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The Importance of Empirical Particle Motion
Measurements for Monitoring Underwater

Noise from Wave Energy Converters
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Abstract—Underwater noise from Marine Energy Con-
verters (MECs), including Wave Energy Converters (WECs),
is a recognized stressor for marine organisms. Current
monitoring guidelines focus on scalar pressure, but particle
motion is equally important, especially in complex shallow-
water environments where WEC systems can affect the
soundscape. Many marine species detect sound primarily
through particle motion, highlighting the need to include
it in monitoring frameworks. This work underscores the
importance and role of sound in marine habitats. Us-
ing a 3D accelerometer and hydrophone, we collected
acoustic data near an Inertial Sea Wave Energy Converter
(ISWEC) off Pantelleria, Sicily. Our initial measurements
showed discrepancies between pressure and particle mo-
tion and higher variability along the vertical axis. These
results stress the necessity of incorporating particle motion
alongside pressure in underwater noise assessments, with
potential implications for benthic and demersal species.
They also highlight the need for deeper investigation
into particle motion dynamics, particularly in the context
of marine energy converter operations in shallow-water
environments.

Index Terms—Environmental Impact Assessment, Sub-
strate vibration, Fish, Marine Renewable Energy

I. INTRODUCTION

MARINE Renewable Energy (MRE) holds signif-
icant promise for sustainable power generation

and coastal decarbonization. However, concerns re-
main about its ecological impacts, particularly habitat
disruption and biodiversity loss. To align with the
”2030 Sustainable Development Goals” of the United
Nations, environmental assessments must follow the
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’no significant harm’ principle. As offshore spaces
are increasingly shared by diverse activities, under-
standing and accurately assessing both individual and
cumulative environmental effects is essential. In re-
sponse, researchers have intensified efforts to mon-
itor the ecological effects of MRE. The latest OES-
Environmental report [1] highlights seven key stressor-
receptor interactions linked to MRE development: col-
lision risk, underwater noise, electromagnetic fields,
habitat changes, entanglement, alterations in oceano-
graphic systems, and species displacement. Among
these concerns, underwater noise has received growing
attention. In particular, interest in monitoring Wave En-
ergy Converters (WEC) noise emissions has increased.
Recent studies have measured sound pressure levels at
varying distances from WECs, often finding levels to
be negligible or similar to ambient ocean noise (e.g.,
[2]–[5]). However, these studies primarily focus on
sound pressure, often neglecting the particle motion
component of sound waves, which plays a vital role in
how many marine species perceive their environment
[6]. Research on particle motion remains very limited,
both in scope and in the development of effective mea-
surement techniques in the context of MRE noise as-
sessment. Furthermore, the small number of deployed
MRE devices means that available evidence is scarce,
and there is a lack of rigorous standards for assessing
environmental effects [7].

This work highlights the importance of underwater
sound and its effective management, emphasizing the
need for in-situ data collection within the context of en-
vironmental monitoring for WECs. We provide insights
supported by preliminary results from a case study
on an Inertial Sea Wave Energy Converter (ISWEC)
installed in the Sicilian Channel.

A. Sound in the sea

Most marine organisms have evolved to rely pri-
marily on acoustic signals for critical life functions,
providing them with information about their environ-
ment. This reliance is due to the physical properties of
sound in water, where it travels faster and over greater
distances than other sensory signals such as light or
chemical cues [8]. Consequently, diverse marine taxa
are capable of perceiving sound, and some use it
actively for communication. Research in recent years
has confirmed the importance of sound across diverse
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groups, including marine mammals [9], pinnipeds [10],
fish, and invertebrates [11].

The acoustic environment of both terrestrial and
aquatic ecosystems can be described by the term
soundscape (ISO 18405), which encompasses the spatial,
temporal, and frequency characteristics of all sound
sources in a given area or habitat. The soundscape is
typically categorized into three components: biophony,
which includes sounds produced by living organisms;
geophony, which includes natural physical sounds; and
anthropophony, which refers to sounds generated by
human activities [12], [13].

Marine animals inhabit complex and naturally dy-
namic soundscapes shaped by wind, waves, rain,
cracking ice, underwater geological events, and biolog-
ical sounds from snapping shrimp, urchins, chorusing
fish, and other marine animals [14], [15]. However,
since the industrial revolution, anthropogenic sources,
particularly shipping and offshore industrial opera-
tions, have added a persistent layer of noise to the
environment [16].

The concern is that this anthropogenic noise might
interfere with marine mammal biological functions.
Figure 1 illustrates how the frequency ranges of many
anthropogenic sound sources overlap with the hearing
ranges of various marine species, highlighting the po-
tential for human-generated noise to affect the sound-
scape [17].

Fig. 1. Examples of typical soundscape source types (top) and
hearing ranges of different species (bottom), highlighting frequency
overlaps [7].

Adverse reported effects of anthropogenic noise to
animals range from communication masking and be-
havioral disruptions (e.g., impaired orientation, com-
munication interference, and habitat displacement) to
more severe consequences, including hearing damage,
physiological alterations (e.g., metabolic shifts and in-
creased stress), developmental abnormalities, and even
mortality [11], [18], [19]. These effects vary across
species and individuals, influenced by factors such as
life stage, age, sex, prior exposure history, and seasonal
context [20], [21].

The impacts of anthropogenic noise can be proxi-
mate, involving immediate behavioral or physiologi-
cal responses, or ultimate, affecting survival and re-
productive success over time. Although these effects
are initially expressed at the individual level, their
accumulation can alter population dynamics, including
changes in population structure, reproductive rates,
and distribution. Over time, such changes may scale up
to influence ecosystem function and stability, disrupt-
ing species interactions, food webs, and habitat use.

B. Underwater noise standards
In response to these concerns, the European Com-

mission included underwater noise as a potential pol-
lutant in the Marine Strategy Framework Directive
(2008/56/EC), under Descriptor 11 (D11). As a result,
EU Member States are now legally required to imple-
ment noise emission controls and establish monitoring
programs.

WECs and other MRE devices produce underwater
noise through components such as mooring systems
and generators. Moreover, many different working
principles of wave energy conversion exist, spanning
from point absorbers [22], terminators [23], attenuators
[24], inertial [25], oscillating water columns [26]; their
related potential noise emission is likely to be case-
specific. Consequently, monitoring their noise emis-
sions (i.e., frequency content and amplitude) is recom-
mended during all stages of development. The Inter-
national Energy Agency (IEA) has established guide-
lines and standards for underwater noise monitoring,
including minimum technical requirements (i.e., IEC
TS 62600-40).

According to established standards, underwater
acoustic measurements are typically conducted using
systems designed to capture sound pressure levels
(IEC 60500:2019; ISO 18406:2017). These standards also
outline recommended performance specifications for
acoustic sensors (ISO 18406; IEC 60565). To ensure
data quality and relevance, system settings should be
tailored to the specific monitoring objectives and post-
processing requirements.

C. Particle Motion vs. pressure
Any underwater sound source generates two key

measurable proprieties: sound pressure and particle mo-
tion. Sound pressure refers to scalar fluctuations in
acoustic pressure within the water column and is typ-
ically expressed in pascals (Pa), with a standard un-
derwater reference value of 1 µPa. In contrast, particle
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motion is a vector quantity that describes the physical
displacement of water particles caused by a sound
wave. It also conveys directional information about
the sound source [6]. It can be quantified in terms
of displacement, velocity, or acceleration, with stan-
dardized underwater reference values of 1pm, 1nm/s,
and 1 µm/s2, respectively [27]. These measurements
are typically obtained using accelerometers, velocity
sensors, or hydrophone arrays [28].

Together, sound pressure and particle motion are
fundamental to the study of underwater acoustics, as
marine species differ in their sensitivity and response
to each component [29], [30]. For example, fish and
many aquatic invertebrates, composed largely of wa-
ter, are acoustically well-coupled to their surround-
ing medium. When exposed to sound waves, their
entire bodies vibrate. Denser internal structures, such
as otoliths or other calcareous elements, move out of
phase due to their higher inertia, functioning as bio-
logical accelerometers [31]. This mechanism explains
their ability to detect particle motion, especially at low
frequencies. Indeed, many of these species are most
sensitive to frequencies below 100 Hz, although some
fish can detect sounds up to 1–2 kHz [32].

Sound pressure and particle motion are directly re-
lated, but only under specific conditions, such as when
sound propagates as a plane wave. In these ideal cases,
a simple mathematical relationship between the two
quantities can be described. A plane wave occurs when
the wavefront is flat, which typically happens far from
the sound source, in homogeneous media and in the
absence of reflecting boundaries, where propagation
can be approximated as linear rather than spherical
or complex [6]. In more complex environments, such
as shallow waters and low-frequency ranges where
fish and invertebrates live and communicate, deriving
particle motion from pressure is not always reliable.
Other factors, such as cut-off frequency and sound
wavelength, also influence the plane wave approxima-
tion [6], [33]. As such, direct measurements of particle
motion remain the most reliable method.

Another biologically important component of sound
in shallow water environments linked to particle mo-
tion is seabed vibration. Acoustic waves that travel
through the substrate and along the interface between
the substrate and the water column, result in me-
chanical movements of the seabed. Growing evidence
suggests that this type of vibration is used by fish
and invertebrates in a similar way to how pressure
and particle motion in the water column are used.
However, the levels of substrate-borne sounds, both
natural and human-made, are not well documented
[34], [35].

Despite growing awareness of its ecological rele-
vance, there are still no established guidelines for mea-
suring particle motion, and monitoring efforts by pub-
lic agencies remain focused solely on sound pressure
[33]. This limits our ability to fully assess the acoustic
environment and its effects on marine organisms. The
acoustic characteristics of MECs are still poorly under-
stood, mainly due to the diversity of device types and
the lack of consistent deployment data. Most MECs

operate in coastal areas where conditions are suitable
for particle motion measurements, and because they
are anchored to the seabed, they are likely to transmit
vibrations into the substrate [36]. Yet, data on particle
motion and seabed vibration generated by MECs are
virtually absent from the literature.

Recent studies have begun to highlight the need for
dedicated research in this area, calling for targeted data
collection to better understand particle motion and its
biological relevance [35], [37].

In this context, the present work aims to empha-
size the importance of particle motion measurements
around WECs, explore the possibility of estimating
particle motion from pressure data, and investigate
the type of information that particle motion can reveal
beyond what is captured by pressure alone.

Fig. 2. Deployment of 3D accelerometer (M20-105 sensor) at the
seabottom near ISWEC.

Fig. 3. Schematic diagram of the three ISWEC mooring lines and
the deployment location of the 3D accelerometer.

II. MATERIALS AND METHODS

A. Study area: Pantelleria
Pantelleria is an island located southwest of Sicily.

ISWEC was installed at 800 meters from the coast with
a depth of 30 meters [38]. The acoustic underwater
emission of ISWEC was already measured by [3], con-
sidering wave height and generator noise. Here, we
provide new data taken with shorter time windows to
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propose preliminary results on particle motion. How-
ever, for this work, the generator was turned off during
the recordings, hence only sound from mooring and
hull were recorded.

B. Data collection and acoustic analysis
Data were collected using an acoustic sensor (a 3D

accelerometer and integrated hydrophone, shown in
Figure 2). This sensor (M20-105 manufactured and cal-
ibrated by Geospectrum Technologies Inc. Dartmouth,
Canada; sensitivity follows a curve from 0 to 4000
Hz) was set for continuous recordings at 8 kHz sam-
pling rate, 24-bit. The acoustic sensor is equipped with
4 channels: the first three for the 3 axes (x, y, z)
to measure particle motion, while the fourth is an
omni-directional hydrophone to measure pressure. A
schematic representation of the mooring lines and the
acoustic sensor deployment position is shown in Figure
3 The analysis was performed using paPAM software
[6]. Power Spectral Density (PSD) was performed for 10
files of 30 minutes each; spectrograms of the pressure,
particle velocity and acceleration were computed in
Hamming window of 1 s length with no overlap for
each audio file; a bandpass filter was applied to select
only the frequency band of 10-2500 Hz. Given the
preliminary nature of this study, a comprehensive char-
acterization of all acoustic events produced by ISWEC
is beyond its scope. Therefore, shorter time windows
from the collected data were manually selected instead
of analyzing continuous long-term recordings. The an-
alyzed recordings were selected to isolate periods rep-
resentative of diverse environmental conditions, with
significant wave height (Hs) ranging from 0.2 to 0.7
meters as obtained from an in-situ buoy (Directional
Wave Spectra Drifter developed by Lagrangian Drifter
Laboratory, San Diego University). This selection was
further refined based on the clear presence of ISWEC’s
acoustic signature and the absence of other signifi-
cant interfering noise sources, such as anthropogenic
sounds (e.g., shipping traffic) or persistent biological
sounds (e.g., fish choruses).

III. RESULTS
Based on the available data, a total of 5 hours of

data were analyzed to observe trends and potential
variations across different days. As shown in Figure 4,
the PSD of pressure for all 10 recordings displays
higher intensity at lower frequencies, consistent with
findings from previous studies on the same device [3].

However, the absolute maximum sound levels do
not exceed 75 dB re 1 µPa2/Hz, suggesting moderate
ambient noise levels in the presence of the installed
WEC during its non-operational state in the selected
frequency bands. Variability between recordings is gen-
erally low, though some differences are observed in
the frequency range around 100 Hz and 1000 Hz,
where certain files exhibit increased intensity, with a
maximum difference of 23 dB re 1 µPa2/Hz between
files.

Interestingly, frequency spikes are observed at higher
frequencies. Notably, a spike occurs around 1200 Hz,
exceeding 60 dB re 1 µPa2/Hz.
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Fig. 4. Power Spectral Density of sound pressure (dB re 1 µPa2/Hz,
bandpass 10-2500 Hz) of ten different audio file of 30 minutes, each.
Each colored line represents a different audio file.
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Fig. 5. Power Spectral Density of Sound Velocity (dB re 1
(nm/s)2/Hz bandpass, 10-2500 Hz) of ten different audio file of 30
minutes, each. Each colored line represents a different audio file.
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Fig. 6. Power Spectral Density of Sound Acceleration (dB re 1
(µm/s2)2/Hz, bandpass 10-2500 Hz) of ten different audio file of
30 minutes, each. Each colored line represents a different audio file.

Figure 5 and 6 show the velocity and acceleration
data recorded directly from the accelerometer.
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The PSD curves for various files are plotted as the
sum of the three acceleration components along the
three fixed axes. The three spectra generally follow a
similar pattern to the sound pressure (Figure 4): higher
intensities at lower frequencies, with a decreasing trend
as frequency increases. This trend is more pronounced
in the sound velocity data, which shows a steeper
decline in intensity. In contrast, the sound pressure data
maintain higher values from 100 Hz onward, though
variability across files remains consistent.

These preliminary results show that the acoustic
intensity is concentrated in the lower frequency range,
with sound velocity levels reaching 30–40 dB re 1
(nm/s2/Hz) up to 100 Hz, and dropping significantly
at higher frequencies. Acceleration data shows a rise
in intensity at higher frequencies (Figure 6).

However, the most notable difference between pres-
sure and particle motion data appears in the very low-
frequency bands, where certain curves report signif-
icantly higher values. These trends are not mirrored
in the pressure data for particular file audios. This is
clearly visible in Figure 5 and 6, where certain PSD
curves show high intensity levels in low frequencies
(e.g., this is particularly visible for the blue line curve).

Figure 7 offers a detailed breakdown of particle
velocity across individual measurement channels. The
plots display the overall mean values derived from
10 data files, illustrating the general trend for each
channel alongside percentile ranges. The X, Y, and
omnidirectional channels exhibit similar acoustic sig-
natures, while the Z channel demonstrates significantly
higher intensity between 10 Hz and 80 Hz compared
to the other channels. The PSD curves for the vertical
channel align with the elevated low-frequency values
observed in Figures 5 and 6.

IV. DISCUSSION

As previously mentioned and further confirmed by
these preliminary findings, the relationship between
particle motion and pressure is not always direct or
straightforward, particularly in complex environments,
at low frequencies, and when considering areas close to
the seabed or near the source (near-field). This suggests
that pressure alone, when used to estimate particle mo-
tion, can lead to underestimation of lower frequencies.
The preliminary result highlights a significant variabil-
ity in the vertical axis (z channel) compared to the
other axes. Substrate contact of ISWEC may generate
vibrations that propagate into the seabed, producing
waves known as interface waves or ground-roll, which
predominantly travel along the vertical axis. These
waves typically move along the surface of the substrate
and are characterized by low frequency and high am-
plitude [37]. To clarify the source of this variability and
its possible relation to substrate-induced vibrations,
further analysis and data collection are essential.

Despite discrepancies between particle motion and
pressure, overall trends of noise recorded during the
brief deployment did not report high intensity values,
confirming the WEC’s limited contribution to back-
ground noise. Other studies reported that WEC noise
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Fig. 7. Mean spectral density of sound velocity (dB re 1 (nm/s)2/Hz)
across 10 audio files, shown for each channel (X, Y, Z, and omni-
directional pressure), including the 5th, 50th, and 75th percentiles.

contributions are predominantly confined to lower fre-
quencies [2], [39], with measurable differences between
operational and non-operational state. However, in
high-noise environments, WEC-generated sound be-
comes indistinguishable from ambient noise [39].

The role of particle motion in the ecology and bi-
ology of marine species remains largely unknown,
despite growing evidence of its potential importance
[35]. It is well-established that demersal or benthic fish
species, which reside near the seabed, are particularly
sensitive to these seabed vibrations. These species rely
on such vibrations as critical cues for various vital
activities, such as foraging, detecting predators, and
communication with potential mates [40]. At present,
no standardized guidelines or measurement protocols
exist for assessing particle motion [20], [33]. This gap
can be attributed to the lack of recognition of the
importance of substrate vibrations and particle motion
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by researchers [35], as well as the challenges associated
with the acquisition of the instrumentation necessary
to measure these signals [33], [37]. A recent analysis of
data gaps in Offshore Wind Farms and similar under-
water sound sources has provided some guidance on
priorities [41].

The field of WEC underwater noise research re-
mains nascent due to the wide variety of prototype
designs, each potentially producing distinct acoustic
signatures. This variability is particularly evident in
mooring systems, where different configurations may
generate unique acoustic profiles [36], [39]. Crucially,
seabed vibration patterns may vary significantly de-
pending on mooring technology, as different systems
could differentially transmit energy into the substrate.
Further data collection across various WEC designs is
essential to better understand these relationships [36].
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