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Current literature suggests that wind turbine noise is more annoying than transportation noise. To

date, however, it is not known which acoustic characteristics of wind turbines alone, i.e., without

effect modifiers such as visibility, are associated with annoyance. The objective of this study was

therefore to investigate and compare the short-term noise annoyance reactions to wind turbines and

road traffic in controlled laboratory listening tests. A set of acoustic scenarios was created which,

combined with the factorial design of the listening tests, allowed separating the individual associa-

tions of three acoustic characteristics with annoyance, namely, source type (wind turbine, road traf-

fic), A-weighted sound pressure level, and amplitude modulation (without, periodic, random). Sixty

participants rated their annoyance to the sounds. At the same A-weighted sound pressure level,

wind turbine noise was found to be associated with higher annoyance than road traffic noise, partic-

ularly with amplitude modulation. The increased annoyance to amplitude modulation of wind tur-

bines is not related to its periodicity, but seems to depend on the modulation frequency range. The

study discloses a direct link of different acoustic characteristics to annoyance, yet the generalizabil-

ity to long-term exposure in the field still needs to be verified.
VC 2016 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4949566]
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I. INTRODUCTION

The production of wind energy is becoming increasingly

important worldwide, with wind capacity growing between

1997 and 2014 from 8 to 370 MW by a factor of almost 50

(GWEC, 2015). While the development of wind farms as

renewable energy sources is environmentally beneficial, it

also results in larger portions of the population being exposed

to wind turbine noise (WTN). Wind farms are thus becoming

an increasingly important source of industrial noise. WTN has

been associated with various health effects, in particular, with

annoyance and sleep disturbance (McCunney et al., 2014;

Schmidt and Klokker, 2014; Onakpoya et al., 2015). There is

evidence from literature that, at comparable sound pressure

levels, WTN is associated with higher annoyance reactions

than transportation or industrial noise (Janssen et al., 2011).

Knowledge of the reasons for these annoyance differences,

however, is still relatively scarce. In particular, it is not known

which acoustic characteristics of wind turbines alone, i.e.,

without potential effect modifiers such as the visibility of

wind turbines, are associated with annoyance. The objective

of this study was therefore to investigate and compare the

annoyance reactions to WTN and road traffic noise (RTN)

under controlled conditions in the laboratory. The focus was

on noise annoyance reactions to short-time exposure (as

opposed to annoyance to long-term exposure).

Current literature, as recently reviewed by McCunney

et al. (2014) and Schmidt and Klokker (2014), suggests that

the annoyance reactions to WTN may be explained by a

range of factors, namely, by the visibility of wind turbines

(Knopper and Ollson, 2011), shadow flicker (Voicescu et al.,
2016), the living environment of residents (Pedersen and

Larsman, 2008), identifying wind turbines as the noise

source leading to window closing (Michaud et al., 2016b),

and by individual attributes such as noise sensitivity

(Miedema and Vos, 2003), attitude (Pedersen and Persson

a)Portions of this work were presented in “Annoyance potential of wind tur-

bine noise compared to road traffic noise,” in Proceedings of Euronoise
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contrast to short-term annoyance [Fig. 8 and Eq. (1)] there

were no significant interactions between LAeq and source type

(p¼ 0.26) or LAeq and AM (p¼ 0.82). The associations of the

investigated variables with pHA are thus comparable to, but

somewhat less pronounced than with annoyance. Over the

studied LAeq range of 40–55 dB, the resulting shifts of the

model curves of pHA on the abscissa (Fig. 10) are very simi-

lar to those of short-term annoyance (Fig. 8). The WTN and

RTN curves (pooled over different AM situations) are shifted

by �3–5 dB LAeq [Fig. 10(a)]. Further, the curves of WTN

without AM and RTN are shifted by �2–3 dB, and those of

WTN with periodic and without AM by �2 dB [Fig. 10(b)].

IV. DISCUSSION

In this study, focused laboratory listening tests were

conducted to investigate and compare the short-term annoy-

ance reactions to different WTN and RTN situations and to

establish exposure-response curves for the probability of HA

(pHA). The factorial design and the fully controlled sound

stimuli not only allowed for exclusion of effect modifiers in-

herent to field surveys, but also for separation of the individ-

ual associations of sound pressure level, source type, and

AM with annoyance reactions. The observed differences

between WTN and RTN are therefore exclusively attribut-

able to acoustic characteristics.

A. Acoustic characteristics associated with noise
annoyance

Within the studied LAeq range of 35–55 dB, strong short-

term annoyance reactions to WTN were observed. The

annoyance ratings of 3–9 on the ICBEN 11-point scale (Fig.

8) are similar to those of other focused tests with values of

1–8 for comparable sound pressure levels (Legarth, 2007;

Lee et al., 2011; RenewableUK, 2013; Seong et al., 2013).

Unfocused tests (including a reading task) by Persson Waye

and €Ohrstr€om (2002), in contrast, yielded somewhat lower

ratings of 2–3 at a LAeq of 40 dB. Further, the annoyance rat-

ings of 3–9 for RTN in the LAeq range of 40–60 dB (Fig. 8)

are higher than in a focused test by Jeon et al. (2010) with

ratings of 1–4 for the same sound pressure level range. In

this study the resulting pHA of WTN within an LAeq range

of 35–45 dB was found to be 2%–34% [Fig. 10(b)] which,

interestingly enough, is very similar to the pHA of

�4%–30% (outdoor annoyance) found in field studies by

Janssen et al. (2011), while larger than the �7%–16% found

by Michaud et al. (2016a), both for similar sound pressure

levels. For RTN, a pHA of 3%–91% was found within a

LAeq range of 40–60 dB [Fig. 10(b)]. This pHA range is sub-

stantially larger than the 1%–12% determined by Miedema

and Oudshoorn (2001) in a meta-analysis of earlier field

studies and the 5%–25% found in field studies by

Yokoshima et al. (2012), but of similar magnitude as the

6%–60% determined in a field study by Lercher et al.
(2008), for similar sound pressure levels.

The observed annoyance is strongly linked to the LAeq.

This confirms recent findings of other laboratory experi-

ments that an A-weighted metric is an appropriate predictor

at least for (source-specific) short-term annoyance to WTN

(Bolin et al., 2014) as well as RTN (Jeon et al., 2010; Torija

and Flindell, 2015), and thus possibly also for annoyance

reactions to long-term exposure. In interpreting these results,

one has to consider the strong relation between short-term

annoyance and perceived loudness, and also the weak associ-

ation of acoustic characteristics with long-term annoyance

assessed in field surveys (see Sec. IV B). Further, as propa-

gation filtering was applied in generating the stimuli, the

LAeq was varied along with the spectrum. These variables

(LAeq and spectrum) are thus confounded, i.e., their effects

cannot be distinguished. However, for the considered propa-

gation distances of �600 m the LAeq is expected to be the

dominant effect. Despite the strong dependence of short-

term annoyance on the LAeq, the differences between WTN

and RTN prove that other acoustic characteristics need to be

considered as well.

In particular, source type is important. WTN was found

to be more annoying than RTN (Figs. 8 and 10). This result is

in line with findings from field surveys (Janssen et al., 2011),

while only small differences between WTN and RTN were

observed in a study by Pedersen et al. (2010). Over the LAeq

range of 40–55 dB, WTN was linked to the same pHA at

�3–5 dB lower LAeq than RTN. While this “purely acoustic”

shift is pronounced, it is much smaller than the shift of

�15–20 dB determined by Janssen et al. (2011) for outdoor

WTN with a LAeq of �35–40 dB, or of 6–9 dB according to

Kuwano et al. (2014) for WTN with a LAeq of �30–50 dB, or

of 16 dB revealed by Michaud et al. (2016b). The larger shift

determined in field surveys may reflect that other, non-

acoustic variables play an important role, which were

excluded in the present study. Contrasting our findings, in a

laboratory study by Van Renterghem et al. (2013), WTN was

found to be similarly or even less annoying than RTN,

depending on the road situation. In the latter study, however,

an unfocused listening test including a reading task was per-

formed for indoor noise, without disclosing to the participants

which sound sources they were going to be exposed to.

In addition, also AM (partly) determines annoyance.

The increased annoyance reactions to WTN with periodic

AM are in agreement with previous studies (Lee et al., 2011;

RenewableUK, 2013; Ioannidou et al., 2016). The limited

influence of AM in the case of RTN (Figs. 8 and 10) con-

trasts with findings of Lercher et al. (2008) and Van

Renterghem et al. (2013) that RTN with random AM (“local

roads,” “main roads”) was linked to significantly higher

annoyance than without AM (highway). However, as it is

not known to what degree the acoustic characteristics (vehi-

cle mix, traffic density; AM, spectra) of the above studies

coincide with those of the present study, also the compara-

bility of the results is limited. Regarding AM, two findings

are particularly interesting. First, the effect of AM on annoy-

ance was different for WTN and RTN. While the standard

deviation of the level fluctuation of WTN and RTN was of

similar magnitude, level fluctuation frequency range strongly

differed (Fig. 2). This indicates that possibly the latter influ-

ences annoyance. The (subjective) hearing sensation of AM

at level fluctuation frequencies below 20 Hz is described

with the psychoacoustic parameter fluctuation strength (Fastl

and Zwicker, 2007). Fluctuation strength reaches its
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maximum at a fluctuation frequency of 4 Hz (Fastl, 1982).

The level fluctuation frequency of WTN (0.75 Hz) is rela-

tively close to 4 Hz. The level fluctuation frequency of RTN

(�0.14 Hz), in contrast, was apparently too low to evoke this

sensation. Second, the participants did not discriminate

between periodic and random AM in their annoyance rating

of WTN, i.e., periodicity was not a particularly annoying

acoustic characteristic. However, this might have been dif-

ferent if the participants had lived close to wind turbines,

thus being accustomed to WTN and potentially recognizing

random AM as unrealistic. The results suggest that annoy-

ance reactions to WTN may be at least partially reduced if

the occurrence of periodic AM can be ruled out or at least

strongly reduced, e.g., by blade pitch control (Makarewicz

and GołeRbiewski, 2015) or an operational approach

(Bockstael et al., 2012).

B. Comparability of the results with field surveys

In the above discussion it is worth noting that results

from field and laboratory studies are of limited comparability

due to inherent differences. In field surveys, people are not

exposed to specific sound situations while being interviewed,

but rather rate their annoyance based on their memory of the

last “12 months or so” (ISO/TS 15666, 2003) which com-

prises different (outdoor and indoor) sound exposures. In par-

ticular, also recollection of nighttime sound exposure (and

thus of sleep disturbance) is included. Further, in field surveys

individual attributes of the participants such as noise sensitiv-

ity or attitude were found to significantly affect annoyance

(see Sec. I), which was neither observed here nor in a labora-

tory study by Legarth (2007), and only partly in a laboratory

study by Crichton et al. (2015). This is most probably due to

the fact that in laboratory experiments, participants’ ratings

are closely related to the sensory perception of the sounds

present at the time of rating. Consistent with this, laboratory

annoyance ratings are usually highly correlated with per-

ceived loudness (Guski and Bosshardt, 1992), which in turn

strongly depends on the (physical) sound pressure level.

However, loudness and annoyance seem discriminable also in

the laboratory (e.g., Kuwano et al., 1988). In the field, in con-

trast, various other factors, besides sound pressure level, may

play a (more pronounced) role. Context (field vs laboratory

studies) therefore is an important influencing factor for annoy-

ance and needs to be accounted for when comparing studies.

For the present study, the comparability of the results

with annoyance associated with long-term exposure in the

field is limited due to the following reasons. First, the partici-

pants of the study represent a wide and balanced range of age,

gender, noise sensitivity, and attitude, but only a limited geo-

graphic region and working environment. In particular, the

study includes no residents living close to wind farms, who

might react differently. Bolin et al. (2014) found that residents

close to wind farms were more annoyed by WTN than non-

affected participants, which might be linked to (increased) rec-

ognition of WTN (Van Renterghem et al., 2013). Second, the

loudspeakers used in this experiment reproduce frequencies

down to �50 Hz, while WTN has considerable sound energy

also below (Møller and Pedersen, 2011). Thus, low-frequency

noise (�20–200 Hz), which may additionally contribute to

annoyance (Pawlaczyk-Łuszczy�nska et al., 2003), was only

partly covered. Third, the annoyance question of this study

(“When you imagine…”) is different to the original question

of ISO/TS 15666 (2003) [“Thinking about the last (12 months
or so)…”], the former involving imagination of a hypothetic

location and the latter an integration of annoyance over a lon-

ger time period. Fourth, WTN does not cease or at least

decrease at night, in contrast to many other sources, which

might additionally contribute to annoyance (Pedersen et al.,
2009). Finally, non-acoustic effect modifiers (e.g., individual

characteristics such as attitude), which are always present in

the field, were excluded or at least controlled to study acoustic

characteristics alone and thus to establish a closer relationship

to (short-term) annoyance. However, such non-acoustic varia-

bles may be crucial for long-term annoyance assessed in field

surveys (Janssen et al., 2011), and the association of annoy-

ance with WTN characteristics alone may be weak. In a recent

field survey, the Health Canada study (see overview by

Schomer and Fidell, 2016), WTN characteristics yielded an R2

of only 9%, while 10 additional variables increased R2 to 58%

(Michaud et al., 2016b). However, the survey covered sound

pressure levels of up to 46 dB only, while the present study

included LAeq of up to 55 dB. Also, only two variables were

found to be equally or more important than WTN characteris-

tics, namely, “annoyance with blinking lights,” increasing R2

by þ9%, and “closure of bedroom window due to wind tur-
bines [as noise source]” (þ30%), and the latter by necessity is

related to WTN characteristics. Acoustic characteristics, while

one of various variables only, are therefore not negligible.

Thus, this laboratory study reliably discloses acoustic char-

acteristics of WTN and RTN linked to short-term annoyance.

Yet, the generalizability of the results to long-term exposure in

the field still needs to be verified. The high control of effect

modifiers, which is the strength of laboratory studies, is at the

expense of ecological validity. For field surveys, the opposite is

true (less control, but higher ecological validity). Laboratory

studies and field surveys are therefore complementary.

V. CONCLUSIONS

In the present laboratory study, WTN was found to be

associated with higher annoyance reactions than RTN at the

same LAeq, particularly when AM was present, but also for

quasi-stationary (constant over time) signals. The increased

annoyance reactions to AM of wind turbines are not related

to the periodicity, whereas they seem to depend on the mod-

ulation frequency range. The AM of RTN, in contrast, was

less clearly linked to annoyance. As visual factors were

excluded from the experiments, the observed differences in

annoyance reactions to wind turbines and road traffic are

associated exclusively with their acoustic characteristics.

The study discloses a direct link of acoustic characteristics

of wind turbines and road traffic to annoyance reactions, yet

the generalizability to long-term exposure in the field still

needs to be verified, even more so as in field surveys non-

acoustic variables were found to be at least as crucial for

annoyance reactions as acoustic characteristics of WTN.
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APPENDIX: ATTITUDE QUESTIONNAIRE

Item No.

Attitude

component

Reverse

valuea Itemb

1 Affect — Ich finde

Windkraftanlagen gut.

(I think that wind
turbines are good.)

2 Cognition — Windkraftanlagen sind

n€utzlich f€ur die Gesellschaft.

(Wind turbines are
beneficial for society.)

3 Behavior Yes Ich w€urde nicht in

die N€ahe von

Windkraftanlagen ziehen.

(I would not move
to the vicinity of

wind turbines.)

4 Cognition Yes Windkraftanlagen sind

ungesund f€ur Anwohner.

(Wind turbines are

unhealthy for residents.)

5 Behavior — Ich w€urde f€ur den

Ausbau von Windkraftanlagen

stimmen.

(I would vote for the

development of wind turbines.)

6 Cognition Yes Windkraftanlagen tragen

zur Umweltverschmutzung bei.

(Wind turbines contribute

to environmental pollution.)

7 Affect Yes Windkraftanlagen

wirken auf mich bedrohlich.

(Wind turbines are

threatening to me.)

8 Cognition Yes Windkraftanlagen

st€oren die Landschaft.

(Wind turbines disturb
the landscape.)

9 Behavior — Ich w€are bereit,

f€ur die F€orderung

von Windkraftanlagen

mehr zu bezahlen.

(I would be willing
to pay more for the

funding of wind turbines.)

Appendix (Continued.)

Item No.

Attitude

component

Reverse

valuea Itemb

10 Affect Yes Windkraftanlagen

nerven mich.

(Wind turbines

annoy me.)

11 Affect — Ich finde Strassen gut.

(I think that roads are good.)

12 Cognition — Strassen sind n€utzlich

f€ur die Gesellschaft.

(Roads are beneficial

for society.)

13 Behavior Yes Ich w€urde nicht in

die N€ahe verkehrsreicher

Strassen ziehen.

(I would not move

to the vicinity of
busy roads.)

14 Cognition Yes Strassenverkehr ist

ungesund f€ur Anwohner.

(Road traffic is
unhealthy for residents.)

15 Behavior — Ich w€urde f€ur den Ausbau

des Strassenverkehrsnetzes

stimmen.

(I would vote for the
development of the

road network.)

16 Cognition Yes Strassenverkehr

tr€agt zur

Umweltverschmutzung bei.

(Road traffic contributes

to environmental pollution.)

17 Affect Yes Strassenverkehr wirkt

auf mich bedrohlich.

(Road traffic is

threatening to me.)

18 Cognition Yes Strassen st€oren

die Landschaft.

(Roads disturb

the landscape.)

19 Behavior — Ich w€are bereit,

f€ur die F€orderung des

Strassenverkehrsnetzes

mehr zu bezahlen.

(I would be willing to
pay more for the funding

of the road network.)

20 Affect Yes Strassenverkehr nervt mich.

(Road traffic annoys me.)

a
Values of 0–4, 0 indicating a very negative and 4 a very positive attitude

for non-reverse values, and vice versa for reverse values.
b
The German questions were used in the listening tests. The English transla-

tions in parentheses are added for readers’ convenience.

1See supplementary material at http://dx.doi.org/10.1121/1.4949566 for the

compressed audio files (MP3 format) of these stimuli to get an audio

impression.
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