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ABSTRACT 

WAYS TO A BETTER ASSESSMENT OF WIND TURBINE NOISE DISTURBANCE 

 

                                                           August 2013 

Mark Veenstra 

Supervisor: Liselotte Aldén 

This text reviews the topic on how improved understanding and assessment of noise 

from wind turbines can and should mitigate noise disturbance for neighbouring 

inhabitants.  

Experienced noise disturbance can lead to all kinds of problems for inhabitants, but also 

for wind power development in general: public attitude can turn negative, there can be 

claims, law suits and a reluctance of local authorities to welcome further wind power 

development.  

 

There are various disturbing sound effects that wind turbines can cause for neighbouring 

inhabitants. These effects include swishing sound, pulsing sound, amplitude modulation, 

whistling sound but also low frequency sound.  

 

Assessment methods obviously should try to assess or signal these effects properly to 

prevent disturbance. The IEC standards are widely accepted as guidance for sound 

measurements. It covers the apparent sound pressure level, tonality and octave bands. A 

critic is that amplitude modulation is not covered well, also because it is hard to 

measure. But this sound effect, that comes and goes often quickly, are an important 

nuisance. 

 

The circumstances in the area around a wind turbine play an important role in the 

propagation of the sound that is emitted to the immission point. The nocturnal stable 

boundary layer, the topographical elevation of wind turbines, downhill propagation and 

the siting of wind turbines in forest area are all examples of situations that enhance the 

propagation of sound.  

 

But IEC standards do not allow measurements at favourable conditions, since there is 

always the requirement to measure downwind in a situation with 8 meter per second 
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wind speed at 10 meters high. This is not always representative for a situation in which 

neighbouring inhabitants suffer from wind turbine noise. 

 

Inadequate legislation can enforce assessment practices that are incompatible in 

preventing real sound disturbance for neighbours. To prevent this, legislation and 

requirements set by responsible governments may have to be reviewed. If that happens 

requirements that are issued on calculation and measurements become more suitable to 

prevent sound disturbance from happening. But the intrinsic character of wind turbine 

noise as well as the meteorological environment at the specific site should be approached 

more accurately.  

 

 

Deleted:  
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NOMENCLATURE 

dB(A) = A weighted sound pressure in decibel 

 

HZ = Hertz. The unit with which the frequency of sound is expressed. 

 

IEC = International Electrotechnical Commission 

 

LAeq = A unit used to express average sound pressure level over a longer term. When the 

sound varies over time Leq show the equivalent continuous sound, that would give the 

same sound energy over time as the actual, varying, sound.  

 

Lden= Sound pressure level unit that account for a different perception of people during 

the 24-hour cycle. A penalty is put on night and evening sound pressure levels to 

account for the higher sensitivity of neighbouring inhabitants during those periods.  
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CHAPTER I 

INTRODUCTION 

 The operation of wind power plants in an area can be in conflict with other land 

uses and interests that exist in that area. There are several characteristics that wind 

turbines have that can conflict with other uses and interests that are present in the area. 

These can be visual nuisance, flickering and safety clearances. But a main characteristic 

that brings wind power plants in conflict with other interests is sound. The main part of 

this problem is the fact that nearby residents experience disturbance from the turbines. 

Not all complaints are about audible sound per se, there are also effects claimed from 

ultrasound and infrasound.  

 

To mitigate sound disturbance from wind power projects for other users of the area, 

precautions can be taken in turbine design, planning, development and management.  

This can be done by either improving the technology used in the construction of wind 

turbines to mitigate sound effects. The technical improvements on the wind turbines over 

the past decades resulted in an almost complete disappearance of mechanical sound 

effects outside the nacelle. Due to the isolating capacity of the nacelle, nearly all the 

emission of sound from inside the turbine is prevented. Contemporary sound emission of 

wind turbines is caused mainly by aerodynamic sound effects that originate from the 

blade (Wizelius, 2007). 

 

The other way to mitigate sound disturbance is to improve the siting of wind turbines. 

Nowadays there are regulations on e.g. the distance that turbines are required to have 

from noise recipients, like dwellings (see chapter 3). The sound disturbance in the 

environment is assessed and measured to verify if a (proposed) turbine site abides or will 

fit within the limits set by the legislation.  

 

For these sound assessments a certain modus operandi is often used. The sound 

emissions of wind turbines are tested using standards, as the IEC standard. These 

measurements provide information about sound emission from a turbine and this can be 

used for legislation and assessment on the likelihood of noise nuisance at locations in the 

neighbourhood. This way sound propagation of turbines can be mapped and predictions 

for possible sound nuisance and conflicts with e.g. nearby inhabitants can be predicted. 

These measurements, simulations and predictions have to be below set limits in order for 
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the project to be permissible in an area. But these sound assessments methods are not 

totally representative for how noise will be distributed in reality.  

 

In this thesis the encountered problems that the usual noise assessment methods have in 

predicting the experienced sound nuisance from turbines in reality will be discussed. Are 

the current measurement and assessment methods adequate in prediction all eventual 

sound disturbances that neighbouring inhabitants can experience? The current practice 

will be explored for sound effects that are not covered in assessment and measurement.  

Additionally the legislation in countries differs in strictness and in the way of measuring 

exposure from sound originating from wind turbines. The adequacy of the legislation 

will be reviewed in relation to the best assessment methods and the experience of 

neighbouring inhabitants in reality (see conceptual model). 

 

Theorem: 

 

The assessment methods that are used to predict or measure wind turbine noise 

immission result in prediction and measurement outcomes that are satisfactory in 

preventing noise experienced by neighbours  
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Definitions: 

 

Several phenomena will be main subjects that play a main role in this research. These 

concepts are interrelated and are all forming the limiting conditions in to the planning of 

wind parks.  

 

Sound 

The phenomenon sound is a mechanical disturbance from a state of equilibrium that 

propagates through an elastic material medium (Encyclopedia Britannica, 2013). 

Another definition says that ssound consists of mechanically induced, longitudinal 

waves that propagate in a medium. This medium can be for example air or a liquid. The 

longitudinal waves exist of quick compressions and expansions of the air and positive 

and negative modification in static pressure (Larsson, 2013). 

The resulting sound pressure is measured in Decibels (dB).  

 
Decibel 

 
               type of sound 

130 
 

              artillery fire at close proximity (threshold of pain) 

120                 amplified rock music; near jet engine 

110 
 
               loud orchestral music, in audience 

100 
 

              electric saw 

90 
 

              bus or truck interior 

80 
 

              automobile interior 

70 
 

              average street noise; loud telephone bell 

60 
 

              normal conversation; business office 

50 
 

              restaurant; private office 

40 
 

              quiet room in home 

30 
 

              quiet lecture hall; bedroom 

20 
 

              radio, television, or recording studio 

10 
 

              soundproof room 

0 
 

              absolute silence (threshold of hearing) 

Table 1: Sound levels for nonlinear (decibel) and linear (intensity) scales (Source: Encyclopedia Britannica, 2013) 

 

Sound originates from a source; in this thesis the wind turbine. Sources of sound can 

have different characteristics. A fundamental one is the difference between line and 

point sources.  

 

Point sources consist of one point in space without dimensions: it is one location where 

sound originates. The rule of thumb is that with a doubling of distance, the sound will 

pressure decreases with 6 dB.  
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Line sources consist of a line from which the sound originates. A line of turbines can 

sometimes be considered a ‘discrete line source consisting of multiple sources’ at a 

distance of approximately 900 meter (Thorne, 2010). The sound will decrease with only 

3 dB over every doubling of distance. At a certain distance the line source will more and 

more become a point source (a spot far away) from that point, the sound pressure will 

decrease with 6 dB per doubling of distance. 

 

This is the rule of thumb, but the propagation of noise is also affected by many other 

influences, like the character of the medium it propagates through.   

 

 

Propagation 

 

So these small changes in compression and static pressure are dependent of the medium.  

C = ʌ *v 

Where c = speed of sound wave 

v = sound frequency 

 ʌ  = wave length 

 

At 20 degrees Celsius the speed of sound is 343.1 m/s 

Sound is audible between frequency of 20 and 20 000 hertz (Larsson C., 2013). 

 

 

Assessment methods 

 

Sound measurements are conducted to make a record of the noise emission of wind 

turbines. Also the data about noise emission of turbines can be used for assessment and 

prediction methods (e.g. WindPro). 

There are diverse standards for conducting these measurements.   

 

An important distinction in this thesis is made between measurement and calculation.     

They are both forms of assessments of the sound emission, propagation or immission. 

For calculation different models can be used and for measurements different methods 

can be used, although there is a widely accepted standard issued by the International 

Electrotechnical Commission (IEC). 

 

The objective of IEC is to promote all questions concerning standardization in the 

electrical and electronic field (IEC 64100-11). 
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The section covering the standards for wind turbine noise assessment is IEC 61400-11. 

This document aims for a uniform methodology that will ensure consistency and 

accuracy in the measurement and analysis of acoustical emission by the wind turbine 

generation systems.  

 

The standard is expected to be applied by wind turbine manufacturers trying to meet 

IEC’s well-defined acoustic emission performance requirements or by wind turbine 

buyers or operators that want to verify if the stated or required acoustic performance 

specifications are really met for wind turbines.  

 

It can also be used by planners and regulators who need to define acoustic emission 

characteristics in response to environmental regulations or permit requirements for new 

or modified installations (IEC, 2002). 

 

 
Figure 1: A sound measuring device connected to a microphone on a standard (Source: Bcool Klimaatbeheersing)  
 

Legislation 

 

Legislation on wind turbine noise differs between countries. In this thesis the legislation 

in two cases will be used. These cases are Sweden and the Netherlands: two cases in 

which there are perspectives for new wind power projects.  

 

Legislation should limit wind turbine sound immission by nearby dwellings sufficiently. 

This can be done by making sure the right calculation and measurement methods are 

prescribed that assess all the disturbing sound effects from the turbines so that sound 

disturbance for neighbouring inhabitants is adequately calculated and measured. 

 

This dimension is discussed in the thesis and the question is asked whether the 

legislation prescribes the right assessment methods to prevent sound disturbance.  

 

http://www.google.nl/url?sa=i&rct=j&q=geluidsmeting&source=images&cd=&cad=rja&docid=dbW68U1WHVqeSM&tbnid=qPoMby7ooW0qEM:&ved=0CAUQjRw&url=http://www.lucina-academy.be/p/1AE09873CD11445AC125769C001235F9&ei=9nFyUdaaA8XWtAaA74HIAg&bvm=bv.45512109,d.Yms&psig=AFQjCNE3QOcR60V0cIIKltUT14xrEpGzzw&ust=1366541086898545
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Methodology 

 

Conceptual model 

In the conceptual model a triangular relationship between the experience of sound by 

affected communities, the sound assessment methods, and the legislation will be 

discussed. These themes have been introduced on the previous pages. They are assumed 

to be in a triangular relationship since assessment methods are based on an idea of which 

amount of sound immission is acceptable.  

 

                             Assessment methods                                 

          

Legislation                           Community’s experience 
 

 

This supposed acceptability of sound emission and sound effects in the surrounding area 

are basis for legislation. Assessment of noise emission is used to model if and what 

amount of disturbance people will experience and whether it is tolerable according to the 

legislation. These relations create the triangle. Spatial planning plays a role in all of 

them: it is aimed to increase wellbeing of people, the planning practice is based on the 

knowledge derived from assessment methods and it derives force from legislation.  

 

Sources of information 

The background information for this research will be collected by a literature review on 

literature about wind turbine sound emission and propagation, its effects on disturbance 

experienced by people. Further literature about sound assessment and measurement will 

be studied. 

  

The study will also consist of a review of the regulations on wind turbine sound emission 

of two countries that have high wind energy potential: Sweden and the Netherlands. 

Also the way sound emission is assessed in these countries will be reviewed.  An 
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investigation will be conducted on in how far the legislation is satisfactory, and what 

imperfections can be identified.   

 

Besides that, the empirical part consists of interviews with respondent from the fields of 

science, consultancy and government. Also a neighbouring inhabitant of wind turbines is 

interviewed. These interviews are taken to discover what the current practice of wind 

turbine noise assessment is, what the newest insights on sound emission are and what 

kind of complaints neighbouring inhabitants of wind power projects have.  

The persons that have been interviewed are several experts and one neightbour 

 

- Conny Larsson, Uppsala University 

- Eja Pedersen, University of Lund 

- Ingrid Johansson Horner, Naturvårdsverket 

- Martin Almgren, ÅF consult 

- Ola Larsson, Neighbouring inhabitant of a wind turbine in Gotland 
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CHAPTER II 

DISTURBING EFFECTS OF SOUND 

Wind turbine sound emission is a main cause for disturbance that wind power causes for 

neighbouring inhabitants. This disturbance is an important reason for people to oppose 

wind turbines near their homes. It is a reason for complaints and it gives wind power a 

bad image. The different sound effects of wind turbines will be reviewed in this chapter, 

as well as the kind of disturbance they cause. Further the assessment methods and 

legislation will be reviewed. 

 

In order for noise disturbance to happen, a source, a medium through which the sound 

propagates and a receiver is necessary. We assume in this text that receivers are human, 

and their disturbance is the subject of this chapter.  

 

Sound pressure data are often shown in dB(A). This unit is a derivative of decibel and is 

an A-weighted sum of sound with different frequencies, adapted to the sensitivity of the 

human ear for sound of such frequencies. The frequency of sound is measured in Hertz. 

The range of sound frequency audible for the human ear lies between 20 and 20 000 

Hertz. 

 

This range is often subsequently adjusted in an A-weighting sound measurements. The 

A-weighting adjusts sound pressure for the sensitivity of the human ear at certain levels 

of sounds. These measurements are weighted in the unit dB(A) (Sound source, 2005). 

The sound immission, measured in dB(A) is the important quantity in wind turbine noise 

disturbance. The sound emission is the sound level that the turbine emits and the value 

that the manufacturers declare. The sound immission is the quantity of sound pressure 

that is measured at a specific distance from the turbine. It can be also be calculated when 

hub height and sound emission are known. This will be reviewed further in chapter 1.2 

(Wizellius, 2007). 

 

Sound emission from modern turbines emitted has at the source (the rotor) a sound 

pressure level of just above 100 dB(A). The precise range of the sound pressure level of 

the generated sound is in the data given for 2-3MW turbines between 100 and 110 dB(A) 

(Naturvårdsverket, 2010).  
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2.1 SOCIETAL EXPERIENCE  

 

Dwellings are sensitive immission points for sound. In this paragraph the sound effects 

that wind turbines create are reviewed, subsequently the experience of inhabitants is 

discussed and eventually effects that wind turbine noise can have on the health and well-

being of the neighbouring inhabitants. 

  

Wizelius (2007) claims that within a distance of 500 meter from a turbine, sound 

pressure on dwellings will be ‘well inside the limits’ beyond which disturbance occurs. 

But these limits are off course arbitrarily determined, if is referred to limits imposed by 

legislation and the real situation can be more complicated. In reality this Wizelius’ claim 

is rigid and needs revision and refinement.  

 

Sound appears in miscellaneous kinds and a number of sound effects can be created by 

wind turbines. These can cause disturbance to neighbouring inhabitants. One effect can 

be more disturbing than the others to neighbouring inhabitants of the turbine. 

 

So there are several sound effects from wind turbines that can be identified and 

catagorised. These categories are mainly based on onomatopoeia expressing how people 

perceive the noise, which is highly subjective. But it is necessary for audible impressions 

that they are translated into a textual description in order to include it in a measurement 

report. A set of terms is proposed by the IEC standard including hiss, screech and hum 

sounds (Dutilleux, 2013).  

 

The precise sources of wind turbine noise are shown in the figure below. 

 

 

 

 

 

 

 

 

 

 
Figure 2: A wind turbine blade can cause different kinds of noise. The illustration above shows several noise causes (Doolan, 2011) 

 



 10 

The aerodynamic noise all originates from the flow of air past the blade. Boundary layer 

turbulence passing over the trailing edge causes trailing edge noise, on the leading edge 

atmospheric turbulence causes leading-edge interaction noise and turbulence interacts 

with the rotor tip causing tip noise.  

 

The different kinds of wind turbine noise are shown in the table below (Doolan, 2011). 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Table 2: Different kinds of wind turbine noise sources (Doolan, 2011) 

 

These different kinds of noise, propagate in a different way, and may have different 

frequencies and emission pressures. The noise that is emitted is subsequently perceived 

as various noise types when it is immitted by neighbouring inhabitants. 

 

First the ‘Swishing blades’ are often mentioned as a disturbing characteristic of a wind 

turbine. It causes an aerodynamic ‘swish-swish-swish’ sound that Gipe (2004) identifies 

as a common wind turbine noise from three blade rotors. This sound effect is easily 

distinguishable from the sound of the wind. So the swishing sound is a term that contains 

the audible sound effects that are created when the wind passes over the rotating blades 

(New Zealand Wind Energy Association, 2010). 

  

According to Rogers (2004) the swishing is related to one of four types of noise that can 

be generated by wind turbine generation: the broadband sound.  This noise is 

characterized by a continuous distribution of sound pressure with frequencies greater 

than 100 Hertz. It is often caused by interaction of the wind turbine blades with 

atmospheric turbulence.  
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The swishing sound can be disturbing for inhabitants in the vicinity of a wind turbine, 

although ‘vicinity’ is an arbitrary term. The swishing sound can be propagated over 

several kilometers according to some reports.  

Especially annoying is the trait of the sound to change in frequency and loudness with 

changes in wind speed and local atmospheric conditions (Shepherd, 2010). 

 

Whistling has been found to be less disturbing in rating of relative annoyance compared 

to the swishing sound but still more annoying than e.g. lapping sound (Persson, 2001). 

The whistling is tonal in nature and is generally described as a high frequency sound 

(Taylor, 2013). According to Rogers (2004) tonal noise is noise at discrete frequencies, 

that can be caused by non-aerodynamic instabilities interacting with the surface of a 

rotor blade or unstable flows over holes or cracks on the blade or a blunt trailing edge 

(Rogers, 2004). Whistling can hence be caused by damages or imperfections on the 

blade’s surface.  

 

A two blade downwind turbine typically has a binary rhythm, in which high frequency 

swish alternates with a low frequency thump. Three bladed turbines have a smoother 

sound rhythm (Dutilleux, 2013). Since three bladed upwind turbines are more common 

nowadays, this problem is marginalised.   

 

Another noise effect produced by turbines is the thump noise. Once heard it often leads 

to complaints (Dutilleux, 2013). 

Thumping is put by Rogers (2004) in the category of impulsive sounds. It is caused by 

the interaction of wind turbine blades with the disturbed air flow (Rogers, 2004). 

 

Under conditions with high wind speeds, when the wind turbine noise is masked by the 

wind-induced background noise, the wind turbine can sometimes still be heard due to the 

immission of ‘helicopter-like thumping sounds’  (Rogers, 2004). 

 

Like the swishing, the thumping has the annoying element that it’s frequency and 

loudness varies with wind speed and atmospheric conditions. It can be heard inside the 

home at levels of LAeq 15 to 20 dB and cannot be avoided (Shepherd, 2010). 

 

A very important related concept in wind turbine sound disturbance is amplitude 

modulation. This has to do with a change in the amplitude of the sound waves. The 

amplitude of the wave determines the strength of the sound pressure (Smith, 2012). 
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Amplitude modulation is more annoying and noticeable then non-modulated noise. It is a 

noise that has a volume that rises and falls as the turbine blades rotate.  It is seen as a 

cause for noises in the Swish and Thump category (Sadberge Parsih Council, 2013). 

 

In some circumstances the character and level of the amplitude modulation is altered, 

with a rising in low frequency noise content, an increase in modulation depth, and a 

change in the spatial distribution of the observed effect.  

In specific cases there have been high levels of Amplitude Modulation (AM) observed at 

large distances downwind or upwind of installations. These cases cannot be explained by 

currently applied standard models of Normal AM. They are hence called ‘other’ AM 

(Smith, 2012). 

 

Amplitude modulation occurs at low frequency, but it does not always have the same 

frequency level as a low frequency noise, although there is an overlap (Doolan, 2011). 

Amplitude modulation can also occur at higher frequencies. 

 

Many wind farm related noise complaints to appear to be caused by Amplitude 

Modulation. Bowdler (2008) equates this with swish or thump sounds as he claims that it 

is sometimes referred to as swish or thump. Amplitude modulation if often referred to as 

a ‘swish’ according to Smith (2013).  

 

Amplitude modulation is caused by the motion of blades through air that varies in speeds 

and directions. This can be caused by wind shear, meteorological turbulence or 

topography caused turbulence. Also other turbines can cause turbulence and hence more 

variation in air speed and direction (Bowdler, 2008). In the case of wind shear there are 

differences in wind speed and direction at different heights above ground level, which 

can for instance be caused by the topography or the wake effects from other turbines 

upwind.   

There is amplitude modulation if the peak Root Mean Square - value (periodicities 

between 0.6 – 1.0 Hz) is higher than 0.4 

 

Amplitude modulation comes and goes. It is for instance happening for two minutes and 

then it is away and it changes over time. It is perceived as more intense than the 

swishing sound. The sound can be perceived as more aggressive and amplitude 

modulation can cause the strong thumping sound. This sounds very immense and can be 

disturbing or alarming to people (Interview: Conny Larsson). 
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A study containing a year’s data has been done in Dragaliden and the amount of time 

that amplitude modulation occurred has increased. The first study was for three months 

and then 10% of time now was there amplitude modulation and in the study lasting a 

year this was 15% of the time. The studied immission point was 1 km away. Many 

people claim it is a problem, because people experience a very immense sound due to 

amplitude modulation, (more intense than the swishing sound).  

It is gives people the impression that something is happening, it concerns and people 

become alarmed (Interview: Conny Larsson). 

 

The swishing or thumbing are claimed to be partly caused by the amplitude modulation, 

which is due to the blade passes. That is the most disturbing and that is what people talk 

about (Interview: Eja Pedersen). 

 

Finally there is low-frequency noise. This is described by Rogers (2004) as a steady 

thickness noise or a steady or unsteady loading noise.  

Oerlemans (2007) considers low frequency noise as the aerodynamic interaction 

between tower and blades and deems it of little importance for turbines with an upwind 

configuration, since this interaction has become less prominent in producing low 

frequency sound since the most turbines nowadays operate upwind instead of downwind.  

 

Low frequency noise is of the eight different types of wind turbine sound, the least 

prominent in the noticing and annoyance of people in a research conducted by Pedersen 

(2007).  

 

There was a high emission of low frequency sound in the early days of wind power 

when wind turbine rotors were operating downwind. Nowadays the turbines are operated 

upwind and the sound that is produced is typically broadband in nature (Pedersen, 2004). 

Low frequency sound is audible only from a high sound pressure level. For instance, the 

hearing threshold of a 20 Hertz (Hz) sound is 70 dB, in comparison to a 100 Hertz sound 

being audible at 25 dB(A) (Nobbs, 2012). 

It is mostly the lower frequencies that cause trouble over larger distances. Higher 

frequencies cause much less trouble and not at all over longer distances (Interview: 

Conny Larsson). 

 

Low frequency sound can be caused by Blade Tower Interaction (BTI) and turbulence 

leading-edge interactions (Doolan, 2011). Doolan distinguishes blade swish from low 
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frequency noise, because its dominant energy is at 500 Hz, and he assumes hence that 

low frequency noise has a lower frequency.  

 

Low frequency noise is one of Rogers’ (2004) four categories of noise that can be 

produced by wind turbines. This category contains sounds with a range of 20 to 100 Hz 

and is mostly associated with downwind turbines. It is caused when the turbine blade 

encounters localized flow deficiencies due to the flow around the tower. Other low 

frequency noise generating causes are wind speed changes or wakes shed from other 

blades (Rogers, 2004). 

 

The aforementioned effect can cause several inconveniences for neighbouring 

inhabitants. There are many claims about health effects, effects on the quality of sleep, 

annoyance etcetera. These claims are often based on self-reported experience of 

neighbours.  In order to support these claims, research has been done to proof effects on 

human wellbeing by turbines, due to health and, mostly, annoyance (Wizelius, 2007). 

Guski (1999) stated that both acoustic factors and also partly personal and social 

moderation variables cause noise annoyance. The latter two factors can be sensitivity to 

noise, personal evaluation of the source, anxiety about the source and evaluation about 

the source.  

 

The swishing, highly amplitude sounds are easy to perceive and have been found to be 

more annoying than more even sound (Pedersen, 2010). 

 

Also at levels that are well within the limits that are set on sound immission these sound 

effects from wind turbines can be noticed or even can annoy inhabitants that live close to 

the turbines. 

The relative annoyance of the different sound effects varies between different turbine 

types. Some turbines are more ‘whistling’ as where others emit relatively more lapping 

sounds  (Persson, 2001).  

 

In a research on the human perception of wind turbine sound, Eja Pedersen (2010) 

researched this and discusses the way of people in the neighbouring community 

experience the sound from wind turbines. A questionnaire based research and a research 

of which the results were based on a diary study had been conducted on this 

phenomenon (Pedersen, 2010).  
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For Pedersen’s research, levels of wind turbine sound outside dwellings were calculated 

for each dwelling individually, whereby the data that were provided by the manufacturer 

were used. Propagation was modeled by the sound power model recommended by the 

EPA (see Assessment). Additionally immission measurements took place where a 

microphone was attached at 10 cm from the center of a vertical wooden board on the 

outside of the station 1.5 meter above the ground, employing the windscreens and 

recording the sound for every full hour for 24 hours.  

 

Related to this was a diary research on the experiences of the respondents, that had to 

write down whether they noticed the sound from the turbine at several times of the day 

and to register where they were at these moments, were related to other parameters. 

These parameters were the meteorological conditions, which were registered with the 

Davis Weather Monitor and the wind that was measured for each 1 minute-period.  

 

The probability of noticing sound from wind turbines increased with increasing sound 

pressure levels. Strikingly, there was a stronger relation between visibility and sound 

noticing than between sound noticing and actual sound pressure (Pedersen, 2010).  

But still, legislation is mainly based on the principle of sound pressure level. 

 

Wind turbine noise is experienced as ‘more annoying than transportation noise or 

industrial noise at comparable levels, possibly due to specific sound properties such as a 

‘swishing’ character, temporal variability, and lack of night-time abatement (Pedersen, 

2011).  

 

 
Figure 3: percentage of the population that states to be annoyed by noise at different levels of sound exposure from different 
sources (Pedersen, 2004) 
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The effect on people from noise from other sources, like traffic noise, has been 

researched well. Ising (2004) states that the information conveyed by noise is important 

for the disturbance people experience. When they are asleep for example they can 

incautiously attach a message to the environmental noise, which can trigger a biological 

flee/fight reaction. This obviously harms the ability to sleep or rest at home for 

neighbours. Also it can cause a rise of stress hormones in the body.   

 

According to Naturvårdsverket, around 10 to 20% of the people exposed to around 40 

dB(A) will be disturbed. Naturvårdsverket assumes that 40 dB(A) is a good value, since 

they assume that this value does not disturb most of the people (Interview: Malmgren). 

 

Sound pressure is not always such a strong determinant of noticing and, especially, 

disturbance. This is because there can be ambient noise at a particular immission point. 

The difference between ambient noise and wind turbine noise is a strong determinant of 

how people react (Gipe, 2004).    

 

Further, there was a correlation between noise annoyance from wind turbines and 

attitude towards wind turbines.  

The causal relation between general attitude and noise disturbance is hard to explain and 

it did not become clear in the research. It is not sure which variable causes the other. No 

relationship was found between sound levels measured at the dwelling and attitude to 

wind turbines.  

 

According to the diary research there is a significant correlation between noticing the 

sound more and a higher electricity production. The parameter electricity production was 

derived from the data provided by the operator.  

There is a significantly higher risk of annoyance by wind turbine noise in rural areas 

compared to built-up areas. There was no influence from topography identified.  

 

Wind speeds at hub height and the turbine’s rotational rounds per minute were not 

identified to have a significant relation to noise annoyance.  

No relation was identified between noise sensitivity and noticing sound and no relation 

was identified between distance to the wind turbine and annoyance of the noise 

(Pedersen, 2010). 

 

According to the research population in Pedersen’s research, the annoying sound effects 

for turbines consisted of mainly swishing (85%), whistling (72%), resounding (57%) and 
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pulsating or throbbing noise (55%). The percentages stand for the amount of 

participating respondents that have registered the sound. Less common sound effects 

were also mentioned in the research, like lopping, scratching and low frequency sound 

effects. Also the tonal character of the noise made it noticed by the research sample 

(Pedersen, 2010). 

 

There is a discussion on whether wind turbines cause effects on health and what these 

effects are. A related topic without a clear consensus is the possibility of negative health 

effects from infrasound originating wind turbines.  According to Remmers (1998) no 

infrasound or ultrasound has been registered from wind turbines. His assumption is 

stated in the IEC report, but other sources do argue that there are infrasound and 

ultrasound emissions coming from wind turbines. Møller (2010) also claims that there is 

no reliable evidence of health effects from infrasound or low-frequency sound below 

hearing threshold. 

 

But in the case of low frequency noise there is still discussion about possible effects on 

health and wellbeing. Low frequency noise above the hearing threshold may also affect 

task performance and cause sleep disturbances. 

 

Leventhall mentions four main subjective factors that play a role in the experience of 

low frequency noise: auditory perception, perception through vibration of the chest, 

pressure on the eardrum and more general feeling of vibration. Auditory perception was 

the controlling factor, although other sensations were produced by high levels of low 

frequency noise (Leventhall, 2004). 

Since sensitivity influences the likelihood of a person to be disturbed by the low 

frequency noise, it can be possible that it is disturbing some and inaudible to others 

(Stanger, 2001).  

 

Low frequency sound has been identified as a background stressor by Leventhall (2004), 

unlike cataclysmic stress and personal stress, which comes with impacts that reduce over 

time, background stress can be persistent. It can cause development of stress symptoms 

and also psychophysiological damage can result from exposure over longer periods to 

low level sounds (Leventhall, 2004). Ageing people can still be disturbed by low 

frequencies, for that are the frequencies at which the hearing ability does not decrease so 

much over the years (Stanger, 2001).  

 



 18 

In a research by Poulsen and Mortensen (2002) 18 ontologically normal young listeners 

and four older people (41-57 years) who had made complaints of annoyance by low 

frequency noise judged low frequency noise. Judgements were made under assumed 

listening circumstances of day, evening and night. The complaint group rated the noises 

to be more annoying than the other group did (Leventhall, 2004). 

 

Over the long term, people may become used to elements in their environment, but for 

low frequency sound the opposite is true in theory. People may develop susceptibility for 

low level sound (Leventhall, 2004), as well as for wind turbine sound in general 

(Interview Pedersen, 2012).  

 

Besides low frequency sound that is audible there is also the previously mentioned 

infrasound emissions that some claim to be produced by wind turbines. Human beings 

do not hear them but they can still cause vibrations of e.g. elements of buildings. 

According to Van den Berg (2004) infrasound with a frequency of 1 till 10 Hertz can 

occur with a pressure of 60 dB(A) both close to the turbine and at 750 meter distance 

and further, causing windows to rattle. 

 

Some other recent sources disagree as well with the statement that all sound that the 

turbines emit is audible, for example Knopper and Ollson (2011). They argue that 

infrasound is in fact produced by wind turbines. A physiological response of the human 

ear to low frequency noise (LFN) and infrasound can be the consequence (Knopper and 

Ollson, 2011). This sound can lead to effects on health and it also tends to spread over a 

larger area then audible sound.   

 

According to Eja Pedersen (2010), the only health related issue that gave leads to a 

relation with to wind turbine noise was sleep disturbance, although this sleep disturbance 

was due to any cause of noise. There was actually a small rise in the percentage of the 

sample that was disturbed by any noise, the higher the sound pressure from the turbine 

was.   

 

There has been done much research on noise effects from wind turbines and on how 

people experience it. What is less covered is the objectively detectable effect that noise 

disturbance cause people report and you cannot measure that. There are intentions to 

conduct sleep studies where we take people into a laboratory and we can measure the 

physiological response with the brain waves. The test persons can be exposed to wind 

turbine noise when they sleep. And then physiological measurements can be made that 
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are objective as a response to the noise, unlike the data about annoyance and self-

reported health, which are all highly subjective. There is yet insufficient funds to 

conduct this research (Interview: Pedersen). 

People are good at observing things that are not normal. Many people claim that it 

disturbs also children. Also when people are sitting outdoors in the evening they will be 

alarmed. This is a problem, but not yet widely known. Many people that are involved in 

sound think it is a ‘normal’ swish sound (Interview: Conny Larsson). 

 

So there are objectively a number of identifiable sound effects from wind turbines. But 

there are also other conditions that influence the perception of the neighbouring 

inhabitants of wind turbine sound. People get scared, for instance, because anti wind 

lobby groups state that there is something dangerous about the wind turbines. A 

respondent introduced the term Nasebo (the opposite of Placebo): harmless substance 

that makes the person that is subjected to it feel ill. What he meant in this context is that 

the anti-wind farm lobbies are creating a Nasebo effect. (Interview: Martin Almgren) 

A related term is ‘communicated disease’. 

 

So undeniable there are disturbing effects of wind turbine sound, and experts agree that 

at any given sound pressure level there is a certain number of the population that is 

bothered by wind turbine sound. This can be objective but often there is also a 

psychological component in it, that is however very real in it’s disturbing effect. The 

amount of disturbed people is a political question, but what can be done is to try to 

prevent disturbing sound effects at immission points from turbines. This can be done by 

using the right measurement and assessment methods.  
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2.2 ASSESSMENT METHODS  

There are several assessments methods that map the emission, immission of sound, that 

are used for wind power projects that have diverse characteristics. Wizelius (2007) 

identified the difference between emission and immission of sound as the most 

important aspect in measuring. Wind turbines have a certain emission at certain wind 

speeds, which is reported by the manufacturer, but sound assessment must be based on 

immission at noise sensitive locations, like dwellings.  

 

When assessing the noise effects that can be experienced by neighbours, the experience 

of the immitted sound of which may not be completely covered when only speaking in 

terms of ‘twice as loud’ or as ‘ the same amount of sound of light traffic’, because the 

experience at immission points can be different at a same sound pressure level. 

 

The noise that is measured outside will nowadays be almost always the aerodynamic 

noise, because the mechanical noise is mostly solved due to isolation of the turbine. The 

sound effects that come from the blades are the other category and are then the only 

effects that need to be measured for (Wizelius, 2009). 

                 

If it is assumed and proven by measurements, that the noise immission from wind power 

site is inside the legally applicable limit, but there is still a case of disturbance and 

complaints, a problem can be identified: the measurement and assessment methods do 

not sufficiently prevent noise disturbance by neighbours. In that case standards may have 

to be changed.  

 

In the currently used practice for wind turbine sound measurements, mainly the 

standards issued by the International Electrotechnical Commission (IEC) are used, with 

the core document being IEC 61400-11 (IEC, 2002). 

Sound pressure levels in dB(A) are measured and based on the measurement results an 

assessment is made whether the noise pressure at the immission point is inside limits that 

are permitted.    

 

IEC prescribes certain procedures for wind turbine sound measurements.  

- It prescribes the location of the acoustic measurement position 

- The requirement for the acquisition of acoustic and meteorological and associated in 

turbine operational data.  

- Data analysis and content directives for reports 

- A definitions of specific acoustic emission parameters 
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The standard requires the equipment to be registering the sound that is inside frequencies 

levels in the range of at least 45 till 11200 Hz. 

A sound measurement installation, according to IEC 61400-11, will schematically look 

like this. The microphone mounting boards needs be at least 1 meter in diameter: 

 

 
 

 

Figure 4: Microphones for sound measurements, placed around the wind turbine. An anemometer measures the wind direction 

simultaneously, to check which sound effects occur in which wind directions. (Source: IEC61400) 

 

According to the IEC standard, the following information about the sound has to be 

determined 

- The apparent sound power level 

- One third octave band levels 

- The tonality 

All acoustic signals must be recorded, stored and analysed, but periods with intermittent 

noise from other sources (e.g. a plain passing by) have to be removed from the data.   

 

The audio spectrum between 20 Hz and 20 KHz can be divided into eleven octave 

bands. There are further classifications possible in this spectrum. Often mentioned is the 

one third octave band as a classification, which means that the each of the eleven octave 

bands is divided in three. The bandwidth will increase with the frequency height. The 

fractional bandwidth is a function of highest and lowest frequency in the class divided 

by the mean frequency. In a third octave band this should be constantly 23, 156% and 
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this makes the octave bandwidths higher with the absolute frequency levels (University 

of Illinois, 2013). 

 

This method makes that measured sound pressure levels are assessed at different octave 

bands.  

 

There are several ways of weighting data (Doolan, 2011): 

 

 A-weighting: This is the most common scale for the assessment of environmental sound. It 

mirrors the response of human hearing to sounds of medium intensity.  A-weighted results can 

also be time averages, which makes results more realistic. It emphasises high and medium 

frequencies and filters out low frequencies.  

 C-weighting: Approximates the response of the audibility for human beings of loud sounds. It is 

suitable for low-frequency sound 

 G-weighting: This is designed for infrasound. 

 

The IEC further has requirements on the data that have to be reported. The position of 

each microphone for each measurement series has to be part of the data. The wind 

turbine sound and the background noise should also be given. On the axes the equivalent 

continuous A-weighted sound pressure level and the standardised wind speed should be 

linear and scaled in a way that 1 m/s corresponds to 2 dB. All data pairs should be 

showing all measured data pairs at position 1 of the wind turbine sound and background 

noise.  

The sound pressure spectrum in third octaves for each integer wind speed from 6 to 10 

m/s has to be plotted.  

 

So also a measurement should be made when the wind turbine or turbines, of which the 

sound pressure is measured, is stopped. This way the background sound is required to be 

measured. This should be done according to the various wind conditions that are similar 

to those in which actual measurements for wind turbine sound takes place (IEC, 2002).   

 

This is to be completely clear of the amount of sound that is immitted from the source of 

the wind turbine. The influence of background sound is an important effect that can 

make measurements at e.g. 550 meter overestimate the sound pressure from the turbine 

in the results. Actual sound pressure level due to the turbine can be lower due to the 

background effects (Pedersen, 2010). 
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IEC insists that a 2-minute narrowband spectrum is made of the background sound using 

the two 1-minute measurements closest to the integer wind speed of measurements. It 

should be made sure that the tones that are subsequently measured in in the 

corresponding analysis of the wind turbine sound do not originate from the background 

noise.  

 

Correction for background noise can be made in the analysis of the measurement results. 

When the background noise (Ln) is 6 dB(A) lower than the combined noise of the 

turbine (Ls), then the continuous sound pressure level from the wind turbine will be:  

 

Ls= 10lg(10^(0,1*(Ls+n))-(10^(0,1*Ln))) 

 

If the background noise level (Ln) is between 6 dB and 3 dB lower than the combined 

noise of turbine and background, the Ls+n value, the latter gets corrected by subtraction 

of 1,3 dB 

For each value of Lk, a frequency dependent correction must be applied to compensate 

for the response of the human ear to tones of different frequency. Lk as a unit stands for 

the difference between the tone level and the level of the masking noise in the critical 

band around the tone at integer wind speeds of 6, 7, 8, 9 and 10 m/s (IEC, 2002).  

 

Additionally the tonality has to be found. This is the difference between the sound 

pressure of the tone and the masking noise level (IEC, 2002).  

In general it is necessary for the integer wind speeds of 6, 7, 8, 9 and 10 meter per 

second to measure the sound pressure level of the tone or tones and the sound pressure in 

a critical band around the tone has to be determined.  

 

This critical band is a band with frequencies that lie around the possible tone. The centre 

frequency of the critical band is the same as the frequency of the possible tone. 

Subsequently, in this critical band the so called L70% sound level is defined, which is 

done by taking the mean of the 70% lowest the spectral lines (frequency classes) that are 

in the critical band (see figure 5). 
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For a spectral line in the critical band the following aspects can occur: 

- A line can be classified as masking if the level is less than the criterion level.  

- A line can be classified as tone when it is 6 dB higher than the average of analysis sound pressure 

level of masking 

- If adjacent lines are classified as tone, the line with the highest level is identified as the tone 

- If it is neither classified as tone or masking it will be ignored for further analysis 

The sound pressure level of the tone is determined by energy summing all spectral lines 

identified as tones within the critical band.  

 

The masking noise is assessed using the log of the ratio of the critical bandwidth divided 

by the effective noise bandwidth (IEC, 2002). Tonality is calculated by subtracting the 

masking noise level from the tonal level value.  

 

Finally the resulting tonality value has to be adjusted for the audibility of the human ear. 

This is important because it takes the human experience of noise into account. This tonal 

audibility is defined as a subtraction from the tonality of the frequency dependent 

audibility criterion. 

Tonal audibility = tonality – frequency dependent audibility criterion 

The latter is a curve that defines the audibility of the tonal sound. The criterion itself has 

been determined from listening tests. It mimics the typical listener.  

 

In exceptional cases with for example ‘broad’ tones consisting of many lines or masking 

noise with very steep gradients, this method of tone identification may give no good 

results. In that case there is a possibility to deviate from the prescribe method, if 

necessary, that must be reported (IEC, 2002).  

 

The tonal analysis has to cover the same wind speed range as the sound power level 

measurements do. Two one-minute periods closest to the integer wind speed value have 

to be analysed (figure 7) (IEC, 2002).  
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Graphically measurement results can look like this: 

 
Figure 5: A frequency distribution. Three tones have been identified. (Source: IEC, 2002) 

The level at each third octave band is analyzed and compared with the guideline limit 

curve. Naturvårdsverket has stated that if the difference between A-weighted level and 

C-Weighted level is large then there may be an indication of a problem with low 

frequency sound. It needs further study (Interview: Martin Almgren). 

 

This way of measuring sound makes it possible to adjust the frequency content of the 

measured sound to the audibility of the human ear. It gets weighted (e.g. A-weighted 

measurement results). 

 

Finally, optional data that can be reported are directivity, low frequency noise, 

infrasound, impulsivity, amplitude modulation and other noise characteristics (IEC, 

2002). The standard expresses uncertainty about how some of these effects should be 

assessed. 

 

IEC standards do not give clear guidelines on how to assess amplitude modulation. It is 

mentioned as an uncertainty in the standard (IEC, 2002). It is hard to measure amplitude 

modulation and this measuring has to start very quick when it happens. So it is not used 

and it is a subject of contemporary discussions (Interview: Conny Larsson). 

 

Also infrasound and low frequency noise are not yet fully understood, according to the 

IEC (2002).  

 

Low frequency noise is the classification for sound from 20 to 100 Hz. If the difference 

between the A and C weighted sound is exceeding 20 dB, the sound is characterised as 

‘having a low frequency component’. 
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Infrasound is sound with a frequency below 20 Hz. It can cause problems such as 

vibration in buildings, and can cause annoyance.  

 

As is introduced in the definitions, the IEC standards state that ‘their procedures are 

sometimes different from those adopted in noise assessment in community noise 

studies.’ IEC can also be used to compare the sound emission between different turbines 

(IEC, 2002).  

 

There are many community led noise measurements that are conducted, but are rarely 

conducted by the official standards. Often these measurements are done with any kind of 

measuring device and then the neighbouring inhabitants send it in to the municipality, 

with claims that for instance they measured 60 dB(A). But those kind of measurement 

cannot be used, because it cannot be said what kind of noise was recorded. It could have 

been traffic, for example. 

 

Another point of discussion is the location where to measure. 

 

There is also a method that sound measurers use to measure at dwellings but usually it is 

hard to measure at dwelling, because of the background noise from wind induced noise 

and noise from vegetation.  

 

What the respondent’s consultancy firm did instead was to conduct sound emission 

measurement, the same way as was done to check the guarantee. Thereafter the sound 

propagation to the dwelling was calculated (Martin Almgren). So the respondent used 

calculation to get a result. 

 

The relationship between the calculated sound levels and the percentage of occurrences 

when the wind turbine was heard outdoors is statistically significant  

(Interview: Martin Almgren). So in that case the calculation gives a real representation 

of the audibility for the neighbouring inhabitants of the sound.  

 

There are certain critical notes that can be made on the described practice.  

 

The calculations do not always represent the situation in reality. Some consultants claim 

that they are often hired to do measurements where people complain, despite being 

under 40 dB(A) according to the calculations that have been done before putting up the 

wind turbines (Interview: Eja Pedersen). 
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The main problem of the measuring methods when it comes to registering noise effects 

seems to be amplitude modulation registration. This is often not caught in the short 

measurement instances and if it gets noticed, the measurement will start too late, because 

amplitude modulation happens in an instance. 

 

An option to make sound assessment stricter and perhaps better in preventing 

disturbance, would be to replace the limit imposed on the mean value for a normal year  

by something else. The mean value as a reference should be abandoned according to this 

argumentation because most people are not disturbed by a mean value but by the highest 

sound levels. Another kind of percentile in the sound frequency distribution is advised 

by a respondent, in order to have these highest levels.  

That does not imply that the highest measured sound pressure level value should be 

used, because then it is only a matter of the length of the measuring period. But 

percentile between the mean value and the outliers or extremes on which the limit is 

imposed may bring a better assessment of noise disturbance than using the mean value 

as a reference (Interview: Conny Larson).  

 

Attempts for assessing low frequency noise often fail when the conventional, wide-band 

noise methods are used. This illustrates the inadequacy of these methods when it comes 

to registering low frequencies. Especially the regulatory dominance of A-weighted levels 

leads to dismissal of valid problems of low frequency noise. This is compounding to the 

difficulties of complainants (Leventhall, 2004).  

 

If properly conducted, the measuring according to the IEC standards will cover the 

background sound effects that influence the prominence of the wind turbine sound at an 

immission point. Measurements according to standards can register swishing noise, low 

frequency noise and tonal noises. Legislation should make sure that assessment of sound 

effects covers as many disturbing aspects as possible. 
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2.3 LEGISLATION  

The assessment and measurement methods are based on requirements that have to be 

fulfilled to make them legally binding. These requirements are based on legislation. In 

this chapter legislation on wind turbine sounds will be introduced and the degree of 

prevention of possible disturbing effects will be discussed. 

 

As aforementioned, there will be two cases that will be compared, namely the 

Netherlands and Sweden.  

 

Netherlands 

The context of the Netherlands offers a challenge for legislation. On one side the country 

is densely populated and almost the whole country’s surface has been assigned to some 

kind of activity. Legislation should be strict enough in to prevent wind power to come 

into conflict with the many other land uses, but tolerable enough to not choke wind 

power development by too strict legislation (National Government, 2010). 

 

Wind energy is namely an important pillar for the fulfillment of the ambition of the 

country to have one of the cleanest and most efficient energy systems of Europe.  

Wind energy on land is in the Netherlands assumed to be the cheapest form of renewable 

energy, and that means that the government decided in 2007 that practically causes the 

need to give permissions for 2000 MW installed capacity of wind turbines (National 

Government, 2010). 

 

The measurement directives are based on IEC61400-11 standards. The level of the 

limitation is slightly adjusted in the measuring directives (National government, 2011). 

 

The unit of measurement for sound has been changed in Lden (see Definitions). The Lden 

unit is more in accordance with general EU-advice practice. It is more in accordance 

with the experienced disturbance than terms that were formerly used (National 

Government, 2010).  

Lden is a sound pressure level unit that accounts for a different perception of people 

during the 24-hour cycle. A penalty is put on night and evening sound pressure levels to 

account for the higher sensitivity of neighbouring inhabitants during those periods 

 

In 2010 a decision has been made to change the general environmental regulations for 

wind turbines. They have become less strict. 

http://www.windenergie.nl/geluidregelgeving
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In the Netherlands this new legislation has been issued since 2011, with the change to 

the Lden unit is used to formulate a limit for wind turbine noise.  

 

A limit of 47 Lden is stated. There is a penalty of 10 dB(A) for noise at night and a 

penalty for 5 dB(A) in the evening. At night there is a limit of 41 Lnight 

(National Government, 2010). This legislation is based on research on dose effect 

relations of wind turbine noise, conducted by TNO, the Dutch Organistation for 

application of scientific research. The Lden formula is given by the legislator as below: 

 

 
The normation as used in the Netherlands, that consist of terms for the day, evening and night respectively, that make up for a total 

score that must be under 47 

 

There are requirements in relation to the measuring equipment that has to be used. The 

microphone should be sensitive all around, an instrument capable of doing an A-

weighting is required, and integrating octave band analyser, an acoustic calibration 

source, a round sound reflecting board with a diameter of at least 1 meter that is 

manufactured with acoustically hard material and finally an equipment to suppress wind 

noise (Ministry of Infrastructure and Environment, 2013). 
 

The Dutch legislator further assumes that there are no relevant peaks in the sound of 

wind turbines. Only sounds with different tones can lead to a more noticeable sound. 

The legislator also assumes that amplitude modulation and pulsating sound but also tonal 

sounds are included in the norm of 47 (National government, 2011). 

 

In the measuring directives the level of the sound has to be measured on a distance large 

enough to consider the source a point source. The microphone is laid on a board to 

prevent the influence of the ground. According to the directives, the measured levels 

have to be corrected with 6 dB. Simultaneously the wind speed at hub height need to be 

measured, but calculation on the basis of produced electricity is also allowed.   

Also sound measurement has to be done when the turbine is standing still, to get to know 

the background noise.  

 

The new procedure is supposed to be quicker than before, when municipalities could 

make the considerations on sound emission limitation by themselves (National 

Government, 2013).  

http://www.windenergie.nl/geluidregelgeving
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The aim of the measurement is to determine the sound pressure level per octave band as 

a function of the wind speed on hub height. In order to determine a year’s mean, the 

sound emission needs to be assesses over a certain range of wind speeds.  

Measurements are done in axis direction, downwind. This is because of the assumption 

that sound radiation downwind is larger.  

The minimum period of measurement is 5 hours and consists of periods of data from the 

turbine of 10 minutes (National government, 2011). 

 

Also the legislator argues that the used calculation technique to assess sound levels from 

high turbines needs adjustment because ‘of scientific reasons.’ In other words, new 

findings should be implemented (National Government, 2010). 

The Dutch legislator further agrees with the findings of Pedersen that the noise from 

wind turbines at the same pressure in Lden, is experienced as more annoying than sound 

from road and rail traffic or industrial activity. At 47 Lden, the expectation of the 

legislator is that 9% ‘serious annoyance’ will occur. That is why it started discriminating 

noise legislation from wind turbines to that of other sources.   

This level is well comparable with the percentage that is deemed acceptable in the 

limitation for road and rail traffic and industrial activity. Thus the norm of 47 Lden is 

acceptable from the perspective of sound disturbance protection. The norm is checked 

and valid at the position of the facade of ‘sound sensitive’ buildings or on the border of 

‘sound sensitive terrains’ (National Government, 2010). 

 

In accordance to the law on environmental management (Wet Milieubeheer) 

‘installations with possible disadvantageous effects on the environment’ need to meet 

certain requirements. These consist of regulations related to environmental protection. 

The Act contains general rules for installations.  

In case of the sound emitted by wind turbines, the joint installed capacity is an important 

criterion that determines whether the turbines fall under the normation in article 3.13 of 

the activity act. If capacity is higher than 15 MW, an authorisation is compulsory 

(permission). Hereby the regime applied on ‘industrial noise and permission granting’ is 

applied. The improvement that has been tried to be made is to come to a harmonisation 

for wind turbines, regardless of power (National Government, 2010). 
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Other legislation can be the base for guidelines for calculation of sound pressure or 

immission. The example in the Netherlands is the Handbook measurement and 

calculation of Industrial noise (National Government, 2013). 

On the assessment of sound effects of wind power projects on the surroundings, there is 

a distinction between small and big wind power sites. The current regulation is designed 

to put as many turbines as possible under the influence of the new legislation. On wind 

parks from 3 wind turbines or more, for which there is an obligation to notify authorities, 

there is also a need to get an ‘environmental permit’ with a ‘limited environmental 

permit’ is necessary. Subsequently assessment takes place to determine if there is an EIA 

necessary, according to European directives. If that is not the case, then the 

environmental permit will be given without further prescriptions. Of course, the law of 

the maximum noise limit on façade is valid in any case.  

If there is less than 3 turbines, only the so called ‘activity act’ is issued. A notification is 

sufficient to start the project. Also there is a ‘limited environmental test’ to be done in 

order to get an environmental permit. From this test it can be concluded that a, more 

extensive, EIA is required in order to assess the possibilities of permission for the 

project.  

If there is no need for EIA, the limited environmental test covers the sound emission of 

the turbines. As said before, a separate calculation and measure prescription has been 

created that cares for wind speed at high heights. The dose that belongs to that is Lden 

and Lnight 

Sweden  

In the Swedish context, jurisprudence plays also a role in the limitation from legislation. 

The law states that 40 dB(A) is the limit of sound immission.  

 

The requirement in Sweden is from the Swedish authority responsible for public health 

(Socialstyrelsen). It is originally derived from the legislation on industry. 40 dB(A), is 

originally that from the guidelines from industries from Sweden, where it was 50 dB(A) 

during day time and 40 dB(A) at night. Research results indicated that 40 dB(A) was 

quite good, when used as a guideline for sound power (Interview: Malmgren). 
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Naturvårdsverket is the agency in Sweden that offers guidelines and also gives advice to 

municipalities and regions. They believe it is difficult for, especially, the municipalities, 

that do not have much resources to conduct proper assessments of sound immission. 

Also the courts are mentioned as playing a role. When there is the Supreme Court 

making a judgment then that will become practice. An example is one case in the 

Northern part of Sweden where the authorities, the Länstyrelsen said there should be 35 

dB(A) at leisure cottages and 40 dB(A) at ordinary dwellings. But the court rejected that, 

and decided the limit would be the same as the dwellings (Interview: Martin Almgren) 

(Interview: Ingrid Johansson). 

 

Roughly explained, applicants for wind power development can get a permit if the 

initiator can prove that it will not be a problem with the noise and the other interests. 

Sometimes people are worried and they if they can prove that the development will be 

able to guarantee being under the 40 dB(A) limit, they can use their findings to object 

the development. But in general, developers would not try to build in an area where he is 

not obviously going to be able to control the noise, because it is such a strictly issued 

limit (Interview: Ingrid Johansson). 

 

There is specific low sound pressure level that can be issued for locations that sets 35 

dB(A) as a limit. It has been more specified recently that the municipality must have 

identified the area for the 35 dB(A) to be valid. This has been decided 5 years ago 

(Interview: Ingrid Johansson). 

 

The value of 40 dB(A) is assumed to be a good enough value, also regarding to where it 

comes from: from the industrial noise regulations. But in case of the wind turbine noise 

it is issued for 24 hours a day instead of just at night. However, it can still be a problem 

for some people. It has to be solved at the level of that particular case (Interview: Ingrid 

Johansson). 

 

According to Naturvårdsverket, a large number of people think that 40 dB(A) is too 

high. There are arguments that it should be 35 or 30 dB(A). But there will still be people 

that will be disturbed. Pedersen has conducted three big studies when it comes to 

disturbance of noise; two in the Netherlands and one in Sweden. (Interview: Ingrid 

Johansson) And the results when it comes to people that are disturbed, the percentage, is 

really comparable with people that are disturbed from traffic. Where it is much higher 

(numbers) but it is equal. Naturvårdsverket states that that 40 dB(A) is pretty good. 

‘Some people are going to be disturbed, but not too many.’  
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The discussion about using percentiles higher than the mean value of measured sound 

pressure to impose the limits on (see chapter 1.2) has another side, knowledge is 

necessary about at what level are people disturbed. One might be disturbed at some 

level, but someone else is disturbed at a much higher level. The respondent from 

Naturvårdsverket thinks it will be very hard to use it proactively (Interview: Ingrid 

Johansson). 

 

Amplitude modulation (AM) is not in the requirements of the authorities. If there is a 

tonal component, or sink in frequency/tone of the noise than the requirement should be 

sharpened with 5 dB. And in case of a repetitive impulsive noise, for instance beating 

with a hammer, then the requirement is sharpened with 5 dB as well. For instance in 

Finland there have been discussions that the AM can be seen as a repetitive impulsive 

noise. So some people want it to be sharpened with 5 dB in the requirement. A 

respondent for a consultancy company has made a study, mainly based on literature, to 

see the effect what the effect of AM is. This study had the hypothesis that AM is what 

makes it easy to recognise the WT sound: the repetitive swishing noise. That is why you 

hear it and that that is also what makes it disturbing (Interview: Martin Almgren).  

 

For wind turbine noise the authorities have started to talk about low frequency noise 

indoors. Swedish authority responsible for public health has stated a requirement for low 

frequency noise indoors (Interview: Martin Almgren). 

 

The measurements in the Netherlands should be done in such a way that it is according 

to the IEC 61400-11 standards. 

 

 

2.4       CONCLUSION  

In this conclusion an answer on the question is given on what the disturbing sound 

effects are from wind turbines on inhabitants and what are the consequences and 

recommendations for sound assessment practice. 

 

As is explained in this chapter wind turbines create various sound effects that, once 

propagated to dwellings of neighbouring inhabitants, can cause disturbance. The 

disturbance that a part of the population neighbouring wind parks has is evident due to 

self-reported annoyance. 
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- There are no proven health effects of wind turbine noise 

But objectively proven health effects of wind turbine noise are not yet found. In order to 

reach this, medical research is necessary to supplement the current knowledge, which is 

based on self-reported claims, as sleep disturbance, distress and a number of other 

physiological reaction that neighbouring inhabitants relate to wind turbines.  

 

But wind turbine sound does get noticed by people close by and can lead to annoyance. 

The different kinds of sounds that turbines emit cause different figures of annoyance. 

Certain effects are well known as annoying.  

 

- Wind turbine sound consists of various effects that have to be adequately mapped 

The character of these sound effects should be measured in order to be more accurate in 

predicting sound disturbance by neighbouring inhabitants. This is partly found in the 

measurement standard IEC (see 2.2). The following points were important 

 

- Tonality is determined using a formula on the frequency distribution. 

There is an extensive instruction in the IEC 64100-11 standard on the measurement and 

the judgment whether a measured sound has tonal characters in it, so tonality is covered.  

 

- Amplitude Modulation is hard to measure 

An important cause of sound disturbance, amplitude modulation, is hard to measure 

because it arises for very short times. It is missed mostly by measurements. Also a faster 

sampling is necessary: of eight times per second. Only then can Amplitude modulation 

be captured. 

 

- Low frequent sound can be measured using C-weighted or G-weighted sound 

immission data. Legislators seem to work on that 

Legislating is nowadays though still very much emphasising the importance of total 

sound pressure level, and the A-weighting. A-weighting emphasizes the sound that is 

measured at medium and high frequencies, at the cost of low frequency sound. But it is 

important to not marginalise low frequency sound, because it propagates far and people 

find certain low frequency sound effects very intrusive or annoying.  



 35 

 

- There is still some unclarity in the Swedish regulation on practice of sound measurements 

In the short review of legislation it became clear that there is still a lot unclear for 

municipalities when it comes to wind turbine sound assessment. 

 

In the Dutch situation there is now in legislation discrimination between daily and 

nightly sound levels: the Lden. This accounts for the higher disturbance sensitivity by 

neighbouring inhabitants in the night.   

 

- Character of noise should also be measured and or assessed. Now most legislation is 

mainly based on sound pressure levels and also on tonality 

The findings on the relative annoyance of the various sound pressure levels on 

neighbouring inhabitants by Pedersen et al. need to be used in assessment methods to 

map the gravity of the disturbance (for example the frequent occurrence of ‘thumping’ 

when predicted or measured, should be seen as more severe than a high occurrence of 

‘lapping’ sounds.). 
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CHAPTER III 

UNDERSTANDING THE IMMISSION OF SOUND IN DIFFERENT 

CIRCUMSTANCES 

Sound assessment usually generalises the circumstances that are expected for sites for 

which calculations are made. It often assumes a usual form around the source of the 

noise, the turbine that stretches longer in the direction the wind blows towards.  

These assumptions are often falsified by the real situation.  

 

Measurements and calculation practice expects a certain propagation pattern from a 

sound source over the surrounding area. For wind turbines there is also a certain 

directivity pattern, which is used as a basis to calculate immission from wind turbines at 

a certain point. Long time has been thought that meteorological circumstances of the 

emission moment did not have grip on the spread of the sound of high elevated sources, 

such as wind turbine blades, but in fact the conditions in the surroundings of the turbine 

do make a difference, which can change the amount and kinds of sound that reach an 

immission point. This will be discussed in §2.1 

 

Over the past decades wind turbine technology has developed. This led for example to 

the solution of mechanical sound emission from the turbine. (See chapter 1)  

But on another side it also led to bigger turbines with a larger swept area. The height and 

increasing swept area can create sound propagation effects that deviate from the 

expected propagation pattern, for example if a certain meteorological situation often 

occurs.  

 

Besides, the ambient sound and the absorbing quality of the area between the turbine(s) 

and the noise sensitive point is hereby an important point. The absorbing quality can 

significantly differ and also change over time.  

 

These and other influences on sound immission, caused by different parameters on the 

surrounding terrain, are important to understand when predicting and measuring the 

sound propagation effects from a (planned) wind power project (see §2.2). 

 

3.1 SOCIETAL EXPERIENCE  

Sound that is immitted at a certain immission point originates usually from many sources 

and is affected by a number of circumstances between emission and immission point. 
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Among other things, the sound propagation will be influenced by the meteorological 

conditions. The different noise causes and the way the sound that is emitted by them 

propagates determines how the sound will be experience at a certain immission point.  

 

To start with the source of sound: a rule of thumb from theory is that there are roughly 

two geometric shapes of noise sources. A close wind park can act as a line source, a 

single wind turbine but also a wind park at a certain distance can be perceived as a point 

source. 

 

 
Figure 6 (Source: Government of Hong Kong SAR, 2013)   

 

According to Wizellius (2007) wind turbine sound, whether it acts as a line source or a 

point source, can only be heard by neighbouring inhabitants between the cut in wind 

speed of 3 to 4 meter per second and 8 meter per second at hub height. Beyond that wind 

speed at hub height, the wind in general will blow so hard that ambient sound that is 

created by the wind blowing covers the wind turbine sounds.  

 

When the wind speed increases, the ambient noise level usually increases faster than the 

turbine noise, increasing the probability that ambient noise masks wind turbine noise 

(Bolin, 2006). This means that wind turbine noise is more typically a concern at lower 

wind speeds. Beyond a wind speed of 8 meters per second, background wind-generated 

sounds are assumed to mask wind turbine sounds (Rogers, 2006). 

 

But the theory about sound propagation may need some extensions. There are several 

meteorological circumstances that influence the sound propagation of wind turbine 
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sound and the audibility of the sound at e.g. dwellings and the different sound effects, 

like tonal noise, Amplitude Modulation, low frequency sound, etcetera, that can be heard 

in several situations (see chapter 1). But also meteorological effects on sound 

propagation of wind turbines can change the experience of the sound that reaches the 

immission points.  

 

Sounds from wind turbines tend to spread in a certain geometric shape.  

Due to the directivity of the sound propagation from the wind turbine the immission has 

a certain pattern at locations. At 90 degrees of the rotor hub’s direction, there will be 

little sound compared to downwind. Research is being done on including this directivity 

of the refraction effect  (Interview: Conny Larsson). 

 

The refraction of sound is lower at locations in front upwind and besides the rotor plane, 

because in front of the rotor there is up bending and behind the rotor is down bending of 

sound waves. So the refraction effect is very much present downwind of the turbine. The 

effect of turbulence in the standard deviation that is not the same, it goes up and down. It 

is a direct effect of turbulence (Interview: Conny Larsson). 

 

So this down bending causes many sound waves that can interact and interfere can give a 

little higher sound pressure levels. In the past it was thought that in the case of these high 

elevated sources, which wind turbines are, there was no influence of any meteorological 

effects: that it was only important for noise sources very close to the ground like traffic. 

But it turns out that this is very important if you are far away. Even for highly elevated 

sources there are many weather effects due to refraction (Interview: Conny Larsson). 

 

Atmospheric effects on sound propagation 

First there is a situation that occurs during nights with stable conditions. Then there can 

be perfect conditions in which sound wave propagate undisturbed. In the evenings and 

the nights when there is less turbulence in the air, some interaction between turbines can 

occur and it is possible to be reached from the noise of several turbines at different 

distances at the same time. This can cause an increased AM. That makes it easier to 

detect wind turbines. Despite this, the main effect, the largest effect, is the swishing. 

(Interview: Martin Almgren) (Interview: Eja Pedersen) But as has become evident, the 

nature of the sound can change to a thumping character during the night (Van den Berg, 

2006). 
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The sound waves can easily be transmitted from turbine to immission and other waves 

refract on the ground and amplify the sound effect from the turbine on the immission 

points. Those are perfect conditions for noticing and even annoyance from sound and it 

happens typically in the evenings, nights and mornings. A respondent knows of the 

typical examples, like people that try to get their children to sleep and at that moment 

they hear wind turbine sound and wonder what it is. Another typical situation is when 

people are sitting outdoors in the evening they will be alarmed. This is a phenomenon 

that happens often at certain sites, but the respondent remarks that in conferences about 

wind energy (sound) it turns out that there are many people that have never heard about 

this. Many believe it is just the normal swish sound that occurs when there are night time 

conditions in which temperature gradients that are favourable for this effect (Interview: 

Conny Larsson). 

 

 
Figure 7: In windless nights, when the atmosphere is stable, there can still be a large low level jet on hub height. The turbine is still 
exposed to high velocity wind and the resulting noise will be carried far over the windless bottom layer if it offers no further 
ambient noise (Source: Van der Berg, 2006) 

 

During the stable, quiet nights, wind farms or turbines can be heard at several kilometres 

as the turbines rotate at high speed. The repetition of the low pitched thumping sound 

will be heard, that is repeating about once a second. Van der Berg (2006) compares it 

with ‘pile driving’. It is also referred to as ‘an endless train’. In the day time the pulsing 

sound is usually inaudible and the other sound effects like the swishing are less intrusive, 

if they are even audible at the immission points. A wind park in an area that is in an area 

with many quiet nights per year can that way be severely underestimated when it comes 

to its possible noise disturbance (Van den Berg, 2006). 

 

A respondent who is a neighbour of two wind turbines states that autumn and winter 

come with the most problems. Also in the evening and morning, when the wind does not 
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blow that much, sound gets noticed more. Wind speeds in those cases are 3 till 5 m/s at 

the ground (Interview: Ola Larsson). 

So the season and time of day make a significant difference in the likelihood of 

conditions that allow smooth sound propagation. 

 

The process that lies behind these effects is the fact that during clear nights outgoing 

radiation cools the air from below. Air density closer to the ground increases in that case 

and the subsequent decoupling of horizontal layers allows for a higher vertical wind 

velocity gradient. In other words this means a more rapid increase of wind speed with 

height (Van den Berg, 2006) and hence the situation that has been described with more 

experience of wind turbine sound.   

 

The optimum angle of attack on minimising Trailing Edge noise is according to Van den 

Berg’s (2006) research 4 degrees. Beyond that the trailing edge noise (see chapter 1) that 

is produced will increase noise pressure. The trailing edge sound pressure level increases 

if angle of attack is larger. ‘Trailing edge noise is modulated at blade passing frequency, 

but is a high frequency sound, very audible and the most dominant component of wind 

turbine noise.’  

 

Swish level is influenced by three factors when the atmosphere becomes more stable:  

- the wind direction gradient 

- the wind velocity gradient 

- the absence of large scale turbulence 

There is a situation in which there are air masses with relatively little interaction with 

each other. There is a higher wind direction gradient possible. This must be very extreme 

to be of influence. If a change in wind direction of 20 degrees is assumed over the rotor 

height at a 10m/s wind and wind direction at hub height is considered normal, than the 

change in angle of attack between extreme tip positions is only 0.25 degrees. A 

negligible increase in (trailing edge) noise is caused by this.  

 

More influent is clearly the difference in wind velocity. With increasing atmospheric 

stability the wind velocity gradient characterises high wind speeds at hub height and low 

wind speeds at the ground. At very stable conditions the angle of attack at the lower tip 

relative to the hub height changes 1.9 degrees (Van den Berg, 2006).  
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A third effect of this at stable nights there is the incidence of less turbulence. The 

turbulence intensity decreases at a scale of 10 compared to neutral atmospheres. This has 

as an effect that instantaneous local wind velocity differences in wind turbine parks that 

mean different relative wind speeds at different turbines will decrease. Instantaneous 

speeds will also be equal in the nights and will be closer around average wind speed.  

In the case of more than one turbine, or wind parks, this can create strong pulsing effects 

from the turbines, which rotate synchronously. It turn out that this synchronous blade 

speed can cause wind turbine interaction effects wherein sound effects become amplified 

when several turbines are at the same blade speed. Due to the turbulent atmosphere (Van 

den Berg, 2006). This comes and goes and changes over the stable period, and this can 

cause annoyance when combined with the intensity of the sound. 

 

Finally in stable conditions low frequency noise can propagate over very large distances. 

Unlike mid and high frequency noise, low frequency noise is less attenuated by 

propagation through the atmosphere and attenuation due to passage over acoustically 

‘soft’ ground. So the frequency content of sound alters when it travels, which makes that 

low frequency sounds are more prominent at greater distances (Stanger, 2001). 

 

The rising height of turbines does make a difference in how often the rotor is in different 

wind conditions than conditions at ground level. But it is not only related to nocturnal 

stable situations. It can also be caused by a windshield effect at an immission point.  In 

Sweden are more and more turbines in locations in the forest nowadays. That is a new 

thing, and the turbines need to be rather high up because first there are the trees and then 

a 90 meter or so vertical distance of the rotor is necessary from the trees. Then it is a 

possibility that the turbine is in a different wind layer. Wind speeds can be rather high up 

at hub height but conditions can be rather quiet on the ground, with low wind speeds. So 

there will be a contrasting effect between ground level and the hub height. There will be 

not so much noise from bushes and trees at ground level. Noise perception will increase.  

 

Another point that plays a role here is the increasing noise that machinery in the turbine 

creates. When there is no wind, it is possible to hear noise from the inside of the nacelle 

of the newest turbines. That is due to the many fans, compressors and motors in the 

nacelle. At these new sites in the woods a constant sound occurs because of this, which 

is there even when the turbines are not running.  Mechanical sound is thus audible once 

again at these places if meteorological conditions are stable (Interview: Eja Pedersen).  
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Another typical case in which favourable conditions are shaped for sound noticing and 

annoyance are wind turbine sites that are located on elevations. For instance if the wind 

turbines are built up on the hill and neighbouring inhabitants are living down in the 

valley and it is really quiet in the valley. This creates a special situation, which should be 

avoided (Interview: Eja Pedersen). 

 

When the turbine is built uphill and dwellings are down in the valley, the wind will 

sometimes be still blowing up and the turbine still working, but there is no wind by the 

dwelling. Give the same problem as the one on stable nights, with no masking sound.  

So that is more of a problem than in open flat landscapes, when it comes to complaints 

that the respondent knows of. Complaints make this expert get to know when people find 

it troublesome. To that is another thing that is being discussed right now, when it is 

inversion. This is because measurements are not supposed to be committed according to 

the standard, in conditions where that are associated with inversion  (Interview: Martin 

Almgren). 

 

Another meteorological effect, finally, that has been mentioned is icing: formation of ice 

surfaces on the wind turbine’s blades. Icing may very well happen in Sweden, also in the 

southern part. At least under some conditions it is possible. There are developments to 

counteract it. Ice accretion on wind turbine blades can lead to clearly higher noise 

emission levels. Research results have shown a sound power level increase of 10,6 dB at 

a wind speed of 8 m/s, but it this rise of sound pressure can occur at all wind speeds 

from 6 m/s to 10 m/s.  

But correlation between measured ice accumulation and noise level is weak, although 

this is apart from large amounts of ice (Arbinge, 2012). But in fact the wind turbine also 

stops, when it gets too much icing. This is because of unbalance. (Interview: Martin 

Almgren).  

 

A respondent states that in the Swedish context there are a few cases in which wind 

turbine parks caused disturbance, despite that the calculated and/or measured value was 

inside the limits.  In one case she argues that the reason was suspected to be the 

inversion that caused the disturbance, a big difference between the turbines way up high 

and the building down low. But it is hard to prove unacceptable disturbance using 

measurements because they usually do not exceed the limit value (Interview: Ingrid 

Johansson). 
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Important circumstances that influence the degree of transmission from sound from the 

turbine to for instance a dwelling are meteorological, topographical and seasonal. Sound 

immission of sound can be limited if the nocturnal stable boundary layer and low level 

jets are taken into account and windshield effects and wind power development on 

elevations are more critically assessed. Measurements and calculations can 

underestimate these effects.  

 

3.2 ASSESSMENTS METHODS 

 

Assessment methods should be adapted to the propagation and the immission of sound in 

circumstances that are favourable for enhanced propagation of sound to immission 

points. The standards give the guidelines, but are they guiding to a measurement practice 

that gives results showing realistic information about wind turbine sound immission? 

And can calculation methods simulate meteorological situations favourable for 

propagation of certain disturbing sound effects?    

 

It is very important in principle to put up demands on weather conditions that are 

required to do measurements in. It is necessary to check wind direction, wind speed, and 

such things and take away these situations with a negative temperature gradient.  

It is mandatory is that measurement is done in downwind conditions and there are no 

large gradients. For instance, in the thing about when sound is measured from industrial 

sources, sometimes a demand value that can be exceeded is set. That is the normal 

procedure (Interview: Conny Larsson). 

 

But in general 8 m/s or 10 m/s at 10 meter height is taken as a general wind speed to 

measure, because when it is calculated up the hub height it will be 12 or 13 m/s 

(Interview: Conny Larsson). But there are off course situations that give higher wind 

speeds, when the wind speed gradient is higher during stable situations.  

 

A respondent who represents a consultancy bureau states that when they conduct 

measurement, the horizontal distance from the turbine is equal to the tip height (the 

altitude that of the tip of the rotor blade at its highest position).  

 

Microphones need to be placed at downwind position perpendicular to the plane of 

rotation, with a maximum variation of 45 degrees. The reference turbine is the turbine 

that is dominant in the causing of the sound pressure level. Typically the turbine that is 

located most downwind.  
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Measurements must be conducted under certain meteorological conditions and according 

to certain standards. A respondent states that in the usual practice measurement is 

conducted three times, at three different occasions and usually in the evening and night 

when there are normal conditions close to the ground, but there is enough wind up at hub 

height (Interview: Martin Almgren). 

 

 
Figure 8: Microphones for sound measurements, placed around the wind turbine in an example given by a consultancy company that 

does wind turbine sound measurements. An anemometer measures the wind direction simultaneously, to check which sound effects 

occur in which wind directions. (Source: IEC, 2002) IEC deems one position compulsory: that is the downwind position.  

 

Research that has been done states that the difference between the emitted sound 

pressure level and the immitted level at 400 meter distance is 58 dB(A). This figure is 

also the resulting figure in calculations. This is the case in a specific wind velocity at 10 

meters, which is in general practice 8 m/s (Van der Berg, 2006). It could well be that 

problems with low frequent sound play at a larger distance from the turbine.  

 

And the measurement will be executed downwind from the wind turbine, within the plus 

minus 15 degrees. (In both directions.) But in the case of a measurement at the dwelling 

this criterion is 45 degrees. So it must be downwind, but there is a large angle that is 

possible. Still it is difficult to find the right weather and the right conditions for such 

measurements (Interview: Martin Almgren). 

 

So the respondent states that often his consultancy company does sound emission 

measurement - often the same method as is done when checking the guarantee - and then 

the sound propagation to the dwelling is calculated (Interview: Martin Almgren). 

 

Further, regarding the siting of the measurement position and relating to background 

noise, it is found to be very good to measure in a forest. It acts as a big noise shield that 
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is around. But if there is enough wind the noise of the leaves will make much 

background noise. The pine forest is the best location. But the frequency of vegetation 

sound is higher than the wind turbine sound  (Interview: Conny Larsson). Wind noise on 

the microphone is also lower during stable atmosphere conditions. A result is that wind 

induced noise influences sound measurements not so much (and other noise is mostly 

also lower at night). Wind turbine sound can be measured in these circumstances 

accurately at up to two kilometers. (Van der Berg, 2006) This implies that there is also a 

high probability of detectability of sound for the human ear. Of course a windscreen is 

used but windscreen does not reduce noise from atmospheric turbulence at very low 

frequencies (Van der Berg, 2006). Low frequency noise from atmospheric turbulence 

will not be heard in stable conditions and this can lead to clearer measurements.  

 

The respondent working for a consultancy company states that measurements have been 

made for wind turbines standing in forest and in open fields. When measuring, they also 

conduct measurements related to the wind speed at hub height and then they calculate 

from the wind speed at 10 meter height, at reference conditions. Then it is a standard 

roughness length off the ground of 5 cm (Interview: Martin Almgren). 

 

But a respondent argues that it happens, in daily practice, that convenience sometimes 

wins it from precision. Then low levels are measured, but measurements can usually 

better be committed in the evening or night time when there are much higher levels. That 

is important (Interview: Conny Larson). This problem may easily occur in community 

led measurements especially (see 1.2). 

 

Once the data is being analysed, the question is, whether the mean is the right value to 

impose the legal limit on. As a respondent said ‘People do not get disturbed by the mean 

values’.  Using a percentile of the sound pressure level distribution might be an option. 

Many options are possible for example including the day evening night level for 

instance. Then it will be taken into account that people want to be undisturbed during 

night time. So there are many ways of doing this (Interview: Conny Larsson). Also, 

according to a respondent mean value as the unit that has to be under the limit is not 

good (Interview: Conny Larsson). 

 

Also the distance at which measurements are done is important in registering the sound 

effects that occur at certain meteorological conditions.  
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Like measurements and data management, calculation could and should be used to 

mimic meteorological simulations that are favourable for high sound audibility at 

immission points.  

 

Traditionally calculations just used 15 degrees Celsius and 70 % humidity and calculated 

atmospheric absorption from that. But it is better to look at the actual site, but this is the 

only places in the world where have been calculations; therefore there could be some 

reference. But, important is, that’s just atmospheric absorption, which is important when 

measuring at a max distance of 1 kilometre, but usually one cannot hear any high 

frequencies from the wind turbines at 1 kilometer. So that is lower (Interview: Conny 

Larsson). 

 
The details of sound propagation in general are reviewed in Beranek and Vers 

(1992). The development of an accurate noise propagation model generally must 

according to them feature the following factors of influence (Rogers, 2006): 

 

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

 

- Distance of the sound source from the observer 

 

- Air absorption, which depends on the frequency of the sound 

 

- Ground effects (e.g. reflection and absorption of sound on the ground, dependent 

of  source height, terrain cover, ground properties, frequency, etc.) 

 

- The shape of the surface 

 

- Blocking of sound by obstructions and uneven terrain 

 

- Weather effects (e.g., wind speed, change of wind speed or temperature with 

altitude) 

The prevailing wind direction can cause considerable differences in sound pressure 

levels between upwind and downwind positions. 

 

For the purpose of estimation there is an often used simple model from the International 

Energy Agency.  is based at a conservative estimation of sound propagation over a 

reflective surface. It includes air absorption (Rogers, 2006): 

Lp = Lw  −10 log10*( πR² )−αR 
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Lp is the sound pressure level at the distance of R from the source, that emits the sound 

at a level of Lw. α is the frequency dependent sound absorption quoting. This may be 

changed according to the actual situation in the surrounding area: the absorbing ability of 

the air that is acts as a medium though which sound is propagated.  

 

Over flat terrain, the stability affects the wind profile and that can nowadays be modelled 

satisfactorily. In more hilly areas changes caused by the terrain on the wind profile that 

are stability related are less easily predicted. These terrain-induced changes can weaken 

as well as amplify the effect of atmospheric stability (Van den Berg, 2006).  

 

A respondent states that at his consultancy company Windpro is used for different 

calculations. For instance shadows, but also noise, but also the Nordic predication 

model, sound propagation model is employed. This is called Nord 2000. It is about the 

same as the European model Harmonoise. It is a rather detailed model, where the 

frequency spectrum is taken into account and the ground effect and screening and 

topography. A lot of things are taken into account. And it has also been validated by 

measurements made in Denmark by Delta Acoustics. It has been shown to be better than 

for instance an ISO model for sound propagation calculation.  

 

The ISO model is an older model. It is an octave band model. Designed for flat lands.  

Nord 2000 just calculates equivalent sound pressure level, but it is an average over at 

least ten minutes or an hour or so.  It does not take amplitude modulation into account 

(Interview: Martin Almgren). 

 

It is a problem that monitoring measurements cannot be made during certain weather 

conditions that allow for a strong sound propagation. There is no permission to measure 

according to the standard. If our wind speed is 50% lower if the difference that it is on 

10 meters height than special precautions are necessary (Interview: Ingrid Johansson). 

Improvements in legislation should make this happen.  

 

3.3 LEGISLATION  

 

Several insights about the special conditions that influence the propagation of sound 

from wind turbine to immission point have been discussed in this chapter. Research 

continues and over the past years more insight has been gained in the various 
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environmental influences on sound propagation and how those may be caught in 

calculations and measurements.  

 

Since recommendations are based on 8 m/s at 10 meter height is taken over generally in 

legislation, assuming this to be the ‘worst case scenario’, legislation implies that most 

disturbances by sound happens at these conditions (Pedersen, 2003).  

 

Recommendations should though, for instance, be evaluated for cases in which there is a 

strong topographical effect on the propagation, immission and perception of the sound. 

(e.g. valleys with dwellings next to hills with turbines) (Pedersen, 2003). 

 

There are different ways of setting criteria possible in regulation. Since it is known that 

propagation of sound from wind turbines works differently under different 

circumstances, legislation can be applied in a way suitable for the location.  

 

An option is for example to use relative criteria. These criteria are based on levels of 

existing noise. That can be done by setting a new level of sound in one index relative to 

the existing level of sound for which a different index is used.  

The conventional approach is to use absolute criteria. These criteria are obviously fixed 

and independent of background noise but may vary according to type of area.    

The third option is to use a combination of relative and absolute criteria.  

These kinds of regulations can take wind shield and very quiet nights in account (Office 

of Environmental Enforcement, 2011). 

 

In this chapter the (evaluation on) legislation will be discussed in relation to the effects 

of circumstances on sound propagation. 

 

Sweden 

In Sweden the sound pressure limit is the main determinant in wind turbine legislation. 

As said before, it is measured in dB and 40 dB(A) is the limit for immission points like 

dwellings. The setback distance from sensitive points that turbines need to have is hence 

based on this limit. In cases where there is a low background noise, limits may be 

lowered to 35 dB(A) to prevent disturbance from wind turbine noise in for example quiet 

areas.  
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Municipalities do adopt guidelines for wind turbine siting in which the setback distance 

to neighbouring inhabitants is included. Also the Swedish government points for advice 

to the German standards (TA Lärmschutz) (Haugen, 2011). 

 

In Sweden the places with low background sound can be protected by a stricter limit on 

the noise from wind turbines of 35 dB(A). This means that wind shield effects and 

locations in a valley can be better protected from noise annoyance by legislation. 

(Johansson Horner, 2013) But a respondent working for a consultancy firm has not seen 

any case yet where they said it is 35 dB(A) now, because it is a wind shielded area. And 

he has only made one such an investigation in advance: a municipality that said that, to 

build the Wind Power Plants, then first it had to be investigated if there is a low noise 

level because of the wind shield (Interview: Martin Almgren). 

 

So it is a problem for the municipality to make measurements in the right circumstances. 

Also people may probably complain in the mornings or nights when there is not much 

wind on the ground. It is according to a respondent not really probable that there is more 

noise than 40 dB(A) when conditions are legally fine for measurement, but people get 

disturbed by sound at other moments and during the day they don’t. It is seen a problem, 

for the municipality, that they cannot go out at any moment and just measurements to 

check if it is inside the limit (Interview: Ingrid Malmgren). 

 

But in this case of a noise sensitive emission point, in this example a farm, it was very 

hard to do measurements because the conditions were never right. The municipality 

(Tillsynsmyndigheten) said that a measurement must be done, and the consultancy 

company that would do the measurement had to wait for the right wind direction and 

also the moment of measurement should be without leafs on the trees but also no snow 

cover. They are in this example still waiting for this moment since the summer of 2012 

and it has never occurred. It was (this case, red.) a man living there who complained 

about the noise and said that his building on his farm reflected the sound between them 

and increased the sound level. The consultancy company made a custom made sound 

propagation calculation, taking the buildings into account. But that was not sufficient, 

because a measurement had to be done This has been going on for a year. (Interview: 

Martin Almgren). 

 

The naturvårdsverket issued a calculation method that is recommended in Sweden, 

because it is very simple and it is not so easy to make mistake, when you do the 

calculations.   
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Naturvårdverket states that there is good jurisprudence (domar) from the judges 

(Interview: Ingrid Johansson). 

 

The interaction between wind turbines and the aggregation of the sound from more 

turbines is a problem for the authorities. This plays more in quiet situations (See societal 

experience). It is one principle in Sweden, that who is first has privileges. But another 

principle is issued if you have several applications for permits at the same time. 

Authorities can force them to cooperate. So they together must stay under the level to 40 

dB(A) eventually. The legislation says that you can apply for a permit and then the 

authorities look at the situation and give you the permit if there are no other applicants. 

But if they know that someone is planning the same area they will probably try to say 

that you have to take into account that this other developer’s plant (Interview: Martin 

Almgren). So it is the responsibility of the plant owners.  Calculations may need to be 

custom made.  

 

Analysis whether legislation adapts to new insights in wind power sound emission, 

propagation and immission. 

 

Netherlands 

Dutch legislation has aimed for more uniformity in legislation and also in the way that 

municipalities work. Higher efficiency was an aim. 

 

Legislation issues a special possibility for sites that allow a custom made approach for 

certain sites, where more turbines’ sound effects can possible interact, or ‘special local 

circumstances’. What can be done is norms with a lower value can be set as limits for 

wind turbines or combinations of wind turbines (National government, 2011). 

 

There is also jurisprudence considering the effects of the nocturnal stable atmosphere on 

sound propagation of wind turbines. The 47 Lden and the 41 Lnight values are already 

issued but there are lawsuits currently about the nocturnal sound propagation of turbines. 

For instance, a municipality in a quiet agrarian polder area claims that background level 

is so low at night that the wind turbines are very audible.  

 

The court ruled to stop the turbines during the night. The reason was that the background 

noise was of such a low level, but the juridical basis that the judge used was that the 

municipality should have issued a transitional regulation that extends the issuing of the 

stricter rules that were in use before the shift to Lden. This can be used as jurisprudence 
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for other conflict areas. The cause is now brought to the High Court and can lead to 

more decisive jurisprudence about the way that sound limits at special atmospheric 

conditions are issued (Buitelaar, 2013). 

 

In an evaluation of the limitation on wind turbine sound the biggest problem with the 

current norm is that in the case of high wind turbines, there is not sufficient protection 

against sound disturbance. In the future turbines will be higher and this becomes more 

important. (Verheijen, 2009). 

 

For predicting or calculating noise impact in the Netherlands, a national calculation 

model is used, as is the case in Germany. There are no significant differences between 

the TA-Lärm model, which is used in Germany, and the Dutch model. The sound 

immission value at a certain point is put in a formula. The formula is a sum of j sound 

power octave band levels and the sources, with a reduction of the attenuation factors: 

 

 

 

The attenuation factors are important for the simulation of atmospheric influences on 

sound propagation. Included in these are geometrical spreading, air absorption and 

ground absorption. It is only valuable for a downwind situation. For long-term 

assessment purposes a meteorological correction factor is induced in the calculation to 

account for the ‘ average atmospheric conditions’ (Van den Berg, 2006). 

There is also an understanding of the phenomenon the nocturnal stable conditions that 

are favourable for strong sound propagation, described earlier in this chapter. The 

calculation techniques applied on the sound of high wind turbines is accordingly planned 

to be adjusted. This is in reaction of research that found that in the method that was used 

to assess wind turbine noise assessment the wind speed at height from 80 to 100 meter 

was underestimated. The legislator uses the findings of Van der Berg (2006) as an 

argument for this point. In relation to the clarity about measuring and calculation wind 

turbine noise, directives for wind turbines specifically for wind turbines were published. 

Which is a part of the Arrangement of General Regulations for Installations (and) 

Environmental Management (National Government, 2010). 

The low frequency of the wind turbine sound is brought forward as a reason for the 

disturbance of wind turbines. This evaluation of the practice is necessary because the 
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current Lden dose unit, that uses just A-weighted sound) gives no indication for hinder at 

cases with strong low frequent components (Verheijen, 2009). 

 

3.4 CONCLUSION 

 

In this conclusion an answer is posed to the question: ‘what are the atmospheric effects 

and other effects of the environment on sound propagation, immission and experience 

and how should they be measured and assessed?’  

 

As is described in this chapter there are various influences of the environment of the 

wind turbine and the conditions therein on the propagation of wind turbines’ sound. The 

following points can be made. 

 

 

- The nocturnal jet is missed by the current measurement standards, due to too low wind 

velocity on 10 meter height 

Because of the fact that measurements cannot be done according to standards during too 

calm conditions on the ground, the periods in which many people experience disturbance 

will be missed. This causes an underestimation of possible disturbance if there are many 

‘quiet’ nights per year in which wind speeds are still high at hub height. It is not 

uncommon at stable nights that there can be a strong wind blowing at hub height. 

Especially when this wind is part of low-level jet –which is possible with the 

contemporary 100 meter high wind turbines – the turbine can be fully operative and 

emitting sound, which propagates far over the quiet ground level over the surrounding 

environment.   

 

Also the different propagation pattern, or the spread of sound, during these conditions 

will be not registered.  

 

- Lack of turbulence during nocturnal jet leads to spread of low frequency sound over 

great distance. In fact long distance measurements can be done by this weather (e.g. at 

dwellings, because lack of background)  

Although not allowed by IEC standards, it could deliver clear recordings of wind turbine 

noise if there are measurements conducted during quiet conditions on the ground. This is 

also a point that measuring in a wind shield would deliver clear results, without having 

to much background noise to filter out in the data.  
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- The rising height of turbines makes that a change is necessary in standards and special 

measurements may be necessary 

Two reasons for this were mentioned. Firstly, the rising height makes it more likely that 

the wind conditions at hub height are largely different from those at ground level, for 

example the incidence in which nocturnal stability with nocturnal jet occurs.  

Also the rising height makes it more likely that turbines are built in areas with more 

roughness: forest for example. In this case and in the aforementioned, it may also be 

necessary to measure during quiet conditions at the ground, to prevent too much 

background noise, or in wind shields.  

 

- Sound from different turbines that run synchronous during stable situations might ‘join 

up’ to create a pulse 

This should be accounted for in calculation models. This is already demanded in 

legislation by requiring that in the case of more than one planned turbine or if there is 

already a turbine built, the sound pressure created by all of the turbines may not exceed 

the legal limit of sound pressure at a dwelling. The special pulsing noise that occurs in 

stable situations has to be accounted for in the calculations. 

 

- Valleys with dwelling next to wind turbines on hills are a known example of difference 

between wind turbine sound and background noise 

Situations that are likely to create sound disturbance, despite the fact that they may be 

inside the limit during measurements, should be avoided.  

 

- There is no clear legislation found on how to approach these sites that have special 

characteristics. There is however a possibility to deviate from the normal limit in the 

Dutch legislation.  

In Sweden the municipalities are relatively free in setting extra conditions for wind 

power development. But they often need external advice because it is too complex for 

them. Clearer guidelines about how to approach a wind power project in certain kinds of 

environments (e.g. up a hill) should be given for communities that do not have the 

capacity to custom state adequate conditions for the park.  
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So there should be a similar approach in similar situations, but without becoming too 

rigid. In the Dutch concept jurisprudence shows that sound pressure limits for wind 

turbines in areas with low background noise may be necessary.  
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CHAPTER IV 

IMPLICATIONS OF THE FINDINGS FOR THE SOUND ASSESSMENT PRACTICE 

IN THE PLANNING AND OPERATION OF WIND POWER PROJECTS 

The current measurement and prediction methods of sound emission are seemingly not 

always accurate enough to prevent experienced disturbance by neighbouring inhabitants 

from wind turbine sound emission. How the current practice of measurement and 

assessment is taking place is dealt with in the former chapter along with some critics.  

 

This chapter answers the question what the findings on sound effects from wind turbines 

and these sounds’ propagation under different situations imply for the best practice of 

wind turbine sound assessment. The implication of the specific characteristics and the 

typical propagation of wind turbine sound for sound assessment practice during planning 

and operation will be reviewed and this will cover the dimensions of neighbours’ 

experience and assessment. Implications for the legislator can be taken from the general 

conclusion.   

 

4.1 SOCIETAL EXPERIENCE 

 

Noise from wind turbines is influenced in its propagation and immission by different 

circumstances. Since noise is an important determinant of the setback distance of 

dwellings from wind turbines, often the minimal setback distance necessary to prevent 

disturbance is a resultant of the usual conditions at a specific site.  

During the project planning of a wind power project, information should be given to 

local stakeholders regarding existing background noise and the expected noise of ‘all 

potential noise sources’ of the planned project. Also the predicted effects on respondents 

should be discussed and the decibel ratings of all equipment have to be included in the 

information to residents.  
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Table 3: Perceived negative impacts from wind turbines. (Source: American Planning Association, 2013) 

 

Sound is one of a number of environmental factors that impact on project development 

and is highly site specific. Sound disturbances cannot be easily identified until the 

project has been through screening or the site search stage. As such it is typical for 

potential sites to be located outside key designations for landscape or ecology, but also at 

proper separation from receptors that are sensitive to noise (Dewhirst, 2013).  

 

Noise arising from wind turbines is found to be an important barrier to the deployment 

of wind energy (Oerlemans et al., 2007). The magnitude of noise annoyance is proved to 

be affected by more parameters then only those directly related to noise (Pederson and 

Persson Waye, 2004). 

 

Noise from turbines is possibly the primary initial concern for landowners that live 

nearest to the wind power project’s site. Noise concerns however can also arise if the 

project is situated in a location or area that is frequently used for recreation, subsistence 

or cultural purposes (American Wind Energy Association, 2012). 

 

Hence noise is an important aspect to address in the process of identification of search 

areas and project sites. Mainly the minimum of a desirable setback distance for noise 

sensitive receptors, like dwellings, from turbines is applied to select areas of search for 

potential project sites. The actual distance is defined by the applied turbine’s noise 
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characteristics. It can be only confirmed after noise and wind measurement on the site 

itself (Dewhirst, 2013). 

 

On the other side there is an important point that, when areas that are protected for no 

good reason or that are overly protected, there is the risk that highly suitable sites are 

missed in the search process (Dewhirst, 2013). Overly protection of noise sensitive site 

can occur due to the low threshold for appeal, which ended up high in the ranking list of 

institutional bottlenecks. Everyone who feels affected can take the opportunity to make 

protest against the project with relatively limited costs.  So on one side the project 

manager has to make sure the risk of appeal is low, but on the other side the unnecessary 

prevention of wind power projects on suitable sites has to be prevented.  

 

What is important according to The Great Lakes Wind Collaborative is to implement a 

complaint resolution procedure in order to assure that any complaints that arise during 

construction or operation regarding noise are taken into investigation and brought to a 

solution (Great Lakes Wind Collaboration, 2011). 

An example of such an arrangement is the establishment of a telephone number through 

which the agency can be notified in case of any noise concerns (American Wind Energy 

Association, 2013). 

 

As mentioned before, a common method for dealing with a potential noise problem is to 

issue a minimum distance that the nearest residence has to be set back from the wind 

turbine, to limit the immission of wind turbine sound (American Wind Energy 

Association, 2013). 

  

Setback distances can be from around 400 meters to as far as 1 kilometre or more. The 

factors on which the setback distance depends are the local topography, prevailing wind 

conditions and the wind farm lay out (Renewable Energy Alaska Project, 2011). 

 

An way of make the planning process proceed smoother is to try to be sensitive to the 

concerns about the effects of the noise on the nearby inhabitants, but also on 

recreational, subsistence and cultural purposes (Renewable Energy Alaska Project, 

2011). 

 

Other alternatives that are mentioned in literature are adding landscape features to help 

screen specific receptors form the sound and keeping turbines in good running order 

throughout the operational life of the project (Great Lakes Wind Collaborative, 2011). 
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Also it should be communicated to what extent noise production can be reduced and 

contained and stakeholders should be informed about future developments therein too. 

(Nova Scotia Environment Environmental Assessment Branch, 2012).  

 

In a survey, written to research how perception can be made more positive, it has been 

found that noise was the most annoying aspect that wind turbines had. Sound from wind 

turbines is relatively annoying, and it is recommended that in the planning of wind 

farms, the negative impact of noise and the reduction of noise should be given more 

attention (Van der Berg, 2008). 

 

In practice it turns out that, when a project is successfully built, the opinion of 

neighbouring inhabitants about the negative impact of wind turbines gets milder. The 

people that claim that the project has a negative impact on the environment are a lower 

share of the population than the share of people that claim before the building of the 

project that it will have a negative impact. This was found in a research on a wind park 

in Cornwall, England (Eltham, 2008). 

 

A respondent involved in research argues about assessment that it has to have a more full 

description: not going too much to the technical part, but with the main aim that people 

can understand and relate to how assessments are done (Interview: Eja Pedersen). 

 

4.2 ASSESSMENT METHODS 

 

The methods used to monitor noise levels throughout the development’s lifespan should 

also be discussed, according to the wind power proponent’s handbook (Nova Scotia 

Environment Environmental Assessment Branch, 2012). 

 

There are a number of aspects that need to be considered in order to thoroughly assess 

noise impacts from wind turbines. That makes it important to have an experienced 

acoustical consultant to evaluate projected sound emissions from a proposed wind 

project site, to evaluate projected sound immission from a proposed wind project site 

and to enable the development of appropriate sound mitigation measures (Great Lakes 

Wind Collaborative, 2011). 

 

Developers should apply the available noise models to predict noise impact from wind 

energy projects and the assessment’s findings should be effectively communicated to the 
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public: the public should be informed about the extent of noise impacts throughout the 

community (Great Lakes Wind Collaborative, 2011). 

 

For communities themselves it can be a challenge to collect accurate and applicable 

information on noise issues that are associated with wind turbines. Misinformation ‘can 

easily sway the public’, so the use of the best available methods to assess noise effects 

and to communicate potential noise impacts to the public is essential  (Great Lakes Wind 

Collaborative, 2011). 

 

There are many factors affecting the discernibility of the sound of wind turbines for 

neighbouring inhabitants such as ambient noise, wind speed, distance, turbine model, but 

also housing construction. These factors need to be considered and evaluated as part of 

the noise impact assessment (Great Lakes Wind Collaborative, 2011). 

 

In order to provide realistic information of sound propagation over the year, datasets 

from nearby weather stations as input data should be used. The predicted sound level 

will be more accurate, and so possibly the predicted disturbance as well, as long term 

measurements are used of the weather conditions.   

 

Interview respondents mention options to improve practice of calculation and 

measurement of sound, but also the interpretation of the data. There is a discussion in the 

Swedish context about whether or not the mean value should be used to base limitations 

upon.  

 

For example instead of the mean, a percentile that is higher than most measurement 

results and the mean sound pressure level (for example 80 or 90%) but that is below the 

results of few extreme moments in which sound pressure level is very high. Another 

option is to cut of the lowest measured sound pressure levels.  

 

A respondent at Naturvårdsverket states that if the sound pressure level of 40 is 

exceeded very many times, measures are necessary. But it is added that there are no 

general regulations about that in the Swedish context 

(Interview Conny Larsson and Ingrid Johansson).  

 

Another respondent states that it would be an option to consider to measure inside the 

dwellings. The difference in level from outside to inside has to be investigated more.  
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Normally measurement inside dwelling only occurs when neighbours are causing 

disturbance for each other. But for wind turbine noise the inside noise should also be 

investigated more (Interview: Martin Almgren). The parameters of the immission point 

and its direct surroundings can be of influence. 

 

Also in calculation this is important information. In the usual practice, first the sound 

levels in third octave bands outside the house are calculated and sound insulation values 

of the walls and the roof of the house are assumed. Subsequently the sound pressure 

levels inside are calculated and compared to these requirements. In Sweden calculations 

use third octave bands from 31,5 to 200 Hertz.  

 

This could also sophisticate the calculation of the noise level from wind turbines that is 

predicted inside dwellings. 

 

Another method that is used to further sophisticate noise assessment is to find new facts 

about sound disturbance. This can be done by talking to neighbouring inhabitants and try 

to get observation on when they are disturbed and subsequently trying to figure out why 

they are disturbed (Interview: Martin Almgren). 

 

Also background noise is an important determinant on when noise should be measured 

according to some respondents. It is stated that background noise level plays a decisive 

role in whether disturbance is experienced by neighbouring inhabitants. 

 

Findings can be transferred to the field of legislation and authorities. They can be told 

what has been found by research about when sound disturbance occurs and due to which 

causes (Interview: Martin Almgren). 

 

4.3 CONCLUSION 

 

When planning and operating wind power projects there are some changes in how to 

deal with sound and some suggestions and have been discussed above.  

 

 

- Wind turbine noise assessment should have the primary attention of both authorities 

and project managers in the spatial planning of new wind parks, since it is the mostly 

experienced disturbance that can be mitigated by accurate prediction and 

measurement 
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Noise is after the visual/aesthetic issues, the most important disturbing feature of 

turbines for people, although these features often go together when causing disturbance. 

Visual/aesthetic issues are hard to mitigate with limits, but in the case of wind turbine 

noise there can be further mitigation of the problem through proper calculation and 

measuring and criteria that are relevant in further preventing noise disturbance. This 

implies that the legislator, but also project planners, should be focussed on better noise 

limitation and assessment to deal with the second largest reason that people are disturbed 

by wind turbines. This can help prevent claims by neighbouring opponents. 

 

- Only a standard setback distance is not sufficient to prevent disturbance when assigning 

permitted areas for turbines. Local circumstances and noise calculation outcomes 

should be included when considering the suitability for a turbine 

For the successful prevention of disturbance of neighbours by turbines often a setback 

distance is issued, but this is not always completely preventing disturbance and is also 

rigid. It can be too rigid if it prevents turbines from being built in areas, do to setback, 

where they would have caused no disturbance. This can be the case if simply a circle is 

drawn around a proposed turbine position, like e.g. Wind Pro does. So setbacks should 

be supplemented by information gained from more sophisticated calculation methods for 

noise immission.  

 

- The legislator has to find the right way between general rules and possibilities for site 

specific regulations for sound pressure limits from turbines 

An important point is that there is a need for clarity in legislation but also room for a 

specific approach in certain situations, like wind shield, frequent occurrence of stable 

bottom layer and fast winds at hub height, areas with low background noise and sensitive 

immission points. This is a dichotomy that can challenge the legislator, who wants on 

one side clarity in how to operate noise assessment for those authorities that are 

responsible for permissions for operators and the monitoring of noise disturbance, but on 

the other side to give the freedom to those responsible for adequate monitoring to 

measure at other moments or interpret the measurement data different. 

 

- The possibility of calculating noise inside dwellings to accurately predict sound due to 

wind turbines inside the building should be researched.  

To get a better prediction of the actual sound disturbance that can be expected inside the 

house, the legislator should encourage attempts to calculate noise disturbance in the 



 62 

house as adequately as possible. This can be done with information about local 

meteorological circumstances, terrain, noise source but also the characteristics of the 

dwelling that is the immission point.  

 

So in legislation there needs to be room and sometimes pressure to change practice to 

make it more accurate in mapping the disturbance that wind turbine sound is expected to 

cause or to monitor realistically the sound disturbance that is experienced from a wind 

power site in operation. This will be further discussed in the general conclusion. 
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5 GENERAL CONCLUSIONS AND DISCUSSION 

 

The thesis that was posed in this text was that the assessment methods that are used to 

predict or measure wind turbine noise immission result in prediction and measurement 

outcomes that are satisfactory in preventing noise experienced by neighbours  

This statement was tested using the research data.  

 

All in all can be concluded that there are several things that need to improve in the 

practice of assessing wind turbine noise using prediction and measurement to make the 

used methods better in preventing wind turbine noise disturbance. The shortcomings in 

currently used assessment practice partly have to do with the monitoring of certain sound 

effects and the assessment of sound disturbance during certain conditions.  

 

Important is that this research finds its input data in literature, written documents by 

legislating bodies and the information disclosed by interviews. This way certain aspects 

of the current practice of sound immission assessment that are weak spots have been 

identified.  

 

First of all it is not yet possible to measure amplitude modulation in wind turbine sound, 

although this is highly intensifying the experience of sound disturbance.  

 

Secondly there is a problem with the monitoring of low frequency sound. This does not 

happen in the current practice of A-weighting, although it has been found that there is 

are many claims of disturbance by low frequency sound. Low frequency sound also 

travels further.  

 

The recommendation however, may be hard to bring into reality. The monitoring of 

amplitude modulation, for example, is expensive and hard to execute correctly. These 

problems are hard to solve.  

 

Finally there is the importance that some sites are susceptible to certain conditions that 

create a high likelihood for wind turbine sound to become the prominent sound at 

immission points. This can happen at sites with wind shields (see chapter 2) but also 

during certain meteorological conditions. These conditions (stable atmosphere) are often 

missed by measurements, because during these conditions no measurement is being 

done. 
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An important point that has to be emphasised when discussing the problems is that the 

magnitude of the population being subjected to wind turbine noise is relatively low, 

when compared to for example people that can notice or are annoyed to traffic noise or 

other industrial noise. The amount of research that has been done is large compared to 

the population that is currently affected. What can be argued however is that wind 

turbines are often placed in quiet areas with low background noise, where noise sources 

cause more easily disturbance. This makes the research and measures to combat 

disturbance important. Also the affected population will increase in the future if the 

number of wind turbines rises. This makes it necessary to further sophisticate assessment 

practice.  

 

The mean sound pressure level is subject to discussion. There can be argued that a sound 

pressure level value higher than the 50% percentile can be used for measurement results, 

instead of the mean sound pressure level to base limitation on. Also removing the lowest 

results in calculating the mean sound pressure level is a way of making the sound 

pressure level that on which the limit is imposed more adequate in preventing 

disturbance. But since there are always people disturbed, this is a political question.  

 

Also measurements should be conducted when conditions for high immission of sound 

are likely, when these conditions are common in a certain site. So practice should be 

allowed to be adapted to special conditions in a certain case.  

 

Further the use of more sophisticated methods during calculation and prediction are 

advised. Examples that are given are the use of noise modelling programmes like 

Nord2000 and Harmonoise. 

 

To further mitigate sound disturbance experienced or opposition on the basis of 

anticipated sound disturbance, a wise approach in the spatial planning of these projects is 

advised. There is much theory on successful planning in cooperation with neighbours 

and how on preventing the formation of a strong opposing power by e.g. neighbouring 

communities, that can frustrate projects for long times.  

It is also true that the sound disturbance experienced from a wind power project in 

operation is lower than the anticipated disturbance by neighbours, when a project that is 

planned is heard of by nearby inhabitants. The anticipated disturbance is the main cause 

of opposition that may hinder development of the project. By cooperative planning 

involving the community, the dialogue between different stakeholders about noise 
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disturbance will probably be better and neighbouring inhabitants can come with ideas to 

mitigate noise disturbance. 

 

Legislation should be more clear in how to use data, how to conduct measurement, how 

to treat special situations and should adapt the rules for practice to new findings. 

 

A possible bias however can be caused by the fact that the legislation dimension that has 

been reviewed in this thesis document covers two countries, Sweden and the 

Netherlands, in which the former is reviewed using data from interviews and the latter 

using text documents from the legislating authorities. This may create a bias due to a 

difference in the way information is given first hand and the way information from text 

documents is interpreted.  

 

Sound effects and tonal conditions should also play a large role in the judgment of sound 

disturbance a turbine causes. Some sound effects are clearly perceived more annoying 

than others and also low frequency sound plays a big role in annoyance and noticeability 

of wind turbine sound.  

 

In Sweden the authorities consider the rule of 40 dB(A) as it is in force now, as a good 

basis for assessment and judgement of wind turbines noise immission and its 

acceptability (Interview: Ingrid Johansson).  

 

So all in all there are certain problems with the current assessment practice in 

representing the experienced disturbance in reality by neighbouring inhabitants. There 

should be further investigated how these problems in the assessment practice can be 

solved. 
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6 RECOMMENDED FUTURE WORK 

 

To the conclusion, certain recommendations for future research can be related. 

Research on the behaviour of sound in stable situations with a high wind speed gradient 

should be researched.  

 

A possible typology of ‘noisy’ wind turbine sites can be useful. For example there can 

be more intensive research about the influence of elevation on wind turbine sound 

propagation, and the difference of immission in forest area, where conditions at ground 

level are often quiet. Possible generalisations that can be given for certain types of wind 

turbine sites should be searched, so that they can be used in calculations.  

 

Research on better technology for amplitude modulation recording is also necessary. It 

turns out that this is an important weakness in assessing the disturbance that wind 

turbine sound can cause, since Amplitude Modulation plays an important role in 

disturbing but it is hard to register how often it occurs. Further technological research is 

necessary.   

 

Research on possible improvements on the calculation of noise inside dwellings can be 

useful. In the consultancy branch, research is being conducted on the difference of sound 

on the façade and inside dwellings. A standard calculation model for sound pressure in 

dwellings that can be derived from the sound pressure level and sound characteristic on 

the façade could be useful.  

 

Research on health effects of wind turbine sound can be extended, when objective 

medical research on the effects of wind turbine sounds on the human health would be 

research. This is to get a better view on possible dangers. Due to the expenses this 

research has not been done yet.  
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