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ABSTRACT:

This study presents the results of three-dimensional (3D) propagation modeling of noise from a transiting bulk car-
rier vessel. In the simulated scenario, the surface vessel is moving past a bottom-mounted hydrophone system.
Sound levels are estimated in decidecade frequency bands as the vessel transits past the hydrophone, and the simula-
tion results are compared against real measured data. The modelling is performed using the program AMPLE, which
is based on the wide-angle mode parabolic equation theory for simulating 3D broadband acoustic fields in a shallow
sea. The model is used to investigate the effect of 3D phenomena on the surface vessel sound propagation. It is
shown that an inaccuracy of the noise simulation associated with the use of a two-dimensional model can be as high
as 7-10dB for certain distances and for frequency bands over which a major part of the source energy is distributed.
An approach to the selection of data-adjusted media parameters based on the Bayesian optimization is suggested,
and the influence of the various parameters on the sound levels is discussed. © 2024 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1121/10.0026238
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I. INTRODUCTION

Currently efficient and adequate mapping of shipping
noise and estimation of its impact on the environment con-
stitutes one of the main challenges in underwater acoustics
(Ainslie et al., 2021b; Jiang et al., 2020; MacGillivray and
de Jong, 2021; Merchant et al., 2012; Simard et al., 2016;
Wales and Heitmeyer, 2002). It is widely accepted that ship-
ping is one of the main anthropic sources of noise that
affects marine ecosystems, especially in coastal areas near
major ports. Systematic exposure to high levels of sound
may have a negative impact on the populations of various
species of marine mammals, fish, and even invertebrates,
and exact quantification of acceptable threshold currently
attracts significant research effort (Erbe er al., 2019;
Southall et al., 2019; Southall et al., 2017). On the other
hand, shipping noise can be a valuable source of information
about the medium. For example, in Gervaise et al. (2012)
and Simard et al. (2016) the ship noise is used as a source of
opportunity for performing geoacoustic inversion of bottom
parameters. In Knobles (2015) both the ship source spec-
trum and seabed parameters were estimated using a statisti-
cal inference method under the assumption that a vessel can
be represented as a point source, while Tollefsen et al.
(2021) simultaneously estimated the ship source spectra and
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seabed model parameters using a Bayesian inversion
method and a multiple point-source model to represent mer-
chant ships.

In addition to the direct measurements, the mapping of
the distribution of the noise levels over large areas of a sea
requires adequate tools for sound propagation modelling. In
recent years, several classes of computational tools have
been developed in the framework of different mathematical
approaches including ray- and Gaussian-beam-based meth-
ods (de Moraes Calazan and Rodriguez, 2018; Oliveira
et al., 2021; Porter, 2019), three-dimensional (3D) parabolic
equation theory (Lin et al., 2013; Sturm, 2016), energy flux
technique (ézkan Sertlek and Ainslie, 2014; Sertlek et al.,
2018) and mode parabolic equations (Petrov et al., 2024;
Petrov et al., 2020) [i.e., vertical modes combined with two-
dimensional (2D) parabolic equations for computing ampli-
tudes of the modal expansion of the field]. Most of these
methods underwent a thorough verification in various
benchmark problems featuring some idealized environment
models (see, e.g., Petrov et al., 2020) and a monopole-type
point source (in most cases a time-harmonic one). Despite
aforementioned impressive advances in the development of
numerical methods for the simulation of sound fields in
underwater acoustics in the past two decades, when it comes
to the needs of the industry and real-world applications,
there are still many questions related to the efficiency and
accuracy balance, as well as to correct reproduction of vari-
ous noise sources in computational models.

©Author(s) 2024.
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In order to address these questions several workshops
on sound propagation modelling have been organized
recently, including a 2022 Cambridge Joint Industry
Programme Acoustic Modelling (JAM) workshop (Ainslie
et al., 2019; Ainslie et al., 2023). One of the model valida-
tion problems offered by the organizers to the participants
was concerned with simulation of the noise produced by a
bulk carrier vessel. In this scenario, the vessel is moving
past an underwater listening station (ULS) deployed close to
Saturna Island near the Port of Vancouver (MacGillivray
et al., 2022) (see Fig. 1). The participants were provided
with vessel track data [its transit of the closest point of
approach (CPA) to the monitoring station], the effective
source level of an equivalent monopole, and the information
on the environment including bathymetry in the area, histor-
ical sound speed profiles (SSP) for three months, and some
limited data on the geoacoustic parameters of the bottom
layers. The goal was to simulate the distribution of the
sound levels over decidecade bands (Ainslie et al., 2021a;
Ainslie et al., 2022) for various distances between the vessel
and the monitoring station. The measurement data taken by
the monitoring station were made available to the partici-
pants a posteriori for the validation of the modelling results.

The goal of the present study is to present the results of
our work on this scenario and to share our understanding
regarding of the possible ways to improve the shipping noise
modelling. The simulations in this study were carried out
using the AMPLE code (Petrov and Tyshchenko, 2020;
Tyshchenko et al., 2021) based on the mode parabolic equa-
tions technique (Petrov et al., 2020). This method features
the capability to perform full-wave modelling of sound
propagation in the 3D geoacoustic waveguide of a shallow
sea. Thus, one of the key results of this work is an investiga-
tion of the role played by 3D effects in shipping noise prop-
agation. Although the propagation distances in the
considered scenario are somewhat shorter than is usually
required for the 3D features of the sound field to develop,
the strongly range-dependent environment in the narrow
strait where the monitoring station was deployed favours the
manifestation of the related effects.

In the course of our work on the workshop scenario, we
discovered that it was impossible to achieve satisfactory
agreement between the measurements and the simulation
with the bottom parameters suggested by the organizers. To
overcome this difficulty, we performed an optimization of
the geoacoustic parameters aimed at achieving a better fit of

*AIS Receiver Station

— Traffic separation scheme

123.167° W -123° W z

[32]

z s Meters &

3 0 200 400 ©
@
©
<

Station 2
<o
Station 1
Saturna Island

z

o

z e e DY

° [e0)

It} <
B
©
<

Boundary Pass
Waldron Island Orcas Island
Service Layer Credits: Esri, DeLorme, GEBCO, NOAANGDC, and other contributor|
123.167° W -123° W
Legend
QuLs Datum: NAD 1983

Projection: BC Albers

— — KM
0

ASCO

APPLIED SCIENCES

1 2 4

FIG. 1. (Color online) The measurements area and the noise monitoring stations, picture courtesy of Zizheng Li and Graham Warner (JASCO Applied

Sciences).
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the noise levels distribution at CPA, and afterward, the
resulting measurement-adjusted bottom model was used for
the modelling of noise for all positions of the vessel in the
course of the CPA transit. We believe that such an optimiza-
tion approach is practical when performing vessel noise
monitoring in practice.

Another challenge for the noise field simulation was
related to the fact that we had a single reception point (i.e.,
the monitoring station) while the position of the source was
slowly moving. Clearly, full 3D broadband modelling of the
field for every source position is not feasible even with the
most efficient codes. For this reason, we had to use the reci-
procity principle (Jensen et al., 2011) and compute the 3D
acoustic field for all frequencies involved as if the source
was located at the monitoring station. In this case, the model
can be run once to compute the noise levels along all points
of the vessel track. This approach must be used with due
care when strong currents are present in the area of interest,
and the equations of sound propagation must be adjusted in
order to take the moving media effects into account.

At the same time, we expect it to produce acceptable
results whenever the current velocity projection onto the
source-receiver line is sufficiently small.

The paper is organized as follows: Sec. II presents a
brief scenario description. Section III briefly describes the
AMPLE sound propagation modelling tool, and the model-
ling results are discussed in Sec. IV, where noise distribu-
tions are computed both for original and optimized media
parameters. Key results, findings, and observations are sum-
marized in Sec. V.

Il. SCENARIO DESCRIPTION

As was mentioned in Sec. I, the JAM workshop scenario
under consideration corresponds to the transit of a bulk carrier
vessel past a hydrophone system deployed in a strait near
Saturna Island close to the Port of Vancouver. The vessel tran-
siting past the hydrophones of a measurement system was
tracked via the Automated Identification System (AIS). Source
level data provided to the workshop participants were gener-
ated by an automated system (JASCO PortListen) that com-
putes vessel source levels within a data window defined by a
+30° azimuth angle centred from the CPA to the hydrophone.
Source levels from a single transit of a vessel of opportunity
were analyzed on the basis of SPL versus distance measure-
ments in decidecade frequency bands with centre frequencies
from 10 Hz to 250kHz. PortListen computed propagation loss

from the hydrophone to the vessel CPA using a wave equation
model, assuming a source depth equal to 70% of the vessel
draft at the time of measurement. Additional details regarding
the automated source level analysis performed by PortListen
are provided by Hannay et al. (2016). For the workshop vali-
dation scenarios, model predictions were compared to mean
square pressure versus frequency, p3,,.(f), and sound expo-
sure versus frequency, E,,‘ddn.( f), in decidecade bands, as
measured on the ULS using a temporal observation window of
1's at distances of up to 3.3 km from the hydrophone. Acoustic
quantities are as defined in ISO 18405:2017 (ISO, 2017,
Ainslie et al., 2021a).

The bathymetry in the area of vessel transit is shown in
Fig. 2 where we introduced a Cartesian coordinate system
centered at the receiver location and with an x-axis aligned
along the bulk carrier track. The bottom of the area consists
of an upper sediment layer (which is formed by fine-grained
sand) overlying a bedrock substrate (the values of the geoa-
coustic parameters of the bottom suggested by the workshop
organizers are given in Table II).

The historical SSP for the Salish Sea available to the
workshop participants are presented in Fig. 3 (note that the
measurements took place in November, but the SSP data for
October and December were also provided). The effective
source spectrum of the bulk carrier is shown in Fig. 4. Note
that it corresponds to the source level of an equivalent
monopole (ISO, 2017) and no information on the source
directivity was given in the problem statement.

The goal of the CPA transit simulation was to reproduce
acoustic energy distribution over decidecade frequency
bands E,, jaec(f) defined as

2 5
Epaaefind) =2 | 1P

fi

where f, is the central frequency of the band [f1,/5], P(f, d)
is the spectrum at the receiver computed for a time window
of 1s for a given point of the CPA transit, and d is the dis-
tance from the ship to the hydrophone of the measurement
system. Another important quantity is p?,,.(f) at CPA
computed by the formula

P adec () = Epadec(for depa) /T,

where T is the temporal observation window (hereafter
T=15), and dcp, is the distance from the ship to the mea-
surement system at CPA.
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FIG. 3. (Color online) Historical data on SSPs in the area of interest.

As we use a normal-mode-based model AMPLE, we
decided that our attention is restricted to the frequency band
EC2 (8.91-891Hz). It was requested that the modelling
results are averaged over decidecade frequency bands.

lll. COMPUTATIONAL MODEL AMPLE

This section is dedicated to a brief description of the
AMPLE modelling program and the mathematical concepts
involved. The program is implemented in C++ and
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FIG. 4. (Color online) Decidecade band source level spectrum of the bulk
carrier (re 1 yPa® m?) as measured at the CPA to the underwater listening
station. The assumed source depth was 6.2m. The identity and particulars
of the vessel were anonymized and not shared with workshop participants.
The length of the vessel is approximately 185m and the beam approxi-
mately 30 m.
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available together with its source (Petrov and Tyshchenko).
It performs broadband modelling of sound propagation in
3D shallow-water waveguides. The configuration files allow
the user to specify bathymetry, SSP, and the structure of the
bottom layers in the simulation area.

A. Mathematical foundations

It is known that the acoustic field p(x, y,z) generated by
a time-harmonic point source of frequency f satisfies the 3D
Helmbholtz equation,

p O*p 0p

.
8x2+8y +82+ (1+inp)

= —0(x)0(y)d(z — z), ey

where w = 2nf is the angular frequency, ¢ = c(x,y,z) is
the sound velocity, f is the attenuation coefficient, and
n = 1/40mlog,,e. Furthermore, the acoustic pressure can be
expressed as a truncated expansion over normal modes ¢,

ZAxy

where k;j = k;(x, y) are their respective horizontal wavenum-
bers obtained by solving the Sturm-Liouville problem,

p(x%, 3,2 (2:%,5)s ©))

d*¢ 2
g =,
¢j|z:0 = O’ (pjlz:H = 07
1do; 1d¢;
T =——- ;
jl PO p dz z=h—0 p dz z=h+0
(3

for a fixed pair of values (v, y), i.e., in some vertical section
of the computational area z € [0,H]. Note that the second
line of Eq. (3) consists of the pressure-release (zero-
Dirichlet) boundary condition at the ocean surface and the
lower boundary of the computational domain z =H, while
the third line represents the continuity conditions at the
water-bottom interface z = h(x, y).

Under the adiabatic assumption (i.e., when the mode
coupling is negligible), it can be shown that the mode ampli-
tudes A; = A;j(x, y) in Eq. (2) satisfy the horizontal refraction
equation,

2 2
aaé +%é IGA; = —d(25)0(x)0(y).- 4)

Cancelling out the principal oscillation (using some refer-
ence horizontal wavenumber £;),

Aj(x,y) = ¢V By(x,y), )

one can obtain the following one-way pseudo differential
mode parabolic equation (PDMPE) for the envelope func-
tions B;,
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oB; . -
a—x":lkm( 1+L;— 1)Bj (6)

where the differential operator L; satisfies k?\L; = 0%/
> +kF — k.

PDMPE Egq. (6) can be approximately solved by a variety
of techniques including, e.g., powerful pseudospectral methods
and the split-step Padé approach (Collins, 1993; Petrov and
Antoine, 2020). The latter one is used in the AMPLE program,
and various numerical aspects of the PDMPE solution were
developed in recent research (Petrov et al., 2020).

B. The program implementation and performance

The program AMPLE (Petrov and Tyshchenko, 2020)
was developed at II’ichev Pacific Oceanological Institute
(POI) specifically for the purposes of broadband anthropic
noise monitoring and simulation. It is written in C4+ and
utilizes a simple command-line interface with media and
computation parameters being provided in a JSON
(JavaScript Object Notation) configuration file. The program
uses point-source model (as described in Sec. IIT A) and uti-
lizes the simple ray starter for PDMPEs (Petrov et al.,
2020). Modal functions and wavenumbers are computed
using the CAMBALA (Petrov et al., 2020) utility. For this
scenario we slightly adjusted AMPLE options across the fre-
quency range (that was divided into 4 parts) in order to
slightly reduce the total computational time (see Table I).

All computations were done on a regular rectangular
grid x € [20,3320],y € [-1000, 1000] with the steps sizes
Ax = 1,Ay = 0.125, for the computations in both positive
and negative directions of x-axis from the source, z; = 192.7.
A perfectly matched layer was used to truncate the computa-
tional domain in y (see Petrov et al., 2020) for the details on the
domain truncation). Acoustic modes we computed using the
CAMBALA library that utilizes a finite-difference discretiza-
tion of the Sturm-Liouville problem [Eq. (3)] (the actual com-
putations were performed using the step size Az = 0.1 in z).

Twenty CPU processes were utilized during computa-
tion. The acoustic fields were output on a smaller regular
grid n, =331,n, =321,n, = 11. E, g4c(f) were then
obtained using a Wolfram Mathematica script.

IV. MODELLING RESULTS

As mentioned in the introduction, we used a reciprocity
principle to perform the vessel noise simulation. More

TABLE I. Media parameters used in the simulation for different frequency
ranges.

Frequency range Hz

Substrate Number of Comp.
fo f Af thickness m modes time min
8 24 1 1200 8 20
25 99 1 1200 28 220
100 298 2 800 80 530
300 892 4 600 160 1470
3706  J. Acoust. Soc. Am. 155 (6), June 2024

precisely, we set up the source at the depth of 192.7m at
x =0,y =0 (the actual location of the measurement sys-
tem) and performed the computation of the sound pressure
field for all frequencies from 8Hz to 891Hz in the
area —3.3km <x <33km, lkm <y < lkmatz=62m,
which is specified in the scenario description as the effective
depth of the source (see Cartesian coordinates in Fig. 2). In
other words, it was more efficient to simulate the sound
propagation from the receiver to the source (hereafter this is
called reciprocal modelling) than vice versa (direct model-
ling). After computing the horizontal cross section of the
acoustic field for a given frequency, acoustic pressure values
were interpolated onto all points of the vessel track.

It was originally suggested by the organizers that the
environment should be considered range-independent (i.e.,
homogeneous in x, y). Indeed, such simplification could be
reasonable for distances of about 3 — 4 km for which hori-
zontal refraction effects are usually insignificant. We
decided, however, that it is interesting to evaluate the signif-
icance of these effects in this scenario. Thus, all computa-
tions were performed using a full 3D AMPLE code (in
which the pseudodifferential parabolic equations were
solved both in positive and negative directions of the x-axis)
and its simple 2D counterpart (which is computationally
cheaper by approximately a factor of 400).

The first modelling results we obtained were rather dis-
couraging. Even at the CPA the levels of the simulated noise
substantially exceeded those obtained from the measure-
ments data (see Fig. 5). The difference is even more notice-
able when comparing the noise levels for the CPA transit on
a distance-frequency diagram as shown in Fig. 6. Although
partly higher levels in the simulated field can be explained
by the fact that AMPLE program does not take bottom elas-
ticity into account (which typically results in higher trans-
mission loss), the discrepancy is too large to be explained
exclusively by this factor. Other possible explanations of
this disagreement include an inaccuracy in the information
on the geoacoustic parameters of the bottom, a disagreement

pédec/(paz)

10 50 100 500
f, Hz

----- default optimized —— target

FIG. 5. (Color online) Noise distribution over frequencies at CPA of the
vessel transit track obtained from measurements data (solid line), and from
the modelling results using the default (dashed line) and the optimized
(dashed-dotted line) values of environment parameters.
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between the actual hydrological conditions on the measure-
ment day with the historical SSP data, and an inadequate
representation of large source as an infinitesimal monopole
(i.e., the far-field approximation). While little can be done to
properly correct the source directivity pattern both in the
vertical and the horizontal plane without undertaking addi-
tional measurements, media parameters can be adjusted
using the existing data.

Note that the higher intensity of the simulated vessel
noise as compared to the data can be (at least partly)

explained by somewhat stronger acoustic contrast across the
water-bottom interface and somewhat smaller attenuation in
the sediment layer than in the actual environment.

Some features of the field can be analyzed by consider-
ing its vertical cross section (e.g., in x, z-plane) shown in
Fig. 7(a) for the frequency of 400 Hz (just as an example). A
typical feature of the interference pattern is that near the
ocean surface, the intensity maximum is located a few hun-
dred meters away in a range from the source (obviously,
exactly the same situation could be also observed in
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E E tion (a) and for the optimized parame-
C ] ter values (b).
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non-reciprocal computations). Such interference structure of
the field results in the formation of sidelobes in the noise
distribution in Fig. 6(b), i.e., elongated features correspond-
ing to high noise intensity areas aligned at an angle of
roughly 7/4 to the distance axis. Although similar features
can be also found in Fig. 6(a) after a careful examination
(and in fact they are natural for the considered source and
receiver depths), the respective noise intensity is signifi-
cantly lower in the measurement data.

Arguably, this discrepancy can partly result from a non-
trivial source directivity pattern, while, on the other hand, it
can be somewhat mitigated by correcting media parameters
(especially for lower frequencies that carry the majority of
the source energy).

A. Optimization of media parameters

Since the agreement between the measurements data
and the modelling results obtained using the suggested val-
ues of geoacoustic parameters was between 10 and 20dB
for almost all decidecade bands (even at CPA), we decided
to perform the optimization of the latter using the CPA lev-
els (for the entire frequency band EC2) as a reference.

The optimization was focused on adjusting bottom
parameters, namely, thickness, sound speed, density, and
attenuation of the sediment, as well as the sound speed of
the substrate. Since differentiating through mode computa-
tion is impractical, non-gradient methods were considered.
We used the Bayesian optimization method (Garnett, 2023),
which quickly explores the target function and finds a value
close to the local maximum using only a small number of
target function evaluations. The latter is especially impor-
tant since mode computation takes a considerable amount of
time. The Bayesian optimization algorithm can be summa-
rized in the following way

(1) Given a target function f:®+— R obtain a prior
p(f]0 € ©), describing how the function is expected to
behave with respect to . Here O is the set of all possi-
ble combinations of the optimization parameters (i.e., all
possible combinations of bottom parameters).

(2) Observe n € NN target function values y; = f(6;) at ran-
domly selected points {0},

(3) Obtain a posterior p(f[01, ..., On, Y1, -oes Yn)-

(4) Foreachj=1,m,m € N do

(a) Obtain the next best guess 0,4; by maximizing
some acquisition function ¢ : ® — R that assigns a
score to potential guesses based on their perceived
ability to benefit the optimization process at the cur-
rent posterior p( |01, ..., Oppjo1, Y1, -0, Ynrjt1)-

(b) Observe the target function value at the newly
obtained point y,; = f(0,).

(c) Update the posterior p(f|01, ..., Ontjy Y15 -y Yaty)-

(5) Output the maximal value y; with its respective point 6;.

The most commonly used prior is that of a Gaussian
process (Garnett, 2023). It takes the following form:

F(0y) k(01,0) k(04,0,) k(01,0,)
~Nwe S . :
F(0,) k(0,,0) k(0,,0) k(0,,0,)

@)

which is a multivariate normal distribution with the mean
and covariance matrix {k((),—, ej)}i,," where £ : ©@ x O — R
is a so-called kernel or covariance function. The posterior
distribution is then given by

P01, e 00, f(01), ... f(0,)) ~ N (m, %),
m= {k(@, 01')}7:1'<{k(0i’91')};;‘:1)_1 ' {f(gi)}?:w

= k(0,0) = {k(0, 0} -({k(0,0)},,)
{k(0,0,)}7_,. ®

For this particular task in our study, we used Matérn kernel,

K(0:.0) = r(yl)l <\/12_Vd(0i, e,-))yzg <\/12_Vd(0i, ej)>,
©

where v,/ € R are the kernel parameters, d(-,-) is the
Euclidean distance, K, () is a modified Bessel function of
the second kind, and I'(-) is the gamma function. The
parameter v controls the smoothness of the resulting func-
tion (see Fig. 8) and [/ is the length scale parameter.

FIG. 8. (Color online) The function
f(0) sampled from a multivariate nor-
mal distribution (7) with zero mean
and covariance matrix defined by the
Matérn kernel with different values for
the parameter v. f(6) and 6 are dimen-
sionless and are plotted to show the
impact of v.

0
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The value v =5/2 was used and the kernel is trans-
formed to

k(0;,0)) = <1 +\/T§d(6,-, 0;) + %d(@i, 0,-)2>

X exp (—\fd(ﬁ,», 0,)>

This value provides a good balance between function
smoothness and its ability to approximate coarse data and
allows for computing the kernel without evaluating the mod-
ified Bessel function. The parameter / is initially set to 1 and
gets updated during the optimization process to better fit the
observed data.

For the acquisition function, Upper Confidence Bound
was used,

q(0) = E[Xy] + x\/ Var(Xy),

where Xy ~ N (m,s?) is a random variable distributed
according to the posterior distribution in Eq. (8). The param-
eter k € R controls the balance of exploitation and explora-
tion with lower values promoting points around the target
function peaks and higher values allow points to be selected
from the whole range (see Fig. 9).

The optimization was performed in Python using
BayesianOptimization library (Nogueira, 2014). To facili-
tate the process, the mode computation was re-implemented
using Tensorflow library (Abadi et al., 2015), which allows
the computations to be performed on a GPU and decreases
the time it takes to obtain CPA levels for the entire fre-
quency range from several hours to several minutes.

For the target function, the negative mean squared differ-
ence between logarithms of the noise level at CPA obtained
from measurements data and the modeling results was used,

(10)

Y

f(0) =— NLFZJL (log (Ep ddec(fe, depa))

2
— log (Eptitc(fesdeea. 0) ) ) (12)
where Np is the number of decidecade bands taken into
account, E7'%, .(fe, dcpa, 0) is the modeling result for a given
central frequency f,, distance dcp,, and media parameters 6.

The SSP in the water column was also adjusted in the
course of the optimization. It was parameterized by a scalar
real parameter ¢ € [—1, 1] (that can be considered time). The
profile for a given ¢t was obtained using depth-by-depth
interpolation between the three nodes —1,0, 1 as follows:

¢ (Z Z): Coct(Z)+(1+1)((‘,10\;(2)7(‘0”(2)), 7ISIS0,
water\ %5 Cnov(z) +I(Cdec(2) — Cm)v(Z)), 0<t<l,

13)

where Coery Crovs Caee are the SSPs for October, November,
and December, respectively (i.e., each node corresponds to
one month, see Fig. 3).

The sound speed in the sediment bottom layer is param-
eterized as follows:

Z—1Zp

Az

Csea(z) = Co + Ac, (14)

where z,, is the bottom depth, Az is the layer thickness, ¢ is
the sound speed at its top (i.e., just below the water-bottom
interface), and Ac characterizes the sound velocity gradient
in the layer.

The optimization parameter ranges and their values
obtained during the optimization process are shown in
Table II. Note that the best agreement of the sound levels
at CPA is achieved for October sound speed data and for
somewhat lower sound speed in the upper part of the sedi-
ment layer, as suggested by the workshop organizers.
Optimization also results in a much higher sediment attenu-
ation parameter than one might normally expect. This can
be explained by the fact that the models we used do not
take elasticity effects into account. Since the presence of
shear waves in the bottom results in additional loss of
acoustic energy, an unrealistically large value of attenua-
tion in an equivalent fluid bottom model must compensate
for it. Also, note that the best model-data fit is achieved for
the maximum sediment density value in the search interval.
This can be explained by the low sensitivity to this parame-
ter which is quite common for geoacoustic inversion prob-
lems. We decided not to extend this interval any further in
order to keep this value reasonable. The quality of the opti-
mization results can be assessed by comparing the sound
level plots in Fig. 5.

T

FIG. 9. (Color online) Points selected
during Bayesian optimization using
Upper Confidence Bound acquisition
function with different values for
parameter k. f(6) is an arbitrary func-
tion the optimization was performed
for to show the impact of k.

= 10 2.576 4 0.1
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TABLE II. Optimization parameters.

Sediment Substrate
Sound speed m/s
Thickness Density Attenuation Sound speed Density Attenuation
Az,m c Ac g/cm? dB/2 m/s g/em® dB/2 SSP
default 50 1541 50 1.8 0.61 2160 2 0.25 0
optimized 61.4 1519.2 50 2 2.01 1931.5 2 0.25 -1
range [20,200] [1500, 1600] [0, 100] [1,2] 0.1,2.5] [1800, 3000] [~1,1]
B. Simulation of the sound levels distances and frequency bands the difference between the
. . . 2D and the 3D simulations is about 7-10dB (it can be even
After performing optimization of the geoacoustic 3 7-10dB (

parameters of the media we simulated the CPA transit sound
field again. The results for both the full-3D AMPLE model
and its 2D (range-independent) counterpart are shown in
Fig. 10. Figure 10 also presents the difference between the
two models (it is computed as a difference of fields in the
logarithmic units in the first two subfigures). First, one can
observe a much better qualitative agreement with the mea-
sured sound field shown in Fig. 6. Second, for certain

as high as 15dB for certain points of the noise diagram,
however, these points correspond to relatively low sound
levels both in the modelling results and in the measurement
data). Such a difference can be explained by the influence of
the inhomogeneous bottom relief, and, in particular, by the
manifestation of the horizontal refraction (Jensen et al.,
2011; Katsnelson et al., 2012) of acoustic waves. The signif-
icance of this effect can be seen in Fig. 11, where the

140
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-1.98 -0.66 0.66

d, km
(a) AMPLE, 3D
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FIG. 10. (Color online) Vessel sound
level (in dB) simulated for the CPA
transit with the optimized environment
parameters.
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FIG. 11. (color online) Horizontal
cross-sections of acoustic field (in dB
re 1m) at individual frequencies
obtained as a solution of Eq. (1) (see
supplementary material for an anima-
tion showing all frequencies). Isobaths
in the area are shown by solid black
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simulation results for individual frequencies are presented
(see also supplementary material to this paper). As expected,
the sound is refracted toward the areas with greater water
depth, and the wavefronts 1-2 km away from the source no
longer resemble circles. Note that the relatively large differ-
ence between the predictions obtained using 2D and 3D
models near CPA at higher frequencies can be attributed to
the fact that it takes smaller propagation distances for the
anisotropy of the field in the horizontal plane to develop. As
can be seen in Fig. 11, the field at 400 Hz exhibits substan-
tial anisotropy even at distances of about 200m, while
remains relatively isotropic up to ranges r ~ lkm at
f = 100and 200 Hz. Clearly, the range at which this effect
becomes important is roughly proportional to the wave-
length, and therefore at higher frequencies, it becomes
noticeable near CPA. It is also important that positioning the
source near the bottom creates favorable conditions for the
excitation of higher waterborne modes that are more suscep-
tible to horizontal refraction due to inhomogeneous bathym-
etry. Finally, a juxtaposition of the field and bathymetry
isolines in Fig. 11 indicates that the bottom relief effect can-
not be accurately simulated within the framework of any 2D

J. Acoust. Soc. Am. 155 (6), June 2024

model, as there is strong azimuthal coupling even at close
range.

The accuracy of the modelling results obtained for the
default and optimized environment parameters is illustrated
in Fig. 12, where the difference in the measured noise levels
for both waveguide models is presented. It can be seen that
the optimization results in a nearly perfect reproduction of
the measurement data for all frequencies up to 141 Hz. Note
that this frequency range is crucial for environmental impact
assessment, as it captures most of the acoustic energy from
this source. Major accuracy improvements can be also seen
for higher frequencies for the track part near the CPA
(namely, for —0.7km < x < 0.7 km). Certain improvements
are also visible for the distant parts, i.e., for |x| > 2km.
Within these areas of the sound field diagram, the
simulation-measurements discrepancy is comparable to the
difference between the predictions of 3D and 2D models.
Thus, for a substantial part of the sound field, the 3D model-
ling can actually be important for the estimation accuracy.

V. CONCLUSION AND DISCUSSION

In this study, we performed a numerical simulation of
the sound field from a surface vessel moving past a
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hydrophone system. Such simulations could be of impor-
tance to extrapolate estimates of shipping noise emissions to
the areas where measurements cannot be accomplished and
to assess environmental impacts.

It was shown that accurate simulation of the sound field
requires adequate knowledge of the environment parame-
ters. Indeed, the optimization demonstrated that the sound
field predictions were particularly sensitive to the acoustic
impedance contrast at the seabed. Rough estimates on the
basis of geologic maps and tables of typical geoacoustic
properties of various rocks and sediments may be insuffi-
cient for this purpose. Instead, it is preferable to perform
geoacoustic inversion (or, more broadly speaking, fitting of
the parameters) using sources of opportunity or by setting
up dedicated experiments on the propagation loss measure-
ments. Some approaches to the estimation of the geoacous-
tic parameters of the bottom are known from the existing
literature, e.g., (Gervaise et al., 2012; Knobles, 2015;
Tollefsen et al., 2021). In the scenario considered here, the
use of the media parameters optimized using the measure-
ments taken at a single point of the vessel track (namely, the
CPA) allowed us to substantially improve the accuracy of
the sound level prediction.

It is important to stress that the optimized values of
media parameters are likely to be somewhat nonphysical
and merely parameterize the real bottom in terms of the
propagation loss (for instance, an unusually large value of
attenuation parameter apparently compensates for the
absence of shear waves in the models we used, which can be
considered a loss mechanism). Nevertheless, the optimiza-
tion significantly improved the accuracy of the sound field
simulation. It is also worth mentioning that, in our
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1.98 3.3

FIG. 12. (Color online) Accuracy of
the bulk carrier sound simulation (in
dB) for the CPA transit with the opti-
mized media parameters (a) and the
parameters suggested in the scenario
description (b).

experience, the use of historical SSP data may not provide
an optimal solution. A better option may be to use ocean cir-
culation model predictions, especially for areas where the
models assimilate in situ measurements.

Our study also highlights the significance of taking into
account 3D sound propagation effects when performing the
simulation of the sound field. It is important to emphasize how-
ever that the use of relatively computationally expensive 3D
methods makes sense only after the adjustment of media
parameters, as otherwise, much more significant inaccuracy
would result from the uncertainty in the values of the latter.

Finally, it is likely that a large vessel cannot actually be
accurately represented by a monopole point source, and its
directivity pattern both in the horizontal and the vertical
plane must be taken into account (Cybulski, 1977;
Gassmann et al., 2017), since otherwise, even the CPA-
optimized media parameters cannot guarantee perfect repro-
duction of the sound field over a large frequency range (e.g.,
EC2). Indeed, the size of the bulk carrier in the considered
scenario is comparable to its CPA distance from the hydro-
phone. Having measurement data that contains the informa-
tion on the phase (rather than only on the magnitude)
variations one can consider a parametrization of the vessel
by a set of point sources whose complex spectra can be
probably estimated. Representations of vessels as spatially
distributed noise sources are a subject of ongoing research
at the ULS (Urazghildiiev and Hannay, 2021).

SUPPLEMENTARY MATERIAL

See the supplementary material for an animation show-
ing the horizontal cross-sections of the field (in dB re 1m)
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for all frequencies (note that for the frequencies of 100, 200,
and 400 Hz such cross-sections are given in Fig. 11). Note
that illusion of movement in the animation is a manifesta-
tion of the waveguide invariant (Jensen et al., 2011)
properties.
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