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Annoyance ratings for artificially created noises, resembling the main characteristics of temporal wind
turbine noise, were studied by means of a listening experiment involving 21 participants with normal
hearing. Three types of stimuli were examined: broadband noise (−4 dB/octave), noise generated by
moving cars, and narrowband noise. All stimuli had the sound level fluctuations typical for wind turbine
noise. The magnitude of the sound level fluctuations was measured in a quantitative way, by using the
characteristics of amplitude modulated sound: modulation rate and modulation depth. Our aim was to
examine how the modulation rate and the modulation depth influence the noise annoyance assessment of
broadband and narrowband amplitude modulated noises. Three different modulation rates, 1, 2 and 4 Hz,
and sound level fluctuations (a measure of the modulation depth), 3, 6, 9 dB, were applied to each type of
stimuli (with exception of noise generated by the moving cars) and investigated. The participants in the
listening experiment were presented with sound stimuli in laboratory conditions and asked to rate their
annoyance on a numerical scale. The results have shown a significant difference between the investigated
conditions. The effect was particularly strong between the annoyance judgments of different types of noise
(narrow and broadband), and modulated versus unmodulated noises. Temporal fluctuations occurring in
wind turbine noise are very pertinent to the perception of annoyance and could be responsible for its
being a relatively annoying noise source. The obtained results were discussed and compared to the typical
modulation rates and level changes that occur in recordings of real wind turbine noise.
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1. Introduction

The dose-response curves obtained for wind tur-
bine noise are different from similar curves obtained
for other environmental sound sources, such as traf-
fic noise, railway noise or even air noise. They show
systematically a larger proportion of highly annoyed
people (%HA) at the same dose value of Lden com-
pared to other noise sources (Miedema, Oudshoorn,
2001; Miedema, Vos, 2004; Pedersen, Persson-
Waye, 2004; Pedersen et al., 2009; Janssen et al.,
2011). There are several acoustical and non-acoustical

factors often mentioned in this context that could ex-
plain the unexpectedly high annoyance assessment for
wind turbine noise. Among non-acoustical factors, the
most frequently mentioned are: attitude toward wind
turbines (Pedersen, Persson-Waye, 2007; Peder-
sen et al., 2009; 2010), economic benefits (Pedersen
et al., 2009; Janssen et al., 2011) and visual set-
tings (Pedersen, Persson-Waye, 2007; Pedersen,
Larsman, 2008; Van den Berg, 2009; Janssen
et al., 2011). Among acoustical factors the most im-
portant seem to be: the low frequency content (Salt,
Hullar, 2010; Bolin et al., 2011; Møller, Peder-
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sen, 2011), and temporal fluctuations of sound level
(Moorhouse et al., 2007). Some researchers also men-
tion the presence of a discrete frequency component
in wind turbine noise (Hubbard, Shepherd, 1991).
Regarding the low frequency content in wind tur-
bine noise, there is a tendency in the literature to
agree that this is not a problem related to increase
annoyance of this specific sound source (Jacobsen,
2005; Tachibana, 2014). However, this is not the
case when the temporal fluctuations of the sound level
are considered. There have been many studies dis-
cussing whether or not amplitude modulation is per-
ceived in wind turbine noise. Van den Berg (2009)
concluded that amplitude modulation is perceptible
within dwellings. Moorhouse et al. (2007) have a
different opinion. In very recent studies performed
in Japan (Tachibana, 2014) it was found that “the
fluctuation sensation by amplitude modulated sound
might be caused at about three-quarters of all the
measuring points” (the number of all measuring points
was 81). On the other hand, it is clear that the pres-
ence of sound level fluctuations in wind turbine noise
depends on many factors, such as wind speed, me-
teorological conditions, the distance from the sound
source to the receiver etc. Assuming that such con-
ditions occur and sound level fluctuations are present
in wind turbine noise, it is possible to measure how
these fluctuations are perceived by people. Several
attempts were made in the past; for example, psy-
choacoustic characteristics such as roughness, fluctua-
tion strength and loudness of wind turbine noise were
investigated in laboratory settings (PersonWaye,
Öhrström, 2002). Although the main effect was con-
firmed, i.e. that the same sound level of wind turbine
noise does not correspond to the same annoyance as-
sessment, no specific relationships between the investi-
gated sound characteristics and wind turbine noise an-
noyance were established. On the other hand, there are
studies which show that fluctuation strength (Fastl,
Zwicker, 2007) is a good descriptor of a fluctuating
wind turbine noise and such fluctuations can be eas-
ily picked up by human listeners (Van den Berg,
2005).
A simplified equation for the fluctuation strength of

broadband noise can be written as (Fastl, Zwicker,
2007)

FBBN = 0.072(∆L− 3.6)vacil, (1)

where vacil is the unit of fluctuation strength. 1 vacil
equals the absolute fluctuation strength reference value
produced by a 60 dB, 1 kHz tone, 100% amplitude
modulated at 4 Hz (Fastl, Zwicker, 2007). Van den
Berg has shown that when ∆L rises from 3 dB to
6 dB the FBBN rises from 0 to 0.17 vacil. According to
other studies (Legarth, 2007; Lee et al., 2011), fluc-
tuation strength correlates very well with the “swish-

ing character” of the noise perceived by listeners.
“Swishing”, “whistling” and “pulsating/throbbing”
are the words usually used for describing wind tur-
bine noise characteristics (Pedersen, Person Waye,
2004).
On the other hand, it is a well-established fact that

steady state sounds evoke a different amount of an-
noyance than fluctuating sounds. It has been shown in
laboratory experiments that the same annoyance rat-
ings for steady state sounds and fluctuating sounds
were obtained when the sound level of the steady state
sound was 5 dB higher than the sound level of the fluc-
tuating sound (Moorhouse et al., 2007). According
to other studies, when the fluctuations were measured
by the value of standard deviation (sd), the sounds of
4sd were assessed as more annoying than the sounds
of 2sd. The loudness of these two types of sounds was
the same (Dittrich et al., 2009).
The current study extends the previous work, try-

ing to answer some significant questions about the
characteristics of wind turbine noise in relation to the
noise annoyance assessment of amplitude modulated
sounds:
1. What is the relationship between the noise an-
noyance ratings of amplitude modulated sounds,
modulation rate and modulation depth?

2. Does noise annoyance caused by amplitude modu-
lated sounds depend on the type of sound (narrow
band noise, broadband noise, car noise)?

3. Which psychoacoustic noise characteristics corre-
late with the noise annoyance assessment of am-
plitude modulated sounds?

4. How do these characteristics relate to real wind
turbine noise?
To answer these questions, a psychoacoustic exper-

iment was performed in which three types of stim-
uli were examined: broadband noise (−4 dB/octave),
noise generated by moving cars, and narrowband noise.
Broadband noise and narrowband noises were modu-
lated with three different modulation frequencies, 1, 2
and 4 Hz, and sound level fluctuations (measure of the
modulation depth), 3, 6, 9 dB, and the car noise stim-
uli were adjusted to have the same characteristics as
the modulated stimuli.
Our aim was to examine how modulation rate and

modulation depth influence the noise annoyance as-
sessment of broadband as well as narrowband ampli-
tude modulated noises. Finally, by having car noise as
stimuli, with level fluctuations identical to the tempo-
ral characteristics of modulated noises, but with differ-
ent spectra, it was possible to test the influence of the
spectrum characteristics of the investigated stimuli on
noise annoyance assessment.
In order to examine the possible psychoacoustic

characteristics responsible for the noise annoyance as-
sessment of the investigated stimuli, the following five
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sound characteristics were calculated: loudness, N , the
percentile of loudness, (N5), fluctuation strength, F ,
roughness, R, and sharpness, S. Since all these charac-
teristics are component dimensions of psychoacoustic
annoyance,PA, a multicomponent annoyance indicator
(Fastl, Zwicker, 2007), also the PA was calculated
for all the investigated stimuli. Psychoacoustic annoy-
ance, PA is defined as follows:

A = N5

(
1 +

√
w2

S + w2
FR

)
, (2)

with N5 percentile loudness in sones, wS describing the
effect of sharpness S

wS =

(
S

acum
− 1.75

)
0.25lg

(
N5

sone
+ 10

)

for S > 1.75 acum,

(3)

wFR describing the influence of fluctuation strength F
and roughness R

wFR =
2.18

(N5/sone)0.4

(
0.4

F

vacil
+ 0.6

R

asper

)
. (4)

The correlation between the calculated noise char-
acteristics and noise annoyance assessment was tested
and discussed.

2. Method

2.1. Stimuli and equipment

Three types of stimuli were used in this study:
noise generated by moving cars, artificially synthe-
sized broadband noise (−4 dB/octave), and narrow-
band noises with three different center frequencies:
500 Hz, 2000 Hz and 8000 Hz. The noise generated by
moving cars,MC, was chosen in order to a test hypoth-
esis about the similarity of sound level fluctuation oc-
curring in wind turbine noise and sound level fluctua-
tion caused by different distances between the passing-
by cars. The broadband noise, BN, was chosen based
on the assumption that the noise (−4 dB/octave) re-
sembles the frequency characteristics of general wind
turbine noise (Yokoyama et al., 2013). Finally, the
narrowband noises, NN 500, NN 2000, NN 8000, were
chosen in order to find out whether the assessment
of noise annoyance depends on the frequency band in
which the amplitude modulation occurs.
Psychoacoustics has established that the thresh-

old of amplitude modulation detection is the lowest at
a modulation rate of 4 Hz (Fastl, Zwicker, 2007).
The remaining question concerns annoyance assess-
ment at different modulation rates: will the annoyance
ratings increase or decrease with the increasing modu-
lation rate? To test this hypothesis in this study three
modulation rates (1, 2 and 4 Hz) were applied to the

investigated stimuli: BN, NN and MC. MC noise was
created in such a way that the pauses between cars
formed the level fluctuations identical as in modulated
noises.
Three values of sound level fluctuations, ∆L of

3, 6 and 9 dB were chosen based on the analysis of
real wind turbine noise recordings (the stimulus used
in Van Renterghem et al. (2013) is presented in
Fig. 1).
The results of this analysis confirm the already

well-known fact that the maximum sound level oc-
curs in the frequency range between 2–6 kHz (Fig. 1)
and that the maximum sound level fluctuation of to-
tal noise occurs at a modulation rate of 1 Hz. For
this modulation rate (1 Hz) the magnitude of sound
level fluctuations was analyzed in the 1/3 octave-band
(Fig. 2). It turns out that the local maxima occur at
2000 Hz and 8000 Hz.
Based on this result, the center frequencies of the

narrowband noises were chosen. A frequency band cen-
tered at 500 Hz was added as a representation of the
low frequency components. The same characteristics
of amplitude modulation: modulation rate, fm, and
sound level fluctuation,∆L, were applied to the broad-
band noise and to narrowband noises. The noise gener-
ated by moving cars was adjusted to generate a similar
time distance (compared to the modulation rate) be-
tween the single pass-bys: 1 s, 500 ms and 250 ms. The
level fluctuation was adjusted by changing the speed
of the simulated single pass-by.
For each type of stimulus there was one unmodu-

lated stimulus (with modulation rate and sound level
fluctuation equal to 0: MC 0 0, BN 0 0, NN 500 0 0,
NN 2000 0 0, NN 8000 0 0) and nine modulated stim-
uli with three modulation frequencies (fm = 1, 2,
4 Hz) and three values of sound level fluctuation (3, 6,
9 dB). The investigated stimuli were described as fol-
low: MC 1 3 meansMoving Car stimulus with a time
distance between the cars corresponding to the modu-
lation rate of 1 Hz and with the sound level fluctuation
equal to 3 dB. The same type of description was ap-
plied to all the stimuli.
Before the experiment, an objective analysis of all

the stimuli was performed with the use of the Head
Acoustic software, Artemis Analyzer. Loudness, N ,
fluctuation strength, F , roughness, R, sharpness, S,
and psychoacoustic annoyance, PA (Fastl, Zwicker,
2007), were calculated. For all the mentioned sound
characteristics the averaged values were calculated.
Only for loudness did the percentile (N5) value have to
be additionally calculated in order to assess the psy-
choacoustic annoyance value, PA, (Fastl, Zwicker,
2007). The results of all the calculations are presented
in Table 1.
The sound characteristics of the MC and BN stim-

uli are presented in Figs. 3 and 4 respectively. It can
be seen (Fig. 1 and Figs. 3 and 4) that the 1/3 octave-
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Fig. 1. Sound characteristics of the real Wind Turbine Noise (WTN) recording (based on the stimulus used by Van
Renterghem et al., 2013). The calculated values were: sound level L (dBA), the loudness value reached or exceeded
in 5% of the measurement time, N5, specific loudness, N , specific fluctuation strength, F , specific roughness, R,

sharpness, S, and 1/3 octave-band spectrum.

Fig. 2. Magnitude of sound level fluctuation (for fm = 1 Hz) versus 1/3 octave-band.
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Table 1. Sound characteristics calculated for all investigated stimuli and extra added calculations for WTN stimulus
(last column, marked in bold).

MC 00 MC 13 MC 16 MC 19 MC 23 MC 26 MC 29 MC 43 MC 46 MC 49 WTN 19

N5 4.08 4.38 4.74 5.23 4.44 4.76 5.22 4.42 4.81 5.12 5.26

N 3.98 3.92 3.91 3.93 3.95 4.0 4.03 3.96 4.05 4.04 4.44

F 0.0163 0.015 0.0187 0.0238 0.0294 0.0454 0.0866 0.0523 0.183 0.334 0.0205

R 1.1 1.11 1.08 1.06 1.1 1.12 1.11 1.14 1.21 1.64 0.943

S 2.23 2.22 2.22 2.22 2.24 2.25 2.25 2.23 2.29 2.24 2.81

PA 7.5 7.98 8.43 9.1 8.08 8.66 9.41 8.22 9.35 11.65 9.04

BN 00 BN 13 BN 16 BN 19 BN 23 BN 26 BN 29 BN 43 BN 46 BN 49

N5 5.46 5.82 6.21 6.49 5.74 6.05 6.26 5.66 5.87 6.02

N 5.32 5.31 5.31 5.31 5.31 5.31 5.31 5.31 5.31 5.31

F 0.0208 0.0257 0.0338 0.0447 0.0285 0.0487 0.078 0.0305 0.0672 0.124

R 1.16 1.19 1.18 1.17 1.19 1.19 1.2 1.2 1.21 1.24

S 2.44 2.44 2.44 2.43 2.44 2.44 2.43 2.44 2.44 2.43

PA 9.86 10.52 11.09 11.49 10.41 10.92 11.35 10.32 10.77 11.25

NN 500 NN 513 NN 516 NN 519 NN 523 NN 526 NN 529 NN 543 NN 546 NN 549

N5 1.96 2.06 2.14 2.22 2.04 2.12 2.2 2.01 2.07 2.1

N 1.79 1.82 1.82 1.82 1.82 1.82 1.82 1.82 1.82 1.82

F 0.0217 0.0275 0.0354 0.046 0.0304 0.0509 0.0814 0.0252 0.0507 0.0972

R 0.201 0.203 0.201 0.199 0.203 0.203 0.203 0.206 0.21 0.216

S 0.506 0.506 0.506 0.504 0.507 0.506 0.504 0.507 0.506 0.505

PA 2.38 2.51 2.6 2.7 2.49 2.61 2.74 2.45 2.56 2.67

NN 2000 NN 213 NN 216 NN 219 NN 223 NN 226 NN 229 NN 243 NN 246 NN 249

N5 1.86 1.92 2.02 2.1 1.92 2.01 2.07 1.92 1.97 2.01

N 1.65 1.64 1.64 1.64 1.64 1.64 1.65 1.64 1.64 1.65

F 0.0106 0.0096 0.0121 0.0162 0.0109 0.02 0.0345 0.0174 0.0469 0.0909

R 0.339 0.34 0.338 0.335 0.34 0.34 0.341 0.341 0.344 0.351

S 1.96 1.96 1.95 1.95 1.96 1.95 1.95 1.96 1.95 1.95

PA 2.53 2.6 2.72 2.82 2.6 2.72 2.82 2.61 2.71 2.84

NN 8000 NN 813 NN 816 NN 819 NN 823 NN 826 NN 829 NN 843 NN 846 NN 849

N5 1.5 1.56 1.64 1.7 1.54 1.6 1.65 1.53 1.58 1.61

N 1.2 1.2 1.19 1.19 1.19 1.19 1.19 1.2 1.2 1.2

F 0.0023 0.0024 0.0029 0.0036 0.0027 0.0042 0.0065 0.0036 0.008 0.0143

R 0.107 0.111 0.11 0.109 0.111 0.111 0.112 0.112 0.114 0.117

S 7.57 7.57 7.57 7.57 7.57 7.57 7.57 7.57 7.57 7.57

PA 3.82 3.98 4.19 4.35 3.93 4.09 4.22 3.9 4.03 4.11

band spectra (with A-correction) of real WTN and MC
and BN stimuli are similar, however, their loudness
patterns are different. On the other hand, when com-
paring the calculated sound characteristics for WTN
(the last column in Table 1) with the values obtained
for the investigated stimuli, they are similar to the BN
and MC stimuli.

2.2. Participants

Twenty-one participants (aged between 19 and 24
years) took part in the experiment. All participants

qualified as having normal hearing (normal hearing
was defined as the audiometric threshold of 20 dB HL,
or better, in a frequency range from 250 to 8000 Hz,
according to the ANSI standard (ANSI, 1996), and
were paid for their participation. The results of only 19
participants were included in the final analysis. Two
participants were excluded on the basis of the inter-
raters agreement index (Krippendorff, 1980). After
excluding these participants from the group, the Alfa
Cronbacha index (R Core Team 2015) increased from
0.296 to 0.341.
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Fig. 3. Sound characteristics of the MC 00 stimulus: specific loudness, 1/3 octave-band spectrum,
(dBA), FFT, (dBA), FFT, (dB).

Fig. 4. Sound characteristics of the BN 00 stimulus: specific loudness, 1/3 octave-band spectrum,
(dBA), FFT, (dBA), FFT, (dB).

2.3. Procedure

In the psychoacoustic experiment the participants
judged the annoyance of 50 different noises. Each stim-
ulus was presented 10 times. All together 500 stimuli
were presented to the participants, in random order.
The whole experiment was carried out in ten 7-minute
sessions. After each session there was a short break
lasting a few minutes. After five sessions there was 20-
minute break. The participants were seated in arm-
chairs, in a 32 m2 damped room and judged the an-
noyance in each scenario using an 11-point (0–10) nu-

merical scale. The scale used in this study has been rec-
ommended for noise surveys by ICBEN (Fields et al.,
2001; Preis et al., 2003) and defined in the ISO/TS
15666:2003(E) standard (ISO, 2003). However, the
question about annoyance was adapted to the labora-
tory situation, e.g. there was no question about the last
12 months but rather about the present situation. In
accordance with recommendations from earlier studies
(Berglund et al., 1976;Hellman, 1982) and with the
ICBEN recommendations (Fields et al., 2001; Preis
et al., 2003) the participants were given the following
instructions: Please sit comfortably in the armchair.
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Imagine that you are resting at home. You will hear
road traffic noise. What number from zero to ten best
shows how much you are bothered, disturbed, or an-
noyed by the noise? If you are not at all annoyed choose
zero, if you are extremely annoyed choose ten, if you
are somewhere in between, choose a number between
zero and ten. In order to avoid simple loudness scaling,
the instructions were carefully explained to the listen-
ers. The signals were presented via Sennheiser HD600
open headphones and were sent from the computer
through a Head Acoustic PEQ IV.1 programmable
equalizer. After the calibration procedure the LAeq,T

level of each scenario corresponded to 45 dBA.

3. Results

From the psychoacoustic experiment the annoyance
ratings for 50 different noises were obtained. The re-
sults of 10 repetitions of each type of noise were then
averaged, giving 50 average annoyance ratings for each
participant. The results were grand mean-centered.
This means that normalizing coefficients were created
for each participant by dividing the overall mean of all
the results by the mean of the results obtained from
a given listener. Then the results of a given listener
were multiplied by these factors.

Fig. 5. Mean annoyance ratings with 95% CI for five different types of investigated stimuli: MC,
BN, NN 500, NN 2000, NN 8000.

At first the repeated measures rANOVA design was
applied to analyze the noise annoyance assessment ob-
tained for each type of sound separately (see Fig. 5).
A specific pair comparison was based on contrast ana-
lysis.

Results obtained for moving cars (MC)

The repeated measures rANOVA design resulted
in a significant main effect – namely for modulation
rate, [F (1.2, 21.3) = 12.72, p = 0.001, eta2 = .414]
and sound level fluctuation [F (1.3, 23.2) = 14.31,
p < 0.001, eta2 = .443]. There were also significant
effects for the interaction between those two factors
[F (2.4, 43.9) = 10.07, p < 0.001, eta2 = .359]. Gener-
ally, annoyance increases when frequency and modula-
tion depth increase. The differences between unmodu-
lated noise and modulated noises are significant in all
but one cases. There was no difference between MC 0 0
and MC 1 3 (p = 0.086).

Results obtained for broadband noise (BN)

The repeated measures rANOVA design resulted
in a significant main effect – namely for modula-
tion rate, [F (1.4, 25.7) = 10.24, p = 0.001, eta2
= 0.363] and sound level fluctuation [F (1.7, 30.3)
= 10.67, p = 0.001, eta2 = 0.372]. There were also
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significant effects for the interaction between those two
factors [F (3.4, 62.7) = 6.12, p < 0.001, eta2 = 0.254].
Generally, annoyance increases when frequency and
modulation depth increase. The differences between
unmodulated noise and modulated noises are signifi-
cant in all cases except for the stimuli BN 1 3, BN 1 6
and BN 1 9 (p > 0.05).

Results obtained for narrowband noise (NN 500)

The repeated measures rANOVA design resulted in
a significant main effect – namely for modulation rate,
[F (3, 54) = 5.31, p = 0.003, eta2 = 0.228] and sound
level fluctuation [F (3, 54) = 5.70, p = 0.002, eta2 =
0.241]. There were also significant effects for the inter-
action between those two factors [F (9, 162) = 4.60,
p < 0.001, eta2 = 0.204]. A significant difference be-
tween unmodulated and modulated signals occur only
in three cases: for NN 500 1 9 (p = 0.012), N 500 2 9
(p = 0.003) and NN 500 4 9 (p < 0.001).

Results obtained for narrowband noise (NN 2000)

The repeated measures rANOVA design resulted
in a significant main effect for sound level fluctuation
[F (2.3, 49,9) = 3.27, p = 0.043, eta2 = 0.154] but
not for the modulation rate [F (2, 35.4) = 2.31,
p = 0.115]. However, there is a significant interaction
effect between factors [F (4.3, 76.8) = 3.52, p = 0.009,
eta2 = 0.164]. A significant difference between un-
modulated and modulated signals occurs only in two
cases: NN 2000 2 9 (p = 0.006) and NN 2000 4 9
(p = 0.022).

Fig. 6. Mean annoyance ratings with 95%CI for five different type of investigated stimuli: MC, BN, NN 500,
NN 2000, NN 8000 for all level of index of the disturbance.

Results obtained for narrowband noise (NN 8000)

The repeated measures rANOVA design resulted in
a non-significant main effect for both factors’ modula-
tion rate [F (1.9, 35.0) = 1.98, p = 0.155] and sound
level fluctuation [F (1.9, 34.3) = 2.0, p = 0.153].
Finally, the rANOVA was applied to all the results

with the type of sound as a factor and an index repre-
senting the measure of disturbance arranged as follows:
0 0, 1 3, 1 6, 1 9, 2 3, 2 6, 2 9, 4 3, 4 6, 4 9 as a covari-
ate. The results are presented in Fig. 6. There is a sig-
nificant main effect for the type of sound, [F (4, 944)
= 173.7, p < 0.001, eta2 = 0.424]. However, the post
hoc analysis shows only small differences between MC
and BN stimuli (p = 0.047) for lower modulation rates
and there are no differences at all between NN 8000
and NN 2000 (p = 0.079). However, the differences are
significant between the remaining pairs (p = 0.001).
To identify the other possible noise characteristics

responsible for the noise annoyance assessments of the
investigated noise scenarios the correlation coefficients
between all the objective measures presented in Table 1
and the annoyance ratings were calculated. The calcu-
lated correlation coefficients are presented in Table 2.

Table 2. Correlation coefficients for ICBEN annoyance rat-
ings and noise characteristics calculated for each type of

stimuli.

Stimulus N5 N F R S PA

MC – .676 .780 .632 – .760

BN – – .736 .762 – –

NN 500 – – – – – –

NN 2000 – – – – – –

NN 8000 – – .784 .900 – –
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As expected, there is only a significant correla-
tion between the time-dependent noise characteris-
tics and the ICBEN annoyance ratings: for fluctua-
tion strength (F) and for roughness (R). This occurs
for broadband noise (BN), car noise (MC) and narrow-
band noise NN 8000 Hz. However, the changes of these
time-dependent noise characteristics were not strong
enough to influence the changes in psychoacoustic an-
noyance (PA), with the exception of MC stimuli.

4. Discussion and conclusions

There is a different relationship between noise an-
noyance ratings of amplitude modulated sounds for
broadband noise and narrowband noise. For broadband
noises (MC and BN stimuli) noise annoyance ratings
increase with the modulation rate, while for narrow-
band noises (NN 500, NN 2000, NN 8000) noise an-
noyance ratings do not change significantly with the
modulation rate.
There is a significant difference between unmod-

ulated and modulated sounds for broadband stimuli
(with four exceptions), while there are no significant
differences for narrowband noises (with five excep-
tions).
Four exceptions of the broadband stimuli are as

follows: for MC stimuli there is no difference between
MC 0 0 and MC 1 3 (p = 0.086), and for BN stimuli
there is no difference between BN 0 0 and the stimuli
BN 1 3, BN 1 6 and BN 1 9 (p > 0.05).
For the narrowband stimuli, exceptions apply to

significant differences between unmodulated and mod-
ulated stimuli and they occur for three cases of the
NN 500 stimulus: NN 500 1 9 (p = 0.012), N 500 2 9
(p = 0.003) and NN 500 4 9 (p < 0.001) and for two
cases of NN 2000 stimulus: NN 2000 2 9 (p = 0.006)
and NN 2000 4 9 (p = 0.022).
For a given modulation rate the noise annoyance

rating does not significantly increase with sound level
fluctuations. This is true for all kinds of stimuli.
Although the real wind turbine noise recording was

not assessed by the participants of the psychoacous-
tic experiment, its noise characteristics were compared
with the investigated stimuli in this study. The most
similar values of F, R and PA are shown in red in
Table 2. It is clear that both broadband noises, i.e.
stimuli MC and BN, have noise characteristics more
similar to the characteristics of the real wind turbine
noise recording than the narrowband stimuli.
Comparing the results of the noise annoyance rat-

ings for broadband stimuli it is worth noting that for
a modulation rate of to 1 Hz (typical for most wind
turbine noise) the MC stimuli are perceived as more
annoying than the BN stimuli. This result could sup-
port the conclusion that the low frequency components
in wind turbine noise are not a real problem. As can be
seen from the spectra of MC and BN stimuli (Figs. 3

and 4) there are more low frequency components in
BN than in MC stimuli.
The following conclusions can be drawn from the

results obtained in this study:

• The auditory system is most sensitive to ampli-
tude modulation in the modulation-rate range be-
tween 2 and 5 Hz, reaching a minimum near 4 Hz.
The results of this study show that the stimulus
corresponding to this sensitivity minimum is the
most annoying one. All broadband noise stimuli
were judged more annoying when the modulation
rate was 4 Hz than when it was 1 Hz. From the
practical point of view, noise generated by a wind
turbine is perceived as less annoying when the fre-
quency of amplitude modulation occurring in this
noise is less than 4 Hz.

• The JND for amplitude modulation depends on
the bandwidth of the modulated stimulus and
decreases when the bandwidth of the modulated
stimulus is increased. This fact explains why nar-
rowband stimuli were perceived as less annoying
than broadband stimuli when the same time char-
acteristics (modulation rate and sound level fluc-
tuations) were applied to them.

• For the same time characteristics (modulation
rate of 1 Hz and three values of level fluctua-
tion 3, 6, 9 dB) applied to two broadband stim-
uli, the less annoying stimulus is the one with a
larger number of low frequency components, e.g.
BN stimuli. This result supports the previous re-
sults (Tachibana, 2014; Yokoyama et al., 2013)
which demonstrated that low frequency compo-
nents are not the most significant problem when
it comes to the annoyance perception of wind tur-
bine noise.

• To be perceived as being as annoying as real wind
turbine noise it is not enough for amplitude mod-
ulated noise to have the same time parameters
(modulation rate and sound level fluctuations),
but it also must have similar broadband spectral
characteristics.

• A significant correlation between the annoyance
ratings obtained from the participants of the ex-
periment and calculated sound characteristics oc-
curs for broadband noises (BN and MC stimuli)
and NN 8000 stimulus for: fluctuation strength,
roughness and psychoacoustic annoyance (only in
case of MC stimuli).
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