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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
(ISWECQ) 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

ARINE 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
72030 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].
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Fig. 1. Examples of typical soundscape source types (top) and

hearing ranges of different species (bottom), highlighting frequency
overlaps [7].
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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 Pa. In contrast, particle
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