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Abstract. Wind turbine noise propagation in a hilly terrain is studied through numerical simulation in different
scenarios. Linearized Euler equations are solved in a moving frame that follows the wavefront, and wind turbine
noise is modeled with an extended moving source. We employ large-eddy simulations to simulate the flow
around the hill and the wind turbine. The sound pressure levels (SPLs) obtained for a wind turbine in front of
a 2D hill and a wind turbine on a hilltop are compared to a baseline flat case. First, the source height and wind
speed strongly affect sound propagation downwind. We find that topography influences the wake shape, inducing
changes in the sound propagation that drastically modify the SPL downwind. Placing the turbine on the hilltop
increases the average sound pressure level and amplitude modulation downwind. For the wind turbine placed
upstream of a hill, a strong shielding effect is observed. But, because of the refraction by the wind gradient,
levels are comparable with the baseline flat case just after the hill. Thus, considering how terrain topography
alters the flow and wind turbine wake is essential to accurately predict wind turbine noise propagation.

1 Introduction

The increase in demand for renewable energy and the low
power density characteristic of wind energy have led to the
development of extended wind farms. A significant barrier to
the successful implementation of these installations is noise
annoyance, which often leads to diminished public accep-
tance (GaBner et al., 2022). Hence, accurate models for noise
prediction from single wind turbines and wind farms are nec-
essary to extend the use of wind energy. In recent years, sig-
nificant efforts have been made to characterize wind turbine
noise. This includes the study of the wind turbine inflow,
noise emission mechanisms, and the effect of the propaga-
tion medium on the far-field noise level. Aerodynamic noise,
which is caused by the interaction of the incoming wind

with the blades of the turbines, is dominant, broadband, and
can propagate over several kilometers (Van Den Berg, 2004;
Hansen et al., 2019). The main origins of aerodynamic noise
are turbulent inflow noise and trailing edge noise (Oerlemans
et al., 2007). The movement of the blades induces amplitude
modulation (AM), which is considered to be one of the main
annoyance issues (van den Berg, 2005; Hansen et al., 2019).
The noise production is greatly influenced by the geometry
of the blades and by the incoming wind profile and turbu-
lence characteristics. Several models have been developed to
predict wind turbine noise emission. Point source approaches
are commonly utilized (Lee et al., 2016; Prospathopoulos
and Voutsinas, 2007). However, more sophisticated meth-
ods considering an extended aeroacoustic sound source have
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also been developed (Cotté, 2019; Bresciani et al., 2024; Cao
et al., 2020).

These approaches enable more accurate modeling of the
flow and the geometry’s impact on sound levels and AM
prediction. Atmospheric conditions affect wind turbine noise
propagation, prompting the development of various numeri-
cal methods to study these effects. They are generally based
on propagating sound through already-generated flow fields,
either analytically or numerically. Predictions of wind tur-
bine noise propagation using a parabolic equation model or
particle-based approach have been compared against field ex-
periments (Konecke et al., 2023; Nyborg et al., 2023). Barlas
et al. (2018) and Heimann and Englberger (2018) have stud-
ied the influence of wind velocity and temperature profiles
on noise generation mechanisms and noise propagation. An
important finding is that the wind turbine wake can act as a
waveguide and create a focusing zone near the ground. Its
position and intensity notably depend on the velocity deficit
of the wind turbine wake. One of the main results (Barlas
et al., 2017b; Heimann and Englberger, 2018) is that far-field
AM is greatly influenced by wind shear and turbulent inten-
sity and that focusing zones (their existence, intensity, and
position) strongly depend on small variations in the meteoro-
logical conditions.

Besides atmospheric refraction, factors such as topog-
raphy and ground absorption also affect long-range sound
propagation, as demonstrated in Fig. 1. Placing wind turbines
on hilltops is common due to the improvement in energy
production (Berg et al., 2011). Therefore, in such configura-
tions, considering the topographical effects on noise produc-
tion and propagation becomes essential (Elsen and Schady,
2021). The influence of a 3D hill on both the flow around the
wind turbine and the noise propagation has been studied by
Heimann et al. (2018). In their work, the atmospheric flow
perturbed by the hill and the wind turbine is computed us-
ing large-eddy simulation (LES). The results are then used
as an input for propagation simulations using a 3D ray-based
sound particle model. The authors show that positioning the
wind turbine on the hilltop can reduce the overall sound pres-
sure level (OASPL) in the far field. This can compensate
for the amplification on the ground due to the wake, which
tends to enhance the OASPL further downstream. Shen et al.
(2019) studied topography effects for a realistic case con-
sidering a wind farm over a complex ground. They used a
2D parabolic equation method to propagate sound over long
distances and account for topography and flow effects (Sack
and West, 1995; Nyborg et al., 2023). The noise levels were
compared with those for flat ground considering either a ho-
mogeneous atmosphere at rest or a logarithmic mean velocity
profile. Both the topography and the turbulent flow character-
istics were shown to be key components in predicting noise
propagation. Despite these studies, the combined effect of the
flow and topography on sound propagation is not yet fully
understood. Indeed, noise levels in the far field are strongly
dependent on parameters like the position of the sources, hill
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shape, and atmospheric boundary layer (ABL) conditions,
which makes it difficult to draw a general conclusion on the
effect of topography. Moreover, the impact of the turbine’s
position relative to the hill is largely unexplored, and the ef-
fects of atmospheric flow conditions on the interplay between
sound production and propagation remain unclear.

This work aims to address these last two points and further
investigate the phenomena present when considering wind
turbine sound propagation with topography. Hence sound
propagation is simulated for several positions of a single
wind turbine relative to a 2D hill, i.e., a ridge. The position
of the wind turbine relative to the hill is expected to have
an impact both on the flow around the wind turbine, espe-
cially the development of the wake, and on sound propaga-
tion directly, through reflection, refraction, and scattering of
acoustic waves. Here only a single hill and wind turbine ge-
ometry are considered to showcase the strong influence of
topography on sound propagation. To study these phenom-
ena, a propagation method based on linearized Euler equa-
tions (LEEs) (Colas et al., 2023) is used. The effects of the
hill and the wind turbine on the flow are taken into account
through the mean flow values obtained from LES performed
in the work of Liu and Stevens (2020). LEE methods are not
widely used for the long-range propagation of wind turbine
noise because they are computationally demanding. Here the
use of LEEs is relevant as more classical methods based on
geometrical acoustics or parabolic equations could be limited
in the presence of topography.

The paper is organized as follows. In Sect. 2, the method-
ology is briefly described. Then the cases studied and the
numerical simulations performed are presented in Sects. 3
and 4. The propagation effects are first described in Sect. 5.1.
Then the SPL fields for the complete wind turbine are com-
pared between the different cases in Sect. 5.2. Finally, we
compare our results with previous studies in Sect. 6 and give
concluding remarks in Sect. 7.

2 Methodology

2.1 Wind turbine noise model

The methodology employed to compute wind turbine noise
involves three steps as depicted in Fig 2. It is similar to
the methodology described in Colas et al. (2023) and is
only briefly summarized here. First, LES with an immersed
boundary method (Gadde et al., 2021; Gadde and Stevens,
2019; Stieren et al., 2021; Stevens et al., 2018) is used to
determine the average flow field. Although the simulations
are unsteady, only the mean velocity fields are utilized in this
study, disregarding turbulence scattering despite its known
influence on wind turbine noise propagation. Scattering by
turbulence could lead to a less efficient focusing by the wind
turbine wake and to an increase in sound pressure level in
shadow zones. This effect was previously studied in Barlas
et al. (2017b), and they show that utilizing the average flow
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Figure 1. Sketch of the main wind turbine noise propagation factors.
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Figure 2. Diagram of the complete wind turbine noise prediction
methodology.

fields yields AM and average OASPL that are similar to those
obtained with a fully unsteady simulation. It is not clear if
these observations still hold for cases with topography.

The wind turbine noise is computed using the moving
monopole (MM) approach proposed by Cotté (2019). First,
the SPL in the free field, denoted SPLy¢, is computed us-
ing Amiet’s strip theory (Amiet, 1976). Each blade is di-
vided into several segments, regarded as uncorrelated point
sources. Then, the trailing edge noise and turbulent inflow
noise are calculated considering the blade geometry and in-
put mean flow, for each segment at each angular position
(Tian and Cotté, 2016; Mascarenhas et al., 2022). Note that
this model is only valid in the far field (distances larger than
the blade chord and the wavelength). The SPL at a receiver
is finally computed by adding the effect of atmospheric ab-
sorption and the relative sound pressure level, denoted AL,
which encompasses the ground and refraction effects on the
sound propagation. It writes

SPL/(x, f, B) = SPLi(x, f, B) + AL'(x, f, B) —a(f)R, (1)

https://doi.org/10.5194/wes-9-1869-2024

1871

o

where i is the segment index, X is the receiver coordinates, f
is the frequency, S is the blade angle (with 8 = 0 correspond-
ing to the blade pointing upward; see Fig. 7), « is the atmo-
spheric absorption coefficient, and R is the distance from the
source to the receiver. In this case, AL is computed using
2D LEE simulations, described in the next section, but other
propagation models could be employed, such as parabolic
equation methods, ray tracing (see Sect. 5.1.3), or engineer-
ing models. To decrease computational expenses, AL is not
calculated for every segment position. Instead, fictive source
heights are assumed along a vertical line in the rotor plane
that passes through the turbine’s hub. Hence AL’ in Eq. (1)
corresponds to a linear interpolation of the computed values
of AL between the two closest fictive sources. Finally, the
SPL produced by the wind turbine is obtained by summing
the contributions of all blade segments of the three blades:

3N .
SPL(x, f. B) = 10log,, (Z 10SPL . /-£)/ 10) :

i=1

(@)

where Nj is the number of segments per blade. The SPLs are
integrated for a set of frequencies from 50 Hz to 1 kHz (Colas
et al., 2023) to retrieve the OASPL.:

Nt i
OASPL(x, /3) — 1010g10 (Z Afl IOsPL(X,.fi»ﬂ)/l()) , (3)
i=1

where Ny is the number of computed frequencies, and A f; is
the bandwidth. Finally, the averaged OASPL (OASPL) and
AM are computed over one rotation such that

OASPL(xX) = 10logg (3 100ASPLOA10 ),

4
AM(®x) = mélX(OASPL(X, B)) — rr}gin(OASPL(X, B)), @

where Ng is the number of angles discretizing the rotor rota-
tion.

2.2 Propagation model

The propagation model is based on the numerical solution
of the LEEs, which are solved in a 2D curvilinear mesh to
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account for topography. The 3D effects, meaning horizontal
refraction induced by the wind speed gradient perpendicu-
lar to the propagation direction, are neglected due to the 2D
approximation. This approximation is common in outdoor
sound propagation, but 3D effects may have an influence,
especially near the wake, and should be addressed in future
work. A set of two equations is derived from the LEE for
atmospheric acoustics without source terms (Ostashev et al.,
2005):

ap 5 _
E+V0-Vp+pocov-v_0,

av Vp

— +NVo-VIv+(v-V)Vo+ — =0, )
at L0

where p and v = (u, w) are the acoustic pressure and veloc-
ity, po is the mean density, Vo = (19, wp) is the mean veloc-
ity, and cg is the sound speed. Note that here u corresponds
to the projection of the horizontal wind speed on the propa-
gation direction. A conservative formulation of this system
of equations is then derived for the transformation of the
coordinate system from Cartesian to curvilinear. The same
curvilinear transformation as in Colas et al. (2023) and orig-
inally proposed by Gal-Chen and Somerville (1975) is em-
ployed to follow the terrain elevation. A Gaussian pulse in-
troduced as an initial condition is used to represent a broad-
band monopole (Colas et al., 2023). Equation (5) is solved
with high-order optimized finite-difference techniques (Bo-
gey and Bailly, 2004; Berland et al., 2006). To simulate a
realistic ground, a broadband impedance condition (Troian
et al., 2017) is implemented at the bottom of the domain,
and a convolutional perfectly matched layer (CPML) simu-
lates unbounded propagation at the top of the domain (Cos-
nefroy, 2019; Petropoulos, 2000). The acoustic variables and
the boundary conditions are computed in a moving frame
that follows the wavefront. This greatly reduces the com-
putational cost as the propagation distance is large (around
15000 acoustic wavelengths). This method is described in
Emmanuelli et al. (2021) and Colas et al. (2023).

From the time domain solution, it is possible to recover a
frequency domain solution. AL can be derived from the time
signal p(t) recorded at one receiver such that

|P(f,%)]? )
| Pee(f,x)|>)

where P is the Fourier transform of p, and Py is the free field
solution, i.e., the solution for the same source term but with-
out any mean flow or ground reflection. AL for each third-
octave band f; is computed by averaging over the broadband
results.

AL(f,x) = 10log;, ( (6)

3 Cases studied

This work focuses on three configurations that were previ-
ously studied by Liu and Stevens (2020) for a truly neutral
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ABL, which corresponds to a pressure-driven ABL where
no temperature effects are modeled. For each configuration,
LES is performed with and without the turbine inside the
flow. These cases are referred to as Xyt (with the wind tur-
bine) and X agr, (without the wind turbine). This allows one
to investigate topographic effects on sound propagation iso-
lated from wake effects. The configurations are defined as
follows:

— cases AapL, and Awr, baseline case of a wind turbine
with flat ground;

— cases BaprL and Bwr, a wind turbine placed upstream
of a 2D hill;

— cases CapL and Cwr, a wind turbine placed on top of a
2D hill.

The hill considered for cases B and C is defined such that
hx) = hgseos? (55 ) .~ < x <1, (7)

where hpmax = 100m and / =260 m. Note that x = 0 corre-
sponds to the turbine position. Hence the hill is shifted be-
tween cases C and B (see Fig. 5); x = 0 corresponds to the
beginning of the hill in case B and to the hilltop in case C.

The velocity fields are normalized by the friction veloc-
ity u,. This scaling is well-accepted within the framework of
this model. However, it is important to acknowledge that it
does not account for more detailed atmospheric effects, such
as atmospheric stability, which can significantly impact flow
profiles (Stoevesandt et al., 2022). Two friction velocities are
considered such that the wind speed at z = 100 m is equal
t0 trer = 8ms~! and urer = 10ms™!, which are typical val-
ues for wind turbine applications. The diameter and height of
the turbine are set to 100 m, and the roughness height at the
ground is 0.01 m, which is representative of flow over smooth
terrain. As we consider neutral conditions, the temperature is
assumed to be constant throughout the domain. The variable-
porosity model is used to model the ground impedance (At-
tenborough et al., 2011). The effective flow resistivity is set
to S0 kNs m—*, and the effective porosity change rate is set to
100 m~!, which reflect natural soil conditions (Cotté, 2018).

The side view of the streamwise mean velocity is plotted
in the plane of the wind turbine’s hub in Fig. 3 for cases
AapL and Awr (note that for conciseness only the results for
Uref = 10ms! are presented in this section). When a wind
turbine is present, the velocity deficit that occurs downstream
requires several hundred meters to recover. The shape of the
wake can also be observed in the y—z plane at different down-
stream positions in Fig. 4. It presents a circular zone with a
few meters per second velocity deficit just after the wind tur-
bine, which progressively fades away further downstream of
the wind turbine.

In the presence of the hill, the flow is first shown without
the wind turbine in Fig. 5a. An increase in speed is observed
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Figure 3. LES mean flow velocity fields for the baseline
cases (a) Appr, Without and (b) AwT with the wind turbine. See
Fig. 4 for the y—z plane view.

at the hilltop as the flow accelerates around it. A recircula-
tion zone is then created downstream of the hill, which leads
to the reduction in the mean velocity toward negative values.
With the wind turbine in front of the hill (Fig. 5b), the wake
of the turbine follows the shape of the hill, counterbalanc-
ing the increase in wind speed at the hilltop. Hence the hill’s
wake appears to be longer and higher. With the wind turbine
on the hilltop (Fig. 5¢), its wake is larger and mixes with the
hill’s wake.

Profiles of the streamwise mean velocity are plotted for
cases Awt, Bwr, and Cwr in Fig. 6 at different distances
from the wind turbine to better show the effect of the hill. For
all cases, the velocity deficit has a top-hat shape for the first
few hundred meters downwind of the turbine due to the actu-
ator disk model (Stevens and Meneveau, 2017; Bastankhah
and Porté-Agel, 2014). Then, as the ABL flow recovers, a
Gaussian shape seems more accurate in describing the wake.
Another interesting observation is the influence of the topog-
raphy on the wake shape. For case Bwr (Fig. 6b), the wake
goes up and then down to follow the shape of the hill. The
wind speed gradients at the top and bottom of the wake are
smaller than for the baseline case Awt (Fig. 6a). For case
Cwr (Fig. 6¢), the turbine’s wake moves down to follow the
topography. The wind gradients and velocity are stronger in
this case because of the flow acceleration on top of the hill.
These changes in the wake shape and intensity are expected
to also influence sound propagation.

The noise emitted by the turbine depends on the inflow
conditions and hence varies for each case. The wind speed
profile used as an input for the model is taken 10m up-
wind of the turbine. The turbulent dissipation rate is set to
€ =0.01 m?s~3, which is a classical value for a neutral at-
mosphere (Mufioz-Esparza et al., 2018). The rotational speed
is defined from the wind speed at hub height using the rela-
tion described in Jonkman et al. (2009). Finally, the twist of
each blade segment is set to obtain an optimal angle of attack
(4° for the considered airfoil) with respect to the wind speed
at hub height and the rotational speed (Tian and Cotté, 2016).
An equivalent overall sound power level (OASWL) can be
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Table 1. Wind turbine source parameters calculated for each case.

Uhub Q OASWL

(ms~!) (@pm)  (dBA)
Case A 10.0 11.2 97.7
Case B 9.5 109 97.1
Case C 12.4 12.1 99.6

estimated for each case. It is computed from the downwind
sound pressure level in the free field according to

OASWL = OASPL(R) + 10log (47 R?), (8)

where R is the distance between the hub and the receiver
taken to be equal to 3km in this case. Note that for large
enough R (more than 1 km), the OASWL becomes constant.
The wind speeds are slightly different between the base-
line case A (tpyp = 10ms~!) and case B (upgp = 9.5ms™1).
This is an effect of the hill’s blocking, which slightly decel-
erates the flow upstream. This induces a small decrease in
the rotational speed 2 and consequently a slight decrease of
0.6 dBA in the OASWL. Case C, on the other hand, shows a
significant increase in wind speed (25 % compared to Awr)
and rotational speed (8 % compared to Awr) due to the ele-
vated hub and the increased wind speed at the top of the hill.
Consequently, the OASWL increases by 2 dBA compared to
case A. These results are summarized for each case in Ta-
ble 1.

4 Numerical setup for the propagation simulations

For each case presented in Sect. 3, numerical simulations of
the noise propagation are performed using the LEE method
described in Sect. 2.2. The moving frame has a length of
300m x 300 m. The grid step is set to Ax = Az =0.05m,
and the CFL (Courant-Friedrichs—Lewy) number is set to
0.5. These numerical parameters produce accurate results up
to 1 kHz. The results are then computed in the frequency do-
main and presented averaged in third-octave bands.

First, the simulations are performed in a 3D domain using
an N x2D approach. The sound propagation is computed in
vertical planes as described in Sect. 2, neglecting transverse
propagation effects. The 2D simulations are performed for
a set of angles of propagation 7 (Fig. 7), to compute a AL
map around the wind turbine. The flow is almost symmet-
rical with respect to the x axis; hence only angles between
0° and 180° are considered. This set of simulations is com-
puted only for the source at the hub height (100 m) and for a
wind speed uef = 8 ms~!. The 3D rectangular domain has a
size of 4km x 2km x300m as illustrated in Fig. 7. To cap-
ture all significant propagation effects, sound propagation is
simulated up to 3 km downwind and up to 1 km in the cross-
wind and upwind directions. Hence, the angular step must be
smaller for the computations downwind of the wind turbine.

Wind Energ. Sci., 9, 1869-1884, 2024
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Figure 5. Mean flow velocity field for cases (a) Baogr, (b) BwT,
and (c) C ABL-

For t between 0 and 15°, a 2° angular step is used, and an
angular step of 5° is used for the rest of the domain. This is
done to save computational resources as a 1 km propagation
simulation takes around 240 CPU hours, and a full simula-
tion (with all propagation angles) takes around 2 x 10* CPU
hours. The AL fields obtained from these simulations are
presented in Sect. 5.1.1.

A second set of simulations is performed only in the down-
wind (7 = 0°) and upwind (r = 180°) directions for the six
cases With uper = 10ms~!. Here, several source heights are
considered to compute the OASPL and AM using the MM
approach (see Sect. 2). The wind turbine considered is the
same as in Colas et al. (2023). Seven source heights are con-
sidered for all cases except for case Cwr in the downwind
direction where 30 source heights are used to reach conver-
gence of the AM results. The comparison between the two
wind speeds is shown in Sect. 5.1.2, and the OASPL and AM
obtained from the six cases are compared in Sect. 5.2.

Wind Energ. Sci., 9, 18691884, 2024

5 Results and discussion

5.1 Propagation effects

5.1.1 General case description

Figure 8 shows AL fields for the six considered cases at
Jfc =800 Hz on the planes y = 0 and z = 2 m. The reference
cases without wind turbines are on the left, and the results
with wind turbines are on the right. For all cases, a point
source is placed 100 m above the ground, which corresponds
to the hub height. Without the wind turbine and with flat
ground (Fig. 8a), the flow varies only along the vertical di-
rection. Upwind it corresponds to a negative effective sound
speed gradient that is responsible for the shadow zone ob-
served in cases Aapr, and Awt. Sound waves are refracted
upward as they propagate, leading to a zone with very low
SPL at the ground for x < —500m. The positive effective
sound speed gradient downwind refracts sound waves down-
ward and can lead to an increase in SPL at the ground (Bar-
las et al., 2018; Heimann and Englberger, 2018). For case
AapL (Fig. 8a downstream of the turbine), the gradient does
not produce strong focusing because the velocity gradient is
small for a neutral ABL.

The velocity gradient induced by the wake (case Awr) has
a significant effect on sound propagation (Fig. 8b). As shown
in previous studies by Barlas et al. (2017b) and Heimann and
Englberger (2018), the wake from a wind turbine has a signif-
icant impact on the SPL observed at ground level. This effect
is clearly visible when comparing Fig. 8a and b. The wake,
created by the wind turbine’s downstream velocity deficit,
acts as a waveguide that causes sound waves to focus at a
point approximately 3 km away from the noise source. Note
that this focusing effect occurs for small propagation angles
only (r &~ 0) and that for higher angles of propagation, the
AL field is similar to the one without the wake. This empha-
sizes the importance of considering the wake when studying
sound propagation in such scenarios.

The hill impacts sound propagation in two ways: directly,
by causing reflections and diffraction of the sound waves due
to the terrain, and indirectly, by altering the average airflow
patterns. Hence, the effect of the wake presented for cases

https://doi.org/10.5194/wes-9-1869-2024
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Figure 6. Mean flow velocity profiles at different positions x from —10m to 2.5km for cases (a) AwrT, (b) BwT, and (¢) Cwr. For case
Cwr, the wind turbine is on the hilltop; hence the first three profiles stop before z = 0.
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Figure 7. Sketch of the computational domain. 8 is the blade angle,
and 7 is the propagation angle.

AapL and Awr can be either strengthened or counterbal-
anced by the influence of the terrain. In the case of the wind
turbine positioned upstream of the hill (Fig. 8c, d), most of
the propagation effects can be attributed to the hill itself, and
the wind turbine wake has a minimal impact. The primary
effect is the shielding effect of the hill that creates a shadow
zone downwind. A secondary effect is the AL amplifica-
tion that can be observed at x =700m at ground level. It
is caused by the strong velocity gradient created by the hill’s
wake. However, even with this refraction by the mean flow,
the shielding effect of the hill on sound propagation is strong.
Hence, AL is negative after the hill, except for this focusing
zone. Cases Bapr and Byt present the same upwind shadow
zone as in cases AagL, and Awr, which shows that the hill has
almost no influence on the upwind propagation. The velocity
gradient induced by the wake itself is small in comparison to
the hill’s wake (see Fig. 5b). Hence, the waveguide effect that
was observed for case Awr is not visible. This indicates that
the effect of the wake created by a turbine placed upstream
of a hill is overshadowed by the effect of the hill itself. Note
that a stronger effect of the turbine’s wake is visible when
considering increased source heights.

When the wind turbine is located on the hilltop (Fig. 8e,
f), the geometry of the hill first creates a cusp caustic just
above the bottom of the hill (at x = 260 m). The caustic then

https://doi.org/10.5194/wes-9-1869-2024

separates into two branches, one going directly up and one
reflecting toward the ground at 330 m. This is only an effect
of the terrain and can be observed for both cases Capgr. and
Cwrt. On the top view, the caustic branch hitting the ground
moves further away from the hill as the propagation angle in-
creases. This is equivalent to propagation over a hill with a
smaller slope angle, for which the caustic is created higher,
and the downward-refracted branch hits the ground further
away from the hill’s base. The second focusing effect visi-
ble for case Capr. (Fig. 8e) is similar to what is observed in
case B. The diminished wind speed behind the hill creates
a focal area at the ground positioned at x = 1300 m. How-
ever, this effect is less noticeable than in case B due to the
more pronounced direct influence of the source. For case
Cwr (Fig. 8f) the wind turbine wake induces different fo-
cusing patterns, somewhat similar to those that are visible
in case Awt. Note that the focusing patterns induced by the
flow and hill depend on the source height and wind velocity.
Hence they are further studied in the following sections.

5.1.2 Effect of wind speed

In this section, the effect of the velocity on propagation is
briefly examined. The previous results were obtained for a
wind profile characterized by a wind speed at 100 m equal
tO Uref = 8ms~!. In general, a wind turbine operates at
wind speeds between 6 and 25 m s~ (Jonkman et al., 2009).
Hence, additional simulations are run for cases Awr and
Cwt with urr equal to 10ms~! to assess the effect of
the wind speed on the refractions. The AL contour plots
at 800Hz for cases Awr and Cwr are compared for both
wind speeds in Fig. 9. The general dynamics are similar for
both wind speeds, but the focusing effect is enhanced for
Uref = 10ms™—!. With flat terrain, the steeper vertical veloc-
ity gradient guides sound waves more efficiently toward the
ground, resulting in a greater AL, especially between 2500
and 3000 m.

The AL values for receivers at 2 m above the ground are
presented for the two wind speeds in Fig. 10. The wave fo-
cusing created by the wake induces a maximum after x =
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2000 m in the AL values for all cases. The effect of the caus- 8
tic at the bottom of the hill is also present for case C with
a strong peak at x = 300 m. The change in wind speed has a
similar effect on AL for case Awrt and case Cwr. By increas-
ing the wind speed the focusing phenomenon intensifies: the
peak is stronger and more localized. There is a 1.5dB in-
crease between uref = 8ms~! and urer = 10ms~! for case
Awrt and a 0.5 dB increase for case Cywr. As the wind speed
increases, the AL upstream of the focusing zone decreases
for case Awt (between x = 1000m and x = 1800 m). This
is explained by the fact that less energy is redirected outside
of the focusing area as the amplification becomes stronger _4 ‘ |
and more localized. The focusing zone on the ground also 0 1000 2000 3000
appears closer to the source. For case C, the maximum shifts x (m)

250 m closer to the source at 10ms~! compared to the case

at 8ms~!. A small shift in the focusing induced by the hill’s Figure 10. AL at 2m height at fc =800 Hz for cases Awr and
wake is also noticeable at x = 700 m. Oppositely, the focus- Cw. for urer =8ms~" (dashed lines) and urer = 10ms ™" (solid
ing induced by the hill geometry at x = 520 m does not ap- lines)

pear to be shifted by the change in wind speed.
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Figure 11. AL field at f. = 1000 Hz for case Awr for three dif-
ferent source heights: (a) s = 58 m, (b) &g = 100 m, and (c) hs =
142 m; (d) AL at 2 m above the ground for the seven source heights.

To summarize the above, with increasing wind speed, the
focusing effect intensifies and moves closer to the source
where sound pressure attenuation due to geometrical spread-
ing and atmospheric absorption is lower. The wind turbine
noise production also increases at higher wind speeds. Both
effects lead to an increase in SPL. Hence, in the following
only the case where urf = 10m s~ is studied.

5.1.3 Effect of source height

The influence of the source height on sound propagation is
crucial for the prediction of wind turbine noise. In the model
considered in this work, the rotational motion of the blades
is translated into a vertical motion of the sources. Hence,
sound propagation depends on the source position, which
impacts locations where sound amplification at the ground
is observed. In addition, the position of the focusing zone
changes with source height. This section aims to gain some
insights into the different propagation effects and their de-
pendence on source heights.

The AL computed for case Awr for three source heights is
shown in Fig. 11a, b, and c; Fig. 11d shows the AL for a line
of receivers at z =2 m for the seven source heights consid-
ered. Three different focusing effects can be observed. For
a source height g = 58 m (Fig. 11a), the sound waves are
first refracted upward by the bottom of the wake, then, after
the wake recovery, the sound waves are redirected toward the
ground by the positive vertical velocity gradient in the ABL.
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For hy = 100m (Fig. 11b), two focusing zones can be ob-
served: one at the bottom of the wake and one at the top. They
reach the ground after 2.5 km, leading to an increase over a
larger surface at the ground. This is similar to what was found
in Barlas et al. (2017b). Finally, for iy = 142 m (Fig. 11c),
only one focusing zone created by the top-wake gradient is
observed. Here, the top-wake positive gradient effectively
redirects sound waves toward the ground. Figure 11d shows
the differences in SPL at the ground induced by these focus-
ing patterns. For the highest source, a clear peak is present
at x = 1700 m. As the source height decreases the peak gets
wider, is less pronounced, and moves downstream. Finally,
when the source is too close to the ground, the focusing oc-
curs at a higher altitude and does not reach the ground before
x = 3000 m.

The effect of the flow and in particular the wake on
sound propagation appears to strongly depend on the source
heights. To validate and provide an additional explanation
for the findings in Fig. 11, a ray-tracing simulation is con-
ducted (Candel, 1977; Scott et al., 2017). The ray paths are
shown superimposed on the velocity fields in Fig. 12 for el-
evation angles ¢ between —20 and 20°. The flow gradient
bends the rays, leading to focal areas called caustics. These
caustic curves (shown in dashed black lines) delimit a region
in which the number of rays increases. The caustic curve it-
self corresponds to high sound pressure locations. First, note
that both prediction methods give identical results for the po-
sition of the focusing zones. The caustic positions in Fig. 12
match with regions of high AL levels in Fig. 11.

In addition, the ray-tracing approach provides information
on the path taken by the sound waves that leads to this in-
crease in AL. For the highest source (Fig. 12c), the rays
launched at small positive angles are strongly redirected to-
ward the ground by the positive shear at the top of the wake.
As the source moves downward, the rays launched upward
travel a greater distance before being redirected downward
by the wake; hence the focusing zone reaches the ground far-
ther from the source. For sources that are sufficiently low
(Fig. 12a and b), the rays launched downward are first re-
fracted upward by the bottom-wake negative gradient be-
fore being refracted downward by the positive ABL shear.
For hy = 100 m (Fig. 12b), both phenomena occur. The rays
launched upward are refracted downward by the top-wake
positive gradient, and the rays launched at negative angles
are redirected toward the ground but less efficiently due to
the bottom-wake negative velocity gradient. Note that this
method allows us to precisely show the refraction effect of
the wind shear but has limitations when it comes to comput-
ing precise SPL as it is a high-frequency approach.

The same type of analysis can be performed for case Cwr.
The AL fields are again plotted for three source heights
in Fig. 13a, b, and c. In Fig. 13d the AL values are plot-
ted for seven source heights ranging from hg = 152m to
hs =248 m. The source heights 215, 230, and 248 m cor-
respond to the situation shown in Fig. 13c, in which only
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Figure 12. Atmospheric refraction in case Awt displayed using a ray-tracing method for three different source heights: (a) hs = 58 m,
(b) hs =100 m, and (c) hs = 142 m. The rays are superimposed over the wind speed fields u¢, ¢ is the initial elevation angle of each ray, and
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Figure 13. AL field at f. = 1000 Hz for case Cwr for three dif-
ferent source heights: (a) s = 170 m, (b) hs = 185 m, and (c) hs =
248 m; (d) AL at 2m above the ground for seven source heights.

one focusing zone is present, similar to case Awr. With de-
creasing source height, the focusing zone shifts away from
the source. When the sources are located at 185 and 200 m,
two distinct peaks appear, which correspond to the two fo-
cusing zones visible in Fig. 13b. These two peaks start to
merge as the source approaches the ground (see Fig. 13a).
Consequently, for source heights between 152 and 176 m, the
AL at the ground shows a more complex pattern because the
two focusing zones are superimposed. The cusp caustic at the
bottom of the hill is observed for the three source heights in
Fig. 13a, b, and c. The corresponding increase in AL is also
visible in Fig. 13d between x = 250 m and x = 500 m. These
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peaks move closer to the base of the hill for sources close to
the ground.

To better understand the source height influence on the
focusing pattern, the ray-tracing results are again shown in
Fig. 14 for the three source heights. For i, = 170 m two caus-
tic branches match the AL increase observed in Fig. 13a.
The wake induces a convergent beam of rays, creating a cusp
caustic. This caustic may correspond to the one observed in
case Awr in Fig. 12, but here, due to the geometry of the
wake, the branches hit the ground before 3 km. As the source
height increases (Fig. 14b), two focusing zones appear. In
this case, the rays launched toward the ground are not re-
fracted upward anymore but are only deviated by the bottom
of the wake. There is no caustic before the bottom-wake fo-
cusing hits the ground. The second focusing zone is induced
by the top-wake gradient. Finally, for 7, = 248 m (Fig. 13c¢),
the behavior is similar to what is shown for case AwT where
the rays are strongly refracted by the wake gradient at the top
and only this effect dominates.

Through the analysis of cases Awt and Cwt, we saw that
the wind turbine wake has a strong influence on the propaga-
tion. More precisely, the focusing pattern is modified by the
source heights because sound waves are refracted differently
by the wind turbine wake. The effect of the source height on
case Bwr is not presented here as the focusing induced by
the wind turbine wake in this case hits the ground far away
from the source with low intensity. Nevertheless, the ampli-
fication position moves with source height, as for cases AwT
and Cwr, inducing some AM in the far field, as presented in
the following section.

5.2 Wind turbine noise

In this section, the OASPL due to the wind turbine is ana-
lyzed. We start by discussing the OASPL results from a sin-
gle blade. Next, we compare the OASPL, averaged over one
full rotation, and AM for a wind turbine with three blades for
all six cases.
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Figure 14. Atmospheric refraction in case Cwrt displayed using a ray-tracing method for three different source heights: (a) ~s = 170 m,
(b) hs = 185m, and (c) hs = 248 m. The rays are superimposed over the wind speed fields u¢, ¢ is the initial elevation angle of each ray, and

caustics are shown in dashed black lines.

5.2.1 One-blade OASPL

First, snapshots of the OASPL obtained for one blade for case
Cwr are presented for six different blade angles in Fig. 15.
For all the following plots the near field where the source
model is not valid is shown with a gray area. The far field
is defined in this work such that |x| > 10 X ¢¢/ fmin = 70 m,
where finin = 50Hz. This yields distances much larger than
the wave length and the wind turbine blade chord length.
The effects of the source model and the propagation are
visible. The OASPL is higher close to the source and de-
creases as the receiver moves further away due to geomet-
rical spreading and atmospheric absorption. In addition, the
flow and topography effects described in the previous sec-
tion are still visible. The dependence of OASPL on blade
orientation comes from the activation of different AL fields
(Sect. 5.1.3) as the blade moves up and down. The blade
starts upward on the snapshot at the top, with the focus-
ing hitting the ground at x = 1800 m. Then the blade moves
downward to 8 = 180°, and the focusing zone reaches the
ground at around x = 3000 m. The blade finally moves up-
ward again, and the focusing zone moves back toward the
source. The source height also influences the OASWL, as the
wind speed is higher at z = 148 m than at z = 52 m. This evo-
lution of OASWL is responsible for AM close to the source,
while the change in propagation path induces AM in the far
field as the peak positions at the ground are modified. This
effect was shown in Heimann et al. (2018) with the particles
emitted from the lower sources being refracted upward and
those emitted from the highest sources being refracted down-
ward. These phenomena are also visible for cases Awt and
Bwr and are shown in the next section.

5.2.2 Averaged OASPL and AM

The OASPLs averaged over one rotation are shown in Fig. 16
for the six cases and a velocity at z = 100m of 10ms~!. By
summing the contribution of the three blades and averaging
over one rotation, the focusing effects previously described
tend to average out for all cases. The OASPL does not in-
crease downwind when the wind turbine wake is not in the
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Figure 15. OASPL for case Cwr for one blade at different angular
positions (indicated in the top-left corner).

flow (Fig. 16a, c, and e). The shadow zone is distinguishable
upwind close to the ground for cases Aapr and Bapr. Fig-
ure 16¢ shows the focusing zone induced by the hill’s wake
in case BaprL. Finally, in Fig. 16e, caustics at the bottom of
the hill in case CapL are present on both sides. As previ-
ously shown, focusing patterns appear downwind for cases
accounting for the wake (Fig. 16b, d, f). Even for case Bwr,
where the shielding effect of the hill is strong, sound waves
appear to be redirected toward the ground at a great distance.
Hence, an increase in OASPL downwind at the ground is ex-
pected for these cases.

Corresponding AM fields are shown in Fig. 17. The AM is
very low for all cases without the wake. It can be concluded
that downwind and upwind AM is not significantly affected
by the OASWL variation due to blade rotation. Other au-
thors have also reached this conclusion (Cotté, 2019). The
AM would increase crosswind as the source moves closer
to and farther from the receiver (Cotté, 2019; Barlas et al.,
2017a; Mascarenhas et al., 2023). The AM increases close
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Figure 16. Averaged OASPL over one rotation for the six cases with and without the wake. (a) Appr, (b) AwT, (¢) BagL, (d) BwT,
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Figure 17. AM for the six cases with and without the wake. (a) AapgL., (b) AwT, (¢) BaBL. (d) BwT, (€) CaBL, and (f) CwT.

to the ground for x < —500m for cases A and B due to the
upwind shadow zone. For cases Bwt and Bapr, the zone
with large AM after the hill corresponds to the focusing in-
duced by the hill’s wake. An important result is that no AM is
present downwind for the cases without the wake (Fig. 17a,
¢, e). On the other hand, the variation in focusing patterns in
cases Awt and Cwr leads to strong AM downwind (Fig. 17b,
f).
The comparison of the average OASPL is presented in
Fig. 18a for receivers at 2m height. Case AapL shows a
downwind decrease mostly due to the atmospheric absorp-
tion and the geometrical decay. Upwind, the shadow zone
becomes discernible at x = —700 m with a steeper decrease.
The downwind OASPL is higher in case Capr. with a con-
sistent difference of 5 dBA with case Aapy.. Note that 2dBA
is due to the increase in OASWL, and the remaining 3 dBA
comes from propagation effects. Upwind, the shadow zone
moves away from the source as the wind turbine is higher.
For case Bapr the shielding of the hill downwind induces
a strong dip between 250 and 600 m. However, the OASPL
at the focus zone (x =700m) is of comparable amplitude
with the SPL of the other cases at this position. Hence, al-
though the hill shields the noise, levels remain significant at
ground level just after the shadow zone. Downwind of the fo-
cusing zone, the levels are 4 dBA lower than for case AapL..
In this case, 0.6 dBA is lost at noise emission. In the upwind
direction, (x < 0), case A and case B are almost equivalent
as there is no effect of the topography or the mean flow on
sound propagation.
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Figure 18. Comparison of (a) the OASPL and (b) the AM at 2m
above the ground between the six cases.

The main effect of the wake on the OASPL is an increase
downwind at ground level. The wake seems to have a similar
effect on the average OASPL for cases Awt and Cwt. The
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average OASPL increases by 4 dBA for x > 1700 m, which
corresponds to the closest focusing zone shown in Figs. 11
and 13. For case Bwr, a similar increase can be observed
but farther from the source (x > 2200 m). It is worth noting
that these results differ from those obtained when using a
point source approximation where the focusing zone is more
localized (Colas et al., 2022). In this previous study, it was
found that case Awt could show higher OASPL in the far
field than case Cwr.

Finally, the corresponding AM values are presented in
Fig. 18b. Upwind there is almost no influence of the wake.
For cases A and B, a clear increase in AM at x = —700m is
visible. It corresponds to the start of the shadow zone. At this
distance, the receiver moves in and out of the shadow zone
as the blades move up and down, hence yielding AM (Cotté,
2019). For case C, the shadow zone starts further away due to
the increased source height. The peaks in AM at x =260 m
and x = —260m are created by the caustics at the bottom of
the hill. Downwind, it is clear that for all cases the AM levels
are much higher when the wake is present. This is similar to
what was found in Heimann et al. (2018) and Barlas et al.
(2017b). Case Awrt presents an AM increase up to 4 dBA
with maxima at around x = 1700 m and x = 2200 m with a
strong dip at x = 1900 m. This shape is a consequence of the
superposition of the three blades. As one blade rotates, the
focusing zone moves farther from and closer to the source.
But because of the contribution of the three blades, there is
always an amplification at x = 1900 m, corresponding to a
source height around hub height. This creates a zone where
the OASPL does not vary and hence where the AM is low.
The same behavior is visible for case Cwt with even stronger
AM (up to 9dBA). Two dips are distinguishable in this case,
as it was shown that two different focusing zones are created
when the source height is around hub height (see Sect. 5.1.3).
For case BwT, AM is also present in the far field but does not
reach values higher than 2 dBA. For case B, another zone
of AM is visible at x = 600 m for both case Bwr and case
BagL. This increase by 4 dBA comes from the refraction in-
duced by the hill’s wake.

We recover some well-known effects of wind turbine
sound propagation, such as downwind amplification induced
by the wind turbine wake and upwind AM created by the
negative effective sound speed gradient (Mascarenhas et al.,
2023; Barlas et al., 2017b; Heimann et al., 2011). With the
turbine on a hilltop, both the noise levels and the AM are
greatly increased downwind compared to the flat terrain case.
This could result in increased annoyance and is a combined
effect of the hill and wind turbine wake. With the wind tur-
bine upstream of the hill, a strong shielding effect reduces
the noise level downwind. Nonetheless, levels comparable to
the baseline flat case were found just after the hill because of
refraction induced by the hill’s wake.

https://doi.org/10.5194/wes-9-1869-2024

6 Discussion

In this section, we aim to compare our results with those from
previous numerical studies. For the flat terrain case, our con-
clusion is in good agreement with the results from Barlas
et al. (2017b). The effect of wind speed and source height
is very similar in both studies. The increase in wind speed
brings the amplification zone closer to the source, and the
peaks are sharpened (see Fig. 6 in Barlas et al., 2017b). Like-
wise, the source height impacts the refraction downwind,
and the focusing zone is observed closer to the turbine for
a higher source (see Fig. 9 in Barlas et al., 2017b). The ef-
fect of the wake on the OASPL downwind of the turbine is
also very similar. Barlas et al. (2017b) found that the wake
increases the average OASPL for x > 1000m and z =2m
by 5dB (see Fig. 13 in Barlas et al., 2017b). This is slightly
closer to the source than in our results (the increase starts
at around x = 1700 m), but this can be explained by the in-
creased wind speed at hub height and the smaller wind tur-
bine in their study.

Barlas et al. (2018) also studied AM evolution with dis-
tance for varying atmospheric stability. For the neutral case,
AM increases downwind with a maximum just before x =
1500 m. Again, this is slightly closer to the source than what
we found, but this can also be attributed to the wind turbine
being smaller in their study. They also found several max-
imums associated with different refraction patterns induced
by different blade positions. The dip in the AM pattern is
less pronounced in their study because an unsteady approach
was used. AM is not equal to zero in this area, contrary to
our findings, as the flow and hence the propagation path vary
even when the blade position is identical.

Heimann et al. (2011) showed the importance of 3D sound
propagation in the context of wind turbine noise. Two impor-
tant effects are not accounted for in our study. The spanwise
wind speed gradient creates sound wave refraction in the hor-
izontal direction, which is not represented in our model. The
wind veer also impacts propagation, inducing an asymmetric
SPL distribution. Despite these differences, the two studies
can be compared for a flat terrain scenario. They found an
increase in average OASPL starting from x > 1000 m, with
various patterns depending on atmospheric stability. This is
closer to the source compared to our results, even though the
wind turbine dimensions and wind speed at hub height are
the same. The use of different wind speed profiles and wake
models could explain this discrepancy.

Our results for a wind turbine on a hilltop also differ from
those reported in Heimann et al. (2018). In their study, the
hill and wake effects tend to compensate for each other,
while in our work the highest OASPL is obtained for the case
with the hill and the wind turbine wake accounted for. There
are several explanations for these two opposite conclusions.
First, their study does not account for the increased sound
emission, while, in our case, the OASWL is higher for case
Cwrt. But even if changes in sound emission are neglected,
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we saw that propagation effects contribute to an increase in
SPL compared to the flat terrain case. However, it is diffi-
cult to assess which propagation effect is responsible for this
difference. The propagation distance considered in Heimann
et al. (2018) is much smaller, and most of our conclusions
are based on results farther than 1 km downwind. Addition-
ally, the hill height in our study is larger. However, due to
atmospheric refraction, this does not necessarily imply that
the zone of amplification would be located further from the
source. Finally, the wake shape is different between the two
studies, and, despite having a similar effect, it is not clear if
the focusing zone should be different.

7 Conclusions

This study demonstrates that terrain topography can signif-
icantly affect wind turbine sound propagation. We used lin-
earized Euler equations, solved in a moving computational
frame, and an extended source model to simulate sound prop-
agation from a wind turbine in the presence of topography.
The combined effect of a 2D hill, i.e., a ridge, and the ve-
locity gradient created by the terrain and the wind turbine
was studied for three configurations. First, we recover some
well-known effects of wind turbine sound propagation, such
as downwind focusing induced by the wind turbine wake and
upwind amplitude modulation created by the vertical veloc-
ity gradient in the ABL. In the case of a wind turbine on
a hilltop, both the sound levels and the AM are greatly en-
hanced downwind compared to the flat case. This could re-
sult in increased annoyance and is mainly an effect of mean
flow field modification. In all cases, the far-field AM down-
wind is created by the wind turbine’s wake. When the tur-
bine is placed in front of the hill, we observed that, despite
a strong shielding effect from the terrain, SPL just after the
hill is comparable to that of the flat case. This is due to focus-
ing induced by the hill’s wake, which also increases AM at
this location. Hence, it would be possible to encounter cases
where annoyance issues are raised despite a supposed shield-
ing effect of topography. In this case, the effect of the wind
turbine wake is limited as sound propagation is mainly deter-
mined by the geometry of the terrain and the flow around the
hill. While the main effects of the topography highlighted in
this study are likely to be general, the specifics of our find-
ings may be limited to the particular hill geometry and wind
turbine dimension. Further work could focus on comparing
different hill heights and slopes relative to the wind turbine
hub height and diameter.

Furthermore, we saw that topography also affects sound
emission. For a turbine on a hilltop, the sound emitted is
higher than in the flat case due to increasing wind speed.
For a turbine upstream of a hill, the sound emitted is slightly
lower due to the decrease in wind speed before the hill. Fi-
nally, we find that the sound-focusing effect becomes more
pronounced and closer to the turbine with increasing wind
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speed and that most of the propagation effects are directly be-
hind the wind turbine (close to T = 0). However, this might
be because our study used an N x 2D approach, which does
not consider the full 3D sound propagation through the wake.
Also, turbulence in the atmosphere can scatter the sound and
reduce the focusing effect we observed, but further research
is needed to determine to what extent this happens.

Data availability. Data from numerical simulations are available
from the authors upon reasonable request.

Author contributions. JC did the main research work, performed
and analyzed the numerical simulations, and wrote the original draft
of the paper. AE, DD, and PBB contributed to the methodology
and supervised the work. The propagation model was implemented
by JC, the source model was developed by BC, and a version was
implemented by JC. The LES code was developed by RS and his
team at Twente University. LES simulations were performed by AE.
Through discussions and feedback, all authors contributed to the
interpretation and discussion of the results. The paper was revised
and improved by all authors.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. The authors thank Luoqin Liu for provid-
ing access to the LES data of Liu and Stevens (2020). The authors
were granted access to the HPC resources of the Pole de Modéli-
sation et de Calcul en Sciences de 1’Ingénieur et de I’Information
(PMCS2I) of the Ecole Centrale de Lyon, the Pdle Scientifique de
Modélisation Numérique (PSMN) of the ENS de Lyon, the Pole
de Calcul Hautes Performances Dédiés (P2CHPD) of the Univer-
sité Lyon I, members of the Fédération Lyonnaise de Modélisation
et Sciences Numériques (FLMSN), and the partner of EQUIPEX
EQUIP@MESO.

Financial support. This work was performed within the frame-
work of the LABEX CeLyA (ANR-10-LABX-0060) of the Univer-
sité de Lyon, within the Investissements d’ Avenir program (ANR-
16-IDEX-0005) operated by the French National Research Agency
(ANR). This project has received funding from the European Re-
search Council under the European Union’s Horizon 2020 research
and innovation program (grant no. 804283). This work was sup-
ported by the Franco-Dutch Hubert Curien partnership (Van Gogh
program no. 49310UM).

https://doi.org/10.5194/wes-9-1869-2024



J. Colas et al.: Impact of a two-dimensional steep hill on wind turbine noise propagation

Review statement. This paper was edited by Raul Bayodn Cal
and reviewed by two anonymous referees.

References

Amiet, R.: Noise due to turbulent flow past a trailing edge,
J. Sound Vib., 47, 387-393, https://doi.org/10.1016/0022-
460X (76)90948-2, 1976.

Attenborough, K., Bashir, 1., and Taherzadeh, S.: Outdoor ground
impedance models, J. Acoust. Soc. Am., 129, 2806-2819,
https://doi.org/10.1121/1.3569740, 2011.

Barlas, E., Zhu, W. J., Shen, W. Z., Dag, K. O., and Mori-
arty, P.: Consistent modelling of wind turbine noise propagation
from source to receiver, J. Acoust. Soc. Am., 142, 3297-3310,
https://doi.org/10.1121/1.5012747, 2017a.

Barlas, E., Zhu, W. J., Shen, W. Z., Kelly, M., and An-
dersen, S. J.: Effects of wind turbine wake on atmo-
spheric sound propagation, Appl. Acoust., 122, 51-61,
https://doi.org/10.1016/j.apacoust.2017.02.010, 2017b.

Barlas, E., Wu, K. L. Zhu, W. J., Porté-Agel, F,
and Shen, W. Z.. Variability of wind turbine noise
over a diurnal cycle, Renew. Energ., 126, 791-800,
https://doi.org/10.1016/j.renene.2018.03.086, 2018.

Bastankhah, M. and Porté-Agel, F.: A new analytical model
for wind-turbine wakes, Renew. Energ., 70, 116-123,
https://doi.org/10.1016/j.renene.2014.01.002, 2014.

Berg, J., Mann, J., Bechmann, A., Courtney, M. S., and Jgr-
gensen, H. E.: The Bolund Experiment, Part I: Flow Over
a Steep, Three-Dimensional Hill, Bound.-Lay. Meteorol., 141,
219, https://doi.org/10.1007/s10546-011-9636-y, 2011.

Berland, 1., Bogey, C., and  Bailly, C.. Low-
dissipation and  low-dispersion  fourth-order = Runge—
Kutta  algorithm, Comput. Fluids, 35, 1459-1463,
https://doi.org/10.1016/j.compfluid.2005.04.003, 2006.

Bogey, C. and Bailly, C.: A family of low dispersive
and low dissipative explicit schemes for flow and
noise computations, J. Comput Phys.,, 194, 194-214,
https://doi.org/10.1016/j.jcp.2003.09.003, 2004.

Bresciani, A. P. C., Maillard, J., and Finez, A.: Wind
farm noise prediction and auralization, Acta Acust., 8, 15,
https://doi.org/10.1051/aacus/2024007, 2024.

Candel, S. M.: Numerical solution of conservation
equations arising in linear wave theory: applica-
tion to aeroacoustics, J. Fluid Mech.,, 83, 465-493,
https://doi.org/10.1017/S0022112077001293, 1977.

Cao, J.,, Zhu, W., Shen, W., and Sun, Z.: Wind farm lay-
out optimization with special attention on noise radiation, J.
Phys. Conf. Ser., 1618, 042022, https://doi.org/10.1088/1742-
6596/1618/4/042022, 2020.

Colas, J., Emmanuelli, A., Dragna, D., Stevens, R., and Blanc-
Benon, P.: Effect of a 2D Hill on the Propagation of
Wind Turbine Noise, in: 28th AIAACEAS Aeroacoustics 2022
Conf.,, American Institute of Aeronautics and Astronautics,
Southampton, UK, 14-17 June 2022, ISBN 978-1-62410-664-4,
https://doi.org/10.2514/6.2022-2923, 2022.

Colas, J., Emmanuelli, A., Dragna, D., Blanc-Benon, P., Cotté,
B., and J. A. M. Stevens, R.: Wind turbine sound propaga-
tion: Comparison of a linearized Euler equations model with

https://doi.org/10.5194/wes-9-1869-2024

1883

parabolic equation methods, J. Acoust. Soc. Am., 154, 1413—
1426, https://doi.org/10.1121/10.0020834, 2023.

Cosnefroy, M.: Propagation of impulsive sounds in the atmo-
sphere: numerical simulations and comparison with experiments,
PhD Thesis, Acoustic, Ecole Centrale de Lyon, https://cnrs.hal.
science/tel-02418454/ (last access: 27 September 2024), 2019.

Cotté, B.: Coupling of an aeroacoustic model and a parabolic equa-
tion code for long range wind turbine noise propagation, J. Sound
Vib., 422, 343-357, https://doi.org/10.1016/j.jsv.2018.02.026,
2018.

Cotté, B.: Extended source models for wind turbine noise
propagation, J. Acoust. Soc. Am., 145, 1363-1371,
https://doi.org/10.1121/1.5093307, 2019.

Elsen, K. M. and Schady, A.: Influence of meteorological con-
ditions on sound propagation of a wind turbine in complex
terrain, Proceedings of Meetings on Acoustics, 41, 032001,
https://doi.org/10.1121/2.0001351, 2021.

Emmanuelli, A., Dragna, D., Ollivier, S., and Blanc-Benon, P.:
Characterization of topographic effects on sonic boom reflection
by resolution of the Euler equations, J. Acoust. Soc. Am., 149,
2437-2450, https://doi.org/10.1121/10.0003816, 2021.

Gadde, S. N. and Stevens, R. J. A. M.: Effect of Coriolis force
on a wind farm wake, J. Phys. Conf. Ser., 1256, 012026,
https://doi.org/10.1088/1742-6596/1256/1/012026, 2019.

Gadde, S. N., Stieren, A., and Stevens, R. J. A. M.: Large-
Eddy Simulations of Stratified Atmospheric Boundary Layers:
Comparison of Different Subgrid Models, Bound.-Lay. Meteo-
rol., 178, 363-382, https://doi.org/10.1007/s10546-020-00570-5,
2021.

Gal-Chen, T. and Somerville, R. C. J.: On the use of a coordinate
transformation for the solution of the Navier-Stokes equations,
J. Comput. Phys., 17, 209-228, https://doi.org/10.1016/0021-
9991(75)90037-6, 1975.

GaBner, L., Blumendeller, E., Miiller, F. J., Wigger, M., Retten-
meier, A., Cheng, P. W., Hiibner, G., Ritter, J., and Pohl, J.:
Joint analysis of resident complaints, meteorological, acoustic,
and ground motion data to establish a robust annoyance evalua-
tion of wind turbine emissions, Renew. Energ., 188, 1072-1093,
https://doi.org/10.1016/j.renene.2022.02.081, 2022.

Hansen, K. L., Nguyen, P, ZajamSek, B., Catcheside, P., and
Hansen, C. H.: Prevalence of wind farm amplitude modulation
at long-range residential locations, J. Sound Vib., 455, 136-149,
https://doi.org/10.1016/j.jsv.2019.05.008, 2019.

Heimann, D. and Englberger, A.: 3D-simulation of sound
propagation through the wake of a wind turbine: Impact
of the diurnal variability, Appl. Acoust., 141, 393-402,
https://doi.org/10.1016/j.apacoust.2018.06.005, 2018.

Heimann, D., Kisler, Y., and Gross, G.: The wake of a wind turbine
and its influence on sound propagation, Meteorol. Z., 20, 449—
460, https://doi.org/10.1127/0941-2948/2011/0273, 2011.

Heimann, D., Englberger, A., and Schady, A.. Sound
propagation through the wake flow of a hilltop wind
turbine-A numerical study, Wind Energy, 21, 650-662,
https://doi.org/10.1002/we.2185, 2018.

Jonkman, J., Butterfield, S., Musial, W., and Scott, G.: Definition
of a 5-MW Reference Wind Turbine for Offshore System De-
velopment, Tech. Rep. NREL/TP-500-38060, National Renew-
able Energy Lab. (NREL), Golden, CO (United States), 947422,
https://doi.org/10.2172/947422, 20009.

Wind Energ. Sci., 9, 18691884, 2024



https://doi.org/10.1016/0022-460X(76)90948-2
https://doi.org/10.1016/0022-460X(76)90948-2
https://doi.org/10.1121/1.3569740
https://doi.org/10.1121/1.5012747
https://doi.org/10.1016/j.apacoust.2017.02.010
https://doi.org/10.1016/j.renene.2018.03.086
https://doi.org/10.1016/j.renene.2014.01.002
https://doi.org/10.1007/s10546-011-9636-y
https://doi.org/10.1016/j.compfluid.2005.04.003
https://doi.org/10.1016/j.jcp.2003.09.003
https://doi.org/10.1051/aacus/2024007
https://doi.org/10.1017/S0022112077001293
https://doi.org/10.1088/1742-6596/1618/4/042022
https://doi.org/10.1088/1742-6596/1618/4/042022
https://doi.org/10.2514/6.2022-2923
https://doi.org/10.1121/10.0020834
https://cnrs.hal.science/tel-02418454/
https://cnrs.hal.science/tel-02418454/
https://doi.org/10.1016/j.jsv.2018.02.026
https://doi.org/10.1121/1.5093307
https://doi.org/10.1121/2.0001351
https://doi.org/10.1121/10.0003816
https://doi.org/10.1088/1742-6596/1256/1/012026
https://doi.org/10.1007/s10546-020-00570-5
https://doi.org/10.1016/0021-9991(75)90037-6
https://doi.org/10.1016/0021-9991(75)90037-6
https://doi.org/10.1016/j.renene.2022.02.081
https://doi.org/10.1016/j.jsv.2019.05.008
https://doi.org/10.1016/j.apacoust.2018.06.005
https://doi.org/10.1127/0941-2948/2011/0273
https://doi.org/10.1002/we.2185
https://doi.org/10.2172/947422

1884

Konecke, S., Hormeyer, J., Bohne, T., and Rolfes, R.: A new base
of wind turbine noise measurement data and its application for a
systematic validation of sound propagation models, Wind Energ.
Sci., 8, 639-659, https://doi.org/10.5194/wes-8-639-2023, 2023.

Lee, S., Lee, D., and Honhoff, S.: Prediction of far-field wind tur-
bine noise propagation with parabolic equation, J. Acoust. Soc.
Am., 140, 767-778, https://doi.org/10.1121/1.4958996, 2016.

Liu, L. and Stevens, R. J. A. M.: Effects of Two-Dimensional
Steep Hills on the Performance of Wind Turbines and
Wind Farms, Bound.-Lay. Meteorol., 176, 251-269,
https://doi.org/10.1007/s10546-020-00522-z, 2020.

Mascarenhas, D., Cotté, B., and Doaré, O.: Synthesis of wind tur-
bine trailing edge noise in free field, JASA Express Letters, 2,
033601, https://doi.org/10.1121/10.0009658, 2022.

Mascarenhas, D., Cotté, B., and Doaré, O.: Propagation effects in
the synthesis of wind turbine aerodynamic noise, Acta Acust., 7,
23, https://doi.org/10.1051/aacus/2023018, 2023.

Muiloz-Esparza, D., Sharman, R. D., and Lundquist, J. K.:
Turbulence Dissipation Rate in the Atmospheric Boundary
Layer: Observations and WRF Mesoscale Modeling during the
XPIA Field Campaign, Mon. Weather Rev., 146, 351-371,
https://doi.org/10.1175/MWR-D-17-0186.1, 2018.

Nyborg, C. M., Bolin, K., Karasalo, I., and Fischer, A.: An inter-
model comparison of parabolic equation methods for sound
propagation from wind turbines, J. Acoust. Soc. Am., 154, 1299—
1314, https://doi.org/10.1121/10.0020562, 2023.

Oerlemans, S., Sijtsma, P., and Méndez Lépez, B.: Location and
quantification of noise sources on a wind turbine, J. Sound Vib.,
299, 869-883, https://doi.org/10.1016/].jsv.2006.07.032, 2007.

Ostashev, V. E., Wilson, D. K., Liu, L., Aldridge, D. F., Symons,
N. P, and Marlin, D.: Equations for finite-difference, time-
domain simulation of sound propagation in moving inhomoge-
neous media and numerical implementation, J. Acoust. Soc. Am.,
117, 503-517, https://doi.org/10.1121/1.1841531, 2005.

Petropoulos, P.: Reflectionless Sponge Layers as Absorb-
ing Boundary Conditions for the Numerical Solution of
Maxwell Equations in Rectangular, Cylindrical, and Spher-
ical Coordinates, Siam J. Appl. Math.,, 60, 1037-1058,
https://doi.org/10.1137/S0036139998334688, 2000.

Prospathopoulos, J. M. and Voutsinas, S. G.: Application of a ray
theory model to the prediction of noise emissions from iso-
lated wind turbines and wind parks, Wind Energy, 10, 103-119,
https://doi.org/10.1002/we.211, 2007.

Sack, R. A. and West, M.: A parabolic equation for sound propa-
gation in two dimensions over any smooth terrain profile: The
generalised terrain parabolic equation (GT-PE), Appl. Acoust.,
45, 113-129, https://doi.org/10.1016/0003-682X(94)00039-X,
1995.

Wind Energ. Sci., 9, 1869-1884, 2024

J. Colas et al.;: Impact of a two-dimensional steep hill on wind turbine noise propagation

Scott, J. F, Blanc-Benon, P, and Gainville, O.: Weakly non-
linear propagation of small-wavelength, impulsive acoustic
waves in a general atmosphere, Wave Motion, 72, 41-61,
https://doi.org/10.1016/j.wavemoti.2016.12.005, 2017.

Shen, W. Z., Zhu, W. J., Barlas, E., and Li, Y.: Advanced
flow and noise simulation method for wind farm assess-
ment in complex terrain, Renew. Energ., 143, 1812-1825,
https://doi.org/10.1016/j.renene.2019.05.140, 2019.

Stevens, R. J. and Meneveau, C.: Flow Structure and Turbu-
lence in Wind Farms, Annu. Rev. Fluid Mech., 49, 311-339,
https://doi.org/10.1146/annurev-fluid-010816-060206, 2017.

Stevens, R. J. A. M., Martinez-Tossas, L. A., and Mene-
veau, C.. Comparison of wind farm large eddy simula-
tions using actuator disk and actuator line models with
wind tunnel experiments, Renew. Energ., 116, 470478,
https://doi.org/10.1016/j.renene.2017.08.072, 2018.

Stieren, A., Gadde, S. N., and Stevens, R. J.: Modeling
dynamic wind direction changes in large eddy simula-
tions of wind farms, Renew. Energ.,, 170, 1342-1352,
https://doi.org/10.1016/j.renene.2021.02.018, 2021.

Stoevesandt, B., Schepers, G., Fuglsang, P., and Sun, Y., eds.: Hand-
book of Wind Energy Aerodynamics, Springer International Pub-
lishing, Cham, ISBN 978-3-030-31306-7, 978-3-030-31307-4,
https://doi.org/10.1007/978-3-030-31307-4, 2022.

Tian, Y. and Cotté, B.: Wind Turbine Noise Modeling Based
on Amiet’s Theory: Effects of Wind Shear and Atmo-
spheric Turbulence, Acta Acust. united Ac., 102, 626-639,
https://doi.org/10.3813/AAA.918979, 2016.

Troian, R., Dragna, D., Bailly, C., and Galland, M.-A.: Broadband
liner impedance eduction for multimodal acoustic propagation
in the presence of a mean flow, J. Sound Vib., 392, 200-216,
https://doi.org/10.1016/j.jsv.2016.10.014, 2017.

van den Berg: The Beat is Getting Stronger: The Effect
of Atmospheric Stability on Low Frequency Modu-
lated Sound of Wind Turbines, Noise Notes, 4, 15-40,
https://doi.org/10.1260/147547306777009247, 2005.

Van Den Berg, G.: Effects of the wind profile at night
on wind turbine sound, J. Sound Vib., 277, 955-970,
https://doi.org/10.1016/j.jsv.2003.09.050, 2004.

https://doi.org/10.5194/wes-9-1869-2024


https://doi.org/10.5194/wes-8-639-2023
https://doi.org/10.1121/1.4958996
https://doi.org/10.1007/s10546-020-00522-z
https://doi.org/10.1121/10.0009658
https://doi.org/10.1051/aacus/2023018
https://doi.org/10.1175/MWR-D-17-0186.1
https://doi.org/10.1121/10.0020562
https://doi.org/10.1016/j.jsv.2006.07.032
https://doi.org/10.1121/1.1841531
https://doi.org/10.1137/S0036139998334688
https://doi.org/10.1002/we.211
https://doi.org/10.1016/0003-682X(94)00039-X
https://doi.org/10.1016/j.wavemoti.2016.12.005
https://doi.org/10.1016/j.renene.2019.05.140
https://doi.org/10.1146/annurev-fluid-010816-060206
https://doi.org/10.1016/j.renene.2017.08.072
https://doi.org/10.1016/j.renene.2021.02.018
https://doi.org/10.1007/978-3-030-31307-4
https://doi.org/10.3813/AAA.918979
https://doi.org/10.1016/j.jsv.2016.10.014
https://doi.org/10.1260/147547306777009247
https://doi.org/10.1016/j.jsv.2003.09.050

	Abstract
	Introduction
	Methodology
	Wind turbine noise model
	Propagation model

	Cases studied
	Numerical setup for the propagation simulations
	Results and discussion
	Propagation effects
	General case description
	Effect of wind speed
	Effect of source height

	Wind turbine noise
	One-blade OASPL 
	Averaged OASPL and AM


	Discussion
	Conclusions
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

