K:h. olrt. ~1.11111Mt.1t• OiJ.~
01 100 r.,w f..s ,,,.,,., WJ(sdap,.&"

r

Much higher levels occur in the inttcior or a medium-siud ur
driving at BO lan/h, This does not acruaJly conttro a.n immis•
sioo in a.o opeo environment, but it is an ~eryday situation,
which man.y people ~ often exposed tD 6::ir longer periods of
time The io.fnsound bere is greater by seven.I ordeis of magni•
tude than in the vicinity c£ wind turbines (see figure page 7),

The Figure on page 7 ag;a.in iUUS1:nte:s the btHC!tb or the lioeu

thicd octave level £or the respective wind turbines at a dista.nce
of approx. 300 m (red b:and). For comparisoo, the messurement
n:,ult3 for the sound of twfic 2nd rwure as well as 21:1 oil hca.•
ting system. are WO shown. What becomes appa.reoc is the large
distance becween che turbine noise and the human perception
thn:shold in the inf~ound aoge.

CITY CENTRE

The measu«ments in the city centre of Ka.risruhe showed
G•wcightcd infwouod level.s cb,.t were mosdy betweeo}} and
6.'.I dB(G) At times, v.al~s abow: 70 dB(G) were even reached

I'
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1 Background and introduction
There are currently (as of 31.12.2015) 445 wind turbines in
operation in Baden-Wuerttemberg and 100 more under
1
).

wind turbines and other sources was to be collected. As a
result, the LUBW was entrusted with the implementation

In the coming years many more will be ad-

of the project by the Ministry ofEnvironment, Climate and

ded to that number. When it comes to the expansion of

Energy Baden-Wuerttemberg. The company Wolfel Engi-

wind energy, the effects on humans and the environment

neering GmbH + Co. KG was taken on board as a sup-

need to be taken into account. Wind turbines make noise.

porting measuring institute. The detailed planning and

In addition to the usual audible sound, they also generate

work was thus begu n together at the beginning of 2013 .

construction

low-frequency sounds or infrasound, i.e. extremely low tones.

Within the project, numerous measurements near wind

Infrasound is described as the frequency range below

ses and evaluations were carried out. The results obtained

20 hertz (for explanations of important technical terms,

are summarized in this measurement report. The LUBW

please refer to Appendix A3). From a physical point of

wishes to use it as a contribution towards providing objec-

view, these noises are generated particularly through aero-

tivity to the discussion. The report is aimed at the interes-

dynamic and mechanical processes, e.g. the flow around

ted public as well as administrative bodies and professio-

rotor blades, machine noise or the vibration of equipment

nals.

turbines and other sources as well as the associated analy-

components. Our hearing is very insensitive to low-frequency noise components. The wind energy decree of Ba-

At this point we would like to thank all participants for

den-Wu.e rttemberg (1] includes, among other things, regu-

enabling the measurements as well as the friendly support

lations and statements to protect the population against

during the implementation, in particular the operators of

low-frequency noise and infrasound . However, within the

wind turbines, the involved administrative authorities in

scope of wind energy development, fears are commonly

Baden-Wuerttemberg and Rhineland-Palatinate, the State

expressed that this infrasound may affect people or jeopar-

Museum of Natural History Karlsruhe and the Education

dize their health.

Authority of Karlsruhe. The Bavarian State Office for the
Environment and the State Office for the Environment,

In September 2012, the LUBW Landesanstalt fur Umwelt,

ature Conservatio n and Geology Meckle nburg-Western

Messungen und Naturschutz Baden-Wuerttemberg presen-

Pomerania were kind enough to provide a number of pic-

ted the concept for a measuring project, with which cur-

tures.

rent data on low-frequency noise incl. infrasound from

1) The terms "wind power plant" and "wind turbine" are synonymous.
For our measurement project we have used the term "wind turbine"
in the title. The German term is embedded in immissions law
(fou rth regulation on the implementation of the Fede ral Im mission
Control Act - Regulatio n on licensing requirements Appendices 4. BlmSch V, Appendix I no. 1.6.1 (2] (3 ]). In the text of this report
the common term "wind power plant" may also be used.

©LUBW
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2

Summary

In cooperation with Wolfe\ Engineering GmbH + Co. l<! ,
the LUBW carried out the measurement project "Low-frequency noise incl. infrasound from wind turbines and
other sources", which began in 2013 . This report provides

\

\

information on the results of the measurement project.

The aim of the project is to collect current data on the
occurrence of infrasound (from 1 Hz) and low-frequency
noise in the area of wind turbines and other sources. For
this purpose, measurements were taken up to the end of
2015 in the areas around six wind turbines by different ma-

nufacturers and with different sizes, covering a power range
from 1.8 to 3.2 megawatts (MW). Depending on local conditions, the distances to the wind turbines were approx.

Figure 2-1 : Wind turbines - how much infrasound do they
emit? Photo: Wolfe/ company

150 m, 300 m and 700 m. The results of the measurements

at the wind turbines are described and illustrated by means
of graphs in Chapter 4. In addition to the acoustical analy-

pread technical equipment, such as washing machines,

ses, vibration measurements were performed in the vicinity

refrigerators or heating equipment, was also recorded and

of a wind power plant in order to determine possible vibra-

is presented in Chapter 7. In order to enable statements

tion emissions of the power plant on the environment. The

about natural sources of infrasound, measurements were

procedure and the difficulties encountered are explained

taken on an open field, near a forest and in a forest. The

accordingly.

measurement of low-frequency sound through sea surf is
also introduced based on literature (Chapter 8). In Chap-

Since road traffic is also considered to be a source of infra-

ter 9, considerations are made for a monitoring station for

sound and low-frequency noise, it stood to reason to ex-

the continuous monitoring oflow-frequency noise incl. in-

tend the measurement project to cover that too. Chapter 5

frasound . Such an independently operating permanent

provides results of measurements at an urban road, which

measuring station could possibly be used when it comes to

took place both outside as well as inside a residential buil-

complaint cases.

ding. In addition, the data from the LUBW measurement
stations for road traffic noise in Karlsruhe and Reutlingen

The report at hand extends the previous interim report

were analysed and illustrated with respect to low-frequen-

through further findings and contains a multiplicity of

cy noise and infrasound. Furthermore, results of own mea-

measurement results. It is aimed at both professionals as

surements at a motorway are also illustrated . This is sup-

well as the interested general public. Great interest for our

plemented by data from sound level measurements inside

analyses was shown by the public and administrative bodies during the entire duration of the project. SWR TV

a moving car.

even aired a report about the measurements. The LUBW
Measurements without reference sources during the day

will continue to pursue the issue in the future.

and at night took place in the centre of Karlsruhe on the
Friedrichsplatz. At the same time, measurements were also

In addition to general information about infrasound, the

taken on the roof of the natural history museum and in an

appendices provide extensive explanations of technical

interior room of the education authority (Chapter 6). Typi-

terms and the technology used, as well as information on

cal noise occurring in residential buildings through wides-

the sources.

©LUBW
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Figure 2-2: Impressions o f the measurements during the execution of the measurement project. a) Construction of a wind measuring masr (top left) and b) of a measuremen t point (top right) during measurem ent at a wind turbine. c) and dJ Setup of measurement
points in the city centre of Karlsruhe /bottom). Photos: LUBW

RESULTS

turbine is switched on, the measured infrasound level

In summary, the measurements lead to the follow ing fin-

did not increase or only increase to a limi ted extent.

dings:

The infrasound was generated mainly by the wind and

■

not by the turbines.

The infrasound being emanated from the wind turbines
can generally be measured well in the direct vicinity.
Discrete lines occur below 8 Hz in the frequency spect-

■ The determined G-weighted levels

2)

at distances bet-

rum, which are attributed to the uniform movement of

ween 120 m and 190 m were between 55 dB(G) and

the individual rotor blades.

80 dB(G) with the turbine switched on, and between
50 dB(G) and 75 dB(G) with the turbine switched off.

■

For the measurements carried out even at close range,

At distances of 650 m and 700 m, the G-levels were bet-

the infrasound level in the vicinity of wind turbines is

ween 50 dB(G) and 7 5 dB(G) for both turbines switched

- at distances between 120 m and 300 m - well below
the threshold of what humans perceive in accordance
with DIN 45680 (2013 Draft) [5) or TableA3-1.

2) The G-level - expressed as <lB(G) - represenrs a frequency-weighted single value of the noise in the low-frequency and infrasoun<l

■

range. The human ear is insensitive to any influence s in this fre-

At a distance of 700 m from the wind turbines, it was

quency range (for definition and measure ment curve see Appen-

observed by means of measuremen ts that when the

dix A3).

I
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Linear third octave level in dB

on as well as off, see Table2-1. The large fluctuations are
caused, among other things, by the strongly varying noi-

110

se components due to the wind, as well as various diffe-

100

rent surrounding conditions.

90

80
■

70

The infrasound and low-frequency noise measured in

60

the vicinity of operating wind turbines consists of a pro-

50

portion that is generated by the wind turbine, a propor-

40

tion that occurs by itself in the vicinity due to the wind,

30

and a proportion that is induced by the wind at the mi-

20

crophone. In this case the wind itself is thus always an

10
O+.--r-r""T--r---.--.-,-,--,--,-,,-,-,.....,""T'..,...-,--,-,--,-+

"interference factor" when determining the wind turbi-

-~~N~~~~MOOO~~O~~OOMOO
~~

ne noise. The measured values are therefore subject to a
-

-N-NN~~~~oo~

Perception threshold
Car interior, windows closed
Road traffic, traffic volume of 2000 cars/h
: Level range or the measured wind Lurbines, distance approx. 300 n,

The vibrations caused by the wind turbine being examined were already minimal at a distance of less than
300 m. At distances provided for residential areas alone
due to noise protection issues, no relevant effects are to
be expected for residential buildings.

■

~

Froquency in Hz

wide spread.
■

N~

Figure 2-3: Comparison of road noise inside and outside of motor vehicles with the level range of wind turbines at a distance of
approx. 300 m as well as the perception threshold according to
Table A3-1 regarding infrasound and /ow-frequency noise. For
measuring corrections, see Section 4. 1.

It was possible to carry out the measurements for the
low-frequency noise incl. infrasound resulting from road

than the subliminal infrasound levels below 20 Hz. The

traffic during times without interfering wind noise. Con-

levels of low-frequency noise in the observed situations

trary to the case with wind turbines, the measured levels

of road traffic are significantly higher than in the vicinity

also occur directly in areas with adjacent residential

of wind turbines (Table 2-1) .

buildings. As expected, it was observed that the infrasound and low-frequency noise levels fell at night. Clear

■

correlations with the amount of traffic were also ascer-

The measurements in the city centre of Karlsruhe
(Friedrichsplatz) showed that the G-weighted levels

tained. The higher the amount of traffic, the higher the

dropped from 65 dB(G) during the day to levels of

low-frequency noise and infrasound levels.

around 50 dB(G) at night. Wind noise played no role for
these measurements. Relatively high third octave levels

■

The infrasound noise levels of road traffic in the area of

up to 60 dB (unweighted) could be observed between

residential buildings in the vicinity in the individual

25 Hz and 80 Hz, probably deriving from traffic noise,

third octave bands were a maximum of approx. 70 dB

even though the Friedrichsplatz is not located directly

(unweighted), while the G-weighted level was in the

on a busy road.

range between 55 dB(G) and 80 dB(G).
■
■

The highest levels in the context of the measurement

When it comes to the immission measurements of road

project were measured in th e inte rior of a mid-range car

traffic noise, incre ased levels in the area between ap-

travelling at 130 km/h. Eve n tho ugh these are not immis-

prox. 30 Hz and 80 Hz were ascertained in the frequen-

sion levels that occ ur in a free envi ro nment, the y are an

cy spectra. The low-frequency noise in this area lies well

e veryday situation that many peo ple are frequently sub-

above the perc eption threshold ac co rding to Tab/eA3-1

jected to for a longer period of tim e. The measured va-

and is therefore more relevant with regards to its effect

lues for both th e infrasou nd as well as the othe r

©LUBW

Low-frequency noise incl. infrasound - Report on the measurement project,,,

001694

Linear third octave level in dB

low-frequency areas are higher by several orders of

120-.------..:::--- - - - -- - - - - - ---,

magnitude than the values measured in road traffic or at

110
100

the wind turbines.

90
80

■

70

The measurement of appliances in a residential building
showed the highest infrasound levels during the spin

60

cycle of washing machines. In individual third octaves

50

the levels reached the perception threshold according

40
30

to TableA3-1. As expected, it turned out that building

20
10

components deaden higher-frequency noise significantly better than the low frequencies below 20 Hz.

o..,_,--------------~~~~~~....i
-~~N~~~~:oo g ~ ~ ~~ ~ ~~~g~

"'
[]

"'Frequency in Hz

■

In a rural area, the spectral distribution of noise on an
open field, the edge of a forest, in a forest with wind is

Perception threshold
Washing machine 1 total
Oil heating
Gas heating
level range of the moasu red win d turbines, distance approx. 300 m

in principle similar to in the vicinity of a wind turbine
(Figure 2-5).

For open fields, linear levels that are up to

30 dB higher than in a forest can be seen in the narrowFirgure 2-4: Comparison of noise of technical appliances in residential buildings with the level range of wind turbines at a distance of approx. 300 m as well as the perception threshold according to Table A3- 1 rega rding infrasound and low-frequency
noise. For measuring corrections, see Section 4. 1.

band spectrum. Above 16 Hz, the differences are no longer as pronounced. Higher levels occur for A-weighted
audible soun d in the forest, which is attributable to the
rustling of leaves.

Linear third octave leve l in dB

120 .......- - -- ~ - - - - -- - - - - - --

-,

CONCLUSION

110

Infrasound is caused by a large number of different natural

100

and technical sources. It is an everyday part of our environ-

90

ment that can be found everywhere. Wind turbines make

80

no considerab le contribution to it. The infraso und levels

70

generated by them lie clearly below the limits of human

60

perception. There is no scientifically proven evidence of

50

ad verse effects in this level range.

40

30

The measurement results of wind turbines also show no

20

acoustic abnormalities for the frequency range of audible
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Frequency in Hz

sound. Wind turbines can thus be assessed like other installations according to the specifications of the TA La.rm
(noise prevention regulations). It can be concluded that,

Meadow wind 10 m/s
[ ] Level range or the measured wind turbines, distance approx. 300 m

given the respective compliance with legal and professional
technical requirements for planning and approval, harmful

Figure 2-5: Comparison of noise situation in an open field (without source reference) with the level range of wind turbines at a
distance of approx. 300 m as well as the perception threshold
according to Table A3-1 rega rding infrasound and /ow-frequenc y
noise. For measuring corrections for wind turbines, see section 4. 1.

effects of noise from wind turbines cannot be deduced.
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Table 2-1 : Comparative overview of results. The readings were often subject to considerable fluctuations. Here they were rounded
to the nearest 5 dB, some are based on different averaging times. More information can be found in the relevant sections of the
report. To enable a comparison of the results (measurements with/1,vithout reverberant plate) a correction was carried out; for more
information see Section 4. 1.
Source/situation

Section

Wind turbines 21
-Wf1

4.2

G-weighted level
In dB(G)

lnfrasound
third octave level
s 20 Hz in dB 1l

Low-frequency
third octave levels
25-80 Hz in dB 11

WT on I off

WT on

WT off

700 m : 55-75 / 50-75
150 m : 65-7 5 / 50-70

150 m : 55-70

150 m : 50-55

-Wf2

4.3

240 m : 60-75 / 60-75
120 m : 60-80 / 60-75

120 m: 60-75

120 m : 50-55

-Wf3

4.4

300 m: 55-80 / 50-75
180 m: 55-75 / 50-75

180 m: 50-70

180 m: 45-50

-Wf4

4,5

650 m : 50-65 / 50-65
180 m : 55-65 / 50-65

180 m: 45-55

180 m: 40-45

-Wf5

4.6

650 m : 60-70 / 55-65
185 m : 60-70 / 55-65

185 m: 50-65

185 m: 45-50

- Wf6

4.7

705 m: 55-65 / 55-60
192 m: 60-75 / 55-65

192 m : 55-65

192 m : 45-50

Road traffic
- W uriburg inner city. balcony 31
- W urzburg inner city, living quarter 3l

5.1

50-75
40-65

35-65
20-55

55-75
35-55

- Karlsruhe, noise measurement station 31

5.2

65-75

45-65

55-70

- Reutl ingen, noise measurement station 31

5.2

70-80

50-70

55-75

- M otorway A5 near Malsch, 260 m 41

5.3

75
70

55-60
55-60

60-70
55-60

- Interior noise In passenger car 130 kmJh 41
- interior noise In minibus at 130 km/h 41

5.4

105
100

90-95
85-90

75-95
80-90

50-65
50-65
45-60

35-55
35-50
20-45

up to 60
up to 60
up to 55

- M otorway A5 near M alsch, 80 m 41

Urban background, Karlsruhe 31
- roof of natural history museum
- Friedrichsplatz
- Interior

6

Noise sources in residential buildings 51
- Washing machine (all operating modes)

7. 1

50-85

25-75

10-75

- Heating (oil and gas, full load)

7.2

60-70

40-70

25-60

- Refrigerator (full load)

7.2

60

30-50

15-35

Wind 6 / 10 mis

Wind 6 I 10 mis

Wind 6 / 10 mis

Rural environment

61

- open field, 130 m from forest

8.1

50-65 / 55-65

40-70 I 45-75

35-40 / 40-45

- Edge of forest

8.1

50-60 I 50-60

35-50 / 45-75

35-40 / 40-45

- Forest

8.1

50-60 / 50-60

35-40 / 40-45

35-50 / 35-40

- Beach, 25 m away

8.2

75

55-70

not reported

- Rock cliff, 250 m away

8.2

70

55-65

not reported

Sea surf

1l Linear third octave level (unweighted)
2) For wind turbines: From 10-second values (see illustrations of the G-level depending on the wind speed)
31 For road traffic (WOrzburg) and urban background (Karlsruhe): From averaging levels over an hour
4) For federal motorway and car interior level: From averaging over several minutes
5) For noise sources in residential building: From averaging levels of typical operating cycles
6) The wind measurement was always carried out at the measurement point MP1 (open field).
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3

Scope of analysis

The scope of analysis includes the following measurements

■

in the vicinity of a wind turbine.

and examinations:
■

Measurement of oscillations (vibrations) in the ground

Measurement of low-frequency noise, including infra-

■

Elaboration of a feasibility concept for the conception

sound, from 1 Hz at a total of six different wind turbines

of a self-sufficient permanent measuring station for low

at a distance of approx. 150 m, 300 m and 700 m respec-

frequency noise incl. infrasound, in order to possibly

tively (if possible). In the process, the turbines were

measure the effects over a longer period of time ( e.g.

each turned on and off. The distances roughly corres-

several weeks).

pond to the set reference intervals for emission measurements at close range (approx. 150 m), a roughly doub-

The following planned steps of the project have not yet

le distance in the immediate vicinity (approx. 300 m)

been completed:

and a distance that can occur fo r real noise immissions
(700 m, see also planning information in the wind ener-

■

gy statute of Baden Wuerttemberg (11).

Measurement of the direction dependency in the lowfrequency frequency range based on four measurement
points around a wind turbine. - This is where technical

■

Comparative measurement of the noise immission m

problems occurred during the measurement. They

the sphere of influence of a road both outside as well as

therefore have to be repeated.

inside a residential building.
■
■

Measurement of low-frequency noise, including infra-

Determination of low-frequency effects from 6.3 Hz of

sound, from 1 Hz at a wind farm, incl. indoor measure-

road traffic on the permanent monitoring stations in

ment in a residential building at a distance of approx.

Kadsruhe and Reutlingen as well as at the A5 motorway

700 m to the nearest turbine. The wind turbines are

near Malsch at different distances.

switched on and off in the process. - The necessary meteorological conditions did not occur at the planned

■

Measuring of the infrasound levels within a passenger

measuring location since commissioning in August 2014.

car travelling at 130 km/h.

It was therefore not possible to carry out a standardcompliant measurement. The measurement is to be car-

■

Dete rm ination of the urban backgrou nd thmugh a com-

ried out at a later date.

parative measurement of the noise situation in Karlsruhe (Friedrichsplatz) without specific source reference
both outside as well as inside a building.
■

Comparative measurement of the noise situation in a
rural area without a concrete source reference.
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4

Wind turbines

The results of the six measurements that took place in the

te the use of double wind screens. Therefore, the results of

context of this project at wind turbines in Baden-Wuert-

a measurement cannot be attri buted to the respective wind

temberg, Rhineland-Palatinate and Bavaria are presented

turbine alone. The differences shown by the comparison of

in the following (Table 4-1) . The measurements were car-

situations with the turbine switched on and off are therefo-

ried out by Wolfel Engineering GmbH + Co. KG, Hoch-

re all the more important. When it comes to the noise

berg, o n behalf of the LUBW. The graphical representa-

measurements at roads (Chapter 5) and in the city centre

tions of the emissions and immissions in the low-frequency

(Chapter 6), the effects related to the wind are irrelevan t.

range, both with the turbines switched on and off, are an

Thus, the measuring results for wind turbines and roads

integral part. The third octave levels enable a comparison

designate different situations, which cannot be directly

with the human perception threshold. The A and G-weigh-

compared with one another.

ted sound pressure levels are represented depending on
the wind velocity for three differen t distances from the tur-

The selection of the wind turbines that were to be measu-

bine. The A-weighted sound level - specified as dB(A) -

red proved to be rathe r d ifficu lt. The initial contacts with

simulates the human hearing sensitivity. The G-level - spe-

operators were kindly set up by the Baden-Wuerttemberg

cified as dB(G) - represents a singular value, which rates

approval authorities (district offices) after the LUBW had

only infrasound and parts of the low-frequency frequency

carried out a corresponding query. The participation of the

range. The human ear is very insensitive to these frequency

turbine operators was on a voluntary basis. Some operators

ranges (for more info please refer to FigureA3-1 in Appen-

had concerns about participating in the project.

dix A3). Additionally recorded narrow band spectra, all
specified with a resolution of 0.1 Hz, are able to depict mo-

First, the locations were qualified from an acoustic perspec-

re clearly specific features of the noise characteristics of

tive. Sites near busy roads, or other disruptive noise sour-

wind turbines. The level values in a spectrum depend on

ces - including forests - were deemed unsuitable and thus

the selected resolution. Therefore, narrow band levels can-

rejected. Regarding more powerful turbines, the site search

no t be compared with third octave levels. Only third octa-

had to be extended by the LUBW to include Rhineland-

ve levels are sui table for comparisons with the hearing

Palatinate. In this case constructive support was also provi-

threshold, as it also corresponds to third octave levels.

ded several times by the authorities. Not only weather-related restrictions had to be coped with ( matching wind

All the following results of measurements on operating

directions and wind speeds; strong winds resu lting in ter-

wind turbines also include the noise caused by the wind

mination of measuring due to automatic shutdown; snow-

itself in the vicinity. In addition, in the case of strong wind,

fall in the vicinity) during the project. One wind power

noise will inevitably be induced at the microphones despi-

plant broke down shortly before the measurement and was

Table 4-1: Overview of the wind power plants where measurements were carried out in the context of this project. The individ(lal
power plants and the associated results are described in more detail in Sections 4.2 to 4. 7
Wind turbine (WT)

WT1

WT2

WT3

WT4

WT5

WT6

REpower*
MM92

Enercon E-66

Enercon E-82

REpower*
3.2M114

Nordex
N117/2400

Enercon E-101

2.0MW

1.BMW

2.0MW

3.2MW

2.4MW

3.05MW

Rotor diameter

92m

70m

82m

114m

117 m

101 m

Hub height

100 m

86m

138m

143m

140.6 m

135.4 m

Manufacturer
Model
Nominal capacity

• Senvion since 2014
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inoperable for a longer period of time. One operator with-

the measurement of the turbine noise impossible. This is

drew his consent to the measurement as the proposed tur-

just to show some of the challenges that had to be over-

bine had difficulties with the acceptance inspection. A

come during the project. The delays that were thus incur-

construction site was set up in the vicinity of another wind

red were not foreseeable from the start.

turbine, which caused background noise and thus made

Figure 4-1 : Model type WT 1, REpower MM92

Figure 4-2: Model type WT 2, Enercon E-$6

Figure 4-3: Model type WT 3, Enercon E-82

Figure 4-4: Model type WT 4, REpower 3.2M114

Figure 4-5: Model type WT 5, Nordex N117/2400

Figure 4-6: Model type WT 6, Enercon E-101

These images convey an impression of the examined wind power plants, covering the common power range between 1.8 MW and
3.2 MW The hub height varies between 86 m and 143 m, the rotor diameter varies between 70 m and 117 m. Photos: batcam.de
(left column), LUBW (Fig. 4-2 and 4-4), Lucas Bauer wind-turbine-models.com (Fig. 4-6)
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4.1 Measurements and evaluations

and provided with a primary and secondary wind screen
( see Firgure 4.3-1), in order to reduce or even avoid wind

The noise measurements were carried out according to

noise induced at the microphone. The use of a reverberant

DIN EN 61400-11 (6] and the technical guidelines for wind

plate results in a doubling of sound pressure at the micro-

turbines [7] respectively. Furthermore, the noise immissi-

phone, resulting in higher readings. When determining the

ons in the frequency range from l Hz were measured and

sound power level, a correction of -6 dB therefore has to be

further guidelines [8] [9] used if necessary.

undertaken afterwards. The correction was carried out in
this report for the presentation of measured values only in

These regulations describe noise measurement methods

the case of a comparison of results that emerged through

for determining the sound emissions of a wind turbine.

different measuring arrangements (see Firgures 2-3 to 2-5 as

They establish the procedures for the measurement, analy-

well as Table 2-1) or comparisons with the perception

sis and presentation of results of noise emitted by wind

threshold, e.g. in Figure 4.2-5.

turbines. Likewise, requirements for the measuring devices
and calibration are provided in order to ensure the accura-

For some representations of the measuring results, the hu-

cy and consistency of the acoustic and other measure-

man perception threshold was inserted into the graph ics as

ments. This is where special microphones that can be ap-

a comparison. This is where we used the values of DIN

plied from levels of 1 Hz onwards were used. The

45680 (2013 draft) (5]. These values are somewhat lower

non-acoustic measurements that are necessary in order to

than those of the currently valid DIN 45680 (1997) [4] that

determine the atmospheric conditions that are relevant for

are to be applied in accordance with the TA Liirm (10].

the determination of the noise emission are also described

Below 8 Hz, the values of the standard work were supple-

in more detail. All the parameters that are to be measured

mented by data from literature [11], see TableA3-1. Further

and illustrated, as well as the necessary data processing to

information is listed in Appendix AI for the difficulties

determine these parameters are defined. For more details

regarding the hearing and perception threshold. Graphical

on measurement techniques, please refer to Appendix A4.

comparisons of the hearing and perception threshold are
also presented there (FigureA1-2).

Based on the measurements, which - if possible - should
be made at distances of approx. 150 m, 300 m and 700 m

In addition to the sound level measurements, vibration

from the turbine (it was not always possible to observe

measurements were also carried out at the found ation of

these distances exactly), statements about emissions and

wind turbine 5, and at distances of 32 m, 64 m and 285 m

imrnissions of the turbines can be made. The wind turbi-

(see Section 4.8).

nes that were to be measured were each operated in open
operating mode, where the system is geared towards perhighest noise levels can be expected in this mode.

4.2 Noise at wind turbine 1:
REpower MM92 - 2.0 MW

Over the entire measurement time, both third octave as

BASIC CONDITIONS

well as octave bandwidths in the frequency range of 6.3 Hz

The wind turbine l (WT l) is a power plant made by the

to 10 Hz were formed and stored with the sound level me-

company Repowe r, model MM92/100 (Figure 4-1) wi th a

formance optimization. Experience has shown that the

ters used (see Appendix A4). From the recorded audio

nominal generator capacity of 2.05 M\'v' at a wind speed of

files, third octave and octave spectra were formed in the

12.5 mis at hub height. The rotor diameter is 92 m, the hub

range of I Hz to 10 kHz as well as narrowband spectra in

height above ground is 100 m. The immediate vicinity of

the range of 0.8 Hz to 10 kHz by means of digital filters.

the wind turbine is defined by agricultural land with indi-

Times with extraneous noise were marked during the mea-

vidual trees scattered around. Adjacent to it are areas with

surements and not used for the evaluations. The micro-

conifer tree culitvation and forest. Further wind power

phones were each mounted on a reverberant floor plate

plants are located in the wider vicinity of the wind turbine
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the measurement point MPl was at a distance of 150 m to
the power plant in a downwind direction. This was in order to take into account the worst case scenario (support of
sound propagation through the wind). Further measurement points MP2 and MP3 were located at intervals of 300
and 700 min a downwind direction.

Figure 4.2-1

provides

an impression. The measurement was carried out in a wind
speed range of 5 to 14 m/s, a temperature range of 10 to
12 °C and an atmospheric pressure range of946 to 95 1 hPa.
The entire power range of the power plant was covered up
to the nominal power. The turbulence intensity, which is
basically a measure of the gustiness of the wind (see Appendix A3), was 18 %.
RESULTS: NARROW BAND LEVEL

Figure 4.2-2

shows the narrow band spectra of background

noise and overall noise at the measurement point MP l at a
distance of 150 m with a resolution of 0.1 Hz. The wind
Figure 4.2-1: Wind measurement mast with view in direction of
the wind power plant being measured. Photo: Wolfe/ company

speed was 6.5 mis. With the power plant switched on, six
discrete maxima can be clearly seen in the infrasound range
between 1 Hz and 5.5 Hz. This concerns infrasound generated by the rotor due to its motion. The measured fre-

being measured. These were switched off during the mea-

quencies correspond to the passage frequency of a rotor

surement period. A path in close proximity is allowed to be

blade of approximately 0.75 Hz, which corresponds with a

used only by agricultural traffic and is used only seldom.

frequency of the rotor of 15 rpm and the harmonic overto-

The measurements were carried out on 11.04.2013 between

nes at 1.5 Hz, 2.2 Hz, 3.0 Hz, 3.7 Hz, 4.5 Hz and 5.2 Hz

8:00 a.m. and 4:00 p.m. The position of the microphone at

(Figure 4.2-2).

Linear soun d level in dB

Further maxima were measured at 25 Hz and

Linear sound level in dB
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Figure 4.2-2: Narrow band spectra of background noise and total
noise in the vicinity of the wind turbine WT 1 for the frequency
range of infrasound
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Figure 4.2-3: Narrow band spectra of background noise and total
noise at a far range from the wind turbine WT 1 for the frequency
range of infrasound
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Linear thi rd octave level in dB

Linear third octave level in dB
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Figure 4.2-4: Third octave sp ectra of total noise and background noise in the vicinit y of the w ind turbine WT I

.50 Hz, These are at a much lower level, and are attributab-

Linear third octave level in dB

120 -..-- - - - - . :- - - - -- - - - - -- - - - ,

le to the operation of the generator. The peaks disappear

110

when the power plant is switched off.

100
90

shows the narrow band spectra of background

80

noise and overall noise at the measurement point MP3 at a

70

Figure 4.2-3

distance of 700 m. At this distance, no discrete infrasound
maxima can be disti nguished anymore when the power

60

50
40

plant is on. There were no measurable differences in infra-

30

sound between the conditions "turbine on" and "turbine

20

off" for this measurement at a distance of 700 m. This was

10
o....,,.......,.......,.......,.......__....,.....,....,....,....,.________...,.

apparently caused by the noise of wind and the surroundings. Here too, the wind speed was 6..5 mis.
-l\!n:epliorl-ld
MP1/ 150m

-

MP2 / 300m

-

MP3 / 100m

RESULTS:THIRD OCTAVE LEVEL

Figure 4.2-4

shows the third octave spectra of background

noise and overall noise at the measurement point MPl
(150 m) for the frequency range from 0.8 Hz to 10,000 Hz.

Figure 4.2-5: Third octave spectra of total noise at the measurement points MP1 (150 m), MP2 (300 m) and MP3 (700 m) of
WT 1, w1tll the perception 1/lres/10/d according co Table A3•1I in
comparison. The measured values were correc ted according to
Section 4. 1.

The wind speed was 6..5 mis. The level reduction due to
the shutdown of the power plant is visible here in a considerably broader spectral range.

6.8 mis. It must be kept in mind that the background noise
of wind and vegetation are also included. These may vary

COMPARISON WITH THE PERCEPTION THRESHOLD

at the respective measurement point. It is apparent that

shows the third octave spectra of the total noi-

from about 6-8 Hz the overall noise becomes less with in-

se at the measurement points MPI, MP2 and MP3 for the

creasing distance to the power plant. The differences be-

Figure 4.2-5

frequency range from 1 Hz to 100 Hz along with the per-

come clearer with increasing frequency. In terms of audible

ception threshold in comparison. The wind speed was

sound, this constitutes an audible effect. At the measure-
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ment point located at a distance of 700 m, the turbine is no

the sound level is similarly dependent on the wind speed

longer constantly and at most only slightly noticeable; the

also in the low-frequency range (incl. infrasound) as is the

curve is almost the same as for the background noise. In

case for audible sound when a power plant is switched on.

the infrasound range, the curves are well below the percep-

Furthermore, it is also visible that there is a clear difference

tion threshold.

between the turbine being on and the turbine being off.
The G levels are significantly higher when the turbine is o n

INFLUENCE OF WIND SPEED

(red dots) than when it is switched off (green dots). At a

The above charts reflect a concrete individual situation at a

distance of 300 m (middle image) this difference is already

given wind speed (6.5 or 6.8 mis respectively) as an examp-

less pronounced, and at 700 m it is no longer recognizable.

le. However, the results were presented at diffe rent fre-

There is virtually no difference anymore between the red

quencies. Of course this is where the question arises as to

cluster of dots (turbine on) and the green cluster of dots

what the relationships are like at different wind speeds.

( turbine off), regardless of the wind speed.

These we re also measured, and the results are shown in
Figure 4.2-6.

This figure is not easy to understand straight

away and should therefore be explained step by step.

These readings also show clearly that the background noise
through wind and vegetation, measured when the turbine
is switched off (green dot cluster), is subject to strong scat-

The three graphs represent the relationships at the respec-

tering, i.e. particularly noticeable natural fluctuations. The

tive measurement points at a distance of 150 m (upper figu-

values span a range of up to 20 dB(G). The measu red se-

re), 300 m (middle figure) and 700 m (lower figure). The

quences of the turbine noise, on the other hand, scatter

wind speed of 4.5 to 10.5 mis is placed on the bottom, ho-

significantly less, at least in the near-field.

rizontal axis. The vertical axis represents the sound level
values. Each point corresponds to a single measurement

LEVEL DEVELOPMENT DURING THE MEASUREMENT

shows the A and G-weighted level curves bet-

sequence of 10 seconds at a given wind speed. Violet dots,

Figure 4.2-7

which depict the lower value area, represent audible sound

ween 11:00 a.m. and 3:00 p.m. at a distance of 150 m and

with the turbine on, expressed in dB(A). It is easy to see at

700 m. In addition, the operating conditions of the wind

distances of 150 and 300 m that the audible sound increa-

turbine (green = turbine on, light blue = turbine off) as well

ses slightly at wind speeds of 4.5 mis up to just above

as periods of time with external noise (violet) are depicted.

5.5 mis, but then remains constant at higher wind speeds.

For the two level developments of measurement point

How does this behave with low-frequency sound or infra-

MP l, the operational phase "turbine off'' is easily recognis-

sound respectively? In order to find out, the dependency

able through the considerably declining level develop-

of the G-weighted sound level, specified as dB(G), was ex-

ments. At the measurement point MP3, a drop in the level

amined.

with the turbine turned off is barely distinguishable due to

The red dots represent the G-weighted sound level when

A level development are slightly lower than when the tur-

the turbine is switched on, the green dots when the turbi-

bine is on. The G level development, however, covers ne-

ne is switched off. In the vicinity of the power plant, at a

arly the same range of values as when the turbine is swit-

distance of 150 m (upper image), you can see clearly that

ched off.

the fluctuating background noise - only the minima of the
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Figure 4.2-6: Audible sound level (A level) and infrasound level (G level) depending on the wind speed for the wind turbine WT 1. The
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4.3 Noise at wind turbine 2:
Enercon E-66 - 1.8 MW

axis and deviated by 30° from the prevailing wind direction.
A measurement point at a distance of 700 meters was not
possible at this site. Figure 4.3-1 provides an impression.

BASIC CONDITIONS

The wind turbine 2 (WT 2) is a gearless unit by the com-

The measurement was performed in a wind speed range of

pany Enercon, Model E-66 18/70 (Figure 4-2) with a nomi-

5 to 15 mis (measured at 10 m height), a temperature range

nal generator capacity of 1.8 MW. The rotor diameter is

of 11 to 12.5 °C, an air pressure range of 926 to 927 hPa and

70 m, the hub height above ground is 86 m. The immedia-

in a power range of O to 1,800 kW The turbulence intensi-

te vicinity of the turbine consists of agricultural land, with

ty (see Appendix A3) during the measurement was 28 %

forest partly adjacent to it. Further wind turbines are loca-

and thus relatively high.

ted in the vicinity. These were completely turned off during the measurement period in order to prevent extrane-

RESULTS: NARROW BAND LEVEL

ous noise. A further wind power plant is located at a

Figure 4.3-2

distance of about 1.5 km; this was in operation during the

noise and overall noise at the measurement point MP! at a

measurement period. A path in close proximity is allowed

distance of 120 m with a resolution of 0.1 Hz. The wind

shows the narrow band spectra of background

to be used only by agricultural traffic and is used very sel-

speed was 9 mis. With the turbine turned on, several

dom. The measurements were carried out on 02.11.2013

discrete maxima can be observed in the infrasound range

between 10:00 a.m. and 6:00 p.m. The position of the mi-

below 8 Hz. This concerns infrasound generated by the ro-

crophone at the measurement point MPl was at a distance

tor due to its motion. The measured frequencies are in ac-

of 120 m from the power plant, measurement point MP2 at

cordnoce with the passage frequency of a rotor blade and

a distance of 240 m, both in a downwind direction (in or-

its harmonic overtones. At 22.5 rpm, the speed at which

der to take into account the propagation of sound thro ugh

the turbine was running, one can mathematically determi-

the wind). The microphone at the measurement point

ne the peaks at 2.2 Hz, 3.4 Hz, 4.5 Hz, 5.6 Hz, 6.8 Hz and

MP3 was positioned at a distance of 300 m from the tower

7.9 Hz with good conformance. They disappear when the
turbine is turned off; at a distance of 300 m they occur
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Figure 4.3- 1: !yleasuremerlt polnr MP1 with microphone, reverberant place and dual wind screen. In the background: w ind tur-bme WT 2 at a distance of 120 m. Photo: Wolfe/ company.
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Figure 4.3-2 Narrow band spectra of background noise and total
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only faintly (not shown). The level peak at approx. 17 Hz

INFLUENCE OF WIND SPEED

that is clearly visible in the backgro und is probably due to

In order to investigate the dependency of low-frequency

extraneous noise.

emissions on wind speed, numerous readings were taken
and are depicted in Figure 4.3-5. The three charts represent

RESULTS:THIRD OCTAVE LEVEL

the conditions at distances of 120 m (MPl, upper figure),

shows the third octave spectra of background

240 m (MP2, middle figure) and 300 m with a lateral dis-

noise and overall noise at the measurement point MPl at a

placement by 30° to the wind direction (MP3, lower figu-

distance of 120 m fo r the frequency range from 0.8 Hz to

re). The violet dots in the lower range of values represent

10,000 Hz. The wind speed was 9 mis. The level reduction

audible sound, expressed in dB(A). In the upper image it

Figure 4.3-3

through switching off the turbine is recognizable in a much

Linear t hird octave level in dB

broader spectral range here.

120 -.-------..:c--- -- - - - - -- -- - - ,

COMPARISON WITH THE PERCEPTION THRESHOLD
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Figure 4.3-4

shows the third octave spectra of the total noi-

se at t he measurement points MP l , MP2 an.d MP3 fo r the
frequency range from 1 Hz to 100 Hz along with the per-
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ception threshold in comparison. The wind speed was

50

9 mis. The background noise of wind and vegetation are

40

also included. These may vary at the respective measure-
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ment point. The measurement points MP2 and MP3 are
further away from the turbine than measurement point
MPl (240 m and 300 m compared to 120 m). This is where
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somewhat lower values are also measured, which becomes
more apparent with increasing frequency. In the range of
infrasound, the curves are well below the perception
threshold.
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Figure 4.3-4: Third octave spectra of total noise at the measurement points MP1 (120 m), MP2 /240 m) and MP3 (300 m) of
WT 2, with the perception threshold according to Table A3-1 in
comparison. The measured values were corrected according to
Section 4. 1.
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@ LUBW

Low-frequency noise incl. infrasound - Report on the measurement project

127

001710

can be seen clearly that the measured A levels are higher at

surement point MPl, i.e. in the near field at a distance of

a distance of 120 m than at the measurement points at a

120 m from the power plant, the G-weighted sound pressu-

distance of 240 m and 300 m from the power plant. The

re level during operation of the wind power plant is appro-

turbine was perceived to be louder at a distance of 120 m

ximately constant and minimally higher than that of the

than at a distance of 240 m.

background noise when the turbine is not running. A similar situation is given at the measurement points MP2 and

The red do ts represent the G-weighted sound level when

MP3. Hardly any differences can be seen between the mea-

the turbine is switched on, the green dots when the turbi-

sured values, as the red and green dot clusters pretty-much

ne is switched off. The upper image shows that at the mea-

overlap each other.
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Figure 4.3-6: Chronological sequence of audible sound level (A level), infrasound level (G level), as well as the wind speed during the
measurements at the wind turbine WT 2
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The relatively large scattering of the measured values for
when the turbine is running and when it is not running,

4.4 Noise at wind turbine 3:
Enercon E-82 - 2.0 MW

and the relatively high G-weighted sound pressure level even when the turbine is off - are in this case probably due

BASIC CONDITIONS

to the high wind speeds prevailing throughout. The mea·

The wind turbine 3 (WT 3) is a gearless unit by the com·

surements with the turbine in operation were taken in the

pany Enercon, Model E-82 E2 (Figure 4-3) with a nominal

range of 8 to 11.5 mis (10 m height). In this case, part of the

generator capacity of 2.0 M\-V. The rotor diameter is 82 m,

effect is potentially also attributable to wind-induced noise

the hub height above ground is 138 m. As can be seen in

at the microphones.

Figure 4.4-1,

agriculturally used areas are located in the

closer vicinity. An adjacent wooded area is located at a dis·
LEVEL DEVELOPMENT DURING THE MEASUREMENT

tance of about 400 meters. A dirt road is located in the

shows the A and G-weighted level curves bet·

immediate vicinity of the power plant, which is used only

ween 10:30 a.m. and 5:00 p.m. at a distance of 120 m and

seldom by agricultural and forestry vehicles. A road is loca·

240 m. In addition, the operating conditions of the wind

ted at a distance of approx. 4 50 m from the power plant.

Figure 4.3-6

turbine (green= turbine on, light blue = turbine oft) as well

During the measurement, no traffic noise was noticeable.

as periods of time with external noise (violet) are depicted.

Further wind turbines from other operators are located at a

For the two level developments of measurement point

distance of 1,500 meters. These power plants located

MP!, the operational phase "turbine oft" is recognisable

further away were in operation during the measurement

through the considerably declining level developments. At

period. The immissions were not subjectively noticeable

measurement point MP2, the level drop is less pronounced

during the background noise measurements. The nearest

when the turbine is off, but still clearly recognizable.

residential building is more than 1,000 meters away. The
measurement was carried out on 15.10.2013 between
10:30 a.m. and 3 p.m. The microphone at the measurement
point MPl was located at a distance of 180 meters in a
downwind direction from the tower axis, at the measure·
ment point MP2 it was 300 m in a downwind direction.
The microphone at the measurement point MP3 was also
positioned at a distance of 300 meters, however at an angle
of 90° to the downwind direction. A measurement point at
a distance of 700 meters was not feasible due to the local
conditions.
The measurement was performed in a wind speed range of
2 to 12 mis (measured at 10 m height), a temperature range
of9 to 13 °C, an air pressure range of931 to 934 hPa and in
a power range of O to 2,070 kW The turbulence intensity
(see Appendix A3) during the measurement was 25 %and
thus relatively high.

RESULTS: NARROW BAND LEVEL

Figure 4.4-2

shows the narrow band spectra of background

noise and overall noise at the measurement point MPl at a
Figure 4.4-1: Wind turbine WT 3 in surroundings used for agri·
cultural purposes. The measurement point with reverberant p/a·
te and dual wind screen can be seen in the foreground. Photo:
Wolfe/ company

© LUBW

distance of 180 m with a resolution of 0.1 Hz. With the
turbine turned on, several discrete maxima can be clearly
observed in the infrasound range below 8 Hz. This con·
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Figure 4.4-2: Narrow band spectra of background noise and total
noise in the vicinity of the wind turbine WT 3 for the frequency
range of infrasound

Figure 4.4-3: Narrow band spectra of background noise and total
noise in the far range of the wind turbine WT 3 for the frequency
range of infrasound

cerns infrasound generated by the rotor due to its motion.

RESULTS:THIRD OCTAVE LEVEL

shows the th itd oct:IVe spec: ra of background

The measured frequenc ies correspond to the passage fre-

Figure 4.4-4

quency of a rotor blade (here about 0.83 Hz) and the asso-

noise and overall noise at the measu rement point MP l at a

ciated harmonic overtones (2.5 Hz, 3.3 Hz, 4.1 Hz, 5 Hz,

distance of 180 m for the frequency range fro m 0.8 Hz to

5.8 Hz). The peaks disappear when the power plant is swit-

10,000 Hz. The wind speed was 6 mis. Here the level re-

ched off, and occur only slightly at a distance of 300 m

duction through switching off the turbine is recognizable

(Figure 4.4-3).

The wind speed was 6 mis during both mea-

in a much broader spectral range.

surements.
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be clearly seen that at a distance of 180 m (top image) the
measured A levels are higher than at the measurement
points at a distance of 300 m from the turbine. The turbine
was thus also clearly more perceptible at a distance of
180 m than at a distance of 300 m. The A level first rises
with increasingly higher wind speed.

I-

The red dots represent the G-weighted sound level when
-

Perteplion thrasllold
MP1/ l 80m

MP2 / 300m

- • MJ'3 / 300 m 00-

the wind power plant is switched on, the green dots when
the power plant is switched off. Similarly to the A level, it

Figure 4.4-5: Third octave spectra of the total noise at the measurement points MP1 (180 m), MP2 (300 m) and MP3 /300 m,
offset by 90 °/ of wind turbine 3, perception threshold according
to Table A3-1 for comparison. The measured values were corrected according to Section 4. 1.

can also be seen for the G level that - despite higher scattering - it increases somewhat with increasing wind speed,
and then remains constant.
The top image shows that at MPl, i.e. in the near field at a

COMPARISON WITH THE PERCEPTION THRESHOLD

distance of 180 m from the turbine, the G-weighted sound

Figure 4.4-5 shows

the third octave spectra of the total noi-

pressure level during operation of wind turbine 3 is signifi-

se at the measurement points MP I, MP2 and MP3 foe the

cantly higher than the background noise when the turbine

frequency range from 1 Hz to 100 Hz along with the per-

is off. This is far less pronounced at a distance of 300 me-

ception threshold in comparison. The wind speed was

ters (centre image) and barely detectable at a distance of

9 mis. It must be kept in mind that the background noise

300 meters with 90° offset to the downwind direction

of wind and vegetation are also included. These may vary

(bottom image). The red and green dot clusters then over-

at the respective measurement point. The measurement

lap each other in many areas.

points MP2 and MP3 are further away from the power
plant than measurement point MPl (300 m compared to

LEVEL DEVELOPMENT DURING THE MEASUREMENT

180 m). Measurement point MP3 is offset to the downwind

Figure 4.4-7

direction by 90°. Lower values are thus measured there

ment between 10:15 a.m. and 2:45 p.m. for distances of

than at measurement point MP2, which is equally far away.

180 m and 300 m. In addition, the operating conditions of

shows the A and G-weighted level develop-

The measurement point MP2 is also closer to an existing

the wind power plant (green = turbine on, light blue =

nearby road than the measu rement points MPl and MP3,

turbine oft) as well as periods of extraneous noise (violet)

wh ich could also be a reason for the slightly higher values.

are shown. For the two level developments of measure-

In the range of infrasou nd, the curves are well below the

ment point MPl, the operational phase "turbine oft" is re-

perception threshold.

cognisable through the considerably declining level developments. At measurement point MP2, the recognisable

INFLUENCE OF WIND SPEED

level drop is significantly weaker with the turbine switched

In order to investigate the dependency of low-frequency

off due to the fluctuating background noise.

emissions on wind speed, numerous readings were recorded and graphically depicted in Figure 4.4-6. The three
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Figure 4.4-6: Audible sound level (A level) and infrasound level (G level) depending on the wind speed for the wind turbine WT 3. The
G levels when the turbine is switched on (red dots} and when the turbine is switched off (green dots} are shown, as are the A levels
with the turbine switched on (violet dots}.
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Figure 4.4-7: Chronological sequence of audible sound level (A level), infrasound level (G level), as well as the wind speed during the
measurements of the wind turbine WT 3
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4.5 Noise at wind turbine 4:
REpower 3.2M114-3.2 MW

of 180 m from the turbine, measurement point MP2 and
MP3 at a distance of 300 m and measurement point MP4 at
a distance of 650 m, in a downwind direction respectively,
in order to take into account the most adverse case (pro-

BASIC CONDITIONS

The wind turbine 4 (WT 4) is a unit by the company RE-

motion of sound propagation through the wind). The mea-

power, type 3.2Mll4 (Figure 4-4) with a nominal generator

surement point MP2, located directly next to measurement

capacity of 3.2 MW. The rotor diameter is 114 m, the hub

point MP3, served as a comparative measurement point. Its

height 143 m.

microphone was provided with a primary wind screen and
placed into an approx. 50 cm deep hole that was dug espe-

The measured wind turbine is part of a wind farm with

cially for that purpose. A secondary wind screen covered

several other wind turbines. The adjacent turbines were

the hole flush. The parallel measurements were taken at

completely turned off during the measurement period in

the measurement points MP2 and MP3 in order to enable

order to prevent extraneous noise. The vicinity of the tur-

a comparison of the measurement values and enable con-

bine consists of agricultural land. A dirt road in the imme-

clusions to be made regarding wind-induced sound com-

diate vicinity of the measured turbine is rarely used by ag-

ponents arising at the microphone. The two measurement

ricultural traffic. A forest is located further away. Further

points MP2 and MP3, as well as the measured turbine, can

wind turbines were in operation at distances of0.7 km and

be seen in Figure 4.5-1. Figures 4.5-2 to 4.5-5 provide an im-

2 km, in the opposite direction to the measurement points.

pression of the conditions on site and the measurement

Their noise could not be subjectively perceived at any

technology used.

time. The measurements were carried out on 20.03.2014
between 10:00 a.m. and 9:30 p.m. The position of the mi-

The measurement was performed in a wind speed range of

crophone at the measurement point MPl was at a distance

3 to 7 mis ( measured at 10 m height), a temperature range

Figure 4.5-2: View inside the power plant with 143 m hub height.
Photo: LUBW

Figure 4.5-1 (right) : Measurement points MP2 and MP3 at a distance of 300 m from the tower axis. Reverberant plate and double w ind screen (left), spanned hole in the ground (right). Photo:
Wolfe/ company

Figure 4.5-3: Reverberant plate with mounted microphone and
dual wind screen . The type DUO measurement device is mounted on a tripod nex t to it and is connected to the microphone via
a measuring cable. Photo: LUBW
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Figure 4.5-4: Anemometer mast for measuring wind speed and
wind direction, air pressure, humidity and temperature. The mast
is extended to 10 m (not yet extended in the image). Photo:
LUBW

Figure 4.5-5: Data is constantly collected inside the system during the measurement and transmitted by radio (left). Photo:
LUBW

of 15 to 19 °C, an air pressure range of 979 to 981 hPa and

ximately 0.6 Hz) and its harmonic overtones at 1.2 Hz,

in a power range of O to 3,170 kW The turbulence intensity

1.8 Hz, 2.4 Hz, 3 Hz, etc. This concerns infrasound genera-

(see Appendix A3) during the measurement was 15 %.

ted by the rotor due to its motion. The peaks disappear
when the turbine is switched off.

Figure 4.5-7

shows the

narrowband spectra of background noise and total noise at

RESULTS: NARROW BAND LEVEL

shows the narrow band spectra of background

the measurement point MP4 at a distance of 650 m. At this

noise and overall noise at the measurement point MPl at a

location the discrete infrasound maxima (see measurement

Figure 4.5-6

distance of 180 m with a resolution of 0.1 Hz. With the

point MPl) are still detectable with the wind power plant

turbine turned on, clearly visible maxima can be seen in

turned on. The recognizable slightly higher levels at mea-

the infrasound range. The measured frequencies corres-

surement point MP4, with frequencies lower than 5 Hz,

pond to the passage frequency of a rotor blade (here appro-

cannot be attributed to turbine operation. The cause for
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Figure 4.5-6: Narrow band spectra of background noise and total
noise in the vicinity of the wind turbine WT 4 for the frequency
range of infrasound
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Figure 4.5-8: Narrowband spectra of the total noise at the measurement points MP2 (reverberant plate) and MP3 (hole in the
ground) of the wind turbine WT 4 for the range of infrasound. The
distance from the turbine was 300 m

Figure 4.5-9: Narrowband spectra of the background noise at
the measurement points MP2 (reverberant plate) and MP3 (hole
in the ground) of the w ind turbine WT 4 for the range of infrasound. The distance from the turbine was 300 m.

the up to 10 dB higher values is another background noise

that below 20 Hz neither the absorption of the secondary

at the measurement point MP4 compared to the measure-

wind screen nor the ground influences play a role. The in-

ment point MPl. The wind speed was 5.5 mis for both

crease in level towards lower frequencies was present in

measurements.

this measurement to an equal extent both with and wit-

The comparison of narrowband spectra for the two measu-

wind-induced background noise in the infrasound range

hout a hole in the ground. The expected reduction in the
rement points MP2 and MP3 in Figures 4.5-8 to 4.5-9 shows

cannot be observed in a direct comparison between the

that there is no significant difference between the tw o

two measurement points. Further investigations regarding

measurement points for the range of infrasound. The wind

the issue of noise at the microphone induced by the wind

speed was 5.5 mis respectively. It can therefore be assumed

were thus not deemed necessary.
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Linear third octave level in dB
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Figure 4.5-12.
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charts represent the relationships at the respective measu-
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50

and 650 m (bottom). Violet dots, which depict the lower

40

value area, represent audible sound, expressed in dB(A). It
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can be seen clearly that the measured A levels are higher at
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Figure 4.5-11 : Third octave spectra of total noise at the measurement points MP/ (180 m), MP2 (300 ml and MP4 (650 ml of
WT 4, with the perception threshold according to Table A3- I in
comparison. The measured values were corrected according to
Section 4. 1.

The red dots represent the G-weighted sound level when
the wind turbine is switched on, the green dots when the
turbine is switched off. The data shows that the G-weighted sound pressure level of the tested measurement points
increases slightly during operation of the wind turbine
with increasing wind speed. For the G-weighted sound

RESULTS:THIRD OCTAVE LEVEL

pressure level of the background noise, no connection can

Figure 4.5-10 shows

be ascertained with the wind speed for the main part of the

the third octave spectra of background

noise and overall noise at the measurement point MPl at a

measuring period. However, the readings are also in a simi-

distance of 180 m for the frequency range from 0.8 Hz to

lar order with the turbine switched off due to strongly fluc-

10,000 Hz. The wind speed was 5.5 mis. Here the level re-

tuating wind conditions (gusts, turbulence). Lower levels

duction through switching off the turbine is recognizable

were observed for the background noise merely for a late,

in a much broader spectral range.

roughly 30-minute measurement period from 8:50 p.m. on-

COMPARISON WITH THE PERCEPTION THRESHOLD

speed was relatively constant at 'i .5 mis.

wards. During this period, the mean normalized wind
Figure 4.5-11

shows the third octave spectra of the total

noise at the measurement points MP !, MP2 and .MP4 for

LEVEL DEVELOPMENT DURING THE MEASUREMENT

the frequency range from l Hz to 100 Hz along with the

Figure 4.5-13

perception threshold in comparison. The wind speed was

ment between 4:00 p.m. and 9.00 p.m. for the distances of

5.5 mis. It must be kept in mind that the background noise

180 m and 650 m. In addition, the operating conditions of

of wind and vegetation are also included. These may vary

the wind power plant (green

shows the A and G-weighted level develop-

=

turbine on, light blue

=

at the respective measurement point. The measurement

turbine off) as well as periods of extraneous noise (violet)

points MP2 and MP4 are fu rther away from the turbine

are shown. For the two level developments of measure-

than MPl (300 m and 650 m compared to 180 m). This is

ment point MPl, the operational phase "turbine off" is re-

where somewhat lower values are also measured, which

cognisable through the considerably declining level deve-

becomes more apparent with increasing frequency. In the

lopments. A level drop is also evident with the turbine

range of infrasound, the curves are well below the percep-

switched off at measurement point MP3.

tion threshold.
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Figure 4.5-12: Audible sound level (A level) and infrasound level (G level) depending on the wind speed for the wind turbine WT 4.
The G levels w hen the turbine is switched on (red dots) and when the turbine is switched off (green dots) are shown, as are the A
levels with the turbine switched on (violet dots).
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Figure 4.5-13: Chronological sequence of audible sound level (A level), infrasound level (G level), as well as the wind speed during
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4.6 Noise at wind turbine 5:
Nordex N117 - 2.4 MW

carried out on 13.01.2015 between 11:00 a.m. and 4:00 p.m.
The microphone position of the measurement point MPl
was 185 meters from the turbine, the measurement point

BASIC CONDITIONS

MP2 300 m and the measurement points MP3 and MP4

The wind turbine 5 (WT 5) is a unit by the company Nor-

each 650 m from the turbine. All measurement points were

dex, type Nl1712400, with a nominal generator capacity of

located in a downwind direction in order to take into ac-

2.4 .~IW (Figure 4-3 and 4.6-1). The rotor diameter is 117 m,

count a generally unfavourable situation (promotion of

the hub height above ground is 140.6 m.

sound propagation through the wind). The measurement
points MP3 and MP4 were immediately next to one ano-

The measured turbine is part of a wind farm with several

ther and served as a comparison. The microphone MP3 was

wind turbines. The adjacent turbines were completely tur-

provided with a primary wind screen and placed into an

ned off during the measurement period in order to prevent

approx. 50 cm deep hole that was dug especially for that

extraneous noise. The vicinity of the turbine consists of

purpose. A secondary wind screen covered the hole flush.

agricultural land. A dirt road is located in the immediate

The parallel measurements were taken at the measurement

vicinity of the turbine, which is used only very seldom by

points MP3 and MP4 in order to enable a comparison of

agricultural and forestry vehicles. A district road is located

the levels and allow conclusions to be made regarding

about 400 meters south of the investigated wind power

wind-induced sound components arising at the micropho-

plant, and another road roughly 1,000 m east. During the

ne.

measurement, no traffic noise was subjectively perceptible.
A forest is located further away. The measurements were

The measurement was performed in a wind speed range of
5 to 12 mis (measured at 10 m height), a temperature range

of 10 to 13 °C, an air pressure range of 97 5 to 979 hPa and
in a power range of0 to 2,400 kW. T he tu rbuJcncc intensity (see Appendix A3) during the measurement was 13 %.
RESULTS: NARROW BAND LEVEL

Figures 4.6-2 to 4.6-5

show narrow band spectra of back-

ground noise and total noise for different measurement
locations with a resolution of 0.1 Hz. The wind speed was
7.6 mis during the measurement of the total noise and
6.9 mis during the measurement of the background noise.
Figure 4.6-2

shows the results of measurement point MP 1

at a distance of 185 m. With the turbine turned on, several
discrete maxima can be seen in the infrasound range below
6 Hz. This concerns infrasound generated by the rotor due
to its motion. The measured frequencies correspond to the
passage frequency of a rotor blade of about 0.6 Hz and its
harmonized overtones at 1.2 Hz, 1.7 Hz, 2.3 Hz, 2.9 Hz,
3.5 Hz, 3.9 Hz, etc. The peaks disappear when the turbine
is switched off.
Figure 4.6-3
Figure 4.6-1: Wind turbine WT 5 in surroundings used for agn~
cultural purposes. In the foreground you can see the 10 m high
wind measurement mast. Photo: Wolfe/ company

I

shows the narrow band spectra of back •round

noise and overall noise at the measurement point MP4 at a
distance of 650 m. At this distance, the infrasound maxima
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Figure 4.6-2: Narrow band spectra of background noise and total
noise in the vicinity of wind turbine WT 5 for the frequency range
of infrasound

Figure 4.6-3: Narrow band spectra of background noise and total
noise in the far range of wind turbine WT 5 for the frequency
range of infrasound

of measurement point MPl with the wind turbine swit-

plate) at a distance of 650 meters in Figures 4.6-4 to 4.6-5

ched on can no longer be distinguished. Between the states

illustrates that in the infrasound range there is generally no

"turbine on" and "turbine off' there were only minor diffe-

significant difference between the two measurement

rences in infrasound for this measurement at a distance of

points. On ly at frequencies between 2 Hz and 8 Hz did the

650 m. The infrasound here was primarily due to the

measurements in the hole in the ground show slightly hig-

sounds of wind and from the surroundings. The compari-

her levels. Neither the absorption of the secondary wind

son of the narrowband spectra for the two measurement

screen nor the ground influence appear to be of signifi-

points MP3 (hole in the ground) and MP4 (reverberant

cance below 20 Hz. The increase in level towards lower
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Figure 4.6-4: Narrowband spectra of the total noise at the measurement points M P4 (reverberant plate) and MP3 (hole in the
ground) o f the wind turbine WT 5 for the range of infrasound. The
distance from the turbine was 650 m.
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Figure 4.6-5: Narrowband spectra of the background noise at
the measurement points MP4 (reverberant plate) and MP3 (hole
in the ground) of the wind turbin e WT 5 for th e range of infrasound. The distance from the turbine was 650 m.
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Figure 4.6-6: Third octave spectra of total noise and background noise in the vicinity of wind turbine WT 5

frequencies was present during this measurement with and

RESULTS:THIRD OCTAVE LEVEL

without the hole in the ground. The expected reduction in

Figure 4.6-6 shows the third octave spe tra of background

the wind-induced background noise in the infrasound ran-

noise and overall noise at the measurement point MPl at a

ge cannot be observed in a direct comparison between the

distance of 185 m for the frequency range from 0.8 Hz to

two measurement points (see also Section 4.5).

10,000 Hz. The wind speed was 5.5 mis. The influence of

the turbine in a much broader spectral range can be recognised here.
Linear third octave level in dB

120-.----.......,--- - -- - - - -- - - - ,

COMPARISON WITH THE PERCEPTION THRESHOLD

Figure 4.6-7 shows

110

the third octave spectra of the total noi-

100

se at the measurement points MPl, MP2 and MP4 for the

90
80

frequency range from 1 Hz to 100 Hz along with the per-

70

7 mis. It must be kept in mind that the background noise

ception threshold in comparison. The wind speed was

60

(wind, vegetation) is also included. This may vary at the

50

respective measurement points. The measurement points

40
30
20

MP2 and MP4 were further away from the turbine than
measurement point MPl (300 m and 6'.50 m compared to
185 m). As expected, somewhat lower values were measu-

10

o......- .....................................-.--.---.---...-..................~~...-.....
-~~N~~~ ID~~2~~ ~~~~~rai§
-

-

CW'>

Peroepdon threshold
MP1/ 195 m

-
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Frequency in Hz

MP2 / 3DOm
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red there, which becomes more apparent with increasing
frequency. In the range of infrasound, the curves are well
below the perception threshold.
INFLUENCE OF WIND SPEED

Figure 4.6-7: Third octave spectra of total noise at the m easurem ent points MP1 (185 m), MP2 (300 mi and MP4 (650 m) of
WT 5, with the perception threshold according to Table A3-1 in
comparison. Th e measured values were corrected according to
Section 4.1.

In order to investigate the dependency of low-frequency
emissions on wind speed, numerous readings were recorded and graphically depicted in

Figure 4.6-8.
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Figure 4.6-8: Audible sound level (A level) and infrasound level (G level) depending on the wind speed for the wind turbine WT 5. The

G levels when the turbine is switched on (red dots/ and when the turbine is switched off (green dots/ are shown, as are the A levels
with the turbine switched on (violet dots).
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Figure 4.6-9: Chronological sequence of audible sound level (A level}, infrasound level (G level), as well as the wind speed during the
measurements of the wind turbine VVT 5

charts represent the relationships at the measurement

that the G-weighted sound pressure levels at the measure-

points MPl (185 m), MP2 (300 m) and MP4 (650 m).

ment points examined during operation and standstill of

The violet dots represent audible sound, expressed m

wind speed. This fairly constant level curve can also be se-

dB(A). It is clearly visible that the measured A levels are

en in the A-weighted level development. At measurement

higher close to the turbine than at the measurement points

point MPI, a significantly increased mean G level can be

that are further away. The red dots represent the G-weigh-

seen during operation of the wind turbine compared to

the WT have no significant connection with the increase in

ted sound level when the turbine is switched on, the green

turbine standstill. As expected, the level difference bet-

dots when the turbine is switched off. The figure shows

ween the states "turbine on" and "turbine off" decreases
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4.7 Noise at wind turbine 6:
Enercon E-101 - 3.05 MW
BASIC CONDITIONS

The wind turbine 6 (WT 6) is a unit by the company Enercon, type E-101 (Figure 4-6) with a nominal generator capacity of 3.05 MW. The rotor diameter is 101 m, the hub
height above ground is 135.4 m.
The measured turbine is part of a wind farm with several
wind turbines. The adjacent turbines were completely turned off during the measurement period in order to prevent
extraneous noise. The nearest other turbine that was in
operation during the measurement period was located at a
distance of approx. 850 m and was subjectively not perceptible over the entire measuring period. The vicinity of the
turbine consists primarily of agricultural land. A dirt road is
located in the immediate vicinity of the turbine, which is
used only very seldom by agricultural and forestry vehicles.
A state road is located at a distance of approx. 480 m east-

ward of the examined wind power plant. During the measurement, only occasionally t raffic noise was perceptible.
The measurements were carried out on 15.01.2015 between
Figure 4. 7-1: Wind turbine WT 6 in surroundings used for agricultural purposes. The measurement point MP1 with reverberant

plate and dual wind screen can be seen in the foreground. Photo:
Wolfe/ company

12:00 p.m. and 3:00 p.m. The position of the microphone at
the measurement point MPI was located at a distance of
192 m from the turbine; the measurement point MP2 at a
distance of 305 m and the measurement point MP3 at a

with increasing distance. The A level also drops from valu-

distance of705 m. The measurement points were each in a

cs greater than 50 dB(A) at mea urcment point MPl to

downwind direction in order to take into account the ge-

values of arou nd 40 dB(A) at measurement point MP4.

nerally most unfavourable situation (promotion of sound
propagation through the wind). The measurement point

LEVEL DEVELOPMENT DURING THE MEASUREMENT
Figure 4.6-9

MPl and the measured turbine can be seen in Figure 4.7-1.

shows the A and G-weighted level develop-

ments between 11:00 a.m. and 5:30 p.m. for distances of

The measurement was performed in a wind speed range of

185 m and 650 m. In addition, the operating conditions of

2.8 mm/s to 9.9 m/s (measured at 10 m height), a tempera-

the wind power plant (green = turbine on, light blue =

ture range of 6 °C to 7 °C, an air pressure range of 954 hPa

turbine off) as well as periods of extraneous noise (violet)

to 956 hPa and in a power range of 0 to 3,050 kW The

are shown. For the two level developments of measure-

turbulence intensity (see Appendix A3) during the measu-

ment point MPI, the operational phase "turbine off' is re-

rement was 14 %.

cognisable through the considerably declining level developments. At measurement point MP4, a level drop with
the turbine switched off due to the fluctuating background
noise is only slightly recognisable.
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Figure 4.7-2: Narrow band spectra of background noise and total

Figure 4.7-3: Narrow band spectra of background noise and total

noise in the vicinity of wind turbine WT 6 for the frequency range
of infrasound

noise in the far range of wind turbine WT 6 for the frequency
range of infrasound

RESULTS: NARROW BAND LEVEL

cerns infrasound generated by the rotor due to its motion.

Figures 4.7-2 to 4.7-3

show the established narrow band

The peaks disappear when the turbine is switched off. At

spectra for the operation of WT 6 with a mean wind speed

the measurement point MP3 at a distance of 705 m (not

of approximately 5.6 mis at a height of 10 m. Clearly visible

pictured), the mentioned maxima no longer occur so clear-

maxima can be seen at the measurement points MPl and

ly. The level maximum at approx. 20 Hz is striking, which

MP2. The measured frequencies correspond to the passage

is clearly visible at all measurement points. However, it is

frequency of a rotor blade (here approx. 0.7 Hz) and the

highly likely that this is not attributable to the wind turbi-

harmonic overtones at 1.4 Hz, 2.1 Hz und 2.8 Hz. This con-

ne, as it is also evident in the background noise.
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Figure 4.7-4: Third octave spectra of total noise and background noise in the vicinity of wind turbine WT 6
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In order to investigate the dependency of low-frequency
emissions on wind speed, numerous readings were recor-

90

ded and graphically depicted in Figure 4.7-6. The three
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charts represent the relationships at the measurement

60
50

points at the distances 192 m, 305 m and 705 m.

40

The violet dots, which depict the lower value area, repre-

30
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sent audible sound, expressed in dB(A). It can be seen
clearly that the measured A levels are higher at a distance
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of 192 m (upper image) than at the measurement points
wind speed.

MP2 J305 m
• • MP3 / 705 m

f\!n:ep!ion threshold
MPl l 102 m

The red dots represent the G-weighted sound level when
Figure 4. 7-5: Third octave spectra of total noise at the measurement points MP/ (192 m), MP2 (305 m) and MP3 (705 m) of
WT 6, with the perception threshold according to Table A3-1 in
comparison. Th e measured values w ere corrected according to
Section 4. 1.

the wind turbine is switched on, the green dots when the
turbine is switched off. Similarly to the A level, it can also
be seen for the G level that - despite higher scattering - it
somewhat increases with increasing wind speed, and then
remains constant (measurement point MPl).

RESULTS:THIRD OCTAV E LEVEL

Figure 4.7-4

shows the third octave spectra of background

The image above shows that at MPl, i.e. in the near field at

noise and overall noise at the measurement point MPl at a

a distance of 192 m from the turbine, the G-weighted

distance of 192 m for the frequency range from 0.8 Hz to

sound pressure level during operation of WT 6 is signifi-

10,000 Hz. The wind speed was 5.6 mis. The level reduc-

cantly higher than the background noise when the turbine

tion through switching off the turbine in a clearly broader

is off. This is much less pronounced at a distance of 305 m

spectral range can be seen.

( centre image).

COMPARISON WITH THE PERCEPTION THRESHOLD

LEVEL DEVELOPMENT DURING THE MEASUREMENT

Figure 4.7-5 shows

Figure4.7-7

a comparison of the three measurement

shows the A and G-weighted level develop-

points for the low-frequency range from 1 Hz to 100 Hz. It

ment between 12:40 p.m. and 2:40 p.m. for the distances of

must be noted that the background noise (wind, vegetati-

192 m and 705 m. In addition, the operating conditions of

on) is also included. This may vary at the respective measu-

the wind power plant (green

=

turbine on, light blue

=

rement point. The wind speed at 10 m height during the

turbine off) as well as periods of extraneous noise (violet)

averaging period was on average 5.6 mis. At all measure-

are shown. For the two level developments of measure-

ment points, the ascertained levels were below the percep-

ment point MPl, the operational phase "turbine off" is ea-

tion threshold at frequencies lower than 30 Hz. The levels

sily recognisable through the considerably declining level

in the area of infrasound fell clearly below the perception

developments. At measurement point MP3, a level drop
with the tu rbine switched off due to the fluctuating back-

threshold.

ground noise is hardly recognisable.
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Figure 4. 7-6: Audible sound level (A level) and infrasound level (G level) depending on the wind speed for the wind turbine WT 6. The
G levels when the turbine is switched on (red dots/ and when the turbine is switched off (green dots/ are shown, as are the A levels
with the turbine switched on (violet dots).
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Figure 4.7-7: Chronological sequence of audible sound level IA level/, infrasound level (G level), as well as the wind speed during the
measurements of the wind turbine WT 6

@ LUBW

Low-frequency noise incl. infrasound - Report on the measurement project

149

001732

4.8 Vibrations at wind turbine 5:
Nordex N117 - 2.4 MW
In order to determine a possible influence of the wind power plant on the surrounding area through vibration emissions, tremor measurements were carried out in addition to
the sound assessments in the surrounding areas of wind
turbine .5 (WT 5). The execution and analysis of the measurements was carried out in accordance with DIN 45669
(12] and DIN 41.50 [13).
Figure 4.8-1 : Vibration measurement point MP A at the tower
foundation of WT 5. Photo: Wolfe/ company

BASIC CONDITIONS

Wind turbine 5 (WT 5) is a unit by the company Nordex,
type Nll?/2400, with a nominal generator capacity of 2.4
MW (see Figure4.6-1). The rotor diameter is 117 m, the
bub height above ground is 140.6 m. The following is
known about the building ground of the power plant: Up
to a depth of 7 m there is cohesive ground (loam, weathering clay), which is judged to be not stable enough for the
foundation of the power plant. Only after a depth of approx. 7 m is there Keuper rock, meaning that the foundation of the building structure or the load transfer has to be
in this layer. It is not known whether this was accomplished with a pile foundation or a different procedure.

Figure 4.8-2: Vibration measurement point MP D on ground
spike at a distance of 285 m from WT 5. Photo : Wolfe/ company

The vibration measurement was carried out in all three
spatial directions with the help of vibration sensors. The x
axis was radially aligned to the tower, they axis tangentially

- Operation of a wind turbine at wind speeds between
approx. 6 and 12 mis at a height of 10 m

and z axis vertically aligned. Measurements were taken at

- Switching off and subsequent restarting of the turbine

the same time at the following locations:

- Standstill of all wind power plants in the wind farm

- MP A directly at the tower near the outer wall of the
wind turbine on concrete, see Figure 4.8-1
- MP B at a distance of 32 m from the WT's exterior wall

During the measurement the wind turbine reached the
maximum possible speeds starting from wind speeds of
6.6 mis. Even at higher wind speeds no higher rotational

on a ground spike
- MP C at a distance of 64 m from the WT's exterior wall

speeds of the turbine are to be expected.

on a ground spike
- MP D at a distance of approx. 285 m from the WTs
exterior wall on a ground spike, see Figure 4.8-2

RESULTS

During the operation of the wind turbine, fluctuations in

For the connection of the sensors by means of ground

the signals were repeatedly seen, in particular at measure-

spikes to the ground, holes with a diameter of approxi-

ment point MP A directly by the tower. These can be attri-

mately 50 cm and a depth of 20 cm to 40 cm were dug into

buted to individual gusts of wind. At the measurement

the ground.

points located farther away, these effects are less pronounced. A direct link between the changes in wind speed

The following operational states were registered during the

in the range of 6 to a maximum of 12 mis and the vibrations

measuring time:

in the ground cannot be seen. Table 4.8-1 shows the ascer-

I
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Table 4.8-1 : M aximum values of the unweighted vibration velocities v in mm/sat the m easurement points. The wind speeds measured at 10 m above ground level were between about 6 and 12 mi s.

MP A, at the tower

MP B, 32 m distance

MP C, 64 m distance

MP 0 , 285 m distance

z

x,y

z

x,y

z

x,y

z

x,y

Turbine on

0 .5- 1.0

0.30

O.Q3

0 ,08

0.02

0.04

< 0 .01

0 .01

Turbine off

0 .04

0.03

< 0 .01

< 0 .01

< 0 .01

< 0 .01

< 0 .01

< 0 .01

tained maximum values of the unweighted vibration velo-

285

cities v in mm/s for the different measurement points with

as shown in

m, mainly frequencies below 10 Hz were established,

uniform full load operatio n of the tu rbine. In the horizon-

es for concrete ceilings in residential buildings are normally

Figure 4.8-5.

In contrast, the natural frequenci-

tal measurement directions the one with the highest value

approx. 15 Hz to 35 Hz. For beamed ceilings, the natural

is stated; this was usually the x direction (radial, towards

frequencies are lower and can drop to approx. 10 Hz. Reso-

the tower).

nance excitation of the building ceilings can therefore not
be expected.

Decreasing vibration velocity over the distance is shown
graphically in

Figure 4.8-3.

At the measurement point

CONCLUSION

MP D at a distance of 285 m, the influe nce of the wind

The ground vibrations emanating from wind turbines can

turbines is barely perceptible. For comparison, the spread

be detected by measurement. Already at a distance of less

calculated in accordance with [13] is also shown. When

than 300 m from the turbine, they have dropped so far that

shutting down or restarting the turbine, the vibration level

they can no longer be differentiated from the permanently

changes only slightly, see

Figure 4.8-4.

present background noise. No relevant vibrational effects
can be expected at residential buildings.

The evaluation of vibrational immissions with respect to
possible exposure of people in buildings is carried out on
the basis of DIN 4150 Part 2 [13]. The essential base parameter of this standard is the weighted vibration severity
KBit). This is also an indication of the ability to sense
vibrational effects. The perception threshold for most people lies in the area between KBp =0.1 and KBF =0.2. Tbe

.KBF value of 0.1 corresponds to an unweighted vibration

Vibration velocity in mm/s
0,10-,-- - - - - - -- -- - - - -- - - - - - ,

0.09
0.08
0 .07

velocity of approx. 0.15 to 0.30 mm/s. During the transition
of tremors from the ground to building foundations there
is usually a reduction of the vibration amplitudes. According to DIN 4150 Part 1, a factor of 0.5 should be taken. In
the building itself, there may be an amplification, particularly if the excitation frequency is in the range of the
ceiling's natural frequency. However, it is not expected that
the effects established at the measurement point MP D

0.06
0.05
0 .04

0.03
0.02
0.01

0 .00 +-.,....--,---r-..,...-r-_ _..,.._..,...__,,.....-T---1
a

"'

could actually reach the level of the reference values accordi ng to DIN 4150 Part

2

in a building, since this would re-

quire an amplification by more than a factor of 20 within
the building. At measurement point MP D at a distance of
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Figure 4.8-4: Representation of the decreasing vibration after shutdown of the wind turbine 5 for all measurement points and direc-

tions. From top to bottom: Measurement points MP A to MP D; left to right: Spatial directions z, x and y. The shutdown of the turbine
followed at 12:32 p.m . - Note the different scale of the vibration velocity at the measurement point MP A /foundation, top row) .
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4.9 Measurement results from literature

■ "The results of the emission measurement[ ... ) show

that at frequencies in the infrasound range at f < 10 Hz,
In the following a few previously available, publicly acces-

the individual operating states cannot be distinguished

sible measurement results about infrasound and low-fre-

from one another. Moreover, the dispersion of the

quency noise at wind turbines shall be briefly discussed.

sound pressure level is high." See

Figure 4.9-1.

Overall, the amount of available worldwide publications
on this issue is modest but not low. The publications pre-

■

"In terms of emissions, however, the different operating

sented here partially refer to many other references. In this

states in the low-frequency range (16 Hz< f < 60 Hz)

selection we have aimed to introduce German-speaking

are metrologically detectable, whereas at the immission

publications (Mecklenburg-Western Pomerania, Bavaria) as

location, the turbine noise is indistinguishable from

well as important European (Denmark) and international

background noise."

(Australia) studies and measurement programmes. However, the report at hand is no literature study, meaning that

■

a restriction is necessary.

"The results of immission measurements show [...) that
the reference values for the evaluation of low-frequency noise according to Supplement 1 of DIN 45680 [4]
[...] are also complied with."

MECKLENBURG-WESTERN POMERANIA

The company Kotter Consulting, Rheine, carried out emissions and immissions measurements in 2005 and 2009 on

■

"In terms of immissions, no noteworthy difference is

behalf of the Federal State of Mecklenburg-Western Pome·

perceivable between the operating state ,all WT on'

rania, State Office for the Environment, Nature Conserva-

and background noise. The readings are clearly below

tion and Geotechnology (LUN ,) at a wind farm that con·

the hearing threshold level curve in the infrasound

tained a total of 14 turbines. The report is publicly

range." See

Figure 4.9-2.

available [14]. In summary, the authors come to the following conclusions:

Sound level in dB or dBIA)

Linear third octave level in dB

100

40 >----~------ ~- - ----...-----12:28

12:57

1J :20

13:55

r..,.

14:24

l ◄ : 5-2

Figure 4.9-1: Chronological sequence of level at the emission
location (outside) near the turbine. The lower, magenta curve represents the sequence of the A-weighted audible noise level.
The clearly identifiable gradual decrease in the sound level correlates with the various operating states (far left all turbines on,
then two turbines off, then all turbines off). At the end, the
A-weighted sound level increases again when all turbines are
turned on (far right/. Remarkably. the 8 Hz infrasound level hardly
changes at all (blue, greater scattering of dots/. The measurement report also includes illustrations for 20 Hz and 63 Hz; with
these low frequencies, the operating conditions could be registered in the near field. Source: {14/, Figure 9, page 24, details
added.

Figure 4.9-2: lmmission: Display of lower frequency levels subject to third octave frequency within a residential building at a
distance of 600 m. No significant difference can be seen between the operating states 'all WT on" and the background noise.
The readings are clearly below the hearing threshold curve in the
infrasound range. Source: [14), Figure 2 1, page 33
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Linear third octave level in dB
120 ....--- -- - - - - - -- - - - - -- - - - ,

BAVARIA

The Bavarian State Office for the Environment (LfU) car-

110

ried out a long-term noise immission measurement from

100

1998 to 1999 at a l MW wind turbine of the type Nordex
N54 in Wiggensbach near Kempten.
Figure 4.9-3

Table 4.9-1

and

show the main results. The study concludes

that "the noise emissions of the wind turbine in the infrasound range are well below the perception threshold of
humans and therefore lead to no burden". Furthermore, it
was found that the infrasound caused by the wind is significantly stronger than the infrasound generated by the

90
80
70
60
50
40
30
20

10
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wind turbine alone (15] [16].

NM

Frequency in Hz
-

DENMARK

Measured values on 28~04.1999 with easterly wind at 6 mis

- ""-1f0n Uvo,hold -iJng 10 dtalt DI~ 4SG80
-

Au(l.l1ory threshold •c<ordlng to DIN 45680

A Danish study from 2010 (17], in which data from almost
50 wind turbines with outputs between 80 kW and

3.6 MW was evaluated, comes to the following conclusion:
"Wind power plants do certainly emit infrasound, but the

Figure 4.9-3: The examined wind turbine causes sound waves

that can be heard only above 40 Hz by a person standing on a
balcony at a distance of 250 m. The infrasound range is not perceptible, since it lies clearly below the perception threshold.
Source: (15/

levels are low when taking into account the human sensitivity to such frequencies. Even close up to the wind power
plants, the sound pressure level is far below the normal

In summary, it was stated that the measured infrasound

auditory threshold, and the infrasound is therefore not se-

expositions, which were measured in close proximity to

en as a problem for wind power plants of the same type

windfarms in residential buildings, correspond to the levels

and size as the ones examined" (15]. Further international

determined in comparable regions without wind power

publications on the issue are quoted in the study.

plants. The lowest infrasound levels determined in the
measuring project were registered in a house standing in
the proximity of a wind park.

AUSTRALIA

In 2013 the Enviroment Protection Authorithy South Australia and the engineering company Resonate Acoustics

The infrasound levels in close proximity to wind power

published the study "Infrasound levels near windfarms and

plants are not higher than in other urban and rural regions,

in other environments" (18]. The study includes results of

in which the contribution of wind power plants is negligi-

measurements taken both outside as well as indoors. The

ble, compared to the background level of infrasound in

measurement points were in close proximity to windparks

those areas.

and in regions without wind power plants.

Table 4.9-1: lnfrasound level at a distance of 250 m from a 1 MW w ind turbin e with different w ind velocities, Source: (15/

Linear third octave level in dB
with a third octave centre frequency of

Wind velocity

8 Hz

10 Hz

12.5 Hz

16 Hz

20 Hz

6 m/s

Breeze, the measured sound comes primarily from the
wind turb ine

58

55

54

52

53

15 m/s

Strong to stormy w ind, the measured soun d comes
primaril y from the w ind

75

74

73

72

70
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Quotation: "It is clear from the results that the infmsound

included in this study. This study concludes that the level

levels measured at the two residential locations near wind

of infrasound at houses near the wind turbines assessed is

farms (Location 8 near the Bluff Wind Farm and Loca-

no greater than that experienced in other urban and rural

tion 9 near Clements Gap Wind Farm) are within the ran-

environments, and that the contribution of wind turbines

ge of infrasound levels measured at comparable locations

to the measured infra.sound levels is insignificant in compa-

away from wind farms. Of particular note, the results at one

rison with the backgrouml level of infrasound in the envi-

of the houses near a wind farm (Location 8) are the lowest

ronment". (18)

infrasouad level

mc:isuced at any of the 11 locations
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4.10 Conclusion of the measurements at
wind turbines

switched off, they were between 50 and 75 dB(G). At

■

The low-frequency noise including infrasound measu-

off. A cause for the spread of the values is the strongly

red in the vicinity of wind turbines consists of three

varying proportions of noise, which are caused by the

parts: 1. Turbine noise; 2. Noise that results from the

wind (Tab/e2-f).

distances of 650 to 700 m, the G levels were between 55
and 75 dB(G) with the turbine switched on as well as

wind in the surrounding area; 3. Noise that is induced at
the microphone by the wind. Wind always has to be

■

For the measurements carried out even at close range,

considered as an interference factor (extraneous noise)

the infrasound levels in the vicinity of wind turbines -

when determining the turbine noise. The measured va-

at distances between 150 and 300 m - were well below

lues are subject to a wide spread.

the threshold of what humans can perceive in accordance with DIN 45680 (2013 Draft) [5] or Tab/eA3-f.

■

The infrasound being emanated from wind turbines can
generally be measured well in the direct vicinity. Below

■

The vibrations caused by the wind turbine being exami-

Hz discrete lines appear in the frequency spectrum as

ned were already minimal at a distance of less than

expected, which are attributable to the constant move-

300 m. At distances as prescribed for reasons of noise

ment of the individual rotor blades.

pollution protection, no exposures that exceed the per-

8

vasive background noise are to be expected at residenti■

At a distance of 700 m fro m the wind turbines, it was

al buildings.

observed that when the turbine is switched on, the measured infrasound level did not increase notably or only

■

■

The results of this measurement project comply with

increase to a limited extent. The infrasound was genera-

the results of similar investigations on a national and

ted mainly by the wind and not by the wind turbines.

international level.

The measured infrasound levels (G levels) at a distance
of approx. 150 m from the turbine were between 55 and
80 dB(G) with the turbine running. With the turbine

Table 4-ff: Tabular representation summing up the first measured values (infrasound and low-frequency noise) at wind turbines. The
measured values were frequently subject to substantial fluctuations and always also contain wind noises. Since the measurements
were carried out with a reverberant plate, a correction took place /see. Section 4.1).

Wind turbine (WT)

WT1
WT2
WT3
WT4
WT5
WT6

Section

G-weighted level
in dB(G)

lnfrasound third octave
level s; 20 Hz in dB *

Low-frequency third octave
level 25-80 Hz in dB *

WT on I off

WTon

WTon

-700 m
-150m

4 .2

55-75 / 50-75
65-75 / 50-70

55-70

50-55

-240m
-120 m

4.3

60-75 / 60-75
60-80 / 60-7 5

60-75

50-55

-300 m
-180 m

4.4

55-80 / 50-75
55-75 / 50-75

50-70

45-50

-650 m
-180m

4.5

50-65 / 50-65
55-65 / 50-65

45-55

40-45

- 650 m
- 185m

4.6

60-70 I 55-65
60-70 I 55-65

50-65

45-50

-705 m
-192 m

4 .7

55-65 / 55-60
60-75 / 55-65

55-65

45-50

u

* Linear third octave level in d8(Z)
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5

Traffic

Within the context of the measurement project, not only
wind turbines but also other sources of low-frequency

5.1 Inner-city roads - measurement
in Wurzburg

sound incl. infrasound were to be examined. An obvious
choice was to investigate the pretty-much ubiquitous road

At the immission location of Rottendorfer Strasse in Wurz-

traffic. For this purpose, measurements was carried out at a

burg it was possible to carry out the noise level measu re-

road in Wiirzburg (by the company Wolfe!) as well as at

ments with a special focus on low-frequency noise and inf-

the federal motorway A5 south of Karlsruhe (by the

rasound inside as well as outside of a residential building.

LUBW). In addition, data from the inner-city continuous

The measurement point is predominantly in the direct

traffic noise measuring stations of the LUBW in Karlsruhe

sphere of influence ofRottendorfer Strasse, but also within

and Reutlingen was used, in order to assess the recorded

the sphere of the fede ral road B 19, which leads from Bad

data with respect to low-frequency noise incl. infrasound.

Mergentheim to Wurzburg, as well as the railway line

The conditions were selected in such a way that neither

Wiirzburg-Lauda (Figure 5.1-1) . However, at the immission

wi nd noises in the vicinity nor wind-induced noises at the

location, the noise from the road traffic on the Rottendor-

microphones arose, wh ich can cause problems during the

fer Strasse dominates (Figure 5.1-2), with an average traffic

measuremen ts at the wind turbines (see Section 4). The

volume of 13,971 motor vehicles in 24 hours with a propor-

results represented in the following are therefore to be cau-

tion of heavy goods traffic of approx. 3 % (data from the

sally attributed to road traffic.

2012 traffic survey).

Figure 5.1-1 : Layout plan showing the immission location at Rottendorfe r Strasse, Wiirzburg. Source: www.opens treetmap.org
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Figure 5.1-2 alb: View along Rottendorfer Strasse in Wiirzburg. Photo: Wolfe/ company

A situation as can be found in many places was specifically

road. A second measurement point MP2 was located within

selected. At measurement points wi th very high volumes

the building in accordance wi th DIN 45680 (March 1997)

of traffic and the thus associated traffic noise, the audible

[4]. The measurement was carried out as an observed mea-

noise level is prioritised; this can already lead to situations

surement. The fully furn ished and inhabited flat was not

that are a nuisance and possibly also harmful environmen-

used during the measuring time. The size of the room was

tal effects. The low-frequency noise, incl. its share of infra-

approx. 7.6 m x 4.3 m x 2.5 m. An informatively comparati-

sound, eminating from the road traffic could be measured

ve meas urement was carried out at a third measu rement

without any disturbing wind no ises. The measured levels

point located directly on the fa\;ade at the height of the

are characteristic for the noise situation in the residential

windows. The third octave levels on the fa\;ade in the range

area.

below 25 Hz are between O and 3 dB lower than the third
octave level on the floor of the balcony. Withi n the range

The sound pressure level up to a lower threshold frequen-

between 25 Hz and 80 Hz, the third octave levels directly

cy of 1 Hz was measured at one measurement point in the

at the fa\;ade are up to 6 dB lower than the third octave

open and one measurement point in a residential building.

levels on the floor of the balcony. In the frequency range

For the evaluation of the low-frequency effects, evaluations

above 100 Hz, on the other hand, they are O to 3 dB higher

according to DIN 45680 (2013 draft) [5] were carried out

than the third octave levels on the floor of the balcony. The

for the measurement point within the building.

measuring data presented here fo r the floor of the balcony
was not subjected to level corrections according to

The execution of the measurement took place at two

Section 4.1.

measuring locations. Measurement point MPl was selected
in accordance with DIN 45645 (1996) (8] and - in the same

The measurement period extended from Thursday after-

manner as the measurements at the wind turbines - with

noon, 04.07.2013, 3:00 p.m., to the early morning of the fo l-

reverberant plate on the ground of the balcony faci ng the

lowing Friday, 05 .07.2013, 6:00 a.m. The measuring period

I
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Linear third octave level in dB

was not during the school holidays and is representative for
the burden of the immission location on a working day.
The traffic volume is estimated as being comparable to the

80
70

data of the traffic survey. During the measurement of traffic
noise, the periods with significant external noise exposure

60

(e.g. flight noise, animal sounds and noises by the measu-

50

ring engineer) were marked and excluded from the analy-

40

sis. The measurements were performed in a wind speed

30

range ofO to 4 m/s (a mean value of0 ..5 mis), a temperature
range of 16.3 to 22.5 °C, and an air pressure range of 999 to
1,003 hPa.
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"'"'

RESULTS AT OUTDOOR MEASUREMENT POINT
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As an example, third octave spectra for the time periods

-

MP1 outside, 4:00 p.m. - 5:00 p.m.

4:00 p.m. - 5:00 p.m., 10:00 p.m. - 11 :00 p.m. and 12:00 a.m. 1:00 a.m. are presented in Figure 5.1-3 for the measurement

Linear third octave level in dB

point MP! (outside the building). The outside daytime levels in the low-frequency range were up to 100 Hz above

80

the hearing or perception threshold. A significant peak in

70

the frequency range 25 Hz to 80 Hz can be seen in the

60

third octave spectra, which is due to vehicle traffic. In the
area of 25 Hz to 63 Hz, the levels exceed 70 dB, partially
up to 75 dB. At night, values of up to 65 dB are reached.

50

40

For the infrasound up to 20 Hz, the outdoor daytime levels

30

were below the hearing or perception threshold between

20

45 and 65 dB. The specified frequencies refer to the third

10

octave centre frequency.

"'"'

C!

Figure 5. 1-4 shows

"'

u:i

~

~

0

g

0

"'
N

0

"'"'

the one hour ave rage linear third octave

s
0

0

0

0

~

Freq uency in Hz
-

level for the low-frequency range below 100 Hz compared

0

0
0

~

MP1 outside, 10:00 p.m. -1 1:00 p.m.

to the perception threshold in accordance with DIN 45680
(2013 draft) [5]. For values below 8 Hz, this was amended
(11], see also

TableA3-1 .

The correlation of the values with

the traffic situation is clearly recognisable: The heavier
road traffic betw en 4:00 p.m. to

5 :00

p.m. leads to higher

Linear th ird octave level in dB

90-------- ------- - - --- ~
80
70

values both in the infrasound range as well as in the other

60

low-frequency ranges. Depending on the traffic volume,

50

the perception threshold is exceeded between 20 Hz and

40

32 Hz (third octave centre frequency).

30

20
10
0..J.fJ~I-H~"""K'i~~M-l-.+11~'-M-..,Kll~.....,~M"i'-H'

Figure 5. 1-3: Linear third octave spectra for the periods
4:00 p.m. - 5:00 p.m. (top), 10:00 p.m. - 11 :00 p.m. (centre) and
12 :00 a. m. - 1:00 a.m . (below) at the outside measurement poin t
MP1. A significan t peak in the frequency range 25 Hz to 80 Hz
can be seen for the spectra, which is due to vehicle traffic.
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Linear third octave level in dB

the G level. The relationship of the courses of the A and G

120 ......---"""""'--- -- - - - - --------,
110
100
90
80
70

levels can also be clearly seen. Both levels are significantly
reduced at night, when there is less traffic. The G level
reaches values of up to 80 dB (G) at daytime and minimum
values of around 55 dB (G) at night, with strong fluctuations.

60

50
40

RESULTS AT INDOOR MEASUREMENT POINT

30

The third octave spectra for the time periods 4:00 p.m. -

20
10

5:00 p.m., 10:00 p.m. · 11:00 p.m. and 12:00 a.m. - 1:00 a.m.

are presented in Figure 5.1-6 for the measurement point

0 ....,__,.......--.--.................................................................................-...--.--....
-~ ~ N ~~v~Mmo~~c~~oc~oo

MP2 inside the building. The interior levels for infrasound

Frequency in Hz
J Jf: :) j

up to 20 Hz are below the hearing or perception threshold

N~

~ ~

-

-

~

-~-NN~~~~W~

MP1 oulside, 10:00 - 11:00 p.m .
MPl o utside-, 12:00 • 1:00 a.m.

P9roeptk)n thrashotd

MPl outsldtt, 4:00 - 5:00 ft,m , -

( < 55 dB) at day and night. Above 32 Hz to 40 Hz (third

.' . '

octave centre frequency), the values of the linear third ocFigure 5. 1-4: Comparison of the corrected linear third octave le-

tave level are above the hearing or perception threshold

vels, determined at the measurement point MP/ (outside the
building) for the averaging periods 4:00 - 5:00 p.m., 10:00- 11 :00
p,m., and 12:00 - 1:00 a.m. Furthermore, the perception threshold is also shown (see Section 4.1).

(up to 55 dB). In narrowband spectra (not shown here) a
number of discrete, prominent maxima were detected,
which were attributable to natural frequencies of the room
and excited natural frequencies of the building.

The A and G-weighted sum level LAeq(t) and LGeq(t) recorded during the entire measuring period are shown in
While the A-weighting shows the audible

Figure 5.1-7 shows the one hour average linear th ird octave

sound as a single number value, the valuation focus of the

level for the low-frequency range below 100 Hz compared

G level is in the infrasound range. The curves show a signi-

to the perception threshold in accordance with DIN 45680

Figure 5. 1-5.

ficant bandwidth that is created by the variations of the

(5). This was amended for values below 8 Hz [11}. In gene-

sound influences. These variations are less pronounced for

ral, a decrease in the level can be seen the later it gets. Why
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Figure 5. 1-5: Distribution of the A-weighted sum level LAeqrtJ (blue) and the G-weighted sum level LG9q(t/ (red) over the entire measurement period at the outdoor measurement point MP1
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Linear third octave level in dB
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Figure 5.1-7 (top): Comparison of the third octave levels at the
measurement point MP2 (indoors) for the averaging periods
4:00 - 5:00p.m., 10:00 - 11:00p.m. and 12:00 - 1:00a.m. The
perception threshold accordfng to Table A3-1 is also shown.
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Figure 5. 1-6 (left column): Linear third octave spectra for the
time periods 4:00 - 5:00 p.m. (top/, 10:00 - 11 :00 p.m. (centre)
and 12:00 - 1:00 a.m. (bottom) at the indoor measurement point
MP2.
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5.2 Inner-city roads - permanent measuring stations Karlsruhe and Reutlingen
Since November 2012, the LUBW has been runni ng a stationary road traffic noise mo nitoring station in Karlsruhe
(Reinhold-Frank Strasse), and a further one in Reutlingen
(Lederstrasse-Os t) since March 2013. This is where average
and maximum levels of total noise are measured with the
use of high-quali ty sound level measurement devices, as
well as meteorological parameters such as temperature,
wind speed and precipitation. In addition, the traffic data
(vehicle type, quantity and speed) are recorded. Both stations are in areas with relatively high volumes of traffic: In
Karlsruhe, approxi mately 24,000 vehicles/24h, however
with a partial standstill of traffic, and in Reu tli ngen approximately 50,000 vehicles/24h (as of2011).
In Karlsruhe, the microphone is positioned close to the
road, meaning that the recorded levels do not directly depict the concerns of the population living somewhat
further away. The distance to residential buildings is less
than 10 m (Figure 5.2-1). The location of the measuring sta-

Figure 5.2-1: LUBW measuring station for detecting road traffic
noise in Karlsruhe, Reinhold-Frank-Strasse. The arrow shows the
location of the microphone. Residential buildmgs visible in the
background. Photo: LUBW

tion in Reutlingen allows immediate statements to be made about the noise pollution for the people affected
(Figure 5.2-2).

Further information is available on the web-

site www.lubw.de/aktuelle-messwerte (home page). The
annual reports by the LUBW for the traffic noise monitoring stations can be found under the heading "Auswertungen" (Reports).
Based on the measurement data of the road traffic noise
measuring stations in Karlsruhe and Reutlingen, evaluations were made by us with regards to low-frequency noise
(incl. infrasound). In the following Figures 5.2-3 and 5.2-4
frequency-selective representations of the noise level from
6.3 Hz to 125 Hz (third octave centre frequency) can be
found for the two stations. Averaging was carried out over
30 minutes and summarized. Here only those time periods
have been considered in which the wind speeds were less
than one meter per second. These were approx. 2,000 halfhour averages for Karlsruhe and about 1,900 for Reutlingen, including many night hours. This avoided the occurrence and subsequent measurement of noise in the vicinity
caused by the wind, and also ensured that no sound induced by the wind occurred directly at the microphone. Both

Figure 5.2-2: LUBW measuring station for detecting road traffic
noise in Reutlingen, Lederstrasse. The arrow shows the location
of the microphone. Photo: LUBW
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effects would have led to an increase in the level values at

measurement in Wurzburg (Section 5.1,

low frequencies and infrasou nd, as was the case during the

G-weighted sound levels were between 65 and 75 dB(G) in

measurements at the wind turbines.

Karlsruhe and between 70 to 80 dB(G) in Reutlingen, see

Figure 5.1-4).

The

Table 5.2-1.

To show the influence of traffic density, illustrations for
higher and lower traffic volumes as well as for an average
amount of traffic have been added (the exact data is given

5.3 Motorway - measurement near Malsch

from the legend of Figure 5.2-3 and 5.2-4). The proportion
of heavy-goods traffic, based on the evaluated overall data,

The LUBW undertook sound measurements at the A5

was 5 %in Karlsruhe and 11

(En) motorway south of Karlsruhe near the town of

%in Reutlingen.

Malsch on 26.06.2013 during the daytime between 1:00 p.m.
Both evaluations show a striking increase between 31.5 Hz

and 3:00 p.m. The weather was sunny and practically wi nd-

and 80 Hz above the perception threshold, which is attri-

less. Wind-induced interfering noise at the microphone

butable to motor vehicle traffic. Depending on traffic in-

can therefore be ruled out. The distances of the micropho-

tensity, mean values of 72 dB (.Karlsruhe) or 75 dB (Reut-

ne posi tio n to the middle of the centre strip of the motor-

lingen) are reached. In the infrasou nd rang (below 20 Hz)

way were 80 m, 260 m and 500 m (Figure 5.3-1). The mea-

and below, the results of the measurements differ: This is

surement values at the measurement point at a distance of

where in Karlsruhe lower values are measured than in

500 m later had to be rejected due to the interference of

Reutlingen, which is probably due to different amounts of

the B3 main road and other interfering noise. Information

heavy-goods t raffic, traffic volumes and speeds. In both ca-

on the used metrology can be found in Appendix A4.

ses, the third octave levels already exceed the perception
threshold with a higher traffic volume between the 20 Hz

The measurement results for the distances of 80 m and

and 25 Hz third. A similar result was at hand for the road

260 m are graphically presented in Figure 5.3-2 as a third

Linear thi rd octave level in dB
1 2 0 - - - - - -- - - - - - - - - - - -- -~
Measuring station
110
Kaitsn.ihe
100

Linear third octave level in dB
1 2 0 - - - - - - - - -- -- - - - - - - - - - - ,
Measuring station
110
Reutlingen
100

90

90

80

80

70

70

60

60

50

50

40

40

30

30

20

20

10

10
0----..-------.-----r----,.---.----,.-..---,----.----,,....

0--..----.. . . ---.-.. . . .---.--.-.. . .-..---------.. . .

(I')

0

0

ll'J

«>COS?~

~ - - -- - - - - - - - - - -F
_r_o_,_
qu_e_n_c.,_
y_in~ Hz
- . Porcoptron tht01ihold
- Trnlrkl volumo 1600 vohfclos/h -

f rame votumo SOO vohlclo.!IJ'h
Trame 110h.1ma 2(K) vot,ldollh

Figure 5.2-3: Third octave spectra, measuring station Karlsruhe
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Figure 5.2-4: Third octave spectra, measuring station Reutlingen

Periods with zero wind or wind velocities below 1 mis in the year 2013 were evaluated. Averages over 30 minutes each were formed
and aggregated. The increased level in the range between the 31.5 Hz and BO Hz thirds is caused by road traffic. The curves show the
differences at various traffic volumes. Note: The representation begins at a frequency of 6.3 Hz (in other illustrations partly from
1 Hz.); this is due to the measuring technology. For comparison, the perception threshold according to Table A3-1 is shown.
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Table 5.2-1 : Summary of the measurement results for low-frequency noise (including parts of infrasound/ at the traffic noise monitoring stations Reutlingen and Karlsruhe

G-weighted level
in dB(G)

lnfrasound third
octave level
s 20 Hz in dB*

Low-frequency third
octave levels 25-80 Hz
in dB*

Traffic noise measuring station Karlsruhe
traffic volume > 1600 ve hicles/h

75

53 to 62

67 to 72

Traffic noise measuring station Karlsruhe
average traffic volu me: 500 vehicles/h

65

48 to 57

60 to 67

Traffic noise measuring station Karlsruhe
traffic vol ume < 260 veh icles/h

69

45 to 54

55 to 63

Traffic noise measuring station Reutlingen
traffic volume > 3300 vehicles/h

80

63 to 68

64 to 75

Traffic noise measuring station Reutlinge n
average t raffic volume: 700 vehicles/h

70

55 to61

57 to 68

Traffic noise measuring stat ion Reutlingen
traffic volume < 350 vehicles/h

73

52 to 57

54 to 61

Source/situation

•

Linear third octave level in dB(Zl

Figure 5 .3-1 : Location of the measurem ent points at the A5 motor way south of Karlsruhe near Malsch, indicating the distances
between the microphone positions and the centre of the m otorw ay. The town of Malsch is located outside of the picture at the bottom left. The 8 3 main road is loca ted above the picture. Picture source: LUBW, LGL
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octave representation. The third octave levels in the infra-

Table 5.4). It must be noted that, with windows open, the

sound range are at levels of around 60 dB and slightly

levels that arise in the area of low frequencies incl. infra-

below. In the low-frequency range, approximately between

sound are so high that they are subjectively perceived as

40 Hz and 80 Hz, a slight peak can be seen. Here the mea-

being painful. The values measured by us correspond to

sured values are significantly above the hearing threshold.

the respective specifications in literature (e.g. (19] (20]).

The average traffic intensity is approximately 3,000
vehicles/h with a share of heavy-goods traffic of around
15

%. The G-weighted infrasound levels were around

75 dB(G) at a distance of 80 m and around 71 dB(G) at a

5.5 Conclusion of the road traffic
measurements

distance of 260 m. Additional information concerning the
G level can be found in Appendix A3 .

■

It was possible to carry out the measurements for the

low-frequency noise incl. infrasound resulting from road
traffic without interfering wind noise. Unlike in the case

5.4 Noise inside car while driving

of wind turbines, the recorded levels occur in the direct
vicinity of residential buildings.

Below are the results of noise measurements carried out by
the LUBW inside a moving car and a minibus on 06 .09.2012.

■

As expected, it could be observed that the level of low-

This is in fact no sound that occurs in the vicinity, i.e. no

frequency noise including infrasound dropped at night.

ambient noise or environmental noise in the strict sense.

A good correlation with the traffic volume was also de-

However, a lot of people are exposed to these sounds often

te rmined: The more the traffic, the higher the sound

and for longer periods of time, meaning that it surely ma-

levels of low-frequency noise including infrasound.

kes sense to include such measurement values here. It became evident that relatively high levels in the infrasound

■

The In fra ound levels of traffic reach a maximum of 70

range up to 20 Hz, as well as in the other low-frequency

dB (unweighted) in individual thirds with respect to re-

frequency range above 20 Hz occurred (Firgure 5.4,

sidential buildings in the vicinity. The G-weighted level

Linear th ird octave level in dB

120-------------------,
110
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80

Linear third octave level in dB
140~- - - -- - - - - - - - - - - - - - ,
130
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Frequency in Hz
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-

MP2l260m

-

Firgure 5.3-2: Frequency-(iependent representation (linear third
octave level) of a measurement at the motorway A5. As a comparison, the perception threshold according to Table A3-1 was
also included. Note: The representation begins at a frequency of
3. 15 Hz (in other illustrations partly from 1 Hz or 6.3 Hz). This is
due to the measuring technology used.
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Firgure 5.4: Low-frequency sound (averaging level) in the inside
of car and minibus driving at approx. 130 km/h in comparison to
the perception threshold according to Table A3-1
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Table 5.4: lnfrasound level inside a passenger car or minibus while driving at 130 km/h
G-weighted level
indB(G)

lnfrasound third octave level
between 3.2 und 20 Hz
in dB*

Interior noise in passenger car, all windows closed

105

88 to 94

Interior noise in passenger car, rear window open

139

87 to 127

Interior noise in m inibus, all windows closed

100

85 to 93

Interior noise in minibus, side w indows open

122

98 to 113

Source

*

Linear third octave level in d8(Z)

is in the range between 55 and 80 dB( ). This ro ughly

■

The highest levels in the context of the measurement

corresponds to values found in literature for sea surf

project were measured in the interior of a car travelling

(Table 2-1).

at 130 km/h. Even though these are not immission levels
that occur in the free environment, they are an everyday

■

For road traffic, increased levels were detected in the

situation that many people are frequently subjected to

frequency spectra in the range of between roughly

for a longer period of time. The measured values for

30 Hz and 80 Hz. Low-frequency noise in this area lies

both the infrasound as well as the other low-frequency

significantly above the hearing threshold and seems to

areas are higher by several orders of magnitude than the

be more relevant for an assessment than the infrasound

values usually measured in road traffic or at wind turbi-

level up to

20

Hz. The values in this low-frequency fre-

nes.

quency range are significantly higher for the observed
situations of road traffic than in the areas surrounding
wind turbines (Table2-1).
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6

Urban background

The Friedrichsplatz in Karlsruhe was chose for the measu-

and the Nymphengarten (Kriegstrasse, B 10). Tram lines

cement of infrasound and low-frequency noise at day and

are located at a distance of several hundred metres, parti-

night in an urban background. It is located in the heart of

ally behind several blocks of buildings (Figure 6-2), and a

the city. The Friedrichsplatz is a rather quiet square located

construction site is located in a north-westerly direction.

directly by the natural history museum. Benches, landscaped flower beds and a fountain invite passersby to linger

The measurements were carried out simultaneously at

and stop for a short break (Figure 6-1). The square extends

three measurement points. The location of the measure-

for about 125 m from north to south and 100 m from east

ment points is shown in the aerial view in Figure 6-3. Mea-

to west. The Erbprinzenstrasse crosses the Friedrichsplatz

surement point MPl was chosen in the inside of a building

as a bicycle road. In a westerly and easterly direction are

adjacent to the Friedrichsplatz (meeting room of the edu-

the Ritterstrasse and Lammstrasse respectively, with very

cation authority of Karlsruhe). A second measurement

slowly driving traffic. In the south, the square is limited by

point MP2 was placed on the ground of the Friedrichsplatz,

the natural history museum of Karlsruhe. To the west lies

a third measurement point MP3 on the roof of the muse-

the Church of St. Stephan with foreco urt. Apart from that,

um of rutural history (Figures 6-4 to 6-6) . MP2 and MP3

the Friedrichsplatz is surrounded by offices and commer-

were positioned on a reverberant plate.

cial buildings, as well as a number of individual apartments.
The next somewhat busier road is situated about 250 m to

The measurements were carried out from Friday, 20.09.2013,

the south, shielded behind the natural history museum

3:00 p.m. to Saturday, 21.09.2013, 2:00 a.m. Preliminary

Figure 6-1: Friedrichsplatz in Karlsruh e, looking south at the natural history museum. Photo: LUBW

(t) LUBW
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Figure 6-2: City map of Karlsruhe with Friedrichsplatz (red circle) and the tram lines in the vicinity (dark and dashed lines). Source:

www.OpenStreetMap.org

Figure 6-3: Oriented aerial view of Karlsruhe Friedrichsplatz. Location of the three measurement points MP1 (meeting room of education authority), MP2 (on Friedrichsplatz) and MP3 (roof of museum of natural history). Source: LUBW, LGL

I
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measurements were taken by the LUBW on 26.06.2013.

RESULTS

The measurements should enable conclusions to be made

The measured third octave spectra for the three measure-

about the situation at day and at night. The volume of traf-

ment points, each for the time periods 4:00 p.m. - 5:00 p.m.,

fic (cars, pedestrians, cyclists) was typical for this site in the

10:00 p.m. - 11:00 p.m. and 12:00 a.m. - 1:00 a.m. are shown

given weather conditions. In summer nights or during

in Figure 6-8 and are explained in the following:

events, higher volumes will surely be the case.
At the measurement point MP l (education authority, inNote: While the infrasound and low-frequency noise mea-

door measurement), third octave levels between just under

sured in the vicinity of operating wind turbines always con-

20 dB to 45 dB were measured in the infrasound area

tains a proportion of wind (and possibly also a share that is

below 20 Hz. The values are all below the perception

induced by the wind at the microphone), the conditions

threshold. It is clearly visible that the infrasound levels

are much more favourable for the measurement of inner

drop at night by about 10 dB. In the further low frequency

city noise. Here these effects related to the wind play vi r-

range a significant rise from 25 Hz to 63 Hz can be found,

tually no role. The infrasound and low-frequency noise

which is probably due to traffic noise and electrically pow-

could be measured largely without any disturbing wind

ered equipment (the building was not without electrical

noise. Only on the roof of the museum of natural history

power). All in all, the lowest levels are found at the indoor

did wind noise occur from time to time. For more informa-

measuremen t at MPt as a result of the absorption through

tion see page 73.

the building envelope. The results of the indoor measurement were evaluated according to DIN 45680 (1997) (4),

Figure 6-4: Setup of the measurement point MP1, indoor measurement at the education authority of Karlsruhe. Photo: LUBW

Figure 6-5: Measurement point MP2 on the Fried1ichsplatz in
front of the natural history museum Karlsruhe. Photo: LUBW

Figure 6-6: Microphone position at measurement point MP3
(roof of museum) with view over Karlsruhe. The meteorology
was also determined at MP3. Photo: LUBW

Figure 6-7: View from measurement point MP3 (roof of museum) looking north over Karlsruhe. The floodlights of the KSC stadium in the Wildpark can be seen. Photo: LUBW

©LUBW
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Figure 6-8: Measured third octave spectra for the three measurement points at different times of the day and at night Left column:
Measurement point MP1 /education authority, indoors); centre column: Measurement point MP2 (Friedrichsplatz); right column:
M easurement point MP3 /natural history museum, roof). For explanations see text.

even if the scope of this standard does not cover road traf-

as night time periods. There were no clearly protruding

fic noise. Time periods with substantial influence of back-

single tones. For informative purposes, the measurement

ground noise at measurement point MPl were excluded

data was also evaluated according to the revised draft of

from the evaluation. The following periods of time were

DIN 45680 (2013) [5]. The reference values taken as a com-

chosen: For the night period (10:00 p.m. - 11:00 p.m., lou-

parison (these are formally only valid for the operation of

dest hour), as well as in accordance with the procedure of

industrial plants) were exceeded in the daytime as well as

DIN 45680 {1997) [4) for the day period ( 4:00 p.m. -

night time periods.

5:00 p.m., loudest hour) as well as informatively for the

night hour from 12:00 a.m. - 1:00 a.m. The reference values

The data of the measu rement points MP2 and MP3 was

taken from the supplement sheet "Beiblatt l" for above-

respective ly corrected according to Section 4.1 (reverbe-

stated norm (these are formally only valid for the operation

rant plate). At the measurement point MP2 (Friedrichs-

of industrial plants) were exceeded in the daytime as well

platz in fron t of the museum), third octave levels be tween
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Figure 6-9: Comparative frequency-dependent representation of the third octave sound level for the three measurement points at
different times of the day and at night. The results for MP2 and MP3 have been corrected (reverberant plate, see Section 4.1). The
perception threshold was also shown as a means of orientation. Left: measurement point MP1 (education authority, indoors); Centre:
measurement point MP2 (Friedrichsplatz); right: measurement point MP3 (natural history museum. roof) .

just under 35 dB and a little over 50 dB were measured in

In a furthe r analysis of the narrow band spectra (not listed

the infrasound range up to 20 Hz. Here too, a decrease of

here), some individually protruding lines could be detec-

the infrasound can be recognised later at night. In the low-

ted at some frequencies. However, these could not all be

frequency range, an excessive increase can also be seen,

associated wi th specific sources.

which can be attributed to the road traffic. This is where
levels above 55 dB are also reached at night in the range of

In Figure 6-9 the developments of the linear third octave

32 Hz to 80 Hz, which is above the perception or hearing

levels in the range fro m I Hz to 100 Hz are presented for

threshold. An interesting effect can be seen for the 1.25 Hz

the measurement points MPI to MP3 in comparison to the

third, which, for example, clearly stands out in the third

perception threshold (according to draft of DIN 45 680 [5 );

octave spectrum for MP2 between 10:00 p.m. and 11 :00 p.m.

below 8 Hz supplemented by literature values [Ill). See

This concerns a natural frequency of the Friedrichsplatz,

also TableA3-1. The results for MP2 and M])3 were correc-

which is largely surrounded by buildings (half a wavelength

ted, as shown in Section 4.1, due to the use of a reverberant

corresponds to merely the extent of the square). This effect

plate.

can be analysed further in the narrow band spectrum (not
shown here).

Figure 6-10

shows the course of the A-weighted and G-

weighted sound level during the measurement at the meaAt the measurement point MP3 (museum roof), similar

surement point MP2 (Friedrichsplatz). It can be clearly se-

condi tio ns as for MP2 can be seen - with two differences:

en that the G level, which represents the low-frequency

For the infrasound below 5 Hz, an excessive increase can

noise including infrasound, slowly and steadily decreases in

be seen, which here is attributed to the somewhat increa-

the evening hours. The G levels at the measurement point

sed wind speed on the roof and the corresponding wind

MPI (indoors) were mostly between 45 dB(G) and

effects. An increase arising in the range above 500 Hz can

60 dB(G) during the measuring period, and at times even

at least partially be attributed to the rolling noises of cars

above that. At the measurement points MP2 (Friedrichs-

on roads located further away, such as the B 10 (Kriegstras-

platz) and MP3 (roof), the values were mostly between

se). These were noticeable on the roof, but were otherwise

55 dB(G) and 65 dB(G), and partially reached levels above

screened off. In the evening, it was possible to get a direc t

70 dB(G).

view of the KSC foot ball club's Wild park stadium, where a
match was taking place (Figure 6-7) .

©LUBW
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7 Sources of noise in residential buildings
Life in the modern household is characterized by the use of

on the used measuring instrumentation please refer to Ap-

technical devices, which are used to facilitate everyday life.

pendix A4.

The locations of the devices are normally chosen on the
basis of the existing supply connections for electricity, wa-

7.1 Washing machine

ter or gas. When doing so, people also generally pay attention to ensuring a preferably trouble-free use of the living

The washing machines were located in two apartments on

quarters. Devices such as fridges or ventilation systems are

the 1st and 2nd floor of the ho use. The measurements we-

permanently or intermittently in operation, while other

re each taken at a measurement point MPl at close range

devices such as vacuum cleaners or electronic tools are

within the room of the installation itself, as well as at a

used only briefly. During operation, every technical device

measurement point MP2 in a separate room. When measu-

emits characteristic sounds. Depending on the source, dif-

ring washing machine 1 on the 1st floor, the measurement

ferent sound patterns can also be caused by different ope-

point MPl in the middle of the room was approx. 0.5 m

rating modes.

from the washing machine. Measurement point MP2 was
located approx. 3 m vertically above MPl on the 2nd floor.

With the help of manufacturer's instructions, buyers can

Washing machine 2 was located on the 2nd floor. Here

inform themselves about the expected noise levels prior to

measurement point MPl was also positioned in the middle

the acquisition of technical devices. However, the data

of the room approx. 0.5 m from the washing machine,

sheets often only specify the A-weighted levels. These pro-

while measurement point MP2 in the adjoining room - se-

vide no indications of how the sound spreads across diffe-

parated by a wall - was positioned approx. 5 m away.

rent frequencies.
RESULTS

In order to also be able to present low-frequency noise that

The measurements of the two washing machines took

may occur in a living environment in a comparative man-

place in the period from 10:50 a.m. to 11:30 a.m. Periods

ner, the LUBW carried out sound level measurements in a

with extraneous noise effects were excluded from the eva-

residential building in the city centre of Tiibingen. The

luation.

apartment building in half- timbered construction style
dates from the second half of the 19th century. The com-

With washing machine l in operation, third octave levels

partments of the walls are made of sandstone and the

between 44 dB and 76 dB in the infrasou nd range under

wood-beamed ceilings are filled with clay. The ceilings and

20 Hz were measured at measurement point MPl (Figu-

walls are additionally covered with a 3-4 cm thick layer of

re Zf-7).

The highest levels occurred during the spin cycle

lime plaster. In the course of renovation work during the

and the lowest ones during the wash cycle. At measure-

last few years, the worksite sandstone slabs or tiles were

ment point MP2, third octave levels of 29 dB to 60 dB oc-

moved onto a layer of reinforced cemen t screed in some

curred below 20 Hz during the measurement of washing

areas, such as in the bathrooms. The building is located in

machine 1. Here, too, the higher levels were registered du-

a restricted traffic area; the next multilane roads are about

ring the spin cycle.

150 m away. Any traffic noise emanating from there is largely shielded by the building density of Tiibingen city centre.

At washing machine 2, the third octave levels at measure-

The acoustic situation around the building is significantly

ment point MP l in the infrasound range below 20 Hz were

characterized by the communication noise of passers-by.

between 35 dB and 70 dB (Figure l1-2). Here too, the
highest third octave levels were registered in the spin cycle.

The measurements on 04.08.2015 registered two washing

The measurements at measurement point MP2 showed

machines from various manufacturers, one refrigerator, one

third octave levels between 26 dB and 71 dB in the same

oil heating and one gas heating. For detailed information

frequency range.
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The curves for the individual modes of operation of the

feet of the building components ( ceiling or wall). The buil-

two measured washing machines are almost parallel for the

ding components reduce the higher-frequency sound to a

measurement points MPl and MP2 in the infrasound range

significantly higher degree than is the case in the infra-

below 20 Hz. In contrast, it can be seen that above 20 Hz

sound range.

the difference between the third octave levels measured at
both measurement points increases with increasing fre-

The single tone at 16 Hz (washing machine 1) as well as

quency. This can be attributed to the sound insulation ef-

20 Hz (washing mach ine 2) are caused by the respective
rotational speed during the spin cycle. The 16 Hz third oc-

Linear third octave level in dB

tave correlates with 960 rpm, the 20 Hz third octave with
Washing machine 1

110

1,200 rpm. The additionally emerging single tone at wa-

100

shing machine I at about 31.5 Hz is a harmonic overtone of

90

the 16 Hz third octave. Depending on the operating mode,

80

single third octave levels can reach the perception threshold

70

according to TableA3-1 between roughly 16 Hz and 20 Hz;

60

50

above 50 Hz the third octave levels are generally in the

40

audible range.

30

20
10

7.2 Heating and refrigerator
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Figure 7.1-1: Third octave noise level of washing machine 1 at
measurement points MP1 and MP2 for different operating states, with perception threshold according to Table A3-1 for comparison. Total': Average level over the entire wash cycle.

The two heating units measured were an oil boiler in the
baseme nt with pressurised atomiser burner on the one
hand, and a gas water heater installed on a wall in the bathroom of the 2nd floor on the other. The fridge was located on the 2nd floor in a corner of the kitchen. The measurements of these noise sources were each carried out at a
measurement point at a distance of about 0.5 m.

Linear third octave level in dB

120--- - - - - -- - - - - - -- -----,
Washing machine 2

110

RESULTS

100

The third octave spectra during operation of the two hea-

90

ting systems as well as the refrigerator in the period from

80

11:40 a.m. to 1:30 p.m. were measured using technical

70

measuring equipment. The results of the measu rements are

60

shown in

50

Figure 7.2- 1.

As was the case for the other measu-

rements, extraneous noise, e.g. caused by meas uring staff or

40
30

passers-by outside, was excluded from the assessment.

20
10
0-t-.--,.-.--..,.........-......,...............,......,.....................,,..............,.._...,......,........
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Figure 7.1-2: Third octave noise level of washing machine 2 at
measurement points MP/ and MP2 for different operating states, with perception threshold according to Table A3-1 for comparison. ' Total": Average level over the entire wash cycle.

Levels of approx. 55 dB to 70 dB were measured at the oil
heating in the infrasound range below the 20 Hz third octave. In the low-frequency range between 20 Hz and 80 Hz,
the third octave levels are between 55 dB and 60 dB. A
single tone with a third level of 74 dB is recognisable at
100 Hz. Levels between 40 dB and 50 dB were measured at
the gas water heater in the infrasound range below 20 Hz.
In the low-frequency range between 20 Hz and 80 Hz, the
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third octave levels measured at the gas heating are between
40 dB and 50 dB. The difference between the levels measured at the oil heating and the gas water heater in the
low-frequency range is between 10 dB and 40 dB.

Linear third octave level in dB

120 -.-- - - - -- - - - -- - - - - - --,
Heating and refrigerator
110
100
90
80

The fridge measured in the kitchen of the 2nd floor delivered third octave levels of between 32 dB and 50 dB in
the infrasound range. Third octave levels between 17 dB
and 50 dB were measured at the refrigerator between
20 Hz and 80 Hz. While the third octave pcctrum of the
oil heating clearly sets itself apart from the other measured
units through higher levels, the third octave spectra of the
gas water heater and the refrigerator are very similar.

70

60
50
40

30
20
10
0-+sr---T......-.--.--.-....-.-,.............-.--.--.-.........................~~~M ~

w

~

....-.-..-l
O~ ~ O O M O O ~ O O O ~ O O

O~ ~

-~ ~ NN ~ ~~~m~~~~~M~~

Frequency in Hz
-

Potcopdon th rn,hohJ

-

norrfgQratr,r

-

Oil hoaling

-

Gash.ea.Ung

SUMMARY

During the measurements in the residential building, the
highest levels at washing machines were recorded during
the spin cycle. Tonalities in individual third oct.1ves corre-

Figure 7.2-1 : Third octave sound level of the noise from oil heating, gas heating and refrigerator at a distance of 0.5 m from the
unit, with perception threshold according to Table A3-'I for comparison

late with the rotational speed of the drum of the washing
machine during the spin cycle. As expected, building components dampen higher frequency noise components more
than at low frequencies. The perceptual threshold according to Table A3-1 was reached for the washing machines in
the frequency range above 16 Hz and 20 Hz respectively.
With the other devices, the infrasound level did not reach
this threshold.

@LUBW
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8

Natural sources

8.1 Rural environment

described in Section 4. Two time periods were examined
per measurement point at different wi nd speeds (6 mis and

In order to make statements about how much infrasound is

10 mis at the measurement point MPl, open field), within

caused by wind in the great outdoors, sound level measu-

which the wind blew evenly if possible. As a result, two

rements were carried out within the framework of the

situations with widely differing environmental conditions

measuring programme on 09.05.2015 with strong winds in

were recorded. Due to the spatial situation at the measure-

an open field (measurement point MPl), on the edge of a

ment points MP2 (edge of forest) and MP3 (forest) it can

forest (measurement point MP2) and in a forest (measure-

be assumed that at the same given point in time the wind

ment point MP3). The three points were aligned down-

speed is lower there than at the measurement point MPl

wind of each other, starting with MPL As with the wind

( open field).

power plants, the sound level measurements were carried
out on a reverberant p late with a primary and secondary

RESULTS: NARROW BAND LEVEL

wind screen. At the same time, the wind speed was measu-

Figure 8. 1-4

shows the narrow-band spectra determined

red at 10 m height (open field) at the measurement point

from the audio signals at an avemgc wind speed of approx.

MPL

an impression of the po-

6 mis and 10 mis at a height of 10 m (measured at the mea-

sitioning of the measurement points. The meas urement

surement point MP l). The three charts in the left column

point MPl lies approx. 130 m from the edge of forest.

enable a comparison of measurement results for the two

Figures 8.1-1 to 8.1-3 provide

wind speeds at each measurement point. The two graphs in
The evaluation was carried out for the frequency range be-

the right column show the sound levels that were recorded

tween 1 Hz and 10 kHz. The procedure corresponded to

at the three measurement points fo r each of the wind

the analysis of the measurements at wind power plants, as

speeds 6 mis and 10 m/s. It can be seen clearly how the le-

Figure 8. 1-2: Measurement point MP2, edge of the forest.
Photo: Wolfe/ company

Figure 8.1-1: Measurement point MP/ on open field (left) and
meteorology mast (right), looking in direction of forest. Photo:
Wolfe/ company

@ LUBW

Figure 8.1-3: Measurement point MP3 in the forest, approx.
90 m from measurement point MP2. Photo: Wolfe/ company
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Figure 8. 1-4: Narrow band spectra of noise at the measurement
point MP1 /open field), MP2 /edge of forest) and MP3 (forest) for
the frequency range of infrasound at different wind speeds. The
wind measurement was always carried out at the measurement
point MP1 (open field).

Left column: Comparison of narrow band levels for the various
wind speeds, separately presented for the measurement points
MP1 (open field), MP2 (edge of forest) and MP3 (forest).
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Right column: Comparison of the narrow band level at the three
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Figure 8. 1-5: Third octave spectra of the background noise at the measurement point MP! /open field), MP2 (edge of forest), and
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Line ar third octave level in dB

vels depend on the measuring position and the wind speed.

120....----- - - . . : : : - - - - - - - - -- - - - - - - ,

On an open field, the levels are about 10 to 15 dB higher at

110
100

a wind speed of 10 mis than at a wind speed of 6 mis. At
the edge of the forest, this diffe rence is somewhat weaker
for frequencies above roughly 5 Hz. The difference is only
5 to 10 dB. In the forest, the difference is 5 dB or less. The

90
80
70

60

spread of the measured values between the th ree measure-

50

ment points falls from roughly 30 dB at the lowest end of

40

the spectrum to O to 5 dB at the upper end, de pending on

30

the wind speed. Noteworthy level differences between the

20
10

edge of the forest and the forest occur only below 10 Hz.
The differences in level between open field and forest, on

0 .....,,.....,__,.....,..-,-..,.."'T"""T"""-r--r-.--r-,,.....,-,-....,..-,--,--r--.-.....
-mWN ~ ~ ~ ~ M o o o m w o ~ ~ O O M O O
~~
N~
W -~-NN~~~w m ~

the other hand, become less only above 20 Hz.

Frequ ency in Hz
-

Perceplion lh reshold

-

M Pl / openfleld t10 mis)

-

MPH

-

MP3/ torosl(IOrn," ,oMP1)

cl -

(IO n,-.qc MPII

RESULTS:THIRD OCTAVE LEVEL

The third octave spectra of the background noise at all
three measurement points for the frequency range from
0.8 Hz to 10,000 Hz are presented in

Figure 8.1-5.

The wind

Figure 8. 1-6: Comparison of the third octave spectra of the total
noise at the measurement points MP1 (open field), MP2 (edge
of forest) and MP3 (forest/ with the perception threshold accorcding to Table A3-1. The measured values were corrected in accordance with Section 4. 1.

speed was 6 mis (left column) and 10 mis (right column).
On the open field, the low frequencies are predominant in
the spectrum; at the edge of the forest and even more so in

INFLUENCE OF WIND SPEED

the forest, however, a shift to higher frequencies can be

The data in

seen. While the wind becomes less the closer it gets to the

level (A level) and the infrasound level (G level) increase

forest, and less wind noise is therefore induced at the mi-

with increasing wind speed. Worth noting is the decrease

crophone, the noise from the leaves in the forest increases

in level of the G-weighted level from the measurement

considerably. The peak values at about 4,000 Hz are due to

point MPl (open field) in the direction of the measure-

the chirring of crickets and chirping of birds.

Figure 8.1-7 shows

that both the audible sound

ment point MP3 (forest). This correlates with the decreasing wind speed when moving from the open field towards

COMPARISON WITH THE PERCEPTION THRESHOLD

the forest. Wind-induced effects on the microphone can be

Figure 8.1-6 shows

the third octave spectra of the total noi-

generally ruled out (see Section 4.5 and 4.6, measurement

se at the measurement poin ts field, edge of forest and fo-

in hole in the ground). The A-weighted level increases the

rest for the frequency range from 1 Hz to 100 Hz along

closer you get to the fo rest, which can be attributed to the

with the perception thresho ld for comparison. The wind

rustling of leaves, which is reflected in the A level.

speed was 10 mis. In the range of infrasound, the curves are
well below the perception threshold.

Table 8. 1-1: Infra sound in a rural location at the three measurem ent points at differen t wind speeds
G-weighted lev el
in dB(G)

lnfrasound third octave
level :s; 20 Hz in dB "

Wind 6110 mis

Wind 6110 mis

MPl open f ield. 130 m from forest

50-65 I 55-65

40-70 / 45-75

MP2 edge of forest

50-60 I 50-60

35-50 I 45-75

MP3 forest

50-60 I 50-60

35-40 I 40-45

M easurement point

* Linear third octave level in dBIZ)
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Figure 8.1-7: Audible sound level (A level) and infrasound level (G level) depending on the w ind speed for the three measurement
points MP1 (open field), MP2 (edge of forest) and MP3 (forest). The G levels (red dots) and the A levels (violet dots) are shown. The
wind measurement was always carried out at the measurement point MP1 (open field).
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Linear th ird octave level in dB

CONCLUSION

120-,--- - - - --.:::::::-- - -- - - - -- - ,

The infrasound shows a strong dependence on the measuring position. The linear levels in the narrow-band spect-

110
100

rum measured in the open field were up to 30 dB higher

90

than the levels measured in the forest (Table 8.1-1). The
differences are not as pronounced above 16 Hz, but a ten-

80
70

60

dency towards higher levels can be seen in the open field

50

compared to the forest at low frequencies. Higher levels

40

we re measured for A-weighted audible sound in the forest,

30

which is attributable to the rustling of leaves.

20
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8.2 Sea surf
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In addition to wind noise, sea surf is a widespread natural
source oflow-frequency noise and infrasound. The LUBW
was not able to take its own measurements at the coast

Figure 8.2- 1: Third octave spectra of the total noise of surf, different boundary conditions according to /21 /, perception threshold
according to Table A3-1 for comparison

within the framework of this project. Therefore, currently
published values shall be drawn upon in order to provide

the waterline, 69 dB(G) at a distance of 250 m from a cliff,

an order of magnitude. l n 2012 T URNBULi., T URNER and

and 57 dB( T) at a distance of 8 km from the coast

W Al.SH published metrics for sea surf as a natural source of

(Table 8.2-1) .

infrasound (21 ). Accordingly, the G-weighted infrasound

ferent frequencies below 20 Hz were in the rang of 53 dB

level on a beach was 75 dB(G) at a distance of 25 m from

to 70 dB

Near the coast, the third octave levels at dif-

(Figure 8.2-1).

Table 8.2-1: lnfrasound levels of sea surf for different boundary conditions
G-weighted level
indB(G)

lnfrasound third octave
level s 20 Hz in dB "

Beach, 25 m from t he waterline

75

53 to 70

Cliff, at distance of 250 m

69

54 to 65

Inland, 8 km from the coast

57

43 to 63

Source

•

Linear third octave level in dB(Z)
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9

Design of a long-term measuring station
for low-frequency noise

9.1 Task

ted long-term measuring station is divided into the following functional modules:

An integral part of the measurement project "Low-frequency noise incl. infrasound from wind turbines and other

■

sources" was the setup of a feasibility concept for a self-

Unit for detecting the operating parameters of the
wind turbine

sufficient long-term measuring station with which to mea-

■

sure and document the noise situation at wind turbines. In

■

Noise measuring unit

particular, low-frequency effects were to be taken into ac-

■

Device monitoring (remote control unit)

count. When designing the concept, it was assumed that

■

Data cen tre (database and data analysis)

Meteorology measuring unit

such a measuring station is to be used primarily in the context of monitoring measurements or in connection with

If the task requires it, the long-term measuring station

complaint cases. Furthermore, the long-term measuring

could contain several similar measurement units. The basic

station should also provide a possibility to carry out special

design of a possible long-term measuring station is shown

studies, e.g. for the determination of infrasound or sound

in Figure 9.2-1 dargestellt.

modulations or before/after analyses. The following specifications had to be taken into account:
■

DIN EN 61400-11 "Windenergieanlagen - Tei! 11:

9.3 Individual modules for
data acquisition

Schallmessverfahren" (2013) (6]
■

■

■

Technical guidelines for wind turbines, part 1, revision

FACILITY AND OPERATING PARAMETERS

18 (as of 01.02.2008, issued by FGW Fordergesellschaft

Approximate statements regarding the operating state of a

Windenergie e.V.) (7)

wind power plant can be derived from wind data determi-

Technical instructions on noise abatement - "TA Larm"

ned near the measuring location. However, this does not

(1998) [10]

apply for special operating modes of the system (e.g. low

DIN 45680 "Messung von Bewertung tieffrequenter

noise operation, system downtime in case of insufficient

Gerauscheinwirkungen in der Nachbarschaft" (1997)

wind conditions).

[4] as well as DIN 45680 "Messung und Beurteilung
tieffrequenter Geriiuschimmissionen" (2013 draft) (5).

Reliable results for the current performance of a wind turbine require the continuous determination of the actual

In addition, a mains voltage-independent operation of the

turbine and operating parameters such as system power,

measuring station should be ensured for a period of two to

roto r speed, nacelle angle, blade angle, wind speed and

four weeks.

wind direction. Typically, the system operator already records these parameters as part of standard procedure. However, taking over such data from the operator into the coll-

9.2 Concept

ective of the data determined by the long-term measuring
station is often difficul t, if not impossible, in practice. It is

The design of the measuring station was to include in par-

therefore much more reliable, yet more bothersome, to re-

ticular the technical equipment, the evaluation of the mea-

cord the turbine operation data on one's own measuring

sured data as well as the evaluation of the results in the

system. In order to do so, the turbine signals would have to

context of immission protection. In principle, the projec-

be decoupled from the turbine control system of the wind

© LUBW
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Figure 9.2-1: Basic design of a possible long-term monitoring station

power plant via transducers or existing interfaces, and be

data should be collected at a height of up to 10 m above

registered by the appropriate data loggers. With this type

ground. The respective masts that can also be used on

of gathering of data, the data recording (sampling sequence,

rough terrain are provided by a number of manufacturers.

data formats, etc.) can be devised according to its own standard. Thus, optimal data integration into the overall system

ACOUSTIC DATA

would be guaranteed. However, this would certainly requi-

In order to measure the acoustic data, a combination of

re the support by trained personnel during the setup and

devices consisting of a standard sound level analyser and

connection of the measuring system to the turbine control.

changeable microphone unit can be used. As far as necessary or appropriate, further functional units such as cont-

WEATHER DATA

roller, monitoring system or meteorology recording can be

In addition to the noise measurement data, the meteorolo-

included or attached. The noise measuring system is funda-

gical variables - mean wind speed, mean wind direction

mentally suitable for determining emissions (DIN EN

(each in 10 s intervals) - as well as precipitation, air tempe-

61400-11 (6]), noise immissions (TA Liirm (10]) and low-

rature and air pressure have to be determined. Commer-

frequency noise (DIN 45680 (4]). The following specifica-

cially available weather stations (sensors and data loggers)

tions must be met by the sound level analyser:

equipped with sufficient data storage could be used for this
purpose. The collected meteorological parameters are then
linked with the other metrics in the data centre . If techni-

■

Calibratable sound level meter according to DIN EN
61672-1:2003 [22] Class 1, with standard microphone

cally possible, the recording of meteorological data could

and third octave filters according to DIN EN

already be carried out on location together with the noise

61260:2003 [23] Class 1

measurement data in the sound level analyser. The wind
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■

■

Usable range of levels: 18 dB(A) to 110 dB(A), usable

+30 °C must be made possible. The long-term measuring

frequency range: 1 Hz to 20 kHz

station must be fitted with safety features against damage

Ongoing collection of different sound levels (LAcq'

by animals, against vandalism and against theft.

1AFmax' 1 ccq' 1 cFmax' Lret2Aeq' Lrct2AFmax) in periodic
times of 0.1 s to 10 s
■

Continuous recording of the audio signal and hourly

9.4 Central data evaluation

storage as a \V/AV file. The data storage capacity must

■

be sufficient for records of at least two weeks, or in the

The evaluation of the data gathered on location and its

case of a restricted frequency range of the audio recor-

compilation to measurement reports is generally carried

ding for recordings of at least four weeks

out in the data centre after the end of the measurements.

Extensive trigger management (timed triggering and

The nature and scope of the evaluation depends on the

external trigger option)

predefined task. The actual data evaluation can largely be

■

Alternatively usable infrasound microphone (lower Ii-

carried out automatically. Analysis programmes for this

miting frequency~ 1 Hz, uncertainty at 1 Hz ::::; ± 3 dB)

purpose are commercially available. The following points

■

Additional weatherproof microphone plate with prima-

should be considered for the evaluation:

ry and secondary wind screens according to DIN EN
61400-11
■

■

[6]

Additional primary and secondary wind screens for

Data preparation: Individual data that is required but
cannot be determined on location can be derived from

mounting on tripod or measuring mast for immission

the measured data or the audio recordings. ( e.g. G-

measurements according to TA Liirm [10]

weighted noise levels, narrowband frequency analyses,
tonalities, impulsiveness).
■

DEVICE MONITORING

Data synchronization: The individual values of the tur-

Ideally, the possibility should be given to monitor and con-

bine data, the meteorological measurements and the

trol all measuring systems wirelessly via an Ethernet or

acoustic measurements are to be consolidated for the

GSM connection from the data centre. If permitted by the

same period lengths (e.g. 10 s) and to be synchronised to

data connection, a transfer of the stored data to the data

the same absolute points in time.

centre should also be possible.

■

Rectifying faults: If there is extraneous noise at the measurement point as well as noise from the wind power

In order to increase the transparency of the respective

plant, this could lead to misinterpretations of the noise

measuring project, a real-time display of measurement re-

situation. The levels of the noise influenced by extrane-

sults on a publicly accessible website could also be enab-

ous sources therefore must be excluded when determi-

led.

ning the turbine noise levels. This requires a comprehensive plausibility check of all measured data for every

GENERAL REQUIREMENTS

individual case. Impulsive background noise can often

In general, it must be possible to operate all devices of the

be well recognized from the level curve, ongoing exter-

long-term measuring station with 12 V direct voltage inde-

nal noise interference can often be seen only on the

pendently from the public power supply network. The

basis of the level curves of individual frequency bands.

measuring station should be equipped with the respective

When in doubt, the audio recordings will have to be

power supply units. A maintenance-free continuous opera-

referred to.

tion of four weeks ought to be ensured. The long-term
measuring station should generally be designed in a weatherproof manner. As far as necessary, all parts should be
sufficiently protected from the weather (precipitation, sun,
wind). Operation in an air temperature range of -5 °C to
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9.5 Applicability and benefits

■

Comparison of the results with the reference values and indicators in the TA La.rm and DIN 45680 (4, 5],

The affected populatio n is often rather sceptical when it

as well as the level values used or specified in the ap-

comes to projected noise levels or measurements of wind

proval procedure.

turbines that are taken within a matter of hours. It is thus

■

Determination of the infrasound influencing a measu-

that the people affected often assume that the applied pro-

rement point, possibly depending on the wi nd and

cedures do not take into account all facets of possible dis-

plant operating conditions.

turbances. Also, it is believed that the worst operating mo-

■

measurements. In such cases, the use of a long-term measu-

Determination of noise exposure at a location before
and after commissioning of wind turbines.

de of the wind turbine is often not the basis for the noise
■

Identification of specific or not regularly occurring noi-

ring station is a good idea. In order to increase its accep-

se or sound effects, for example implemented by com-

tance, the general population could also be involved in the

plainants.
■

evaluation proceedings.

Ultimately, the operation of such a long-term measuring station could be seen as a contribution towards

FIELDS OF APPLICATION

the protection of the population against the harmful

■

Determination of the noise emissions and immissions

effects of noise, and in particular as a con tribution to

caused by wind power plants subject to wind and plant

the pacification of the conflict situation on location.

operating conditions. Generation of different statistics

■

The use of a long-term measuring station is not suited

on noise occurrence, plant parameters or wind condi-

as a means of carrying out acceptance tests. Such mea-

tions.

suremen t require direct su pport thro ugh expert staff.
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Appendix Al - General information
The following sections provide information on infrasound

A1.2 SOUND PROPAGATION

and low-frequency noise in generally understandable form.
This concerns the development, occurrence, spreading as

The propagation of infrasound and low-frequency sound

well as the evaluation and perception of infrasound and

follows according to the same physical laws as all kinds of

low-frequency sound (15] (19] [24] [25] (26] (27] (28].

air-borne noise. A single sound source, such as a wind turbine generator, emits waves that spread in all directions in
a spherical manner (FigureA1-1). As the sound energy is

A 1.1 LOW-FREQUENCY NOISE AND

distributed across an ever growing area, the noise intensity

INFRASOUND

decreases per square meter in an inverse proportion: With
increasing distance it quickly becomes quieter (roughly

Put simply, sound consists of compressional waves. When

6 dB per doubling of distance). In addition, there is also

such pressure fluctuations spread in the air, one refers to

the effect of absorption of sound through the air. A small

them as airborne noise. A human's sense of hearing is able

part of the sound energy is converted into heat during the

to capture sound, the frequency (see Appendix A3) of

spread of the waves, resulting in additional absorption.

which lies between approximately 20 Hz and 16,000 Hz

This air absorption depends on the frequency: Low-fre-

(for children this value is about 20,000 Hz). Low frequenci-

quency sound is only slightly absorbed while high-frequen-

es correspond to low notes while high frequencies corres-

cy is absorbed more. In comparison, the decrease of the

pond to high notes. Sound below the audible range, i.e.

sound level over distance significantly outweighs the de-

with frequencies below 20 Hz, is called infrasound. Noise

crease through air absorption. When spreading across flat

above the audible range, i.e. with frequencies above

surfaces, interference can occur, leading to highly fluctua-

20,000 Hz, is known as ultrasound. Low-frequency noise is

ting sound levels. A pressure build-up may occur in front of

defined as sound which is primarily within the frequency

large obstacles leading to an increase in the sound pressure

range below 100 Hz. Infrasound is thus a part of low-fre-

level. Standing waves may occur outdoors between the fa-

quency sound.

cades of buildings. Furthermore, a special feature of low-

Periodic air pressure fluctuations spread with a velocity of

walls or windows, meaning that effects can also occur in-

approximately 340 meters per second. Low-frequency vib-

side of buildings. Here too, the formation of standing waves

frequency sound waves is their low absorption through

rations have large wave lengths while high-frequency vibra-

may be the case. However, in the infrasound range these

tions have small wave lengths. For example, the wavelength

can arise only in large halls or churches; in common resi-

of a 20 Hz tone in air is about 17 m, while a frequency of

dential buildings the fundamental oscillations are at higher

20,000 Hz has a wavelength of 1.7 cm (see TableA1-1) .

frequencies.

Table A 1-1: Relationship between frequency and wavelength for sound waves in the air
Frequency
Wavelength

1 Hz

10 Hz

20 Hz

50 Hz

100 Hz

2,000 Hz

340 m

34m

17m

6.Bm

3.4 m

17cm
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l-6dB

I

-6dB

-6dB

-6dB

High-rise building
Source

-3•1 m-

-

68m -

>-- -- l36m - - - -

1---- - - - - -

272m
544m

Rgure A 1- 1: Exemplar y presentation of spread of infrasound w ith a frequency of 10 Hz. 711e associated wavelengch o f 34 m is larger
than the height of houses, trees and protective barriers. Therefore these hardly absorb the sound. How ever. rile sound pressure level
neverf/J 9/ess decreases according ro the sam9 law es for audible sound: Each doubling of dis tance from the source results in a decrease in sound level of 6 dB. Image source: Bayerisches Landesamt fur Umwelt {15}

A1.3 INCIDENCE AND OCCURRENCE

An own frequency weighting, the so-called G-weighti ng,
exists for the area of infrasound. The relevantly weighted

lnfrasound and low-frequency noise are everyday compo-

levels are specifi ed as dB(G) - "decibel G''. The A-weigh·

nents of our environment. They are produced by a large

ting of noise dB( A) - "decibel A• - is more common, which

number of different sources. These include natural sources,

is derived from human hearing. The G-weighting is focused

such as wind, waterfalls or sea surf, just as much as techni-

at 20 Hz. Levels are amplified between 10 Hz and 25 Hz.

cal sources, such as heating and air conditioning systems,

Above and below that, the valuation curve quickly falls.

road and rail rr:tffic, airplanes or speaker systems in night-

The purpose of G-weighting is to characterise a situation

clubs, etc.

regarding low frequen ics or in fra ound with only a ingle
number. A disadvantage is that freque ncies below

8

Hz

and above 40 Hz hardly contribute at all. For more infor-

A 1.4 EVALUATION

mation please refer to "Frequency Evaluation" in Appen-

The measurement and assessment of low-frequency noise

(FigureA3-1).

dix A3, where you will also find an evaluation curve
are regulated in the technical instructions for the protection against noise (TA Larm (10), please refer to Chapter 7.3
and Appendix Al. 5) as well as the standard DIN 45680

A1.5 PERCEPTION

(4]. The impact of noise can be safely determined on the
basis of these regulations. In this case the frequency range

In the area of low-frequency noise below 100 Hz there is a

from 8 Hz to 100 Hz is considered. The crucial aspect

smooth transition from hearing, i.e. the sensations of volu-

when it comes to possible noise pollution is the human

me and pitch, to feeling. Here the quality and nature of the

hearing threshold or perception threshold, which is outli-

perception changes. The pitch sensation decreases and

ned in the standard. See also the next section.

does not apply at all for infrasound In general, the following applies: The lower the frequency, the higher the

I
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Table A 1-2: Hearing and perception threshold (in decibels/ in the range of infrasound. The lower the frequency, the louder the noise
or sound intensity has to be in order for a person to perceive something. At 8 Hz the sound pressure level has to be at 100 decibels. Humans can hear best in the area of 2,000 to 5,000 Hz, That is where the average hearing threshold is at 0 decibels and even
below it (up to minus 5 decibels/.

8 Hz

10 Hz

12.5 Hz

16 Hz

20 Hz

Hearing threshold according to DIN 45680 (1997) 141

103 dB

95 dB

87 dB

79 dB

71 dB

Perception threshold according to draft DIN 45680 (201 3) [5)

100 dB

92 dB

84dB

76dB

69dB

Frequency (as a th ird octave centre frequency)

sound intensity has to be so that the noise is heard at all

hearing and perception thresholds for different frequenci-

(see Table A 1-2). Low-frequency impact with high intensity

es. The hearing threshold of DIN 45680 (1997) [4] is defi-

is often perceived as ear pressure and vibrations. Perma-

ned in such a way that 50 %of the population will no lon-

nent exposure to such high noise levels can lead to buz-

ger perceive the respective frequency below the specified

zing, vibrating sensations or a feeling of pressure in the

level. The perception threshold of DIN 45680 (2013) (5] is

head . In addition to the sense of hearing, other sensory

defined so that 90 %of people will no longer perceive the

organs can also register low-frequency sound. For example,

sound below this level. The limit from which low-frequen-

the sensory cells of the skin convey pressure and vibration

cy sound can be heard, varies from person to person. This

stimuli. lnfrasound can also affect cavities in the body, such

is nothing unusual, as it is similar to what we are accusto-

as lungs, sinuses and middle ear. Infrasound of very high

med to regarding audible sound in everyday life. For almost

intensity has a masking effect for the middle and lower

70 %of people, the hearing threshold lies in a range of

acoustic range. That means: In the case of very strong infra-

± 6 dB around the values shown in Table A 1-2. For particu-

sound, your hearing is unable to perceive quiet tones in

larly sensitive individuals, who make up around two to
three percent of the total population, the bearing threshold

frequencies above it.

is at least 12 dB lower. Figure A 1-2 provides a graphic depicBut where are the limits between hearing, feeling and "no

tion of the relationship of the two thresholds. The differen-

longer perceiving"? Table A 1-2 shows some levels of the

ces are relatively small.

Sound pressure level in dB
120~- - ' - - - - - - -- - - - - - - - -- ~

Laboratory tests on the impact of infrasound have shown

110

that high intensities above the perception threshold are
tiring and have an adverse effect on concentration, and can

100
90

influence performance. The best proven reaction by the

80

body is increasing fatigue after several hours of exposure.

70

The balance system can also be affected. Some test persons

60

had feelings of insecurity and anxiety, while others dis-

50

played a reduced respiratory rate. Furthermore, as is the

40

case with audible sound, very high sound intensities can

30

lead to a temporary hearing impediment - an effect often

20

known by people who go to nightclubs. Long-term exposu-

10

0--...--.---......-"T"""-r--i--...--.---,-....-.---....
~ ~ ~ ~ ~ ~ ~ ~ ~ ~

ra

~ ~ ~

§

(')

Frequency In Hz
-

Hearing threshold DIN ISO 226: 2006 in dB
► lonrfng threshold DI N 45680: 1997 in dB
dtm<holddrutt DI N 45680: 2013 in dO

re to strong infrasound can also lead to permanent bearing
loss. However, the infrasound levels that occur in the vicinity of wind power plants will hardly be able to cause any
such effects, as they fall far short of the hearing or perception threshold. In scientific literature, any health effects

Figure A 1-2: Representation of hearing and perception threshold
according to ISO 226 {29], DIN 45680 (1997/ {41 and draft DIN
45680 (2013) {5]. The perception threshold according to the draft
of DIN 45680 is roughly 10 dB lower than the values of ISO 226.

could so far be shown only at sound levels above the hearing threshold. Below the hearing threshold, no effects on
humans caused by infrasound could so far be proven (25].
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Appendix A2 - Sources and literature
11 l

W indenergieerlass Baden-Wiirttemberg - common adminis-

(9]

trative regulation of the Ministry of Environment, Climate

ISO 7196: Acoustics - Frequency-weighting characteristic for
infrasound measurements, date of issue 1995-03

and Energy (and other ministries) from 09.05.2012, joint official journal of the federal state ofBadcn-Wiirttcmberg

[10)

from 30.05.2012, 2012 Edition, No. 7, pg. 413-441, Internet:

Technische Anlcitung zum Schutz gegen Liirm - Sechste
Allgemeine Verwaltungsvorschrift zum Bundes-Immissions-

um.baden·wuerttembcrg.de, enter "Windenergieerlass" in

schutzgesetz from 26 August 1998 (TA Larm),

the search field

Nr. 26, pg. 503-516, Internet:

MBL 1998

http://www.verwaltungsvorschriften-im-internet.de/

(2]

Law for the protec tion against harmful environmental im-

bsvwvbund_26081998JG19980826.htm

pacts caused by air pollutants, noises, vibrations, and similar
occurences (Bundes-Immissionsschutzgesetz - BimSchG) as

(11]

M0LLER H. & PEDERSEN C. S. (2004): Hearing at low and
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infrasonic frequencies, Noise & Health, Vol. 6, Issue 23,
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DIN 4150: Erschiitterungen im Bauwescn, Tei! 1: Einwirkungcn auf Menschcn in Gebiudcn, date of issue
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Anlagen, date of issue 1999-02

date of issue 1997-03
(14)

(5]
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[6]
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Appendix A3 - Explanation of terms and parameters
A-weighting

Emission

Frequency-dependent alteration of a noise or sound signal

See sound emission

by means of A filter according to DIN EN 61672-1:2003
[22). See also frequency weighting and dB(A).

Extraneous noise

Averaging level

and can temporarily lead to an increase of background noi-

See sound pressure level

se. Disturbing extraneous noise is excluded from the evalu-

Noise that is not caused by the turbine being measured

ation by placing markers, and is therefore included neither
in the represented total noise nor in the background noise.

Background noise

Noise with the wind power plant switched off It consists
particularly of the sound caused by wind in the vicinity and

Frequency

of noise comi ng from other sources of noise in the vicinity.

Number of oscillations per second; the uni t is hertz (Hz).

The background noise may also include sound induced by

The total audible frequency range is divided into:

the wind at the microphone. Also referred to in the report

■

Infrasound: Sound with frequencies below 20 Hz

as the operating condition "turbine off'.

■

Audible sound: Sound in the range of 20 Hz to about

C-weighting

■

Ultrasound: Sound above roughly 16,000 Hz

Frequency-dependent alteration of a noise or sound signal

■

Low-frequency sound: Sound at freq uencies below

16,000 Hz (limit is age-dependent)

by means of C filter according to DIN EN 61672-1:2003

100 Hz, including infrasound

(22]. See also frequency weighting and dB(C).
Frequency weighting (noise)
dB

The frequency content of noise is weighted differently ac-

Decibel, unit of measurement for the identification of le-

cording to the specific objective. In addition to the gene-

vels, in this case sound pressure level (quad vide).

rally usual A-weighted and (-weighted noise levels, Gweighted and Z-weighted noise levels are also determined
and represented in this study.

dB(A)

Decibel A, unit of sound pressure level in A-weighting. See
also sound pressure level and A-weighting.

By default, the frequency weighting A is used for the valuation of sound signals in the normal audible sound range.

dB(C)

It approximately constitutes the hearing sensitivity of the

Decibel C, unit of sound pressure level in C-weighting. See

human ear in the low and medium sound intensity level.

also sound pressure level and (-weighting.

The description and assessment of noise emission and immissions generally follows by means of A-weighted levels.
The evaluation of low-frequency noise including infra-

dB{GI

Decibel G, unit of sound pressure level in G-weighting. Is

sound requires separate restrictions of the frequency ran-

used particular with low-frequency noise incl. infrasound.

ges; A-weighted sound levels that are determined across

See also sound pressure level and G-weighting.

the entire frequency band are unsuitable for this.

dB(Z)

The frequency weighting C approximately corresponds to

Decibel Z, unit of sound pressure level in Z-weighting that

the auditory sensation of the ear at high volumes. It is ap-

corresponds to the linear sound pressure level unweighted

plied in particular when assessing noise level peaks in the

in terms of frequency. Formerly also referred to as dB(lin).

scope of occupational safety and health. In addition, the
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Frequency weighting in dB
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Figure A3-1 : Course of the freq uency weighting curves
61672-1 (2013)/221

A.

-

10,000
Frequency in Hz

G-we ighting 150 7196: 1995 in dB

C and G in the range below 500 Hz according to ISO 7196 and DIN EN

level difference of measured C-weighted and A-weighted

lnfrasound

levels is seen as an indicator for possible low-frequency

See Appendix Al.1

noise contamination in the area of immission control.
Level

The frequency weighting G is a filter that was defined for

logarithm of the relationshi p of two identical sii:e . For the

the effect adaptation of infrasound. Its focus lies at 20 Hz

sound pressure level, the ratio of sound pressure, which is

(see Figure A3-1 ). However, no relevant reference or com-

caused by noise, to a fixed reference size (hearing threshold)

parative values are known for the quantitative classification

is formed. See also sound pressure level.

of any infrasound effects or determined G-weighted levels.
Leq

The frequency weighting Z (zero) describes a linear band

Energy equivalent average of the (time-varying) sound

pass filter without any effect on the frequency.

pressure level course within a reference period. See also
sound pressure level.

Frequency spectrum

See spectral analysis

Lmax

Maximum sound pressure level in a measurement interval.
See also sound pressure level.

G-weighting

Frequency-dependent change of noise or sound signal
using G filter according to ISO 7196:1995 [30] . See frequen-

Low-frequency sound

cy weighting and dB(G).

See Appendix Al.1

Hearing threshold

Narrowband spectrum

See Appendix Al.5

See spectral analysis

Im mission

See sound immission
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Noise

Sound pressure level L

Noise can be considered unwanted, disturbing or harassing

Often simply referred to as sound level. 20-fold decimal

sound. While sound can be well-measured and characte-

logarithm of the ratio of a given effective value of sound

rized as a physical phenomenon, human feelings also play a

pressure to a reference sound pressure (e.g. hearing
threshold), where the effective value of the sound pressure

part when it comes to noise.

is determined with a standard frequency and time weighOperating noise

ting (Lin dB). Sound pressure levels of the normal range of

Noise with wind turbine switched on, including back-

hearing are determined primarily by the frequency weigh-

ground noise. Is referred to as total noise throughout the

ting A and the time rating F according to DIN EN 61672-1

report.

[22] (see also frequency weighting). The types of frequency
and time weightings are usually indicated as indices of the

Perception threshold

formula sign, e.g. LAF in dB(A). The definition of the sound

The perception threshold used in this report is composed

pressure level L for a sound pressure p is:

of the perception threshold according to Table 2 in DIN

2

45680 (2013 draft) [5] and values from literature.

L = 10 · lg ~ (dB) = 20 · lg _p_ (dB)
Po
Po

The values of the d raft standard are based on DIN ISO 226

Here Po is a reference sound pressure in the region of the

[29]; they are 10 dB below the hearing threshold specified

hearing threshold, defined as 2 · w- 5 Pa. Sound level diffe-

therein. For frequencies of 8 Hz to 20 Hz they are supple-

rences of 1 dB are only just recognisable, differences of

mented by the values determined by WATANABE & M0LLER

3 dB can be heard clearly. Sound level differences of 10 dB

[34]. The course corresponds to the 90 %percentile of au-

correspond to roughly double or half the impression of

dible threshold distribution.

loudness respectively.
■

The addition of two identical sound levels (doubling of

Since no standardized threshold levels exist in the frequen-

the sound power) leads to an increase of the sum level

cy range below 8 Hz, the values of the hearing threshold

by 3 dB.

proposed by M0LLER & PEDERSEN [11, Figure 10] were ta-

■

The reduction of a road's traffic volume by half results

■

In the case of a single point source, a doubling of dis-

ken for the representations in this measurement report in
the range of 1.6 Hz to 8 Hz (TableA3-1).

in a 3 dB lower level.
tance leads to a reduction of the sound level by 6 dB.

Sound

Put simply, sound consists of compressional waves. Airbor-

The instantaneous sound pressure level is the current level

ne sound is the propagation of pressure fluctuations in the

value of a time-varying noise, for example specified as

air as a wave motion. If this happens in solid materials, e.g.

LAF(t) in dB(A).

the floor or walls, it is called structure-borne sound . In order to characterize sound, variables such as sound level

The maximum sound pressure level or maximum level is

(characterizes the strength of the sound) or frequency ( de-

the maximum value of the fluctuating sound pressure level

notes the pitch) are used.

curve within a reference period, referred to as Lmax in dB.
For the frequency weighting A and the time rating F, the
level is referred to as LAFmax and specified in dB(A).

Sound emission

The noise coming from a turbine in accordance with

§3
The average sound level or equivalent continuous sound

para. 3 BimSchG (2]

level Leq is the energy equivalent mean value of the tern poSound immission

rally variable sound pressure level curve L(t) within a refe-

The noise effecting humans, animals, etc. in acco rdance

rence period, expressed in dB. It is formed according to

with § 3 para. 2 BimSchG [2]

DIN 45641 [31] or directly with a measuring instrument

© LUBW

Low-frequency noise incl. infrasound - Report on the measurement project

197
001780

according to DIN EN 61672-1 [22). For the frequency

Total noise

weighting A and time weighting F, the time-average sound

Noise with wind turbine switched on, including back-

pressure level is referred to as LAFeq and expressed in

ground noise. Also referred to in the report as the opera-

dB(A).

ting condition "turbine on".

Spectral analysis

Turbulence intensity

Spectral analysis is an important tool for the analysis of

The turbulence intensity (also known as degree of turbu-

acoustic signals. The signal is fragmented into defined fre-

Jenee) was here formed from the average of the quotients

quency bands and a sound level is determined for each in-

of standard deviation and arithmetic mean of the wind

dividual band. A distinction is made between frequency

speed. It is a measure of the variation of the wind speed

bands of absolute and relative bandwidth.

(gusts). The turbulence intensity is given in percent and is
subject to many influences, e.g. ground roughness, medium

In the case of narrowband spectra, the frequency range that

wind speed, atmospheric situation or buildings. Its lowest

is to be analysed is divided up into bands of the same ab-

values (5 % or less) are reached over the sea, the highest

solute width. Here in this report, a bandwidth of 0.1 Hz

(20 %or more) are reached over built-up areas and forest

was consistently used. That enabled a high resolution de-

[32). While the turbulence intensity has no significant ef-

piction of the frequency spectra of the sound signal.

feet on measurements in the A level range (audible sound)
(33), this is not documented for low frequencies. Here an

Octave and third octave spectra (l/3-octave spectra) are

influence can by all means be expected. Some manufactur-

composed of frequency bands of relative bandwidth. The

ers of wind turbines link the warranty condition for their

centre frequency of an octave band has a ratio of 1:2 to the

guaranteed values of acoustic power to maximum turbu-

centre frequency of the adjacent bands; third octave bands

le nce intensities during measurement, e.g. 16 %. The turbu-

have a ratio of 1:1.26. The starting value for the determina-

lence intensity is determined in accordance with DIN EN

tion of the centre frequencies is the frequency of 1,000 Hz.

61400-11 (6).

The frequency bandwidths within octave or third octave
spectra thus differ. The third octave centre frequencies

Vibrations

from l Hz are: 1 Hz, 1.25 Hz, 1.6 Hz, 2 Hz, 2.5 Hz, 3.15 Hz,

Vibrations are oscillations of solid bodies.

4 Hz, 5 Hz, 6.3 Hz, 8 Hz, 10 Hz, 12.5 Hz, 16 Hz, 20 Hz,
25 Hz, 31.5 Hz, 40 Hz, 50 Hz, 63 Hz, 80 Hz, 100 Hz, 125 Hz

Vibrational immissions

etc. - see also (23).

Vibra tional immissions are the oscillations that occur at
the measurement point.

Third octave representation

Representation of a sound signal in a frequency spectrum.

Vibration velocity

See also spectral analysis and third octave spectrum.

The vibration velocity (speed) is the velocity of an oscillating mass at the measurement point in the predetermined

Third octave level

measurement direction, stated in millimetres per second

Sound pressure level within a third octave frequency band .

(mm/s). This variable is based on the assessment of vibrati-

See also spectral analysis.

on impacts on buildings and on people in buildings. The
vibration is defined initially through the ground motion,

Third octave spectrum

i.e. the vibration displacement (amplitude), characterized

Frequency spectrum in which the frequency range and the

as a function of time. The vibration velocity can then be

corresponding level proportions are divided into thirds.

derived by differentiating with respect to time.

See also spectral analysis.
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TableA3-1: The hearing threshold levels used to represent the perception threshold in the report according to [5) and [11 J

Source

Third octave centre
frequency

Perception threshold
levelW18rz

in Hz

in dB

Threshold level - taken from (11 I

1.60
2 .00
2 .50
3 . 15
4 .00
5.00
6.30

124 ,0
122.0
120.0
117.0
113.0
108.5
105.0

Threshold level - taken from (5)

8.0
10.0
12.5
16 .0
20 .0
25 .0
31.5
40 .0
50.0
63 .0
80.0
100.0
125 .0

100.0
92.0
84.0
76.0
68.5
58.7
49.5
41.1
34.0
27.5
21.5
16.5
12.1

Vibration severity

Wavelength

In the vibration frequency range of 1 Hz to 80 Hz that is

For a wave (here acoustic wave), the distance from a "wave

relevant for the perception of vibration, the perceptibility

crest" to the next "wave crest" or "trough" to "trough'' is

is proportional to the vibration velocity. Below approxi-

referred to as wavelength (general distance from one point

mately 10 Hz, the perception at lower frequencies is signi-

to the next point of the same phase). The wavelength is

ficantly lower. This is taken into account for the evaluation

related to the frequency as follows: The wavelength is the

of measurement data through the use of special filtering,

propagation speed divided by the frequency of the wave.

the so-called KB-evaluation according to DIN 4150 Part 2.

Sound waves in air can generally be registered by the hu-

Inputs above 80 Hz are cut off by a blocking filter (band

man ear in the approximate wavelength range of 2 cm to

li mita tion) as they do not contribute to perception. The

about 20 m.

band-limited, frequency and time-weighted signal is designated as weighted vibration severity KBp(t). The highest

Z-weighting

value achieved during the assessment time, the maximum

Unweighted or linear noise or sound signal according to

weighted vibration strength KBFmax• is an important evalu-

DIN EN 61672-1:2003 (22). See frequen cy weighting and

ation parameter for the tactility of vibration effects.

dB(Z).
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Appendix A4 - Measuring systems used
Below is a description of the used measurement systems

- Measurement and evaluation software MEDA

and equipment. The sound level measuring instruments

- Sampling: upper limit frequency, 400 Hz corresponds

used meet the specifications for Class 1 for sound level me-

to sampling rate of 976.6 µs, manufacturer:

ters according to IEC 61672. The dynamic range of the mi-

Wolfe! MeBsys teme, D-97204 Hochberg

crophone capsule type 40AZ is 14 dB(A) to 148 dB according to the manufacturer, the usable frequency range is

Road traffic measurements (Section 5.1)

0.5 Hz to 20 kHz. For the remaining microphone capsules

■

used, the usable frequency range is 3.15 Hz to 20 kHz.

1 sound level meter combinations DUO Smart Noise
Monitor, consisting of:
- Sound level analyser type DUO,
manufacturer: 0ldB Metravib SAS, F-69760 Limonest

Measurem ents at w ind turbines (Section 4)
■

- Free-field microphone 1/2" Type 40AZ on reverbe-

4 sound level meter combinations DUO Smart Noise
Monitor, consisting of:

rant plate with primary and secondary wind screen

- Sound level analyser type DUO, manufacturer:

in accordance with IEC 61400-11, manufacturer:

0ldB Metravib SAS, F-69760 Limonest

G.R.A.S. Sound & Vibration A/S, DK-2840 Holte

- Free-field microphone 1/2'' type 40AZ on reverbrant plate with primary and secondary wind screen

■

2 sound level meter combinations DUO Smart Noise

in accordance with IEC 61400- 11, manufacturer:

Monitor, consisting of:

G.R.A.S. Sou nd & Vibration A/S, DK-2840 Holte

- Sound level analyser type DUO, manufacturer:

meteorology sensor, consisting of

- Free-field microphone 1/2" type 40AZ, manufacturer:

0ldB Metravib SAS, F-69760 Limonest
■ I

- Air pressure, humidity and temperature sensor type

G.R.A.S. Sound & Vibration A/S, DK-2840 Holte

DTF 485, manufacturer: Reinhardt System- und
Messelectronic GmbH, D-86911 D iessen-

■

Obermiihlhausen

- Air pressure, humidity, temperature and wind sensor
type WXT 520, manufacturer: Vaisala GmbH,

- Wind sensor type WMT 701, manufacturer: Vaisala
GmbH, D-22607 Hamburg
■

1 meteorology sensor, consisting of:

D-22607 Hamburg

I acoustic emission measurement system type RoBin,

LUBW Long-tenn measuring stations (Section 5.2)

manufacturer: Wolfe! MeBsysteme, D-97204 Hochberg

■

2 sound level meter combinations DUO Smart Noise
Monitor, consisting of:

■

4 vibration meters type SM 6 (triaxial) according to

- Sound level analyser type DUO, manufacturer:

DIN 45669, consisting of:

0ldB Metravib SAS, F-69760 Limonest

- Sensor Nederland/ Wolfe! MeBsysteme

- Free-field microphone 1/2'' type 40CD, manufactu-

- Supply and AD conversion: System Red Sens

rer: G.R.A.S. Sound & Vibration A/S, DK-2840 Holte

with radio modules
- Coupling of the measuring sensors according to
DIN 45669-2. The measuring chain was checked before and after the measurement.

■

2 meteorology sensors, consisting of:
- Precipitation monitor model 5.4103.10.00,
manufacturer: Adolf Thies GmbH & Co. KG,
D-37083 Gottingen

■

1 data acquisi tion system, consisting of:
- Notebook D ell Latitude with Elovis radio antenna

- Temperature and humidity sensor type HMP 155,
manufacturer: Vaisala GmbH, D-22607 Hamburg

for Red Sens
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- Ultrasonic aemometer type 85004, manufacturer:

Norsonic AS, N-3421 Lierskogen

R. M. Young Company, USA-2801 Aero Park Drive

- Free-field microphone 1/2" type 40AZ, manufacturer:
G.R.A.S. Sound & Vibration A/S, DK-2840 Holte

Measurements at motorway (Section 5.3)
■

3 sound level meters combinations type NOR 140,

■

I sound level meter combination type NOR 140,

consisting of:

consisting of:

- Sound level analyser type Nor 140, manufacturer:

- Sound level analyser type Nor 140, manufacturer:

Norson ic AS, N-3421 Lierskogen

Norsonic AS, N-3421 Lierskogen

- Free-field microphone 1/2" type 1225, manufacturer:

- Free-field microphone 1/2" type 1225, manufacturer:

Norsonic AS, N-3421 Lierskogen

Norsonic AS, N-3421 Lierskogen

Interior noise measurements car, minibus (Section 5.4)

Measurements in rural area (Section 8.1)

■

■

l sound level meter combination type NOR 140,

2 sound level meter combinations DUO Smart Noise

consisting of:

Monitor, consisting of:

- Sound level analyser type Nor140, manufacturer:

- Sound level analyser type DUO, manufacturer:

No rsonic AS, N-3421 Lierskogen

0idB Metravib SAS, F-69760 Limonest
- Free-field microphone 1/2'' Type 40AZ on reverbe-

- Free-field microphone 1/2" type 1225, manufacturer:

rant plate with primary and secondary wind screen

Norsonic AS, N-3421 Lie rskogen

in accordance with IEC 61400-11, manufacturer:
G.R.A.S. Sound & Vibration A/S, DK-2840 Holte

Urban background measurements (Section 6)
■

2 sound level meter combinations type DUO Smart
■

Noise Monitor, consisting o f.

l sound level meter combinations DUO Smart Noise
Monitor, consisting of:

- Sound level analyser type DUO, manufacturer:
0ldB-Metravib SAS, F-69760 Limonest

- Sound level analyser type DUO, manufac turer:

- Free-field microphone 1/2" type 40AZ on reverbe-

0idB Metravib SAS, F-69760 Limonest
- Free-field microphone 1/2" type 40AZ on reverbe-

rant plate with primary and secondary wind screen
in accordance with IEC 61400-11, manufacturer:

rant plate with p rimary and secondary wind screen

G.RA.S. Sound & Vibration NS, DK-2840 Holte

in accordance with IEC 61400-11, manufacturer.
G.R.A.S. Sound & Vibration NS, DK-2840 Holte

■

I sound level meter combination DUO Smart Noise
■

Monitor, consisting of.
- Sound level analyser type DUO, manufacturer:
0ldB-Metravib SAS, F-69760 Limonest
- Free-field microphone 1/2" type 40AZ, manufacturer:

I meteorology sensor, consisting of:

- Air pressure, humidity, temperature and wind sensor
type WXT 520, manufacturer: Vaisala GmbH,
D-22607 Hamburg

G.R.A.S. Sound & Vibration NS, DK-2840 Holte
Note on the inherent noise of the measuring chain
■

1 me teorology sensor, consisting of:
- Air pressure, humidity, temperature and wind sen sor

In order to determine the minimum noise limit of the deployed acoustic measuring chain, sound level measure-

type WXT 520, manufac turer: Vaisala GmbH,

ments were carried out inside buildings at two different

D-22607 Hamburg

locations during the night. The locations were chosen so
that the least possible background noise was at hand. The

Measurements in a residential building (Section 7)
■

measured values in the range of I Hz to I kHz are at least

l sound level meter combination type NOR 140,

20 dB below the sound levels to be determined here. The

consisting of:

influence of the inherent noise of the measuring chain on

- Sound level analyser type Nor 140, manufac turer:

the measurement results is therefore negligible.

l
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The association between wi nd turbines and health effects is high ly debated . Some argue
that reported health effects are related to w ind turbine operation [electromagnetic fields
(EMF), shadow fl icker, audible noise, low-frequency noise, infrasound]. Others suggest
that when turbi nes are sited correctly, effects are more li kely attributable to a number of
subjective variables that resu lt in an annoyed/stressed state. In t hi s review, we provide
a bibliograph ic-like summary and ana lysis of the science around this issue specifically in
terms of noise (inclu ding audible, low-frequency noise, and infrasound). EMF. and shadow
fl icker. Now there are roughly 60 scientific peer-reviewed articles on t his issue. The available
scie ntific evidence suggests that EMF. shadow fl icker, low-frequency noise, and infrasound
from wind turbines are not likely to affect human health; some stud ies have found that
audible noise from wind turbines can be annoying to some. Annoya nce may be associated
with some self-reported health effects (e .g., sleep disturbance) especially at sound pressure levels >40 dB(A). Because envi ronmental noise above certa in levels is a recognized
factor in a number of hea lth issues, siting restrictions have been implemented in many
jurisdictions to limit noise exposure. These setbacks should help alleviate annoyance from
noise. Subjective variables (attitudes and expectations) are also linked to annoyance and
have the potential to facilitate other health complaints via the nocebo effect. Therefore, it
is possible that a segment of the popu lation may remain annoyed (or report other health
impacts) even when noise lim its are enforced. Based on the findings and scientific merit
of the availab le studies, the weight of evidence suggests t hat when sited properly, wind
tu rbines are not related to adverse health. Stemming from this review, we provide a numbe r of recommended best practices for w ind turb ine development in the context of human
health .
Keywords: wind turbines, human health, noise, electromagnetic fields, annoyance, infrasound, low-frequency
noise, shadow flicker

INTRODUCTION
Wind power has been harnessed as a source of energy around the
world for decades. Reliance on this form of energy is increasing.
In 1996, the global cumulative installed wind power capacity was
6,100 MW; in 2011, that value had grown to 238,126 MW and at
the end of 2013 it was 318,137 MW (I). While public attitude is
generally overwhelmingly in favor of wind energy, this support
does not always translate into local acceptance of projects by all
involved (2). Opposition groups point to a number of issues concerning wind turbines, and possible effects on human health is one
of the most commonly discussed. Indeed, a small proportion of
people that live near wind turbines have reported adverse health
effects such as (but not limited to) ringing in ears, headaches, lack
of concentration, vertigo, and sleep disruption that they attribute
to the wind turbines. This collection of effects has received the
colloquial name "Wind Turbine Syndrome" (3).
The reason for the self-reported health effects is highly debated
and information fueling this debate is found primarily in four
sources: peer-reviewed studies published in scientific journals,
government agency reports, legal proceedings, and the popular
literature and internet. Some argue that reported health effects

www.frontiersin.org

are related wind turbine operational effects [e.g., electromagnetic
fields (EMF), shadow flicker from rotor blades, audible noise,
low-frequency noise (LFN) and infrasound]; others suggest that
when turbines are sited correctly, reported effects are more likely
attributable to a number of subjective variables, including nocebo
responses, where the etiology of the self-reported effect is in beliefs
and expectations rather than a physiologically harmful entity (48). In 2011, Knopper and Ollson (9) published a review that
contrasted the human health effects that had been purported to be
caused by wind turbines in popular literature sources with what
had been reported in the peer-reviewed scientific literature as well
as by various government agencies. At that time, only 15 articles
in the peer-reviewed scientific literature that specifically addressed
issues related to human health and wind turbines were available
[i.e., (4, 5, l0-22) ].
Based on their review, Knopper and Ollson (9) concluded that
although there was evidence to suggest that wind turbines can
be a source of annoyance to some people, there was no evidence
demonstrating a direct causal link between living in proximity to
wind turbines and more serious physiological health effects. Furthermore, although annoyance has been statistically significantly
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associated with wind turbine noise [especially at sound pressure
levels >40 dB(A)], a convincing body of evidence exists to show
that annoyance is more strongly related to visual cues and attitude
than to wind turbine noise itself. In particular, this was highlighted
by the fact that people who benefit economically from wind turbines (e.g., those who have leased their property to wind farm
developers) reported significantly lower levels of annoyance than
those who received no economic benefit, despite increased proximity to the turbines and exposure to similar (or louder) sound levels.
In the years following the publication of Knopper and Oilson (LJ), the debate surrounding the relationship between wind
turbines and human health has continued, both in the public
and within the scientific community. In this review, we provide
a bibliographic-like summary and analysis of the science around
this issue specifically in terms of noise (including audible, LFN,
and infrasound), EMF, and shadow flicker. Stemming from this
review, we provide weight of evidence conclusions and a number
of best practices for wind turbine development in the context of
human health.

METHODS
The authors worked with a professional Health Sciences Information Specialist to develop a search strategy of the literature.
Comb inations of key word (i.e., annoyance, noise, environmental change, sleep disturbance, epilepsy, stress, health effect(s), wind
farm(s), infrasound, wind turbines(s), LFN, EMF, wind turbine
syndrome, neighborhood change) were entered into PubMed, the
Thomson Reuters Web of KnowledgeSM and Google. No date
restrictions were entered and literature was assessed up to the
submission date of this manuscript (April 2014). The review was
conducted in the spirit of the evaluation process outlined in the
Cochrane Handbook for Systematic Reviews oflnterventions.
As of the publication date of this review, there are close to 60 scientific peer-reviewed articles on the topic. Sources of information
other than peer-reviewed scientific literature (e.g., websites, opinion pieces, conference proceedings, unpublished documents) were
purposely excluded in this review because they are often unreliable
and provide information that is typically anecdotal in nature or not
traceable to scientific sources. A general summary, and key words
of the articles reviewed herein, are presented in Table 1. These
summaries provide results as they were reported by the authors of
the articles and are without secondary interpretation.
Through the systematic review process, it was evident that there
was significant variability in both the measures of exposure (i.e.,
proximity to turbines, field noise measures, lab noise measures, or
magnetic field measurements) and the health outcomes examined
(i.e., annoyance, sleep scores, and various quality of life metrics). The methodological heterogeneity in study designs across
the selected health-based investigations inhibited a quantitative
combination of results. [n other words, meta-analytic methods
were not appropriate for this updated systematic review of the
literature on wind turbine and health effect. Rather qualitative
interpretation is provided.
RESULTS
OVERALL NOISE
Knopper and Ollson (9) reviewed a number of studies that examined the noise levels produced by wind turbines, perception of
Frontiers in Public Health I Epidemiology
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wind turbine noise, and/or responses to wind turbine noise [e.g.,
(4, 5, to, 12, 13, l 5- l 8, 21)]. The results of more recent studies that
investigated wind turbine noise with respect to potential human
health effects are summarized below in chronological order of
publication.
Shepherd et al. (23 ): Shepherd et al. reported on a crosssectional study comparing health-related quality oflife (HRQOL)
of people living in proximity (i.e., < 2km) to a wind farm to a
control group living >8km away from the nearest wind farm. It
involved self-administered questionnaires that included the World
Health Organization (WHO) quality of life scale, in semi-rural
New Zealand. The turbine group was drawn from residents of 56
homes in South Makara Valley, all within 2 km of a wind turbine.
General outdoor noise levels in the area, obtained from a conference proceeding by Botha ( 53 ), were reported to range from 24 to
54dB(A) . The comparison group was taken from 250 homes in a
geographically and socioeconomically matched area, at least 8 km
from any wind farm in the region. General outdoor noise levels for
the comparison group were not reported. The questionnaire was
named the "2010 Well-being and Neighborhood Survey" in order
to mask the true intent of the study and reduce bias against wind
turbines. This is similar to the work of Pedersen in Europe, in
that the surveys were not explicitly about wind turbines. Response
rates were 34% from the Turbine group (number of participants
n = 39) and 32% from the Comparison group (n = 158).
Overall, Shepherd et al. reported statistically worse (p < 0.05)
scores in the Turbine group for physical HRQOL, environmental
QOL and HRQOL in general. There was no statistical difference in
social or psychological scores. Based on these results, the authors
concluded that "utility-scale" wind energy generation was not
without adverse health impacts on nearby residents and suggested
setback distances need to be> 2 km in hilly terrain. However, there
are a number of limitations in this study that undermine the conclusion stated above. One key concern is that the results were based
on only a limited number of participants ( n = 39) for the Turbine
group. In comparison, the survey datasets compiled in Sweden and
the Netherlands by Pedersen and Persson W.1ye (4, S) and Pedersen et al. ( 17), respectively, involved a total of 1,755 respondents
overall. In these surveys, the only response found to be significantly related to A-weighted wind turbine noise exposure was
annoyance, even though a number of physiological and psychological variables were also investigated. In addition, Shepherd et al.
did not discuss the impact of participants' attitudes or visual cues
that may have influenced the reports of decreased HRQOL. Given
that other studies have indicated that annoyance was more closely
related to visual cues and attitude, this could provide further explanation of why overall HRQOL scores were lower in the Turbine
group. Presumably all residents within 2 km of a turbine would be
able to see one, or more, of the turbines. Furthermore, although it
was implied in the title of the article that noise from wind turbines
was causing the observed effects, the study did not include either
measured or estimated wind turbine noise exposure values for
the individual survey respondents. Therefore, they were unable to
demonstrate a dose-response relationship between the observed
responses and exposure to wind turbine noise. In light of this, as
recognized by Shepherd et al. (23), it is possible that the observed
effects were driven by other causes such as conflicts between the
community and the wind farm developers rather than a direct
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Table 1 I General summary of reviewed articles.
General topic
Audible noise

Authors

Source

Keywords

General summary

Shepherd

Noise and

Health-related

Cross-sectional study involving question naires about quality of life living near and

et al. (23)

Health

quality of life

away from turbines. St atistically significant differences were noted in some

(HROOU

HROOL scores; residents w ithin 2 km of a turbine reporting lower overall quality
of life, physical quality of li fe, and environmenta l quality of life

Janssen et al.

Journal of

Annoyance,

Expanded on the datasets collected by Pedersen and Persson Waye (4, 5) and

(24)

the

economic

Pedersen et al . ( 17) in Sweden and t he Netherlands. Authors evaluat ed

Acoustical

benefit,

self-reported annoyance indoors and outdoors compared to sound levels (Lden)

Society of

sensitivity, visual

from wind turbines . Like the authors before t hem w ho re lied on these datasets,

America

cues

fou nd that annoyance decreased w ith economic benefit and may have increased
with noise sensitivity, visibility, and age. In comparison to other sources of
environ menta l noise, annoya nce due to w ind turbine noise was found at relative ly
low noise exposu re levels

Verheijen et al.

Science of

Annoyance. noise

Object ive was to assess proposed Dutch sta ndards for wi nd turbine noise and

(25)

the Total

limits

consequences for people and feasibility of meeting energy policy ta rgets.

Environment

Authors used a com binat ion of audible and low-frequency noise models and
functions to predict existing level of severely annoyed people living around
existing wi nd turbines in t he Netherlands. Found that at 45 dB(Lden) severe
annoyance due to low-frequency noise unlikely; suggested that this noise limit is
suitable as a trade-off between the need for protection aga inst noise annoyance
and the feasibility of national targets for renewable energy

Bakker et al.

Science of

An noyance,

A dose- response relationsh ip was found between immission levels of w ind

(26)

the Total

distress,

turbine sound and self-reported noise annoyance. Sound exposure was also

Environment

economic

related to sleep disturbance and psychologica l distress among those who

benefit , sleep

reported that they could hear the sound, however not directly but w ith noise

disturbance

annoyance. Respondents living in areas w ith other background sounds were less
affected than respondents in quiet areas. Found t hat people, animals, traffic and
mechanical sounds were more often identified as a source of sleep disturbance
than w ind t urbines

Nissenbaum

Noise and

Epworth

Purpose of the investigations was to determine the relat ionship between

et al. (27)

Health

Sleepiness Score

reported adverse health effects and wind turbines among residents of two rural

(ESS), Pittsburgh

communities. Participa nts living 375-1 ,400 m and 3.3-6.6 km were given

Sleep Quality

quest ionnaires to obta in data about sleep quality, daytime sleepiness and general

Index (PSOI),

physical and mental health. Authors reported that w hen compared to people

SF36v2

living further away than 1.4 km from wind tu rbines, t hose people living within
1.4 km of w ind turbi nes had worse sleep, were sleepier during the day and had
worse mental health scores

Ollson et al.

Noise and

Rebuttal to

Suggested that Nisse nbaum et al. (27) extended the ir co nclusions and discussion

(28)

Health

Nissenbaum

beyond the statist ical findings of their study and that they did not demonstrated a

et al. (27)

statistica l link between w ind tu rbines - distance - sleep quality - sleepi ness and
health . In fact, their own statist ical fi ndings suggest t hat although, scores may be
statistica lly different between near and fa r groups for sleep quality and
sleepiness, they are no different than th ose reported in the general population.
The claim s of causation by the aut hors (i. e., w ind turbine noise) for negative
scores are not supported by their data

Barna rd (29)

Pointed out a number of problems with Nissenba um et al. (27) study and

Noise and

Rebuttal to

Health

Nissenbaum

suggested that data presented do not justify the very strong conclusions reached

et al. (27 )

by the authors
(Continued)
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Table 1 I Continued
General topic

Authors

Source

Kay words

Audible noise

Mrocze k et al.

Annals of

SF-36, Visual

Purpose of study was to assess how people's quality of life is affected by the

(continued)

(:JO)

Agricultu ral

Analog Scale

close proximity of wind farms . Authors found that close proxim ity of wind farms

and Environ-

(VAS)

does not result in the worsening of the quality of life based on the Norwegia n

General summary

mental

version of the SF-36 General Health Questionnaire, the Visual Analog Scale (VAS)

Medicine

for health assessment, and original questions

Taylor et al.

Personality

(31)

and

Personality traits

Study examined the influence of negat ive oriented personality (NOP) traits on t he
effects of w ind turbine noise and reporting on non-specific symptoms (NSS).

Individual

Result s of the study showed that w hile calcu lated actual wind tu rbine noise did

Differences

not pred ict reported symptoms, perceived noise did

Evans and

Acoust ics

Predicted and

Cooper (32)

Aust ra lia

measured noise

methods against measured noise levels from six operational wind fa rms (at 13

levels

locations) in accordance with the applicable guidelines in South Austral ia. Results

A comparison of predicted noise levels from fou r com monly applied prediction

indicate that the methods t ypically over-predicted wi nd farm noise levels but that
t he degree of conservatism appeared to depend on the topography bet ween t he
wind tu rbines and the measurement location
Maffei et al.

International

Visual cues,

(33)

Journa l of

perception

Investigated the effects of t he visual impact of w ind turbines on the perception of
noise. Found distance was a strong predictor of an individual's reaction to the

Environmen-

wind farm; data showed t hat increased distance resulted in a more positive

ta l Research

general eval uat ion of the scenario and decreased perceived loudness, noise

and Public

annoyance, and stress caused by sound. Fou nd the color of the wi nd turbines

Health

(base and blade stripes) impacted an individuals' perception of noise

Van

Science of

Annoyance,

Renterghem

the Total

attitude,

and detection of noise from a single w ind turbine. Res ults support the hypot hesis

et al. (34)

Environment

laboratory

t hat non-noise variables, such as attitude and visual cues, likely contributed to the

experiment,

observation t hat people livi ng near wind turbines (who do not receive an

visual cues

economic benefit from the turbines) report higher levels of annoya nce at lower

Conducted a two-stage listening experiment to assess annoyance, recognition,

sound pressure levels than would be predicted for other community noise
sources
Baxter et al.

Energy Policy

(35)

Risk perception,

Conducted a study to investigate the role of health risk perception, economic

economic

benefit, and community conflict on w ind turbine policy. Two commu nities were

be nefit,

assessed: one located in proximity to two operat ing wind farms and a control

community

commun ity w ithout tu rbines. Authors found t hat residents from the comm unity

conflict, policy

with operational wind energy projects were more supportive of wind turbines
than residents in the area w ithout turbines

Chapman et al.

PLoS One

(6)

Psychogenic

Provided an overview of t he growing body of literature supporting the notion that

effects, nocebo,

the attribution of symptoms and disease to w ind turbine exposure is a modern

community

health worry. Suggested that nocebo effects likely play an important role in t he

compla ints

observed increase in wi nd farm-related health com plaints. Suggested that
reported historical and geographical variations in compla ints were consistent w ith
"communicated diseases" w ith nocebo effects likely to play an important role in
the etiology of complaints rather than direct effects from turbines

Predicted

Used previously reported dose-response relationships betw een wind turbi ne

Aslund et al.

an noyance,

noise and annoyance to predict the level of community noise annoyance that may

(36 )

modeling

Whitfield

Energy Policy

occur in the province of Ontario. The results of t his analysis indicate that the
cu rrent w ind turbine noise restrictions in Onta rio will limit com munity exposure
to wind turbine related noise such that levels of annoyance are unlike ly to exceed
previously established background levels of noise-related annoyance from other
common noise sources
(Continued)
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Tabla 1 I Continued
General topic

Authors

Source

Key words

Low -frequ ency

M 0ll er and

Journal of

Annoyance,

Conducted a low-frequency noise study from four large turbines (>2 MW) and 44

noise and

Pedersen (3 7)

the

insulation, indoor

other small and large turbines (7 > 2 MW and 37 < 2 MW). Low-frequency sound

Acoustical

sound levels

insulation was measured for 10 rooms under normal living conditions in houses

infrasound

General summary

Society of

exposed to low-frequency noise. Concluded that the spectrum of wind turbine

America

noise moves down in frequency with increasing turbine size. Suggested that the
low-frequency part of the noise spectrum plays an important role in the noise at
neighboring properties. They hypothesized that if the noise from the investigated
large turbines had an outdoor level of 44 dB(A) there was a risk that a substantial
proportion of the residents would be annoyed by low-frequency noise, even
indoors

Bolin et al. (38)

Environmental Health effects,

Cond ucted a literature review over a 6-month period endi ng April 201 1 into the

Research

review,

potential health effects re lated to infrasound and low-frequency noise exposure

Letters

turbulence

surrounding wind turbines. Concluded that empirical support was lacking for
claims that low-freque ncy noise and infrasound cause serious health affects in
the form of "vibroacoustic disease," "wind turbine syndrome," or harmful effects
on the inner ear

Rand et al. (39)

Bulletin of

Indoor sound

Studies took place over a 2-day period inside a home where people were

Science,

levels, health

self-reporting serious adverse health effects. Authors reported on wind speed at

Technology

effects, acute

hub of turbine, dB(A) and dB(G) filtering indoors and outdoors. Reported on acute

and Society

effects

effects

Developed an underground technique to measure infrasound. Measured

Ambrose et al.

Bulletin of

(40)

Science,
Technology
and Society

Turnbu ll et al.

Acoustics

Underground

(41)

Australia

measurement,

infrasound at two Aust ral ian wind fa rms as well as in the vici nities of a beach, a

comparative

coastal cl iff, the city of Adela ide, and a powe r station. Reported that the measured

study

levels at wi nd fa rms below the audibility threshold and similar to that of urban
and coast al envi ronments and near other engineered noise sources. Level of
infrasound from wind farms at 360 and 85 m [61 and 72 dB(G), respectively] was
comparable to that observed at a distance of 25 m from ocean waves 175 dB(G)I

Crichton et al.

Health

Negative

Exam ined t he possibility t hat expectations of negative health effects from

(7)

Psychology

expectations.

exposure to infrasound promote symptom reporting using a sham controlled,

symptom

double-blind provocation study. Participants in t he high-expectancy group

reporting.

reported sign ifica nt increases in the number and intensity of symptoms

laboratory

experienced during exposure to both infrasound and sham infrasound.

experiment

Conve rsely, t here were no symptomatic changes in the low-expectancy group
Authors investigated how posit ive expectations can produce a reduction in

Crichton et al.

Health

Negative and

(8)

Psychology

positive

symptoms. Expectat ions were found to sig nificant ly alter symptom reporting:

expect ations,

participants who were primed w ith negative expectat ions became more

symptom

symptomatic over time, suggesting that their experiences during the first

reporting,

exposure session reinforced expectat ions and led to heightened symptomatic

laboratory

experiences in subsequent sessions

expe riment

(Continued)
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Table 1 I Continued
General topic

Authors

Source

Keywords

General summary

Electromagnetic Havas and

Bulletin of

Poor power

Authors hypothesized t hat symptoms of some living near wind tu rbines could be

fields

Science,

quality, ground

caused by electromagnetic waves in the form of poor power quality (dirty

Technology

current, electrical

electricity) and ground current resulting in health effects in those t hat are

and Society

hypersen sitivity

electrically hypersensitive. Indicated that individuals reacted differently to both

Colling (42)

sound and electromagnetic waves and this could explain why not everyone
experienced the same health effects living near turbines
Israel et al. H3)

Environ-

Vibration

Conducted EMF, sound, and vibration measurements at wind energy parks in

mentalist

measurement,

Bulgaria. Concluded that EMF levels were not of concern from wind farm

noise, risk
McCallum

Environ-

Variable

Magnetic field measurements were collected in the proxim ity of 15 wind turbines,

et al. (41)

mental

distances and

two substations, buried and overhead collector and transmission lines and nearby

Health

wind, residential

homes, Results suggest there is nothing unique to wind farms with respect to

measures

EMF exposure; in fact, magnetic field levels in the vicinity of wind turbines were
lower than those produced by many common household electrical devices and
were well below any existing regulatory guidelines with respect to human health

Review

Bulletin of

Bulletin of

Various authors,

Special edition made up of nine articles devoted entirely to wind farms and

articles,

Science,

Science,

health effects,

potential health effects, Many of the articles in the specia l edition we re written as
opinion pieces or social commentaries

editorials and

Technology

Technology

social

social

and Society

and Society

commentary,

commentaries

(BSTS) Special

opinion pieces

Edition
Hanning and

British

Sleep

Evans (45)

Medical

disturbance

Journa l

Purpose was to opine on the relationship between wind turbines noise and health
effects. Suggested that a large body of evidence exists to suggest that wind
turbines disturb sleep and impair health at distances and external noise levels
that are permitted in most jurisdictions

Chapman (46)

British

Weight of

Medical

evidence

Journal

In a rebuttal to Hanning and Evans (45) Chapman points to 17 independent
reviews of the literature around wind turbines and human healt h that contrast the
opinion of Hanning and Evans

Farboud et al.

Journal of

Low-frequency

Conducted a literature search for articles published within the last 10 years, using

(47 )

Laryngology

noise (LFN),

the PubMed database and the Google Scholar sea rch engi ne, to look at the

and Otology

infrasound (IS),

effects of low-frequency noise and infrasound. Suggested the evidence available

inner ear

was incomplete and until the physiological effects of LFN and infrasound were

physiology, wind

fully understood, it was not possible to conclusively state that wind turbines were

turbine syndrome

not ca using any of the reported effects

Comparative

Compa red the health and environmental benefits of wind power in contrast to

study, natural

natural gas

McCubbin and

Energy Policy

Sovacool (48)

gas, health, and
environmental
benefits
Roberts and

Journal of

Pub Med-based

Roberts 149)

Environmen-

review,

examined the relationship between human health effects and exposure to

tal

low-frequency

low-frequency sound and sound generated from the operation of wind turbines.

Sciences

Conducted a summary of the peer-reviewed literature on the research that

noise (LFN),

Concluded that a specific health condition or collection of symptoms has not

infrasound (IS),

been documented in the peer-reviewed, published literature that has been

health effects

classified as a "disease" caused by exposure to sound levels and frequencies
generated by the operations of wind turbines

(Continued)
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Table 1 I Continued
General topic

Authors

Source

Keywords

Review

Chapman and

Australian

Vibroacoustic

Investigated the extent to wh ich VAD and its all eged association w ith wind

articles,

St. George (50)

and New

disease (VAD);

turbine exposure had received scientific attention, the quality of that association

editorials and

Zea land

factoid

and how the alleged association gained support by w ind farms opponent. Based

social

Journal of

on a structured scientific database and Google search strategy, the authors

commentaries

Public Health

showed that VAD has received virtually no scientific recognition and that there is

(continued)

General summary

no evide nce of even rudimentary quality that vibroacoust ic disease is associated
with or caused by wind tu rbines. Stated that an implication of th is
"factoid " - defined as questionable or spurious statements - may have bee n
contributing to nocebo effects among those living near turbines
Jeffery et al.

Canadian

(51)

Family

physicians regarding the possible health effects of exposure to noise produced by

Physician

wind turbines and how these may manifest in patients

Jeffery et al.

Canadian

(52)

Journal of

Health effect s

Overall goal of these commentary pieces was to provide information to

Rural
Medicine

result of noise exposure. Based on the limitations discussed above,
we consider that the authors' recommendation for a 2 km setback
distance was not supported by the evidence presented in this study.
Janssen et al. (24 ): expanding on the datasets collected by Pedersen and Persson Waye (4, 5) and Pedersen etal. ( 17) in Sweden and
the Netherlands, Janssen et al. evaluated self-reported annoyance
indoors and outdoors compared to sound levels (Lden) from wind
turbines. To derive the Lden, the authors added a correction factor
of 4.7 dB(A) to outdoor A-weighted sound pressure levels from
the datasets used in the previous studies. Annoyance in this study
was ranked on a 4-point scale: 1 was "not annoyed," 2 was "slightly
annoyed;' 3 was "rather annoyed," and 4 was"very annoyed.''Vi ual
cue ("Can you see a wind turbine from your dwelling or your garden/balcony?"), economic benefit ["Are you a (co)owner of one
or more wind turbines?"], and noise sensitivity (on either a 4 or
5 point scale with 1 representing "not sensitive" and 4 or 5 representing "very/extremely sensitive") were also assessed. Like the
authors before them who relied on these datasets, Janssen et al.
found that annoyance decreased with economic benefit and may
have increased with noise sensitivity, visibility, and age. Rates of
annoyance indoors from wind turbines to industrial noise from
stationary sources and air, road and rail noise were also compared
and it was concluded that: " .. .annoyance due to wind turbine noise

" For T he Netherlands, n socially acceptable percentage of severely
annoyed lies around 10%, which can be derived from the existing
limits and dose-response functions of railwa;1 and road noise. This
would result in an acceptable noise reception limit for wind turbines of about 47 to 49 dB." The authors decided to examine the

feasibility of lowering the limit below 47--49 dB(Lden). They estimated that it may be feasible from a land mass perspective to
lower the noise limit to 40 dB(Lden); however, given that lands
are often rejected due to reasons other than noise that another
value should be selected. They stated "The percentage of severely
annoyed at 45 dB is rated at 5.2% for wind turbine noise, which is
well below 10% that correspo11ds to 11,e existing road and railway
traffic noise limits." They also determined that, at 45 dB(Lden),

severe annoyance effects due to LFN were unlikely and suggested
that this noise limit suited as a trade-off between the need for
protection against noise annoyance and the feasibility of national
targets for renewable energy.
Bakker et al. (26): the purpose of this study was to evaluate
the relationship between exposure to the sound of wind turbines
and annoyance, self-reported sleep disturbance, and psychological distress of people that live in their vicinity. This investigation
relied on survey data, previously reported and discussed by Pedersen et al. ( 17), collected from 725 residents of the Netherlands
is found at relatively low noise exposure levels" and that "some simi- living in the vicinity of wind turbines. As reported by Pedersen
larity is fow 1d i11 the range lden 40-45 dB betwee11 tlze percentage of et al. ( 17), survey respondents answered questions about environannoyed persons by wind turbine noise and aircraft noise."
mental factors and road traffic noise (and wind noise) as well as
Verheijen et al. (2 5): the objective of this study was to assess the effect of wind turbines on annoyance, sleep disturbance, and
the proposed Dutch protective standards for wind turbine noise, psychological distress.
Bakker et al. differed from Pedersen et al. ( I 7) in that it proboth on consequences for inhabitants and feasibility of meeting
energy policy targets. The authors used a combination of audible vided a direct comparison of people who economically benefited
and LFN models and functions derived by Janssen et al. (24) to from turbines with those who did not, specifically in relation
predict the existing level of severely annoyed people living around to annoyance. Bakker et al. (26) reported that only 3% of surexisting wind turbines in the Netherlands. They estimated that vey respondents receiving economic benefit from wind turbines
there were approximately 1,500 severely annoyed individuals, in a reported being "rather annoyed" or "very annoyed" by wind turtotal population of approximately 440,000 living at sound levels bine noise when outdoors, while none reported being rather or
of 29 dB(Lden) around wind turbines. The authors reported that: very annoyed by wind turbine noise when indoors. In comparison,
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the proportions of survey respondents who did not receive an economic benefit who reported being rather or very annoyed indoors
and outdoors were 12 and 8%, respectively, even though they were
exposed to significantly lower levels of wind turbine sound.
What is more, Bakker et al. also compared sound-related
sources of sleep disturbance in rural and urban areas in respondents who did not benefit economically from wind turbines. They
found that people, animals, traffic, and mechanical sounds were
more often identified as a source of sleep disturbance than wind
turbines. In fact, in rural areas, only 6% of people identified
wind turbines as the sound source of sleep disturbance compared
to 11.7% for people/animals and 12.5% for traffic/mechanical
sounds. In urban areas, only 3.8% of people identified wind turbines as the sound source of sleep disturbance compared to 14.4%
for people/animals and 16.9% for traffic/mechanical sounds.
Nissenbaum et al. (27), Ollson et al. (28), and Barnard (29): the
stated purpose of the investigations conducted by Nissenbaum
et al. was to determine the relationship between reported adverse
health effects and wind turbines among residents of two rural communities. Participants living 375-1,400 m and 3.3--6.6 km were
given questionnaires to obtain data about sleep quality [using the
Pittsburgh Sleep Quality Index (PSQI)], daytime sleepiness [using
the Epworth Sleepiness Score (ESS)], and general physical and
mental health (MH) (using the SF36v2 health survey). Overall,
the authors reported that when compared to people living further
away than 1.4 km from wind turbines, those people living within
1.4 km of wind turbines had worse sleep, were sleepier during the
day, and had worse MH scores. Based on these findings the authors
concluded that: " .. . th e 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."

In a subsequent issue of Noise and Health, two letters to the
editor were published that were critical of this study and its conclusions (28, 29). In particular, the letter from Barnard (29) criticized
the statistical analysis in Nissenbaum et al . (27), which stated that
there was a "strong" dose-response relationship bet\veen distance
to the nearest wind turbine and both the "PSQI" and the "Epworth
Sleepiness Scale." Barnard stated: "I cannot see how this is justified,
given the presented data. In contrast to the conclusions, Figure I and
Figure 2 in the paper . . . show a very weak dose-response, if there
is one at all. The near horizontal 'curve fits' and large amount of
'data scatter' are indications of the weak relationship between sleep
quality and turbine distance. The authors seem to use a low P value
11s 11 support for tlie hy potlwsis that sleep dist11rbr111ce is related to
turbine distance. A better interpretation of the P value related to a
near horizontal line fit would be that it mggests a high probability ofa
weak-dose response. Correlation coefficients are not given, but should
have been given, to indicate the quality of the curve fits." Ollson et al.

( 28) pointed out that Nissenbaum et al. extended their conclusions
and discussion beyond the statistical findings of their study. They
stated" We believe that they have not demonstrated a statistical link
between wind turbines - distance - sleep quality - sleepiness and
health. In fact, their own statistical findings suggest that although,
scores may be statistically different between near and far groups for
sleep quality and sleepiness, they are not different than those reported
in the general population. The claims of causation by the authors (i.e.,
wind turbine noise) for negative MCS scores are not supported by
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their data. This work is exploratory in nature and should not be used
to set definitive setback guidelines for wind-turbine installations."

Mroczek et al. ( 30): Mroczek et al. published the results of
a study conducted in 2010 that evaluated the impact of living in
close proximity to wind turbines on an individual's perceived quality of life. The study group consisted of 1,277 randomly selected
Polish adults (703 women and 574 men) living in the vicinity
of wind farms. The different distance (house to turbine) groups
were: <700 m, from 700 to 1000 m, from 1,000 to 1,500 m, and
> 1,500 m. The quality of life was measured using the Norwegian version of the SF-36 General Health (GH) Questionnaire,
the Visual Analog Scale (VAS) for health assessment, and some
original questions about approximate distance to wind farm, age,
gender, education, and profession. The SF-36 (Short Form 36)
Questionnaire consists of 36 questions divided into 8 subscales:
physical functioning (PF), role functioning physical (RP), bodily
pain (BP), GH, vitality (V), social functioning (SF), role functioning emotional (RE), MH, and one additional question regarding
health changes.
According to the authors "The respondents assessed their health
through answering questions included in the SF-36 and VAS. They
were asked to mark the point corresponding with their well-being on
the level from 0 to 100, where 0 denoted the worst possible state
of health and 100 - excellent health." The results showed that

regardless of the distance from the wind farm (i.e., from <700
to > 1,500 m) respondents ranked their PF scores as highest out of
all of the quality of life components. Overall, people living closest
to wind farms assessed their quality of life as higher than those
living in more distant areas. The scores for the MH component,
GH, SF, and RE were highest in the group living closest to the
wind farms and lowest by those living greater than 1.5 km away.
The authors noted that there may have been confounding factors
that contributed to the observed results (e.g., economic factors).
Since other studies have shown links between self-reported health
status, proximity to wind turbines and the direct influence of economic benefit on levels of annoyance [e.g., (l 7, 26)], these major
confounding factors also need to be considered when interpreting the results of the Mroczek et al. study on quality of life and
proximity to wind turbines.
Taylor et al. (31): this study examined the influence of negative oriented personality (NOP) traits on the effects of wind
turbine noise and reporting on non-specific symptoms (NSS). The
study was conducted based on the hypothesis that the public has
become increasingly concerned with attributing NSS to environmental features (e.g., wind turbines). The study focused on three
NOP traits in particular: neuroticism (N), negative affect (NA),
and frustration intolerance (Fl). The authors noted that previous research has demonstrated that individuals with high N and
NA typically evaluate their environment more negatively. Furthermore, FI may have impacted the way an individual perceived and
evaluated environmental factors from an inability to bear or cope
with perceived negative emotions, thoughts and events. A survey
was mailed out to 1,270 households within 500 m of eight 0.6 kW
turbine installations and within 1 km of four 5 kW turbines in
two cities in the U.K. Individuals within the household(> 18 years
old) could anonymously complete the survey and mail the results
back or submit them online. In total, 138 completed surveys were
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returned. Actual sound levels were calculated for those households
who completed the survey, and participants were asked to describe
the perceived noise, including the type of noise (e.g., swooshing, whistling, buzzing), frequency, and loudness (based on a 0-4
ranking scale). Participants were also asked a series of questions
to determine the level of NOP traits and related health/symptom
reporting information.
The results of the study showed that while calculated actual
wind turbine noise did not predict reported symptoms, perceived
noise did. Specifically:" .. .for those higher in NOP traits, there was a
stronger link between perceived noise and symptom reporting. There
was however, no relationship between calculated actual noise from
the turbine and participants attitude to wind turbines. This means
that those who had a more negative attitude to wind turbines perceived more noise from the turbine, but this effect was not simply due
to individuals being able to actually hear the noise more."
Evans and Cooper (32): in their paper called "Comparison of
predicted and measured wind farm noise levels and implications
for assessments of new wind farms;' Evans and Cooper present a
comparison of predicted noise levels from four commonly applied
prediction methods against measured noise levels from six operational wind farms (conducted at 13 locations) in accordance with
the applicable guidelines in South Australia. The results indicate
that the methods typically over-predicted wind farm noise levels but that the degree of conservatism appeared to depend on the
topography between the wind turbines and the measurement location. Briefly, Evans and Cooper found that the commonly used ISO
9613-2 model (with completely reflective ground) and the CONCAWE model generally over-predicted noise levels by 3-6 dB(A),
but the amount of over-prediction was related to the topography
(i.e., relatively flat topography or a steady slope from the turbines).
However, at sites where there was a significant concave slope from
the turbines down to the measurement sites, these commonly used
prediction methods were typically accurate, with the potential of
marginal under-prediction in some cases (when ISO 9613-2 used
50% absorptive ground).
A requirement of many regulatory agencies is that noise modeling be conducted by developers prior to the construction of wind
turbines. A common criticism of this approach is that modeled values are not representative of actual noise from operational wind
farms . Evans and Cooper's findings show that this is not the case,
but caution about the role of topography.
Maffei et al. (33 ): despite the fact that wind farms are represented as environmentally friendly projects, wind turbines are
viewed by some as visual and audible intruders that spoil the
landscape and generate noise. Consequently, Maffei et al. (33)
conducted a study investigating the effects of the visual impact
of wind turbines on the perception of noise. The study consisted
of 64 participants (34 males, 30 females) who resided in either
urban or rural areas. Participants were asked to fill out a questionnaire to obtain information regarding age, gender, education,
and local neighborhood characteristics. A number of statements
were then submitted to the participants where they were asked to
respond based on a I 00-point Likert scale ranging from "disagree
strongly" to "agree strongly." The statements were based on personal views about green energy, wind turbines, noise, and other
related subject matter. Subsequently, a virtual reality scenario was
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created to emulate the visual impact of a wind farm on a rural
landscape and included an audio component recorded from a 16
turbine wind farm in Frigento, Italy. In total, three factors were
manipulated in the experiment: distance from the wind farm
( 150, 250, and 500 m); the number of wind turbines (1, 3, and
6); the color of the base of the turbine and any stripes on the
blades (white, red, brown, green). Each participant was asked to
view all of the scenarios using a 3D visor and asked to respond
to a number of questions pertaining to perceived loudness, sound
pleasantness, noise annoyance, sound stress, sound tranquility, and
visual pleasantness.
The results found that distance was a strong predictor of an
individual's reaction to the wind farm. In particular, the data
showed that increased distance resulted in a more positive general
evaluation of the scenario and decreased perceived loudness, noise
annoyance, and stress caused by sound. Additionally, the authors
found that the color of the wind turbines (base and blade stripes)
impacted an individuals' perception of noise. Generally, white and
green turbines were preferred to brown and red ones. Specifically, green turbines scored the highest since they were perceived
as being the "most integrated" into the landscape. The authors
concluded that their results confirmed the interconnectedness
between auditory and visual components of individual perception.
Van Renterghem et al. (34): Van Renterghem et al. (34) conducted a two-stage listening experiment to assess annoyance,
recognition, and detection of noise from a single wind turbine.
A total of 50 participants with "normal" hearing abilities participated in the experiment and were cla$ilied as having a positive to
neutral attitude toward renewable energy. In situ recordings made
at close distance (30 m downwind) from a 1.8 MW turbine operating at 22 rotations per minute (rpm) were mixed with road traffic
noise and processed to simulate indoor sound pressure levels at
40 dB(LAeq). In the first stage, where participants were unaware
of the true purpose of the experiment, samples were played during
a quiet leisure activity. Under these conditions (i.e., when people
were unaware of the different sources of noise), pure wind turbine
noise produced similar annoyance ratings as unmixed highway
noise at the same equivalent level, while annoyance from local
road traffic was significantly higher. These results supported the
hypothesis that non-noise variables, such as attitude and visual
cues, likely contributed significantly to the observation that people living near wind turbines (who do not receive an economic
benefit from the turbines) report higher levels of annoyance at
lower sound pressure levels than would be predicted for other
community noise sources [e.g., ( 17, 24)].
In the second stage of the Van Renterghem et al. ( 3,l) study, participants were allowed to listen to a recording of unmixed wind
turbine sound [at 40 dB(A)] for 30 s in order to familiarize themselves with the sound. After this, they listened to 10 sets of paired
sound samples; one of which contained unmixed road traffic noise
and the other that contained wind turbine noise mixed with road
traffic at signal-to-noise ratios varying between -30 dB (A) and
+ 10 dB(A). For each pair, participants were asked to identify which
of the two samples contained the wind turbine noise. The detection
of wind turbine noise in the presence of highway noise was found
a "signal-to-noise" ratio as low as -23 dB(A). This demonstrated
that once the subject was familiar with wind turbine noise, it could
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easily be detected even in the presence of highway traffic noise. This
could also help explain the increased rates of noise annoyance at
home reported by Pedersen et al. ( 17) and Janssen et al. ( 24) since
residents would be familiar with the sound and be able to discern it if they listened for it when primed by visual cues. Overall,
the findings support the idea that noticing the sound could be an
important aspect of wind turbine noise annoyance. Awareness of
the source and recognition of the wind turbine sound was also
linked to higher levels of annoyance. Van Renterghem et al. noted
that: "The experiment reported in this paper supports tl,e l1ypot/1esis
that previous observations, reporting that retrospective annoyance
for wind turbine noise is higher than that for highway noise at the
same equivalent noise /eve~ is grounded in higher level appraisal,
emotiona~ and/or cognitive processes. In particular, it was observed
that wind turbine noise is not so different from traffic noise when it
is not known beforehand."
Baxter et al. (35): in 2010, Baxter and colleagues conducted a

study to investigate the role of health risk perception, economic
benefit, and community conflict on wind turbine policy. The study,
published in 2013, had two parts: a literature review and quantitative survey meant to determine perceptions of wind turbines and
how they are linked to support or opposition to wind turbines in
the community. Two communities were assessed: one located in
proximity to two operating wind farms and a control community
without turbines. Overall, the authors found that residents from
the community with operational wind energy projects (which were
introduced prior to the Green Energy Act in Ontario) were more
supportive of wind turbines than residents in the area without
turbines (78 vs. 29%, with "support" defined as agreeing to vote
in favor of local turbines). The authors also reported that residents in the turbine community were more accepting of turbine
esthetics than people in the control community and less worried
about health impacts, this despite the fact that the wind farms in
the "case" group were in some cases closer to homes than currently
permitted.
Baxter et al. indicated that the lack of support in the control
community could have been due to political lobbying during the
provincial election, where one candidate suggested a moratorium
on wind turbine as part of their campaign. The authors also highlighted the role of health risk perception (which seemed linked to
political lobbying) as a variable leading to the lack of support. The
finding that" Our study highlights the need to add health risk perception to the agenda for social research on turbines" is valid, albeit dated
in the Ontario context, since an integral part of any wind development project in Ontario is public consultation with wind turbines
and health as a fundamental component. These findings supported
the idea that perception of health risks is heavily impacted by
expectation, media coverage, and that "hands on experience" could
serve to increase familiarity and decrease concerns.
Chapman et al. (6): the authors provided an overview of the
growing body of literature supporting the notion that the attribution of symptoms and disease to wind turbine exposure is a
modern health worry. Chapman et al. also suggested that nocebo
effects likely play an important role in the observed increase in
wind farm-related health complaints. By evaluating records of
complaints from wind farm companies about noise or health from
residents living near 51 wind farms across Australia, two theories
about the etiology of complaints were tested: one being direct
Frontiers in Public Health I Epidemiology

effects from turbines and the other being "psychogenic" effects
brought on by nocebo effects.
Chapman et al. found a number of historical and geographical
variations in wind farm complaints from Australians.
1. Nearly 65% of Australian wind farms, 53% of which have
turbines > 1 MW, have never been subject to noise or health
complaints. These farms have an estimated 21,633 residents
within 5 km and have operated complaint-free for a cumulative
267 years. No complaints were reported in Western Australia

and Tasmania.
2. One in 254 residents across Australia appeared to have ever
complained about health and noise, and 73% of these residents

live near 6 wind farms that have been targeted by anti-wind
farm groups. Ninety percentage of complaints were made after
anti-wind farm groups added health concerns to their wider
opposition in 2009.
3. In the years after, health or noise complaints were rare despite
large and small-turbine wind farms having operated for many
years.
It was suggested that reported historical and geographical variations in complaints were consistent with "communicated diseases"
with nocebo effects likely to play an important role in the etiology
of complaints rather than direct effects from turbines. This novel
work highlighted the role of negative expectations and how they
could lead to the development of complaints near wind farms.
These findings were supported by many other studies that were
suggestive of subjective variables, rather than wind turbine specific
variables, as the source of annoyance for some people.
WhitfieldAslund et al. (J< ): Whitfield Aslund et al. used previously reported dose-response relationships between wind turbine
noise and annoyance to predict the level of community noise
annoyance that may occur in the province of Ontario. Prediction for future wind farm developments (planned, approved, or
in process) were compared to previously reported rates of annoyance that were associated with more common noise sources (e.g.,
road traffic). Modeled noise levels and distance to the nearest wind
farm-related noise source were compiled for over 8,000 individual receptor locations (i.e., buildings, dwellings, campsites, places
of worship, institutions, and/or vacant lots) from 13 wind power
projects in the province of Ontario that had been approved since
2009 or were under Ministry of the Environment (MOE) review as
of July 2012. This information was then compared to the wind turbine noise specific dose-response relationships for self-reported
annoyance from Pedersen et al. (1 7) and Bakker et al. (26) using
data collected from 725 survey respondents living in the proximity
of wind turbines ( <2.5 km) in the Netherlands.
One of the study findings was that a distinct exponentially
decreasing relationship was observed between distance to the nearest noise source and the sound pressure level predicted. However,
although distance to the nearest noise source could explain a
large proportion ( 86%) of the total variance in predicted sound
pressure levels, other sources of variation are also important;
predicted sound pressure levels at a set distance varied by approximately 5-10 dB(A) and the distance at which a set sound pressure
level was met varied by approximately 1000 m. These variations
reflect differences in the noise model inputs such as the physical
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design and noise emission ratings of the turbines (and transformer
substations, if present) used in different projects and the total
number of turbines (and transformer substations, if present) in
the vicinity of the receptor location. Given that noise levels can
vary substantially at a given distance, these data highlighted the
inadequacy of using distance to the nearest turbine as a proq for
wind turbine noise exposure.
One of the other findings was that, for non-participating receptors, predicted rates of noise-related annoyance (when indoors)
would not exceed 8%, with further reductions in the rates of
annoyance at increased distances (i.e., > I km). In comparison,
it had previously been established that approximately 8% of adult
Canadians reported being either "very or extremely bothered, disturbed, or annoyed" by noise in general when they were at home
and 6.7% of adult Canadians indicated they were either "very or
extremely annoyed" by traffic noise specifically (54). Even in small
Canadian communities (i.e., <5000 residents) that are typically
associated with low background noise levels, 11 % of respondents
were moderately to extremely annoyed by traffic noise (54). This
analysis suggested that the current wind turbine noise restrictions
in Ontario will limit community exposure to wind turbine related
noise such that levels of annoyance are unlikely to exceed previously established background levels of noise-related annoyance
from other common noise sources.

LOW-FREQUENCY NOISE AND INFRASOUND
As reviewed by Knapper and Ollson (9), a number of sources
have proposed that the self-reported health effects of some people living near wind turbines may be due to LPN and infrasound
[e.g., (20, 39, 55) ]. However, infrasound and LPN are not unique
to wind turbines; natural sources of infrasound include meteors,
volcanic eruptions, ocean waves, wind, and any effect that leads
to slow oscillations of the air ( l I ). Measured LPN and infrasound
levels from wind turbines have been shown to comply with available standards and criteria published by numerous government
agencies including the UK Department for Environment, Food,
and Rural Affairs; the American National Standards Institute; and
the Japan Ministry of Environment (2 2). Therefore, Knapper and
Ollson (9) concluded that the hypothesis that infrasound is a
causative agent in health effects does not appear to be supported.
With some exceptions, more recent studies (summarized below)
generally support this hypothesis.
M0ller and Pedersen (37): M0ller and Pedersen conducted a
LPN study from four large turbines (>2 MW) and 44 other small
and large turbines that were aggregated (7 > 2 and 37 < 2 MW).
Low-frequency sound (LFS) insulation was measured for 10 rooms
under normal living conditions in houses exposed to LPN. They
concluded that the spectrum of wind turbine noise moves down in
frequency with increasing turbine size. They also suggested that the
low-frequency part of the noise spectrum plays an important role
in the noise at neighboring properties. They hypothesized that if
the noise from the investigated large turbines had an outdoor level
of 44 dB(A) (the maximum of the Danish regulation for wind turbines) there was a risk that a substantial proportion of the residents
would be annoyed by LPN, even indoors. However, the authors'
work did not include a survey of annoyance surrounding the turbines and did not provide any data to support this hypothesis.
In terms of infrasound (sound below 20 Hz), they concluded that
www.frontiersin.org
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the levels were relatively low when human sensitivity to these frequencies was accounted for. Even in close proximity to turbines,
the infrasonic sound pressure level was below the normal hearing threshold. Overall, this study suggested that LPN could be an
important component of the overall noise levels from wind turbines. However, it did not provide a link between modeled or
measured values and potential health effects of nearby residents.
Rather, it hypothesized that at 44 dB(A), at least a portion of the
annoyance could be attributed to LFN levels.
Bolin et al. (38): Bolin et al. 08) conducted a literature review
over a 6-month period ending April 2011 into the potential health
effects related to infrasound and LFN exposure surrounding wind
turbines. They conducted the search using Pub Med, Psyclnfo, and
Science Citation Index. In addition, they conducted gray literature
searches and personally contacted researchers and noise consultants working with wind turbine noise. They concluded that the
dominant source of wind turbine generated LPN was from incoming turbulence interacting with the blades. They found no evidence
in the literature that infrasound in the 1-20 Hz range contributed
to perceived annoyance or other health effects. They also opined
that LFN from modern wind turbines could be audible at typical
levels in residential settings, but did not exceed levels from other
common noise sources, such as road traffic noise.
The authors concluded that empirical support was lacking for
claims that LFN and infrasound cause serious health affects in the
form of"vibroacoustic disease (VAD),""wind turbine syndrome,"
or harmful effects on the inner ear. This conclusion was similar to
that provided in the Massachusetts Department of Environmental
Protection (MassDEP) and Massachusetts Department of Public
Health (MDPH) expert panel review released in January 2012.
Rand et al. (39) and Ambrose et al. (40): in the fall of 2011,
Rand et al. published their findings on noise measurements taken
around a residential home online in the Bulletin of Science, Technology and Society (BSTS) (39). In 2012, a similar article appeared
in BSTS, but with Ambrose as first author. After learning about
reported noise and health issues from some residents living near
three wind turbines (Vestas, Model V82, 1.65 MW each) in Falmouth, MA, USA, Ambrose et al. conducted a study to investigate
the role of infrasound and LFS in these complaints. What led
Ambrose et al. to focus on infrasound and LFS was the home
owner's complaints about discomfort and a number of symptoms
(i.e., headaches, ear pressure, dizziness, nausea, apprehension, confusion, mental fatigue, inability to concentrate, and lethargy).
These observations were reported to be associated with being
indoors when the wind turbines were operating during moderate to strong winds. Ambrose et al. state: "Typically, indoors the
A-weighted sound level is lower than outdoors when human activity is at a minimum. This strongly suggested that the A-weighted
sound level might not correlate very well [sic] the wind turbine complaints. This may be indicative of another cause such as low- or
very-low-frequency energy being involved."
The authors made acoustic measurements and viewed the
data with dBL (unweighted) and dB(A), (C), and (G) filtering
between April 17 and 19, 2011, at four locations [260 ft (-87 m),
830 ft (-277 m), 1,340 ft (- 450 m), and 1,700 ft (-570 m)] between
one turbine and one residence. The relationship between
sound [dB(A), (G), and (L)] and health effects was based on
measurements at 1,700 ft. Ambrose et al. reported that within
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20 min, both authors had difficulties performing ordinary tasks
and within l h both were" debilitated and had to work much harder
mentally." They also claimed that as time went on their symptoms
became more severe.
The authors reported being affected when wind speeds were
greater than 10 mis at the hub height of the turbines and when
measured sound levels were in the 18-24dB(A) range inside [5164dB(G); 62-74dB(L)] and 32-46dB(A) outside [49-65dB(G);
57-69 dB(L) ]. They reported that they felt effects inside and outside but preferred being outside. They noted that it took a week
to recover but one researcher had recurring symptoms (of nausea
and vertigo) for over 7 weeks. There are a number of uncertainties
in the Ambrose et al. white paper and the BSTS articles, which
diminished the strength of their conclusions. This was the first
written account we are aware of that suggested acute health effects
from exposure to sound from wind turbines. The recent MassDEP and MDPH (56) report provided this comment regarding
the Ambrose et al. study: "Importantly, while there is an amplification at these lower frequencies, the indoor levels (unweighted) are
still far lower than any levels that have ever been shown to cause a
physical response (i11cludi11g the 11ctivatio11 of f lte HC) in l111ma11s."

Further, studies where biological effects observed following
infrasound exposure were conducted at sound pressure levels
much greater than measured by Ambrose et al. [e.g., ( 11 ); 145 and
165 dB; (5 7): 130 dB] and much greater than what is produced by
wind turbines. There are over 100,000 wind turbines in operation
globally. Indeed, the idea of overt acute debilitating effects (even
lasting several weeks after removal from exposure) appears to be
unique to these authors.
Turnbull et al. (41 ): Turnbull et al. developed an underground
technique to measure infrasound and applied this process at two
Australian wind farms as well as in the vicinities of a beach, a
coastal cliff, the city of Adelaide, and a power station. The measured levels were compared against one another and against the
infrasound audibility threshold of 85 dB( G ). The authors reported
that the measured level of infrasound within the wind farms was
well below the audibility threshold and was similar to that of urban
and coastal environments and near other engineered noise sources.
Indeed, the level of infrasound from wind farms at 360 and 85 m
[61 and 72 dB(G), respectively] was comparable to that observed
at a distance of 25 m from ocean waves [75 dB(G)].
Crichton et al. (7): this study examined the possibility that
expectations of negative health effects from exposure to infrasound promote symptom reporting. A sham controlled, doubleblind provocation study was conducted in which participants were
exposed to l Omin of infrasound and 10 min of sham infrasound.
A total of 54 participants (34 women, 20 men) were randomized
into high- or low-expectancy groups and presented with audiovisual information (including internet material) designed to invoke
either high or low expectations that exposure to infrasound causes
specific symptoms (e.g., headache, ear pressure, itchy skin, sinus
pressure, dizziness, vibrations within the body). Notably, participants in the high-expectancy group reported significant increases
in the number and intensity of symptoms experienced during
exposure to both infrasound and sham infrasound. Conversely,
there were no symptomatic changes in the low-expectancy group.
Based on their findings, Crichton et al. (7) concluded: "Healthy
volunteers, when given information about th e expected physiological
Frontiers in Public Health I Epidemiology
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effect of infrnsound, reported symptoms that aligned with that infor-

11urtion, d11ri11g expos11re to both i11fmso1111d nrid slu1111 i11fraso1111d.
Symptom expectations were created by viewing information readily available on the Internet, indicating the potential for symptom
expectations to be created outside of the laboratory, in real world
settings. Results suggest psychological expectations could explain the
link between wind turbine exposure and health complaints." These

results were consistent with the findings of other researchers, who
have observed increased concern about the health risks associated
with exposure to certain environmental hazards can lead to elevated symptom reporting, even when no objective health risk is
presented (58, 59).
Crichton et al. (8): building on their previous publication that
negative expectations established by the media and internet can
significantly increase health-related complaints by exposed individuals (8) , the authors investigated how positive expectations
can produce a reduction in symptoms. Sixty participants were
exposed to audible wind farm sound [43 dB(A)] and infrasound
[9Hz, 50.4dBL (unweighted)] previously recorded I km from a
wind farm, in two, 7 min session. Following baseline measurements, expectations were developed by watching videos that either
promoted the negative health effects or the potentially therapeutic health effects of exposure to infrasound. Expectations were
found to significantly alter symptom reporting: participants who
were primed with negative expectations became more symptomatic over time, suggesting that their experiences during the first
exposure session reinforced expectations and led to heightened
symptomatic experiences in subsequent sessions. Upwards of 77%
of participants in the negative expectation group reported a worsening of symptoms. In contrast, 90% of participants in the positive
expectation group reported improvements in physical symptoms
after the listening session. This was the first study to show that a
placebo response could be brought on by positive pre-exposure
expectations and influence participants exposed to wind farm
noise. The authors concluded that negative expectations created
by the media could account for the increase in negative health
effects reported by individuals exposed to wind farm noise. Overall, this investigation provided forther evidence that physiological
outcomes can be influenced by established expectations.
ELECTROMAGNETIC FIELDS
Concerns about the ever-present nature of EMF (also called electric and magnetic fields) and possible health effects have been
raised by some in the global community for a number of years.
However, the science around EMF and possible health concerns
has been extensively researched, with tens of thousands of scientific studies published on the issue. Government and medical
agencies including Health Canada ( 60), the World Health Organization (61), the International Commission on Non-Ionizing
Radiation Protection (6 2), the International Agency for Research
on Cancer (63 ), and the US National Institute of Health (NIH) and
National Institute of Environmental Health Sciences (64) have all
thoroughly reviewed the available information. While individual
opinions on the issue vary, the weight of scientific evidence does
not support a causal link between EMF and health issues at levels
typically encountered by people.
Short-term exposure to EMF at high levels is known to cause
nerve and muscle stimulation in the central nervous system. Based
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on this information, the ICNIRP, a group recognized by the WHO
as the international independent advisory body for non-ionizing
radiation protection, established an acute exposure guideline of
2,000 mG for the general public, based on power frequency EMF
of 50-400 Hz (62 ). With respect to long-term exposure to low
levels of EMF, it needs to be acknowledged that the IARC and
WHO have categorized EMF as a Class 2B possible human carcinogen, based on a weak association of childhood leukemia and
magnetic field strength above 3-4 mG ( 63 ). This means there is
limited evidence of carcinogenicity in humans and inadequate evidence of carcinogenicity in experimental animals. These human
studies are weakened by various methodological problems that
the WHO has identified as a combination of selection bias, some
degree of confounding and chance (h 5) . There are also no globally
accepted mechanisms that would suggest that low-level exposures
are involved in cancer development and animal studies have been
largely negative ( 6'.)). Thus, the WHO has stated that, based on
approximately 25,000 articles published over the past 30 years,
the evidence linking childhood leukemia to EMF exposure is not
strong enough to be considered causal (61 ). Concerns have also
been raised by some about a relationship between EMF and a range
of various health concerns, including cancers in adults, depression,
suicide, and reproductive dysfunction, among several others. The
WHO (6:-i ) has stated: " . .. scientific evidence mpporting an association between ELF [extremely low frequency J magnetic field exposure
and all of these health effects is much weaker than for childhood
leukaemia."

Recently, worries about exposure to EMF from wind turbines,
and associated electrical transmission, has been raised at public
meetings and legal proceedings. These fears have not been based on
any actual measurements of EMF exposure surrounding existing
projects but appear to follow from concerns raised from internet
sources and misunderstanding of the science. There has been limited research conducted on wind turbine emissions of EMF, either
from the turbines themselves, or from the power lines required
for distribution of the generated electricity. However, based on the
weight of evidence it is not expected that EMF from wind turbines
is likely to be a causative agent for negative health effects in the
community. Only three papers were retrieved in the preparation
of this review that examined this issue specifically.
Havas and Colling ( 42): the paper indicated that there were
some people who lived around wind turbines that complained of
difficulty sleeping, fatigue, depression, irritability, aggressiveness,
cognitive dysfunction, chest pain/pressure, headaches, joint pain,
skin irritations, nausea, dizziness, tinnitus, and stress. The authors
suggested that these symptoms could be caused by electromagnetic waves in the form of poor power quality (dirty electricity)
and ground current resulting in health effects in those that are
electrically hypersensitive. They indicated that individuals reacted
differently to both sound and electromagnetic waves and this could
explain why not everyone experienced the same health effects
living near turbines. Ground current or stray voltage was also purported to be a potential cause of health effects surrounding wind
turbines. However, this paper was hypothetical and speculative
in nature and no data were presented to support the author's
opinions. Presently, there are no quantitative data in the scientific
literature to support the claims made in Havas and Colling (42 ).
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Israel et al. ( 43): these authors conducted EMF, sound, and
vibration measurements surrounding one of the largest wind
energy parks in Bulgaria, located along the Black Sea. The purpose
of the study was to determine if levels of wind turbine emissions
were within Bulgarian and European limits for workers and the
general population. In addition, they sought to determine if their
previously established 500 m setback zone around the wind park
was adequate. The wind park consisted of 55 Vestas V90 3 MW
towers. The measurements took place over a 72-h period when
temperatures were between O and 5.5°C. Actual distances to the
receptor locations were not reported, although it is suspected that
they would be in the vicinity of 500 m from the closest turbines.
The EMF levels measured within 2-3 m of the wind turbines
were berween 0.133 and 0.225 mG. These values are comparable to or lower than magnetic field measurements that have been
reported in the proximity of typical household electrical devices
{66). It should be noted that the values observed by Israel et al. were
approximately four orders of magnitude lower than the ICNIRP
( b2) guideline of 2,000 mG for the general public for acute exposure. Based on these findings, Israel et al. concluded that the EMF
levels from wind turbines were at such low level as to be insignificant compared to values found in residential areas and homes.
The findings reported by Israel et al. of actual measurements of
EMF surrounding wind turbines were contrary to the hypothesis
presented by Havas and Colling (4 2).
The noise measurements performed by Israel et al. met the
requirements of Bulgarian legislation for day [55 dB(A)], evening
[50dB(A)], and night [45dB(A)] and it was concluded that the
wind turbines contributed only l-3 dB(A) above existing background levels. Vibration measurements surrounding the turbines
had values close to zero, which indicated that this was not a contributing emission factor of exposure for people living around
wind turbines. Overall, the authors concluded:" ... the studied wind
power park complies with the requirements ofthe national and European legislation for human protection from physical factors- electric
and magnetic fields up to 1 kHz, noise, vibration, and do not create risk for both workers in the area of the park and the general
population living in the nearest villages."

McCall um et al. (44 ): this study was carried out at the Kingsbridge 1 Wind Farm located near Goderich, ON, Canada. Magnetic
field measurements (milligauss) were collected in the proximity of
15 Vestas 1.8 MW wind turbines, two substations, various buried
and overhead collector and transmission lines, and nearby homes.
Data were collected during three operational scenarios to characterize potential EMF exposure: "high wind" (generating power),
"low wind" ( drawing power from the grid, but not generating
power), and "shut off" (neither drawing, nor generating power).
Background levels of EMF (0.2-0.3 mG) were established by
measuring magnetic fields around the wind turbines under the
"shut off" scenario. Magnetic field levels detected at the base of the
turbines under both the "high wind" and "low wind" conditions
were low (mean= 0.9 mG; n = 11) and rapidly diminished with
distance, becoming indistinguishable from background within 2 m
of the base. Magnetic fields measured 1 m above buried collector
lines were also within background (50.3 mG). Beneath overhead
27.5 and 500 kV transmission lines, magnetic field levels of up
to 16.5 and 46 mG, respectively, were recorded. These levels also
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diminished rapidly with distance. None of these sources appeared
to influence magnetic field levels at nearby homes located as close
as just over 500 m from turbines, where measurements immediately outside of the homes were ::S0.4 mG. The results suggested
that there was nothing unique to wind farms with respect to EMF
exposure; in fact, magnetic field levels in the vicinity of wind
turbines were lower than those produced by many common household electrical devices (e.g., refrigerator, dishwasher, microwave,
hairdryer) and were well below any existing regulatory guidelines
with respect to human health.
SHADOW FLICKER
The main health concern associated with shadow flicker is the
risk of seizures in those people with photosensitive epilepsy. As
reviewed by Knopper and Ollson (9), Harding et al. (14) and
Smedley et al. ( 19) have published the seminal studies dealing with
this concern. Both authors investigated the relationship between
photo-induced seizures (i.e., photosensitive epilepsy) and wind
turbine blade flicker (also known as shadow flicker). Both studies suggested that flicker from turbines that interrupt or reflect
sunlight at frequencies >3 Hz pose a potential risk of inducing
photosensitive seizures in 1.7 people per I00,000 of the photosensitive population. For turbines with three blades, this translates to
a maximum speed of rotation of 60 rpm. Modern turbines commonly spin at rates well below this threshold. For example, the
following spin rates for four different models of wind turbines
have been obtained from the turbine specification sheets:

•
•
•
•

Siemens SWf-2.3: 6-16 rpm
REpower MM92: 7.8-15.0 rpm
GE 1.6-100: 9.75-16.2 rpm
Vestas Vll2-3.0: 6.2-17. l rpm

In 2011, the Department of Energy and Climate Change (6 7)
released a consultant's report entitled "Update of UK Shadow
Flicker Evidence Base." The report concluded that: "On health
effects 1111,I n11is111,c11 of the s/1adow flicker effect, it is co11sidered //,at.
the frequency of the flickering caused by the wind turbine rotation
is such that it should not cause a significant risk to health." Fur-

thermore, the expert panel convened by MassDEP and MDPH
(56) concluded that the scientific evidence suggests that shadow
flicker does not pose a risk of inducing seizures in people with
photosensitive epilepsy.
Germany is one of the only countries to implement formal
shadow flicker guidelines, which are part of the Federal Emission
Control Act (68). These guidelines allow:
• maximum 30 h per year of astronomical maximum shadow
(worst case);
maximum 30 min worst day of astronomical maximum shadow
(worst case); and
• maximum 8 h per year actual.
Although shadow flicker from wind turbines is unlikely to lead
to a risk of photo-induced epilepsy, there has been little if any
research conducted on how it could heighten the annoyance factor of those living in proximity to turbines. It may however be
included in the notion of visual cues.
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REVIEW ARTICLES, EDITORIALS, AND SOCIAL COMMENTARIES
In addition to the articles reviewed above that reported the results
of surveys and experiments designed to specifically investigate
potential environmental stressors that have been associated with
wind turbines (i.e., overall noise, LFN and infrasound, EMF, and
shadow flicker), a number of published and peer-reviewed articles
were identified that present reviews of the available data, opinion
pieces, and/or social commentaries. These articles are reviewed in
detail below.
Bulletin of Science, Technology and Society: Special Edition
2011, 31(4): in August 2011, authors of a number of popular
literature studies published their findings as a series of nine articles in a special edition of the Bulletin of Science, Technology
and Society (BSTS) devoted entirely to wind farms and potential health effects'. Many of the articles in tl1e special edition
were written as opinion pieces or social commentaries and did
not provide detailed methodologies used to test hypotheses as is
expected in the publication of scientific research articles. Based
on a critical review of each of the articles (69), it is our opinion
that the series suffers numerous flaws from a scientific, technological, and social basis. Many of the claims used as evidence of a
relationship between health effects and wind turbines were unsubstantiated [e.g., Phillips (70) is entirely unsupported and contains
alarmjst extrapolations], without proper references [e.g., (70, 71)]
and based on anecdotal or unconfirmed reports [e.g., (55, 70, 72,
73)], fallacious comparisons [e.g., (74)], and reaching arguments
lacking a logical process [e.g., (70, 73, 75, 76)]. Further, much information given as fact was contrary to that published in the scientific
literature; indeed, many authors appeared to selectively reference
articles and information in a way that would benefit their own
arguments [e.g., ( 55, 71)]. The results of this BSTS special issue
failed to provide valid, defensible scientific and social arguments
to suggest that wind turbines, regardless of siting considerations,
cause harm to human health.
Hanning and Evans (45 ) and Chapman (46): in 2012, Hanning
and Evans had an editorial published in the British Medical Journal (BMJ), the purpose of which was to opine on the relationship
between wind turbines noise and health effects. By citing a short
list of articles ( 12), half of which are from the non-indexed journal BSTS or from conference proceedings (3 and 3, respectively,
out of 12), Hanning and Evans suggested that: ''A large body of
evidence now exists to suggest that wind turbines disturb sleep and
impair health at distances and external noise levels that are permitted in most jurisdictions. " and "Robust independent research into the
health effects of existing wind farms is long overdue, as is an independent review of existing evidence and guidance on acceptable noise
levels."
Shortly after publication, this editorial was rebuffed by Chapman (46), in another editorial placed in the BMJ. Chapman
pointed out that there are a number of independent reviews of
the literature around wind turbines and human health (Chapman points to 17 such papers not referenced by Hanning and
Evans). Chapman opined that: "These reviews strongly state that
the evidence that wind turbines themselves cause problems is poor.

1

http://bst.sagepub.com/
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They conclude that: Small minorities of exposed people claim to be
adverselynffected by turbines; Negative attitudes to turbines are more
predictive of reported adverse health effects and annoyance than are
objective measures of exposure; Deriving income from hosting wind
t11rbims may lrnven "protective effect" agni11st a,moya11ce and health
symptoms. " Further debate about the original editorial is available
online to view (and comment on) through the BMJ web site 2 •
Farboud et al. ( 47): this review article looked at the effects of
LFN and infrasound and questioned the existence of"wind turbine
syndrome." The authors conducted a literature search for articles
published within the last 10 years, using the PubMed database and
the Google Scholar search engine. Their search terms included
"wind turbine," "infrasound," or "LFN" and search results were
limited to the English language, human trials, and either randomized control trials, meta-analyses, editorial letters, clinical trials,
case reports, comments, or journal articles. A number of articles
dealing with "wind turbine," "infrasound," or "LFN," and available
in Pub Med and Google Scholar, appear to have been missed by Farboud et al. [e.g., (9, 22 , 3tl)]. The review included discussions on
topics such as wind turbine noise measurements and regulations,
wind turbine syndrome, and the effects of LFN and infrasound.
The authors discussed the use of A-weighting in noise measurements from wind turbines stating: "The A-filter de-emphasizes all
auditory energy with frequencies of less than 500 Hz, and completely
ignores all auditory energy of less than 20 Hz, in an effort to estimate
the noise thought to be actually processed by the ear. Hence, much
of the noise produced by a wind turbine is effectively ignored." The
authors later described the results and implications of studies looking atthe effects of infrasound in the ear, and noted that infrasound
and LFN are currently not recognized as disease agents. Referencing a study by Salt and Hullar ( 20), the authors noted that the
inner hair cells of the cochlea, which is the main hearing pathway
in mammals, are not sensitive to infrasound. Conversely, the outer
hair cells of the cochlea are more sensitive to LFN and infrasound
and can be stimulated at levels below the auditory threshold. Nevertheless, the authors conceded that:" . . .low-frequency noise may
well influence inner ear physiology. However, whether this actually
alters function or causes symptoms is unknown."
It should be noted that, as discussed in the "Low-Frequency
Noise and lnfrasound" section of this review, there were a number
of studies that specifically addressed the concerns of LFN and
infrasound from wind turbines that suggested that these were
unlikely to be causative agents in health effects of those living
near wind turbines [e.g., (7, l l, 22, 37, 38)]. Unfortunately, none
of these studies were included as part of the Farboud et al. review.
Regarding the existence of "Wind Turbine Syndrome," Farboud et al. stated that: "Th ere is an abundance of information
available on the internet describing the possibility of wind turbine
syndrome. However, the majority of this information is based on
purely anecdotal evidence." The authors briefly discussed the various symptoms that have been self-reported by individuals and
attributed to noise from wind turbines. They also pointed out that
"Wind Turbine Syndrome" was not a clinically recognized diagnosis, remained unproven, and was not generally accepted within

2http://www.bmj.com/content/344/bmj.el527?tab=responses
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the scientific and medical community. They also mentioned that
some researchers maintained that the effects of "Wind Turbine
Syndrome" were just examples of the well-known stress effects
of exposure to noise, as displayed by a small proportion of the
population.
Farboud et al. concluded their review by suggesting that the evidence available was incomplete and until the physiological effects
of LFN and infrasound were fully understood, it was not possible
to conclusively state that wind turbines were not causing any of
the reported effects. However, it was not clear how this conclusion might have been altered had they considered the additional
available information regarding LFN and infrasound from wind
turbines described elsewhere in this review [i.e., (7, 11, 22, 37, 38)].
McCubbin and Sovacool (48): McCubbin and Sovacool (48)
presented a comparison of the health and environmental benefits
of wind power in contrast to natural gas. The authors selected two
locations: the 580 MW wind farm at Altamont Pass in California
and the 22 MW wind farm in Sawtooth, ID, USA. The paper considered the environmental and economic benefits associated with
each wind farm. Human health benefits were calculated based on
a reduction in ambient PM2.s levels using well-established health
impact and valuation functions from the US EPA. Additionally,
benefits to the health and well-being of wildlife and avian species
were quantified.
With regard to the human health impacts, the potential cost
savings were associated with effects such as premature mortality,
ho pita! admissions, emergency rooms visits, aslhma attacks, and
respiratory symptoms. The details of the quantification methods
and equations used to calculate the benefits to externalities such
as human health, wildlife, and the natural environment were not
provided herein but are available in the published manuscript.
McCubbin and Sovacool determined that from 2012 to 2031
the wind turbines at Altamont Pass will avoid anywJ1ere from
$560 million to $4.38 billion in human health and climate-related
externalities, and the Sawtooth wind farm will avoid from $18
million to $24 million. The authors noted that there were uncertainties associated with their quantification methods and final cost
estimates; however, they claimed that the values were likely underestimated based on numerous factors that were not considered
(e.g., other pollutants). They concluded that: "Despite the uncertainties tlte evidence gatlzerecl lzere strongly s11gge.sts f /1(1/ 11t1/11ral gas
had substantial external costs that should be included in an evaluation comparing wind energy to combined cycle natural gas-fired
power plants. The overall costs of electricity generated by natural gas
are greater than those from wind energy when environmental and
human health externalities are quantified. It remains likely that over
time the relative diff erence will widen, making the use of wind energy
even more favorable."
Roberts and Roberts (49): the authors conducted a summary
of the peer-reviewed literature on the research that examined the
relationship between human health effects and exposure to LFS
and sound generated from the operation of wind turbines. The
Pub Med database (maintained by the US National Library of Medicine) was relied upon for retrieving the peer-reviewed literature
used in this review. A number of search terms were used including:
"infrasound and health effects"; "LFN and health effects"; "LFS and
health effects"; "wind power and noise"; and "wind turbines AND
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noise." In total, 156 articles were identified with 28 articles addressing health effects and LFS related to wind turbines. Based on the
collective results of the studies reviewed, Roberts and Roberts (49)
found that: ''At present, a specific health condition or collection of
symptoms has not been documented in the peer-reviewed, published
literature that has been classified as a 'disease' caused by exposure
to sound levels and frequencies generated by the operations of wind
turbines. It can be theorized that reported health effects are a manifestation of the annoyance that individuals experience as a result of
the presence of wind turbines in their communities. "
Chapman and St. George (50): in 2007, Alves-Pereira and
Castelo Branco issued a press-release suggesting that their research
demonstrated that living in proximity to wind turbines had led
to the development of VAD in nearby home-dwellers (9). AlvesPereira and Castelo Branco appear to be the primary researchers
who have cirrnlated VAD as a hypothesis for adverse h~ 1lth effects
and wind turbines and to our knowledge this work has never
appeared in a peer-reviewed article. In this paper, Chapman and St.
George investigated the extent to which VAD and its alleged association with wind turbine exposure had received scientific attention,
the quality of that association, and how the alleged association
gained support by wind farms opponent.
Based on a structured scientific database and Google search
strategy, the authors showed that "VAD has received virtually no
scientific recognition beyond the group who coined and promoted
the concept. There is no evidence of even rudimentary quality that
vibroacoustic disease is associated with or caused by wind turbines."
They went on to state that an implication of this "factoid" -defined
as questionable or spurious statements- may have been contributing to nocebo effects among those living near turbines. That is the
spread of negative, often emotive information would be followed
by increases in complaints and that without such suggestions
being spread, complaints would be less. These results highlighted
the role that perception plays in the human health wind turbine
debate and underscored the role of proper risk communication in
communities.
Jeffery et al. ( 51, 5 2): the overall goal of these commentary
pieces was to provide information to physicians regarding the possible health effects of exposure to noise produced by wind turbines
and how these may manifest in patients. In the 2013 article, information about the Green Energy Act was presented in such a way
that implied that the overall goal of the Act was to remove protective noise regulations and allow wind turbines to be placed "in
close proximity to family homes." The authors suggested that there
has been a concerted effort to minimize the potential health risks
while convincing the general public and physicians that wind turbines are beneficial. No evidence was given to support these claims.
Case reports and publications that reported adverse effects following wind turbines noise exposure were briefly discussed; however,
only the negative health effects were highlighted. Older literature
and a number of non-peer-reviewed articles and media reports
were used to support the author's opinions. The 2014 paper is
very similar to that published in 2013. The authors provided a
very one-sided opinion in their review of the issue of wind turbines and adverse health effects. They have missed a number of
key and pertinent articles that have been published on the issue.
Overall the authors did not provide adequate data or support for
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their arguments, in both papers, nor did they provide accurate
information regarding the weight of scientific data on the issue.

WEIGHT OF EVIDENCE CONCLUSIONS
There are roughly 60 studies that have been conducted worldwide
on the issue of wind turbines and human health. In terms of effects
being related to wind turbine operational effects and wind turbine
noise, there are fewer than 20 articles. The vast majority has been
published in one journal (BSTS) and many of these authors sit
on advisory board of the Society for Wind Vigilance, an advocacy
group in the province of Ontario. However, with respect to effects
being more likely attributable to a number of subjective variables
(when turbines are sited correctly), there are closer to 45 articles.
These articles are published by a variety of different authors with
wide and diverse affiliations. Indeed, conclusions stemming from
these articles are supported by studies where audible and inaudible
noise has been quantified from operational wind turbines.
Based on the findings and scientific merit of the research conducted to date, itis ouropinion thatthe weight of evidence suggests
that when sited properly, wind turbines are not related to adverse
health effects. This claim is supported (and made) by findings
from a number of government health and medical agencies and
legal decisions [e.g., (56, 77- 80)]. Collectively, the evidence has
shown that while noise from wind turbines is not loud enough to
cause hearing impairment and is not causally related to adverse
effects, wind turbine noise can be a source of annoyance for some
people and that annoyance maybe associated with certain reported
health effects ( e.g., sleep disturbance), especially at sound pressure
levels >40 dB(A).
The reported correlation between wind turbine noise and
annoyance is not unexpected as noise-related annoyance
[described by Berglund and Lindvall ( 8 l ) as a "feeling of displeasure evoked by a noise'1 has been extensively linked to a variety
of common noise sources such as rail, road, and air traffic ( 8 183 ). Noise-related annoyance from these more common sources is
prevalent in many communities. For instance, results of national
surveys in Canada and the U.K. by Michaud et al. (54) and Grimwood et al. (84), respectively, suggested that annoyance from noise
(predominantly traffic noise) may impact approximately 8% of
the general population. Even in small communities in Canada (i.e.,
< 5000 residents) where traffic is relatively light compared to urban
centers, Michaud et al. ( 54) reported that 11 % of respondents were
moderately to extremely annoyed by traffic noise.
Although annoyance is considered to be the least severe potential impact of community noise exposure (83, 85), it has been
hypothesized that sufficiently high levels of annoyance could
lead to negative emotional responses (e.g., anger, disappointment,
depression, or anxiety) and psychosocial symptoms (e.g., tiredness, stomach discomfort, and stress) (8\ 86-90). However, it is
important to note that noise annoyance is known to be strongly
affected by attitudinal factors such as fear of harm connected with
the source and personal evaluation of the source (9 J- 93) as well
as expectations of residents (92 ). For wind turbines, this has been
reflected in studies that have shown that subjective variables like
evaluations of visual impact (e.g., beautiful vs. ugly), attitude to
wind turbines (benign vs. intruders), and personality traits are
more strongly related to annoyance and health effects than noise
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itself [e.g., (4, S, 16, l 7, 3 I)]. Thus, it is likely that the adverse
effects exhibited by some people who live near wind turbines are
a response to stress and annoyance, which are driven by multiple
environmental and personal factors, and are not specifically caused
by any unique characteristic of wind turbines. This hypothesis
is also supported by the observation that people who economically benefit from wind turbines have significantly decreased
levels of annoyance compared to individuals that received no economic benefit, despite exposure to similar, if not higher, sound
levels ( l 7).
There is also a growing body of research that suggests that
nocebo effects may play a role in a number of self-reported health
impacts related to the presence of wind turbines. Negative attitudes and worries of individuals about perceived environmental
risks have been shown to be associated with adverse health-related
symptoms such as headache, nausea, dizziness, agitation, and
depression, even in the absence of an identifiable cause (94-%).
Psychogenic factors, such as the circulation of negative information and priming of expectations have been shown to impact
self-assessments following exposure to wind turbine noise (6-8). It
is therefore important to consider the role of mass media in influencing public attitudes about wind turbines and how this may
alter responses and perceived health impacts of wind turbines in
the community. For example, Deignan et al. (97) recently demonstrated that newspaper coverage of the potential health effects of
wind turbines in Ontario has tended to emphasize "fright factors"
about wind turbines. Specifically, Deignan et al. (97) reported that
94% of articles provided "negative, loaded or fear-evoking" descriptions of "health-related signs, symptoms or adverse effects of wind
turbine exposure" and 58% of articles suggested that the effects
of wind turbines on human health were "poorly understood by science." It is possible that this type of coverage may have a significant
impact on attitudinal factors, such as fear of the noise source, that
are known to increase noise annoyance (9 1-93 ).
Stress/annoyance is not unique to living in proximity to wind
turbines. The American Psychological Association (98) published
a report stating that the majority of Americans are living with
moderate (4 to 7 on a scale of L to 10) or high (8 to LO on a
scale of 1 to 10) levels of stress. APA identified money, work, and
the economy as the most often cited sources of stress in Americans followed by family responsibilities, relationships, job stability,
housing costs, health concerns, health problems, and safety. Stress
from these and other sources can lead to a number of adverse
health effects that are commonplace in society. The Mayo Clinic
(99) identifies irritability, anger, anxiety, sadness/guilt, change in
sleep, fatigue, difficulty concentrating or making decisions, loss
of interest/enjoyment, nausea, headache, and tinnitus as common symptoms of stress. Interestingly, these symptoms are nearly
identical to those suggested by McMurtry (55) as criteria for a
"diagnosis of adverse health effects in the environs of industrial wind
turbines."

Based on the available evidence, we suggest the following best
practices for wind turbine development in the context of human
health. However, it should be noted that subjective variables (e.g.,
attitudes and expectations) are strongly linked to annoyance and
have the potential to facilitate other health complaints via the
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nocebo effect. Therefore, it is possible that a segment of the
population may remain annoyed (or report other health impacts)
even when noise limits are enforced.
L. Setbacks should be sound-based rather than distance-based

alone.
2. Preference should be given to sound emissions of ~40 dB(A) for
non-participating receptors, measured outside, at a dwelling,
and not including ambient noise. This value is the same as
the WHO (Europe) night noise guideline ( 100) and has been
demonstrated to result in levels of wind turbine community
annoyance similar to, or lower than, known background levels
of noise-related annoyance from other common noise sources.
3. Post construction monitoring should be common place to
ensure modeled sound levels are within required noise limits.
4. If sound emissions from wind projects is in the 40-45 dB(A)
range for non-participating receptors, we suggest community
consultation and community support.
5. Setbacks that permit sound levels >45 dB(A) (wind turbine
noise only; not including ambient noise) for non-participating
receptors directly outside a dwelling are not supported due
to possible direct effects from audibility and possible levels of
annoyance above background.
6. When ambient noise is taken into account, wind turbine noise
can be >45 dB(A), but a combined wind turbine-ambient noise
should not exceed >55 dB(A) for non-participating and participating receptors. Our suggested upper limit is based on
WHO ( l 00) conclusions that noise above 55 dB(A) is "considered increasingly dangerous for public health," is when "adverse
health effects occur frequently, a sizeable proportion ofthe population is highly annoyed and sleep-disturbed" and "cardiovascular
effects become the major public health concern, which are likely
to be less dependent on the nature of the noise."

Over the past 20 years, there has been substantial proliferation
in the use of wind power, with a global increase of over SO-fold
from 1996 to 2013 (!).Such an increase of investment in renewable
energy is a critical step in reducing human dependency on fossil fuel resources. Wind-based energy represents a clean resource
that does not produce any known chemical emissions or harmful
wastes. As highlighted in a recent editorial in the British Medical
Journal, reducing air pollution can provide significant health benefits, including reducing asthma, chronic obstructive pulmonary
disease, cancer, and heart disease, which in turn could provide
significant savings for health care systems ( LO I). By following our
proposed health-based best practices for wind turbine siting, wind
energy developers, the media, members of the public and government agencies can work together to ensure that the full potential
of this renewable energy source is met.
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Health Canada, in collaboration with Statistics Canada, and other external experts, conducted the
Community Noise and Health Study to better understand the impacts of wind turbine noise (WTN) on
health and well-being. A cross-sectional epidemiological study was carried out between May and
September 2013 in southwestern Ontario and Prince Edward Island on 1238 randomly selected participants
(606 males, 632 females) aged 18-79 years, living between 0.25 and I L.22 km from operational wind turbines. alculated outdoor WT levels at the dwelling reached 46 dBA. Response rate was 78.9'½ and did
not significantly differ across sample strarn. Self-reported health effects (e.g., migraines, tinnitus, dizziness,
ere.) sleep disturbance, sleep disorders. qu alit y of Iii' • and perceived stress were not related to WfN le vels.
V isual and auditory perception of wind turbines as reported by respondents increased significantly with
increa~ing WfN leve ls as did hi gh unnoyunce toward several wind turbi ne features, including the foll owing: noise, blinking lights, shadow flicker, visual impacts, and vibrations. Concern for physical safety and
closing bedroom windows to reduce WTN during sleep also increased with increasing WfN levels. Other
sample characteristics are discussed in relation to WfN levels. Beyond annoyance, results do not support
an association between exposure to WfN up to 46 dB A and the evaluated health-related endpoint~.
© 2016 Crown in Right of Canada. All article content, except where otherwise noted, is licensed under
a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenseslby/4.0I).
[http://dx.doi.org/10.1121/l.4942391 ]
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I. INTRODUCTION
Jurisdiction for the regulation of noise is shared across
many levels of government in Canada. As the fede ral department of health, Health Canada's mandate with respect to
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wind power includes providing science-based advice, upon
request, to federal departments, provinces, territories and
other stakeholders regarding the potential impacts of wind
turbine noise (WTN) on community health and well-being.
Provinces and territories, through the legislation they have
enacted, make decisions in relation to areas including installation, placement, sound levels , and mitigation measures for
wind turbines. In July 2012, Health Canada announced its
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intention to undertake a large scale epidemiological study in
collaboration with Statistics Canada entitled Community
Noise and Health Study (CNHS). Statistics Canada is the
federal government department responsible for producing
statistics relevant to Canadians.
In comparison to the scientific literature that exists for
other sources of environmental noise, there are few original
peer-reviewed field studies that have investigated the community response to modern wind turbines. The studies that have
been conducted to date differ substantially in terms of their
design and evaluated endpoints (Krogh et al. , 2011 ; Mruczek
et al., 2012; Mroczek et al., 2015; Nissenbaum et al., 2012;
Pawlaczyk-Luszczynska et al., 2014; Pedersen and Persson
Waye, 2004, 2007; Pedersen et al., 2009; Shepherd et al.,
2011 ; Tachibana et al., 2012; Tachibana et al., 2014; Kuwano
et al., 2014). Common features among these studies include
reliance upon sel f-repo11ed endpoints, modeled WTN exposure and/or proximity to wind turbines as the explanatory variable for the observed community response.
There are numerous health symptoms attributed to
WTN exposure including, but not limited to, cardiovascular
effects, vertigo, tinnitus, anxiety, depression, migraines,
sleep disturbance, and annoyance. Health effects and exposure to WTN have been subjected to several reviews and the
general consensus to emerge to date is that the most robust
evidence is for an association between exposure to WTN
and community annoyance with inconsistent support
observed for subjective sleep disturbance (Bakker et al.,
2012; Council of Canadian Academies, 2015; Knopper
et al., 2014; MassDEP MDPH, 2012; McCunney et al.,
2014; Merlin et al., 2014; Pedersen, 2011 ).
The current analysis provides an account of the sample
demographics, response rates, and observed prevalence rates
for the various self-reported measures as a function of the
outdoor WTN levels calculated in the CNHS.

Research Ethics
#2012-()072).
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#2012-0065

and

B. Wind turbine sound pressure levels at dwellings

A detailed description of the approach applied to sound
pressure level modeling [including background nighttime
sound pressure (BNTS) levels] is presented separately (Keith
et al., 2016b). Briefly, sound pressure levels were estimated at
each dwelling using both ISO (1993) and ISO (19%) as incorporated in the commercial software CadnaA version 4.4
(Datak.ustik, 2014). The calculations were based on manufacturers' octave band sound power spectra at IO rn height, 8 m/s
wind speed for favorable propagation conditions (Keith et al.,
2016a). As described in detail by Keith et al. (2016b), BNTS
levels were calculated following provincial noise regulations
for Alberta, Canada (Alberta Utilities Commission, 2013).
With this approach BNTS levels can range between 35 dBA
to 51 dBA. The possibility that BNTS levels due to highway
road traffic noise exposure may exceed the level estimated by
Alberta regulations was considered. Where the upper limits of
this approach were exceeded (i.e., 5 I dB), nighttime levels
were derived using the US Traffic Noise Model (United
States Department of Transportation, 1998) module in the
CadnaA software.
Low frequency noise was estimated in the CNHS by calculating outdoor C-weighted sound pressure levels at all
dwellings. There was no additional gain by analysing the
data using C-weighted levels because the statistical correlation between C-weighted and A-weighted levels was very
high (i.e., ,- = 0.81-0.97) (Keith et al., 2016a).
C. Data collection
1. Questionnaire content and collection

II. METHOD
A. Sample design

Factors considered in the determination of the study sample size, including statistical power, have been described by
Michaud et al. (2013), Michaud et al. (2016b), and Feder et al.
(2015). TI1e target population consisted of adults, aged 18 to
79 years, living in communities within approximately 10 km
of a wind turbine in southwestern Ontario (ON) and Prince
Edward Island (PEI). Selected areas in both provinces were
characterized by flat lands with rural/semi-rural type environments. Prior to field work, a list of addresses (i.e., potential
dwellings) was developed by Statistics Canada. The list consists mostly of dwellings, but it can include industrial facilities,
churches, demolished/vacant dwellings, etc. (i.e., non-dwellings), that would be classified as out-of-scope for the purposes
of the CNHS. The ON and PEI sampling areas included 315
and 84 wind turbines, respectively. Wind turbine electrical
power output ranged between 660 kW to 3 MW (average
2.0 ::+:: 0.4 MW). All turbines were modem design with 3 pitch
controlled rotor blades (~80 m diameter) upwind of the tower,
and predominantly 80 m hub heights. This study was approved
by the Health Canada and Public Health Agency of Canada
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The final questionnaire, available on the Statistics Canada
website (Statistics Canada, 2014) and in the supplementary
materials, 1 consisted of basic socio-demographics, modules on
community noise and annoyance, health effects, lifestyle
behaviors and prevalent chronic illnesses. In addition to these
modules, validated psychometric scales were incorporated,
without modification, to assess perceived stress (Cohen et al.,
1983), quality of life (WHOQOL Group, 1998; Skevington
et al., 2004) and sleep disturbance (Buysse et al., 1989).
Questionnaire data were collected through in-person home
interviews by 16 Statistics Canada trained interviewers
between May and September 2013. The study was introduced
as the "Community Noise and Health Study" as a means of
masking the true intent of the study, which was to investigate
the association between health and WTN exposure. All identified dwellings within ~600 rn from a wind turbine were
selected. Between 600 m and 11.22 km, dwellings were randomly selected. Once a roster of adults (between the ages of 18
and 79 years) living in the dwelling was compiled, one individual from each household was randomly invited to participate.
No substitutions were permitted under any circumstances.
Participants were not compensated for their participation.
Michaud et al.
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2. Long-term high annoyance

To evaluate the prevalence of annoyance, part1c1pants
were initially asked to spontaneously identify sources of noise
they hear originating from outdoors while they are either
inside or outside their home. The interviewer grouped the
responses as road traffic, aircraft, railway/trains, wind turbine,
and "other." Follow-up questions were designed to confinn
the initial response where the participant may not have spontaneously identified wind turbines, rail, road and aircraft as
one of the audible sources. For each audible noise source participants were asked to respond to the following question
from ISO/TS (2003a): "Thinking ahout the last year or so,
when you are at home, how much does 110iseji·om [SOURCE]
horher, disrurh or annoy you?" Response categories included
the following: "nor at all," "slightly," "moderately," "ve,y,"
or "extremely." Participants who reported they did not hear a
particular source of noise, were classified into a "do not hear"
group and retained in analysis (to ensure that the correct sample size was accounted for in the modeling) . The analysis of
annoyance was performed after collapsing the response categories into two groups (i.e., "highly annoyet.f' and "not highly
annoyed"). As per ISO/TS (2003a), participants reporting to
be either "ve,y" or "extremely" annoyed were treated as
"highly annoyed" in the analysis. The "not highly annoyed'
group was composed of participants from the remaining
response categories in addition to those who did not hear
wind turbines. Similarly, an analysis of the percentage highly
subjectively sleep disturbed, highly noise sensitive, and highly
concerned about physical safety from having wind turbines in
the area was carried out applying the same classification
approach used for annoyance.
The use of filter questions and an assessment of annoyance using only an adjectival scale are approaches not recommended by ISO/fS (2003a). The procedures followed in
the current study were chosen to minimize the possibility of
participant confusion (i .e., by asking how annoyed they are
toward the noise from a source that may not be audible).
Although there is value in confirming the response on the adjectival scale with a numerical scale, this approach would
have added length to the questionnaire, or led to the removal
of other questions. Collectively, the deviations from ISO/fS
(2003a) conformed to the recommendations by Statistics
Canada and to the approach adopted in a large-scale study
conducted by Pedersen et al. (2009).

separate models were reported for each province. This
included reporting separate chi-square tests of independence
or logistic regression models for each province. When the
interaction was not statistically significant, province was
treated as a confounder in the model. This included using the
Cochran-Mantel-Haenszel (CMH) chi-square tests for contingency tables (which adjusts for confounders), as well as
adjusting the logistic regression models for the confounder
of province.
The questionnaire assessed pru1icipant's long-term
(~ l year) annoyance to WTN in general (i.e., location not
specified), and specifically with respect to location (outdoors, indoors), time of day (morning, afternoon, evening,
nighttime) and season (spring, summer, fall, winter). In addition, participants' long-term annoyance in general, to road,
aircraft and rail noise was assessed. These evaluations of
annoyance are considered to be clustered because they are
derived from the same individuals (i.e., they are repeated
measures). Therefore, in order to compare the prevalence of
annoyance as a function of location, time of day, season, or
noise source, generalized estimating equations for repeated
measures were used to account for the clustered responses
(Liang and Zeger, 1986; Stokes et al., 2000).
Statistical analysis was performed using SAS version
9.2 (SAS Institute Inc., 2014). A 5% statistical significance
level is implemented throughout unless otherwise stated. In
addition, Bonferroni corrections are made to account for all
pairwise comparisons to ensure that the overall type I (false
positive) error rate is less than 0.05. In cases where cell frequencies were small (i .e., <5) in the contingency tables or
logistic regression models, exact tests were used a~ described
in Agresti (2002) and Stokes et al. (2000).
Ill. RESULTS
A. Wind turbine sound pressure levels at dwellings

Modeled sound pressure levels, and the field measurements used to support the models are presented in detail by
Keith et al. (2016a,b). Calculated outdoor sound pressure levels at the dwellings reached levels as high as 46 dB. Unless
otherwise stated, all decibel references are A-weighted.
Calculations are likely to yield typical worst case long-term (l
years) average WTN levels (Keith et al., 2016b).
B. Response rate

D. Statistical methodology

The analysis for categorical outcomes closely follows
the description outlined in Michaud et al. (2013), which provides a summary of the pre-data collection study design and
objectives, as well as the proposed data analysis. Final wind
turbine distance and WTN categories were defined as follows: distance categories in km 19).550; (0.550-1 ]; (1-2];
(2-5]; and >51, WTN exposure categories in dBA j < 25;
[25-30); [30-35); [35-40); and [40-46] 1- The top category
included 46 dB as only six cases were observed at 2'.45 dBA.
All models were adjusted for provincial differences.
Province was initially assessed as an effect modifier. When
the interaction between WTN and province was significant,
J . Acoust. Soc. Am . 139 (3), March 2016

Of the 2004 addresses (i.e., potential dwellings) on the
sample roster, 434 dwellings were coded as out-of-scope by
Statistics Canada during data collection (Table I). This was
consistent with previous surveys conducted in rural areas in
Canada (Statistics Canada, 2008). In the current study,
26.7 % and 20.4% of addresses were deemed out-of-scope in
PEI and ON, respectively . No significant difference in the
distribution of out-of-scope locations by distance to the nearest wind turbine was observed in PEI (/ = 3.19,
p = 0.5263). In ON, a higher proportion of out-of-scope
addresses was observed in the closest distance group
(:S0.55 km) compared to other distance groups (p < 0.05, in
all cases). After adjusting for province, there was a
Michaud et al.
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TABLE I. Locations coded out-of-scope .
Distance to nearest wind turbine (km)
(0.55-1 J

(1 - 21

(2-51

>5

37.~6. I
143
76

31.8--43.6
887
718

26 .3--40.4

14.6--30.9
95

0- 18.2

67
(33. 6)
(38.2)
(28.4)
(1 9.6)

169
158 (17.8)
109(15.2)
49 (29,0)
23 (2.6)

112
189 (24.2)
166 (24.8)
23 (20.5)
18 (2.3)

[2 (8.4)

54(6. 1)

2 (1.4)

36 (4. 1)
35 (3.9)
7 (0.8)
3(0.3)

55 (7.0)
6 1 (7.8)
50 (6.4)
4 (0.5)
1(0.1)

::;0.55
Range of WTN (dB)
Tota l potential dwe ll ings
ON
PEI
Total number of potential dwellings o ut-of-scope 11(% )h
ON
PEI
C ode A
CodcB
CodeC
Code D
Code E
CodeF

48
29
19
28

4 (2.8)
0 (0.())
2( 1.4)

781
669

60

98
80

2004
1603

35
19 (20.0)

18
20 (20.4)

9 (15.0)
10 (28.6)
5 (5.3)

14 (17.5)
6 (33.3)
8 (8 .2)

40 1
434 (21.7)
327 (20.4)
107 (26.7)
82 (4. 1)

5 (5.3)
7 (7.4)
2 (2.1)
0(0.0)
0(0 .0)

6 (6.1)

I ( 1.0)
5 (5. [ )
0(0 .0)
0(0.0)

C MH p-v,lluc"

Overall

0 .9755
<0.00()1°
0.526'.l"
0.0068

132 (6.6)
[07(5.3)

0.8299

96(4.8)
11 (0.6)
6(0.3)

"The ochrn n Mnntcl -l·lucnsicl chi-sc1uiu-c 1cs1 is used 10 udju.s1 for province. p-vn luc., < 0.05 are cun.sidcrcd m be s1:nis1ically signilicmu.
t>-ro1:1l m1111lier of potcntinl dwell ing., out or ,;cope (given ~, a 1,crccnrngc: of towl p01cnr ia l dwellings) is bmkcn do,vn by provi nce. 11.s well it is C(1ual 10 1hc surn of
Code A-F. 111c percentages of dwell ings that are coded as out-of-scope are based on the total num ber of potentia l dwe llings in the area. Code A- .tddress w,Ls a
business/du plicate/other (1 7%), address li sted in error (83%). Code B-ill1 inhabitable dwell ing unoccupied al the time of the survey, newly conslnicted dwell ing
1101 yet inlmbired . ~ vm:nnl tmilcr in a rommcrcial !miler purk.
le
,· um mcr c,,1111gc. sk.i c hule1. or ltunt ing l·umps. COll<l D-<11 1 p;inic ipmus in the dwe ll ing
were > 79 years of age. Code E-under construction, institution, or unavailable to participate. Code f~ dcmolished for unk nown reasons.
cChi-squarc test of independence.

significant association between distance groups and the
proportion of locations assigned a Code A (p = 0.0068)
(Table I). A post-collection screening of interviewer notes
by Statistics Canada has confirmed that of the total number
of Code A locations, the vast majority (i.e., 83%) were locations listed in error. In rural areas, there is more uncertainty
in developing the address list frame and this can contribute
to a higher pre valence of addresses listed in error within
0.55 km of a wind turbine where the population density is
lower compared to areas at greater setbacks .2
The remaining 1570 addresses were considered to be
valid dwellings, from which 1238 residents agreed to participate in the study (606 males, 632 females). This resulted in a
final response rate of 78.9%, which was not statistically different between ON and PEI or by proximity to wind turbines
(Table II).
C. Sample characteristics

Table III outlines demographic information for study
populations in each 5 dB WTN category. The prevalence of

employment was the only variable that appeared to consistently increase within increasing WTN levels. Household
income and education were unrelated to WTN levels. There
was no obvious pattern to the changes observed in the other
variables that were found to be statistically related to WTN
level categories (i.e., age , type of dwelling, property ownership and facade type).
D. Perception of community noise and related
variables as a function of WTN level

The prevalence of reporting to be very or extremely
(i.e., highly) noise sensitive was statistically similar across
all WTN categories (p = 0.8175). As expected and as shown
in Fig. I , visibility and audibility of wind turbines increased
with increasing WTN levels.
The overall audibility of other noise sources is shown in
Table IV. Not shown in Table IV is how often the noise
source was spontaneously repo11ed as opposed to being identified following a prompt by the interviewer (see Sec. II).

TABLE IL Sample response rate.
D istance to nearest w ind turbi ne (km)

Fina[ num ber of potentia l participants"
ON
PEI
Participanls n (% )
ON
PEI

p-va[ue

(0.55-[ )

(1 - 2]

(2-5]

>5

Overall

95

729

592

76

78

[570

47
48
7 l (74.7)
34 (72.3)
37 (77. 1)

609
120
583 (80.0)
48R (80.1)
95 (79.2)

503
89
463 (78.2)
396 (78.7)
67 (75.3)

51
25
58 (76.3)
42 (82.4)
[6(64.0)

66
12
63 (80 .8)
5 1 (77.3)
12 ( l(X).0)

1276
294
[238 (78 .9)
101 1 (79.2)
227 (77.2)

::;0.55

0.997 1b
0.7009"
0.1666"

"Potential participants from locations established to be valid dwellings (equal to the difference between "Tola) potential dwellings" and " total number of
potential dwellings out-ot~scope"; see Table I) used in the derivation of participation rates.
"The CMH chi-s4uarc test is used to adjust for prnvincc , p -v a[ues < 0.05 are conside red to be statistically significant.
cChi-sguare test of independence.
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TABLE Ill . Sample characteristics.
WTN(dB)
Variable

[25-30)

< 25

n
Range of closest turbine (km)
Range of BNTS (dB)
BNTS (dB) mean (SD)
ON
PEI
Sex n (% male)
Age mean (SE)
Marital status fl(%)
Married/Common-law
Widowed/Separated/Divorced
Single, never been married
Employed 11 (%)
Level of education 11 (%)
S High school
Trade/Certificate/Co llege
University
Income (x$ 1000) 11 (%)
< 60
60- IOO
2; 100
Detached dwelli ng 11 (%}"
ON"
PEI"
Property ownership 11 (%)
ON
PEI
Facade type 11 (%)
Fully bricked
Pnrtially bricked
No brick/other

[30-35)

[35--40)

[40---461

Ovemll
1238b

R4b

95 b

304b

521 h

234b

2.32-11 .22
35-51
43.88(3.43)
44.98 (2.88)
41.13 (3.18)
37 (44.0)
49.75 (l.78)

1.29--4.47
35-51
44.68 (2.91)
44.86 (2.7R)
43.00(3.67)
4R (50.5)
56.38 ( 1.37)

0.73-2.69
35-56
45.21 (3 .60)
45.54 (3.31)
43.R I (4.38)
150 (49.3)
52.25 (0.93)

0.44-1.56
35-57
43.29 (4. l l)
44.06 (3.86)
38.44 ( 1.59)
251 (48.2)
51.26 (0.6R)

0.25-1.05
35----ol
41.43 (4.21)
42.70 (4.25)
38.05 ( I .CXI)
120 (51.3)
50.28 (1.03)

606 (49.0)
51.61 (0.44)

54 (64.3)
16 (19.0)
14(16.7)
43 (51.8)

69 (73.4)
18 (19.I)
7 (7.4)
47 (49.5)

199 (65.7)
6 l (20. l)
43 (14.2)
161 (53 .0)

367 (70.6)
85 (16.3)
6R (13.1 )
323 (62.0)

159 (67.9)
35 (15.0)
40 (17.l)
148 (63.2)

848 (68.7)
215 (17 .4)
172 ( 13.9)
722 (58.4)

45 (53.6)
34 (40.5)
5 (6.0)

52 (54.7)
37 (38.9)
6 (6.3)

167 (55.l)
110 (36.3)
26 (8.6)

280 (53.7)
203 (39.0)
38 (7.3)

134 (57.3)
85 (36.3)
15 (6.4)

678 (54.8)
469 (37.9)
90 (7.3)

39 (51.3)
18 (23 .7)
19 (25.0)
59 (70.2)
46 (76.7)
13 (54.2)
60 (7 1.4)
45 (75 .0)
15 (62 .5)

40 (54.8)
17 (23.3)
16 (21.9)
84 (88.4)
77 (89.5)
7 (77.8)
85 (89.5)
78 (90.7)
7 (77.8)

138 (52.5)
72 (27.4)
53 (20.2)
267 (87.8)
228 (93 .1)
39(66.1)
250 (82.2)
215 (87.8)
35 (59.3)

214 (49. 1)
134 (30.7)
88 (20.2)
506 (97 .1)
437 (97. 1)
69 (97.2)
466 (89.4)
399 (88.7)
67 (94.4)

LOO (49.3)

216 (92.3)
154 (90.6)
62 (96.9)
215 (91.9)
157 (92.4)
58 (90.6)

53 1 (50.5)
300 (28 .5)
220 (20.9)
1132 (91.4)
942 (93.2)
190 (83.7)
1076 (86.9)
894 (88.4)
182 (80.2)

20 (23 .8)
24 (2R.6)
40(47.6)

30(31.6)
29 (30.5)
36 (37.9)

85 (28.0)
62 (20.4)
157 (51.6)

138 (26.5)
88 (16.9)
295 (56.6)

67 (28.6)
15 (6.4)
152 (65.0)

340 (27.5)
218 (17.6)
680 (54.9)

CMH p-value"

< 0.0001"
< 0.0001°
0.4554
0.0243d
0.2844

0.0012
0.7221

0.8031
59 (29.1)
44 (21.7)

< 0.000lr
< 0.000lr
0.0085f
< 0.000 l r
0.01:n

"The Coc hran Mantel-Haenszel chi-square test is used to adjust fo r province un less otherwise indicated, p-values <0.05 are considered to be statistically
significant.
t.rota ls may differ due to mi ssi ng data.
c Amllysis of variance (ANOVA) model.
"Non-parametric two-way ANOV A mode l adjusted fo r province.
"Non-de tached dwcll int,s ind udcd s ·111 i/d upl<l'l/11 punmc nt.
rChi-:;quarc test of indop<:ndcncc.

■ Visible

Audible

100
90
80

i.

70

-"f~ 5060

.

a.

'5
'$.

40
30
20
10
0

<25

n = 84

//-, - ~- ,

- - .,.- -

25

22

- -;-

30
72

154

-

-,-·-·
35

40

dBA
148

270

251

195

45
33

6

FIG . I. Proportion of participants as a fu nction of calculated ou tdoor A-weighted WTN levels. The figure plots the proportion of participants that
reported wind turbines were visible from anyw here on their property or au d ible fro m inside or outside tl1eir homes from the tota l number of participants with va lid responses living in each WTN leve l category.
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Among the participants who reported hearing each specific
noise source, the prevalence of spontaneously reporting road
traffic, wind turbines, rail and aircraft was 84%, 71 %, 66%,
and 30%, respectively. A total of 102 participants (8.2%)
indicated that there were no audible noise sources around
their home. These participants lived in areas where the average WTN levels were 32.4dB [standard deviation
(SD) = 8.3] and the mean distance to the nearest turbine was
1.7 km (SD= 2.0) (data not shown).
Table IV also provides the observed prevalence rates for
high (i.e., very or extreme) annoyance toward wind turbine
features . The results suggest that there was a tendency for
the prevalence of annoyance to increase with increasing
WTN leve ls, with the rise in annoyance becoming evident
when WTN levels exceeded 35 dB. The pattern was slightly
different for visual annoyance among participants drawn
from the ON sample, where there was a noticeable rise in
annoyance among participants living in areas where WTN
Michaud et al.
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TABLE IV. Perception of community noise and related variable.,.
Wind Turbine Noise (dB)
[25-30)

[30-35)

[35-40)

[40-461

Overall

CMH p-va luc"

Variable

<25

n
Sensitivity to noiscc

84b

95 b

304h

52t h

234h

1238h

14 (16 .7)

14 (14.7)

35 ( 11.6)

77 (14.8)

35(15.1)

175 (14.2)

0.8 175

Audible perception of transportation noise sources 11 (%)
Road traffic
Aircrnft
Aircraft (ON)
Aircraft (PEI)
Rail c

62 (73.8)
43 (51.2)
32 (53.3)
11 (45.8)
30 (50.0)

60 (63.2)
33 (34.7)
3 I (36.0)
2 (22 .2)
27 (31.4)

259 (85.2)
146 (48.0)
120(49.0)
26(44.1)
73 (29.8)

443 (85.0)
263 (50.5)
220 (48.9)
43 (60.6)
90(20.0)

192 (82. 1)
124 (53.0)
82 (48.2)
42 (65.6)
7 (4.1)

1016 (82.1)
609 (49.2)
485 (48.0)
124 (54.6)
227 (22.5)

0.00 13
0.2114J
0.0214J
<0.000 IJ

Perception of wind turbines
See wind turbines
Hear wind turbines

15 ( 17.9)
I (1.2)

70 (74.5)
11 (11.6)

269 (89. J)
67 (22 .0)

505 (96.9)
319 (61.2)

227 (97.0)
189 (80.8)

1086 (87.9)
587 (47.4)

< 0.0001
< 0.0001

83 (98.8)
I ( 1.2)
0 (0.0)
0 (0.0)
I (1.2)
2 (2.4)

84 (88.4)
2 (2.1)
9 (9.5)
3 (3.2)
3 (3.2)
2 (2.1)

237 (78.0)
15 (4.9)
52 (17. 1)
R (2.6)
5 (1.6)
3 (l.0)

202 (39.0)
31 (6.0)
285 (55.0)
28 (5.4)
46 (8.9)
22 (4.2)

45 ( 19.3)
12 (5.2)
176 (75.5)
19 (8.2)
22 (9.6)
6 (2.6)

651
61
522
58
77
35

3 (1.0)
17 (5.6)
17 (7 .0)
0(0.{))

32(13.7)
44 (18.9)
36 (21.2)
8 (12 .7)
34 (14.6)
36 ( 15.5)
7 (3.0)

89 (7.2)
159(12.9)
146 (14.5)
13 (5.8)
122 (9 .9)
96 (7.8)
19 ( 1.5)

11 (%)

Number of years hearing the WT 11 (%)
Do not hear
< I year
::C:: I year
Notice vibrntions/rattles indoors during WTN operntions
Highly concerned about physical safety
Formal comp laint 1

<0.0001
(52.8)
(4.9)
(42.3)
(4.7)
(6.3)
(2.8)

() _()()04

<0.0001
0.2578

Reporting a high (very or extreme) level of annoyance to wind turbine features, 11 (%)
0 (0.0)
2 (2.1)
Noise
2 (2.4)
Visual
15 (16.0)
Visual (ON)
2 (3.3)
15 (17.6)
Visual (PEI)
0 (0.0)
0 (0.0)
2 (2.4)
Blink ing lights
8 (8.5)
0 (0.0)
3 (3.2)
Shadow tl icker
0(0.0)
I (J.l)
Vibrations/rattles

17 (5.6)
6(2.0)
2 (0.7)

52 (10.0)
81 ( 15.5)
76 (16.9)
5 (7.0)
61 (11.7)
51 (9.8)
9 (1.7)

Reporting a high (very or extreme) level of WTN annoyance by time of day, 11 (%)
0(0.0)
0 (0.0)
Morning
0 (0.0)
Afternoon
0(0.0)
0 (0.0)
I (I.I)
Evening
I (I.I)
0(0.0)
Nighttime

I (0.3)
I (0.3)
2(0.7)
2 (0.7)

28
26
48
48

(5.4)
(5.0)
(9.2)
(9.2)

10 (4.3)
14 (6.1)
26 (11.3)
26 (11.3)

39
41
77
77

(3.2)
(3.3)
(6.3)
(6.3)

Reporting a high (very or extreme) level ofWTN annoyance by season,
0(0.0)
Spring
0 (0.0)
Fall
0 (0.0)
Summer
0 (0.())
Winter

I (l.l)
I (I.I)
2 (2.1)
I (I.I)

I (0.3)
2(0.7)
4 ( 1.3)
I (0.3)

45 (8.6)
42 (8.1)
50 (9.6)
38 (7,3)

22 (9.6)
22 (9.6)
31(13.7)
21 (9.2)

69
67
87
61

(5.6)
(5.5)
(7. 1)
(5.0)

Closing bedroom window to block outside noise during sleep 11 (%)
26 (31.3)

30 (3 1.6)

87 (28.7)

178 (34.3)

68 (29.2)

389(31.6)

0.8106

Source identified as cause for clos ing windowg
Road traffic
Rail
Wind turbines
Other

13 (13.7)
I ( 1.2)
2 (2 . l)
20 (21.1)

47 (15 .5)
7 (2.9)
6(2.0)
54(17.8)

77 (14.8)
10 (2.2)
79 ( 15.2)
65 ( 12.5)

24 ( 10.3)
0 (0.0)
50 (21.6)
14 (6.0)

176
24
137
165

0.116 1
0.0013
< 0.0001
0.0002

2 (2.2)
l (1.2)
I ( I I.I)
14 (20.9)

11 (4.0)
6 (2.7)
5 (9.8)
62 (36.0)

47 (9.2)
44(10.0)
3 (4.3)
136 (35. 1)

47 (20.3)
36 (21.4)
11 (17 .2)
7'J (40.7)

I IO (9.3)
87 (9.0)
23 (10.8)
311 (35.0)

11

11

<0.000 1
<0.0001 "
0.0268J
< 0.0001
< 0.0001
0.0198

(%)

(%)

Perceived benefit from having wind turbines in the area
Personal
ON
PEI
Community

15 (18.1)
6 (10.2)
0 (0.0)
12 (14.5)
11

(14.3)
(2.4)
(I I.I)
( 13.4)

(%)
3 (3.9)

0 (0.())
3 (15.8)
20(29.0)

<0.()0()IJ
0.17()(i
0.0135

"The Cochran Mamcl-Haensze l chi-s4mu-e test is used to adjust for provinces unless otherw ise indicated , p-values < 0.05 arc considered to be statistically
signilicant.
bColumns may not add to total due to missing data.
<sensitivity to noi~c rcllcct:: the prcvolcncc of p,,rti ip,1111 . th II reported t I b<: ci thc, very ur c~rrcmcly i.e .. highly) noh;c sens tivc in gcnentl.
1
' Chi•S<tuare tc.~t of independence.
cNobody reported hearing rail noise in PEI as there is no rail activity in PEI, therefore the percent is given as a percentage of ON participants
only.
'Refers to '"')'One In 1hc participant 's lmu.scltold ever lodging II liinna l complaint (includ ing. signi ng. .i pcti lion) reg.urd ing noi,sc from wind turbines.
rRcnsons for closing bedroom windows d ue II uircmn noise wns .supprcs.~cd due Lo low cell counl~ (l.c., 11 <5 ovcrnll).
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levels were between (25 and 30) dB. The prevalence of
household complaints concerning wind turbines, which
could include signing a petition regarding noise from wind
turbines, was 2.8% overall and unrelated to WTN levels
(p = 0.2578). However, complaints were found to be greater
among the PEI sample (13/224 = 5.8%), compared to ON
(22/ IO lO = 2.2%) (p = 0.0050).
Other notable observations from Table IV include the
finding that the number of participants who self-reported to
personally benefit in any way (e.g., rent, payments or indirect benefits such as community improvements) from having
turbines in their area, was not equally distributed among
provinces. In ON, reporting such benefits was significantly
related to WTN categories (p < 0.0001) and there was a
gradual increase from the lowest WTN category ( <25 dB:
0.0%) to the loudest WTN category ((40-46] dB: 21.4%),
whereas in PEI benefits were statistically evenly distributed
across the sample (p = 0.1700).
Closing bedroom windows to block outside noise during
sleep was equally prevalent across all WTN categories
(JJ = 0.8106); however, identifying WTs as the reason for
closing the window was found to be related to WTN levels
(p < 0.000 I). In the two loudest categories, [35-40) dB and
[40-46] dB, 15.2% and 21.6% of participants identified
WTN as the reason for closing bedroom windows, respectively, compared to S:2.1 % in the other WTN categories
(Table IV).
Figure 2 plots the fitted percentage highly annoyed by
WTN category overall and for ON and PEI separately. WTN
annoyance was observed to significantly increase when
WTN levels exceeded 235 dB compared with lower exposure categories (p < 0.009, in all cases). Overall, observed
prevalences of noise annoyance increased from Jess than
2.1 % in the three lowest WTN level categories to 10% in
areas where WTN levels were between [35 and 40) dB and
■ overall

□ PEI

DON

13.7% between [40 and 46] dB. Additionally, annoyance
was observed to be significantly higher in the ON sample
compared to the PEI sample_ Across all WTN categories, the
odds of being highly annoyed by WTN were 3.29 times
greater in ON compared to PEI [95% confidence interval
(Cl), 1.47-8.68, p = 0.0015]; however, the difference was
most pronounced above 35 dB.
In addition to asking participants how annoyed they
were toward WTN in general (i.e., without reference to their
particular location), other questions were designed to assess
annoyance as a function of location (i.e., indoors, outdoors).
As shown in Fig. 3, the prevalence of high annoyance was
significantly higher outdoors.
The prevalence of annoyance by time of day and season
is provided in Table IV. For WTN levels below 30dB, the
prevalence of high annoyance was very low ( < 1.2%) and
similar for all times of day. Starting at 30 dB, the percentage
highly annoyed during the evening and nighttime were significantly higher than the morning and afternoon; however
this difference was most pronounced at WTN levels :::0:35 dB.
For WTN levels below 30dB, the prevalence of high annoyance was very low ( <2.2%) and similar for all seasons. At
WTN levels :::0:35 dB, the prevalence of high annoyance during the summer was higher compared to all other seasons.
Noise annoyance toward road, aircraft and rail noise
was also assessed in the questionnaire. It was of interest to
determine how annoyance to these sources compared to
WTN ann yance. ln area where WTN levels were < 35 dB
the greatest source of noise annoyance was road traffic. In
WTN categories 235 dB, annoyance toward WTN exceeded
all other sources (p <0.0003, in all cases) (see Fig, 4).
E. Self-reported health conditions and use
of medication

Table V shows that subjectively reported sleep disturbance from any source while sleeping at home over the last
year, in addition to a multitude of health effects, were found
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FIG. 2. Prevalence of high annoyance with wind turbine noise overal l and
by province as a function of calcu lated outdoor wind turbine noise levels.
This illustrates the percentage of participants that reported to be either very
or extremely (i.e., highly) bothered, disturbed or annoyed by WTN while al
home over the last year. At home refers to either inside or outside the dwell ing. Results are shown for participants from southwestern ON, PEI, and as
an overall average. Fitted data are plotted along with their 95% contidence
intervals. Results ure shown as a function of calculated outdoor A-weighted
WTN levels at the dwelling (dBA). WTN annoyance was observed to significantly increase when WTN levels exceeded 2:35 dB compared with lower
exposure categories (p < 0.0()9, in all cases). Additionally, annoyance was
observed to be significantly higher in the southwestern ON sample compared lo the PEI sample (p = 0.0015), regardless of WTN level.
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FIG. 3. Prevalence of high annoyance with wind turbine noise by location
as a function of calculated outdoor wind turbine noise levels. Participants
were asked lo think about the last year or so and indicate how bothered, disturbed or annoyed they were by WTN while at home. The percentage of participants reporting to be either very or extremely (i.e., highly) bothered,
disturbed or annoyed is shown as a function of calculated outdoor Aweighted WTN levels at the dwelling (dBA). Figure 3 presents the fitted
results by location (i.e., indoors and outdoors) along with their 95% conlidence intervals.+ Indoor significantly different from outdoor (p < 0.001).
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FIG. 4. Prevalence of high annoyance toward different noise sources as a
funct ion of calculated outdoor wind turbine noise levels. Illustrates the percentage of participants that reported to be either very or extremely (i.e .,
highly) bothered, disturbed o r annoyed by road tmffic, aircrnn , rail and wind
turbine noise (WTN) while at home over the last year. At home refers to either inside or outside the dwelling . Resul ts represent fitted data along wi th
their 95% confidence intervals and are shown as a function of calculated
outdoor A-weighted WTN levels at the dwelling (dBA). ' WTN significantly
different from road traffic and rail noi se (p < 0.001); H WTN si gnificantly
different from road trarfic (p < 0.00 1);
WTN significantly different from
aircraft noise (p < 0.00 I), ++ + 1 WTN significantly different from road trnffic , mil , and aircraft noise (p < 0.0003).

H-,

to be unrelated to WTN levels. Similarly, medication use for
high blood pressure, anxiety or depression was also found to
be unrelated to WTN levels . Although sleep medication use
was significantly related to WTN levels (p = 0.0083), the
prevalence was higher among the two lowest WTN categories ( < 25 dB and [2S-30) dB l (see Table V).
IV. DISCUSSION

The prevalence of self-reporting to be either "very" or
"extremely" (i.e., highly) annoyed with several wind turbine
features increased significantly with increasing A-weighted
WTN levels. When classified by the prevalence of reported
annoyance overall, and in areas where WTN levels exceeded
35 dB, annoyance was highest for visual aspects of wind turbines, followed by blinking lights, shadow flicker, noise and
vibrations. Consistent with Pedersen et al. (2009), the
increase in WTN annoyance was clearly evident when moving from [30-3S) dB to [35-40) dB, where the prevalence of
WTN annoyance increased from l % to 10%. This continued
to increase to 13.7% for areas where WTN levels were
1.40-461 dB. The prevalence or WTN annoyance wru higher
outdoors, during the summer, and during evening and nighttime hours. Pedersen et al. (2009) also found that annoyance
with WTN was greater outdoors compared to indoors.
Despite a similar pattern of response between the ON
and PEI samples, the self-reported WTN annoyance was
3.29 times greater in ON, a difference that was most pronounced at the two highest WTN categories. This difference
is in contrast to the prevalence of household complaints
related to wind turbines. Even though the overall prevalence
of such complaints was low (i.e., 2.8%), complaints were
more likely in PEI (5.8%) compared to ON (2.2%). The reasons for this difference despite greater reported annoyance in
ON are unclear. Research has shown that there are several
contingencies that must be met before someone that is highly
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annoyed will complain (Michaud et al., 2008). Such contingencies include knowing who to complain to, how to file a
complaint and holding the belief that the complaint will
result in positive change. The fact that the prevalence of
complaints regarding wind turbines was unrelated to WTN
levels is another indication that complaints do not always
correlate well with changes in noise exposure (Fidell et al.,
1991 ). The motives underlying household complaints were
not assessed in the present study, but the disparity found
with annoyance could also be related to the wording used in
the questionnaire. The prevalence of complaints was the one
question where the respondent answered on behalf of the
entire household.
More participants reported that they were highly
annoyed by the visual aspects of wind turbines than by any
other feature, even at higher WTN levels. Similar to WTN
annoyance, the overall prevalence of annoyance with the visual impact of wind turbines was more than twice as high in
the ON sample, and more prevalent across the exposure categories when compared to PEI. In the PEI sample, no participants reported visual annoyance in areas where WTN levels
were below 3S dB . This is in contrast to a clear intensification in visual annoyance among the ON sample in areas
where WTN levels were (25-30) dB. Exploring the variables
that may underscore provincial differences was not within
the scope of the current study. The questionnaire was not
designed to probe underlying factors that may explain
observed provincial differences; however, reported personal
benefit from having wind turbines in the area was found to
be different between the ON and PEI samples (Table IV).
Shepherd et al. (2011) assessed annoyance in response
to WTN, but not in a manner that would permit comparisons
with the Swedish (Pedersen and Persson Waye, 2004, 2007),
Dutch (Janssen et al., 2011 ; Pedersen et al., 2009) or the current study. Shepherd et al. (2011) reported that 59% of participants living within 2 km of a wind turbine installation
spontaneously identified wind turbines as an annoying noise
source, with a mean annoyance rating of 4.59 (SD, 0.6S)
when the 5 category adjectival scale was analyzed as a numerical scale from O to 5. No exposure-response relationship
could be assessed because the authors did not provide an
analysis based on precise distance or as a function of WTN
levels, which they reported to be between 20 and SO dB
among participants living within 2 km of a wind turbine.
This encompasses the entire WTN level range in the CNHS.
As such, the only tentative comparison that can be made
between the current study and the Shepherd el al. (2011)
study would be that the observed prevalence of highly
annoyed (i.e., "very" or "exlremely") within 2 km of the
nearest wind turbine was 7 .0%. These data are not shown
because the focus of the current study was on WTN levels
and an analysis based solely on distance to the nearest turbine does not adequately account for WTN levels at any
given <lweiling. WTN is a more sensitive measure of exposure level because, in addition to the distance to the turbine,
it accounts for topography, presence of large bodies of water,
wind turbine characteristics, the layout of the wind fatm and
the number of wind turbines at any given distance.
Michaud et al.
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TABLE V. Sample profile of hculth conditions.
Wind turbine noise (dB)
Variable

11

(%)

n
Health worse vs last yea r "
Migraines
Dizziness
Tinnitus
Chronic pai n
Asthma
Arthritis
High blood pressure ( BP)
Medication for high BP
Family hi story of hi gh BP
Chronic bronchitis/emphysema/COPD
Diabetes
Heart di sease
Highly sleep disturbed"
Diagnosed sleep disorder
Sleep medication
Restless leg syndrome
Restless leg syndrome (ON)
Restless leg syndrome (PEI)
Medication anxiety or depression
QoL past month,.
Poor
Good
Satisfaction with heallhr
Dissatisfi ed
Satisfied

[25-30)

[30-35)

{35-40)

95h

14(14.7)

304b
46 (15. 1)
56 (18.4)
65 (2 1.4)
7 1 (23.4)
75 (24.8)
22 (7 .2)
98 (32.2)
8 1 (26.8)
84 (27.6)
132 (45.5)
17 (5.6)
33 ( 10.9)
31 (10.2)
4 1 (13.5)
27 (8.9)
39 ( 12.8)
37 (1 2.2)
27 ( I 1.0)
10 ( 16.9)
35 (I 1.5)

9 ( 10.8)
74 (89.2)

3 (3 .2)
92 (96.8)

2 1 (6.9 )
283 (93 .1)

13 ( 15.5)
71 (84.5)

13 (13.7)
82 (86.3)

49( 16. 1)
255 (83.9)

< 25
84"
17 (20.2)
18 (2 1.4)
19 (22.6)
21 (25.0)
20 (23.8)
8 (9 .5)
23 (27.4)
24 (28.6)
26 (31.3)
44 (52.4)
3 (3.6)
7 (8.3)
8 (9.5)
13( 15.7)
13 ( 15.5)
16(19.0)
7 (8.3 )
4(6.7 )
3 (12.5)
11 ( 13. 1)

12 ( 12.6)
24 (25.3)
16(16.8)
18 ( 18.9)
23 (24.2)
12 ( 12.6)
38 (40.0)
36 (37.9 )
34 (35.8)
49 (53.8)
10 ( 10.8)
8 (8.4)
7 (7.4)
11 (11.6)
10 (10.5)
18 ( 18.9)
16 ( 16.8)
15 ( 17.4)
I (I I.I)

CMH" p-vulue

[40-461

Overall

52 Jb

234b

90 ( 17.3)
134 (25.8)
I 14 (21.9)
129 (24. 8)
11 8 (22.6)
43 (8 .3)
175 (33.7)
166 (32.0)
163 (31.3)
254 (50.6)
27 (5.2)
46 (8. 8)
32 (6. 1)
75 (1 4.5)
44 (8.4)
46 (8. 8)
81 ( 15.5)
78 (1 7.3)
3 (4.2)
59 ( 11.3)

51 (21.8)
57 (24.4)
59 (25 .2)
54 (23.2)
57 (24.5)
16 (6.8)
68 (29.1)

1238h
216 (17.5)
289 (23.4)
273 (22. 1)
293 (23.7)
293 (23.7)
IO I (8.2)
402 (32.5)

65 (27 .8)
63 (27.0)
121(53.ll)
14 (6.0)
19 (8.2)
17(7.3)
24 (10.3)
25 (J0.7)
29 (12.4)
33 ( 14. 1)
28 ( 16.5)
5 (7 .8)
23 (9.8)

372 (30.2)
370 (29.9)
600 (50.3)
7 1 (5.7)
113 (9. 1)
95 (7.7)
164 ( 13.3)
119 (9.6)
148( 12.0)
174(14. 1)
152( 15.0)
22 (9.7)
142 ( 11.5)

29 (5.6)
492 (94 .4)

20 (8 .6)
2 13(9 1.4)

82(6.6)
11 54 (93 .4)

0.98 14

66 ( 12.7 )
455(87.3)

36 ( 15.4)
198 (84.6)

177 (14.3 )
106 1 (85.7)

0.7262

0.1 724
0.2308
0.2575
0.7352
0.8999
0.2436
0.6397
0.7385
0.4250
0.601 5
0.7676
0.689()
0.2 110
0.4300
0.3 102
0.0083
0.0629"
0.1628c
0.2470

"The Cochran Mantel- Hacnszel chi-square test is used lo adjust for prov inces unless otherw ise indicated, p-va lues < 0.05 are considered lo be statistically
significa nt.
"Colum ns may not add to total due to missing data.
cworse consists of the two ratings: "Somewhat worse no w" and uMuch worse nmv. n
JHigh sleep disturbance consists of the two mtings: " 1•e1y" and "extremely" s leep d isturbed.
"Chi-square test of inde pendence.
,.Quality of Life (Qo L) and Satisfaction with Health were assessed with the two stand-alone questions on the WHOQOL-B REF. Reporting "poor" overall QoL
reflects a response of "p(Jor" or " very poor," and "rwo,f' reflects a response of "neither poor nor good," "good," or " l'ery .~ood." Reporting "dissati.<}ied" overall Satisfaction with Hea lth reflects a response of " l'ery dissatisfie,r• or "dissati.<}ied," and "sa1isfie,f' rellects a response of "neither sati.<}ied nor dissatisfied,"
".rntisfied," or "ve,y satisfied." A detailed presentatio n of the results related to QoL is presented by Feder et al. (2015) .

It was important to assess the extent to which the sample
was homogenously distributed, with respect to demographics
and community noise exposure. The reason for this is that the
validity of the exposure-response relationship is strengthened
when the primary distinction across the sample is the exposure of interest; in this case, WTN levels. Demographically,
some minor differences were found with respect to age,
employment, type of dwelling and dwelling ownership; however, with the possible exception of employment, these factors
showed no obvious pattern with WTN levels and none were
strong enough to exert an influence on the overall results. At
the design stage, there was some concern that selecting participants up to 10 km might result in an unequal exposure to
community noise sources other than WTN. This may have an
influence on the underlying response to WTN. Limited data
availability did not permit the modeling of sound pressure levels from other noise sources as originally intended, however it
was possible to model BNTS levels. Although Fields (1993)
J. Acoust. Soc. Am. 139 (3), March 2016

concluded that background sound levels generally do not
influence community annoyance, his review did not include
wind turbines as a noise source and in the current study
BNTS levels were calculated to be lower in areas where
WTN levels were higher. Lower BNTS could contribute to a
greater expectation of peace and quiet. Therefore, a limitation
in the CNHS may be that the expectation of peace and quiet
was not explicitly evaluated. This factor may influence the
association between long-term sound levels and annoyance by
an equivalent of up to 10 dB (ANSI, 1996; ISO, 2003b). The
influence this factor may have had on the exposure-response
relationship found specifically between WTN levels and the
prevalence of reporting high annoyance with WTN in the
CHNS is discussed in Michaud et al. (20 l6a).
In the absence of modeling, the audibility of road traffic,
aircraft and rail noise provided a crude indication of exposure to these sources. In general, road traffic noise exposure
was heard by the vast m ajority of the sample (82. 1% ).
Michaud et al.
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Aircraft noise was uniformly audible in ON by about half
the sample; in PEI however, hearing aircraft was more common in the higher WTN exposure categories (i.e., above
35 dB) where between 61 % and 66% of the respondents indicated that they could hear aircraft. Future research may benefit from assessing the extent to which audible aircraft noise
may have influenced the annoyance with WTN in PEI. Only
when WTN levels were [40-46] dB was the audibility of
wind turbines comparable to road traffic (i.e., both sources
were audible by approximately 81 % of participants). For
these community noise sources, participants were asked how
bothered, disturbed, or annoyed they were while at home
over the last year or so. The findings are of interest in light
of the source comparisons made by Pedersen et al. (2009)
and Janssen et al. (2011), which placed WTN annoyance
above all transportation noise sources when comparing them
at equal sound levels. In the current study, the overall annoyance toward WTN (7.2%) was found to be higher in comparison to road (3.8%), aircraft (0.4%), and rail in ON (1.9%).
Source comparisons need to be made with caution because
the observed source differences in annoyance may result
from an actual difference in sound pressure levels at the
dwellings in this study. Modeling the sound levels from
transportation noise sources in the current study would allow
a more direct comparison between these sources and WT
annoyance at equivalent sound exposures. Another approach
is to assess the relative community tolerance level of WTN
with that reported for road and aircraft noise studies. This
analysis indicates that there is a lower community tolerance
level for WTN when compared to both road and aircraft
noise at equivalent sound levels (Michaud et al., 2016a).
The list of symptoms that are claimed to be caused by
exposure to WTN is considerable (Chapman, 2013), but
there is a lack of robust evidence from epidemiological studies to support these associations (Council of Canadian
Academies, 2015; Knapper et al., 2014; MassDEP MDPH,
2012; McCunney et al., 2014; Merlin et al., 2014). The
results from the current study did not show any statistically
significant increase in the self-reported prevalence of chronic
pain, asthma, arthritis, high blood pressure, bronchitis, emphysema, chronic obstructive pulmonary disease (COPD),
diabetes, heart disease, migraines/headaches, dizziness, or
tinnitus in relation to WTN exposure up to 46 dB. In other
words, individuals with these conditions were equally distributed among WTN exposure categories. Similarly, the
prevalence of reporting to be highly sleep disturbed (for any
reason) and being diagnosed with a sleep disorder were unrelated to WTN exposure. These self-reported findings are
consistent with the conclusions reached following an analysis of objectively measured sleep among a subsample of the
current study participants (Michaud et al., 2016b).
Medication use (for anxiety, depression, or high blood pressure) was unrelated to WTN levels. It is notable that the
observed prevalence for many of the aforementioned health
effects are remarkably consistent with large-scale national
population-based studies (Innes et al., 2011 ; Kroenke and
Price, 1993; Morin et al., 2011 ; O'Brien et al., 1994;
Shargorodsky et al., 20IO).
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V. CONCLUDING REMARKS

Study findings indicate that annoyance toward all features related to wind turbines, including noise, vibrations,
shadow flicker, aircraft warning lights and the visual impact,
increased as WTN levels increased. The observed increase
in annoyance tended to occur when WTN levels exceeded
35 dB and were undiminished between 40 and 46 dB.
Beyond annoyance, the current study does not support an
association between exposures to WTN up to 46 dB and the
evaluated health-related endpoints. In some cases, there
were clear differences between the southwestern ON and
PEI participants; however, exploring the basis beh ind these
differences fell outside the study scope and objectives. The
CNHS supported the development of a model for community
annoyance toward WTN, which identifies some of the factors that may influence this response (Michaud et al.,
2016a). At the very least, the observed differences reported
between ON and PEI in the current study demonstrates that
even at comparable WTN levels, the community response to
wind turbines is not necessarily uniform across Canada.
Future studies designed to intentionally explore the factors
that underscore such differences may be beneficial.
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The Community Noise and Health Study conducted by Health Canada included randomly selected
participants aged 18-79 yrs (606 males, 632 females, response rate 78.9%), living between 0.25 and
11.22 km from operational wind turbines. Annoyance to wind turbine noise (WfN) and other features, including shadow flicker (SF) was assessed. The current analysis reports on the degree to which
estimating high annoyance to wind turbine shadow flicker (HAWTsF) was improved when variables
known to be related to WTN exposure were also considered. As SF exposure increased [calculated as
maximum minutes per day (SFm)l, HAwTsF increased from 3.8% at O:S: SF111 < 10 to 21.1 % at
SFm 2: 30, p < 0.()()() 1. For each unit increase in SF111 the odds ratio was 2.02 [95% confidence interval:
( 1.68,2.43)]. Stepwise regression models for HAwTsF had a predictive strength of up to 53% with
10% attributed to SF111 • Variables associated with HAwTSF included, but were not limited to, annoyance to other wind turbine-related features, concern for physical safety, and noise sensitivity.
Reported dizziness was also retained in the final model at p = 0.0581. Study findings add to the growing science base in this area and may be helpful in identifying factors associated with community
reactions to SF exposure from wind turbines. © 2016 Crown in Right of Canada. All article content,
except where otherwise noted, is licensed under a Creative Commons Attrihution (CC BY) license
(http://creativecommons .orglIicense sfhy/4 .Of). [h ttp://dx.doi.org/ 10.1121 /1 .4942403]
[JFL]

Pages: 1480--1492

I. INTRODUCTION
There are a growing number of studies that have assessed
community annoyance to wind turbine noise (WTN) exposure
using modeled WTN levels and/or proximity to wind turbines
(WTs) (Pedersen and Persson Waye, 2004, 2007; Pedersen
et al., 2007; Pedersen et al., 2009; Pedersen, 2011 ; Verheijen
et al., 2011 ; Pawlaczyk-Luszczynska et al., 2014; Tachibana
et al., 2014). Adding to these findings are the results from the
Health Canada Community Noise and Health Study (CNHS)
a)Electronic mail: david.michaud@canada.ca
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where it was found that the prevalence of self-reported high
annoyance to several WT features, including noise, vibrations,
visual impact, blinking lights, and shadow flicker (SF)
increased with increasing exposure to modeled outdoor Aweighted WTN levels (Michaud et al., 2016b).
This suggests that in addition to providing an estimate of
WTN annoyance, modeled WTN levels could also be used to
estimate a1111uyance from other WT-related variables.
Although there is a benefit to using WTN to estimate multiple
community reactions, the advantages of a more parsimonious
exposure assessment may not necessarily be the best approach
for estimating annoyance responses that are based on visual
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perception. These reactions may be estimated with more accuracy with an exposure model that estimates the visual exposure that is presumably causing annoyance. In this regard,
there was an opportunity in the CNHS to investigate the prevalence of high annoyance to wind turbine shadow flicker
(HAwTsF) using a commercially available model for SF
exposure.
WT SF is a phenomenon that occurs when rotating blades
from a WT cast periodic shadows on adjacent land or properties [Bolton, 2007; Department of Energy and Climate
Change (DECC), 2011 ; Saidur et al., 2011 ]. The occurrence
of SF is determined by a specific set of variables that include
the hub height of the turbine, its rotor diameter and blade
width, the position of the Sun, and varying weather patterns,
such as wind direction, wind speed, and cloud cover [Harding
et al., 2008; Massachusetts Department of Environmental
Protection (MassDEP) and Massachusetts Department of
Public Health (MDPH), 2012; Katsaprakakis, 2012]. As the
onset of shadow flickering wi ll on ly occur when the WT
blades are in motion, it will a lways be associated with at least
some level of WTN emissions. When studying the effecL~ of
SF, it is therefore important to also consider personal and situational variables that have been assessed in relation to WTN
annoyance. These include, but are not limited to, noise sensitivity, concern for physical safety, reported health effects,
property ownership, presence of WTs on property, type of
dwelling, personal benefit, etc. (Michaud et al., 20 l 6a).
Unlike annoyance reactions, conceptually, "concern for physical safety" from having WTs in the area was not considered
to necessarily be a response to operational WTs. Rather, this
is more likely to reflect an attitudinal variable that could exert
an infl uence on the response to SF. This would align with the
research that has repeatedly demonstrated that "fear of the
source," but not its associated noise, has been found to have
an influence on noise annoyance (Fields, 1993).
The current analysis follows the approach presented by
Michaud et al. (2016a). Two multiple regression models are
provided for HAwTSF• The first model is unrestricted, with
variables retained in the model based solely on their statistical strength of association with HAwrsF• In contrast, the second model can be viewed as reslricted, insofar as variables
that are reactions to WT operations are not considered. The
rationale for two models is that while the unrestricted model
reports on all of the variables that were fou nd to be most
strongly associated with H WTSF in the current study, the
restricted model may yield information that could be used to
identify annoyance mitigation measures and other methods
of accounting fo r HAwrsh over and above reducing SF
exposure levels.

sampling frame has been described by Michaud et al. (2013)
and Michaud et al. (2016b) . Briefly, the study locations were
drawn from areas in southwestern Ontario (ON) and Prince
Edward Island (PEI) having a relatively high density of
dwellings within the vicinity of WTs. Preference was also
given to areas that shared similar features (i.e., rural/semirural, flat terrain, and free of significant/regular aircraft exposure that could confound the response to WTN). There were
2004 potential dwellings identified from the ON and PEI
sampling regions which included a total of 3 15 and 84 WTs,
respectively. T he WT electrical power outputs ranged
between 660 kW and 3 MW, with hub heights that were predominantly 80 m. To optimize the statistical power 1 of the
study in order to detect an association between WTN and
health effects, aU identified dwellings withi n 600 m from a
WT were sampled, as occupants in these dwellings would be
exposed to the highest WTN levels. Dwelli ngs at further distances were randomly selected up to 11.22 km from a WT.
This distance was selected in response to public consultation,
and to ensure that exposure-response assessments would
include participants unexposed to WTN. The target population consisted of adults aged 18 to 79 yrs.
This study was approved by the Health Canada and
Public Health Agency of Canada Review Ethics Board
(Protocol Nos. 2012-0065 and 2012-0072).
B. Data collection
1. Questionnaire content and administration

A detailed description of the questionnaire content, pilot
testing, administration, and the approaches used to increase
participation have been described in detail by Michaud et al.
(2016b), Michaud et al. (2013), and Feder et al. (2015).
Briefly, the questionnaire instrument included modules on
basic demographics, noise and shadow annoyance, health
effects (e.g., tinnitus, migraines, dizziness), qual ity of life,
sleep quality, perceived stress, lifestyle behaviours, and
chronic diseases.
Data were collected by Statistics Canada who communicated all aspects of the study as the CNHS. T his was an
attempt to ma~k the study's true intent, which was to assess
the community response to WTs. This approach is commonly
used to avoid a disproportionate contribution from any group
that may have distinct views toward the study subject. Sixteen
( 16) interviewers collected study data through in-person interviews between May and September 2013 in southwestern ON
and PEI. Once a roste r of all adults aged 18 to 79 yrs living in
the dwelling was compiled, a computerized method was used
to randomly select one adult from each household. No substitution was permitted under any circumstances.

II. METHODS
A. Sample design
1. Target population, sample size and sampling frame
strategy

A detailed descriptio n of the study design and methodology, the target population, final sample size, and allocation
of participants, as well as the strategy used to deve lop the
J. Acoust. Soc. Am. 139 (3), March 2016

2. Defining percent highly annoyed by SF exposure

As part of the household interview, participants were
asked if they could sec WTs from anywhere on the ir pruperty. Participants that indicated they could see WTs were
then asked to rate their magnitude of annoyance with
"shadows or _flickers of light" (hereafter referred to as SF
annoyance) from WTs by selecting one of the following
Voicescu et al.
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categories: "not at all," "slightly," "moderately," "very," or
"extremely." Consistent with the approach recommended in
ISO/fS-15666 (2003), the top two categories were collapsed
to create a "highly annoyed" group (i.e., HAwrsF). This
group was compared to a group defined as "not highly
annoyed'' which consisted of all other categories, including
those who did not see WTs. The same approach was taken
for defining the percentage highly annoyed by WTN
(Michaud et al., 2016a).
C. Modeling WT SF

SF expo ·ure was ca lcu lated for all dwellings with
Wind Pro v. 2.9 sohwure (EMO International®, 2013a,b). The
model estimated SF exposure from all possible visible WTs
from a particular dwelling. WindPro sets the maximum
default distance that is used to create this exposure area to be
2 km from a WT, based on available German nationwide
requirements (German Federal Ministry of Justice, 201 I;
EMO International®, 2013a,b). Be yond this distance, the
model assumes that shadow exposure will dissipate before
reaching dwellings. At 2 km an object must be at least 17 .5 m
wide to be able to fully cover the Sun's disk and thus cause a
maximum variation in light intensity. As WT blades are much
narrower, the sun light will only be partially blocked and the
variation in light intensity will be considerably decreased.
Other calculation parameters were set for the astronomical
maximum shadow d urations (i.e., worst ca~e) including: solar
e levation angles greater than 3° above the horizon; no clouds;
constant WT operation; and rotor and dwelling facade perpend icular to the rays of the Sun (German Federal Ministry of
Justice, 2011 ). Base maps set within the appropriate UTM
grid zones for the studied areas were fitted with local height
contours and land cover data for forested areas (Natural
Resources Canada, 2016). Average tree heights for the most
common tree species were estimated for both provinces
(Gaudet and Profitt, 1958; Peng, 1999; Sharma and Parton,
2007: chneicler and Pautler, 2009; Ontario Mini try of
Natural Resources, 2014) as vegetation can block the line of
sight of a turbine and thus may reduce SF exposure
[Massachusetts Department of Environmental Protection
(MassDEP) and Massachusetts Department of Public Health
(MDPH), 2012; EMO International®, 2013a,b]. The model
calculates SF exposure at the dwelling window, which factors
in window dimensions, window height above ground, and
window distance from room floor for all dwellings. In the current study, the WindPro default window dimension
( I m x l m) and distance from the bottom of the window to
the room floor(! m) were considered to be representative of
the dwellings in the CNHS. With regards to dwelling height,
the default value in WindPro is 1.5 m from the ground; however, in order to be consistent with modeled WTN and standard practice in Canada (ONMOE, 2008; Keith et al., 2016), a
dwelling height of 4 m was chosen. The "greenhouse" mode
for SF exposure calculation was used, which considers that
the dwelling window can be affected by SF from all possible
directions by all WTs within the line of sight of a dwelling.
As a result, the calculations provided worst-case SF exposure
for all dwelling windows from each facade .
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As mentioned above, SF occurs together with noise emissions. Therefore, WTN levels considered in this analysis are
based on the calculations presented by Keith et al. (2016).
D. Model uncertainties

There are some limitations associated with the current
available SF calculation models, which may have an influence
on the analysis of the study responses. With regards to this
particular model, there are uncertainties regarding the specific
distance from a WT where SF ceases to be visible, when the
worst-case scenario method is employed (EMO International,
2013a,b). However, when applying Weber's Law of Just
Noticeable Difference (Ross, 1997) to the turbines in this
study, the distance at which the shadow flickering ceases to be
noticeable falls within the 2 km exposure range, which is in
line with the software default parameters. Even the combined
uncertainty of ±55 m that is associated with using GPS to
estimate the location of the dwellings and the location of the
Wfs in the study (Keith et al., 2016), is not likely to have a
large impact on SF exposure near the WindPro 2 km default
exposure lim it. The impact of this uncertainty increases with
decreasing distance between the dwelling and WT (Fig. I).
This is especially the case in the North to South orientation
relative to the WT (e.g., dwelling H, Fig. 1). In a worst case
scenario, due to the nature of SF exposure, at close distances
to the WT it is possible that dwellings could be misclassified
as having no exposure when they may in fact receive high levels of SF exposure or vice-versa (e.g., dwelling E, Fig. l).
Shadow areas a~ well as turbine and dwelling points were
plotted using WindPro v. 3.0 (EMD International®, 2015) and
Global Mapper v.14 (Blue Milrble Geographies®, 2012).
These plots indicate that approximately IO% of the dwellings
included in the analysis are at risk of being misclassified with
regards to their respective SF exposure groups (Sec. IIE).
E. Statistical analysis

The analysis for categorical outcomes follows very
closely the description as outlined in Michaud et al. (2013).
SF exposure groups were delineated in the following manner:
• in hours per year (SF1i): (i) 0 ::; SF,, < 10, (ii) 10::; SF,,
< 30, and (iii) SF,, 2 30;
• in days per year (SF"): (i) 0::; SF"< 15, (ii)
15::; SF"< 45, and (iii) SF" 2 45;
• in maximum minutes per day (SF,,,): (i) 0 ::; SF,,, < IO, (ii)
10::; SF,,, < 20, (iii) 20 ::; SFm < 30, and (iv) SF111 2 30.
The Cochran-Mantel-Haenszel (CMH) chi-square test
was used to detect associations between sample characteristics
and SF exposure groups while controlling for province. As a
first step to develop the best predictive model, univariate
logistic regression models for HAwTSF were fitted, with SF,,,
categories as the exposure of interest, adjusted for province
and a predictor of interest. It should be emphasized that potential predictors considered in the unival'ialt: analysis have been
previously demonstrated to be related to the modeled endpoint
and/or considered by the authors to conceptually have a
potential association with the modeled endpoint. In the absence of other possibly important predictors, the interpretation
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of any individual relationsh ip in the univariate analysis must
be made with caution as it may be tenuous.
The unrestricted and restricted multiple logistic regression models for HAwTsF were developed using stepwise
regression with a 20% significance entry criterion fo r predictors (based upon univariate analyses) and a 10% significance
criterion to remain in the model. The stepwise regression
was carried out in three differe nt ways: (I) the base model
included exposure to SF111 categories and province; (2) the
base model incl uded exposure to SF111 categories, province,
and an adjustment for participants who reported receiving
personal benefit fro m having WTs in the area; and (3) the
base model included exposure to SF111 categories and province, conditioned on those who reported receiving no personal benefit. In all models, SFm categories were treated as a
continuous variable. The unrestricted model aimed to identify variables that have the strongest overall association with
HAwTSF· In the restricted model, the variables not considered for entry were those that were subjective responses to
WT operations, such as high annoyances to visual, blinking
lights, noise, vibrations, the World Health Organization
(WHO) domain score, as well as the two standalone WHO
questions (Quality of Life and Satisfaction with Health) and
the perceived stress scale (PSS) scores.
Exact tests were used in cases when cell frequencies
were < 5 in the contingency tables or logistic regression
models (Stokes et al., 2000; Agresti, 2002). All models were
adjusted for provincial differences . Province was initially
assessed as an effect modifier. Since the interaction between
modeled SF exposure and province was never statistically
significant, prov ince was treated as a confounder in all of the
regression mode ls. The Nagelkerke pseudo R2 and HosmerLemeshow (H-L) p-value are reported for all logistic regression models. The Nagelkerke pseudo R2 indicates how useful
J . Acoust. Soc. Am . 139 (3), March 2016

the explanatory variables are in predicting the response variable. When the p-value from the H-L goodness of fit test is
>0.05, it indicates a good fit.
Statistical analysis was performed using Statistical
Analysis System (SAS) version 9.2 (2014). A 5% statistical
significance level was implemented throughout unless otherwi se stated. In addition, Bonferroni corrections were made
to account for all pairwise comparisons to ensure that the
overall Type I (false positive) error rate was less than 0.05.
Ill. RESULTS
A. Response rates, WT SF and WTN levels at
dwellings

Of the 2004 potential dwellings, 1570 were valid dwellings2 and 1238 individuals agreed to participate in the study
(606 males, 632 females). This produced a final response
rate of 78.9%. Table I presents information about the study
population by the SF,,, categories, as this exposure parameter
was found to be the most strongly associated with HAwTS F
when compared to shadow exposure in hours per year (SF,,)
and total shadow days per year (SF") (see Sec. III B). The
majority of respondents were located in the two lowest SF
exposure groups, i.e ., 0 ::; SF,,, < JO (n = 654, 53.0%) and
10 ::; SF,,, < 20 (n = 233, 18.9% ), and the least number of
respondents (n = 161 , 13.1 %) were situated in areas where
SF,,, 2 30. Employment (p = 0.0186), household annual
income (p = 0.0002), and ownership of property in PEI
(p < 0.0001) were significantly related to SF categories
(Tablt: I). Participants receiving personal benefits from having WTs on their properties were not equally distributed
between SF categories (p < 0.0001) with the greatest proportion of these participants situated in areas with SF,,, 2 20.
Self-repo1ted prevalence of health effects such as migraines/
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TABLE I. Sample characteristics by SF exposure.
Shadow flicker exposure (SF,,.)
Variable

o ::; sF,,. < 10

SFh min-max"
SF,1 min- maxd

$ H igh School
Trade/Certificate/Coll ege
University
Household income (x$ 1000)

11

SF., 2'. 30

Overall
[238b

234b

[85b

J62b

6.07--02.65
28-228

0.40--11.22
1.38, 8.54

0.33- 1.1 8
0.81 , 1.05

l 5.05-136.67
39---242
0.25--0.84
0.60, 0.78

< 25--43
33, 41
I 33 (20.3)
25 (3.8)
38 (5.8)
20 (3. 1)
44(6.7)
54 (8.3 )
70 ( 10.7)
8 (1.2)
3 I 8 (48.4)
51.91 (0.7 1)

29--43
36,41
11 (4.7)
12 (5 .2 )
14(6.0)
JO (4.3)
15 (6.4)
21 (9.0)
33 (14. 1)
0(0.0)
120 (51.3)
50.71 (1.13)

32-45
38,42
3 (1.6)
25 (13.5)
18 (9.7)
6 (3.2)
22 (l 1.9)
26(14.1)
30 ( 16.2)
5 (2.7)
95 (51.4)
50.44(1.21)

35--46
40,45
2 (1.2)
34 (21.1)
19 (11.8)
11 (6.8)
21 (13.0)
21 (13.0)
26(16.2)
6 (3.8)
73 (45.1)
51.Cll ( 1.25)

149 (12.1)
96 (7 .8)
89 (7 .2)
47 (3.8)
l02 (8.3)
122 (9.9)
159 (12.9)
19 (1.5)
606 (49.0)
51.61 (0.44)

73 (60.3)
22 ( 18,2)
26 (2 1.5)

16 (80.0)
2 (10.0)
2 ( 10.0)

29 (87.9)
I (3.0)
3 (9. 1)

38 (71.7)
8 (15.1)
7 (13 .2)

156 (68.7)
33 (1 4.5)
38 (16.7)

371 (69.5)
l03 (19.3)
60 (11.2)
359 (54.7)
50 ( 14.0)

137 (64.0)
38 (17 .8)
39 (18.2)
149 (63 .7)
25 (16.9)

l lO (72.8)
21 (13.9)
20 (13.2)
111 (60.0)
6 (5.5)

74 (67.9)
20 (1 8.3)
15 (13.8)
103 (63.6)
17 (16.7)

692 (68.7)
182 (18. 1)
134 ( 13.3)
722 (5 8.4)
98 (13 .7)

357 (54.4)
254 (38.7)
45 (6.9)

130 (55.6)
87 (37.2)
17 (7 .3)

100 (54.1)
72 (38.9)
13 (7.0)

91 (56.2)
56 (34.6)
15 (9.3)

678 (54.8)
469 (37.9)
90 (7.3)

300 (53.3)
155 (27.5)

111 (55.5)
56 (28.0)
33 (16.5)
20 ( 100.0)
188 (87.9)
19 (8.4)

70 (45.5)
43 (27.9)
41 (26.6)
31 (93.9)
134 (88.2)
23 (12.6)

50 (37.3)
46 (34.3)
38 (28.4)
48 (90.6)
101 (92.7)
31 (19.5)

531
300
220
182
894

Q--{i2

Distance between dwe llings m1d nearest WT (km) min-max
Distance between dwell ings and nearest WT (km) 50th,
95th percentiles
WTN level (dB) min-max
WTN level (dB) 50th, 95th percenti les
Do not sec WT 11 (%)
H igh ly m1noyed to WTSP' n (%)
Highly annoyed by WTN (e ilhcr indoors or ouldoors)° 11 (%}
Highly an noyed by WTN indoors0 11 (%)
Highly annoyed by WTN ouldoorsc 11 (%)
Highly annoyed by WT blin king lightsc n (%)
H ighly annoyed visually by WT° 11 (%)
Highly annoyed by WT vibrations 0 11 (%)
Sex 11 (%males)
Age mean (SE)
Marital S1atus (PEI) 11 (%)
Married/Common-law
Widowed/Separated/Di vorccd
Single, never been married
Marital Slatus (ON) 11 (%)
Married/Common-law
W idowed/Separated/D ivorced
Single, never been married
Employment t1 (%employed)
Agricu ltural employment 11 (%)
Level of educalion 11 (%)

20 :S SF., < 30

1.67- 24. 10
14-133
0.44-1.46
1.02, 1.38

657b
()-4,5

11

10 :S SF,. < 20

< 0.0001
0.0013
0.0275
0.0012
0.0033
0.0054
0.0147
0.9432
0.5854'
0.0724g

0. 1939 •

(%)

< 60
60-100
2'._ 100
Property ownership (PEI) 11 (%)
Property ownersh ip (ON) 11 (%)
Receive persona l benefits ,r (%)

CMH p-value"

0.0186
0.6272
0.8435

0.0CXl2

10 8 (19.2)
83 (68.6)
471 (87.9)
37 (6.0)

(50.5)
(28 .5)
(20.9)
(80.2)
(88.4)
l lO (9.3)

< 0.000IC
0.5419c
< 0.0001

"The CM H chi-square test is used to adjust for province unless otherwise indicated.
~otals may differ due to missing data.
''SF,,, maximum number of hours of Sf- in hours pe r day.
"SF,1, maximum 1.1111011 111 of SF cx p,>.~urc in days per year.
cHighly annoyed includes the ratings 1•ery or e.rrremely.
'Two-way analys is of variance adj usted for province.
gChi-square test of independence.

headaches, chronic pain, dizziness, and tinnitus were all found
to be equally distributed across SF categories (data not
shown). The corresponding A-weighted WTN levels and
proximity to the nearest WT are also shown in Table I.
B. Percentage highly annoyed by SF exposure from WTs

Regardless of the parameter used to quantify SF exposure, in all cases the predictive strength of the base model
was statistically weak . Nevertheless, an analysis based on
SF,,, had the largest R 2 (R 2 = 11 %, compared to 10% for SF,,
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and 8% for SFc1; data not shown). Therefore, results are presented for HAwTSF with respect to SF,,,.
A statistically significant exposure-response relationship
was found between SF,,, and reporting to be HAwTSF· As
such, the prevalence of HAwTSF increased from 3.8% in the
lowest modeled SF exposure group (0 ::; SF,,, < 10) to 21.1 %
when modeled shadow exposure was above ur e4ual Lu 30
min per day, which represents almost a six-fold increase in
the prevalence of HAwTsF from the lowest exposure category
to the highest. In comparison to an exposure duration of
0 ::; SF111 < 10, the OR for HAwTsF was statistically similar to
Voicescu et al.
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FIG. 2. lllus1mtes the percentage of participants that reported to be either very
or extremely (i.e., highly) bothered, disturbed, or annoyed over the lasl year or
so while at home (either indoors or outdoors) by shadows or flickers of light
from WTs. Resu lts arc presenled by province and as an overall average as a
func lion of modeled · c11posurc time ( f'.,). Fined dam :ire pinned ulong
whh 1l1cir 95'¼ □s. 111c model~ Iii the d1111 well (H· L 1cs1 11- vnh1c > 0.9).
Bonlcrroni cont-c1 ions were mad~ lu ucco11n1 for :111 puiiwise L'U mpnrisons.
l(a . (h), (c)JSignificuntly diffcn:m from 0 ,S SFm < IO a nd 10 $ .SFm< 20: rcspeclivc p-val ues for pairwise com parisons, p :S 0.0138, p :S 0.0012, and
p < 0.0006. (d) Sit,>ni ficantly different compared to all other categories,
p :S 0 .0 126; (e) Signi fi cantly differenl compn.roo lo O :S SFm < JO, p = 0.0162.

that for 10 :S SF,,,< 20 [1.29, 95% confidence interval (Cl):
(0.50, 3.33)]; and then significantly increased with increasing
SF,., from 3.94 [95% CI: (1.80, 8.63)] at 20 :S SFm < 30 to
7.51 [95% CI: (3.54, 15.96)] for SF111 2: 30. Significant
increases were also observed between the two highest SF exposure groups (20 :S SFm < 30, SFm 2: 30) and those exposed
to IO :S SF,,,< 20 (see Fig. 2).
1. Univariate analysis of variables related to HAwrsF

Several variables were considered for their potential association with H WTSF (see Table II). A cautious approach
should be taken when interpreting univariate results as these
models do not account for the potential influence from other
variables. T he base model had an R2 of l l %, compared to a
base model of 10% when modeled using outdoor A-weighted
WTN as a surrogate of SF exposure (data not shown). Prior to
adjusting for other factors, the prevalence of HAwTSF was significantly hig her in ON (p = 0.0193). As WTN exposure and
SF can occur simultaneously, the interaction between WTN
levels and SFm was also tested to assess the possible influence
that such an interaction may have on HAwTSF· As can be seen
from Table n, Lhe intern tion between WTN levels and SF expo. ure wa staiislically significant (p = 0.0260), and increased
1he R- t 15%. This is omewha1 beucr than the 11% ob1ained
from the base model.
Factors beyond SF and WTN exposure were also considered for their potential influence on HAwTsF. Participants
who owned their property had 6.38 times higher odds of
reporting HAwTsF compared to those who were renting
property [95% CI: (l.54, 26.39)]. Those who did not receive
a personal benefit from having WTs in the area were found
to have 4.m times higher odds of being HAwTsF compared
to those who did receive personal benefits [95% CI: (l.42,
l l.44)]. Those who reported to have migraines, dizziness,
and tinnitus had 3 times higher odds of reporting HAwTsF
compared to those who did not report these health
J. Acoust. Soc. Am . 139 (3), March 2016

conditions. Participants that reported having chronic pain,
arthritis, or restless leg syndrome had at least one and a half
times the odds of reporting HAwTSF compared to those who
did not report suffering from these conditions (Table II).
Participants who self-identified as being highly sensitive to
noise had 3.49 times higher odds of being HAwTsF compared to those who did not self-identify as being highly sensitive to noise [95% CI: (2.14, 5.69)]. Those who reported
that WTs were audible had 10.68 times higher odds of
HAwTsF compared to those who could not hear WTs [95%
CI: (5.07, 22.51 )]. This variable was further categorized into
the length of time that the participant heard the WT (do not
hear, < 1 year, 2: l year); it was fo und that both those who
heard WTs for less than I year and l year or greater had
higher odds of being HAwTSF compared to those who could
not hear the WTs. Furthennore, there was no statistical difference in the proportion 1-lAwTsF among those who heard
the WTs for less than I year or greater than or equal to I
year (p = 0.0924). People who did not have a WT on their
property had higher odds of reporting HAwTsF compared to
those who had at least one WT on their property [OR =
11.07, 95% Cl: (1.49, 82.14)]. Annoyance variables were
significantly correlated (Table Ill) and participants who were
highly annoyed to any of the aspects of WT (noise, blinking
lights, visual, and vibrations) tended to be also HAWTSF·
The OR for these annoyances ranged from 13 to 34, with
annoyance to vibrations and blinking lights having the lowest
and highest OR, respectively. Concern for physical safety due
to the presence of WTs in the studied communities (i.e., concem fo r p)1ysicol s(ifety vuriable) was also highly associated
with HAwrsF; participants who were highly concerned about
their physical safety had 14.15 times higher odds of HAwTsF
compared to those who were not highly concerned about their
physical safety [95% CI: (8.17, 24.53)]. Those who identified
that their quality of life was "Poor" or were "Dissatisfied"
with their health had 2 times higher odds of reporting
HAWTsF compared to their counterparts. Both the physical
health domain and the environmental domain from the abbreviated World Health Organization Quality of Life questionnaire were negatively associated with being HAwTSF (Feder
et al., 2015 ). That is to say that as the domain value increased
(indicating an improved domain value), the prevalence of
HAWTsF decreased. Additionally, as the PSS scores of participants increased, so did the prevalence of HAwTsF by 3%
[95% CI: (1.00, 1.07)] (Table II).
2. Multiple logistic regression analyses of variables
related to HAwrsF

Table IV presents the unrestricted multiple logistic
regression model for HAwTSF· The first variable to enter the
model was ann yance wi th WT blinking lights, which
increased th R2 from I I'½ al the base model level LO 42%.
This was followed by annoyance to WTN when outdoors,
annoyance to the visual aspect of WTs, wm;eru fur physical
safety, audibility of WTs, and annoyance to vibrations
caused by WTs, which together increased the R2 of the final
model to 53%. Personal economic benefit associated with
WTs has been found to have a strong impact on reducing
Voicescu et al.
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TABLE II. Univariate analysis of variables related to HAwTSF·

CD

Ol

SFmb
~
)>

Variable

Groups in variable•

Nagelkerke pseudo R

2

OR (CI)"

Provincec

Explanatory variable
p-value

OR (CI)"

OR (Cl)d

p-value

H-L test<

2. 16(1.13 . 4.12)
2.03 ( 1.04, 3.98)
2.15 (1.13 , 4.10)
2.23 (1.17 , 4.27)

0.0193
0.0381
0.0203
0.015 3

0.7699
0.4851
0.6015
0.5879

0.7112
0.4695

2. 12 (1.11 , 4.05)

0.0225

0.8936

0.2617
0.8041

1.68 (0.85 . 3.33 )

0. 1390

0.1722

0.1274
0.6746

2.20 (1.15 , 4.21 )

0.0169

0.5600

0.0105
0.3969
0.1 247
0.9017
0.0088

2.11 (1.10, 4.04)
2.10 ( 1.10. 4.02)
2.18 (1.14, 4.16)
3.27 ( 1.34, 7.98)
2.16(1.13,4.13)
1.91 ( 1.00, 3.68)
2.19 (1.14, 4.20)

0.0246
0.0246
0.0183
0.0094
0.0205
0.0518
0.0190

2.21 (1.15, 4.25)
2.01 (1.05. 3.84)
2.16(1.13,4.12)
2.20 ( 1.15, 4.21)
2.17 (1.14. 4.14)
2.20 (1.15. 4.19)
2.03 (J.06, 3.88)
2.18 (1.14, 4.16)
2.12 (I.II, 4.05)
2.15 (1.13,4.10)
2.11 (1.11 , 4.03)
2.01 (1.05, 3.85)
2.03 (1.06, 3.91)
2.06 (1.08, 3.92)
2.42 ( 1.26. 4.67)
2.51 ( 1.30. 4.85)

0.0170
0.0355
0.0194
0.0170
0.0186
0.0171
0.0334
0.0178
0.0227
0.0198
0.0236
0.0342
0.0335
0.0290
0.0083
0.0063

0.87 15
0.6535
0.3034
0.8071
0.7111
0.4864
0.6998
0.6902
0.5661
0.6215
0.5660
0.3444
0.3238
0.7739
0.8001
0.6111
0.7954
0.7696
0.5256
0.4659
0.7480
0.7198
0.8472

p-value

C)

0

C

Base modelr.b

,,

SF,.. x WTN levet•

~

(/)

0

)>

?

...

Sex
Age group

w

~

s:

Education

0

:::r
I\)

~
(j)

Income (x$1000)

Marit<il Status

Property ownership
Type of dwelling
Employment
Type of employment
Personal benefit

Migraines
Dizziness
Tinnitus
Chronic Pain
Asthma
Arthritis
High Blood Pre~sure
Medication for high blood pressure, past month
History of high blood pressure in family
Chronic bronchitis/ emphysema/ COPD
Diabetes
Heart disease
Diagnosed sleep disorder
Restless leg syndrome
Sen sitivity to Noise
See WT

&
15'

Cl>

en
C)
C

~
,-

2.02 ( 1.68. 2.43)

-

< 0.0001

h

2.02 ( 1.68, 2.43)
2.03 (1.69. 2.45)

_ h

< 0.0001
<0.0001

45-64

10

Ill

Male/Female
,$24
25-44

0.11
0. 15
0.11
0.12

Audible WT
Number of year, turbines audible

65+
:C::High School
Trade/Certificate/College
University
<60
60--100
2;: 100
Married/Common-law
Widowed/Separated/Divorced
Single. never been man-ied
Own/rent
Single detached/Other
Employed/not employed
Agriculture/ Other
No/Yes
Yes/No
Yes/No
Yes/No
Yes/No
Yes/No
Yes/No
Yes/No
Yes/No
Yes/No
Yes/No
Yes/No
Yes/No
Yes/No
Yes/No
High/Low
Yes/No
Yes/No
less than I year
I year or more
Do not hear WTs

0.11

2.02 ( 1.68, 2.43)

<0.0001

0.12

1.99 ( 1.63. 2.44)

<0.0001

0.12

2.02 (1.68. 2.43)

<0.0001

0.13
0.11
0.12
0.13
0.13
0.16
0.15
0.15
0.13
0.11
0.12
0.11
0.12
0.11
0.1 I
0.12
0.11
0.12
0. 13
0.15
0. 14

1.99 (J .65, 2.39)
1.99 (J.65, 2.40)
2.00 (1.67, 2.41)
2.03 ( 1.6 I, 2.57)
2.09 ( 1.73, 2.52)
2.06 (I. 70, 2.48)
2.03 (1.69, 2.45)
2.09 (1.73. 2.52)
2.06 (1.71 , 2.48)
2.02 (I .68, 2.43)
2.06 (J.71, 2.48)
2.02 ( 1.68. 2.43)
2.02 ( 1.68, 2.43)
2.02 ( 1.67. 2.44)
2.01 (1.67, 2.42)
2.02 (1.68, 2.44)
2.02 ( 1.68. 2.43)
2.02 ( 1.68, 2.43)
2.01 ( 1.67, 2.42)
2.04 (1.69, 2.46)
1.88 ( 1.56, 2.27)

0.23
0.23

1.66 ( 1.37, 2.02)
1.66 ( 1.37, 2.02)

<0.0001
<0.0001
<0.0001
< 0.0001
< 0.0001
<0.0001
<0.0001
<0.0001
< 0.0001
<0.0001
<0.0001
< 0.0001
<0.0001
< 0.0001
<0.0001
<0.0001
< 0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

I.IO (0.72, 1.70)
0.55 (0.15 , 1.98)
1.40 (0.74, 2.65)

0.6527
0.36] J
0.3002

1.47 (0.83, 2.62)
reference
1.19 (0.48, 2.92)
1.40 (0 .56. 3.50)
reference
0.71 (0.39, 1.29)
1.08 (0.59, 1.98)
reference
1.76 (0.85. 3.65)
1.21 (0.50. 2.97)
reference
6.38 (1.54, 26.39)
1.67 (0.51 , 5.52)
1.43 (0.91. 2.26)
0.95 (0.43, 2. I 2)
4.03 (1.42, 11 .44)
3.15 (2.02, 4.94)
2.81 (J.79. 4.41)

0. 1901

2.91 ( 1.85. 4.58)
2. 16 ( 1.37. 3.42)
1.19 (0.55, 2.60)
1.57 ( 1.0 I, 2.45)
0.90 (0.56, 1.45)
0.74 (0.45. 1.21)
1.03 (0.67, 1.60)
0.55 (0.16, 1.82)
0.61 (0.25. 1.45)
1.22 (0.56, 2.68)
1.57 (0.82, 2.98)
2.12 (I .26, 3.55)
3.49 (2. 14, 5.69)
>999.999 (< 0.001, > 999.999)
10.68 (5.07, 22.5 1)
5.04 ( 1.56. 16.25)
I J.5 I (5.45, 24.33)
reference

<0.0001
< 0.0001
<0.0001
0.0010
0.6606
0.0461
0.67 \0
0.2251
0. 8926
0.3240
0.2587
0.6137
0.1 7 16
0.0044
<0.0001
0.9658
<0.0001
0.0068
< 0.0001

0,
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TABLE II. (Continued.)

l>
(")
0

SFmb

C:

f!l.

,,
...?
C/l

Variable

l>

At least I WT on property
Visual annoyance to WTs
Annoyance with blinking lights
Annoyance to WTN
Annoyance to WTN from indoors
Annoyance 10 WTN from outdoors
Annoyance to vibrations/rattles
Concerned about physical safety
Qua] ity of Life
Satisfaction with health
Medication for anxiety/depression

0

c.,

(0

~

s:
a,
rl

::,N

g

0)

Groups in variable•
No/Yes
High/Low
High/Low
High/Low
High/Low
High/Low
High/Low
High/Low
Poor/Good'
Dissatisfied/SatisfiecJl
No/Yes

Continuous scale explanatory variables
Physical health domain (range 4-20)
Psychological domain (range 4-20)
Social relationships domain (range 4-20)
Environment domain (range 4-20)
Perceived stress scale (range 0-37)

Nagelkerke pseudo R 2 OR(Cil

Provincec

Explanatory variable
p-value

OR (CI/

p-value

OR(Cl)d

p-value

H-L test<

< 0.0001
<0.0001
< 0.0001
<0.0001
< 0.0001
< 0.0001
<0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001

l 1.07 (1.49, 82.14)
20.29 (12.24. 33 .64)
34.27 (19.68, 59.67)
18.18 (10.58, 31.25)
19.58 (9.80. 39.11)
19.49 (11.54, 32.93)
13 .07 (4.71, 36.30)
14.15 (8.17, 24.53)
2.31 (1.14, 4.71)
1.84 (1.07. 3.18)
1.28 (0.62. 2.65)

0.0187
<0.0001
<0.0001
<0.0001
<0.0001

0. 11

2.14 (1.77, 2.58)
2.17(1.75,2.71)
2.22 ( 1.76, 2.80)
2.02 ( 1.65. 2.48)
2.05 (1.68, 2.50)
2.04 ( 1.66, 2.52)
2.01 ( 1.66, 2.43)
1.92 (1.57, 2.34)
2.04 ( 1.69. 2.45)
2.04 (1.69. 2.45)
2.02 (1 .68. 2.43)

<0.0001
<0.0001
<0.0001
0.0208
0.0280
0.5128

2.07 (1.08 , 3.95)
1.68 (0.79, 3.56)
1.23 (0.57, 2.66)
1.72 (0.85 , 3.48)
1.65 (0.85. 3.21)
2.02 (0.99. 4.12)
2.07 (1.07 , 4.01)
2.09 (1.04, 4.18)
2.13 (1.12. 4 .06)
2.12 (I.II, 4.04)
2.19 (1.15 , 4.18)

0.0279
0.1785
0.5984
0. 1336
0. 1388
0.0545
0.0309
0.0379
0.0218
0.0227
0.0177

0.4544
0.9285
0.7649
0.3863
0.4867
0.4643
0.9413
0.6700
0.5909
0.5133
0.2842

0.13
0.11
0.11
0.13
0.12

2.06 ( 1.71 , 2.48)
2.02 ( 1.68, 2.43)
2.02 (1.68, 2.42)
2.05 (1.70, 2.47)
2.0 I (1.6 7. 2.42)

<0.0001

0.0012
0.6738
0.5701
0.0056
0.0386

2.04 ( 1.07. 3.90)
2.17 (1.14. 4.14)
2.14 (1.13, 4.09)
2.27 (1.19, 4.34)
2.07 (1.08 , 3.96)

0.0313
0.0187
0.0205
0.0134
0.0276

0.7547
0.6490
0.7782
0.6815
0.65)3

0. 14
0.37
0.42
0.30
0.23
0.32
0. 16
0.26
0.12
0. 12

< 0.0001
<0.0001
< 0.0001
<0.0001

0.90
0.98
0.98
0.88
1.03

(0.85 , 0.96)
(0.90. 1.07)
(0.91, 1.06)
(0.80, 0.96)
(1.00, 1.07)

' Where a reference group i not ·ped ficd it is taken 10 be tho Inst group.
l>rhc exposure variable. SF.,. L~ treated as a cominuou.~ scale in the log istic rcgr ssion model. giving an OR for each unit increase in shadow exposure.
°PEI is the reference group.
dOdds ratio (OR) and 95% Cl based on logistic regression model, an OR > I indicates that annoyance levels were higher, relative to the reference group.
<H-L test, p > 0.05 indicates u good lit.
rThe base model includes I.he modeled shadow exposure (SF,.) and province.
8 WTN level is tre.aied a~ a continuous scale in the logistic regression model, giving an OR for each unit increase in WTN level, where a unit reflects a 5 dB WTN category.
"The interaction berwecn WTN levels and modeled shadow exposure was significant (p = 0.0260). When fitting separate logistic regression models to each shadow exposure group, it was observed that there was a positive significant relationship between high annoyance to SF and WTN levels only among those in the lowest shadow exposure group [OR and 95% confidence interval: 2.62 (1.64, 4.20)). The relationship in the other three
shadow exposure groups (]0 :5 SFm < 20, 20 :5 SFm < 30, and SFm 2: 30) was not significant (p > 0.05. in all cases).
'"Poor" includes those that responded "poor" or "very poor."
~-Dissatisfied" includes those that responded "dissatisfied" or "very dissatisfied."
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TABLE Ill. Speam1an correlation coefficient (p-value) between annoyance variables.
Type of annoyance•
WTN in or out
WTN inside
WTN outside
Visual
Blinking lights
SF

WTN inside

WTNoutside

Visual

Blinking lights

SF

Vibrations inside

0.98 (p < 0.0001)

0.99 (p < 0.0001)
0.98 (p < 0.0001 )

0.49 (p < 0.0001)
0.46 (p < 0.()()01 )
0.49 (p < 0.0001)

0.48 (p < 0.0001)
0.46 (p <().()()01)
0.48 (/J < 0.0001)
0.79 (p < 0.()()0 1)

0.51 (p < 0.()001 )
0.50 (p < 0.0001)
0.5 I (p < 0.000 I )
0.70 (p < 0.0001 )
0.75 (p < 0.CX)0 l)

0.25 (p < 0.000 I)
0.23 (p < 0.000 I )
0.25 (p < 0.()()0 I)
0. 19 (p < 0 .()()01 )
0. 17 (p < 0.0001)
0.18 (p < 0.000 1)

"Participants were asked to indicate how bothered, disturbed , or annoyed they were over the last year or so while at home. Unless the participants ' location
was specified as indoors or outdoors, at home was defined as either indoors or outdoors. Vibrations were identified as bei ng present during WT operations.

reported annoyance to WTN (Pedersen et al., 2009). In the
current study, directly or indirectly receiving personal benefit from having WTs in the area could include receiving payment, rent, or benefiting from community improvements
(n = l 10). When this variable was forced into the final
model, it had no influence on the variables that entered the
model, nor did it have any impact on the final R2 (data not
shown). Similarly, removing these participants had no influence on the strength of the overall final model (i.e., R2
remained at 53%). The one change observed when participants receiving personal benefit were removed was that
annoyance to vibrations was discarded and restless leg syndrome entered the model at a p-value of 0.0S40 (data not
shown). The statistically significant interaction between
WTN levels and SF,,, (see Sec. Ill B l) was not found to be
related to HAwTsF after adjusting for the variables shown in
Table IV.
Table V presents the restricted multiple logistic regression model for HAwTSF· In this restricted model, the first
variable to enter lh model was concern for phy ical safety,
increasing the R2 from I I<¼ al the base model level to 26<½.
The following variables then entered the model: audibility of
WTs, sensitivity to noise, having at least one WT on the
property, property ownership, and dizziness. The overall fit
of the final restricted model was 37%. The last three variables (having at least one WT on the property, property ownership, and dizziness) collectively contributed only an
additional 2% to the overall model and were all only significant at the 10% level, and not at the S% level. Receiving

personal benefits does not enter the final model. due to its redundancy given the other variables that did enter the model.
However, when it is forced into the model it is significant at
p = 0.0343 level (data not shown). In this case, the variable
"is there at least one wind turbine on your property" is
dropped in place of "employment status," which comes into
the model with a p-value of 0.0722 (data not shown). The
overall fit of the model improves slightly to 38% (data not
shown). Finally, when conditioning on only those who do
not receive benefits, the overall fit of the model drops
slightly to 36%, with neither of the "employment status'' nor
the "is there at least one wind turhine on your property"
variables coming into the final model (data not shown).
IV. DISCUSSION

The accumulated research on the potential health effects
associated with SF from Wfs has concluded that SF from
WTs is unlikely to present a risk to the occurrence of seizures, even among individuals that have photosensitive epilepsy (Harding et al., 2008; Knapper et al., 2014; Smedley
et al., 2010). The knowledge gap that persists is the extent to
which WT SF causes annoyance. Also unknown is how this
annoyance may result from an interaction between SF and
WTN levels, given that SF and at least some level of WTN
emissions occur simultaneously. To date, there have been
very few assessments that have evaluated the effect of SF on
community response. A German field study perfonned by
Pohl et al. (1999) investigated methods for the evaluation of
SF exposure, which ultimately led to current SF exposure

TABLE IV. Multiple logi stic regressio n analysi s (unrestricted) of variables related to HAwTSI'·
Stepwise Model I
Variable

Groups in variable"

p-value

Order of entry into mode l: R2 at each step

(11 = 1147, R2 =0.53, H-L p = 0.7536)

HAwTsF versu s not HAwrsF
SFmc
Province
Annoyance with blinking lights
Annoyance to WTN from outdoors
Visual annoyance to WT
Concerned about physical safety
Audible WT
Annoyance to vibiutions/rattles

OR (Cit

ON/PEI
High/Low
High/Low
High/Low
High/Low
Yes/ No
High/Lo w

2.04 (1.56, 2.66)
1.20 (0.50, 2.89)
7.67 (3.84, 15.34)
2.25 (1.09, 4.66)
4.09 (2.09, 7.99)
2.89 ( 1.39, 6.0 I)
3.15 (1.35, 7.34)
3.49 (l.00, 12.23)

< 0.0001
0.681 I

< 0.0001
0.0287
< 0.0001
0.0045
0.0080
0.0503

Base: 0.11
Base: 0. 11
Step I: 0.42
Step 2: 0.47
Step 3: 0.50
Step 4: 0.51
Step 5: 0.52
Step 6: 0.53

"Whe re n refcroncc gr up is 110 1 specified it is taken 10 b.i the ltLst group.
and 95% I bnscd on logb1ic 11!!,ll'll.SSic,n mollcl. 1111 OR > I im;licntcs 111111 unnoynncc l<:v~ ls were higher. rclu1ivc co the rcforcm:cgro111>.
cThe exposure variable SF., is treated as a continuous scale in the logistic regression model , giving an OR for each unit increase in shadow exposure.
1'OR
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TABLE V. Multiple logistic regression analysis (restricted) of variables related to HAwrsF•
Stepwise Model I
Variable
HAwrsF versus not HAwTSF
Province

At least I WT on property
Property ownership

p-valuc

I 159, R2 = 0.3 7, H-Lp = 0.7294)
1.70 ( 1.:17,2.11)
< 0.0001
2.07 ( \.00, 4.27)
0.0494

Order of entry into mode l: R 2 at each step

( II =

SFm1:
Concerned about physical safety
Audible WT
Sensitivity to noise

OR (Cl)b

G1oups in variable"

ON/PEI
High/Low
Yes/No
High/Low
No/Yes
Own/rent

7.01 (3.90, 12.60)

<0.0(Xll

6.33 (2.90, 13.81)
2.81 ( 1.57, 5.05)
6.87 (0.88, 53.73)
4.78 (0.95, 24.01)

< 0.0001
0 .0()05

Yes/No

1.68 (0.98, 2.86)

Dizz iness

0.0663
0.0574
(l.0581

Base: 0.11
Base: 0 . 11
Step I: 0.26
Step 2: 0.32
Step 3: 0.35
Step 4: 0.36
Step 5: 0.37
Step 6: 0.37

"Where a refere nce group is not specified it is taken to be the last group.
"OR and 95 % CI based on logistic regression model, an OR > I indicates that annoyance levels were highe r, relative to the reference group.
"The ex posure variable SF,,, is treated as a continuous scale in the logistic regression mode l, giving an OR for each unit increase in shadow exposure. Model is
restricted insofar as variables that are reactions to WT operations are not considered.

limits in Gennany, while a conference paper presented by
Pedersen and Persson Waye (2003) assessed annoyance with
SF as a function of modeled SF exposure. The conclusion
from Lhis confc renc paper was that mo<leled WTN levels
were a better predictor of annoyance to SF from WTs than
modeled SF exposure. A similar conclusion was reached in
the current study where in it was found tha t. regard less of ho\
SF exposure was modeled. the 1?1 for HAwTSr by modeled SF
was statistically weak and essentially the same as that found
using WfN levels (i.e., 10% and 9%, respectively). Some
improvement was found when the interaction between WTN
levels and SF,,, was considered, which increased the R2 to
15%. However, after adjusting for other factors that were statistically re lated to HAwTSF, this interaction was no longer significant in Lhe fina l multiple regression models.
In spite of the obvious deficiencies in estimating
HAwTsF using either A-weighted WTN levels or SF111 alone
(or together as an interaction term), a statistically significant
exposure-response relationship was found between HAwTsF
and SF modeled as SF111 • The strength of the base model was
markedly improved from 11% to 53% when adjusting for
other factors. In this case, these other factors included those
which are subjective and/or could be viewed as reactions to
operational WTs (e.g., other annoyances). When the final
model was restricted to variables conceptuall y viewed as
objective and/or not contingent upon WT operations, the
strength of the final model improved from 11 % for the base
model to 37%. Both of these models have merit, but as discussed below, the restricted model may be more valuable in
situations where a wind farm is not yet operational.
It is not surprising that in the unrestricted model, the variables related to the vis ual perception of WTs were among
those which had the strongest statistical association with
HAwTsr. as these were found to be more highly correlated
with each other than annoyance reactions mediated through
tactile and/or auditory senses (sec Tublc III). Their presence
in the final model indicates that there were no issues related
to multicollinearity. This should be interpreted to mean that
each of these annoyance variables is a significant predictor of
HAwTSF· In this regard, most of the increase in the predictive
J. Acoust. Soc. Am. 139 (3), March 2016

strength of the model for HAwTSF was observed once annoyance to blinking light: on WTs entered the model. This step
increased the R2 from I I% at the base level to 42%.
Participants that reported being highly annoyed by blinking
lights on WTs had almost 8 times higher odds of being
HAwTSF· In a study performed by Pohl et al. (2012), it was
found that respondents were comparably as strongly annoyed
blinking lights as they were by SF, a finding which
by
may also be reflected in this study. It is also worth mentioning
that in the CNH , annoya nce to blinking light on WT wru
found to be related to actigraphy-measured sleep disturbance
(Michaud et al., 2016c). It is therefore possible that poorer
sleep quality at night among these participants is associated
with a heightened response to SF during the day.
In the current study, participants reported how annoyed
they were by WTN while they were at home (either indoors
or outdoors), indoors only, and outdoors only. Annoyance to
WTN when inside does not make it into the final models ;
however, the finding that annoyance to WTN when outside
had the stronger association with HAwrsr seems to suggest
that SF annoyance is more likely an outdoor phenomena. The
results of the unrestricted multiple logistic regression model
show that estimating HAwTSF using SF111 can be significantly
improved when considering these other annoyances.
Further improvements can be expected when concern for
physical safety associated with having WTs in the area and
the audibility of WTs are also accounted for. Although concern for physical .,wfety may in some cases reflect a response
to operational WTs, it could just as read ily be treated as an
attitudinal response triggered by the anticipated physical presence of industrial WTs. Although extremely rare, there have
been reports of catastrophic failure that could exacerbate the
level of concern for one's physical safety in the same way
rare aircraft accidents are known to increase the fear of aircraft (Fields, 1993; Moran et al., 1981 ; Reijneveld, 1994). As
discussed bt:luw, rnrn.:em for physical safety a lso appears in
the restricted multiple regression model.
In the restricted model (see Table V), which only
included variables that were not direct responses to WT
operations, it was found that concern for physical safety was

wr
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the variable that contributed the most to R 2 , as it increased
the base model R 2 from l l % to 26%. In this case, respondents that declared being highly concerned for their physical
safety had, on average, 7 times higher odds of reporting
HAwTsF• The observation that this variable was present in
both models suggests that actions taken to identify and
reduce this concern at the planning stages of a WT facility
may reduce HAwTSF·
As already mentioned, exposure to SF from WTs will
always occur with at least some level of WTN exposure. It is
therefore not surprising that the aud ibi lity of WTs and noise
sensitivity were also found to be statistically related to
HAwTSF· Noise sensitivity has long been known to have an
influence on community noise an noyance. At equivalent
noise levels, annoyance reactions are higher among people
who report to be noise sensitive (Job, 1988).
Although property ownership, having a WT on one's
property, and experiencing dizziness appear in the final
model, together they only contribute an additional 2% to the
overall strength of the model and all three variables are significant only at the 10% level. Therefore, on ly a very cautious interpretation of their influence on HAwTSF can be
made. Property ownership could reflect a greater attachment
to one's property and heightened response to any exposure
that is perceived to have negative impacts on one's property.
The negative association between having a WT on one's
property and HAwTSF may be an indication that these participants are more likely to directly or indirectly benefit from
having WTs in the area. While personal benefit does not
enter any of the final multiple regression models, this is
because only 110 participants received personal benefits.
When considered alone, personal benefit had an influence on
HAwTSF· The presence of dizziness in the final model might
be explained by the notion that dizziness can be a sensoryrelated variable and as such may have an influence on a
visually-related parameter, such as HAwTSF· Although both
the unrestricted and restricted multiple regression models
improved the strength of their corresponding base models
substantially, their predictive strength for HAwTsF was still
rather limited.
Possible explanations for this limited predictive strength
could stem from the uncertainties in the model used to quantify SF111 , as discussed in Sec. II D, or from additional limitations. First and foremost, it should be emphasised that the SF
model employed for this study was developed to quantify SF
exposure for a specific period of time. Therefore, there may
have been a mismatch between the parameter used to quantify SF exposure (i.e., maximum minutes per day at the
dwelling window) and the subjective perception of SF from
WTs assessed in the current study. Annoyance to SF exposure is not limited to dwelling window fac_ades. It is much
more likely to reflect an integrated response to shadow over
one's entire property, or to any location where SF is perceived. Add itionally, the current SF model presents worstcase SP exposure. A more refined assessment that included
precise meteorological conditions, such as cloud coverage as
well as wind speed and wind direction, could provide a more
accurate evaluation of WT SF exposure. This may in turn
provide a stronger association with community response to
1490
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this variable. Finally, it is important to mention that the SF
model only accounts for SF duration, and not shadow intensity. An assessment of SF intensity could potentially
strengthen the association between SF exposure and community annoyance.
A careful examination of the SF annoyance question in
the CNHS questionnaire itself is also warranted. There was
ambiguity in the question used to assess HAwTsF that may
have contributed to the weak association observed between
SFm and HAwTSF· The question probed one's annoyance
towards shadows or flickers of light from WTs while they
are at home, where "at home" means either indoors or outdoors. This wording could have led the respondent to assess
their annoyance from shadows caused by WTs with either
stationary or rotating blades. By contrast, the wording of the
question could also have led the respondent to assess thei r
annoyance from flickers of light generated by rotating WT
blades. However, the model used to quantify SF exposure
on ly considers moving shadows and as such, there may have
been a discrepancy between the modeled exposure, and the
participants' response. Although improvements will only
come as this research area matures, as a starting point the
authors recommend that future research in this area refine
the SF annoyance question to the following: Thinking about
the last year or so, while you are at home, how much do
shadows created by rotating wind turbine blades bother, disturb or annoy you?
V. CONCLUDING REMARKS

For reasons mentioned above, when used alone, modeled SFm results represent an inadequate model for estimating the prevalence of HAWTsF as its predictive strength is
only about 10%. This research domain is still in its infancy
and there are enough sources of uncertainty in the model and
the current annoyance question to expect that refinements in
future research would yield improved estimates of SF annoyance. In addition to addressing some of the aforementioned
shortcomings, future research may also benefit by considering variables that were not addressed in the current study.
These may include, but not be limited to, personality types,
attitudes toward WTs, and the level of community engagement between WT developers and the community. [n the interim, this study identifies the variables, that when
considered together with modeled SF exposure, improve the
overall estimate of HAWTsF• The applicability of these variables to areas beyond the current study sample will only
become known as this research area matures.
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'Overall statistical power for the CNHS was based on the study's primary
objective to assess WTN associated impacts on sleep quality. Based on an
initial sample size of 2000 potential dwellings, it was estimated that there
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would be 1120 completed questionnaires. For 1120 respondents there
should be sufficie nt statistical power lo detect al least a 7% difference in
the prevalence of sleep disturbances with 80% power and a 5% false positive rate (Type I e,rnr). There was uncertainty in the power assessment
because the CNHS was the first lo implement objectively measured endpoints to study the impact that WTN may have on human health in general, and on sleep quality, in particular. In the absence of comparative
studies, a conservative baseline prevalence for reported sleep disturbance
of 10% was used (Tjepkema, 2005; Riemann et al. , 201 I). Sample size
calculation also incorporated the follow ing assumptions: (I) approximately 20%-25% of the targeted dwellings wo uld not be valid dwe llings
(i.e., demolished, unoccupied seasonal, vacant fo r unknown reasons, under
construction, instituti ons, etc.); and (2) of the remaining dwe llings, there
would be a 70% participation rate. These assumptions were validated
(Michaud et al., 2016b).
2
Four hundred and thirty-fo ur potential dwellings were not val id locations;
upon visiti ng the address Statist ics Canada noted that the locat ion was
inhabitable but unocc upied al the time of the visit, newly constructed not
yet inhabited, unoccupied trailer in trailer park, a business, a duplicate
address, an address listed in error, summer cottage, ski chalet, hunting
camps, or a location where residents were all above 79 yrs of age. See
Michaud et al. (2016b) for more deta ils.
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Hinweise zur Ermittlung und Beurteilung der optischen lmmissionen von
Windenergieanlagen
(WEA-Schattenwurf-Hinweise)

0.

Vorbemerkung

Im Rahmen der zur Verfugung stehenden erschopflichen Ressourcen hat die alternative/regenerative Energieerzeugung einen hohen Stellenwert, hier insbesondere
die Nutzung der Windenergie. Moderne Windenergieanlagen (>Af EA) haben kaum
noch etwas mit den "Windmuhlen" fruherer Generationen gemeinsam, werfen aber
durch ihre Anzahl, GroBe und Erscheinungsbilder bisher nicht gekannte Probleme
aufgrund der Belastigungen durch La.rm und optische Effekte auf.
Hinsichtlich der Larmeinwirkungen bestehen Regelungen, die insoweit betroffenen
Nachbarn entsprechenden Schutz bieten. Fur die Beurteilung der Einwirkung durch
Lichtblitze und bewegten, periodischen Schattenwurf durch den Rotor einer WEA hat
der Gesetzgeber bisher keine rechtsverbindlichen Vorschriften mit Grenz- oder
Richtwerten erlassen oder in Aussicht gestellt.
Wissenschaftliche Untersuchungen belegen die Erfahrung, dass optische lmmissionen insbesondere in Form periodischen Schattenwurfs zu erheblichen Belastigungswirkungen (Stressor) fOhren konnen. Unter Berucksichtigung dieser Untersuchungen
und Anhorungen van Gutachtern sollen diese Hinweise eine einheitliche und praxisnahe Ermittlung und Beurteilung der optischen lmmissionen van Windenergieanlagen ermoglichen.

1. Allgemeines
1.1 Anwendungsbereich und immissionsschutzrechtliche Grundsatze

Die Hinweise finden Anwendung bei der Beurteilung der optischen Wirkungen van
WEA auf den Menschen. Sie umfassen sowohl den durch den WEA-Rotor verursachten periodischen Schattenwurf als auch die Lichtreflexe (,,Disco-Effekt") und sind
lmmissionen im Sinne des Bundes-lmmissionsschutzgesetzes (BlmSchG) [1]. Nicht
als lmmission gilt jedoch die sonstige Wirkung einer WEA aufgrund der Eigenart der
Rotorbewegung, die ein zwanghaftes Anziehen der Aufmerksamkeit mit entsprechenden lrritationen bewirken kann.
Die Hinweise enthalten BeurteilungsmaBstabe zur Konkretisierung der Anforderungen aus § 5 Abs. 1 Nrn. 1 und 2 und § 22 Abs. 1 des Bundeslmmissionsschutzgesetzes (BlmSchG).
Als Gegenstand van Anordnungen kommen technische MaBnahmen sowie zeitliche
Beschrankungen des Betriebes der WEA in Betracht. Eine Stilllegung kommt nur in
Betracht, wenn ihr Betrieb zu Gefahren fur Leben, Gesundheit oder bedeutende
Sachwerte fOhrt. Fur optische lmmissionen bei WEA durfte dieses in der Regel nicht
gegeben sein.
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1.2 Begriffsbestimmungen
Lichtblitze (Disco-Effekte) sind periodische Reflexionen des Sonnenlichtes an den
Rotorblattern.
Sie sind abhangig vom Glanzgrad der Rotoroberflache und vom Reflexionsvermogen
der gewahlten Farbe.
Kernschatten ist vom lmmissionsort aus betrachtet die vollstandige Verdeckung der
Sonne durch das Rotorblatt.
Halbschatten ist vom lmmissionsort aus betrachtet die nicht vollstandige Verdekku ng der Sonne durch das Rotorblatt.
Periodischer Schattenwurf ist die wiederkehrende Verschattung des direkten Sonnenlichtes durch die Rotorblatter einer Windenergieanlage. Der Schattenwurf ist dabei abhangig van den Wetterbedingungen, der Windrichtung , dem Sonnenstand und
den Betriebszeiten der Anlage. Varn menschlichen Auge werden Helligkeitsunterschiede groBer als 2,5 % wahrgenommen [3] .
Beschattungsbereich ist die Flache, in der periodischer Schattenwurf auftritt.
Astronomisch maximal mogliche Beschattungsdauer {worst case) ist die Zeit,
bei der die Sonne theoretisch wahrend der gesamten Zeit zwischen Sonnenauf- und
Sonnenuntergang durchgehend bei wolkenlosem Himmel scheint, die Rotorflache
senkrecht zur Sonneneinstrahlung steht und die Windenergieanlage in Betrieb ist.
Tatsachliche Beschattungsdauer ist die var Ort real ermittelte und aufsummierte
Einwirkzeit an periodischem Schattenwurf. Betragt die Bestrahlungsstarke der direkten Sonneneinstrahlung auf der zur Einfallsrichtung normalen Ebene mehr als 120
W/m 2, so ist Sonnenschein mit Schattenwurf anzunehmen. Die Umrechnung in die
Beleuchtungsstarke ist im Anhang aufgefuhrt.
Meteorologisch wahrscheinliche Beschattungsdauer ist die Zeit, fur die der
Schattenwurf unter Berucksichtigung der ublichen Witterungsbedingungen berechnet
wird. Als Grundlage dienen die langfristigen Messreihen des Deutschen
Wetterdienstes (DWD).
MaBgebliche lmmissionsorte sind
a) schutzwurdige Raume, die als
- Wohnraume, einschlieBlich Wohndielen
- Schlafraume, einschlieBlich Obernachtungsraume in Beherbergungsstatten und
Bettenraume in Krankenhausern und Sanatorien
- Unterrichtsraume in Schulen, Hochschulen und ahnlichen Einrichtungen
- Buroraume, Praxisraume, Arbeitsraume, Schulungsraume und ahnliche Arbeitsraume genutzt werden.
Direkt an Gebauden beginnende AuBenflachen (z. B. Terrassen und Balkone) sind
schutzwurdigen Raumen tagsuber zwischen 6:00 - 22:00 Uhr gleichgestellt.
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b) unbebaute Flachen in einer Bezugshohe von 2 m Ober Grund an dem am starksten betroffenen Rand der Flachen, auf denen nach Bau- oder Planungsrecht
Gebaude mit schutzwOrdigen Raumen zulassig sind.

1.3 Grundlagen der Ermittlung und Bewertung von lmmissionen durch periodischen Schattenwurf

Ziel ist die sichere Vermeidung erheblicher Belastigungen, die durch periodische
Lichteinwirkungen (optische lmmissionen) durch WEA entstehen konnen. Die Erheblichkeit einer Belastigung hangt nicht nur von deren lntensitat ab, sondern auch wesentlich von der Nutzung des Gebietes, auf das sie einwirkt, von der Art der Einwirkungen sowie der Zeitdauer der Einwirkungen. Bei der Beurteilung sind alle WEA im
Umkreis einzubeziehen, die auf den jeweiligen lmmissionspunkt einwirken. Einwirkungen durch periodischen Schattenwurf konnen dann sicher ausgeschlossen werden, wenn alle in Frage kommenden lmmissionsorte in der Anlagenumgebung auBerhalb des moglichen Beschattungsbereiches der jeweiligen WEA liegen.
Der zu prOfende Bereich ergibt sich aus dem Abstand zur WEA, in welchem die Sonnenflache gerade zu 20 % durch ein Rotorblatt verdeckt wird. Da die Blatttiefe nicht
Ober den gesamten FIOgel konstant ist, sondern zur Rotorblattspitze hin abnimmt, ist
ersatzweise ein rechteckiges Rotorblatt mit einer mittleren Blatttiefe zu ermitteln und
zugrunde zu legen:
(Mittlere Blamiefe

= 1/2 (max. Blatttiefe + min. Blatttiefe bei 0,9

• Rotorradius)) (7].

Der Beschattungsbereich kann fOr eine einzelne Anlage konservativ der Abbildung
im Anhang entnommen werden oder ansonsten im konkreten Einzelfall nachgewiesen werden. DarOber hinaus kann der Beschattungsbereich nach Freund [3] bestimmt werden.
Soweit mehrere WEA zu lmmissionsbeitragen fOhren konnen, gelten die AusfOhrungen fOr jede Einzelanlage. Hohendifferenzen im Gelande zwischen Standort der
WEA und dem lmmissionsort (z. B. bei Aufstellung einer WEA auf einem Hugel) sind
zu berOcksichtigen.
Eine Differenzierung in Kern- oder Halbschatten ist fOr die Belastigung nicht bedeutsam.
Soweit sich zu berOcksichtigende lmmissionsorte innerhalb des Beschattungsbereiches von WEA befinden, muss mit zeitweilig auftretenden wiederkehrenden Belastigungswirkungen gerechnet werden.
Von Relevanz sind die an einem lmmissionsort tatsachlich auftretenden bzw. wahrnehmbaren lmmissionen, die nur bei bestimmten Wetterbedingungen auftreten konnen. Eine Einwirkung durch zu erwartenden periodischen Schattenwurf wird als nicht
erheblich belastigend angesehen, wenn die astronomisch maximal mogliche Beschattungsdauer [8] [9] unter kumulativer Berucksichtigung aller WEA-Beitrage am
jeweiligen lmmissionsort in einer Bezugshohe von 2 m Ober Erdboden nicht mehr als
30 Stunden pro Kalenderjahr und daruber hinaus nicht mehr als 30 Minuten pro
Kalendertag betragt. Bei der Beurteilung des Belastigungsgrades wurde eine durchschnittlich empfindliche Personals MaBstab zugrunde gelegt.
Bei Oberschreitung der Werte fOr die astronomisch maximal mogliche Beschattungsdauer kommen unter anderem technische MaBnahmen zur zeitlichen Beschrankung des Betriebes der WEA in Betracht. Eine wichtige technische MaBnahme
stellt als Gegenstand von Auflagen und Anordnungen die lnstallierung einer Ab-
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schaltautomatik dar, die mittels Strahlungs- oder Beleuchtungsstarkesensoren die
konkrete meteorologische Beschattungssituation erfasst und somit die vor Ort konkret vorhandene Beschattungsdauer begrenzt. Da der Wert von 30 Stunden pro Kalenderjahr auf Grundlage der astronomisch moglichen Beschattung entwickelt wurde,
wird tor Abschaltautomatiken ein entsprechender Wert tor die tatsachliche, reale
Schattendauer, die meteorologische Beschattungsdauer festgelegt. Dieser Wert
liegt auf Grundlage von [2] bei 8 Stunden pro Kalenderjahr.

2.

Vorhersage des periodischen Schattenwurfs

Aus Grunden der Vergleichbarkeit und Nachvollziehbarkeit ist bei der Erstellung von
lmmissionsprognosen von folgenden Vereinfachungen und Annahmen auszugehen:
Die Sonne ist als punktformige Quelle anzunehmen und scheint tagsuber an allen
Tagen des Jahres. Es herrscht wolkenloser Himmel und tor die Bewegung des Rotors ausreichender Wind (100 % Verfugbarkeit). Die Windrichtung entspricht dem
Azimutwinkel der Sonne, die Rotorkreisflache steht dann senkrecht zur Einfallsrichtung der direkten Sonneneinstrahlung. Den Berechnungen wird geographisch Nord
zugrunde gelegt. Abstande zwischen Rotorebene und Turmachse sind zu vernachlassigen. Die Lichtbrechung in der Atmosphare (Refraktion) wird nicht berucksichtigt.
Der Schattenwurf tor Sonnenstande unter 3° Erhohung Ober Horizont kann wegen
Bewuchs, Bebauung und der zu durchdringenden Atmospharenschichten in ebenem
Gelande vernachlassigt werden. Zur genaueren Ermittlung der astronomisch maximal moglichen Beschattungsdauer sollte von der effektiven Schatten werfenden Zone einer WEA ausgegangen werden. Diese GroBe ergibt sich unter Einbeziehung der
Strahlungsdiffusion in der Atmosphare [12].
Fur das Summieren der Jahresstunden ist das Kalenderjahr mit 365 Tagen und fur
das Summieren der taglichen Schattenzeiten der 24-Stunden-Tag zugrunde zu legen.
Dauerhafte naturliche und k0nstliche lichtundurchlassige Hindernisse, die den periodischen Schattenwurf von WEA begrenzen, konnen ber0cksichtigt werden.
In der abschlieBenden Zusammenfassung ist die astronomisch maximal mogliche
Beschattungsdauer anzugeben.

3.

Beurteilung

Eine erhebliche Belastigung durch periodischen Schattenwurf liegt dann nicht vor,
wenn sowohl die lmmissionsrichtwerte tor die tagliche als auch die jahrliche Beschattungsdauer durch alle auf den maBgeblichen lmmissionsort einwirkenden
Windenergieanlagen unterschritten werden.

3.1 lmmissionsrichtwerte fur die jahrliche Beschattungsdauer

Bei der Genehmigung von Windenergieanlagen ist sicherzustellen, dass der lmmlssionsrichtwert tor die astronomisch maximal mogliche Beschattungsdauer von 30
Stunden pro Kalenderjahr nicht 0berschritten wird. Bei Beschwerden hinsichtlich
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des Schattenwurfs durch bereits bestehende Anlagen ist die Einhaltung dieses lmmissionsrichtwertes zu OberprOfen.
Bei Oberschreitungen ist durch geeignete MaBnahmen (siehe 4.1) die Einhaltung der
lmmissionsschutzanforderungen dieser Hinweise zu gewahrleisten. Bei Einsatz einer Abschaltautomatik, die keine meteorologischen Parameter berOcksichtigt, ist
durch diese auf die astronomisch maximal mogliche Beschattungsdauer von 30
Stunden pro Kalenderjahr zu begrenzen. Wird eine Abschaltautomatik eingesetzt, die
meteorologische Parameter berOcksichtigt (z. B. lntensitat des Sonnenlichtes), ist auf
die tatsachliche Beschattungsdauer von 8 Stunden zu begrenzen.

3.2 lmmissionsrichtwert fur die tagliche Beschattungsdauer
Der lmmissionsrichtwert fur die tagliche Beschattungsdauer betragt 30 Minuten.
In der Laborstudie der Universitat Kiel [9] wurde festgestellt, dass bereits eine einmalige Einwirkung des Schattenwurfs von 60 Minuten zu Stressreaktionen fuhren kann.
Aus VorsorgegrOnden wird daher die tagliche Beschattungsdauer auf 30 Minuten
begrenzt.
Dieser Wert gilt bei geplanten Anlagen tor die astronomisch maximal mogliche
Beschattungsdauer, bei bestehenden Anlagen fur die tatsachliche Schattendauer.
Bei Oberschreitung dieses Richtwertes an mindestens drei Tagen ist durch geeignete
MaBnahmen die Begrenzung der taglichen Beschattungsdauer auf 30 Minuten zu
gewahrleisten.

4.

Auflagen und MinderungsmaBnahmen

4.1 Schattenwurf
Bei der Wahl van WEA-Standorten bestimmt sich das MaB der Vorsorgepflicht hinsichtlich der erreichbaren lmmissionsminderung gegen Beschattung an maBgeblichen lmmissionsorten einzelfallbezogen unter Berucksichtigung der VerhaltnismaBigkeit und den Anforderungen der Landes-/Bauleitplanung.
Oberschreitet eine WEA die zulassigen lmmissionsrichtwerte gema.8 3, so ist eine
lmmissionsminderung durchzufuhren, die die OberprOfbare Einhaltung der lmmissionsrichtwerte zum Ziel hat. Diese Minderung erfolgt durch die gezielte Anlagenabschaltung fur Zeiten real auftretenden oder astronomisch moglichen Schattenwurfs
an den betreffenden lmmissionsorten. Bei der Festlegung der genauen Abschaltzeiten ist die raumliche Ausdehnung am lmmissionsort (z. 8. Fenster- oder Balkonflache) zu berucksichtigen. Bei lnnenraumen ist die Bezugshohe die Fenstermitte. Bei
AuBenflachen betragt die Bezugshohe 2 m Ober Boden.
Die ermittelten Oaten zur Sonnenscheindauer und Abschaltzeit sollen von der Steuereinheit Ober mindestens ein Jahr dokumentiert werden; entsprechende Protokolle
sollen auf Verlangen von der zustandigen Behorde einsehbar sein. Im Falle mehrerer
beitragender WEA ist eine Aufteilung der lmmissionsbeitrage tor den jeweiligen lmmissionsort moglich.
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4.2 Lichtblitze
Storenden Lichtblitzen soil durch Verwendung mittelreflektierender Farben, z. B. RAL
7035-HR [6], und matter Glanzgrade gemaB DIN 67530/I SO 2813-1978 [5] bei der
Rotorbeschichtung vorgebeugt werden . Hierdurch werden die lntensitat moglicher
Lichtreflexe und verursachte Belastigungswirkungen (Disco-Effekt) minimiert. Lichtblitze aufgrund von Nasse oder Vereisung werden nicht berucksichtigt.
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Anhang

Berechnungsverfahren

Der Nachweis, dass eine bestimmte WEA keine schadlichen Umwelteinwirkungen
durch periodischen Schattenwurf verursacht, stOtzt sich im Rahmen von Planungsvorhaben und Anlagenuberwachung auf eine Schattenwurfprognose. Dies gilt ebenso fOr die Ermittlung ggf. erforderlicher Abschaltzeiten von WEA.
Eine Schattenwurfprognose grOndet sich auf einem Algorithmus zur Berechnung des
standort-, tages- und uhrzeitabhangigen Sonnenstandes. Zur Gewahrleistung einer
einheitlichen Durchfuhrung und vereinfachter OberprOfbarkeit wird der Bezug auf die
normierten und allgemein zuganglichen Berechnungsmodelle [1 O] bzw. [11] empfohlen.
Die Grundgenauigkeit der in eine Prognose eingehenden geometrischen Parameter
betragen. Die Bestimmung der Schattenwurfzeiten soil an
sollte ± 3 ..... 10 m....
einer Genauigkeit von 1 min pro Tag orientiert sein. Absolute Zeitangaben sollen in
MEZ bzw. MESZ erfolgen.
Die moglichen Beschattungszeiten an alien relevanten lmmissionsorten sollen in der
Schattenwurfprognose tageweise mit Anfangs-, Endzeitpunkt und Beschattungsdauer ausgewiesen sein; im Falle mehrerer WEA sollen die Beitrage der Anlagen einzeln
und tageweise aufsummiert entnehmbar sein. Pro lmmissionsort ist die autsummierte
Jahresbeschattungsdaueranzugeben.
Bestandteil einer Schattenwurfprognose sind weiterhin AuszOge aus topogratischen
Karten, die Anlagenstandorte und lmmissionsorte unter Angabe ihrer GauB-KrOgerKoordinaten mit Hohenangaben wiedergeben. Als Ergebnis konnen auch berechnete
lso-Schattenlinien (Kurven gleicher Jahresbeschattungsdauer - insbesondere 30 h
lso-Schattenlinie - in der Anlagenumgebung) ausgewiesen werden.

Software

Aufgrund des relativ groBen Berechnungsaufwandes und der guten Berechnungsmoglichkeiten mit Hilfe von Computerprogrammen empfiehlt sich der Einsatz geeigneter Software. Hierzu kann auf kommerzielle Programme zurOckgegriffen werden.
Eine Prognose mit Hilfe geeigneter Tabellendaten ist ebenfalls moglich.
Verwendete Arbeitshilfen sollen die Anforderungen dieser Hinweise, z. B. bzgl. der
Berechnungsverfahren, berucksichtigen.
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Arbeitshilfen

Tatsachliche Beschattungsdauer: Sonnenstand und Beleuchtungsstarke
Die resultierende Beleuchtungsstarke E [Ix] in einer harizantalen Messflache hangt
vam Einfallswinkel (Sannenstand) ("] sawie dem fatametrischen Strahlungsaquivalent
[lx/Wm-2] ab, das van der Lichtbrechung (Refraktian) und der LufttrObung bestimmt
wird und ebenfalls vam Sannenstand abhangt.
Varn deutschen Wetterdienst werden falgende Eckdaten fur die Beleuchtungsstarke
angenammen:

Sonnenstand

Beleuchtungsstarke Strahlungsaquivalent

[°)
3
60

[Ix/Wm~~
62
105

[Ix]
389
10.912

In erster Naherung ergeben sich daraus folgende Beleuchtungsstarken in Abhangigkeit vam Sannenstand:

Sonnenstand

Beleuchtungsstarke

3
5
10
15
20
25
30
35
40
45
50
55
60

389
664
1402
2207
3071
3986
4942
5929
6935
7949
8959
9951
10912

r.,

nxl

FOr das Addieren der Jahresstunden ist das Kalenderjahr mit 365 Tagen und fur das
Addieren der taglichen Schattenzeiten der 24-Stunden-Tag zugrunde zu legen.
Sonnenauf- und -untergangszeiten [h:min; h:min]
Berlin
8:17;16:03
5:41;18:41
1. Ao.r
3:48;20:32
1. Jul
6:07·17:44
1. 0kt
Quella : DWD/BSH2001
1. Jan

Essen
8:37;16:34
6:08;19 :07
4:20;20:52
6:33;18:10

Hannover
8:32;16:18
5:56;18:56
4:03;20:47
6:22;17:59

Karlsruhe
8:21:16:40
6:04;18:59
4:26;20:34
6;26;18:06

M0nchen
8:04;16:31
5:52;18 :44
4:18;20:17
6:13 ;17:53

Schleswia
8:44;16:07
5:54;18:58
3:51;21 :oo
6:24;17:58

Schwerin
8:32;16:05
5:48;18:50
3:49;20:47
6:16;17:51
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Abb.: M oglicher Beschattungsbereich einer groBen W indenergieanlage
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Beschattungsdauer im Umfeld einer Windenergieanlage - Musterdaten
Koordinaten des Bezugsstandortes der WEA in ebenem Gelande:
Geographisch: 52°00' OO " N 10°00· OO"E (Mitte Deutschlands)
GauB-KrOger (Bessel): 2 637 333 15 764 640
Bezugshohe 2 m Ober Grund; horizontaler Rezeptor o, 1 x o, 1 m2

Lfd
Nr.

--

Naben-

Rotor-

Azimut

Entfernung

Stun-

Tage/

Minu-

hohe

von Nord
Ober Ost
r "I

WEA-

den/Jahr

Jahr

ten/Tag

rml

durchmesser
rml

60

40

40°
120°

90
25
15
83
28
14
98
37
20

124
62
49
111
61
46
108
76
54

60
32
22
56
36
22
62
38
26

1

2
3
4
5

---

6
7
8
9

oo

oo

90

60

40°
120°

oo

100

80

40°
120°

lmmissionsort
[ml

150
300
450
250
400
650
300
500
750

Aufgrund der Symmetrie des Beschattungsbereiches, korrespondierend mit dem tagesbezogenen (scheinbaren) Sonnenlauf, sind fOr spiegelbildlich zur Nord-SOdAchse gelegene lmmissionspunkte gleichartige lmmissionen zu erwarten. Bei Oberlagerung der lmmissionen durch mehrere WEA betragt die GesamtBeschattungsdauer an einem lmmissionsort maximal gleich die Summe der Beschattungsdauern durch die einzelnen immissionsbeitragenden WEA.
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Wind turbines and photosens itive epilepsy
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Wind Turbines And Photosensitive Epilepsy
Some people worry about the possibility of wind turbines triggering epileptic seizures in people with photosensitive epilepsy. Photosensitive
epilepsy affects up to 3% of people with epilepsy and is triggered by flashing lights or certain patterns.

Under certain conditions a wind turbine's rotating blades cast a shadow from the sun, having the effect of 'shadow flicker'. Studies show that for this to be
a potential problem for people with photosensitive epilepsy, a number of factors need to happen at the same time:

The t urbine blades would need to rotate at speeds faster than 3 hertz (flashes per second). Turbines on commercial
wind farms rotate at speeds under 2 hertz. Smaller, private turbines can rotate faster as they are not subject to the
same regulations on rotation speed.
The sun would need to be bright enough, and in Just the right position and angle from the horizon in relation to the
turbine, to cast shadows of enough Intensity and length. The weather and atmospheric conditions in the UK for most
of the year reduce this possibility down greatly.
The person with photosensitive epilepsy would need to be within a certain distance from the turbine. Regulations for
commercial wind farms include placing wind farms at enough distance from private dwellings for it not to affect
people in their houses.
The person would need to be looking at the turbine, with the sun behind the turbine. As most people will avoid
looking directly at the sun. this further reduces the risk.
Reducing the risk of photosensitive triggers
If someone with photosensitive epilepsy finds themselves facing any photosensitive trigger, covering one eye with their hand immediately reduces the risk,
as the photosensitive effect relies on both eyes receiving the same t rigger. Closing their eyes would not stop a photosensitive effect and may even worsen
the effect. If you have had a seizure directly triggered by shadow flicker from wind turbines, and you'd like to tell us about it, we would like to hear from
you. Please contact us via our online form or call our helpline.

X

11 1m
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https ://www.epilepsysociety.org.uk/wind-turbines-and-photosensitive-epilepsy# .XGWxHC3M zGJ
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BRIEF COMMUNICATION

Wind turbines, flicker, and photosensitive epilepsy:
Characterizing the flashing that may precipitate seizures
and optimizing guidelines to prevent them
•Graham Harding, •Pamela Harding, and tArnold Wilkins
"Neurosciences Institute Aston University, Birmingham, United Kingdom; and fDepartment of Psychology,
University of Essex, Colchester, United Kingdom

SUMMARY
Wind turbines are known to produce shadow
flicker by interruption of sunlight by the turbine
blades. Known parameters of the seizure provoking effect of flicker, i.e., contrast, frequency, markspace ratio, retinal area stimulated and percentage
of visual cortex involved were applied to wind turbine features. The proportion of patients affected
by viewing wind turbines expressed as distance in
multiples of the hub height of the turbine showed
that seizure risk does not decrease significantly until the distance exceeds I 00 times the hub height.

Since risk does not diminish with viewing distance,
flash frequency Is therefore the critical factor and
should be kept to a maximum of three per second,
i.e., sixty revolutions per minute for a three-bladed
turbine. On wind farms the shadows cast by one
turbine on another should not be viewable by the
public if the cumulative flash rate exceeds three per
second. Turbine blades should not be reflective.
KEY WORDS: Photosensitive epilepsy, Flicker,
Rotors, Visual discomfort, Wind farms, Wind tuf"bines, Green power.

The provision of energy from renewable sources has
produced a proliferation of wind turbines. Environmental
impacts include safety, visual acceptability, electromagnetic interference, noise nuisance and visual interference
or flicker. Wind turbines are large structures and can cast
long shadows. Rotating blades interrupt the sunlight producing unavoidable flicker bright enough to pass through
closed eyelids, and moving shadows cast by the blades on
windows can affect illumination inside buildings.
Planning permission for wind farms often consider
flicker, but guidelines relate to annoyance and are based
on physical or engineering considerations rather than the
danger to people who may be photosensitive.

is 1:1 per 100,000 per annum. Among 7-19 year-olds the
incidence is more than five times greater (Fish et al., 1993).
Photosensitivity persists in 75% of patients (Harding et al.,
1997).

PHOTOSENSITIVE EPILEPSY
Photosensitive epilepsy (PSE) occurs in one in 4,000 of
the population (Harding & Jeavons, 1994). The incidence
Accepted February I. 2008: Online E11rly publication April 4. 2008.
Address correspondence co Profc,;s r Graham Hnrding. 1l1e ElectroDiagno ·tic cntre Ltd. Greenlie lds, Up!Qn Snodsbury. Worccsier WR7
4NR, U. K. E-mail: ghnrding@wyenet.co.uk
Wiley Periodicals, Inc.
©

2008 International League Against Epilepsy

PRECIPITANTS
Sunlight is a precipitant of photosensitive seizures,
whether reflected from waves, or interrupted as the subject
travels past an avenue of trees or railings. In 454 patients
Harding & Jeavons (1994) found 33 cases where seizures
had been precipitated by flickering sunlight.
Television is a common precipitant of seizures and
guidelines now prevent the broadcast of programs with
flicker at rates exceeding 3 flashes per second, the frequency above which the chance of seizures is unacceptably
high.

FLICKER FROM ROTATING BLADES
The interruption of light by helicopter blades has caused
seizures (Johnson, 1963; Gastaut & Tassinari, 1966; Cushman & Floccare, 2007) but to our knowledge there are no
reports of seizures induced by rotating ceiling fans.
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Figure I.
Proportion of patients with photosensitive epilepsy sensitive to flicker, shown as a function of the frequency, the
proportion of the cortex to which the flicker projects (estimated from the response to striped patterns, and the
modulation depth of the flicker (expressed as a Michelson fraction). The data are taken from Binnie et al. (2002).
Epilepsia ~ ILAE

Large wind turbines usually rotate at between 30 and 60
revolutions per minute (rpm). Many are tJ1ree-bladed and
operate at a constant speed, and at 60 rpm produce flicker
at a rate of 3 Hz; some two bladed wind turbines also exist.
Turbines that rotate faster or have more blades will produce
flicker at frequencies for which the chances of seizures are
unacceptably h.igh. Smaller variable-speed turbine range
between 30 and 300 rpm (Verkuijlen & Westra, 1984) and
some have more than three blades, so d1eir flicker is within
the range for which seizures are likely.
When several turbines are in line with the sun's shadow
there is flicker from a combination of blades from different
turbines, which can have a higher frequency than from a
single turbine.
If the blades of a turbine are reflective then there i the
possibility of flicker from reflected light at viewing positions that are unaffected by shadows.
Exposure to flicker from a turbine is determined by the
hub height and the diameter of the blades, the height of the
sun and the direction of the blades relative to the observer.
These variables are affected by the time of day, time of
year, wind direction, and geographical location (Verkuijlen
& Westra, 1984). Shadows can be cast on the windows of
nearby buildings, affecting the internal illumination giving rise to flicker that cannot be avoided by occupants.
Verkuijlen & Westra determined the shadow tracks of wind
turbines and their effect relative to the hub height of the
rotor. They assumed that the rotor diameter was 75% of
the hub height, but many wind turbines deviate from this
ratio.
To avoid the problems of shadow flicker Verkuijlen and
Westra proposed that wind turbines should only be installed if flicker frequency remains below 2.5 Hz under all
conditions, and that wind turbines should be sited where

building were not in East-NE or WNW direction. from
the turbine (noriliern hemi ·phere recommendations).
Two examples of seizures induced by wind turbines on
small wind turbine farms in the UK have been reported to
the authors in 2007.
The seizure-provoking et'fects of f l.icker depend on the
time-averaged luminance of the flicker, its contrast. frequency and mark-space fraction and the area of retina stimulated, and are well described (Fig. l).
The area of retina stimulated by flicker from a wind turbine might be expected to depend on the area that the rotors
subtend at the eye. However, if the rotors interrupt direct
sunlight casting a shadow upon the observer then the luminance of the flicker is likely to be such as to scatter sufficient light with.in the eye as to stimulate the entire retina
with intermittent light. If the eyes are closed, the light is
diffused by the eyelids, and intermittent light reaches the
entire retina.
The luminance contrast ratio of the flicker depends on
the extent to which the blades occlude the sun. Given that
the sun subtends about 0.5 degrees, it is only completely
occluded when the blades subtend more than 0.5 degrees
at the eye, ignoring flare. When the observer is at a distance at which the blades subtend less than 0.5 degrees,
the contrast of the flicker is reduced. Flicker ceases to be
provocative at luminance contrasts less than about 10%,
see Fig. 1. Assuming that contrasts of less than 10% occur when the width of the turbine blade subtends at the
eye an angle that is 10% of the sun's diameter (0.05 degrees), it is possible to set a limit for the distance at
which shadow flicker is likely to be seizure provoking.
For a turbine blade 1 m in width, this distance is l.14
km. Most shadows are likely to be of contrast sufficient
to be provocative. It may be insufficient to restrict the
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siting of turbines to a distance l Odiameters from habitation
(Clarke).
In EEG laboratories, epileptiform EEG activity is induced in photosensitive individuals by a xenon gas
discharge lamp providing a series of very brief flashes, i.e.,
labor:nory studies have not investigated the effect of very
brief dark periods in an otherwise bright stimulus (such as
might be provided by a wind turbine rotor). However, in
the case of a seizure induced by helicopter blades reported
by Cushman and Floccare (2007) the dark period of the
shadow flicker was between 24 and 27 times per second.
Helicopter blades are usually narrower than those on wind
turbines and would provide for a shorter dark interval that
might be expected to be Jess provocative than for a wind
turbine blade.
Flashing can occur by the reflection of sunlight from the
gloss surfac of blades (Clarke). The blades are li.kely to
cause flicker only if the amount of sun reflected toward an
.observer varies with the rotation of the blades. Given the
shape of the blades, uch vari, Lion is likely. These consideration introduce the pos ibilily of a danger zone different
from that provided by the shadow cast by the blades.
In the case of reflected sunlight, the flicker may be less
bright than that cast by a badow and the light scattered
within the eye may be insufficient to cause a problem. If
so, the effectiveness of the stimulus will depend on the visual angle subtended by the rotor at the observer's eye. This
visual angle will be directly proportional to the rotor length
(radius) and the distance from which the observer is viewing the rotor.
The visual angle subtended by the flickering light determines the likelihood of seizures. From the studies of Binnie
et al. (2002) or Wilkins et al. (2005) it is clear that the risk
of seizures is in direct proportion to the area of vi ual cortex stimulated, see Fig. 1. For this reason, flicker that is
directed at the center of the visual field is more provocative than flicker in the visual periphery. (The central 10 degrees of vision provide for 90%of the neural output from
the retina to the brain.)
Suppose a turbine with blades 75% of hub height is
viewed from a distance (Fig. 2). The sunlight is not simultaneously reflected from more than one blade given
that the angle of the blades relative to the sun will rarely
be similar. We will assume that the blades are of uniform
width equal to 10% of their (radial) length. The angle at
the eye of an observer subtended by any blade is maximum
when the blade is at the bottom of its path. Assuming gaze
is centered half way up the blade, the proportionate area
of the visual cortex stimulated can be calculated (Drasdo,
1977). The proportion of visual cortex (P) to which a circular centrally fixated stimulus, angular radius A, projects
is p = 1 _ e-0.0574A.
Applying this formula to angular segments of the rotor
surface centrally fixated, the area of cortex to which the rotor projects can be calculated and the proportion of patients
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Figure 2.
Maximum visual angle is subtended by blades when at
the bottom of their path.
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liable to seizures can be estimated, using the relationship
between proportion affected and stimulated area of the cortex (Fig. I). The proportion of patients affected is shown as
a function of viewing distance (expressed as a factor of the
height of the hub) (Fig. 3). Note that the risk of seizures
does not decrease appreciably until the viewing distance
exceeds 100 times the height of the hub, a distance typically more than 4 km.
The above analyses indicate that flicker from wind turbines is potentially a problem at considerable observation
distances. Over 1 km, 25% of the light should be attenuated
by the atmosphere (Curcio et al., 1953). Such attenuation
should reduce the risk by a similar proportion (Binnie et al.,
2003).
Epilepsia, 49(6): 1095-1098. 2008
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DISCUSSION
Flicker from turbines that interrupt or reflect sunlight
at frequencies greater than 3 Hz poses a potential risk of
inducing photosensitive seizures. At 3 Hz and below the
cumulative risk of inducing a seizure should be l.7 per
100,000 of the photosensitive population. The risk is maintained over considerable distances from the turbine. It is
therefore important to keep rotation speeds to a minimum,
and in the case of turbines with three blades ensure that
the maximum speed of rotation does not exceed 60 rpm,
which is normal practice for large wind farms. The layout
of wind farms should ensure that shadows cast by one turbine upon another should not be readily visible to the general public. The shadow should not faJI upon Lhe windows
of nearby buildings. The specular reflection from turbine
blades should be minimized.

ACKNOWLEDGMENTS
None of the authors have any associations, which might affect their
abi lity to present and/or inrcrpret data objectively, particu larly finanda l
tic~ 10 funding sources for rhe work under review.
onflicls of inreresl: We confirm llrnr we lu1ve read the Joumnl"s position on issues involved in ethical publicatiCJn and allirm thut thi, report is
consistent with those guideli nes.

REFERENCES
Binnie CD, Emmett J. Gardiner P, Harding GFA, Harrison D, Wilkins Al.
(2002) Chamctcri,;ing the Oashing television images thot precipitote
seizures. SMPTE J July/August: 323- 129.
Clarke AD. A case of shadow flicker/flashing: assessment and solution.

Techno Policy Group, Open University, Milton Keynes, UK.
Curcio JA, Drummeter LF, Petty CC, Steward HS, Butler CP. (1953)
An experimental study of atmospheric transmission. J Opt Soc Am
43(2):97-102.
Cushman IT, Floccare DJ. (2007) Flicker illness: an underrccognized but
preventable complication of helicopter transport. Prehosp £111 ,rg Care
11 (I ):85--88.
Dra,do N. (1977) The neural i:epn:sentutlon of visuul space. Nature
266(5602}:554-556.
Fish DR, Quirk JA, Smith SJM, Sander JWAS, Shorvon SD, Allen
PJ. (1 993) Nmio11al ~·rtrvey of plro10se11sitiliiry tu11I ·eiZJrre i11d11c.1,I
by el<l,·rrrmir .1cree11 games /videu games. t·o11sole games. C0/11/lltler
games). Inte ri m Findings, Dept ofTrmle & Industry, London.
G11s1aut H .• Tnssinori CA. ( 1966) Triggering mechlllliNnis in epilepsy. TI1e
clectroclinical point of view. Epilepsia 7:85--138.
Harding GFA, Jeavons PM. (1994) Photosensitive epilepsy. MacKeith
Press, London.
Harding GFA, Edson A, Jeavons PM. (1997) Persistence of photosensitivity. Epilepsia 38:663-669.
Johnson LC. (1 963) Flicker as a helicopter pilot problem. Ac:rosp Mu,/
34:306-3 10.
Verkuijlen E, Westra CA. (1984) Shadow hindrance by wind turbines.
Proceedings of the European wind Energy Conference. October 1984,
Hamburg, Germany.
Wi lkins AJ . Emmcll J, Harding GFA. (2005) Char:.ic terlzing lhe panemed
imnges that precipimre seizures and optimizing guidelines to prcvenr
them. Epile/}sia 46:1212-12 18.

Epilepsia, 49(6): 1095-1098, 2008
doi : 10. I l I l/j.1528-1167.2008.01563.x

001849

Exhibit 16
Epilepsia, 51(7): 1146-1151 , 2010
doi: 10. 111 l /j .1528- I 167.2009.02402.x

FULL-LENGTH ORIGINAL RESEARCH

Potential of wind turbines to elicit seizures under
various meteorological conditions
*Andrew R. D. Smedley, *Ann R. Webb, and tArnold J. Wilkins
• Schoo l of Ea rth, Atmo spheric and Environme ntal Science s, Unive rsity of Mancheste r, Manchest e r, U nited Kingdom;
and tVisual Perception Unit, Universit y of Esse x, Colchester, United Kingdom

SUMMARY

Purpose: To dete rmine the pote ntial risk of epile ptic se izures from wind t urbine shadow fli cker under various
meteorologic conditions.
Methods: W e extend a previous model to Include attenuation of sunlight by the atmosphere using the libradtran
radiative transfer code.
Results: Under conditions in which observers look toward
the horizon with their eyes open we find that there is risk
when the observer is closer than 1.2 times the total turbine height when on land, and 2.8 times the total turbine
he igh t in marine e nvironme nts, the risk limite d by t he size
of the Image of the sun's d isc on the ret ina. When looking
at the ground, whe re the shadow of t he blade is c ast,

The shadow from the blades of certain wind turbines can
result in changes in retinal illumination at a rate >3 Hz.
Flicker at such freque ncies is known to cause epileptic seizures in susceptible people (Binnie et al., 2002). The risk is
known to de pend upon ( J) the flicker frequency; (2) whether
one or both eyes are stimulated; (3) the area of the retina
receiving slimulati m; (4) whether Lhe centra l or peripheral
relina is stimulated· (5) the am unt of the change in light
in ten ·ity (modulation depth) · (6) the nature of its variation
over time (mark/space fracLion ; and (7) the spectra l composition of the Light. A simple model that take:,; into account
these parameters has been published (Harding et al., 2008),
but the model fails to consider the atmospheric effects that
reduce the shadow contrast. In the following article, we
extend the earlier model of Harding et al. to include estimation of the effects of atmospheric scattering. The current
view used by United Kingdom planning authorities is
·imply tlia.t ".Fl icker effects have been proven to occur only
within ten rotor diameters f a turbine'' (Office of the
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observers are at risk only when at a distance <36 times the
blade width, the risk limited by image contrast. If the
observer views the horizon and closes their eyes, however, the stimulus size and contrast ratio are epileptoge nic fo r solar e le va t ion a ngle.s down to a pproximately S0 •
Discussion: Large t urbine s rotate a t a rate be low that at
which the fl icker is likely to present a risk, al though t he re
ls a risk from smalle r t urbine s t hat interrupt sunlight
more than three times per second. For the scenarios considered, we find the risk is negligible at a distance more
t han about nine ti m es the maxi m um height re ached by
t he t urbi ne blade, a d istance similar t o that in guidance
from the United Kingdom planning authorities.
KEY WORDS: Photosensitive epilepsy, Flicker, Wind
turbines, Atmospheric scattering of light.

Deputy Prime Minister, 2004). Therefore, if the turbine has
80-m diameter blades, the potential shadow flicker effect
could be felt up to 800 m from a turbine.
The depth or darkness of the shadow of a turbine blade
will depend on how much of the light comes directly from
the sun and how much comes from elsewhere in the sky
as a result of diffuse radiation. This in turn depends on the
solar elevation (itself a function of latitude, time of day, and
season), and on the amount of aerosols and optically thin
clouds in the atmosphere. If the optical depth of cloud is
sufficient to completely block the direct beam, then there is
no shadow. The greatest contrast will be found when the
atmosphere is clean and cloud free, when the scattering that
leads to diffuse radiation is strongly wavelength dependent.
Although there is a little evidence that long wavelengths
may be more epileptogenic (Parra et al., 2007), the basis for
this is currently uncertain, and insufficient to suggest an
action spectrum different from that for photopic vision.
The variation in photopic luminance (V;.) will, therefore, be
considered.

METHOD
To determine the risk of seizures from wind turbines
in persons with photosensitive epilepsy we have modeled
the light-dark contrasts of turbine shadows for worst case
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conditions, that is, for a completely cloud-free atmosphere
with the turbine blades rotating in a vertical plane and
directly facing the observer on a line between the observer
and the position of the sun in the sky. The observer is
assumed to be looking straight ahead, so that we consider
the radiation falling on a vertical plane at the location of the
observer's eye (Fig. 1). We consider the mark/space fraction of the flicker to be within the epileptogenic range for
reasons outlined by Harding et al. (2008).
For each meteorologic case, a determination of the diffuse radiance distribution in the sky, the intensity of the
direct beam, together with the surface reflectivity (albedo)
is required. To this end the libradtran radiative transfer code
has been used (Mayer & Kylling, 2005). The model has
been developed over several years and verified in a variety
of measurement campaigns and, therefore, can be considered robust and reliable.
In the first instance we model the solar radiatiQn for four
possible atmospheric and ground conditions: a marine aerosol with a visibility of 30 km over a water surface, a rural
aerosol also with a visibility of30 km, an urban aerosol with
a visibility of 10 km, and haze with a visibility of only
5 km. For all the nonmarine model runs, a grass surface was
assumed. Although many of the larger turbines are located
in open areas, the smaller turbines that have a higher and
more epileptogenic flicker frequency are often located on
roof tops. Roof surfaces exhibit a range of albedos; for simplicity we take the combined effect to be broadly similar to
that of grass. The aerosol characteristics were taken from
Shettle ( 1989) and the albedo for grass from Feister and
Grewe (1995). The equivalent value for water, however,

Sun

~

0~
~

Side View

Flicke r shadow zo ne

/

~

Planview

Figure I.
Generalized geometry for turbine flicker, showing an observer
in the shadow area. Note the main analysis assumes the observer and turbine blades are directly facing each other.
Epilepsia © llAE

was simply set at 0.03S, due to the complications inherent in
assigning a single Lambertian value for the range of sea
states that could occur.
In many environments, especially urban areas, the presence of buildings, trees, and other obstructions close to the
observer, as well as clouds close to the horizon, prevents the
sun being viewed close to the horizon. Therefore, the lowest
solar elevation angle modeled was chosen as 2°. Similarly
for an observer looking directly ahead, once the sun is out of
their field of view, the primary stimulus no longer has any
potential to cause epileptic seizures; consequently, the
upper limit is chosen as 40°. The model has been run at
intervals between these two limits.
The output radiance distributions, calculated for wavelengths of 380-760 nm at lO nm intervals, have been
weighted with the CIE 1924 photopic action spectrum
(Wyszecki & Stiles, 1982) to represent the sunlight as
detected by the human eye. These values have then been
converted to irradiances incident on a vertical surface,
representing the observer's eye.
To incorporate the effect of a turbine blade upon these
received irradiances, we make the assumption that the
radiance in the vicinity of the solar disc is rotationally
symmetric; this simplifies subsequent analysis, as only the
angular width of the blade need be considered, with the
relative position of the turbine axis with respect to the sun
being removed. The contrast function then results from the
blade obscuring the sky and occasionally the sun behind it.
Still considering the observer to be looking toward the
horizon with the turbine in the fo reground, we also include
the cortical magnification factor (Drasdo, 1977)- an
expression of the relative density of neurons on the visual
cortex and hence the relative contributions of each part of
the stimulus- Lo determine the perceived relative intensities
of the direct and diffuse contributions (see Harding et al.,
2008).
Then to find the contrast ratio, that is, the ex.tremum value
of the time varying contrast function, we additionally consider the area of the sun's disc that is obscured by a blade.
As the observer becomes more distant from the turbine
blade, the blade will obscure a smaller fraction of the direct
beam/sun's disc. At a certain distance the fraction of the
direct beam obscured as each blade passes in front of the sun
will decrease to the point that the contrast is insufficient to
induce seizures. The threshold Michelson contrast has been
estimated as S-10%, depending on the dataset used (Harding
& Fylan, 1999; or Wilkins et al., 1980), which equates to a
Weber contrast of 10-18%. In this case we define contrast
in terms of the Weber fraction, as appropriate when the
mark/space ratio is low, and we choose the more risk-averse
figure of 10%. This contrast threshold distance is defined by
the area of the sun obscured by the blade (the threshold
obscuration area) and is, therefore, a function of the relative
contributions of the diffuse and direct components and, in
turn, the state of the atmosphere and the solar elevation.
Epilep.l'ic,, 5 1(7): 11 46--1 I 5 1, 2()1()
doi: JO.I I I l/j.1528- 11 67.2009.02402.x
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Blade, an~ular
width= w
Sun. area= a
•

Obscured
area= aw
w

Distance to
turbine= d

Figure 2.

Contrast
function
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Geometry showing symbols used in
calculation of thresho ld distance.
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Time I blade position

'9' Observer
To calculate the threshold obscuration area, we set the
reduction in direct beam intensity due to blade obscuration
equal to the maximum intensity multiplied by the epileptogenic contrast threshold (see Fig. 2 for geometry). The maximum intensity occurs when the sun is unobscured, and is
given by the sum of the direct and sky contributions. The
intensity is reduced most when the blade lies symmetrically
over the sun, obscuring a fraction awfas of the direct beam,
where aw is the threshold obscuration area and 3s is the area
of the solar disc. Rearranging, the threshold area can then be
expressed as follows:

Here Cw is the epileptogenic contrast threshold, Rs is the
relative contribution from the sky, and Ro is the relative
contribution of the sun's direct beam.
The blade is assumed to be delimited by parallel edges in
the region of interest and lying symmetrically over the sun's
disc at the time of minimum contrast ratio. Simple geometry
then enables the threshold area to be expressed as an angular
blade width.
Finally, the threshold width in each meteorologic situation can be converted to find the threshold distance in units
of blade width-this is the distance beyond which the
flicker from the turbine blade is no longer epileptogenic to
an observer because the contrast ratio would fall below
10%. It is, as follows:
d = 0 .5cot (w/2),
where w is the threshold angular blade width.

applying the analysis in the preceding section to the cases
modeled, we obtain the distances at which this threshold is
reached. These are shown in Fig. 3.
It is clear that as the amount of aerosol in the atmosphere
decreases, the direct beam contribution rises and so the
threshold distance increases. Furthermore, when the sun
approaches the horizon for the high visibility (low aerosol)
cases the threshold distance increases to over 1,000 times
the blade width. From atmospheric radiative considerations
alone for each level of aerosol loading, it would be expected
that as the solar elevation angle increases, a corresponding
increase in the threshold distance would also be seen. However, the direct beam contribution in fact decreases with
increasing solar elevation angle due to the cortical magnification factor. It is competition between these two aspects
that results in a peak at 15-20° for the two highest aerosol
cases and at 5° for the low aerosol cases: At lower solar
elevation angles the direct beam is reduced by aerosol
interactions, and at higher elevations its contribution falls
due to the decreasing cortical magnification factor. Furthermore, it can be seen that the differing albedos of grass and
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RESULTS AND DISCUSSION
As the aerosol loading of the atmosphere and the solar
elevation angle change, the relative contributions of the diffuse and direct components will alter. In turn, as turbine
blades pass in front of the sun, the fraction of the solar disc
that results in a threshold contrast ratio will vary. When
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Figure l.
Th reshold distances corresponding to a t hreshold contrast
ratio of I0%, as a function of solar elevation angle for sample
aerosol loadings, as described in the text.
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water and the different aerosol properties in the two cases,
increase the observed diffuse radiation component for marine environments, and in turn the threshold distances. It will
also be noted that there is a lower limit reached for high
aerosols- where even when the blade obscures the entire
sun the contrast threshold is not achieved.
Taking the maxi mum threshold distance allows two
example turbines to be considered. Wind turbines are commonly either for large-scale power generation as standalone structures, or for microgeneration, being sited on or
close to the structure requiring electricity. A typical large
2MW turbine has a blade width of approximate ly 2 m
(although very close to the rotation axis it may be more than
this, and will taper toward the point). The contrast ratio
threshold distance for a clear, low aerosol day would then be
~2 km. For a small turbine the equivalent distance is an
order of magnitude less at 200 m, assuming a blade width of
20 cm.
11 should be n led , however, that thi s does not imply 1hat
!here is a rL k of seizures where ver the turbine can be seen.
For there to be a risk, the observer still must be within the
shadow zone. For the 2MW turbine example (total height of
120 m), the furthest part of the shadow falls 1,380 m from
the turbine when the sun is 5° above the horizon- less than
the threshold distance in the previous paragraph. Therefore,
in this example the locations on the ground that present a
risk of seizures are determined by the extent of the shadow
and not the contrast ratio threshold. This point suggests that
there are a number of other factors that ought to be considered. We will discuss these below.
The most pertinent is a direct consideration of the cortical
magnification factor. From Drasdo ( 1977) and Binnie et al.
(2002), the proportion of patients at risk from a stimulus
subtending a half-angle <p can be given as follows:
p

=

radiation itself has not been included, although it is noted it
would increase the calculated values slightly- the direct
beam contribution will always be much larger.) To determine this radius, the ratio of the direct beam irradiance to
the circumsolar value was calculated and multiplied by 0.1.
The apparent radius of the solar disc was then found from
the tables provided in Vos et al. (1976). This is plotted in
Fig. 4, alongside the epileptogenic threshold radius of l.6°.
It is clear that for most combinations of solar elevation angle
and aerosol loading, the minimum epileptogenic stimulus
size is not reached. Moreover, even with the lowest aerosol
loadings this threshold is not reached when the sun is <20°
above the horizon. For land-based turbines the equivalent
solar elevation angle is 40°- the upper limit of our analysis.
The implications of this resul t are as fo ll ws: conside ring
Ll'l c contr.ist ratio Lhreshold alo n would lead Lo the onclusion that wind turbines can cause seizures up to 2 km
distant; including the apparent stimulus size limits the solar
elevation angle to 40° on land, and hence the maximum
"at risk" distance is reduced to 1.2 times (cot 40°) the total
turbine height (hub height plus blade length). For marine
environments the "at risk" distance is 2.8 (cot 20°) times
the total turbine height. In each case the total turbine height
includes the height of any structure that the turbine might be
situated on, for example. a building.
The weather conditions modeled so far have neglected
the presence of clouds or other nonhorizontally homogenous components. The minimum stimulus size required for
patients to be "at risk," however, allows us to consider a
more general meteorologic situation with a bright patch in
the sky of angular width l .6°. Assuming the other epileptogenic conditions are met, this defines an angular blade width
that would be required to cover and uncover the stimulus.
The threshold distance in this case is equal to 35.8 multiples

-0.184 + 2.1 (1 - exp(-0.0574</>))

Solving for p = 0, shows that when the stimulus subtends
a half-angle <l.6°, no patients are at risk. In our case the
dominant stimulus is the solar disc, which subtends a total
angle of 0.53°, implying that although the contrast ratio
would appear to be sufficient to cause seizures, the size
of th ; Jar di. c stimu lus pre vents the flicke r from b ing
epilept<>genic.
Yet the analysis thus far only includes radiative transfer
in the atmosphere. A further consideration is scattering of
the external stimulus within the eye, before the image
reaches the retina. Following Vos et al. (l 976), the intensity
profile of an external point source falling on the fovea
can be expressed as a power law for angles >l'. In general
50% of the source intensity falls within 2' and 3', and 90%
within 1°.
We take the edge of the sun's image to be the radius at
whic h Lhe solar ntopic stray ligbt is 10'¾ of the steady
diffuse bac kgr und, the same limit used by de Wit and
Coppens (2003). (Entopic scatter of the circumsolar
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of the blade width. For the large turbine example this would
be approximately 70 m from the blades, and for a small
turbine, approximately 7 m.
Up until this point we have assumed that the observer is
directly facing the turbine looking toward the horizon. This
would seem to be a reasonable first assumption; it also simplified calculations and caused the sun to be within the
observer's field of view. That said, except during high aerosol loadings of the atmosphere, it is the body's natural
response to look away from the sun, or to partially close the
eyelids (Sliney, 2005). Indeed it is widely recommended not
to view the sun directly because of the risk of retinal damage. Without the solar disc in the observer's field of view
though, the analysis described in the preceding text does not
hold.
There are some other possible scenarios in which turbine
flicker of the direct solar beam could be epileptogenic. First
where the observer stands in the shadow zone, but views
the ground, and second, an observer viewing the turbine
blades against the sky. The analysis was similar to that for
the main case, but the threshold distances were found to be
about two orders of magnitude smaller, with a maximum of
36 times the blade diameter for the marine case. The rural,
urban, and haze aerosols all had lower threshold distances.
This corresponds to a distance at which the general public
would normally be excluded on other safety grounds, and
may be less than the distance from the blades to the
ground.
If rather than looking down, an observer chooses to close
their eyes, but remains with their gaze directed ahead, the
threshold distance is as in Fig. 5. The effect of the eyelids is
to reduce the transmission of the incoming radiation (in the
present study this is assumed to be wavelength independent), and to scatter radiation from all directions equally.
The diffuse contribution is, therefore, the mean irradiance
within a 40° field of view, and does not include any weighting by the cortical magnification factor because the entire
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retina is then equally stimulated. From Fig. 5 we see that the
contrast ratio threshold distance now increases with increasing solar elevation angle. For the lowest aerosol loadings
this is from <600 at 5° to almost 1,100 at 40°. As discussed
earlier for the main "eyes open" case, the limiting factor for
marine and rural aerosols for these solar elevations is then
the distance from the turbine that a shadow falls, rather than
the contrast ratio threshold distance. For the 2MW turbine
example with solar elevations of 5° and lower, we find that
the contrast ratio threshold distance is the limiting factor.
For example a 120 m total tower height, with blades 2 m
wide, the contrast ratio threshold distance at 5° is 1,070 m
on land- approximately nine times the total turbine height.
The shadow, however, would extend to 1,370 m. As the sun
drops lower, the contrast ratio threshold will fall and the
blades' shadow will be cast outside this limit, therefore, not
creating a risk of seizure. This worst case scenario is in line
with the rule of thumb used by United Kingdom planning
authorities to determine the "at risk" region- IO times the
total turbine height (Harding et al., 2008).
The final contributing aspect to epileptogenic flicker is its
frequency . Modern turbines are designed 10 have a constant
tip speed ratio:
1 /'~

-

4n:
,
n

where n is the number of blades. The most efficient threebladed turbines may have tip speed ratios of 6-7. The frequency at which the blades pass in front of a point on the
sky can then be expressed as:

n
2u
v = ).u · 2n I =I '
where u is the wind speed, and I is the blade length. This is
in accordance with the fact that microgeneration turbines
rotate faster than their larger counterparts. However, for the
2MW example, with 40 m blades, a wind speed of 20 mis is
required before the flicker frequency reaches 1 Hz, which is
close to the typical storm protection shutdown speed of
25 mis (BWEA 2005). Turbines of this size, therefore,
rotate slower than 3 Hz, the lower frequency threshold at
which seizures are a potential risk. For smaller turbines the
flicker frequency is expected to be a factor of 10 or more
higher, and, therefore, would have the potential to affect a
larger proportion of people with epilepsy. For typical mean
wind speeds of 5 mis and a blade length of 2 m, the flicker
frequency would be 5 Hz, although helical designs rotate at
higher speeds and have shadows that move against one
another, increasing the rate of shadow flicker.

40

Figure S.
Threshold distances as a function of solar elevation angle for
sample aerosol loadings and an observer with closed eyelids.
Epilepsia © ILAE

CONCLUSIONS
This study has used a robust and accurate radiative
transfer model to predict the radiance distribution and direct
solar beam intensity for a range of clear sky atmospheric
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conditions. It is found that for a low aerosol loading of the
atmosphere the epileptogenic contrast threshold of 10% is
met for all locations where the turbine blade shadow would
be reasonably expected to faJl . However, with the eyes open,
the apparent angular radius of the stimulus falls below the
limit where any patients would be at risk ( 1.6°) for solar elevation angles of 40° or less (on land) and 20° or less (marine
environments). Therefore, we envisage no epileptogenic
risk to observers looking toward the horizon except when
standing closer than 1.2 times the total turbine height on
land, or situated closer than 2.8 times the total turbine height
in marine environments.
Furthermore, considering the tendency of patients to look
away from the sun as a natural reaction , but for those who
find themselves in the shadow zone, we find that for an
observer viewing the ground the contrast is almost always
insufficient to be epileptogenic. If, alternatively, the observer maintains their gaze, but closes their eyes, then both the
contrast ratio threshold distance and stimulus size conditions are sufficient down to a solar elevation angle of 5°,
for the example discussed. In other words, when solar elevation is greater than 5°, there is epileptogenic potential
where the blade's shadow falls. Below this angle the contrast ratio threshold limits the "at risk" region to <535
times the blade width on land. For the large turbine example used this corresponds to nine times the total tower
height. It is noted that eye closure is a natural immediate
protective action when exposed to flicker, and so has the
unfortunate consequence of exacerbating its adverse effect
in this context. A more effective strategy would be to cover
one eye with the palm of a hand as monocular stimulation
is known to be generally far less epileptogenic (Harding &
Jeavons, 1995), or for the observer to simply avert their
gaze toward the ground.
Finally we find that if flicker of sufficient contrast and
stimulus size were produced by turbines, the larger turbines
are unlikely to rotate fast enough to induce seizures. However, the rotation frequency increases inversely with the
blade length, making small microgeneration turbines more
likely to induce seizures, should the combined intensity and
stimulus size conditions be met.
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EXECUTIVE SUMMARY
The term 'shadow flicker' refers to the flickering effect caused when rotating wind turbine blades
periodically cast shadows over neighbouring properties as they turn , through constrained openings
such as windows. The magnitude of the shadow flicker varies both spatially and temporally and
depends on a number of environmental conditions coinciding at any particular point in time,
including, the position and height of the sun, wind speed, direction , cloudiness, and position of the
turbine to a sensitive receptor.
Planning guidance in the UK requires developers to investigate the impact of shadow flicker, but
does not specify methodologies.
To enable the Department of Energy and Climate Change to advance current understanding of the
shadow flicker effect, this report details the findings of an investigation into the phenomenon of
shadow flicker. This report presents an update of the evidence base which has been produced by
carrying out a thorough review of international guidance on shadow flicker, an academic literature
review and by investigating current assessment methodologies employed by developers and case
study evidence. Consultation (by means of a questionnaire) was carried out with stakeholders in the
UK onshore wind farm industry including developers, consultants and Local Planning Authorities
(LPAs). This exercise was used to gauge their opinion and operationa l experience with shadow
flicker, current guidance and the mitigation strategies that can and have been implemented.
All of the data collated was analysed and a number of conclusions were drawn. The current
recommendation in Companion Guide to PPS22 (2004) to assess shadow flicker impacts within 130
degrees either side of north is considered acceptable, as is the 10 rotor diameter distance from the
nearest property. It is acknowledged that this is a 'one size fits all' approach that may not be
suitable depending on the latitude of the site.
It has become clear that there is no standard methodology that all developers employ when
introducing environmental and site specific data into shadow flicker assessments. The three key
computer models used by the industry are WindPro, WindFarm and Windfarrner. It has been shown
that the outputs of these packages do not have significant differences between them. All computer
model assessment methods use a 'worst case scenario' approach and don't consider 'realistic'
factors such as wind speed and cloud cover which can reduce the duration of the shadow flicker
impact.
On health effects and nuisance of the shadow flicker effect, it is considered that the frequency of the
flickering caused by the wind turbine rotation is such that it should not cause a significant risk to
health . Mitigation measures which have been employed to operational wind farms such as turbine
shut down strategies, have proved very successful, to the extent that shadow flicker can not be
considered to be a major issue in the UK.
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1

INTRODUCTION
The term 'shadow flicker' refers to the flickering effect caused when rotating wind turbine
blades periodically cast a shadow over neighbouring properties as they turn, through
constrained openings such as windows. The magnitude of the shadow flicker effect varies
both spatially and temporally, and depends on a number of environmental conditions
coinciding at any particular point in time, including, the position and height of the sun, wind
speed and direction, cloudiness, and proximity of the turbine to a sensitive receptor.
Planning guidance in the UK (Companion Guide to PPS22, PAN45, Best Practice Guidance
to PPS18 and the Welsh Planning Guidelines) requires developers to investigate the impact
of shadow flicker, but does not specify methodologies.
To enable DECC to advance current understanding of the shadow flicker effect; this report
details the findings of an investigation into the phenomenon of shadow flicker. In this report,
Parsons Brinckerhoff (PB) update the evidence base by providing a review of planning
guidance on shadow flicker from across the world , academic literature on the subject of
shadow flicker, and has investigated assessment methodologies and case study evidence.
Parsons Brinckerhoff has also consulted with stakeholders in the industry - both developers
and local planning authorities (LPAs) through a questionnaire to gauge their opinion and
operational experience with regard to shadow flicker, current guidance and the mitigation
strategies that can be implemented.
Following this introduction (Section 1), the report is structured in six key sections:
•

•
•
•
•
•

Section 2 provides a review of guidance on shadow flicker from countries across
the world.
Section 3 is an academic literature review, investigating the current understanding
of the phenomenon.
Section 4 examines software models which are available to allow the assessment
of shadow flicker on proposed developments.
Section 5 includes information from the respondents to the questionnaires which
were sent to developers and planning authorities.
Section 6 collates information from the preceding four sections and provides a
discussion of ten key themes and issues that were identified during the study.
Section 7 provides conclusions.

This report focuses solely on shadow flicker effect caused by large scale onshore
(approximately 500kW upwards) wind turbines and does not consider the distinct shadow
flicker conditions and impacts that are related to shadow flicker from small and micro scale
(also known as 'domestic' scale, 0.3-10 kW) wind turbines.
Another distinct phenomenon that is often confused with 'shadow flicker effect' is that of
'strobe effect'. Strobe effect refers to the flashing of reflected light which can be visible from
some distance. This phenomenon has largely been ameliorated by the development of an
industry standard (light grey semi-matt) for the colour and surface finish of turbine blades, as
proposed by the ETSU (1999) study and the Companion Guide to PPS22 (2004). As a point
of clarity, PB has disregarded the 'strobe effect' phenomenon from this study.
Throughout this report, we have included relevant quotations taken from our questionnaire
responses. Whilst these are used in context, these quotations do not necessarily represent
the views of Parsons Brinckerhoff or DECC and are the opinions of the questionnaire
respondent. Please bear this in mind when reading the report.
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2

CURRENT GUIDANCE

2.1

Introduction
This section reviews available guidance and policy literature relating to the shadow flicker
phenomenon. This section is split into:
•
•
•

Section 2.2 - United Kingdom Guidance
Section 2.3- International Guidance
Section 2.4 - Non-governmental Organisation Guidance

For each country, relevant shadow flicker literature is detailed . For each guidance/ policy
document, the following information is included:
•
•
•

Publication details - eg. report title, institution / author name, date, etc;
A short synopsis detailing the salient issues raised and mitigation measures
proposed;
Extracts of the relevant text from the original document.

For the international guidance, the following European countries with an installed onshore
wind energy capacity of greater than 100 megawatts (EWEA, 2010) were short listed and
each country's national wind energy association was contacted for information on country
specific shadow flicker guidance or regulatory policy.
Austria
Belgium
Bulgaria
Czech Republic
Denmark
Estonia

Finland
France
Germany
Greece
Hungary
Ireland

Italy
Netherlands
Poland
Portugal
Spain
Sweden

2.2

United Kingdom Guidance

2.2.1

England

2.2.1.1

Planning for Renewable Energy - A Companion Guide to PPS22
Office of the Deputy Prime Minister (2004)
Synopsis
Companion Guide to PPS22 makes the following statements:
• Shadow flicker only occurs inside buildings where the flicker appears through a
narrow window opening;
• Only properties within 130 degrees either side of north of the turbines can be
affected at UK latitudes;
• Shadow flicker has been proven to occur only within ten rotor diameters of a
turbine position;
• Less than 5% of photo-sensitive epileptics are sensitive to the lowest frequencies
of 2.5-3 Hz; the remainder being sensitive to higher frequencies; and
• A fast-moving three-bladed wind turbine will give rise to the highest levels of flicker
frequency of well below 2 Hz. The new generation of wind turbines is known to
operate at levels below 1 Hz.
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Relevant text

Hit {shadow flicker] only occurs inside buildings where the flicker appears through a
narrow window opening. The seasonal duration of this effect can be calculated from the
geometry of the machine and the latitude of the site. Although problems caused by
shadow flicker are rare. for sites where existing development may be subject to this
problem, applicants for planning permission for wind turbine installations should provide
an analysis to quantify the effect. A single window in a single building is likely to be
affected for a few minutes at certain times of the day during short periods of the year.
The likelihood of this occurring and the duration of such an effect depends upon:
• the direction of the residence relative to the turbine(s);
• the distance from the turbine(s);
• the turbine hub-height and rotor diameter;
• the time of year;
• the proportion of day-light hours in which the turbines operate;
• the frequency of bright sunshine and cloudless skies {particularly at low elevations
above the horizon); and,
• the prevailing wind direction. " (Page 176)
"Only properties within 130 degrees either side of north, relative to the turbines can be
affected at these latitudes in the UK - turbines do not cast long shadows on their
southern side." (Page 177)
'7he further the observer is from the turbine the less pronounced the effect will be. There
are several reasons for this:
• there are fewer times when the sun is low enough to cast a long shadow;
• when the sun is low it is more likely to be obscured by either cloud on the horizon
or intervening buildings and vegetation; and,
• the centre of the rotor's shadow passes more quickly over the land reducing the
duration of the effect. " (Page 177)
"At distance the blades do not cover the sun but only partly mask ;t, substantially
weakening the shadow. This effect occurs first with the shadow from the blade tip, the
tips being thinner in section than the rest of the blade. The shadows from the tips extend
the furthest and so only a very weak effect is observed at distance from the turbines. "
(Page 177)
"Shadow flicker can be mitigated by siting wind turbines at sufficient distance from
residences likely to be affected. Flicker effects have been proven to occur only within ten
rotor diameters of a turbine. Therefore if the turbine has 80 m diameter blades, the
potential shadow flicker effect could be felt up to 800 m from a turbine." (Page 177)
"Around 0. 5 % of the population is epileptic and of these around 5 % are photo-sensitive.
Of photo-sensitive epileptics less than 5 % are sensitive to lowest frequencies of 2.5 3 Hz, the remainder are sensitive only to higher frequencies. The flicker caused by wind
turbines is equal to the blade passing frequency. A fast-moving three-bladed machine
will give rise to the highest levels of flicker frequency. These levels are well below 2 Hz.
The new generation of wind turbines is known to operate at levels below 1 Hz. "
(Page 177)
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2.2.1.2

Onshore Wind Energy Planning Conditions Guidance Note,
Renewables Advisory Board and BERR (2007)
Synopsis
This document provides guidance to Local Planning Authorities and other stakeholders on
preparing planning conditions for onshore wind energy developments.
The document states that only dwellings within 130 degrees either side of north relative to a
turbine can be affected and the shadow can be experienced only within 10 rotor diameters
of the wind farm.
Shadow flicker is more likely to be relevant when considering potential effects on residential
amenity than on health effects.
It is worth noting that this document states that where wind turbines lie within the
geographical range which may be affected by shadow flicker, it will not be possible to
determine whether or not shadow flicker effects will actually be felt until an assessment has
been made of window widths, the uses of the rooms with potentially affected windows and
the effects of intervening topography and other vegetation. Therefore, the document
proposes that local ameliorating factors are taken into account when preparing a shadow
flicker report.
If shadow flicker is determined to have a potentially significant impact, then a Local Planning
Authority may wish to impose the following planning condition:

''The operation of the turbines shall take place in accordance with the approved shadow
flicker mitigation protocol unless the Local Planning Authority gives its prior written
consent to any variation.·
Relevant text
ffWhen blades rotate and the shadow passes a narrow window then a person within that
room may perceive that the shadow appears to flick on and off; this effect is known as
shadow flicker. It occurs only within buildings where the shadow appears through a
narrow window opening. Only dwellings within 130 degrees either side of north relative to
a turbine can be affected and the shadow can be experienced only within 10 rotor
diameters of the wind farm." (Page 22)
'The operating frequency of a wind turbine will be relevant in determining whether or not
shadow flicker can cause health effects in human beings. The National Society for
Epilepsy advises that only 3.5 % of the 1 in 200 people in the UK who have epilepsy
suffer from photosensitive epilepsy. The frequency at which photosensitive epilepsy may
be triggered varies from person to person but generally it is between 2. 5 and 30 flashes
per second (hertz). Most commercial wind turbines in the UK rotate much more slowly
than this, at between 0.3 and 1.0 hertz. Therefore, health effects arising from shadow
flicker will not have the potential to occur unless the operating frequency of a particular
turbine is between 2.5 and 30 hertz and all other pre-conditions for shadow flicker effects
to occur exist." (Page 22)
"Shadow flicker is therefore more likely to be relevant in considering the potential effects
on residential amenity. Where wind turbines lie within the geographical range which may
be affected by shadow flicker it will not be possible to determine whether or not shadow
flicker effects will actually be felt until an assessment has been made of window widths,
the uses of the rooms with potentially affected windows and the effects of intervening
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topography and other vegetation. Where it has been predicted that shadow flicker
effects may occur in theory, a local planning authority may consider it appropriate to
impose a planning condition to provide that wind turbines should operate in accordance
with a shadow flicker mitigation scheme which shall be submitted to and approved by the
Local Planning Authority prior to the operation of any wind turbine unless a survey
caffied out on behalf of the developer in accordance with a methodology approved in
advance by the local planning authority confirms that shadow flicker effects would not be
experienced within habitable rooms within any dwelling. ' (Page 22)
"Sample Condition: The operation of the turbines shall take place in accordance with the
approved shadow flicker mitigation protocol unless the Local Planning Authority gives its
prior written consent to any variation. n (Page 22)

2.2.2

Northern Ireland
In Northern Ireland, wind farm planning decisions are overseen by the National Planning
Service rather than local councils.

2.2.2.1

Best Practice Guidance to Planning Policy Statement 18 'Renewable Energy',
Northern Ireland Department of the Environment (2009)
Synopsis
Best Practice Guidance to Planning Policy Statement 18 makes the following statements:
• Shadow flicker only occurs inside buildings where the flicker appears through a
narrow window opening;
• Only properties within 130 degrees either side of north of the turbines can be
affected at UK latitudes;
• The potential for shadow flicker at distances greater than ten rotor diameters from
a turbine position is very low;
The document also recommends that shadow flicker at offices and dwellings within 500 m of
a turbine position should not exceed 30 hours per year or 30 minutes per day, quoting a
survey undertaken by Predac, a European Union sponsored organisation that promotes best
practice in energy use and supply.
In addition, the guidance proposes that developers should quantify the shadow flicker effect,
and implement measures to ameliorate the impact, such as by turning off a particular turbine
at certain times.
Relevant text
"It [shadow flicker] only occurs inside buildings where the flicker appears through a
narrow window opening. A single window in a single building is likely to be affected for a
few minutes at certain times of the day during short periods of the year. The likelihood of
this occurring and the duration of such an effect depends upon:
• the direction of the residence relative to the turblne(s);
• the distance from the turbine(s);
• the turbine hub-height and rotor diameter;
• the time of year;
• the proportion of day-light hours in which the turbines operate;
• the frequency of bright sunshine and cloudless skies (particularly at low elevations
above the horizon); and,
• the prevailing wind direction." (Page 28)
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"Shadow flicker generally only occurs in relative proximity to sites and has only been
recorded occasionally at one site in the UK. Only properties within 130 degrees either
side of north, relative to the turbines can be affected at these latitudes in the UK turbines do not cast long shadows on their southern side." (Page 28)
"The further the observer is from the turbine the less pronounced the effect will be. There
are several reasons for this:
• there are fewer times when the sun is low enough to cast a long shadow;
• when the sun is low it is more likely to be obscured by either cloud on the horizon
or intervening buildings and vegetation; and,
• the centre of the rotor's shadow passes more quickly over the land reducing the
duration of the effect." (Page 28)
"At distance, the blades do not cover the sun but only partly mask it, substantially
weakening the shadow. This effect occurs first with the shadow from the blade tip, the
tips being thinner in section than the rest of the blade. The shadows from the tips extend
the furthest and so only a very weak effect is observed at distance from the turbines."
(Page 28)
"Problems caused by shadow flicker are rare. At distances greater than 10 rotor
diameters from a turbine, the potential for shadow flicker is very low. The seasonal
duration of this effect can be calculated from the geometry of the machine and the
latitude of the site. Where shadow flicker could be a problem, developers should provide
calculations to quantify the effect and where appropriate take measures to prevent or
ameliorate the potential effect, such as by turning off a particular turbine at certain times."
(Page 29)
"Careful site selection, design and planning, and good use of relevant software, can help
avoid the possibility of shadow flicker in the first instance. ft is recommended that shadow
flicker at neighbouring offices and dweffings within 500m should not exceed 30 hours per
year or 30 minutes per day3 . .. (Page 29)
2.2.3

Wales
In Wales, planning policy and guidance is prepared by the Welsh Assembly Government.

2.2.3.1

Practice Guidance - Planning Implications of Renewable and Low Carbon Energy,
Planning Division - Welsh Assembly Government (2010)
Synopsis
This Welsh guidance document proposes the following mitigation strategies for shadow
flicker: careful site design; turbine shut down; installation of blinds and landscaping (tree I
shrub planting) at affected residential properties.

Relevant text
"Shadow flicker can occur when the sun passes behind the rotors of a wind turbine,
which casts a shadow over neighbouring properties that flicks on and off as the blades
rotate. However, this only occurs under particular circumstances and lasts only for a few
hours per day. Shadow flicker can cause a disturbance for affected residents of nearby
properties and can have potentially harmful impacts on sufferers of photo-sensitive
epilepsy. These potential impacts can be mitigated by micrositing turbines as far as
practica/fy possible from residential properties and through the use of technological fixes
such as the shutting down of turbines during periods of predicted shadow flicker. The use
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of blinds at residential properties or tree/shrub planting to screen shadow flicker can also
help minimise potential impacts." (Page 25)

Generating Your Own Energy. Wind: A Planning Guide for Householders,
Communities and Businesses.
Welsh Assembly Government (2010)
Synopsis
This guidance document proposes two mitigation strategies - careful site design and
introducing vegetation screening,
Relevant text
"Site and position the turbine to avoid shadow flicker (where possible)." (Page 6)
W
Screen shadow flicker impacts using planting. " (Page 6)
2.2.4

Scotland

2.2.4.1

Planning Advice Note (PAN) 45: Renewable Energy Technologies
Scottish Executive (2002)
Synopsis
Scottish guidance on shadow flicker is given in PAN45. The following statements are made:
•
•

Shadow flicker only occurs inside buildings where the flicker appears through a
narrow window opening;
A general rule of ten rotor diameters should be used for separation distance from a
turbine position to a dwelling.

Relevant text
"It [shadow flicker] occurs only within buildings where the flicker appears through a
narrow window opening. The seasonal duration of this effect can be calculated from
the geometry of the machine and the latitude of the potential site. Where this could
be a problem, developers should provide calculations to quantify the effect. In most
cases however, where separation is provided between wind turbines and nearby
dwellings (as a general rule 10 rotor diameters), «shadow flicker" should not be a
problem." (Paragraph 64)

2.3

International Guidance

2.3.1

Spain
PB contacted the Spanish Wind Energy Association to obtain information on shadow flicker
guidance. A translation of the response received is below:
"In Spain, shadow flicker is not included in the planning requirements at present. As
wind farms in Spain tend to be located very far away from any populated settlement, no
complaints have been registered and no standard practice has been implemented."
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2.3.2

Ireland

2.3.2.1

Planning Guidelines
Department of Environment, Heritage and Local Government (Undated)
Synopsis
The Irish Planning Guidelines document makes the following statements:
• It is recommended that shadow flicker at offices and dwellings within 500 m of a
turbine should not exceed 30 hours per year or 30 minutes per day;
• At distances greater than 10 rotor diameters from a turbine, the potential for
shadow flicker is very low;
• Careful site design and turbine shut down are proposed as mitigation measures.
Relevant text
"Shadow flicker only occurs in certain specific combined circumstances. such as when:
The sun is shining and is at a low angle (after dawn and before sunset), and
The turbine is directly between the sun and the affected property, and
There is enough wind energy to ensure that the turbine blades are moving." (Page 33)
~careful site selection. design and planning, and good use of relevant software can help
avoid the possibility of shadow flicker in the first instance. It is recommended that
shadow flicker at neighbouring offices and dwellings within 500m should not exceed
30 hours per year or 30 minutes per day [Predac •r (Page 33)
"At distances greater than 10 rotor diameters from a turbine, the potential for shadow
mcker is very low. Where shadow flicker could be a problem, developers should provide
calculations to quantify the effect and where appropriate take measures to prevent or
ameliorate the potential effect, such as by turning off a particular turbine at certain times. n
(Page 33)

*The shadow flicker recommendations are based on the survey by Predac, a European
Union sponsored organisation promoting best practice at energy use and supply which
draws on experience from Belgium, Denmark, France, the Netherlands and Germany.

2.3.2.2

Best Practice Guidelines for the Irish Wind Energy Industry
Irish Wind Energy Association and Sustainable Energy Ireland (2008)
Synopsis
This document suggests that it is reasonable to take into account ambient environmental
conditions (such as wind direction and general climate) to modify the astronomical worst
case scenario calculations.
Two mitigation options are recommended - turbine shut down and provision of screening
measures.
In addition, the document states that the '10 x rotor diameter' rule is normally sufficient for
EIA purposes.
Relevant text

Shadow Flicker FINAL REPORT FOR ISSUE.docx
Page 13

Prepared by Parsons Brinckerhoff
for the Department of Energy and Climate Change

001868

"Calculations for shadow nicker modelling generally assume 100% sunshine conditions.
It is reasonable in Ireland's climate to modify these figures. Some attention can also be
given to the wind rose. If winds rarely come from the sectors which would give rise to the
greatest shadow flicker effects on a dwelling, this can be taken into account." (Page 24)
•where shadow flicker is anticipated to lead to potential problems, measures can be
implemented to mitigate these effects. Wind turbine control software is available, which
can turn the relevant turbine off at these times. The developer may wish to consider the
economic impact of use of this mechanism. Other mitigation measures could include the
provision of screening measures, where this is acceptable to the relevant householder."
(Page 24)
'The assessment of potentially sensitive locations or receptors within a distance of ten
rotor diameters from proposed turbine locations will normally be suitable for EIA
purposes. A guideline of not more than 30 hours of shadow flicker per year is suggested
for dwellings." (Page 25)
2.3.3

Germany

2.3.3.1

Notes on the Identification and Evaluation of the Optical Emissions of Wind Turbines,
States Committee for Pollution Control - Nordrhein-Westfalen (2002)
Synopsis
This document provides a clear set of criteria for an astronomic worst case scenario.
German guidance sets strict limits on the levels of acceptable shadow flicker effect, using
two methods:
• An astronomic worst case scenario limited to a maximum of 30 hours per year or
30 minutes on the worst affected day; and
• A realistic scenario including meteorological parameters limited to a maximum of 8
hours per year.
If the above limits are exceeded, then mitigation measures should be implemented. The
document makes particular reference to adopting a planning condition for automatic turbine
shut-down timers, which use radiation or illumination sensors.
The following strict criteria are provided to define the astronomic worst case and realistic
shadow flicker scenarios:
• There is continual sunshine and permanently cloudless skies from sunrise to
sunset
• There is sufficient wind for continually rotating turbine blades
• Rotor is perpendicular to the incident direction of the sunlight
• Sun angles less than 3 degrees above the horizon level are disregarded (due to
likelihood for vegetation and building screening)
• Distances between the rotor plane and the tower axis are negligible.
• Light refraction in the atmosphere is not considered.
The German guidance does not specifically refer to a distance limit for shadow flicker
assessments. However, there is reference to a point where the contrast between shadow
and ambient conditions are so low that the impact is excluded from assessment.
The 30 minutes per day rule for shadow flicker at any given receptor is based on a
psychology academic survey by the University of Kiel (Pohl et al 2000).
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This document also provides an example case study demonstrating how shadow flicker
should be calculated . The methodology sets the indoor reference height at the centre of a
receptor window, and a reference height of 2m above ground level if measured outside.
This case study can be found in Appendix 1.
Relevant text
Please note - this text is a translation and is not quoted verbatim . Some elements of the
translation may not reflect the exact wording of the original documents.

Scientific research [no reference given in text) has demonstrated experience that optical
emissions in the form of periodic shadows can result in considerable harassment effects.
Technical measurements and limits on the time of operation are based on WEA
guidance. Turbine shut down is only considered in cases where the operation is an
endangerment to life or health. or will result In significant damage.
Astronomically maximum shading time (worst case) is the theoretical time when the sun
is during the entire period between sunrise and sunset passing through a cloudless sky
and the rotor surface is perpendicular to the solar radiation. and the wind turbine is in
operation.
Actual shading time is the realistic estimate of accumulated exposure to periodic
shadows. If the irradiance of the direct solar radiation in the direction normal to the
incident plane is more than 120 Wlm 2, then sunshine and shadows are acceptable.
Relevant emission figures that could occur are defined by ambient weather conditions.
The effect of predicted periodic shadow is not considered a significant nuisance if the
cumulative astronomical maximum loading at a reference height of 2m above ground
level does not exceed 30 hours per calendar year and is not greater than 30 minutes per
calendar day.
If the time values for the astronomical maximum shading are exceeded, there are
technical measures that can be considered to impose time-limit restrictions on the
operation of the wind turbine. An automatic switching unit, with radiation or illumination
sensors, which record the specific meteorological situation can allow terms and
conditions agreed for shadow flicker time limits to be achieved. Since the value of 30
hours per calendar year was developed using the astronomical maximum loading,
automatic switch-off is an appropriate solution to mitigate the actual, real time shadows.
The actual real-time shadows are limited to 8 hours per calendar year (Freund 2001 ).

The sun is assumed to be point-like source and appears on all day.
There is a cloudless sky, sufficient wind to tum the turbines blades. Wind direction
corresponds to the azimuth angle of the sun (ie. rotor is perpendicular to the incident
direction of the sunlight). Calculations are based on geographic north. Distances
between the rotor plane and the tower axis are negligible. Light refraction in the
atmosphere is not considered.
Sun angles less than 3 degrees above the horizon are removed from analysis because
vegetation and buildings will remove shadow impact.
Annual limits
Wind turbines are only approved if the maximum astronomic shading period of 30 hours
per calendar year is not exceeded. A review of complaints relating to shadow flicker at

Shadow Flicker FINAL REPORT FOR ISSUE.docx
Page 15

Prepared by Parsons Brinckerhoff
for the Department of Energy and Climate Change

001870

existing systems, has informed the setting of this benchmark. When using an automatic
cut off system that does not takes account metrofogicaf parameters. the maximum
astronomic shading is limited to 30 hours per calendar year. For systems that do take
into account metrofogicaf parameters (ie intensity of the sun), the actual shading is
limited to 8 hours.
Daily Limits
Shadow flicker should be limited to a maximum of 30 minutes per day. The laboratory
study by the University of Kief (Pohl et al 2000) noted that even a one-off exposure to 60
minute duration of shadows can cause stress reactions. For precaution, shading
duration is therefore limited to 30 minutes per day.

For planned plants, the astronomic maximum shading period should be used, and for
existing plants, the actual shadow duration is used. When this benchmark is exceeded
for at least three days, appropriate measures need to be implemented to reduce the
impact to guarantee a maximum duration of shading of 30 minutes.
When siting wind turbines, there is an obligation to take precautionary measures to
reduce the shadow flicker, taking account of proportionality and the requirements of the
planning department.
Exceedance of the allowable emission values for a wind turbine is carried out by
emission-verified compliance. Reduction of shadow is carried out by an electronic circuit
which calculates the time of shadows at relevant receptors. In determining exact times,
the type of receptor (eg. window) should be considered. When indoors. the reference
height should be set at the centre of the window. When outdoors, the reference height is
set at 2m above ground level. Sunshine duration data should cover a period of at feast a
year. and the data should be available by a competent authority on request.
Evidence of the amount of shadow flicker needs to be calculated in the context of
planning projects and monitoring systems. This affows the shut-down timings for wind
turbines to be determined.
Shadow forecast is based on an algorithm which calculates the location, day and time
To ensure uniform implementation, widely available
dependent solar position.
computational models are recommended (DIN 5034-2 1985; VI 37891994).
Accuracy of geometric parameters should be ±3-10m. The determination of shadow cast
times should have an accuracy of 1min per day. Absolute times are in GMT or BST.
The start and end points of shadow at each relevant receptor point needs to be
calculated in relation to the receptor. In the case of several wind turbines, the cumulative
contributions need to be taken into account.
As part of the calculation, excerpts are required from topographical maps, as are
coordinates of plant locations and receiver points. The result from the software is isoshadow contours (especially the 30 hour contour) for the plant.
Because of the complexities of the calculations. commercial computer programmes
should be used to calculate shadow flicker. Forecast times should be presented in
appropriate data tables.
2.3.4

United States
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2.3.4.1

Wind Turbines and Health,
American Wind Energy Association (2010)
Synopsis

The American Wind Energy Association recommends that shadow flicker impacts are
mitigated by use of appropriate turbine-dwelling separation distances or screening by
vegetation planting. The document also states that shadow flicker issues are less common
in the United States than in Europe.
Relevant te.xt

"Computer models in wind development software can determine the days and times
during the year that specific buildings in close proximity to turbines may experience
shadow flicker. Mitigation measures can be taken based on this knowledge and may
include setbacks or vegetative buffers. Issues with shadow flicker are less common in the
United States than in Europe due to the lower latitudes and the higher sun angles in the
United States."

2.3.4.2

Final Programmatic Environmental Impact Statement on Wind Energy Development
on BLM- Administered Lands in the Western United States,
US Department of the Interior - Bureau of Land Management (2005)
Synopsis

This document produced by the United States' Department of the Interior states that shadow
flicker is not considered as significant an issue in the United States as in Europe.
However, this document does note that flickering effect may be considered an annoyance,
but that modem three-bladed wind turbines are unlikely to cause epileptic seizures in the
susceptible population due to the low blade passing frequencies.
Relevant text

~when the sun is behind the blades and the shadow falls across occupied buildings, the
light passing through windows can disturb the occupants (Gipe 1995). Shadow flicker is
recognized as an important issue in Europe but is generally not considered as significant
in the United States (Gipe 1995). The American Wind Energy Association (AWEA 2004)
states that shadow flicker is not a problem during the majority of the year at U.S. latitudes
(except in Alaska where the sun's angle is very low in the sky for a large portion of the
year). In addition. it is possible to calculate if a ffickering shadow will fall on a given
location near a wind farm and for how many hours in a year (AWEA 2004). While the
flickering effect may be considered an annoyance, there is also concern that the
variations in light frequencies may trigger epileptic seizures in the susceptible population
(Burton et al. 2001). However, the rate at which modern three-bladed wind turbines
rotate generates blade-passing frequencies of less than 1. 75 Hz, below the threshold
frequency of 2.5 Hz, indicating that seizures should not be an issue (Burton et al. 2001)."
(Section 3-20)
Canada

2.3.4.3

Draft HRM Wind Energy Generation Plan,
Halifax Regional Municipality (2006)
Synopsis
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This document refines the shadow flicker definition to a 'pulsing change in light intensity'.
This document does not propose any particular separation distance between turbines and
dwellings, but instead outlines the various approaches adopted in three Environmental
Statements, covering a fixed radius of 500-1000 m in Denmark, '10 x rotor diameter' rule in
Aberdeenshire in Scotland , and 30 hours per year in Germany. A case study from the
United States is also included that outlines a turbine shut-down mitigation measure strategy.
This document also states that even within an urban environment, careful site design in the
first instance and mitigation measures thereafter may manage any potential shadow flicker
impacts.

Relevant text
"'Shadow flicker is the effect of the sun passing through the blades of the tower and
creating a flickering effect or pulsing change in light intensity based on the speed of
the turbine (Botha 2005). The impact of the flicker is dependent on the orientation of
the tower and location of the sun. For example, if the sun is low on the horizon and
the turbine blades directly face the sun the impact will cover a larger area compared to
if it is parallel to the sun's rays. In most cases the effect will fall on open countryside,
however, where towers are located closer to residential properties consideration needs
to be given to protect the residents from this impact. The impact is basically an
annoyance and there are suggestions that it can lead to inducing epilepsy in
susceptible individuals, however the study team is not aware of any recorded incidents
of this actually occurring." (Page 16)
UA considerable amount of international research has been undertaken on the impacts
and management of shadow flicker and the following summary is outlined in a
comprehensive environmental impact assessment (Awhitu Wind Farm 2004):
UThe Danish Wind Energy Association reports that shadow flicker does not need to be
assessed at distances more than 500 - 1000 metres from a wind turbine.
Environmental assessments for other wind farms (e.g., by Renewable Energy Systems
for the Meikle Carewe project in Aberdeenshire, Scotland) state that shadow flicker is
only a potential problem at closer than 10 rotor diameters to the turbine.
The ministry for the Environment of Schleswig-Holstein, a northern German region
with more than 1.000 MW of installed wind power. recommend the use of flicker timer
if more than 30 hours of theoretical flicker occurs per year.• (Page 16}
"The above provides some guidance on how this impact may be managed. Based on
consultations done in Alberta, the Municipality of Pincher Creek advises that operators
either shut down the machines between the time the sun is rising and setting for
approximately an hour. or that computers manage to control the direction of the turbine
so the blades are directly parallel to the sun. Access to information on calculating and
modeling ihe impacts of wind shadow is provided on the Danish Wind Industry
Association website. (page 16)
In an urban environment. it will be more challenging to create a sufficient clearing
around the turbine. Notwithstanding this, one should not prohibit the ability to establish
these structures in an urban environment because there may be site circumstances
that avoid this impact (e.g., parkland area/industrial premises) or controls and
technologies that manage the impact. (page 16)
There has also been concern that wind turbines, in particular their shadow flicker, have
an impact on certain grazing animals. Studies have been undertaken in a number of
countries to assess this potential impact, and all indicate farm animals and horses
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adapt to the new environment within a brief acclimatization period. In relation to
horses, evidence indicates that generally horses should not be ridden in these
environments if they have not been acclimatized (page 16)

2.3.5

Denmark
No guidance on shadow flicker from Denmark was found during literature searches by the
authors, however the following comments were noted on the Danish Wind Industry
Associations website (Danish Wind Industry Association, accessed 2010):
"The hub height of a wind turbine is of minor importance for the shadow from the rotor.
The same shadow will be spread over a larger area, so in the vicinity of the turbine,
say, up to 1,000 m, the number of minutes per year with shadows will actually
decrease."
"If you are farther away from a wind turbine rotor than about 500-1000 metres, the
rotor of a wind turbine will not appear to be chopping the light, but the turbine will be
regarded as an object with the sun behind it. Therefore, it is generally not necessary to
consider shadow casting at such distances."

2.3.6

Australia

2.3.6.1

Planning Bulletin - Wind Farms (Draft for Consultation)
Government of South Australia (2002)
Synopsis
This document states that shadow flicker is unlikely to be a significant issue if a separation
distance of 500 m is maintained between the b.Jrbine and any dwelling or urban area.

Relevant text
"This occurs when the sun is low on the horizon and the blades pass between the sun
and an observer, creating a flickering. This issue needs to be considered as ff could
cause irritation and visual Impairment. This is unlikely to be a significant issue if a
separation distance of at least 500 metres is maintained between the turbine and any
dwelling or any defined urban area." (Page 7)

2.3.6.2

Western Australia Planning Bulletin - Guidelines for Wind Farm Development,
Western Australian Planning Commission (May 2004)
Synopsis
This document states that shadow flicker can affect local amenity but is uncommon in
Australia.

Relevant text
"A wind energy facility can affect local amenity due to: Shadow flicker. which occurs
when the sun passes behind the blades and the shadow flicks on and off, although in
Australia this is uncommon." (Page 4)
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2.4

Non-governmental Organisations Guidance

2.4.1

Spatial Planning of Wind Turbines, PREDAC - European Actions for Renewable
Energies
Synopsis
Predac have developed a set of recommendations for the special planning of wind energy
developments, based on a survey of guidance from Belgium, Denmari(, France and The
Netherlands, as well as some information from Germany and Ireland.
From this document, it is clear that the approach to this issue varies across Europe, with
Belgium adopting the German quantitative limits (30hrs per year and 30 min per day), and
both Denmari( and The Netherlands adopting similar quantitative limits (Denmari( - 10 hrs
per year, The Nether1ands 20 minutes per day, 17 days per year - equivalent to 5 hours 40
min per year). France has no set limits on shadow flicker effect.
Additionally, there are differences between the countries in how the calculations should be
carried out, with Denmark taking 'average cloud cover' into account and The Nether1ands
specifying that calculations should be carried out with a clear sky.
This document recommends that at neighbouring dwellings and offices that flickering
shadows are not exceeding 30 hours /year or 30min. per day with normal variation in wind
directions and with clear sky. (This follows the German norm of 30 hours a year at clear
sky).

Relevant text
Hit is recommended at neighbouring dwellings and offices that flicken'ng shadows are
not exceeding 30 hours /year or 30 min. per day with normal variation in wind
directions and with clear sky. (This follows the German norm of 30 hours a year at
clear sky).» (Page 21)
"Belgium
In Wallonie, the government recommends to apply the threshold of tolerance that are
fixed on the German pattern, that is 30hrs per year and 30 min per day. In practice,
they are always applied as condition to obtain the permit and must be studied in the
EIA. » (Page 21)
"Denmark
Recommendation: max. 10 hours/year allowed at neighbouring dwellings with average
cloud cover.» (Page 21)
"France
No recommendations are fixed. but the calculation of the occurrence of the shadow
flicker at the nearest neighbours should be indicated in the EIA. " (Page 21)
"The Netherlands
When there is more than 20 minutes per day, 17 days per year (5 hours 40 min I year
calculated, with clear sky), at neighbours it is regarded as a nuisance, which is
unacceptable, and a standstill device is requested." (Page 21)
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3

ACADEMIC LITERATURE

3.1

Introduction
Parsons Brinckerhoff has undertaken an academic literature review on the phenomenon of
shadow flicker. Literature has been obtained from various sources, including online, direct
from the authors or publishers and from the British Library. In all cases, an attempt has
been made to source literature that has been referenced in guidance or other literature to
provide a full review. Where necessary, Parsons Brinckerhoff has translated from the
original language. Where this has been the case, it has been highlighted in the review
below.

3.2

Literature

3.2.1

Shadow Hindrance by Wind Turbines,
Verkuijlen E. & Westra C.A. (1984)
Synopsis
This paper is from the lnterfaculty Department of Environmental Science at University of
Amsterdam, and is part of the original evidence base addressing the amenity issues
associated with shadow flicker effect from onshore wind turbines. The paper is set in The
Netherlands and the technical drawings adopt criteria (eg. latitude and predominant wind
direction) that are comparable with the United Kingdom.
The paper states that the greatest shadow flicker impact can be expected:
•
Inside a property where the change in light intensity is most noticeable
• When turbines are rotating at between 5 and 14 Hz (below 2.5 Hz and above 40 Hz
will cause "hardly any nuisance").
•
In areas to the east-northeast and west-northwest of a turbine
The paper suggests that three factors are important in determining the impact of shadow
flicker:
1. The receptors location relative to the turbine;
2. The time at which the shadow covers a particular place;
3. The duration of exposure to shadow.
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Figure 1: Shadow influence of a wind turbine (figure extracted from paper)
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The paper also states that during winter, the sun is lower in the sky than in summer, so the
daily track of shadow flicker effect will extend farther from the turbine.
Several mitigation measures are proposed including sensitive site design, installation of
blinds, and wind turbine shut-down strategies. The paper expands on the sensitive site
design aspect, suggesting that hindrance from shadow flicker would occur particularly in
east-northeast and west-northwest directions from a wind turbine.
The paper concludes that further research is necessary on the impact of flicker frequencies
and duration of exposure.
Relevant text extracts
~Indoors the effect will be far greater, because in this case (almost) all the light that
reaches the observer is modulated in intensity by the turbine blades." (Page 356)
"The effect of light flicker on an observer depends largely on its frequency. In
frequencies below 1 Hz eve,y change in light intensity is felt as such. Beyond a
certain frequency flickers are no longer perceived separately. This limit is called the
flicker fusion frequency and as a rule lies at 50-80 Hz. » (Page 357).
"Flicker frequencies approaching the fusion frequency may be. felt to be a nuisance."
(Page 357)
"Various experiments for the lighting of traffic tunnels led to the conclusion that most
persons (tested) feel flicker frequencies from 5-10 Hz as a nuisance (8-9) [Collins &
Hopkinson (1957); Schreuder (1964)1. From other research projects, too, men have
found to be maximally sensitive to flickers between 8 and 14 Hz. Below 2.5 Hz and
beyond 40 Hz hardly any nuisance is caused." (Page 357)
"It Is well known that in some people suffering from epilepsy an epileptic seizure may
be triggered by light flickers (photosensitive epilepsy). Around 2 % of the population
are epileptics. In brain research about 5 % of people with epilepsy have shown
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anomalous EEG (electroencephalogram) reactions to flickers from 2 .5 to 3 Hz. Higher
frequencies (15-20 Hz) may even cause convulsions in epileptic persons (5) [Ginsburg
(1970)]. (page 357)
''Most wind turbines give a flicker frequency between 1 and 6 Hz. The aforesaid limit
of 2.5 Hz falls within this frequency range. Some wind turbines, therefore may cause
hindrance (when there is wind and sunshine). n (Page 357)
"(rotor diameter/hub height= 0. 75; position 52.5° N and 4° E) ." (Page 357)
"When the sun is shining, the rotor shadow describes a track on the earth's surface
from west to east as a result of the sun's daily orbit along the sky. Because the sun is
lower in winter than in summer, the daily track wilf be farlher from the turbine in winter
(see Figure 1). At sunrise and sunset, the shadow shifts very fast. At sunset the
shadow first becomes diffuse and then vanishes; at sunrise exactly the opposite
occurs. Nevertheless ff may cause nuisance during this brief spell of time. The shape
of the rotor shadow depends on the relative positions of rotor and sun. The extremes
are:
a) Rotor position perpendicular to the sunlight;
b) Rotor position parallel to the sunlight.
In the former case the rotor casts a shadow covering a elongate strip. In the latter
case the shadow has an oval shape. When the rotor plane turns from pos;t;on b. to
position a. the oval will become narrower till it is transformed to a narrow strip. In our
further calculations of the period during which the shadow covers on particular place,
we always start from case a. Three factors are important for the eventual hindrance
caused by the shadow:
1) The place covered by the shadow;
2) The time at which the shadow covers a particular place
3) The duration of the shadow covering one particular place.· (Page 357)
"It is obvious from these figures that particularly large areas in E-NE and W-NW
directions from the wind turbine can be shadowed for long periods of time. In these
directions. therefore, most hindrance is to be expected." (Page 358)
"From the above it can be concluded that the revolving blades of present wind turbines
may inflict shadow hindrance on a number of people in a large area around the
turbine, particularly if the flicker frequency is beyond 2. 5 Hz. Largely because of the
development of wind turbines running with variable rpm (turbines with a so-called
inverter system), the number of turbines whose flicker frequency may rise above this
limff of 2. 5 Hz is bound to increase. This will greatly add to the change of change [sic
- shadow] hindrance. ft must be noted, though, that this limit was found in literature
which did not refer to the shadow of wind turbine blades. Therefore, further research
is necessary. This will have to go into both the impact of the resulting flicker frequency
and the duration of the exposure. For the present it seems to be advisable only to
install wind turbines whose resulting flicker frequency remains below 2.5 Hz. Shadow
hindrance may occur particularly in east-northeast and west-northwest directions from
a wind turbine. In order to reduce shadow hindrance in buildings to a minimum, this
could be taken int0 account when siting new wind turbines. With southwest winds
predominating in the Netherlands, wind turbines are often sited southwest of built-up
areas. These locations. however, are most likely to suffer shadow hindrance. Siting
south of buildings would therefore be a fine compromise. For numerous reasons wind
turbines may still be so sited that shadow hindrance is caused in buildings. In such
cases several solutions could be considered to reduce the shadow hindrance:
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a) Fitting the buildings' windows with sunblinds. This could lessen the difference
in intensity between light and shadow.
b) Stopping the wind turbine. Whenever the shadow of a wind turbine causes
nuisance, it could be stopped. Because one knows at what times shadow
hindrance can be expected in a certain situation, the wind turbine could be
stopped with a time switch. From exploratory calculations we have found that
the annual output of wind turbines in areas of low building intensity would be
reduced by a few percent only." (Page 358)

3.2.2

A Case of Shadow Flicker / Flashing: Assessment and Solution,
Clarke A.D. (1991)
Synopsis
This paper makes reference to a complaint submitted to a Local Planning Authority (LPA)
relating to disturbance from shadow flicker and reflected sunlight from a wind turbine - the
details of the complaint and the LPA that it was submitted to were not included in the paper.
However, the rotation rate of the three-bladed turbine in question was recorded as between
33 and 44 revolutions per minute, creating a flicker frequency of between 1.65 and 2.2 Hz.
The paper also states that sunny hours are likely to lower between October and early
February when shadow flicker is predicted to occur, although this is likely to be the windiest
period of the year. This paper also advocates the use of the '10 x rotor diameter' rule for
separation between wind turbines and habitations or occupied buildings.
The paper considers shadows cast from turbines being an issue when cast through windows
of buildings, and does not make reference to impacts outside of buildings.
Relevant text extracts
"A recommendation was made that turbines should be sited at least ten diameters
distance from habitations. and more if sited to the East I Southeast or West I
Southwest, and the shadow path identified." (Page 93)
"The effect can be pronounced in rooms in buildings facing the turbine, especially if the
window is the sole source of light for a room. • (Page 93)
"It has been found that the frequencies of flicker that produce disturbance are between
2.5 Hz and 40 Hz. n (Page 93)

"Most medium and large wind turbines have a rotation rate of between 30 r/min
[rotations per minute] and 60 rlmin, and smaller turbines often have a faster rotation.
Most turbines in use today are two or three bladed, constant speed types, producing
shadow flicker rates in the range of 1-3 Hz. Variable speed turbines may produce a 26 Hz flicker rate. Therefore the shadow flicker from turbines has frequencies that
could in the right conditions produce light flicker effects to susceptible persons."
(Page 93)
"The shadow will be most pronounced when the blades of the turbine face the building
and present the largest shadow area." (Page 94)
''Residents of a neighbouring house claimed that shadow flicker and reflected sunlight
from the turbine blades were causing disturbance to them (5). After complaints were
made to the local Planhing Authority, a study was carried out to investigate the
problem." (Page 94)
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"The turbine's dimensions and data were obtained:
turbine rating: 200kW
blade diameter: 25m
tower height: 30m
swept area: 491m square
rotation rate: 44 rlmin & 33 rlmin in light winds
number of blades: 3
flicker frequency: 2. 2 Hz & 1.65 Hz." (Page 94)
"It was recommended that a timer plus photo cell should be employed to automatically
switch off the turbine for the duration of the flicker period, which will not be more than
about 20 minutes, if the sun is shining and the wind blowing." (Page 94) .
"In addition, the number of sunny hours is likely to be small in late October, November,
December, January and early February when flicker is predicted to occur, although
this will be in the windiest period." (Page 95)
"Other solutions that have been suggested are that the turbine should be stopped at
those hours when shadow flicker is likely to occur, or that blinds should be f;tted. In
one reported case the neighbours have been equipped with a switch to shut down the
turbine if they are disturbed by shadow flicker. " (page 95)
"Wind turbines close to habitations, eg. ten diameters distance should not be sited to
the East or South East, or West or South West of habitations, unless the shadow path
has been identified and does not fall on windows of habitations or occupied buildings. n
(Page 95)
"The minimum separation distance for wind turbines from habitations should be
approximately 10 blade diameters. This is emerging from experience and research as
a standard guideline, in order to reduce problems of visual impact, noise, shadow
disturbance, and safety". (Page 95)

3.2.3

Wind Energy Handbook,
Burton et al. (2001)
Synopsis
The Wind Energy Handbook presents a review of shadow flicker understanding at the time
of publishing. This handbook states that shadow flicker frequencies between 2.5 and 20
Hertz (Hz) can cause nuisance, and restates the findings of Verkuijlen & Westra (1984) in
relation to health effects relating to epilepsy.

Relevant text extracts
''Although considered to be an important issue in Europe, and recognized in the
operation of traditional windmills (Verkuijlen and Westra, 1984) shadow flicker has not
generally been recognized as significant in the USA (Gipe, 1995). (Page 527)

'The frequencies that can cause disturbance are between 2.5-20 Hz." (Page 527)
"In the case of shadow flicker the main concern is variations in light at frequencies of
2.5-3 Hz which have been shown to cause anomalous EEG (electroencephalogram)
reactions in some sufferers from epilepsy. Higher frequencies (15-20 Hz) may even
lead to epileptic convulsions. Of the general population, some 10 percent of all adults
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and 15-30 percent of children are disturbed to some extent by light variations at these
frequencies (Verkuijlen and Westra, 1984). " (Page 527)
"Large modem three-bladed wind turbines will rotate at under 35 r.p.m. giving bladepassing frequencies of less than 1. 75 Hz, which is below the critical frequency of 2.5
Hz. A minimum spacing from the nearest turbines to a dwelling of 10 rotor diameters
is recommended to reduce the duration of any nuisance due to light flicker (Taylor and
Rand, 1991)." (Page 527)

3.2.4

Planning for Wind Energy in Dyfed,
Taylor D. & Rand M. (1991)
Synopsis
Taylor & Rand (1991) presents details of a complaint arising in relation to shadow flicker
effect in Cornwall (Cornwall County Council, 1989). Specific details relating to the origin and
severity of the complaint, the dimensions of the wind turbines, and the proximity and
direction of the affected receptor (etc.) were not included in the paper.
The authors of this study undertook extensive correspondence with Cornwall County
Council, however it was not possible to source a copy of the original document 'Planning
Implications of Renewable Energy: Onshore Wind'.
The report concludes that at distances of greater than 10 rotor diameters between turbines
and the habitation, shadow flicker effect can be reduced to relatively short periods of the
year. In relation to the Cornwall case study, the short period is defined as 30 minutes a day
for 10-14 weeks a year.
The paper also proposes two mitigation strategies - 'blind installation', and 'turbine shut
down'.

Relevant text extracts
"The effect seems to be confined to people inside buildings exposed to light from a
narrow window source. The frequencies of flicker that cause disturbance, dizziness,
and disorientation are between 2.5 and 40 Hertz (cycles per second). A frequency of
2.5-3 Hertz can trigger epileptic seizures in some 5% of those who are susceptible. It
is estimated that about 2% of the population are susceptible to epileptic seizures . ..
(Page 91)
"Frequencies of flicker between 2.0 and 40 Hertz can produce disturbance. Most wind
turbines produce a flicker frequency of around 1 and 6 Hertz and so are likely to
induce flicker disturbance if their shadow falls on a building. • (Page 91)
''One study noted that rotor speeds of below 45 rpm for three bladed turbines and 70
rpm for two-bladed turbines should help ease the effect (Clarke, 1988)." (Page 91)
"One study in Cornwall has illustrated the effect of all these factors on the position and
duration of the shadow (Cornwall County Council, 1989):
1) The area affected forms a narrow zone on the north side of the wind turbine
but elongated to the west and the east. The effect would be greater near the
machines; further away the effect would be less acute and fast for a shorter
time.
2) In the direction north from the machine, the shadow would affect a building (10
metres wide) at a distance equivalent to one rotor diameter 8.5 hours a day for
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39 weeks per year; at 2 diameters 7. 75 hours a day for 13 weeks; & at 3
diameters 6 hours a day for four weeks a year."
3) At a distance of 2 rotor diameters, in directions form south-west through north,
to south-east, the shadow could affect a dwelling 2-7 hours a day for 13-26
weeks a year.
4) At a distance of 10 rotor diameters, again in directions from south-west,
through north. to south-east, the shadow could affect a dwelling 30-45 minutes
a day for 10-14 weeks a year." (Page 91)
'Wind turbines can cause shadow disturbance over a large area around a turbine, but
the duration is likely to be limited. From the data presented above it is possible to
deduce that the shadow effect can be reduced to relatively short periods of the year
(30 minutes a day for 10-14 weeks a year) when spacings of 10 rotor diameters to the
nearest habitation are employed." (Page 91)
"2. The siting of wind turbines less than 10 rotor diameters from habitations should be
discouraged due to the increased duration of shadow effects.» (Page 92)
"3. Should shadow disturbance generate problems then the following actions can be
taken:
a) The installation of blinds to the windows of the properties affected.
b) The shutting down of the wind turbine(s) during the relevant periods. "
(Page 92)

3.2.5

Harrassment by Periodic Shadow of Wind Turbines (English translation of abstract)
(Belastigung durch periodischen Schattenwurf von Windenergieanlagen)
Pohl et al. (1999).
Synopsis
This paper by the Institute of Psychology at Christian-Albrechts University of Kiel documents
a laboratory experiment to record changes in indicators of performance, mental and physical
well-being, cognitive processing and stress of the autonomic nervous system (heart rate,
blood pressure, skin conductance and finger temperature) as a result of exposure to
periodic shadows. The experiment was undertaken on male and female participant of
varying ages. Shadows were simulated by using a system which could vary the light source
and speed of shadow flicker. This was set up to simulate a shadow impact through a
doorway between two laboratories, with the lighting equipment in one room and the
participants in the connected room.
The study concludes that under the specific lighting conditions used in the laboratory tests,
the shadow flicker effect did not constitute a significant harassment. However, the
increased demands on mental and physical energy, indicated that cumulative long-term
effects might cause a significant nuisance.
Relevant text extracts
Please note - this text is a translation and is not quoted verbatim. Some elements of the
translation may not reflect the exact wording of the original documents.
The focus of the investigation was the question of whether periodic shadows, with a
duration of more than 30 minutes from one-off performance would cause stress
effects. (Page 1)
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Two groups of different ages were studied, namely 32 students (average age
23 years) and 25 professionals (average age 47 years) who were each randomly
assigned to two experimental conditions. In each condition was the same number of
women. The experimental group (EG) received 60 minutes of periodic shadow with
80% lighting contrast. For the control group (CG) lighting conditions were the same as
in the EG, but without periodic shadow. The main part of the investigation consisted of
a series of six tests and measurement phases, of which two were before turning on the
light, three were for a period of 20 minutes with the addition of lighting, and one phase
affer switching off the light. Among the variables collected included stress indicators of
general performance (computing, visual search tasks). the mental and physical wellbeing, cognitive processing and stress of the autonomic nervous system (heart rate,
blood pressure, skin conductance and finger temperature). (Page 1)
Students and professionals of the EC showed slower performance during the first 20
minutes of lighting. When the professionals were subjected to this phase there was a
range of stress and performance effects, the physical condition was impaired and a
greater cognitive engagement with the situation occurred. In the next 40 minutes there
was compensation or even an increased performance compared to the CG. This
compensating or over-compensating required additional energy due to increased
physical effort, manifested in the EG students in a reduced finger temperature and in
professionals in increased sweat gland activity. Younger subjects (students)
compensated with other mental processes than older volunteers (professionals). The
former appears to be able to shut out the stimulus and reduce the harassment, and
were able to compensate even thought they were aware of the harassment. The older
subjects also exhibited a stronger stress cognitive processing. The duration of stress
was prolonged and there were affer effects even after turning off the lights. The
additional after effect that occu"ed in older subjects, resulted in a deterioration in their
overall test performance. (Page 2)
The laboratory study showed that under specific conditions periodic shadow did not
constitute a significant harassment. However, the documented increased demands on
mental and physical energy, indicated that cumulative long-term effects might meet the
criteria of a significant nuisance. (Page 2)
The results of this pilot study indicated that as a whole it would seem reasonable to
conduct further studies with modified experimental conditions. These conditions could
be various time patterns of the periodic shadow (random, Intermittent, unpredictable)
and the combination of periodic shadow and noise I noise (in particular, periodic noise)
[It is not known whether these further studies have been carried out). (Page 2)

3.2.6

Influences of the Opaqueness of the Atmosphere, the Extension of the Sun and the
Rotor Blade Profile on the Shadow Impact of Wind Turbines (English translation of
abstract)
(Einflusse der Lufttr0bung, der Sonnenausdehnung und der Flugelfonn auf den
Schattenwurf von Windenergieanlagen),
Freund H-D. (2002)
Synopsis

This paper from the University of Applied Sciences at Kiel critically analyses existing
geometrically calculated shadow flicker models. The paper concludes that the ambient
environmental conditions that exist in reality - the finite extension of the sun; the trapezoidal
structure of rotor blades; and the opaqueness of the atmosphere as a medium of radiation reduce the shadow flicker effect of wind turbines. These inaccuracies in the modelling
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methodology, result in wind turbine operators facing unnecessary 'turbine shut-down'
systems.

Relevant text extracts
Please note - this text is a translation and is not quoted verbatim. Some elements of the
translation may not reflect the exact wording of the original documents.
"At present, shadow flicker periods are determined by purely geometrical models. This
approach is questioned in the research project referred to in this article. The project
investigates in detail the ambient conditions existing in reality. These are:
1) The finite extension of the sun
2) The trapezoidal structure of the rotor blades
3) The opaque atmosphere as a medium of radiation
These physical parameters have a significant influence on the shadow flicker. One
can see that the shadow flicker periods calculated geometrically cannot represent the
worst-case periods as a matter of principle. For the distances in question, they are
generally too large. For approx. 76% of the maximum range the geometric system
error is 100% and gets even larger with increasing distance. Because of this system
error, wind turbine operators are sometimes faced with costs for shut-off systems that
are not really necessary. By using a new supplementary software in addition to the
conventional computer programmes, such extra costs should be avoided. n (Page 43)

3.2.7

Wind Power Environmental Impact Environment,
Widing et al. (2005)

Case Study of Wind Turbines Living

Synopsis
This paper prepared by the Centre for Wind Power Information at Gotland University
presents case study information from residents living near the wind turbines in Nar,
Klintehamn and Nasudden in Sweden. Operational experience presented suggests that
94% of persons in 69 households were not disturbed by shadow flicker effects.
The paper also indicates that it is more important on which day and in which season
shadows occur, than how long the calculated/expected shadow time lasts.
In addition, a report by the Swedish Federal Housing Association (the Boverkets handbook
2003) suggests that shadow flicker duration should be assessed both on the plot of land
around a house (the curtilage) as well as the fa9ade (windows) of the property. The report
states that there is a statistically significant correlation between shadow minutes per day on
the fa9ade of a property and the specified disturbance, whereas shadow minutes per day on
the plot of land and disturbance are not related. However, shadow duration on the plot of
land is likely, on average to be three times longer than on the fa9ade, therefore the limits on
a plot of land would need to be adjusted to make them reasonable.

Relevant text extracts
Please note - this text is a translation and is not quoted verbatim. Some elements of the
translation may not reflect the exact wording of the original documents.
Three different wind areas on Got/and were selected for case studies: a) Nar; b)
Klintehamn; and c) Nasudden. Only the people who live in close proximity to wind
turbines have been interviewed. In Nar everyone living within 1100 metres from two
large wind turbines, in Klintehamn a sample of those who live ESE of wind turbines
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and receiving shadows from the turbines when the sun goes down, and in Nasudden
those households that are among the wind turbines on the peninsula. A total of 94
persons in 69 households were interviewed.
Of all respondents, 85 % are not disturbed by noise from wind turbines around them.
In the case of shadows, the proportion who are not disrupted is even higher at 94 %.
Although none of the calculations of shadows on the facade for the respondents in
Kfintehamn yielded, in the worst case, more than 30 shadow hours per year and a
maximum of 30 minutes per day, 24 % (of the respondents) stated that they get
annoyed quite a lot or a lot by the shadows. The calculations for 17 % of the
respondents in Nasudden gave 30 shadow hours per year (facade, worst case) but
only 4 % were disturbed quite a lot or a lot of shadows.
In Nar nobody was bothered by shadows. One possible explanation why so many
people are disturbed by the shadows in Klintehamn may be that the majority of the
respondents live east-south-east of the power plant which, according to the
calculations, results in the majority (approximately 90 % of respondents) having
shadows in the evenings from April to September.
In Nasudden about half of the respondents get shadows in the evenings while the
other half get the shadows in the morning or at midday. For those respondents who do
not get disrupted even though the expected shadow time is long, shadows appear
mainly in the morning or in winter. For those respondents who are disturbed despite
the short estimated shadow time shadows occurring in the evenings. In Nar no
respondent got shadows during summer evenings. This may indicate that it is more
important on which day and in which season shadows occur, than how long the
calculated/expected shadow time lasts.
In Nasudden there is no relationship what-so-ever between the estimated shadow time
and the specified disturbance. However, there is a moderately-strong coffelation
between distance from the nearest wind turbine and stated disturbance due to
shadows. This may indicate that the geometric calculation model for shadow time is
not reliable when there is a large power plant that is situated far away from the cuffent
residence, as the shadow time of the power plant is included for long distances,
although according to a German study the shade does not extend longer than about 1
km (Freund 2002).
Since according to the Boverkets handbook (the handbook of the HFederal Housing
Agency'J (Boverket 2003) a new guideline has been introduced, due to which the
shadow time is calculated on the plot of land instead of on the windows, the shadow
time in Klintehamn was calculated partly on land and partly on the facade. There is a
statistically significant moderate correlation between shadow minutes I days on the
facade and the specified disturbance. Whereas shadow minutes I days on the plot and
disturbance are not related. Calculation of shadow time on the plot instead of on the
facade give, on average, approximately three times longer shadow times. To introduce
a new guideline that time shall be calculated on the plot/land without having adjusting
the limit how long shadow time is acceptable is in this perspective not reasonable.
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3.2.8

Wind Power: Renewable Energy for Home, Farm and Business,
Gipe P. (2004)
Synopsis
The author of this book provides case study information on measured shadow flicker effect
and experiences of local equestrians relating to operational wind farms. The author states
that at an operational wind farm in Germany, research has shown that under worst -case
conditions, shadow flicker would result in 100 minutes per year, however the effect in real
life only equated to 20 minutes per year. Experience by an equestrian in North America,
was that shadow flicker from an operational wind turbine startled horses but the shadows
simply caused the horse to stop briefly until their riders urged them on.

Relevant text extracts
"Near Flensburg in Schleswig-Holstein, German researchers examined the effect and
found that flicker. under worst-case conditions, would affect neighbouring residents a
total of 100 minutes per year. Under normal circumstances the turbine in question
would produce a flickering shadow only 20 minutes per year. • (Page 298)
M
There are few recorded occurrences of concern about shadow flicker in North
America. Ruth Gerath, however. notes that the flickering shadows from the turbines
on Cameron Ridge near Tehachapi have startled her horse and those of others in the
local equestrian club. Except for the flickering shadows. she says, the turbines seem
to have no effect on the horses. The shadows simply cause the horses to stop briefly
until their riders urge them on.•· (Page 298)
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4

COMPUTER MODELS

4.1

Introduction
As part of the development and planning process for a prospective wind farm , computer
models are used by the developer in order to predict and quantify the impact shadow flicker
may have on receptors within the vicinity of the prospective wind farm. The output of these
models can be included in the environmental assessment of the wind farm .
There are three main computer packages which are used in the industry to model the
phenomenon:
• WindFarm
• GH WindFarmer
• WindPRO
In addition to these packages, there was found to be two additional modelling tools available
(add on packages to CAD and ArcGIS), however it is apparent that these tools have not
been widely adopted by the industry.

4.2

Current Computer Models Used
Windfarm
The Shadow Flicker module of WindFarm is one of the most used in the industry. This
software predicts the times throughout the year when shadow flicker is likely to occur and
predicts a worst case scenario impact at the receptor/aperture where shadow flicker would
be observed. A contour map and predicted shadow flicker times can be generated as
outputs from this process.
The inputs to and outputs from the WindFarm model are summarised in Table 1 and Table 2
below.
Table 1: Inputs for Wind Farm software.

Inputs
Receptor locations
Site Latitude and Longitude
Angle from Qrid north to true north
Wind farm layout and turbine soecification
Time Zone (local reQional time i.e. GMT)
Wind farm layout
Size of assessment area (specified in Metres, rotor diameters or tip
height)
Maximum sun heioht
Earth's curvature
Table 2: Outputs from WindFarm software.

Output
Map Spatial Extent of Shadow Flicker
Time at which Shadow Flicker will occur
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Garrad Hassan (GH) WindFarmer

The Shadow Flicker module of GH WindFarmer calculates the occurrence of shadow flicker
impact time and intervals for receptors at given locations. In addition, a map of the spatial
distribution of the impact of the shadow flicker can be generated. GH state (GH Website,
accessed 2010) that the module allows the user to:
• Determine the accurate shadow flicker effect for a particular year
• Represent the turbine rotor as a sphere or as a disk
• Consider the offset and orientation between turbine rotor and tower
• Model the sun as a point or a disc
• Use the topography as alternative to the simplified flat terrain assumption
• Create maps of shadow flicker occurrence on an annual or daily basis
• Analyses the shadow flicker at specific receptor points, of given elevation and
orientation
• Identify the shadow flicker periods from each turbine onto each receptor
The module can also be used in 'real-time' and in conjunction with a SCADA (Supervisory
Control And Data Acquisition) system, where it can be used to switch of the turbine when
the shadow impact would cause disturbance.
Inputs to and outputs from the model are summarised in Table 3 and Table 4 below:
Table 3: Inputs for WindFarmer software
Inputs
Site Latitude and Longitude
Time Zone
Maximum minutes per day (constraint)
Maximum hours per year
Calculation option (calculation to a defined distance from the centre of
the project or from each turbine)

Minimum Elevation Angle of the Sun
Calculation time interval (temporal resolution of model)
Model sun as a disc (yes/no)
Height above ground for shadow flicker mapping
Terrain and Visibility (options include No calculation of visibility due to
terrain, use terrain to calculate turbine visibility and use terrain to
calculate turbine and sun visibility)
Table 4: Outputs from WindFarmer software
Output
Map of Spatial Extent of Shadow Flicker
Times at which SF is most likely to occur
WindPRO

The Shadow Flicker module (SHADOW) in WindPro calculates how often and in which
intervals a specific neighbour or area will be affected by one or more wind turbines. The
calculations are again 'worst case scenarios'.
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Source: WindPro tutorial, accessed 2010
Inputs to and outputs from the model are summarised in Table 5 and Table 6 below:

Table 5: Inputs for WindPro software

Inputs
The position of the WTGs (xyz coordinates)
Hub Height and rotor diameter
Position of the receptor (x,y,z, coordinates)
The size of the window and it's orientation, both directional(relative to
south) and tilt Canale of wind oane to the horizontal)
Site Latitude and Longitude
Time Zone
A simulation model
Table 6: Outputs from WindPro software
Output
Main Results
Calendar for each shadow
receptor

Timetable of sunrise and sunset for
each day of the year in local time
Table for when Shadow impact may
occur for each day of the year, total
hours of impact per day
Number of turbines which may cause
shadow impact
Total hours of impact month by month
Reductions due to sunshine and
statistics of operational hours

Graphic calendar
Calendar per wind turbine
Calendar per wind turbine,
graphical
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4.3

Discussion of Models
Inputs
The input parameters needed to run each of the models are essentially identical including
Longitude and Latitude, Time Zone, wind turbine specification and topography. However.
some differences can be observed in the entry of constraint and receptor inputs.
Defining Criteria
All of the models allow the modelling extent to be defined as either a spatial or
temporal extent. These extents are set usually with reference to guidance or local
planning authority advice. The spatial extent is usually defined with the wind turbine
as the origin, though in WindFarmer it is possible to define the spatial extent from
In addition, GL
the centre of the project as it appears in the screen window.
WindFarmer is the only computer model where the maximum length of time of
exposure can be defined as a constraint.
Defining Receptors
The input of receptor parameters (e.g. location of receptor, size of window) slightly
varies across the models and is a potential source of subjectivity and error in the
output of the model since they are user defined . In addition, the way in which this
data is input into the models varies. For example in WindFarm , window size, tilt and
orientation are defined in the Designer, whereas in GH WindFarmer, location,
orientation of the window, the height of the window can be defined, however the size
of the window is assumed to be constant. This may lead to variations in the output
of the model.
Defining sun angle
Sun angle is manually defined by the user and values are dependent on the terrain
and aspect of the turbine. GH WindFarmer describe that for flat terrain a sun angle
value of approximately 3° is appropriate, however for more undulating or
mountainous terrain then it would be reasonable to increase the sun angle value
because the terrain will have a sheltering effect on the receptors, All three models
allow the sun angle variable to be defined by the user.
Digital Terrain Model Data
All packages allow the input of terrain data. The data needs to be clean of all
anomalies and if possible ground truthed.
Worst Case Scenario
We have evidence to suggest that all of the models predict a 'worst case scenario'
impact of the shadow on properties, as discussed already in other Sections of this
report. It must be noted that this worst case scenario is not explicitly stated in the
GL WindFarmer literature.
Assuming the turbine rotor as a disk
The impact of the shadow is intermittent and variable depending on the wind speed
which can not be analysed in any of the software packages. The turbine rotor is
assumed to be a disk which can not be penetrated by sunlight. Any shadow
generated by this disc onto the receptor is classed as an impact.
Turbine Yaw Direction
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It is assumed in all of the models that the rotor is yaw angle is set at 90° to the
receptor to model maximum interference. In reality, the yaw of the turbine would
vary with the wind direction, therefore the shadow impact would be variable.
Sunlight conditions
The sunlight conditions used in the software models are set up to result in a worst
case scenario. The weather is always assumed to be sunny which would cause the
greatest shadow effect. In reality sunlight intensity is dependent on factors including
cloud cover and time of day.
Obstacles
All of the models allow the user to input terrain data although they do not take into
account obstacles between the turbine and the receptor, for example, trees or
buildings.

4.4

Applying the Computer Models
To compare these three models, Parsons Brinckerhoff has obtained versions of the software
packages and has run the same scenario in each package. The results of this can be seen
in Figure 2 to Figure 4 below.
An area in the Scottish Borders was chosen for the model as this area had diverse terrain,
with a ridge to the north west of the turbine and undulating terrain elsewhere. A single
turbine was placed in this landscape. The turbine model chosen was typical for modem
onshore machines, with a 70m hub height and 80m rotor diameter. In each case, shadow
flicker was calculated for a 2.5km radius around the turbine, thus far larger than the 10 rotor
diameter rule. Shadow flicker receptors were added in a radial manner with an incremental
spacing of 500m from the turbine as can be seen in the figures.
It should be noted that the shadow flicker calculation area can be defined in the software 2.5 km was chosen as an indicative value so that the models could be compared with each
other. The shadows are likely to be too diffuse at this distance to have an impact.
The contours used in the outputs from the model are spaced at 20 hrs/year, with the outer
most (large blue) contour representing 0 - 20 flicker hrs/year. This was considered the most
appropriate 'bin size' given the magnitude of flicker. Whilst it was not possible to match the
contour colours between the models exactly, similar colours were chosen so that a visual
comparison is possible.
It can be seen that the outputs from the three models are very similar, and whilst there are
some differences at the edges of the model, the models show very similar results within 1
km from the turbine. Also, the shape of the shadow area is very similar where it interfaces
with the terrain, especially to the west of the turbine.
There are differences between how Windfarm and Windpro calculate shadow start and end
times. In Windfarm , the mapping data is entered in rectangular grid coordinates (for
example bng grid in the UK). To calculate where on the surface of the planet the site is, (to
calculate when the sun rises and sets), Latitude and Longitude coordinates need to be
entered. In Wind Farm, there is an automatic conversion tool between most coordinate
systems used across the world. This is used to calculate shadow times for the project which
can be fed into shadow flicker timers for mitigation. In the Windfarmer 'control panel' it is
also possible to set up the Latitude and Longitude values for this reason .
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Figure 4: Output from WindPRO software

It appears that there are obvious similarities between each of the three models which have
been reviewed, though it is difficult to quantify as the software vendors do not give details of
the algorithms which are used to calculate the spatial and temporal extent of the flicker
phenomenon.

4.5

Conclusions
This section has investigated the computer models available on the market. The three
computer models investigated are similar in their approach to calculating shadow flicker
around wind turbines. None of the software packages allow the input of real climatic
parameters, and so can only be used to produce 'worst case' shadow flicker assessments.
For the purposes of demonstrating and comparing the outputs, the three computer systems
were used to model simple scenario of a single wind turbine in a location in the Scottish
Borders. The results from these models are displayed as contour plots which show very
similar shadow flicker patterns close to the turbine with minor discrepancies between the
models at distances further from the turbines.
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5

STAKEHOLDER QUESTIONNAIRE SURVEY.

5.1

Introduction
In an effort to gauge the opinion of the wind energy industry on shadow flicker issues,
questionnaires were distributed to industry stakeholders. Different questionnaires were
produced, with one aimed at developers and consultants working in the industry and one
aimed at local planning authorities (LPAs). There were four variants of this LPA
questionnaire specific to planning authorities in England, Scotland Wales and Northern
Ireland.
This section outlines the methods that PB employed to obtain data from these parties, and
the resulting data which has been analysed to look for trends in data and parameters. This
is not intended as original research but as a study into the extent of shadow flicker issues in
the UK.
It must be acknowledged that the responses which are reported in this section are the
viewpoint of the stakeholders consulted and thus may not be evidential based.

5.2

Methodology
The questionnaires were produced as a 'PDF form', which could be edited directly using
standard adobe PDF reader software. The format allowed respondents to email the data
back to PB using a dedicated email address. In case of technical issues with this method,
PB provided several submission options and additionally provided contact details so that we
could assist directly. This approach was developed to speed up the process, helping to
ensure a high response rate, and for the environmental reason of reducing paper use.
Industry Questionnaire
The questionnaire can be found in the Appendices.

The specific aims of this questionnaire were:
• To determine the extent to which developers and consultants use the shadow flicker
indicators in 'Companion Guide to Planning Policy Statement 22' (or relevant
country guidance) to model shadow flicker, and to determine methodologies used to
assess the occurrence of the phenomenon;
• To ascertain whether developers thought the planning guidance was sufficient for
the assessment of shadow flicker, and their opinion on whether other approaches to
setting guidance would be more appropriate; and,
• To improve understanding of shadow flicker impacts at operational wind farms,
looking for case studies where shadow flicker was found to be causing an issue and
to assess the effectiveness of current mitigation measures.
The industry questionnaire was sent out to 178 company members on the mailing list of the
industry association RenewableUK. A reminder email was sent three days before the final
submission deadline to help ensure the highest response rate possible. 14 responses were
obtained and discussion of the results from this questionnaire can be found in the section
below.
Local Planning Authority Questionnaire
The questionnaire was sent to all Local Planning Authorities and England, Wales, Scotland
and Northam Ireland. Additionally, the Welsh Planning Division and the Clean Energy &
Steel Production Department were invited to participate in the questionnaire. Although not
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able to offer a response, staff at the Assembly Government did offer advice on relevant
guidance documents and suggested key developers who should be contacted.
The specific aims of this questionnaire were:
• To determine the extent of LPAs knowledge of shadow flicker, and their opinions on
'Companion Guide to Planning Policy Statement 22' (or relevant country guidance)
to model shadow flicker;
• To ascertain whether developers thought the planning guidance was sufficient for
the assessment of shadow flicker, and their opinion on whether other approaches to
setting guidance would be more appropriate; and,
• To improve understanding of shadow flicker impacts at operational wind farms,
looking for case studies where shadow flicker was found to be causing an issue and
to assess the effectiveness of current mitigation measures.

5.3

Industry Questionnaire - Response Summary
Fourteen questionnaire responses were received from developers and consultants working
in the wind industry. Of these respondents, thirteen stated they have been involved in
preparing shadow flicker assessments for onshore wind energy developments in the UK,
five have presented evidence at public local inquiry and five are involved in 'Operation &
Maintenance' of operational onshore wind farms.
Questions were split into the following four sections:
1) General assessment criteria - questions were designed to assess the degree of
variance between assessment criteria methodologies for shadow flicker
assessments in Environmental Statements.
2) Computer models - questions were designed to gauge the parameters that input
into shadow flicker models.
3) Operational experience - collection of case study information on complaints relating
to shadow flicker, operational experience in relation to mitigation measures, and
anecdotal evidence of observed shadow flicker effects.
4) Current guidance - questions designed to gauge opinion on key elements of
Companion Guide to PPS22 or other national guidance documents.
Please note - where a respondent has not provided comment, or stated that the question is
not applicable to them, they have been excluded from the summary statistics.
General assessment criteria
When determining the size of the assessment area, 10 out of 13 respondents adopt the 10
rotor diameter' rule. Other approaches that were adopted include:
• Using a combination of '10x rotor diameter' rule with a 2km fixed radius; and
• Assessing properties which lie just outside the '10 x rotor diameter' area.

10 out of 13 respondents only assess shadow flicker impact on users within residential
properties, whilst 2 respondents assess the 'shadow flicker' impact on users both within
residential properties and in the curtilage of properties. This report has is concerned only
with that inside properties and through a constrained opening such as a window, however it
is important that this point as part of the stakeholder responses.
Receptors that respondents include in shadow flicker assessments, are shown in Figure 5
below.
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Figure 5: Results from Question 7: What receptors do you assess shadow flicker effects
on?
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It is clear from the responses that many developers and consultants assess shadow flicker
impacts on non-residential properties, but it is not common to assess the impact of passing
Several respondents adapt their
shadows on road, footpath, and bridleway users.
assessment methodology to meet the requirements of the LPA or specific requests from
other stakeholders. Two respondents made it clear that shadow flicker is restricted to the
interior of buildings.
A summary of questionnaire responses relating to various mitigation measures for shadow
flicker impacts can be seen in Figure 6 below:
Figure 6: Results from Question 8: "When preparing a planning application, what mitigation
strategies for predicted shadow flicker effects do you propose?"
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All four mitigation options have been proposed by different respondents, with 'careful site
design' and 'turbine shut down' ranking as the most popular.
Computer models
For the purposes of undertaking shadow flicker assessments, it is clear that three computer
modelling software packages are used by all respondents - these programmes are
WindFarm, Windfarmer, and WindPro. All three are discussed in greater detail in Section 4.
With one exception, all respondents felt the respective software package was satisfactory
for preparing shadow flicker assessments that are of an appropriate standard to support a
planning application .
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When undertaking shadow flicker assessments, 7 out of 13 respondents include field data or
site-specific environmental data in their software models, while 6 out of 13 respondents do
not include this data. The following comments were included elaborating on the data
included in software models:
•
Existing screening is taken into account;
•
Topographical models (Digital Terrain Models) are included in the model;
•
Location of residential properties are considered;
•
Initial screening of properties by potential visibility using a Zone of Theoretical
Visibility (ZTV) graphic;
•
Turbine layout and dimensions;
•
Wind rose information to provide idea of predominant wind direction;
•
Orientation and size of receptor windows.
It is clear from the above responses that LPA's requirements for information input into
software models varies, due to a lack a standard methodology for shadow flicker
assessment.
The questions in this section asked respondents about whether their shadow flicker
assessments adhere to the 'worst case scenario'. This was defined as:
•
Continuous sunshine during daylight hours;
•
Continually rotating turbine blades;
•
No vege1ation or other obstacles are screening the receptor;
•
The wind turbine rotor plane is always perpendicular to the receptor and sun.
10 out of 12 respondents felt that their shadow flicker assessments adhered to worst case
scenario criteria . Of the respondents that responded that their shadow flicker assessments
did not adhere to the worst case scenario, the following comments were provided:
•
Proportion of time that turbines were operational was taken into account;
•
Both worst case and 'realistic' shadow flicker duration figures were considered;
•
Sunshine data was included when preparing a 'realistic' shadow flicker duration
figure.

Operational experience
5 out of 12 respondents own or manage operational wind energy developments, of which 2
respondents were owners, four respondents were operators, and one respondent was
involved in technical operations.
Three respondents noted complaints in relation to shadow flicker at their operational wind
energy developments. Details of their comments are listed below.

•
•

•

A member of the landowners family has observed shadow flicker but this has not
given rise to a complaint, as such no resolution was required or requested.
Wind farm in flat, lowland location - complaints arose during commissioning and
related to dwellings within '10 x rotor diameter' that were identified in the
Environmental Statement as being potentially at risk. Sensor-tdggered operational
management and turbine shut-down has been implemented and is expected to
resolve the situation.
Complaint from a office building that was not built at the time of consent. Please
see case study information in section 5.5 below for more information.

Of the respondents who operate or manage wind energy developments, it was noted that
careful site design and turbine shut-down strategies were the most popular implemented
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mitigation strategies, whilst installation of blinds also featured . Landscaping / vegetation
screening did not feature. The results are shown in Figure 7 below.
Figure 7: Results from Question 8: What mitigation strategies for shadow flicker effects
have been implemented on your operational wind energy developments?
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The respondents who stated they had implemented both careful site design and turbine
shut-down strategies noted that no complaints had been received and by virtue of this it
could be assumed that the mitigation measures had been successful. One additional
respondent stated that the turbine shut-down strategy had been ultimately successful further case study details are provided in Section 5.5.
One respondent noted that contact details for Operation & Maintenance staff were provided
to affected properties to implement turbine shut-down.
No respondents stated that they had observed shadow flicker effect occurring outside
buildings or in other circumstances different from those set out in current guidance (which
states "shadow flicker only occurs inside buildings where the flicker appears through a
narrow window opening"). One respondent commented:
HShadow flicker can only occur within properties through a restricted space. The effect
through a narrow window opening is totally different to the effect out of doors where
the high ambient light and diffuse shadow conditions cannot create the same level of
disturbance."
Current guidance
9 out of 13 respondents consider the '10 x rotor diameter' rule an appropriate area for
shadow flicker assessments. Of the remaining respondents, most believed a combination of
a fixed radius and the '10 x rotor diameter' rule would provide an appropriate alternative.
One respondent provided a justification for adopting a fixed radius approach, commenting:
"In general for most of the UK the '10 x rotor diameter' rule is sufficient, however in
higher latitudes where the sun is lower in the sky for longer. it might be appropriate to
introduce a fixed radius. A study would be required to define this fixed radius as
shadows become very diffuse further out and it is important not to define a radius
which is too conservative."

8 out of 12 respondents believed shadow flicker assessments should be limited to the
interior of residential buildings. Of the four remaining respondents, one commented that an
assessment of the impact on users of adjacent A roads and motorways is sometimes
requested by the Highways Agency due to the potential for driver distraction, and three
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respondents felt shadow flicker assessments should extend to non-residential properties.
One respondent commented :
"High-occupancy non-residential buildings such as offices should be afforded similar
protection to residential properties, within the context of the likely occupancy of the
building at the time when shadow flicker is calculated to occur."
There was a varied response to the value of adopting quantitative guidance on shadow
flicker effects. The majority (8 out of 11 respondents) felt that quantitative guidance was
inappropriate for the following reasons:
• Difficulties in quantifying acceptable levels of shadow flicker impact due to local
environmental factors (eg. existing screening, cloud cover) and site specific details
(eg. number of properties affected, number and nature of rooms affected, duration
of effect, strength of shadowing, etc)
• Worst case scenario shadow flicker duration figures can be misinterpreted by the
public as definitive impact; and
• Impacts should be assessed on a site by site basis.

The two overarching themes that emerge from this question on quantitative guidance are
the difficulties in setting a level on acceptability of shadow flicker impact, and the potential
for a development to be rejected where mitigation measures could provide a complete
solution.
Further comments were welcomed at the end of the questionnaire. Several respondents
took the opportunity to stress that shadow effects outside buildings should not be confused
with shadow flicker, as the effect is much less severe. One respondent commented that
there is a lack of case study data relating to shadow flicker impacts, and that an evidence
base rather than limits and separation distances would be more useful. Other notable
responses are included below:
"I think it would be a positive step to introduce some form of approach to methodology
for assessing shadow flicker effects that would work in a similar way to ETSU and
noise, that way it would give clarity to developers. planning authorities and
communities alike that a clear and consistent framework was being worked within."
"Guidance sh0uld be clear that shadow flicker can be accurately predicted. It should
state that shadow flicker effects can be successfully mitigated and that mitigation can
be successfully secured by way of a planning condition. In this respect shadow flicker
issues should not be cited as a reason for refusal in a planning decision."

5.4

Local Planning Authority (LPA) Questionnaire Responses.
Seventeen responses were received from the questionnaire that was sent to LPAs, of which
ten were from councils in England, one from each of Wales and Northern Ireland and five
from councils in Scotland. All of those councils who responded offer pre-planning advice to
onshore wind energy developers, with the majority (13 out of 17) providing pre-planning
advice specifically on shadow flicker. However, only seven of the councils offer guidance on
how the shadow flicker impact could be assessed.
Please note - where a respondent has not provided comment, or stated that the question is
not applicable to them, they have been excluded from the summary statistics.
Questions were split into the following four sections:
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1) Current guidance - questions related to current UK guidance and are designed to
gauge opinion on key elements of Companion Guide to PPS22, or relevant country
specific guidance.
2) Best Practice Shadow Flicker Assessments - questions designed to assess the
LPAs opinion on current shadow flicker assessment methodologies.
3) Proposed Mitigation Measures - questions on mitigation measures and planning
conditions related to shadow flicker.
4) Operational experience - this section collected case study information on
complaints relating to shadow flicker, operational experience in relation to mitigation
measures, and anecdotal evidence of observed shadow flicker effects.
Current Guidance
This section looked at current guidance in the UK. There was general consensus among
the respondents (13 out of 17) that the ten rotor diameter rule provided an appropriate area
for shadow flicker assessment, with three councils having the opinion that this rule was not
appropriate. Three councils had the opinion that using a combination of a fixed radius and
the '10 x Rotor Diameter' would be a preferable approach, with four councils specifying
alternative approaches.

Some useful comments were made on the subject of alternative approaches, especially that
the assessment distance should take into account the height of turbines as well as rotor
diameter, and that the 10 rotor diameter approach may not be appropriate with turbines
sited on higher ground, as shadows may be thrown further. Additionally, a comment was
made that the assessment distance should also be determined by the project latitude, solar
elevation, height, rotational rate of turbines and cumulative impact of aligned turbines.
Although blade shadows passing across windows produce a different impact (shadow
flicker) to shadows passing across open ground, a question was asked to determine opinion
on whether outdoor impacts should be assessed. Four councils responded that assessment
should be limited to inside buildings; with thirteen responding that the impact on other
receptors should be assessed. Figure 8 shows the receptors that councils would like to see
assessed.
Figure 8: Results from Question 7: If you don't think shadow flicker assessments should be
limited to the interior of buildings, what receptors should be included?
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Some useful comments were made on the reasons LPAs thought other receptors should be
taken into account. Several comments were made that road user distraction and safety was
important, with several also commenting on safety of horse riders on bridleways. There
were several comments that shadow flicker has the abi lity to affect orfice / commercial
workers and so it is important to assess these buildings in addition to residential buildings.
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There was a generally positive attitude towards adopting quantitative guidance in the UK,
although various concerns were raised about how this could be implemented in practice.
Several respondents commented that having quantitative guidance would be simple to
assess against. One respondent suggested that the guidance should not necessarily be
carried out based on only the 'number of hours' but that also a secondary 'sensitivity'
measure should be used based on the usage of affected buildings. An example of this is
that early evening hours may be more valuable as 'family time' than other times of the day.

Best Practice Shadow Flicker Assessments
The four questions in this section asked respondents about whether shadow flicker
assessments should adhere to the 'worst case scenario'. This was defined as
•
Continuous sunsh ine during daylight hours;
•
Continually rotating turbine blades;
No vegetation or other obstacles are screening the receptor;
•
• The wind turt>ine rotor plane is always perpendicular to the receptor and sun.
Of the respondents, eleven had the opinion that assessments should adhere to this worst
case model, with six not considering this to be suitable. Five comments were made that a
likely / realistic shadow flicker assessment needs to be carried out alongside this worst case
model. A concern was ra ised that any method used other than worse case would lead to
assumptions being made that could be challenged in the planning process.
Twelve respondents thought that the addition of field data would aid the assessment
process, with four not considering field data to be necessary. It was noted that the use of
field data can aid an assessment by making it more realistic. It was also noted that site
specific data should be included as it can help planners to make an informed decision on a
development.

Proposed Mitigation Measures
Three questions were asked about mitigation measures used to limit shadow flicker from
wind energy developments. Figure 9 below shows the strategies that councils consider to
be appropriate when considering planning applications with potential shadow flicker issues.
Figure 9: Results from Question 15: When considering a planning application, what
mitigation strategies for predicted shadow flicker effects do you consider appropriate?
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It is clear that designing the development in such a way that shadow flicker does not occur
is considered the most preferable option, with the implementation of a 'turbine shut down
strategy' considered the next preferred option.
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Of the councils questioned, nine have been involved with assigning a planning condition
relating to shadow flicker, with eight not having assigned a planning condition related to
shadow flicker. There was a range of planning conditions supplied by the councils, from the
specific, (outlining the mitigation strategy to be used) to more general conditions (specifying
that approved measures should be implemented should complaints be received).
Operational Experience
Of the councils who responded to the questionnaire, only one had received a complaint
about a shadow flicker issue from an operational windfarm . In this case, business park
workers complained of the shadow flicker effects. The issue was resolved by implementing
a 'turbine shut down' protocol that acted when certain conditions of sun/alignment prevailed,
or when a complaint was made from the office workers.
The mitigation strategies that have been implemented by the councils that responded are
shown in Figure 10 below.
Figure 10: Results from Question 20: What mitigation strategies for shadow flicker effects
have been implemented on operational wind energy developments within your planning
area?
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It can be seen that the most popular operational mitigation approach is to install shadow
flicker timers using a turbine shut down strategy. For some of the councils, turbines have
yet to be built, so it remains to be seen if the strategy has been a success, however a
comment was made that this approach was successful in that no complaints had been
received . It was also noted that the use of blinds and planting as mitigation approaches are
considered less acceptable as they are harder to enforce, may not necessarily work and
planting may not establish.
Additional Comments
A final comments box was provided for respondents to provide any additional information on
shadow flicker. Whilst the majority of councils did not use this, two useful comments were
raised, which reflect their experiences with the phenomenon.
The first comment was regarding the occurrence of shadow flicker, and that as it is only an
issue on bright days, the occasions when it is likely to present a real problem to people in
buildings nearby are likely to be few. Members of the public are often poorly informed and
wilt assume shadow flicker to be a problem.
Another comment from one LPA was that shadow flicker has not been a major issue of
concern to wind energy objectors. The visually intrusive nature of large scale proposals is
the most common concern.
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5.5

Operational Wind Farm Case Study
A case study has been taken from the questionnaire responses. For this wind farm, PB
received information from both the developer and the Local Planning Authority involved in
the development. This wind farm in Scotland has been left unnamed for reasons of
confidentiality.
Complaint
Complaints were received from office users in a nearby business park, of flicker effects
causing annoyance and triggering headaches. Environmental Health Officers from the local
council investigated and concluded that there were adverse impacts as a result of the
shadow flicker from the nearby turbines.
The office building was not in place at the time of wind farm consent or turbine installation,
and was therefore not included in the shadow flicker assessment for the Environmental
Statement. The first two wind turbines in the development were operational when the
buildings on the site were developed for business uses. As personnel moved into the
buildings, complaints were lodged over the shadow flicker effect, which especially occurred
in the afternoon when the sun was from the west/ north west. Flicker became a major issue
when a subsequent extension (four turbines) to the wind farm was developed and built.
Both phases of development have turbines which are within ten rotor diameters of the office
building.
Mitigation measures
Two mitigation measures were implemented - turbine shut-down using control modules on
certain turbines that were causing the shadow flicker effect, and installation of blinds in the
affected offices.
The turbine shut down strategy was deemed to have been relatively successful, although
due to controller errors with the clock timer there were instances where the turbine was not
shutting down at the correct times. An additional measure was implemented which allowed
the complainant to contact 'Operation & Maintenance' staff who could remotely shut-off the
turbines.
Result
The complainant was satisfied with the developer's mitigation actions and stated that their
concerns had been alleviated. Both the developer and Local Planning Authority considered
that the issue had been resolved by the mitigation measures implemented.
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6

RES ULTS ANALYSIS
A number of themes have arisen during the course of the guidance and literature review that
warrant further discussion. This section separates out individual overarching themes and
provides a summary of variations and common understanding between national guidance
and academic literature. The key themes that are discussed in greater detail below are as
follows:
Section 6.1 - Assessment area - geometrics of study area
Section 6.2 - Assessment area - radius of study area
Section 6.3 - Quantitative guidance
Section 6.4 - Shadow flicker in offices
Section 6.5 - Indoor assessment versus outdoor assessment
Section 6.6 - Proposed mitigation
Section 6. 7 - Health effects - epilepsy
Section 6.8 - Health effects and nuisance
Section 6.9 - Environmental and site-specific factors
Section 6 .10 - Planning conditions
The authors also note that during the literature searches, no regulatory policy relating to
shadow flicker was found; in all countries where it is a perceived issue, shadow flicker falls
under the remit of best-practice guidelines.
It is clear from our literature searches that much of the academic research on the subject of
shadow flicker was carried out iri the 1980s and 1990s. Since then, turbines have got larger
with lower blade rotational frequencies, so some of the results may not be directly applicable
to modem turbines found on the market today.

6.1

Assessment area - geometrics of study area
England's Companion Guide to PPS22 (2004) and BERR (2007), and Northern Ireland's
Best Practice Guidance to PPS18 (2009) state that only properties within 130 degrees either
side of north of a particular turbine can be affected by shadows. Verkuijlen & Westra (1984)
confirm this assertion, stating that particularly large areas to the east-northeast and westnorthwest of the turbine experience shadows for long periods of time. Both German
guidance (2002) and Verkuijlen & Westra (1984) provide figures demonstrating the azimuth
extent of the shadow flicker zone.
The concept of limiting the assessment to within 130 degrees either side of north is not
contested (nor are any alternative assessment methodologies proposed) in any guidance
documents or academic literature.

6.2

Assessment area - radius of study area and 10 x rotor diameter
England's Companion Guide to PPS22 (2004) and BERR (2007) state that shadow flicker
only occurs within '10 x rotor diameters' of a turbine. Northern Ireland's Best Practice
Guidance to PPS18 (2009) is not as explicit in this regard, stating instead that the potential
for shadow flicker at distances greater than ten rotor diameters is very low. Similarly
Scotland's PAN 45 (2002) guidance refers to the '10 rotor diameter' as a general rule and
infers that outside this area shadow flicker should not be problematic. The Irish Planning
Guidelines (undated) state that at distances greater than '10 x rotor diameter', the potential
for shadow flicker is very low.
Based on case study evidence from an operational wind farm, Cornwall County Council
(1989) concluded that for properties at a distance of 2 rotor diameters, maximum shadow
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duration is calculated as 2 - 7 hours per day for 13 - 26 weeks per year. For properties at a
distance of 10 rotor diameters, maximum shadow duration is calculated as 30 - 45 minutes
per day for 10-14 weeks per year. Clarke (1991) and Taylor & Rand (1991) recommend that
turbines should be sited at least ten diameters distance from habitation, and Clarke (1991)
states that greater separation may be necessary if properties are sited to the east southeast or west - southwest.
Other international guidance documents adopt a fixed radius. The Danish Wind Industry
Association website (2010) suggests that at distances greater than 500-1000 m from a wind
turbine, the rotor will not appear to be 'chopping' the light, but the turbine will be regarded as
an object with the sun behind it, and it is therefore not necessary to consider shadow casting
at such distances. The South Australian Planning Bulletin (2002) notes that shadow flicker
is unlikely to be a significant issue at distances greater than 500 m.
The majority of industry respondents who completed the questionnaire as part of this study
both used the '10 x rotor diameter' rule when preparing a shadow flicker assessment, and
considered it an appropriate survey distance. Of particular note is the potential need for a
differentiation between impacts at different latitudes, as the sun is lower in the sky for longer
at higher latitudes, an assertion that is supported by an LPA respondent.
Similarly to industry responses, there was general consensus among LPA respondents that
the '10 x rotor diameter' rule was an appropriate assessment area.
It is worth noting the Danish Wind Energy Association website comments that the hub height
of a wind turbine is of minor importance in determining the shadows cast from the rotor. The
same shadow will be spread over a larger area resulting in a reduced intensity of shadow in
the vicinity of the turbine.

6.3

Quantitative guidance
England's Companion Guide to PPS22 (2004 ). Northern Ireland's Best Practice Guidance to
PPS18 (2009), and Scotland's PAN45 (2002) (among others) require shadow flicker impacts
to be quantified by the assessor, however only Northern Ireland's Best Practice Guidance to
PPS18 (2009) and Irish Planning Guidelines (undated) set quantitative limits for acceptable
duration at 30 hours per year or 30 minutes per day at neighbouring offices and dwellings.
In addition, Predac (2004) recommends that shadow flicker should not exceed an
astronomic worst case figure of 30 hours per year or 30 minutes per day at neighbouring
offices and dwellings, however there is considerable variation between the limits set in
Germany, Denmark, and the Nether1ands.
German guidance (2002) adopts two maximum limits:
• An astronomic worst case scenario limit of 30 hours per year or 30 minutes on the
worst affect day; and
• A realistic scenario taking account of meteorological parameters limited to 8 hours
per year.
Gipe (1995) states that operational experience from the Untied States suggests shadow
flicker has generally not been recognised as a significant issue. In addition, a survey by
Widing et al. (2005) of residents in Swedish towns near an operational wind farm concludes
that respondents who claim not to be impacted by shadow flicker were exposed to the
phenomenon mainly in the morning or in winter. Contrastingly, those who do experience
shadow flicker are mainly exposed in the evenings (Widing et al., 2005).
The majority of respondents to the industry questionnaire expressed concerns that
quantifying acceptable levels of shadow flicker duration would be problematic due to
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latitudinal variations of impact, and the potential for wind energy developments to be
rejected where, in reality, mitigation measures could provide a complete solution.
Conversely to the developer's response, LPAs were generally in favour of adopting
quantitative guidelines, although concerns were raised about the practicalities of
implementation, in particular the need to characterize the sensitivity of receptors in order to
determine appropriate levels of shadow flicker. It is thought that LPAs favour a quantitative
solution as it is straightforward to assess when developments are taken through the
planning process.

6.4

Shadow flicker in offices
Several guidance documents recommend that in addition to residential properties, shadow
flicker impacts at offices neighbouring a wind energy development should also be assessed.
Northern Ireland's Best Practice Guidance to PPS18 (2009), Predac (2004), and Irish
Planning Guidelines (undated) all state that shadow flicker impacts should not exceed 30
hours per year or 30 minutes per day at neighbouring offices, with Irish Planning Guidelines
(undated) limiting the survey area to within a 500m fixed-radius. Of the literature review
carried out, no academic references to assessing shadow flicker in offices were found.
The shadow flicker case study ( Section 5. 5) received from our consultation was a complaint
at an office premises, that was developed after the wind farm was built. In this situation, it
was decided that no level of shadow flicker was acceptable, and shadow flicker timers were
installed to shut down the turbines that caused the issue. This successful mitigation
strategy solved the shadow flicker problem in this instance.

6.5

Shadow flicker - indoor assessment versus outdoor assessment
England's Companion Guide to PPS22 (2004 ), Northern Ireland's Best Practice Guidance to
PPS18 (2009), and Scotland's PAN45 (2002) state categorically that shadow flicker impacts
are limited to the interior of buildings. This assertion is also supported by Western United
States guidance (2005), and Taylor & Rand (1991) who state that shadow flicker effect is
confined to people inside buildings exposed to light from a narrow window source. Clarke
(1991) claims that shadow flicker effect is pronounced in rooms facing the turbine especially
if the window is the sole source of light.
German guidance (2002), however, suggests that shadow flicker assessments may need to
be extended to outdoor locations, suggesting a reference height of 2m above ground level.
Widing et al. (2005) state that a recent Federal Housing Agency document entitled Boverket
(2003) recommends that shadow flicker should be assessed both on the fai;:ade of a building
(eg. indoors), as well as on the plot of land (eg. the curtilage of the property). Widing et al.
(2005) raise concerns that appropriate shadow flicker duration limits for interior and exterior
locations would need to be adopted.
No industry respondents to the questionnaire have observed shadow flicker occurring
outside bui ldings or in circumstances different from those set out in Companion Guide to
PPS22. The majority of developers and consultants only assess shadow flicker impacts on
users within residential properties, with two also assessing the impact on users within the
curtilage of a property. It is also clear from the questionnaire, that developers and
consultants are receptive to assessing non-residential properties, but have reservations
(albeit with a few exceptions) about assessing road, footpath and bridleway users. One
issue that was raised repeatedly by developers and consultants is the need to distinguish
between the shadow flicker phenomenon that occurs inside a property through constrained
openings, and an entirely different phenomenon, referred to as passing shadows in outdoor
locations.
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A number of LPA respondents (14) would like to see shadow assessments extended to
cover users other than those inside residential buildings. Conversely to the industry
responses, LPAs considered that the assessment should include road and bridleway users
for safety reasons, as well as users of offices and commercial premises.
Canadian guidance (2006) states that farm animals and horses adapt to shadow flicker
impacts within a brief acclimatization period. Gipe (2004) suggests that experience in North
America has shown that shadow flicker may cause a horse to stop briefly until the rider
urges them on.

6.6

Proposed mitigations
A summary of recommended mitigation measures from UK and international guidance
documents is included in Table 7 below.
Table 7: Summary of mitigation measures in International guidance.
Careful site
design

Turbine shutdown

Installation of
blinds

Landscaping
I vegetation

screeni ng
United KinQdom guidance
Enaland
Northern
Ireland
Wales

Yes
Yes

Ireland
Germany
United
States
Canada

Yes

International
Finance
Corporation

Yes

Yes
Yes
Yes
Internati onal guidance
Yes
Yes

Yes

Yes
Yes
Yes

Yes
Non-governmental orQanisation Quidance
Yes

It is clear that the most commonly recommended mitigation measures in guidance are
careful site design to minimise and where possible eliminate potential impacts, and
implementation of a turbine shut-down strategy if necessary. Introduction of screening of
wind turbines by landscaping and vegetation planting also feature strongly among
recommendations, however installation of blinds in affected properties is exclusively advised
by the Welsh guidelines (2010).
Verkuijlen & Westra (1984) state that in order to reduce shadow flicker effect, siting of new
turbines is an important consideration. Verkuijlen & Westra (1984) also propose that in the
Netherlands where the predominant wind direction is southwesterly (the same predominant
wind direction as the UK), siting to the south of buildings would be a good compromise
between maximising wind resource and minimising shadow flicker impact. Additional
mitigation measures proposed by Verkuijlen & Westra (1984), Clarke (1991), and Taylor &
Rand (1991) include installation of blinds and turbine shut-down strategies.
Of the questionnaire responses received from both industry and LPAs, the clear preference
for mitigation options proposed at the pre-consent stage is careful site design, and
implementation of a turbine shut-down strategy if required. Other mitigation measures that
feature relatively strongly are introduction of screening through landscaping / vegetation
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planting, and installation of blinds. It was noted from the LPA questionnaire that installation
of blinds and landscaping / vegetation screening are less acceptable as mitigation measures
as they are harder to enforce and may not necessarily work.
The respondents who stated they had implemented both careful site design and turbine
shut-down strategies noted that no complaints had been received and by virtue of this it
could be assumed that the mitigation measures had been successful. In the case study
(Section 5. 5) relating to a complaint at an office premises, a dual approach was
implemented involving a turbine shut-down strategy with radiation sensors and a direct shutdown request system between the complainant and Operation & Maintenance staff at the
wind farm.
Freund (2002) notes that inaccuracies in shadow flicker modelling methodologies may result
in wind turbine operators facing unnecessary turbine shut-down systems. It is important that
a refined methodology is used to determine the necessity for turbine shut-down to ensure
mitigation strategies are proportionate to the potential impact.

6. 7

Health effects - epilepsy
UK advice relating shadow flicker to health effects vary in their finer detail but essentially
suggest that approximately 0.5% of the UK's population suffers from epilepsy, and of these
between 3.5% (BERR,2007) and 5% (Companion Guide to PPS22, 2004) are photosensitive. Less than 5% of photo-sensitive epileptics are sensitive to the lowest frequencies
of 2.5- 3 Hz (Companion Guide to PPS22, 2004; and Verkuijlen & Westra, 1984), although
the remainder are sensitive to higher frequencies extending up to 30 Hz (BERR 2007).
Verkuijlen & Westra (1984) state that higher frequencies of 15-20 Hz may also cause
convulsions in some epileptics (Ginsburg, 1970).
Canadian guidance (2006) notes that shadow flicker can lead to inducing epilepsy in
susceptible individuals, however the study team is not aware of any recorded incidents of
this actually occurring. This statement is also supported by Verkuijlen & Westra (1984).
BERR (2007) also states that most commercial wind turbines in the UK rotate much more
slowly than this, at between 0.3 and 1.0 Hz. Clarke (1991) distinguishes between single
speed turbines with shadow frequencies of 1-3 Hz and variable speed turbines which may
produce shadows of 2-6 Hz.
Parsons Brinckerhoff - Note to reader on turbine frequencies
Frequency of shadow flicker is related to the rotational speed of a wind turbine's blades and
the number of blades. Commercial scale wind turbines being deployed on developments
across the UK tend to have three blades. The rotational speed of a turbine depends on the
generator technology used within the nacelle. Older turbine models used asynchronous
generators which were essentially 'fixed speed'. Modem turbines tend to use a generation
technology that allows a limited degree of change in rotational speed - 'variable speed'.
Many of the major manufacturers are now developing 'direct drive' wind turbines which can
have a much larger range of speeds to optimise the energy that can be captured. Due to
technical constra ints, larger turbines tend to rotate slower than smaller turbines.

6.8

Health effects and nuisance
Several guidance documents - BERR (2007), Western United States (2005), Canada
(2006) -make a distinction between health effects related to epileptic seizures and impacts
on residential amenity.

Shadow Flicker FINAL REPORT FOR ISSUE.docx
Page 53

Prepared by Parsons Brinckerhoff
for the Department of Energy and Climate Change

001908

Burton et al. (2001) note that of the general population, some 10% of adults and 15-30% of
children are disturbed to some extent by light variations at frequencies of 15-20 Hz. The
range of nuisance frequencies in most people who were tested is between 5 and 14 Hz
(Collins & Hopkinson, 1957; Schreuder, 1964), and below 2.5 Hz and above 40 Hz, hardly
any nuisance is caused. A typical wind turbine rotation frequency is 0.3 - 1Hz (BERR,
2007).
Psychology research by Pohl et al. (1999) into the impact of shadow flicker on indicators of
performance, mental and physical well-being, cognitive processing and stress of the
autonomic nervous system, demonstrates that shadow flicker effect does not constitute a
significant harassment. However, under specific conditions the increased demands on
mental and physical energy indicated that cumulative long term effects might meet the
criteria of a significant nuisance. In this study, shadows were simulated using an lighting
system set up to produce a similar effect to wind turbine blades.

6.9

Environmental and site-specific factors
As a general rule, most best practice guidance documents suggest that an astronomic worst
case scenario is adopted when preparing shadow flicker assessments, and that no
environmental and site-specific factors are built into the modelling stage.
However, there are exceptions to this rule, with several guidance documents suggesting that
ameliorating factors should be taken into account during the modelling stage. Gipe (2004)
provides evidence from Germany that shadow flicker duration under a worst case
calculation would be 100 minutes per year, but under normal circumstances, the turbine only
produces 20 minutes per year.
BERR (2007) (now DECC) states that the following factors should be considered in shadow
flicker assessments:
•
Window widths;
•
Uses of the affected rooms;
•
Intervening topography; and
•
Intervening vegetation.
Best Practice Guidance for the Irish Wind Energy Industry (2008) also advocates that it is
reasonable to include ambient environmental conditions such as wind direction and general
climatic data in shadow flicker models. Furthermore, Predac (2004) notes that Danish
guidance takes into account 'average cloud cover'. German guidance (2002) stipulates that
sun angles less than 3 degrees above the horizon should be removed from the analysis due
to the likelihood that vegetation and buildings will remove the shadow impact. In addition,
Clarke ( 1991) comments that the number of sunny hours is likely to be lower in October
through to early February although this will likely be the windiest period.
German guidance (2002) proposes a methodology for undertaking a realistic shadow flicker
assessment taking into account meteorological information such as luminosity.
There are obvious difficulties when introducing meteorological conditions into shadow flicker
modelling. In particular, there would be a need to establish a clear set of guidelines
detailing an assessment methodology and suitable data sources.
From the industry questionnaire, the vast majority of developers and consultants carry out
assessments that adhere to the worst case scenario. A number of developers currently
carry out realistic assessments. The industry questionnaire also revealed that when
undertaking shadow flicker assessments, over half of the respondents introduced
environmental data into their software models. It is clear from the questionnaire however
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that there is no consistent approach to developer methodologies. Environmental and site
specific parameters that developers introduce include:
•
Existing screening.
•
Intervening topography
• Window widths;
• Wind direction;
• Orientation and size of the affected window;
• Uses of the affected rooms.
Of the LPA respondents, a significant majority considered that shadow flicker assessments
based on the worst case scenario criteria are appropriate, with several commenting that a
realistic assessment should also be carried out. A significant majority of LPA respondents
also felt that introduction of field data would aid the assessment by making it more realistic
and helping planners to make an informed decision.

6.10

Planning conditions
BERR (2007) proposes the following planning condition where shadow flicker may have a
potentially significant impact:
"The operation of the turbines shall take place in accordance with the approved
shadow flicker mitigation protocol unless the Local Planning Authority gives its prior
written consent to any variation."

German guidance also makes reference to adopting a planning condition for installation of
automatic turbine shut-down timers.
Over half of the LPA resj:)ondents to the questionnaire have been involved with assigning a
planning condition relating to shadow flicker. The wording of planning condition vary
considerably, with some planning conditions providing prescriptive requirements for shadow
flicker mitigation strategies, whilst others are more general and lack detail. This could be
due to project specifics and the requirements of individual LPAs. Example planning
conditions provided by LPAs during the questionnaire process are included below:
"At the request of the occupant of the affected property, any turbine producing shadow
flicker at any occupied dwelling which existed at the time that this permission was
granted shall be shut down and the blades remain stationary until the conditions
causing those shadow flicker effects have passed. The development shall be carried
out in accordance with the approved details."
"The wind turbines hereby approved shall not begin operation until a scheme for the
avoidance of any shadow flicker effect for dwellings within 10 rotor diameters of any
turbine in the development has been submitted in writing to and approved by the Local
Planning Authority. The approved scheme shall be implemented as approved.''
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CONCLUSIONS
This report has looked at the issue of shadow flicker from wind turbines, and presents data
from a literature review, survey of international guidance and the results of a questionnaire
sent to industry stakeholders.
The extent of the impact that shadow flicker causes is given in a psychology study (Pohl,
1999). This study concludes that the shadow flicker effect did not constitute a significant
harassment. However, under specific conditions the increased demands on mental and
physical energy, indicated that cumulative long-term effects might meet the criteria of a
significant nuisance. This demonstrates the need to reduce the impact where possible.
A key finding of this study is that in the UK there have not been extensive issues with
shadow flicker, and the results of a questionnaire survey to the industry and planning
authorities has yielded few complaints. In these cases, shadow flicker issues were resolved
using turbine shut down systems which are the standard mitigation approach adopted
across Europe.
Current guidance to assess shadow flicker in the Companion Guide to PPS22 (2004) states
that impacts occur within 130 degrees either side of north from a turbine. This has been
found to be an acceptable metric. Additionally, the 10 rotor diameter rule has been widely
accepted across different European countries, and is deemed to be an appropriate
assessment area, although there is potentially a need to differentiate between appropriate
assessment areas at different latitudes. This is an area where the scientific evidence base
could be readdressed.
Across Europe and further afield, different countries have varying guidance on shadow
flicker assessment. In all countries investigated where shadow flicker is a perceived issue, it
falls under the remit of 'best practice' guidelines rather than regulatory policy. Some
countries have adopted quantitative guidance, with limits on the flicker that can result from a
development. During our consultation with the wind industry and LPAs, concerns were
raised about the practicalities of implementing such a system in the UK.
Mitigation measures adopted by developers have been successful. Careful site design to
eliminate shadow impacts is important, with mitigation measures such as turbine shut down
systems being used regularly. These systems are acceptable for all parties, and by virtue of
their success, the issue of shadow flicker appears to be minor. Mitigation measures are
often put into planning conditions.
It is clear that there is no standard methodology that all developers adopt when carrying out
shadow flicker assessments, and different developers and local authorities have different
ways of approaching the assessment. Developers tend to use a 'worst case' assessment,
with some developers using environmental or site specific factors to produce a 'realistic'
case. Whilst the industry software that we reviewed can only be used to carry out worst
case shadow flicker assessments, there is perhaps a need to address worst-case and
realistic shadow flicker in assessments.
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Appendix 1
Case study demonstrating Shadow Flicker Assessment - Taken from Notes on the
Identification and Evaluation of the Optical Emissions of Wind Turbines,
States Committee for Pollution Control - Nordrhein-Westfalen (2002)
This literature document from Germany (detailed in Section 3) provides an example case
study demonstrating how shadow flicker should be calculated.
To calculate the actual duration of shading, meteorological information needs to be taken
into account. The first parameter taken into account is luminosity- see Table 8 and Table 9
for luminosity data from the German weather service.

Table 8: Data from the German Weather Service (taken directly from paper)
Sun

!luminance

Radiation Equivalent

r1

Ix]

3

389
10.912

~x/Wm·2')
62
105

60

Table 9: A linear interpolation of the above metrological data. (taken directly from paper)

Sun

01
3

5
10
15
20
25
30
35
40
45
50
55
60

llluminance
Ix]

l389
664
~402
t2207
l3071
l3986
~942
5929
a935
~949
a959
9951
h0912

Day length is then calculated by using representative sunrise and sunset data for different
locations across Germany and during different months of the year - see Table 10.
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Table 10: Day lengths for different locations and months of year (taken directly from paper)
Berlin
8:17;
16:03
5:41;
18:41
3:48;
20:32
6:07;
17:44

01-Jan
01-Apr
01-Jul
01-Oct

Essen
8:37;
16:34
6:08;
19:07
4:20;
20:52
6:33;
18:10

Hanover
8:32;
16:18
5:56;
18:56
4:03;
20:47
6:22;
17:59

Karlsruhe
8:21;
16:40
6:04;
18:59
4:26;
20:34
6:26;
18:06

Munchen
8:04;
16:31
5:52;
18:44
4:18;
20:17
6:13;
17:53

Schleswig
8:44;
16:07
5:54;
18:58
3:51;
21 :00
6:24;
17:58

Schwerin
8:32;
16:05
5:48;
18:50
3:49;
20:47
6:16;
17:51

The shadow flicker study area is then calculated using variables such as hub height and
rotor diameter of the turbine. The following table and figure have been produced for sample
data with a turbine located in flat terrain in central Germany. The receptor is 2m above
ground level and has an area of 0.1 x 0.1 m 2 • Table 11 below summarises the parameters
and results of the sample study.
Table 11: Summary of parameters and results for the sample study. (taken directly from
paper)
ID
No.

Hub
height

Rotor
diameter

~imuth
Jrom north
•o east

m]

m}

·1
p•

40

~o·

1

.60
r2
~

120°

o·

L..
5 - 90
.

60

140°
120°

BO

140°
120°

6
7

-

o·

!!.._ 100
9

Distance between
Turbine and
eceptor
ml
150
300
450
250
400
650
300
500
750

Hours
'year

Days
year

Minutes
~ day

90
25
15
83
28
14
98
37
20

124
62
49
111
61
46
108
76

150
~2
r22
~6
~6
r22
~2
~8
26

54

Figure 11 shows the potential shading area of a large wind turbine. The dashed lines to the
north represent the shadow limit on 21 st December and the south dashed line represents the
1
shadow limit on 21 " June. The dotted lines to the east and west show the limit of impact
due to shadow contrast. It can be seen that the shading region is symmetrical due to the
path of the sun .
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Figure 11: Possible shading area of a large wind turbine
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Mr. Tyler Wilhelm
Associate Project Manager
NextEra Energy Resources, LLC
Tyler.Wilhelm@nexteraenergy.com
Ms. Cindy Brugman
Auditor
Codington County
cbrugman@codlngton.org
Ms. Karen Layher
Auditor
Grant County
Karen.La yher@state.sd. us
Mr. Allen Robish
allen.robish@gmail.com
Ms. Amber Christenson
amber@uniformoutlet.net
Ms. Kristi Mogen
iJ versagehomestead@gmail.com
Ms. Melissa Lynch
melissamarie 101 O@yahoo.com
Mr. Patrick Lynch
Patrick.Lynch@ m@hotmail.com

· . Schumacher
Attorneys for Applicant
Lynn, Jackson, Shultz & Lebrun, PC
110 N. Minnesota Ave., Suite 400
Sioux Falls, SD 57104

001924

