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March 11, 2004 
 
BY EMAIL:  noise.comments@state.or.us   
 
Mike Grainey, Hearing Officer 
c/o Kathy Stuttaford 
Oregon Department of Energy 
625 Marion Street NE 
Salem, Oregon   97301 
 
Subject:  Comments – Notice of Proposed Rulemaking; Noise Control Regulations 
Related to Wind Energy Facilities 
 
Dear Mr. Grainey: 
 
Thank you for this opportunity to submit written comments on the Oregon Department of 
Energy (“ODOE”) and the Oregon Department of  Environmental Quality’s (“ODEQ”) 
Proposed Amendments to Division 35 – Noise Control Regulations related to wind 
energy facilities (hereafter referred to as the “Proposed Amendments”). 

 

INTRODUCTION & BACKGROUND 
I am a Wisconsin resident and was an active participant in ODOE’s informal comment 
process during the summer and fall of 2003.  Professionally, I am a Managing Director 
and one of the founders of a leading national consulting firm that specializes in 
economics, valuation and strategy issues attendant to complex business problems, 
business disputes and litigation.  In addition, I am active in local government and have 
been a Planning Commissioner in my Town for the past approximately ten (10) years. 

My interest in this proposed rulemaking procedure and wind energy in general is as a 
citizen, consumer and taxpayer.  I am submitting my comments in this capacity—and my 
comments are not on behalf of any client, my Firm, or any other person or organization.  
Both this submission and my work in the area of wind energy, in general, is completely 
self-funded and I am not receiving, have not received, and will not receive any 
compensation from anyone. 

My work in the area of wind energy began in the fall of 1999 when FPL Energy proposed 
to site a 30 MW, 33-turbine wind project near my home (FPL Energy’s “Wisconsin Wind 
LLC” project in the Town of Addison).  After submitting three (3) separate Conditional 
Use Permit (CUP) applications and various other supplemental information, and 
following numerous public meetings spanning more than two (2) years, FPL Energy 
formally withdrew its application on January 29, 2002. 
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On May 21, 2003, one of the interested parties from the prior FPL Energy matter 
submitted a Conditional Use Permit application to site what is purportedly a single 
windmill on land owned by his family that is within the project area initially proposed by 
FPL Energy in the Town of Addison.  The requested CUP was granted on January 29, 
2004 and filed on or about February 25, 2004—and is now the subject of an appeal.   

In addition, numerous other “wind farms” have been proposed in Wisconsin pursuant to 
WE Energies 200 MW Wind Energy RFP that was advertised in December 2002.   On 
July 28, 2003, WE Energies announced that it had selected Navitas to construct two (2) 
80 MW “wind farms” and Midwest Wind Energy LLC to construct a third 54 MW “wind 
farm” in WE Energies service area in southeastern Wisconsin.  Other “wind farm” 
proposals have also been reportedly been approved including Zilkha’s proposal in 
southwestern Wisconsin. 

During the course of my work in the area of wind energy from 1999 to date, I have 
undertaken extensive investigation and research including the following:1 

• During the period 2000 and 2001, I participated in a work group sponsored by the 
Wisconsin Public Service Commission (“WPSC”) that was organized to develop a 
“Commercial Wind Energy Model Ordinance.”   

• As part of the WPSC effort, I researched local land use and zoning ordinances and 
regulations from around the U.S. that included wind energy regulations—
including the Oregon Model Wind Ordinance and related wind energy handbooks.  
As part of that research I discovered that the State of Oregon had the most 
comprehensive and substantive guidebooks related to wind energy and the related 
issues.  That research culminated in a “Model Wind Ordinance” that I prepared 
and that was first released in January 2002.  I have made my Model Wind 
Ordinance available by email free of charge to anyone that has requested it.  

• In addition, I have undertaken extensive research regarding the land use and 
zoning and public health & safety issues related to wind energy including noise, 
ice and blade throw, shadow flicker, lightning strikes, electrical pollution, among 
others.  I have summarized this research in a number of letters that have been 
submitted for the record in the CUP proceedings related to the wind energy 
projects proposed near my home. 

• I have written a number of papers on wind energy related subjects including: 
 September 17, 2001 “Conclusions in 8/24/2001 Science ‘Policy Forum’ 

Article on Wind Energy and Coal Are Unsupported and Contradicted by 
Other Evidence,” and  

 April 23, 2002 “A Case Study on ‘Wind Farm’ Development and 
Community Relations - FPL Energy’s Proposed ‘Wind Farm’ in the Town 
of Addison, Wisconsin.”  

                                                 
1 It should be noted that Wisconsin does not have a comprehensive noise control regulation. 
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As a result of my research, I have discovered that the wind industry and its supporters 
often submit incomplete and misleading information.  As a consequence, complete, 
balanced, relevant and reliable information necessary to make an informed decision about 
wind energy regulations and/or proposed projects is sometimes not readily available.   

As such, the purpose of my comments and submissions is to provide additional 
information for your consideration that I hope will provide much needed context 
regarding the subject of wind energy facility noise and its effects and the Proposed 
Amendments.    

 

SUMMARY OF MY COMMENTS 
For the reasons that will be summarized in this letter, I am OPPOSED to the Proposed 
Amendments to Division 35 – Noise Control Regulations.   

In particular, my comments and proposals regarding the specific issues you have raised as 
areas of particular interest are addressed in detail in this letter.  A summary of my 
comments is as follows:   

• What Should the Maximum Allowable Noise Level for Wind Energy 
Facilities Be?   The maximum allowable noise level for wind energy facilities 
should be no higher than 35 dB(A) or 40 dB(A); or alternatively, 5 dB(A) over 
background ambient noise level.  This maximum represents the recognized 
international standard for wind energy facility noise based on wind energy noise 
regulations from around the world. 

• How Should Wind Turbine Noise Level be Measured (wind speeds, operation 
of the turbine)?  Wind energy facility noise levels should be measured based on 
actual field data from the proposed site (not based on assumptions as to ambient 
noise levels and computer modeling) with due consideration to site topography, 
typical wind conditions (including turbulence and wind shear), meteorological 
conditions (including the nocturnal jet), the number and location of the wind 
turbines, and other factors that can affect the observed noise levels as well as the 
location of noise sensitive receptors.  In addition, the regulations should ensure 
that the public is adequately protected from the effects of wind energy facility 
noise at all wind speeds.  As such, the regulations should specifically require 
noise measurement at all relevant wind speeds—not just one wind speed as 
contemplated by the Proposed Amendments.2    

 

 

                                                 
2 The Proposed Amendments contemplate the use of hub height cut-in wind speed (generally about 4 m/s) 
for the Ambient Noise Degradation Test; and 16 m/s at hub height for Table 8.  The Proposed Amendments 
do NOT require that a proposed wind energy facility comply the noise regulations at all relevant wind 
speeds. 
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• Are there Health Considerations (or Lack of Such Impacts) Related to Wind 
Turbine Noise?   Yes, wind turbine noise is a known and recognized source of 
adverse health effects based on the World Health Organization’s (WHO) 
definition of health.  These adverse health effects are related to the special 
characteristics and level of noise generated by wind energy facilities.  The 
reported adverse health effects range from increased incidence of headaches, 
migraines, nausea, dizziness, palpitations and tinnitus to sleep disturbance, stress, 
anxiety and depression.  These effects have been traced to low frequency noise 
generated by wind turbines.   Other adverse health effects include statistically 
significant increase in annoyance due to wind turbine noise that exceeds 35 
dB(A).  In addition, wind turbine noise presents a risk to the hearing impaired and 
hearing aid users.  The recognized international standard for wind energy facility 
noise (e.g., 35 dB(A) to 40 dB(A), or 5 dB(A) over background ambient noise) 
was reportedly established to protect against sleep disturbance. 

• Should Affected Landowners be able to Agree to a Waiver of Noise Limits?  
No, wind developers and affected landowners should not be able to essentially 
“opt out” of government regulations by private contract.  This is simply bad 
policy, and would monetize government regulations.  That is, by implementing 
such a “waiver” provision, the government would in effect expressly authorize 
wind developers to write a check to their neighbors in exchange for the right to 
exceed the established regulatory noise limits (presumably all documented by a 
private contract).   If wind developers are allowed to buy their way out noise 
regulations, other parties in other situations will rightly seek to buy their way out 
of other government regulations that cannot be met. 

• Should Wind Energy Facilities be Singled Out for Special Regulations?  No, 
wind energy facilities should not be singled out for special regulations.  In my 
opinion, the case has not been made that such proposed special treatment is 
required.  In particular, the Notice of Proposed Rulemaking alludes to the current 
rule as being both “difficult” and “burdensome” for wind energy developers.  The 
alleged difficulty and burden are not further described.  In fact, there is no 
definitive evidence in the record regarding either the difficulty of the cost of 
complying with the current noise regulations.  And the limited evidence that is 
available—apparently from one industry representative—establishes that the cost 
of noise studies ($10,000 to $15,000 per one project) is both de minimis and 
inconsequential in the context of a 35 MW or larger wind energy facilities that are 
the subject of the Proposed Amendments.  

• What Alternative(s) Should be Considered?  Due to the unique noise 
generating characteristics together with the typical environments surrounding 
“wind farm” sites, ODEQ and ODOE should consider developing and adopting 
comprehensive wind energy facility noise regulations.  Specifically, I would 
propose that ODEQ and ODOE consider South Australia’s February 2003 
Environmental Noise Guidelines:  Wind Farms  developed by South Australia’s 



Mike Grainey, Hearing Officer       Page 5 
March 11, 2004   

Environment Protection Authority.  These Guidelines are both comprehensive and 
meet the objectives stated in the Notice of Proposed Rulemaking.  The 
Introduction to the Guidelines notes:   

The core objective of these guidelines is to balance the advantage of 
developing wind energy projects in this State with protecting the amenity 
of the surrounding community from adverse noise impacts.  Wind farms 
need specific guidelines because wind turbines have unique noise 
generating characteristics and the environments surrounding wind farm 
sites usually have low ambient noise. 

 

For these reasons and for the further reasons that will be stated in this letter and 
based on the authorities cited in and attached to this letter, the Proposed 
Amendments should be REJECTED as contrary to the public interest.   

 

In this letter, I will first address the following: 

• The unique noise generating characteristics of wind energy facilities and why it is 
problematic; 

• Wind energy facility noise regulations are necessary because of wind turbine 
noise characteristics and because such noise is site-specific and difficult to 
predict; 

• Wind energy facility noise is a recognized public health and safety issue; and 

• Wind energy facility noise regulations from around the world demonstrate the 
deficiencies of the Proposed Amendments. 

 

Next, I will address the alleged justification for, the intended consequences of and the 
issues associated with the Proposed Amendments. 

I will conclude by summarizing my proposed alternative. 

 

*   *   * 
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A.  THE UNIQUE NOISE GENERATING CHARACTERISTICS OF WIND ENERGY 
FACILITIES AND WHY IT IS PROBLEMATIC. 
There is extensive an authoritative research that summarizes the issues associated with  
wind turbine noise.  The research establishes that there are four types of noise that can be 
generated by wind turbines:  tonal, broadband, low frequency, and impulsive.3  Wind 
energy facility noise differs from typical rural noises (such as agricultural equipment 
noise) because:  the noise source is located 50 – 100 meters off the ground, the noise 
characteristics are unusual, and the noise can be nearly constant 24 hours per day, 365 
days per year. 
 
In addition, there is no dispute that wind turbine noise is problematic. Recent 
authoritative research papers establish that “noise from wind turbines is still a public 
concern.”4 In fact, wind turbine noise is a major problem.  For example, it has been 
reported that “in many countries the noise radiation is still the major limitation in the 
tremendous development of wind energy over the last years. . .tonal noise is still the 
crucial point concerning the acceptance of wind turbines.”5   
 
There is also no dispute that wind turbine noise can cause annoyance, nuisance and 
dissatisfaction, and interfere with activities such as speech, sleep and learning.6  In 
addition, the authoritative literature demonstrates that standards and regulations and 
reliable noise data are needed.  For example, June 2002 Wind Turbine Noise white paper 
recommends that: “A number of improvements in standards and regulations are 
needed to ensure that communities can reliably anticipate noise from wind turbines 
and to ensure that the data are available to make those sound estimations.” 7 
 
 

 

 

                                                 
3 Rogers, Anthony L., Ph.D. and James F. Manwell, Ph.D.  “Wind Turbine Noise Issues.” A white paper 
prepared by the Renewable Energy Research Laboratory, University of Massachusetts at Amherst. June 
2002, p. 8.   www.ceere.org/rerl/publications/whitepapers/ WindTurbineNoiseIssues.pdf   (Attachment A)  
4 Rogers, Anthony L., Ph.D. and James F. Manwell, Ph.D.  “Wind Turbine Noise Issues.” A white paper 
prepared by the Renewable Energy Research Laboratory, University of Massachusetts at Amherst. June 
2002, p. 3.   www.ceere.org/rerl/publications/whitepapers/ WindTurbineNoiseIssues.pdf  (Attachment A) 
5 Klug, H.  “Noise from Wind Turbines – Standards and Noise Reduction Procedures.”   Forum Acusticum 
2002 (Sevilla, Spain).  September 16 – 20, 2002.  p. 2.  www.dewi.de/dewi/themen/bibli/pdf/ 
Klug_NoisefromWT_Sevilla2002.pdf   (Attachment B) 
6 Rogers, Anthony L., Ph.D. and James F. Manwell, Ph.D.  “Wind Turbine Noise Issues.” A white paper 
prepared by the Renewable Energy Research Laboratory, University of Massachusetts at Amherst. June 
2002, p. 3.   www.ceere.org/rerl/publications/whitepapers/ WindTurbineNoiseIssues.pdf (Attachment A) 
7 Rogers, Anthony L., Ph.D. and James F. Manwell, Ph.D.  “Wind Turbine Noise Issues.” A white paper 
prepared by the Renewable Energy Research Laboratory, University of Massachusetts at Amherst. June 
2002, p. 18.  www.ceere.org/rerl/publications/whitepapers/ WindTurbineNoiseIssues.pdf (Attachment A) 
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B.  WIND ENERGY FACILITY NOISE REGULATIONS ARE NECESSARY BECAUSE OF 
WIND ENERGY FACILITY NOISE CHARACTERISTICS AND BECAUSE SUCH NOISE  IS 
SITE-SPECIFIC AND DIFFICULT TO PREDICT. 
The February 2003 South Australia Environmental Noise Guidelines:  Wind Farms 
succinctly states why wind farms require specific noise regulations: 

The core objective of these guidelines is to balance the advantage of developing 
wind energy projects in this State with protecting the amenity of the surrounding 
community from adverse noise impacts.  Wind farms need specific guidelines 
because wind turbines have unique noise generating characteristics and the 
environments surrounding wind farm sites usually have low ambient noise. 

The literature also highlights that windmill noise is site-specific and difficult to predict; 
and that the predictions may not be accurate estimates of the noise that may be 
experienced at a particular site.  The precision of these predictions is not stated (± x%), 
and no error rate is reported and apparently cannot be determined.  The literature also 
notes: 

 
1) Wind Turbine Noise is Unlikely to be Masked by Background Noise.  A recent 

August 2003 Sweden wind turbine noise study concluded that because of the 
modulating characteristics of wind turbine noise, it is unlikely to be masked by 
background noise. 

 
In summery it can be concluded that the modulating characteristics of the 
[wind turbine] sound makes it more likely to be noticed and less masked by 
background noise. 8  

 
2) Wind Turbine Noise is Affected by Site Topography and No Good Models Exist 

to Accurately Calculate the Effects.  As the authoritative literature notes: 9 
 

In complex terrain the emission from the same kind of wind turbine will vary 
much depending on the surroundings. In complex terrain there are vertical 
movements of the air and quite often turbulence that cause sound generation 
around the wind turbine blades. When measuring noise immission the wind 
speed is often only measured at 10 m height, which does not give enough 
information to predict these effects. One of the worst cases is if a wind power 
plant is standing near a slope, then there can be a difference in the noise 
emission up to 5-6 dB(A) compared with data from the manufacturer. This is 
due to that the wind flow hits the blades with an angle, which generates more 

                                                 
8 Pedersen, Eja. Swedish Environmental Protection Agency. “Noise annoyance from wind turbines – a 
review.”  Report 5308, August 2003.  p. 21.  (Attachment C) 
9 Johansson, Lisa.  “Summary of IEA Topical Expert Meeting on Noise Immission.”  November 2000, p. 4. 
www.windenergy.foi.se/IEA_Annex_XI/ Summary_34_Noise.pdf  (Attachment D) 
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 sound than if it hits the blades perpendicularly. This will also create 
vibrations in the turbine making it not only a noise problem but a structural 
one as well. 
 
It seems however that there is no good model to calculate these effects 
accurately. There have be[en] efforts trying to relate the noise emission to 
the wind shear but with no success. It is possible that it is better to try to 
relate the noise emission to the electric power instead of the wind speed. This 
will however not solve the problem entirely since the propagation also is 
affected by complex terrain and turbulence. 

 
The literature also highlights that the wind industry’s noise models appear to have other 
errors and may not produce consistent and reliable results for a number of reasons.  The 
literature notes the following: 
 

1) Wind Turbine Noise Certification and Accreditation Could be Needed.  At an 
international meeting of windmill noise experts, it was stated that noise certification 
and accreditation could be needed.  In particular, three such areas were identified:10 

• When calculating the expected noise immission level; 
• When measuring noise immission level; and 
• When manufacturers specify noise emission. 

 
The following justification for wind turbine noise certification and accreditation were 
noted: 11 

• In Sweden, some developers have used wind turbine noise prediction 
models and programmes that do not agree to Swedish recommendations; 

• Wind turbine manufacturers measure wind turbine noise emission based 
on one machine (an optimized prototype) operating under perfect 
conditions.  As a result, some authorities assume that the wind turbines 
will emit 2 – 3 dB more than stated. 

• It was stated that if the wind turbine noise level was related to the electric 
power produced instead of the wind speed, “then there is no risk of a 
dishonest owner shutting down the turbine and only letting the blades 
rotate when measuring the noise level.”  

 
 
 
                                                 
10 Johansson, Lisa.  “Summary of IEA Topical Expert Meeting on Noise Immission.”  November 2000, p. 5.  
www.windenergy.foi.se/IEA_Annex_XI/ Summary_34_Noise.pdf (Attachment D) 
11 Johansson, Lisa.  “Summary of IEA Topical Expert Meeting on Noise Immission.”  November 2000, p. 5. 
www.windenergy.foi.se/IEA_Annex_XI/ Summary_34_Noise.pdf (Attachment D) 



Mike Grainey, Hearing Officer       Page 9 
March 11, 2004   

2) Other Errors in Wind Turbine Noise Models have been Noted.  Recent literature 
establishes that wind turbine manufacturers’ computer noise models may 
significantly underestimate windmill noise.  For example, one report noted: 

Recent reports have indicated yet another complication. Common hub height 
of the operating wind turbines today in Sweden is 40-50 meters. The new 
larger turbines are often placed on towers of 80 – 90 meters.  The wind speed 
at this height compared to the wind speed at the ground might (up to now) has 
been underestimated. In a report published by Rijksuniversiteit Groningen it 
was found that the wind speed at 80 meter was 4.9 times higher then at 10 
meter at night instead of 1.4 times as calculated [Kloosterman et al 2002]. 
The study was rather small, but indicates that the masking of the 
background noise is lower than calculated. Further studies need to be 
performed. Topographical conditions at site have importance for the degrees 
to which the noises from wind turbines are masked by the wind. Dwellings 
that are positioned within deep valleys or are sheltered from the wind in other 
ways may be exposed to low levels of background noise, even though the wind 
is strong at the position of the wind turbine [Hayes 1996]. The noise from the 
turbine may on these conditions be perceived at lower sound pressure levels 
then expected. Current recommendation state that measures and sound 
propagation calculations should be based on a wind speed of 8 m/s at 10 meter 
above the ground, down wind conditions, creating a ‘worst case’ scenario. 
This recommendation does not consider the case described above. 

 
The study referenced noted that wind turbine noise at night during certain conditions 
was 18 dB(A) higher than what the wind turbine noise models predicted.12 
 

 
C.  WIND ENERGY FACILITY  NOISE IS A RECOGNIZED PUBLIC HEALTH & SAFETY 
ISSUE. 
As noted in a Sweden wind turbine noise study, the World Health Organization (“WHO”) 
defines “health” as a complete physical, mental and social well-being—not merely the 
absence of infirmity.13  The WHO Guidelines for Community noise lists specific effects 
that are to be considered in setting community noise guidelines: 14 

• Interference with communication; 
• Noise-induced hearing loss; 
• Sleep disturbance effects; 

                                                 
12 van den Berg, Frits G.P.  Euronoise Naples 2003.  “Wind turbines at night:  acoustical practice and 
sound research,” p. 2  (Attachment E)   
13 Pedersen, Eja. Swedish Environmental Protection Agency. “Noise annoyance from wind turbines – a 
review.”  Report 5308, August 2003.  p. 18.  (Attachment C) 
14 Pedersen, Eja. Swedish Environmental Protection Agency. “Noise annoyance from wind turbines – a 
review.”  Report 5308, August 2003.  p. 18.  (Attachment C) 
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• Cardiovascular and psycho-physiological effects; 
• Performance reduction effects; 
• Annoyance responses; and 
• Effects on social behavior. 

 
The authoritative literature establishes that windmill noise at relatively low levels causes 
a variety of recognized public health related problems including the following: 
 

1) Sweden Noise Study – Significant Wind Turbine Noise Annoyance Reported at 
Noise Levels of Just 40 dB(A):  A recent Sweden study (May/June 2000) studied 
the effects of wind turbine noise.  The Sweden study surveyed residents living near 
16 wind turbines (14 had a power of 600 kW).  The study found that the 
correlation between noise annoyance from wind turbines and sound pressure 
level was statistically significant.  The noise annoyance increased with sound 
pressure levels above 35 dB(A).  At sound pressure levels in the range of 37.5 
dB(A) to 40 dB(A), 20% of the residents were very annoyed.  At sound pressure 
levels above 40 dB(A), 36% of the residents were very annoyed.15 

 
2) Wind Turbines Generate Low Frequency Noise which is Known to Cause 

Adverse Health Effects:  Wind turbines are known to produce low frequency 
noise.16  The fact that modern wind turbines produce low frequency noise is 
confirmed by the windmill noise profile (NEG Micon NM-82 wind turbine) that was 
provided during the informal discussion.17   

According to WHO special attention should be given to low frequency noise:  

...[s]pecial attention should also be given to: noise sources in an environment 
with low background sound levels; combinations of noise and vibrations; and to 
noise sources with low-frequency components.  It should be noted that low-
frequency noise...can disturb rest and sleep even at low sound pressure levels.  If 
the noise includes a large proportion of low-frequency components, still lower 
values than the guideline values below will be needed.  When prominent low-
frequency components are present, noise measures based on A-weighting are 
inappropriate.  The difference between dB(C) and dB(A) will give crude 
information about the presence of low-frequency components in noise, but if the 
difference is more than 10 dB, it is recommended that a frequency analysis of the  

                                                 
15 Pedersen, Eja. Swedish Environmental Protection Agency. “Noise annoyance from wind turbines – a 
review.”  Report 5308, August 2003.  pp. 13 – 14. (Attachment C) 
16 Rogers, Anthony L., Ph.D. and James F. Manwell, Ph.D.  “Wind Turbine Noise Issues.” A white paper 
prepared by the Renewable Energy Research Laboratory, University of Massachusetts at Amherst. June 
2002, p. 8. (Attachment A)  www.ceere.org/rerl/publications/whitepapers/ WindTurbineNoiseIssues.pdf .  
See also:  March 1998 “Permitting of Wind Energy Facilities – A Handbook” by National Wind 
Coordinating Committee (NWCC), Chapter 4 – pp. 33 – 34.  (Attachment F) 
17 NEG Micon NM-82 Wind Turbine Noise Profile.  (Attachment G) 
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noise be performed.  It should be noted that a large proportion of low-
frequency components in noise may increase considerably the adverse effects 
on health.  (Emphasis added.) 

3) Description of Wind Turbine Low Frequency Noise:  The National Wind 
Coordinating Committee March 1998 publication “Siting of Wind Energy Facilities 
– A Handbook” described wind turbine low frequency noise as follows: 

Noise with frequencies in the range from 20 Hz to 100 Hz. . .Caused when wind 
turbine blades encounter localized flow deficiencies due to the flow around a 
tower, wakes shed from the other blades, etc.  (At its worst, such noise has been 
described as ‘an ongoing debilitating sound’ that can cause structural 
vibration.)18 

4) UK Studies – Low Frequency Wind Turbine Noise is a Health Hazard:  Recent 
(January 2004) UK media reports have summarized the UK wind turbine noise 
research regarding the health hazards associated with low frequency wind turbine 
noise as follows: 

 
Dr. Amanda Harry, a local GP who did the research, said: ‘People 
demonstrated a range of symptoms from headaches, migraines, nausea, 
dizziness, palpitations and tinnitus to sleep disturbance, stress, anxiety 
and depression. These symptoms had a knock-on effect in their daily 
lives, causing poor concentration, irritability and an inability to cope.’ 

Dr. Harry said that low-frequency noise - which was used as an instrument of 
torture by the Germans during the Second World War because it induced 
headaches and anxiety attacks - could disturb rest and sleep at even very low 
levels. 

‘It travels further than audible noise, is ground-borne and is felt through 
vibrations,’ she said. ‘Some people are having to leave their homes to get 
away from the nuisance. Yet, despite their obvious suffering, little is being 
done to relieve the situation and they feel that their plight is ignored.’ 

Similar problems have been found by Dr. Bridget Osborne, a doctor in Moel 
Maelogan, a village in North Wales, where three turbines were erected in 
2002. She has presented a paper to the Royal College of General 
Practitioners detailing a ‘marked’ increase in depression among local 
people. 

’There is a public perception that wind power is ‘green’ and has no 
detrimental effect on the environment,’ said Dr. Osborne. ‘However, these  

 

                                                 
18 March 1998 “Permitting of Wind Energy Facilities – A Handbook” by National Wind Coordinating 
Committee (NWCC), Chapter 4 – p. 34.  (Attachment F) 
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turbines make low-frequency noises that can be as damaging as high-
frequency noises.’ 
’When wind farm developers do surveys to assess the suitability of a site 
they measure the audible range of noise but never the infrasound 
measurement - the low-frequency noise that causes vibrations that you 
can feel through your feet and chest.’ 
’This frequency resonates with the human body - their effect being dependent 
on body shape. There are those on whom there is virtually no effect, but others 
for whom it is incredibly disturbing.’ 

A report by Dr. Geoff Leventhall, a fellow of the Institute of Physics and 
Institute of Acoustics, has endorsed the findings. ‘Low-frequency noise 
causes extreme distress to a number of people who are sensitive to its 
effects,’ it says.19  (Emphasis added.) 

The article also notes that in Denmark, the government has responded to public demand 
and stopped erecting onshore wind turbines because of the noise hazard.  In addition, 
first hand accounts in the UK of the impact of wind turbine noise have included the 
following: 

Dr. Stephen Briggs, an archaeologist who lives in the village of 
Llangwryfron in West Wales, initially welcomed the news that 20 turbines 
were to be built in the hills behind his home. 

He said: ‘I'm as green as the next man and the developers assured us 
that the windmills would cause hardly any disturbance, but once they 
began operating I couldn't work in my garden any more - the noise 
was unbearable. It was as if someone was mixing cement in the sky.’ 

Two neighbours became ill from a lack of sleep and after four years of 
frustrated appeals, the Briggs family left their home of 17 years. House 
prices near to wind farms have also plummeted. 
Mark Taplin, who has lived close to a wind farm near Truro in Cornwall 
for almost a decade, said: ‘It has been a miserable, horrible experience. 
They are 440 metres away but if I step outside and they are not 
generating I know immediately because I can hear the silence. They 
grind you down - you can't get away from them. They make you very 
depressed - the chomp and swoosh of the blades creates a noise that 
beggars belief.’ 20  (Emphasis added.) 
 

                                                 
19 January 25, 2004 Sunday Telegraph.  “Wind farms ‘make people sick who live up to a mile away.” By 
Catherine Milner.  (Attachment H) 
20 January 25, 2004 Sunday Telegraph.  “Wind farms ‘make people sick who live up to a mile away.” By 
Catherine Milner.  (Attachment H) 
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5) Other Health Effects C aused by Wind Turbine Noise:  There is no dispute that 
wind turbines generate noise.  And, given the significant level of noise (sound 
power level > 100 dB(A)), wind turbines present a unique hazard to certain 
segments of the population.  For example, hearing aid users are one segment of the 
population for which wind turbines present a unique risk.  For example, in a 
February, 2001 letter from an audiologist submitted for the record by FPL Energy in 
the Town of Addison “wind farm” CUP matter, the audiologist (Unitron’s Ted 
Venema) stated: 

 
From an audiological perspective, one must consider whether this 
interference [from wind turbines] would cause further hearing loss, and 
also, whether the interference would affect the audibility and 
understanding of aided speech sounds. . . I don’t think the noise intensity 
from the wind turbines at 1,000 meters will pose a significant interference 
for the listening experience of someone who wears a hearing aid.   

 

D.  WIND TURBINE NOISE REGULATIONS FROM AROUND THE WORLD 
DEMONSTRATE THE DEFICIENCIES OF THE PROPOSED AMENDMENTS. 
Worldwide experience with wind energy developments and with due consideration of the 
problems associated with wind turbine noise has resulted in the implementation of wind 
turbine siting and noise regulations to protect the public.  These guidelines have been 
established based on international studies on the protection of sleep disturbance. 
 
The regulations vary somewhat from country to country, however, the recognized 
international standard for wind energy facility noise regulations specify an absolute noise 
limit of 35 dB(A) to 40 dB(A), and/or a noise limit relative to the background noise level 
of 5 dB(A).    For example: 
 

• Denmark:  40 dB(A) in residential and noise sensitive locations.21 

• Netherlands:  40 dB(A) in rural areas.22 

• Germany:  35 dB(A) limit at night in residential areas (exclusively residential); 
40 dB(A) at night in mixed residential areas.23 

 
                                                 
21 September 25, 2001. Garrad Hassan.  “Background and Predicted Operational Noise Levels for the 
Proposed Portland Wind Energy Project.”  p. 4 of 42. www.pacifichydro.com.au/articles/ 
files/VolA_noise_Pt1.pdf   (Attachment I) 
22 September 25, 2001. Garrad Hassan.  “Background and Predicted Operational Noise Levels for the 
Proposed Portland Wind Energy Project.”  p. 4 of 42. www.pacifichydro.com.au/articles/ 
files/VolA_noise_Pt1.pdf  (Attachment I) 
23 September 25, 2001. Garrad Hassan.  “Background and Predicted Operational Noise Levels for the 
Proposed Portland Wind Energy Project.”  p. 4 of 42. www.pacifichydro.com.au/articles/ 
files/VolA_noise_Pt1.pdf  (Attachment I) 
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• Sweden:  40 dB(A) outside dwellings; a lower noise level is preferable in noise 
sensitive locations. 24 

• Great Britain:  Wind farm noise limited to 5 dB(A) over background noise for 
both day and night-time.  In low noise environments, the daytime level of wind 
farm noise should be limited to an absolute level within the range of 35 – 40 
dB(A).25 

• France:  Wind farm noise limited to 5 dB(A) over background noise for daytime, 
and 3 dB(A) at night-time.26 

• South Australia:  Wind farm noise limited to 35 dB(A) or 5 dB(A) over 
background noise, whichever is greater.27 

• New Zealand:  Wind farm noise limited to 40 dB(A) or 5 dB(A) over background 
noise, whichever is greater.28 

 

E.  ALLEGED JUSTIFICATION FOR THE PROPOSED AMENDMENTS. 
According to the Notice of Proposed Rulemaking, rule changes are needed because of the 
alleged “difficulty” in measuring relevant noise levels for wind energy facilities.  In 
addition, it is allegedly “burdensome” for wind energy developers to demonstrate 
compliance with the noise standards.   However, neither the degree of the alleged 
“difficulty” nor the extent of the alleged “burden” is further described or elaborated.  The 
basis for the conclusion is not stated—and is unclear.   

It should be noted that while the alleged (high) cost of complying with the current noise 
regulations is alluded to—Attachment B states that neither ODEQ nor ODOE has 
information available on which to base a precise estimate of the potential cost savings 
associated with the Proposed Amendments.  Attachment B did note, however, that one 
industry representative estimated the cost of noise studies in the range of $10,000 to 
$15,000 for one project. 

Cost (in this case—cost savings to wind energy developers), however, does NOT appear 
to be a reasonable or sufficient justification to recommend or implement the Proposed  

 
 
                                                 
24 Pedersen, Eja. Swedish Environmental Protection Agency. “Noise annoyance from wind turbines – a 
review.”  Report 5308, August 2003.  p. 19.  (Attachment C) 
25 Pedersen, Eja. Swedish Environmental Protection Agency. “Noise annoyance from wind turbines – a 
review.”  Report 5308, August 2003.  p. 21.  (Attachment C) 
26 Pedersen, Eja. Swedish Environmental Protection Agency. “Noise annoyance from wind turbines – a 
review.”  Report 5308, August 2003.  p. 20.  (Attachment C) 
27 South Australia Environment Protection Authority.  “Environmental Noise Guidelines:  Wind Farms.”  
February 2003.  p. 3.  (Attachment J) 
28 South Australia Environment Protection Authority.  “Environmental Noise Guidelines:  Wind Farms.”  
February 2003.  p. 2.  (Attachment J) 
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Amendments.  As noted on p. 1, the definition of “wind energy facility” is an “electric 
power generating plant with an average electric generating capacity of 35 MW or more” 
if the power is produced from wind energy.  As such, the Proposed Amendment apply 
only to relatively “large” wind energy facilities.  In my opinion, the cost of compliance 
with Oregon’s existing noise regulations does not constitute reasonable or sufficient 
justification to recommend or implement the Proposed Amendments.  The cost of a 35 
MW wind energy facility (assuming an average cost of $1.5 million per MW, Source:  
Wisconsin Utilities, September 2001 Energy Conference) is $52.5 million.  Based on the 
available noise study cost estimates ($10,000 to $15,000 for one project)—the entire 
cost of noise studies constitutes just 0.0286% of total estimated project costs.  Given 
the significance of the issues attendant to wind turbine noise (as set forth previously), the 
cost of such studies is truly de minimis and inconsequential.  

 

F.  INTENDED CONSEQUENCES OF THE PROPOSED AMENDMENTS. 
The Notice of Proposed Rulemaking does NOT highlight the principal intended 
consequence of the Proposed Amendments.  As John White of ODOE noted during the 
informal discussion—the proposed rule is very favorable to wind energy developers.   

In addition, and as noted during the informal discussion, the intended consequence of the 
Proposed Amendments is that wind turbines will be allowed to site closer to dwellings 
(1,000 feet to ¼ mile under the Proposed Amendments) and other noise sensitive 
receptors than what is allowed under the current regulations (e.g., 4,000 feet in Stateline 
II and III).     

In my opinion, given the significant reduction in the effective setback distance from 
dwelling units that would be allowed under the Proposed Amendments—and in the 
interest of full and fair disclosure, this should have been explicitly disclosed in the Notice 
of Proposed Rulemaking. 

 

G.  ISSUES ASSOCIATED WITH THE PROPOSED AMENDMENTS. 
I have reviewed the Proposed Amendments in detail, and participated in the informal 
discussion that led up to the Proposed Amendments.  There are a number of fundamental 
problems with the Proposed Amendments including the following: 
 

1) Relevant and Significant Data and Information NOT Reviewed or Investigated 
in Developing the Proposed Amendments.  In short, there was little, if any, 
substantive investigation of the important facts and available wind energy noise 
studies and data.   This point was highlighted toward the end of the informal 
comment period.  As Ann Fisher noted in her October 24, 2003 email:   
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 If the purpose of this group was to advance understanding, then the issues 
should be fully discussed -- and the evidence more fully dissected. . . I think the 
actual hearings should be postponed for the sole reason of allowing each 
significant scientific analysis out there be reviewed and reported upon in an 
objective fashion.  I would be willing to take on a portion of that effort and I 
believe others would too. Then we would at least know what has been done 
and what is right or wrong with the analysis, and then can move forward from 
there. 

 
In response to this email, in a further October 24, 2003 email I noted the specific 
information that was not analyzed and evaluated during the informal discussion.   

 
I agree that the evidence should be more fully dissected.  To that end, it would 
have been helpful to: 
 

• dissect actual noise data from operating ‘wind farms,’ 
• dissect the actual noise profile from current windmills v. circa 1998 

and earlier model windmills to determine whether the level of noise 
has been reduced,  

• dissect windmill noise that is in the most problematic ranges--
especially low frequency noise and high frequency noise,  

• dissect noise studies from the UK and Germany where windmill noise 
problems are well known and noise studies are siting prerequisites, 

• dissect the South Australia windmill noise regulations and the body of 
evidence that was reviewed there, 

• dissect the issue of the impact of windmill noise on hearing aid users, 
• etc. etc. 

 
That did not happen for reasons that are not altogether clear to me. 

 
In my opinion, in developing a proposed rule, all of the foregoing information 
should be thoroughly studied and analyzed.  I am not aware that such investigation 
has as yet been undertaken.  The fact is that the substantial body of evidence that 
exists regarding windmill noise and the associated problems was not considered in 
arriving at the Proposed Amendments.   

 
2) The Approach Contemplated by the Proposed Amendments does NOT 

Conform to the Recognized International Standard for Wind Energy Facility 
Noise Regulation.    First, the recognized international standard for wind facility 
noise regulation establishes an absolute maximum noise limit of 35 – 40 dB(A) or 5 
dB(A) over background noise.  Oregon’s Proposed Amendments would permit 
significantly higher noise levels.  For example, the Proposed Amendments would  
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permit wind energy facility noise to exceed the ambient by 15 dB(A), and in some 
cases by even higher amounts.29  Second, the New Zealand and South Australia  
wind energy facility noise regulations are recognized as state of the art.  Both 
provide a comprehensive framework for establishing both the ambient noise level 
and the noise associated with the wind energy facility.   In contrast, Oregon’s 
Proposed Amendments would rely on an assumption regarding minimum ambient 
(i.e., 26 dB(A)) and would predict  the resulting wind energy facility noise level, 
presumably based on a wind developer’s or wind turbine manufacturer’s computer 
models.  No in the field noise measurements would be required.  As such, it is 
altogether unclear whether and to what extent, if at all, this proposed new almost 
purely theoretical approach to the real problem of wind energy facility noise would 
reflect reality.    

 
3) There are Significant Problems Embodied in the Details of the Proposed 

Amendments.  Notwithstanding the fundamental deficiencies in the proposed 
approach to regulating wind energy facility noise itself as discussed in 2), there are 
other significant problems embodied in the details of the Proposed Amendments 
including the following: 

 
a. Why is a “Minimum Ambient” Needed at All?  The stated objective of the 

“minimum ambient” is to “simplify the ambient degradation test.”  As 
noted above, the concept of a “minimum ambient” introduces an 
assumption that may or may not reflect reality.  In addition, it functions as 
a floor for noise measurement purposes—even if the actual ambient noise 
level is lower than the assumed minimum (in the Proposed Amendments 
the “Minimum Ambient” is 26 dB(A)).  This aspect of the Proposed 
Amendments benefits the wind developer—as they will use the 
“Minimum Ambient” if the actual ambient is 26 dB(A) or lower, or they 
will take field measurements if the actual ambient is higher than 26 dB(A).  
For example, in very quiet areas (i.e., actual ambient of 20 dB(A)), the 
Proposed Amendments would prospectively permit wind energy 
development to increase the ambient noise level by 21 dB(A).  The notion 
of a “Minimum Ambient” introduces a “loophole” that only benefits wind 
developers at the expense of the public health, safety and welfare and 
clearly is not in the public interest. 

 
b. Is a Minimum Ambient of 26 dB(A) Reasonable and Representative? The 

data that forms the basis of the proposed minimum and the process by 
which the 26 dB(A) minimum was selected has not been disclosed.  Based 
on comments submitted by John White of ODOE during the informal 
discussion—26 dB(A) reflects the ambient noise level that was  

 
                                                 
29 This potential circumstance is discussed in a., below. 



Mike Grainey, Hearing Officer                 Page 18 
March 11, 2004   

determined at Stateline III at wind conditions (at hub height) that ranged 
from 9 – 15 mph.30  As of September 2003, it was unclear whether or to 
what extent 26 dB(A) is a representative minimum ambient noise level.  In 
addition, John White stated that it certainly was possible that actual 
ambient noise levels could be less than 26 dB(A). 

 
c. How Will Windmill Noise be “Predicted”?  The Proposed Amendments 

(see (1)(b)(B)(iii)(IV) and (1)(b)(B)(iii)(V)) state that “. . .noise levels . . 
.are predicted. . .,”  however, the Proposed Amendments do not address 
either the assumptions or the “model” that would be used in making such 
“predictions.”   As such, it cannot be determined whether such 
“predictions” would constitute valid, reasonable and reliable estimates of 
the noise level that would result from either a proposed or as-built wind 
energy facility.   In addition, as noted previously, some wind turbine noise 
models been found to be unreliable and susceptible to error—and 
certification and accreditation of noise models and reliable data appears to 
be needed.    

 
d. The Application of Table 8 Would in Effect be Eliminated.  Based on the 

language of the Proposed Amendments, whatever protections might be 
afforded by Table 8 would be all but eliminated.  This is the effect for five 
(5) reasons.   

 
 First, compliance with Table 8 would again be based on “predictions” 

of noise based on certain critical assumptions and an unidentified 
computer model.   

 Second, one of the critical assumptions is that compliance with Table 8 
would be based on an assumed hub height wind speed of 16 meters 
per second (about 35 mph).  The data that forms the basis for this 
wind speed and the process by which it was selected has not been 
disclosed.  It is likely, however, that 16 m/s winds would be observed 
very infrequently.     

 Third, assessing Table 8 compliance under the proposed approach 
would provide little, if any, protection to a dwelling unit that is 
sheltered from the wind—and as a result, the wind speed at the turbine 
(and the resulting wind noise that might otherwise mask some wind 
turbine noise) is irrelevant.    

 Fourth, and most importantly, wind turbine noise is generally regarded 
as most problematic at cut-in wind speeds.  This fact was conceded 
during the informal discussion.  As such, it is unclear why the  

                                                 
30 Informal Email Discussion Group – 9/30/2003 email RE:  Proposed Rule Language, from John White to 
Email Group. 
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application of Table 8 would not be focused on wind speeds at cut-in 
(generally about 4 m/s).   

 Fifth, there is no explanation why the ambient degradation test is based 
on assumed wind speeds at cut-in, whereas Table 8 is based an 
assumed wind speed at hub height of 16 m/s. 

 
e. The Proposed Amendments Do Not Address Wind Turbine Low 

Frequency Noise:  As noted above, wind turbines generate low frequency 
noise which is known to cause adverse health effects.  The Proposed 
Amendments do not address this aspect of wind turbine noise at all.  For 
example, the Proposed Amendments do not contemplate noise 
measurement using the dB(C) scale which provides more accurate 
assessments of low frequency noise. 

 
f. Department-Authorized Exceptions Under (6)(f) Appears to be Less 

Protective than Regulations that Apply to Landowners Hosting Turbine(s):  
Section (6)(f) grants the Department the authority to grant an exception to 
the ambient noise degradation rule.  In such cases wind turbine noise shall 
not exceed the levels specified in Table 8.  As noted in d., above, given the 
measurement conditions specified under Table 8, such exception provides 
little, if any, real protection.  For example, Section 6(f) appears to 
potentially provide less protection than Section (1)(b)(B)(iii)(III) which 
restricts the increase in ambient to 15 dB(A).   

 
g. Department-Authorized Exception Clears the Way for Buying and Selling 

Compliance with Government Regulations:  The concept of “waivers” was 
discussed at length during the informal comment period.  I and several 
others in the informal comment group were very opposed to such a 
concept as it, in effect, monetizes government regulation, and expressly 
authorizes the buying and selling of compliance with government 
regulations.  As I noted during the informal comment, such a provision 
enables wind developers to pay money to neighbors in exchange for 
permission to generate noise that exceeds the regulations.  Government 
regulation (including noise regulations) constitutes the rules of the road 
that apply equally to everyone.  Just as someone cannot come to the 
government and write a check to get an exemption from regulations—the 
same should apply to arrangements between neighbors.  That is, one 
landowner should not be permitted to pay his neighbor so that he or she 
can ignore government regulations.  Under the Proposed Amendments—
the government is expressly authorizing wind energy developers to go to 
their neighbors to make a deal and buy their way out of the obligation to 
comply with noise regulations.  This is fundamentally bad policy.   
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H.  PROPOSED ALTERNATIVE. 
Based on the foregoing issues and ambiguities, I would propose that the current Proposed 
Amendments be REJECTED, and that further proceedings be initiated to fully 
investigate the important facts, studies and data that are available related to wind energy 
facility noise.  In particular, I have attached to this letter some of the publications that 
should be carefully considered as part of the process of developing a wind energy facility 
noise regulation. 
 
In particular, I recommend consideration of the February 2003 South Australia  
“Environmental Noise Guidelines:  Wind Farms.”  I made this recommendation during 
the informal discussion, and did not receive a substantive response.  The South Australia 
wind farm noise regulations represent a meaningful and comprehensive starting point for 
developing a proposed rule for noise control regulations for wind energy facilities. 
 

#   #   # 
 

This concludes my written comments.  Again, thank you for the opportunity to participate 
in this proceeding.  If you have questions or need additional information, don’t hesitate to 
call me at 262.629.5375 or 414.732.5618.  My fax number is 262.629.4190. 

Sincerely, 
 
/s/ Catharine M. Lawton 
 
Catharine M. Lawton 
 
Attachments 
 
Cc:   Oregon Department of Energy c/o Kathy Stuttaford, w/o Attachments  

By Facsimile (503) 373-4128 
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Introduction 

Wind turbines generate noise from multiple mechanical and aerodynamic sources. As the 
technology has advanced, wind turbines have gotten much quieter, but noise from wind turbines 
is still a public concern. The problems associated with wind turbine noise have been one of the 
more studied environmental impact areas in wind energy engineering.  Noise levels can be 
measured, but, similar to other environmental concerns, the public's perception of the noise 
impact of wind turbines is in part a subjective determination.   

Noise is defined as any unwanted sound.  Concerns about noise depend on 1) the level of 
intensity, frequency, frequency distribution and patterns of the noise source; 2) background noise 
levels; 3) the terrain between the emitter and receptor; and 4) the nature of the noise receptor.  
The effects of noise on people can be classified into three general categories (National Wind 
Coordinating Committee, 1998): 

1) Subjective effects including annoyance, nuisance, dissatisfaction 

2) Interference with activities such as speech, sleep, and learning 

3) Physiological effects such as anxiety, tinnitus, or hearing loss. 

In almost all cases, the sound levels associated with wind turbines produce effects only in the first 
two categories.  Workers in industrial plants, and those who work around aircraft can experience 
noise effects in the third category.  Whether a noise is objectionable will depend on the type of 
noise (tonal, broadband, low frequency, or impulsive) and the circumstances and sensitivity of the 
person (or receptor) who hears it.  Because of the wide variation in the levels of individual 
tolerance for noise, there is no completely satisfactory way to measure the subjective effects of 
noise or of the corresponding reactions of annoyance and dissatisfaction. 

Operating noise produced from wind turbines is considerably different in level and nature than 
most large scale power plants, which can be classified as industrial sources.  Wind turbines are 
often sited in rural or remote areas that have a corresponding ambient noise character.   
Furthermore, while noise may be a concern to the public living near wind turbines, much of the 
noise emitted from the turbines is masked by ambient or the background noise of the wind itself.    

At the present time, the noise produced by wind turbines has diminished as the technology has 
improved. As blade airfoils have become more efficient, more of the wind energy is converted 
into rotational energy, and less into acoustic noise. Vibration damping and improved mechanical 
design have also significantly reduced noise from mechanical sources. 

The significant factors relevant to the potential environmental impact of wind turbine noise are 
shown in Figure 1 (Hubbard and Shepherd, 1990).  Note that all acoustic technology is based on 
the following primary elements: Noise sources, propagation paths, and receivers.  In the 
following sections, after a short summary of the basic principles of sound and its measurement, a 
review of noise generation from wind turbines, noise propagation, as well as noise prediction 
methods are given.  
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Figure 1. Sound Pressure Level (SPL) Examples 

 

Noise and Sound Fundamentals 

Sound and Noise 

Sounds are characterized by their magnitude (loudness) and frequency. There can be loud low 
frequency sounds, soft high frequency sounds and loud sounds that include a range of 
frequencies. The human ear can detect a very wide range of both sound levels and frequencies, 
but it is more sensitive to some frequencies than others.  

Sound is generated by numerous mechanisms and is always associated with rapid small scale 
pressure fluctuations, which produce sensations in the human ear. Sound waves are characterized 
in terms of their amplitude or magnitude (see below), wavelength, λ , frequency, f, and velocity 
v, where v is found from: 

  λfv =  

The velocity of sound is a function of the medium through which it travels, and it generally 
travels faster in more dense mediums.  The velocity of sound is about 340 m/s (1115 ft.s) in air at 
standard pressures. Sound frequency (or pitch) determines the 'note' at which it sounds, and, in 
many cases, corresponds to notes on the musical scale (Middle C is 262 Hz). An octave is a 
frequency range between a sound with one frequency and one with twice that frequency, a 
concept often used to define ranges of sound frequency values.  The frequency range of human 
hearing is quite wide, generally ranging from about 20 to 20 kHz (about 10 octaves). Finally, 
sounds experienced in daily life are usually not a single frequency, but are formed from a mixture 
of numerous frequencies, from numerous sources.  

Sound turns into noise when it is unwanted.  Whether sound is perceived as a noise depends on 
subjective factors such as the amplitude and duration of the sound.  There are numerous physical 
quantities that have been defined which enable sounds to be compared and classified, and which 
also give indications for the human perception of sound. They are discussed in numerous texts on 
the subject (e.g., for wind turbine noise see Wagner, et al., 1996) and are reviewed in the 
following sections. 
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Sound Power and Pressure Measurement Scales 

It is important to distinguish between the two measures of the magnitude of sounds: sound power 
level and sound pressure level.  Sound power level is property of the source of the sound and it 
gives the total acoustic power emitted by the source. Sound pressure is a property of sound at a 
given observer location and can be measured there by a single microphone.  

Because of the wide range of sound pressures to which the ear responds (a ratio of 105 or more 
for a normal person), sound pressure is an inconvenient quantity to use in graphs and tables. In 
addition, the human ear does not respond linearly to the amplitude of sound pressure, and, to 
approximate it, the scale used to characterize the sound power or pressure amplitude of sound is 
logarithmic (see Beranek and Ver, 1992). Whenever the magnitude of an acoustical quantity is 
given in a logarithmic form, it is said to be a level in decibels (dB) above or below a zero 
reference level.  

The sound power level of a source, , in units of decibels (dB), is given by: WL

 ( )010log10 PPLW =  

with P  equal to the sound power of the source and  a reference sound power (usually 100P
-12 

Watts).  

The sound pressure level (SPL) of a noise, Lp, in units of decibels (dB), is given by:   

 ( )010log10 ppLp =  

with p equal to the effective (or root mean square, rms) sound pressure and  a reference rms 
sound pressure (usually 20 10

0p
-5 Pa).  

Figure 2 gives some examples for various sound pressure levels on the decibel scale. The 
threshold of pain for the human ear is about 200 Pa, which has an SPL value of 140 dB.  

Measurement of Sound or Noise 

Sound pressure levels are measured via the use of sound level meters. These devices make use of 
a microphone that converts pressure variations into a voltage signal which is then recorded on a 
meter (calibrated in decibels).  As described above, the decibel scale is logarithmic. A sound level 
measurement that combines all frequencies into a single weighted reading is defined as a 
broadband sound level. For the determination of the human ear's response to changes in noise, 
sound level meters are generally equipped with filters that give less weight to the lower 
frequencies. As shown in Figure 3, there are a number of filters (such as A, B, and C) that 
accomplish this. The most common scale used for environmental noise assessment is the A scale, 
and measurements made using this filter network are expressed in units of dB(A). Details of these 
scales are discussed by Beranek and Ver (1992). 
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Figure 2. Sound Pressure Level (SPL) Examples (Bruel and Kjaer Instruments) 

 

 
Figure 3. Definition of A, B, and C Frequency Weighing Scales (Beranek and Ver, 1992) 
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The human response to sounds measured in decibels has the following characteristics: 

 Except under laboratory conditions, a change in sound level of 1 dB cannot be perceived. 

 Doubling the energy of a sound source corresponds to a 3 dB(A) increase 

 Outside of the laboratory, a 3 dB change in sound level is considered a barely discernible 
difference. 

 A change in sound level of 5 dB will typically result in a noticeable community response. 

 A 6 dB(A) increase is equivalent to moving half the distance towards a sound source 

 A 10 dB increase is subjectively heard as an approximate doubling in loudness, and 
almost always causes an adverse community response. 

 The threshold of pain is an SPL of 140 dB(A) 

Once the A weighted sound pressure is measured over a period of time, it is possible to determine 
a number of statistical descriptions of time-varying sound and to account for the greater 
community sensitivity to nighttime noise levels. Common descriptors include: 

1) L10, L50, L90. The A-weighted noise levels that are exceeded 10%, 50%, and 90% of the time, 
respectively.  During the measurement period L90 is generally taken as the background noise 
level. 

2) Leq.  Equivalent Sound Level. The average A-weighted sound pressure level which gives the 
same total energy as the varying sound level during the measurement period of time. 

3) Ldn.  Day-Night Level. The average A-weighted noise level during a 24 hour day, obtained 
after addition of 10 dB to levels measured in the night between 10 p.m. and 7 a.m.  

dB Math 

From the comments above it can be seen that decibels do not add numerically as linear measures 
of other physical things do. Figure 4 shows how to add the decibels of two noise sources that are 
within 12 dB(A) of each other. 
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Figure 4. Addition of two sound levels. 
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For example, when adding two sound sources together, one being 9.5 dB(A) louder than the 
second, the resultant is approximately 10 dB(A) louder than the second source. It can be seen that 
when the sound from two sources more than 10 dB apart are combined, the total sound pressure 
level in decibels is very close to the louder one, with little or no contribution from the softer 
sound. 

Sources of Wind Turbine Noise 

Sources of Wind Turbine Noise 

There are four types of noise that can be generated by wind turbine operation: tonal, broadband, 
low frequency, and impulsive: 

1) Tonal.  Tonal noise is defined as noise at discrete frequencies.  It is caused by wind turbine 
components such as meshing gears, non aerodynamic instabilities interacting with a rotor blade 
surface or unstable flows over holes or slits or a blunt trailing edge. 

2) Broadband.  This is noise characterized by a continuous distribution of sound pressure with 
frequencies greater than 100 Hz.  It is often caused by the interaction of wind turbine blades with 
atmospheric turbulence, and also described as a characteristic "swishing" or "whoosing" sound. 

3) Low frequency.  Noise with frequencies in the range of 20 to 100 Hz is mostly associated with 
downwind turbines (turbines with the rotor on the downwind side of the tower). It is caused when 
the turbine blade encounters localized flow deficiencies due to the flow around a tower.   

4) Impulsive.  This noise is described by short acoustic impulses or thumping sounds that vary in 
amplitude with time.  It is caused by the interaction of wind turbine blades with disturbed air flow 
around the tower of a downwind machine. 

The sources of noise emitted from operating wind turbines can be divided into two categories: 1) 
Mechanical, and 2) Aerodynamic. The primary sources of mechanical noise are the gearbox and 
the generator. Mechanical noise is transmitted along the structure of the turbine and is radiated 
from its surfaces. Aerodynamic noise is produced by the flow of air over the blades. A summary 
of each of these noise mechanisms follows.  A more detailed review is included in the text of 
Wagner, et al. (1996). 

Mechanical Noise 

Mechanical noise originates from the relative motion of mechanical components and the dynamic 
response among them. Sources of such noise includes: 

•  Gearbox 
•  Generator 
•  Yaw Drives 
•  Cooling Fans 
•  Auxiliary Equipment (e.g., hydraulics) 
 

Since the emitted noise is associated with the rotation of mechanical and electrical equipment, it 
tends to be tonal (of a common frequency), although it may have a broadband component. For 
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example, pure tones can be emitted At the rotational frequencies of shafts and generators, and the 
meshing frequencies of the gears.  

In addition, the hub, rotor, and tower may act as loudspeakers, transmitting the mechanical noise 
and radiating it. The transmission path of the noise can be air-borne or structure-borne.  Air-borne 
means that the noise is directly propagated from the component surface or interior into the air.  
Structure-borne noise is transmitted along other structural components before it is radiated into 
the air. For example, Figure 5 shows the type of transmission path and the sound power levels for 
the individual components for a 2 MW wind turbine (Wagner, et al., 1996). Note that the main 
source of mechanical noise in this example is the gearbox, which radiates noise from the nacelle 
surfaces and the machinery enclosure. 

 
Figure 5. Components and Total Sound Power Level of a Wind Turbine 

Aerodynamic Noise 

Aerodynamic noise originates from the flow of air around the blades. As shown in Figure 6, a 
large number of complex flow phenomena occur, each of which might generate some noise. 
Aerodynamic noise generally increases with rotor speed. Aerodynamic broadband noise is 
typically the largest source of wind turbine noise. The various aerodynamic noise mechanisms 
that have to be considered are shown in Table 1 (Wagner, et al., 1996).  They are divided into 
three groups: 

1) Low Frequency Noise.  This group is related to the low frequency part of the sound spectrum.  
This type of noise is generated when the rotating blade encounters localized flow deficiencies due 
to the flow around a tower, wind speed changes, or wakes shed from other blades. 

2) Inflow Turbulence Noise. Depends on the amount of atmospheric turbulence. The atmospheric 
turbulence results in local force or local pressure fluctuations around the blade.   
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3) Airfoil Self Noise. This group includes the noise generated by the air flow right along the 
surface of the airfoil. This type of noise is typically of a broadband nature, but tonal components 
may occur due to blunt trailing edges, or flow over slits and holes. 

 
Figure 6. Schematic of Flow Around a Rotor Blade 

 

Type or indication Mechanism  Main characteristics and 
importance 

Low-frequency noise   
Steady thickness 
     noise; steady 
     loading noise 

Rotation of blades or rotation of  
     lifting surfaces  

Frequency is related to blade  
     passing frequency, not important 
     at current rotational speeds 

Unsteady loading Passage of blades through tower Frequency is related to blade 
     noise      velocity deficit or wakes       passing frequency, small in 
       cases of upwind turbines/ 
       possibly contributing in case 
       of wind farms 
Inflow turbulence Interaction of blades with Contributing to broadband 
     noise      atmospheric turbulence      noise; not yet fully quantified 
Airfoil self-noise   
Trailing-edge noise Interaction of boundary layer 

     turbulence with blade  
     trailing edge  

Broadband, main source of 
     high frequency noise 
     (770 Hz < f < 2 kHz) 

Tip noise Interaction of tip turbulence with Broadband; not fully  
      blade tip surface      understood 
Stall, separation Interaction of turbulence Broadband 
     noise      with blade surface  
Laminar boundary Non-linear boundary layer Tonal, can be avoided 
     layer noise      instabilities interacting with the  
      blade surface  
Blunt trailing edge Vortex  shedding at blunt trailing Tonal, can be avoided 
     noise      edge  
Noise from flow over Unstable shear flows over holes and Tonal, can be avoided 
     holes, slits and 
     intrusions 

     slits, vortex shedding from  
     intrusions  

 

Table 1 Wind Turbine Aerodynamic Noise Mechanisms 
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Noise Reduction Methods for Wind Turbines 

Turbines can be designed or retrofitted to minimize mechanical noise. This can include special 
finishing of gear teeth, using low speed cooling fans and mounting components in the nacelle 
instead of at ground level, adding baffles and acoustic insulation to the nacelle, using vibration 
isolators and soft mounts for major components, and designing the turbine to prevent noises from 
being transmitted into the overall structure. Efforts to reduce aerodynamic noise have included 
(Wagner, et al. (1996) the use of lower tip speed ratios, lower blade angles of attack, upwind 
turbine designs, variable speed operation and most recently, the use of specially modified blade 
trailing edges. 

Recent improvements in mechanical design of large wind turbines have resulted in significantly 
reduced mechanical noise from both broadband and pure tones. Thus the noise emission from 
modern wind turbines is dominated by broadband aerodynamic noise [Fégeant, 1999]. 

Noise and Wind Turbine Operation  

Wind turbine generated noise is a function of wind speed and of other aspects of the design of the 
wind turbine. Wind turbines may have blades which are rigidly attached to the rotor shaft and that 
always operate at a constant speed. Other designs may have blades that can be pitched (rotated 
around their long axis). Other designs might change the rotor speed as the wind changes. Wind 
turbine rotors may be upwind or downwind of the tower. Other things being equal, each of these 
designs might have different noise emissions because of the way in which they operate. In 
general, upwind rotors as opposed to downwind rotors, lower rotational speeds and pitch control 
result in lower noise generation. 

Aerodynamic noise generation is very sensitive to speed of translation at the very tip of the blade. 
To limit the generation of aerodynamic noise, large modern wind turbines limit the rotor rotation 
speeds to keep the tip speeds under about 65 m/s. Large variable speed wind turbines often rotate 
at slower speeds in low winds, increasing in higher winds until the limiting rotor speed is reached. 
This results in much quieter operation in low winds than a comparable constant speed wind 
turbine. 

Small wind turbines (with ratings less than 30 kW) are also often variable speed wind turbines. 
These smaller wind turbine designs do not always limited the rotor tip speed in high winds to 
about 65 m/s. This can result in greater noise generation than would be expected, compared to 
larger machines. This is also perhaps due to the lower investment in noise reduction technologies 
in these designs. Some smaller wind turbines regulate power in high winds by turning out of the 
wind. This type of operation may affect the nature of the sound generation from the wind turbine.  

Noise Propagation  

In order to predict the sound pressure level at a distance from a known power level, one must 
determine how the sound waves propagate. In general, as noise propagates without obstruction 
from a point source, the sound pressure level decreases. The initial energy in the noise is 
distributed over a larger and larger area as the distance from the source increases. Thus, assuming 
spherical propagation, the same energy that is distributed over a square meter at a distance of one 
meter from a source is distributed over 10,000 m2 at a distance of 100 meters away from the 
source. With spherical propagation, the sound pressure level is reduced by 6 dB per doubling of 
distance.  This simple model of spherical propagation must be modified in the presence of 
reflective surfaces and other effects. For example, if the source is on a perfectly flat and reflecting 
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surface, then hemispherical spreading has to be assumed, which leads to a 3 dB reduction per 
doubling of distance. Details of sound propagation in general are discussed in Beranek and Vers 
(1992). The development of an accurate noise propagation model generally must include the 
following factors:  

 Source characteristics (e.g., directivity, height, etc.) 

 Distance of the source from the observer 

 Air absorption, which depends on frequency 

 Ground effects (i.e., reflection and absorption of sound on the ground, dependent on 
source height, terrain cover, ground properties, frequency, etc.) 

 Blocking of sound by obstructions and uneven terrain 

 Weather effects (i.e., wind speed, change of wind speed or temperature with height). The 
prevailing wind direction can cause considerable differences in sound pressure levels 
between upwind and downwind positions. 

A discussion of complex propagation models that include all these factors is beyond the scope of 
this paper. More information can be found in Wagner, et al. (1996). For estimation purposes, a 
simple model based on the more conservative assumption of hemispherical noise propagation 
over a reflective surface, including air absorption is often used (International Energy Agency, 
1994): 

 ( ) RπRLL wp α−−= 2
10 2log10   

Here  is the sound pressure level (dB) a distance R from a noise source radiating at a power 
level , , (dB) and 

pL
wL α  is the frequency-dependent sound absorption coefficient. This equation 

can be used with either broadband sound power levels and a broadband estimate of the sound 
absorption coefficient (α  = 0.005 dB(A) per meter) or more preferably in octave bands using 
octave band power and sound absorption data. The total noise produced by multiple wind turbines 
would be calculated by summing up the noise levels due to each turbine at a specific location 
using the dB math mentioned above. 

An example of the noise that might be produced by a singe large modern wind turbine is shown in 
Figure 7. This example assumes hemispherical noise propagation and uses the formula presented 
above. In this case the wind turbine is assumed to be on a 50 m tower, the source sound power 
level is 102 dB(A), and the sound pressure levels are at estimated at ground level.  
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Figure 7. Sample wind turbine noise from a wind turbine 
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Ambient Noise  

The ability to hear wind turbine noise depends on the ambient noise level. When the background 
noise and wind turbine noise are of the same magnitude, the wind turbine noise gets lost in the 
background.  

Ambient baseline sound levels will be a function of such things as local traffic, industrial noises, 
farm machinery, barking dogs, lawnmowers, children playing and the interaction of the wind with 
ground cover, buildings, trees, power lines, etc. It will vary with time of day, wind speed and 
direction and the level of human activity. As one example, background noise levels measured in 
the neighborhood of the Hull High School in Hull Massachusetts on March 10, 1992 ranged from 
42-48 dB(A) during conditions in which the wind speed varied from 5-9 mph (2-4 m/s). 

Both the wind turbine sound power level and the ambient sound pressure level will be functions 
of wind speed. Thus whether a wind turbine exceeds the background sound level will depend on 
how each of these varies with wind speed.  

The most likely sources of wind-generated noise are interactions between wind and vegetation. A 
number of factors affect the noise generated by wind flowing over vegetation. For example, the 
total magnitude of wind-generated noise depends more on the size of the windward surface off 
the vegetation than the foliage density or volume (Fégeant, 1999). The noise level and frequency 
content of wind generated noise also depends on the type of vegetation. For example, noise from 
deciduous trees tends to be slightly lower and more broadband than that from conifers, which 
generate more noise at specific frequencies.  

The equivalent A-weighted broadband sound generated by wind in foliage has been shown to be 
approximately proportional to the base 10 logarithm of wind speed (Fégeant, 1999): 

  ( )UL eqA 10, log∝

The wind-generated contribution to background noise tends to increase fairly rapidly with wind 
speed. For example, during a noise assessment for the Madison Windpower Project, a project in a 
quiet rural setting, the background noise was found to be 25 dBA during calm wind conditions 
and 42 dBA when the wind was 12 mph (5.4 m/s). Background noise generated during noise 
measurements on a small wind turbine are shown in the Figure 8 (Huskey and Meadors, 2001). 
The graph includes a logarithmic fit to that data based on the model mentioned above.  
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Figure 8. Sample background noise measurements as a function of wind speed 
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Wind turbine noise from large modern wind turbines during constant speed operation tends to 
increase more slowly with increasing wind speed than ambient wind generated noise. As a  result, 
noise issues are more commonly a concern at lower wind speeds (Fégeant, 1999) and it is often 
difficult to measure sound from modern wind turbines above wind speeds of 8 m/s because the 
background wind-generated noise masks the wind turbine noise above 8 m/s (Danish Wind 
turbine Manufacturers Association, 2002). 

It should be remembered that just using sound pressure measurements might not always indicate 
when a noise is detectable by a listener. Just as a dog’s barking can be heard through other noise, 
sounds with particular frequencies or in an identifiable pattern may be heard through background 
noise that is otherwise loud enough to mask those noises. Noise from wind turbines will also vary 
as the turbulence in the wind through the rotor changes. Turbulence in the ground level winds 
will also affect a listener’s ability to hear other noises. Because fluctuations in ground level wind 
speeds will not exactly correlate with those at the height of the turbine, a listener might find 
moments when the wind turbine could be heard over the ambient noise. 

Noise Standards and Regulations 

There are both standards for measuring sound power levels from wind turbines and local or 
national standards for acceptable noise power levels. There are also accepted practices for 
modeling sound propagation. Each of these is reviewed here. 

Turbine Sound Power Measurement Standards  

A few standards exist to ensure consistent and comparable measurements of wind turbine sound 
power levels. These include: 

 American Wind Energy Association Standard: Procedure for Measurement of Acoustic 
Emissions From Wind Turbine Generator Systems, Tier I - 2.1  (AWEA, 1989) 

 International Electrotechnical Commission IEC 61400-11 Standard: Wind turbine 
generator systems – Part 11: Acoustic noise measurement techniques (IEC, 2001) 

The IEC 61400-11 standard is used in Europe and often in the US. It defines: 

 The quality, type and calibration of instrumentation to be used for sound and wind speed 
measurements. 

 Locations and types of measurements to be made. 

 Data reduction and reporting requirements. 

The standard requires measurements of broad band sound, sound levels in one-third octave bands 
and in narrow-bands. These measurements are all used to determine the sound power level of the 
wind turbine and the existence of any specific dominant sound frequencies. Measurements of 
noise directivity, infrasound (frequencies below 20 Hz which cannot be heard, but can cause 
problems such as building vibration), low-frequency noise between 20 and 100 Hz and 
impulsivity (a measure of the magnitude of thumping sounds) are optional. Measurements are to 
be made when the wind speeds at a height of 10 m (30 ft) are 6, 7, 8, 9 and 10 m/s (13-22 mph).  
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Wind turbine manufacturers should be able to provide sound power level measurements at a 
variety of wind speeds. These data have usually been determined by certified testing agencies 
using the standards mentioned here. 

Sample sound power levels for a small variety of wind turbines are presented in Figure 9 as a 
function of rated electrical power. The data were selected from manufacturer’s literature or from 
discussions with manufacturers. Most of these data are for operation with wind speeds of 8 m/s at 
a height of 10 m. The data illustrate that as wind turbines have increased in size, noise emissions 
have remained moderately constant. This is a result of the efforts of designers to address noise 
issues. 
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Figure 9. Sample measured wind turbine sound power levels 

Community Standards for Determining Acceptable Sound Pressure Levels 

At the present time, there are no common international noise standards or regulations. In most 
countries, however, noise regulations define upper bounds for the noise to which people may be 
exposed.  These limits depend on the country and are often different for daytime and nighttime.   

For example, in Europe, as shown in Table 2, fixed noise limits are the standard (Gipe, 1995).   

Country Commercial Mixed Residential Rural 

Denmark   40 45 

Germany     

  (day) 65 60 55 50 

  (night) 50 45 40 35 

Netherlands     

  (day)  50 45 40 

  (night)  40 35 30 

Table 2 Noise Limits of Sound Pressure Levels, Leq (dB(A)) in Different European Countries  

In the U.S., although no federal noise regulations exist, the U.S. Environmental Protection 
Agency (EPA) has established noise guidelines.  Most states do not have noise regulations, but 
many local governments have enacted noise ordinances to manage community noise levels.  
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Examples of such ordinances for wind turbines are given in the latest Permitting of Wind Energy 
Facilities Handbook (NWCC, 1998). 

The Massachusetts Department of Environmental Protection (DEP) regulates noise emissions as a 
form of air pollution under 310 CMR 7.00, “Air Pollution Control.” These can be found at 
www.state.ma.us/dep/bwp/daqc/files/regs/7a.htm. The application of these regulations to noise is 
detailed in the DPE’s DAQC Policy Statement 90-001 (February 1, 1990). The regulation 
includes two requirements. First, any new broadband sound source is limited to raising noise 
levels no more than 10 dB(A) over the ambient baseline sound level. The ambient baseline is 
defined as the sound level that is exceed 90% of the time, the L90 level. Second, “pure tones”, 
defined here as an octave band, may be no greater than 3 dB(A) over the two adjacent octave 
bands. All these readings are measured at the property line or at any inhabited buildings located 
within the property. 

It should be pointed out that imposing a fixed noise level standard may not prevent noise 
complaints.  This is due to the changing of the relative level of broadband background turbine 
noise with changes in background noise levels (NWCC, 1998).  That is, if tonal noises are 
present, higher levels of broadband background noise are needed to effectively mask the tone(s).  
In this respect, it is common for community noise standards to incorporate a penalty for pure 
tones, typically 5 dB(A).   Therefore, if a wind turbine meets a sound power level standard of 45 
dB(A), but produces a strong whistling, 5 dB(A) are subtracted from the standard.  This forces the 
wind turbine to meet a real standard of 40 dB(A). 

A discussion of noise measurement techniques that are specific to wind turbine standards or 
regulations is beyond the scope of this paper. A review of such techniques is given in Hubbard 
and Shepherd (1990), Germanisher Lloyd (1994), and Wagner, et al. (1996).   

Sample Noise Assessment for a Wind Turbine Project 

Much of the interest in wind turbine noise is focused on the noise anticipated from proposed wind 
turbine installations. An appropriate noise assessment study in this situation should contain the 
following four major parts of information. 

1. A survey of the existing ambient background noise levels. 
2. Prediction (or measurement) of noise levels from the turbine(s) at and near the site. 
3. Identifying a model for sound propagation. 
4. Comparing calculated sound pressure levels from the wind turbines with background 
sound pressure levels at the locations of concern. 
 

An example of the steps in assessing the noise anticipated from the installation of a wind turbine 
according to the Massachusetts regulations follows. 

Ambient Background Levels. It is very important to measure the background sound pressure 
levels for the wind conditions in which the wind turbine will be operating. In this example it will 
be assumed that measurements indicate that the L90 sound pressure levels are 45 dB(A). 

Source Sound Levels. In order to calculate noise levels heard at different distances, the reference 
sound levels need to be determined. The reference sound level is the acoustic power being 
radiated, and is not the actual sound level heard. Reference sound levels can be obtained from 
manufacturers and independent testing agencies. Measurements should be based on the standards 
mentioned above. In this example it will be assumed that the turbine will be on a 50 m tower and 
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has a sound power level of 102 dB(A), as in the previous example of sound propagation from a 
wind turbine. 

Noise Propagation Model. Sound propagation is a function of the source sound characteristics 
(directivity, height), distance, air absorption, reflection and absorption by the ground and nearby 
objects and weather effects such as changes of wind speed and temperature with height. One 
could assume a conservative hemispherical spreading model or spherical propagation in which 
any absorption and reflection are assumed to cancel each other out. More detailed models could 
be used that include the effects of wind speed and direction. Often upwind of a wind turbine there 
are locations where no sound is heard. On the other hand sound may be propagated more easily 
downwind. If the hemispherical propagation model is used, then the data in Figure 7 shows the 
noise levels in the vicinity of the turbine. 

Comparison of Calculated Sound Levels with Baseline Sound Levels. Calculated wind turbine 
sound levels do not include the additional background ambient sound levels. The mathematical 
relationship governing the addition of dB(A) levels require that if the turbine sound level is no 
more than 9.5 dB(A) above the ambient noise level, then the total noise levels will be within 10 
dB(A) of the ambient sound level. If the ambient sound level is 45 dB(A), then, under 
Massachusetts regulations, the turbine can generate no more than 54.5 dB(A) at locations of 
concern. It can be seen from Figure 7 that the sound from the wind turbine would not exceed that 
limit at all locations more than 75 m (250 ft) from the wind turbine. 

Noise from Small Wind Turbines 

Small wind turbines (those under 30 kW capacity) are more often used for residential power or 
for other dedicated loads. These systems may be grid-connected or stand-alone systems. These 
applications result in potential noise complaints due to the proximity of human activity. As 
mentioned above, small wind turbines may also operate at higher tip speeds or turned partially out 
of the wind. These operating conditions may aggravate noise generation. It is also not always 
easy to obtain reliable sound measurements from the manufacturers of smaller wind turbines, 
especially at the wind speeds that might be a concern. For all of these reasons it is important to 
carefully consider noise from small wind turbines. 

For example, noise measurements have been made by the National Renewable energy Laboratory 
on a 900 Watt wind turbine, the Whisper 40 (Huskey and Meadors, 2001). This wind turbine has 
a rotor diameter of 2.1 m (7 ft) and was mounted on a 30 ft tower. The rotor rotates at 300 rpm at 
low power. The rotation speed increases to 1200 rpm as the rotor rotates out of the wind (“furls”) 
to limit power in high winds. This operation results in a blade tip speeds between 33 and 132 m/s. 
Figure 9 illustrates the sound pressure level (with the background noise removed) and the 
background noise levels at a distance of 10 meters (33 ft) from the wind turbine base. Between 6 
and 13 m/s the wind turbine sound pressure increases over 13 dB. This is a very large increase in 
sound level and would be experienced as more than a doubling of the sound level. Moreover, it 
increased enough that the background sound level, which also increased with wind speed, was not 
enough to mask the wind turbine noise until the wind speed increased to over 13 m/s (30 mph). 

A study of sound produced by a 10 kW Bergey wind turbine at Halibut Point State Park in 
Rockport, MA, includes measured sound pressure levels under a variety of wind conditions and at 
a variety of distances from the wind turbine base (Tech Environmental, 1998). The study showed 
that under some conditions the wind turbine noise at 600 ft (182 m) from the wind turbine base 
increased noise levels by 13 dB(A). The study estimated that a buffer zone of 1600 ft be required 
to meet Massachusetts noise regulations! Finally, the study also mentioned that under high wind 
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conditions in which the wind turbine noise was masked by the wind-induced background noise, 
as determined by the broadband sound pressure levels, the wind turbine could still be heard due to 
the presence of helicopter-like thumping sounds. Similar sounds have been described coming 
from other small wind turbines (Gipe, 2001). These low frequency sounds are missed by the 
standard A-weighted sound pressure measurements prescribed in the DEP regulations. 
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Figure 9. Sample measured wind turbine sound power levels 

It can be seen that measurements prescribed in the often-used IEC 61400-11 standard that only 
include measurements between 6 and 10 m/s (13-22 mph) may not be adequate for estimating 
wind turbine noise from small wind turbines. In addition, measurement standards no not require 
the measurement of thumping sounds and other irregular sounds that can be found objectionable.  

Conclusions and Recommendations  

A number of improvements in standards and regulations are needed to ensure that communities 
can reliably anticipate noise from wind turbines and to ensure that the data are available to make 
those sound estimations: 

• Guidelines for defining acceptable noise from wind turbines in Massachusetts should be 
expanded. These should include not only the present DEP criteria for broadband noise 
and pure tones, but also criteria for impulsive and other sounds and guidelines for the 
appropriate consideration of background noise levels at different wind speeds. 

• Any incentives to promote wind energy should be provided only to turbines for which the 
manufacturer can provide noise data based on IEC standards or for turbines which are to 
be located at sites where there will clearly be no problem. 

• Setbacks should be defined for turbines for which no data is available. 

• Clearer state standards are needed for the measurement of background noise and the 
estimation of wind turbine noise in assessments of wind turbine projects. These should 
include standards for measuring background noise as a function of both time of day and 
wind speed and standards for appropriate propagation models that include the effects of 
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reflection and absorption of sounds in grasslands, woodlands, and pavement or urban 
areas and appropriate values for air absorption.  

• Standards are also needed for the measurement of noise from small wind turbines. These 
standards should include measurements to higher wind speeds and measurements that 
include all the variety of operating modes that might be encountered and that include 
unusual noise conditions, including time dependent and frequency dependent components 
such as thumping and whistles. These standards need to provide sound measures that 
provide an accurate representation of issues of interest to potential listeners.  

• Further study of small wind turbine noise is needed to adequately define the types of 
noise generated by small wind turbines. An understanding of the character of the noise 
generated by small wind turbines needs to be included in any new measurement and 
reporting standard and in community noise regulations.  

• Finally, manufacturers of small wind turbines need to make comprehensive sound power 
level measurements, based on new standards, available to the public. 
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ABSTRACT 
In many countries the noise radiation is still the major limitation in the tremendous development 
of wind energy over the last years. Within several European research projects, modifications of 
the rotor blade trailing edge (sharp or serrated) and the tip design (avoiding tip vortex-trailing 
edge interaction by ´trailing edge cutting´) resulted in considerable noise reductions in the range 
of several dB. Mechanical noise from gear box and generator was reduced significantly but 
tonal noise is still the crucial point concerning the acceptance of wind turbines. The 
measurement procedures have been improved significantly as well. The IEC standard 61400-11 
Wind Turbines – Part 11 ‚Acoustic Noise Measurement Techniques‘ was revised recently in 
order to present a procedure expected to provide accurate results that can be replicated by 
others. 

 

1. STANDARDS 
 
1.1 IEC STANDARD ON MEASUREMENT TECHNIQUES 

The IEC standard 61400-11 Wind Turbines – Part 11 ‚Acoustic Noise Measurement 
Techniques‘ provides a uniform methodology t hat will ensure consistency and accuracy 
in the measurement and analysis of acoustical emissions by wind turbine generator 
systems (WTGS). The sound power level is determined for an acoustic reference wind 
speed of 8 m/s at 10 m height. The revision of the standard focussed on a reproducible 
tonal assessment procedure and the determination of the sound power level at each 
integer wind speed from 6 to 10 m/s at 10 m height. 

The presence of tones in the noise at different wind speeds shall be determined on the basis of 
a narrow band frequency analysis as follows: 

− The sound pressure level Lpt  of the tone shall be determined 



− The sound pressure level of the masking noise Lpn in a critical band around the 
tone shall be determined 

− The tonality ∆L t n, the difference between the sound pressure level of the tone 
and the masking noise level shall be found 

The tonal analysis shall cover the same wind speed range as the sound power level 
measurement. For each wind speed bin, the two one-minute periods with wind speeds closest 
to the integer wind speed value shall be analysed. 
The narrow band frequency spectrum for the whole two-minutes period shall be determined. 
Then the two one-minute recordings shall be divided into twelve ten-second periods, from which 
twelve narrow band frequency spectra are obtained. From these twelve spectra all lines 
representing tones shall be identified. 
Every spectral line is classified as a) ‘tone’, b) ‘masking’, or c) ‘neither tone nor masking’ as 
illustrated in the figure below. 
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 Figure 1 – Illustration of classifying all spectral lines 

 

Determination of the tone levels Lpt,i 

The sound pressure level of the tone, Lpt,i  is determined by energy summing all the spectral lines 
identified as tones from each 12 ten-second spectrum 

Determination of the masking noise levels Lpn,i 

The 12 sound pressure levels of the masking noise, Lpn,i , are defined as follows: 

 



+=

bandwidth noise effective
bandwidth critical

lg10 pn,avgLpnL  

Where Lpn,avg,i  is the energy average of the spectral lines identified as ‘masking’. 

Determination of the tonality ∆∆ Ltn 

The tonality ∆Ltn,i  is the difference between the sound pressure level Lpt,i  and the level Lpn,i . The 12∆Ltn,i 

are then energy averaged to one ∆Ltn. 

 

 

 



1.2 DECLARATION OF SOUND POWER LEVEL AND TONALITY VALUES OF WIND 
TURBINES 
 
Information on the sound power level and tonality of wind turbines is needed by planners, 
manufacturers and authorities. At present wind turbine noise specifications tend to be based on 
measurement results from a single turbine of a particular make and model and these are then 
taken to be representative of these turbines as a whole. Clearly this is unlikely to be the case, 
as there will be individual variation between different turbines. The intention of this document is 
to determine declared noise emission values from a sample of turbines of the same type. The 
declaration will increase the reliability of wind farm planning and shall facilitate the comparison 
of sound power levels and tonality values of different types of wind turbines. 
 
The documents IEC 61400-14 (IEC 88/161/CD) and prEN 50376 give guidelines for declaring 
the apparent sound power level and tonality of a batch of wind turbines.  
 
The declared sound power level for a wind turbine can be determined from n measurement 
results {Li}i=1,....n obtained by performing one measurement at each of n individual turbines of 
the same type. 

The n measurements result in a mean value L
−

 w and a standard deviation s defined as follows 
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The standard deviation of production σP can be estimated from: 

 ss PR ≤≤− σσ 22  

An estimate of the standard deviation of reproducibility σR is 0.9 dB, see typical uncertainties 
given in Annex D of the IEC 61400-11 standard. As long as only limited data on the real 
standard deviation of reproducibility is available and as for some cases very small values of σR 
were found the relation σP = s shall be used. 
The standard deviation σ used for the declaration (including the standard deviation σR and σP 
from the n existing measurements and the standard deviation σR and σP of a verification 
measurement) is then determined by: 
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with σR = 0.9 dB and σP = s 
The declared sound power level is calculated from: 

 σ645.1+=+= WWWD LKLL  
The sound power level shall be declared by dual-number noise emission values reporting both 

L
−

 w and K. K represents a certain confidence level and K =1.645 σ reflects a probability of 5% 
that a sound power level measurement result made according to IEC 61400-11 performed at a 
turbine of the batch exceeds the declared value. 
 

For the declaration procedure the influence of turbine characteristics on the acoustical 
performance is of great importance: 

− Hub height : The sound power level is correlated to the acoustic reference wind speed 
and not to the wind speed at hub height. An increase of hub height will increase the 
sound power level and might have an unpredictable effect on tonality. 



− Tip speed: the sound power level is very sensitive to the tip speed (Lw∼50....60logV tip). 
An increase in tip speed will cause an increase in sound power level, and may have an 
influence on aerodynamic tones. 

− Pitch setting: Pitch settings affect the fundamental aero-acoustic processes on the 
blades, which may significantly change the overall sound power level and the tonality. 

− Gear box: A major source of mechanical tones is the gear box. Small changes in the 
design (like ratio’s, tooth shape, casing thickness) can have a significant effect on the 
frequency and level of the tones 

− Blades: Changes to the blade geometry such as trailing edge thickness, tip shape, blade 
surface finish , internal structure, twist distribution, may all cause significant changes to 
the acoustical performance. 

− In addition to the above mentioned items, there are a number of other items, generator, 
tower type, yaw motors, cooling fans, hydraulic pumps, etc., which may influence the 
acoustical performance. 

 

1.3 MEASUREMENT OF NOISE IMMISSION FROM WIND TURBINES AT NOI SE 
RECEPTOR LOCATIONS 

The IEA recommendation Measurement of Noise Immission from Wind Turbines at Noise 
Receptor Locations recommends measurement techniques and methods which will enable a 
characterisation of the noise immission from wind turbines at a noise reception location. In 
several countries standards or guidelines from industrial sources have been implemented. 
However, it is not possible to apply these procedures to wind turbine acoustic measurements 
since they must be carried out in windy conditions outside the scope of the standards dealing 
with noise from industrial plants. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2: Sound Pressure Levels around a Wind Farm 
 
 
 
 
 
 
 
 
 
Fig. 2: Sound Pressure Levels around a Wind Farm 



2. NOISE REDUCTION PROCEDURES 
The choice of a wind turbine’s blade pitch setting and its rotational speed is a compromise 
between noise radiation and energy production. The advantage of wind turbines with changed 
operational conditions (rotational speed/pitch setting) in noise-sensitive conditions (e.g. for 
specific wind directions or at night-time) are obvious: The acoustically affected area is smaller 
so that more wind turbines can be erected in a wind farm. The proposed noise-reduction-tool 
can also be used for subsequent noise reduction in cases of complaints. 
As changes in the operating conditions of the wind turbines will influence their power curves, 
any resulting loss in energy production can be calculated, so that the cost effectiveness of the 
measures can be evaluated. 
 

 
Fig.3: Schematic of the flow around the outer part of the rotor blade 
 
Fig. 4: Sound Power Level of a 3 MW Turbine as a Function of Rotational Speed: 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig: 5: Sound Power Levels (at 10 m/s at 10 m height) of different Wind Turbines as a function 
of Rated Power  
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Preface 
Wind power is a relatively new generator of electricity in Sweden. Legislation and 
regulation regarding noise from wind turbines in Sweden have been discussed. Eja 
Pedersen at Halmstad University has at the request of the Swedish Environmental 
Protection Agency prepared this report as a base for further discussions on regulation and 
guidelines on noise from wind turbines in Sweden. The report reviews the present 
knowledge on perception and annoyance of noise from wind turbines in residential areas 
as well as in recreational areas. It also summarizes regulations in some European 
countries. The author Eja Pedersen is responsible for the content of the report. 

 
Stockholm, August 2003  
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Summary 
This study summarises present knowledge on noise perception and annoyances from wind 
turbines in areas were people live or spend recreation time. There are two main types of 
noise from a wind turbine: mechanical noise and aerodynamic noise. The aerodynamic 
noise emits from the rotor blades passing the air. It has a swishing character with a 
modulation that makes it noticeable from the background noise. This part of the wind 
turbine noise was found to be the most annoying.  

Field studies performed among people living in the vicinity of wind turbines showed 
that there was a correlation between sound pressure level and noise annoyance, but 
annoyance was also influenced by visual factors such as the attitude to wind turbines’ 
impact on the landscape. Noise annoyance was found at lower sound pressure levels than 
in studies of annoyance from traffic noise. There is no scientific evidence that noise at 
levels created by wind turbines could cause health problems other than annoyance. 

No studies on noise from wind turbines in wilderness areas have been found, but the 
reaction to other noise sources such as aircraft have been studied. In recreational areas, 
the expectation of quietness is high among visitors, but wind turbines are, in contrary to 
aircraft, stationary and could be avoided by recreationists. The visual impact of wind 
turbines might though be the dominant source of annoyance. 

Regulations on noise from wind turbines are based on different principles. Some states, 
e.g. Denmark, have a special legislation concerning wind turbines, while others, like 
Sweden, have used recommendations originally developed for a different noise source. 
The noise level could either be absolute, as in Germany, or related to the background 
noise level as in France. This background noise level could be standardised, measured or 
related to wind speed. 
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Sammanfattning 
Denna rapport har tagits fram av Eja Pedersen, Högskolan i Halmstad på uppdrag av 
Naturvårdsverket. Syftet är att ge underlag för fortsatta diskussioner om bedömning av 
ljud från vindkraftverk i Sverige  

Rapporten sammanfattar kunskapsläget kring människors uppfattning och störning av 
buller från vindkraftverk vid bostäder och i friluftsområden. Vindkraftverk ger upphov till 
två typer av ljud: mekaniskt och aerodynamiskt. Det aerodynamiska ljudet uppstår när 
rotorbladen passerar luften. Det har en svischande karaktär med en modulation som gör 
det urskiljningsbart från bakgrundsljudet. Den här delen av vindkraftljudet har visat sig 
vara mest störande. 

I fältstudier genomförda bland människor boende i närheten av vindkraftverk fann man 
ett samband mellan ljudnivå och bullerstörning, men störningen påverkades också av 
visuella faktorer som attityden till vindkraftverkens påverkan på landskapsbilden. 
Andelen störda av buller var högre än vad som tidigare funnits i studier av trafikbuller. 
Det finns inga vetenskapliga bevis för att buller med de nivåer som vindkraftverk ger 
upphov till skulle kunna orsaka hälsoproblem andra än störning.   

Det gick inte att hitta några studier som behandlade buller från vindkraftverk i vild-
mark, men effekten av andra bullerkällor såsom flyg har studerats. I friluftsområden är 
förväntningen på tystnad hög hos besökarna, men vindkraftverk är till skillnad från flyg 
en stationär källa och kan undvikas av besökarna. Det visuella intrycket av vindkraftver-
ken kan därför vara den dominerande källan till störning. 

Regler för buller från vindkraftverk baseras på olika principer. I några länder, t.ex. i 
Danmark, finns en speciell lagstiftning för vindkraftverk, medan man i andra, som 
Sverige, använder rekommendationer ursprungligen framtagna för en annan bullerkälla. 
Gränsvärdet för buller kan antingen vara absolut, som i Tyskland, eller relateras till 
bakgrundsljudets nivå. Ljudnivån i bakgrundsljudet kan vara standardiserad, mätt eller 
relaterad till vindstyrka.  
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1. Introduction 
The aim of this study is to summarise present knowledge on noise perception and 
annoyance from wind turbines in areas where people live or spend time for recreational 
purposes. This review will also present examples of legislation regarding noise from wind 
turbines. The study was financed by the Swedish Environmental Protection Agency to 
form a base for regulation regarding wind turbine noise. Kerstin Persson Waye has 1995 
reviewed noise annoyance from wind turbines  [Persson Waye 1995]. The present study 
will recall some of her results, but focus on articles published from 1995 and later. 

Noise from wind turbines is a relatively new noise source in Sweden. It can be classi-
fied as an outdoor source of community noise. WHO defines community noise as noise 
emitted from all noise sources except at occupational settings [Berglund et al 1999]. This 
includes for example road, rail and air traffic, industries, construction and public work as 
well as neighbours. 

This study does not examine the measurements and calculations of noise exposure used 
in various studies. As many assumptions, on for instance sound pressure levels causing 
annoyance or sleep disturbance, are based on dose-response relationships were the dose 
were either measured or calculated (or both) this is a crucial point. This is though a matter 
of acoustics and not within the subject of this review. 
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2. Method 
Reviewed articles were searched for in relevant databases (Medline, SveMed, ISI, 
Science direct, Papers First) as well as in journals relevant for the topic. As these searches 
did not result in many articles, proceedings from well-known conferences have been 
searched in addition. One must bear in mind that this latter type of papers has often been 
accepted to conferences without closer examination. As a complement, Internet was 
searched. Direct contacts with researchers and developers have been made regarding 
health aspects and noise regulations. 
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3. Results 
3.1 Noise sources from wind turbines, sound 
characteristics and masking possibilities 

There are two main types of noises from a wind turbine: mechanical noise and aerody-
namic noise. Mechanical noise is mainly generated by the gearbox, but also by other parts 
such as the generator [Lowson 1996]. Mechanical noise has a dominant energy within the 
frequencies below 1000 Hz and may contain discrete tone components. Tones are known 
to be more annoying than noise without tones, but both the mechanical noise and tones 
that may occur can be reduced efficiently [Wagner et al 1996]. In the turbines erected 
during the last ten years, the manufacturers have been able to reduce the mechanical noise 
to a level below the aerodynamic noise. This is also due to the fact that the size of the 
turbines has increased and mechanical noise does not increase with the dimensions of 
turbine as rapidly as aerodynamic noise. 

The aerodynamic noise from wind turbines originates mainly from the flow of air 
around the blades and therefore the noise generally increases with tip speed. It is directly 
linked to the production of power and therefore inevitable [Lowson 1996]; even though it 
could be reduced to some extend by altering the design of the blades [Wagner et al 1996].  
The aerodynamic noise has a broadband character and is typically the dominating part of 
wind turbine noise today. 

When listening to a wind turbine, one may distinguish broadband noise and a beating 
noise. Broadband noise is characterised by a continuous distribution of sound pressure. 
The beating noise is amplitude modulated, i.e. the sound pressure level rises and falls 
with time. This noise is of interest for this review, as it seems to be more annoying than a 
non-modulated noise at the same sound pressure level. Only a few studies have however 
explicitly compared noises with and without modulations. In one experimental study, it 
was found that a 30 Hz tone, amplitude modulated with a modulation frequency of 2.5 
Hz, generally caused higher annoyance, symptoms and change in mood, however the 
difference compared to a non-modulated tone at 30 Hz was only statistically significantly 
different for subjective reports of drowsiness [Persson et al 1993]. It has also been found 
that annoyance caused by diesel trains decreases when the modulation depth was reduced 
over time from 13 dB to 5 dB [Kantarelis and Walker 1988]. Modulated noise from wind 
turbines has the beat of the rotor blades’ pace. The amplitude modulation has in 
experimental studies found to be most apparent in the 1 and 2 kHz octave band with 
amplitude of ± 2-3 dB [Dunbabin 1996]. Theories have been put forward regarding the 
source and extent of the amplitude modulation. One possible mechanism is the interaction 
of the blade with disturbed airflow around the tower, another the directionality of 
radiation from the blades as they rotate. Finally it is possible that variation in noise levels 
occur due to the atmospheric wind profile, which would result in a slight variation in 
angel of attack as the blade rotates [Dunbabin 1996]. In summery, the modulation in the 
noise from wind turbines is not yet fully explained and will probably not be reduced in 
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the near future and is therefore a factor of importance when discussing noise annoyance 
from wind turbines.  

The modulation frequency for a three-blade 600 kW turbine, a common size in Sweden 
today, with a steady speed of 26 rpm is 1.3 Hz. This is a frequency somewhat lower than 
the frequency of 4Hz known to be most easily detected by the human ear [Zwicker and 
Feldtkeller 1967]. The amplitude of the modulation does not have to be very high. The 
threshold for detection of a sound with a modulation frequency of 1 Hz was in one 
experimental study found to be 1-2 dB below a masking noise (white noise). The masking 
noise had its energy within the same frequency band as the modulated sound, thus 
providing optimal possibilities for masking. It was also found that the detection threshold 
was not depending on modulation depth or modulation frequencies (1Hz and 10 Hz) 
[Arlinger and Gustafsson 1988]. The new turbines erected today often have variable rotor 
speed. This means that the modulation frequency will be low at low wind speed, typically 
0.5 Hz at 4 m/s and higher at high wind speed, typically 1.0 Hz at 20 m/s. This is still in 
the span were modulations could easily be detected. A lower modulation frequency is 
preferable, as it will then be less detectable and also most likely less annoying. It is 
however not known how much less annoying these types of turbines will be. 

In experimental studies, where 25 subjects were exposed to five different wind turbine 
noises at the level of 40 dBA Leq, differences between the noises regarding annoyance 
were found [Persson Waye and Öhrström 2002]. The most annoying noises were 
predominantly described as “swishing”, “lapping” and “whistling”. These adjectives 
could all be seen as related to the aerodynamic noise and as descriptions of a time varying 
(modulated) noise with high frequency content.    

In summery it can be concluded that the modulating characteristics of the sound makes 
it more likely to be noticed and less masked by background noise. Recent reports have 
indicated yet another complication. Common hub height of the operating wind turbines 
today in Sweden is 40-50 meters. The new larger turbines are often placed on towers of 
80 – 90 meters. The wind speed at this height compared to the wind speed at the ground 
might (up to now) been underestimated. In a report published by Rijksuniversiteit 
Groningen it was found that the wind speed at 80 meter was 4.9 times higher then at 10 
meter at night instead of 1.4 times as calculated [Kloosterman et al 2002].  The study was 
rather small, but indicates that the masking of the background noise is lower than 
calculated. Further studies need to be performed. 

Topographical conditions at site have importance for the degrees to which the noises 
from wind turbines are masked by the wind. Dwellings that are positioned within deep 
valleys or are sheltered from the wind in other ways may be exposed to low levels of 
background noise, even though the wind is strong at the position of the wind turbine 
[Hayes 1996].  The noise from the turbine may on these conditions be perceived at lower 
sound pressure levels then expected. Current recommendation state that measures and 
sound propagation calculations should be based on a wind speed of 8 m/s at 10 meter 
above the ground, down wind conditions, creating a "worst case" scenario. This 
recommendation does not consider the case described above. 
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3.2. Perception and noise annoyance from wind 
turbines in living areas 

Noise from wind turbines can be more or less distinguished depending on the difference 
between noise from the wind turbine and the background noise. The background noise, 
for example traffic noise, noise from industries and the whistling in bushes and trees, vary 
from site to site, but also from day to night. The local environment at the dwelling could 
also cause a difference in wind speed between the wind turbine and the listener. An 
example of topographical conditions enlarging the differences in wind speed was 
described in chapter 3.1. Also less extreme local physical circumstances, as the placing of 
houses, may shelter the site from wind on the ground, lowering the background noise so 
that the noise from the wind turbine will be more easily heard.  

Only few field studies on noise annoyance among people living close to wind turbines 
have been carried out. A major study, partly financed by the European Community, was 
performed in Denmark, the Netherlands and Germany in the beginning of the 1990's 
[Wolsink et al 1993]. Results from the Danish part of the study were analysed further and 
presented in a separate report [Holm Pedersen and Skovgard Nielsen 1994]. A Swedish 
dose-response study was performed 2000 [Pedersen and Persson Waye 2002]. The three 
studies all explore the correlation between noise exposure from wind turbines (dose) and 
the noise annoyance among the residents (response), as well as other variables of 
importance for annoyance. Unfortunately none of these studies has yet been published in 
refereed journals.  

In the European study presented by Wolsink et al [1993], sixteen sites in the three 
countries comprising residents living within noise levels of 35 dBA were selected. As a 
certain variance had to be included in the study, residence living at sound pressure levels 
<25dBA to 60 dBA were chosen, though the major portion or 70% lived within noise 
levels of 30-40 dBA. The sites comprised a total of 134 turbines: 86 in the Netherlands, 
30 in Germany and 18 in Denmark. Most of the turbines were small. Only 20 of them had 
a power of 500 kW, all the rest were of 300 kW or less. 

The results presented were based on a total of 574 interviews: 159 in the Netherlands, 
216 in Germany and 199 in Denmark. The response rate is not known. A questionnaire 
including questions on noise (annoyance, perceived loudness and interference), attitude to 
wind power, residential quality and stress were used for the interviews. Sound pressure 
levels were measured on sites, but how these measurements were made is not clear. 
Sound pressure level strata were calculated with 5 dBA intervals. 

Only a weak correlation between sound pressure level and noise annoyance caused by 
wind turbines could be found (Kendall’s coefficient for correlating rank order variables 
t=0.09; p<0.05).  The proportion annoyed by noise from wind turbines was 6.4% (n=37). 
The perceived loudness was also low, as well as the interference of noise with various 
daily activities. Residents complaining about wind turbines noise perceived more sound 
characteristics (t=0.56; p<0.001) and reported more interference of daily activities 
(t=0.56; p>0.001). The noise produced by the blades lead to most complaints. Most of the 
annoyance was experienced between 16.00 p.m. and midnight.  
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Wolsink et al (1993) also evaluated other physical variables and their relation to noise 
annoyance, e.g. distance between residence and the wind turbine site, location with regard 
to wind direction, other buildings or natural barriers between the residence and the wind 
turbine. When adding these variables to the analysis, the objectively measured sound 
pressure level was no longer significantly related to noise annoyance. Other variables, 
both subjective and objective, were tried in a multivariate analyse of the level of 
annoyance of noise from wind turbines. Four variables had an impact of noise annoyance: 
stress caused by wind turbine noise, daily hassles, perceived effects of wind turbines in 
the landscape (visual intrusion) and the age of the turbine site (the longer it has been 
operating, the less annoyance). These four variables explained 53% of the variance of 
noise annoyance. Variables that had no impact on noise annoyance in the model were e.g. 
buildings between the residence and the wind turbine or objective sound pressure level. 
The results should be treated with caution, as the actual level of annoyance among the 
large majority of the subjects was low.  

The Danish part of the study was, as mentioned, presented in a separate report. The 18 
wind turbines on the selected sites were rather small; i.e. they had a power of 45 kW to 
155kW. The hub height ranged from 18 to 33 meters, with a median of 23 meters. 
Interviews with 200 residents were performed. The questions agreed on in the European 
study were used, as well as additional questions. The survey was masked to the respon-
dents as a study on general living conditions. The response rate is not known. A number 
of objective variables were linked to each respondent, e.g. distance and direction to 
nearest wind turbine, barriers between residence and turbine, trees or bushes that could 
mask the noise and a variable called visual angle. The visual angle was measured in 
degrees from the respondents dwelling to the hub with the ground as the horizontal line. 
This variable was included as a measure of visual impact. Several noise variables were 
also added. Sound pressure levels were measured on a ground board at a distance of 1-2 
times the hub-height behind the turbine at the same time as the wind was measured at 10 
meters height in front of the turbine. Sound pressure levels for each dwelling were then 
calculated in two ways; not including the influence of barriers and including the influence 
of barriers. Both reflect downwind conditions at 5 and 8 m/s. The sound was also 
analysed for tones. 

The proportion rather annoyed by noise from wind turbines was 7% (n=14) and the 
proportion very annoyed was 4% (n=4). The annoyance increased with increasing sound 
pressure level. At Lr=40dBA (calculated LpA and 5dB added to for audible tones) the 
mean annoyance was 0.25 at a scale from 0 to 10. Comparing this with the distance and 
the visual angle, the distance should exceed 300 meters and the visual angle should be 
less than 3.5 degrees if the annoyance should be kept below 0.25. The angle 3.5 degrees 
correspond approximately to a distance from the dwelling to the turbine of 16 times the 
hub-height. A linear regression showed that the objective variable that had the greatest 
impact on noise annoyance was the visual angle that explained 12% of the variance. Of 
the variables describing sound properties, the once including LpA (A-weighted sound 
pressure level) and Lr (5dB added to LpA for audible tones), were also of importance, but 
to a lesser extend. There was no difference when the sound was calculated for 5 m/s or 
for 8 m/s. The visual angle and the variables describing sound properties were in turns 
correlated to each other. Subjective variables were also tried in a linear regression, which 
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showed that whether the turbine noise could be heard or not had the greatest impact on 
noise annoyance and explained 49% of the variance. Three other subjective variables 
were also of importance: perception of shadows (r2=0.23), perception of flicker (r2=0.25) 
and the attitude to the turbines’ impact on the landscape (r2=0.23). All these are visual. 
The conclusion of the authors of the Danish study was that both sound pressure level and 
visual variables have an impact on noise annoyance.  

The Swedish study was performed in Laholm during May-June 2000. The areas chosen 
comprised in total 16 wind turbines thereof 14 had a power of 600 kW. The study base 
comprised one randomly selected subject between the ages of 18 and 75 in each 
household living within a calculated wind turbine sound pressure level of 25 to 40 dBA 
(n=518).  

The annoyance was measured using a questionnaire. The purpose of the study was 
masked and among questions on living conditions in the countryside, questions directly 
related to wind turbines were included. Annoyance from several outdoor sources was 
asked for regarding the degree of annoyance both outdoor and indoor. Annoyance was 
measured with a 5-graded verbal scale ranging from “do not notice” to “very annoyed”. 
The same scale was used for measuring annoyance from wind turbines specifically (noise, 
shadows, reflections, changed view and psycho-acoustical characters). The respondents’ 
attitude of the impact of wind turbines on the landscape scenery and the attitude to wind 
power in general were also measured with a 5-graded verbal scale, ranging from “very 
positive” to “very negative”. Questions regarding living conditions, health, sensitivity to 
noise and employment were also included. A total of 356 respondents answered the 
questionnaire, which gave a total response-rate of 69%. 

For each respondent calculated A-weighted sound pressure level as well as distance 
and direction to the nearest wind turbine were obtained. Sound pressure levels (dBA) 
were calculated at 2.5-decibel intervals for each household. The calculations were done in 
accordance with [Naturvårdsveket 2001] and reflect downwind conditions. Data of 
distance between the dwelling of the respondent and the nearest wind turbine, as well as 
the direction, was obtained from maps. 

The correlation between noise annoyance from wind turbines and sound pressure level 
was statistically significant (rs=0.399; n=341; p<0.001). The annoyance increased with 
increasing sound pressure level at sound pressure levels exceeding 35 dBA. No 
respondent stated them selves very annoyed at sound pressure levels below 32.5 dBA 
(Figure 1). At sound pressure levels in the range of 37.5 to 40.0 dBA, 20% were very 
annoyed and above 40 dBA 36%. The confidence intervals were though wide; see 
Figure 1. 
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Figure 1. The proportions very annoyed by noise outdoors from wind turbines (95%CI) at 

different A-weighted sound pressure levels [Pedersen and Persson Waye 
2002]. 

 
To explore the influence of the subjective factors on noise annoyance, binary multiple 
logistic regression was used. The analysis showed that the odds for being annoyed 
increased with 1.87 (95% CI: 1.47-2.38) for each 2.5 dBA increase in sound pressure 
level. After correction for the individual subjective factors: attitude of visual impact, 
attitude to wind power in general and sensitivity to noise, the odds for being annoyed 
decreased to 1.74 (95% CI: 1.29-2.34) for each 2.5 dBA increase in sound pressure level. 
Only attitude of visual impact had a significant influence on the risk. There was also a 
statistically significantly correlation between noise annoyance and annoyance of shadows 
from wind turbines (rs=0.491; n=339; p<0.001) as well as annoyance of changed view 
(rs=0.461; n=340; p<0.001).  

The respondents were asked to rate the perception and annoyance of noise from the 
rotor blades and the noise from the machinery. Noise annoyance from rotor blades and 
machine were positively correlated to sound pressure level, (rs=0.410; n=339; p<0.001) 
and (rs=0.291; n=333; p<0.001) respectively. At all sound pressure levels, a higher 
proportion of respondents noticed sound from rotor blades than from the machinery. The 
same proportion that noticed sound from wind turbines in general noticed sound from the 
rotor blades. Among those who could notice sound from wind turbines, swishing (33.3%, 
n=64), followed by whistling (26.5%, n=40) and pulsating/throbbing (20.4%, n=31), were 
the most common sources of annoyance regarding sound properties.  

The proportion rather and very annoyed by noise from wind turbines was small in the 
first two studies presented above. The annoyance increased with increasing sound 
pressure level, but the correlation was low. Unfortunately there is no information about 
proportion annoyed at different sound pressure levels. These percentages would have 
been interesting to compare with the result of the Swedish study, as the result of this 
study was different from the results in the two first studies regarding dose-response 
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correlation. In the Swedish study, the proportion very annoyed from wind turbine noise 
was rather high at sound pressure levels exceeding 37.5 dBA, and a firm correlation 
between sound pressure level and annoyance was found. All studies find a relation 
between noise annoyance and visual factors such as visual intrusion and shadows. These 
factors probably explain part of the noise annoyance. All three studies were performed 
among residents exposed to rather low sound pressure levels from wind turbines. Still 
annoyance occurred to some extent.  In the noise, the aerodynamic part was found to be 
the most annoying, stressing the relevance of the sound characteristic, which is also in 
accordance with previous experimental studies [Persson Waye and Öhrström 2002]. 

3.3 Perception of noise from wind turbines in wilderness 
recreational areas 

The special soundscape1 of wilderness recreational areas has been described by a number 
of authors, e.g. [Miller 2001, Dickinson 2002]. The soundscape differs from site to site 
and can be very quiet in remote areas, especially when vegetation is sparse (as in the 
Swedish bare mountain region). In a comparison between different outdoor settings in 
USA, it was found that the sound pressure level in a suburban area at nighttime was 
above 40 dBA, along a river in Grand Canyon 30-40 dBA and at a remote trail in the 
same park 10-20 dBA [Miller, 2002]. The effect of intruding sound should be judged in 
relation to the natural ambient soundscape. The sound pressure level of the intruding 
sound must be compared to the sound pressure levels of the background noise. The 
durability of audibility is another variable of importance for understanding visitors’ 
reactions to noise [Miller 2001].  

No studies on noise from wind turbines in wilderness areas have to my knowledge 
been carried out, but the effect of noise from other sources has been discussed in a few 
articles.  A larger study on noise annoyance from aircraft over-flights on wilderness 
recreationists was performed in three wilderness areas in USA [Fidell et al 1996]. The 
areas were chosen specifically for their expected relatively large number of aircraft over-
flights. On-site interviews regarding noise annoyance were conducted among visitors. 
The response rate was 96% (n=920). In addition, more than 2000 h of automated, A-
weighted sound pressure level measurements were made as well as forty-six hours of 
recordings. Out of these, day-night average sound pressure levels (DNL) of visitors’ total 
noise exposure and their exposure to indigenous sound for the time-period of interview-
ing were estimated.  

                                                 
1 One definition of soundscape can be found in "The Handbook for acoustic ecology", Truax, B. (ed) R.C. 

Publications, Vancouver, Canada. 1978. ”SOUNDSCAPE: An environment of sound (sonic environment) 
with emphasis on the way it is perceived and understood by the individual, or by a society. It thus depends 
on the relationship between the individual and any such environment.” 
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Table 1. Prevalence of annoyance and estimated cumulative exposure to aircraft noise 

[Fidell et al 1996] 

 %Highly annoyed2 Aircraft DNL Ambient DNL Total DNL 
Golden Trout 12 50 dB 47 dB 52 dB 

Cohutta 2 47 dB 52 dB 53 dB 
Superstition 1 34 dB 38 dB 39 dB 

 
The results showed that the large majorities (75%-92%) of respondents were not 
annoyed3 by noise of over-flights in the three wilderness areas studied. A minority (1%-
12%) was highly annoyed. Aircraft that typically produced higher noise levels (low flying 
jets and helicopters) or operated at shorter slant ranges from observers were reported to 
be more annoying than small propeller driven aircraft and high altitude jet transports. 
Little evidence was found that over-flights diminished respondent’s overall enjoyment of 
their visits, nor their intention to return for additional visits. Other aspects of wilderness 
visits than noise annoyance were of more importance to the visitors than noise from 
aircraft, e.g. inadequate trail maintenance, crowding, insects and weather. The study was 
followed up with a telephone survey among visitors from nine wilderness areas in 
addition to the three selected for the first study. The results were on the whole the same. 
Fidell and co-workers compared their data with a theoretically derived dosage response 
relationship between the prevalence of annoyance in residential setting and exposure to 
general transportation noise. This suggested that respondents engaged in outdoor 
recreation in three wilderness areas included in the study described themselves as highly 
annoyed by 7 dB less aircraft noise exposure than would be tolerable in a residential 
setting.  

A quasi-experimental field study on aircraft noise in recreational areas was performed 
in Norway [Aasvang and Engdahl 1999]. Two groups of people (n=10, n=16) were 
exposed to aircraft noise in a recreational area close to Fornebu Airport in Oslo and asked 
to rate their annoyance of noise during a 45-minute section. At the same time the number 
of over-flights and noise levels were measured. The correlation between noise exposure 
and annoyance was statistically significant. Of interest for this review is the rating of 
acceptable annoyance that the subjects were asked to do. Comparing the acceptance with 
the noise exposure in a linear regression, 50% of the subjects in group-1 considered the 
noise as not acceptable at sound pressure levels above 60 Laeq (dB). In group-2, who 
were exposed to less discernible noise events and lower noise levels due to different wind 
conditions, 50% did not accept sound pressure levels above 50 Laeq (dB). One should be 
aware of the small number of subjects in each group. Noticeable is that the background 
noise level for the first group was 40.2 Laeq (dB) and for the second group 42.6 Laeq 
(dB). Aasvang and Engdahl discussed several explanations of the different outcomes of 
the two groups. One suggestion was that air flight approach operations are more annoying 
than departures, even though they resulted in lower sound pressure levels. Due to wind 
conditions, the exposure of group 2 was dominated by approach operations.  

 
                                                 
2 The definition of highly annoyed used in this study has not been found. 
3  The definition of not annoyed used in this study has not been found. 
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Another Norwegian study on aircraft disturbance was carried out as an on-site study in a 
recreational mountain area [Krog et al 2000]. Daily over-flights were planned together 
with the Norwegian Air Force so that hikers would be exposed to aircraft noise at 
different level and different frequency. Interviews with visitors were performed near the 
end of a walking trail. The purpose of the study was masked, i.e. the study was presented 
as a general survey about outdoor recreation. A total of 761 respondents participated in 
the survey. The response rate is not known. Of the respondents exposed to over-flights 
(n=386), 56% found the aircraft noise very disturbing. When dividing the exposed into 
four different groups, according to which flying pattern they were exposed to, no 
differences between the rates of annoyance could be found between the groups. The 
results also showed that the disturbance due to military aircraft noise increased with 
increasing age, increasing total noise exposure and increasing duration of time spent on 
the hike. However, there was no significant difference between the exposed and the 
unexposed group regarding the overall satisfaction with today’s hike. Among the exposed 
subjects, it was found that the more negative evaluation of military aircraft noise, the 
higher the likelihood to judge the hike as less positive. 

Staffan Hygge has recently in a report for the Swedish National Rail Administration 
(Banverket) and National Road Administration of Sweden (Vägverket) summarised 
studies on noise annoyance in recreational areas and national parks [Hygge 2001]. 
Though the overall proportion of annoyed by aircraft noise is low in many studies, the 
individual factors are of importance for annoyance. For visitors who seek quietness just 
hearing any sound from aircraft could be bothering. Hygge also discusses possible 
cultural differences in acceptance of noise in recreational areas. American studies show a 
lower proportion of annoyed than studies from Norway and New Zealand. This could be 
due to the fact that that the non-American studies were done in remote areas which 
presumable gives a group of respondent with a special profile, seeking quietness. He also 
discusses other sources of transportation noise and finds an indication that the legitimacy 
is of importance, e.g. rescue flights are more accepted than sightseeing tours.  

Aircraft over-flight is a mobile source of noise in contrary to noise from wind turbines, 
so the two cannot directly be compared. Noise from wind turbines is more similar to 
noise from ski lifts. The noise source is stationary and the visitors can usually choose 
themselves if the like to stay by the noise or move on.  Ski lifts are operating at special 
hours in the winter and they can be assumed to produce noise at comparable sound 
pressure levels when they are operating. Wind turbines are operating all year around, day 
and night, but the sound pressure levels vary with the wind and noise is only produced at 
special conditions.  

Some results from the aircraft studies could though be transferred. The expectation of 
quietness is high among visitors and Fidell et al [1996] estimated that the noise level 
tolerated in wilderness areas compared to residential areas was 7 dBA lower. The 
tolerance also depended on the legitimacy of the noise source. Cultural differences in 
accepting noise should also be discussed. If there were a cultural difference in how noise 
in recreational areas is accepted, the tolerance would probably be low in Sweden. The 
visual effect of the wind turbines may be a source of annoyance equal to noise in 
recreational areas, especially if there is large wide-open space. 
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3.4 Aspects of health and well-being 

According to the definition made by WHO, health is a state of complete physical, mental 
and social well-being and not merely the absence of infirmity. The WHO Guidelines for 
Community noise lists specific effects to be considered when setting community noise 
guidelines: interference with communication; noise-induced hearing loss; sleep distur-
bance effects; cardiovascular and psycho-physiological effects; performance reduction 
effects; annoyance responses; and effects on social behaviour [Berglund et al 1999]. 
Interference with communication and noise-induced hearing loss is not an issue when 
studying effects of noise from wind turbines as the exposure levels are too low.  

No studies have been found exploring cardiovascular and psycho-physiological effects, 
performance reduction effects and effects on social behaviour specifically with regard to 
noise from wind turbines. A number of articles have though explored the relationships 
between exposure of other sources of community noise (road traffic, aircraft, railway 
traffic) and health effects. Evidence in support of health effects other than annoyance and 
some indicators of sleep disturbance is weak [Berry et al 1998]. In a Swedish official 
report Öhrström reviews the effects of community noise in general [Öhrström 1993]. On 
basis of studies on effects of noise from aircraft and road traffic, she finds that there are 
some evidences of noise causing psychosocial or psychosomatic nuisance. The effects are 
related to individual factors (sensitivity to noise and capacity to cope with stress) and to 
annoyance rather than to sound pressure level. Annoyance itself is though an undesired 
effect of health and well-being. In a review of studies performed 1993-1998, Lercher et al 
[1998] evaluated adverse physiological health effects of occupational and community 
noise. Most of the studies concern sources of noise with higher sound pressure levels than 
those of wind turbines. Even so, it was difficult to find correlation between exposure and 
e.g. cardiovascular or immunological effects. In a summery of possible long term effect 
of exposure to noise done by Passchier-Vermeer the observed threshold for hypertension 
and ischaemic heart disease was 70 dBA outdoors [Passchier-Vermer 2002]. Transferring 
the results of these studies, there are no evidences that noise from wind turbines could 
cause cardiovascular and psycho-physiological effects. However, the overall effect for 
people living in the vicinity of a wind turbine should be considered (noise annoyance, 
visual annoyance). The European field study mentioned above indicates that wind 
turbines could cause stress [Wolsink et al 1993]. Stress is not defined in the report and 
could be just another aspect of annoyance, but stress could also be one health variable 
that needs to be investigated further. 

Annoyance response is probably the most studied health effect regarding wind tur-
bines. As outlined in chapter 3.2 and 3.3, noise annoyance appears even at low sound 
pressure levels. Another health effect that may be relevant for people living near wind 
turbines is sleep disturbance. The WHO guidelines for community noise recommend that 
the outdoor noise levels in living areas should not exceed 45 dBA Leq at night, measured 
with the time base 8 hours [Schwela 1998], as sleep disturbance may occur with open 
windows. The exposure from wind turbines is not known to exceed this limit, but in the 
Swedish field-study mentioned above [Pedersen and Persson Waye 2002], of the 12 
respondents at exposure level 37.5-40.0 dBA who stated them selves disturbed in their 
sleep by noise, 10 respondents mentioned wind turbines as source. Almost all of them 
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slept with open window. The number of respondents was however too low for conclu-
sions to be drawn and further research is needed. 

In a review of health effects of road traffic noise, Rylander finds that there is no 
research done so far that indicates that environmental noise could provoke psychiatric 
disease [Rylander 1999]. Noise as a factor of stress, inducing symptoms among sensitive 
individuals is discussed, as well as the possibility of noise interacting with other 
environmental strains causing stress. Further research is though needed. 

Summarising the findings, there is no scientific evidence that noise at levels emitted by 
wind turbines could cause health problems other than annoyance. However, sleep 
disturbances should bee further investigated. As noise from wind turbines has a special 
characteristic (amplitude modulation, swishing) it may be easily detected in a normal 
background noise and this may increase the probability for annoyance and sleep 
disturbance. The combination of different environmental impacts (intrusive sounds, visual 
disturbance and the unavoidance of the source in the living environment) could lead to a 
low-level stress-reaction, which should be further studied.  

3.5 A comparison of noise regulations in European 
countries  

A summary of limits and regulations regarding noise from wind turbines in some 
European countries was done by Lisa Johansson in the notes from an IEA topical expert 
meeting in Stockholm [Johansson 2000]. Her summary has here been updated and 
expanded.  

The recommended highest sound pressure level for noise from wind turbines in 
Sweden today is 40 dBA outside dwellings (Naturvårdsverket webbplats). In noise 
sensitive areas as in the mountain wilderness or in the archipelago, a lower value for the 
highest sound pressure level is preferable. The penalty for pure tones is 5 dBA. In praxis, 
the sound pressure levels at dwellings nearby a planned wind turbine site are calculated 
according to [Naturvårdsverket 2001] during the process of applying for a permission to 
build. Measurements in site are only performed in case of complains and then as 
measurements of imission at the dwelling of the complainant at wind speeds of 8 m/s at 
10 m height.  

Denmark has a special legislation governing noise from wind turbines (Bekendtgørelse 
om støj fra vindmøller BEK nr 304 af 14/05/1991). The limit outside dwellings is 45 dBA 
and for sensitive areas 40 dBA Leq. Sensitive areas are areas planned for institutions, 
non-permanent dwellings or allotment-gardens, or for recreation. In case of complaints 
emission measurements are performed according to the legislation, i.e. on a plate on the 
ground at a distance of 1-2 times the hub height of the turbine. Noise imission at the 
dwelling of the complainant is then calculated.   

The legal base for noise pollution in Germany is the Federal clean air act from 1974 
(Bundes-Immissionschultz-Gesetzes. BimSchG, Germany, 1974). The limited values for 
the sound pressure levels are defined in TA Lärm (Technische Anleitung Lärm, Germany, 
1998). 
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Table 2. German noise regulations 

Area Day Night 
Industrial Area (Industrigebeit/Gewergebeit) 70 dBA / 65 dBA 70 dBA / 50 dBA 
Mixed residential area and industry 
Or Residential areas mixed with industry 

 
60 dBA 

 
45 dBA 

Purely residential areas with no commercial developments 
(Allgemeines Wohngebeit/Reines Wohngebeit) 

 
55 dBA / 50 dBA 

 
40 dBA / 35 dBA 

Areas with hospitals, health resorts, etc. 45 dBA 35 dBA 
  
Calculation of sound propagation is done according to DIN ISO 9613-2. All calculations 
have to be done with a reference wind speed of 10 m/s at 10 m heights4.  

The French legislation used in the case of wind turbines is the neighbour noise regula-
tion law (Loi n° 92-1444 du 31 décembre 1992: Loi relative à la lutte contre le bruit). 
This legislation is based on the principle of noise emergence above the background level 
and there is no absolute noise limit. The permitted emergence is 3 dBA at night and 5 
dBA at day. The background noise level has to be measured at a wind speed below 5 m/s.  
The legislation is not adjusted to wind turbine cases, and in praxis the noise measure-
ments are made at 8 m/s when the wind turbine noise is expected to exceed the back-
ground noise levels the most5.                                           

New regulations on noise including noise from wind turbines were introduced in the 
Netherlands 2001 (Besluit van 18 oktober 2001, houdende regels voor voorzieningen en 
installaties; Besluit voorzieningen en installaties milieubeheer; Staatsblad van het 
Koninkrijk der Nederlanden 487). The limits follow a wind speed dependent curve. For 
the night the limit starts at 40 dBA at 1 m/s and increases with the wind speed to 50 dBA 
at 12 m/s.  For daytime the limit starts at 50 dBA and for evenings at 45 dBA. 

Figure 2. De WindNormCurve. Besluit van 18 oktober 2001, houdende regels voor 
voorzieningen en installaties; Besluit voorzieningen en installaties milieube-
heer; Staatsblad van het Koninkrijk der Nederlanden 487. Bijlage 3. 

                                                 
4  Correspondence with Pamela Ljungberg, Enercon. 
5  Correspondence with Karina Bredelles, consultant at ABIES, France 
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In Great Britain the ETSU-report “The assessment and rating of noise from wind farms” 
(ETSU for DTI 1996) is referred to by for instance the Scottish Executive Development 
Department (PAN 45). The report presents a series of recommendations that is regarded 
as relevant guidance by the authorities. Generally noise limits should be set relative to the 
background noise and only for areas for which a quiet environment is desirable. More 
precisely, noise from wind farms should be limited to 5 dBA above background noise for 
both day- and night-time. The LA90, 10 min descriptor should be used both for the back-
ground noise and for the noise from the wind farm. The argument for this is that the use 
of the LA90, 10 min descriptor allows reliable measurements to be made without corruption 
from relatively loud, transitory noise events from other sources. A fixed limit for 43 dBA 
is recommended for nighttime. This is based on a sleep disturbance criterion of 35 dBA. 
In low noise environments the daytime level of the LA90, 10 min of the wind farm noise 
should be limited to an absolute level within the range of 35-40 dBA. The actual value 
chosen within this range should depend upon the number of dwellings in the neighbour-
hood of the wind farm, the effect of noise limits on the number of kWh generated, and the 
duration of the level of exposure. 

In summery, these regulations are examples of different principles regarding noise 
from wind turbines. Some states have a special legislation concerning wind turbines, 
while others use recommendations. Different descriptors as LAeq or LA90, 10 min are used. 
The noise level could either be absolute or related to the background noise level. This 
background noise level could be standardised, measured or related to wind speed.  
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4. Conclusions 
Noise from wind turbines is not at all as well studied as for instance noise from road 
traffic. As the number of studies is low no general conclusions could be drawn. However, 
some indications will be listed here.  
 
The reviewed studies above indicate that annoyance from wind turbine noise 

• Is to a degree correlated to noise exposure. 

• Occurs to a higher degree at low noise levels than noise annoyance from other 
sources of community noise such as traffic. 

• Is influenced by the turbines’ visual impact on the landscape.  
 

Wind turbine noise 

• Does not directly cause any physical health problems. There is not enough data to 
conclude if wind turbine noise could induce sleep disturbance or stress-related symp-
toms. 

• Is, due to its characteristics, not easily masked by background noise.  

• Is particularly poorly masked by background noise at certain topographical condi-
tions. 

  
Regulations on noise from wind turbines  

• Are based on different principles leading to a heterogeneous legislation in Europe. 
 

No conclusions on wind turbine noise in recreational areas could be drawn as no studies 
on the subject have been found. Other sources of noise studied as aircraft over flights 
indicate that noise levels tolerated in wilderness areas compared to residential areas are 
lower, but there is no evidence that this could be transferred to wind turbine noise. 
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http://shop.vltmedia.se/cgi-bin/miljo.storefront/EN/Product/620-6241-7 (Visited 2003-
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Loi n° 92-1444 du 31 décembre 1992: Loi relative à la lutte contre le bruit 

http://www.legifrance.gouv.fr/texteconsolide/UPEFM.htm (Visited 2003-05-15) 
 
The Netherlands 
Besluit van 18 oktober 2001, houdende regels voor voorzieningen en installaties; Besluit 

voorzieningen en installaties milieubeheer; Staatsblad van het Koninkrijk der Neder-
landen 487 http://www.goes.nl/milieu/wetv&in.pdf (Visited 2003-05-15) 

 
Scotland 
PAN 45, Scottish Executive Development Department, revised 2000 

http://www.scotland.gov.uk/publications/search.aspx?key=renewable%20energy 
(Visited 2003-05-15) 
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 R e p o r t  5 3 0 8  ·  A u g u s t  2 0 0 3  

 

Noise annoyance from wind   
turbines – a review 
 
 
 
This study summarises present knowledge on noise perception and annoyances from 
wind turbines in areas were people live or spend recreation time. 
 
 Field studies performed among people living in the vicinity of wind turbines showed 
that there was a correlation between sound pressure level and noise annoyance, but 
annoyance was also influenced by visual factors such as the attitude to wind turbines 
impact on the landscape. Noise annoyance was found at lower sound pressure levels 
than in studies of annoyance from traffic noise. 
 
Regulations on noise from wind turbines are based on different principles. Some states 
have a special legislation concerning wind turbines, while others use recommendations. 
Different descriptors as LAeq or LA90, 10 min are used. The noise level could either be 
absolute or related to the background noise level. This background noise level could be 
standardised, measured or related to wind speed. 
 
 
 
 
 

 

ISBN 91-620-5308-6 
ISSN 0282-7298 
 
NATURVÅRDSVERKET  ·  SWEDISH ENVIRONMENTAL PROTECTION AGENCY 



1(6)

Summary of IEA Topical Expert Meeting on
Noise Immission

November 2000, FFA, Stockholm, Sweden
Lisa Johansson, KTH

����������
The IEA Topical Expert Meeting started with presentations made by the participants. After the
presentations the rest of the meeting consisted of discussions. These mainly covered the topics in the
agenda given in the invitation. The summary that follows is based on that agenda though slightly different
since some other issues, such as offshore wind turbines and indoor noise, was discussed as well.

������������	

	��
���	���	��
������	�	�

How the immision guidelines and limits are set in different countries and how wind power developers get
permission were covered quite well in the presentations. The topic did however reappear several times
during the discussions. A short summary of different limits and regulations follows.

Sweden:
The guideline used when giving permission is the night value for industrial noise of Lp,eq = 40 dB(A). In
recreational areas and areas with mostly summerhouses there is a reduction of 5 dB (A). The penalty for
pure tones is 5 dB. Measurements are made as recommended in the IEA immission document at wind
speeds of 8 m/s at 10 m height.

Norway:
Norway has a limit of Lp,eq = 40 dB(A) but for cases with pure tones or/and in screened areas the limit is
Lp,eq = 37 dB(A).

Denmark:
In Denmark the limit is not a measured noise level but a calculated one. The maximum noise immission
level at downwind conditions is calculated using the noise power level for a wind speed of 8 m/s at 10 m
height. The uncertainty of the emission measurements is assumed to be 2 dB (A).

Immission measurements are rarely done. Instead, if there is a complaint, the noise emission is measured
and then the immission level is calculated using the same model as during the planning.

France:
In France there is a neighbourhood noise regulation where the limit is related to the background noise level.
The allowed increase in noise level is 5 dB (A) at daytime and 3 dB (A) at night. Hence there is no absolute
limit. The noise measurements must be made at wind speeds below 5 m/s.

There is also a recommendation of a 500 meters buffer zone.

Holland:
The Dutch are introducing new regulations. Now the limit is directly linked to the background noise. In the
future the limit will follow a wind speed dependent curve. The limit starts at 40 dB (A) (at night) at 1 m/s
and increases with the wind speed to 50 dB (A) at 12 m/s. For daytime and evenings there are similar
curves starting at 50 dB (A) and 45 dB (A) respectively. In these new regulations the measurements are
made according to the IEA immission document.
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For the regulations used today a standardised background noise level value is assumed. Though there are
quiet places where the noise level from wind power plants will exceed the background noise it is said that
the noise level at those places will still be acceptable. In especially quiet areas the local authorities have the
right to claim that the background noise level value should be lowered for that area but it is a quite
complicated and expensive procedure.

Greece:
There is an indoor limit of 45 dB (A) for nearby dwellings with open windows. In residential areas the
outdoor limit is 50 dB (A). The same value is used all day. The noise immission is measured at 8 m/s at 10
m height except for special cases in complex terrain.

Some comments on the regulations:
In quiet areas there is a risk that wind turbine noise will exceed the background level even if it is lower than
the immission limit. It will however be quite unpractical to take special notice to such areas and since the
immission limit is respected the noise level will still be acceptable. Complaints from neighbours can
unfortunately be expected no matter where the wind power plants are built.

The question arose of how many complaints are acceptable for a noise level limit. Jørgen Jacobsen told
about a small study in Denmark showing that about 10% of the population will feel disturbed by the
immission limits that they have. He thought that this number was quite reasonable.

Whether people will be disturbed or not is a very subjective matter. In Sweden a recently started PhD
project will investigate how the public’s sensitivity concerning wind turbine noise is affected by their
attitude towards wind energy. In Holland there is also an increased interest in subjective, non-technical
aspects of how the public experience noise and other environmental disturbances. For example, the odour
regulation is already linked to how many people that feel disturbed by the odour.

In several countries there is a special regulation for wind power noise. Some of the participants pointed out
that it would be simpler if wind power noise was included in other noise immission regulations.

Within the European Union the Commission has made a proposal for common noise immission level
descriptions and evaluation methods. It is primarily intended for traffic noise but can be expanded to
include other areas, such as wind power noise. It suggests an equivalent annual average sound level (Lden)
where the night level has a penalty of 10 dB(A) and the evening level of 5 dB(A). The day is in this case 12
hours, the evening 4 hours and the night 8 hours. At which hour it is day, evening and night is decided by
the countries. It should be emphasised that the proposal is not concerned with the specific values of the
noise level limits, only with how they are defined.

��������	�������	�	�
�	������
�	��������
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The noise immission limits are in some countries given as equivalent levels and in some as percentiles. As
said above, the new proposal from the European Commission uses equivalent levels. Nothing was said
about advantages or disadvantages with the different types of levels.

Bo Søndergaard pointed out that if a maximum value is included in the limits this would give an instrument
to force wind power plant owners to repair plants that occasionally makes too much noise.

�����������������������������������
In some countries the limit varies with the time of the day. The night limit is the lowest and therefore the
determining value in most cases. Wind turbines with variable RPM can however alter their speed to fit the
limits and hence increase the energy output during the day and lower it at night. The result will be that a
turbine with variable RPM can produce more energy than a similar one with fixed RPM but still fulfil the
noise regulations.
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Dimitris Theofiloyiannakos liked the idea with several limits but thought that the authorities in Greece
would be reluctant to introduce such regulations.

Sten Ljunggren told about an ETSU-report suggesting that the evening values should be lower than night
values since the noise can be louder without being a disturbance when people are asleep. Bent Andersen
and Kurt Braun did however not agree with this since a higher noise level at night could be a major
problem for night workers and others trying to fall asleep at that hour.

��	����
�������
Determination of background noise can be a problem. In Holland they use standardised values for the
background noise while in France they measure the background noise level on the site. If a model of the
background noise is to be fairly detailed it will need many measurements. On the other hand should in situ
measurements also be fairly extensive so that they can cover different kinds of weather conditions.

The question arose also of what should be included in background noise. If it is not just natural sound then
the background noise in an area will increase as more and more sound sources (industries, roads, other
wind turbines etc) are built. Hence, if the background noise is to include other artificial sound sources there
must be a maximum limit of the noise immission.

�����������
It was discussed whether it is possible to measure the noise immission indoors or if the indoor noise level
most often is too low to be measured correctly. Olivier Fégeant told that he had experience from a person
complaining about wind turbine noise indoors, the turbines could be heard very faintly but the noise level
indoors could not be measured. In Holland the noise immission level indoors is 15dB(A) lower than the
corresponding outdoor limit. However the noise level is not measured indoors, instead they measure it
outdoors and then reduce that value with the insulation of the walls.

When the wind blows around a house broadband noise is generated. It is therefore important to measure the
noise level at the same wind speed with and without the wind turbines operating. It is also important to
measure at different points indoors to avoid resonance effects due to the properties of the room.

Some countries, as Sweden and Holland, have standards for how to measure indoor noise.

������������������
�������������������� 
The issue of wind turbines with variable RPM was discussed throughout the meeting. Though there are not
many of these wind turbines installed today the number is likely to increase in the near future.

As said when different day and night limits were discussed, having different immission limits at different
hours will increase the possible energy output of a wind power plant with variable RPM. Kurt Braun said
that these turbines should be treated fairly and that they therefore also should be allowed to emit more noise
at high wind speeds. Due to increased background noise this will not be disturbing. The new regulation in
Holland uses a wind speed dependent immission limit and is therefore an advantage for these turbines.

It was said that the plant owners should be able to know how high electric power they could have at
different wind speeds without violating the noise limits. The IEA standard states that the noise immission
shall be measured at 8 m/s wind speed. This allows for higher sound levels at higher wind speed but it also
gives the wind plant owners the possibility to optimise their plants so that they won’t emit more than
allowed at 8 m/s and not caring for the emission at other wind speeds. Limits at several wind speeds or
integration over a range of wind speeds would perhaps be better. This will however require quite a lot of
measurements.

Another idea was to relate the noise level to the electric power instead of the wind speed. Then there is no
risk of a dishonest owner shutting down the turbine and only letting the blades rotate when measuring the
noise level. It would also be easier for the owners to know how much electric power they can produce at
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different wind speeds. This will however require information from the manufacturer of how the noise
changes with electric power.

When dual speed turbines change their RPM there is a risk of high noise levels. Due to this Sten Ljunggren
asked if a short-term limit higher than the normal limit is needed. The general opinion was that it isn’t since
these problems probably can be avoided if the turbines are constructed correctly. Hydraulic control of the
turbines should for example be avoided since they always generate noise. Since high noise at speed changes
is created by resonance this is also a structural problem, which the manufacturers most probably will
correct.

��������	��������������������	��	

	��������

During the discussion of this topic Jørgen Jacobsen and Sten Ljunggren told about a program called
WiTuProp for calculating sound propagation that is freeware. It has been used in Sweden for upwind
conditions. It is based on geometric ray-tracing and assumes ground with finite impedance and
homogenous atmosphere. For these conditions it has given good results. There is also a version for
refracting atmosphere.

!��������
The atmospheric absorption can be calculated if the temperature, the pressure and the relative humidity of
the atmosphere is known. How to do this is described in the standard ISO 9613-1:1993 and ISO 9613-
2:1996. If there are no meteorological data from the specific site there are standard values that can be used.
The standard values are however quite rough. In Sweden the absorption has been calculated for different
places using meteorological data from several decades, giving more accurate values.

���������	�������	��������
������������
In complex terrain the emission from the same kind of wind turbine will vary much depending on the
surroundings. In complex terrain there are vertical movements of the air and quite often turbulence that
cause sound generation around the wind turbine blades. When measuring noise immission the wind speed
is often only measured at 10 m height, which does not give enough information to predict these effects.

One of the worst cases is if a wind power plant is standing near a slope, then there can be a difference in the
noise emission up to 5-6 dB(A) compared with data from the manufacturer. This is due to that the wind
flow hits the blades with an angle, which generates more sound than if it hits the blades perpendicularly.
This will also create vibrations in the turbine making it not only a noise problem but a structural one as
well.

Franco Guidati told that they have been measuring the noise emission for different jaw angles. They found
that at a certain angle the noise will increase rapidly and the electric power will decrease. At 45° the power
is halved.

It seems however that there is no good model to calculate these effects accurately. There have be efforts
trying to relate the noise emission to the wind shear but with no success. It is possible that it is better to try
to relate the noise emission to the electric power instead of the wind speed. This will however not solve the
problem entirely since the propagation also is affected by complex terrain and turbulence.

"�������������
�����
The wind power industry seems to think that noise is not a problem for offshore wind turbines but the fact
is that we don’t have enough knowledge in this area yet. According to Sten Ljunggren there is an example
of offshore wind turbines being heard as far as 100 km from the site at certain weather conditions. The
noise immission level was in this case about 30 dB. That sound can travel long distances over water is not
surprising tough and other examples was given by Jørgen Jacobsen (a ferry emitting pure tones heard 50
km away) and Hans Geleijns (a shooting site).
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When sound is propagated over water in downwind conditions there will be a tunnel effect where the sound
energy is trapped between the reflecting water surface and layers of air with high wind speed. The sound
level will be highest near the ground. How often this happens is not know yet and we need meteorological
data to find that out. The same problem with tunnel effects can be observed under the water where the
sound is trapped between layers of different salinity.

Today there is quite few offshore wind turbines and they are relatively small. There are however plans for
larger farms in many countries and the wind turbines used there will most likely be larger than land based
turbines hence emitting more noise. It is however possible to modify the RPM of the wind power plants and
thereby move the noise emission to higher frequencies. This would improve the situation since high
frequencies are absorbed more.

The group agreed that above all measurements of long range sound propagation over water is needed,
especially due to the industry’s unawareness of the problem. Long-term measurements from offshore wind
turbines are planned by Sten Ljunggren and Lisa Johansson as a part of Lisa Johansson’s PhD project and
will hopefully be carried out within a few years.

#����	������������	�������������������
�������
There are three areas in which certification and accreditation could be needed; when calculating expected
noise immission level, when measuring noise immission and when manufacturers specify noise emission.

In Sweden there has been a discussion if prediction models should be certified since some developers have
used models and programmes that didn’t agree with Swedish recommendations. In Denmark they do not
have that problem since they have a calculation method within their regulations. They also have a system
for accrediting those who make measurements, so have also some of the other countries.

The discussion came to concentrate on how to certify the manufacturers specifications. When measuring
noise emission from prototypes the conditions are often perfect and the prototypes optimised. The noise
level will therefore most probably be as low as it can be for that type of turbine. An emission level of about
2-3 dB compared to more realistic conditions is quite common. Some authorities also always assume that
the turbines will emit 2-3 dB more than stated while others warn developers who are to close to the
regulation limit that measurements will be done after the installation. There is also an ageing effect that
needs to be considered; a wind turbine will often emit more noise some time after the installation.

Today the manufacturers often only measure on one turbine. If they measured the emission from 2-3
turbines the result could be a bit more accurate but the measurements would still be done at unrealistic
conditions. Franco Guidati suggested that an artificial roughness could be applied to the blades to obtain a
more correct emission. Random measurements during the production are also an idea.

It was concluded that it would be beneficial for both the manufacturers themselves and others to know the
production uncertainty for emission from wind turbines.

�����	����
������	��	

	������
�������

Sweden and Germany use the IEA document for measuring noise immission and Hans Geleijns said that he
thought that the Dutch standard agreed with it. In France they had not heard of it until this meeting. They
measure the noise immission at less than 5m/s but the IEA standard can probably still be used though it
says that the target wind speed should be 8 m/s.

The measurement of pure tones is quite complicated and will be rewritten if there is a new revision. In the
emission document (for which there is a new version) the tonality is given as a RMS average. It was not
agreed on whether this would be good idea for immission measurements as well since the tones are masked
during the propagation. However it did not seem as a new version of the immission document is needed just
to change this.
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No specific simplification was asked for but there was a discussion of how to measure immission from
offshore wind turbines. When this has been done a method should be included in the document. Dimitris
Theofiloyiannakos also asked for more on how to measure in complex terrain and how to do with turbines
with variable RPM.

���
�������
�	����
������	�	���	����	��
Different ways of dealing with limit violations were discussed it seems as the most common methods are
fees and (partial) closure of the wind turbines. There are quite many examples of turbines that have to be
closed during night or that a few turbines in a group are closed.

In some countries the owner of the turbines can make an agreement with the neighbours and the local
authorities to compensate the neighbours with better house insulation. If such agreement is made the
immission level can be raised.

Jørgen Jacobsen told of a case where a neighbour complained of the noise from a wind turbine. Since he
was the only resident in the area a power switch was installed in his house so that he himself could shut
down the turbine when he felt disturbed. He did however never use the switch. Though this was a quite
extraordinary case it is common that if the public is included in the discussions and offered some kind of
compensation their attitude will change and there will be less complaints.

Though it is the laws in the different countries that decide the punishments for violations it could be
beneficial if representatives for the countries were to exchange experiences in this area.
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Wind turbines at night:
acoustical practice and sound research

Frits G.P. van den Berg

Science Shop for Physics, University of Groningen, the Netherlands, g.p.van.den.berg@phys.rug.nl

Sound levels near a wind turbine park at night were much higher then expected. This is caused by strong winds at
hub height especially when at ground level there is little wind, as is quite usual at night. This common and
wellknown meteorological effect has not yet been recognized with respect to wind turbine noise.
To determine turbine sound power levels we had to deviate from the recommended standard measurement
procedure. Without park operator co-operation it was impossible to operate just one turbine or no turbine at all. Also
a hard, reflective board as recommended was impractical or impossible to use. Impulsiveness is usually determined
with a single turbine in operation. We conclude that sound pulses, not clearly audible in the wind park itself, are
caused by the interaction of several turbines.
The case described here shows that calculation models should regularly be checked for correctness, especially in
new situations/applications and where a strong community reaction may indicate a model does not cover reality. We
also recommend that it must always be possible to check calculated immission levels by immission measurements,
with or without operator co-operation. This does not only apply to the case of wind turbines.
Although standard procedures are necessary and useful, a negative effect is it makes citizens more dependent on
experts. The cost of access to expertise is an important threshold to objective judgement.

1. INTRODUCTION
In 2001 the German wind park Rhede was put into operation just 400 m from the Dutch border.
Local authorities as well as residents at the Dutch side had opposed the construction of the 17
wind turbines because of the effects on landscape and environment: with 98 m hub height the 1.8
MW turbines would dominate the skyline of the early 20th century village of Bellingwolde and
introduce noise in the quiet area. With the turbines in operation residents at 500 m and more
from the wind park found the noise (and flicker shadow, which will not be dealt with here) worse
than they had expected. The wind park operator declined to take measures as acoustic reports
showed that German as well as Dutch noise limits were not exceeded. When the residents
brought the case to a German court, they failed on procedural grounds. For a Dutch court they
had to produce arguments that could only be provided by experts.

Science Shops are specifically intended to help non-profit groups by doing research on their
behalf. For the Science Shop for Physics in Groningen noise problems constitute the majority of
problems that citizens, as a group or individually, come up with. Although the aim of sound
research is the same as for acoustic consultants –to quantify sound levels relevant for annoyance-
the customers are different: consultants mostly work for the party responsible for the sound
production, whereas the Science Shop mostly works for the party that is affected by the sound.
This may lead to different research questions. In the case of wind park Rhede a consultancy will
check the sound production of the turbines and check compliance of the calculated sound
immission level with relevant limits. The Science Shop however, taking the strong reaction from
the residents as a starting point, wanted to check whether the real sound immission agrees with
the calculated one and whether sound character could explain extra annoyance.
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Earlier we showed in a Dutch magazine, on the basis of 30 acoustic reports, that acoustic
consultants tended to rely too much on information from their customers, even when they had
reason to be critical about it [8]. As consultant’s customers are usually noise producers and
authorities: the point of view of those that are affected by noise is not usually very prominent.
The present paper shows that for wind turbines a similar case can be made.

2. RESULTS FROM THE WIND PARK RHEDE
The results of the investigation of the sound from the wind park Rhede are given in a Dutch
report and an English paper presented to the JSV [1, 2] (there are efforts to produce a German
translation of the report). Here the results will be dealt with briefly. The main cause for the high
sound level perceived by residents is the fact that wind speeds at night can, at 100 m height, be
substantially higher than expected. For acoustic purposes prediction of the wind speed at hub
height is based on the wind speed vref at the reference height for wind speed measurements (href =
10 m), extrapolated to a wind speed vh at height h with the well known and widely used formula
for the logarithmic wind profile: vh  = vref⋅log(h/z)/log(href/z). This profile may be used only
implicitly when the relation between turbine sound power level and vref valid for daytime
conditions is used for night time conditions. The logarithmic profile depends only on roughness
length z, not on atmospheric conditions. It should be valid for a neutral, i.e. heavily overcast
and/or very windy atmosphere, not for a stable atmosphere as is usual in night time. At night,
given a specific wind speed at reference height, the wind speed at greater heights will be higher
than expected from the logarithmic profile (or rather: given a specific high wind, the wind speed
at lesser heights is lower). A well known observation is that at night the wind subsides. This is
not caused by high, geostrophical winds (as these are not determined by diurnal influences but
by the distribution of high and low pressure areas) but by atmospheric stability caused by
radiative cooling. When at night cooling sets in the wind speed close to the ground is indeed
reduced and the wind speed at hub height is higher than expected from the logarithmic wind
profile. As a consequence a wind turbine produces more sound then expected from the wind
speed at reference height. As measured immission levels near the wind park Rhede show, the
discrepancy may be very large: sound levels are up to 15 dB (!) higher than expected at 400 m
from the wind park. At a distance of 1500 m actual sound levels are 18 dB higher than expected,
15 dB of this because of the higher sound emission and 3 dB because sound attenuation is less
than predicted by the sound propagation model. The important point is not so much that the
maximum measured sound level is higher than the maximum expected sound level (it was,
around +2 dB, but this was not an effect of the wind speed profile). The point is that this
maximum does not only occur at high wind speeds as expected, accompanied by high wind
induced ambient sound levels, but already at relatively low wind speeds (4 m/s at 10 m height)
when there is little wind at the surface and therefore little wind induced background sound. Thus,
the discrepancy of 15 dB occurs at quiet nights, but yet with wind turbines at almost maximum
power. This situation occurs quite frequently.

A second effect that adds to the sound annoyance is that the sound has an impulsive character.
The primary factor for this is the well known swishing sound caused by the pressure fluctuation
when a wing passes the turbine mast. For a single turbine these 1 – 2 dB broad band sound
pressure fluctuations would not classify as impulsive. When several turbines operate nearly
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synchronously the pulses however may occur in phase: two equal pulses give a doubling in pulse
height (+3 dB), three a tripling (+5 dB). Several low magnitude pulse trains thus cause sound
with an unexpected, relatively strong impulsive character whenever they synchronise. The sound
then resembles distant pile driving or, as a resident said: ‘an endless train’. Synchronisation here
refers to the sounds that the wind turbines contribute at the immission point.  In the wind park we
never heard the impulsiveness.

3. EARLY WARNINGS OF NOISY WIND TURBINES?
One may wonder why the strong effect of the nightly wind profile or the pulselike sound was not
noticed before. In the 1998 publication IEC 16400 again only the neutral logarithmic wind
profile is used [3]. And even in 2002 a Dutch report stated in a general way that wind turbine
sound is not impulsive [7].
There have been some warnings. For example, in 1998 Rudolphi concluded from measurements
that wind speed at 10 m height is not a good measure for the sound level: at night the (58 m hub
height) turbine sound level was 5 dB higher than expected [4]. Since several years residential
groups in the Netherlands, and probably abroad as well, complained about annoying turbine
sound at distances where they are not even expected to be able to hear the sound. Recently
Pedersen et al found that annoyance was relatively high at (calculated!) sound immission levels
below 40 dB(A) [5] where one would not expect strong annoyance.
As wind turbines become taller, the discrepancy between real and expected levels grows and as
more tall wind turbines are constructed complaints may become more widespread. In the
Netherlands residents near the German border were (apart from one single tall turbine elsewhere)
the first Dutch to be acquainted with turbines of 100 m hub heights.

It may be that earlier discrepancies between real and projected sound immission were not
sufficient to evoke strong community reactions and that only recently turbines have become so
tall that the discrepancy now is intolerable.
There are other reasons that early warnings perhaps did not make much impression. One is that
sound emission measurements are usually done in daytime. It is hard to imagine the sound would
be very different at night time, so (almost) no one did. Until some years ago, I myself could not
imagine how people could hear wind turbines 2 km away when at 300 to 400 m distance the
(calculated) immission level was, for a given wind speed, already equal to the ambient
background sound level (L95).
What is probably also a reason is the rather common attitude that ‘there are always people
complaining’. Complaints are a normal feature, not a reason to re-investigate. Indeed Dutch
noise policy is not to prevent any noise annoyance, but to limit it to acceptable proportions.
Added to this is a rather general conviction of Dutch authorities and consultants that routine
noise assessment in compliance with legal standards must be correct. If measurements are
performed it is to check actual emission levels –usually in normal working hours, so in daytime.
It is quite unusual to compare the calculated sound immission from a wind turbine (park) with
measured immission levels (so unusual that it is likely that we were the first to do so).
A third reason may be partiality to the outcome of the results. Wind turbine operators are not
keen on spending money that may show that sound levels do not comply with legal standards.
And if, as expected, they do comply, the money is effectively wasted. Apart from this, we have
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the experience that at least some organisations that advocate wind energy are not interested in
finding out why residents oppose wind parks.

4. THE USE OF STANDARD PROCEDURES
Although our objective was to measure immission sound levels, we also wanted to understand
what was going on: if levels were higher than expected, was that because emission was higher or
attenuation less? We therefore also measured sound emission as a function of rotational speed of
the variable speed turbines. An interesting point that came up with the emission measurement
was that compliance with the used standard [6] was impossible. As the park operator withdrew
the co-operation that was previously promised, we had to measure emission levels with the full
park in operation, as we obviously did not have the means to stop all turbines except the one to
be measured, as the standard prescribes. To measure ambient background sound level, even the
last turbine should be stopped.
In compliance with the standard the emission should be measured within 20% of the distance to
the turbine equal to hub height + wing span. However, to prevent interference from the sound
from other turbines the measurement location had to be chosen closer to the turbine.
The primary check on the correctness of the distance (i.e. not too close to other turbines) was by
listening: the closest turbine should be the dominant source. If not, no measurement was done,
and usually a measurement near another turbine was possible. Afterwards we were able to
perform a second check by comparing the measured sound immission of the wind park at a
distance of 400 m with the level calculated with a sound propagation model with the measured
emission level of all (identical) turbines as input. The calculated difference between a single
turbine sound power level and the immission level was 58.0 dB (assuming a constant spectrum
this is irrespective of the power level itself). The measured average difference was 57.9 dB, with
a maximum deviation of individual measurement points of 1.0 dB. In fact, from our
measurements one may conclude that, to determine turbine sound power level, it is easier and
cheaper to measure total sound emission at some distance from a wind park then measuring
separate turbines. And in many nights the wind induced ambient sound, that easily spoils
daytime measurements, is not an important disturbance!

Using a 1 m diameter round hard board, in compliance with the standard, was quite impractical
and sometimes impossible. E.g. in one place potato plants would have to be cleared away, in
another one would have to create a flat area in clumps of grass in a nature reserve, both
unnecessarily. Instead of the large board we used the side (30x44 cm2) of a plastic sound meter
case. We convinced ourselves that this was still a good procedure by comparing sound levels
measured on the case on soft ground with sound levels measured just above a smooth tarmac
road surface a few meters away, both at the same distance to the turbine as in the other
measurements: there was no difference.

Whether a turbine produces impulsive sound is determined by listening to and measuring the
sound near a single turbine (along with measurements to determine sound power and spectral
distribution). In the Netherlands impulsivity is judged subjectively (by ear), not by a technical
procedure as in Germany. Interestingly, in Dutch practice only an acoustician’s ear seems
reliable, though even their opinions may disagree. Judgement can be supported with a sound
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registration showing the pulses. From our measurements the impulsive character can be
explained by the interaction of the sound of several turbines. Even at a time the impulsive
character can be heard near residents’ dwellings, it cannot (never?) clearly be heard close to the
turbines in the wind park. So here also there was need to do measurements where people are
actually annoyed, and not to rely on source measurements only, certainly not from one turbine.

When noise disputes are brought to court, it is clearly advantageous to have objective procedures
and standards to assure that the technical quality, which can hardly be judged by non experts, is
sufficient and therefore the results are reliable. In the case made here a standard may however be
non-applicable for valid reasons. Already however the emission measurements are contested on
procedural grounds (viz. we have not complied to the standard). As a matter of fact the
immission sound levels were the primary research targets and we did not really need the sound
emission measurement results, so the opposition does not seem very relevant.

The tendency to put all noise assessment into technical standard procedures has the disadvantage
that it is hardly possible for non experts, such as residents, to bring other arguments to court.
They, the annoyed, will have to hire an expert to objectify their annoyance. This is not something
every citizen can afford.

5. MODELLING VERSUS MEASUREMENTS
Being able to calculate sound levels from physical models is certainly a huge advantage over
having to do measurements (if that, indeed, is possible) especially as in practical situations
conditions keep changing and other sounds disturb the measurements. Because of its obvious
advantages models have become far more important for noise assessment than measurements. In
the Netherlands usually sound emission measurements are carried out close to a source to
determine sound power levels. Then, with the sound power level, the immission level is
calculated, usually on façades of residences close to the sound source. It is not common to
measure immission levels in the Netherlands; in some cases (e.g. railway, aircraft noise) there is
not even a measurement method (legally) available to check calculated levels.

A physical model however is never the same as reality. As was shown above, the widely used
model for sound production from wind turbines is implicitly based on a specific wind profile.
This profile is not correct at night, although the night is the critical period for wind turbine noise
assessment. Also attenuation with distance is overestimated for distances over 0,5 km.
Even a perfect physical model will not reproduce reality if input values are not according to
reality. An example is to apply sound power levels from new sources (cars, road surfaces,
aeroplanes, mopeds, vacuum cleaners, etc.), maybe acquired in a specific test environment, to
real life situations and conditions. In a wind park south of the wind park Rhede a turbine
produced a clearly audible and measurable tonal sound, probably caused by a defect on a wing. It
is very hard for residents to convince the operator and authorities of this annoying fact, partly
because all experts say that modern wind turbines do not produce tonal sound.
Incorrect models and incorrect input may well occur together and be difficult to separate. It
should be important that calculation models are regularly checked for correctness. Situations
where (strong) complaints arise may indicate just those cases where models do not cover reality.
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6. CONCLUSION
In modelling wind turbine sound very relevant atmospheric behaviour has been ‘overlooked’. As
a consequence, at low surface wind speeds such as often occur at night, wind turbine noise
immission levels may be up to 15 or 18 dB higher than expected. The discrepancy between real
and modelled noise levels is greater for tall wind turbines. International models used to assess
wind turbine noise on dwellings should be revised for this atmospheric effect.
A discrepancy between noise forecasts and real noise perception, as a result of limited or even
defective models, cannot always be avoided, even not in principle. Its consequences can however
be minimised if immission levels are measured at relevant times and places. This relevancy is
also determined by observations of those affected. It should always be possible to check noise
forecasts by measurement.
For wind turbine noise (and other noise sources) standard measurement procedures require co-
operation of the operator to be able to check emission sound levels. This introduces an element
of partiality to the advantage of the noise producer. This is also generally a weak point in noise
assessment: the source of information is usually the noise producer. There should always be a
procedure to determine noise exposure independent of the noise producer.

Standard technical procedures have the benefit of providing quality assurance: when research has
been conducted in compliance with a standard procedure lay persons should be able to rely on
the results. It may however also have a distinct disadvantage for plain people opposing a noise
source: when an assessment is not in agreement to a standard procedure is may not be accepted
in court, regardless of the content of the claim. A negative side effect is the resulting dependency
on legal as well as acoustical experts. If citizens are forced to use expert knowledge, one may
argue that they should be given access to that knowledge. An important threshold is the cost of
that access.
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Octave band data @ 4 m/s 
 
63 Hz = 78,4 dB(A) 
125 Hz = 83,6 dB(A) 
250 Hz = 90,8 dB(A) 
500 Hz = 92,7 dB(A) 
1 kHz = 93,6 dB(A) 
2 kHz = 96,4 dB(A) 
4 kHz = 96,7 dB(A) 
8 kHz = 73,0 dB(A) 
 
@ 5 m/s 
 
63 Hz = 80,4 dB(A) 
125 Hz = 86,5 dB(A) 
250 Hz = 92,7 dB(A) 
500 Hz = 93,3 dB(A) 
1 kHz = 93,7 dB(A) 
2 kHz = 93,5 dB(A) 
4 kHz = 93,9 dB(A) 
8 kHz = 79,4 dB(A) 
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@6 m/s 
 
63 Hz = 79,7 dB(A) 
125 Hz = 87,7 dB(A) 
250 Hz = 93,8 dB(A) 
500 Hz = 93,9 dB(A) 
1 kHz = 93,9 dB(A) 
2 kHz = 91,8 dB(A) 
4 kHz = 90,6 dB(A) 
8 kHz = 76,8 dB(A) 
 
@ 7 m/s 
 
63 Hz = 81,8 dB(A) 
125 Hz = 89,1 dB(A) 
250 Hz = 94,5 dB(A) 
500 Hz = 94,4 dB(A) 
1 kHz = 94,2 dB(A) 
2 kHz = 91,8 dB(A) 
4 kHz = 89,8 dB(A) 
8 kHz = 78,1 dB(A) 
 
@ 8 m/s (95% RP) 
 
63 Hz = 83,3 dB(A) 
125 Hz = 90,3 dB(A) 
250 Hz = 94,9 dB(A) 
500 Hz = 95,0 dB(A) 
1 kHz = 95,9 dB(A) 
2 kHz = 92,9 dB(A) 
4 kHz = 91,0 dB(A) 
8 kHz = 81,5 dB(A) 
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Wind farms 'make people sick who live up to a mile away' 
By Catherine Milner 
(Filed: 25/01/2004)  

 
Onshore wind farms are a health hazard to people living near them 
because of the low- frequency noise that they emit, according to new 
medical studies. Doctors say that the turbines - some of which are 
taller than Big Ben - can cause headaches and depression among 
residents living up to a mile away. 

 
One survey found that all but one of 14 people living near the Bears 
Down wind farm at Padstow, Cornwall, where 16 turbines were put up 
two years ago, had experienced increased numbers of headaches, and 
10 said that they had problems sleeping and suffered from anxiety. 

  
 
Wind farms: doctor claims they cause an increase in 
depression 

Dr Amanda Harry, a local GP who did the research, said: "People 
demonstrated a range of symptoms from headaches, migraines, 
nausea, dizziness, palpitations and tinnitus to sleep disturbance, 
stress, anxiety and depression. These symptoms had a knock-on effect 
in their daily lives, causing poor concentration, irritability and an 
inability to cope." 

 
Dr Harry said that low-frequency noise - which was used as an 
instrument of torture by the Germans during the Second World War 
because it induced headaches and anxiety attacks - could disturb rest 
and sleep at even very low levels. 

 
"It travels further than audible noise, is ground-borne and is felt 
through vibrations," she said. "Some people are having to leave their 
homes to get away from the nuisance. Yet, despite their obvious 
suffering, little is being done to relieve the situation and they feel that 
their plight is ignored." 

 
Similar problems have been found by Dr Bridget Osborne, a doctor in 
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Moel Maelogan, a village in North Wales, where three turbines were 
erected in 2002. She has presented a paper to the Royal College of 
General Practitioners detailing a "marked" increase in depression 
among local people. 

 
"There is a public perception that wind power is 'green' and has no 
detrimental effect on the environment," said Dr Osborne. "However, 
these turbines make low-frequency noises that can be as damaging as 
high-frequency noises. 

 
"When wind farm developers do surveys to assess the suitability of a 
site they measure the audible range of noise but never the infrasound 
measurement - the low-frequency noise that causes vibrations that 
you can feel through your feet and chest. 

 
"This frequency resonates with the human body - their effect being 
dependent on body shape. There are those on whom there is virtually 
no effect, but others for whom it is incredibly disturbing." 

 
A report by Dr Geoff Leventhall, a fellow of the Institute of Physics and 
Institute of Acoustics, has endorsed the findings. "Low-frequency noise 
causes extreme distress to a number of people who are sensitive to its 
effects," it says. 

 
The claims have sparked an inquiries by the British Wind Energy 
Association and the Department of the Environment, Food and Rural 
Affairs, which has commissioned scientists at Salford University to 
research the effects of wind turbines on human health. 

 
There are more than 1,000 turbines on 80 wind farms around Britain. 
They have rapidly increased in number during the past decade as a 
result of the Government's aim of getting 10 per cent of Britain's 
energy needs from renewable sources by 2010. To meet that target, 
there would have to be at least 5,000 turbines. 

 
In Denmark, where wind turbines were introduced as long as 30 years 
ago, the government has responded to public demand and stopped 
erecting onshore turbines because of the noise hazard. 

 
Dr Stephen Briggs, an archaeologist who lives in the village of 
Llangwryfron in West Wales, initially welcomed the news that 20 
turbines were to be built in the hills behind his home. 



 
He said: "I'm as green as the next man and the developers assured us 
that the windmills would cause hardly any disturbance, but once they 
began operating I couldn't work in my garden any more - the noise 
was unbearable. It was as if someone was mixing cement in the sky." 

 
Two neighbours became ill from a lack of sleep and after four years of 
frustrated appeals, the Briggs family left their home of 17 years. 
House prices near to wind farms have also plummeted. 

 
Mark Taplin, who has lived close to a wind farm near Truro in Cornwall 
for almost a decade, said: "It has been a miserable, horrible 
experience. They are 440 metres away but if I step outside and they 
are not generating I know immediately because I can hear the silence. 
They grind you down - you can't get away from them. They make you 
very depressed - the chomp and swoosh of the blades creates a noise 
that beggars belief." 

 
National Wind Power, a company that builds turbines, recommends 
that they are erected at least 600 yards from human habitation, but 
government planning guidelines allow them to be put up just 400 
yards from houses. 

 
Alison Hill, the communications manager for the British Wind 
Association, said: "Wind farms make people feel better - they are a 
visible evidence of a cleaner, better future. However, we are currently 
doing research into the health impact of the turbines and shall be 
publishing the results within the next six months." 

8 December 2003: Edmonds fights plans to build wind 
farms 

21 November 2003: First offshore wind farm joins the national grid     
External links      
  

British Wind Energy Association 
  

Institute of Acoustics 
  

Royal College of General Practitioners 
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1 INTRODUCTION

This document aims to help developers, planning and enforcement authorities, other government
agencies and the broader community assess environmental noise impacts from wind farms.

The core objective of these guidelines is to balance the advantage of developing wind energy
projects in this State with protecting the amenity of the surrounding community from adverse
noise impacts.

Wind farms need specific guidelines because wind turbines have unique noise generating
characteristics and the environments surrounding wind farm sites usually have low ambient
noise.

A workshop with approximately 40 participants was held to help develop these guidelines. A
technical subgroup, formed from the workshop group, provided specific technical consultation
during development. An earlier draft of these guidelines was distributed to the original workshop
participants and their submissions were used to prepare this final document.

In addition, the Environment Protection Authority (EPA) has taken into consideration the
documents listed in the Bibliography (Section 11).

Shaded boxes throughout this draft document contain explanatory comments.

Guidelines

The Environment Protection Act 1993 requires a duty of care for the environment. This is
specified under Section 25 of the Act and states:

A person must not undertake an activity that pollutes, or might pollute, the environment unless the
person takes all reasonable and practicable measures to prevent or minimise any resulting environmental
harm.

Guidelines published by the EPA indicate the standard of care that is likely to be required to
secure compliance with the general environmental duty as outlined in s. 25 of the Act.

They have the advantage of flexibility and can be adapted to a range of circumstances.
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2 NOISE CRITERIA

The general approach in setting noise criteria for new developments is to require compliance with
a base noise level.

This base noise level is typically 5 dB(A) lower than the level considered to reflect the amenity of
the receiving environment. Designing new developments at a lower level accounts for the
cumulative effect of noise from other similar development and for the increased sensitivity of
receivers to a new noise source.

The impact of a given noise is also closely linked to the amount it exceeds the background noise.
For example, the same noise in a quiet rural area will generally have a greater adverse impact than
in a busy urban area because of the masking effect of high ambient noise environments.

If the noise generated does not exceed the background noise by more than 5 dB(A) the impact will
be marginal and acceptable.

A unique characteristic of wind farms is that the noise level from each wind turbine generator
(WTG) increases as the wind speed at the site increases. As an offset, the background noise also
generally increases under these conditions and can mask the WTG noise.

Comparison with a base noise level alone will therefore not be sufficient to indicate the potential
impact of a wind farm: a farm could comply with this base level at lower wind speeds but exceed
it when the wind speed rises.

Most international and interstate jurisdictions (see examples below) set a base noise level for low
wind speeds and also ensure that the wind farm noise does not exceed the background noise by
more than 5 dB(A) as the wind speed increases.

This general approach recognises the unique noise generating characteristics of wind turbines and
the particular ambient noise environments of most sites and is the one used by these guidelines.

The New Zealand Standard NZS 6808 sets the predicted base level (LAeq) at 40 dB(A). This is
higher than the approach of these guidelines, but the specified propagation model to be used in
accordance with that standard does not account for factors such as ground absorption and
topography effects that can substantially reduce the noise level in practice. In addition, the New
Zealand Standard requires the criteria to be met at all receivers, regardless of their relative
amenity or relationship with the wind farm development.

A comprehensive publication developed by the wind farm industry for the UK Department of
Trade and Industry (1996) sets the base level (LA90) at 35�40 dB(A). The actual value chosen
within this range depends on the number of dwellings affected, the effect on the capacity of the
wind farm of meeting the standard, and the duration and level of exposure.

Wind turbines and wind farms have been being developed in Denmark for over 20 years.
Denmark has set a base noise level only (and does not consider the influence of background
noise). The base noise level (LAeq) is set at 40 dB(A) for a wind speed of V10m = 8 m/s. These
guidelines will provide a similar result given the expected influence of background noise.

The NSW EPA has not published specific guidelines for wind farms but has assessed a number
of development applications using the same base noise level and background noise approach as
these guidelines.
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Most wind farm sites are within or next to areas where low ambient noise levels are a significant
component of that area�s amenity. These might include rural living zones or zones that are not
intended to be subject to any other significant ambient noise sources from adjacent premises.

The criteria in these guidelines have been established for just such a scenario and have been
developed in accordance with the objects of the Environment Protection Act 1993 (the Act).

Where the wind farm sites are within or next to areas where more intensive activity is expected,
the base noise level may also be increased commensurate with the amenity of that area. It is
recommended that the developer discuss such a situation with the EPA and the relevant planning
authority.

2.1 Determining wind farm operating criteria
The Environment Protection (Industrial Noise) Policy 1994 limits the noise level from non-domestic
noise sources including wind farms to 40 dB(A) or the lowest typical background noise level plus
5 dB(A) (whichever is the greater) in rural areas from 2200 hrs until 0700 hrs the following day.

This limit applies to existing noise sources and does not necessarily reflect the preferred noise
criterion for new (planning) development. The general approach for new development applies a
night time level of 35 dB(A) to significant development in a rural location.

To prevent adverse impacts from the increased noise of WTGs under high wind conditions, the
increasing noise level must also be compared to the corresponding background noise at the
relevant receiver.

2.2 Noise criteria�new wind farm development
The predicted equivalent noise level (LAeq,10), adjusted for tonality in accordance with these
guidelines, should not exceed:

� 35 dB(A), or

� the background noise (LA90,10) by more than 5 dB(A)

whichever is the greater, at all relevant receivers for each integer wind speed from cut-in to rated
power of the WTG.

The background noise should be as determined by the data collection and regression analysis
procedure recommended under these guidelines (Section 3). It should be read from the resultant
graph at the relevant integer wind speed.

2.3 Agreements with wind farm developers
Wind farm developers commonly enter into agreements with the owners of private land suitable
for a wind farm site. The agreement provides the wind farm developers with the appropriate
siting and generally provides the landowner with a level of compensation and diversity in their
income stream.

The criteria have been developed to minimise the impact on the amenity of premises that do not
have an agreement with wind farm developers.

Notwithstanding this, the EPA cannot ignore noise impacts on the basis that an agreement has
been made between the developer and the landowner. Developers cannot absolve themselves of
their obligations under the Act by entering into an agreement with a landowner.

If it is shown that a development is having an �adverse effect on an amenity value of an area that
� unreasonably interferes with � the enjoyment of the area� then appropriate action can be taken
under the Act.
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However, the existence of an agreement will affect the consideration of whether the interference is
unreasonable in a given situation. It is unlikely that there will be unreasonable interference if:

� a formal agreement is documented between the parties

� the agreement clearly outlines to the landowner the expected impact of the noise from the
wind farm and its effect upon the landowner�s amenity

� the likely impact of exposure will not result in adverse health impacts (e.g. the level does not
result in sleep disturbance).

A risk associated with relying on such agreements still remains where the criteria in these
guidelines are exceeded. This is because an interpretation of �unreasonable� is required in any
future assessment of the impact of wind farm noise initiated by a complaint from the
landowner (or future landowners).

2.4 Staged development
The procedure and criteria presented in these guidelines are for greenfield sites but a wind farm
may be developed over a number of separate stages.

A previous stage of the wind farm that is installed and operating may raise the background noise
level at the relevant receivers by up to 5 dB(A).

Any subsequent stage in the development of the wind farm site should meet the criteria using the
background noise levels as they existed prior to the wind farm. Therefore, the noise generated by
existing WTGs from a previous stage should not be considered as part of the background noise in
determining criteria for subsequent stages.

2.5 Cumulative development
Separate wind farm developments in close proximity to each other may impact on the same
relevant receiver.

Therefore, as for staged development, any additional wind farm that may impact on the same
relevant receiver as an existing wind farm should meet the criteria using the background noise
levels as they existed before the original wind farm site development. The noise generated by
existing WTGs from another wind farm should not be considered as part of the background noise
in determining criteria for subsequent development.

On occasion it will not be possible to determine the background noise levels as they existed
before the original wind farm development.

This may result in subsequent developers of new wind farm sites needing to provide sufficient
distance from a relevant receiver (who is common to an existing site) such that the base noise
level is met at that receiver for all operating wind speeds of the WTGs (V10m)1 up to 10 m/s.

                                                     
1 Refer to 3.1�Background noise
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3 MEETING THE CRITERIA

This section describes the steps to be taken to assess whether the wind farm noise reaching
receivers at relevant locations will comply with the criteria of these guidelines.

Background noise is measured at relevant receiver locations over continuous 10-minute intervals
and particularly over the range of wind speeds at which the WTGs operate. The data must
adequately represent conditions at the site and cover approximately 2000 intervals.

Wind speed is measured at 10 m above the ground and in intervals that correlate with the
background noise measurements. The wind speed data, together with the manufacturer�s noise
data for the WTG and using a suitable model, is then used to predict noise levels at each integer
wind speed from cut-in to rated power, at relevant receiver locations.

The correlated wind speed and background noise data are plotted against each other to give a
standard graph for background noise at each relevant receiver. This graph is then used in
conjunction with the predicted noise levels to assess whether the wind farm will meet the criteria
of these guidelines.

3.1 Background noise

What is background noise?
Background noise is the �lull� in the ambient noise environment.

Intermittent noise events such as from aircraft flying over, dogs barking, mobile farm machinery
and the occasional vehicle travelling along a nearby road are all part of the ambient noise
environment but would not be considered part of the background noise unless they were present
for at least 90% of the time.

Why is background noise important?
Background noise can mask the noise effects of new development such as a wind farm and the
level of masking is a critical factor in assessing the impact of a wind farm.

Wind generated noise can provide a good masking effect, particularly as it has similar
characteristics to wind farm generated noise.

Background noise measurement locations
Background noise measurements should be carried out at locations that are relevant for assessing
the impact of WTG noise on nearby premises (relevant receivers).

Relevant receiver locations are premises:

� on which someone resides or has development approval to build a residential dwelling

� at which the predicted noise level exceeds the relevant base noise level for wind speeds (V10m)
of 10 m/s or less

� that are representative of the worst case situation when considering the range of premises, e.g.
a house located among a group of nearby houses within a residential zone.
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1. A proposed wind farm site with a zone in its vicinity that is primarily for residential land
use and is yet to be fully developed should be discussed with the relevant planning
authority and the EPA.

These locations will probably also be considered relevant receivers and background noise
levels will be required at the zone boundary.

The relevant planning authority can then be informed about the potential impacts on any
future residential development.

Nearby areas for which the zoning intent is not clear should also be discussed with the
relevant planning authority and the EPA.

2. Background noise generally increases at a greater rate than noise from WTGs at high wind
speeds. If the wind farm is predicted to achieve the base noise level at the very high wind
speed of 10 m/s, 10 m above the ground (V10m; see Section 3.4) the wind farm noise at even
higher wind speeds is expected to be masked by the increasing background noise.
Therefore the impact will not be adverse and further investigation is not required.

The only exception is a receiver within 1500 m of the wind farm site that is in an area
unlikely to be exposed to a windy environment. This specific circumstance should be
discussed with the EPA.

3. The worst case situation may not always be the closest receiver to the wind farm site. The
closest receiver should always be a measurement position but other locations where the
background noise environment may differ due to prevailing weather patterns and/or local
topography should also be included as relevant receivers.

Background noise environments likely to differ at receivers around a wind farm site should
also be discussed with the EPA.

Background noise measurement position
All measurements should be made outdoors. The microphone should be positioned 1200�1500 mm
above the ground and at least 5 m from any reflecting surface (other than the ground).

The property boundary of the receiving premises is not necessarily a valid measuring position
(particularly for large rural properties) unless it is likely that someone would regularly be there
or the Development Plan clearly envisages noise sensitive development at such a location.

In general, any area within 20 m of a house and in the direction of the wind farm would be a
valid measuring position.

Background noise levels can be significantly affected by local conditions, such as the presence
of trees nearby. Where this is expected then it is recommended that photographs be taken
showing the noise measurement position and associated surroundings, such as buildings, trees
and topography.

This will ensure that no significant physical changes have been made to the locations between
the time of the initial background noise measurements and of compliance checking.
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Data collection

Equipment
Background noise levels should be collected for continuous 10-minute time intervals using sound
level meters or loggers of at least Type 2 certification in accordance with Australian Standard
AS 1259�1990 or IEC-61672 (International Electrotechnical Commission 2002).

The meters or loggers must be calibrated on site immediately before and after any measurement
period using a calibrator complying with IEC 942 and approved by the meter manufacturer.

Type 2 certified monitoring equipment provides a sufficient level of accuracy for assessing the
impact of wind farms under these guidelines.

Type 1 certified monitoring equipment will probably become commercially available in South
Australia in the future, possibly sooner if an Australian Standard is prepared dealing with
measurement procedures for wind farm sites. The EPA intends to modify this guideline to suit
technical advancements and relevant standards/policy development.

Wind
Microphones should be protected with windshields in accordance with the microphone
manufacturer�s instructions, and the protection should be sufficient to ensure the noise level
threshold of the monitoring equipment does not adversely affect the data used in the analysis. If
microphones cannot be appropriately protected then affected data should not be collected.

As part of the development application, developers may need to confirm that the reported noise
levels aren�t influenced by high wind speed across the microphone, particularly where average
wind speeds at the noise measurement position are expected to exceed 5 m/s (a high wind speed
for the purposes of noise level measurement conditions).

Affected data can be identified by monitoring the wind speed at the noise measurement position
(1200�1500 mm above ground level at the relevant receiver) over 10-minute intervals that
correspond with the noise level measurement intervals. This information would then be compared
with both the collected data for that interval and the manufacturer�s specifications for microphone
performance under those conditions.

The EPA is currently sponsoring a 12-month field trial, started in January 2003, to determine
typical wind speeds at a background noise level measurement site and how these speeds relate
to background noise level data. When the trials are complete the data collection procedure will
be reviewed.

Rain
Rain periods during monitoring may also adversely affect the collected data. If rain was recorded
in the vicinity during the collection period the developer must supply evidence that the affected
data has not been used in the analysis.

The nearest weather station might not provide a sufficient indication of localised conditions in
remote areas. A simple method might record rain using a local gauge or collection method that is
regularly checked, and discard all data in periods where rain was detected. High sensitivity
tipping rain gauges have been used overseas but they are not readily available.
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Data
Data not adversely affected by the effects of wind or rain should be collected for a sufficient period
to cover the range of wind speeds and directions generally expected at the wind farm site.

Particular emphasis should be placed on collecting background noise data corresponding to the
operating wind speed range of the WTGs.

Sufficient data is considered to be approximately 2000 measurement intervals (or the equivalent of
two weeks worth of data).

The EPA field trials will also evaluate the quantity of data required to provide reliable
regression analysis and to adequately represent the expected range of conditions at the site.
When the trials are complete the data collection procedure will be reviewed.

Compliance checking will require the background noise level data collection process to be
repeated when the wind farm is operational (see Section 4).

Background noise varies naturally throughout the year, with different prevailing wind
directions, foliage on trees, atmospheric conditions and the like.

A community concern is that the developer may measure during a limited (minimum 2 week)
period that is not representative of the rest of the year.

This guideline recommends that compliance checking be repeated at different periods of the
year where valid concerns exist.

The developer must collect representative background noise data. Non-compliance may result
in one or a number of WTGs being stopped under certain conditions.

3.2 Wind speed measurements
Manufacturers of wind turbines publish noise level data for their machines derived through a
comprehensive international measurement standard.

The noise level generated by a wind turbine increases as the wind speed driving it increases.
Generally data is provided for at least each integer wind speed from cut-in speed up to rated
power.

Wind speeds for the purposes of the WTG noise level data are measured at 10 m above ground
level.

The noise level data for each WTG is used as the basis for predicting the total noise level from a
wind farm.

Wind speed 10 m above the ground at the wind farm site and background noise at the relevant
receiver must be correlated so that background noise and wind farm noise can be compared.
Therefore, wind speed measurements must be made in 10-minute intervals that correlate/
synchronise with the background noise data collection.

Measurement height
The wind speed should be measured at 10 m above ground level.

A developer will often measure wind speed at different heights to determine whether wind
conditions at the site are suitable for an economic wind farm development. It may be acceptable to
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convert the results from a different measurement height to 10 m provided the wind shear model
used to do this is clearly stated and is accepted by the EPA.

All wind speeds referred to in these guidelines and within any development application referred
to a planning authority should be expressed at 10 m above ground level unless otherwise stated.

All predicted noise levels should be based on noise level data derived from wind speed
measurements taken at 10 m above ground level.

Measurement location
The same location should be used for measuring wind speed and direction for all of the following
procedures:

� background noise measurements

� compliance checking

� noise predictions.

Therefore the wind speed measurement location at the wind farm site should not:

� be significantly affected by the operation of the WTGs in their final location

� provide lower wind speed results than other locations on the wind farm site, where those
locations will house WTGs that affect the noise level at a relevant receiver.

For large or topographically diverse wind farm sites, the suitability of the wind speed
measurement location may need to be confirmed as part of the development assessment process.

3.3 Noise level prediction

Prediction locations
The noise level associated with the wind farm should be predicted at all locations identified as
relevant receivers under these guidelines for each integer wind speed from cut-in speed to the
speed of rated power.

WTG manufacturers generally do not test or extrapolate tested results above wind speeds of
rated power.

The measurement of noise levels under high wind speeds (used to determine the sound power
level of a turbine model) is difficult.

Where wind farms comply with the noise level criteria in these guidelines up to rated power it
is unlikely that adverse impacts will occur at higher wind speeds.

Propagation model
A suitable model must be selected (or developed) to predict the worst case noise level at all
relevant receivers.

The following information should be provided as part of the development application:

� the propagation model, and any variation of the model, used for the prediction

� an estimate of the model accuracy in dB(A)
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� the assumptions used as input to the model, including allowances for noise absorption due to
air, ground, topographical and wind effects.

The noise level at the relevant receiver locations should be predicted allowing for the propagating
effect of wind (the noise sounds louder downwind than upwind) in the direction from the wind
farm to that receiver at each integer wind speed. This represents a worst case situation. (In most
situations there will be different wind directions and wind speeds between each WTG on a wind
farm site and the relevant receiver. These effects will reduce the actual noise level when compared
to that predicted under worst case conditions.)

Noise levels should be predicted by an acoustic engineer defined for the purposes of these
guidelines as an engineer who is eligible for membership of both the Australian Acoustical Society
and the Institution of Engineers Australia.

The New Zealand Standard NZS 6808:1998 uses a simple propagation model that does not
account for wind, ground or topographical effects, and uses a simplified approach to account
for atmospheric effects.

The model is expected to predict higher than actual noise levels where topography (land rise or
structure between receiver and wind farm) or ground effects (heavy foliage) are important.
However, on other sites it may predict with similar accuracy to more complex propagation
models because it does not account for the propagating effect of the wind.

This model can be used with limited background in acoustic engineering. If it, or a similar
simple propagation model, is intended to be used, this should be discussed with the EPA. Use
of such a model and input by someone other than an acoustic engineer may be acceptable
where the predicted levels easily meet the criteria.

Sound power data
The sound power level can be thought of as the noise signature for the WTG model proposed for
the wind farm.

The sound power level data at each integer wind speed from cut-in speed to the speed of rated
power should be specified in the development application as determined in accordance with
International Electrotechnical Standard IEC 61400-11.

Tonality is a characteristic that can increase the adverse impact of a given noise source and it can
be determined by breaking the noise signature down into discrete frequency bands.

If tonality is a characteristic of the WTG noise, 5 dB(A) should be added to the predicted or
measured noise level from the wind farm.

To help determine whether there is tonality, the method and results of testing (such as in
accordance with IEC 61400-11) carried out on the proposed WTG model to determine the presence
of tonality should also be specified in the development application.

At the time of development application, the contractual arrangements for which particular WTG
model may not have been finalised between the developer and WTG supplier. If the WTG model
to be installed differs from that assumed at the time of development application, the developer
should assess and discuss the effect on the propagation model with the EPA.

The wind farm developer must also discuss changes to the type, location or operation of the WTGs
with the relevant planning authority.
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3.4 Data analysis

Background noise and wind speed data
At the completion of the data collection period there should be a minimum of 2000 pairs of
synchronised background noise and wind speed measurements at wind speeds between the cut-in
speed and the speed of rated power.

The background noise should be plotted against the corresponding wind speed measurement for
each relevant receiver. It is common to plot the wind speed along the x axis and the background
noise along the y axis.

A best fit regression analysis should be carried out on the data. The polynomial order (from linear
up to third order) providing the best correlation co-efficient should be used to provide the fitted
regression line.

The correlation co-efficient should be specified for each polynomial order.

Data that has been collected at the extreme ends of the range of wind speeds (below and above the
operating wind speeds of the WTG) can influence the slope of the fitted regression line and should
not be included in the regression analysis.

The graph for each relevant receiver showing the plotted points, the fitted regression line, the
polynomial describing that line and the correlation co-efficient should be included in the
development application.

A typical graph is shown below for information. (In this example graph the operating speeds of
the WTG are not known and thus, unlike real situations, data above and below the operating have
not been removed.)

Background noise at the receiver vs Wind speed at windfarm
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The predicted noise level should be overlaid on such a graph to determine compliance with the
criteria.
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4 COMPLIANCE CHECKING

It is unlikely that the worst case noise propagation conditions of the prediction procedure of these
guidelines will often be repeated during operation of the wind farm. The actual impacts are
therefore likely to be less than the predicted impacts.

Notwithstanding this, the prediction process relies on assumptions about a range of inputs, and
the procedure given in this section for measuring the actual noise impacts is a means of
confirming compliance or otherwise with the predicted impacts.

The measurement of wind farm noise is expected to be difficult due to the masking effect of the
ambient noise and its influence on the base noise level descriptor (LAeq). The background noise
descriptor (LA90) is used to remove this effect.

In setting the compliance checking criteria, the cumulative pre-existing effect of the background
noise and the wind farm noise, and the level of accuracy of the measurement procedure have been
considered.

4.1 Procedure
Compliance checking follows a similar procedure to compliance prediction (Section 3).

Ambient noise levels with the wind farm operating are measured at relevant receiver locations,
over continuous 10-minute intervals and over at least the range of wind speeds at which the
WTGs operate. The data must cover approximately 2000 intervals.

Wind speed is measured at 10 m above the ground and in intervals that correlate with the ambient
noise measurements.

Compliance checking should collect data associated with the worst case wind direction from the
wind farm to the relevant receiver. A wind direction spread of 45 degrees either side of the direct
line between the nearest WTG and the relevant receiver is considered acceptable (International
Electrotechnical Commission 1998, 1(j) p9). This will not always be practical, given prevailing
wind conditions.

Cases in which it appears to be impractical to collect 2000 data points under worst case wind
direction conditions or in which all WTGs are not operating, should be discussed with the EPA.

4.2 Data analysis
Regression analysis should be repeated on the ambient noise and wind speed measurement data
using the same polynomial order regression formula as for Section 3.5. The correlation co-efficient
should be specified in the compliance checking report.

Data below the cut-in speed and above the speed for rated power should not be included (see
Section 3.5).

A graph should be prepared for each relevant receiver showing the plotted points, the fitted
regression line, the polynomial describing that line and the correlation co-efficient in the
compliance checking report.

In addition, the graph should have the criteria determined in accordance with these guidelines
superimposed.

4.3 Criteria
The ambient noise level (LA90,10) measured in accordance with the compliance checking procedure
and determined by the regression analysis procedure should be read from the resultant graph at
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the relevant integer wind speed. It should then be adjusted for tonality in accordance with these
guidelines and should not exceed:

� 35 dB(A), or

� the pre-existing background noise by more than 5 dB(A)

whichever is the greater, at all relevant receivers for each integer wind speed from cut-in to rated
power.

4.4 Tonality
Where, in the opinion of an officer authorised under the Environment Protection Act, the wind
farm exhibits tonality as a characteristic, the developer should conduct a tonality test in
accordance with a procedure acceptable to the EPA.

An addition of 5 dB(A) should be made to the measured background noise level from a wind farm
where tonality is shown to be a characteristic.

4.5 Annoying characteristics
These guidelines have been developed with the fundamental characteristics of noise from a wind
farm taken into account. These include the aerodynamic noise from the passing blades (commonly
termed �swish�) and the infrequent and short-term braking noise.

However, annoying characteristics that are not fundamental to a typical wind farm should be
rectified. Such characteristics may include infrasound (low frequency noise below the audible
frequency range that manifests as a rattle in lightweight materials such as glass) or adverse
mechanical noise (perhaps generated as a failure of a component).

Infrasound was a characteristic of some early wind turbine models that has been attributed to
early designs in which turbine blades were downwind of the main tower�the turbulence
generated around the tower was cut through by the blades, generating this effect.

Modern designs generally have the blades upwind of the tower. Wind conditions onto the
blades and improved blade design minimise the generation of the effect. The EPA has
consulted the working group and completed an extensive literature search but is not aware of
infrasound being present at any modern wind farm site.

4.6 Excessive noise
The operation of the wind farm should comply with the criteria at all relevant receivers2. The
extent of relevant receivers should not be confined to those identified during the development
assessment stage.

The EPA can require the developer to repeat the compliance checking procedure if it receives any
complaint that may be valid about an unreasonable interference on those premises from noise
impacts.

An Environment Protection Order as provided under s. 93 of the Environment Protection Act may
be issued by the EPA to secure compliance with the criteria in these guidelines.

This may mean that the operation of certain WTGs would be restricted under certain wind speed
conditions.

                                                     
2 See shaded panel
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The EPA recognises that measurements in a windy environment are technically difficult and
subject to variation. Exceeding the compliance checking criteria may be the result of varying
background noise, rather than of excessive wind farm noise.

It is expected that there will be natural variations in background noise throughout the year3,
with different prevailing wind directions, foliage on trees, atmospheric conditions and possibly
with changes to local conditions such as buildings, trees or topography that may affect
compliance with the criteria. Where this may be the case, the onus of responsibility for proof
resides with the developer.

A range of alternative compliance checking procedures, such as those detailed in the Clause 6
of the International Energy Agency recommended practices (1997), can remove the influence of
background noise to accurately determine the wind farm noise in isolation.

                                                     
3 The EPA field trials are expected to provide information on the extent of variation of the background noise. When the trials are
complete the compliance checking procedure will be reviewed.
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5 DOCUMENTATION

Development applications for wind farms are often referred to the EPA by the relevant planning
authority for assessment of the environmental noise impact.

The draft Planning SA Bulletin at the time of drafting these guidelines indicates that the referral
may become formal by adding wind farm developments as a scheduled item in the Development
Act 1993.

If it appears likely that the criteria under these guidelines will be approached, developers should
discuss the development with the EPA before submitting the application to ensure they provide
all relevant information.

All relevant information on the noise impacts must be included with the application. Possible
information requirements are summarised below.

5.1 Predicted noise from the wind farm
(a) make and model of WTGs to be used, including hub height

(b) one third octave band sound power levels and associated wind speed of WTGs to be used

(c) positions of all WTGs

(d) positions of all affected premises within 1.5 km of any WTG, noting which premises are part
of the development and which are not

(e) distance of all affected premises in d above from nearest WTG

(f) description of the zone category for all receivers in (d), as outlined in the relevant
Development Plan under the Development Act 1993

(g) predicted noise levels for those premises in (d) for worst case wind direction and over the
operating wind speed range of the WTGs

(h) the model used and the method for deriving the noise levels in (g)

(i) amount of noise reduction, if any, allowed for acoustic screening to estimate the levels in (g)

(j) topographical map of wind farm and affected premises showing contour lines

(k) location of wind measuring position(s) used for noise assessment and compliance purposes.

5.2 Measurement and assessment
(a) description of noise measuring equipment used, including make, model and type and

including type and model of windscreen used for the microphone

(b) noise measurement position including height above ground, wind speed (at the noise
measurement position) and distance to nearest building structure

(c) description and photograph of measurement position showing nearby trees and building
structures

(d) atmospheric conditions at the wind farm including wind speed and direction

(e) time and duration of monitoring

(f) sampling time for wind and noise measurements

(g) number of data pairs measured (wind farm speed and background noise level)

(h) description of regression analysis method
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(i) graphical plot of data in Section 5.1 (g) above and regression curve

(j) correlation co-efficient for regression curve

(k) graphical plot and corresponding tabulated data analysing predicted noise levels and
criteria against integer wind speeds.

5.3 Compliance checking
(a) description of all noise monitoring equipment, including type of microphone wind

protection used

(b) noise monitoring position(s)

(c) photographs of noise monitoring position taken before the wind farm was installed (at the
noise modelling stage) and at the time of compliance checking, showing the noise
measurement position and associated surroundings, such as buildings, trees and topography

(d) description of wind speed and direction measuring equipment used and the location on the
wind farm, including height above ground level

(e) description of wind speed measuring equipment used for the purposes in Section 5.2

(f) details of which WTGs were operating during compliance check

(g) atmospheric conditions

(h) time and duration of monitoring period

(i) list of all monitored data showing wind speed, wind direction and noise level

(j) graphical plot and tabulated data overlaying line of best fit and criteria against integer wind
speeds

(k) noise level at target and WTG cut-in speeds

(l) assessment of any audible annoying noise characteristics
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6 GLOSSARY

A-weighted: frequency weighted as specified in Australian Standard AS 1259�1990 noise level
meters or its replacement.

Authorised officer: a person appointed to be an authorised officer under Division 1 of Part 10 of
the Environment Protection Act 1993.

Ambient noise: the total noise in a given environment.

Background noise: ambient noise, in the absence of the noise under investigation, measured using
time weighting �F�, that is equalled or exceeded for 90% of the measurement time interval.
Expressed as LA90,T, where T refers to the measurement time interval in minutes.

Base noise level: means an LAeq,10 of 35 dB(A) unless otherwise stated.

dB(A): the noise level in decibels, obtained using the �A� weighted network of a noise level meter
as specified in Australian Standard AS 1259�1990 Noise Level Meters or its replacement.

EPA: Environment Protection Authority.

Equivalent noise level: the equivalent continuous A-weighted sound pressure level obtained
using time weighting �F�, over the measurement time interval. Expressed as LAeq,T, where T refers
to the measurement time interval in minutes.

Extraneous noise: noise from animals, excessive wind effects, insects, birds, aircraft or unusual
traffic conditions or any other infrequently occurring component of the ambient noise.

Impulsive noise: noise containing impulse components as part of its characteristics, comprising a
single pressure peak, or sequence of such peaks, or a single burst with multiple pressure peaks,
whose amplitude decays with time, or a sequence of such bursts.

Low frequency noise: a noise with perceptible and definite content in the audible frequency range
below 250 Hz.

Measurement place: a place at the receiver where the noise level is to be measured.

Noise source: premises at which an activity or process is undertaken that results in the emission of
noise.

Predicted noise level: the LAeq,10 wind farm noise level at a receiver predicted in accordance with
these guidelines.

Premises: any land, or the whole or part of a building or structure.

Prevailing background noise level: the background noise level derived from regression analysis
of the background noise data.

Receiver: premises that may be affected by the noise source, other than premises on the same land
as the noise source.

T: measurement time interval; taken to be 10 minutes unless stated otherwise.

Tonal noise: noise with perceptible and definite pitch or tone.

V10m: wind speed measured in metres per second (m/s) at the wind farm site at 10 m above the
ground.

WTG: wind turbine generator.

Wind farm: a group of WTGs installed in the same region and all operated by the same operator.
It is not necessary that all WTGs are located on the same premises.

Zone: an area of land delineated as a zone, precinct or otherwise in the relevant Development Plan
under the Development Act 1993, that is subject to a set of land use rules under that Plan.
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	Further study of small wind turbine noise is needed to adequately define the types of noise generated by small wind turbines. An understanding of the character of the noise generated by small wind turbines needs to be included in any new measurement and
	Finally, manufacturers of small wind turbines need to make comprehensive sound power level measurements, based on new standards, available to the public.
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