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Abstract — This work presents the application and validation of a novel auralization approach for the evalu-
ation of wind turbine noise annoyance under diverse conditions. The approach is based on the decomposition of
each turbine blade into elementary short-segment sources, whose acoustic radiation in the far field is obtained
by coupling Amiet’s emission model with the Harmonoise engineering model for outdoor sound propagation.
The transfer functions between the elementary source positions and receivers are obtained. Then, the average
and instantaneous sound pressure levels are calculated over one blade rotation. The realism of the audio signals
is evaluated through listening tests with audio signals of the real and simulated environments. The predicted
noise spectra from five wind turbines capture well the measured trends and the absolute levels. Finally, we pre-
sent a study of the weather effects on noise emissions and propagation by using the numerical model developed.
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1 Introduction

The increasing demand for renewable energy has led to a
significant rise in wind turbine installations. When it comes
to on-shore installations, specific regulations are in place to
govern the acoustic impact of wind turbines on nearby resi-
dences. These regulations consider factors like the distance
between the turbine and the dwelling and the extent to
which the noise level exceeds the background noise. These
rules are necessary due to the noise-related disturbances
caused by wind turbines in certain situations. Research by
Janssen et al. [1] revealed that wind turbine noise is per-
ceived as more annoying than other sources such as wind,
road, and rail, despite having lower or comparable sound
levels. Consequently, wind turbine manufacturers and oper-
ators face the challenge of increasing energy production
while minimizing noise disturbance and adhering to regula-
tory standards. Achieving this balance necessitates optimiz-
ing the design, placement, and operation of wind turbines.

Regarding noise emission, the optimization process
would significantly benefit from simulation tools that can
precisely predict noise levels emitted by wind turbines
under specific circumstances. Consequently, extensive
research has been conducted in recent years to create and
enhance these simulation tools [2-8]. Additionally, there
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has been a growing need to auralize wind turbine noise to
facilitate the exploration and comprehension of noise
annoyance mechanisms. Auralization, in this context,
enables the evaluation of wind turbine noise annoyance
under diverse conditions through auditory tests. These tools
might also prove valuable in promoting the acceptance of
wind turbines by illustrating their acoustic impact through
augmented reality applications founded on accurate aural-
ized soundscapes.

Previous work on the auralization of wind turbine noise
includes sampled-based auralization and physics-based
auralization. Pieren et al. [9] proposed a sample-based
methodology where recorded samples are used to obtain
the parameters of the synthesized signal, which includes a
tonal component and an amplitude-modulated broadband
part. Results from listening tests comparing actual audio
recordings with synthetic signals indicated an acceptable
level of realism. This type of approach is however limited
by the restricted number of modeled scenarios imposed by
the conditions of the recording. On the other hand, physics-
based auralization uses a numerical model whose parame-
ters may be freely adjusted to address a wider range of
configurations. This is the approach adopted in the present
work. It requires modeling first the aerodynamic noise
emission of the wind turbine, which is the dominant noise
source, and second, its propagation to the receiver. The fre-
quency and time-dependent characteristics of the noise
emission and atmospheric propagation models are then
applied to appropriate signal processing algorithms to con-
struct a spatialized 3D audio signal at the receiver location.
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A cost-efficient modeling approach for the source emis-
sion is based on Amiet’s theory [10, 11]. This model can
then be coupled with ray-tracing or parabolic equation
methods to obtain the noise levels in the far field, taking
into account ground and atmospheric propagation effects.
Recently, Mascarenhas et al. [12] and Mascarenhas [13]
developed a physics-based approach for the auralization of
wind turbine noise. The approach is based on the decompo-
sition of each turbine blade into elementary short-segment
sources, whose acoustic radiation in the far field is obtained
by coupling Amiet’s emission model with the parabolic
equation [2]. Short-time signals associated with different
blade segments at different angular positions are then calcu-
lated based on the radiated sound pressure level at the
receiver location. These short-time signals are finally
cross-faded using an appropriate window function to con-
struct the signal for a complete blade rotation.

Unlike the method above, the approach used in the pre-
sent work employs a continuous-time signal, which is ampli-
tude-modulated and delayed based on the time-dependent
noise levels computed for discrete blade segment positions.
As a result, the method allows for a continuous time-
varying delay, thus properly rendering Doppler shifts.
Another advantage of the method is to decouple the calcula-
tion of the emission source signals from the far-field propaga-
tion effect rendering. This facilitates integrating the method
in previously developed auralization systems [14-16] to
combine wind turbine sources with other noise sources such
as road or railway traffic noise. The wind turbine blade is
decomposed in a set of short blade segments where the
acoustic radiation of each segment is modeled by a single
aerodynamic elementary source. This source power and
directivity is computed using a RANS-based Amiet’s theory
for leading- and trailing-edge noise [10, 11]. Figure 1 shows
qualitatively the typical relative importance of leading-
and trailing-edge noise to the total noise spectrum in modern
large wind turbines. While trailing-edge noise is the domi-
nant noise source at high frequencies, leading-edge noise
becomes more important at low frequencies and, particu-
larly, in a highly turbulent environment. The contribution
of each elementary source to the receiver located in the far
field is then calculated using engineering ray-based methods
for outdoor sound propagation. Compared to the parabolic
equation or standard ray tracing in refracting medium, these
engineering models have a much lower computational cost
while still providing an accuracy of +3 dB at distances
commonly encountered for wind turbine sound propagation.
This accuracy is usually acceptable for environmental noise
propagation studies. The approach can therefore be applied
to wind farms with multiple wind turbines in complex
environments including topography, buildings, and other
noise sources. In this work, the Harmonoise model proposed
by Salomons et al. [17] and van Maercke and Defrance [18] is
implemented as it includes a more refined meteorological
model considering refraction due to specific wind conditions
and turbulence scattering effects.

The overall process includes two distinct steps. First,
the blade segment emission characteristics are computed
for several blade geometries and operating conditions such
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Figure 1. Contributions of leading- and trailing-edge noise to
the total 1/3-octave band noise levels of a modern large wind
turbine.

as wind and rotational speed. Second, the transfer functions
between elementary blade source positions and receivers are
obtained, followed by the averaged sound pressure levels
over one blade rotation and the auralized audio samples
using the emission characteristics database. Note that this
second phase has been integrated into CSTB’s outdoor
noise auralization software, .

The present work describes the results of the validation
of the approach against on-site measurements of operating
wind turbines. The measurements have been provided by
Engie Green and obtained from a private research project
conducted in collaboration with UMRAE [19]. The valida-
tion consists of first comparing the measured sound pressure
levels at different locations around the wind turbines with
those obtained at the same locations with the proposed
approach. Second, the realism of the auralized signals is
evaluated through listening tests mixing recorded audio sig-
nals of the real environments and auralized signals of the
simulated environment.

The outline of the paper is as follows. Section 2 presents
the measurement site and recorded audio samples. Section 3
describes the modeling of the site and the generation of
auralized audio samples. Section 4 compares the predicted
and measured noise spectra and the realism of the auralized
noise signals. Some of the results included in this section
have been presented in reference [20]. Finally, Section 5 pre-
sents a study of the influence of weather conditions on
sound emission and propagation. The conclusions of this
work are summarized in Section 6.

2 Measurement site

The measured data was collected on an existing site,
equipped with five 2 MW wind turbines of rotor diameter,
92 m, and hub height, 100 m. The terrain can be considered
flat with cultivated fields of the same type. Acoustic mea-
surements used Class 1 sound level meters positioned at
various locations, upwind, downwind, and in the crosswind
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Figure 2. View of one of the measurement points upwind of the
wind turbine. The microphone is placed on a hard 1 m diameter
board and protected by a windscreen according to IEC 61400
specifications.

directions of the wind turbines, with distances from 150 m,
i.e. close to the machines, according to the IEC 61400
standard specifications, up to 1.5km. Measured data
includes continuous 1/3-octave band equivalent levels
between 12.5 Hz and 20 kHz with a 1 s integration constant.
In parallel, the measured sound pressure signal was
recorded at a 25.6 kHz sampling frequency for listening tests
and additional frequency analysis. The selected sampling
frequency is sufficiently high to capture the frequency con-
tent of interest, specifically up to the 1/3-octave band with
a central frequency of 10 kHz. Typically, higher frequencies
are not relevant for atmospheric propagation of wind tur-
bine noise as atmospheric absorption considerably attenu-
ates noise above 10 kHz. Additionally, the frequency
content of wind turbine noise sources is usually very low
above this frequency. Hence, the background noise levels
are usually higher than the wind turbine noise above
10 kHz after a few hundred meters, owing to these two rea-
sons. Simultaneous meteorological data was measured using
a LIDAR system, six 3D sonic anemometers, and a 100 m
mast equipped with several anemometers, thermometers,
and one hygrometer. Finally, wind turbine operation data
were also collected including rotational speed, blade pitch
angle, wind speed, and wind direction at hub height.
Figure 2 shows a view of one of the IEC 61400 measurement
points upwind of the wind turbine.

The results presented in this work include two sets of
wind turbine Operating Conditions (OC), referred to as

Table 1. Positions of the turbines (WT1 to WT5), microphones
close to WT1 (SB1 to SB3), and far-field microphones downwind
(P1 to P9) and upwind (C1 to C5).

z (East) [m] y (North) [m] Hub/Receiver height [m]

WT1 753.7 1071.0 100
WT2 941.9 867.0 100
WT3 1107.9 644.0 100
WT4 1223.7 396.0 100
WT5 1288.4 134.0 100
SB1 884.9 1153.7 0

SB2 677.2 1200.1 0

SB3 620.6 1011.9 0

P1 1363.6 815.7 1.5
P6 1940.7 1065.1 1.5
P8 22474 1170.8 1.5
P9 25114 13294 1.5
C1 824.8 542.9 1.45
C3 656.1 460.2 1.73
C5 425.4 346.7 1.7

Table 2. Operating Conditions (OC) simulated. If available,
the standard deviation a,, is given after the time average p,, as
HUm £ O

0C1 0C2
Rotor speed [rpm] 15.10 % 0.093 13.72 £ 0.15
Pitch angle [°] 78+ 1.1 0.0+0
Wind speed at 100 m [m/s] 12.2 7.54
Wind speed at 10 m [m/s] 8.3 5.1
Wind orientation [°] 220 £ 24 259 £ 1.5
Turbulence intensity [%)] 13.0 £ 2.7 775 £1.2
Turbulence length scale [m] 300 300
Humidity [%] 86 98
Temperature [°C]| 5 8
Nebulosity [okta] 2 8
Time Night Night
Time average period [min] 18 10

OC1 and OC2, whose parameters are taken from two
different time periods during the measurement campaign.
The details of the Operating Conditions are listed in Table 2.
The wind orientation (wind origin) is measured counter-
clockwise from the North. During the measurements,
the wind turbines were programmed to start and stop at
prescribed times. By considering measured data before and
after a stop time, the noise levels and associated audio
recordings can be obtained for total noise (i.e. including
both wind turbine and background noise), and background
noise, respectively. The transient periods have not been
considered in the recordings and analysis. The measure-
ments were performed at night to benefit from a lower
background noise and a better signal-to-noise ratio.

Table 1 gives the exact positions of the microphones and
wind turbines. The arbitrary position (0, 0) corresponds to
the lower-left corner in Figure 4. A schematic of the wind
farm layout and the position of the receivers will be shown
in Figure 4. The receivers referred to as SB1, SB2, and SB3,
correspond to three IEC measurement points, i.e. at a
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Figure 3. Total and background noise spectra at the receiver SB locations. The thin lines represent the 1 s equivalent levels and the
thick lines, the overall average levels. The predicted spectra are compared with the difference (computed in Pascal squared) between
the total and background levels, i.e. the estimate of the turbine noise only.

150 m distance, for the North wind turbine. The receivers
from P1 to P9 and C1 to C5 are respectively downwind
and upwind of the wind farm.

Figure 3 presents the total and background noise levels
for receiver SB1, SB2, and SB3 for OC1 and OC2. In the
spectra of OC2, the 58 dB peak at 100 Hz is attributed to
the mechanical noise emitted by the gearbox. The measured
noise levels are higher in OC1 and the aerodynamic broad-
band noise masks the mechanical noise. The tone at 4 kHz

measured for SB3 and present in both OCs is probably due
to a whistle of the recording system.

The numerical spectra will be compared in Section 4
with the difference (in Pascal squared) L turbine
1010g10(5pp,t0ta1 - Spp,background) between the tOtal7 Spp,total
[Pa?], and background levels, Spp background [Pa?|. Only the
values for which Ly, turbine > Lp background are considered reli-
able and used for the comparison. Note that this condition
corresponds to imposing a signal-to-noise ratio higher than
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Figure 4. MithraSOUND® 2D view of the modeled site
including the five wind turbines and the three receivers SB1,
SB2, and SB3. Wind direction for OC1 and OC2 is shown at the
bottom right.

3 dB. The resulting levels Lj t\ybine are shown, in green, in
Figure 3.

3 Wind farm noise predictions and auralized
audio samples

The numerical workflow starts from the 3D CAD of the
wind turbine blade. As the CAD of the measured wind
turbine was not available for this study, the blade of the
generic SWT 2.3-93 (2.3 MW rated power and 93 m of
diameter) wind turbine [21, 22] is used instead. The two
turbines belong to the same class and have similar rated
power and diameter. For this reason, the differences in
the emitted noise levels are expected to be negligible for
the scope of the present study and within the error margins
of the numerical approach adopted. The wind turbine blade
is decomposed into N, = 6 blade segments. The method-
ology is based on a RANS-informed Amiet’s model [11]
for trailing-edge noise. The mid-span airfoil of each segment
is used in a 2D Reynolds-averaged Navier—Stokes (RANS)
simulation to compute the boundary layer parameters
required by Amiet’s theory for trailing-edge noise [23].
Lee’s [24] and Goody’s [25] empirical models are used to
predict the wall pressure spectra for adverse and favorable
pressure gradients, respectively. The leading-edge noise is
also considered using Amiet’s theory [10]. The aeroacoustic
transfer functions for the leading- and trailing-edge noise
are taken from reference [26]. The turbulence spectrum is
used to model the velocity spectrum with a turbulence
intensity of 13.0% of the wind speed for OC1 and 7.75%
for OC2. The turbulence intensity was measured by the
LiDAR system upwind of the turbines at 100 m height.
The integral length scale was not measured. A reasonable
value for flat terrain and a neutral atmosphere is around
300 m and this value is used in the simulations. It will be
shown in Section 5.1 that the noise predictions have a low
sensitivity to the integral length scale; hence, an error in
this estimate does not greatly influence the predicted levels.
For each blade segment, the far-field radiated power and
directivity data are computed for both operating condi-
tions, OC1 and OC2.

al.: Acta Acustica 2024, 8, 15 5

Synthetic signal

Recorded signal

N
o
PSD [dB/Hz]

t[s]

Figure 5. Spectrogram of auralized (top) and recorded (bot-
tom) samples for SB2 and OC2. The spectrogram is obtained
with a block size of 8192 samples and a Tukey window with 25%
overlap. The sampling frequency of the synthetic and recorded
audio signals are 44.1 kHz and 25.6 kHz, respectively.

To apply the Harmonoise model (or, in general, any
engineering model) to a wind turbine, the rotor disk is dis-
cretized in the azimuthal direction in 360 stations, resulting
in a total of 360Ny, elementary sources. The number of
azimuthal stations (i.e. 360) is sufficiently large to avoid
inaccuracies due to the discretization. The convective
effects included in Amiet’s theory are considered by evalu-
ating the directivity and spherical divergence for the blade
segment located in the present source position [27, 28]. This
is necessary because Amiet’s theory is formulated in terms
of present source coordinates [27]. Instead, the excess atten-
uation is calculated using the emission position as it is inde-
pendent of the coordinate system in which the source model
is derived.

The Harmonoise model calculates the sound pressure
levels L, i emitted by the elementary source ¢ at the receiver
k in 1/3-octave band (from 50 Hz to 10 kHz) as

ip,ik = Ly; + DIy — Agivix — Ag ik (1)

where L, ; and DI, represent, respectively, the sound
power and the directivity of the source i in the direction
of the receiver k£ and they are computed using Amiet’s
theory. Agiv i denotes the spherical divergence, Ag ; is
the excess attenuation that, in this work, includes the
effect of the ground reflection, atmospheric refraction,
atmospheric absorption, and turbulence scattering. The
1/3-octave noise spectra including the Doppler effect are
calculated as explained in reference [28]. These noise levels
do not include the Doppler effect yet and are used for the
auralization methodology described in reference [29] and
briefly recalled here below.

For each segment of each blade, the pressure time signal
P (no Doppler effect is considered at this stage) is computed
using the spectral shaping synthesis technique as
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Figure 6. Comparison of the measured (dashed lines) and
predicted (solid lines) 1/3-octave band levels for receivers SB1,
SB2, and SB3, and operating conditions (a) OC1 and (b) OC2.

n, (1)

nrms

PO =D P 0 @)

where N, is the number of 1/3-octave frequency bands,
n;,(t)/ N s the band-filtered normalized pink noise in
the 1/3-octave band iy and p,,, (t) is the root-mean-
square (RMS) amplitude of the signal for the band iy
The RMS amplitude of the signal is calculated from the

sound pressure levels L,,J-f1 as

prms,if (t) = pU\/W (3)

with py = 2 x 107° Pa. Finally, the Doppler effect is
included in the time domain as a time-varying propaga-
tion time 1(¢), i.e.

p(t) = plt = (7). (4)

! The subscripts ik are dropped here to simplify the notation.
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Figure 7. Difference between measured and predicted 1/3-
octave band levels (ALp,l/B = Lp,l/S,measured - Lp,1/3,predicted) for
receivers SB1, SB2, and SB3, and operating conditions (a) OC1
and (b) OC2.

For the calculation of (%) the reader is referred to reference
[29]. The pressure time signal of one blade is obtained by
summing the contribution from each segment. The time sig-
nal of one blade is delayed by 1/3 and 2/3 of the rotation
period to represent the other two blades.

The measurement site is then modeled in Mithra-
SOUND®, including the 5 wind turbines and a set of recei-
ver points according to the measurement locations, as
shown in Figure 4. The three IEC receiver locations, SB1,
SB2, and SB3, are approximately downwind, crosswind,
and upwind, respectively, as can be seen from the wind
direction of operating conditions OC1 and OC2 also shown
in the figure. The meteorological conditions for the numer-
ical simulations were taken from the database of reference
[30] at the closest airport. Both conditions correspond to
night time with a nebulosity of approximately 2 okta for
OC1 and 8 for OC2, a wind speed (10 m above ground)
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Figure 8. Comparison of the measured (dashed lines) and predicted (solid lines) 1/3-octave band levels for the far-field receivers. (a)
Downwind receivers, OC1, (b) upwind receivers, OC1, (¢) Downwind receivers, OC2, (d) upwind receivers, OC2.

of 8.3 m/s for OC1 and 5.1 m/s for OC2. Temperature
and humidity were, respectively, 5 °C and 86% for OC1
and 8 °C and 98% for OC2. The simulated conditions are
summarized in Table 2.

First, the averaged sound pressure levels are calculated
over the wind turbine rotation period for the three receivers
and the two operating conditions. The levels are obtained in
each 1/3-octave band between 50 Hz and 10 kHz. They
include the contributions from the 5 modeled wind turbines.
Second, auralized signals are generated for recivers SBI,
SB2, and SB3. Only the turbine closest to the receivers
(WT1) is included in the audio signals. It has been verified
numerically that the sound contribution from the other four
wind turbines is not perceivable, being the receivers close to
WT1. The duration of the samples is 15 s, to match the
duration of the recorded audio samples. The background
noise is added to the synthetic wind turbine noise signals
to allow a comparison of recorded and auralized total noise
samples. The auralized signals are generated using mono
rendering to match the omnidirectional microphone record-
ings obtained from the measurements.

As an example, Figure 5 shows the spectrogram of the
auralized (top) and recorded (bottom) signals for receiver
SB2 and operating conditions OC2. It can be seen that
the recorded and auralized spectrograms show similar fea-
tures. In particular, the amplitude modulation associated

with the blade motion is visible as expected from the
position of receiver SB2 close to the crosswind direction.
However, the recorded signal also presents a tonal noise
around 100 Hz, not seen in the auralized signal. Listening
to the audio samples suggests that this tone might be due
to the mechanical noise of the wind turbine which can be
heard in these conditions (OC2). The 100 Hz tone was
not added to the auralized signal because it was known
only thanks to the measurements and, hence, it would have
been an empirically-based correction added a posteriori to
match the recorded signal. The prediction of the tonal
(probably mechanical) contribution is out of the scope of
the present work that focuses on aerodynamic noise emis-
sions. If the sound power and, possibly, the directivity of
the mechanical noise are provided by the manufacturer, this
additional noise source can be added and the noise level at
the receiver position can be calculated using the
Harmonoise method.

The auralized signals include the log-amplitude fluctua-
tions for a sound propagating in a turbulent atmosphere.
The method described in reference [31] has been applied
to each blade segment of each blade. For the calculation
of the log-amplitude fluctuations, the source height is sup-
posed constant and equal to the hub height. This simplifica-
tion might affect the perceived noise levels because
the blades move considerably in the vertical direction.
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Table 3. Distance of the far-field receivers from the closest wind turbine (WT3).

Receiver P1 P6

P8 P9 C1 C3 Ch

Distance from WT3 [m] 308 933

1255 1562 331 448 744

The development of a model for the log-amplitude fluctua-
tions that considers time-varying turbulence quantities and
source height has not been developed yet. In reference [31]
the same (for every frequency band) Gaussian signal w is
used in the convolution with the impulse response of the
log-amplitude fluctuations to obtain the time domain
sequence. Here, the same Gaussian signals w are used at
low frequencies (<800 Hz) only when the cross-frequency
coherence is high (>0.1). At high frequencies (>800 Hz),
the coherence between 1/3-octave bands is low (<0.1),
and, hence, a different Gaussian signal is used for each fre-
quency band. The calculation of the cross-frequency coher-
ence is detailed by Ostashev et al. [32]. Even though the
propagation distance is relatively small for the studied recei-
vers, the amplitude fluctuations are audible, as demon-
strated by the following audio files.

e Audio 1: Auralized noise for OC2 and SB2 without
amplitude fluctuations. )

e Audio 2: Auralized noise for OC2 and SB2 with ampli-
tude fluctuations. )

¢ Audio 3: Recorded noise for OC2 and SB2.‘)))

Significant improvement in the realism of auralized noise is
observed when compared to noise signals without turbu-
lence-induced amplitude fluctuations.

4 Validation results

This section presents the comparison of the calculated
levels and auralized signals as described above with the
measured data described in Section 2.

4.1 Level comparison

Figure 6 shows the averaged 1/3 octave band spectra
obtained for operating conditions OC1 and OC2 for the
three receivers SB1, SB2, and SB3. As shown in Figure 4,
they are, approximately, in the upwind, crosswind, and
downwind direction, respectively. The difference between
measured and predicted 1/3-octave band levels is shown
in Figure 7.

As shown in Figure 6, the numerical results accu-
rately capture the trends of the measurements. The largest
differences (Fig. 7) are observed for OC2 in the 100 Hz band
due to the mechanical noise that is not modeled by the
numerical simulations. Furthermore, differences up to
approximately 10dB for OC1 are noticed between 2 and
5 kHz. The amplitude increase of the measured spectra
could be attributed to the blunt trailing-edge noise or the
tip- vortex noise (or a combination of both). These addi-
tional noise sources are not modeled in the present
approach. Note that the blunt trailing-edge noise, due to

the finite size of the trailing edge of the blades, is however
usually absent in more recent wind turbine blade designs.
The same consideration can be done for the tip-vortex
noise, caused by the vortex generated at the blade tip.
These additional noise sources are less evident at lower
rotational speed (OC2), confirming their aerodynamic
nature.

The predicted spectra for SB1 and SB3 slightly underes-
timate the measurements by 2-3 dB in the frequency ranges
where the trailing-edge noise is the dominant noise source.
This underestimation is noticeable between 250 Hz and
2000 Hz” and it could be explained with an underestimation
of the blade loading that is used to calculate the angles of
attack for the RANS simulations. Indeed, an increase in
the blade loading would result in a higher induced angle
of attack, and, in general, this results in higher noise levels.
However, this increase would affect also the results for SB2,
which have a very good match with the measured levels.
For this reason, an attempt with a higher blade load has
not been made and the accuracy obtained is considered
within the scope of the mid-fidelity methodology developed.
Furthermore, it should be recalled that the precise CAD of
the turbine blade is not available and the blade of a similar
turbine is used instead.

Since the receivers SB1, SB2, and SB3 were on the
ground on a hard measurement board, the Harmonoise
model predicts a ground attenuation of exactly 6 dB in
the entire frequency range, as expected. So, the same results
could be obtained in free-field conditions by adding 6 dB
and the attenuation due to the atmospheric absorption.
For this reason, Figure 6 cannot be used to conclude the
accuracy of the Harmonoise model in predicting ground
attenuation. Instead, this is done by comparing the pre-
dicted and measured spectra for the far-field microphones
that are at a height above the ground between 1.45 and
1.7 m.

The accuracy of the far-field propagation model, i.e.
Harmonoise, in predicting the ground attenuation is
assessed for the receivers P1 to P6 and C1 to C5. This work
complements the findings of [33] where a point source
model was used instead. A soft ground with flow resistivity
g = 500 kPa s/ m?, which is representative of an uncom-
pacted, loose ground, such as grass, is used in the simulation.
The predicted and background-corrected measured noise
spectra are shown in Figure 8. The distance of each receiver
from the closest turbine (WT3) is given in Table 3 and
ranges from 300 to 1500 m. These receivers are above the
ground and, hence, the ground attenuation is frequency-
dependent due to constructive and destructive interference
of the sound waves. Only a few points are shown for the

2 It will be shown in Section 5.1 that the trailing-edge noise is
the dominant noise source above 250 Hz.
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Figure 9. Perceived realism of recorded (rec.) and auralized
(synth.) audio samples, considering (a) all samples (top two
scores) and conditions OC1 and OC2, separately (last four
scores) and (b) the SBs separately. The boxplots show the
average score (green marker), the median value (orange bar), the
25-75% quartiles (black box), the statistical minimum and
maximum values (black bar), and the outliers (black circles).

measured spectra because the background noise is dominant
for most frequencies. However, the measured trends are
visible and accurately captured by the Harmonoise model.
In terms of absolute levels, a good agreement between
measurements and predictions is observed for the downwind
receivers, whereas the predicted noise spectra for the upwind
receivers C1, C3, and C5 underestimate the measurements
by 2—4 dB in the ranges where the trailing and leading-edge
noises are the dominant noise sources. The reason for this
slight underestimation is not clear and could be due to
multiple factors, such as non-uniform ground resistivity,
uncertainties in weather conditions, or an underestimation
of the source spectra, as already noticed for SB1 and SB3.
Furthermore, it should be remembered that the expected
accuracy of the Harmonoise model is 43 dB in the prediction
of ground attenuation. As also noticed for the near-field
microphones, the mechanical noise is evident in OC2 at
100 Hz.

I I — ——
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I I — — —
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Figure 10. Averaged psychoacoustic annoyance PAwr in
sones.

4.2 Listening tests

Listening tests were performed to evaluate the ability of
the proposed auralization approach to replace in-situ audio
recordings for noise annoyance studies and demonstrators.
As a first result, these tests were aimed at assessing the
perceived realism of the auralized audio samples. A panel
of 20 subjects, none expert in the field and with no hearing
problems, were asked to give a note between 0 and 10 using
integer values for each of the 12 audio samples. The samples
are approximately 15 s long, corresponding to 6 blade rota-
tions. They correspond to the three receivers, SB1, SB2, and
SB3, for the two operating conditions, OC1 and OC2, and
the two sample types, recorded and auralized. The samples
are presented in a random order, with the additional con-
straint of no more than 3 consecutive samples of the same
type. The subject may repeat a given sample as desired
but must move to the following sample once the note is
given. The reproduction system includes a RME Babyface
audio interface and a pair of Senheiser HD600 headphones.
The system calibration was performed using a microphone
placed inside the headphone cavity while positioned on a soft
armrest with a 1000 Hz pure tone. While this procedure does
not guarantee a precisely calibrated system, the authors
believe it will not affect the listening test results since the
tests compare stimuli. Also, while a wide band calibration
using proper equalization would guarantee an exact fre-
quency content, the open-type Senheiser HD600 head-
phones do not significantly modify the reproduced signal
within the frequency range of interest. The tests are carried
out in a quiet room with a measured background noise level
of 31 dB(A). Before the test, the subject reads the following
instruction: “You will listen to 12 audio samples of wind tur-
bine noise of 15 s each. Imagine yourself outside in the vicin-
ity of an operating wind turbine. For each sample, evaluate
the realism with a note on a 0 (small) to 10 (large) scale. You
may listen to the sample several times. You must move to
the next sample once your note is given”.

The audio files with the auralized and recorded noises
are given below, except the ones for SB2 and OC2 that have
been already presented in Section 3.
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Figure 11. Effect of a 20% increase and decrease in the (a)
turbulence intensity and (b) integral length scale on the
predicted spectrum for SB3 and OCI1.

« Audio 4: Auralized noise for OC1 and SB1. )
o Audio 5: Auralized noise for OC1 and SB2. )
o Audio 6: Auralized noise for OC1 and SB3. )

e Audio 7: Auralized noise for OC2 and SB1. )
e Audio 8: Auralized noise for OC2 and SB3. «)

¢ Audio 9: Recorded noise for OC1 and SB1. )

o Audio 10: Recorded noise for OC1 and SB2.«)
« Audio 11: Recorded noise for OC1 and SB3. )
o Audio 12: Recorded noise for OC2 and SB1. )
« Audio 13: Recorded noise for OC2 and SB3.#)

Figure 9a presents the realism scores, shown as box and
whisker plots, considering first, all receivers and operating
conditions (top two scores) and second, all receivers of the
same operating conditions (lower four scores). Considering
all receivers and operating conditions, results show a per-
ceived level of realism comparable to both recorded and
auralized samples. The median is 6 in both cases with an
average value of 6.16 and 5.83 for the recorded and auralized
samples, respectively. Now looking at the two operating con-
ditions separately, the realism scores show similar trends.

The auralized samples for the higher wind conditions,
OCl1, yield a slightly improved averaged score than condi-
tions, OC2, the median value remaining at 6 for all cases.
The audible presence of mechanical noise which is not
included in the model does not affect the realism for non-
experts listeners. The spread of the perceived realism is
slightly larger for the recorded samples. A possible explana-
tion is the presence of additional noise sources, such as
mechanical noise, leading to different interpretations of the
associated signal features depending on the subject.

Now considering scores of realism for each receiver
(Fig. 9b), the auralized samples have averaged and median
values that are equal or very close to the recorded samples.
Overall, it is not possible to identify a receiver or operating
conditions that perform significantly better or worse than
the average. Therefore, the proposed approach has the same
level of realism for the three receiver positions (upwind,
crosswind, and downwind) and the two sets of operating
conditions.

The limitation of this study is related to the experience
of the subjects. Most of them had never experienced wind
turbine noise before participating in the test and, hence,
it was probably difficult for them to assign a plausibility
score. This is probably the reason why even recorded audio
files obtained a relatively low plausibility score. In future lis-
tening tests, the subjects should be trained with recorded
wind turbine noise audio files before starting the test.

4.3 Psychoacoustic annoyance

A measure of the annoyance of wind turbine sound that
takes into account fluctuation strength and loudness can be
derived from the model for psychoacoustic annoyance PA,
described in [34]. As suggested in [35], the parameters for
sharpness S and roughness R can be set to zero for wind tur-
bines. Hence, the psychoacoustic annoyance of wind tur-
bines PAw is defined as

PA“‘T = N5(1 + Wr) (5)

where 513
Wy = =2 (0.4F) (6)

N

and Nj is the loudness value exceeded for 5% of the sam-
pling time. The loudness N is calculated using the Python
package MOSQITO [36]. For broadband noise the fluctu-
ation strength F'is calculated as [34]

- 5:8(1.251 — 0.25)(0.05L — 1)
(fu/B)" + (4/fu) + 1.5

where f,, = RPM/60 is the modulation frequency in Hz, L is
the broadband noise level in decibels and p is the modula-
tion factor. The modulation factor x4 can be computed as

(7)

B 10Rm/20 _ 1

- 10Rn1m/20 + 1 ’ (8)

u

where the depth of modulation R, is calculated as
Rmm - Lmax - Lmina with Lmax and Lmin denotes the
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(a) OC1

(b) OC2

Figure 12. Predicted, overall noise levels between 63 Hz and 8
kHz, 1.5 m above the ground. The size of the computational
domain is 9.3 km x 6.6 km.

maximum and minimum noise level in decibels. The aver-
aging period is 43 ms, equivalent to 1/100 of the rotation
period. The indicator P A is calculated for the 12 audio
signals used for the listening tests. This psychoacoustic
annoyance metric was presented in reference [37] and
has shown good performance in estimating wind turbine
noise annoyance.

The resulting averaged indicators are given in
Figure 10a. The auralized noise captures the trends and
the values of the recorded signals, demonstrating that the
auralization can be used to complement or substitute audio
recordings in the evaluation of PAyw . In particular, lower
values of P Ay are observed for OC2 due to the lower noise
levels in that condition. A larger discrepancy between pre-
dicted and measured annoyance is noticed in the upwind
direction (SB3), but a clear and convincing explanation
has not been identified. Further studies could focus on
verifying with listening tests that the indicator PAwr is a
relevant indicator to evaluate the annoyance of wind
turbine noise, similarly to what has been done in [38].

5 Weather effects

This section analyses the effects of meteorological condi-
tions on noise emissions and propagation by using the
numerical model.

5.1 Turbulence intensity and integral length scale

The turbulence intensity and integral length scale are
necessary inputs for the leading-edge (LE) noise Amiet’s
theory and, hence, the choice of these parameters influences
the overall accuracy of the predicted spectra. In this section,
we want to evaluate the relative importance of these param-
eters in the predicted spectra supposing a 20% increase or
decrease of the reference values. Since the LE noise is
mainly affecting the low-frequency range we focus on the
1/3-octave bands lower than 1000 Hz. Furthermore, we will
present the results of this analysis for the near-field upwind
receiver SB3 and one turbine only. Finally, the atmospheric
absorption can be neglected below 1000 Hz for the near field
receivers, and, so, we present the free-field results calculated
with Schlinker and Amiet’s theory [27]%.

Figure 11 shows the predicted spectra. The separate
contributions of leading- and trailing-edge (TE) noise are
also presented to quantify the relative importance of LE
and TE noise. For SB3 and OC1, LE noise becomes the
dominant noise source below 250 Hz. Nevertheless, the
increase in the noise levels due to LE noise is visible up to
1000 Hz. The effect of the turbulence intensity variation
is presented with the grey area in Figure 11a. The upper
and lower limits correspond to turbulence intensities of
15.6% and 10.4%, respectively, resulting in deviations from
the reference levels up to 2 dB. The maximum difference
between the lower and upper limits is reached at 50 Hz
and it is 3.5 dB. These deviations are consistent with the
measurements presented in [39]. The deviation increases
with decreasing frequency because the relative importance
of LE noise increases. The integral length scale is less impor-
tant (see Fig. 11b) with approximately 1 dB difference
between the lower and higher limits obtained with length
scales of 360 m and 240 m, respectively.

5.2 Atmospheric refraction

The refraction caused by the effective sound speed
gradient influences the noise propagation by bending the
sound rays towards lower sound speed regions. Simple engi-
neering ray-based models, such as the ISO9613-2, are not
able to capture this phenomenon which is instead consid-
ered by more complex numerical methods such as the Har-
monoise model used in this work. The effect of the sound
speed gradient on noise propagation is presented for the
entire wind farm on a large computational grid of approxi-
mately 9.3 km X 6.6 km. The computational time required
to generate the noise maps presented below in Mithra-
SOUND® is less than one hour for each OC.

Figure 12 shows the contours of the overall noise levels
of the wind farm 1.5 m above the ground for OC1 and OC2.
The effect of the sound speed gradient is noticeable in the
noise maps. This effect is modest within 500 m of the wind
farm and it becomes more and more pronounced with
increasing distance. In the upwind direction, the noise levels

3 6 dB are added to the free-field results to account for the hard-
measurement board.
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rapidly decrease because of the refraction due to the sound
speed gradient that bends the sound rays upwards. This
creates a shadow region, where there is no direct path
between the turbine sources and the receivers. The noise
emitted by the turbines can still reach this region because
of the turbulence scattering effect. The Harmonoise model
considers this phenomenon and it should be mentioned that
the present results include the recently implemented calcu-
lation of the effective structure function parameter based on
the Monin-Obukhov similarity theory [29]. As expected, the
effect of the sound speed gradient is less pronounced in OC2
due to the lower wind speed. The directivity of the entire
wind farm shows lower noise levels in the crosswind direc-
tion. This is due to the directivity of an isolated turbine
which typically presents two main lobes in the upwind
and downwind direction. Similar findings have been
reported in [2] for a single wind turbine. The noise maps
presented demonstrate the necessity of considering the
effect of atmospheric refraction in far-field noise
propagation.

6 Conclusions

This work presents the validation against field measure-
ments of a novel workflow to predict and auralize wind tur-
bine noise. The method is physics-based. It includes a model
of the leading- and trailing-edge noise emission, coupled
with the Harmonoise far-field propagation model. In addi-
tion to averaged and instantaneous sound pressure levels,
the approach allows the generation of audio signals, repre-
sentative of the wind turbine noise. These auralized samples
can then be used to assess noise annoyance through listen-
ing tests or describe specific noise features with psycho-
acoustics indices.

The predicted noise spectra from five wind turbines cap-
ture well the measured trends and the absolute levels. A
slight underestimation of up to 3 dB is noticed for some
receivers and in the high-frequency range where the trail-
ing-edge noise is the dominant noise source. Larger devia-
tions from the measurements can be explained by
additional noise sources not modeled in the present
approach. In particular, a low-frequency tone is noticed at
100 Hz, probably due to the mechanical noise of the gear-
box, and a high-frequency aerodynamic noise is identified,
which might be caused by the tip-vortex of the blades
and /or by their blunt trailing edge.

Next, listening tests were performed with 20 non-expert
subjects to evaluate the realism of the auralized signals. No
statistical evidence suggests that the auralized signals are
less realistic than the recorded signals, even when consider-
ing the operating conditions and the receivers separately.

Finally, we present a study of the weather effects on
noise emissions and propagation based on the numerical
model developed. First, we perform a sensitivity study of
the leading-edge noise model by varying the turbulence
intensity and the integral length scale. It has been found
that the leading-edge noise is mainly affected by variations
in the turbulence intensity while it is less sensitive to

variations in the integral length scale. For this reason, an,
ideally, measured value of the turbulence intensity should
be used for the simulations. If a measured value is not avail-
able, CFD simulations of the atmospheric boundary layer
could be performed to obtain an accurate estimate. The last
option is the use of the Monin—Obukhov similarity theory,
for which larger errors are to be expected. Second, the effect
of atmospheric refraction is evaluated for two wind speeds,
confirming the findings of previous works and showing the
shadow region upwind of the wind farm.
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