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Abstract. Sound propagation from wind turbines through the atmosphere has previously
been analytically examined through numerous studies, but the amount of comparisons to
measurements is limited. This paper applies three different sound propagation models; The
ISO 9613-2 model, the Nord2000 ray tracing model and the WindSTAR-Pro model, to evaluate
the noise at receivers in the near- and far-field of a wind turbine. The evaluation is performed
by accounting for different meteorological and terrain parameters. For validation purposes, the
study further uses two different data sets from measurement campaigns; Loudspeaker noise
and wind turbine noise measurements. The validation evidently shows that especially the
WindSTAR-Pro model and the Nord2000 model provide good agreement to the measurements
for some of the validation cases, while other results are heavily influenced by the turbine wake,
signal to noise ratio in the measurements or directivity of the noise source.

1. Introduction
The propagation of the sound from a wind turbine to a receiver depends on various parameters.
These parameters include, but are not limited to, the atmospheric flow conditions, wake effects
from other turbines, the characteristics of the noise source (wind turbine) and terrain elevation
and ground impedance between the receiver and turbine, as well as the receiver position relative
to the turbine. Thus, these parameters should ideally be included for reliable sound propagation
computations.

Previously, various measurement campaigns have been carried out to study the noise emitted
from wind turbines [1]-[3],[13]-[17]. Other studies compares loudspeaker noise measurements
to implemented sound propagation models [3],[4], [5]. In this paper, three different sound
propagation models; The ISO 9613-2 model [9], the Nord2000 model [8], [3] and the WindSTAR
model [12] are compared to noise measurements of a wind turbine in different atmospheric
conditions as well as measurements of loudspeaker noise providing a more known source intensity.
Throughout the study the difference between using a single point source and 3 point sources
distributed along the wind turbine rotor is examined. Furthermore, by conducting the noise
measurements at several microphones along a line, the study of propagation between two
microphones is introduced in order to ideally eliminate the need of a microphone in the IEC
position for determining the source intensity [10].
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The study is outlined as follows: Section 2 describes two measurement campaigns; a
loudspeaker and a wind turbine noise campaign, and the choice of data used for validation.
Section 3 shortly describes the sound propagation models used. Lastly, Section 4 outlines the
results by comparing measured noise spectra at different receiver distances to modeling results.

2. Experimental setup and data selection
The measurement setup consisted of one SWT-DD-142 3.9 MW wind turbine with a hub height
of 109 m and a rotor diameter of 142 m, two profiling lidars, seven microphones (Mic. 1, 4, 5,
6, 7, 8, 8b) and two sonic anemometers (one positioned at Mic. 6 and one at Mic. 8). The
microphones were placed at two different heights, 0 m and 1.5 m, in a line spanning from the
near field, at 158 m, to the far field of the turbine, at 978 m. The wind direction along the
microphone line is θ = 225◦. Moreover, a meteorological mast monitored the wind speed and
wind direction at 38 m and at hub height as well as the temperature and the relative humidity
at 3 m and 105 m height. The measurement campaign considered two different types of noise:
Noise emitted from a loudspeaker and noise emitted from an operating wind turbine. All 2-
minute averaged sequences of the measurements have been sorted for outliers by computing the

interquartile range score of the sound pressure at each frequency, IQRs =
x−µ1/2
IQR , where x is the

sample, µ1/2 is the median and IQR is the interquartile range of the sample. The measurements
with an IQRs higher than 2.0 were then removed.

2.1. Loudspeaker noise measurements
Besides the seven microphones on the ground, the loudspeaker noise measurements included one
microphone positioned 2 m away from the loudspeaker (Mic. 0). By this, the aim is to get a
better estimate of the source strength and to ensure that the noise level does not change during
the measurements. The loudspeaker was attached to the nacelle of the turbine at a height
of 109 m. The measurements were conducted for two hours in the period March 17th 2020
14:40-16:50 when the loudspeaker was periodically turned on and off for 12 minutes. The on/off
sequences are used to obtain a representative measure of the background noise. To ensure that
the background noise is representative of the loudspeaker noise measurements, the probability
density functions (PDFs) based on 2 minutes periods of measured meteorological conditions like
the wind speed, wind direction, shear and temperature are compared (Figure 1).

Figure 1: PDFs of measured meteorological parameters with the loudspeaker ON and OFF.

The analysis of sound propagation from a sound source to the far field of the source presents
a challenge for noise measurements in some conditions as the sound pressure level, Lp, reduces
when propagating away from the source. Normally, the correction of background noise is
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done by a simple subtraction from the measured total noise when the signal to noise ratio
(SNR) is sufficiently high, according to the IEC method [10]. The present study uses a newly
implemented deconvolution method when the signal to noise ratio is low in order to obtain a
reliable background noise correction [7]. With the deconvolution method, the 5%-95% confidence
interval can likewise be obtained. The study applies the method for background noise correction
to both the wind turbine and loudspeaker noise measurements. In general the method provides
a noise signal for the wind turbine noise at frequencies in the range from 50 to 1000 Hz and
for the loudspeaker noise from 100 to 2000 Hz. For higher frequencies, the background noise
becomes too prominent. Figure 2 presents the total measured noise, the background noise and
the signal corrected for background noise at each of the microphones.

Figure 2: Loudspeaker case; Measurements of the loudspeaker Lp during the Total noise and
Background noise periods and the obtained Signal from background noise correction.

2.2. Wind turbine noise measurements
The wind turbine noise measurements lasted from 23-03-2020 to 16-04-2020. Due to the need
of representative background noise, continuous sequences of 2 hours of wind turbine noise and
1 hour of background noise are analysed separately. The noise source level is estimated by the
measurements obtained at Mic. 1. For this study 3 cases with different relative positions of the
receiver to the wind direction are considered; 1 downwind, 1 upwind and 1 crosswind. Table 1
shortly summarizes the conditions of each of the three cases. It is further noted that Case 1 and
3 were during the night/early morning, while Case 2 was conducted in the middle of the day.
The data was filtered by the rotational speed of the generator of the wind turbine to distinguish
the total noise with the turbine operating and the background noise. The cases analysed were
chosen by considering different positions of the microphones relative to the wind directions.
However, as done in Figure 1, it was still checked that the meteorological conditions were not
subject to too large variations during the measured wind turbine noise and background noise
periods (Table 1).

Figure 3 presents the measured total and background Lp spectra for each case together
with the estimated wind turbine noise signal obtained by the deconvolution method [7]. For
comparison, the signal obtained by following the IEC procedure for background noise correction
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Table 1: Meteorological conditions for the 3 selected cases of wind turbine noise

Case Receiver position Uhub [m/s] θ [◦] α [-] TI [%] Thub [◦C]

1 Crosswind 9 - 12 174 - 182 0.5 - 0.6 4 - 6 2 - 3
2 Downwind 5 - 10 184 - 211 0.0 - 0.2 4 - 7 6 - 8
3 Upwind 10 - 15 20 - 28 0.2 - 0.25 7 - 8 -0.1 - 1

is shown. It is noticed that the deconvolution method does not follow the IEC standard for
background noise correction, since a solution is obtained for a SNR < 3 dB for some frequencies.
For these frequencies, an IEC corrected signal is not obtained. The results are presented for
Mics. 7 and 8 where the lowest SNR is expected, but the same background correction method
was applied to the remaining microphones. The background noise is also included in all figures
presenting the modeling results in Section 4. While it provides stable results for most cases,
it is evident that the deconvolution method still requires a certain SNR. Especially for upwind
positions of the microphones, Case 3, the SNR becomes too low for the microphones furthest
from the wind turbine. It is furthermore observed, that the uncertainty of the obtained noise
signal becomes higher for a lower SNR, as seen especially for Case 2. The lower SNR for Case
2, can be caused by the time of the measurements being in at 11:00 during the day yielding a
risk of higher background noise.

Figure 3: Case 1-3; Measurements of the wind turbine Lp during the Total noise and Background
noise periods and the obtained Signal from background noise correction.

3. Sound propagation modeling
Three different sound propagation models with different levels of fidelity are compared and
validated with the measurements. First of all, the ISO 9613-2 is considered [9]. Since the
standard of the model describes the ground factor correction in 1/1 octave bands, the same
ground factor is applied for the corresponding 1/3 octave band centre frequencies and the model
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is referred to as ISO1/3 to differentiate from the standard model. Being a simple model, ISO1/3

the atmospheric absorption and source strength are the main contributors to variations in the
results. Thus, the results are not sensitive to disturbances by e.g. a wind turbine wake, and
furthermore assumes a constant ground factor. Nevertheless, the ISO1/3 model gives a fast
estimate of the total Lp at a given receiver, and is therefore a widely used model by wind
turbine manufacturers and wind farm developers. Another widely used model is the Nord2000
model based on the ray tracing method [8]. The Nord2000 model considers the complex terrain
by dividing it into line segments. The sound speed profile is determined by the wind speed
and temperature profile and assumed to follow a log-lin profile. Lastly, the Generalized Terrain
Parabolic Equation (GTPE) model implemented in the WindSTAR model in [12] was used. The
method assumes a motionless medium and thus models the sound speed profile as the effective
sound speed determined by the wind speed, ceff = c0 + u [6]. The speed of sound, c0, is
similarly to the Nord2000 model determined by the temperature profile approximated by the
measured temperature at z = 3 m and z = 105 m. For receiver positions outside the wake,
the flow is assumed to be uniform and the velocity profile is modeled by the power law. To
obtain the flow field in the wake position of the turbine, the GTPE model is coupled to the
Qian wake engineering model [11]. This differs from the Nord2000 and ISO1/3 models where
only a free flow field with a logarithmic profile is assumed. Moreover, the ground impedance
and complex terrain along the line of microphones have been measured and taken into account
in the WindSTAR-Pro and Nord2000 models. The turbulence is not accounted for in any of
the three sound propagation models. The representation of the ground impedance is however
limited by the capability of only performing measurements at a few points along the microphone
line.

The sound propagation modeling is performed in a statistical way, computing the Lp for
each 2 minute average of the measured meteorological data. The median and the 5% − 95%
confidence interval of the computed and measured Lp are then compared at each microphone.
The evaluation is done for each 1/3 octave band in the frequency range of which an appropriate
SNR and a reliable background noise correction is provided.

4. Results
4.1. Loudspeaker noise validation
For the loudspeaker sound propagation computations, a single point source at the position of
the loudspeaker, at z = 109 m, is used. Figure 4 shows the results obtained by the sound
propagation models compared to the measurements. In general all models agree well with the
measured Lp, especially at low frequencies. For all microphones, the WindSTAR model shows
a slightly better agreement with the measurements compared to the other two models. For
the higher frequencies, f > 800 Hz, all three models start to increasingly deviate from the
measurements. Comparing the measurements of Mic. 0 and Mic. 4-8, different trends of the
spectra are observed for f > 630 Hz. Since the SNR generally is concluded to be high at all
microphones, the directivity of the loudspeaker is suspected to affect the measured Lp. Thus,
causing the spectrum of Mic. 0 to show a different trend than the spectra obtained at other
observer angles at distances further away.

In order to eliminate the potential influence from the directivity of the loudspeaker on the
modeling results, the difference of Lp between two microphones is analysed. In this way, the
source term is neglected and the comparison focuses exclusively on the propagation between
two observer points. It is noted that in order to do this comparison, it is assumed that the
two microphones have a similar level of background noise. Figure 5 presents the propagation
between Mics. 4-7, 4-8 and 5-8. It is first of all noticed, that for f > 630 Hz a significantly better
agreement is obtained between all models and the measurements. For all three comparisons, the
propagation between two observer points obtained by WindSTAR agrees well with the measured
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difference between two microphones. Nord2000 shows a worse agreement to the measurements
at the lower frequencies, suggesting that this comparison method might not be appropriate for
all model types. Having no significant sensitivity to the change in frequency, the ISO1/3 model
especially shows a worse agreement with the measured propagation. The better agreement
between measurement and models at higher frequencies suggests that a directivity issue could
be occurring when considering the source estimations from Mic. 0.

Figure 4: Loudspeaker case; Computation results from the WindSTAR (WS), Nord2000 (N2K)
and the ISO1/3 (ISO) models compared to the measured Lp spectra (Exp.) at each microphone.
The obtained LW from Mic. 0 is also presented.

(a) Microphone 4 and 7 (b) Microphone 4 and 8 (c) Microphone 5 and 8

Figure 5: Loudspeaker case; Computation results from each model compared to the measured
Lp difference between two microphones.

4.2. Wind turbine noise validation
The approach for validating the propagation of wind turbine noise is similar to the one of the
loudspeaker noise validation. But since the wind turbine is now operating, the Qian engineering
wake model is used to obtain the flow field [11] for WindSTAR in situations where the receiver
is located in the wake. Initially, the three propagation models are all evaluated using a single
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point source at hub height. For this source approximation, it is seen in Figure 6 that especially
the WindSTAR model shows distinct dips in the spectra at e.g. f = 160, 500 and 630 Hz
possibly caused by negative interference, causing the model to differentiate significantly from
the measured Lp. Similarly, all models and especially Nord2000 estimates a large Lp compared
to the measurements at f = 125 Hz.

Figure 6: Case 1; Computation results from each model compared to the measured Lp spectra,
and LW obtained by Mic. 1 measurements. Computations are done for 1 source height.

Since the aerodynamic noise is shown to not be dominating at the centre of a wind turbine
rotor [13], it is attempted to distribute 3 sources in the rotor plane in the computations. The
presented study distributes the point sources in a still simplified way by placing one source at
hub height and one at ±1

4D, respectively, where D is the rotor diameter. The x and y positions
in the grid are kept at 0. The source strength is assumed to be equal for each of the point
sources and the point sources are assumed to be uncorrelated. In this way, the sound measured
at Mic. 1 is distributed to each of the point sources by

LW = 10 · log10

(
p2

p2ref

4πR2
1R

2
2R

2
3

R2
1R

2
2 +R2

2R
2
3 +R2

1R
2
3

)
+ αR (1)

where R1, R2 and R3 are the distances to each of the point sources and R is the mean distance,
since the atmospheric absorption αR is expected to be very small compared to the geometrical
spreading. Figure 7 presents the results from using a distribution of 3 point sources for the
Nord2000 and WindSTAR models. The ISO1/3 remains to use a single point source at hub
height in order to follow the standard use of the model [9]. As a result of using 3 point sources,
it is seen that the dips observed for the computations using a single point source are smoothed
out significantly. Thus, the modeling results approaches the Lp obtained by the measurements
when going to more point sources. When the receiver position moves further away from the
wind turbine (at Mic 8), the approximation of a single point source at hub height, as expected,
becomes more valid. The difference between using a single and multiple point sources therefore
becomes less significant when moving to further distances from the source. In general, the
models compare well with the measurements, but Nord2000 and WindSTAR seem to compare
better with the measurements than the ISO1/3 model at some frequency bands.
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Figure 7: Case 1; Computation results from each model compared to the measured Lp spectra,
and LW obtained by Mic. 1 measurements. Computations in Nord2000 and WindSTAR are
done with 3 point sources.

Like for the loudspeaker noise validation, the propagation between two microphones is studied
in Figure 8. Between the measurements and the Nord2000 and WindSTAR models similar trends
can be seen, especially at higher frequencies. But for some frequencies e.g. f = 125 Hz, where
the large deviation was observed in Figure 7, big differences between models and measurements
are seen as well. However, the propagation between two microphones could be a potential
method of validation for future wind turbine measurement campaigns. The comparison method
thus entirely takes away the need for a microphone at the IEC position for source estimation.
The need for a microphone close to the wind turbine for representative source measurements
can sometimes be a challenge at for example sites with large terrain changes as is the case in
e.g. the Perdigao site [1].

(a) Microphone 4 and 6 (b) Microphone 4 and 7 (c) Microphone 4 and 8

Figure 8: Case 1; Computation results from each model compared to the measured Lp difference
between two microphones. Computations in Nord2000 and WindSTAR are done with 3 point
sources.

Figure 9 shows the results of the downwind case (Case 2). With the measurements taking
place in the middle of the day, this case introduces a high uncertainty in the background noise
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correction in Figure 3. In Figure 9, it is seen that for Mic. 4 and 5, the different sound
propagation models are able to estimate the Lp within the uncertainty of the measurements.
The mean of the modeling results is moreover agreeing well with the measured mean. Going
to the microphones further away, Mic. 6-8, all models start to deviate significantly from the
measurements. Although the modeling results are still within the measurement uncertainty
for some frequency bands, the poor agreement could be caused by too dominant background
noise or by the fact that none of the models account for turbulence. It is moreover noticed,
that propagation models all have a seemingly wider confidence interval than in Case 1 and
3, suggesting that some of the measured uncertainty could be caused by the meteorological
conditions at the time of the measurements. All models seem to further over predict the ∆Lp
between especially Mic. 4 and 7 as well as Mic. 4 and 8 in Figure 10. However, the trends
of the spectra obtained by the WindSTAR and Nord2000 models are to some extend agreeing
with the trends of the measured spectra suggesting a general offset between the models and
measurements.

Figure 9: Case 2; Computation results from each model compared to the measured Lp spectra,
and LW obtained by Mic. 1 measurements. Computations in Nord2000 and WindSTAR are
done with 3 point sources.

Lastly, Figure 11 shows the modeling results for Case 3 compared to the measured Lp.
It is seen, especially for Mic. 6-8 at higher frequencies, that as the SNR is lower and the
uncertainty of the measured signal is thus higher, the agreement between the models and the
measurements becomes worse. For lower frequencies, Nord2000 and WindSTAR agree well with
the measurements for Mic. 5-8, while the ISO1/3 model might not be appropriate to evaluate
upwind sound propagation. Since a larger difference between the models and the measurements
is obtained at Mic. 4, Figure 12 further investigates the propagation between Mic. 4 and 6, and
Mic. 4 and 7. It is here observed that the propagation between two microphones obtained by
ISO1/3 is at a similar level as the mean of the measured propagation. Nord2000 and WindSTAR
reveal a larger difference to the measured propagation, especially between Mic. 4 and 6. The is
yielded by the overestimation at Mic. 4 and the underestimation at Mic. 6 at for example 160
Hz. The study of propagation between two microphones is only conducted for Mics. 4, 6 and 7
due to the low SNR at Mic. 8.
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(a) Microphone 4 and 6 (b) Microphone 4 and 7 (c) Microphone 4 and 8

Figure 10: Case 2; Computation results from each model compared to the measured Lp difference
between two microphones. Computations in Nord2000 and WindSTAR are done with 3 point
sources.

Figure 11: Case 3; Computation results from each model compared to the measured Lp spectra,
and LW obtained by Mic. 1 measurements. Computations in Nord2000 and WindSTAR are
done with 3 point sources.

For further evaluation of the performance of each model, the L1,norm−Lp,total of the difference
between the modeling results and the measurements is computed and presented in Figure 13.
Lp,total is the total sound pressure level summed up at all frequencies and the L1,norm is estimated
for each sound propagation model by the difference between the modeled and measured Lp

L1,norm = 10 log10

(
N∑
i=1

∣∣∣10Lp,model(fi)/10 − 10Lp,meas(fi)/10
∣∣∣) (2)

The more negative the value in Figure 13, the better the model performs. The frequency
bands, fi, in which a background correction was neither obtained with the deconvolution
method nor with the IEC method (SNR < 3 dB) have not been included in the L1,norm.
The high frequencies, of which it is uncertain if the directivity of the source is influencing the
measurements, is not included in the loudspeaker case. Thus, for the loudspeaker measurements
f = 100−1000 Hz is considered. In the loudspeaker case all models have a similar performance,
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(a) Microphone 4 and 6 (b) Microphone 4 and 7

Figure 12: Case 3; Computation results from each model compared to the measured Lp difference
between two microphones. Computations in Nord2000 and WindSTAR are done with 3 source
heights.

while WindSTAR shows a lower L1,norm for Case 1. For the upwind receiver position in Case
3, the ISO1/3 model does, as discussed, not perform as well as the remaining two models. For
the downwind receiver position in Case 2, an increasing difference to the measurements with
distance to the source is observed for all models. However, Nord2000 and WindSTAR still show
better agreements to the measurements.

Figure 13: Case 1-3 and Loudspeaker; L1,norm of difference between computed and measured
Lp for each sound propagation model.

5. Conclusions
Three different sound propagation models; Nord2000, WindSTAR and a 1/3 octave band version
of ISO9613-2, were used to compute the noise propagating from a loudspeaker and a wind
turbine, respectively, to different receiver distances. The wind turbine noise study considered
three different receiver angles: Upwind, downwind and crosswind. The modeling results at
different receiver distances were compared to experimentally obtained sound pressure levels at
a SWT-DD-142 3.9 MW wind turbine.

The loudspeaker sound propagation study showed good agreements with the measurements
for most frequencies with the WindSTAR model performing slightly better. For high frequencies,
f > 800 Hz, it has been observed that all models increasingly deviates from the measurements.
This suggests that the directivity of the loudspeaker affects the measured sound pressure level
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depending on the observer angle relative to the ground. The suspicion was supported, when
investigating the propagation between two microphones, which showed a better agreement
between all models and the measurements. In the future, measurements of the directivity of the
loudspeaker should be done in an anechoic chamber

The wind turbine sound propagation was evaluated by both using 1 point source and 3 point
sources distributed along the turbine rotor in the Nord2000 and WindSTAR computations.
Going from 1 to 3 distributed point sources showed to significantly improve the results, especially
for the WindSTAR model. Nord2000 and WindSTAR captures the measured sound pressure
level well for the crosswind (Case 1) and upwind (Case 3) receiver position. While the difference
between the ISO1/3 model and the measurements is slightly higher. For the downwind receiver
position (Case 2), all models are generally performing worse, however with Nord2000 showing a
better agreement. It should be noted, that for this case the SNR is lower and the uncertainty
of the obtained signal is notably higher than for Case 1 and 3.
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