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ABSTRACT

Sound from modern wind turbines is predominantisodgnamic noise with most audible sound energy ediom

and higher frequencies. Wind turbine sound is iredt annoying, probably due to acoustical chanisties, such as
amplitude modulation, that increase the risk fan@mnce and disturbed sleep. Other health effatitsgsembling
stress symptoms to at least some degree, araugttito infrasound, but this is not supported higteng knowledge
of noise or noise annoyance and the claims lacktaobation. There is certainly room for the redarcof noise and
noise annoyance, perhaps at the expense of maxenergy yield.

This paper gives an overview of knowledge aboutdwtim-
bine noise and its effects on neighbouring res&ldhem-
phasizes robust knowledge, from both the (psyckostics
and public health arena. But also attention has lpagd to
relatively new knowledge and ideas such as predaitéhe
5" International conference on Wind Turbine NoiseAin
gust 2013.

SOUND PRODUCTION
Sound sources

An overview of wind turbine sound sources is givana

number of publications such as Wagner (1998), Van

Berg (2006), Leventhall and Bowdler (2011), and enoe-

cently Doolan et al (2012). Mechanical sound (nyoSthm

the gear box) was a relevant source for early nesbbut has
been reduced and is generally not an importanteour

Aerodynamical sound is the dominant source for nmode

turbines. The most important contributions are frioritow
turbulence and trailing edge turbulence. Free {erime, such
as in the atmosphere, is a very weak and theraf@levant
sound source. However, interaction of turbulendd wihard
surface leads to high local velocity changes (ke fiormal
to the surface must stop at the surface) whicthés basic
mechanism for the sound production. There are aksgero-
dynamic sources:

- Trailing edge turbulence is generated becausaithitow
at the blade surface develops into a turbulentrlagas the
fate of all flowing media subject to surface fricti (even
for laminar inflow). The frequency with highest saouen-
ergy content depends on the thickness of the temibldyer
that in its turn depends on local flow speed, bladdth
and angle of attack, but is usually in the rangex dew
hundred Hz up to 1 kHz. TE noise has a symmetsigat-
trum that decreases initially with 3 dB per octaued
steeper at further frequencies. At the blade tgslitions
are somewhat different due to sideways air flow, tiu
noise is relatively similar to trailing edge noesed usually
not distinguished as a relevant separate source.

- Inflow turbulence is generated because the bleufs
through turbulent eddies that are present in tlfievimg
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air (wind) and has a maximum sound level at ardithéiz,
falling off with an initial 3 dB per octave up t@® 1B per
octave at higher frequencies. The frequency of maxi
sound level increases with tip speed and decredtiesur-
bine height, the level depends on the turbulenemgth.

- Thickness sound results from the displacemergiroby a
moving blade and is insignificant for sound prodet
when the air flows smoothly around the blade. Bufront
of the tower there is a slightly reduced wind speed
hence a change in lift forces when a blade pakse®iver.
The rapid change in forces on the blade results sde-
ways movement of the blade and a sound pulse imffee
sound region. Because of the finite pulse lengitvét di-
ameter/ blade speed) a series of sound pulsesaezaged,
consisting of harmonics of the blade passing freque
with a peak at the inverse pulse length (see VanBizg,
2006: p.34).

Inflow turbulence noise is important in the low amiddle

frequency range, overlapping with trailing edgeseaat me-
dium and higher frequencies. As both are highlyegpde-
pendent, noise production is highest near therédisting tips
of the blades. The level of radiated sound alsedép on the
direction (with respect to the incoming flow) and blade
speed, both of which cause the typical swish thatudible
near a wind turbine.

Sgndergaard (2013) has shown that the spectraldbmmnd
turbine sound emission is very much the same fanadlern,
upwind turbines and has not changed significartly ttir-
bines that produce over 200 kW electric power. &bwial
level depends on turbine size. Close to a modend wirbine
at high speed the sound level is in the order oflB&). At
larger distances sound levels are lower, thoughfteguen-
cies will be attenuated less than high frequencies.

Sound spectra

Figure 1 gives a plot of a sequence of 1 seconddssam-
ples, totalling 2 minutes, from the Rhede wind fggimilar
to figure 5.1 in Van den Berg, 2006). At high freqgaies (>
~ 600 Hz) we see increasing levels peaking at 1 &htt
then dropping to background values due to trailedge
sound (and spikes due to birds > 2 kHz). At lowenéien-
cies this overlaps with inflow turbulence sound ethi at
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very low frequencies (< 10 Hz), again overlaps wfiltk-

ness (infra)sound. However, this low frequency eangpy
also include infrasound due to wind and possiblizent
sources. As for all unweighted wind turbine soupectra the
physical sound level is highest at infrasound fezgpies and
more or less monotonously decreases to backgraweds| at
a few kHz. With little atmospheric turbulence (instable
atmosphere) inflow turbulence sound levels may dveet

and traling edge sound may show up as a local marior

‘hump’ in the spectrum.
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Figure 1. 2 minutes of 1 second spectra of wind turbine
sound at a reciever positi

We must take human hearing capabilities into adcadmen
assessing the relevance of (spectra of) wind tarbound for
its effect on people. Human hearing is relativelsensitive at
low frequencies which thus compensates for the ipalyg
higher levels at these frequencies. To this ens itsual to
apply A-weighting to a sound. A-weighting is sommets
discarded because it allegedly underestimates ffeet ef
low frequency sound on people. For wind turbinesecat
residences such objections to A-weighting are wotvinc-
ing. A-weighting mimics the frequency dependencyhat
man hearing at a loudness corresponding to thé déeetone
at 1000 Hz of 40 dB. Such a low to moderate louslnes
comparable with night time limits in many countriead
therefore it is also in agreement with actual solawels at
many residences near wind farms. Therefore, A-vigigh
should be a (near) correct estimate of the loudoessound.
A-weighting is indeed less correct at lower loudnkevels;
application of A-weighting to low levels (roughly 80
dB(A)) may allow for more low frequency sound, thbuof
course levels are already low there and will compith
limits. Infrasound will be discussed further in tkection
‘Other health effects and Quality of Life’ below..

In figure 2 immission spectra are plotted at 30@md 1500
m from an ‘average’ wind turbine, with maximum améhi-

mum immission levels according to the maximum argi-m
mum emission levels in modern wind turbines. Thecta
are A-weighted to show levels that are relevanhaonan
perception. It is often assumed that wind turbiaes not
directive sources, also because the directivitys due lead to
large differences. When the sound is propagatedamwell-
ing, the construction will attenuate the highergfrencies
better than the lower frequencies. As a resultpandevels
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will be lower than in figure 2, but the spectrumlwiso be
skewed towards lower frequencies, resulting in waelo
pitched indoor sound. Thus, for indoor perceptiafiow

turbulence sound may be an important component.
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Figure 2. maximum, average and minimum immission
sound levels due to a wind turbine at two diste

Influence of wind on sound production

Sound production is primarily determined by the dvapeed
at hub height. At a certain hub height wind spélee vertical
wind speed gradient does have effect on the eteptriver
output (see, e.g., Wharton and Lundquist 2011) iamday
have a small effect on sound power level, butffesceon the
sound character is more prominent. When the gradgen
strong, the blades pass through layers of air sighificantly
different wind velocities causing changes in theection of
the incoming flow relative to the blade. As a résié thick-
ness of the turbulent trailing edge layer variesopdécally
leading to periodical changes in the emitted soand its
spectral composition. The resulting amplitude matiah
(AM) causes changes in sound level at the rhythnthef
rotating blades, as has been demonstrated by $eneera
searchers (e.g. Van den Berg 2006, DiNapoli 20figngod
2013). AM may be terrain dependent: over compleraie
the wind gradient may be rather different from wiad gra-
dient over flat terrain. Even so, with turbines amnidge and
residents in a valley, a high contrast between viintine
and background sound may exist (Van den Berg, 2607)-
lar to atmospheric stability effects over flat gndu

The vertical wind speed gradient is highly correthto at-

mospheric turbulence strengthth: a stronger gradieplies

less turbulence. It is not clear how this influentee electric
power output, though one would expect less powtr miore

turbulence as the angle of attack of the bladdshaite more
variation. It does have effect on sound power: tadsulence

and air flowing in at a more constant angle, ingpl&ss noise
production. Inflow turbulence can be viewed as esidat

length scales ranging from a millimetre to sevénahdred

meters. Large scale turbulence will cause variationlocal

wind speed. Figure 3 shows the variations in wiad &pec-
tral plot: there is a high variability at time seslof seconds
up to several minutes, and very little variatidme(tspectral

gap’) at time scales of 5 minutes to 1 hour. Ttiere are
peaks at the scale of a day (diurnal variationgkv@assage
of weather systems) and year (seasonal varition@ Aigh

variability at the scale of minutes causes vaneim sound
production that are essentially chaotic and thegyidar. The

low variability in te spectral gap is the reasondm back-

ground measurements over periods of at least 5tesirao as
to average over short scale variations.
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Figure 3. distribution of wind speed over time

Sound character

Although some people worry that low frequency sowand
infrasound may be the cause for serious effects,sthund
produced by wind turbines is not essentially déferfrom

the sound produced by the air flow around an diroraa fast
riding car. Jet engines from large aircraft prodimgher
levels of low frequency and infrasound. Bolin et(2011)

have shown that wind turbine sound contains legs fte-

quency sound compared to road traffic sound atidesen-

siderd normal and acceptable. Of course this doesnean
the sound can have no effects: it can be perceisathwant-
ed and uncomfortable noise, but the resulting &ffere
known from other noise sources.

This is less so for the changes in wind turbinendoaver
time. Wind turbine sound has temporal variatiorst #re not
often present near residences for a long time. mbst im-
portant feature is its rhythmic variation at thed# passing
frequency or the Amplitude Modulation (AM) of theusd
level. An explanation for the typical swish thatasdible
close to a turbine has been given by Oerlemanslj2®e-
cause of the forward directivity of trailing edgausd and the
Doppler amplifications forward of the moving blatthere is a
high level when the blade tip is moving towardsohserver
and a lower level when it moves away. One can ks a
Doppler shift in frequency when a blade tip apphesc This
was found from measurements close to a turbing thmu
explanation does not hold for an observer at aawlist
downwind from a turbine. When the blades move plaame
normal to the observer there is no blade movingtds the
observer. In that case the change in wind speediemia
discussed in the section above, can explain amigtbeat-
ing that is most pronounced when there is a strang gra-
dient such as occurs when the temperature of thengrsur-
face drops (Van den Berg, 2006). In long term measants
Ohlund and Larsson (2013) found that at 1 km froendlos-
est (and most central) of 12 turbines AM occurrestpmi-
nantly during a temperature inversion (positive gerature
gradient, i.e. stable atmosphere) and more oftemnaind
from the turbines. At 400 m from another farm, ofyotwo
turbines, AM also occurred most often downwind frone,
but perhaps also more sideways from the secondng&urb
Stigwood et al. (2013) comclude that AM is foundalhwind
conditions, but is most easy to detect in evenmgjt time
and early morning periods when there is low cloodec /
high wind shear.

A second important feature may be that —on theageer
wind turbine sound does not subside at night. &, fia may
be somewhat louder and attract more attention Isecaiuthe
AM that is reported to occur more often at nighar(vden
Berg 2006, Stigwood 2013).
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Propagation of sound

There are no clear indications that noise propagatiodels
that are commonly used for point sources are nld Ver
wind turbines, except perhaps for upwind propagatieer a
large body of water. Of course, noise propagatiodets are
always a compromise between accuracy and pracisal
pects, and they usually average over differentaiterand
weather situations. Because wind turbines are tdva
sources, the sound shadow is at larger distaneesittfs for
a low source (such as traffic). Because of thisadrlevel
with the ground may not be heard at moderate distanp-
wind, but a turbine may still be audible at largstahces
upwind (Van den Berg, 2009).

EFFECTS ON RESIDENTS

Effects that are related to wind turbines are Visuna aural
impact, accidents and impacts in the constructibasp.
Though these are all distinctly different causes,résidents
they may be connected because of multimodal irtiereand
because worry or annoyance from one factor mayentte
the effect of another factor. Impacts usually aseased sep-
arately (effect of noise, impact on landscape,),ebuit can
also be assessed in an integrative way by investggahe
effect on the quality of life.

The effects that noise can have on people have ibgesti-

gated for a number of sources and this has led¢asonable
understanding of the impact of noise on people. &ffects

most studied are annoyance and sleep disturbanteess
occur at relatively low noise levels and thus aastpreva-
lent. This is also true for wind turbine noise.

Audibility

As has been illustrated above, at some distanoe the rotor
most audible sound energy from wind turbines ithi& me-
dium and higher frequency range, less at low fregies and
nothing at infrasound frequencies. This has be@pated
by a recent Japanese research project, showingirtfiat
sound and low frequency components just abovesaénad
frequencies do not contribute to the perceptiomiofd tur-
bine and A-weighting gives the best correlatiorhwaercep-
tion (Yokoyama et al, 2013).

A substantial proportion of residents notice witnabine
sound in- and outdoors at (outdoor) levels of 35A)B
(Pedersen et al, 2007; Pawlaczyk-Luszczynska e20d12).
In principle sound at any level, if audible, caadgo annoy-
ance and further effect. According to the World lte®r-
ganization (WHO, 2009) indirect effects of noisarswith
noise-induced disturbances of activities such asnmonica-
tion or sleep. For such effects moderate and raghl lexpo-
sures have similar health otcomes. Thus the degréeg.)
annoyance does not depend on the noise level (ailththe
level does influence the percentage of people &hatan-
noyed). The WHO (2009) also states that objectivesen
ecposure (sound level) and subjectively perceivgzbsure
(annoyance) can act independently as exposure blggia
when analyzing the relationship between noise awdtiin



Proceedings of Acoustics 2013 — Victor Harbor

Annoyance

Combining Swedish and Dutch survey results, Janeteth
(20011a) have shown that wind turbines are relgtaenoy-
ing sound sources when compared to other noiseeaufhe
relation between the dose (average day-evening-sigind
level Lden) and effect (percentage of residentmssly an-
noyed) is plotted in figure 4. For wind turbine sducompa-
rable results for annoyance were found in a mogent

Polish study (Pawlaczyk-Luszczynska et al, 2012he T

curves for road traffic, trains and industry aresi from
Miedema and Vos (1998, 2004). The curve for aitdgan
updated curve based on studies that showed theg sire
90's aircraft noise are perceived as more annotfiag the
Miedema curve, based on earlier surveys, pred{danksen,
2011). The curve shown is now used in Dutch aitarafse
policy; it is —perhaps accidentally- almost an agten of the
wind turbine noise curve. Also plotted in figureare limits
for the preferred and maximum allowable noise lewst-
cording to the Dutch Noise Act. This shows that shegle
limit for wind turbine noise leads to a somewhajht@r per-
centage compared to the preferred limit for roaffity, trains

and industry, but lower when compared to the marimu

limit. For aircraft noise, limits are substantiatiygher.
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Figure4. serious annoyance vs. sound level for different
noise sources; markers show preferred level (diais)an
the Netherlands and maximum allowable level (scg)are

Research into wind turbine noise has shown that wirbine
noise may be relatively annoying because of phlysttarac-
teristics (van den Berg, 2006; Pedersen et al, ;2Bolin,

2012; Gabriel, 2013; Stigwood et al 2013). Moshpirent is
a swishing or thumping character of the sound. Atbe
unpredictability of the sound and better audibilitly night
may contribute to the annoyance. However, those areo
economically involved hardly or not report annoyan€his
is discussed in the section ‘Non-acoustical fattoetow.

Sleep disturbance

Studies by Bakker et al (2012), Shepherd et al Xp@hd
Nissenbaum, Aramini and Hanning (2011) show a Sigmit
relation between self reported sleep disturbancteep qual-
ity and noise from or distance to a wind turbinevand farm.
In one of three studies (two in Sweden, one inNe¢her-
lands) Pedersen (2012) did not find such a relaBased
onn the Dutch study, Bakker et al (2012) found e¢hierno
direct relationship between the self-reported fezgpy of
being disturbed in sleep by noise (from any souer®) an-
noyance from wind turbine noise when being indoas,
found in the Dutch study. The thin bars are thadsed devi-
ations illustrating there is a high variability ainoyance for
each sleep disturbance frequency.
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Though it has been shown that noise and/or noiseyamce
from wind turbines are associated to sleep dishabaor
sleep quality, little data is available to quantifys effect.
Shepherd et al (2011) have shown that sleep istaffewhen
comparing respondents living within 2 km and furtttean 8
km from one windfarm. Nissenbaum, Aramini and Hagni

(2011) have shown the same when comparing resptnden

that live whithin 400 m or further from one of tweind

farms, though from their results in fact the effeppears to
occur whithin 1000 m or at hourly averaged noiseele
above 41 dB(A). In a Dutch report Janssen et d&p0ave a
relation between the frequency of being disturbedleep
and noise level. They showed there was a relataween
wind turbine sound level and self reported distdriséeep
(being disturbed at least once a month), though rdliation
was not significant when taking personal charasties (age,
noise sensitivity, economical benefits) into acdodre in-

fluence of age and noise sensitivity were similarfeund

with other noise sources: less annoyance for yauage

older adults and for those not sensitive. Econontieaefits

had a clear reducing effect on sleep disturbaricgas to the

influence on noise annoyance.

Ll

(almost) never at least once atleast once at leastonce (almost) fdaily
past year per month per week

average indoor annoyance score

O P N W &~ O O N 0O ©
L

frequency of disturbed sleep
Figureb5. average score for annoyance from wind turbine
sound vs. self reported frequency of sleep distitye
(any) sound

Other health effects and quality of life

Several other health effects have been investigatednd
turbine noise studies, such as distress and adveesgal
health effects. From the two Swedish and one Dstofiey
studies Pedersen found no evidence that, apart drumoy-
ance and sleep disturbance, other health symptares eon-
sistently related to wind turbine noise. Cardiowdac dis-
ease, impaired hearing, headache, undue tiredfesiing
tense and stressed or irritable were not signifigassociat-
ed with wind turbine noise levels. Significant iva associ-
ations were found for tinnitus and diabetes, behéaa only
one of the three studies. For some of these syngptosig-
nificant association was found wit@innoyancefrom wind
turbine noise: headache was significantly assatiabean-
noyance when being outdoors in one study, undedréss
in two studies, feeling tense and stressed ornigéfritable
(as well as sleep interruption) was significantgaciated to
annoyance outdoors in all three studies. Someeasfetlasso-
ciations were not significant when related to ammae in-
doors. From the Dutch study Bakker et al (2012nébthat
living in the vicinity of wind turbines increaselte risk of
being annoyed by the noise, which in turn could leapsy-
chological distress (and to sleep disturbance)rd’m&as no
significant relation between wind turbine noise eleand
psychological stress. They concluded that residesis do
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not hear the sound or do not feel disturbed, atedeersely
affected.

Shepherd et al (2011) used a Health Related @udlitife
questionnaire for a masked survey comparing retsdana
community within 2 km from a wind farm or with ardool
group at least 8 km to a wind farm and matchedfen type
(rural) and geographic, demographic and socio-aoano
characteristics. The overall HRQoL score was sicgiftly
lower in the ‘turbine group’ compared to the cohigmup,
due to lower scores on the physical and environahedd-
mains of HRQoL; there were no significant differesén the
psychological and social domains. Nissenbaum, Anaemd
Hanning (2011) used the (Short Form) SF-36 surusssq
tions to assess different components of qualityifef their
survey was not masked (it was clear that it addeaslverse
health effects) and included a relatively small bemof
participants (79). Somewhat in contrast to Shepletral
(2012) they found that there was a significantedéhce in
the Mental Component Score (MCS), but not in theyfal
component Score (PSC), when comparing participaitksn
and further than 1400 m from a wind farm (‘neard dfar’
group). Some participants in the near group redddehave
been diagnosed with depression or anxiety, and sepurt-
ed psychotropic medications had been prescribeti, $ince
the turbines were operational and compared withe reord a
few, respectively, in the far group.

New ideas have been forwarded to explain the @acf
(some) residents: people may get sick from windbibhas
(Wind Turbine Syndrome, Vibro-Acoustic Disease)noay
be affected otherwise by inaudible infrasound. prRiet
(2009) published a non-peer reviewed study of sedepeo-
ple living near wind turbines and proposed a nemeds
(Wind Turbine Syndrome) to explain a combinatiorsfnp-
toms. These symptoms also occur when persons atsmger
stress. A number of medically acknowledged psydajiokd
disorders that are related to stress (were disasdemedical
term referring to a disturbance of a ‘normal’, lieglstate,
either caused by internal or external triggers) mwlain the
reaction to the presence of wind turbines withastplating
a new syndrome (Van den Berg, 2011).

Earlier, Alves-Pereira and Castelo Branco (200ggssted
that the sound of a wind turbine can cause Vibroustic
Disease (VAD), identified by a thickening of thetrai valve
(one of the valves in the heart) and the pericand{a sac
containing the heart). Earlier research findindatesl VAD
to high sound levels over long periods of time. @testhis,
in an investigation concerning a family living néao wind
turbines Alves-Pereira and Castelo Branco concluithed
VAD occurred and was caused by low frequency soeweln
thoug there were no indications for physiologidéets and
the measured noise levels were substantially Idhen lev-
els at which VAD was thought to occur. Even if tseme
sound energy at the measured levels would be pesben
the most sensitive audible frequencies, it would cause
hearing damage, although the ear is the most seneiigan.
As far as | know this suggestion has not been V@b up,
possibly because it was an urealistic speculation.

Salt and Kaltenbach (2011) proposed that in hunesamitg
the presence of high frequency sound may inhileitpiércep-
tion of infrasound as they had found in animal expents.
And therefore the absence of high frequency socaddead
to the perception of infrasound otherwise inaudifile con-
clude that this leads to adverse effects from wiintines is
taken the experimental results further than waeanit first
must be shown that this phenomenon also occursrimhs,
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that it has an effect in humans, and that thisnisadverse
effect. As yet there has been no indication thiatwas rele-
vant for the many cases where high levels of ioiiasl from
whatever sound occurred, or when people reportdrting
low frequency hums. Farboud, Crunkhorn and Triniddad
(2013) state that until the physiological effectsmrasound
and low frequency noise from wind turbines areyfolhder-
stood, it is impossible to state that they causg @fnthe
symptoms related to wind turbine noise exposureyTdiso
remark that the fact that the ear may respondwdilequen-
cy noise from wind turbines does not necessarilgnminat
such noise will be perceived or disturb function.

Another new explanation for health effects from avtarbine
sound has been forwarded by Schomer et al (2013 wh
found symptoms (nausea) similar to those of matiokness.
Infrasound levels varying at the blade passing ueegy
could have an effect on people if the pressureatians act
on the vestibular system (detecting head motionparsture)
are comparable to accelarations in motion or skasss.
Again, as yet there has been no indication thatishielevant
for cases where high levels of infrasound from whet
sound occur or for people that experience rhythrar@ations
in (acoustical) pressure.

Leventhall (2013) shows that infrasound from normped-
cesses in the body would generate higher pressurdse
inner ear than sound from wind turbines would. kkes
sense from an evolutionary perspective that hunearimg
does not perceive internal infrasound because és dwot
carry relevant information. Van den Berg (2011) madsim-
ilar point based on low frequency pressure fluatumst from
turbulence in wind. Only when loud enough, thesettia-
tions can be heard, as rumbling ‘wind noise’, biliteowise
they appear not to affect people.

To conclude: the data available indicate an intemacof
annoyance, disturbed sleep and distress, whereaomlgy-
ance is directly associated with the noise levelwNxplan-
tions for ‘sickness’related to wind turbine noisavé been
forwarded, based on the supposedly adverse efiédtau-
dible infrasound, but as yet there is little to stabtiate these
ideas. They are not supported by experience wigttsf of
noise on human health. This does not mean theweoeg,
but it is reasonable to ask why these phenomenacan@an-
ifest in situations with similar or higher exposeanditions.

Non-acoustical factors

It is clear that the noise level as such is noligaft to ex-
plain the impact of wind turbine noise, as the iotpn dif-
ferent residents can vary over a wide range asénge noise
level. As is the case with most noise sources,rddmetors
must be considered. These are other physical fattach as
visibility, shadow flicker, safety), personal facto(such as
costs and benefits, predictability, lack of contrattitude,
noise sensitivity, fear/worry) and social factssadh as trust
in authorities, fairness, justice, awareness ohentc and
social benefits, compensation). Visibility of thetiines from
home increases the risk for noise annoyance. Thente of
age and noise sensitivity were similar as founch vather
noise sources: less annoyance for younger and elidts
and for those not sensitive (Janssen et al, 2@t2prding to
the Dutch study economical benefits form the wimtines
suibstantiallty reduced annoyance (Pedersen e2Q07),
which is probably connected to the reduced anneyénels
for those having a positive attitude towards tuebirin the
landscape. Worry is an important element in thelipute-
bate, because it is important in the early (plaghiphase,
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when residents often have no personal experienteliwing
near a wind farm. Mitigation can also be addregsadrds
these factors.

Sociological research has shed light on the rolplafining
processes of wind turbine projects (e.g. Tyler 208&ins

2010, Pepermans and Loots 2013). The general aolis

that people are more willing to accept decision®mthey
feel that those decisions are made through desaisaking
procedures they view as fair. People evaluate eepioe as
fair when all parties at stake have the opportutttpartici-

pate, the authorities are neutral, the motiveh@fauthorities
are trusted, and people are treated with dignityraspect in
the process. Pepermans and Loots (2013) arguegduat
graphical, political and social distances lead tdiféerent

way of framing interests and opinions for the peartin-

volved. They also observe that with wind power gpeiro-

duction is visually brought back into residentietas which
maybe welcome for some, but an intrusion into #melscape
that others feel attached to.

NOISE MITIGATION AND MASKING

To reduce wind turbine sound at a receiver, keepiufij-

cient distance is the prime measure to considercddfse
reducing noise levels can be effective too. To cedsound
power levels the blade design can be improved tatiomal

speeds can be lowered. Speed reduction is alegaalied in
low-noise setting of wind turbines. As is shownfigure 6

for one particular turbine, this effectively redad@oad band
A-weighted levels, but does not have much influeoicehe
lower frequency< 125Hz) octave bands.
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Figure 6. octave band sound power spectrum for different
noise modes of a wind turbi

Reducing the level changes associated with amplitnddu-
lation perhaps decreases the overall sound levwglktightly,
but it can reduce noise annoyance substantiallye#gt one
manufacturer has developed the technique to synideo
turbines in a wind farm aimed to generate a les®th or
more placid view of the farm. Another manufactuapplies
rapid pitch variations to reduce blade load vaoiadi Both
possibilities seem to allow desynchronizing windbines
with respect to listeners by preventing AM peaksutive at
the same time. An ‘array approach’ has been prapase
Buck, Palo and Moriarty (2013) directing (incohdjenter-
ference maxima to directions with no residents. afterna-
tive approach is to constantly desynchronize windines,
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so interference maxima only can occur for very shiares,
perhaps even making AM imperceptible (though thif w
depend on the wind farm lay out).

Masking wind turbine noise has been studied withunah
sounds and sound from road traffic (Bolin, Nilsso Kahn
2010; Pedersen et al 2010). This has shown than#sking
potential is low because of spectral and tempaffdrdnces.
Masking is most relevant at evening and night, atetimes
that masking potential from existing sources ismfowest.

The dose-response curve for wind turbines (figurehds
been derived from surveys where probably most redgrats
were exposed to sound from turbines operating withe-
strictions (such as low noise modes or not oparatim sen-
sitive periods). It is not clear how noise annogafrom wind
turbines will change when mitigation measures apied. It
is plausible that measures reducing noise levedsveing or
night time have a relevant effect in contrast tu@ng noise
levels in day time. Also, planning processes thatdirected
towards community acceptance may lead to lesstheélt
fects. However, it is to be expected that evenntiost suc-
cesfull approaches will lead to effects for somepbe in the
vicinity of the wind farm. This is essentially alipy issue: to
what extent are negative effects (impact on laruiscaffects
of noise) acceptable when considering the poséiffects of
wind energy production (less pollutants). The treadlated
guidelines for wind farms published by the Belguperior
Health Council (SHC, 2013) address this issue.

CONCLUSION

Wind farms are still a relatively new phenomenonnasst
people have no personal experience with wind fabesling
with wind turbine sound has not yet become a ‘siethdis-
sue’ such as road traffic sound is. This holdgpfarfessionals
and residents. For professionals there is as yajemerally
accepted explanation for AM production or perceptin a
model to assess the effect of mitigation measuneanmoy-
ance. For residents acoustic information is pathefinfor-
mation needed in the process, but neighbours-toded
more information on what that means to them: wiwatleci-
bels mean in relation to audibility and intrusives® Even
then they may not find it acceptable, for acoustizaother
reasons. Sociological research helps to explain flenning
processes may lead to diverging views and whaorfacire
important to keep stakeholders connected or ‘close’

Wind turbine manufacturers have put great emplasinax-

imizing energy yield and have been very successftilis. A

small part of this can be exchanged for less nuidietion by

reducing rotor speed, either at sensitive or ales. This is a
simple application of “the polluter pays” principland

acknowledges the value of profit, plarsetd people. Reduc-
ing rotor speed will also lead to a reduction in Adtels,

though a more sophisticated way (perhaps even higher

energy yield) may be to apply small pitch variaio
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