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An automatic detection method is employed to identify and track eddies in the Gulf of Mexico. The physical pa-
rameters of the eddies, such as lifespan, radius, and distribution position are first examined and used to determine the
spatio—temporal evolution of a strong warm eddy separated from the Mexico current. Then, the influence of this strong
warm eddy on sound propagation during its lifespan are comprehensively analyzed with the parabolic equation and ex-
plained by using the normal mode and ray theories. Additionally, the influence of mesoscale eddies on the redistribution
of total depth-integrated energy among the normal modes in the deep water is also discussed. The variation of arrival an-
gle is investigated to explain the spreading acoustic energy caused by eddies. Overall, the results show that warm eddies
can change the propagation paths and cause the convergence zone to broaden and approach the sound source. Moreover,
the warm eddy can disperse sound energy and cause the total depth-integrated energy to incline to a lower normal mode.
Throughout the whole of these three periods (eddy generating, eddy maturing, and eddy terminating), the fluctuation in the
transmission loss is up to 30 dB (depending on the relative location of eddy center to the source).

Keywords: mesoscale eddies, sound propagation, mode coupling, acoustic energy disturbance

PACS: 43.30.+m, 43.30.Bp, 43.30.Cq, 92.10.Vz

1. Introduction

Mesoscale eddies, similar to cyclones or storms in the
atmosphere,!'™# are relatively large coherent rotating bodies
of water in the ocean. They are often accompanied by large
ocean currents. For instance, at the edge of the Kuroshio,
there are usually mesoscale eddies with radii of tens to hun-
dreds of kilometers. According to previous studies,!'~" eddies
move slowly and can thus be considered as the quasi-static fea-
ture in the water column when compared to the much faster
time-scale of sound propagation. Since the cold or warm wa-
ter carried by mesoscale eddies can significantly change the
ocean temperature and salinity distribution, mesoscale eddies
can significantly change the sound speed profile structure, thus
affecting underwater sound propagation. Consequently, it is
meaningful for oceanographers and acousticians to understand
the influence of mesoscale eddies on acoustic propagation,
which has a broad application in the inversion of sound field
environment, the underwater communication, the detection of
ocean information, and so on.

Several studies have investigated the physical character-
istics of mesoscale eddies and their influence on long-range
sound transmission. =13 Henrick presented an analysis of the
influence of mesoscale eddies on sound propagation and the
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received time-series which were solved by the ray-mode the-

[6.7] Hall used adiabatic normal mode model

ory algorithm.
to compute the horizontal refraction of the acoustic signal
caused by mesoscale eddies.!®! The effects of cold-core ed-
dies on the propagation of Sound Fixing and Ranging (SO-
FAR) channels were studied by Vastano and Owens!®! us-
ing numerical simulation based on geometric acoustics the-
ory for a source that was located at the center of an eddy.
Weinberg and Zabalgogeazcoa then discussed sound sources
located outside the eddy.!'”! Bare!!'!l studied the horizontal
and vertical refraction of the sound propagation characteris-
tics in the eddy area using three-dimensional parabolic equa-
tion model. Because of the seasonal distribution of mesoscale
eddies, Lawrence studied the effects of eddy on sound propa-
gation in winter and summer.!'?! Chen!!¥ revealed the influ-
ence mechanism of eddies on acoustic propagation from the
perspective of surface waveguide by using the Array for Real-
Time Geostrophic Oceanography (ARGO) buoy data and typ-

5] ysed a

ical two-dimensional (2D) ray algorithm. Heaney
fully three-dimensional parabolic equation model to examine
the horizontal refraction due to mesoscale eddy at low fre-
quency acoustics in the South Indian Ocean.

Generally, the influence of eddies on sound propagation

is investigated using modelled eddy geometry.>~13] However,
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the method using traditional acoustic propagation analysis
method combined with the ideal eddy to examine the influence
of the mesoscale eddy on the sound propagation cannot meet
the actual applications. Furthermore, the physical character-
istics of the real eddies and the influence of acoustic energy
fluctuation during their whole lifespan are not systematically
examined and analyzed. Therefore, it becomes increasingly
important to use a data assimilation procedure that assimilates
the actual physical properties of the eddies, in combination
with typical and newest research method to analyze and ex-
plain the sound filed fluctuation throughout the different pe-
riods of actual eddies in the real ocean environment. In this
paper, an automatic detection method for eddy!!'®! combined
with the satellite data and oceanography assimilation data is
used to identify and track regional eddies in the Gulf of Mex-
ico throughout their lifespan; i.e., including the evolution of
their radius and spatial distribution. In particular, the influ-
ences on sound propagation of a strong warm eddy, identified
with this automated procedure, are comprehensively examined
during the whole lifespan of the eddy and systematically an-
alyzed. Additionally, the normal mode and ray theories, the
total depth-integrated energy and single mode as initial field
method, and the receiving arrival angle are all used to explain
and understand the effect of warm eddies on acoustic propa-
gation, such as energy deflection and mode coupling.

The rest of this article is organized as follows. Section 2
presents the statistics of eddies in the Gulf of Mexico to de-
termine realistic environmental parameters for the subsequent
numerical. Section 3 extracts a strong eddy shedding from the

eddy size distribution

Gulf of Mexico current and analyzes its effect on sound prop-
agation. Section 4 examines the acoustic energy fluctuations
during the lifespan of the eddy. Finally, Section 5 summarizes

the results and conclusions drawn from this study.

2. Eddy statistics in the Gulf of Mexico

To study the effects of eddy on sound propagation, the
characteristic parameters of the eddies in the Mexico Gulf are
analyzed using the satellite remote sensing data from Coper-
nicus Marine Environment Monitoring Service (CMEMS). (7
Specifically, we use the SEALEVEL_GLO_PHY
L4_NRT_OBSERVATIONS_008_046 dataset.

tomatic detection method!'® is used to identify and track the

An eddy au-

eddies in the Gulf Stream region. The lifespan, radius, and
distribution position of the eddies are examined from 1993 to
2014. The principle of this detection method is: (i) the sea
level anomaly (SLA) is an enclosed curve; (ii) the depth needs
to exceed 800 m at the center of the eddy; (iii) the height
difference between the eddy center and the outermost layer of
the closed contour is no less than 5 cm; (iv) the eddies can be
traced for at least 20 days under the conditions of the first three
criteria. The tracks of these eddies are identified every seven
days, but only the eddies with a radius greater than 20 km are
retrained for statistical analysis. Moreover, the spatial distri-
bution of eddies is present by the number of eddies’ center at
each pixel from 1993 to 2014.

The results show that the detected number of cyclone ed-
dies (cold) and anti-cyclone (warm) eddies are 3191 and 3004,
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Fig. 1. Statistics of the Gulf Stream eddies of 20 years from 1993 to 2014. (a) Histograms of the eddy size. Black color indicates cyclonic
eddies, while the gray color indicates anticyclonic eddies. (b) Histograms of the eddy lifetimes. (c) The spatial distribution of the site associated
with the vertical color scale indicates the number of eddies’ center at each pixel. (d) Same as (c), but for anticyclonic eddies.
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respectively. The histogram of radius distribution (Fig. 1(a))
presents that the radius of eddies in the Gulf of Mexico can
be approximately characterized by a normal distribution. The
average radius of the eddy is 55 km. The average radius of the
cyclone eddy and the anti-cyclonic eddy is 56 km and 54 km
respectively. Eddies with a radius of 40-100 km account for
90% of the total, while eddies with a radius more than 200 km
account for only 0.3% of the total. Figure 1(b) shows that the
lifespan of eddies varies from a few weeks to several months.
The average lifetime can be 8 weeks and 82% of eddies can
even exist for 20 weeks, with the longest being up to 90 weeks.
However, less than 2% can last for more than one year. Fig-
ures 1(c) and 1(d) show the eddies distribution in the Gulf of
Mexico and the characteristics of the westward movements of
eddies, which meets the feature of Rossby wave and the di-
rection of ground flow. As the large upslope in continental
shelf accelerates the decay of eddies, the eddies’ distribution
is in line with the bathymetry trends along the deeper region.
Furthermore, anticyclonic (warm) eddies incline to propagate
farther due to the high energy from the current.

3. Quantifying the influences of a strong eddy on
sound propagation

To better capture the marine environment for calculating

the effect of mesoscale eddy on sound propagation, the pro-

files of the temperature 7 and salinity S obtained from the
Global Ocean Reanalysis!'®! are used to compute the effec-

geostrophic current
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tive sound speed profile. This product is a reanalysis of the
ocean state obtained by constraining the nucleus for European
modelling of the ocean model at 1/4° resolution with in situ
T and S profiles including ARGO and Marine Mammals Ex-
ploring the Oceans Pole to Pole (MEOP) profiles, the satel-
lite sea surface temperature, and along-track sea level anoma-
lies. In this section, a strong eddy is picked up in the region
of [85°W=-92°W, 24.5°N-28°N] on September 26, 2014, as
shown in Figs. 2(a) and 2(b). This eddy is separated from
the current of the Gulf of Mexico. The maximum surface ve-
locity of the eddy reaches 168.8 cm/s, and the maximum sur-
face sound speed is 1534.1 m/s. The center of the eddy is
located at 88.1667°W, 27.1667°N along with the vertical cen-
ter at a depth of 244.9 m. Figure 2(b) shows that the radius
of the closed loop of the eddy is about 135.6 km. Figure 2(c)
presents the sound speed horizontally and vertically affected
area reaching up to 500 km and 1700 m, respectively. The
distribution of sound speed is shown in Figs. 2(c) and 2(d).
The dashed red line in Fig. 2(c) shows the bathymetry along
the red line in Fig. 2(b). The maximum water depth reaches
3138.6 m and the average depth is 2600 m. The thick red
line in Fig. 2(d) indicates the background sound speed profile,
which is obtained by averaging the data from 1993-2014 in
the Gulf of Mexico. It can be seen that the sound speed has
been disturbed due to the existence of the warm eddies. The
maximum fluctuation of the sound speed amounts to 32.7 m/s,
which in turn affects the sound transmission.
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Fig. 2. The ocean environment parameter of the Gulf of Mexico with the presence of a strong eddy. (a) Surface velocity field and sea level
anomaly (SLA) on September 26, 2014. The solid lines indicate the eddy boundaries. The color scale indicates the SLA in m. (b) SLA of the
region is shown and magnified. The green cross indicates the horizontal location of eddy center. (c) Sound speed displacement contour along
the red line in Fig. 2(b). The contour line indicates the sound speed in m/s. The green cross indicates the vertical location of eddy center. (d)

Sound speed profiles (SSPs) at different ranges from the source.
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The ocean environment in Fig. 2(c) is employed to sim-
ulate the effects of eddy on sound propagation in this section.
The geoacoustic parameters shown in Table 1 are used in the
acoustic propagation simulation, which are extracted from the
Gulf of Mexico geological and geophysical (G&G) activities
draft programmatic environmental impact statement (EIS) (see
Appendix D, Table D-3 of Ref. [19]). The source is located at
the depth of 300 m and the central frequency is 160 Hz. The
parabolic equation (PE) model RAM-PE%2!] is used to cal-
culate the range dependent sound field. The sound pressure
form of the solution by using Padé approximation is as fol-

lows:
_ . n 1+(Xj.’nX
p(r+Ar,z) = exp(ikoAr) ,131 5 BnX p(rz), (1)
Jd1d
2,210 0 2
X_kO (paZP az+k k0)7 (2)

where kg = w/co and ¢y is a representative phase speed, k =
(14+inB)w/c is the wave number, p is the density, w is the
circular frequency, ¢ is the speed of sound, 8 is the attenua-
tion in dB/A, and N = (40xlog,,e)~". Ar is the range step,
a;, and B, are Padé coefficients. The Galerkin discrete[*!!
formula is used to discretize the equation above into a matrix.
According to the sound pressure at range r, the field at range
r+ Ar can be obtained, which has high accuracy for middle
and low frequencies and long distances.!??! The background
sound speed shown by the red line in Fig. 2(d) is used as the
reference environment without eddy.

Figure 3 shows a comparison of transmission loss (TL)
in the Mexico Gulf with and without eddy. Significant TL

changes are observed at certain depths and ranges. It can be
seen from Fig. 3 that the warm eddy has a divergence effect
on energy, which prevents the acoustic energy away from the
center of the eddies. As a result, the location of the conver-
gence zone, the depth of reversal (the depth where acoustic
propagation energy is reversed into another direction), and the
energy propagation path change a lot with the existence of ed-
dies compared with the background environment. At the range
of 245 km, the upper reversal point drops by 240 m due to the
eddy effect, which is the main influence of the eddy. Overall,
the upper reversal depth increases when approaching the cen-
ter of the eddy and then slowly decreases. The convergence
width and location vary in different convergence zones. In the
first convergence zone, the location and width do not change
much as a result of the small sound speed disturbance caused
by eddy with 50 km. However, from the 2nd to the 11th con-
vergence zones, there is a more significant change, which can
be divided into two parts. In terms of eddy existence, the po-
sitions of the 2nd to 5th convergence zones move backward.
For example, the third and fourth convergence zones move to-
wards the back to 12 km. In terms of the location of 6th—11th,
convergence zones bring forward up to 13 km. In addition, the
convergence widths generally increase due to the divergence
effects of warm eddy. The 5th convergence zone is an excep-
tion. The maximum convergence width reaches 25 km, which
is more than 10 km than that of the no-eddy environment. Be-
cause of the warm eddy, the third lower reversal avoids hitting
the bottom, but shows a stronger interaction with bottom at
170 km. The corresponding convergence structure changes af-
ter the fifth reversal.

Table 1. Geoacoustic parameters for acoustic propagation modeling.

P-wave P-wave S-wave S-wave
. . . 3
Sediment depth/m Sediment type Density/(gfem”) speed/(m/s) attenuation/(dB/A) speed/(m/s) attenuation/(dB/A)
0-20 1.44 1515 0.33
20-50 1.7 1670 0.82
50-200 silt 1.7 1750 1.07 150 0.22
200-600 1.87 1970 1.48
> 600 2.04 2260 1.82
o Freq=160 Hz Sd=300 m TL/dB TL/dB
(a) one 4 ey 110 (b) O 110
500 100 500 100
1000 1000
90 g 90
g 1500 = 1500 |
= 80 = { 80
< 2000 £ 2000
)
5]
A 2500 70 2500 70
3000 60 3000 60
3500 50
3500 e 150 250 3s0 amo 90 50 150 250 350 450
Range/km Range/km

Fig. 3. The comparison of the transmission losses for the environments with/without eddy, with the source depth (Sd) at 300 m and the
frequency (Freq) at 160 Hz. The labels “zone n” represents the number of convergence zone for (a) without eddy and (b) with the presence of

a warm eddy. The green cross indicates the location of eddy center.
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Fig. 4. Transmission losses at three receiver depths: (a) 320 m, (b)
560 m, and (c) 2000 m.

Figure 4 compares the TLs at three different depths of
320 m, 560 m, and 2000 m. It is found that the TL at the depth
of 320 m has the biggest change, followed by the depth of
560 m. The bending of the propagation path caused by warm
eddies leads to a larger shadow zone in the upper layer. Com-
pared with the condition without eddy, the depth of the shadow
zone gradually increases from 300 m in 55 km to 240 m in
245 km, and resumes after going through the eddy center. The
differences of TL for two cases at the depth of 560 m reach
10 dB at their corresponding peaks. Figure 4(c) shows that TL
is only the overall offset disturbance at the large depth, while
the mean value does not change too much. The influence of
eddy on TL at the depth of 2000 m is very small. In conclu-
sion, the influence of this warm eddy on the acoustic field is
mainly manifest in the area adjacent to the eddy center.

3.1. Normal mode interpretation

To further understand the physical mechanisms causing
the acoustic energy fluctuation shown in Fig. 3, the total depth-

integrated energy of different normal modes is analyzed here-
after. Furthermore, the change of the overall distribution of
total depth-integrated energy amongst modes due to the pres-
ence of the eddy is examined hereafter. According to the nor-

[22]

mal mode theory,'“~! the sound field can be expressed as

=

P( Zs (Pm (krmr)7 3)

where p is the density, p(r,z) is the acoustic pressure, @,(z) is
the eigenfunction of mode m, k., is the eigenvalue, and z is
the source depth. If the received acoustic pressure at range ry
is integrated in the depth, then one obtains

=

/ 4p Z Om Z5 HO rom”'O)(Pm(Z)(Pl(Z)dz. (4)

Assuming that p(z) is a constant, equation (4) becomes

/ pr07 (Pl

Z (pm s H() romro / (Pm(/;()dz 5)

Since the normal modes are orthogonal>!

D
q)m(z)(PI(Z)
—2—=dz=0, for m#1,
./o p(z) 7
D 2
Pn(2)
——2dz=1, for m=1. (6)
/o p(z)
Finally, we obtain
ip(z)

[ a0 = LD gcgmi . @

4p(zs)

The transmission loss can be obtained by —10log/, where [ is
the total depth-integrated intensity of different modes defined
by

2

D
I(r0.) = ] [ Do ®)

In this part, the acoustic pressure is calculated by RAM-
PE.I'%20] The local normal-mode eigen-functions are ob-
tained from Kraken using the ocean environments at the local
range. [>4]

Figure 5 shows the integrated energy across depth of dif-
ferent normal modes for the environments with and without
eddy, at four different ranges: 26.2 km, 78.5 km, 261.8 km,
and 497.3 km, respectively. It can be seen that the energy is
mainly in the 48th—106th modes for two cases, while 1st—47th
modes and the modes larger than the 107th mode take up little
energy at long distances. These three groups of modes corre-
spond to waterborne modes, bottom bounce modes, and leaky
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Fig. 5. Comparison of the transmission loss for different modes in the environments with/without eddy at four different ranges: (a) 26.2 km,

(b) 78.530 km, (c) 261.8 km, and (d) 497.3 km.

modes. For the source at the depth of 300 m, the waterborne
modes carry little at the range of 26.2 km and 78.5 km. Al-
though the leaky modes at the range of 26.2 km carry some
energy, it is attenuated quickly as the range increases. More-
over, as the energy disperses causing by the warm eddy, the
maximum energy carried by the single mode is reduced.

Furthermore, due to the influence of the warm eddy, the
energy contained in higher normal modes gets redistributed
into the lower modes. In the range of 26.2 km, the influence
of the eddy on the sound speed is relatively small, hence a
relatively small acoustic field fluctuation in energy of modes.
As the range value approaches the center of eddies, the influ-
ence on acoustic propagation becomes more obvious. That, in
turn, leads to the redistribution of the energy. Meanwhile, as
bathymetry increases, the energy occupied by the waterborne
mode increases. For instance, at the range of 497.3 km, the
waterborne mode takes up a certain amount of energy and the
structure of energy reaches a steady state. As a result, the
energy integrated along with the depth is dominated by the
bottom bounce modes and waterborne modes at longer ranges
such as 261.8 km and 497.3 km. However, although the en-
ergy is biased toward the smaller modes, the bottom bounce
modes still dominate.

To explain the energy deflection caused by the eddy
shown in Fig. 3(b), a single normal mode is used as the initial
field for the RAM-PE?!! instead of the standard point source
approximation. Specifically, the normalized initial field at the
initial position can be obtained from Eq. (3) by Kraken. Then,
the acoustic field in the whole computational domain can be

determined by recursion using Eqgs. (1) and (2) of RAM-PE
model. Consequently, the coupling characteristics and energy
change paths of different normal modes under eddy environ-
ment can be easily analyzed.

To show the influence of warm eddy on the energy path
of sound propagation, the field from normal modes 42 and 57
serves as the initial field. The TLs for two different environ-
ments with/without eddy are given in Fig. 6.

Figures 6(a) and 6(b) correspond to mode 42. This water-
borne mode does not touch the seabed in the whole propaga-
tion range. Thus, it can be seen that the propagation path does
not change in the environment without eddy. This means that
there is no mode coupling occurring. As Fig. 7(a) presents,
mode 42 remains the same as that at the range of 261.8 km.
However, figure 6(b) illustrates that the energy propagation
path changes a lot due to the warm eddies. That is because
the warm eddy transmits this mode energy coupling to other
modes. These modes are then superimposed on each other to
produce an interference structure. The change of the propa-
gation energy trajectory is similar to the TL shadow zone in
Fig. 3(b). The depth of the first and the last peak points which
corresponds to mode 42 at a range of 0 km is 393.5 m and
2076 m, respectively. In contrast, the values at the range of
261.8 km become 650 m and 2310 m. Due to the influence of
the warm eddy, the upper depth boundary of mode 42 increases
by 257 m, and the vertical scale covered by this mode is com-
pressed. As the range keeps increasing after going through
the center of the eddy, the energy gradually spreads out and
returns to the original depth. The offset of the normal wave
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environment with eddy.
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in Fig. 6(b) at eddy center is consistent with that of Fig. 7(b),
where energy is redistributed at 261.8 km.

In contrast, figures 6(c) and 6(d) correspond to mode 57,
which is a bottom bounce mode at the original range and inter-
acts with the bottom. Even though the sound speed in Fig. 6(c)
does not change at the same depth, the change of bathymetry
leads to the mode coupling at the range from 26 km to 50 km.
Thus, some waterborne modes obtain certain energy. This is

the main reason why the energy shifts downward at the range
from 26 km to 50 km. Figure 7(c) also shows the bottom ef-
fect for the vertical scale and the last peaks of those modes.
When the effects of the seabed topography couple with the
eddy, the sound propagation path becomes extremely complex.
The mode coupling causing by the warm eddy makes the prop-
agation path interact with the seafloor again at the range from
150 km to 300 km. Both figures 6(d) and 7(d) confirm that the
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existence of eddies prompts the energy shift downward and the
mode coupling, which constitutes the main influential mecha-
nism of the eddy on sound propagation.

3.2. Ray theory interpretation

As stated in Ref. [23], the normal mode has a corre-
sponding relation with the ray path, so the ray calculated by
Bellhop!>! can also be used to illustrate the change in the
acoustic propagation path. Since the energy occupied by wa-
terborne modes and leaky modes at a long distance is small,
figure 8 focuses instead on the ray path associated with bottom
bounce modes which carry more energy. If there is no effect,
then the blue line in Fig. 8 will directly hit the seafloor three
times, then a stable curved structure is formed. Compared with
the blue line (no eddy case), it is obvious that the red ray bends
down first, then lifts because of the warm eddy. However, the
rays touch the bottom once again at range 150 km-300 km.
This is because of the strong sound speed fluctuation near the
center range of the eddy. The width and location of the con-
vergence zone and the reversal depth are also changed. It is
consistent with the normal mode analysis above.

The warm eddy has a diverging effect on energy, as shown
in Fig. 3(b). The divergence effect is explored via the arrival
angle of the receiving ray, which is computed with the Bellhop
model. The arrival angle at different receiver depths for envi-
ronments with and without eddy within the range of 500 km
is illustrated in Fig. 9. The blue dots represent the arrival an-

arrival angle (receiver depth =320 m)
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gles under the environment without eddy, while the red dots
represent the arrival angles in the presence of an eddy. Fig-
ures 9(a)-9(c) show the arrival angles at the depths of 320 m,
560 m, and 2000 m, respectively. It can be found that the ar-
rival angles at the depth of 320 m undergo the most noticeable
change, followed by 560 m. While the disturbance of arrival
angles at the depth of 2000 m is relatively small, the character-
istics are similar to those in Fig. 4. The fluctuation of arrival
angle at the depth of the eddy center is much larger than other
depths. Meanwhile, it can be seen from Fig. 9(a) that there
are various angles of arrival rays within 50 km. This happens
because the energies of the rays with large arrival angle do not
decay. The warm eddy has a weak effect at those ranges, as
a result of which, the arrival angles display little difference
between the two cases. As the range increases, the arrival
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Fig. 8. Comparison of the ray paths for the environments with (red
line)/without eddy (blue line).
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angle decreases gradually and then stabilizes at a certain stage.
This is because there exist only rays that are in line with bot-
tom bounce rays such as those labeled with yellow-dashed line
in Fig. 9(d). However, there is a marked difference in the ar-
rival angles with different receiving ranges and depths with the
presence of eddy. When the receiver is at the depth of 320 m,
the arrival ray decreases sharply until it disappears in the range
between 50 km and 300 km due to effects of the warm eddy.
There are more small arrival angles occurring in the depth of
560 m, because the energy path bends downward from the up-
per layer, as shown in Fig. 9(d) with a yellow-solid line. Fig-
ure 9(c) illustrates that the arrival angle changes little at depth
of 2000 m, which is outside the main effect of the warm eddy.
According to Snell’s law, the sound speed fluctuation caused
by warm eddy leads to the ray leak from the eddy, as shown in
Fig. 9(d).

4. Sound field fluctuations caused by the eddy’s
dynamic
Previous research has been limited to the study of static

eddies.
Mexico is complex and dynamic, thus affecting the acous-

However, the acoustic environment in the Gulf of

tic field dynamically. In terms of the temporal evolution of
its shapes and the change rate of the temperature, the warm
eddy in this section is roughly divided into time interval, eddy
generating (August 4, 2014—August 19, 2014), eddy maturing
(August 20, 2014—October 12, 2014), and eddy terminating
(October 13, 2014—October 29, 2014). The formation and ex-
tinction features throughout the eddy’s evolving process are

1261 a5 deter-

confirmed by the change of the shape of the eddy,
mined by the eddy tracking method described in Section 2. As
seen from Fig. 10(a), the radius of the eddy increases during
the first 1/5 (eddy generating) of the entire lifespan from Au-
gust 4, 2014 to October 29, 2014, remains stable at the next
3/5 (eddy maturing), and declines rapidly at the last 1/5 (eddy

terminating). Meanwhile, the location of the eddy center also

varies some. Figure 10(b) shows the contour fluctuation of
the sound speed at a different period when the warm eddy ex-
ists. It can be seen clearly that the influence of the warm eddy
mainly occurs the thermocline depths from 70 m to 1050 m.

The fluctuation of sound field in different periods along
the propagation path is examined, as shown by the black-
dashed line in Fig. 10(a). The source depth is 300 m. To
obtain a smoother and more stable acoustic field, eleven fre-
quency points from 150 Hz to 170 Hz are used. As shown
in Fig. 11, the results are presented at four different receiving
distances. It can be seen that the acoustic energy disturbance
reaches more than 30 dB at the same ranges under different
environmental disturbances generated in different periods of
the eddy.

The maximum fluctuation of sound field significantly de-
pends on the receiving distance. It can be found that the en-
ergy at the range of 497.3 km has the biggest change during the
eddy’s lifespan, followed by 261.8 km, while it will be much
smaller at 26.2 km. Although at different receiving distances,
the maximum fluctuation of acoustic field varies significantly,
there are some similarities. The energy demonstrates rich vari-
ety before and after October 2. The energy disturbance caused
by the change of the warm eddy is oscillating and will not ex-
ceed 15 dB before that day. However, the received energy has
sharply decreased ever since.

As shown in Fig. 12(a), the sound speed has changed lit-
tle and slowly at the generating period, so the acoustic field
can remain relatively stable before August 19, 2014. During
the maturing period, the warm eddy has a strong influence on
the sound speed; meanwhile, the eddy is moving westward as
a whole. The moving eddy causes the sound field to oscillate
from August 20 to October 2. Figure 12(b) typically shows the
influence of the eddy on propagation path change on Septem-
ber 17th. However, as the eddy keeps moving westward, the
relative location between the source and eddy center becomes
closer.

Although the eddy remains stable, the acoustic energy is

contour fluctuation of the sound speed during eddy existence

eddy shape
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Fig. 10. Example of eddy tracking. (a) The eddy shapes at three different time periods. (b) Superimposed contours of sound speed structure

obtained during the whole existence of the warm eddy.
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strongly attenuated by the seabed from October 2 to October
12. As shown in Fig. 12(c), the ray path bends down quickly so
that the energy can interact with the bottom more frequently,
which causes a strong energy attenuation. This proves that the
sound speed contributes greatly to the energy oscillating dis-
turbance, while the relative location of eddy center and source
is mainly responsible for energy propagation path change so
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110
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that the acoustic energy can be strongly attenuated by the
seabed. Although the acoustic energy remains highly attenu-
ated because of the mutual interaction between the ray and the
seabed, the eddy begins to enter the recession period since Oc-
tober 13. This means that the shape and sound speed of eddy
change quickly, which causes the energy to reach a more stable
value in the terminating period, as presented in Fig. 12(d).
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Fig. 11. Fluctuations of the transmission loss vs. depths throughout the whole eddy lifespan at receiving ranges of (a) 26.2 km, (b) 78.5 km,

(c) 261.8 km, and (d) 497.3 km.
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Fig. 12. Sound speed disturbance colormap with sound ray explanation at four different periods of a warm eddy: (a) eddy generation, (b) eddy
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5. Conclusions and further studies

In this study, an automatic detection method in combi-
nation with satellite remote sensing data and CMEMS data
is used to identify and track eddies in the Gulf of Mexico.
Physical parameters of the eddies, such as lifespan, radius,
and distribution position are first examined and used to de-
termine the spatio-temporal evolution of a strong warm eddy
separated from the Mexico current. Then, the parabolic equa-
tion method is used to comprehensively analyze the influence
of this strong warm eddy on sound propagation during its lifes-
pan. Furthermore, the normal mode and ray theories, the
total depth-integrated energy and single mode as initial field
method, and the receiving arrival angle are all used to explain
and understand the effect of warm eddies on acoustic propa-
gation. Based on the methods and models that are used for
analysis, the following conclusions have been obtained.

(i) The location of the convergence area, the depth of re-
versal, and the energy propagation path vary significantly with
the existence of eddies compared with background environ-
ment. The results show that the warm eddies can disperse the
sound energy, change the propagation paths, cause the con-
vergence zone to approach the sound source, and broaden the
convergence zone. Moreover, the mode coupling caused by
the warm eddy contribute to redistribution amongst normal
modes and the change of the acoustic propagation path.

(ii) The effects of the warm eddies on the sound speed,
acoustic propagation path, and arrival angle remain active at
the scale of eddy existence.

(iii) Throughout the whole of these three periods (eddy
generating, eddy maturing, and eddy terminating), the fluctua-
tion in the transmission loss is up to 30 dB and presents differ-
ent features. The results show that the sound speed fluctuation
is a critical factor to cause the energy oscillating disturbance,
while the energy propagation path change is mainly triggered
by the relative location change between the eddy and source,
so that the acoustic energy is strongly attenuated by the seabed.

(iv) The receiving arrival angle is an important parame-
ter in understanding the divergence effect of warm eddies on
acoustic propagation.

However, it should be noted that, for the sake of simplic-
ity, the three-dimensional effects caused by mesoscale eddies
have not been taken into account in the current study. Further
developments may consider this point. In addition, more phys-

ical characteristics of mesoscale eddies can be further deter-
mined to potentially create more realistic modes for dynamic
eddies throughout their lifespan.
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