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Raúl Sanz-Ramı́rez1, Mart́ın de Frutos1, Esteban Ferrer1

1Department of Applied Mathematics to Aerospace Engineering, Universidad Politécnica de Madrid, Spain
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Abstract
Anthropogenic underwater noise from offshore wind
turbines is an increasingly relevant environmental con-
cern, particularly for fixed-bottom installations such
as monopile foundations. This work presents a physics-
based framework for predicting operational structure-
borne underwater noise from a monopile-supported
offshore wind turbine.
The methodology combines time-domain aero-hydro-
servo-elastic simulations performed with OpenFAST
with a frequency-domain acoustic model based on
equivalent dipole sources and analytical Green’s func-
tions. Free-surface and seabed reflections are incorpo-
rated through the method of images. To account for
high-frequency vibrations not resolved by the aeroe-
lastic solver, a synthetic drivetrain excitation model
is introduced.
The results show two distinct radiation regimes. At
low frequencies, the acoustic field is governed by global
bending modes of the tower–monopile assembly, pro-
ducing a dipolar directivity pattern aligned with the
turbine axis. At mid- and high frequencies, drivetrain-
induced vibrations dominate the response and gen-
erate a more axisymmetric radiation pattern. The
shallow-water environment further modifies propaga-
tion, promoting cylindrical-like spreading and reduced
vertical variability of the acoustic field.
The proposed framework provides a computationally
efficient tool for estimating operational underwater
noise during the design phase of offshore wind turbines
and may support future environmental assessment and
monitoring strategies.
Keywords: Offshore Wind turbine, Vibro-Acoustics, Un-
derwater noise, Structure-borne noise, Monopile founda-
tions
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1. Introduction

Anthropogenic underwater noise is an increasing envi-
ronmental concern, particularly the continuous low-
frequency noise from offshore wind turbines during
operation, which is less studied than impulsive sources
such as pile driving [1], [2], [3]. Among the fixed bot-
tom support structures, the monopile foundation is
the most widely deployed, making its dynamic and
acoustic behaviour under operational conditions espe-
cially relevant [4].

Operational noise originates from two main pathways:
airborne aeroacoustic noise at the rotor and structure-
borne vibroacoustic radiation through the support
structure. Recent work [5] has shown that aeroa-
coustic energy can propagate into the water column
through air–water coupling, but this mechanism is dis-
tinct from structure-borne transmission. The present
study focuses on vibroacoustic noise, which arises from
fluctuating aerodynamic thrust, drivetrain excitation,
and hydrodynamic loading inducing vibrations that
propagate along the tower and monopile and radiate
into the water [3], [4].

Predictive physics-based tools for underwater noise
are still limited, with most environmental assessments
relying on post hoc measurements. A validated frame-
work would allow noise quantification during the de-
sign phase and support future regulatory standards.
Therefore, this study develops a predictive vibroacous-
tic framework for a monopile-supported offshore wind
turbine, focusing on structure-borne noise under rated
operating conditions. The main contributions are: (i)
an integrated modelling framework coupling aeroe-
lastic loading, structural dynamics, fluid–structure
interaction, and acoustic propagation; (ii) definition
of measurable acoustic descriptors for consistent char-
acterisation of radiated sound; and (iii) identification
of the physical mechanisms governing the operational
underwater noise signature of bottom-fixed turbines.
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2. Methodology
The study couples time-domain aero-hydro-servo-
elastic simulations (OpenFAST) of a 10 MW monopile-
supported turbine with a frequency-domain acoustic
model based on equivalent dipole sources and the
method of images.

2.1. Turbine and Support Structure
The reference turbine is the DTU 10 MW [6], whose
main characteristics are given in Table 1. Simulations
are performed at a steady uniform inflow of 11.4 m/s
(9.6 rpm, λ = 6) to ensure stationary structural re-
sponse.

Characteristic DTU 10 MW
Hub height [m] 119.0
Rotor diameter [m] 178.4
Nominal wind velocity [m/s] 11.4
Rotor angular velocity [rpm] 9.6
Blade tip velocity [m/s] 90.0
Blade Pitch [deg.] 10.5

Table 1: Geometrical and operational (rated) conditions
of DTU 10 MW [6].

2.2. Structural Dynamics
OpenFAST [7] solves the coupled equations of mo-
tion in the time domain. The tower and blades are
modelled with beam elements (ElastoDyn), while the
monopile is represented by a first-order finite element
formulation (Timoshenko beams) in SubDyn [8]. Hy-
drodynamic loads (HydroDyn) include wave excita-
tion, added mass, radiation damping, and hydrostatic
restoring. Only the 25 submerged nodes (z < 0) are
retained as acoustic sources.
The dominant eigenfrequencies lie below 5 Hz (global
bending). Higher-frequency drivetrain-induced vibra-
tions [9], [10], [11], [12] are introduced via a synthetic
excitation at the hub. A mesh convergence study
(Fig. 1) confirmed that the 25-node discretisation is
sufficient.
Time-domain simulations run for 130 s; the first 30 s
are discarded. With ∆t = 5 × 10−4 s (fs = 2000 Hz,
Nyquist 1000 Hz) and T = 100 s, the frequency reso-
lution is 0.01 Hz. Nodal accelerations are windowed
(Hann), mean-subtracted, and Fourier-transformed to
obtain complex spectra, which are then multiplied by
the effective nodal mass to yield dipole forces.

2.3. Acoustic Model
Assuming small-amplitude vibrations in a quiescent
fluid, structural vibrations are modelled as localised
oscillatory body forces acting on the surrounding fluid.
Under the linear acoustic approximation, higher-order
nonlinear and quadrupole contributions are negligible
[13], and the dominant radiation mechanism is dipolar,
associated with fluctuating inertial forces without net
mass injection. Each submerged node n is treated as a
point dipole whose strength is obtained from the local
acceleration an and a frequency-dependent radiation
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Figure 1: Validation of the proposed acoustic method-
ology against a three-dimensional Boundary Element
Method (BEM) solution for a submerged monopile in
free space. Left: mean signed relative SPL error over the
evaluation plane as a function of frequency. Right: con-
vergence of the maximum relative error with increasing
number of equivalent dipole nodes.

correction γ(ω, Rn) [14]:

fn(ω) = γ(ω, Rn) mstruct,n an(ω), (1)

with mstruct,n = ρmatAn∆zn. The factor γ accounts
for the transition from added-mass dominance at low
frequencies to bare dipole radiation at high frequencies.
The total acoustic pressure is then obtained by linear
superposition of all Nd dipole contributions [15]:

p̃(x, ω) =
Nd∑

n=1

1
4πrn

(
1
rn

− ik0

) (
f̃n(ω) · r̂n

)
eik0rn ,

(2)
where k0 = ω/c0, rn = |x − xn|, and r̂n is the unit
vector from the n-th source to the observer. Validation
against a full BEM solution (Fig. 1) shows errors below
1%.

2.4. Boundary Conditions: Method of Images
The free surface (z = 0) is treated as a pressure-
release boundary (p̃ = 0) and the seabed (z = −H)
as a partially reflecting boundary with a constant
reflection coefficient Rb = 0.5 [16]. Image dipoles
are introduced by successive mirroring across both
boundaries, yielding an infinite series. A convergence
study showed that N = 30 images per side reduce the
relative error below 10−13. All subsequent results use
this truncation.

2.5. Drivetrain Excitation Model
OpenFAST does not resolve high-frequency internal
drivetrain dynamics. Therefore, a synthetic excitation
force is applied at the generator location, represent-
ing shaft harmonics and gear-mesh frequencies of a
medium-speed 10 MW gearbox [17]. Amplitudes fol-
low an exponential decay with harmonic order and are
weighted by stage, consistent with typical torsional
energy distributions [18], [19], [20]. Modal amplifica-
tion is included via a set of lightly damped torsional
modes (ζ = 2%) [21], and a narrow Gaussian broaden-
ing is applied to mesh components to mimic realistic
spectral spreading. The resulting signal is scaled to
match the RMS level reported by Wang et al. [22].

12th Convention of the European Acoustics Association
Graz, Austria • 8th – 12th September 2026 •

P
re
lim

in
ar
y
do
cu
m
en
t

https://euracoustics.org/
http://aaa-oega.org/


10 1 100 101 102

Frequency [Hz]

0.000

0.050

0.100

0.150

0.200

R
e
la

ti
v
e
 A

m
p
lit

u
d
e

1
P

3
P

IM
S
2

H
S
S

G
M

1

G
M

2

G
M

3

Generator Excitation Spectrum

Figure 2: Frequency spectrum of the reconstructed gen-
erator excitation signal (normalized to unit RMS). Labels:
1P (rotor frequency), 3P (blade-passing harmonic), LSS
(low-speed shaft), IMS (intermediate-speed shaft), HSS
(high-speed shaft), GM1–GM3 (gear-mesh frequencies of
stages 1–3).

3. Results
The acoustic field is characterised across a range of fre-
quencies, spatial configurations, and receiver distances,
enabling a thorough characterisation of the structure-
borne underwater noise signature under rated operat-
ing conditions.

3.1. Radiated Acoustic Spectra
The narrowband sound pressure level (SPL) is used as
the primary descriptor of tonal and broadband content.
For each frequency, the complex pressure amplitude
is converted to an RMS value and expressed in dB re
1 µPa:

SPL(f) = 20 log10

(
|p(f)|√
2 pref

)
, pref = 1 µPa. (3)

A frequency-dependent absorption correction is addi-
tionally applied following the Thorp model [23], using
the straight-line source–receiver distance as a conser-
vative lower bound of the actual propagation path, so
that high-frequency attenuation is not overestimated.
Fig. 3 shows the narrowband SPL at a near-field re-
ceiver (10 m downstream, mid-depth). Discrete tonal
peaks are clearly identifiable, corresponding to rotor
harmonics and global bending modes of the tower–
monopile assembly at low frequencies, and to driv-
etrain shaft and gear-mesh harmonics at higher fre-
quencies, consistent with the excitation spectrum of
Fig. 2.
Fig. 4 presents the mid- to high-frequency spectrum
in 1/3-octave bands [24], with hearing thresholds
for representative marine species superimposed cite-
Tougaard2021,NMFS2024,Erbe2016. The emitted
noise overlaps with the functional auditory ranges
of several marine groups across a broad frequency
interval, indicating that the signal is in principle de-
tectable at close range. However, audibility does not
imply physiological impact, as noise-induced effects
depend on exposure levels and duration rather than
threshold exceedance alone [25], and rapid geometric
spreading significantly limits the biologically relevant
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Figure 3: Narrowband Sound Pressure Level spectra in
the low-frequency range (0–10 Hz) evaluated at a receiver
located 10 m from the turbine at z = −15 m. Dashed lines
indicate blade passing harmonics (1P, 2P and 3P), charac-
teristic drivetrain frequencies IMS and HSS (intermediate-
and high-speed shaft) and structural modal frequencies
(first collective flap, first edge and second collective flap
modes) reported in [6].

spatial extent.
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Figure 4: One-third octave band Sound Pressure Level
spectra (10–1000 Hz) evaluated at a receiver located 10 m
from the turbine at z = −15 m compared with marine
fauna hearing thresholds from [26], [27], [28].

3.2. Directivity Patterns
The OASPL is obtained by energetic summation of the
narrowband SPL over a prescribed frequency band:

OASPL[f1,f2] = 10 log10

 f2∑
f=f1

10SPL(f)/10

 . (4)

Fig. 5 shows the polar distribution of OASPL at
r = 500 m and z = −15 m for three frequency bands.
At low frequencies, the radiated field exhibits a clear
dipolar pattern aligned with the streamwise direction,
governed by the dominant fore–aft global bending
mode excited by periodic aerodynamic thrust. At
higher frequencies, the directivity becomes substan-
tially more axisymmetric, with only a slight preference
for radiation perpendicular to the turbine axis, con-
sistent with drivetrain-induced excitation: since shaft
and gear-mesh loads are torsional and rotational in
nature rather than associated with a single transla-
tional mode, the resulting radiation is more spatially
distributed [18], [29].
The planar OASPL distributions in Fig. 6 confirm
these observations. In the vertical plane (y = 0),
energy spreads predominantly perpendicular to the
turbine axis, consistent with quasi-2D propagation
when the acoustic wavelength is comparable to or
larger than the water column height. In the horizontal
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plane (z = −15 m), the field is nearly homogeneous
azimuthally, decaying regularly with distance from
the source.
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Figure 6: OASPL in the horizontal plane z = −15 m
(left) and in the vertical streamwise plane y = 0 m (right).

3.3. Distance Decay Analysis
Fig. 7 shows the OASPL decay along the downstream
axis (y = 0, z = −15 m), with receiver positions loga-
rithmically spaced between 10 m and 500 m. Reference
slopes for cylindrical (−10 dB/decade, |p| ∝ 1/

√
r)

and spherical (−20 dB/decade, |p| ∝ 1/r) spreading
are included for reference.
In the immediate vicinity of the structure (below ∼ 50
m), the decay is somewhat steeper, reflecting near-field
effects. Beyond this distance, the OASPL decreases
at a rate close to 10 dB per decade, consistent with
cylindrical spreading. Two mechanisms explain this
behaviour. First, shallow-water confinement (H = 30
m) restricts vertical propagation when the acoustic
wavelength is comparable to or larger than the water
depth (kH ≲ 1), channelling energy horizontally in
a quasi-2D waveguide regime. Second, the vertically
distributed submerged sources of the monopile resem-
ble a finite line radiator, which inherently promotes
1/

√
r-type attenuation in the horizontal plane.
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Figure 7: OASPL decay with distance along the down-
stream direction (y = 0, z = -15 m). Reference slopes
corresponding to cylindrical (1/r) and spherical (1/r2)
spreading are shown. A regression fitted to the compiled
dataset of offshore wind turbine measurements is also in-
cluded, yielding a decay rate of -20.4 dB per decade.

Field measurements from [30] for a variety of offshore
wind turbines are also shown for context. Many ex-
hibit steeper decay rates, closer to spherical spreading,
as they correspond to floating configurations in deeper
water with considerably different environmental condi-
tions. The measured absolute levels are also generally
lower, which is consistent with the fact that most tur-
bines in the compiled dataset are rated below 5 MW

— significantly smaller than the 10 MW reference tur-
bine considered here — and were measured under a
wide range of operational and ocean conditions. The
predicted decay trend is physically consistent and
lies within the observed range, despite the simpli-
fied seabed representation (constant Rb = 0.5), static
free-surface condition, and conservative straight-ray
absorption correction, all of which may lead to a slight
overestimation of absolute levels at longer ranges.

4. Discussion
The underwater acoustic signature of the monopile is
governed by the interplay between structural dynamics
and environmental confinement. At low frequencies,
global bending modes of the tower–monopile assembly,
excited by periodic aerodynamic thrust, produce a
dipolar directivity pattern aligned with the stream-
wise direction. The seabed fixity suppresses rigid-body
motion, concentrating dynamic energy into elastic de-
formation. At higher frequencies, drivetrain-induced
excitations generate a more axisymmetric radiation
pattern, as shaft and gear-mesh loads are torsional
and distributed rather than associated with a single
translational mode. The shallow-water environment
(H = 30 m) further constrains vertical propagation,
sustaining acoustic energy over longer horizontal dis-
tances and promoting a quasi-2D spreading regime.
From an environmental perspective, the spectral over-
lap with marine fauna hearing ranges (Section 3) indi-
cates that the signal is detectable at short distances,
particularly in the mid- to high-frequency bands. How-
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ever, audibility does not imply physiological impact
[25], and rapid geometric spreading significantly limits
the biologically relevant spatial extent. Mitigation
strategies targeting the two dominant source mecha-
nisms — vibration isolation of the nacelle–drivetrain
assembly and structural tuning of the monopile —
could effectively reduce the underwater acoustic foot-
print.
Regarding model limitations, the structural response
is obtained under steady operating conditions, and
the drivetrain is represented by a synthetic excita-
tion model, introducing uncertainty in absolute high-
frequency amplitudes. On the acoustic side, the
constant seabed reflection coefficient, homogeneous
medium assumption, and image-method restriction to
horizontally stratified domains omit range-dependent
and bathymetric effects. Future work should pursue
experimental validation against field measurements,
incorporation of realistic metocean conditions, and ex-
tension to multi-turbine configurations for cumulative
impact assessment.

5. Conclusions
• A physics-based vibroacoustic framework cou-

pling aeroelastic simulations with an equiva-
lent dipole acoustic model has been developed,
providing a computationally efficient tool for
structure-borne underwater noise assessment
during the design phase.

• The acoustic response is frequency-dependent:
global bending modes dominate at low frequen-
cies, producing a streamwise-aligned dipolar pat-
tern, while drivetrain excitations yield a nearly
axisymmetric radiation at mid-to-high frequen-
cies.

• Shallow-water confinement (H = 30 m) and the
line-like monopile geometry promote cylindrical-
like spreading (−10 dB/decade), sustaining
acoustic energy over larger horizontal distances
than in unbounded environments.

• Spectral overlap with marine fauna hearing
ranges is observed at short distances, though
its biological relevance must be interpreted in
the context of rapid propagation decay and am-
bient masking.
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