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It is essential for oceanographers to study the effects of marine phenomena such as currents, surface mixed
layer, eddies, internal waves, and other ocean features on acoustic propagation, as most marine measurement
equipment operates on this basis, like sonar. The eddy impact on acoustic transmission in the marine environ-
ment is very significant because changes in temperature and salinity disrupt the sound speed due to the presence
of eddy, thus the acoustic propagation in the sea. Although cold eddies are in the Persian Gulf widely, one
eddy is selected to study their impacts on acoustic propagation because they have similar properties in terms
of temperature and salinity. In this research, after identifying eddies in the Persian Gulf automatically, the
effect of a cold eddy on acoustic propagation was investigated at different depths using the BELLHOP model.
Most eddies are cyclonic with 5-10 km of radius based on algorithm outputs. Studies on the lifespan of eddies
showed that the occurrence of cyclonic eddies with a lifespan of more than three days is more than anticyclonic
ones. Examination of the eddy effect on acoustic propagation showed that the transmission loss (TL) during
the progress of the acoustic wave across the eddy increases with increasing the depth of the sound source.
Also, the presence of cold eddy compared to the conditions it does not exist increases the transmission loss.
The study of three-dimensional acoustic propagation also confirmed the obtained results in two-dimensional
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mode and clearly showed the role of cold eddy in increasing the TL.
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1. Introduction

Eddy is a rotating current seen in all seas and
oceans. These currents have a diameter between 10—
500 km, and depending on the basin, their depth can
reach up to 1000 meters. Mesoscale eddies have a lifes-
pan of several days to several months and a mean
propagation distance a few hundreds of kilometers
(CHELTON et al., 2011; ZHANG et al., 2014; CHANG
et al., 2015). Also, the direction of rotation of ed-
dies can be counterclockwise or clockwise, which are
referred to as cyclones and anticyclones, respectively;

and their rotational speed is on average 0.1-0.2 ms™*,
but the speed can sometimes reach up to 0.4 ms™!
(CHANG et al., 2017). Eddies play an important role
in various physical and chemical processes (VOLKOV
et al., 2008). The biochemical effects of eddies and
their potential relationships with marine organisms
have been debated for decades. One of the important
effects of eddies is the change in the acoustic propaga-
tion in the seas. Because eddies reorder the tempera-
ture and salinity field in the oceans, they change the
sound speed in the environment and ultimately dis-
rupt the acoustic propagation. These changes cause
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the acoustic pressure to be varied non-uniformly as it
passes through the eddy, forming a Sound Fixing and
Ranging (SoFAR) Channel at some points.

Acoustic propagation patterns and TL variables are
very sensitive to the inhomogeneity of temperature and
salinity in shallow water (KATSNELSON et al., 2012).
Structures such as eddies, fronts, thermoclines, inter-
nal waves, and the like cause significant temperature
and salinity changes in the acoustic propagation envi-
ronment due to dynamic properties in shallow water.
There is ample evidence that these structures can al-
ter acoustic propagation to various degrees (LYSANOV
et al., 1989; HEATHERSHAW et al., 1990; LYNCH et al.,
2003; XU et al., 2009; LERMUSIAUX et al., 2010). They
occur at different spatial and temporal scales, and con-
siderable effects have on acoustic propagation, espe-
cially in shallow water. Knowledge about the acoustic
propagation mechanism is of particular interest under
various climates and weather in the shallow seas since
commercial and civilian activities in coastal waters
have been increasing rapidly. Fluctuations in acoustic
pressure levels resulting from oceanic parameters vari-
ations can be transferred into noise fields, leading to
different noise patterns in time and space. In this study,
the effects of a cold eddy on acoustic propagation in the
Persian Gulf as shallow water were investigated.

The general circulation pattern in the Persian Gulf
is primarily influenced by the prevailing northwesterly
winds and the corresponding momentum and buoyancy
fluxes, then by thermohaline forcing and eventually by
the tides (THOPPIL, HOGAN, 2010). The details of the
circulation are more complex than a cyclonic gyre due
to seasonal changes in water exchange in the Strait of
Hormuz, river inflows, wind intensity, and topographic
anomalies (POUS et al., 2015). This circulation consists
of two scales:

1) Basin-scale is the general circulation and entails
two currents: one to the northwest of the Strait of
Hormuz along the Iranian coast in the northern
part of the basin, the other to Southeast in the
southern part of the basin (REYNOLDs, 1993).

2) Mesoscale involves eddies with various dimensions
that happen due to instability and the decompo-
sition of the main rotation into a set of eddies
(Fig. 1).

In summer, by reinforcing the stability of the water
column and forming strong stratification, eddies form
even with a diameter of more than 100 km. In late
summer, these eddies alter the overall structure of the
Persian Gulf to mesoscale ones. These conditions re-
main in the basin for two to three months (THOPPIL,
HocaN, 2010).

Oceanographers and acousticians need to recog-
nize the factors affecting acoustic waves because these
waves are widely applied in acoustical oceanography,
submarine communications, and the revelation of navi-
gational information. A broad range of specialists have
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Fig. 1. Mesoscale eddies in the Persian Gulf, CEl,

CE2, CE3, and CE4 correspond to the Iranian coastal
eddies (THOPPIL, HoGAN, 2010).

used the methods of underwater acoustics in commu-
nication systems, shipping noise, and radiated noise of
a typical fishing boat in shallow water (KOCHANSKA
et al., 2020; PENG et al., 2018; 2021). Measures such as
depth measurement and depth mapping, voice commu-
nication, and installation of acoustic arrays to identify
subsurface targets are required to have a correct un-
derstanding of how acoustic waves propagate in the sea
environment.

A few studies have been conducted about the ef-
fects of eddies on acoustic propagation in shallow wa-
ter. The nature of acoustic propagation is generally dif-
ferent in shallow water and deep water (LIANG et al.,
2014), and study has not been undertaken on this is-
sue so far, especially in the Persian Gulf. LI et al.
(2012) modeled the mesoscale eddy and its applica-
tion in the underwater acoustic propagation. For this
purpose, a theoretical computational model of ocean
mesoscale eddy was developed based on hydrographic
measurement data in the sea area of the ocean. The
Monterey-Miami Parabolic Equation (MMPE) acous-
tic model was used to simulate the underwater acoustic
propagation under the influence of different types, dif-
ferent intensities and positions of eddies, and different
frequencies and depths of sources. The results showed
that the warm-core eddy could make the convergence
zone “move back” and the width of it increases, while
the cold-core eddy can make the convergence zone
“move forward” and the width of it decreases. X1A0
et al. (2019) investigated the effect of the warm eddy on
acoustic propagation in the Gulf of Mexico. First, the
physical parameters of eddies, such as their lifetime,
radius, and spatial distribution, were investigated us-
ing an automated method, and a strong warm eddy iso-
lated from the Mexican stream was selected. Then, the
effect of this strong warm eddy on acoustic propaga-
tion during its lifetime was extensively analyzed by the
parabolic equation and explained using normal mode
and ray theory. The results showed that warm eddy
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could change the propagation path and cause the con-
vergence region to be broader and closer to the acoustic
source. In addition, a warm eddy can dissipate acous-
tic energy, causing deeply integrated energy to tend
to a lower normal mode. CHEN et al. (2019) investi-
gated the two-dimensional structure of a cold eddy in
Taiwan and its effect on acoustic propagation. Their
results showed that the eddy structure follows that of
an ellipsoid, where the most significant anomaly occurs
near the center at almost 400 m depth. The horizontal
diameter of eddy was 200 km, and its vertical diam-
eter was 500 m. The 2-D sound speed profile feature
model for the cold eddy based on the Argo profiles was
created by the Empirical Orthogonal Function (EOF)
method. With the particular model, the acoustic prop-
agation through both a stationary eddy and a moving
eddy was investigated. Results suggest that the pres-
ence of the cold eddy could push the convergence zone
up to 4 km closer to the source, where it acts as a con-
vex mirror to focus the energy.

2. Materials and methods

In this study, the developed algorithm by NENCI-
OLI et al. (2010) was used based on the rotation of
horizontal velocity components (Vector Geometry Al-
gorithm), using MATLAB software to detect eddies.
In terms of appearance, an eddy is defined where the
horizontal velocity vector field revolves around a cen-
tral point. Based on this characteristic, the algorithm
uses four constraints to identify eddies. If these four
constraints are met, the existence of an eddy is settled
and recorded. These four constraints are as follows:

1) Along the west-east section, v component has to
reverse in sign across the eddy center and its mag-
nitude has to rise away from it.

2) Along the south-north section, v component has
to reverse in sign across the eddy centre and its
magnitude has to rise away from it, the rotation
rate must be the same as for v.

3) The minimum velocity in the investigation area is
considered an eddy centre.

4) The velocity vector directions should rotate with
a constant sense revolving around the eddy centre.

The discussed constraints require two parameters
to be defined: one for the first, second, and fourth con-
straints and the other for the third one. The first pa-
rameter (A) defines how many grid points away the in-
creases in magnitude of v along the east-west axes and
u along the north-south axes are checked. The second
parameter (B) defines the dimension (in grid points) of
the area used to define the local minimum of velocity.
These two parameters determine the accuracy of the
algorithm and make the algorithm usable for data of
any resolution. On the other hand, depending on the
characteristics and spatial resolution of the data set,

the values of these parameters required to be precisely
adjusted to optimize the performance of the algorithm
(NENCIOLI et al., 2010).

The velocity vector field maps are selected for seven
days randomly to validate the algorithm, and experts
extract eddies of maps visually. Algorithm efficiency
is gained according to a study by CHAIGNEAU et al.
(2008) by two parameters: the success of detection rate
(SDR) and the excess of detection rate (EDR). These
parameters are defined as follows:

NC Noa
SDR=—%.100, EDR=-2%.100, (1)

te te

where N, is the number of real eddies for a data set,
detected by the experts, N is the number of eddies for
the same data set, detected by the experts and regis-
tered by the algorithm, and N,, is the number of ed-
dies detected by the algorithm but not recognized as
eddies by the experts. In general, SDR and EDR show
the detection precision and error in the algorithm, re-
spectively. The larger SDR and smaller EDR lead to
better performance of the algorithm.

The velocity components obtained numerical model
in the Persian Gulf were selected in seven random days
to optimize the algorithm, then SDR and EDR were
computed for each different combination of A and B.
The algorithm was checked for different values of the
two parameters: A varying from 2 to 10 and B varying
from 1 to 10, a total of 90 various combinations of A
and B were considered to optimize the algorithm. The
SDR and EDR diagrams for the various combinations
of A and B are given in Fig. 2. Consequently, the com-
bination A =3 and B = 2 had the highest accuracy of
85% and the smallest error of 12% for SDR and EDR,
respectively.

The acoustic propagation in the sea depends on the
sound speed that is a function of temperature, salinity,
and ambient pressure. When the sea surface tempe-
rature rises in the warm seasons or the hottest part of
the day, the sound speed increases near the surface.
The sea surface acts as a perfect reflector when it is
not wavy, but it disperses acoustic rays in turbulent
conditions. We used the Mackenzie formula for sound
speed with a standard error of 0.07 m/s as follows
(MACKENZIE, 1981):

¢ = 1448.96 + 4.5917 - 5.304 - 10272 + 2.374 - 107473
+1.340(S - 35) +1.630- 10722 + 1.675- 107" 22
~1.025-102T(S - 35) - 7.139 - 10372, (2)

where c is sound speed in [ms™']; z is depth [m]; S is
salinity in part per thousand [ppt] in the range from 30
to 40; T is temperature [°C] in the range from 0 to 30.

Ray theory is an alternative theoretical approach
to solving the wave equation. The main tenets of ray
theory are the existence of a wavefront along which
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Fig. 2. Different combinations of A and B to optimize the
algorithm EDR (a), SDR (b).

the phase of the solution is constant and the existence
of rays that describe the spatial location of acous-
tical energy radiating from the source in a manner
analogous to optical ray theory. Ray-tracing programs
are commonly used in underwater acoustics to model
high-frequency acoustic waves as a function of time
(TORRES, 2007). Ray tracing traditionally involves in-
tegrating a set of differential equations called the ray
equations, which describe the ray’s trajectory. The
governing equations trace the path of a ray as it propa-
gates away from the source by considering initial con-
ditions.

The basis for ray theory is the acoustic wave equa-
tion, given in equation:

1 0%

2

——7:0 3
p C2 8152 ) ( )

where V is the gradient operator, and ¢ is the sound
speed in the medium and may vary with the spa-
tial coordinates (URICK, 1996). Separation of variables
shown pressure depends on the three-dimensional po-
sition vector x = (z,y, z) and time ¢:

p=P(x)-T(t), (4)

substituting this form into Eq. (3) and taking the sep-
aration constant to be k% obtain (RILEY et al., 1998):

d2

2 2
-k*P=0
vy ’ dt2

+ E2AT = 0. (5)

The first equation in Eq. (5) is the time-independent
version of the acoustic wave equation, called the
Helmholtz equation. JENSEN et al. (2000) developed
a solution of the Helmholtz equation of the form:

zw'r(x) Z Y (X)

4 (iw)d

: (6)

p(x) =

where 7(x) is the time, it takes for the sound to reach
location x, and A(x) is the amplitude of the signal at x.
Equation (6) is called the ray series.

Thus, the pressure field is obtained by dividing the
energy of the point source among each of the ray tubes.
Since a point source in a shallow water channel follows
spherical spreading, the sound pressure amplitude of
a ray tube diminishes with range s by the factor 1/s?.
The ratio of the pressure at a point a distance s from
the source, p(s), to the intensity measured at 1m
from the source, pg, defines the TL at that point. For
convenience, the TL along each ray tube is usually
given in decibels [dB] (TORRES, 2007):

TL(st) = -20log @ (7)
Po

The total pressure at the receiver will depend on
how the rays constructively and destructively interfere
with each other. There are several methods to solve
this equation, and each of them has specific properties,
which are listed in Table 1.

Ray theory calculates the TL based on the ray plot-
ting. It is suitable for most operational applications
due to its high speed and low computational volume. It
is very effective for analyzing the acoustic propagation
from a high-frequency source in large environments
where the sound speed varies with distance. Since the
Persian Gulf is shallow water, this method has been
used to calculate TL in high frequency.

BELLHOP is an efficient ray-tracing model de-
signed to perform acoustic ray tracing for a given sound
speed profile ¢(z) or a given sound speed field ¢(r, z) in
ocean waveguides with flat bed or variable absorbing
boundaries. Output options include ray coordinates,
travel time, amplitude, eigenrays, acoustic pressure,
or TL (either coherent, incoherent, or semi-coherent)
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Table 1. Domains of applicability of underwater acoustic propagation models (ETTER, 2013).

Applications
Shallow water Deep water
Model type Low High Low High

frequency frequency frequency frequency

(<500 Hz) (>500 Hz) (<500 Hz) (>500 Hz)

RI RD RI RD RI RD RI RD

Ray theory @) O o o J > [ J [ J
Normal mode () J [ ) D [ o Qo @)
Multipath expansion O O d O D O ([ O
Fast field [ O [ O [ J O o O
Parabolic equation ) ® @) O d ) D o

RI — range-independent environment;

RD - range-dependent environment;

® — modelling approach is both applicable (physically) and practical (computationally);

@ — limitations in accuracy or in speed of

O — neither applicable or practical.

(PORTER, BUCKER, 1987). The input of BELLHOP is
an environmental file (*.env) to carry out ray tracing
and TL; the information are given in Table 2 that we
choose to design *.env, where we show the parame-
ters used for modelling the effect of the warm eddy on
acoustic propagation. ETTER (2013) gives a guideline
for defining the frequency above which a ray acous-
tics model becomes suitable for use. In the following
equation:

f> 10%, (8)

where f is the frequency, H is the water depth, and
c is the sound speed. With a BELLHOP simulation

Table 2. Parameters used for acoustic modelling.

Parameter Value
Source data
Number of sources 1
Source depth 25 m, 50 m
Source frequency 2 kHz
Source angle -5 to +5
Receiver data
Receiver ranges 0-154 km
Number of receiver ranges 3001
Receiver depths 0-82 m
Number of receiver depths 135
Number of rays 1000
Box depths 60 m
Box ranges 154 km
Options
Method of interpolation ‘QVW’
Type of media A%
Type of output options ‘1B’

execution;

depth of 60 m, and using an average sound speed of
1500 m/s, the formula resolves to f > 250 Hz. A fre-
quency of 2 kHz, which is around the frequency range
of a mid-frequency sonar, was used for the study and
is well above the 375 Hz threshold. The BELLHOP si-
mulation runs were conducted using the “incoherent”
beam option, which allows a smoothed transmission
loss plot of the sound energy over range.

3. Results and discussion

The algorithm results are obtained for 25 2-meter
layers from the surface to a depth of 50 m. Figure 3
shows the eddies detected by the algorithm from the
velocity field in early spring. In total, the detected
number of cyclone eddies and anticyclone eddies are
4308 and 2860 in the surface layer, and 617 and 329 in
the lowest layer 50 m depth, respectively. These eddies
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= ~1 - L= =
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i

[
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B
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Fig. 3. Eddy field detected by the algorithm.
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are positioned on the temperature distribution and
have small diameters. In more detail, they form un-
der the influence of local factors, such as topography
or wind (MAHPEYKAR et al., 2021).

Considering some uncertainties associated with the
eddy detection scheme and sporadic noises in the nu-
merical data, in the following analysis, we only count
eddies which lifetimes are equal to or longer than three
days (DONG et al., 2012). Figure 4a shows the his-
togram of eddy sizes on the first day of their life that
the radius of eddies can be approximately character-
ized by a normal distribution. Figure 4b illustrates
that the lifespan of eddies varies from a few days to
several weeks. The values of the positive and negative
radius correspond to cyclone and anticyclone, respec-
tively. As can be seen, most eddies have a radius of
5-10 km and are cyclonic types. This figure shows that
sub-mesoscale eddies are the most abundant, and most
of them are cyclonic. Histogram of eddy lifetimes also
indicates that the occurrence of cyclonic eddies with
a lifespan of more than three days is more than an-
ticyclonic ones. The cause of the predominance of cy-
clonic eddies is the general circulation in the Persian
Gulf, which is cyclonic. Therefore, the lifespan of the
eddies in the Persian Gulf is affected by the thermoha-
line force. The inflow of the Oman Sea into the Persian
Gulf is the main force that causes the development of
cyclonic eddies.

10m -

Number
z

0 P — ¢
S50 45 40 235 -3 225 220 15 10 -5 0 5 10 15 20 25 3 35 40 45 S0
Size [km]

1040 . Anticyclonic

||\1H—lﬁg_ i

3 6 9 12 IS 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63 66 69
Life time [day]

Fig. 4. Histograms of eddy initial sizes (a) and eddy life-

times (b). On the left panel, the left and right sides of “0”

on the z-axis denote the anticyclonic and cyclonic eddies,
respectively.

One eddy with 29 days of lifespan was selected
to investigate the acoustic propagation. The mini-
mum and maximum calculated radii for the eddy are 4
and 48 km during its lifespan, respectively. This eddy
is generally observed in 21 layers, and acoustic propa-
gation around it was examined on the 26th day of its
lifespan. Figure 5 shows the temperature and salinity
profiles at the selected point. When the water column
has an almost uniform temperature from the surface to
the bed but it has significant differences in the trans-
verse direction, an eddy is formed. Since an eddy is
cyclonic, it makes sense to expect a cold core, and ac-
cording to research carried out by SUN et al. (2019),
an eddy causes divergence motion. In other words, in
winter, the intense mixing can provide the initial en-
ergy to form an eddy due to the transverse tempera-
ture differences. So, the temperature difference causes
the formation of an eddy, and the development of eddy
has increased the temperature difference between the
center of eddy and its surroundings, which is conside-
red as positive feedback. It can be seen that the eddy
is not well visible in the salinity profile due to the lack
of salinity difference between the center of the eddy
and its surroundings (Fig. 5).
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286 88

276 78 28 8.2 284
Latitude [deg]

Salinity [PSU]

20
g2
E =30
o
S -35

40

45

) In,l
55 J
; ; o

276 278 8 286 2838

282 284
Latitude [deg]

Fig. 5. Temperature (a) and salinity (b) profiles with eddy.

The distribution of sound speed is shown in Fig. 6
with /without the eddy to investigate the acoustic pro-
pagation. Because there is no strong stratification and
vertical mixing in spring, sound speed was calculated
for case “without eddy” in this season. Then, the acous-
tic propagation was examined under different scena-



O. Mahpeykar et al. — The Effect of Cold Eddy on Acoustic Propagation. . . 419

Sound speed [m/s]

Depth [m]
s
S

27.6 27.8 28 18.2 284 28.6 28.8
Latitude [deg]

Sound speed [m/s]

1544

1542

1540

1538

Depth [m]

1536

1534

1532

L . " L .
27.6 27.8 28 28.2 2184 8.6
Latitude [deg]

Fig. 6. Sound speed profile with (a) and without (b) eddy.
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rios. The position of the eddy centre in the sound speed
profile is quite clear under latitudes 28 to 28.4 degrees
and a depth of 40 m. In the absence of eddy, the sound
speed from the surface to the bed is reduced due to
warming the surface layer in spring (Fig. 6b). In this
case, the water column is stable, and the thermocline
is on the formation threshold, nevertheless its effect on
acoustic propagation is negligible because this condi-
tion becomes more severe in summer.

The pattern of TL when the source with a fre-
quency of 2 kHz is located at 25 m depth with/without
the eddy, taking into account the bed’s topography, is
shown in Fig. 7. Attenuation of acoustic pressure oc-
curs in the presence of eddy radially around the source
in these circumstances. The pressure reduction is less,
and the acoustic rays travel longer distances without
eddy than with eddy. The pressure is significantly re-
duced with eddy across the surface layer less than 5 m
in depth. The most significant decrease of TL occurs
along the travel distance after ~100 km with the eddy,
and this reduction is the same from surface to bed.

Figure 8 shows the distribution of sound energy, in
terms of TL, for the source deployed at 50 m depth and
generating sound at 2 kHz with/without eddy. The TL
in the presence of eddy is similar to the previous case,
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Fig. 7. Comparison of TLs [dB] for environments with (a)
and without (b) eddy, with the source depth at 25 m.
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Fig. 8. Comparison of TLs [dB] for environments with (a)
and without (b) eddy, with the source depth at 50 m.

but the pressure reduction is less near the source and
seabed, and there is more reduction in the surface la-
yer. The TL is lower in a quarter of the propagation
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range close to the source without eddy, it increases
suddenly outside of this range. This pattern is almost
similar for both cases in the second half of the prop-
agation range, but the TL is higher with eddy than
without eddy, especially at the end of the range.

Figure 9 compares the TLs at two different depths
of 25 m and 50 m. It is found that the TL at a depth of
25 m has a more considerable change than 50 m. The
effect of the eddy is evident at a depth of 50 m at
the beginning of the propagation range, but this dif-
ference increases step by step at a depth of 25 m. The
most significant changes in temperature and salinity
occur at the middle depths because the eddy radius
is larger at there, so the TL is greater. Figure 9 shows
the effect of the eddy at both depths that the TL is
higher with eddy than without eddy, and as the dis-
tance from the source increases, the differences become
greater. The decrease in TL is almost similar at the
range close to the source and before the acoustic rays
enter the eddy, but there is a sudden increase in the
loss that is significant for the source at 50 m of depth
(the range of 20 km from the source).
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Fig. 9. TLs with/without eddy for the source and receivers
at two depth of 25 m (a) and 50 m (b).

TL diagrams plotted for range-dependent with
eddy (Fig. 10a), range-independent (Fig. 10b), and
range-dependent without eddy (Fig. 10c), while the
bed topography is omitted. A quantitative compari-
son could be made on how much eddy affects acous-
tic propagation in a model that does not account the
environment. Source depth is 20 m, and its frequency
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Frequency = 2000 Hz

Depth [m]

Range [m] <10*

Frequency = 2000 Hz

Depth [m]

Range [m] 10

Frequency = 2000 Hz

Depth [m]
5
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o 3 1 15
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Fig. 10. Comparison of TLs among range-dependent with
eddy (a), range-independent (b), and range-dependent
without eddy (c).

is 2kHz in all cases. TL is almost the same at all
cases, especially in 30 km of the range close to source,
fluctuations with a high amplitude are observed after
a distance ~50 km in range-dependent with eddy. TL is
seen uniformly and symmetrically across the propa-
gation range in range-independent. Finally, for range-
dependent without eddy (case c) the TL pattern is si-
milar to case b, in the surface layer, less than 5 m, the
sound pressure is significantly reduced, in agreement
with the case where the topography was considered.
Now, we examine acoustic propagation in three di-
mensions with/without eddy at three different depths
of 2 m, 25 m, and 50 m. Depth of 2 m is the depth at
which acoustic equipment mounted on surface floats
can operate. Obtained results presented by consider-
ing the bed’s topography, as shown in Fig. 11. There
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Fig. 11. Bed topography in the area of the desired eddy.

is a very steep slope on the coastal area that affects
the acoustic propagation due to the location of the
eddy centre in this position. Figure 12 shows the TL at
three different depths with/without eddy. TL decreases
uniformly as the range increases, but this reduction is
non-uniform without eddy, and the acoustic rays travel
more distance at specific angles. It is higher with eddy
than without eddy at a radial distance of more than
30 km from the source. The TL changes seem reason-
able around a central point because the geometry of the
eddy is circular, it causes the temperature and salin-
ity distributed radially around this point. The TL rate
is slightly lower on the right side than the left ones
with/without eddy; it can be attributed to the bed’s
topography because the deepest point exist in this re-
gion. There are little ups and downs on the left side,
which have affected the TL, although the effect is neg-
ligible.
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Fig. 12. Radial graph of TLs from an omnidirectional source
deployed at different depth with (left side)/without (right

side) eddy.

The TL changes are not very noticeable by increas-
ing the source depth with eddy, and the rate of radial
TL changes is similar for source and receivers at any
depth. Change in the source and receivers depth has
caused a change in the TL, and by moving away from
the source, this difference has become significant, espe-
cially in 2 m. When the source was outside the eddy ran-
ge with the acoustic ray passing through the eddy, as
depth and distance increased, the TL increased in two-

dimensional results. This is not seen in all directions
in three-dimensional results, but in some angles and
radius up to 50 km, the TL is less than other regions.

Because eddies affect the structure of temperature
and salinity, they change the pattern and mode of acous-
tic propagation, and therefore the behaviour of acoustic
varies from place to place. Acoustic propagation and
TL in summer are very different from winter due to the
occurrence of eddies because the stratified structure is
dominant in this season. If the water column is stable,
i.e. the warm surface water, the eddy does not play
an influential role in water mass during acoustic prop-
agation. Then, acoustic rays are directed towards the
bottom, showing good agreement with previous stud-
ies (e.g. LINDAR, GAWARKIEWICZ, 2006; LAM et al.,
2009).

The trend of change in TL is almost uniform along
the propagation range in the cold eddy. This can be at-
tributed to the symmetrical structure of the eddy due
to the temperature and salinity distribution around the
eddy centre. In other words, as the temperature de-
creases by approaching the eddy centre, it increases by
moving away from the eddy centre. Therefore, there is
no net difference during the whole propagation range.
In general, the changes in TL relative to the prop-
agation range have an exponential pattern, and this
pattern has increased ~1 dB by reaching the eddy, it
follows the original pattern after the eddy centre.

Studies on three-dimensional simulation of acous-
tic propagation around eddy have not been performed
in shallow water. The role of forces in the stability
and mixing of the water column is very important in
acoustic propagation. The depth of the thermocline
and its strength are determined directly by the surface
heat flux, causing the vertical temperature gradient to
change rapidly. This is accompanied by the stability
of the water column, which also affects the structure of
eddies. Furthermore, when the source is located near
the bed, the bed topography features are important.
ZAREPOOR et al. (2015) showed that the presence of
the thermocline layer has remarkable effects on TL,
increasing the gradient in the thermocline layer will
raise TL.

4. Conclusions

The study of eddies using intelligent methods is
very beneficial because the number of eddies and their
spatial and temporal distribution is vast in the ocean
and sea. Vector geometry algorithm, which operates
based on the rotation of velocity vector, can detect
eddies with high accuracy among the available meth-
ods. This algorithm is created to use in two dimensions
typically, and its inputs are horizontal velocity compo-
nents. In the present study, algorithm was developed
to find eddies in three dimension, from the surface to
50 m of depth. The obtained eddies identified from the
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numerical model outputs. Algorithm inputs are hori-
zontal velocity components at a different layers.

This study showed a clear effect of eddies on acous-
tic propagation. Acoustic propagation in dynamic shal-
low waters is extremely complicated due to the high
variability of oceanic processes (KATSNELSON et al.,
2012). In the present research, the effect of the cold
on acoustic propagation eddy was investigated. It was
observed that the vertical structure of water is mixed,
and the temperature and salinity in the Persian Gulf
show slight changes from the surface to the bed. In
these circumstances, the formation of an eddy causes
the horizontal temperature gradient to be visible, so
its presence can affect the sound speed in the envi-
ronment. The salinity and temperature change around
the eddy centre in the horizontal direction is such that
those increase/decrease as it approaches the eddy cen-
tre, and this process is reversed as it moves away from
the eddy center. The minimum or maximum values
of temperature and salinity occur in the eddy center.
Acoustic propagation has a lot to do with the phys-
ical properties of the marine environment, many stu-
dies have been done so far to investigate acoustic be-
haviour under the influence of different structures. In
this study, the effect of eddy on acoustic propagation
pattern was investigated in the Persian Gulf (as shal-
low water) for the first time. The results showed that
the presence of eddy increases the TL compared to the
one without eddy.
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