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Abstract: Mesoscale eddies have an impact on the marine environment mainly in two areas, namely,
currents and changes in the sound velocity gradient due to temperature and salt stirring. The
traditional underwater-related remote sensing acoustic remote sensing model is capable of analyzing
the acoustic field under the change in sound velocity gradient, but it is not capable of analyzing
the acoustic field under the influence of ocean currents. In order to more effectively analyze the
changes in the acoustic field caused by mesoscale eddies, this paper proposes a FEM flow impact
model applied to the rapid computation of acoustic remote sensing of mesoscale eddies in the sea
area. The algorithm first performs a grid optimization of the sea area model based on vertical sound
velocity variations and completes the classification of sound velocity layer junctions. At the same
time, we construct the sound velocity gradient environment affected by the mesoscale eddy and then
simplify the fluid flow in the mesoscale eddy into a non-viscous and non-rotating velocity potential,
and then participate in the solution of the three-dimensional spatial fluctuation equations in the form
of time-harmonic in the frequency domain, from which we can obtain the truncated sound pressure
as well as the propagation loss, and quickly and completely characterize the acoustic remote sensing
of the sea area of the mesoscale eddy. The paper verifies the effectiveness of the algorithm through
SW06-contained flow experiments and further proposes an optimization formula for sound velocity
inversion. We analyze this using measured data of mesoscale eddy fields in the Bering Sea waters
during 2022 and find that eddies have a greater effect on the propagation of the acoustic field along
their flow direction.

Keywords: finite element; satellite remote sensing; mesoscale eddy; sound field inversion

1. Introduction

Mesoscale oceanic eddies, as one of the most typical oceanic phenomena, have a wide
range of impacts on the transportation of marine materials, the safety of ship navigation,
and climate change [1–3]. 2023 Volkov et al. The effect of mesoscale eddies on ocean-
acoustic remote sensing is summarized in two main points. One is the change in the
vertical sound velocity gradient due to the churning of temperature and salt from the
surface to the depths of the sea [4,5], and the other is the unsteady currents at the edges of
mesoscale eddies [6].

In the last decade, ocean-acoustic remote sensing has been trying to use acoustic
models to better analyze the effects of mesoscale eddies on acoustic propagation, and the
most common models usually include simple normal wave models [7], parabolic equation
models [8], fast field models [9], ray models [10], etc. These models are based on a certain
simplification of the actual problem and are obtained by making a reasonable approxima-
tion to the solution of the fluctuation equations. Different approximation conditions have
led conventional acoustic models to focus only on solving the sound field under specific
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environmental conditions. For example, simple normal wave models are often modeled
using “adiabatic approximation” or “mode coupling” treatments, which are often applied
to the construction of accurate acoustic fields without energy exchange or at low speeds.
The ray model is based on the fact that high-frequency sound waves can be approximated
as sound lines, and is applied to the problem of propagation of high-frequency sound
sources. The fast field model directly solves the integral expression for the sound field
at each layer and is applied to solve the sound field results from mesoscale eddies in
a distance-independent environment. These models often complete the analysis of the
acoustic impact of mesoscale eddies by calculating the change in sound velocity gradient
due to vertical thermohaline churning through a horizontally layered structure, but these
traditional methods, due to the presence of no-flow background field assumptions [11],
are therefore unable to solve the problem of mesoscale eddy flow fields. This leads to a
large error between the computed and measured results of the mesoscale eddy presence
sea area models, so the traditional model cannot completely analyze the ocean-acoustic
remote sensing characteristics of mesoscale eddy seas [12–14].

With the wide application of finite element computational models in ocean computa-
tion [15], the use of finite element methods to solve the acoustic field has become a new
direction, which makes it possible to solve the effect of unsteady currents at the edges of
mesoscale eddies on ocean-acoustic remote sensing. The solution idea of the finite element
computational model is to disassemble the physical domain into multiple sub-domains
and solve the approximate solutions as well as the exact solutions within the multiple
sub-domains with a finite number of degrees of freedom. The complex solution domain is
simplified by coupling the various subdomains to be solved through the continuity of the
boundary. Such a solution allows finite element models to construct complex environmental
fields in mesoscale eddy seas [16,17]. Compared with the traditional model, the solution of
the finite element model is a dimensional reduction of the acoustic computational equations,
and the results of numerous studies have shown that the simulation accuracy of the finite
element model is superior to that of the traditional model [18–21]. In 2021, Zichen Wang
et al. [22] constructed a finite element model based on the convective fluctuation equation
for acoustic wave propagation in the presence of background currents and initially reached
the conditions for analyzing the effect of the flow field on the acoustic field, which made it
possible to analyze the flow-influenced ocean-acoustic remote sensing in mesoscale eddy
seas. However, the convective fluctuation equations need to be discretized in both the
spatial and temporal domains, which requires very high computational performance, and
the sea area affected by mesoscale eddies in practice usually covers more than 30 km [23].
Therefore, it is difficult to do fast calculations and analysis of 3D sound fields. The current
calculation of the 3D acoustic field in mesoscale eddy seas realized by the finite element
method is still in the no-flow state or multi-model coupling [24,25], which is not able to
completely analyze the variation of the acoustic field in mesoscale eddy seas.

In order to more completely, efficiently, and rapidly analyze the sound field changes
due to mesoscale eddies, in this paper, we propose a FEM flow impact model applied to
the rapid computation of acoustic remote sensing in mesoscale eddy seas, simultaneously
addressing the effects of sound velocity gradients and currents on ocean acoustic remote
sensing in mesoscale eddy seas. The algorithm first performs the mesh optimization of
the sea area model based on the vertical sound velocity change and completes the sound
velocity layer junction classification according to the curvature region maximum detection
method of the endpoints of the acoustic layer spectral peaks. Taking the average propaga-
tion loss error accuracy of 3 dB as the limit, the critical grid size of the grid optimization
model is gradually approximated, and the optimized model can save more than 98% of
the computation time, which greatly improves the computation speed. The model is then
used to construct a mesoscale eddy-influenced sound velocity gradient environment. The
model-solving process describes the acoustic field in the form of time harmonics on the
basis of the 3D convective fluctuation equations, which transform the convective fluctuation
equations in the time domain into the convective Helmholtz equations in the frequency
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domain [26], improving the computational speed. Meanwhile, under the premise that
the sound source is a small-amplitude wave, the linear Euler equations are obtained by
neglecting the nonlinear effects in the convective Helmholtz equations [27], and the fluid
flow brought about by the mesoscale vortices is reduced to a nonviscous, non-rotating
velocity potential by referring to the simplifications in aerodynamic acoustics [28–30].

In this paper, the correctness of the model is verified using the analytical solution,
and the results of forward and backward applications of the model are analyzed. In the
forward application, we analyze the results of the model according to the characteristics
of the Bering Sea region, which is characterized by the occurrence of many eddies and
the complexity and strength of the current field [31,32], and identify and select one of
the cold eddies for analysis based on the no-threshold contour method [33]. It is found
that vortices have a greater effect on the propagation of the acoustic field along their
flow direction, and the effect on the acoustic field offset can be up to 3.5 m at a range of
10 km, and the effect on the propagation loss error can be up to 1 dB or greater. In the
inverse application, we analyze the model calculations and inversely perform the regional
sound velocity according to the Prony method [34], and further propose an optimization
formula for the sound velocity inversion with the feature that the model can calculate
the effect of the flow velocity on the acoustic field, which eliminates the effect of the
flow velocity. The paper inverts the structure of the acoustic velocity gradient through
the heavily instrumented Environmental Moorings data from the SW06 contained flow
experiment [35,36], verifying the accuracy of the model used for the inversion and the
effectiveness of the optimization algorithm.

The article structure of this paper is organized as follows: Section 1 is the Introduc-
tion, which summarizes the results of previous research and the main ideas of the article.
Section 2, Materials and Methods, focuses on a detailed description of the dataset and the
principles of model construction. Section 3, Results, provides the results of the validation
of the model against the analytical solution while applying the model to perform forward
eddy analysis and reverse flow inversion. Section 4 is the Discussion, which includes
the analysis of the results of model optimization, eddy sound field, and flow inversion.
Section 5 summarizes the whole paper.

2. Materials and Methods
2.1. Satellite Remote Sensing Data

The Bering Sea region studied in the article is located in the North Pacific Ocean,
surrounded by the Alaskan Peninsula and the Aleutian Islands, with a range of seawater
depths as shown in Figure 1a. The composition of currents in the region consists mainly
of the following: the North Aleutian Landward Slope Current (NALC), which flows
northeastward off the coast of Alaska; the Bering Sea Slope Current (BSSC), which splits
from the NALC as it flows in the interior of the Bering Sea; and the Westerly Drift Current
(WDC), which passes through the Bering Strait and enters the North Atlantic Ocean from
the North Atlantic Ocean into the North Pacific Ocean. Hydrodynamic studies of the region
have shown that the surface water circulation in the Bering Sea region is distinctly seasonal
and that the eddies generated as a result of the water circulation are also seasonal, with a
large number of anticyclones generated by currents flowing southwestward along the land
slope in January and cyclone formation influenced by northeasterly-flowing currents in
July [37]. The abundance of eddies also facilitates the study of sound field modeling under
the influence of eddies.

The data in this article is from Copernicus Marine Service [38–40], the platform that
is part of the European Copernicus program, which provides a wide range of data for
ocean analysis, including ocean currents, temperature, salinity, chlorophyll content, and
many other oceanographic data. The paper uses part of the Global Ocean Physics Analysis
and Forecast dataset in the range 54◦N–60◦N, 171◦E–179◦E, which consists of combined
measurements from several satellite altimeters (PT6H-i, P1D-m, P1M-m, PT1H-m, PT1H-i).
The horizontal dataset can reach 1/12 degree, and the vertical depth layer consists of
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50 unequally spaced layers from 0 m to 5500 m, with a rich variety of data containing daily
mean temperature, salinity, the velocity of flow, and sea surface height at each grid point,
which can meet the needs of eddy identification and model construction at the same
time. Among them, the deepest depth of the Bering Sea region selected for the study
reaches 4500 m.
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Figure 1. (a) Submarine topography in the Bering Sea region. (b) Distribution of sea surface tempera-
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the Bering Sea in different months (January, April, July, October).

Among them, the temperature and salinity measured by satellite remote sensing will
have large variations with seasonal and flow field changes, as shown in Figure 1b,c, and
the high-resolution temperature-salinity and flow velocity data are conducive to remotely
sensing-related acoustic field model construction.

2.2. Finite Element Linear Potential Flow Principle

The basic idea of the finite element method is to divide the complex physical field into
several small and simple, through the continuity of the coupling between the units to solve,
through the separate calculation of the solution of each unit, and then get the solution of
the whole physical field. When dealing with higher-order partial differential equations via
the finite element method, they are usually transformed into integral equations expressed
in a weak form in order to realize the solution of the equations in the case of a complex
ocean boundary.

Linear potential flow theory is a theory that simplifies fluid flow to a linear, inviscid,
positive-pressure, spinless flow and is a simplification of the hydrodynamic problem.
Linear potential flow theory can be solved using the finite element method by dividing the
complex computational domain into a finite number of small cells and applying appropriate
mathematical theories and approximations to each of them to obtain a discretized system
of equations. These discretized equations can be computed numerically to obtain an
approximate solution for the sound field. The effect of mesoscale eddies on the sound field
can be partially described using a finite element model of linear potential flow theory.

The linearized Euler equations for the fluid are shown below [41]:

∂ρt

∂t
+∇·(ρtu0 + ρ0ut) = M (1)
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ρ
Dut

Dt
+

([
ut +

ρt

ρ0
u0

]
·∇
)

u0 + (u0·∇)ut +
1
ρ0

∇pt =
1
ρ0

(F − u0M) (2)

∂pt

∂t
+ ut·∇p0 + ptγ(∇·u0) + u0·∇pt + γp0(∇·ut) = (γ − 1)Q +

γp0

ρ0
M (3)

where the velocity field is u, the temperature is T, the density is ρ, p denotes the pressure,
γ denotes the adiabatic index, and the M, F, and Q are the source terms.

Using the mass conservation equation, express ∂ρt
∂t as −ρ0∇·ut and substituting into

(1), the following equation is obtained by collapsing:

∇·(ρtu0 + ρ0ut) = M (4)

obtained by acoustic approximation:

∂p
∂ρ

I0 = c2
0 (5)

ut = V +∇Φ (6)

where c0 is the speed of sound, Vis the fluid velocity field, and Φ is the velocity potential
function, which can be obtained by substituting (5), (6) into (2) and neglecting higher
order terms.

ρ
DV
Dt

+

([
V +

ρt

ρ0
u0

]
·∇
)

u0 + (u0·∇)V + (u0·∇)∇Φ +
1

ρ0∇pt
=

1
ρ0

(F − u0M) (7)

The ρ DV
Dt denotes the material derivative of the density multiplied by the velocity, and

is an extra term due to the approximation of higher order terms.
Next, the sum of the two equations is obtained by substituting (5) and (6) into (3) to

obtain the Linearized Potential Flow equation:

−ρ0

c2
0

∂

∂t

(
∂Φ
∂t

+ V·∇Φ
)
+∇·

[
ρ0∇Φ − ρ0

c2
0

(
∂Φ
∂t

+ V·∇Φ
)

V

]
= 0 (8)

The ρ in this equation is the time-independent part. The corresponding acoustic part
is ρ(r, t) = p(r,t)

c2
0

, where p is the sound pressure, given by the following equation:

p(r, t) = −ρ0

(
∂Φ
∂t

+ V·∇Φ
)

(9)

Afterward, the solution of the equations under the finite element method is derived,
and since a finite element frequency domain model is constructed, it is necessary to dis-
cretize the time domain and introduce frequency transformations.

First, the time domain is partitioned into discrete time steps, denoted as ∆t.
The differential approximation of the velocity potential function, Φ, and the fluid

velocity field, V, is as follows:

∂2Φ
∂t2 ≈ (Φn+1 − 2Φn + Φn−1)/∆t2 (10)

Vn+1 ≈ (Vn+1 − Vn)/∆t (11)

The frequency transformations of the velocity potential and the flow field are subse-
quently obtained in terms of Φ(ω) and V(ω), respectively.

∂2Φ
∂t2 ≈ (Φ(ω)− 2Φn + Φn−1)/∆t2 (12)
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Vn+1 ≈ (V(ω)− Vn)/∆t (13)

The frequency-transformed velocity potential function Φ(ω) and the fluid velocity
field V(ω) are expressed as a linear combination of shape functions.

Φ(ω) = ∑(NiΦi(ω)) (14)

V(ω) = ∑(NiVi(ω)) (15)

where Ni is the shape function at node i.
For the weak form, one can multiply both sides of Equation (8) by a test function v

and then integrate over the entire region of space:

∫ (
−ρ0

c2
0

∂

∂t

(
∂Φ
∂t

+ V·∇Φ
)

v +∇·
[

ρ0∇Φ − ρ0

c2
0

(
∂Φ
∂t

+ V·∇Φ
)

V

]
v

)
= 0 (16)

Afterward, the above-discretized velocity potential function and fluid velocity field are
substituted into the weak form so that the weak form holds in each cell and then summed
up to the whole spatial region, which completes the expression of the linear potential flow
in finite element form.

3. Results
3.1. Model Accuracy Validation

In order to determine the accuracy of the model calculations, the analytical solution of
the benchmark problem [42], the Gaussian pulse propagation case, is used in this paper to
validate the sound field model. The reason for choosing a Gaussian pulse signal is, firstly,
because a Gaussian pulse signal has short-time pulse characteristics, its reflection, and
scattering phenomena will be more obvious, which helps to verify the accuracy of the finite
element model. Secondly, because it takes a long time to calculate the analytical solution
accurately, it is more favorable to choose a simple, ideal, and easy-to-generate Gaussian
pulse signal to solve the problem. A Gaussian impulse propagation model is constructed
from this benchmark problem and checked against the analytical solution. where the
model is built in a dimensionless system, setting the ambient sound velocity to 1 and the
density to 1.

The initial position of the Gaussian pulse is (0, 0) and the initial value sound pressure
is p0.

p0 = exp
[
−α
(

x2 + y2
)]

(17)

where α = ln(2)/9.
The x-direction background velocity of flow magnitude of the model is ux, and the

model is modeled by setting the ux of 0 and Ma, respectively. For ux, which is equal to 0.5
in the flow-containing validation.

The expression for the parsing solution is as follows:

p(x, y) =
1

2α

∫ ∞

0
εJ0(εr)exp

(
− ε2

4α

)[
cos( εt − 0.04

2α
εsin(εt)

)]
dε (18)

where J0 is a Bessel function of order 0, r =
√
(x − Mat)2 + y2.

The results of the Gaussian impulse model against the analytical solution are shown in
Figure 2. Figure 2a,b are the results of the linear potential flow and the analytical solution
at t = 16, respectively, and it can be seen that the acoustic wave deviates from the origin
due to the influence of the flow. Figure 2c shows the sound pressure at coordinates (20, 10)
for the linear potential flow and the analytical solution with respect to time, respectively,
and Figure 2d shows the cutoff sound pressure at y = 0 at 16 s. The linear potential flow
model and the analytical solution are in good agreement in both results.
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Figure 2. (a) Linear potential flow model results. (b) Analytic solution results. (c) Sound pressure at
(20, 10) with time as the horizontal axis. (d) At 16 s, the y = 0 cutoff sound pressure.

To further validate the model, only the x-direction component of the original Gaussian
beam is taken as the initial value for the experiment.

The experimental results are shown in Figure 3, and the model still exhibits good,
accurate performance.
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Expanding the 2D model to 3D, again placing a Gaussian pulse signal at position (0,0).
At this point, the initial sound pressure p1 can be expressed by the following equation:

p1 = exp
[
−α
(

x2 + y2 + z2
)]

(19)

The corresponding background flow magnitude ux is unchanged. The analytic expres-
sion is lifted to three dimensions.

p2(x, y, z) =
1

2α

∫ ∞

0
εJ0(εr) exp(− ε2

4α
)

[
cos(εt − 0.04

2α
εsin (εt))

]
dε (20)

where r =
√
(x − Mat)2 + y2 + z2. The experimental results obtained are shown in Figure 4.
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Figure 4a,b show the results of the linear potential flow and the analytical solution
at t = 16, respectively, where the sound field is also clearly affected by the flow in three
dimensions. Meanwhile, Figure 4c represents the linear potential flow and the analytic solu-
tion of the acoustic pressure for the relevant time at the position of coordinates (10, 10, 10).
Figure 4d shows the intercept sound pressure at 16 s for the two endpoints (−30, 10, 10)
and (30, 10, 10), respectively. Both the 3D linear potential flow model and the analytical
solution in the results are in good agreement.

3.2. Positive Application—Eddy-Influenced Sea Area Analysis

By increasing the computational speed of the model, it is possible to use the model to
analyze the effects of flow in mesoscale phenomena and to take into account the effects of
incoming flow on sound propagation in all directions in space.

The forward application of the model was selected in a portion of the Bering Sea region
(171◦E–179◦E, 54◦N–60◦N). The identification of eddies was first carried out in the region
using the no-threshold contour method, which showed that the mean amplitude of the
eddies varied periodically throughout the year. The eddy influence region is constructed
in a cold eddy centered at 177.7◦E 54.5◦N, and the non-acoustic sensitive regions of the
model are optimized to varying degrees by using the sound-speed laminar junction spectral
expression method to statistically account for changes in computational efficiency.

3.2.1. Identification of Eddies and Identification of Effects

Mesoscale eddies are generally defined as horizontally rotating bodies of water in
the ocean with horizontal diameters of 10–500 km and durations ranging from a few days
to a few years [43]. In the ocean, the flow direction of the flow field of mesoscale eddies
tends to be parallel to the closed SSH or SLA contour, and by looking for the outermost
closed curve, it is possible to determine the boundaries of eddies and thus achieve the
purpose of identifying eddies. This has the advantage of avoiding the noise problem
caused by calculating the flow field and is the most concise and direct way to identify
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mesoscale eddies. Since this paper does not involve the analysis of eddy complex results,
the identification method fully satisfies the needs of the article study.

The SLAs and flow fields shown in Figure 5a are for April to July, where the anticy-
clonic eddy amplitude is stronger, and Figure 5b are for August to November, where the
cyclonic eddy amplitude is stronger, which is briefly analyzed in the next section. Both
SLA and sea surface flow fields serve as important identification criteria for mesoscale
eddies and are, to some extent, compatible. Stronger flow fields are distributed near the
region where the sea surface height anomaly is 0, i.e., near the sea level (the white region
in the figure), and these regions are mostly recognized as eddy edges in the existing eddy
identification methods.
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The eddy identification flow of the no-threshold contour method utilized in this paper
is shown in Figure 6:

The specific identification steps are as follows:

1. The sea surface height anomaly data were imported into MATLAB2020b for prepro-
cessing.

2. All contours from −1 m to 1 m in the SLA data were extracted with a gradient of
1 cm, after which judgmental screening was performed for each contour.

3. Determine if the contour is closed by determining if the contour is connected in the
first place, and delete the contour if it is not closed.

4. The number of all grid points contained in the contour is determined; if less than or
equal to 16, it is considered that no vortex has formed and the contour is rejected; if
greater than or equal to 4000, it is considered that the size of the mesoscale vortex is
exceeded and that it may be a mixture of several vortices, and the contour is rejected.
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5. Determine whether the distance between any two points on the contour is less than
4 grid points; this step is to prevent the problem of recognizing vortices sticking to
each other as well as recognizing the appearance of distortion.

6. Judge whether the values of all the grid points in the contour line are greater or less
than the data of the points on the contour line, eliminate the contour lines that do
not meet the requirements, and classify the closed curves with the values of the grid
points in the contour line less than the contour line as cyclonic vortex and the closed
curves with the values of the grid points in the contour line greater than the contour
line as an anticyclonic vortex. When the cycle of (2)–(6) steps is finished, two different
sets of closed curves are returned.

7. Determine the vortex kernel and vortex edge by the containment relationship between
each group of closed curves, classify the curve that does not contain any other closed
curve of the group as a vortex kernel, and classify the curve that does not have any
other curves outside the curve that contain it as a vortex edge.

8. All cycles end, returning the vortex edge of the cyclone, the vortex core of the cyclone,
the vortex edge of the anticyclone, and the vortex core of the anticyclone.
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Using the no-threshold contour method, monthly averages of eddy identification
effects and eddy amplitudes for the Bering Sea region in 2022 are calculated in Figure 7.

Where the blue closed curve represents the cyclonic eddy (cold eddy) and the red
closed curve represents the anticyclonic eddy (warm eddy). where the cyclonic eddy
centers all contain anomalously large values of height in the region and the anticyclonic
eddy centers all contain anomalously small values of height in the region. The sea surface
heights and identified eddies in Figure 7a show that the identified eddies are basically
distributed in the positive and negative intersection distributions of the sea surface height
anomalies, which is also consistent with the region of fast flow in the flow field mentioned
in the previous section.

In addition to this, the size and amplitude of the eddy are also important factors in
determining the effectiveness of eddy identification. For the general definition of eddy
amplitude as the difference between the height of the outermost sea surface of the eddy and
the inner pole of the eddy, most of the general cyclonic eddies and anticyclonic eddies have
an amplitude centered in the range of 2 cm to 4 cm. Monthly averages of the amplitudes of
all cyclonic and anticyclonic eddies identified in each month of 2022 were made to obtain a
monthly distribution of eddy amplitudes in the Bering Sea region, where most of the month
eddies conform to the general eddy amplitude law, with a relatively weak mesoscale eddy
in spring (January–March), a stronger cyclonic eddy in summer (May–July), and a stronger
anticyclonic eddy in fall and winter (August–December). This is not contrary to the study
of Zhabin et al., as they analyzed the seasonal distribution of eddies in the region in terms
of the number of eddies.
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The applicability of identifying vortices is analyzed in the following: As can be seen
from the vortex identification in Figure 5a, the mesoscale vortices have clear contours
and are in good agreement with the periphery of the SLA contours. For the purpose of
this paper, the object of the study is the effect on acoustic propagation caused by stronger
currents in mesoscale eddies. The distribution of currents in mesoscale eddies is often at
the edges of the eddies, and it is also obvious from the superposition of the SLAs and the
flow field in Figure 5 that the currents are stronger in the region where the height anomaly
is 0. This also confirms the accuracy of this vortex identification method for vortex edge
identification. Based on the effective identification of the edges of the vortex, one vortex
that is more independent, less disturbed by other vortices, and with a vortex size that puts
low computational pressure on the model construction is selected for study.

3.2.2. Construction of the Eddy Model

The scale of the modeling is determined based on the range of the identified eddies.
Before building the model, the data such as sound velocity, flow velocity, and topography
are computed and reconstructed, and the latitude and longitude of the data are fitted to the
three-dimensional data with the width and depth of the length.

The speed of sound is calculated using the Mackenzie empirical formula for the
nine-speed of sound calculations, the formula is recommended by UNESCO which is
given below:

C = 1448.96 + 4.591T × 10−2T2 + 2.374 × 10−4T3 + 1.340(S − 35)
+1.630 × 10−2D + 1.675 × 10−7D2 − 1.025 × 10−2T(S − 35)

−7.139 × 10−13TD3
(21)

where C denotes the calculated speed of sound in m/s, T denotes the temperature in ◦C,
S is the salinity in parts per thousand, and D denotes the depth in m.

In data reconstruction, the data matrix of the two-point interrupted surface is first
calculated, and the variable J is defined as the number of interpolation points, so that
the longitude interval between two neighboring interpolation points is (x 2 − x1)/J, the
latitude interval is (y 2 − y1)/J, The latitude and longitude of the nth data point in the lati-
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tude and longitude interpolated data string is x1 + J × (n − 1), so that the one-dimensional
coordinate data string of the section is obtained.

Normalize the cross-section latitude and longitude according to the following formula
for converting latitude and longitude to distance:

D = R × cos−1(cos y1 × cos y2 × cos(x1 − x2) + sin y1 × sin y2) (22)

where the mean radius of the Earth is defined as R = 6,371,000 m, D is the calculated
distance between the two points, x1 and x2 are lon×π

180 of the start and end points, y1 and y2

are lat×π
180 of the start and end points.

Then the normalized distance of the nth data point is J × (n − 1)× D/(J − 1).
Based on the planning equations listed above, the data matrix is planned layer by layer

using the sea level at the southwest corner of the matrix, where the vortex is located, as the
coordinate origin, and Figure 8a shows one layer of the three-dimensional data structure.
After that, the 3D data matrix of sound velocity, northward flow velocity, and eastward flow
velocity can be obtained, as shown in Figure 8c. Since the seafloor topographic data are only
available in latitude and longitude positions and corresponding depths, they are planned
as a two-dimensional data matrix, and in Figure 8b, you can see that the two-dimensional
topographic data is filled to form a three-dimensional topographic layer.

Remote Sens. 2024, 16, x FOR PEER REVIEW 13 of 28 
 

 

 
Figure 8. Model and structure and flow field diagram. (a) A layer cut out of the 3D model structure, 
showing where the various parts of the model are located. (b) 3D model structure within the 
influence range of eddies. (c) Sound velocity and flow velocity data; the color represents the speed 
of sound, and the direction and length of the arrow represent the direction and size of the flow 
velocity. 

After the base data, the geometric model also needs to be constructed, where the 
geometric boundaries are W × D × H, W is the length of the watershed, D is the width of 
the watershed, and H is the depth of the water. 

The model is surrounded by a Perfectly Matched Layer (PML) with a thickness of 75 
m in addition to the upper and lower surfaces, which are used to solve the problem of 
calculating the sound field in an infinite sea area in a finite space. 

In the model setup, the parameters of the propagation loss to be studied are defined, 
allowing the model to calculate the propagation loss in each region within the sound field. 
The propagation loss expression is given below. 𝑇𝐿 = −10 logଵ଴ ூೝூబ = −20 logଵ଴ ௣ೝ௣బ  (23)

In this equation, 𝐼଴ is the sound intensity at a distance of 1 m from the source, and 𝐼௥ is the sound intensity at various locations in the sound field, and the logarithm of the 
ratio of the two is taken as the value of the propagation loss. The sound intensity 𝐼 can 
also be expressed as 𝑝ଶ/𝜌଴𝑐଴. 

In the seafloor terrain part, in order to simulate the effect of the seafloor sediment on 
the absorption of acoustic energy and seafloor scattering, the seafloor terrain is set in two 
layers. One layer is the impedance layer, which reflects the reduction of acoustic energy 
by the sediment, and here it also affects the scattering intensity of the seafloor. The other 
layer is the hard sound field boundary, which embodies a change in the direction of the 
sound waves. The superposition of two substrate layers allows for the characterization of 
the absorption and scattering of a single substrate during the process of moving from a 
soft sound field boundary to a hard sound field boundary. The specific transfer 
impedance Z is defined by the following equation. 𝑍 = 𝜌 ∗ 𝑐 (24)

where 𝜌 is the material density, 𝑐 is the speed of sound propagation in the material. 
The 2D plane is intercepted in the 3D sound field as a schematic representation of 

the sound field distribution, as shown in Figure 8a, and the free quadrilateral mesh is 
distributed in all the computational domains, including seawater, terrain, perfectly 
matched layer, and sound source. 

3.2.3. Extraction of Sensitive Areas 
In the finite element sound field calculation process, in order to ensure the accuracy 

of the calculation results and prevent distortion of the calculation results, the maximum 

Figure 8. Model and structure and flow field diagram. (a) A layer cut out of the 3D model structure,
showing where the various parts of the model are located. (b) 3D model structure within the influence
range of eddies. (c) Sound velocity and flow velocity data; the color represents the speed of sound,
and the direction and length of the arrow represent the direction and size of the flow velocity.

After the base data, the geometric model also needs to be constructed, where the
geometric boundaries are W × D × H, W is the length of the watershed, D is the width of
the watershed, and H is the depth of the water.

The model is surrounded by a Perfectly Matched Layer (PML) with a thickness of
75 m in addition to the upper and lower surfaces, which are used to solve the problem of
calculating the sound field in an infinite sea area in a finite space.

In the model setup, the parameters of the propagation loss to be studied are defined,
allowing the model to calculate the propagation loss in each region within the sound field.
The propagation loss expression is given below.

TL = −10log10
Ir

I0
= −20log10

pr

p0
(23)

In this equation, I0 is the sound intensity at a distance of 1 m from the source, and Ir is
the sound intensity at various locations in the sound field, and the logarithm of the ratio
of the two is taken as the value of the propagation loss. The sound intensity I can also be
expressed as p2/ρ0c0.
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In the seafloor terrain part, in order to simulate the effect of the seafloor sediment on
the absorption of acoustic energy and seafloor scattering, the seafloor terrain is set in two
layers. One layer is the impedance layer, which reflects the reduction of acoustic energy
by the sediment, and here it also affects the scattering intensity of the seafloor. The other
layer is the hard sound field boundary, which embodies a change in the direction of the
sound waves. The superposition of two substrate layers allows for the characterization of
the absorption and scattering of a single substrate during the process of moving from a soft
sound field boundary to a hard sound field boundary. The specific transfer impedance Z is
defined by the following equation.

Z = ρ ∗ c (24)

where ρ is the material density, c is the speed of sound propagation in the material.
The 2D plane is intercepted in the 3D sound field as a schematic representation

of the sound field distribution, as shown in Figure 8a, and the free quadrilateral mesh is
distributed in all the computational domains, including seawater, terrain, perfectly matched
layer, and sound source.

3.2.3. Extraction of Sensitive Areas

In the finite element sound field calculation process, in order to ensure the accuracy of
the calculation results and prevent distortion of the calculation results, the maximum size of
the general grid is set to 1/5 wavelength. However, in practical application, we found that
optimizing the mesh of some sound field regions and increasing the mesh size appropriately
have less effect on the overall propagation law of the sound field. As shown in Figure 9, in
constructing the two-dimensional sound field, one of the models (Figure 9a) was modeled
and computed in the seawater layer using a normal grid of 1/5 wavelength, the other
model (Figure 9b) was computed with a normal grid of 1/5 wavelength in the sound source
section, sea surface and seafloor section, and an optimized grid of 1/3 wavelength for
the rest of the section. The resulting calculations for the two models do not change much
except in resolution. So, the team managed to find a better optimization scheme to reduce
the number of meshes as much as possible while ensuring computational accuracy, in order
to achieve the effect of increasing the computational speed and realizing the 3D sound
field computation.
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(b) Calculation results of two-dimensional propagation loss after grid optimization.

In the region where the gradient of sound velocity change is large, as well as the
location of the sound source, small changes have a great impact on the calculation of the
sound field over long distances, which should still be divided into denser grids to ensure
the accuracy of the calculation results. The whole idea of all the optimization of the grid is
based on the degree of change in the speed of sound. The region where the acoustic velocity
gradient changes sharply is generally the sound velocity thermocline, but the degree of
sharp change for the stratification and the division range of the stratification is an uncertain
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quantity, so this paper adopts the acoustic velocity layer junction spectral expression to
determine the range of the sound velocity thermocline and then re-distribute the mesh
structure for the different regions of the acoustic field.

The endpoints of the spectral peaks are determined by detecting the top and bottom
roots of the spectral peaks at the most valuable points according to the method of the most
value of the curvature region of the endpoints of the peaks of the stratification.

The curvature of the sound velocity thermocline spectrum can be defined by differ-
entiation, indicating the degree of bending of the curve away from a straight line, and is
obtained according to the following equation:

K =
x′′√

(1 + x′2)3
(25)

where K is the curvature, x′ is the first-order derivative of the speed of sound with respect
to depth, and x′′ is the second-order derivative of the speed of sound with respect to depth.

The identification of the endpoints of the peaks of the leapfrog spectrum is, in fact, the
identification of the extreme values of the curvature of the speed of sound. The curve in
Figure 10c is the sound velocity curvature obtained after Equation (25), and the two points
E and F are obtained by taking the extreme value of the curve, and the region between
the two points indicates the region where the sound speed changes to a greater extent.
Correspond the depths where E and F are located to the sound velocity profile curves as
well as the sound velocity gradient curves. As shown in Figure 10a,b, the region between
the two points of the acoustic leapfrog layer exhibits a clear gradient characteristic of the
sound velocity thermocline. The two dividing lines can be used as a dividing line between
the water bodies above and below the thermocline and, at the same time, as a dividing line
between sound velocity-sensitive areas and other water bodies. The same process is done
for the 3D sound velocity field to extract the upper and lower sub-interfaces of the water
body in the sound velocity-sensitive area, and the mesh is optimized for the non-sensitive
areas therein to improve the overall computational speed of the model.
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3.3. Reverse Application—Sound Velocity Inversion in Current-Affected Waters

Convection-influenced waters for sound velocity inversion are an extension of mod-
eling applications in the field of acoustic inversion, and the main focus is on the effects
caused by ocean currents on acoustic propagation. The calculation of the standard model
in the paper yields a sound velocity inversion optimization formula, which can be used to
optimize a sound velocity inversion calculation method affected by flow velocity, such as
a sound velocity inversion method based on the number of counting wavelengths in the
domain. In this paper, data from the Shallow Water Experiment (SW06), conducted in 2006
near the New Jersey Continental Shelf in the United States, were selected to complete this
part of the application. The experiment was conducted by multiple institutions in multiple
countries. A number of scholars have already utilized this experimental data for acoustic
analysis [35,36,44]. So, the use of SW06, which is the current-laden experimental data with
a high level of confidence and verified by many scholars. The data used in this paper is
partly WHOI data deployed on 34 moorings in a long and across shelf.

3.3.1. SW06 Measured Data

There are two types of environmental moorings for the SW06: the less heavily in-
strumented Structure Moorings and the heavily instrumented Environmental Moorings.
This paper uses experimental data from heavily instrumented Environmental Moorings;
the coordinate positions are shown in Figure 11. In contrast to the light units, the heavy
units are fitted with several temperature and pressure sensors, as well as conductivity
(salinity) sensors and current profilers (ADCP). This allows the heavy-duty mooring system
to measure a wider variety of environmental data, which is more conducive to the analysis
of model calculations.
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The time of the experiment was chosen to be 30 August 2006, and the hourly data
from Environmental Moorings were averaged to obtain a profile data set for each point
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on that day, with the sensor depths and measured flow velocities for the moorings
shown in Figure 12. The direction of flow is positive to the east in the direction of the
parallel meridian.
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3.3.2. Sound Velocity Inversion Model Design

In order to further investigate the effect of the flow in the eddy on the sound field
calculation and to prove the validity of the optimized model, a number of standard models
are set up to simulate different depth regions in the ocean with different sound velocities
and to simulate the strength of the eddy or tidal currents with different flow velocities in
order to build a local model. The simulation results characterize the effect of the velocity
of flow term on acoustic tomography through the perspective of the acoustic pressure
inversion velocity of flow in acoustic chromatography. At the same time, the velocity of
flow in the standard model was increased appropriately to ensure that the velocity of flow
influence term on the inversion was large enough to reduce the impact of the remaining
errors on the inversion.

A perfect matching layer is set at all the boundaries of the model to prevent the
influence of boundary reflections on the sound field calculation. The source frequencies of
the model were set to 50 Hz and 100 Hz for two separate calculations. Horizontal probes
are placed at the depth of the sound source in each model, and parameters such as sound
pressure and propagation loss of the source intercept are derived for subsequent analysis
and processing after model calculation.

By modeling the models separately for different flow velocities and at different sound
velocities, the computational results of the 63 models used to compute the flow veloc-
ity influence term were obtained, and some of the models for various sound velocity
ranges are illustrated in Figure 13. There is not much difference between the different
models in terms of 3D calculation results, and the exported data needs to be processed for
further analysis.

3.3.3. Fitting Improved Equations

A solution based on the number of counted wavelengths in the domain was used
for the calculation of the sound velocity during the inversion process [28]. The sound
pressure data of the model cutoff line was analyzed by Prony’s method to obtain the phase
information of the sound waves, and the total number of wavelengths between the two
endpoints of the cutoff line was obtained by counting the same phases. At this point, the
standard model inverse sound velocity can be derived from the following equation:

ce =
D f0

Nλ
(26)
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where D is the length of the two endpoints of the intercept line, Nλ is the total number of
statistical wavelengths, and f0 is the current acoustic frequency.
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Figure 13. The model was divided into three groups, each with a set range of sound velocities of 1400 m/s,
1500 m/s, and 1600 m/s, respectively. Separately, different velocities of flow were set for each model
in each group of models, with velocities of flows ranging from 0 to 20 m/s and data intervals of
1 m/s. Due to the plethora of similar models, only some are shown here.

The sound pressure intercept data for all modeled sound source locations constructed
were exported and inverted to obtain the calculated sound velocity under the influence of
flow for different background flow and sound velocity conditions.

The curves of sound velocity values for different flow influences obtained from the
model inversion are shown below (Figure 14).
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It can be seen that when the seawater sound velocity v is different, the sound velocity
obtained by inversion, given a uniformly varying flow velocity, is not simply a linear
summation of the seawater sound velocity v and the flow-influenced sound velocity. When
the flow velocity is 0, the sound velocity obtained from the inversion varies for different
sound velocity v conditions, so the model with a linearly varying sound velocity v and a
flow velocity of 0 is again set for the sound velocity inversion.

The inverted sound velocity that will be calculated actually incorporates the effects of
the flow. When we split the actual sound velocity into two parts, i.e., the current seawater
sound velocity and the flow-influenced sound velocity, we get the following:

ce = v + γu + β (27)

where ce is the initial sound velocity obtained from the inversion, v is the current seawater
sound velocity, γ is the flow influence coefficient, and β is the remaining influence.

After subtracting the seawater sound velocity when the velocity of flow u is 0, the
remaining term can be regarded as a linear function with the velocity of flow u as the
independent variable, which can be solved by linear fitting as shown in Figure 15a.
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Figure 15. Inversion of the sound velocity correction process. (a) Influence of the flow velocity
obtained from the linear fit on the sound velocity inversion. (b) Inversion of the magnitude of the
sound velocity value with different settings of the actual sound velocity. (c,d) represent the fitted
curves and errors obtained from simple exponential fitting. (e,f) denote the fitted curves and errors
obtained by Gaussian fitting.

An RMSE of 1.39 was obtained for the fitted straight line and flow influence terms,
and the value of the flow influence coefficient γ = 1.117.

Since the difference between the sound velocity obtained by inversion and the actual
sound velocity is not equal to or close to 0 when the flow velocity is 0, Figure 15b shows the
process of the inversion sound velocity value when the actual sound velocity is different
in magnitude. That is, the inversion sound velocity minus the actual sound velocity is
not a straight line with a slope of 0. The size of this straight line varies under different
actual sound velocity conditions, so the remaining effect β is also related to the seawater
sound velocity. Since the seawater sound velocity term v is not directly available, the
inversion-measured sound velocity is used as an approximate substitute to re-model the
different seawater sound velocities in the absence of flow.

The obtained inverse sound velocities ce(i) were first subtracted from the respective
seawater sound velocities v(i), to obtain the residual equations, which were fitted.

The graphs of the simple fits are shown in Figure 15c,d, and the expression for the
residual term is obtained as β1 = σ(v)τ , the fit yields σ = 2.236 × 10−10, τ = 3.456. This
fitting method yielded an RMSE of 7.793. Since the speed of sound therein cannot be
obtained directly from the inversion, v is approximated by replacing it with the inverted
speed of sound, ce − γu, which is subtracted from the flow term.

A simple fit yields the following expression for the inverse sound velocity correction.

ve1 = ce − γu − σ(ce − γu)τ (28)
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Figure 15e,f represent Gaussian fitted curves, and the residual expressions obtained
after fitting are as follows.

β2 = a1e−((v−b1)/c1)
2
+ a2e−((v−b2)/c2)

2
+ a3e−((v−b3)/c3)

2
(29)

This fitting method yields an RMSE of 1.95, which is a better fit than the simple fit.
The corrected expression for the inverted sound velocity for the Gaussian fit was similarly
obtained by replacing the actual sound velocity with ce − γu.

ve2 = ce − γu − a1e−((ce−γu−b1)/c1)
2
− a2e−((ce−γu−b2)/c2)

2
− a3e−((ce−γu−b3)/c3)

2
(30)

Here, a1 = 54.78, b1 = 1983, c1 = 66.98, a2 = 25.38, b2 = 1886, c2 = 59.21, a3 = 31.31,
b3 = 1735, c3 = 244.6.

The residual correction obtained using a Gaussian fit begins to decay at actual sound
velocities above 2000 m/s, and it applies from 0 to 2000 m/s. In reality, sound velocities
this fast do not occur in seawater.

4. Discussion
4.1. Grid Differentiation Model Calculation Results

The density of the grid structure of the finite element model greatly affects the compu-
tational speed of the model, and the grid size of different regions is optimized according
to the results of the sound velocity classification so that the overall number of grids in the
model is reduced in order to improve the computational speed.

Based on the results of the sensitive area classification in the previous section, different
degrees of optimized and unoptimized models were constructed to simulate the sound
field in the intra-eddy region. As shown in Figure 16c,d, showing the schematic of the
different models without mesh optimization and after mesh optimization, Figure 16a,b are
zoomed-in views of the sound-speed-sensitive region.
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Figure 16. Schematic diagram of grid optimization. (c) Construct using a general maximum grid size,
where the entire ocean area has the same grid size, (a) is an enlarged view of it. (d) The grid density
is divided using a grid optimization strategy, where the maximum grid edge length of the sound
velocity-sensitive layer remains unchanged while the maximum grid edge length of the optimization
layer increases. (b) is an enlarged view of it.
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The server configuration information used for the model calculations is shown below:

Operating system: Window 10 (20H2)
CPU: AMD EPYC 7402 24-Vore Processor 2.80 GHz *2 (AMD, Made in America)
RAM: 512 GB (SK Hynix, Made in Korea)

After the calculation, the number of meshes and computation time are counted to get a
comparative list of model performance before and after optimization (Table 1). wherein the
model with the changed number of optimization layer grids is treated as an optimization
model and the unchanged model is treated as a traditional model.

Table 1. Model calculation efficiency table.

Model Type Maximum Grid Size
for Sensitive Layers

Maximum Grid Size for
Optimization Layer Grid Construction Time Computation Time

Traditional Model λ/5 λ/5 128 s 6 h 24 min 16 s
Optimization Models1 λ/5 λ/4 72 s 29 min 27 s
Optimization Models2 λ/5 λ/3 36 s 10 min 7 s
Optimization Models3 λ/5 λ/2 17 s 3 min 9 s
Optimization Models λ/5 λ 11 s 1 min 26 s

In terms of computation time, as the maximum grid size of the optimization layer
decreases, a significant increase in grid construction time occurs, while the model com-
putation time increases exponentially. Fewer meshes also mean that the computations
take up less memory, allowing a wider spatial sound field to be analyzed under the
same conditions.

In order to find the optimal grid size setting for the optimization layer, we take the
average propagation loss error accuracy of 3 dB as the limit and compare it with the
standard model to gradually approximate the critical grid size of the grid optimization
model. By calculation, the criticality is reached when the grid size of the optimized grid
layer is set to λ/1.852, at which time the grid construction time is 15 s and the model
calculation time is 2 min 47 s. The optimization saves 98% of the computation time of the
model calculation. By optimizing the model mesh, the computable range and computation
speed of the 3D model can be greatly improved.

In order to test the stability of the optimized grid density, the model is constructed
based on the baseline position translation for calculation, and the calculation results are
shown in the following table (Table 2).

Table 2. Translational modeling and its computational time.

X-Direction
Translation (m)

Y-Direction
Translation (m)

Model Computation
Time

X-Direction
Translation (m)

Y-Direction
Translation (m)

Model Computation
Time

5000 0 3 min 6 s 0 5000 3 min 10 s
4000 0 3 min 10 s 0 4000 3 min 2 s
3000 0 3 min 7 s 0 3000 3 min 0 s
2000 0 3 min 5 s 0 2000 2 min 53 s
1000 0 2 min 52 s 0 1000 2 min 45 s
−1000 0 3 min 10 s 0 −1000 3 min 6 s
−2000 0 3 min 4 s 0 −2000 3 min 4 s
−3000 0 2 min 52 s 0 −3000 2 min 50 s
−4000 0 2 min 53 s 0 −4000 3 min 6 s
−5000 0 3 min 5 s 0 −5000 3 min 4 s

Using the optimal grid size to pan 5 times in different directions along x and y,
respectively, 20 calculations were obtained, and the computation times obtained were
all below 3 min 10 s, the increase in computing speed was 98% or more, and the above
average calculation time is 3 min 3 s, to prove the feasibility of the optimization of the grid.
Subsequent experiments will be performed based on the best-optimized grid density.
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In order to compare the differences between the calculation results of the two models,
the intercepts at the same locations of the two models were intercepted, the sound pressure
and propagation loss at the intercepts were calculated, and the t-test was applied to the
values of the sound pressure and propagation loss intercepts of the eddy intercepts. It is
dealt with as follows: (1) divide the two sets of data equally every 2 m; (2) calculate the
t-value of the two sets of data using the t-test formula; (3) calculate the degrees of freedom
of each set of data; (4) summarize the t-value of each set of data. The t-test formula is
as follows:

t =
(
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x1 and x2 are the means of the two sets of data, s is the pooled standard deviation of
the two sets of data, and n1, n2 denote the sample size of the two sets of data, respectively.
The expression for the pooled standard deviation s is given below:
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In the formula, n1 denotes the size of the first set of samples, n2 denotes the size of the
second set of sample capacity, and s1, s2 denote the standard deviation of the two sets of
samples, respectively.

When the significance level is set to 0.05, the sound pressure curve, the propagation
loss curve, and the t-value curve of the data intercepts are obtained, as shown in Figure 17.
Figure 17a is the sound pressure and t-test absolute magnitude for both models, and
Figure 17b is the propagation loss and t-test absolute magnitude for both models.
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Figure 17. Take the section comparison of the sound source depth (−50 m) in some areas inside
the eddy. (a) Differences in sound pressure and t-test among different models. (b) Differences in
propagation loss and t-test among different models.

Most of the significant locations of the differences in the sound pressure intercepts
are at the peak and trough locations; the overall acoustic phase conformity is high; and
the differences between the two models gradually increase as the propagation distance
increases. In the model propagation loss comparison, it can be obtained that the propagation
loss of the optimized model is slightly smaller than that of the normal model, and after
averaging, the average TL of the optimized model is obtained to be 47.46 dB and that of the
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normal model is 50.81 dB. During the propagation of acoustic energy through more grids,
the rate of decay is always greater than in the less-grid condition, and the main differences
for the data are similarly clustered at the peak points.

4.2. Results of Mesoscale Eddy Sea Sound Field Analysis

Application of the model to the analysis of selected cold eddies in the Bering Sea
region to analyze the effect of flow on the propagation of the acoustic field at the eddy
edges, where the effect of flow influence is stronger, the 3D model construction area is
as boxed in Figure 18a. The sound field is computed sequentially for the no-flow case,
the sound field when x-direction flow is added, the sound field when y-direction flow is
added, and the sound field when xy-direction flow is added at the same time, and the
sound pressure and propagation loss of each sound field are derived and analyzed.
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Figure 18. 10 km Sound field analysis at the eddy. (a) Eddy flow field, the rectangle is the area where
part of the eddy is intercepted for the construction of the sound field, the direction of emission of the
sound source is perpendicular to the direction of the meridian. (b) Sound pressure along the direction
of sound propagation in the case of no flow and under the influence of flow in the x direction only,
y direction only, and xy two direction flow. (c) Loss of sound transmission along the direction of
sound propagation and its amplification in the case of no flow and under the influence of flow in the
x direction only, y direction only, and xy two direction flow.

Figure 18b shows a comparison of sound pressure against sound field cutoffs. It can be
calculated that if there is only the influence of the flow along the sound field propagation
direction, the sound field propagation will deviate from the original sound field, and the
degree of deviation can reach about 3.5 m in the range of 10 km, while the flow in the
perpendicular direction of sound propagation has no deviation effect on the sound field.

Figure 18c shows a comparison of sound propagation losses for sound field intercepts.
The flow along the direction of propagation of the sound field increases the error in
the calculation of the sound propagation loss, and this error can be up to 1 dB after a
propagation range of 4 km. The flow field in the perpendicular sound field propagation
direction increases the sound propagation loss throughout the process, but the effect of this
increase is much less than 0.1 dB negligible.

It is worth noting that when modeling in the direction of vertical eddy flow, the flow
along the direction of sound propagation itself is much smaller than the flow in the direction
of perpendicular sound propagation, so the effect of the flow along the direction of sound
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propagation should be much larger than that of the flow in the direction of perpendicular
sound propagation. That is, the eddy will have a greater effect on sound propagation in the
direction of its flow.

4.3. Inverse Optimization Analysis Results

In which the sound field is modeled in each Mooring’s area, each model is 200 m wide
and 500 m long, with the depth controlled by the terrain. The background data used in
the model were derived from satellite remote sensing reanalysis data from Copernicus. A
50 Hz sound source was first used to emit and calculate the sound pressure intercept in
the longitude direction at the corresponding depth of each transducer in each region, and
the inverse sound velocity at that depth was obtained using the sound pressure intercept
calculation. The optimized sound velocity is obtained by substituting the inverse sound
velocity into the optimization formula, and then compared with the measured data, the
fitting results obtained from the optimization Formula (1) are shown in Figure 19.
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Figure 19. Optimize the results of Equation (1) calculations. (a) Measured, inverted, and optimized
sound velocity results for moorings at 50 Hz. (b) Measured, inverted, and optimized sound velocity
results for moorings at 100 Hz.

A set of inversion results can also be obtained from Equation (2), measured with
four moorings at different frequencies as follows (Figure 20):

The RMS calculated in Tables 3 and 4 are the RMS of the difference between the
inversion data and the measured data at different source frequencies, respectively, and
what is indicated is the degree of difference between the inversion data and the measured
data. From the comparison of the mean RMS values at 50 Hz and 100 Hz, the higher
frequency inversion results in smaller calculated RMS compared to the lower frequencies,
indicating that the results are closer to the measured values, regardless of whether or not the
speed of sound inversion optimization formula is used. The RMS means of the inversion
optimization formulas in Tables 3 and 4 are reduced compared to the RMS means of the
direct inversion, and the inversion Formula (2) reduces the RMS more than the inversion
Formula (1). This not only shows that the improved formula can eliminate the errors
brought by the flow rate and the rest of the terms in the partial sound pressure inversion of
the sound velocity and achieve the effect of optimizing the inversion results but it also can
be concluded that the Gaussian fitting is better than the simple fitting.
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Figure 20. Optimize the results of Equation (2) calculations. (a) Measured, inverted, and optimized
sound velocity results for moorings at 50 Hz. (b) Measured, inverted, and optimized sound velocity
results for moorings at 100 Hz.

Table 3. RMS values between different sound velocity curves under a 50 Hz sound source.

50 [Hz] Moor29 Moor30 Moor32 Moor33 Mean Value

Inverse Speed of Sound RMS 15.133 15.003 14.953 23.593 17.170
Improved Speed of Sound1 RMS 25.979 11.170 9.187 8.324 13.665
Improved Speed of Sound2 RMS 20.302 7.039 5.144 11.739 11.056

Table 4. RMS values between different sound velocity curves under a 100 Hz sound source.

100 [Hz] Moor29 Moor30 Moor32 Moor33 Mean Value

Inverse Speed of Sound RMS 12.116 14.649 14.335 23.912 16.253

Improved Speed of Sound1 RMS 23.167 10.318 9.332 10.228 13.261

Improved Speed of Sound2 RMS 17.236 5.862 4.477 12.702 10.069
Means values are averaged using raw data.

5. Conclusions

In this paper, based on satellite remote sensing data, a three-dimensional finite element
fast acoustic field model under the influence of currents is proposed for rapid computation
of ocean-acoustic remote sensing in mesoscale eddy or current seas. The innovations in
this paper are shown below.

1. Based on the linear potential flow theory, a three-dimensional finite element acoustic
field model with the ability to analyze the acoustic field under the influence of flow is
constructed, which can be used to analyze the acoustic field in the region with a large
degree of influence of flow, such as mesoscale eddies and tidal currents. In this paper,
after eddy identification, the acoustic field within a mesoscale eddy in the Bering Sea
is modeled, and acoustic field parameters such as sound pressure and propagation
loss of the acoustic field are calculated.

2. The mesh structure of the finite element model is optimized to form the sound velocity
laminar junction spectral expression by detecting the optimum point of the upper and
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lower roots of the spectral peaks of the sound velocity profile, thus determining the
endpoints of the spectral peaks. According to this method, the sound velocity-sensitive
layer and optimization layer are divided, and different grid densities are divided for
different regions, so as to improve the computational speed of the model and form a
fast field model. After gradually approximating the optimal grid size, the optimum is
reached when the grid size of the optimization layer is set to λ/1.852, which saves
about 98% of the computation time compared with λ/5, and the computation results
maintain a small error.

3. Applying the model forward to analyze the Bering Sea region, it is found that eddies
have a greater effect on the propagation of the sound field along their flow direction,
and the effect on the sound field offset can be up to 3.5 m and the effect on the
propagation loss error can be up to 1 dB at a range of 10 km.

4. The application field of the model is expanded by systematically analyzing the sound
field inversion results under the influence of different background flow velocities
and background sound velocities, fitting to obtain the influence coefficients of the
background flow velocities on the sound velocity inversion, and at the same time
eliminating the influence of the residual terms to obtain the optimization formula for
the sound velocity inversion of the model. The optimization results are validated by
the measured data of the four heavily instrumented Environmental Moorings of the
SW06 experiment. It is confirmed that the optimized formula helps to improve the
inversion results for the speed of sound. The effect of the increase in frequency on the
accuracy of the inversion results is derived.
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