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Abstract: Environmental impact assessment and planning are crucial in offshore energy
production, where underwater acoustics play a key role. As wind turbines generate energy,
vibrations from moving components in the generator are also produced. These vibrations
travel through the structure and are finally radiated to the underwater environment.
Building on the FLOATFARM project, this study develops sound maps incorporating
various anthropogenic sources for Viana do Castelo, Portugal, where floating offshore
wind farms are planned. The Source Level of an individual floating wind turbine (FOWT)
is estimated using Finite Element Analysis based on structural vibrations. Acoustic-
structure interaction is considered, and radiated power is computed to calculate the
acoustic Source Level. Underwater noise propagation is then modelled using blueOASIS’s
RAINDROP, a tool that streamlines noise map creation. The model integrates site-specific
bathymetry and AIS data to account for vessel contributions to the soundscape, alongside
the windfarms and multiple FOWTSs. Results include SPL levels around the wind farms at
assumed different power generation conditions. Further advancements are needed in
powertrain modelling and vibration and acoustic data validation. Nevertheless, this study
proposes a framework for characterizing FOWT structure-borne noise and its underwater
propagation, contributing to a more comprehensive understanding of offshore wind farm
acoustics, even during project design stages.
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1. INTRODUCTION

In 1990, Sweden installed the world’s first offshore wind turbine [1], marking the start
of a rapidly advancing field in renewable energy. The 1990s also marked the starting point
of floating offshore wind turbine research [2]. While most of the operational offshore wind
turbines are bottom-fixed structure[1], it is expected that the 2023 capacity of 121 MW [2]
will have increased to 264 GW by 2050 [3].

Floating offshore wind farm development presents many advantages over bottom-fixed
(or onshore) windfarms, such as extended water depth range [4], [5], insensitivity to seabed
properties [5], invisibility [6](avoiding the “not in my backyard” problem). However, they
still affect their environment and require detailed planning and environmental impact
assessments. The work presented in this paper aims at helping facilitate these assessments
by providing a framework for numerical simulations that can quantify the underwater
acoustic impact due to floating offshore windfarms also combining it with shipping noise.
The methodology is applied to a windfarm (800 MW) planned for Viana do Castelo, in the
north of Portugal, shown in Fig. 1.

Fig. 1: Portugal and the planned Viana do Castelo wind farm area.

The paper is organised as follows: section 2 covers the source characterisation and
underwater sound propagation; section 3 presents the results; section 4 provides the final
remarks.

2. NUMERICAL MODELLING

For the underwater soundscape analysis, it is first required to establish the source
characteristics. This is done via a finite element model of a single floating offshore wind
turbine, where its Source Level (SL) is estimated from the calculated radiated sound power
W. After the source is characterised, noise propagation maps are calculated considering
multiple wind turbines and shipping traffic. The methodology is shown schematically in
Fig. 2.



Prescribed acceleration
(powertrain excitation)

FOWT Sound power

geometry | Vibroacoustics model w l - ] sSL b
1turbine &1 = MO/ ()22 1S Combine all turbines

Bathymetry

Fnite - Sound speed profile
inite Element Analysis Geoacoustics

ns ———{ RAINDROP
Coordinates for g
turbines
Power factor .
Acoustic maps
Acoustic propagation

Fig. 2: Methodology overview.

2.1. Finite element analysis: source characterisation

The model was built in COMSOL 6.3 using an axisymmetric shell representing a spar-
type substructure, such as the Hywind wind turbine [7]. Structural steel properties were
used, with a damping ratio of 0.001. The thickness of the shell varies from 19 mm to 27mm.
The diameter at the top of the tower is 6.5m and 7.5 where it connects to the spar buoy. For
the floater, the diameter varies from 14.4 m at its lowest point to 7.5 m. The Pressure
Acoustics, Frequency Domain physics is combined with the structural Shell physics via the
Acoustic-Structure Interaction multiphysics, following Egs. (1)-(2) [8]:
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where n is the surface normal, p, is the fluid density (water in this case), p; is the total
acoustic pressure, uy is the out-of-plane surface acceleration of the structure and F, is the
force per unit area experienced by the structure.

A radial acceleration mimicking the excitation from the powertrain is prescribed at the
top of the tower. The water domain size changes with the frequency being analysed in order
to accommodate at least 3 wavelengths, aiming at having free field propagation. The air-
water interface is modelled as a soft boundary, meaning that the pressure vanishes at the
interface; and perfectly matched boundary is set at the other water boundaries. This avoids
reflections at the boundaries, creating anechoic boundaries. The meshed model is show in
Fig. 3(a).
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Fig. 3: Meshed model in (a) and acoustic pressure at 40Hz in (b)

Vibroacoustic data for offshore wind turbine is scarce in the literature, especially for
floating ones. The excitation at the top of the tower was based on the report of Lindell [9],
that has the radial acceleration of the structure at points close to the water surface. A unit-
amplitude broadband acceleration was first applied at the tower top in the finite element
model. The resulting acceleration was computed at a point 10 meters above sea level. This
allowed the derivation of a transfer function between the top prescribed acceleration and the
response down the structure. Using this transfer function in conjunction with the measured
acceleration spectrum from Lindell, an equivalent prescribed spectrum was inferred that
would produce comparable radial acceleration levels in the numerical model. An example
of the resulting acoustic pressure is shown in Fig. 3(b).

COMSOL also provides the radiated sound power. This is converted to Source Level
with the following assumptions: the equivalent source is a monopole at a depth greater than
1 m and at more than 1 m from the seafloor. Meaning that SL will be estimated as the sound
pressure level at 1 m from the monopole source based on the area of a 1 m radius sphere
and the calculated sound power. Therefore, the following can be written [10],
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where W is the radiated sound power, I is the sound intensity, A is the area of the unit sphere
4m, p is the acoustic pressure, p is the water density and c is the water speed of sound.
Moreover,

SPL = 1010g1o(p*/Pref)s Prey = 107° Pa. -

Therefore, at 1 m,

SL = 101log;o(p?) — 10logy,( pZy) ©)
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2.2. Sound propagation

RAINDROP! is a holistic framework for computational ocean acoustics, developed by
blueOASIS, that targets Digital Twins of the Ocean applications. It seamlessly integrates
Python code with extensively validated acoustic propagation solvers. In this paper,
KRAKEN [11] was used as the propagation solver. It can efficiently process complex
marine data, including bathymetry, metocean information, and ship AIS data, along with
custom acoustic sources, such as wind farms.

The bathymetry data was obtained from EMODnet [12], while the water properties to
calculate the sound speed profile come from the Atlantic-Iberian Biscay Irish-Ocean dataset
[13], following the UNESCO formula [14], both shown in Fig. 4. For convenience, the SSP
was obtained for the point at the greatest depth and averaged for the month of December
2024. Also, the seafloor was considered to have uniform geoacoustic properties summarised
in Table 1 [15]. However, RAINDROP accepts different properties in a similar fashion to
bathymetry. Based on the AIS data, the SL of any vessels presenting in the area of interest
are automatically calculated by the toolbox based on the JOMOPANS-ECHO model [16].

For the anticipated capacity of 800 MW and considering that each Hywind turbine has a
capacity of 6MW, the Viana do Castelo wind farm would need 134 turbines.
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Fig. 4: RAINDROP inputs — in (a), bathymetry and in (b) sound speed profile

1 https://blueoasis.pt/raindrop/
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Property Value

Density [g/cmq] 2.1
P-wave speed [m/s] 1885
S-wave speed [m/s] 0

P-wave attenuation [dB] 34
S-wave attenuation [dB] 25
Table 1: Geoacoustic properties of the seabed

3. RESULTS

The EU Marine Strategy Framework Directive recommends assessing the 63 Hz and the
125 Hz third-octave frequency bands for environmental impact of shipping noise. The
results presented in this paper are for the 63 Hz band.

Firstly, to help define the baseline of the soundscape, RAINDROP was run without the
windfarm (marked by the light grey polygon), to assess the impact of shipping traffic. For
a randomly selected instant in time, the map is produced, with three fishing vessels and a
bulker from the AIS available. The map is shown in Fig. 6. The “louder” bulker produces
SPL close to 150 dB close to it, but with most of the noise being between 100-120 dB,
concentrated in an area with a radius of around 15 km.

The transfer function H = ag,wn/aco, between the prescribed acceleration at top and
the acceleration 10 m from the water surface is shown in Fig. 5. These are accelerations in
the radial direction of the structure. As discussed previously, this was constructed from a
unit acceleration first, which was then used to adjust the prescribed acceleration at the top
in order to obtain similar levels of acceleration reported in the literature closer to the water
surface.
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Fig. 5: Acceleration transfer function.

The structural model for the tower, at the 63 Hz, calculates an acceleration of around
0.02 m/s?. The calculated sound power is 0.0479 W, leading to a SL estimation of 152.6 dB
re 1 uPa @ 1 m. Literature reports measured median SL between 149-155 dB re 1 pPa @
1 m [17] for the Hywind project at 63 Hz depending on the wind speed. However, it is



important to note that the results in literature include additional noise sources such as the
moorings. These are expected to contribute more at higher frequencies, but might have some
Moreover, the highest SL measured occurs at 80
Hz. Regardless, the proposed methodology produces comparable SL and with adjusted input
excitation, better agreement is expected. The map with the windfarm and shipping traffic is

influence at this particular band, as well.

shown in Fig. 7.
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Fig. 6: Acoustic map at 63 Hz with vessels in the Viana do Castelo area.

9.3°W

9.15°W

9°W

Viana do Castelo
X

Fishing|Vessel

ﬂ?@@ﬂ@:@
8.85°W 8.7°W

Fig. 7: Acoustic map at 63Hz considering the planed 800 MW windfarm and shipping.
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The results consider that all of 134 turbines are a monopole with a SL of 152.6 dB re 1
MPa @ 1 m. This leads to similar SPL from the bulker, also extending more than 15 km



from the windfarm, but in a more uniform area. It stands to reason that the SL will be
proportional to the operating condition of the turbine and therefore it is unlikely that all of
them are under the same condition. This means that in the real operation, some fluctuation
will be present. Moreover, the prescribed acceleration at the top of the tower is not validated,
which might lead to deviations in the calculated of the SL. The windfarm operating at
different conditions is also shown in Fig. 8. Note the power factor turbine psqc rurp
percentage. The calculated radiated sound power W in these cases is directly multiplied by
this value. Therefore, if it says 9%, the estimated W is multiplied by 0.09 leading to a SL of
142.1dBrelpyPa @ 1 m.
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Fig. 8: Windfarm at different operating conditions and different vessels in the area



4. FINAL REMARKS

This paper presents a methodology for estimating the underwater acoustic impact of
floating offshore wind turbines and wind farms, starting from finite element modeling and
extending to acoustic propagation analysis. This approach helps to enable effective planning
and environmental impact assessments, as well as guidance on noise mitigation strategies.

A single turbine is first modeled to estimate its Source Level based on radiated sound
power derived from the finite element simulation. Once characterized, this source can be
replicated across the planned wind farm layout. By integrating this with established
underwater acoustic solvers, the overall acoustic footprint of the wind farm is calculated.
Results show that the SPL footprint of the wind farm can be comparable to shipping traffic
and can extend to a larger area. However, the actual impact for a real operating wind turbine
requires further validation, due to the uncertainty in the excitation from the generator.
Regardless of challenges in defining model inputs, the estimated SL is within the range of
available experimental data. Therefore, the methodology holds just requiring fine tuning of
the input date. The results shown here also consider that every wind turbine is operating
with the same condition and therefore has the same SL. This can be changed in RAINDROP
with either the use of a power factor that changes the SL depending on the operating
conditions of each specific turbine or the farm as a whole.

RAINDROP can also provide results in terms of other quantities such as Level of Onset
of Biological Adverse Effects, LOBE. Future work will focus on simulating the wind-loaded
generator powertrain for more accurate excitation modeling and employing reduced-order
modeling techniques to accommodate more complex turbine geometries beyond the
axisymmetric model used in this study and different vibroacoustics modelling, such as
Statistical Energy Analysis.
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