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Abstract: Mesoscale ocean vortices are common phenomenon and fairly distributed over the global
oceans. In this study, mesoscale vortex in the South China Sea is identified by processing of AIPOcean
data. The characteristic parameters of the identified vortex are extracted by using Okubo-Weiss
(OW) method. The empirical sound velocity formula and interpolation method are used to obtain
the spatial characteristics of temperature and sound velocity of the mesoscale vortex. After this,
a theoretical model based on the Gaussian method is established to fit and simulate the vortex
parameters. Using this model, the influence of mesoscale vortex strength, cold and warm vortex,
vortex center position and sound source frequency on sound propagation are analyzed in COMSOL
software. Finally, the actual parameters of the identified vortex are compared with the ideal Gaussian
vortex model. It is found that different types of mesoscale vortices have different effects on the
underwater sound propagation characteristics. Cold vortices, for example, cause the sound energy
convergence zone to move toward the sound source, reducing the convergence zone’s span, whereas
warm vortices cause the sound energy convergence zone to move away from the sound source,
increasing the convergence zone’s span. Furthermore, the stronger the mesoscale vortices, the greater
the impact on the sound field. Our COMSOL-based results are consistent with previous research,
indicating that this model could be useful for studying underwater acoustic propagation in vortices.

Keywords: mesoscale vortex; acoustic propagation; AIPOcean; OW method; COMSOL software

1. Introduction

More than 90% of the surface kinetic energy in the ocean lies in the entire ocean
circulation [1], which can be seen as cyclones, anticyclones and typhoons in the ocean. The
physical properties of mesoscale vortices are similar to those of cyclones and anticyclones
in the atmosphere [2,3]. Mesoscale ocean vortices (named eddies) are common and fairly
distributed over the global oceans. They usually existing for 10 to 100 days and have
medium spatial scales in the horizontal direction ranging from 50 to 500 km [4-6]. These
kinds of vortices are widely distributed in the South China Sea. Earlier, Li et al. [7] reported
an anticyclonic ring detached from Kuroshio in the South China Sea. Using observation
data, Wu et al. [8] analyzed sound speed field in the same region of Ref. [7] by using
2D parabolic equation (PE) algorithm. So, it is of great importance to study the ocean
vortices as they largely influence the vertical structure of water column in the sea. In this
way, acoustic propagation in the vortex region will be changed significantly [9]. Previous
studies have determined that the loss of acoustic signal strength of sonar can be up to
about 40 db in the presence of vortices [10]. The study of mesoscale vortex, therefore, has
important application value for underwater acoustic equipment, underwater weapons,
submarine warfare and anti-submarine warfare. Due to the importance of underwater
acoustic propagation to the sonar detection and submarine navigation, it is significant

J. Mar. Sci. Eng. 2021, 9, 799. https:/ /doi.org/10.3390/jmse9080799

https://www.mdpi.com/journal /jmse


https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0002-7889-9998
https://doi.org/10.3390/jmse9080799
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/jmse9080799
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse9080799?type=check_update&version=2

J. Mar. Sci. Eng. 2021, 9,799

20f19

for the oceanographers and acousticians to understand the mechanisms of vortex and its
influence on underwater acoustic propagation.

Vortex recognition is the first step in the study of vortices in seawater. Since the
1970s, oceanographers and acousticians have studied and developed many methods for the
identification of vortices. In the field of vortex recognition algorithms based on physical
parameters, one of the most widely used is based on the properties of Okubo-Weiss (OW)
parameter q (Okubo 1970 [11]; Weiss 1991 [12]). This parameter is used to determine
the spatial structure of the vortex and to identify regions with different mixing proper-
ties [13]. The OW method is the earliest proposed and most widely used method for vortex
identification [14,15], because it has a simple principle and a small amount of calculation.
Chaigneau [16] used the altitude data obtained from high-resolution satellite measurements
in the past 15 years to identify and compare the vortices in the waters of Peru using both
the OW method and the WA method [17]. Their results showed that the average radius of
the sea vortex is 80 km, and it gradually increases to the north, and the average vortex life
is about 1 month. In this area, the warm vortex tends to move to the northwest, and the
cold vortex tends to move to the southwest. Doglioli et al. [18] proposed a wavelet analysis
method, based on the high-resolution numerical model of the seas surrounding South
Africa, focusing on the study of anticyclones and cyclones in the Kepler Basin, which are
believed to be actively involved in the Indian Ocean Atlantic Ocean exchange, including
vortices. The calculation of the vortex trajectory and the time evolution of the vortex
characteristics provide objective tools for the identification and tracking of the 3D vortex.
Francesco et al. [19] developed a new method of identifying vortices based on the geometric
shape of the velocity vector. The vortex is automatically identified through the spatial
distribution of the velocity vector near the center of the vortex, which is a good algorithm
for high-frequency radar surface velocity data for the Gulf of Southern California.

In the past, much work has been done to investigate the physical characteristics
of mesoscale ocean vortices and their influence on acoustic propagation. Vastano and
Owens [20] used numerical simulation technique based on the geometric acoustic model
to study the effect of cold vortices on the sound propagation law of the deep-sea sound
channel when the sound source was located at the center of the vortex. They used ray
tracking method to describe the effect of vortex on transmission loss. A coherent ray
technique was used by Weinberg and Zabalgogeazcoa [21] to investigate the effect of cold
vortices on sound propagation when the sound source and receiver positions are both
outside the vortex, and the results are expressed in a time series. These previous studies
of acoustic transmission were based on the direct oceanographic measurements of vortex.
Baer [22] used the PE method to study the propagation characteristics of sound waves in
the ocean vortex field. It was found that in a vortex field, using a 100 Hz non-directional
sound source, the received acoustic signal energy within the grazing angle increases by 5 to
50%. When the vortex moves along the line connecting the sound source and the receiver,
the difference in the position of the vortex relative to the sound source can cause a 20 db
decrease in the propagation loss. Li et al. [5] used an underwater acoustic model-MMPE
to examine the acoustic propagation under the influence of different types, intensities
and positions of eddies, and different frequencies and depths of sources. In recent years,
Chen et al. [6] used UMPE model to analyze the acoustic propagation characteristics under
the influence of cold-core vortex. For this, they selected the cold vortices based on the
summer hydrological environment in the Kuroshio extension sea region. Chen et al. [23]
examined the influence mechanism of eddies on acoustic propagation from the perspective
of surface waveguide by Argo floats data and typical 2D ray algorithm. A fully 3D PE
model was used by Heaney [24] to discover the horizontal refraction due to mesoscale
eddy at low frequency acoustics in the South Indian Ocean.

This study provides an objective tool for the identification and tracking of 3D vortices.
The principle and process of mesoscale vortex recognition by OW method is introduced,
and a cold vortex is identified at position 15-18° N, 115-117° E in the South China Sea
(Section 2). In a disparate departure from previous research, this study applies the OW
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method to extract and identify vortices using real time data from the AIPOcean 1.0 numeri-
cal product. A theoretical model of sound field calculation under the influence of vortex is
then developed in COMSOL software [25] based on the finite element method (Section 2).
Utilizing this model, the influence of mesoscale ocean vortex on sound propagation using
low frequency is analyzed and discussed (Section 3). Finally, main findings and future
work are summarized in Section 4.

2. Data and Methods
2.1. AIPOcean Region and Argo Data

China joined the international Argo program in 2002 and deployed 100-150 Argo
buoys between 2002 and 2005 in the South China Sea, the East China Sea and the Yellow
China Sea to build a regional observation network in the Pacific Northwest along the coast
of China. After that, 20-30 buoys have been deployed every year to maintain the normal
operation of the local observation network. At present, China has become an important
member of the Argo project, providing important assistance for ocean observation in
the Northwest Pacific [26]. The ocean reanalysis data set of the joined area Asia-Indian-
Pacific Ocean (hereafter AIPOcean; [27]) used in this paper is the numerical product of
China’s Argo project, and its range is 30°-180° E, 28° S—44° N as shown in the Figure 1, the
spatial resolution is about 1/4° x 1/4°. This data set contains the average 3D temperature,
salinity and flow field from 1 January 1993 to 31 December 2006, as well as the 2D sea
surface height. The original data is interpolated on the standard vertical plane on the
isodensity coordinates.

Figure 1. The geographical location of the AIPOcean region and the peripheral area used in the
establishment of the grid model.

2.2. Vortex Identification and Extraction Based on OW Method
2.2.1. Vortex Identification Based on OW Method
The zonal velocity and meridional velocity data were provided by Argo buoys. These

two datasets can be combined with the OW method to identify mesoscale vortices. Accord-
ing to the definition of OW function [11,12,28]:

ov  du
W—a—@ 1
Ju dv
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where S, Ss, and w are the normal and the shear components and vorticity of the relative
vortex. (u, v) indicates the horizontal velocity, with positive values representing the east (x)
and northward (y) directions. We can define the parameter q (OW parameter) as:

q=Si+S—w )

Then a suitable qq is given as a threshold to determine the position of the vortex center
of the mesoscale vortex. Here, qo < —0.204, which is commonly used in the research, is
selected as the threshold to judge the position of the vortex center of the mesoscale vortex,
where 0g is the standard deviation of the q value.

After determining the position of the vortex center of the mesoscale vortex, it is
necessary to combine the velocity field and the sea surface height field to calculate the
change trend of the velocity and sea surface height in different directions. Select the location
of the maximum value of the velocity in different directions within a reasonable radius as
the mesoscale. The edge estimation position of the vortex, the average value of the distance
between the edge position in each direction and the identified vortex center position as
the radius, and finally the average gradient of the region is calculated as the intensity of
the mesoscale vortex. The data related to zonal flow velocity, meridional flow velocity,
temperature, salinity, etc. are obtained from AIPOcean 1.0 product. The flow chart of
the OW algorithm is shown in Figure 2. As shown in the figure, the entire identification
process can be divided into the following steps:

(1) Extraction of Argo buoy data: As the data of the Argo buoy are available in Network
Common Data Form (NetCDF) format, it is necessary to use the ncread function in the
Matlab [29] to extract the zonal flow velocity, meridional flow velocity, temperature
and salinity required for identification.

(2) Delineate the scope of calculation: The extracted zonal flow velocity and meridional
flow velocity exist in the form of 3D variables of latitude, longitude and height. The
surface velocity at a depth of 100 m is selected and a matrix is formed in the range of
10° x 10° for calculation.

(3) Calculate the value and threshold of the q parameter: After obtaining the matrix of
the zonal flow velocity u and the meridional flow velocity v, the gradient function
can be used to calculate the derivatives of u and v in the x and y directions, and then
Equations (1)-(4) can be used to calculate the value of q. The standard deviation
function is used to calculate the threshold qy.

(4) Determine the position of the center of the mesoscale vortex: After obtaining the
value of q and qp, the position of the vortex center can be obtained by comparing the
two values. After obtaining the position of the vortex center, the maximum value of
the flow velocity in different directions can be selected as the edge estimation value
using the flow velocity field in the Argo numerical product, and the average value of
the distance from the vortex center can be used as the radius estimation value of the
mesoscale vortex.

To illustrate the steps of this procedure, we will apply it to processing a selected ocean
mesoscale vortex (Table 1). According to the temperature and salinity and flow velocity
profiles of the Argo buoy, appropriate processing has been performed to obtain the spatial
distribution characteristics of the mesoscale vortex such as temperature and sound velocity.

Table 1. Mesoscale vortex information extracted by the OW method.

Vortex Center Position Type Volex Radius Maximum Flow Rate
16.74° N, 115.72° E Cold vortex 27.055 km 15.6 cm/s
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Figure 2. Flow chart of the OW algorithm.

2.2.2. Extraction of Mesoscale Vortex Spatial Characteristics

After completing the identification process of the mesoscale vortex, we start to extract
the spatial characteristic information such as the temperature and sound velocity of the
mesoscale vortex. The speed of sound in seawater varies from about 1500 to 1580 m/s. By
extracting the temperature and salinity data in the mesoscale vortex region, the temperature
and salinity distribution at a depth of 0-1000 m is obtained. Usually, the speed of sound is
obtained by a special sound speed measuring tool. However, since there is no sound speed
data, an empirical formula for sound speed is used here (Mackenzie, 1981 [30]):

C = 1448.96 4+ 4.591T — 5.304 x 1072T2 4 2.374 x 1074T3 + 1.340(S — 35) 4 1.630 x 1072D

+1.675 x 1077D? — 1.025 x 1072T(S — 35) — 7.139 x 10~ 3TD? ®)

where C = sound speed (m/s), T = temperature (°C), S = salinity (parts per thousand) and
D = depth (m). Ranges of validity of this formula cover:

0<T<30,30<S<40,0< D < 8000 (6)

The temperature, salinity and depth data, extracted from the Argo profiles, are entered
into the sound velocity empirical Formula (5) for calculation, and the distribution of the
vortex sound velocity can be obtained. Figure 3a shows the distribution of isovelocity
lines map at 500 m depth obtained from the Argo profiles. As can be seen from the
figure, outward spreading trend in the sound velocity is observed on the right side of the
vortex. The sound velocity changes are more gradual at the outer side and more intense
near the center of the vortex. The isovelocity line distribution of the entire vortex can be
approximated as an irregular elliptical shape, and we can further process the vortex on this
basis to facilitate subsequent simulation processes. As shown in the figure, at the same
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depth, the sound velocity distribution of the mesoscale vortex is approximately elliptical,
with a major axis radius of about 70 km.
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Figure 3. (a) Isovelocity (m/s) and (b) Isotemperature (°C), contour lines map at 500 m depth.

The temperature distribution of the mesoscale vortex at a depth of 500 m is shown
in Figure 3b. It can be seen from the figure that the vortex center is the region with
a minimum temperature. By comparing the temperature distribution and the sound
velocity distribution, it is observed that the temperature distribution and the sound velocity
distribution trends tend to be consistent. This is because of the three factors T, S and D
that affect the speed of sound, the temperature T has the greatest effect on the speed of
sound. The temperature distribution can be approximated to describe the sound velocity
distribution characteristics of mesoscale vortices.

The temperature and sound velocity distribution of the mesoscale vortex obtained
from the vertical profiles at depth range from 250 to 600 m from Argo data is given in
Figure 4. The temperature and speed of sound are consistent with the temperature and
speed of sound at the edge of the vortex. The vortex parameters obtained from Argo buoy
data are shown in Table 2.
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Figure 4. (a) Isotemperature (°C) and (b) Isovelocity (m/s), contour lines map at a depth range of 250 to 600 m.
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Table 2. Vortex parameters based on Argo Buoy data.
Vortex Center Vortex Size at
Te t
Depth z/m Position Different Depths \F;ortexge/rltce;‘ 'lyorte’(‘_[]‘z‘/l?é) ]e;?fl;:::nlclze
Xo/m yo/m Xm/km Ym/km emp o emp it between Edge and Center (°C)
300 270 —135 96.9 71.7 11.45 12.69 1.24
400 170 —185 76.0 59.6 9.68 10.48 0.80
500 160 —147 73.6 524 8.51 9.25 0.74
600 453 —204 63.0 49.5 7.77 8.46 0.69

A linear interpolation method is applied to obtain the temperature of the mesoscale
vortex region. The required mesoscale vortex parameters are: vortex center position (xo, o)
relative to the coordinates given in Table 1, vortex size (xy,;, ym), vortex center temperature
(To/°C) etc. and the environment temperature T(x,y,z) is:

T(x,y,2) = To(z) +[Ti(z) = To(2)]r(x,y) )

And,
%@ | =y
X (2) Ym*(2)
where 0 < r(x,y) <1, zin <z < Zyay, 1(x,y) < 1 present the effective area of the vortex, and
r(x,y) > 1 is the area in which the temperature and sound velocity are consistent with the
temperature and sound velocity of the vortex edge.

Ty and z represent depth of vortex and temperature at vortex edge, respectively.
xp and yo represent the position of vortex center, they are determined by maximum
or minimum temperature horizontal position of vortex. Using interpolation methods
(Equations (6) and (7)) and empirical sound velocity formula (Equation (5)), the simulated
sound velocity distribution and temperature distribution of the mesoscale vortex at differ-
ent depths are shown in Figure 5a—f. By comparing Figures 4 and 5, it can be seen that even
under different depth planes, the sound velocity distribution and temperature distribution
still tend to be consistent, which validates Equation (6).

= r’(xy) ®)

2.3. Modeling of Mesoscale Ocean Vortex
2.3.1. Fitting of Vortex Parameters Based on Gaussian Method

After obtaining the spatial characteristic parameters of the mesoscale vortex in the
previous section, in this study we take the actual parameters at a depth of 400 m in Table 2,
as an example, to fit the ideal Gaussian vortex model [31], and establish a mesoscale vortex
model based on this. Table 3 shows the main parameters of mesoscale vortices selected
from Table 2.

Table 3. Mesoscale vortex parameters.

Vortex Short Long Half Temperature Difference Sound Velocity Difference

Depth Half Axis Axis between Vortex Edge and between Vortex Edge and
P Vortex Center Vortex Center

400 m 29.8 km 38 km 0.8°C 3.6m/s

Taking an ideal Gaussian vortex as an example, the effect of the existence of a vortex
on a 2D plane in the vertical direction on the speed of sound is [5,20,31]:

r—re 2  z—2z,.2
L e ©)

dc(x,y,2z) = DCxexp[—(

In the formula, DC represents the intensity of the vortex, and the value of DC is the
maximum difference in sound velocity from the center of the vortex to the edge of the vortex.
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The value of DC is negative for the cold vortex, and DC is positive for the warm vortex.
DR is the horizontal radius and DZ is the vertical radius of the vortex. The horizontal and
vertical positions of the vortex center are represented by 7, and z, respectively. By putting
the main parameters of the mesoscale vortex in Table 3 into the ideal Gaussian vortex
model Equation (8), we will obtain the Gaussian vortex model parameters that conform to
the actual sound velocity distribution. The sound velocity distribution obtained by this
method is shown in Figure 6.
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Figure 5. Interpolation plots of temperature (°C) distribution in the horizontal direction at differ-
ent depths and the corresponding interpolation distribution plots of sound velocity (m/s): (a,c,e)
Isotemperature contour is 300, 400 and 500 m, (b,d,f) Isovelocity contour is 300, 400 and 500 m.
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Figure 6. Sound velocity (m/s) distribution image obtained by Gaussian fitting method.

For comparison, we superimpose the sound velocity distribution field obtained from
the in-situ data (Figure 3a) on the sound velocity distribution field obtained by the fitting
data (Figure 6). By qualitatively comparing Figures 3a and 6, it is found that the distribution
of the sound velocity gradient tends to be roughly the same. The distribution trends show
the mesoscale vortex in the ideal state, but it also reflects the characteristics of the actual
data, such as the rising trend of sound velocity from large to small, and the slower the
change of sound velocity is closer to the edge. It can be considered that the fitting data
better reflects the actual data, and the vortex model can be used for simulation.

2.3.2. Sound Field Modeling Based on COMSOL Finite Element Method

According to the law of sound propagation, at the deep sound speed channel, when
the sound waves emitted by a sound source placed near the sea surface, they will reverse
at a certain depth and return to the vicinity of the surface again and form a convergence
zone. This reversal depth is generally between 4000 and 5000 m, and the position of the
first convergence zone is about 40 km from the source. Based on these factors such as the
inversion depth, the distance of the convergence zone, and the size of the vortex, Gaussian
vortex model [30] is adopted to describe the ocean mesoscale vortex (Figure 7a,b).

The upper layer of the model is a seawater medium, and the lower seafloor is set as a
liquid seafloor, which directly simulates the presence of mesoscale vortices in the seawater
medium in the form of sound velocity distribution. COMSOL will select the physical
field before building the model. Since this model uses a liquid seabed and only considers
pressure acoustics, the physical field is set to pressure acoustics, frequency domain and
steady state is selected for the research direction.

Due to the existence of mesoscale vortices, the sound velocity of seawater in this
model is:

c(x,y,2) = co(z) +dc(x,y,2) (10)

In the formula, cy(z) is the standard model of SOFAR sound velocity profile proposed
by Munk [32]:
co(z) = 1500{1+¢e[e™" — (1 —1n)]} (11)

where y = 2% (z—2z0)/B, z is depth, zj is the minimum depth of the sound velocity
model and taken as 1000 m, B is the waveguide width and its value is 1000 m, ¢ is the
magnitude of deviation from the minimum value and its value is 0.0057, proposed by
Munk [32]. According to the Formula (10), the vertical distribution of the deep-sea sound
channel, when there is no vortex, is shown in Figure 7b. In Equation (8), é.(x,y,z) indicates
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the influence of the existence of mesoscale vortices on the distribution of sound velocity
in seawater.
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Figure 7. (a) Schematic diagram of the 2D model of Gaussian Ocean Vortex, (b) Vertical distribution
of deep-sea sound channel.

3. Results and Discussion
3.1. The Influence of Mesoscale Vortices on Sound Propagation
3.1.1. The Influence of Vortex Intensity on Sound Propagation

Consider the impact of mesoscale vortex intensity on sound propagation first. Based
on the mesoscale vortex model established in Section 2, we choose 5 vortices with varying
vortex strengths for simulation experiments. We take a non-directional point sound source
with a frequency of 20 Hz, a depth of 200 m, and DC values of —20 m/s, —10 m/s, 0,
10 m/s, and 20 m/s, respectively. A negative DC value indicates a cold vortex, a positive
DC value indicates a warm vortex, and a DC value of 0 indicates there is no vortex. For this,
the vortex’s center is set to be the same distance as the sound source, i.e., Rx = 20,000 m,
while all other conditions remain constant. Figures 8-10 show the simulation results
of the sound pressure level distribution for cold vortices, without vortices and warm
vortices, respectively.
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The transmitting sound wave bends in the direction of the lower sound velocity region
due to the uneven environment of sound velocity distribution in seawater. As a result,
in the deep-sea channel, the sound rays are inverted and propagated upward, forming
a ‘sound energy convergence zone’ near the sea surface in the positive sound velocity
gradient region below the channel axis. The deep-sea channel’s first convergence zone is
frequently found at 45-50 km. Figure 10 shows that a significant amount of sound energy
is concentrated about 50 km away from the sound source, which is significantly higher
than in other regions.

In Figures 8-10, the convergence zone first appears at 45 km from the sound source
when DC = —10 m/s (Figure 8a); when DC = 0 (Figure 9), the convergence zone appears
at 50 km from the sound source; when DC = 10 m/s (Figure 10b), the convergence zone
appears at about 55 km away from the sound source; and when DC =20 m/s (Figure 10a),
the convergence zone appears at about 60 km away from the sound source. We can conclude
from this that when there is a cold vortex, the converging zone moves in the direction of
the sound source; when there is a warm vortex, the converging zone moves away from
the sound source. Furthermore, the convergence effect of sound rays is weakened when
there is a warm vortex. The width of the entire convergence area is enlarged, and in an
environment where there is a cold vortex, the sound rays converge more densely and
appear darker in the sound pressure level distribution image. Figure 11 depicts the vertical
distribution of sound velocity in seawater with different intensities of mesoscale vortices.
Figure 12 depicts the deep-sea channel distribution of the vertical section drawn through
the vortex’s center. It can be seen from figures that the effect of the vortex on the speed of
sound mainly exists in the region close to the sea surface, which is about 0-1000 m deep.

The sound velocity distribution of the vertical section of the model without and with
mesoscale vortex is located (see Figure 11), are obtained by applying our COMSOL-based
model. From these figures, we can observe that the sound velocity is significantly changed
after the mesoscale vortex appears: the isovelocity line bends upwards with the vortex core
in the center, and forms an elliptical low-sound velocity zone which is more dominant in
the central region. The distribution of iso-sound velocity lines is consistent with the actual
sound velocity distribution obtained by interpolation method in Section 2.3.1, which can
prove that this method can better simulate the sound velocity distribution of the sound
field in the presence of mesoscale vortices. It is demonstrated that when DC =20 m/s
(Figures 11a and 12), the warm vortex will cause a depth of 0-1000 m, i.e., the sound
velocity gradient of the upper part of the channel axis will become smaller near the sea
surface, and the rapid change in the part close to the channel axis will be positive. When
DC = —20 m/s (Figure 11c and Figure 12), the cold vortex even causes a sound velocity
gradient to appear at a depth of about 500 m that is lower than the sound velocity of the
channel axis, reducing the positive sound velocity gradient from 1000 m to 500 m. The
mesoscale vortices are thought to change the properties of the sound field and influence
the distribution of the sound velocity gradient, thereby influencing sound propagation.
Some of the stronger vortices even altered the nature of the sound velocity gradient, such
as a cold vortex with DC = —20 m/s (Figure 11c and Figure 12), which moves the positive
gradient up and expands the negative gradient.
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3.1.2. The Influence of Vortex Position on Sound Propagation

Given that the vortex affects sound propagation by changing the sound velocity
distribution in the seawater, the vortex’s influence on the sound velocity distribution at
different positions in the sound field must be different as well. This section discusses
the effect of the vortex on sound propagation at various positions. The sound pressure
level distribution when the sound source is located at the center of the vortex is shown in
Figure 13. The sound velocity distributions of the cold vortex at different positions in the
sound field are presented in Figure 14a,b. We can see from Figure 14 that when the sound
source is set at the center of the vortex, the convergence zone moves away from the sound
source. Furthermore, the depth of the convergence zone has decreased by about 100 m
from its original depth.

o

zm freq = 20Hz

oF . B ] SPL/dB

500 F e
1000 | . igg
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2000 E S
2500 F e a0
-3000 - 1 80
3500 F ] 70
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Figure 13. Sound pressure level distribution when the sound source is located at the center of the
vortex (DC = —20 m/s).
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Figure 14. The sound velocity distribution of the cold vortex at different positions in the sound field,
(@) Rx =20,000 m, DC = =20 m/s, (b) Rx = 50,000 m, DC = —20 m/s.
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Now, using the vortex center as the origin, we draw the change in sound velocity
gradient at various distances from the vortex center. Variation in sound velocity gradient
at different distances are shown in Figure 15a—e. The sound velocity gradient changes from
a negative gradient in the upper half to a positive gradient in the lower half, and then
gradually changes to a uniform negative gradient, which is the distribution of the sound
velocity gradient in the absence of a vortex. As the sound waves are affected by the sound

velocity gradient as they propagate, the sound waves bend to the lower sound velocity
location, and the height of the convergence zone decreases.
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3.1.3. The Influence of Sound Source Frequency on Sound Propagation

In this study, we tested different frequencies to see how they affected sound prop-
agation in seawater. Figure 16 compares the sound pressure level distribution at two
frequencies, 10 Hz and 20 Hz, when DC = 20 m/s. The lower sound source frequency has
no effect on the appearance of the convergence zone, but the influence of the vortex on the
convergence zone becomes smaller, making it difficult to distinguish what changes have
occurred. Another reason for this phenomenon is that when the frequency is reduced, the
convergence effect of the sound waves appears to be smaller, and the distribution of the
sound waves on the entire plane becomes more uniform, making the convergence zone
less obvious.
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Figure 16. Sound pressure level distribution image at different frequencies when DC = 20 m/s,
(a) f=20Hz, (b) f =10 Hz.

Figure 17 shows related images of sound transmission loss and distance at a depth of
400 m obtained with COMSOL software at 10 Hz and 20 Hz to better explore the effect of
sound source frequency on sound propagation when the vortex exists. The change trend
of the sound transmission loss image tends to be the same at lower frequencies such as
10 Hz and 20 Hz, but the convergence zone effect is less obvious. Low frequencies, such
as 100 Hz and 200 Hz (Figure 18a,b), have no significant effect on the convergence zone;
however, as the sound source frequency rises to 1000 Hz, the convergence effect becomes
more apparent than at 200 Hz (Figure 18c). The transmission loss is approximately 30 db
lower than in other locations. It is possible to conclude that changing the frequency of the
sound source will affect sound propagation in the vortex area, and the convergence effect
of higher frequency sound waves will become stronger in this area.
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Figure 17. Sound transmission loss at different frequencies, (a) f = 10 Hz, (b) f = 20 Hz, depth 400 m
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4. Conclusions and Future Work

Long-term mesoscale vortices exist in the South and East China Seas, and their pres-
ence affects the sound propagation characteristics of seawater. The relevant sound propaga-
tion characteristics and sound propagation rules were studied and summarized. This has a
high application value in future practical work areas such as underwater acoustic equip-
ment research and development and tactical use. The main focus of this study was to use
real time data from the AIPOcean 1.0 numerical product to identify the mesoscale vortices
using the OW method, then observes the impact of mesoscale vortex on sound velocity
distribution, and finally simulates the actual vortex parameters with the Gaussian vortex
model in COMSOL. Finally, using this model, the impact of the presence of mesoscale
vortices on the sound propagation law was investigated, yielding the following results:

(1) Ina deep-sea environment where the sea surface is an absolute soft boundary and the
lower seabed is a liquid seabed, the sound waves radiated by sound sources near the
sea surface will reconverge at a certain distance and form a sound energy convergence
zone. The cold vortex will cause the convergence zone region to move toward the
sound source, reducing the width of the convergence zone; a warm vortex will cause
the convergence zone region to move away from the sound source, increasing the
width of the convergence zone.

(2)  If the sound source is in the center of the vortex, the vortex’s effect on sound propaga-
tion is more obvious, and the depth of the convergence zone is shifted downward. The
reason for this is that the mesoscale vortex has the greatest impact on the sound veloc-
ity distribution at the vortex center, which has a greater impact on sound propagation.
These findings also support the hypothesis that the mesoscale vortex influences sound
propagation by influencing the sound velocity distribution.

The above-mentioned results are consistent with previous research using different
models, confirming that our COMSOL-based model worked correctly and could be a useful
tool for investigating underwater acoustic propagation in vortices. Due to the model’s
limitations, this study only completed the low-frequency, 2D sound field modelling and
simulation. When using the COMSOL software for high-frequency or even 3D simulation,
the amount of calculation increases drastically, making it difficult to process. In future
research, we can try to study the effect of the vortex on the 3D sound field while solving
the computational constraints in order to better fit the scale of the actual vortex.
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