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Introduction
Wind TCP Task 39 of the International Energy Agency
(IEA) aims to accelerate progress in the technology of
quiet wind turbines and to improve the understanding
and practices for noise emissions, their propagation and
perception by residents. Work package 3 deals with the
propagation of wind turbine noise. Here, different mod-
els are compared with each other along with measure-
ment data [1]. The first results of these comparisons are
presented in this article. In the beginning, the measure-
ments and the individual models, namely WindSTAR,
Nord2000 and the models of the KTH Royal Institute
of Technology (KTH) and the Leibniz University Han-
nover (LUH), are briefly presented. The models are then
compared regarding individual attenuation factors and
post-processing steps. Finally, the models are validated
using two sets of measurement data.

Measurements
As part of the project “WEA acceptance”, extensive
measurements were carried out in the area of wind tur-
bines to validate a sound propagation model. Acoustical,
meteorological and wind turbine operational data were
acquired under different environmental conditions. By
processing and analyzing the measurement data, ten val-
idation cases and respective input parameters for sound
propagation models were derived. In the validation cases,
different propagation directions were considered. The
measurements, the derivation of the input data for mod-
els and all validation cases and their application for
model validation are presented in [2]. The measured data
used in the validation are freely accessible [3].

In this contribution, case 1 and 3 from the validation
cases are used. The data of those cases originate from
a measurement campaign performed in a wind farm in
northern Germany. The landscape is flat and grassy and,
therefore, represents a simple propagation scenario. The
measurement environment and the position of the mea-
surement instruments are shown in Fig. 1. As can be
recognized, several wind turbines are located in the area
of the acoustic measurements. However, for the valida-
tion cases, only one turbine is operating.

During the campaign, data were collected from three
acoustic measurement stations, capturing sound pressure
levels, 1/3 octave bands, and audio samples at a sampling
rate of 51 kHz. Synchronously, comprehensive meteoro-
logical measurements were conducted to characterize the
lower atmosphere. A 100-meter-high measuring mast,
situated permanently within the wind farm, continuously

monitored temperature, humidity, wind speed, and wind
direction at various heights. Moreover, operational data
from wind turbines close to acoustic measurement sta-
tions were gathered. For more information on the mea-
surements, see [2] and [4].
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Figure 1: Overview map of the wind farm and measurement
plan including the positions of devices.

Prediction Models
In [5], the sound pressure level Lp at the place of immis-
sion is formulated as a function of the frequency f :

Ln
p (f) = Ln

W (f)−10 · log 4π(Rn)2 − αL(f) ·Rn +∆Ln(f)︸ ︷︷ ︸
Attenuation terms

.

(1)
Here, attenuation terms are subtracted from the sound
power level Ln

W of the source n. The attenuation terms
contain the geometrical spreading (first term) and the
air absorption (second term), both dependent on the dis-
tance to the source Rn. Furthermore, the air absorption
relies on the atmospheric coefficient αL, which can be
calculated as a function of frequency, temperature and
humidity. The last attenuation term ∆Ln encompasses
the sound propagation loss due to ground effects, atmo-
spheric refraction, and scattering. ∆Ln can be deter-
mined using different approaches.

In this work, four approaches are compared - the models
of the universities KTH and LUH, WindSTAR from the
Technical University of Denmark (DTU) and the Scan-
dinavian engineering model Nord2000.

The LUH and KTH model as well as WindSTAR are
based on parabolic equation methods. The LUH model
is based on the Crank Nicholson Parabolic Equation
(CNPE) method [5]. In WindSTAR, the CNPE-method
was adapted to consider non-uniform terrain following
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Figure 2: Procedure for validating a sound propagation model with wind turbine noise measurement data.

the work of [6]. This method is called Generalized Ter-
rain Parabolic Equation (GTPE). In the KTH model,
the Beilis-Tappert Parabolic Equation (BTPE) method
is applied. Here, fourier-based algorithms are used so
that long distances can be calculated with low computing
resources. The PE-methods mentioned have many simi-
larities, but also differences with regard to their numeric
implementations. A comprehensive comparison of the
GTPE- and BTPE-method is performed in [7]. Lastly,
Nord2000 is a curved ray-tracing-based model.

To model a wind turbine as a source, the approach out-
lined in [8] is used. In a two-dimensional field, three point
sound sources are located at hub height h and at ±85%
of the rotor length l:

hs = h± 0.85 l. (2)

This simplified representation of a wind turbine entails
one simulation for each sound source [8]. Assuming that
the point sources are incoherent, the simulation results
are logarithmically summed afterwards.

Procedure
The validation procedure is visualized in Fig. 2. Vali-
dation cases were selected based on an analysis of the
acoustic, meteorological and turbine-specific measure-
ment data. To obtain the acoustic validation data, 5
minute samples were examined in detail (see [2]). The
input parameters for the models were derived from mete-
orological measurements and turbine-specific data. Re-
garding the individual validation steps, first of all the
atmospheric attenuation terms are determined and the
additional attenuation are calculated using the models
mentioned the previous section. Here, frequencies from
50 to 2240 Hz are considered in 5 Hz steps. In the post-
processing, the calculated losses are added, the wind tur-
bine source approach is applied and finally the 1/3 octave
bands are calculated.

In this contribution, a very simplified case 0, character-
ized by the absence of wind, is used to check the determi-
nation of the air absorption and the excess attenuation
as well as the post-processing of the modeled data, i.e.
the complete validation chain. Model data are then com-
pared with measured data. Here, cases 1 and 3 in [2] are

considered, which differ in the direction of sound prop-
agation. The effective sound speed profiles of cases 0,1
and 3 are shown in Fig. 3.

Figure 3: Profiles of effective sound speed for case 0,1 and
2.

It is important to note that different rotor lengths were
considered in the model and measurement data. The
turbine in the field has a rotor diameter of 114 m. In the
modeling, a rotor diameter of 93 m was used. However,
the following investigations show that the effects are not
decisive for the general results.

Comparison - Case 0
In case 0, the effective sound speed is constant over the
height. First, the excess sound losses ∆Ln(f) from equa-
tion 1 were calculated with a monopole sound source at
hub height, i.e. at a height of 119 m, using the PE meth-
ods for 1/3 octave center frequencies. In Fig. 4 A, the
calculated propagation loss between 535 and 845 m is
shown. The Delany and Bazley model [9] with a flow
resistance of 200 kPasm−2 was selected as the standard
ground model. The results of the three PE methods agree
very well. If the Miki ground model [10], which is an ex-
tension of Delany and Bazley, is used, slight deviations
are visible. In addition to ∆Ln(f), the calculation of at-
mospheric air absorption is verified. The LUH model and
WindSTAR use the method of [11]. A comparison of the
results with DIN ISO 9613-2 is shown in Fig. 4 B, where
the calculated atmospheric attenuation is plotted for 1/3
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octave center frequencies between 535 and 845 m. The
calculated attenuation values agree.

Finally, the validation chain shown in Fig. 3 was checked.
Here, only the final result is presented. In Fig. 4 C,
the propagation losses between 535 and 845 m calculated
with the LUH model and WindSTAR are plotted. All
source heights and frequencies, i.e. all frequencies from
50 to 2240 Hz in 5 Hz steps, as well as all validation steps,
i.e. the addition of the losses, the application of the wind
turbine source and the calculation of 1/3 octave bands
are taken into account in the calculation. The results
agree well so the complete chain was successfully checked
using the simplified case 0.

Figure 4: Comparison of modeled sound propagation losses
per 1/3 octave band for case 0. A: Comparison of the results
obtained with the different PE methods. B: Comparison of
calculated air absorption values. C: Comparison of the results
considering the complete validation chain shown in Fig. 3.

Comparison - Case 1
Case 1 is characterized by light downwind conditions and
a slightly stable atmosphere. In Fig. 5 A and B, the
comparisons of modeled and measured propagation losses
per 1/3 octave band between 178 and 535 m, respectively,
between 178 and 845 m, are shown. Since there is an
angle restriction of 30 in the PE methods, a comparison
of the propagation losses between 535 and 845m is also
given in Fig. 5 C.

Two results are shown for the WindSTAR model - one for
a rotor diameter of 93 m and one for a diameter of 114 m.
The deviations of the calculated losses are small, so that a
qualitative comparison between measurement and model
data is possible - even if different rotor diameters have
been taken into account.

If the microphone at a distance of 178 m is used as a
reference (Fig. 5 A and B), a good agreement between
modeled and measured data is achieved. The broad prop-
agation peaks caused by interference are well reproduced
by the models. With regard to the model results of
WindSTAR, the first interference peaks is shifted towards
lower frequencies by a one 1/3 octave band. Nord2000,
in particular, predicts the losses between 178 and 845 m
well (Fig. 5 B). The predicted losses are at the same level
as the measured ones. At greater distances, the losses
generally increase with greater frequency. This is due to
the frequency-dependent air absorption. Despite the an-
gle restriction, the LUH model and WindSTAR perform
well at short distances. The KTH model does not pro-
vide meaningful results at distances of 178 m, so these
are not shown in Fig. 5 A and B.

A less good agreement between the measured and mod-
eled data is observed when looking at the propagation
losses between 535 and 845 m (Fig. 5 C). The peaks
modeled are shifted to lower frequencies. As a result,
the level of modeled losses in the mid-frequency range
(200-500 Hz) is 2 to 5 dB below the measured data. The
KTH results show more pronounced interference peaks
at 200, 400 and 630 Hz.

Figure 5: Comparison of measured and modeled sound prop-
agation losses per 1/3 octave band for cases 1.

Comparison - Case 3
Case 3 is characterized by crosswind-downwind condi-
tions and a moderately stable atmosphere. In Fig. 6 A
to C, the propagation losses per 1/3 octave band between
given distances are presented.

In Fig. 6 A and B, where the first microphone at 178 m
is taken as reference, the agreement between modeled
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and measured data above 300 Hz is good. As expected,
the losses are higher with increasing frequencies. Below
300 Hz, the models predict higher losses. Here, the mea-
sured data is 3-8 dB below the modeled losses. In addi-
tion, the measured values show distinct peaks, for exam-
ple in Fig. 6 A at 160 and 500 Hz. The models do not
reproduce these peaks. In contrast, the agreement of the
modeled and measured propagation losses between 535
and 845 m is better (Fig. 6 C). Especially with the LUH
model and WindSTAR, the measured losses are modeled
very well. At approx. 250 Hz, Nord2000 predicts 2-3 dB
lower losses. As before, the results of the KTH model
display strong interference.

Figure 6: Comparison of measured and modelled sound
propagation losses per 1/3 octave band for cases 3.

Conclusion and Outlook
In this contribution, a first comparison between measure-
ment data and different models for predicting the sound
propagation of wind turbines was shown. Here, the mod-
els of the LUH and the KTH, WindSTAR from the DTU
and Nord2000 were applied.

Using a simple case characterized by a constant effec-
tive sound speed over height, the calculated attenua-
tion terms and the validation chain were first checked.
The individual steps were successfully verified for the
LUH model and WindSTAR. The measured and modeled
propagation losses were compared using two cases char-
acterized by light downwind and crosswind-downwind
conditions. A generally good agreement between mea-
sured and modeled data was achieved. The results of
the KTH model showed higher dynamics at the 200, 400
and 630 Hz. These interference peaks are most likely an
artifact of the way the ground reflection is treated.

In addition to the two cases, further propagation direc-
tions will be considered in the future. Here, in particu-
lar the comparison of situations with upwind is of inter-
est. The measurement data used for the comparison was
recorded in a flat grassy landscape in northern Germany.
As part of the Wind TCP Task 39, models will be com-
pared with measurement data from a complex terrain.
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[3] Könecke, S.; Hörmeyer, J.; Bohne, T.; Rolfes, R.
(2021): Dataset: Wind Turbine Sound Propagation
Data for the Validation of Models. https://doi.

org/10.25835/0012136

[4] Martens, S.; Bohne, T.; Rolfes, R. (2020): An evalu-
ation method for extensive wind turbine sound mea-
surement data and its application. Proceedings of
Meetings on Acoustics, Acoustical Society of America
(41). https://doi.org/10.1121/2.0001326.

[5] Salomons, E. M.(2001): Computational Atmospheric
Acoustics, Springer Science+Buisness Media B.V.,
Dordrecht, New York. https://doi.org/10.1007/
978-94-010-0660-6.

[6] Sack, R. A.; West, M (1995): A parabolic equa-
tion for sound propagation in two dimensions over
any smooth terrain profile: The generalised terrain
parabolic equation (GT-PE), Applied Acoustics, Vol-
ume 45, Issue 2, Pages 113-129.

[7] Nyborg, C. M.; Bolin, K., Karasalo, I.; Fischer, A.
(2023): An inter-model comparison of parabolic equa-
tion methods for sound propagation from wind tur-
bines, J. Acoust. Soc. Am. 154, 1299–1314. https:
//doi.org/10.1121/10.0020562.

[8] Barlas, E.; Zhu, W. J.; Shen, W. Z.; Kelly, M.
(2017); and Andersen, S. J.: Effects of wind tur-
bine wake on atmospheric sound propagation, Appl.
Acoust., 122, 51–61. https://doi.org/10.1016/j.
apacoust.2017.02.010.

[9] Delany, M. E.; Bazley, E. N. (1970): Acoustical prop-
erties of fibrous absorbent materials, Appl. Acoust.,
3, 105–116.

[10] Miki, Y. (1990): Acoustical properties of porous
materials – Modifications of Delany-Bazley models,
Journal of the Acoustical Society of Japan, 11, 19–24.

[11] Bass, H. E.; Sutherland, L. C.; Zuckerwar, A. J.;
Blackstock, D. T.; Hester, D. M. (1995): Atmo-
spheric absorption of sound: Further developments,
J. Acoust. Soc. Am., 97, 680–683.

DAGA 2024 Hannover

1703


