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The rapid growth of offshore wind farms has become a global priority, with both new and total installed ca-
pacities increasing sharply. Consequently, underwater noise generated with these developments has garnered
significant attention. This study investigated the signals produced by 5.5 MW wind turbines at the Yangjiang
offshore wind farm, focusing on various distances and depths. Results showed that the primary energy of the
underwater noise was concentrated below 1500 Hz. At the same distance, deeper waters had lower noise levels
than shallower waters. The discrete spectrum near the wind farm has a dominant frequency of 44 Hz. The peak
sound pressure levels reach 93.76 dB at a depth of 10 m and 81.55 dB at 20 m, measured 50 m from the turbine.
Horizontally, the sound pressure level of the dominant frequency decreased consistently as the distance from the
wind farm increased. The sound transmission loss within 1 km is less than 10 dB, reaching 16.39 dB at 4 km, with
noise levels nearing ambient ocean noise. A segmented spectral wide-angle parabolic equation was used to
simulate the spatial sound field of the underwater noise, considering seabed topography. The noise propagation
and attenuation models were validated against the measured data. Understanding noise propagation and
attenuation with distance is crucial for selecting suitable offshore wind farm locations. Mitigating the impact of

elevated underwater noise on sound-dependent species is essential for their survival.

1. Introduction

A healthy marine environment is a critical aspect of conservation
biology (Vegu and Stephen, 2024). As offshore wind farms enter the
operational phase, the continuous generation of high-intensity broad-
band underwater noise has emerged as a significant source of concern
for marine background noise (Rami et al., 2024). Currently, there is
insufficient research on this emerging noise source, but it is clear that
offshore wind farms inevitably affects the ecological conditions of sur-
rounding marine areas. Therefore, in-depth studies on underwater noise
during the operational phases of these wind farms are crucial.

The noise generated during the operational phase significantly im-
pacts the underwater acoustic environment, persisting throughout the
decade-long operational lifespan of wind farms (Su, 2023). This noise
can propagate over several kilometers (Wahlberg and Westerberg,
2005), with its intensity increasing alongside higher wind speeds and
larger turbine sizes (Andrea et al., 2021; Madsen et al., 2006). Yoon et al.
(2023) revealed that underwater noise during the operational phase of
wind turbines is significantly influenced by wind speed, rotor speed, and
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tower vibrations. Tougaard et al. (2020) developed a linear model to
assess the relationship between the total sound pressure level (SPL) of
turbine noise, distance, wind speed, and turbine size. Marmo et al.
(2013) developed a noise effect model to identify the relative differences
in underwater noise produced by different types of foundation piles.
Reinhall and Dahl (2011) used the finite-element method (FEM) to
simulate the sound propagation process and acoustic field distribution
around foundation piles. Additionally, Bartiomiej et al. (2024) evaluated
the effectiveness of three commonly used models ISO 9613-2, CNOSSOS-
EU, and Nord2000, in predicting the low-frequency noise generated by
wind farms in further studies on wind farm noise propagation models.
Bosko et al. (2023) examined the cumulative noise effects of multiple
adjacent wind farms and proposed a noise propagation model to assess
their regional impacts. De Oliveira et al. (2023) studied the impact of
onshore wind farm noise on amphibian diversity in Brazil’s tropical
forests during the dry season. These results indicated that wind farm
noise did not significantly affect species richness or composition but
emphasized the importance of identifying potential threats to mitigate
global amphibian decline. Similarly, He et al. (2023) examined the
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effects of wind farm noise and vibrations on aquatic organisms at
different distances emphasizing the need to consider ecological impacts
when designing and operating wind farms. Southall et al. (2023) pro-
vided a framework for assessing the relative risk of human activities on
marine animals, focusing activities that generate sound. This framework
can be used to evaluate the risks posed to various species by offshore
wind farms.

Underwater sound propagation is affected by the physical properties
of the medium, and dynamic sound speed profiles in marine environ-
ments add uncertainty to the prediction of propagation characteristics.
To address these challenges, researchers have developed various
modeling methods and techniques. Early studies on pile driving noise
during wind farm construction, treated the seabed as a fluid medium
(Lippert and Lippert, 2012; Reinhall and Dahl, 2011). However, this
approach overlooked the role of soil. In actual pile-soil-water in-
teractions, soil conditions significantly influence the noise produced
during driving (Peng et al., 2023). The model did not accurately reflect
the elastic properties of the soil or the propagation characteristics of
shear waves, resulting in an inadequate description of the acoustic en-
ergy dissipation and propagation pathways. To enhance accuracy,
classical theories of elastic wave propagation in Biot’s porous media
(such as soil and rock) have replaced fluid representation, shifting the
focus to soil mechanics (Tsouvalas, 2020). Subsequently, the concept of
an elastic seabed was introduced and combined with Scholte waves,
significantly improving the model’s precision (Fricke and Rolfes, 2015).
However, when considering operational noise from wind farms, the
study primarily focused on mechanical vibrations causing underwater
noise due to tower vibrations. Thus, treating the seabed as an acoustic
fluid is considered to be acceptable (Zhu et al., 2020).

Wang et al. (2022) conducted a simulation study on the propagation
loss field for a vertical line-array sound source in shallow water using a
normal-mode model. Their research validated errors in noise propaga-
tion models at different frequencies and highlighted the impact of noise
frequency characteristics on noise propagation. Sun et al. (2022)
investigated the frequency characteristics and attenuation properties of
noise from wind turbine units at varying wind speeds through simula-
tions and testing, providing valuable references for noise prediction and
development and reduction strategies. He et al. (2024) proposed a novel
model order reduction technique for efficient computation of under-
water sound propagation models in longitudinally invariant environ-
ments. Sergeev (2024) studied normal-mode models propagating along
coasts in wedge-shaped seas, exploring energy leakage after reaching
critical depths and revealing sound field propagation characteristics
under complex boundary conditions. On the other hand, Feng et al.
(2024) proposed a stochastic model based on ray theory for rapid esti-
mation of sound field characteristics in ocean environments. However,
these methods still face trade-offs between computational speed and
accuracy in practical applications. The parabolic eq. (PE) method has
rapidly developed since its introduction to ocean acoustics, favored for
its balance between computational speed and accuracy. Thus, it has
become one of the most widely used models for simulating medium- and
low-frequency underwater sounds (Buckingham, 1992; Etter, 2018;
Jensen et al., 2011). Subsequently, Tu et al. (2023) discretized a wide-
angle PE model using the Chebyshev pseudospectral method. This
extension allows the spectral algorithm to be applied to multilayered
media and laterally inhomogeneous waveguides.

Existing research on the operational phase noise from wind farms has
primarily focused on noise quantification and characteristic analyses.
While some preliminary studies have explored the propagation distance
of operational noise, precise data at various depths and distances remain
limited. This study examined the time-frequency characteristics of noise
signals at various depths and distances during wind farm operations
using actual underwater noise data. The characteristics of the under-
water noise propagation from a wind farm were modeled using a
segmented spectral wide-angle parabolic equation. This model describes
the relationship between the noise attenuation and distance across
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different frequency bands. Formulas for noise attenuation based on
distance, depth, wind speed, and other variables were provided for the
wind farm underwater noise in the test area. These formulas were
validated using the measured data.

2. Study area and experimental methods

The study area is situated in the waters south of Nanpeng Island,
Dongping Town, Yangjiang City, Guangdong Province, China. The water
depth ranged from 22 to 31 m, with the closest distance to the shore
being approximately 19.5 km and the farthest being approximately 35
km. The average annual wind speed in the area is at least 5.5 m/s. The
study area is includes 55 wind turbines, each with a capacity of 5.5 MW.
The layout of the study area is shown in Fig. 1, the black frame indicates
the study area, the black dots represent the deployment locations of the
hydrophones, and the” +° symbols indicate the positions of the
measured single-pile wind turbines.

In June 2022, an underwater noise data collection experiment was
conducted at the Yangjiang Nanpeng Island Wind Farm. On the day of
the experiment, sea conditions were overcast with a southeastern wind
at Force 3 and moderate waves. A REASON TC4037 hydrophone was
used for data acquisition, which has a sensitivity of approximately —192
dB, an instrument gain of 40 dB, and a sampling frequency of 100 kHz.
The equipment was calibrated before the experiments. Upon reaching
the designated area, the vessel’s engine was turned off. The self-
contained hydrophone was then deployed in the water for data collec-
tion. Two hydrophones were deployed at depths of 10 m and 20 m see
Fig. 2. The test stations were located 50 km, 200 km, 500 km, 1 km, 4
km, and 8 km away from the wind turbine foundation.

According to the Acoustic Underwater Noise Testing Standard 5.4
specified in GBT 5262-2009 (General Administration of Quality Su-
pervision, 2009), the data recording duration can be determined based
on actual requirements, but generally should not be less than 2 min. In
the experiment, the measurement duration at each station was approx-
imately 20 min. The specific deployment times and locations of the
hydrophones are listed in Table 1.

3. Experimental results and discussion

The time-frequency characteristics of underwater signals across
different frequency bands are described using a Short-Time Fourier
Transform (STFT). This involved analyzing the spectral response of the
noise data at various distances.

3.1. Time-frequency characteristics of underwater signals

Fig. 3 illustrates the time-frequency characteristics of the underwater
environmental noise measured around the offshore wind farm. Fig. 3(a)
corresponds to a depth of 10 m, while (b) correspond to depth of 20 m.
The horizontal axis represents the data collection duration, while the
vertical axis represents the frequency, and the brightness of the image
reflects the sound pressure level. Time-frequency spectrograms show
that high-brightness regions are concentrated in the 20-1500 Hz fre-
quency range, exhibiting distinct sideband-like patterns. The brightness
values vary based on the distance from the wind farm.

At the first station, 50 m from the wind farm, the sound pressure level
within this frequency band was highest, with a peak sound pressure level
of approximately 1050 Hz. As the testing location moved from station b
to station c, the distance increased from 200 to 500 m. The sound
pressure level decreased significantly, though the peak center frequency
remained unchanged. At stations d, e, and f, ranging from 1 to 8 km,
results showed significant wind turbine noise even 1 km from the wind
farm. Broadband signals were still observable at 4 km from the wind
farm, but at 8 km, noise levels matched the background noise of the
marine environment. This phenomenon of significant attenuation with
increasing distances was consistent across different depths. At a depth of
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Fig. 1. Schematic of the study area (red area represents the wind farm; a, b, c, d, e, f denotes data collection locations). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. The deployment of the hydrophone.

20 m, both the marine background noise and the wind farm signal noise

Table 1 . were significantly lower than those at 10 m. This is because the wind-
Data collection records. . . . . .
induced noise decreases with depth, especially when the wind speed
Date Observation Start End Station Latitude and exceeds the cut-in speed of 3 m/s, owing to significant vertical
Station Time Time Longitude .
attenuation.
June5,  a(50 m) 14:10 1430 21°29'42'N; 112°11'34" Similarly, throughout the underwater observation period, distinct
2022 E discrete signals were evident when the frequency was below 500 Hz.
b(200 m) 15:02 15:23 21°30'15'N; ] o s e . . . .
11221111 These signals exhibited significant attenuation with increasing distance,
¢ (500 m) 15:59 16:21 21°30001"N; consistent with the trend of the skirt-like spectrum as distance varied.
112°1118'E Within a range of 4 km from the wind farm, the effects of the wind farm
d(1 km) 15:02 15:23 21°3110°N; could still be detected, and discrete spectral components remained
112°1040°8 observable at the 4 km measurement station
e(4 km) 16:33 16:57 21°3201'N; ’
112°09'44'E
£(8 km) 17:08 17:37 21°3324'N;
112°08'55'E 3.2. Frequency domain characteristics of underwater noise in offshore

wind farms

The average power spectra of the time-domain signals were



X. Huo et al.

SPL /dB
2000 100

Frequency f/Hz
=) I
(=3 (=3
(=] (=]

w
(=3
=

——

f(8km)

¢(500m)

el
a(50m)  b(200m) d(1km)

Station

(a)

e(4km)

Ecological Informatics 84 (2024) 102919

SPL /dB
2000 100

90

73
S
3

80

70

Frequency f/Hz
S
3

W
=3
S

T R —— ‘ 40
a(50m) b(200m) ¢(500m)  d(l1km) e(4km) f(8km)
Station

(b)

Fig. 3. Offshore wind farm noise time-frequency diagram: (a)10 m; (b)20 m.

calculated for six stations located at various depths. This demonstrates
how the intensity of underwater environmental noise varies with fre-
quency at the Yangjiang wind farm. In Fig. 4, the horizontal axis rep-
resents frequency, while the vertical axis represents noise sound
pressure level. The sound pressure levels at 10 and 20 m depth decreased
as the distance from the source increased. At a depth of 10 m, the
dominant frequency at all six stations was 44 Hz. The peak sound
pressure levels were 93.76, 91.78, 88.91, 87.02, 84.90, and 73.33 dB,
respectively. At a depth of 20 m, the peak sound pressure levels were
81.55, 80.39, 76.20, 75.70, 72.40, and 60.43 dB, respectively. It is
evident that the sound pressure level at a depth of 20 m is considerably
lower than that at 10 m. This is primarily because the study area lies on
the shallow continental shelf of the South China Sea, which has a typical
negative-gradient sound speed structure (Wang et al., 2014). In this
scenario, when sound rays reflected off the seabed, sound rays at large
grazing angles, they often exceed the critical angle, leading to a signif-
icant increase in the seabed reflection loss. In shallow-water environ-
ments, variations in temperature with depth can lead to the formation of
a thermocline. The thermocline can guide sound waves towards the
surface or cause refraction, resulting in the “focusing” of noise near the
sea surface, which increases the noise intensity (Liu et al., 2021). The
primary frequencies of the signals were < 1500 Hz. The signal energy
exhibited significant attenuation as the distance increased. Within a 4
km radius from the wind farm, the influence of the wind farm was
detectable in the20-1500 Hz frequency bands. The overall sound pres-
sure levels were noticeably higher than those of the ambient marine
noise.

Fig. 3 and Fig. 4 indicate that the fundamental frequency of gear
meshing in the wind turbine is 44 Hz, with discrete spectra exhibiting
approximate harmonic relationships. The fundamental frequency of the
generator’s electromagnetic interactions is 103 Hz, higher than the gear
meshing frequency. Additionally, mechanical noise can be amplified
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because of resonance effects within the wind turbine’s internal struc-
ture. When the excitation frequency matches the harmonic frequency of
the structural vibration, resonance occurs, leading to a significant in-
crease in amplitude. Even very small excitation force amplitudes can
amplify the structural response during resonance, resulting in high noise
levels, consistent with the sideband-like spectral patterns observed in
our measurements.

Based on the data presented in Fig. 4, the typical transmission a loss
at various stations at different distances were analyzed. Relative to the
reference sound energy at 50 m, the transmission loss for each station
was calculated using the formula TL = 10 x log10(E;/E3), where Ej is
the sound energy at 50 m, and E is the sound energy at each of the six
stations (a-f). This method allowed us to quantify the attenuation
characteristics of the sound waves over different distances using the
calculated results presented in Table 2.

Table 2
Transmission loss.

Depth Frequency Transmission loss (dB)
H:
m () a0 b(200 o500 d(1  e(4 f(8
m) m) m) km) km) km)
44 0 1.98 4.85 6.74 8.86 20.43
88 0 0.85 3.37 7.22 10.24 19.36
10 103 0 1.29 4.37 7.55 7.84 19.76
176 0 1.35 6.73 9.68 14.81 24.34
206 0 0.65 3.85 6.95 12.84 23.03
1050 0 1.57 6.15 8.61 16.39 31.41
44 0 1.16 5.35 5.85 9.15 21.12
88 0 2.15 4.41 8.56 10.50 20.15
20 103 0 1.32 3.18 6.55 12.20 18.69
176 0 2.76 6.90 9.21 7.33 25.81
206 0 1.30 5.02 7.32 14.21 23.57
1050 0 1.51 6.02 6.82 16.03 27.52
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a |
120 80 ‘ b
70 !— &
L 60 J —_d 1
100 30 40 50 60 e
44Hz . f
X

8Hz 103Hz 176Hz
206Hz
Ny o

(2]
o

Sound pressure levels / dB
o
L= )

N
o

102 103 10*
Frequency f/Hz

(b)

Fig. 4. Underwater noise frequency domain display in offshore wind farms: (a)10 m; (b)20 m.
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In the preliminary data analysis, we found that the underwater sound
intensity from the wind farm is primarily concentrated below 1500 Hz.
The sound energy decreases as the water depth increases. This obser-
vation is consistent with the findings in the literature (Andersson, 2011;
Betke et al., 2005; Lou and Ma, 2024; Qian et al., 2022; Wang et al.,
2024). The sound pressure levels of wind farm noise attenuate signifi-
cantly with distance. However, distinct discrete spectral lines are still
observed within a 4-km range. To confirm that these signals originate
from the wind farm’s operation and to study how they vary with dis-
tance, we will use the Parabolic Eq. (PE) for comparison and analysis.

4. Sound propagation and attenuation characteristics

The parabolic equation model, based on asymptotic approximation,
simplifies the Helmholtz equation into a parabolic equation and solves it
using numerical methods. This model effectively addresses boundary
issues in complex environments during far-field and large-angle propa-
gation, offering high accuracy over long ranges and low computational
costs (Gilbert and White, 1989). However, the solution of the parabolic
equation is valid only within a range of angles close to the main prop-
agation direction and neglects backward scattering. Nevertheless, this
model demonstrated good accuracy in handling low-frequency wave
propagation, making it highly suitable for simulating low-frequency
noise propagation (Colas et al., 2023). This section introduces a solu-
tion to the parabolic equation using Chebyshev polynomials. To inves-
tigate the underwater propagation characteristics of wind turbine noise,
we modeled the undulating seabed as a series of flat segments. Cheby-
shev spectral polynomials were then used to solve the PE for sound
propagation across the seafloor. The introduction of mixed solution
methods and adaptive spectral expansion techniques enhances the
flexibility of the derivation process and improves the computational
efficiency.

4.1. Spectral PE equation model

As shown in Fig. 5, a continuously undulating seabed was repre-
sented by a combination of multiple flat seabed segments. The under-
water sound propagation medium is divided horizontally into [ layers
(hy, hy, ..., hZ, ..., h). where hy; represents the seabed, denoted by H,
and h; represents the homogeneous acoustic half-space below the
seabed, denoted by D.

For a horizontally stratified flat seabed, where c (r, 2), p (r, 2) and a (1,
z) represent the sound speed, density, and attenuation coefficient of the
medium, respectively, the underwater sound propagation medium is
horizontally divided into layers. According to the split-step Padé wide-
angle PE algorithm proposed by Collins (1993) and Collins (1994), the
PE equation in cylindrical coordinates satisfies the following equation.

0 Ty T2
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In Eq. (1) p, 2, r represents the density, source depth, and propagation
distance, respectively. The wavenumber k is given by k = 21(1 + i na)
w/c, where  is the angular frequency, c is the sound speed, a is the
attenuation coefficient, and n = (40ﬂlog§o)_1. After factorization and
considering only forward propagation, the split-step expansion yields
the following form:

p(r+ Ar, z) = exp(iko Ar) ]11 1 igﬁ;p(r, 3] )

In Eq. (2), p (r, 2) represents the sound pressure corresponding to
distance and depth, n is the order of the Padé approximation, and a; and
b; are the coefficients of the Padé approximation, with y = k3[p(0/d2) (1/
p) (0/02) + K - k%], ko = 2xf/c. The sea surface was set as a fully
reflective boundary, and the uniform half-space D is treated as a
perfectly matched layer. The spectral coefficients were obtained using
Chebyshev polynomials as basic functions (Tu et al., 2022). According to
the Chebyshev polynomial u(t), which is a smooth function in the in-
terval te [—1,1], the approximate expansion is given as follows:

u(t) = f: u;T(t) ~ > uTi(t) 3)

Eq. (3) {11} represents the spectral coefficients of u(t), where N is the
order of the spectral stage. As N increases, the error decreased expo-
nentially. Based on the orthogonality of the Chebyshev polynomials, the
spectral coefficients are expressed by Eq. (4).

1 g :
us:d—jzzou(tj)Ts(tj)wj, j=0,1,2,...... N (@)

&

The Gauss—Chebyshev-Lobatto quadrature was employed to
improve the computational accuracy of Eq. (3), the Gauss-Chebyshev-
Lobatto quadrature is employed. The Gaussian—Chebyshev-Lobatto
nodes and weights are expressed as:

.
7’12071\’7
iN i ds
—,j#O,N.
1\,7.’7é s 4V

{ 7,5 =0,N,
= /4
—,j #O,N.
27] # k)
Function u(t), based on the Chebyshev polynomials and their de-
rivatives, yields the following relationship:

h Layer 1

Fig. 5. Multi-layer media in undulating seabed.
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u(t) = iﬁ;Ts(t) = (iﬁsTs(t)) = iﬁsTS(t) (5)

o2
d = = E My,
S m=s+1,

(6)

m+s=odd
i~ Dyu
Eq. (6) represents the matrix-vector form of the derivative relation-
ship, where Dy is the N + 1 order Legendre matrix, and i is the column

vector composed of {aN . The spectral coefficients of the product of
the two functions have the following relationship:

1 EN: o1 ZN: BN
vuy ~ - UnVn + = UmVn,
2 m+n=s 2 |m—n|=s (7)

Vi ~ C,u

In Eq. (7), Cy is the coefficient matrix. When discretizing the wide-
angle PE model using the Chebyshev spectral method, the solution
domain [z, 2o] is first scaled to [t;, t2] before performing the spectral
transformation, where t = (22)/(z2 — 21) — (22 + 21) / (22— 21), dt/dz =
2/ (22— 21). The density ratio y in Eq. (2) is discretized, resulting in the
Chebyshev spectral space discrete form as follows:

_ 2| 4 ﬁ L g 2 _ |2
2= 0 5 (3 )+ 8 ©
B . S 1l+ay
p(r+Ar,t) = exp(ikoAr) j|:1| T bj)(p(r, t) )

In Eq. (13), Az represents the thickness of the waveguide. Tu et al.
(2022) provided the weak form of the differential equations involved in
Eq. (9) and the process for minimizing the weighted residuals; thus,
further elaboration is not provided herein. Based on the relationships in
Egs. (6) and (7), the discrete form ) can be obtained, allowing for the
expression of Eq. (2) in Chebyshev spectral space.

4
X =k;? {@CpDNCI /oDn+ Cia — kSIN} , (10)
- . 1+ aX.
p(r+art) = exp(ikoar) | [ ;=55P(r0) an
j=1 J

In Eq. (10), Dy is a matrix of order N + 1, while C, C1,, and Cﬁ are the
spectral coefficients for discretizing Chebyshev from physical space to
spectral space. Iy is the unit matrix of order (N-1). Next, our primary
focus is on solving the derived Eq. (11) using the solution process out-
lined as follows:

n n

11 (v +5X) B (r+ Ar,t) = exp(ikoAr) [ | (Iv + 4X) (. ) 12)

=1 =1

In each iteration step, it is necessary to solve a linear equation of the
order (N + 1). The matrices were defined asL; = Iy + bjX, and Rj = Iy +

n
a;X. Let the propagation matrix T be defined as follows T = H (Lj’lR);
=1

then, Eq. (12) can be expressed as:
p(r+ Ar,t) = exp(iko Ar)TP(r, t) (13)

Dur to the discontinuity in the vertical acoustic properties of
seawater, and the requirement for smoothness in spectral methods, a
single set of Chebyshev basis functions cannot accurately approximate
the piecewise continuous sound speed, density, and attenuation. In this
study, the domain decomposition method proposed by Min and Gottlieb
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(2005) was employed, which applies different numbers of Chebyshev
basis functions for expansion and discretization across various layers.
The depth operator and governing equations for the £ layer are given by:

4
X, = ky?|————5C,,Dn,C/,, D, + C 2 — K2y, |, a4
(he —he)

n n

11 (e +bXE) P (r+ Ar, t) = exp(ikoAr)
j=1 j=1

(Ine + aX¢) P, (1, t) 15)

Because all layers must propagate forward, they should be assembled
into a global matrix as follows:

X, 0 ... 0 P
x=|7 % 0 e P ae)
0 0 ... X s

Global matrix X is an ordered diagonal matrix. By substituting the
above equations, the initial sound pressure for the first segment was set
as the sound pressure of the experimentally collected signal. After
solving for the sound pressure at various depths in the first segment, the
exit sound pressure at the flat seabed cutoff was used as the initial sound
pressure for the next segment of the flat seabed, which was then itera-
tively solved.

4.2. Calculation results

The sound source was positioned as a far-field point source, with the
sound pressure level at 50 m used as the source level. Receiver depths
were set at 10 m and 20 m, with seawater and seabed treated as ho-
mogeneous media. The seawater density p is 1000 kg/m>, and the sound
speed, modeled using a shallow water negative gradient profile, ranges
from approximately 1520 m/s to 1529 m/s, while the seabed is treated
as a rigid interface. The total length of the seabed was 8 km, and the
seabed attenuation coefficient was 0.311 x (f/1000)7% dB/m. Fig. 6
shows the computed sound-field propagation characteristics of the wind
farm. From the above signal analysis, we obtained the primary
frequency-domain characteristics of the wind farm. The main frequency
was 44 Hz, with discrete spectral peaks at 44, 88, 103, 176, and 206 Hz.
In addition, a broadband sideband signal was observed at a peak fre-
quency of 1050 Hz. Among them, 88 Hz and 176 Hz correspond to the
44 Hz fundamental frequency, 130 Hz corresponds to the 206 Hz
fundamental frequency, and 1050 Hz corresponds to the peak frequency
of the skirt-like spectrum. Fig. 7 presents the variation in noise with
distance at four representative frequencies (44, 88, 130, and 1050 Hz).
Fig. 6 illustrates the variation in noise with distance at the four
frequencies.

At the low frequency of 44 Hz, owing to the longer wavelength, the
sound waves propagate more smoothly. At receiver depths of 10 and 20
m, the sound field distribution exhibited a relatively uniform sound
pressure level. As the frequency increased, more pronounced interfer-
ence patterns appeared in the sound field, manifesting as fluctuations in
the sound pressure levels. In addition, sound attenuation in seawater has
become more significant. At a high frequency of 1050 Hz, the sound
waves exhibited more intense interference effects. The sound field at
receiver depths of 10 m and 20 m displayed highly complex fluctuation
patterns, with the sound field rapidly attenuating at greater distances.

Through a comparative analysis of the developed model and exper-
imental data, we thoroughly validated the sound propagation charac-
teristics of the wind farm noise at different depths. However, in shallow-
water environments, the distribution of sound propagation loss is
significantly influenced by sea-surface conditions and seabed charac-
teristics. An undulating seabed can concentrate and disperse sound-
wave energy. These factors can affect the final computational results
of numerical simulations. Although there were slight differences be-
tween the theoretical and experimental results due to approximation
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errors, both showed consistent peak positions and frequency trends.
Overall, the experimental results are in good agreement with the theo-
retical calculations.

Fig. 6 clearly illustrates the complex characteristics of wind farm
noise at the main frequency as it varies with distance and depth.
Vertically, as the water depth increased from 10 m to 20 m, the atten-
uation characteristics of the wind farm noise showed significant differ-
ences. At the same distance, the noise pressure levels were generally
lower in deeper water than in shallower water. This reflects additional
attenuation due to factors such as medium absorption, scattering, and
boundary effects in deeper waters. Horizontally, for all tested depths,
the main frequency sound pressure level of the windfarm noise
decreased significantly with increasing distance. When the distance
exceeded 4 km, the noise level gradually approached background ocean
noise. This indicates that beyond this distance, the impact of the wind
farm noise on the marine environment is minimal.

5. Discussion

This study aimed to explore the characteristics of underwater

operational noise from offshore wind turbines as a function of wind
speed, as well as to conduct a preliminary survey to assess the impact of
underwater noise from offshore wind farms on marine ecosystems. All
measurements were taken at a 5.5 MW wind turbine located on Nanpeng
Island in Yangjiang, Guangdong Province, China. The preliminary data
analysis indicated that the underwater noise intensity generated by the
wind farm was primarily concentrated in the frequency range below
1500 Hz.

For further analysis, the observed noise was divided into two main
frequency bands. Field measurements have shown that the operational
noise from a wind farm is predominantly generated by mechanical vi-
brations (Yang et al., 2018; Yoon et al., 2023). Marmo et al. (2013)
found through simulations and experimental analysis that mechanical
vibrations typically exhibit tonal rather than broadband characteristics.
Low-frequency signals from gear meshing typically occur below 50 Hz,
while noise from electromagnetic ranges from 50 Hz to 2 kHz. The
resonance modes on the turbine surface are generally related to multiple
gear meshing frequencies. Therefore, some of the noise in this experi-
ment included fundamental frequency pulses and modulated spectra
with discrete line spectrum characteristics, showing peak frequencies at
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44, 88, 103, 176, and 206 Hz (where 88 Hz and 176 Hz are multiples of
44 Hz, and 206 Hz is a multiple of 103 Hz). Another component of the
noise included a continuous band spectrum with sound pressure levels
significantly higher than the ambient marine background noise, occur-
ring in the frequency range of 500-1500 Hz.

Near the turbine, within 50 m, the frequency spectrum drops sud-
denly around 1500 Hz. This phenomenon can be attributed to the dif-
ferences in the turbine models and capacities; the noise bandwidth
observed in this study is broader than that of the 3.0 MW and 3.6 MW
turbines. This contrasts with Yoon et al. (2023) and Pangerc et al.
(2016), who noted wind farm noise frequencies below 1 kHz. According
to Wenz (1936), the spectral distribution of ocean ambient noise is
primarily derived from wind-driven sea-surface noise and vessel noise.
The energy distribution of wind-driven sea-surface noise spans the fre-
quency range of 10-20 kHz, whereas the major contributions of vessel
noise are concentrated below 1 kHz. The background noise above 1 kHz
is mainly caused by hydrodynamic exchanges due to wind. However,
this is not absolute because the turbine capacity and dimensions in the
experimental area are significantly greater than those of previous tur-
bines, potentially generating noise frequencies that reach up to 1500 Hz,
thereby masking wind-induced noise within this frequency band. This
also explains the significant decrease in the sound intensity at fre-
quencies above 1500 Hz.

5.1. Acoustic propagation characteristics

Noise levels measured from existing data (Betke et al., 2004; Elmer
et al., 2007; Nedwell et al., 2024; Thomsen et al., 2015) show that
offshore wind turbine noise is low in both absolute and relative terms.
The measurements show that the noise levels were comparable to or less
than 1 km. Tougaard’s extensive experiments and observations have
provided a linear model for estimating the total sound pressure level.
This model plots sound pressure against distance, wind speed, and tur-
bine size (measured in megawatts). The model equation is: Leq = C +
alogip(Range/100 m) + plogio(Wind Speed/10 m/s) +
ylog10(TurbineSize/1 M/W). where wind speed and turbine size are
identified as two additional significant factors affecting noise levels. The
constants are obtained from extensive observations with C = 115, a =
—20.7, p =1, y = 1. Fig. 7 shows a simplified model of sound propa-
gation in wind farms. The black curve represents the theoretical for-
mula, whereas the blue dots represent observational data from previous
studies.

However, most modern turbines are designed for greater capacity
and are significantly optimized. Therefore, the fitting formulae pre-
sented in previous studies are no longer applicable. The noise level
estimation model provided in this study, which describes the variation
in underwater noise with distance, is given by Eq. (17).

SPL = a(logio(Range) )* + b(logio(Range) )* + c(TurbineSize/1M/W)
+ (Depth/10)logo (WindSpeed)
17)

In Eq. (9), a = 1.8149, b = —21.2215, ¢ = 22.9933, where Range
represents the distance, TurbineSize denotes the turbine capacity, Depth
indicates the depth, and WindSpeed is the wind speed. Fig. 7 shows the
blue dots for wind farm noise levels obtained from previous studies. The
black line represents the fitting formula obtained from previous studies.
The pink and green dots represent the sound pressure levels of the
windfarm noise measured at different water depths in the current
experiment. Although these data showed a consistent trend in noise
variation with distance, there were significant differences in the sound
pressure levels. The pink and green curves obtained by fitting the new
experimental data better match the actual observations. In contrast, the
newly fitted model provided significantly improved prediction perfor-
mance at different water depths.

It is important to clarify that the fitted model incorporates factors
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such as seabed topography and weather conditions, as previously
described. When applying this model, the following assumptions are
made: the seabed density and sound speed are considered uniform, with
seabed elasticity neglected; and the sound speed and density of seawater
are assumed to be laterally uniform. When these parameters vary, the
model’s applicability and prediction accuracy cannot be reliably
ensured. This limitation is inherent to empirical model fitting, particu-
larly under complex environmental conditions, where simple empirical
models often fall short in capturing the multiple factors influencing
underwater acoustic characteristics.

5.2. The impact of wind farm noise on marine life

The communication frequency range of marine mammals and fish
often overlap with the low-frequency noise produced by wind farms.
This can make their habitats less suitable, limit communication ranges
between individuals, and potentially affect their natural behavior in the
long term (Mooney et al., 2020). Furthermore, a quiet acoustic envi-
ronment is essential for monitoring marine life using passive acoustic
methods (Dario et al., 2024).

However, studies in the Netherlands suggest that with proper wind
farm siting, negative impacts on marine life can be minimized and may
even promote biodiversity (Bennun et al., 2021). Wilhelmsson et al.
(2006) found that blue mussel growth on wind turbines increased the
abundance of fish and benthic animals around wind farms. According to
Maar et al. (2009), wind turbines provide ample habitat for mussels,
effectively doubling the filter-feeding biomass within a wind farm.
Koller et al. (2006) suggested that an increase in mussel biomass can
accelerate the food chain, potentially reducing water turbidity and
promoting the growth of phytoplankton and filamentous algae. Linde-
boom et al. (2011) found that wind farms provide essential rest and
shelter areas for fish and marine mammals, increasing species richness
by 37 species in the vicinity. The biomass of species such as pollock, cod,
and bream increases significantly near wind farms, providing ample
food sources for marine mammals. Overall, the diversity, abundance,
and biomass of the benthic communities around offshore wind farms
may gradually increase over time.

Repeated, long-term noise exposure poses a cumulative risk to ma-
rine mammals. Auditory perception is vital for animals, including
mammals and fish, as sound can travel great distances underwater.
Marine animals, which have a hearing range and sound production ca-
pacity far surpassing those of humans, can detect these sounds. Research
by Stafford (2013) and Mellinger et al. (2007) suggested that
human-generated sound frequencies overlap with the frequency ranges
used by marine animals (Fig. 8). Consequently, the production and
reception of sound are crucial for the survival of marine species.

Combining experimental data with the communication and behav-
ioral frequency ranges of marine animals, Fig. 8 illustrates that most
marine mammals are more sensitive to medium and high-frequency
noise. However, wind turbine noise is predominantly low frequency,
which lessens its direct impact on these animals. In contrast, low-
frequency noise could considerably affect sensitive species like fish.
Particularly near wind turbines, low-frequency noise may disrupt
essential behaviors such as reproduction, foraging, and predator
avoidance. Sea turtles, whose communication and auditory frequency
ranges are narrowly focused in the low-frequency range, experience
substantial overlap with wind farm noise, potentially impacting their
auditory perception and behavior. For fish, whose communication fre-
quencies also fall mainly within the low-frequency range, wind turbine
noise overlaps significantly. This overlap suggests that wind farm noise
may mask essential physiological activities for fish, such as breeding and
feeding. Therefore, when assessing the impact of wind farms on marine
life, the focus should be on species sensitive to low-frequency noise,
particularly fish and sea turtles, whose behaviors are more susceptible to
disruption from low-frequency noise.
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6. Conclusions

An experimental study of underwater noise characteristics was
conducted at the Yangjiang offshore wind farm during its operational
phase. The goal of this study was to gain a better understanding of how
underwater noise propagates in the presence of wind farms. This study
aims to provide a reference for the safety and demarcation of warning
lines in fishing areas. This study yielded the following conclusions:

(1) Attenuation characteristics: In the study area, fixed-base wind
turbines produce primarily low-frequency noise. Gearboxes and
bearings, as well as the resonance of underwater structures, are
the primary sources of this noise. This low-frequency noise causes
slower attenuation in water, resulting in greater energy decay
distance. Experimental data show that, when compared to the
noise levels within 50 m of the wind turbine, the sound propa-
gation loss within 1 km is approximately 10 dB. However, beyond
1 km, the sound pressure level of the noise signal dropped
significantly, with the sound propagation loss reaching 10-20 dB.
Spectral characteristics: The wind farm operation generated
relatively low underwater noise. The acoustic energy was pri-
marily concentrated below 1500 Hz with both discrete and
sideband spectra. The primary frequency of the discrete spectrum
was 44 Hz with harmonics at 88 and 176 Hz. The sideband
spectrum peaks at approximately 1050 Hz, forming a skirt-
shaped pattern. Beyond 4 km, the impact of the wind noise be-
comes negligible.

(3) Validation of sound propagation properties using the spectral
parabolic equation and experimental Data: The comparison of
calculated distance intensity and measured data confirmed that
the sound propagation model is consistent with the experimental
results. This resulted in a refinement of the attenuation formula
for turbine noise based on distance.

(2

—

In summary, this study comprehensively elucidated the underwater
noise characteristics of the Yangjiang offshore wind farm by analyzing
the noise characteristics at multiple sites. The results provide crucial
empirical and theoretical foundations for understanding underwater
noise generation. Their spatiotemporal distribution patterns and re-
lationships with external factors were revealed. This study also serves as
a reference for determining the safe distances between fishing areas and
offshore wind farms.
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