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ABSTRACT

The near-seabed sonar in deep sea can provide positioning
signals for underwater unmanned vehicles in the region,
and can also provide traffic management services for un-
derwater vehicle clusters in the area. However, the sea
surface reverberation caused by the navigation communi-
cation signal emitted by the near-seabed sonar may drown
the response signal of the underwater vehicle and inter-
fere with the seabed sonar’s estimation of the position of
the underwater vehicle. We analyze the spatio-temporal
and frequency distribution characteristics of sea surface
reverberation caused by different types of navigation sig-
nals, which provides support for the design of collabora-
tive communication signals and cluster interaction man-
agement protocols for unmanned underwater systems.

Keywords: deep sea, reverberation modeling, point scat-
tering model

1. INTRODUCTION

Under harsh deep-sea meteorological conditions, mar-
itime transport vessels and crew safety face significant
threats. Future unmanned surface transport vessels, semi-
submerged transport vessels, and even sub-surface navi-
gation vehicles could substantially mitigate maritime risks
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and economic costs. Oceanographic satellites enable con-
tinuous monitoring of sea surface wave height, wave num-
ber, and meteorological forecasting, thereby enhancing
safety management for surface fleets. For sub-surface un-
manned vessels, sonar-assisted navigation and manage-
ment systems are essential. Deep-sea sonar arrays de-
ployed near the seabed can service extensive areas.

The direct path sound rays corresponding to the sonar
deployed at a depth of 5000 meters and detecting upwards
are shown in Fig. 1. According to Fig. 1, the sonar de-
ployed at a depth of 5000 meters can cover a horizontal
distance of up to 30 km. Deep-sea navigation manage-
ment sonar requires autonomous intelligence capabilities.
Research on underwater environmental characteristics and
vessel responses to sonar signals, coupled with the devel-
opment of accurate datasets or data models, will facilitate
the training of intelligent sonar algorithm systems.

Currently, most research focuses on underwater tar-
gets passive detection using sonar deployed in deep-sea
environments [1, 2]. However, when the target exhibits
low source levels, the passive detection approach faces
limitations in detection range. To address these shortcom-
ings, active detection has begun to attract attention [3].
When monostatic sonar systems deployed near seabed in
deep sea actively detect underwater targets(as illustrated
in Fig. 1), reverberation is the main interference that lim-
its the capabilities of intelligent sonar services. Given
the prohibitive costs associated with acquiring real-world
deep-sea reverberation data for training intelligent sonar
algorithms, it becomes imperative to develop a reverbera-
tion modeling framework to synthesize such datasets.

Long-term satellite data accumulation enables the es-
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tablishment of refined models for predicting deep-sea
acoustic propagation paths. By integrating these acoustic
propagation models with natural environmental parame-
ters, it becomes feasible to accurately forecast underwa-
ter reverberation generated by active sonar signals. This
predictive capability provides critical data support for the
design optimization of near-seabed sonar systems. The
proposed modeling approach facilitates the generation of
high-fidelity reverberation datasets, thereby advancing the
development of intelligent algorithms for target discrimi-
nation in deep-sea environments.
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Figure 1. The diagram of looking upward from the
bottom.

2. DEEP SEA REVERBERATION ANALYSIS

The reverberation model used to provide reverberation
simulation data for intelligent sonar in deep-sea areas re-
lies on three types of data support. The first is marine
meteorological data. The second is geographic data in
the sonar operational area. The third is sonar param-
eters. The reverberation model describes the mapping
relationship between the aforementioned three types of
data and the output reverberation data, as illustrated in
Fig. 2. China’s currently operational oceanographic satel-
lites in orbit include the HY-2B/C/D series and the China-
France Oceanography Satellite (CFOSAT), with data ser-
vices provided by the National Oceanic Satellite Applica-
tion Center. Marine geospatial information data are sys-
tematically curated and disseminated by the National Ma-
rine Data Center of China. Real meteorological and ge-
ographic information data for regions of interest can be

obtained from these sources, allowing for the construction
of reliable reverberation data. The subsequent sections of
this chapter will analyze the correspondence between the
aforementioned three types of data and reverberation data
based on ray theory.

Marine meteorological data
(ocean wind speed, wave

height, etc.)
(Sonarfparameter; Reverberation Simulation
waveform, sound > R .
source level, etc.) modeling reverberation data

i

Geographic data
(ocean depth, seabed
substrate, etc.)

Figure 2.
model.

Deep sea reverberation construction

2.1 Analysis of the Reverberation Level of Deep-Sea
Interface Reverberation

In underwater acoustic detection, the sonar equation under
reverberation-limited conditions is formulated as

SL — 2TL + TS — RL > DT, (1)

where SL is Source Level, TL is Transmission Loss, TS is
Target Strength, RL is Reverberation Level, DT is Detec-
tion Threshold. Through the analysis of the sonar equa-
tion, RL is an important parameter for detecting targets.
In deep-sea environments, the received reverberation is
primarily interface backscattering reverberation, and the
calculation formula for the RL at a certain moment is

RL = SL — 2TL + 101g (S) + Sp/s, )

where S denotes the effective scattering area contributing
to reverberation; Sy, represents the backscattering rever-
beration intensity per unit area from sea surface or seabed
scatterers. The diagram of the interface backscattering re-
verberation is shown in Fig. 3.

In deep-sea active target detection scenarios, SL is
known and sound waves are spherical expansion, TL is
expressed as:

TL = 20lg(r)+ar, 3)

11™* Convention of the European Acoustics Association
Milaga, Spain * 23" — 26" June 2025 *

SOCIEDAD ESPAROLA

SEA DE ACUSTICA



FORUM ACUSTICUM
ails EURONOISE

Sea surfac

Seabed

(a)

Figure 3. Interface backscatter reverberation. (a)
Side view; (b) Top vew.

(b)

where r represents the one-way acoustic propagation dis-
tance between the source and target, and o denotes the
acoustic absorption coefficient. As shown in Fig. 3, the
effective scattering area contributing to reverberation is

denoted as:
cT

~ 2sin(f) e
where ¢ denotes the beam horizontal opening angle, T’
represents the transmitted waveform pulse width, and 6
corresponds to the pitch angle of reverberation (measured
from the vertical axis). Sy, is governed by marine envi-
ronmental parameters, sea surface backscattering strength
(Ss) and seabed backscattering strength (Sp) employ dis-
tinct theoretical formulations.

“

2.2 The backscattering strength of interface
reverberation

Due to the large scale of the deep sea, the range of grazing
angles for the reverberation received by the hydrophone
at the deep sea interface is very broad. Therefore, it is
necessary to select a scattering function suitable for a wide
range of grazing angles.

Regarding sea surface reverberation, Chapman et al.
[4] derived an empirical model formula for sea surface re-
verberation backscattering strength, shown in Eqn. (5).

Scr =3.3B81g(4) —42.41g 3 + 2.6

8 = 107(v f1/3)~0-58 ) S

where Scop is sea surface backscattering strength, 6 is
grazing angle(®), v is wind speed (m/s), f is the sound
wave’s frequency(Hz). Eqn. (5) is referred to as the Chap-
man model. The Chapman model is applicable in scenar-
ios where the frequency meets 0.4 kHz < f < 6.4 kHz and
the grazing angle meets § < 40°. Ainslie, Ellis and Crowe
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modified the Chapman model to work with all grazing an-
gles. The modified formula is

—cot?(0) /(262
S, =10lg |:UCH(9) + %

€2 =0.003 + 0.00512v

(6)

where S is modified sea surface backscattering strength,
ocm (0) = 10%¢1/19 According to Eqn. (6), the sea sur-
face reverberation backscattering strength under different
frequencies and wind speeds is shown in Fig. 4. Accord-
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Figure 4. Sea surface backscattering strength (unit:
dB) as a function of grazing angle (unit: degrees) for
various wind speeds and acoustic frequency is 2000
Hz in (a), for various acoustic frequencies and wind
speed is 5 m/s in (b).

w W w
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ing to Fig. 4, under the same conditions, the greater the
wind speed or the sound wave’s frequency, the larger the
backscattering strength of the sea surface reverberation;
the larger the grazing angle, the greater the backscattering
strength of the sea surface reverberation.

Regarding seabed reverberation, this paper employs
the GABIM [5] to calculate the seabed reverberation
backscattering strength. The GABIM model interpolates
various scattering theories, enabling the model’s applica-
bility under full grazing angles and diverse seabed sub-
strate conditions. The GABIM model is applicable in sce-
narios where the frequency meets 100 Hz < f < 10 kHz.
In this paper, a simplified form of the seabed model is
chosen, assuming that the seafloor is a single-layer lig-
uid infinite half-space with a rough interface. The re-
verberation of seafloor scattering is mainly composed of
seafloor rough interface scattering reverberation and volu-
metric scattering reverberation of sedimentary layers [6],
and the simplified model of GABIM [5] calculates the
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backscattering strength of seafloor reverberation as

Sy = 101g [or(ap, vp, ax,w2,72) + 0y (ap, Vp, ax, 0)],
(N
where o, and o, represent the backscattering strengths in-
duced by the roughness of the water-sediment interface
and the volume inhomogeneity of the sediment-substrate
system, respectively. The formula for calculating o, is
described in [5] and the formula for calculating o, is de-
scribed in [7]. Tab. 1 lists the parameters required for the
GABIM model of several common seabed substrates.

Table 1. Input parameters of the GABIM model un-
der several typical substrate types.

Name M la, |vp |ay |w2 Yo |o

Clay 9.0 /1.40]0.99/0.10/0.000016{3.25|0.001

2.3 Analysis of Deep Sea Reverberation
Spatiotemporal Structure

When a monostatic sonar is deployed near the seabed
in deep sea to detect underwater targets, assuming hor-
izontally uniform sea surface and seabed , the reverber-
ation signals received by the hydrophone can be parti-
tioned into three temporal intervals: early, intermediate,
and late stages. Schematic diagrams of dominant rever-
beration paths corresponding to these intervals are illus-
trated in Fig. 6.
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The reverberation backscattering strength with dif-
ferent seabed substrates and frequencies is illustrated in
Fig. 5. As shown in Fig. 5, the reverberation backscat-
tering strength varies with different substrates, and it in-
creases with the increasing reverberation grazing angle.
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Figure 5. Seabed backscattering strength (unit: dB)
as a function of grazing angle (unit: degrees) for dif-
ferent substrates and acoustic frequency is 2000 Hz
in (a), for different frequencies and the substrate is
clay.
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Figure 6. The reverberation paths received by the
hydrophone at different time periods. (a) Early re-
verberation; (b) Middle reverberation; (c) Late rever-
beration.

In Fig. 6, the dominant reverberation paths contribut-
ing to the received echoes are illustrated for the three tem-
poral intervals. Let ¢; and ¢5 be the demarcation times of
Fig. 6 (a), (b) and (c). Given that the distance of sonar
from the seabed is much smaller than the the sea surface.
t1 Let t; denote the arrival time of reverberation origi-
nating directly from the sea surface at the receiving hy-
drophone, and 5 represent the arrival time of sea-surface-
reflected reverberation after a single interaction. During
the 0 — ¢; interval, the received reverberation predom-
inantly originates from seabed backscattering, shown in
Fig. 6(a). Since interesting targets are located near the
sea surface, this interval generally contains no detectable
targets except for potential objects directly above the hy-
drophone during its final phase. Consequently, reverbera-
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tion within this temporal window exhibits negligible im-
pact on target detection performance. During the t; — to
interval, the reverberation paths are shown in Fig. 6(b).
The reverberation in this temporal window comprises not
only direct-path backscattering from the seabed and sea
surface but also single-bounce reflections involving either
the sea surface or seabed interfaces. During the ¢35 — 0o
interval, the reverberation paths are illustrated in Fig. 6(c).
The reverberation in this temporal window comprises en-
ergetically dominant direct-path and single-bounce re-
flections, as well as weaker contributions from multiple-
bounce multipath reverberation involving repeated inter-
actions with the sea surface or seabed interfaces.

The arrival time delay and arrival angle of deep-sea
reverberation can be calculated using the measured sound
speed profile in conjunction with ray model, and the spe-
cific calculation method can be found in reference [8]. In
order to analyze the multi-path structure of reverberation,
the simulation environment is as follows: The ocean depth
is 3000 m. The monostatic sonar depth is 2900 m. As-
suming that the deep sea is isovelocity and the speed of
sound is 1500 m/s. The sonar emits omnidirectionally,
with a sound wave frequency of 2000 Hz, pulse width
of 0.1 s, and source level of 0 dB. The sea surface wind
speed is 5 m/s, and the substrate is clay. Based on the
Chapman model and the GABIM model, the backscatter-
ing RL received by the receiving hydrophone over time is
calculated, as shown in Fig. 7(a). The multipath reverber-
ation grazing angle varies over time as shown in Fig. 7(b).
The echo grazing angle of a target at a depth of 100 m
at any horizontal position varies over time as shown in
Fig. 7(b). The serial numbers of the reverberation multi-
paths in Fig. 7(b) correspond one-to-one with the rever-
beration paths in Fig. 6(c).

In Fig. 7(a), the RL of seabed backscattering rever-
beration received simultaneously is significantly lower
than that of sea surface backscattering reverberation. The
discrepancy primarily arises from the monostatic sonar’s
proximity to the seabed and distance from the sea sur-
face. The grazing angle of seabed backscattering reverber-
ation decreases significantly faster over time compared to
sea surface reverberation (as shown in Fig. 7(b)). Given
that the backscattering strength of both sea surface and
seabed reverberation decreases with reduced grazing an-
gles, this angular dependence results in the RL of the
seafloor backscatter reverberation is smaller than that of
the sea surface reverberation.

As demonstrated in Fig. 7(a) and (b), the direct sea
surface backscattering reverberation exhibits higher inten-
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Figure 7. Multi-path reverberation structure varies
with arrival delay. (a) The reverberation intensity
varies with time delay; (b) The reverberation pitch
angle varies with time delay (The pitch angle is the
angle between the direction of the incident wave and
the vertical upward normal).
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sity, prolonged duration, and a time-delay-elevation angle
structure closely resembling that of near-surface targets.
Consequently, such reverberation constitutes the domi-
nant interference for active detection and parameter esti-
mation of near-surface targets by deep-sea deployed sonar
systems, owing to its spatial-temporal similarity to target
echoes.

2.4 Deep-sea backscatter reverberation array data
simulation model

The previous text completed the forecast of the deep-sea
reverberation intensity and the spatiotemporal structure of
the arrival based on marine meteorological data and ge-
ographic data, and concluded that sea surface backscat-
tering reverberation is the primary interference affecting
target detection. This section proposes a method for con-
structing reverberation array data by combining marine
meteorological data, oceanographic data, and sonar pa-
rameters.

Assuming that the number of elements in the receiv-
ing array is M, and the coordinate of the m-th element
relative to the reference element is P, = [ps, Dy, 2] "
Traditional reverberation modeling theories include point
scattering models and cell scattering models [9]. The
point scattering model has a clear physical meaning. In
this paper, the reverberation data received by the array is
constructed based on the point scattering model. Under-
water reverberation is the superposition of echoes gener-
ated by the scattering of emitted signals from scatterers
at the sea surface or seabed interface and within the wa-
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ter body, where the point scattering model abstracts the
scatterers contributing to the reverberation into individ-
ual scattering points. Assuming that the waveform of the
transmitted signal is s(¢) and its power is one. The num-
ber of scatterers contributing to the reverberation is /. The
waveform of the reverberation signal received by each el-
ement at time ¢ can be represented as follows

Als[t — ti —T1 (Ql)]
I Ais[t—ti _TQ(Qi)]

n(t) =3 : ,®

Ais[t — ti — TM(QZ)]

where A; is denoted as the amplitude and phase change
of the reverberation scattered by the i-th scatterer to the
receiving array. t; is the two-way echo delay of the i-th
scatterer scattering reverberation to the position of the ref-
erence element. §2; = (6;, ¢;) is the spatial angle at which
the reverberation scattered by the ¢-th scatterer reaches the
array, 6; is pitch angle, ¢; is horizontal azimuth. The
parameters t; and €2; can be calculated using ray theory.
Tm (€2;) denotes the time delay difference of the reverber-
ation scattered by the i-th scatterer arriving at the m-th
array element relative to the reference element. 7,,(2;)
can be calculated as

v;(Q4) = —[sin(8;) cos(g;), sin(6;) sin(e;), cos(0;)]*
() = [0i(Q)] P/ 7
©))
where ¢ is underwater sound speed. A; is a complex num-
ber and can be expressed as

Ai = Jiejwi, (10)

where o; and ; are the amplitude and phase changes
caused by the signal being scattered by i-th scattering
points. As mentioned earlier, the backscatter reverbera-
tion of the sea surface is the main interference, while the
scattering of the reverberation on the sea surface is es-
sentially diffuse scattering [10]. According to the central
limit theorem, the envelope of the reverberation o; satis-
fies the Rayleigh distribution, and ¢; satisfies a uniform
distribution of 0 — 27r. The power of the backscatter rever-
beration received by the array at time ¢ can be calculated
by Eqn. (2) and Eqn. (6), and the power is UI%L. Let the
number of scattering points that contribute to the rever-
beration at time ¢ be L, then the o; corresponding to these
L scattering points generally satisfies the following equa-
tion

aaLzLE(|ol|2)z=1,2--.L. 11

A; can be calculated by Eqn. (10) and Eqn. (11).

(t;,Q;) reflects the spatiotemporal distribution of the
reverberation scattered by the ¢-th scattering point. The
coordinate of the array is p, = [0,0,Zx]T, Zy is the
depth of the array. The coordinate of the i-th scattering
point on the sea surface is p; = [piz, piy, 0] T. If the scat-
tering points are evenly distributed in the detection area,
the maximum value of the horizontal distance of the detec-
tion area is Ryax. Then p;, and p;, are random variables
with uniform distribution of minimum and maximum val-
ues —Ryax and Ry.x, respectively. The arrival time de-
lay ¢; and arrival angle (2; between points p, and p; can
be calculated using the measured sound speed profile in
conjunction with ray model. The flowchart for adding
the reverberation waveform scattered by the ¢-th scatter-
ing point to n(¢) is shown in Fig. 8.

Input Ryax and p,, and call a random function to generate p;

} l

Calculate the distance r between p, and
p; and angle 6; between the ray and sea
surface

Calculate time delay ¢; of reverberation
and angle ©;

l

Calculate 7,,,(€;) according to Eq. (9)

Calculate the mean square value of A;
according to Eq.(2) and Eq.(11)

l l

Call a random function to generate A; Construct reverberation data according
according to Eq. (10) to Eq.(8)

Figure 8. Flowchart for constructing reverberation
data.

3. SIMULATION ANALYSIS

In deep sea, if underwater active detection is performed
as shown in Fig. 1, the sea surface backscattering rever-
beration is the main interference. In this section, the sea
surface backscattering reverberation generated by differ-
ent waveforms will be simulated. Assuming that there is
a ten-element vertical uniform linear array as the receiv-
ing array, and the distance between two adjacent elements
equals half the wavelength of the transmitted signal’s cen-
ter frequency. The reference depth of the array is 3000 m.
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The simulation environment is assumed to be an isospeed
acoustic medium with a sound speed of 1500 m/s, and the
sea surface wind speed is 4 m/s. The sea surface backscat-
tering reverberation echoes are simulated within a hori-
zontal range of 10 km. In subsequent analyses, various
transmit waveforms will be employed to construct the re-
verberation data.

The transmitted waveform is chosen as a Linear Fre-
quency Modulated (LFM) signal, whose analytical ex-
pression is

() = sim(erfot + 72,0 €[0,7],  (12)

where fo = 1.5kHz,, B = 1kHz,T' = 0.4s. Fig. 9 shows
the spectrum of the LFM signal and the time waveform,
time-frequency representation, and amplitude statistical
distribution of reverberation.
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Figure 9. The spectrum and sea surface back

scattering reverberation of LFM transmitted signal.
(a)The spectrum of LFM;(b)Time domain of rever-
beration; (c)Time-frequency domain of reverbera-
tion; (d)Reverberation amplitude statistical distribu-
tion.

The transmitted waveform is chosen as a Pulse Time-
Frequency Modulated (PTFM) signal, whose analytical
expression is

s(t) = sin [2mfo(t = [/T,) Ty) + 74 (t = [t/Ty| Ty)?]
telo,T]’
13)

where fo = 1.5kHz,B = 1kHz,T = 0.4s,7T, = 0.04s.
Fig. 10 shows the spectrum of the PTFM signal and the
time waveform, time-frequency representation, and am-
plitude statistical distribution of reverberation.
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Figure 10. The spectrum and sea surface back
scattering reverberation of PTFM transmitted signal.
(a)The spectrum of PTFM;(b)Time domain of re-
verberation; (c)Time-frequency domain of reverber-
ation; (d)Reverberation amplitude statistical distribu-
tion.

Through analysis of Fig. 9(b) and Fig. 10(b), the
amplitude of sea surface backscattering reverberation
exhibits temporal decay, with decay rates independent
of specific waveforms. Comparative analysis between
Fig. 9(a) vs. Fig. 9(c), and Fig. 10(a) vs. Fig. 10(c) re-
veals that the frequency components of reverberation are
fundamentally consistent with those of the transmitted
signal, and the arrival sequence of reverberation frequency
components matches the emission sequence of the trans-
mitted signal’s frequency components.

As demonstrated in Fig. 9(d) and Fig. 10(d), the am-
plitude distribution of sea surface backscattering reverber-
ation generated by different waveforms adheres to a Gaus-
sian distribution. Since sea surface scattering is gener-
ally diffuse scattering, where no prominent scatterers ex-
ist, amplitude of reverberation follows a Gaussian distri-
bution according to the central limit theorem. Excellent
agreement is observed between theoretical predictions and
simulation results.

Conventional beamforming method is employed to
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draw the Beamforming Time Recording(BTR) of the
sea surface backscattering reverberation generated by di-
verse transmitted waveforms (Fig. 11). Comparative anal-
ysis with Fig. 7(b) and Fig. 11 indicates that sea sur-
face backscattering reverberation exhibits notable spa-
tiotemporal distribution structures, reflecting the spatial-
temporal characteristics of sea surface scatterers. Clearly,
the intensity distribution in BTR displays minimal depen-
dence on the transmitted waveform.
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Figure 11. BTR of diverse transmitted waveforms.
(a)LFM; (b)PTFM.
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4. CONCLUSION

In this work, A reverberation model for deep-sea sur-
face backscattering reverberation is developed by inte-
grating ray theory, Chapman theory and GABIM the-
ory. The analysis of spatiotemporal distribution struc-
tures of reverberation reveals that sea surface backscat-
tering reverberation constitute the dominant interference
source in active detection of near-surface targets, be-
cause of the high intensity, prolonged temporal decay
and similar characteristics of spatiotemporal distribution
with targets. At the same time, A point scattering model-
based method is proposed to synthesize array-received sea
surface backscattering reverberation data. This method
takes into account the relationships between reverberation
data and sonar parameters (waveform, source level, etc.),
oceanographic-meteorological parameters (wave height,
wind speed, etc.), and marine geological parameters (wa-
ter depth, substrate types, sound speed profile, etc.). By
acquiring such environmental information for target sea
areas through oceanographic satellites or other platforms,
and subsequently applying it to the reverberation model-
ing approach, the generated data can be utilized to con-
struct comprehensive datasets and optimize the intelligent
algorithm models for sonar systems. This provides crucial
data for the design of near-seabed sonar systems.
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