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Abstract — This paper investigates the influence of atmospheric turbulence on the propagation of wind turbine
noise using an aeroacoustic source model coupled with a parabolic equation propagation model. Sets of simu-
lations with and without atmospheric turbulence are performed, allowing the determination of a simple formu-
lation that quantifies the uncertainties of the A-weighted sound pressure level (SPL) when the modelling does
not account for atmospheric turbulence. For the case study, the results show that atmospheric turbulence has a
negligible effect on SPL up to 800 m from the wind turbine, even under upwind conditions. While the conclu-
sions are specific to this case study, the method appears promising for simplifying the calculation of atmospheric
turbulence effect in wind turbine noise studies. A freely accessible online application has been developed to pre-

sent additional results.

Keywords: Wind turbine noise, Atmospheric turbulence

1 Introduction

Residents living near wind farms sometimes report
annoyance caused by wind turbine noise. These situations
can lead to the implementation of degraded operating
modes (acoustic curtailments), which induce a loss of
energy production. It is thus imperative to develop reliable
methods for predicting wind turbine noise in outdoor
environments.

It is now well-known that accurate modelling of wind
turbine noise requires considering the wind turbine as an
extended sound source [1, 2], whose main noise generation
mechanism is related to aeroacoustic phenomena [3-5].
The influence of outdoor sound propagation effects must
also be considered, as they lead to non-negligible variability
on Sound Pressure Level (SPL) at long range from the
source [6-9].

Among the meteorological effects, turbulent eddies in
atmosphere can influence outdoor sound propagation. This
influence is known to be predominant on SPL under upwind
propagation situations when considering a point source
close to the ground. However, little information is available
for extended and elevated sound sources, such as wind tur-
bines. Furthermore, existing numerical propagation meth-
ods that can take into account atmospheric turbulence
are generally very time-consuming compared to methods
for a non-turbulent atmosphere. The purpose of this paper
is to investigate the feasibility of determining simple formu-
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lations to account for the effect of atmospheric turbulence
on SPL predictions.

Firstly, we determine receiver locations (distance and
angle from wind direction) for which turbulence effects
are negligible. Secondly, we estimate bias and uncertainties
in the areas where turbulence is not negligible. Finally, we
propose new formulations to adjust the A weighted SPL
predictions if using a propagation model that do not explic-
itly take into account atmospheirc turbulence effects.

The paper is organized as follows: Section 2 presents the
modelling that considers the dominant broadband aerody-
namic noise mechanism involved in wind turbine noise
emission, as well as propagative effects such as wave refrac-
tion, atmospheric absorption, atmospheric scattering and
ground effects. Section 3 presents simulations for a turbu-
lent atmosphere compared to simulations for a non-turbu-
lent atmosphere, in order to provide quantitative and
practical results. Section 4 presents conclusions and
discusses the perspectives.

2 Wind turbine noise modelling

2.1 Moving monopoles approach

The moving monopoles approach, developed by [10], is
used to model wind turbine noise. A strip theory is
employed, consisting of splitting each blade into segments
of variable chord and span, in order to consider a non-uni-
form incidence flow along the blades. The angle-dependent
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sound power level of each segment is obtained using Amiet’s
theory, as detailed in [4].

An attenuation term is then calculated using a propaga-
tion model based on the wide-angle parabolic equation
(WAPE) approximation of the wave equation [11]. This
allows us to take into account the propagative effects that
occur between the wind turbine and far-field receivers.
The summation of contributions from all blade segments
is then performed at the receivers, assuming that all the
contributions are uncorrelated [12].

The wind turbine considered here has a nominal electri-
cal power of 2.3 MW, a rotor diameter of 93 m, a hub height
of 80 m, and three blades of 45 m in length. The speed of
rotation measured at the hub height increases linearly from
6 rpm at the cut-in wind speed of 4 m - s* to 16 rpm at a
wind speed of 12 m - s~ . Since the wind turbine noise limits
are related to the highest noise imission at the receiver, this
study is performed for wind speed of 12 m/s at hub height.
The reader may refer to [13, 14] for more complete details
about the wind turbine noise modelling.

2.2 Sound waves refraction

The modelling assumes an inhomogeneous propagation
medium, where the real moving atmosphere is considered
as a hypothetical motionless medium with the effective
sound speed c.gr = ¢ + u,, where u, is the wind velocity com-
ponent along the direction of sound propagation, and c is
the sound speed in the air. The average vertical profile of
effective celerity is defined as follows:

(cer(2)) = VIRT o + (U(2)) cos 0, (1)

where y = 1.4 is the heat capacity ratio of air,
R =831J - mol™" - K!is the perfect gas constant, T,
= 10 °C is the air temperature chosen here to be represen-
tative of an average scenario, 6 is the angle between the
wind direction and the sound propagation direction which
ranges from 0° to 180° because of the symmetry of the
problem according to the wind direction, (U(2)) is the
mean vertical wind speed profile. We assume that the mean
vertical wind profile is logarithmically shaped [15]:

(U(E) = a,n (—) @)

20

where a, = 1.67 m - s~ accounts for a strong mean refrac-

tion coefficient due to the influence of wind [16], and
20 = 0.01 m is the roughness height of the wind profile.

2.3 Atmospheric absorption

The atmospheric absorption is taken into account fol-
lowing the standard [17]. It depends on the air temperature
Ty (K), the atmospheric pressure patm (Pa) and the rela-
tive humidity of air h, (%) set to 80%.

2.4 Atmospheric turbulence scattering

Under upwind conditions, acoustic energy is scattered
into the shadow zone due to atmospheric turbulence.
The strength of this scattering depends on turbulence

parameters, as well as the acoustic frequency and geometry
[18, 19]. To accurately predict SPL in these conditions,
simulations are performed using a WAPE model, which
explicitly models the influence of atmospheric turbulence
on SPL [20].

The turbulence is generated using a Random Fourier
Mode technique, which produces random realizations (50
in this work) of the turbulent index to obtain an average
value for the overall SPL estimation. This approach is
based on the hypothesis of a “frozen medium”, as it assumes
that sound waves travel so fast that the medium can be
considered frozen ([21], p. 205). The refractive index
n = (n) + p is thus perturbed, where (n) accounts for
refraction effects, while the stochastic part u accounts for
turbulence effects.

In this work, the turbulent energy spectrum considered
is a von Karmén spectrum [22; 23], with turbulence scales L
ranging from 0.01 m to 1.1 m, and g = 10~°. These typical
values have been reported in the literature [20, 24-26]. It is
important to bear in consideration that distinct values of
these parameters may yield different results. Furthermore,
note that this approach is based on a scalar representation
of turbulence’s effect on SPL modelling. Some studies have
suggested considering atmospheric turbulence using aniso-
tropic and heterogeneous models [26, 27]. While these atmo-
spheric turbulence models offer a more precise formulation
of the physical phenomena, this paper make the hypothesis
that considering isotropic and homogeneous turbulence is
sufficiently accurate within the scope of this operational
study, particularly when focusing on overall A-weighted
SPL that are averaged over one blade rotation (see Sect. 3).

2.5 Ground effects

The ground influence on sound propagation is taken
into account using the Miki’s impedance model [28] that
depends on the airflow resistivity parameter . We consider
¢ =1000Kn - s - m * (e.g., compacted ground) as it is rep-
resentative of ground usually encountered around wind tur-
bines. The frequency range is f € [50; 1000] Hz, that is the
range for which the acoustic emission is the most significant
for wind turbine noise [29]. The frequency validity of Miki’s
model is thus satisfied: 0.01 < £ < 1 [30], where p, = 1.24
kg - m~? is the density of air.

3 Results
3.1 Methodology

The turbulence effect is evaluated by comparing wind
turbine noise modelling without atmospheric scattering (i.
e, 1> = 0), resulting in drastically low SPL in the shadow
zone, to wind turbine noise modelling with atmospheric
scattering caused by a strong turbulence factor (i.e., W=
107°) [24, 25]. In the latter case, the sound propagates into
the shadow zone and interference dips. The difference in
sound levels between the two scenarios is referred to as
the “bias” and can be considered as an “insertion loss” term.
The study considers several propagation angles 6 ranging
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Figure 1. Example of wind turbine noise modelling when the
wind turbine operates at its maximum rpm, for f = 100 Hz,
0 = 180°, receivers height z, = 2 m, and distance r € [500; 1500]
m. The turbulence effect is estimated wvia a bias term corre-
sponding to the difference of the scenario without turbulence
(¢ = 0) and the scenario with turbulence (u* = 107°).

from 0° (downwind) to 180° (upwind) in increments of 20°,
and calculations are performed for the center frequencies of
each one-third octave band within the range f € [50; 1000]
Hz. As an example, the Figure 1 illustrates the methodology
for f= 100 Hz, 8 = 180°, and a receiver height z,. = 2 m.

3.2 Monochromatic analysis

Figure 2 presents isolines of bias for all center frequen-
cies considered, where 6 € [0; 180]° and r € [500; 1500] m,
a receiver height z. = 2 m and a bias of —5 dB. Two areas
can be identified:

— The isolines represent the shadow zone boundaries
induced by upwind refraction. A typical behavior is
observed where the refraction impacts all the third
octave bands SPL, but where the shadow zone bound-
ary differs between frequencies. The boundary appears
at longer distance for low frequencies (/1400 m for
f = 50 Hz) than for high frequencies (=800 m for
f=1000 Hz), which is due to the different wavelengths.
One can also notice that the shadow zone appears at
shorter range when 6 tends to 180°, which is the stron-
gest upwind refraction condition.

— The isolines account for destructive interference pat-
terns that are due to ground effects. These interference
patterns occur at some specific frequencies (250 Hz, 315
Hz, 800 Hz, and 1000 Hz) and at some specific distances
from the source because they are linked to the geometry
of the case study, i.e., source height, receivers location
and relative sound wavelength. These interference pat-
terns are visible on Figure 2 because turbulence scatters
sound wave in these destructive interference regions,
leading to an SPL variability greater than the chosen
bias of —5 dB.

It is important to note that the isolines represented on
Figure 2 are valid for the case study presented at a receiver
height z. = 2 m. We verified that a similar behavior is
observed for other receiver height within z,. € [0.5; 3] m.

3.3 Estimation of the shadow zone boundary for various
bias values

This section investigates the influence of atmospheric
turbulence on overall A-weighted SPL predictions. We
compute the A-weighted SPL using monochromatic calcu-
lations at the center frequencies f of one-third octave bands
with f € [50; 1000] Hz. Figure 3 illustrates the 2D polar map
(0, r) of the bias, which enables the visualization of loca-
tions where atmospheric turbulence significantly affects
SPL predictions (see Fig. 3 where the shadow zones are rep-
resented on the left side of each boundary).

Figure 3 shows that the maximum bias are located in
the shadow zone, i.e., for strong upwind conditions
(6 > 120°) and far from the source (r > 800 m). The isolines
in Figure 3 represent the boundary distance of the shadow
zone from the wind turbine, considering various threshold
bias assumptions. These curves can be accurately fitted
(R2 = 0.999, pyame < 2.2e-16) using a hyperbolic equation,
yielding a simple expression for the distance of the shadow
zone from the wind turbine:

dshadow(g) = 71? . (3)

1 —ecos (9 ﬁ)

The parameters e and p are given in Table 1 for several

bias values. They are valid only for the case study consid-
ered here: wind turbine dimension, ground properties etc.

The distance calculated with equation (3) allows us to

consider three cases for assessing the influence of turbulence:

— For crosswind and downwind situations (6 < 110), the
bias is positive and quite low (bias: mean 0.4 dBA,
standard deviation 0.1 dBA, see Fig. 4), which means
that turbulence effect decreases SPL in this area. This
is because turbulence scatters sound waves from high
to low SPL locations, and smooth interference patterns
due to ground effects.

— For downwind conditions, outside the shadow zone
(r < dgpadow (0 > 110)) the bias is similar to that for
crosswind and downwind situations and indicates a
negligible effect of turbulence (mean bias of 0.4 dBA,
see Fig. 4).

— For downwind conditions, inside the shadow zone
(1 < dgnadgow (0 > 110°)), the bias is negative and not neg-
ligible. We observe an increase of the SPL due to the scat-
tering of sound from the outside of the shadow zone to the
inside. The bias increases with the distance and the angle,
where the maximum bias is observed for maximum
upwind angle (180°) reaching —27 dBA at 1500 m.

3.4 Bias estimation relative to the distance from the
wind turbine

It is also possible to use a wind turbine noise model that
do not take into account atmospheric turbulence effect,
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Figure 2. Isolines corresponding to a —5 dB bias between modelling without atmospheric turbulence (> = 0) and with high
atmospheric turbulence (,u2 = 107°) at z. = 2 m. Each isoline represents a center frequency f of the one-third octave bands for
f€[50; 1000] Hz. The results are plotted in the 2D space (6, ) where 0 is the propagation angle and r the distance to the wind turbine.
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Figure 3. Isolines corresponding to bias of —1, —3, —5, —10 dB
between modelling without atmospheric turbulence (1> = 0) and
with high atmospheric turbulence (¢*> = 107°) at z. = 2 m, for
overall A SPL. The results are plotted in polar coordinates with
0 the propagation angle, r the distance to the wind turbine, and
U (z) the wind vector. The black lines correspond to fitting
curves calculated with equation (3).

provided that an uncertainty term is associated with this
choice. The 95% confidence interval of SPL including tur-

bulence effect is given by Lpa, with:
LPA € [LPA,noturb -b—k Up; LPA,noturb —-b + ku;,],

(4)

where Lp noturb i the A-weighted SPL prediction with-
out modelling the turbulence effect, and Lpa is the A-

weighted SPL that takes into account the turbulence
effect. Let b be the bias (mean error), u, the standard
uncertainty associated with the bias, and k a coverage fac-
tor to get the 95% confidence interval (see below). The
bias, that depends on the distance and on the propagation
angle, can be estimated for several propagation angles
with a polynomial regression on the distance to the wind
turbine (see Fig. 5):

b(0) = by(0) + b1 (0)r + by (0)r*. (5)
The standard deviation u; is estimated by calculating the
standard deviation of the residuals of the polynomial regres-
sion. Assuming a Gaussian distribution of residuals, the
coverage factor k& = 2 is considered here to estimate the
width of the 95% confidence interval. Examples of values
of by, by, and by are given in Table 2.

4 Discussion and conclusion

This paper investigates the impact of turbulence on
wind turbine noise propagation predictions in a scenario
that maximizes propagation effects (representing the most
challenging case for residents). It explores the possibility
of using a propagation model that does not explicitly con-
sider turbulence effects to accurately predict A-weighted
SPL.

This study finds that the influence of atmospheric tur-
bulence on A-weighted SPL predictions is negligible (with
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Table 1. Parameters values for p and e, according to the
different bias considered. The coefficient of determination R*
and the pyaue are also presented.

Bias (dBA) p € R2 Pvalue

-1 2780 2.50 0.999 <1071
-3 3580 2.90 0.999 <1071¢
-5 3530 2.50 0.999 <10716
—10 4130 2.60 0.999 <1071

M Crosswind and Downwind
B Upwind, outside shadow zone
B Upwind, inside shadow zone

0.15

0.1

0.05

o

= -0.5 0 0.5
0.15

0.1

0.05

L

-20 -10
dBA

Figure 4. Bias distributions for overall A-weighted SPL
predictions for crosswind and downwind conditions (top),
upwind conditions outside the shadow zone (middle) and
upwind conditions inside the shadow zone (bottom).
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Figure 5. Bias inside the shadow zone represented for several
propagation angle 0. The black lines correspond to fitted curves
according to equation (5).

Table 2. Coefficients of the polynomial model for the bias. R?
and p,.1ue are respectively the squared correlation coefficient and
the probability value of the polynomial regression. The term wy, is
the standard uncertainty associated with the bias estimation.

0 b (6)  bi(0) by (0) R*  w, (0) (ABA)
180° —14.9 2.72 x 1072 —1.27 x 107°2 0.997 <0.1

160° —25.3 5.69 x 1072 —3.31 x 10™° 0.999 0.1
140° —12.3 4.21 x 1072 —3.37 x 107° 0.999 0.2
120° —12.0 4.37 x 1072 3.65 x 107> 0.999 0.2

an absolute bias value of <0.5 dBA) for distances up to 800
m in all propagation directions (downwind and upwind)
and up to 1000 m for a propagation direction of —120° to
120°. Consequently, using a wind turbine noise propagation
model that accounts for turbulence is unnecessary in these
cases, even under upwind conditions. Corrections for A-
weighted SPL can be made with a small bias, typically
around 0.5 dBA (mean bias 0.4 dBA, standard deviation
of bias 0.1 dBA, for the standard case studied here). The
influence of turbulence becomes significant for propagation
angles 120° > 0 > 180°, where the shadow zone boundary is
approximately 1000 m for § = 120° and 800 m for 6 = 180°
due to sound scattering in these regions.

This study also provides guidance on how to estimate a
confidence interval for A-weighted SPL, accounting for tur-
bulence effects in the shadow zone, using A-weighted SPL
predicted by a propagation model that does not explicitly
consider turbulence’s influence on sound propagation. Addi-
tional calculations can be performed using an online appli-
cation [31].

It is important to note that the specific parameter val-
ues given for estimations of dyaqow (Fig. 3) for A-weighted
SPL are based on specific assumptions for the studied case,
such as natural ground, high wind speed, 2 m high receiver,
80 m hub height, etc. However, other choices of input
parameters do not significantly change the presented
results. For example, variations in receiver heights from
1.5 m to 3 m yield very similar trends and conclusions
(see online Shiny application for testing other values [31]).

Nonetheless, it is acknowledged that different choices of
wind speed assumptions may lead to different results. The
chosen approach was to maximize sound emission and tur-
bulence effects on sound propagation, representing a most
challenging case and a worst case for inhabitants. Lower
wind speeds might result in less significant effects of atmo-
spheric turbulence on sound propagation, leading to a sha-
dow zone that is farther away. The study does not account
for wake effects, which could influence sound propagation in
downwind situations [32, 33|. Additionally, the anisotropic
aspect of atmospheric turbulence could be further consid-
ered through the vector component of the airflow.
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