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Abstract: An internal solitary wave (ISW) significantly affects acoustic propagation; how-
ever, its detailed characteristics are poorly understood. Simulation experiments of sound
propagation in a shallow water environment are presented to examine the effects of the
source conditions and characteristics of the ISW on transmission loss (TL). The results show
that the TL decreases as the depth of the source increases and the frequency of the source
decreases and that the different characteristics of the ISW are highly important for estimat-
ing sound propagation when a SONAR system is in an ISW environment. Coupled normal
mode theory is further employed to analyse the variations in coupling between sound field
modes in an ISW environment. Further analysis reveals that the magnitude of the TL is
affected by the direction and fluctuation of energy propagation between different modes,
and in different ISW environments under the deep and low-frequency source conditions,
the sound field energy is mainly in lower-order modes.

Keywords: internal solitary wave; sound propagation; mode coupling

1. Introduction

An internal solitary wave (ISW) is a large-amplitude wave that occurs in stratified
seawater [1]. Observation studies have shown that high-amplitude nonlinear ISWs often
appear on continental shelves and in shallow seas [2—4]. ISWs in shallow water environ-
ments produce significant sound velocity disturbances, which have a great influence on
acoustic transmission [5-7]. Simulation studies have shown that an ISW can cause an
unstable acoustic energy exchange between normal modes, which may lead to strong signal
fluctuations in coastal waters [2,3,7].

The variability in the acoustic field’s intensity is typically influenced by a multitude
of factors, including the frequency of the source [8], depth of the source [9] and the char-
acteristics of the ISW [10,11], such as the propagation distance, amplitude, wavelength
and number, as well as the phase position between the ISW and the acoustic propaga-
tion path [10]. Headrick et al. [6,12] studied the influence of the ISW on acoustic signals,
compared the simulation results with data collected by the shallow water acoustic ran-
dom medium (SWARM) experiment, and reported that an ISW in the acoustic waveguide
caused a significant coupling of energy between the propagating acoustic modes, result-
ing in broadband fluctuations in modal intensity, travel time and temporal coherence.
Gao et al. [13] analysed temporal coherence under the influence of an ISW, used data from
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an acoustic propagation experiment in the South China Sea and reported that the predom-
inant oscillation periods were the same as the periods of the ISW. Katsnelson et al. [14]
studied the time fluctuation of the sound field when there were wavelets in shallow water
and reported that the motion of an ISW resulted in a changing acoustic interference pattern.
The influence of ISWs on sound propagation further extends from a two-dimensional field
to a three-dimensional field. Badiey et al. [15] observed the horizontal refraction of sound
waves caused by an ISW in the SWARM experiment and verified the horizontal refraction
effect of sound propagation through an ISW. Luo et al. [16] analysed the fluctuations of
the low-frequency sound field in the Shallow Water 06 (SW06) experiment when an ISW
appeared and observed the focusing and divergence of the sound field in the horizontal
plane caused by the ISW from the received signals. Lynch et al. [17] and Lin et al. [18]
studied the horizontal refraction phenomenon of sound waves in the curved channel of the
ISW front and verified their conclusions with SW06 data.

With respect to the influence of ISWs on acoustic propagation [19], normal mode theory
is frequently utilised to offer a detailed mechanistic interpretation of the variability in the
acoustic field intensity. Dozier et al. [20,21] derived the modal amplitudes of normal modes
within an internal wave environment via wave theory, established that the modal coupling
coefficient was directly proportional to the horizontal gradient of the speed of sound and
provided an expression for the horizontal propagation of modal amplitudes within the
internal wave environment. Zhou et al. [7] reported that when the mode wavenumber
difference matched the energy wavenumber of solitons, the mode coupling effect was the
most obvious, resulting in an abnormal TL or large signal fluctuation. Preisig et al. [11]
reported that the energy transferred between modes occurs in the range of tens of metres at
the location of an ISW and was driven by the relative phase of the dominant mode. Yang
et al. [22] calculated the modal coupling matrix in the presence of an ISW via the normal
mode equation and applied it to the acoustic propagation model.

Although many studies have investigated the influence of ISWs on sound propagation,
few scholars have considered the influence of the received sound energy when the source
conditions and ISW environment change. In this work, the source conditions and character-
istics of the ISW, including the number, amplitude and polarity of the ISW and position
of the ISW, are fully considered, and many simulated experiments are carried out via the
coupled normal mode model. The organisation of this paper is as follows. In Section 2, the
data and methods are presented. The simulation results and data are analysed in Section 3.
In Section 4, the results are discussed and explained via coupled normal mode theory. The
main conclusions are summarised in Section 5.

2. Materials and Methods
2.1. Environmental Model Construction

An ISW is a hump-shaped unimodal wave that propagates at a stable phase velocity
and maintains its shape during propagation. The ISW is the solution of some related non-
linear equations [2] and can be derived from deep-sea or shallow-water ocean waveguides
via various methods. The Korteweg—de Vries (KdV) equation describes the shape and
propagation of solitons in shallow water, while a two-dimensional ISW can be described by

n= 170sech2 ( (r Lm))/ (1)

where 7 is the ISW amplitude, rg is the centre range, and L is defined as the characteristic
half-width of the soliton.
The propagation of sound waves through various superimposed waves on a three-

the following equation [23]:

layer layered system background is simulated. The calculation in this paper ignores the
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weak functional dependence of the sound velocity on pressure and assumes that the
temperature and salinity of the upper and lower layers are constant. The sound speed field
c(r,z) can be calculated via the following equation [24]:

cuw, 0<z<z,+7
c(r,z) = eu+Colz—(zu+n)), zutn<z<z+y , (2)
g, z1+n<z<zp

where r and z are the distance and the depth (z = 0 corresponds to the surface location), and
where ¢, and ¢; are the sound velocities in the upper layer and lower layer, respectively.
zy is the depth of the upper layer, z; is the depth at the boundary between the middle
layer and the lower layer, and zp is the depth of the bottom of the water. The sound speed
gradient C, in the middle layer is

= Cy
Coz—z

Cq ®)

Figure 1 shows the sound velocity distribution at a depth of 60 m under the influence
of the ISW. The thickness of the upper mixed layer (lower mixed layer) is 15 m (30 m),
and the sound speed is c;, = 1520 m/s (c; = 1490 m/s). The sound velocity at the bottom
is assumed to be ¢, = 1700 m/s, the density at the bottom is p; = 2.0 g/cm® and the
attenuation at the bottom is 0.6 dB per wavelength. A small-amplitude depression soliton
(SADS), large-amplitude depression soliton (LADS) and large-amplitude elevation soliton
(LAES) are shown in Figure 1a, and their positions are Ri = 2 km, Ri = 4 km and Ri = 6 km,
respectively. The LADS has one ISW with 7y = 15 m and L = 100 m, and the amplitudes of
the SADS and LAES are %170 and %170, respectively. The large-amplitude depression packet
(LADP) consists of three continuous solitons with a characteristic half-width of 100 m and
amplitudes of 15 m, 12 m and 10 m, and the position of the left-hand soliton of the LADP is
Ri = 5 km. Additionally, the amplitude of each soliton in the small-amplitude depression
packet (SADP) is 1/4 that of each soliton in the LADP, and the position of the left-hand
soliton in the SADP is Ri = 1.5 km.
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Figure 1. Schematic diagram of the sound velocity distribution under the influence of an ISW; the
thermocline displacement geometries are plotted as solid black lines, and the boundaries of the
bottom are plotted as dotted black lines: (a) Soliton wave; and (b) packet wave.

2.2. Coupled Normal Mode Theory

The expression of sound pressure under normal mode theory is [25]:

p(r,z) = Yo Au(n),,(r,2), @)
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where M is the number of modes, A,,(r) is the amplitude of the m-th order local mode,
and ¥, (7, z) is the characteristic function of the m-th order local mode.

In a range-dependent environment, the modal functions and eigenvalues exhibit
dependence in the horizontal direction, and the coupled normal waves divide the horizontal
direction  into several small intervals. The modal function 9, (z) and the eigenvalue k},,
within the j-th interval can be obtained by solving the local characteristic equation:

/ (2 w2 ‘ ‘
b [aaz (;H‘ng )ﬂ v [(d)z - (kim)zl Vh(z) =0, ®)

where p and ¢/ represent the density and the local sound speed. Calculate the amplitudes

of different modes in each interval from near to far according to the horizontal distance.
Taking the m-th mode at the horizontal distance r in the j-th interval as an example, the
sound pressure can be described as [5]:

Pha(r2) = [ah ) (r) + B A (1) | ¢h(2), (6)

where a{n and b{n are the modal coefficients for the j-th interval. H (((1)));1 (r) is the zeroth-

order first-kind Hankel function, which represents the forward-propagating acoustic field
and H ((g))in (r) represents the backward-propagating acoustic field. To effectively enhance
computational efficiency with a minimal loss of accuracy, backward scattering is neglected,

(2),j

resulting in H,!” () being ignored.

(0),m
1) (i
Ly H) (Kr)
H(())/m (1’) - (1) ] 7 (7)
Hig) (K1)
atl = R]iaf, (8)

where a/ “‘and al are the modal coefficient column vectors in the j + 1-th interval and j-th
interval. R]1 is the transmission matrix:

L) @0\ g
R = 5(C( )i 4 ¢l )])H(O)

where le' and (C i 4 c@)i ) are the M x M propagation and coupling matrices, and the
elements of the coupling matrices are coupling coefficients:

o1 Ko\ 1= ¥ (2)9h(2)
Chn = 5 <1+ 7 ;11> /0 o, )

Based on Equations (4)—(9), the TL can be described as [25]:
TL = 20log,o[p(7,2)], (10)

The intensity of the m-th order mode can be described by the amplitude of each A,
mode [26]

Lin(r) = 10logo[Am(r) Ay (r)], (11)

where * is the conjugate transpose. The intensity of the m-th order mode to the n-th order
mode is calculated as follows:

In—n(r) = 1Olog102?:m[Ai(r) A7 (r)]. (12)
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3. Results
3.1. Impact of the Sound Source

To assess the influence of varying source conditions on TL, examining both the fre-
quency of the source and the depth of the source, owing to the large number of acoustic field
calculations involved, only a few representative examples are presented here as follows:
the source frequencies are 200 Hz (low frequency) and 600 Hz (high frequency), and the
two source depths are 10 m (mixed layer) and 50 m (lower mixed layer), resulting in a total
of four combinations, as shown in Table 1.

Table 1. Classification of the sources.

Classification Source Depth Source Frequency
Situation 1 10 m 200 Hz
Situation 2 10 m 600 Hz
Situation 3 50 m 200 Hz
Situation 4 50 m 600 Hz

Figure 2 shows the TL plotted under the source conditions of situations 1-4, as shown
in Table 1. The source is located at Rs = 0 m, and the receiver is located at Rr = 33 km and
at depth Dr = 40 m (lower mixed layer). A LADS set at range Ri = 2.4 km is shown in
Figure 1a (Ri = 4 km). The results show that the TL decreases as the depth of the source
increases with the same source frequency: the TLs at 200 Hz and 600 Hz decrease by 7.5 dB
and 8.3 dB, respectively, when the source depth shifts from the upper mixed layer to the
lower mixed layer. This is because the source mainly excites the higher-order modes when
the source is located in the upper mixed layer, and the loss of the higher-order modes in
the process of propagation is faster. In contrast, the source mainly excites the lower-order
modes when it is located in the lower mixed layer; thus, the loss of the lower-order modes
is slower, and they are less affected by the thermocline or the ISW.
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Figure 2. Comparison of different source conditions on the TL when Dr = 40 m. The blue line
represents a source depth of 10 m and a source frequency of 600 Hz, the red line represents a source
depth of 10 m and a source frequency of 200 Hz, the black line represents a source depth of 50 m
and a source frequency of 200 Hz and the green line represents a source depth of 50 m and a source
frequency of 600 Hz.

The TL decreases when the frequency of the source decreases at a given source depth.
The TLs of the 10 m source and 50 m source increase by 12 dB and 13 dB, respectively,
with an increasing frequency of the source. This is because, under low-frequency source
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conditions, the number of excited normal modes is lower, and the coupling effect between
normal modes is weaker. When the receiver at depth Dr = 12 m (upper mixed layer), we
can obtain the same conclusion from the simulation experiment, although the difference in
TL under different source conditions received at 12 m is not significant.

3.2. Impact of ISW Characteristics

To investigate the impact of an ISW’s characteristics on the acoustic field, different ISW
models are shown in Figure 1 at Ri = 2.4 km. In addition, the frequency of the source is set
to 600 Hz, the source is set to a depth Ds = 50 m and the receiver is located at Rr = 33 km.
The acoustic fields under the environments of the LADS, LADP, SADS and LAES are shown

in Figure 3.
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Figure 3. Comparisons of the acoustic fields with different ISWs; the thermocline displacement
geometries are plotted as black lines. (a) LADS; (b) LADP; (c) SADS; and (d) LAES.

Figure 3 shows that the TL received at the lower mixed layer significantly increases
in the LADS environment, as shown in Figure 3a. Figure 3b shows that the TL received
at the upper mixed layer significantly decreases in the LADP environment. In addition,
the TL received at the lower mixed layer attenuates very slowly in the SADS and LAES
environments, as shown in Figure 3c,d. The results indicate that the different characteristics
of the ISW mainly affect the upper mixed layer and lower mixed layer in the vertical
direction and the middle and far distances of the sound field in the horizontal direction.

3.2.1. ISW Numbers

Figure 4 shows the TLs under the impact of the LADS, LADP and SADS, respectively,
which correspond to Figure 3a—c. The blue line, red line and black line represent the soliton
(large amplitude), packet and small amplitude, respectively.

When the receiver is in the upper mixed layer (Dr = 12 m), the difference in the
TL between the LADS (blue line) and LADP (red line) environments changes relatively
uniformly with distance, and the average reduction in the TL in the packet environment
does not exceed 3 dB, as shown in Figure 4a. Comparing the LADS (blue line) and LADP
(red line) environments, Figure 4b shows that the reduction in the TL received at the lower
mixed layer (Dr = 40 m) in the packet environment increases with distance, with a maximum
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decrease of approximately 25 dB. Therefore, under this source condition, an increase in
the ISW number results in a decrease in the TL with a decreasing oscillation amplitude,
especially when the depth of the receiver below the thermocline and the receiving distance
are greater.

50 30
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Figure 4. Comparison of the effects of different numbers and amplitudes of ISWs on the TL with

soliton (large amplitude) packet small amplitude ‘

distance variations when the source frequency is 600 Hz and Ds = 50 m: (a) Receiver at a depth of
12 m and (b) receiver at a depth of 40 m.

Figure 5a,b show TLs under the impact of the LADS and LADP with respect to the
depth under different source conditions. The impact of the ISW number on the TL is
primarily exerted at the lower mixed layer under different source conditions. Additionally,
at the upper mixed layer, when the ISW number increases, the TL under all source condi-
tions decreases by 1-2 dB, except for the shallow and high-frequency source conditions
(Ds =10 m, 600 Hz), for which the average increase in the TL is 6 dB. Figure 5b shows
that when the ISW number increases, the shallow and high-frequency source conditions
(Ds = 10 m, 600 Hz) represent the greatest reduction in the TL, with an average decrease
of 13 dB; the deep and high-frequency source conditions (Ds = 50 m, 600 Hz) decrease by
11 dB at a depth of 43 m; the deep and low-frequency source conditions (Ds = 50 m, 200 Hz)
are almost still; and the shallow and low-frequency source conditions (Ds = 10 m, 200 Hz)

increase by 2 dB.
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Figure 5. Comparison of the effects of different numbers and amplitudes of the ISW on the TL with
depth variations: (a) TL between LADS and LADP; (b) difference in TL between LADS and LADP;
(c) TL between LADS and SADS; and (d) difference in TL between LADS and SADS.
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3.2.2. ISW Amplitudes

A comparison of TLs in the SADS (black line) and LADS (blue line) environments is
shown in Figure 4. It reveals that when the amplitude of the ISW increases, an average
decrease of 10 dB is received when the receiver is in the upper mixed layer (Dr = 12 m),
and an average increase of 14 dB is received when the receiver is in the lower mixed
layer (Dr = 40 m). Therefore, the increase in the amplitude of the ISW averages the acoustic
energy distribution in the vertical direction of the receiver. Moreover, if the source is located
in the upper mixed layer, the increase in the ISW amplitude will result in a decrease in the
TL above the thermocline and an increase in the TL below the thermocline. Additionally,
Figure 4a shows that at Dr = 12 m, the difference in the TLs under the SADS and LADS
environments is uniform with increasing distance. Figure 4b shows that the difference in
TLs under different ISW amplitude environments at the depth Dr = 40 m tends to increase
with distance, up to a maximum of 30 dB.

Figure 5c,d show that when the amplitude of the ISW increases, the impact of the ISW
amplitude on the TL is mainly exerted at the lower mixed layer under different source
conditions. Additionally, at the upper mixed layer, when the ISW amplitude increases, the
source conditions at deep and high frequencies (Ds = 50 m, 600 Hz) decrease significantly,
with an average decrease of 8.6 dB in the TL. Figure 5d shows that when the ISW amplitude
increases, the source conditions at shallow and low frequencies (Ds = 10 m, 200 Hz) have an
average decrease of 5 dB in the TL; the source conditions at shallow and high frequencies
(Ds = 10 m, 600 Hz) fluctuate more severely with an increasing depth, with an average
decrease of 2 dB and a maximum reduction of 9 dB at a depth of 49 m; and the source
conditions at deep and high frequencies (Ds = 50 m, 600 Hz) have a maximum increase of
16 dB at a depth of 43 m and a maximum reduction of 10 dB at a depth of 13 m.

3.2.3. ISW Polarity

To investigate the influence of the ISW polarity on the TL, the ISW environments of
the LADS and LAES are considered. The TLs in each ISW environment are divided into
several groups, of which the interval length is 10 dB, and the TL is assumed to be the
interval centre of a certain group; then, the relative frequency R(TL) is calculated with the
following equation [27]:

R(TL) = Ni(l\?),

where N;(TL) is the number of samples in this group, and where N is the number of total
samples. Figure 6 shows the relative frequency of the TL for the source in situations 1-4

(13)

when the polarity of the ISW changes.

In Figure 6, the TL received at the lower mixed layer (red bar; Dr = 40 m) is less than
the TL received at the upper mixed layer (blue bar; Dr = 12 m). This phenomenon is clearly
observed when the source depth is 50 m. Additionally, the range of the TL is wider when
the frequency of the source is 600 Hz. This result shows that the impact of the source
frequency on the TL is consistent with previous findings that showed that the TL increases
when the source frequency increases. A comparison of Figure 6 reveals that the TL received
at the lower mixed layer obviously changes when the ISW polarity changes from depressed
(light-coloured bar) to elevated (dark-coloured bar). In the environment of an elevated ISW,
when the TL is received at the lower mixed layer, the probabilities of the TL dominating
within intervals of 95 dB, 105 dB, 65 dB and 65 dB, as shown in Figure 6, respectively. For
example, in the lower mixed layer, the relative frequency of the TL within an interval of
65 dB in an elevated ISW environment is five times greater than that in a depressed ISW
environment, as shown in Figure 6d. Therefore, the ISW polarity influences the TL received
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at the lower mixed layer, especially when the source is located in the lower mixed layer
where the elevated ISW decreases the TL.
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Figure 6. Comparison of the effects of different ISW polarities on the TL under different source
conditions: (a) Ds = 10 m, 200 Hz; (b) Ds = 10 m, 600 Hz; (c) Ds = 50 m, 200 Hz; and (d) Ds = 50 m,
600 Hz.

Table 2 summarises the average TLs at depths of 15 m and 40 m and average depths
in different ISW environments, i.e., LADS, LADP, SADS and LAES, corresponding to the
acoustic field shown in Figure 3. The percentage in parentheses indicates the change in the
TL relative to the TL under the ISW environment of the LADS, and a minus sign indicates a
decrease in the TL. The results show that the TL received at a depth of 12 m is most affected
by the ISW amplitude, and the TL increases by approximately 11% as the ISW amplitude
decreases. At a depth of 40 m, the TL decreases by approximately 20% as the ISW polarity
changes from the LADS to the LAES, and the ISW polarity also has the greatest impact on
the TL at the average depth, with the TL decreasing by approximately 6%. Moreover, when
both the ISW amplitude and the ISW polarity change, the TL received at 12 m increases;
however, for the TL received at 40 m, the average depth decreases. Therefore, the TL
received at all depths is affected primarily by the TL received at the lower mixed layer,
considering the ISW amplitude and ISW polarity. In addition, the TL at a depth of average
depth in the LADP environment is 83.7 dB, which is consistent with previous studies [10].

Table 2. Comparison of TLs with different ISWs when the source frequency is 600 Hz and Ds = 50 m.

LADS LADP SADS LAES

12m 86.8 dB 84.5 dB (—2.65%) 96.6 dB (11.29%) 94.4 dB (8.76%)
40 m 81.3dB 71.6 dB (—11.93%) 674dB (~17.10%)  65.4 dB (—19.56%)
Depth average 87.1dB 83.7 dB (—3.90%) 83.8 dB (—3.79%) 82.2 dB (—5.63%)

3.3. Impact of Moving ISW

To investigate the influence of the ISW position on the TL, a comparative analysis of
the conclusions drawn from the SWARM experiment was conducted, with a source depth
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of Ds = 10 m and a source frequency of 400 Hz. The position of the ISW was varied in
increments of 100 m from the position of the source Rs = 0 km to the position of the receiver
array Rr = 33 km. Figure 7 shows the TL at the receiving array Rr = 33 km under four
different ISW environments, SADS, LADS, SAES and LAES, considering the impacts of the
ISW amplitude and ISW polarity.
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a 110 Q 40 95
105 60 Mi 85
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=20 ‘ ‘ 115 105
- | | o o
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@ [= =
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Figure 7. Relationship between the TL at the receiving array and the position of the ISW: (a) SADS;
(b) LADS; (c) SAES; and (d) LAES.

Figure 7 shows that the variations in the ISW amplitude primarily affect the TL with
depth. In an environment with a small-amplitude ISW, the energy is concentrated mainly
in the upper mixed layer, whereas in an environment with a large-amplitude ISW, the
energy propagates mainly towards the lower mixed layer. This result is consistent with
the aforementioned conclusion that the increase in the amplitude of the ISW averages the
acoustic energy distribution in the vertical direction. A comparison of Figure 7a,c reveals
that when the polarity of the ISW changes from a depressed one to an elevated one, the
energy transfers from the lower mixed layer to the upper mixed layer, resulting in a decrease
of approximately 1 dB in the upper mixed layer and an increase of approximately 2 dB in
the lower mixed layer. Comparing Figure 7b,d, the energy decreases by approximately 2 dB
throughout the entire depth range when the polarity of the ISW changes from depressed
to elevated.

Moreover, when both the ISW amplitude and the ISW polarity change, i.e., the ampli-
tude of the ISW increases, the polarity of the ISW changes from depressed to elevated, and
the TL decreases in the layer where the source is located. Therefore, compared with the
change in the amplitude of the ISW, the change in the polarity of the ISW has a greater effect
on the TL of the sound field at the receiver range of Rr = 33 km when the ISW moved from
Rp = 0 km to Rp = 33 km. Additionally, as shown in Figure 7, as the position of the ISW ap-
proaches the source, the fluctuation in the sound energy at the average depth increases [10],
and the fluctuation in the sound energy is significant in the lower mixed layer.
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4. Discussion

To explain the numerical simulation experimental phenomena described in Section 3
and explore the mechanisms for the influence of changes in ISW characteristics on the
TL, this section discusses the fluctuations in the intensity of the mode in different ISW
environments.

The intensities of normal modes 1-6 in different ISW environments under the source
of situation 4 (Ds = 50 m, 600 Hz) based on Equation (11) are shown in Figure 8. When the
characteristics of the ISW change, the intensity of each normal mode varies significantly
around the ISW [11]. Furthermore, since the source is below the thermocline and primarily
excites the energy of lower normal modes, the dominant modes in terms of energy before
being affected by the ISW are mode 1 and mode 2.
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Figure 8. Intensity of modes 1-6 in different ISW environments: (a) LADS; (b) LADP; (c) SADS; and
(d) LAES.

As shown in Figure 8a, in the LADS environment, the intensity of mode 1 experiences
a significant loss, with a maximum fluctuation of approximately 28 dB; the energy of
mode 1 mainly transfers to mode 6, which experiences an increase in sound intensity
by approximately 2 dB. The energy is transferred mainly from lower-order modes to
higher-order modes. Figure 8b shows normal modes in the LADP environment, where
the coupling phenomenon between modes is enhanced. After encountering the ISW, the
dominant modes in terms of energy are mode 1 and mode 3, and mode 6 has the greatest
reduction. This indicates that under the impact of the packet, the energy of the higher-order
modes transfers to the lower modes. Figure 8c shows that the fluctuation in intensity for
each normal mode is relatively small in the small-amplitude ISW environment, which
is consistent with the previous study [28]. The dominant mode almost remains, and the
maximum fluctuations of the other coupled modes do not exceed 6 dB. In Figure 8d, after
being affected by the elevated soliton, the dominant mode changes from mode 2 to mode 1,
and the energy is coupled mainly between modes 3 and 6.

Considering the impact of the ISW on higher-order modes, the grouping of modes on
the basis of Equation (12) is shown in Figure 9. Figure 9a shows the intensity of all the modes
and presents the maximum fluctuation in the large-elevation soliton environment and the
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minimum fluctuation in the LADS environment, which correspond to the influences of the
ISW polarity and ISW amplitude variations on the TL, as previously mentioned. It can be
observed that the intensity of modes 1-8 is almost equal to the total modal intensity, and
modes 16-26 are almost unaffected by the variations in the ISW characteristics. Additionally,

the intensity of modes 9-15 decreases slowly in the large-amplitude and depressed ISW
environments, as shown in Figure 9c.
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Figure 9. The sum of modal intensities in each group in different ISW environments: (a) Intensity of
mode 1-26; (b) intensity of mode 1-8; (c) intensity of mode 9-15; and (d) intensity of mode 16-26.

In summary, the changes in intensity under the influence of the ISW sound field are
due mainly to the mutual conversion of energy among different normal modes; when the
characteristics of the ISW change, the energy coupling phenomenon between different
normal modes is different. However, typically, when the energy transfers from higher-order
to lower-order normal modes, the TL increases. Additionally, under this source condition,
the intensity of modes 1-8 could represent all the intensities of all the modes, and the
intensities fluctuate the most in large-elevation soliton environments.

5. Conclusions

In this study, simulation experiments were conducted by varying the source conditions
and characteristics of an ISW. The variation in the sound energy received by the remote
array influenced by the aforementioned factors is further discussed on the basis of coupled
normal mode theory. The simulation results reveal that at the same source frequency, as the
source depth increases, the TL decreases. At the same source depth, as the source frequency
increases, the TL increases. As the ISW number increases, the TL decreases significantly
below the thermocline when the source frequency is 600 Hz, with a maximum reduction of
20 dB. The increase in the amplitude of the ISW averages the acoustic energy distribution
in the vertical direction of the receiver, with a more significant fluctuation in the TL below
the thermocline in different source conditions. When the polarity of the ISW changes
from depressed to elevated, the TL decreases when the source is in the lower mixed layer.
Additionally, when the ISW moves from the position of the source at Rp = 0 km to the
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position of the receiver at Rp = 33 km, the average sound energy fluctuation at the receiver
weakens, and the impact of the changes in the polarity of the ISW on the TL is greater than
that of the changes in the amplitude of the ISW.

The intensities of different modes individually and in groups under varying ISW
environments were further explored, and it was found that when energy is transferred
from lower-order to higher-order normal modes, the TL increases and vice versa. Moreover,
under the source conditions of situation 4, the intensity of modes 1-8 could represent all
the intensities of all the modes, and the intensities fluctuate the most in a high-elevation
soliton environment.

This study is confined to the case of a translational ISW with a fixed geometry in a
uniform waveguide. Other possible complex factors are not considered, including uneven
seabed structures, undulating seabed topography, layered changes on a larger scale than
the ISW and fronts near the ISW. All these factors can produce fluctuations, which may
interfere with or mask the fluctuations caused by the mode coupling of the ISW. Further
studies should explore the sound propagation characteristics when the complex factors
mentioned above coexist with an ISW.
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