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Motorboat sound in shallow waters and implications

for mitigation
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ABSTRACT:

Small motorboats are a pervasive source of underwater noise pollution in many coastal regions of the world. The
environmental impacts of motorboat noise include marine life disturbances and ecosystem disruptions. Mitigation
strategies may involve speed restrictions in certain areas, on the assumption that slower speeds correspond to lower
acoustic energy. We investigate the acoustic footprint of small motorboats navigating at different speeds in shallow
water. Sound pressure and particle motion are characterized and the source levels estimated. We find that the
acoustic energy (source level) associated with small motorboat noise may be higher at low speed than high speed.
Our study therefore suggests that the vessel’s optimal cruising speed should be considered while implementing speed
limitation as a mitigation strategy. © 2025 Acoustical Society of America. https://doi.org/10.1121/10.0039578

(Received 19 March 2025; revised 29 September 2025; accepted 30 September 2025; published online 31 October 2025)

[Editor: James F. Lynch]

I. INTRODUCTION

Anthropogenic noise affects aquatic fauna in diverse
ways (Duarte et al., 2021; Slabbekoorn et al., 2010; Southall
et al., 2021) and is defined as a pervasive pollutant in the
European Commission, Marine Strategy Framework
Directive (2008). Marine traffic is one of the main sources
of noise in the ocean (McWhinnie et al., 2017) and has been
shown to disrupt the physiology and behavior of marine
mammals (Erbe ef al., 2019), fishes (Whitfield and Becker,
2014), and invertebrates (Solé er al., 2023). Traffic noise
can induce stress, leading to physiological changes, such as
hormonal disruptions and metabolic changes in fishes
(Graham and Cooke, 2008; Mills et al., 2020; Wysocki
et al., 2006) and marine mammals (Holt et al., 2016; Lemos
et al., 2022; Rolland et al., 2012). Behaviorally, boat noise
can alter conspecific social interactions and communication
(Dunlop et al., 2020; Putland et al., 2018; Stanley et al.,
2017), elicit avoidance responses (Dyndo et al., 2015;
Ivanova et al., 2020; Vabg et al., 2002), and disrupt foraging
(Blair et al., 2016; Wisniewska et al., 2018), resting
(Mikkelsen et al., 2019), predator responses (Simpson ef al.,
2016; Wale et al., 2013), and interspecific interactions
(Nedelec et al., 2017a). Abatement of anthropogenic noise
pollution and mitigation of its effects are vital goals for the
protection of sensitive marine habitats; however, studies that
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fully characterize the noise emitted from vessels, in contexts
that are relevant for species that need protection, are scarce.

Most studies aiming to characterize vessel sound have
focused on large ships and bulk carriers, as they are respon-
sible for most of the traffic noise in the open ocean (Ainslie
et al., 2021; Hildebrand, 2009; Wenz, 1962). However, with
the development of commercial and recreational activities,
smaller motorboats navigating in shallower, coastal waters
are increasing in number (Shipton et al., 2025). In addition,
shallow coastal zones are home to many of the most biodi-
verse habitats in the marine environment, including tropical
coral reefs, mangroves, kelp, and seagrass zones. Most of
the freshwater environment is also shallow. While small
motorboats do not produce the intense sounds of large ships,
their noise has been shown to disrupt many taxa in these
shallow water habitats (Fakan and McCormick, 2019;
Ferrari et al., 2018; Harding et al., 2018; Jain-Schlaepfer
et al., 2018; Lecchini et al., 2018; McCloskey et al., 2020;
Nedelec et al., 2017b). Small boats usually produce sounds
in the range 100—-800 Hz, a frequency band used by many
species for communication, orientation, and predator avoid-
ance (Wilson et al., 2022).

Reducing speed has been described as an effective
method for reducing underwater radiated noise from com-
mercial vessels in most cases (MacGillivray et al., 2019).
The International Maritime Organization (2014) has recog-
nized that reducing ship speed results in noise reduction
(and ship speed reductions have been recommended in
some areas) (Chou et al., 2021; Findlay et al., 2023;
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Putland et al., 2018). For example, slowdowns were used as
a trial to reduce the effects of noise on local killer whales
(Orcinus orca) in the Salish Sea: the sound reduction was
highest in the 10-100 Hz range and achieved a 22% reduc-
tion in potential lost foraging time for the whales (Joy et al.,
2019). Recently, a decrease in ocean noise levels (a 4dB
reduction) was observed likely due to slower commercial
ship speeds and fewer ships during the COVID-19 pandemic
in the Bahamas (Dunn et al., 2021), a significant reduction
also observed almost globally in the deep-ocean during the
pandemic in 2020 (Robinson et al., 2023). However, the
effect of speed reduction has mainly been observed for large
ships in deep waters, and the relation to sound created by
small motorboats in shallow waters and their speed is still
poorly established.

A few studies have assessed the acoustic pressure signa-
tures of small vessels (<25m length) in shallow water
(<150m depth) (e.g., Smith et al., 2024; Lagrois et al.,
2023; Parsons and Meekan, 2020; Picciulin er al., 2022,
Yubero et al., 2025). While vessel speed is widely acknowl-
edged as a key driver of underwater noise levels, the rela-
tionship between speed and radiated noise for small boats is
not always straightforward. Recent studies have revealed
that this relationship can be non-linear due to factors, such
as propeller cavitation dynamics, vessel design, and engine
performance. For example, Svedendahl et al. (2021)
reported that a small boat generated higher noise levels at
lower speeds, attributed to increased cavitation when operat-
ing outside of its optimal speed range. Similarly, Smith
et al. (2024, 2025) observed non-monotonic changes in
source levels as speed increased, and linked these patterns to
changes in cavitation behavior, particularly in vessels with
damaged or fouled propellers. Picciulin et al. (2022) also
found that a 10-knot increase in speed for rigid inflatable
boats resulted in a ~2-dB rise in broadband source level,
suggesting that some vessels may reach a plateau in noise
emission beyond certain speeds. These findings highlight
the need to consider a range of interacting physical and
mechanical variables when assessing small vessel noise,
particularly in shallow coastal environments where vessel
traffic is intense and diverse.

Aquatic invertebrates and fishes are sensitive to acous-
tic particle motion, which is difficult to predict from pres-
sure measurements in shallow waters (Nedelec et al., 2016;
Popper and Hawkins, 2018). To describe satisfactorily the
sound emitted by a motorboat in the context of anthropo-
genic noise mitigation, it is critical to measure the particle
motion in situ, especially in shallow waters where there is
not an acoustic free field and the relationship between
acoustic pressure and particle motion is complex (Popper
et al., 2020). Particle motion magnitude can be calculated
from sound pressure when the assumptions of a plane wave
or spherical spreading from a monopole source are met.
However, in the hydrodynamic near field, or below a duct
cut-off frequency, particle motion should be measured or
modeled (Nedelec et al., 2021). The cut-off frequency,
below which sounds will not propagate as a plane wave and
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particle motion cannot be calculated from pressure, is
related to the water depth, sound speed profile, and sediment
composition (Jensen et al., 2011). As a rule of thumb, the
need for particle motion in situ measurements should be
considered at depths of less than 100m and frequencies
lower than 1 kHz (Nedelec et al., 2016, appendix S1).

The aim of this study was to describe the acoustic foot-
print of a hull and engine type typically used in small motor-
boats, navigating at different speeds in shallow waters, by
using empirical data to characterize the acoustic pressure
and particle motion at a fixed receiver. We used measure-
ments of the sound of five approaching 5-m motorboats with
30hp (~22.4kW) outboard motors at five different speeds.
We investigated the relationship between exposure levels
and duration of boat passes, and their relationships with
motorboat speed, using the sound pressure exposure levels
and particle acceleration exposure levels. The source levels
and their power spectral densities were calculated. Finally,
we interpreted the results in terms of anthropogenic impacts
and boat noise mitigation strategies.

Il. METHODS

The international standard for measuring underwater
radiated noise in shallow water is ISO 17208-3:2023 (2025).
As our measurements and associated processing were car-
ried out during the period 2019-2024, before the publication
date of ISO 17208-3:2023 (2025), we developed our own
experimental  design, with  processing based on
MacGillivray (2023). The ISO 18405:2017 (2017) terminol-
ogy for underwater acoustics is followed.

A. Measurement location

This study was conducted from November 19-28, 2019
at Lizard Island Research Station (14° 40’ S, 145° 28’ E),
Great Barrier Reef, Australia, with permission and ethical
approvals from Lizard Island Research Station, Great
Barrier Reef Marine Park Authority (G39752.1), James
Cook University (A2641) and the University of Exeter
(eCLESBi0000270).

All recordings were made in the bay in front of Lizard
Island Research Station, in a sandy-bottom location, from
07:00 to 16:30 local time and only at calm sea state times
(Beaufort force 0-2) and without rain. Water temperature
ranged from 25.5°C to 28.2°C. Tides changed the water
levels up to 0.3 m during the experimental procedure.

B. Vessel characteristics and testing scenario

Research station boats were used, each with a 5m
length, 2.1 m beam aluminum hull for a total mass of 360 kg
and a 30hp Suzuki outboard 4-stroke engine. The vessels
were driven following a straight 200-m line delimited by
two buoys (one at the start and one at the end), through a
channel formed by the reefs [maximum depth 2.5m (H)],
and always by the same driver (H. H.). The recording station
was located at the end of the 200-m line, 20 m away perpen-
dicularly towards the shore (r) at 1.7-2m depth (h)
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depending on the tide (Fig. 1). The driver started the boat
pass at the departure buoy and steadily accelerated at full
throttle until the target speed was reached (see below), and
then maintained this speed until the end buoy was passed.
The boat’s closest point of approach (CPA) was therefore
determined when the boat passed the end buoy, and repre-
sented the last sample of the recording. The departure from
the end buoy was not recorded, and the following analyses
focus on the approach of the boat only. Therefore, only the
approach phase of each boat pass (port side) was recorded
and analyzed. These acoustic recordings were collected as
part of a separate experiment investigating behavioral
responses of fish to motorboat noise, where consistent cap-
ture of the approach phase was prioritized and the departure
was not recorded. The driver used a speedometer application
on their mobile phone (Smart GPS Speedometer,
AppAspect Technologies Ltd., Bellevue, WA) to monitor
the duration and speed of the pass. Boats were driven at five
different target speed regimes, initially set in km/h: 6, 12,
18, 24, and 30 km/h. These different target speeds are herein
presented in both m/s (respectively corresponding to 1.67,
3.33, 5.00, 6.67, and 8.33 m/s) and knots (respectively: 3.2,
6.5, 9.7, 13.0 and 16.2 knots) and referred to as boat speed
“regimes.” Each speed plus two control recordings of back-
ground ambient noise (hereafter referred to as “ambient
noise”) were randomly selected inside blocks of seven
regimes, so that each speed regime was conducted once
before moving to the next replicate to avoid bias according
to environmental fluctuations over time (e.g., temperature,
sea state, tides).

To measure the depth of the source (d), the center of the
propeller hub was used as a reference and its depth mea-
sured at each speed by means of a marked reference line.
This depth was measured once for each boat regime.

C. Measurement system

Sound pressure was recorded using an omnidirectional
hydrophone with inbuilt digital recorder (SoundTrap 300

'
v

FIG. 1. Measurement geometry for the recordings at Lizard Island,
Australia. Solid circle represents recording station (hydrophone and particle
motion sensor). H=2.5 = 0.2 m (site depth), h= 1.8 = 0.2 m (sensor depth),
r=20.0m (horizontal range, i.e., CPA distance), 0 = grazing angle.

J. Acoust. Soc. Am. 158 (4), October 2025

STD; response of =3dB over the 20Hz to 60kHz; cali-
brated by manufacturers; Ocean Instruments NZ, Auckland,
New Zealand). Five different boats were driven (Ellie, Lili,
Marie-Elisabeth, Sarah, and Mary-Ida) in turn. In total, each
boat regime was repeated 25 times. Two durations of ambi-
ent noise (short and long, see above) were recorded regu-
larly in between boat passes. Trials were stopped and
repeated if disrupted by other boats passing less than 500 m
away. In total, this resulted in 175 sound pressure recordings
(50 ambient and 125 boat recordings).

Sound particle acceleration recordings were made using
a triaxial accelerometer (M20-040; measuring range 10—
5kHz; calibrated by the manufacturers; Geospectrum
Technologies, Dartmouth, Canada) and a digital 8-track
recorder (H6 field recorder; 48 kHz sampling rate, Zoom
Corp., Tokyo, Japan). Recording levels from the acquisition
system were calibrated using pure sine wave signals from a
function generator with a measured voltage recorded in line
on an oscilloscope. For particle acceleration recordings,
only three of the five different boats (Ellie, Lili, Marie-
Elisabeth) were driven in turns with at least two passes for
each boat regime, resulting in 30 recordings. Recordings of
ambient noise (with no boat pass) were made four times dur-
ing a 0.6s (“short”) time duration (temporal observation
window) and four times during a 3 s (“long”) time duration.
In total, this resulted in 38 particle acceleration recordings.
Sound pressure was recorded simultaneously to all the parti-
cle acceleration recordings with the SoundTrap.

D. Data processing
1. Data quality verification

We performed some of the checks required by the
standards to ensure the best data quality was used to get our
results. We confirmed the proper functioning of the hydro-
phone and the vector sensor before the deployment and after
recovery, thanks to the calibration tones produced by the
SoundTrap 300 STD; i.e., the levels recorded were within
*1dB from the expected value. Additional verifications
were also performed in between recordings to check the ves-
sel speed for each speed regime, the depth of the measure-
ment systems, distance of the CPA, and testing conditions
(sea state, tides, rain etc.).

2. Post-processing

All analyses were conducted using paPAM version
2.0.11 (Nedelec et al., 2016), custom-made scripts in
MATLAB R2020b and R (R Core Team, 2019).

The recordings were first cropped from the recorded
start and end of the boat approaches. The start was identified
thanks to a sound stimulus (i.e., knock) created by an
observer in the water when the boat started the boat pass at
the starting buoy. The end point was clearly identified by a
sharp drop in energy visible in both the waveform and spec-
trogram, which corresponded to the moment the boat
crossed the final buoy and the engine was abruptly cut. This
transition consistently produced a marked decrease in
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broadband energy across all recordings. Approaches were of
different duration depending on the boat speed. Example
spectrograms were created with 2048 Hann windows (win-
dow duration 42.67 ms) and 50% overlap, representing each
of the boat regimes and an ambient recording, both in parti-
cle acceleration (magnitude; 10-5000 Hz) and sound pres-
sure (20-24 000 Hz).

For the rest of the analyses, the last Sm of each boat
approach was selected as a data window length (3s for
3.2knots, 1.5s for 6.5knots, 1s for 9.7knots, 0.75s for
13.0knots, and 0.6s for 16.2 knots), as well as samples of
0.6 and 3 s of ambient noise. For sound pressure recordings,
the data were first bandpass filtered three times: (1) with
third-order Butterworth filter from 10 to 5000 Hz (to allow
for comparison with particle motion measurements, limited
by hardware frequency sensitivity); (2) from 8.91 to
8910Hz (corresponding to the ADEON three-decade band
BD (Ainslie et al., 2018; ISO 7605:2025, 2025); and (3)
from 8910 to 22400 Hz (corresponding to the rest of the
frequencies rounded to the nearest decidecade band edge
frequency). Mean-square sound pressure level (L, ), zero-
to-peak sound pressure level (L, i), and sound exposure
level (Lg) were computed for each sound pressure recording,
and then averaged for each boat regime. Similarly, particle
acceleration level (L,,,,), and acceleration exposure level
(Lg,,) were calculated from the particle acceleration record-
ings filtered with third-order Butterworth filter from 10 to
5000 Hz, integrated over the time of each cropped sound
(corresponding to the last 5m to CPA, e.g., 3 s for 3.2 knots)
and averaged for each boat regime. All averaging of acous-
tic metrics (e.g., Ly yms> Laymss Les Leo) Was performed in
the linear domain prior to transformation into decibels (dB).

In addition to energy-based metrics, we also calculated
kurtosis of the time-domain waveform for sound pressure.
This was done using the definition of sound pressure kurto-
sis provided in ISO 18405:2017 (2017), which describes it
as a dimensionless measure of the impulsiveness of a signal.
We followed the analytical approach outlined in Miiller
et al. (2020), where kurtosis is used to assess the promi-
nence of transient events in underwater sound. High kurtosis
values indicate that the signal contains bursts or spikes,
which may be more ecologically disruptive than steady-state
signals of similar average energy.

We investigated the relationships between sound pres-
sure level (L,) and particle acceleration level (L,) with boat
speed regime by fitting a locally estimated scatterplot
smoothing model using the “geom_smooth”: function in the
ggplot2 (Wickham, 2016) package in R. This approach
enabled us to visualize nonlinear trends in acoustic energy
as a function of speed, with confidence intervals derived
from model variance.

We calculated power spectral density (PSD) with a
Hann window length of 24 000 samples (2 Hz resolution,
i.e., window duration 0.5s) with a 50% overlap. We calcu-
lated the signal-plus-noise-to-noise level difference of each
boat regime in order to compare the measured level of the
vessels under test to the background noise (i.e., ambient
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sound) at the approximate time of the test. As the signal-
plus-noise-to-noise ratio was greater than 3 dB and the back-
ground noise stable over the recordings (i.e., no changes in
environmental conditions, sea state, vessel traffic at the
site), following ISO 17208-1 (2016), we adjusted the mea-
surements by removing the background noise power from
the initial recorded signal power.

Several analytical approaches exist for calculating prop-
agation loss in shallow-water vessel-noise measurements.
For example, Yubero er al. (2025) recently proposed the
smoothed semi-coherent image method, which improves
upon the seabed critical angle method recommended in the
draft ISO 17208-3:2023 (2025) standard by reducing bias at
mid to high frequencies (=500Hz) while maintaining
robustness at low frequencies. We adopted the propagation
loss and source-level estimation procedures from the seabed
critical angle method as described in MacGillivray et al.
(2023), and the propagation loss (Npr) was estimated for
cylindrical spreading (assuming H < yr) as follows:

Hr/(2Y)

2
o

3c?
Fl0log(14+-——5|dB, (1
g“’( 8n2f2d2sin21p> )

with r as horizontal range (20.0 m), ry as the reference dis-
tance (1m) (ISO 1683:2015, 2015), H as water depth
(2.5m), Y as the critical angle for sand (0.5), d as the source
depth (i.e., propellor depth), f as the acoustic frequency, and
c as the speed of sound in water (1480 m/s). We considered
this the most appropriate formula available at the time of
our processing. Equation (1) has the same high-frequency
limit at the smoothed semi-coherent image method, and
departs at low frequency from smoothed semi-coherent
image by a factor siny//(1.0178 /) ~ 0.942, corresponding
to a difference of 0.3dB. The largest difference, about
1.6 dB, occurs between 800 and 900 Hz, depending on the
precise source depth. Our source level measurements are
likely to overestimate the true values in the frequency range
150 to 3000Hz by up to 1.6dB. Outside this frequency
range, the discrepancy is less than 0.4 dB.

NpL was thus calculated for each 2 Hz frequency band
and the source level (L) at each frequency band then calcu-
lated via the following:

Ls = L,(f) + NeL(f)- @

NpL(r,f) = 10logy, dB

The broadband L, for each boat regime was computed
by integrating the narrowband pressure spectra for (1) 10—
5000Hz, (2) 89.1-8910Hz (ADEON band BD), and (3)
8910-22400 Hz.

To verify our vector sensor calibrations, we compared
the measured particle velocity from the sensor with the esti-
mated particle velocity from the sound pressure recorded
from the SoundTrap used in this study. In relatively far-field
conditions while measuring a single source, the measured
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particle velocity of the vector sensor should be nearly equal
to the estimated values from the hydrophones. We used the
plane wave equation to predict the particle motion from the
measured sound pressure, as implemented in paPAM ver-
sion 2.0.11 (Nedelec et al., 2016):

_r
pc’

3)

v

where v is the particle velocity (m s~ '), p is the acoustic
pressure (Pa), p is the density of the water (1024 kg m ),
and is ¢ the sound speed (1480m s~ '). This provides the
expected particle velocity measurement assuming an ideal
far-field, deep water environment with a plane wave sound
field. We present the PSDs that represent the measured par-
ticle velocity divided by the estimated particle velocity.
These are termed scaled impedance (Ainslie et al., 2024;
Oppeneer et al., 2023; Jansen et al., 2019), and in far field
conditions, should be close to 0 dB and presented in the sup-
plementary material.

3. Relationship between sound pressure and sound
particle motion

To better characterize the acoustic field generated by
passing vessels, we examined the relationship between
sound pressure and particle velocity. In an ideal plane wave
in homogeneous seawater, the ratio |p/v| is constant and
equals the characteristic acoustic impedance of the medium,
corresponding to pc = 1.52 - 10° Pa - s/m. Deviations from
this reference can reveal departures from ideal plane wave
conditions, such as multipath propagation, near-field effects,
or complex source—receiver geometries. To estimate the
frequency-dependent ratio of sound pressure to particle
velocity, a proxy for acoustic impedance magnitude, we cal-
culated the quantity Z(f) as follows:

Z(f) = p(H)/v(f)], 4)

where p(f) and v(f) represent the PSD of sound pressure
and tri-axial particle velocity, respectively, in linear units.
The PSDs were computed as described above (for frequency
band 10-5000 Hz). For each trial, this ratio was computed
across all available frequencies. For each speed regime, the
distribution of Z(f) was summarized using the 25th, 50th
(median), and 75th percentiles across replicate measure-
ments (n = 3). These percentiles were calculated at each fre-
quency and plotted as shaded ribbons (interquartile range)
with overlaid median lines to illustrate the central tendency
and variability of impedance estimates as a function of fre-
quency. To provide a benchmark, a horizontal reference line
was added at 1.52 MPa - s/m, corresponding to the character-
istic acoustic impedance of seawater.

We also computed root mean square levels in decibels
for both components in the 10-5000 Hz band: sound pres-
sure levels (L, ,,s) were expressed in Pa, and particle
velocity levels (L, ,.,;) were expressed in m/s. For each
boat pass, the ratio L, /L, ;s Was computed, providing
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an estimate of how pressure and velocity levels relate on a
linear scale.

Finally, to compare measured and theoretical particle
motion, we constructed spectrograms from the simultaneously
recorded sound pressure and tri-axial accelerometer data from
one boat pass (Lili, speed regime 6.5 knots). The measured par-
ticle velocity and acceleration spectrograms were generated as
described above. Theoretical particle velocity and acceleration
were derived from the pressure waveform using a short-time
Fourier transform (Hann window, 50% overlap, number of
Fourier transform points (NFFT)=2048). Plane-wave esti-
mates were obtained via the following:

vow(f) = p(f)/pc, Q)
apw(f) = jznfva(f)a (6)

where p=1024kg m > and c=1500m s '. Spherical-wave
(monopole) estimates used

Zsph(f) = pC(] +j/kl‘), (7)
V() = p(f)/ Zypn(f), ®)
Asph (f) :jznfvsph(f)y 9)

with k =2nf/c and r=20m. All velocity levels were
expressed in dB re 1 nm s~ and acceleration levels in dB re
1 um s>

lll. RESULTS

A total of 155 boat approaches were recorded: 125
recorded by the hydrophone to measure acoustic pressure,
and 30 simultaneously recorded with the particle motion
sensor. Table I summarizes the recorded boat speed and the
approach duration for each boat regime. A total of 56 ambi-
ent recordings were taken regularly in between boat
approaches: 50 with a hydrophone and six with a particle
motion sensor.

Example spectrograms of an ambient recording and a
boat approach at each boat regime are shown in Fig. 2. The
approach of the boat to the focal recording point is visible in
all spectrograms of boat recordings; from a target speed of
6.5 knots (3.33m/s), boat noise is clearly present from the
start of the approach to the end, both in particle acceleration
and sound pressure. The signal starts off with frequency and
amplitude modulations and becomes more broadband as the
source approaches. Peak and trough changes can be
observed in the frequency spectrum. These spectrograms
illustrate the similarity of boat regimes with each other:
while the 3.2 knots (1.67 m/s) spectrogram mostly shows the
early appearance of low frequencies (100-1200Hz), it is
hard to distinguish boat regimes from 6.5 to 16.2 knots from
each other when the time axes are spread out over the same
space, especially on the particle acceleration spectrograms.
Inspection of spectrograms from multiple vessel passes
(supplementary material) revealed that the prominent hump
observed at ~1.5kHz in Fig. 1(b) was not present for all
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TABLE I. Mean recorded boat speed, duration, and mean propeller depth for 200 m boat approach at five different boat regimes * standard error (SE):
3.2 knots (1.67 m/s), 6.5 knots (3.33 m/s), 9.7 knots (5.00 m/s), 13.0 knots (6.67 m/s) and 16.2 knots (8.33 m/s).

Boat speed regime Mean recorded Maximum speed Mean recorded Propeller
(target speed) N speed (£ SE) (m/s) recorded (£ SE) (m/s) approach time (£ SE) (s) depth (m)
3.2 knots 31 1.7x0.1 22%0.1 95.0+ 0.6 0.61
6.5 knots 31 29+0.1 37+02 54.6 0.5 0.64
9.7 knots 31 44+0.1 5.6=*0.1 36.1 0.7 0.71
13.0knots 31 5.6=*0.1 72=*0.1 289+04 0.74
16.2 knots 31 6.3*0.1 85%0.1 25.6+0.3 0.73

vessels. This suggests that the hump is vessel-specific. Such
tonal emissions can originate from a variety of mechanical
sources, including propeller blade rate harmonics, cavita-
tion, gearbox or engine vibrations, and structural resonan-
ces. The presence, frequency, and amplitude of these humps
are known to vary depending on vessel type, propulsion sys-
tem, operational speed, and maintenance condition.

Ly, yms» Ly pis Le, and kurtosis were measured for 122
approaches covering the 5 m to the closest point of approach
and 50 ambient recordings, for each boat regime and for two
ambient noise durations (0.6 and 3s), corresponding to the
shortest and the longest boat samples, respectively (Table
ID). Similarly, L, and Lg, were measured for 31 approaches
covering 5m to the closest point of approach and eight
ambient recordings (Table II). While we present these mea-
surements for the frequency band 10-5000 Hz due to hard-
ware limitations of the particle motion sensor, ADEON
band BD and the rest of the frequencies are presented in the
supplementary material.

Ambient

3.2 kn (1.67 m/s)

6.5 kn (3.33 m/s)

5000
2000

=

<

<1000

500

Frequenc

200

5000

For all metrics, boats traveling at 6.5, 9.7, 13.0, and
16.2 knots (3.33, 5.00, 6.67, and 8.33 m/s) have similar val-
ues, compared to the 3.2knots (1.67m/s) regime which
shows higher or lower values, depending on the metric.
Kurtosis, which is correlated with a high degree of variation
in amplitude in the analyzed sound recording, is much
higher (74.23) for 3.2knots (1.67 m/s) than the rest of the
boat regimes, averaging 6.4. This difference is attributed to
the domination of ambient noise in the signal (i.e., low sig-
nal-to-noise ratio for 3.2 knots), as the ambient noise shows
higher kurtosis (between 32 and 300).

The relationships between L, and L, for the 10-
5000 Hz band and measured boat speed is represented in
Fig. 3. Both L, and L, increased nonlinearly with mean
speed of the boats. These results confirm that, from a certain
speed, the sound pressure and particle acceleration levels
reach a maximum plateau. Note also the larger imprecision
in mean speed at the 16.2 knots (8.33 m/s) regime, probably
due to the different load weight in each boat pass (i.e.,

9.7 kn (5.00 m/s) 13 kn (6.67 m/s) 16.2 kn (8.33 m/s)

(o2}
(5]
Pressure PSD (dB re 1 pPa?/Hz)

2000

1000

500

Frequency (Hz)
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iy

0 50 100 0 20 40 60 80 0 20 40
Time (s) Time (s) Time (s)

100

&
Acceleration PSD (dB re (1 pm/s)?/Hz)

10 20 30 0 10 20 0 10 20
Time (s) Time (s) Time (s)

FIG. 2. Spectrograms of sound pressure and particle acceleration for examples of ambient noise and boat (Ellie) approaches in a 200-m line with targeted
speed of 3.2 knots (1.67 m/s), 6.5 knots (3.33 m/s), 9.7 knots (5.00 m/s), 13.0 knots (6.67 m/s), and 16.2 knots (8.33 m/s). Both particle acceleration and sound
pressure data were bandpass filtered from 10 to 5000 Hz. Spectrograms were built with 42.67 ms Hann windows and 50% overlap.
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TABLE II. Mean and standard error for 31 boat approaches and eight ambient recordings of (top) sound pressure level (L, ,..s), peak sound pressure level
(Lp p), sound exposure level (Lg), and sound pressure kurtosis measurements for the recordings of 122 boat approaches at different speed regimes (boat trav-
eling at 3.2, 6.5, 9.7, 13, or 16.2 knots, respectively, 1.67, 3.33, 5.00, 6.67 or 8.33 m/s), recorded 20 m from the source, and 50 ambient noise recordings
(recorded for a short duration of 0.6 s or a longer duration of 3 s). Recordings are bandpass filtered from 10 to 5000 Hz. (Bottom) Particle acceleration levels
(Lg,ms) and acceleration exposure level (Lg ). All measurements are bandpass filtered from 10 to 5000 Hz. Averaging (for L, ,,,,; and L,) and integration (for
Lg and Lg ,) times correspond to each boat approach duration time (see mean approach time in Table I) = standard error.

3.2 knots 6.5 knots 9.7 knots 13 knots 16.2knots

Ambient Ambient (1.67m/s) (3.33m/s) (5.00m/s) (6.67 m/s) (8.33m/s)

0.6s (n=25) 3s (n=25) (n=25) (n=25) (n=25) (n=25) (n=25)
Ly, s [dB 1e 1 puPa] 96.8 = 1.1 949 *+ 1.1 112.7 = 1.1 123.6 =04 125.0 0.4 125.7+0.9 126.9 0.9
L, i [dB re 1 puPa] 117314 1224+ 1.6 1349+ 1.6 140.8 = 0.8 140.8 = 0.8 140.6 = 0.7 141.4+0.7
Lg [dB re 1 uPa®s] 95.4+0.7 99.7 £0.7 117.5+0.7 1254+04 125004 124.5+0.6 124.8 =0.7

Kurtosis 32.3+09.1 297.0+113.2 742 348 5.7+0.9 7.5+33 41*03 83*+4.1
Ambient 0.6 s Ambient 3 s 3.2 knots 6.5 knots 9.7 knots 13 knots 16.2knots

(n=4) (n=4) (1.67m/s) (3.33m/s) (5.00 m/s) (6.67 m/s) (8.33m/s)

(n=06) (n=6) (n=6) (n=06) (n=6)
Ly ms [dB e 1 um s 584+2.0 587122 69.5 1.3 86.6 0.7 87.9 0.5 89.3+0.8 90.7 £2.0
Lg,[dBrel um?® s77] 54.0%2.0 61.4+22 72.6 £ 1.5 86.7 0.7 86.2 0.5 86.4+£0.9 86.9+2.0

weight change due to fuel consumption) or the difference in
hull cleanliness, having a larger impact at this speed. At this
speed range, some of the variability in recorded mean speed
could also be attributed to dynamic effects, such as slam-
ming or porpoising motion, which we did not systematically
record but may have occurred despite the calm sea state.
The computed PSDs are shown in Fig. 4. They also high-
light the similarities between boat speeds 6.5, 9.7, 13, or
16.2knots (respectively, 3.33, 5.00, 6.67, and 8.33m/s),
whereas 3.2 knots (1.67 m/s) has a distinctive spectrum. All the
spectra have peaks/tones between 80 and 600 Hz, which may
represent the propeller blade rate and engine firing rate, plus
harmonics, as shown in rigid-hulled inflatable boats in Erbe
et al. (2016) and other small recreational and fishing boats
(Picciulin et al., 2022). Notably, the slowest speed regime stud-
ied (3.2knots) seems to generate the highest spectral density
level (> 90dB) of these low-frequency (<100 Hz) tones, espe-
cially visible on the particle acceleration spectrum, whereas
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highest spectral density corresponds to high frequencies
(>1kHz) in the fastest regimes.

The estimated source levels for each boat regime for (1)
the 10-5000Hz band, (2) the ADEON band BD (8.91-
8910Hz), and (3) the 8910-22400Hz band are shown in
Table III. They highlight the similarity between all regimes
from and above 9.7 knots.

L, are also plotted against the speed of each boat
approach (10-5000Hz, Fig. 5; other frequency bands,
supplementary material). There is a nonlinear relationship,
with a steep increase in L, until a speed of about 3m/s
(5.8 knots, 10.8km/h), then dropping slightly to Sm/s
(9.7 knots, 18 km/h). The relatively large scatter observed in
Fig. 5 likely reflects a combination of small environmental
variations, slight differences in boat or propeller condition,
and the aggregation of frequency-dependent trends across
the 10-5000 Hz band. As shown in the supplementary mate-
rial, variation is relatively small in the 8910-22 400 Hz band

boat regime

*16.2 knots
13.0 knots
.7 knots

0 2 4 6
Mean speed (m/s)

FIG. 3. Sound pressure levels (a: L, ;) and particle acceleration levels (b: L, ) for bandwidth 10-5000 Hz at recorded mean speeds for each boat regime,
recorded as a 5-m approach to the closest point of approach, 20 m away from the source.
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FIG. 4. Power spectral density in sound pressure (left) and particle acceleration (right) for ambient noise and boat approaches with targeted speed of 3.2,
6.5,9.7, 13, or 16.2 knots, respectively, 1.67, 3.33, 5.00, 6.67, or 8.33 m/s. Fourier transform window duration is 0.5 s, resulting in 2 Hz bands.

but more pronounced in the ADEON band BD (8.91-
8910 Hz), suggesting that much of the observed scatter may
stem from differences in the lower-frequency components
of the signal.

We corrected the PSDs by subtracting the power of ambi-
ent noise measured during adjacent time periods under similar
environmental conditions. Following this adjustment, source-
level PSDs were back-calculated to 1 m by applying cylindri-
cal spreading loss from the measurement distance (20m).
PSDs were computed using a Hann window with a 0.5 s dura-
tion and 50% overlap, yielding a 2-Hz resolution. These
adjusted spectra are shown in Fig. 6. The highest source spec-
tral density level peak at low frequency (<100Hz) was
117dB re 1,uPa2m2/Hz in a 2-Hz band (at ~30Hz, for the
6.5knots boat speed regime). The 3.2knots boat regime
showed a peak at ~150Hz (118dB re 1 yPa’m?/Hz), above
all the other boat regimes at this frequency.

Across boats and speeds, |p/v| values ranged from
1 x10° to 1 x 10" Pa - s/m, generally below the plane wave
reference (Fig. 7). Lower speeds tended to yield lower |p/v]|
values, suggesting weaker correspondence to plane wave
behavior under these conditions. Additional analyses of the
relationship between particle velocity and acoustic pressure
are presented in the supplementary material. Variation
between boats was also evident, likely reflecting differences
in cleanliness, hull form, and/or propulsion.

To further visualize the relationship between sound
pressure and sound particle motion, a scatterplot was

generated where each point represents one boat pass,
grouped by vessel ID and plotted against speed regime
(Fig. 8). A horizontal dashed line was added at 123.73 dB,
corresponding to the expected level difference under free-
field plane wave conditions, calculated from the characteris-
tic impedance of seawater (Z=pc=1.52x 10°Pa-s/m).
The measured L, ;s — Ly s Values were consistently below
the plane-wave reference, particularly at lower vessel
speeds. This suggests that the received field was dominated
by near-field or reactive components, where particle velocity
is enhanced relative to pressure. As vessel speed increased,
the ratio approached the plane-wave value, indicating a
larger contribution from the far-field propagating wave.
Finally, new spectrograms were generated to examine
the theoretical particle velocity and acceleration derived
from the pressure data, with dynamic color limits matched
across subplots to facilitate visual comparison. The figure
contains six panels: measured velocity, plane wave velocity
estimate, spherical-wave velocity estimate, measured accel-
eration, plane wave acceleration estimate, and spherical-
wave acceleration estimate (Fig. 9). The plane- and
spherical-wave reconstructions reproduced the timing and
dominant spectral bands of the measured particle velocity
and acceleration, with close agreement above ~200 Hz. At
lower frequencies, the reconstructions diverged systemati-
cally from the measurements, indicating that the simple
free-field impedance relations used for the estimates do not
fully capture the low-frequency sound field at the site. The

TABLE III. Estimated source level L for 10-5000 Hz band, ADEON band BD (8.91-8910 Hz), and 8910-22 400 Hz band, in dB re 1 yPa - m for each boat

regime.

Boat regime

Source level L in dB re yPa-m

3.2knots (1.67m/s) 6.5 knots (3.33 m/s)

9.7knots (5.00m/s)  13.0knots (6.67m/s)  16.2 knots (8.33 m/s)

Band 10-5000 Hz 148.1 154.4
ADEON band BD (8.91-8910 Hz) 148.2 154.6
Band 8910-22400 Hz 124.9 136.3

151.4 151.6 151.2
151.9 152.1 152.1
137.8 137.9 140.5
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FIG. 5. Source level L; calculated for the 10-5000 Hz band in relation to
the mean speed of each boat pass. A smoothing trend line (black) is fitted
with the locally estimated scatterplot smoothing method and formula y ~ x.
Its gray shadow represents its confidence interval.

low-frequency discrepancies are expected for several rea-
sons. In shallow, bounded coastal waters, the sound field
below a few hundred Hertz is strongly influenced by sur-
face—bottom reflections and normal-mode structure, so the
local acoustic impedance departs from the free-field values.
Second, the vessel is a moving, spatially extended, and
directional source (engine/propeller/hull radiation), not a
stationary monopole, so the pressure—velocity ratio is
source- and geometry-dependent at low frequencies. Third,
particle-motion sensors are more susceptible to non-acoustic
contamination at low frequency: flow-induced motion
around the sensor, mooring/tilt or platform vibrations, and
instrument response roll-off can elevate apparent velocity/
acceleration PSDs below a few hundred Hertz.

IV. DISCUSSION

We characterized the acoustic footprint of a class of small
vessel navigating in shallow coastal waters, at different speeds,
in terms of sound pressure and sound particle acceleration. For
all metrics calculated (L, 55 Ly pies Ly Lo yims> Lig o> Kurtosis), the
lowest speed (3.2knots or 1.67m/s) generated a distinct

120
=)
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D— .
BN § boat regime
3L R | » —16.2 knots
8& " —13.0 knots
= ®©
3% — 9.7 knots
nZ — 6.5 knots
E’ ® — 3.2 knots
g% 80 — ambient
£
L

100 1,000 10,000

Frequency (Hz)

FIG. 6. Estimated source spectral density levels for boat approaches with target
speed of 3.2, 6.5, 9.7, 13, or 16.2 knots, respectively, 1.67, 3.33, 5.00, 6.67, or
8.33 m/s. Fourier transform window duration is 0.5 s, resulting in 2 Hz bands.
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— 3.2knots — 6.5knots = 9.7knots — 13 knots — 16.2 knots
(1.67m/s)  (3.33m/s)  (5.00 m/s) (6.67m/s)  (8.33 m/s)

FIG. 7. Frequency-resolved estimate of the acoustic impedance [p/v| in
Pa-s/m for each boat speed regime for the spectral band from 10 to
5000 Hz. Lines indicate the median. Shaded bands show the interquartile
range (25th—75th percentile) across replicate measurements. This plot pro-
vides a comprehensive view of how acoustic impedance varies with both
frequency and boat speed. A horizontal dashed line at 1.52 MPa - s/m indi-
cates the expected acoustic impedance of a plane wave in open water,
included as a reference for comparison.

signature from all the other speed regimes (6.5, 9.7, 13.0, or
16.2 knots, equivalent to 3.33, 5.00, 6.67 or 8.33 m/s), which
showed similar proprieties. We acknowledge that the exclusive
focus on the approach phase limits the completeness of our
acoustic characterization, particularly considering the stern-
mounted engine and the potential for horizontal directivity
effects during departure. This asymmetry could influence
received sound levels in different orientations and should be
addressed in future studies designed for full underwater radiated
noise assessments (ISO 17208-1:2016, 2016; ISO 17208-
3:2023, 2025).

While 16.2 knots (8.33 m/s) was the highest target speed
regime considered, L,, ., peaked from 9.7 knots (5.00 m/s)

10°

Acoustic impedance Ip/vl (Pa-s/m)

3.2 knots 6.5 knots 9.7 knots 13 knots 16.2 knots
(1.67 m/s) (3.33m/s) (5.00 m/s) (6.67 m/s) (8.33 m/s)

Boat ID « Ellie# Lili= ME

FIG. 8. Acoustic impedance |p/v| across five speed regimes for three boats,
band-passed between 10 and 5000 Hz. Each point represents a single boat
pass, with shape and color indicating the vessel ID. Lines connect points
from the same boat across speed regimes. A dashed horizontal line at
1.51552 x 10°Pa - s/m indicates the theoretical difference expected under
ideal free-field plane wave conditions in seawater.
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FIG. 9. Spectrogram comparison of measured and estimated particle motion during a vessel pass (Lili, 6.5 knots = 3.33m/s). (A) Measured particle velocity (dB
re (1 (nm/s)?)/Hz) from tri-axial accelerometer data (magnitude xyz). (B) Particle velocity estimated from simultaneous pressure recordings using a plane wave
assumption. (C) Particle velocity estimated using a spherical-wave (monopole) model at 20 m range. (D) Measured particle acceleration [dB re (1 (um/s>)*)/Hz]
from accelerometer data (magnitude xyz). (E) Particle acceleration estimated from pressure under a plane wave assumption. (F) Particle acceleration estimated
using a spherical-wave model. All spectrograms use a Hann window (number of Fourier transform points (NFFT) = 2048, 50% overlap) and matched dynamic
color limits to enable direct visual comparison between measured and modeled quantities.

and L, peaked from 13.0knots (6.67m/s) (Table II).
However, the rise of both L, ,,,s and L, ,,,; was not linear
(Fig. 3). We show that the acoustic pressure and particle
acceleration increase as the boat goes faster but decrease
again for still higher speeds. Such stabilizing/decreasing
noise levels have also been described for rigid-hulled inflat-
able boats by Erbe et al. (2016). Despite an increase in
speed, from 9.7 to 16.2knots (5 to 8.33m/s), L,, ;s did not
increase significantly at these higher speeds. For example, a
doubling of the speed from 6.5 to 13 knots (3.33 to 6.67 m/s)
corresponds to an increase in only 1.4 dB for the frequency
band 10-5000 Hz. By comparison, from ambient levels to
3.2knots (1.67 m/s), the slowest targeted speed used in this
study, L, s increased by more than 15dB (more than

3614  J. Acoust. Soc. Am. 158 (4), October 2025

30-fold). The L,, s and L, highest levels between 3.2 and
6.5 knots (between 1.67 and 3.33 m/s) may correspond to the
point at which the boat’s hull encounters the greatest resis-
tance and the propeller experiences its highest loading.
Above a certain speed (i.e., 6.5 knots or 3.33 m/s), the boat
transitions toward planing, during which the bow lifts out of
the water. While this transition does not necessarily imply a
drop in hydrodynamic resistance, the rate of increase in
resistance typically decreases, and the vessel speed begins
to increase more rapidly than the propeller speed, resulting
in reduced propeller loading. Other sources of noise, like the
vessel slapping on the water from its planing, may be respon-
sible for the small increase observed in Ly, ,,,,; and L, ,,s from
13 to 16.2 knots.

Chapuis et al.

16'60:9} G20 4890100 L¢


https://doi.org/10.1121/10.0039578

Similarly, the estimated L, increased steeply from the
ambient noise level to 3m/s (~5.83 knots), then reaching
asymptote for the low-frequency band (10-5000 Hz)
(Fig. 3). The correlation between sound levels and boat
speed is usually described as positive (Ross, 1976) although
the exact relationship is vessel specific (Chion et al., 2019).
For this type of small research vessel (Sm length, 2.1 m
wide), the L, seems even to decrease for speeds higher than
6.5 knots (~3.3 m/s). This type of vessel can thus potentially
produce more noise at speeds below its optimal cruising
speed. In the higher-frequency bands (8910-22400 Hz), the
estimated source level increases again for speeds exceeding
6 m/s (11.7 knots) after an equilibrium between 3 and 6 m/s
(see supplemental material). This difference highlights the
importance of frequency weighting while considering sound
exposure levels and the need of weighting functions for dif-
ferent taxa with different hearing sensitivities.

For all speeds, the start of the spectra was characterized
by single frequency tones from 80 to 500 Hz (Fig. 4, espe-
cially visible for the particle acceleration). These components
were particularly noticeable at slow speed (i.e., 3.2 knots),
where almost all the energy occurred in the low frequen-
cies, below 200 Hz: although the lowest speed, it shows the
highest energy of all boat regimes for frequencies under
200 Hz (Fig. 4). As seen in Picciulin et al. (2022), the high-
est speed may induce highest L,, ,,,,; only in a very limited
frequency range, depending on the engine type. In small
boats, narrowband tones are associated with individual cyl-
inder firings and the overall engine firing rate (Matzner
etal., 2010).

As the speed increased, there was a rise of sound level
at frequencies 500-10 000 Hz (Fig. 5). This pattern, which is
visible both for pressure and particle motion, was previously
described by Parsons and Meekan (2020) while testing the
noise of vessels of different sizes in a similar environment,
and by Smith ef al. (2025) for small outboard-powered rigid
inflatable boats. The broadband increase could be attributed
to the intensity of the cavitation noise, which is related
directly to the propeller rotation rate (Ross, 1976), also visi-
ble in other studies (Erbe et al., 2016; MacGillivray et al.,
2019). As the vessel speed increases, higher-frequency
broadband sound may result from a range of hydrodynamic
factors, including possible cavitation or turbulence near the
propeller. However, for small planing craft, propeller load-
ing typically decreases once the vessel is on plane, and cavi-
tation may not increase with speed in the same manner as in
larger displacement vessels (Svedendahl et al., 2021; Smith
et al., 2024). These higher frequencies would also propagate
better in the shallow environment than the low frequencies
(<500 Hz). From a speed of 6.5 knots (3.33 m/s), the charac-
teristics of the boat’s regime are all very similar in the fre-
quency domain (Figs. 2—4), and it is hard to distinguish one
from the other. This increase was also not strictly linear and
was accompanied by considerable variability across passes.
This aligns with recent studies that have challenged the
assumption of a monotonic relationship between speed and
underwater radiated noise in small vessels. For instance,
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Svedendahl et al. (2021) observed that certain boats emitted
higher noise levels at lower speeds due to suboptimal pro-
peller performance and early-onset cavitation, likely
because the vessel was not operating at its design cruising
speed. Similarly, Smith et al. (2024) and Smith ez al. (2025)
demonstrated that propeller fouling and damage can drasti-
cally alter cavitation dynamics, producing noise patterns
that deviate from expected speed-based scaling. While our
study did not include visual assessment of cavitation or pro-
peller condition, the substantial spread in noise levels across
boat passes, particularly at fast speeds, suggests that similar
mechanisms may be at play. Taken together, these findings
emphasize the need to account for vessel-specific character-
istics and propeller dynamics when interpreting speed—noise
relationships in shallow coastal environments.

Mitigation options for boat noise typically include the
slowdown of vessels (Leaper, 2019; MacGillivray et al.,
2019; Williams et al., 2019). The drawback of slow vessels
is that the overall time of noise exposure is then prolonged.
In this study, we included the sound exposure levels to
account for the duration of the approach. The exposure lev-
els were the lowest at 3.2 knots (1.67 m/s) and reached their
maximum at ~6.5 knots (3.33 m/s), for their respective inte-
gration time (Table I). Therefore, for these small vessels,
slowdowns from high speed to about 6.5knots (3.33 m/s)
could provide a net increase in noise exposure. We also
showed that the slow-moving boats produced higher levels
of both particle motion and pressure in low frequency tones,
which overlap with the sensitivity range of invertebrates and
fishes. In this context, driving the boat at planing speed or
driving at speeds lower than 6.5 knots (3.33 m/s) may be a
better strategy for noise mitigation. In this study, we did not
consider the acceleration or deceleration phase of the vessel,
although their acoustic dynamics may be important in the
context of mitigation. For example, Lagrois et al. (2022)
showed that a ferry accelerating or decelerating was one
order of magnitude noisier than at operational speed. A ves-
sel’s optimal cruising speed, including acceleration and
deceleration, should be considered when speed limitations
and mitigation measures are considered. Similarly, other
parameters than sound level, such as kurtosis, may be
important. In this study, kurtosis was significantly higher for
the 3.2-knot (1.67 m/s) regime compared to faster speeds,
for sound pressure. This suggests that the acoustic signal at
low speeds was more impulsive, likely dominated by dis-
tinct tonal components, such as engine firing or propeller
blade rates. In contrast, higher speeds resulted in lower kur-
tosis, consistent with broader, more continuous noise pro-
files dominated by cavitation or turbulence.

We also highlight the importance of considering differ-
ent frequency bands while calculating sound exposure and
estimating source levels. Auditory frequency weighting
functions for aquatic organisms can describe the susceptibil-
ity to hearing impairments or the relative hearing sensitivity
for the studied sound sources within the audible range of
each group. Weighting functions have been developed for
different groups of marine mammals (Southall et al., 2019)
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and of fishes and invertebrates (Lucke er al., 2024). For
these taxa in particular, sound particle motion is important
to consider and should be measured for more anthropogenic
sources.

Our field particle motion measurements diverged from
the plane wave predicted values from the SoundTrap, espe-
cially for speed higher than 3.2 knots (see the supplementary
material): this could be due to the small difference in loca-
tion between the two sensors (i.e., side by side but separated
by ~50cm), the shallow depths, or the reefs present in the
area. Across most frequencies, the measured |p/v| ratios
ranged from 0.1 to 10 MPa - s/m, with the plane-wave refer-
ence (1.52MPa-s/m) lying near the middle of this range
(Fig. 7). Ratios below the reference indicate velocity-rich
fields, likely due to near-field or hydrodynamic effects, and
were more common at lower frequencies and slower vessel
speeds. Ratios close to the reference suggest plane-wave-
like behavior, typically observed at mid-frequencies. Ratios
above the reference, more common at higher frequencies
and faster speeds, indicate pressure dominance, consistent
with far-field radiation. These patterns suggest that both fre-
quency and vessel speed influence the balance between pres-
sure and particle velocity in the measured field.

In practice, two important effects cause deviations from
the reference value. First, near-field effects, arising within
roughly one wavelength of a source, are dominated by reac-
tive energy storage, where particle velocity can be enhanced
relative to pressure due to the presence of evanescent and
non-propagating components of the sound field. Second,
shallow-water propagation constrains acoustic modes
between the surface and seabed, altering the local balance of
pressure and velocity depending on modal structure, fre-
quency, and measurement geometry. At low frequencies,
and especially close to the seabed, particle motion can be
amplified relative to pressure due to boundary interactions
and mode conversion. Our results show exactly these trends:
broadband L, ,,,s — L, ,1ms values were consistently below the
plane-wave reference (Fig. 8), particularly at lower vessel
speeds, indicating stronger relative particle motion. With
increasing speed, the difference approached the theoretical
plane-wave value, consistent with a shift toward a more far-
field-like sound field dominated by propagating modes.

V. CONCLUSION

While we show here that reducing speed does not
always reduce the noise exposure, there is early evidence
that reducing the speed of this type of motorboat to a very
slow speed with no wake can be beneficial to nesting coral
reef fish behavior (McCloskey et al., 2020). Thus, reducing
motorboat speeds could have a positive impact, if done with
thought to the specifics of the vessel. Driving at either very
slow (e.g., no wake) or at optimum speed for the hull design
(e.g., “on the plane”) is also likely to maintain greatest fuel
efficiency and comfort for crew, meaning that these factors
could aid motorboat drivers making choices about their driv-
ing style.
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SUPPLEMENTARY MATERIAL

See the supplementary material for further analyses of
small vessel noise in shallow waters, including measure-
ments of sound pressure, particle velocity and acceleration
across different bandwidths, comparisons of observed and
theoretical impedance relationships, and validation of
pressure-based estimates of particle motion.
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