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Sound, particle motion and vibration level of an offshore operational wind turbine
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Sweden is facing a historically large expansion of offshore wind power in Swedish waters to ensure future
electricity supply. During all phases of an offshore wind farm, which include site surveys, construction,
operation, and decommissioning, underwater noise and vibrations is generated into the water column and
the seabed which can negatively affect marine organisms. Operational noise, which is continuous in nature,
is currently not considered to impact the environment as much as construction noise, despite the long-time
frame of 20-30 years. However, there are significant knowledge gaps regarding how this chronic noise may
affect marine animals’ communication, behaviour and indirect effects such as stress. There is a lack of
sound measurements from wind turbines larger than 9 MW which, especially in terms of seabed vibration,
particle motion and sound level in the water at various distances from a wind turbine which can be used for
impact studies. The focus of this study is to measure and model the sound and vibration levels from an
operational wind farm. Measurements have been undertaken in the wind farm at the Danish Kriegers Flak,
owned by Vattenfall, with various sensors to determine the source level of an individual turbine and the
acoustical footprint of the whole wind farm. Here we present some of the data gathered during 25" of
September to 1% of October on seabed vibration, particle motion and sound level at different distances from
a wind turbine. In addition, measured levels are compared over different wind speeds and output power of
the wind turbine.

1 Introduction

Throughout the lifecycle of offshore wind farms (OWFs), including prospecting, site investigations, construction,
operation, and decommissioning—acoustic energy is introduced into the marine environment in the form of underwater
sound and seabed vibrations [1], [2]. During the operational phase, which typically exceeds 20 years, structural vibrations
generated within the nacelle are transmitted through the tower and foundation, radiating into the surrounding environment
as both sound pressure and particle motion [3]. Operational noise consists of a combination of tonal and broadband
components and is relevant across all foundation types, including floating structures [4], [5]. The increasing constructions
of large-scale turbines, particularly those utilizing direct-drive technology without gearboxes, further highlights the need
to better quantify source levels [6]. However, while air- and waterborne sound has received some attention, structural
vibrations transmitted into the seabed and their interaction with sediments and bedrock remain poorly characterized [1],
[71.

At present, acoustic disturbances during the operational phase of OWFs are generally not considered environmentally
harmful, a view reflected in most Swedish Environmental Impact Assessments (EIAs) [8]. In fact, turbine foundations
and surrounding scour protection often act as artificial reefs, attracting fish and invertebrates [9], [10]. Nevertheless, these
organisms are continuously exposed to operational noise and vibrations. All fish are capable of detecting particle motion
through their otolith organs, and species possessing swim bladders can additionally perceive sound pressure [11].
Invertebrates, although lacking such structures, have statocyst organs instead and thus, are sensitive to particle motion[1].
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Experimental studies have demonstrated behavioural and physiological responses to both sound and vibration in these
groups [12], [13]. Despite this, there remains a significant lack of knowledge regarding long-term exposure effects,
particularly those associated with continuous particle motion and seabed vibrations. In addition, future OWFs are likely
to cover large areas, resulting in an increased acoustical footprint that should be considered [14]. Chronic exposure to
anthropogenic noise is known to reduce communication ranges in fish [15] and may induce physiological stress with
potential consequences for growth, reproduction, and survival [16], [17]. For seabed vibrations specifically, both exposure
levels and biological impacts are largely unknown [1], [16]. As a result, no established threshold values for impact exist,
and operational noise are typically excluded from EIAs, Marine Strategy Framework Directive (MSFD) assessments of
Good Environmental Status, and environmental quality standards.

This study is part of the project WindSound, funded by the Swedish Environmental Protection Agency, with the main
aim of ensuring that the acoustic impact of operational OWFs remains within acceptable limits. Specifically, the project
consists of three phases: developing methodologies and guidelines for assessing underwater sound and seabed vibrations,
improving the quality of acoustic predictions during the planning phase, and supporting the design of reliable monitoring
programs. The methodology to accomplish this involves conducting long-term measurements of the sound pressure level
at several distances from the wind turbine, measuring the vibration levels in the turbine structure, the seabed, and the
water, and characterizing the source level of the turbine through acoustic modelling. This study’s focus is to present recent
data analysis results from measurements performed during 2025 in the Danish OWF Kriegers Flak, which is owned by
Vattenfall AB.

2 Methods

The wind farm has 72 turbines, each with a rated power of 8.4 MW, and all turbines have direct-drive generators. The
turbines are monopile foundations, and the depth in the park varies around 15 to 30 m. Measurements were planned close
to aturbine (DKF-11), located on the western boarder of the park where the depths surrounding the turbine varied between
26 m and 32 m. To measure sound pressure, three 4 channel hydrophones were placed at distances 50 m, 75 m and 100
m and singe hydrophone system at 1000 m from the edge of the wind turbine foundation (Figure 1). Each of these sensors
had hydrophones at depth 3 m, 6 m, 9 m and 13.5 m above the bottom.
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Figure 1. lllustration of the measurement setup at the field site of Kriegers Flak with one particle motion sensor placed at 50 m
distance, two ocean bottom seismometers placed at 50 m and 75 m distance, three vertical hydrophone arrays placed at 50 m, 75 m
and 100 m and one single hydrophone at 1000 m.




A particle motion sensor, measuring acceleration in cartesian coordinates (x-y-z), was placed on a bottom mounted
structure, 1.5 m above the sea-floor, at 50 m distance. On the same structure, a hydrophone was attached. For bottom
vibrations, an ocean bottom seismometer (OBS) was deployed at 50 m and 75 m distance from the turbine wall, measuring
three axes (x-y-z). Data on turbine structure vibration was received from Vattenfall. The direction of x and y relative to
earth coordinated have not been considered for the PM-sensor or the OBS as of today. This is a work in progress.

Accelerometers were attached to the tower at 34 m, 65 m and 101 m height above the water surface and the instruments
measured two axes (x-y), i.e. the horizontal axes while the vertical component was omitted. Unfortunately, accelerometer
data has only been received for the first week of the measurements (2025-09-25 — 2025-10-01). Details on all
measurement equipment is found in Table 1.

Table 1. Specifications on the measurement setup and sensor types at the field site Kriegers Flak. All soundtraps are from ocean
instruments NZ.

N° | Station ID Instrument Sensor model Latitude Longitude Sample rate | Min/ Unit
hour

0 om Structure Accelerometer from N55°0.797" | E12°45.671 500 Hz 60 m/s?

vibration DEWESoft (IOLITEi
3xMEMS)

1 50m Bottom KUM Lobster K/IMT 510 N55°0.785" | E12°45.724' 5 kHz 60 counts
vibration
(OBS)

2 75m Bottom KUM Lobster K/MT 510 N55°0.782' | E12°45.739' 5 kHz* 60 counts
vibration
(OBS)

3a 50m Particle Geospectrum, M20 N55°0.797" | E12°45.725' 4 kHz 15 Pa
motion (PM)

3b 50m, ST02 | Sound Soundtrap, internal N55°0.797" | E12°45.725' 4 kHz 15 Pa
pressure hydrophone

4 50m, L1 Sound Soundtrap, ST640 (4-ch), N55° 0.812' E12° 45.720 72 kHz 20 Pa
pressure Hydrophone: HTI-99-UHF

5 75m, L2 Sound Soundtrap, ST640 (4-ch), N55°0.799' | E12°45.747 64 kHz 55 Pa
pressure Hydrophone: HTI-99-UHF

6 100m, L3 Sound Soundtrap, ST640 (4-ch), N55°0.798' | E12°45.770' 64 kHz 55 Pa
pressure Hydrophone: HTI-99-UHF

7 1000m, Syl | Sound Sylence LP from RTsys N55°0.826' | E12°46.619' 500 Hz 60 Pa
pressure

Data from all equipment was processed using the same procedure. Both decidecade bands and centidecade bands were
produced. For decidecade bands the process to convert from raw data signal to 1 s averaged sound pressure level was
done as according to the JOMOPANS standard[18], using 1 s Hanning window and 50% overlap. For centi-decade bands
the process was slightly modified by calculating each band with

fedec = 1000 - 10(Zn+1)/200, o

where n = -205:154, i.e. including frequencies from 10 Hz up to the Nyquist frequency. For these bands a 4 s Hanning
window was applied, with 50 % overlap, generating 2 s average sound pressure level (SPL) in centidecade bands. The
data was then compiled into 10 min averages for the whole time series in order to maintain a low memory usage. Here
we only present data on centidecade bands for a better frequency resolution.

The total acceleration from the PM sensor was calculated as

Apor = /A% + af + az, 2

where a is the acceleration and a,, a, and a, being components in cartesian coordinates and tot being the norm of the
vectors. The supplier of the PM sensor gives the sensitivity values in dB re 1 V/ pPa which in the free field is related to
a = pw/Z. p is the sound pressure, w the angular frequency 2nf and Z the acoustic impedance in the water [19].



All hydrophones were calibrated in the Swedish Defence Research Agency’s (FOI) indoor basin (flat frequency response
in the range 1.5 kHz — 10 kHz) prior to the measurements. For the PM sensor, factory calibration values were used
showing an increasing sensitivity from -200 dB re 1 V/ pPa at 10 Hz to -165 V/uPa at 1 kHz, being linear in the logarithmic
frequency plane, which has been accounted for in the analysis The values from the OBS have not been calculated as
absolute values, and are thus only displayed as arbitrary units to view the frequency components. The accelerometer data
received from Vattenfall was already converted to physical quantities in m/s?,

Wind data and turbine power/rotor rpm data was received from Vattenfall for the measurement time period. Wind data is
measured at the turbine hub at 101 m.

3 Results

Wind data was analysed together with the rotor speed to identify the nominal turbine rotational speed. It was found to be
almost equal to the wind speed up to 10 m/s. Above 10 m/s the turbine rpm is either constant or slightly higher, 11 rpm
(Figure 2). To identify what frequencies that are most notable around the wind turbine, and what originates in the wind
turbine, spectral plots of all data was compared for periods when the turbine was running at full speed (wind > 10 m/s).
In contrast, data was also compared for periods when the wind was lower than 8 m/s. In the first week of measurements,
there were 733 measurement points (10 min averages for 6-7 days) in which 40% occurred at wind speed higher than 10
m/s, and 43% occurred for wind speed less than 8 m/s. Only 3% of the data contained data points that were lower than 4
m/s, and thus 0-7 m/s was chosen to represent a low vibration level of the turbine.
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Figure 2. Wind speed and rotor turns per minute for the time period 2025-09-25 - 2025-10-01 at DKF-11.

The results are shown in Figure 3 (wind speed >10 m/s) and Figure 4 (wind speed < 8 m/s). There are clearly elevated
levels around 25 Hz and 80 Hz, but also around 12 Hz, 35 Hz and 50 Hz, which coincide with the structural vibration
level data, for all sensors. The hydrophone at 1000 m distance also have elevated levels at the same frequencies, but it
might be influenced by other wind turbines nearby, although the DKF11 is the closest, as well as distant shipping. For
lower wind speed (wind speed < 8 m/s), the elevated levels are not as pronounced but noticeable. There were times when
the wind turbine rotor was rotating at 10 rpm even with low wind speed, but in general the structural vibration levels of
the turbine were greatly reduced, as was the SPL and the particle motion level. The bottom vibrations showed a small
component in both cases for 25 Hz and 75 Hz, but it was slightly lower for lower wind speeds.
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Figure 3. Measured median level in centidecade band for all sensors during measurement period 2025-09-25 - 2025-10-01 for when
the wind speed is more than 10 m/s. The hydrophones in figure (a) are placed 5-6 m above the sea-floor at four different distances
specified in the label. The PM sensor (b) is placed at 1.5 m above the sea-floor, 50 m from the turbine. X and Y shows the
components measured in the horizontal plane, and Z in the vertical, while Total is the square sum of the three components. There is
no knowledge today of the horizontal axes relative to the turbine. The accelerometers on the tower (c) are shown for different heights
above the surface (see label), where the x-direction is shown in black lines and y-direction in red. The ocean bottom seismometer
(OBS) (d) is bottom mounted and located at 75 m from the turbine. X and Y direction are the horizontal axes, and Z the vertical.
There is no knowledge today of the horizontal axes relative to the turbine.
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Figure 4. Measured median level in centidecade bands for all sensors during measurement period 2025-09-25 - 2025-10-01 for when
the wind speed is less than 8 m/s. The hydrophones in figure (a) are placed 5-6 m above the sea-floor at four different distances
specified in the label. The PM sensor (b) is placed at 1.5 m above the sea-floor, 50 m from the turbine. X and Y shows the pressure
components measured in the horizontal plane, and Z in the vertical, while Total is the square sum of the three components. There is
no knowledge today of the horizontal axes relative to the turbine. The accelerometers on the tower (c) are shown for different heights
above the surface (see label), where the x-direction is shown in black lines and y-direction in red. The ocean bottom seismometer
(OBS) (d) is bottom mounted and located at 75 m from the turbine. X and Y direction are the horizontal axes, and Z the vertical.
There is no knowledge today of the horizontal axes relative to the turbine.

4  Discussion

The results show that the measurement design and sensors were able to trace the vibrations occurring in the tower
propagates into the water as both sound pressure and particle motion, as well as through the bottom as vibrations. The
results here are shown for a wind turbine with an 8.4 MW direct drive generator, i.e. there is no gearbox between the
turbine and the generator. In a previous study [3], narrowband particle motion levels were measured for a 1.5 MW turbine



with a gearbox, showing, similarly, that mechanical vibration induces particle motion, although at other frequencies than
observed here. The data gathered during the field measurements will contribute to the development of a wind dependent
source level model that will be used to model the noise produced by a singe turbine as well as the whole wind farm. Future
work in the project WindSound will also focus on establishing whether these levels are harmful for fish, mammals and
invertebrates, and how to utilise this in an environmental impact assessment. The experiences from the field measurements
will also be used in the development of a monitoring program.
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