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A comprehensive understanding of the characteristics and the formation mechanism of reverberation is the
key to improving the performance of the active target detection. In response to the challenge of analyzing
the intensity of bottom reverberation in typical deep-sea environments, this study proposes a prediction method
for the bottom reverberation intensity under beam-controlled emission conditions. It explains the variation law
of bottom reverberation intensity under beam-controlled emission conditions in typical deep-sea environments of
the South China Sea through theoretical and simulation analyses. Reverberation intensity of the deep-sea
bottom under beam-controlled emission conditions exhibits significant fluctuations during the duration of
reverberations in the direct sound zone of the seabed. This phenomenon is closely related to the directionality
of the source emission, leading to intermittent reverberation masking and detectable areas in the active sonar
detection. In addition, the duration of the high-reverberation zone near the cutoff distance of the direct sound
from the seabed is longer under the beam-controlled emission conditions of the emission array located within
the surface waveguide layer of the deep sea during winter.
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1. Introduction

Reverberation is the primary background interfer-
ence in the active sonar target detection, and a com-
prehensive understanding of its characteristics and for-
mation mechanism is the key to improving the per-
formance of the active target detection (Cui et al.,
2023; Hao et al., 2023). Meanwhile, reverberation car-
ries hidden ocean information that can be used for
environmental parameter inversion, leading to the in-
creasing attention toward reverberation research in the
field of marine acoustics. At present, theoretical and
experimental studies on shallow water reverberation
are relatively more common than those on deep water.

With regard to the reverberation prediction theory, do-
mestic and foreign scholars have established the theory
of normal mode reverberation (Zhang et al., 1987),
the theory of ray reverberation (Lupien et al., 1995),
and the theory of parabolic equation reverberation
(Collins, Evans, 1992). The intensity attenuation
characteristics and spatial correlation characteristics of
reverberation signals combined with experimental re-
search have been simultaneously analyzed. Hence, the
current study no longer develops this topic.

The characteristics of deep sea reverberation are
significantly different from those of shallow sea re-
verberation, and their analysis and numerical mod-
eling methods are different. A large number of the-
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oretical and experimental studies on deep-sea rever-
beration have been conducted in the last century. El-
lis and Crowe (1991) proposed a 3D seabed scat-
tering function that included backscattering and lat-
eral scattering based on the Lambert scattering model.
This function was used in the numerical simulation of
deep-sea bistatic reverberation and compared with ex-
perimental results. Mackenzie (1961) calculated the
deep-sea bottom reverberation of near-bottom sound
sources and receivers at specific frequencies and ex-
plained the applicable angle range of the scattering for-
mula. Urick and Saling (1962) calculated the seabed
backscatter excited by an explosive sound source and
obtained a scattering intensity curve with angle. Ellis,
Haller (1987), and Ellis, Crowe (1991) combined
the Lambert scattering model with the surface scatter-
ing function based on the Kirchhoff approximation to
propose a 3D seabed scattering function that included
backscattering and lateral scattering. They used it in
the numerical simulation of deep-sea bistatic rever-
beration and compared it with experimental measure-
ment results. Williams and Jackson (1998) used the
Kirchhoff approximation and the perturbation theory
to describe the seafloor backscattering while discussing
the effects of seafloor sediment layers and substrates on
scattering.

With the support of relevant national plans, signif-
icant improvements have been achieved in recent years
in experimental methods and equipment for deep-sea
acoustics in China. A large number of deep-sea ex-
periments have been conducted, promoting theoret-
ical and experimental research on deep-sea bottom
reverberation. Weng et al. (2014) conducted numeri-
cal simulations of local deep-sea bottom reverberation
by using the ray method and provided preliminary ex-
planations and analyses of experimental data. Guo
et al. (2009) proposed an incoherent bottom reverbera-
tion signal model based on ray theory; this model sim-
plified the calculation of the reverberation signal pre-
diction. Xu et al. (2016) calculated deep-sea reverber-
ation generated by the first bottom reflection of sound
waves and obtained numerical results that were con-
sistent with experimental data. Qin et al. (2019) pro-
posed a deep-sea bottom reverberation model based
on the ray theory for calculating local and bistatic re-
verberation and then compared the experimental data
with the simulation results to obtain the seabed scat-
tering coefficient of the experimental sea area. Xue
et al. (2021) described interface reverberation as an in-
coherent superposition of different multipath reverber-
ation fading processes and combined it with the physi-
cal mechanism of interface scattering. They established
a reverberation intensity model with the physical pa-
rameters of the sea surface and seabed as variables.

The current study focuses on deep sea bottom
reverberation characteristics under beam-controlled
emission conditions in the actual work of active sonar.

It introduces a prediction method for deep sea bottom
reverberation under beam-controlled emission condi-
tions and explains the formation mechanism of deep
sea bottom reverberation fluctuation laws through the-
oretical and simulation analyses.

2. Methodology

2.1. Model of deep-sea bottom reverberation intensity
under beam-controlled emission conditions

The description of sound propagation in accordance
with the ray theory is simple and intuitive, and thus,
it is extremely helpful for explaining the results of
other sound propagation models. Simultaneously, it di-
rectly establishes the relationship between the sound
propagation distance and propagation time; hence, it
can be used to predict reverberation intensity in high-
frequency situations in the deep sea. Accordingly, this
study uses the ray theory to establish a deep-sea bot-
tom reverberation model for simulation analysis.

Reverberation signals can be expressed as the pro-
cess of propagating sound signals excited by a sound
source to a seafloor scatterer and then scattering them
back to the receiver. Figure 1 shows a diagram of the
formation of deep-sea bottom reverberation in the case
of a combined transmitter and receiver. Considering
that beam control in practical active sonar applica-
tions is generally the pitch angle, i.e., the vertical beam
control, this study abstracts it as a vertical dimension
emission array to study deep-sea bottom reverberation
intensity characteristics under beam-controlled emis-
sion conditions.

Transceiver 
acoustic 
array

Sea 
surface

Seabed 
scattering 
unit

Seabed

Fig. 1. Schematic of seabed scatterer division
under beam-controlled emission conditions.

In the case of directional emission from a trans-
ceiver acoustic array, pinc denotes the sound pressure
transfer function from the sound source to the seabed
scattering element under directional sound source ra-
diation, pscatt represents the sound pressure transfer
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function from the seabed scattering element to the
transceiver array under omnidirectional sound source
radiation, ri denotes the i-th eigenray, and the inten-
sity of the incident wave propagating along the inci-
dent eigenray to the seabed scattering element ds is
represented as p2inc (ri). The scattering wave intensity
scattered by the seabed scattering unit ds can be ex-
pressed as

p2inc (ri) f (θinc, θscatt)ds, (1)

where f (θinc, θscatt) represents the backscatter func-
tion of the seabed, which is affected by the incident
and scattering grazing angles, and ds is the area of
the scattering unit. The reverberation intensity inci-
dent along the i-th eigenray to the scattering element
returning to the receiving point along the j-th eigenray
can be expressed as (Xue et al., 2021):

Iscatt(ij) = ∫ p2inc (ri) f (θinc, θscatt)p
2
scatt (rj)ds. (2)

The total bottom reverberation intensity at the receiv-
ing array is the sum of the reverberations that arrive
along all the propagation paths (Xue et al., 2021):

Iscatt =
N

∑

i=1

M

∑

j=1
∫ p2inc (ri) f (θinc, θscatt)p

2
scatt (rj)ds,

(3)
where N represents the number of incident eigenrays,
and M represents the number of scattered eigenrays
that correspond to the i-th incident eigenray, Iscatt is
the total reverberation intensity.

The prerequisite for predicting the intensity of
deep-sea bottom reverberation under beam-controlled
emission conditions is the prediction of the deep-sea
sound field transfer function under beam-controlled
conditions and seabed scattering characteristics. The
current study utilizes the ray model sound field calcu-
lation program BELHOP to predict the eigenray and
the corresponding grazing angle, time delay, and the
transfer function under directional source conditions.
Meanwhile, a small-slope approximation (SSA) model
is used to predict the seabed scattering characteristic.

2.2. SSA model

In this study, the small slope formalism is adopted
for bottom interface scattering. This lowest-order SSA
(Thorsos, Broschat, 1995; Broschat, Thorsos,
1997) models interface scattering strength in all or-
ders of the surface height h and through the first-order
derivatives of h (surface slope). Using the local SSA in-
stead of the standard first-order perturbation approx-
imation improves prediction accuracy at the cost of
moderately increasing numerical complexity.

The SSA result for an incoherent component of
the scattering cross section per unit area (per unit

solid angle) for a random, rough interface is as follows
(Grauss et al., 2002):

σ
1

8
∣

β

∣Qh∣Qz
∣

2

int

, (4)

where β is an algebraic form that depends on the
boundary conditions that are prevailing at the inter-
face. ∣Qh∣ and Qz are given by (Grauss et al., 2002):

∣Qh∣ = k0
√

a∗, (5)

Qz = −k0 (sin θinc + sin θscatt), (6)

where a∗ = cos2 θinc + cos
2 θscatt − 2 cos θinc cos θscatt cosφbi

and k0 =
2πf
c0

denotes the acoustic wavenumbers; θinc
denotes the incident grazing angle; θscatt denotes the
scattered grazing angle; φbi denotes the bistatic angle,
which is defined as the difference in azimuth between
the incident and scattered directions; I in Eq. (7) de-
notes the integral that involves the spatial spectrum of
roughness, and it is given by (Grauss et al., 2002):

I (α) =

∞

∫

0

J0 (y) y exp (−αy
2ν
)dy, (7)

where ν ≡
(γ2−2)

2
, γ2 denotes the roughness spectral

exponent, with γ2 ∈ (2,4), J0 is the 0-th-order Bessel
function of the first kind, and α is given by (Grauss
et al., 2002):

α =

(hrmsQz)
2

(2h0 ∣Qh∣)
2ν

Γ (1 − ν)

Γ (1 + ν)
, (8)

where h2rms denotes the mean-square roughness, which
is given by (Grauss et al., 2002):

h2rms =
πw2

h20ν
, (9)

where w2 is the input rough spectral intensity, and h0
is a normalizing reference distance of 1 m.

Notably, once the real or imaginary part of a sound
speed acquires dependence on frequency, then α, β,
and σint acquire complicated frequency dependencies.

3. Analysis of deep-sea sound field
characteristics under beam-controlled

conditions

This section conducts a simulation analysis of the
sound field distribution under the conditions of omni-
directional and directional sound sources as a prereq-
uisite for the simulation analysis of deep-sea bottom
reverberation under beam-controlled emission condi-
tions.

The simulation analysis focuses on the typical deep-
sea hydrological environment of the South China Sea,
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with a depth of 4000 m. The historically measured
summer and winter sound speed profiles are presented
in Fig. 2. The material of the seabed is fine sand, with
a sound speed of 1753 m/s, a density of 1.957 g/cm3,
and an attenuation coefficient of 0.51 dB/m ⋅Hz. To com-
pare the changes in the sound field distribution caused
by beam-controlled emission, simulation calculations
were conducted using the BELLHOP (Porter, 2011)
ray model sound field calculation program, and sound
field distributions were given for omnidirectional and
directional source emission cases. The sound source ar-
ray under beam-controlled emission conditions is an
eight-element vertical array, with a center frequency
of 1 kHz. The array elements are arranged at a half-
wavelength spacing of 0.75 m, and the center depth of
the array is arranged at a depth of 10 m underwater,
such that the depth of the entire sound source array is
within 50 m. The array is arranged inside the surface
waveguide to illustrate sound field differences during
winter when a surface waveguide is present. The natu-
ral directionality of the eight-element transceiver com-
bined with a vertical array is shown in Fig. 3. Its main
lobe corresponds to 0○, with the first side lobe appear-
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Fig. 2. Sound speed profile (SSP) in deep water. The blue
solid line represents the summer sound speed profile, while
the red dashed line represents the winter sound speed pro-
file. The subplot of Fig. 2 gives the variation of the SSP over
a depth range of 100 m, emphasizing the difference between
the summer and winter SSP, i.e., a surface isothermal layer

of 50 m occurs during winter in blue solid line.
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Fig. 3. Natural directivity of eight-element source array.

ing at an angle of ±21○, the second side lobe appearing
at an angle of ±38○, and the third side lobe appear-
ing at an angle of ±61○.

The distribution of sound fields excited by direc-
tional and omnidirectional sources in the deep sea
of the South China Sea during summer is shown in
Fig. 4. In contrast with the excited sound field of om-
nidirectional sources, the main energy emitted by di-
rectional sources leads to a clear high-sound-intensity
region at 18–19 km, which corresponds to the main
lobe with a grazing angle of 0○ in the directional pat-
tern. The leakage of the side-lobe energy leads to inter-
mittent high-sound-intensity regions within the range
of 0–15 km. The high-sound-intensity region at 10 km
corresponds to the first side lobe with a grazing angle
of ±21○. The high-sound-intensity region at 5 km corre-
sponds to the second side lobe with a grazing angle of
±38○. The high-sound-intensity region at 2.2 km cor-
responds to the third side lobe with a grazing angle
of ±61○. Notably, the cutoff distance of the deep-sea
bottom direct sound zone in the summer hydrological
environment is about 18–19 km, and the sound field
excited by directional sources does not significantly
change the cutoff distance of the deep-sea bottom di-
rect sound zone.

The distribution of sound fields excited by direc-
tional and omnidirectional sources during winter (with
the presence of a 50 m surface waveguide) is shown in
Fig. 5. In contrast with the excited sound field of an
omnidirectional source, the main energy emitted by
a directional source leads to a significant high-sound-
intensity region at 18–23 km, which corresponds to
the main lobe with a grazing angle of 0○ in the di-
rectivity pattern. The leakage of the same side-lobe
energy leads to intermittent high-sound-intensity re-
gions within the range of 0–15 km. The high-sound-
intensity region at 10 km corresponds to the first side
lobe with a grazing angle of ±21○. The high-sound-
intensity region at 5 km corresponds to the second side
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Fig. 4. Transmission loss during summer in the South China
Sea: a) sound speed profile in summer; b) omnidirectional

sources; c) directional sources.
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Fig. 5. Transmission loss during winter in the South China
Sea: a) sound speed profile in winter; b) omnidirectional

sources; c) directional sources.
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lobe with a grazing angle of ±38○. The high-sound-
intensity region at 2.2 km corresponds to the third
side lobe with a grazing angle of ±61○. Notably, un-
der the condition of omnidirectional source radiation,
the cutoff distance of the deep-sea bottom that directly
reaches the sound zone is about 22 km in the winter
hydrological environment, which is far from the 18 km
in the summer hydrological environment, because the
surface waveguide leaks energy, causing it to propagate
further. The cutoff distance of the sound field excited
by the directional source from the seabed to the sound
zone extends to 23–24 km, because the emission array
beam-controlled emission within the surface waveguide
layer causes more energy to concentrate on the sur-
face waveguide layer. Moreover, the amount of energy
leaked from the surface waveguide layer to the seabed
to the direct sound zone increases.

On the basis of the analysis of the sound field char-
acteristics in the direct sound zone of the deep-sea bot-
tom under beam-controlled conditions, the next sec-
tion analyzes the bottom reverberation characteristics
in typical deep-sea environments.

4. Analysis of bottom reverberation intensity
under beam-controlled emission conditions

Before analyzing and calculating deep-sea bottom
reverberation intensity, obtaining the backscatter in-
tensity of the seabed is necessary. For the simulation
environment in Sec. 3, the seabed material is fine sand,
and detailed parameters can be found in Sec. 3. On the
basis of SSA to calculate backscatter intensity, the in-
put rough spectral intensity of the model is 0.0004,
and the rough spectral exponent is 2.6. On the ba-
sis of the aforementioned model parameters, the vari-
ation of the backscattering intensity of the deep-sea
seabed with grazing angle is calculated at a frequency
of 1 kHz. As shown in Fig. 6, the backscattering inten-
sity of the rough interface increases with an increase
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Fig. 6. Variation of seabed backscatter intensity
with grazing angle.

in the grazing angle. This rough interface backscatter-
ing intensity is the input of the model for calculating
bottom reverberation intensity.

On the basis of this scattering model and Eq. (3),
combined with the sound field transfer function pre-
dicted by the ray model, the deep-sea bottom rever-
beration intensity excited by omnidirectional and di-
rectional sources under summer and winter conditions
in the South China Sea is calculated.

The variation in deep-sea bottom reverberation in-
tensity over time caused by omnidirectional and di-
rectional sources in the South China Sea during sum-
mer is shown in Fig. 7. For omnidirectional and direc-
tional sources, bottom reverberation occurs after 5 s,
which corresponds to the time when bottom vertical
reflected reverberation occurs. The reverberation in-
tensity excited by omnidirectional sources monotoni-
cally decreases within 5 to 27 s, while the reverberation
intensity excited by directional sources exhibits signif-
icant fluctuations within 5 to 27 s. This phenomenon
exerts a significant effect on the active sonar target de-
tection, resulting in intermittent reverberation mask-
ing and detectable areas.
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Fig. 7. Variation of bottom reverberation intensity with
time: a) omnidirectional source; b) directional source.

By converting horizontal axis time into the acoustic
path that corresponds to the active sonar, the variation
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of deep sea bottom reverberation intensity excited by
omnidirectional and directional sources in the South
China Sea during summer with an acoustic path can
be obtained, as shown in Fig. 8. Evident peaks are ob-
served in the reverberation intensity at 4, 6, 9, and
18 km. This finding is related to the emission direc-
tionality of the eight-element vertical emission array.
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Fig. 8. Variation of bottom reverberation intensity with
acoustic path: a) omnidirectional source; b) directional

source.

To further illustrate the corresponding relationship
among the peak values of intermittent bottom rever-
beration intensity, the bottom scattering area, and
emission directionality, the acoustic path is converted
into the horizontal distance from the transceiver array.
The variation in deep-sea bottom reverberation inten-
sity excited by omnidirectional and directional sources
in the South China Sea during summer with a hori-
zontal distance can be obtained as shown in Fig. 9.
At a depth of 3995 m, the variation in propagation
loss with horizontal distance is also given, as shown in
Fig. 10. Comparing the variation of reverberation in-
tensity in Fig. 9 with the variation of propagation loss
in Fig. 10, four high-energy regions of reverberation
intensity are observed, corresponding to the four high-
energy regions of transmission loss and correspond-
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Fig. 9. Variation of bottom reverberation intensity with
horizontal range: a) omnidirectional source; b) directional

source.
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Fig. 10. Variation of transmission loss with horizontal range
for a receiver depth of 3995 m. The blue solid line represents
the transmission loss of sound field excited by an omnidi-
rectional point source, while the red dashed line represents
the transmission loss of sound field excited by a directional

transmitter array.

ing to the main lobe and the three side lobes of di-
rectional sound sources. The high-reverberation zone
that appears at 15–19 km corresponds to the main
lobe with a grazing angle of 0○ in the directivity pat-
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tern. The leakage of side-lobe energy leads to inter-
mittent high-reverberation zones within the range of
0–15 km. The high-reverberation zone at 10 km cor-
responds to the first side lobe with a grazing angle of
±21○. The high-reverberation zone at 5 km corresponds
to the second side lobe with a grazing angle of ±38○.
The high-reverberation zone at 2.2 km corresponds to
the third side lobe with a grazing angle of ±61○.

The variation of deep-sea bottom reverberation in-
tensity over time caused by omnidirectional and di-
rectional sources in the South China Sea during win-
ter is shown in Fig. 11. Similar to that during sum-
mer, bottom reverberation occurs after 5 s, which cor-
responds to the time when vertically reflected reverber-
ation occurs on the seabed. The reverberation intensity
excited by omnidirectional sources monotonically de-
creases within 5 to 30 s, while the reverberation inten-
sity excited by directional sources exhibits significant
fluctuations within 5 to 30 s. This phenomenon exerts
a significant effect on the active sonar target detec-
tion, resulting in intermittent reverberation masking
and detectable areas.
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Fig. 11. Variation of bottom reverberation intensity with
time: a) omnidirectional source; b) directional source.

By converting horizontal axis time into the acous-
tic path that corresponds to the active sonar, the vari-
ation of the deep-sea bottom reverberation intensity

excited by omnidirectional and directional sources in
the South China Sea during winter can be obtained
with respect to the acoustic path, as shown in Fig. 12.
Evident peaks can be seen in the reverberation inten-
sity at 4, 6, 9, and 20 km. These peaks are related to
the emission directionality of the eight-element vertical
emission array.
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Fig. 12. Variation of bottom reverberation intensity with
acoustic path: a) omnidirectional source; b) directional

source.

To further illustrate the corresponding relation-
ship among the peak value of intermittent bottom
reverberation intensity, bottom scattering area, and
emission directionality, the acoustic path is converted
into the horizontal distance from the transceiver ar-
ray. The variation of deep-sea bottom reverberation
intensity excited by omnidirectional and directional
sources in the South China Sea during winter with hor-
izontal distance can be obtained as shown in Fig. 13.
At a depth of 3995 m, the variation in transmission loss
with the horizontal distance is also given, as shown in
Fig. 14. Comparing the variation of reverberation in-
tensity in Fig. 13 with the variation of transmission
loss in Fig. 14, four high-energy regions of reverbera-
tion intensity can also be observed, corresponding to
the four high-energy regions of transmission loss and
corresponding to the main lobe and three side lobes
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Fig. 13. Variation of bottom reverberation intensity with
horizontal range: a) omnidirectional source; b) directional

source.
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Fig. 14. Variation of transmission loss with horizontal range
for a receiver depth of 3995 m. The blue solid line represents
the transmission loss of sound field excited by an omnidi-
rectional point source, while the red dashed line represents
the transmission loss of sound field excited by a directional

transmitter array.

of directional sound sources. The high reverberation
zone appearing at 15–23 km corresponds to the main
lobe with a grazing angle of 0○ in the directivity pat-

tern. The leakage of side-lobe energy leads to inter-
mittent high-reverberation zones within the range of
0–15 km. The high-reverberation zone at 10 km cor-
responds to the first side lobe with a grazing angle
of ±21○. The high-reverberation zone at 5 km corre-
sponds to the second side lobe with a grazing angle
of ±38○. The high-reverberation zone at 2.2 km cor-
responds to the third side lobe with a grazing angle
of ±61○.

To compare the differences in the distribution
of bottom reverberation intensity caused by beam-
controlled emission in the South China Sea during
summer and winter, Figs. 10 and 14 were drawn to-
gether, as shown in Fig. 15. Except for the differences
in hydrological conditions (sound speed profile), the
two curves are plotted under the same simulation con-
ditions. The variation trend of reverberation intensity
within a range of 12 km is nearly consistent, includ-
ing the high-reverberation zone caused by side-lobe en-
ergy leakage. However, significant differences exist in
the high-reverberation zone caused by the directional
main lobe emission. The major issues are:

1) For the high-reverberation zone near a range of
18 km excited by the main lobe energy, bottom re-
verberation intensity during winter is weaker than
that during summer, because the existence of an
isothermal layer on the surface during winter re-
sults in most of the energy radiated by small graz-
ing angles being bound to the surface waveguide
layer. The energy reaching the direct sound zone
on the seabed beyond 15 km is lower than that in
the absence of a surface waveguide layer.

2) For the high-reverberation zone excited by the
main lobe energy, the duration (corresponding
horizontal distance) of the main lobe’s high-
reverberation zone is longer during winter, and
the effect on the active target detection in deep-
sea environments is more significant. The reason
for this finding is that after the beam-controlled

Range [km]

R
L 

[d
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]

Fig. 15. Bottom reverberation during summer and winter
under beam-controlled emission conditions.
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emission of the emission array inside the surface
waveguide layer, the sound energy leakage of the
surface waveguide layer expands the direct sound
zone of the deep sea during winter, and the acous-
tic ray with a small grazing angle can reach up to
23 km, resulting in an increase in the duration of
the main lobe’s high-reverberation zone.

5. Conclusions

In response to the challenge of analyzing the in-
tensity of bottom reverberation in typical deep-sea en-
vironments, this study proposes a prediction method
for the intensity of bottom reverberation under beam-
controlled (shaded) emission conditions and explains
the variation law of bottom reverberation intensity un-
der beam-controlled emission conditions through theo-
retical and simulation analyses in typical deep-sea en-
vironments of the South China Sea with a seabed ma-
terial of fine sand. The conclusions drawn are:

1) Deep-sea bottom reverberation intensity under
beam-controlled emission conditions exhibits sig-
nificant fluctuations during the duration of rever-
beration in the direct sound zone of the seabed.
This phenomenon is closely related to the directio-
nality of source emission, leading to intermittent re-
verberation masking and detectable areas in the
active sonar detection.

2) For the high-reverberation zone near the cutoff
distance of the direct sound from the seabed ex-
cited by the main lobe energy of the directional
source, the reverberation intensity during winter
is weaker than that during summer. The reason
for this finding is that the existence of a surface
isothermal layer during winter results in most of
the energy emitted by the small grazing angle be-
ing bound to the surface waveguide layer. Mean-
while, the energy reaching the cutoff distance of
the direct sound from the seabed is lower than
that without surface waveguide layer.

3) Under the beam-controlled emission conditions
of the emission array located within the surface
waveguide layer of the deep sea during winter,
the duration of the high-reverberation zone near
the cutoff distance of the direct sound from the
seabed is longer, because the sound energy leak-
age from the surface waveguide layer expands the
direct sound zone of the deep sea during winter.
The acoustic ray with a small grazing angle can
reach further distance, resulting in an increase in
the duration of the high-reverberation zone of the
main lobe. This phenomenon will have a more sig-
nificant effect on the active target detection in
deep-sea environments.

The analysis of the distribution characteristics of
deep-sea bottom reverberation intensity in this study

provides guidance for the suppression of deep-sea ac-
tive sonar reverberation, and the evaluation and rea-
sonable application of deep-sea active sonar detection
performance in actual combat.
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