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As interest in the development of renewable energy increases, a large number of
offshore wind farms are being built worldwide. Accordingly, the potential impacts
of underwater operational noise on marine ecosystems have become an issue,
and thus it is necessary to understand the mechanisms and acoustic
characteristics of underwater operational noise for the environmental impact
assessment. For this paper, underwater noise was measured for about 10 days
near a 3-MW wind turbine off the southwest coast of Korea, and the acoustic
characteristics of the operational noise and its relationship with rotor speed were
investigated. The tonal frequencies of the underwater operational noise varied
with rotor speed, and particularly the peak level at a frequency of ~198 Hz
increased by ~20 dB or more at the rated rotor speed. Additional experiments
were conducted to determine the relationship between underwater noise and
wind turbine tower vibration, and finally, the underwater noise correlated highly
with the tower vibration acceleration signal, wind speed, and rotor speed, with
correlation coefficients of 0.95 or higher.

KEYWORDS
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1 Introduction

Offshore wind power is playing an increasingly important role in the transition to
sustainable green energy (Cranmer and Baker, 2020; Stober and Thomsen, 2021; Popper
et al., 2022). Offshore wind power has many advantages, such as stronger wind conditions
than onshore, virtually no restrictions on the scale, limited visual pollution, and no noise
issues for onshore residents (Bilgili et al, 2011; Oh et al, 2012). However, one major
environmental issue caused by offshore wind power is underwater noise generated during the
whole life cycle of a wind farm, from positioning and site surveys through construction,
operation, and decommissioning (Tougaard et al., 2009; Kastelein et al., 2017; Mooney et al,,
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2020; Galparsoro et al.,, 2022). Underwater noise from each of these
phases has the potential to negatively impact aquatic life in several
ways (Pangerc et al., 2016; Mooney et al., 2020; Tougaard et al., 2020;
Han and Choi, 2022; Popper et al,, 2022). Recently, several studies
have been reported on the effects of environmental changes caused by
the construction and operation of offshore wind farms on the marine
ecosystem (Vaissiere et al., 2014; Hall et al,, 2020). Of these, most
studies reported negative impacts from offshore wind farms, mostly
related to birds, marine mammals, and ecosystem structure
(Galparsoro et al.,, 2022). On the other hand, positive effects related
to reef effects on fish and macroinvertebrates were less reported
(Wilhelmsson et al., 2006; Bergstrom et al., 2013; Bray et al., 2016;
Dannheim et al., 2020; Galparsoro et al., 2022).

Since pile-driving noise has an extremely high sound pressure
level, studies on underwater noise have mostly focused on pile-
driving noise generated during construction (Reinhall and Dahl,
2011; Dahl et al., 2015; Tsouvalas, 2020; Han and Choi, 2022). On
the other hand, the underwater noise generated during wind turbine
operation is relatively lower than that generated during pile
installation, and thus fewer studies have examined its effects on
marine ecosystems (Madsen et al., 2006; Thomsen et al., 2006; Gill
et al,, 2012; Thomsen et al., 2015; Mooney et al., 2020; Tougaard
et al.,, 2020; Stober and Thomsen, 2021). However, advances in
offshore wind power technology enable the construction of taller
wind turbines with larger blades. This can increase the mechanical
forces acting on the gears and bearings, which increases underwater
noise during operation (Marmo et al., 2013; Mooney et al., 2020;
Tougaard et al.,, 2020; Stober and Thomsen, 2021). In fact, it has
been reported that the operational noise tends to increase in noise
level with a nominal power of 13.6 dB/decade (Tougaard
et al., 2020).

The operational noise mainly originates from vibrations caused
by the movement of the various mechanical parts of a wind-turbine
nacelle. The mechanical vibrations, which are generated
continuously during turbine operation, are transmitted downward
through the tower and radiate into the water (Tougaard et al., 2009;
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Amaral et al., 2020; Tougaard et al., 2020). It was reported that
operational noise consists of tonal components with frequencies
lower than 1 kHz, which typically correspond to the gear mesh
frequencies of the gearbox and their harmonics (Pangerc et al,
2016; Tougaard et al, 2020). The gear mesh frequency is
determined by multiplying the number of teeth by the rotational
speed of the gear, and the properties of operational noise depend on
the specifications of the gear and the turbine operation parameters.

A few studies have been conducted to quantify operational
noise, but only Pangerc et al. (2016) have investigated operational
noise over a wide range of operational conditions. In this study, we
report the acoustic properties of underwater noise generated by a
jacket-type wind turbine during operation based on measurements
performed over 10 days at a wind-speed range from 0 to 20 m/s. The
measured underwater noise is converted into a power spectral
density (PSD) to analyze the frequencies and levels of the peak
components relative to the wind speed and rotor speed. In addition,
we investigated the correlation between underwater operational
noise and the tower vibration acceleration signal of the wind turbine
by simultaneously measuring those two signals for an additional
24 hours.

2 Field measurements

The underwater operational noise from the offshore wind
turbine at the Southwest Offshore Wind Farm off the southwest
coast of Korea (Figure 1) was measured twice. This wind farm
contains 20 3-MW wind turbines: 19 with jacket-type foundations
and 1 with a suction-type foundation. Underwater operational noise
was first measured from turbine #16, located on the northernmost
edge of the wind farm, for about 10 days, from February 24 to
March 5, 2021. The bathymetry in the wind farm was relatively flat.
The nominal water depth at the measurement site was 12 m, but it
was measured to fluctuate up to £3.6 m due to the tidal difference
during the measurement period.
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FIGURE 1

(A) Location of the Southwest Offshore Wind Farm, consisting of 20 offshore wind turbines (cross). The red cross indicates the location of turbine

#16. (B) Photograph of wind turbine #16.
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Acoustic data were received at a sampling frequency of 96 kHz
using a self-recording hydrophone (SM3M, Wildlife Acoustics,
USA) that was moored about 4 m above the seabed. The recorder
was installed approximately 70 m away from turbine #16 (35° 29’
53.13"N 126° 19’ 7.80"E) in the north direction of the wind farm
where there are no other wind turbines to avoid noise interference
from other wind turbines. The receiving voltage sensitivity of the
hydrophone (standard, High Tech Inc., USA) was —-164.4 5 dB re 1
V/uPa over the frequency band from 2 Hz to 48 kHz. A depth
recorder (U20-001-03, Onset, USA) was installed on the
hydrophone frame to monitor the deployment depth.

The acoustic data received for about 10 days were divided into
time segments of 597 seconds, with a time interval of 3 seconds
between each time segment. From each segment, 1,193 PSDs in dB
re 1 WPa*/Hz using Welch’s method (Welch, 1967) with 1 second,
50% overlapping, and a Hanning window was calculated. And
then the PSDs were intensity-averaged to represent the PSD for 10
minutes. The receiving voltage sensitivity of the hydrophone was
then corrected. Among all the intensity-averaged PSDs, those
estimated to contain noise other than the operational noise of
offshore wind turbine, such as ship noise, were removed.
Therefore, 1,095 PSDs were finally used for operational noise
analysis. In addition, to investigate the correlation between the
pressure level of operational turbine noise and the rotor speed of
the wind turbine, the band pressure levels were estimated, which
can be obtained by summing the PSDs estimated over the
frequency band of interest (Yang et al, 2018). The frequency
band of 60 to 500 Hz was selected in our case. A detailed
description will be given in section 3.1.

The 10-minute averaged wind speed and rotor speed of the
wind turbine during acoustic measurements were obtained from the
supervisory control and data acquisition (SCADA) system attached
to the wind turbine and provided by the Korea Offshore Wind
Power Co., Ltd. The cut-in speed of the wind turbine was 3 m/s, the
cut-out speed to protect the wind turbine from damage was 20 m/s,
and the rated wind speed was 10 m/s. At or above the rated wind
speed, the rotor speed is fixed at 10.7 rpm, producing a nominal
maximum power output of 3 MW.

As mentioned in the Introduction, the operational noise is
reported to be caused by tower vibration, which was not
measured directly from the tower during the first measurement
window. Therefore, a second measurement of underwater
operational noise was performed along with tower vibration
measurement at approximately the same location (35° 29’ 53.08"
N 126° 19’ 8.18"E) as the first measurement. The configuration and
settings for the acoustic receiver system were the same as for the
first measurement. On November 17, 2021, tower vibration was
measured for 24 hours, beginning at 14:00 local time, using a
vibrometer system, consisting of a miniature triaxial IEPE
accelerometer (141A100, YMC Piezotronics Inc, China) and a
data acquisition system (DT9837A, Data Translation Inc, USA)
that was mounted on the inner wall of the tower. The frequency
range of the accelerometer provided by the manufacturer was 0.5 to
5,000 Hz with +10% accuracy. However, to accommodate the
maximum file size, the vibration acceleration signal was digitized
at a sampling frequency of 1 kHz and saved in a text file format
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during the 24-hour vibration data acquisition. The magnitude of the
triaxial acceleration signals was calculated as the square root of the
sum of the squares of the three-direction components (Vihi-Ypya
et al., 2015) and then was short-time Fourier transformed with 1-
second Hamming windows to obtain the spectrogram.

3 Result

3.1 Acoustic characteristics of
underwater operational noise with wind
speed variation

A comparison between wind speed and rotor speed during the
first measurement period is shown in Figure 2A. The wind speeds
varied between 0.6 and 19.8 m/s over 9 days 5 hours. The wind
turbine started operating at the cut-in wind speed (3 m/s) with a
rotor speed of about 6.4 rpm. The rotor speed was maintained at
~6.4 rpm until the wind speed increased to about 4.8 m/s. After that,
the rotor speed increased as the wind speed increased, but it was
fixed at about 10.7 rpm from a wind speed of ~8 m/s, which is 2 m/s
lower than the designed rated wind speed. Wind speeds between 3
and 8 m/s correlated highly with rotor speeds between 6.4 and 10.7
rpm, with an r-value of 0.88. The reason for the difference between
the designed and measured rated wind speeds might be that the
wind speed measured by the SCADA system was lower than the
actual wind speed due to disturbance from the blades during
turbine operation.

To investigate the correlation between underwater operational
noise and wind speed and rotor speed, the intensity-averaged PSD
estimated per 10 minutes is assumed to represent the PSD of the 10-
minute averaged wind turbine rotor speed during acoustic
measurements. Therefore, the 10-minute averaged rotor speed is
referred to as simply the rotor speed. Figure 2B shows the
spectrogram of underwater noise obtained using the PSDs
estimated during the 9 days 5 hours of the first measurement
window. Because the dominant tonal components of underwater
noise caused by turbine operation occurred mostly at frequencies
below 500 Hz, the spectrogram is shown up to 500 Hz. The wind
speed and rotor speed at the same time as the spectrogram are
shown in Figure 2A. A strong tonal component was observed at a
frequency of ~99 Hz, along with its harmonics at 198, 297, and
396 Hz, when the wind speed was higher than the rated wind speed
(approximately 8 m/s) and the rotor speed was constant at ~10.7
rpm. Interestingly, the tone at ~198 Hz had the strongest energy. In
addition, several tonal components were observed at frequencies
below 100 Hz. Those tonal components were observed even below
the rated wind speed, varied with time, and showed a high
correlation with wind and rotor speed variations. Tonal
components caused by operational noise appeared to occur even
below 60 Hz, but they were mostly masked by background noise
with a semi-diurnal cycle coincident with the tidal variation
measured by the depth recorder. The low-frequency noise below
~60 Hz was estimated to be flow noise caused by the tidal current in
the region, which is beyond the scope of this paper because it has no
correlation with the operational noise.
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FIGURE 2

(A) Comparison of wind speed and rotor speed during the first measurement window. (B) Spectrogram of underwater noise measured approximately

70 m from wind turbine #16 over a period of approximately 10 days.

Figure 3 shows the average PSDs of each of the seven stages
divided by 1-rpm intervals over the rotor speed range from 5.5 to
10.5 rpm. These are the averages of PSDs from at least 10 hours at
each stage, with about 82 hours at the last stage. The first stage
corresponds to rotor speeds below 5.5 rpm, and in most cases, was 0
rpm because the rotor was not running. The second stage contains
the rotor speed of 6.4 rpm, which occurred at wind speed ranges
from 3 to 4.8 m/s. The seventh stage corresponds to a rotor speed

higher than 10.5 rpm. Cases with a rated rotor speed of 10.7 rpm
that occurred when the measured wind speed was higher than ~8
m/s are included in the seventh stage. Noteworthy features were
observed in the frequency range of ~65 to 100 Hz when the rotor
was running. From the third stage, corresponding to a rotor speed
between 6.5 and 7.5 rpm, the peak frequency in this frequency band
tended to shift from ~70 to 99 Hz as rotor speed increased. Another
feature is the strong tone generated at ~198 Hz when the rotor
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FIGURE 3

Average power spectral densities in seven stages divided at 1-rpm intervals across the measured rotor-speed range.
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speed reached its rated speed, as shown in Figure 2. The PSD at
~198 Hz showed the highest level (~94.6 dB re 1 uPa?/Hz) in the
last stage including the rated rotor speed, but it decreased to ~78.0
dB re 1 uPa*/Hz in the sixth stage, when the rotor speed was
between 9.5 and 10.5 rpm. In the subsequent lower stages, the PSD
converged to that of the surrounding frequency bands. The strong
PSD level at ~198 Hz seems to be the second harmonic component
of the tone observed at ~99 Hz, as discussed in Figure 2B. The third
and fourth harmonic components were observed at frequencies of
~297 and ~396 Hz, respectively, at the last stage, but their PSD
levels were much weaker than that at 198 Hz. These harmonic
components are presumed to be the gear mesh frequency of the
gearbox and its harmonics, and a detailed discussion will be given in
section 4.

We next investigated the correlation between the band pressure
level of operational turbine noise and rotor speed to determine the
energy change in operational noise with rotor speed. As mentioned
above, because the operational noise seems to be masked by strong
tidal current noise at frequencies below 60 Hz, we obtained the band
pressure level by summing the PSDs in the frequency band of 60 to
500 Hz. Figure 4 shows the band pressure levels as a function of
rotor speed. Overall, the band pressure level tends to increase with
rotor speed in the range from 6.4 to 10.7 rpm. However, the increase
rate shows a large difference around 8 rpm. That is, the pressure
level increases with a slope of ~3.1 dB/rpm below ~ 8 rpm but is
nearly constant after that. As shown in Figure 3, the main energy of
the operational turbine noise was dominated by peaks in the 70-100
Hz frequency range, with a strong tone occurring at ~198 Hz. In
addition, the peak level in the 70-100 Hz frequency range increased
with rotor speed, but from the fourth stage, which corresponds to
the rotor speed range from 7.5 to 8.5 rpm, the peak level did not

10.3389/fmars.2023.1153843

increase with rotor speed but tended to decrease slightly, shifting
only the peak frequency upward. This effect seems to be the cause of
the slope difference shown in Figure 4. After reaching the rated
rotor speed, the peak frequency no longer increases at ~ 99 Hz.
From that point, it and its harmonic components contribute to the
energy increase in operational turbine noise.

3.2 Correlation between underwater
operational noise and tower vibration

Because we did not measure tower vibration during the first
measurement window, a second measurement of underwater
operational noise was conducted along with tower vibration
measurement for 24 hours. However, in the vibration acceleration
signals during those 24 hours, data with a meaningful signal-to-
noise level were collected only when the rotor speed was higher than
about 8 rpm, which occurred only during the last 6 hours.

The tower vibration of the wind turbine is reported to be
caused by various sources, such as the wind loads on the rotor
blades and tower, the inertial forces of the rotating parts, the
natural frequencies of various components, and the mechanical
forces in the power transmission system including the gear
meshing process (Escaler and Mebraki, 2018; Awada et al,
2021). Figure 5 shows spectrograms of the underwater
operational noise and vibration acceleration signals from the
tower for 6 hours, along with the wind and rotor speeds during
the same time. The spectral levels of underwater operational noise
and tower vibration were intensity-averaged every minute,
whereas the wind and rotor speeds in Figure 5 are 10-minute
averaged values. Since the flow noise was dominated at frequencies
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FIGURE 4

Band pressure levels of underwater operational noise measured during the first measurement window, shown as a function of rotor speed. The band
pressure level was obtained by summing the PSDs in the frequency band from 60 to 500 Hz. Solid and dashed lines indicate slopes of ~3.1 and ~0.1
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(A) Comparison of wind speed and rotor speed for 6 hours beginning at 08:00 local time on November 18, 2021. (B, C) Spectrograms of the
underwater operational turbine noise and vibration acceleration signals from the wind turbine tower, respectively, measured during the same time.

below 60 Hz, the comparison was carried out at frequencies higher
than 60 Hz. During the 6-hour measurement period, the wind
speed and rotor speed tended to increase in the ranges of 5.7-7.5
m/s and 8.1-10.6 rpm, respectively. Unfortunately, the second
measurement window did not contain any conditions above the
rated wind speed. Therefore, it was not possible to measure the
harmonic characteristics of underwater operational noise
generated above the rated rotor speed. Interestingly, the
frequencies of the dominant tower vibration acceleration signal
and underwater operational noise were both in a range from ~72
to 100 Hz; overall, their frequency shifts correlated highly with
each other and with wind speed and rotor speed, all with r-values
higher than 0.95. These results imply that underwater noise during
turbine operation was caused by tower vibration that was itself
caused by rotor operation. The peak frequencies of both signals
appear to be associated with the gear mesh frequency of the
gearbox, which will be discussed in Section 4.

For the underwater operational noise shown in Figure 5B, the
dominant energy occurred around 80 Hz, which corresponds to
relatively low rotor speeds, below ~9 rpm, that occurred before
about 11:10. Those results are consistent with the results from the
first measurement window presented in Figure 3. On the other
hand, in the vibration acceleration signals shown in Figure 5C, the
highest energy occurred between ~95 and 100 Hz, after 11:30, when
the rotor speed was ~10 rpm. The reason for the opposite trend in
the magnitude of underwater operational noise and the tower

Frontiers in Marine Science 06

acceleration signal could be the uncertainty of the receiving
sensitivity associated with the frequency of the accelerometer.

4 Summary and discussion

The purpose of this study was to investigate the properties of
underwater operational noise from offshore wind turbines
according to wind speed variation as part of a preliminary
investigation to evaluate the effects of underwater noise from
offshore wind farms on marine ecosystems. All measurements
were performed on a 3-MW jacket-type wind turbine in the
Southwest Offshore Wind Farm off the southwest coast of Korea.
During the measurement period, the wind turbine started operating
with a rotor speed of ~6.4 rpm at a cut-in wind speed of 3 m/s, and
the rotor speed was kept constant until the wind speed reached ~4.8
m/s. Then, the rotor speed increased linearly with wind speed, with
a correlation coefficient r of 0.88, until it was fixed at ~10.7 rpm
when the wind speed was ~8 m/s or higher. The wind speed
measured by the SCADA system attached to the wind turbine
might have been underestimated by ~20% due to disturbances
caused by the blades during turbine operation.

Between rotor speeds of 6.4 and 10.7 rpm, which correspond to
the cut-in rotor speed and the rated rotor speed, respectively, the
frequencies of the dominant peaks below ~ 99 Hz shifted in the
positive frequency direction with wind speed and rotor speed. In
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addition, the band pressure level for the frequency band from 60 to
500 Hz tended to increase with rotor speed. However, the increase
rate was very small above a rotor speed of ~8 rpm because the peak
level in the 70-100 Hz frequency range did not increase with rotor
speed; only the peak frequency shifted upward. On the other hand,
when the wind speed was higher than the rated wind speed, the
rotor speed was held constant at ~10.7 rpm. In that case, multiple
tones were observed in the PSD. A strong tonal component at ~
99 Hz and its harmonics especially contributed to the increased
energy of operational turbine noise. In the second window, we
measured the underwater noise and tower vibration of the wind
turbine simultaneously for wind conditions below the rated wind
speed. The frequencies of the dominant tower vibration acceleration
signal and underwater operational noise both varied within the
range from ~72 to 100 Hz, and their frequency shifts were highly
correlated with each other and with wind speed and rotor speed.
The acoustic properties of underwater operational noise
correlated highly with wind speed, rotor speed, and tower
vibration. However, it was difficult to investigate underwater
noise at frequencies below 60 Hz because it was masked by flow
noise from tidal currents. Figure 6A shows a spectrogram for the
period from 18:00 on February 28 to 09:00 on March 1, obtained
using 1-minute intensity-averaged PDSs. During that period, the

Frequency (Hz)

10.3389/fmars.2023.1153843

wind speed varied from ~4.0 to 13.5 m/s. Consequently, the rotor
speed changed from ~6.8 to 10.7 rpm; after 01:10 on March 1, the
rotor was maintained at the rated speed of 10.7 rpm. Two periods
with minimal flow noise and different wind speeds were selected for
this investigation: 23:14 on February 28 and 04:44 on March 1,
which are indicated by arrows T1 and T2, respectively, in Figure 6A.
The rotor speed around T1 was less than the rated rotor speed, and
that around T2 was the rated rotor speed. Interestingly, several tonal
components can be observed at frequencies below 60 Hz during
those two times.

Figure 6B shows the PSD for the underwater noise measured at
T1, when the wind and rotor speeds were 6.3 m/s and 9.8 rpm,
respectively. Two harmonic components were observed. One
component has a first peak frequency of 89 Hz, and its first
harmonic is observed at 178 Hz, marked with a blue 1X and 2X,
respectively, in Figure 6B. The second and third harmonics could
then be expected to exist at 267 and 356 Hz, respectively; relatively
weak harmonic components were observed around 267 and 356 Hz,
marked with 3X and 4X, respectively, in the spectrogram. These are
followed by two relatively strong peaks at 370 and 375 Hz that
represent an unknown noise that appears to be system noise. As
mentioned in the Introduction, the gear mesh frequency is
determined by multiplying the number of teeth on the gear by
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FIGURE 6

(A) Spectrogram for the 15 hours between 18:00 on February 28 and 09:00 on March 1, 2021. (B) PSD for underwater operational noise measured at
T1, when the wind and rotor speeds were 6.3 m/s and 9.8 rpm, respectively. (C) PSD at T2, when the wind and rotor speeds were 11.0 m/s and 10.7
rpm, respectively. The red and blue dots indicate two gear mesh frequencies and their harmonics.
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the shaft rotational speed. From this observation, the number of
teeth on the corresponding gear is estimated to be approximately
545. The first peak of the second harmonic, marked with a red 2X in
Figure 6B, was observed at about 32 Hz. However, the subsequent
three peaks were observed at a frequency interval of about 16 Hz.
Because harmonic components exist at multiples of the first peak
frequency, a 16-Hz interval would indicate that the first peak exists
at 16 Hz and not 32 Hz. In fact, a relatively small peak, marked with
a red 1X in the spectrogram, does exist at ~16 Hz. The number of
teeth on another gear can then be estimated to be about 98.

The spectrogram at the rated rotor speed of 10.7 rpm is shown
in Figure 6C, which corresponds to T2. As reported above, the first
peak of the harmonics at the rated rotor speed occurred at 99 Hz,
which is marked with a blue 1X, and its three harmonics were
observed at frequencies that are multiples of 99 Hz. In this case, the
number of gear teeth was estimated to be about 555, which is a
difference of 10 from the 545 estimated when the rotor speed was
9.8 rpm. At T2, the dominant peak at the lowest frequency was
observed at 35 Hz, which is marked with a red 2X in Figure 6C.
Among the peaks distributed between this peak and that at 99 Hz
were three harmonic components with a frequency interval of ~18
Hz. The first peak frequency can then be estimated to be 18 Hz
using the same method described above. A weak peak might be
present at 18 Hz on the spectrogram, but it is difficult to accurately
identify. The number of gear teeth would be estimated to be about
101 using 18 Hz as the gear mesh frequency and a rotor speed of
10.7 rpm. For the two cases shown here, the number of gear teeth
estimated using the rotor speeds and gear mesh frequencies differed
slightly. That difference might be caused by discrepancies between
the actual instantaneous rotor speeds and our calculations because
the rotor speeds used here were values averaged over 10 minutes.
Unfortunately, the manufacturer did not provide the exact
specification of the gearbox, including number of teeth.

The underwater operational noise of a wind turbine was
measured over wide ranges of wind speeds and rotor speeds, and
its acoustic properties have been presented in this paper. However,
the results of this paper are limited to underwater noise generated
by a 3-MW jacket-type wind turbine in a specific area oft the
southwest coast of Korea. Further studies are needed to characterize
the properties of underwater operational noise generated by wind
turbines of other types and sizes and to determine how it is spatially
distributed in regions with different geoacoustic properties.
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