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Summary
As a consequence of the wind energy expansion and the growth in wind turbines, sound emission
increases and affects local residents. To predict the sound propagation, a numerical model is necessary.
Accordingly, complex atmospheric circumstances set the requirements for the numerical model. Those
circumstances include geometrical effects formed by meteorological and topographical conditions.
This contribution focusses on the geometrical effect of atmospheric refraction due to wind. A suitable
choice to develop the numerical model is the PE-Method, which is a numerical method to calculate
a sound field based on Helmholtz equation. Two models, which differ in the height of the sound
source, are presented. The sound propagation of both models is compared under varying refracting
atmosphere in a down- and upwind situation. The results show significant differences in the sound
propagation. In the model with a high sound source, which represents a wind turbine, the arising
consequences of a refracting atmosphere show at first at larger distance.

PACS no. 43.28.Bj, 43.28.Js

1. Introduction

The reliance on onshore wind energy increases as the
energy sector shifts to renewable alternatives. The
growth in onshore wind turbines also causes an in-
crease of sound emission affecting local residents. In
the cooperative project ”WEA-Akzeptanz”, an overall
acoustic model will be developed including the sound
generation, propagation, and its perception.

The necessity of a numerical model to predict the
atmospheric sound propagation is based on multiple
reasons. Those reasons include a decraesed distance of
wind turbines and nearby buildings, reasoned by the
growth in onshore wind turbines. Thus, the resulting
sound emission affects local residents. Another reason
is the complex atmospheric circumstances, with me-
teorological and topographical influences. Hence, ge-
ometrical effects like refraction occur. Within a larger
distance, those effects have a stronger impact on the
sound propagation [1].

Due to the complex atmospheric circumstances, rel-
evant influencing factors and their implementation
in a numerical model will be discussed in this con-
tribution. Furthermore, a simplified numerical model
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for sound propagation in the atmosphere will be pre-
sented. With this model, a transferability from sound
sources near the ground to high sources like wind tur-
bines will be performed and analyzed. Additionally,
the influence of sound propagation in long distances
will be deliberated. Subsequently, the presented sim-
plified model can be extended to precise the sound
propagation of wind turbines in the future.

2. Model Requirement

The complex atmospheric circumstances form the re-
quirements of the numerical model for the sound prop-
agation simulation of wind turbines. Aside from the
meteorological conditions, like a change in tempera-
ture, varying wind speeds, turbulences and density,
topographical and ground conditions as well as vege-
tation play a key role in the atmospheric sound propa-
gation [1]. Due to those contributing factors, geomet-
rical effects will be formed in the atmosphere. Those
geometrical effects will affect the sound propagation
in the atmosphere, especially in large distances.

One of these geometrical effects is the refraction of
sound waves due to the influence of temperature and
wind, like in [1] and [2] described. The refracting at-
mosphere will be considered in this contribution. With
the help of sound rays the refraction of the sound
waves is illustrated in Figure 1. With increasing tem-
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Figure 1. Refraction of sound waves (illustrated as sound rays) due to influence of temperature
and wind.

perature, the speed of sound rises. Due to the change
in speed of sound, sound waves get refracted. Under
normal weather conditions, the temperature decreases
with the height. This leads to an upward refracting
atmosphere. As a result, shadow zones arise and con-
sequently, the sound pressure level near the ground
is lower. In case of a thermal inversion, the temper-
ature profile reverses and therefore the temperature
increases with the height. Hence, a downward refract-
ing atmosphere will occur. Resulting reflections at the
ground surface increases the sound pressure level near
the ground.

In a moving atmosphere (due to wind), the resulting
refracting atmosphere will be dominant. In this occa-
sion, the speed of sound c is superposed with the wind
speed vw. This leads to an effective speed of sound ceff.
In general, the wind speed increases with the height.
The wind speed is added to the speed of sound in a
downwind situation. As a result, the speed of sound
increases with the height. Due to that, a downward
refracting atmosphere takes place. Like before, sound
waves are reflected at the ground surface following an
increase in the sound power level near the ground.
In an upwind situation, the wind speed is subtracted
from the speed of sound. Subsequently, the speed of
sound decreases with the height, which leads to an
upward refracting atmosphere. Due to that, shadow
zones and lower sound pressure level occur [1].

In addition, further geometrical effects can arise in
the atmosphere. Sound scattering due to atmospheric
turbulence and diffraction of sound waves as a wave
phenomenon is part of those effects, like in [1] and [2]
described.

3. Calculation Method

The specified model requirements and geometrical ef-
fects have to be implemented in the sound propaga-
tion model. Due to that, the PE-Method (Parabolic
Equation Method) is a suitable choice for a sound

propagation simulation. The PE-method is a numer-
ical method for the calculation of a sound field, like
in [1] and [3] expounded. The parabolic equations are
derived from the wave equation due to neglection of
influences of large angles. Consequently, the accuracy
of the sound field is reduced and limited to small an-
gles. This contribution focusses on the sound propa-
gation in large distances. Therefore, the limitation to
small angles is not relevant and can be ignored.

The method is based on the linear acoustic with the
assumption that pressure fluctuations in the sound
waves are small in comparison to atmospheric pres-
sure. Basic equations of sound waves in the atmo-
sphere in general and therefore as well for the PE-
Method are the Navier-Stokes-Equations. Precisely,
the mass conservation given in Equation 1 and the
momentum conservation given in Equation 2.

∂ρ

∂t
+∇ (ρv) = 0 (1)

ρ

(
∂v

∂t
+ (v · ∇) v

)
= −∇p (2)

From those equations, the wave equation in Equa-
tion 3 can be deduced. The time-independent form of
the wave equation is the Helmholtz equation, given in
Equation 4.

∇2p− 1

c2
∂2p

∂t2
= 0 (3)

∇2p+ k2p = 0, k = ω/c (4)

An axisymmetric approximation forms a basis for
the PE-method. Due to this, the three-dimensional
Helmholtz equation reduces to a two-dimensional
Helmholtz equation shown in Equation 5.

∂2q

∂r2
+
∂2q

∂z2
+ k2eff · q = 0 (5)

q = p
√
r, keff = ω/ceff, ceff = c0 ± vw

The cylindrical coordinates used in the previous
equations are illustrated in Figure 2. The variation
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of wind speed within the angle ϕ is not taken into
account. Therefore, the atmospheric wind can be ap-
proximated by the effective speed of sound. This as-
sumption is reasonable because of the axisymmet-
ric approximation and the reduction to the two-
dimensional Helmholtz equation, as in [1] specified.
Additionally, the sound source will be modelled as a
monopole source.

The sound field q (r, z) and the grid for the calcu-
lation of the sound field are illustrated in Figure 2.
The discretization and calculation is performed by fi-
nite difference method. Like in [1] indicated should
the grid size ∆z and ∆r be smaller than 1/10λ (with
λ = c/f= wavelength). The calculation of the sound
field starts at q (0, z). With a step-wise extrapolation
of q (r, z)→ (r + ∆r, z) the sound field is computed.
The wave number k from the Helmholtz equation (see
Equation 5) is a function of the height z and indepen-
dent of the propagation direction r. Therefore, the
speed of sound can vary with the height and the imple-
mentation of refraction can be realized. An artificial
absorbing layer limits the top of the sound field. The
lower boundary of the sound field limits the ground
impedance [1, 3].

Figure 2. Left picture: cylindrical coordinates. Right pic-
ture: Sound field and grid used in PE-Method.

4. Sound Propagation Model

In this contribution, two models (A and B) for
the sound propagation simulation will be presented.
Those models are illustrated in Figure 3. In Model A
the height of the sound source is HSL = 1, 70 m. In
Model B the sound source is at height HSH = 100 m,
which represents a wind turbine. At a height of
HR = 1, 70 m the sound pressure level is detected in
both models. The sound field extends to a distance
of R = 1000 m. The simulation is performed at a fre-
quency of f = 500 Hz.

The effective speed of sound is used in the calcula-
tions. In this case, the logarithmic wind speed is taken
into account like specified in Equation 6. Due to the
refracting factor b, the orientation of the sound wave
refraction can be defined. Corresponding, a refraction
factor of b = −1 m/s leads to an upward refracting
atmosphere (in upwind direction). In reverse, a re-
fraction factor of b = +1 m/s leads to a downward
refracting atmosphere (in downwind direction).

ceff (z) = c0 + vw (z) = c0 + b · ln
(
z

z0
+ 1

)
(6)

b = −1 m/s Upward Refraction
b = +1 m/s Downward Refraction

4.1. Model Verification

The Model A with a sound source at HSL = 1, 70 m
is used to verify the simulation. The verification is re-
alised by comparing the calculation of the sound level
reduction of the sound propagation model with the
German norm DIN ISO 9613-2 [4]. This norm serves
the ”general method of calculations” for ”attenuation
of sound during propagation outdoors” [4]. The norm
is designed for low sound sources which motivates the
use of Model A for verification. The diagram in Fig-
ure 4 shows the reduction of the sound pressure level
∆SPL with respect to the distance of DIN ISO 9613-2
and the simulation with the PE-Method. There is a
high accordance of both methods in the sound level
reduction in Figure 4. Therefore, the PE-Method sim-
ulated model (PE-Model) can be considered as veri-
fied.

4.2. Sound Propagation Results

The simulation results of Model A are illustrated in
Figure 5. The picture in the middle shows the sound
propagation in a non-refracting atmosphere. A steady
reduction of the sound pressure level within the prop-
agation direction is recognizable. The illustrated di-
rectivity with lobe characteristics is based on inter-
ferences due to ground reflections. The upper picture
visualises the sound propagation in an upward refract-
ing atmosphere, corresponding an upwind direction.
Within a short distance like 200 m in the propaga-
tion direction, the shadow zone is formed. In reality,
those shadow zones are not pronounced in a precise
way as illustrated due to additional effects like scat-
tering and diffraction in the atmosphere. The lower
picture presents the sound propagation in a downward
refracting atmosphere, corresponding a downwind di-
rection. As result of this downward refraction, sound
waves get reflected at the ground surface which leads
to an increased sound pressure level.

Figure 6 shows the reduction of the sound pressure
level with respect to the distance in a diagram. In the
non-refracting atmosphere, the sound pressure level
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Figure 3. Development of Model A and Model B for sound propagation simulation.

Figure 4. Verification of PE-Model with DIN ISO 9613-
2: ∆SPL with respect to the distance and source height
HSL = 1, 70 m.

reduces steadily within the distance. A dramatic de-
crease within a short distance (in 200 m, like in Fig-
ure 5) is noticeable in the upward refracting atmo-
sphere. This represents the formed shadow zone. Due
to the reflections at the ground surface, the reduction
of the sound pressure level shows irregularities within
the distance in a downward reflecting atmosphere. In
this case, the sound pressure level has in average the
highest value.
Model B shows differences in the sound propaga-

tion because of the higher sound source location. In
Figure 7, the sound propagation generated with the
PE-Model, is illustrated. The picture in the middle
gives the sound propagation in a non-refracting at-
mosphere. Like in Model A a steady reduction of the
sound pressure level is recognisable. The same effect
is apparent in the diagram in Figure 8. The upper pic-
ture of Figure 7 shows the formation of a shadow zone

due to the upward refracting atmosphere (in upwind
direction). Figure 8 visualizes the shadow zone due to
the dramatic decrease in the diagram. In comparison
to Model A, a larger distance (400 m) until the forma-
tion of the shadow zone accomplished, is visible. The
same distance conspicuousness is recognisable in the
downward refracting atmosphere (in downwind direc-
tion), illustrated in the lower picture of Figure 7 and
in Figure 8 in the diagram. The originating reflections
on the ground surface due to the downward refrac-
tion are similarly emerging within a larger distance
(800 m). This is equivalently shown in the diagram
of the sound pressure reduction in Figure 8. Like in
Model A, the reduction is irregular but the irregular-
ities occur at larger distance.

In addition, the presence of a caustic (regions of
focussing) is visible. This can be seen at a distance of
650 m and a height of 100 m and at the ground surface
in the distance of 850 m. The focussed sound energy
due to reflections in those caustics leads to a higher
sound pressure level. In total, the sound pressure level
of the downward refracting atmosphere increases at
first in larger distance.
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Figure 5. ∆SPL of Model A with source height of
HSL = 1, 70 m. Upper picture: upward refracting atmo-
sphere, middle picture: non-refracting atmosphere, lower
picture: downward refracting atmosphere.

Figure 6. Sound pressure level reduction of Model A:
∆SPL with respect to the distance and source height
HSL = 1, 70 m.

Figure 7. ∆SPL of Model B with source height of
HSH = 100 m. Upper picture: upward refracting atmo-
sphere, middle picture: non-refracting atmosphere, lower
picture: downward refracting atmosphere.

Figure 8. Sound pressure level reduction of Model B :
∆SPL with respect to the distance and source height
HSH = 100 m.
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5. Conclusion

In this contribution, a PE-Method simulation of the
sound propagation in a refracting atmosphere is car-
ried out for two different models. Model A with a
sound source near the ground and Model B with
a higher sound source, representing a wind turbine.
The simulation results of the PE-Method show signif-
icant differences in the sound propagation, in the two
models.

As a result of the high-located sound source in
Model B, different geometrical conditions arise. Due to
that, in upwind direction with an upward refracting
atmosphere, the geometrical shadow zone will arise
at first in a larger distance. Likewise, in downwind di-
rection with a downwind refracting atmosphere, the
reflections at the ground surface begins as well at first
in a larger distance. This leads to an increase in the
sound pressure level in larger distance. In relation to
a wind turbine this result is of great interest. Due to
the increase of the sound pressure level again in larger
distances, local residents can be affected.

6. Outlook

The presented PE-Model will be extended to predict
the sound propagation of wind turbines adjusted for
different locations. Real metrological scenarios, atmo-
spheric turbulence, wake and directivity of wind tur-
bines as well as topography will be implemented. In
addition, field measurements for wind turbine noise
will be conducted in the project ”WEA-Akzeptanz”.
Those measurement data will be the basis for the val-
idation of the PE-Model.
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