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Modeling and analysis of monostatic surface reverberation
intensity under the action of sea surface wind speed in deep water
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Abstract Ocean reverberation is one of the main background interferences of active sonar. When both the transmitting and
receiving transducers are located near the sea surface, the first received reverberation signal is surface reverberation, and the
total reverberation is not affected by the seabed scattering sound field. Considering that the surface reverberation intensity is
affected by the surface wind speed, this paper constructs a two-dimensional (2D) monostatic surface reverberation theoretical
model that introduces the surface undulation environment. Combined with a 3D dynamic surface undulation model based on the
bimodal spectrum of wind waves and swell, the influence of surface undulation under the action of wind speed on the surface
reverberation intensity is studied. The results show that the degree and consistency of surface undulation in the downwind
direction are significantly higher than those in the crosswind direction, resulting in the direction dependence of the re-
verberation intensity. Under high wind speeds, the reverberation intensity in the downwind direction is significantly increased
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by the multipath effect of the undulating sea surface.
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1 Introduction

For active sonar, reverberation, as a random signal with
certain characteristics, is the primary interference source for
target signal detection!'!. Meanwhile, the ocean reverberation
carries rich environmental information, providing an im-
portant basis for parameter inversion, such as sea surface
roughness and bottom geoacoustic properties'™”. In deep
water environments, early reverberation is typically domi-
nated by sea-surface contributions. When the source and re-
ceiver are located between the surface and bottom interfaces,
often closer to the surface, the sea surface reverberation ar-
rives before the seabed reverberation in time after the direct
wave signal, thereby becoming the dominant component.

As a part of ocean reverberation, many studies have been
carried out on sea surface reverberation®™. Schneider”
employed a split-step parabolic wave equation model to cal-
culate surface loss, scattering, and reverberation, and pro-
posed a computation method applicable to range-dependent
environments. Gao er al.''” investigated surface reverberation
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in shallow water caused by a rough surface under different
sea states using coupled mode theory. Qi ef al.!'"! generated
rough sea surfaces using the Pierson—-Moskowitz (PM)
spectrum and compared common roughness scattering the-
ories for sea surface acoustic backscattering at intermediate
frequency range. The results show that different roughness
scattering theories can accurately be predicted only under
specific conditions. Yin et all'"? further used a first-order
small-slop approximation (SSA) to characterize sea-surface
scattering over a wide angular range and derived a surface
reverberation model.

Although significant progress has been made in the
study of reverberation scattering mechanisms and theoretical
modeling, most existing studies still rely on idealized or two-
dimensional (2D) environmental models. Investigations into
3D rough sea surfaces jointly driven by wind waves and
swell, and their impacts on the directional characteristics and
intensity structure of reverberation, remain limited. There-
fore, it is necessary to further develop 3D reverberation
modeling and mechanistic analysis for complex deep water
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environments. The main contributions of this study are
summarized as follows.

The prediction of sea surface undulation based on a
single wind speed parameter was achieved by using wind
speed, significant wave height of wind waves and swell, and
their angle relationships from the public database ERAS,
which is provided by the European Centre for Medium-
Range Weather Forecasts (ECMWF). A 3D dynamic sea
surface undulation model based on the double-peak spectrum
of wind waves and swell was constructed, and the aniso-
tropic characteristics of sea surface reverberation intensity
were studied accordingly.

2 Mathematical model

2.1 Sea surface reverberation modeling

2.1.1 Surface reverberation model

Reverberation is a highly complex acoustic phenomenon
involving propagation, scattering, and multipath effects. It is
extremely difficult to directly perform precise modeling.
Therefore, in order to focus on the main influencing factors
and simplify the analysis, when discussing reverberation,
this paper makes the following basic assumptions about the
relevant physical processes!'*:

(1) Consider the influence of the sound-speed gradient,
the attenuation of spherical waves, and absorption loss of
seawater, and ignore the attenuation caused by other factors;

(2) Scatterers located in a certain area at any instant are
always randomly and uniformly distributed;

(3) Only single scattering is considered, while multiple
scattering among scatterers is neglected;

(4) The received scattered waveform is assumed to re-
main consistent with the waveform emitted by the sound
source.

Based on the aforementioned assumptions, the modeling
and characterization of sea-surface reverberation are discussed.

Sea surface reverberation is mainly caused by the scat-
tering of sound waves by the near-surface bubble layer
formed under the action of wind waves and the undulating sea
surface. A schematic representation of the scattering cell
distribution of monostatic surface reverberation is provided
below. Under wind-wave disturbances, bubbles near the sea
surface are distributed within a water layer of finite thickness.
As shown in Fig. 1(a), the height of the bubble layer is as-
sumed to be H. Considering a monostatic configuration
where the source and receiver are co-located at point O, we
assume that the pulse width of the emission is 7, and the sound
speed is ¢. According to the spherical spreading assumption,
this sound pulse forms a perturbed spherical shell with a
thickness of ¢z in the medium. Consequently, at a certain
moment, the area contributing to the reverberation is a
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spherical frustum-shaped annulus with a height H and a
radial width of ¢z/ 2, as illustrated by the shaded region in
Fig. 1. Here, r denotes the range from the sound source to the
annulus, R denotes the horizontal distance from the sound
source to the inner side of the circular ring of the scattering
layer, / represents the vertical depth from the sound source to
the sea surface scattering layer.

The circular ring gradually moves outward over time,
and its area gradually increases, resulting in a gradual in-
crease in the number of scatterers that produce reverberation.

The circular ring gradually expands outward over time,
and its area increases accordingly. This leads to a gradual rise
in the number of scatterers responsible for generating re-
verberation.

The equivalent plane-wave expression for the sea-
surface reverberation level is

RL = SL—(20lg(r)) + S, + 101g[%r¢ ~2ra, (1)

where RL denotes the equivalent plane-wave reverberation
level, SL denotes the source level, and 20lg(r) represents
spherical expansion loss. S5 denotes the interface scattering
strength, and @ denotes the combined directivity pattern of
the transmitting and receiving transducers. 101g((c7/2)r®)
represents the correction term associated with the scattering
area and transducer directivity. a denotes the acoustic ab-
sorption coefficient in seawater. In the special case of a non-
directional transducer, 101g® = 10lg(2n) = 8.

2.1.2  Sea-surface scattering model

From the equivalent plane-wave reverberation-level
formulation, the interface scattering S; should be obtained
first before calculating the sea surface reverberation level
RL. Therefore, the analysis of sea-surface reverberation can
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Fig. 1 Schematic representation of scattering cell distribu-
tion for monostatic sea-surface reverberation: (a) Side view;
(b) Top view.
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be formulated as the problem of accurately modeling the sea-
surface acoustic scattering process. The SSA can cover all
incident and scattering angles within a single approximation,
offering a broad regime of applicability. Therefore, the
Gaussian SSA (Gauss-SSA) is employed in this work!"*.
In the dynamic air—sea boundary layer, scattering pro-
cesses exhibit considerable complexity. When wave break-
ing is pronounced, scattering from the rough air—sea
interface is superimposed with subsurface bubble scattering.
In the absence of wind and wave agitation, the scattering
strength per unit area of the sea surface can be expressed as

Ss = 101g05urf’ (2)

where the sea-surface scattering cross section per unit area
o.s denotes a physical parameter that characterizes the
scattering behavior of a randomly rough air-sea interface,
which is

2

p
|Qh|QZ

where f denotes the sea-surface boundary condition coeffi-

1, 3

1
Osurf = ‘T

. 2 . .
cient, and f = —4k;'sind, sinf,.

in which 0, and 6, are
the grazing angles of the incident and scattered waves, re-
spectively, and k&, denotes wavenumber, defined as k,=
2nf'/ ¢ (¢ is the average sound speed). O, and Q, represent
the differences between the horizontal and vertical compo-
nents of the incident and scattered wave vectors, respec-
tively, which are determined by the scattering geometry.
I denotes the roughness spectrum integral.

Gauss e al'*! proposed a model for describing the
bubble-layer scattering cross section per unit area oy, based
on a large amount of deep-sea scattering measurement data.

Obub —

2
0.0019d% 1%k 00k2 | 6+3(k2 +h ) +(k2 k) d*

4)
2(1+k2 d?)(1+k2d%)

1+(kv,rkv,s)2d2][1+(kv,i+kv,s)2d2]’

where k. ; = —kysin0,;,. and k, ; = —k¢sinf,.,,. d represents the
attenuation depth of the bubble layer, characterizing the
characteristic depth over which the void fraction within the
bubble cloud decays exponentially with increasing water
depth. This parameter is related to the wind speed U mea-
sured at a height of 10 m above the sea surface, and its value
can be estimated using the following empirical relationship:

0.557-0.117U+0.0109U%, U>7.5m/s,
d=1-0.19509+0.06503U, 3<U<75m/s, (5)
0, U<3m/s.
Therefore, when the contribution of the bubble cloud is taken
into account, a more accurate expression for the total sea-
surface scattering strength per unit area can be written as
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Ss = 1Olg(o-sulrf + Jbub)' (6)

The surface scattering cross section o, is governed by
the parameter /, which depends on the sea-wave spectrum
amplitude parameter A;.

A, is further controlled by the U, as wind-driven pro-
cesses modulate the sea-surface roughness and thereby
affect the value of /. Meanwhile, the U also determines the
attenuation depth d of the bubble layer, which in turn
influences the bubble-cloud scattering cross section oy,

Gauss et al.'"" obtained Ag (1.9 x 107* m3's) and yxz (3.8)

through fitting a large amount of measured data. Using
these empirical parameters, the expression for the surface
scattering strength S, can be further simplified as

Ss = 10104, (U) + 0 (U))- (N

Based on Eq. (7), this study computes the sea-surface
reverberation level and investigates the effects of wind speed
on sea-surface roughness and reverberation intensity.

2.1.3 Element scattering model

Two approaches are commonly adopted for reverbera-
tion modeling, namely the point-scatterer model and the
element scattering model. Compared with the point-scatterer
model, the cell-based formulation exhibits lower computa-
tional complexity and is therefore more broadly applicable in
engineering practice. In this study, the reverberation is si-
mulated using the cell-based scattering model, and the cor-
responding simulation procedure is outlined as follows.

Since the arrival times of sound signals at each scatterer
are different, the arrival times of the scattered echoes gen-
erated by the scatterers at the receiving point are also dif-
ferent. Assuming that the waveform of the scattered echo
signal generated by the scatterer is consistent with the
transmitted signal, the reverberation signal at the receiving
point can be regarded as the result of superimposing the
transmitted signal after different time delays.

In the monostatic surface reverberation model, the
characteristics of different scattering paths are assumed to be
statistically independent. Under the principle of linear su-
perposition, and according to Eq. (1) and the definition of
reverberation, N denotes the number of scattering cells
contributing at time #; the reverberation signal can then be
expressed as Eq. (8) by time-aligning and summing the in-
dividual contributions:

N .
y(t) = Zpripsi X Ss(eri’ esi)x(t - Ti)ew[s (8)
i=1

where pg; denotes the sound pressure amplitude from the
source to the ith scattering cell. p,; denotes the sound
pressure amplitude from that scattering cell to the receiver.
psi and py; all account for reflection and propagation losses.
Ss(6s;, 6;;) denotes the backscattering function. x(¢ — 1;) is


https://www.sciengine.com/CJA

Huang C, et al.

the transmitted signal with a time delay of 7;, where t;
corresponds to the difference between the total acoustic
path from the transmitting and receiving arrays to the
scattering unit and the acoustic path of the reference unit,
that is, the arrival time of the reverberation component. ¢,
is a random phase subject to a uniform distribution.

Scatterers contributing to sea-surface reverberation are
distributed across an annular region of finite thickness cen-
tered at the source. Within the transmit angular range, the sea
surface corresponding to the source—scatterer distance is
discretized into NV, range. The subscript “r” indicates division
according to the range. Due to the non-uniformity and an-
isotropy of reverberation within the receiving fan cause
different scattering intensities in various directions, the
contributing sector is further subdivided into N, segments.
The subscript “a” indicates division according to the angle.
For an individual scattering cell, the sea-surface reverberation
is approximated as the superposition of echoes from N, x N,
scattering elements. Consequently, the total reverberation is
formulated as the aggregate summation of contributions from
a total of NxN, XN, scattering elements across all array
elements:

Y(t) = Y (D), )

I M_‘Z

%>

where Y(#) denotes overall reverberation signal.

u Mz

2.2 Modeling of undulating sea surface

Traditional sea surface models usually assume that the sea
surface undulations follow a Gaussian process. However, due
to the nonlinear wave-wave interactions, the actual sea surface
fluctuations often exhibit non-Gaussian characteristics!' .

2.2.1 3D dynamic sea wave modeling

To characterize sea-surface undulations, a reference plane
(%, y) is first defined, and the height of a point on the surface is
represented as z(x, ). Second, to comprehensively describe
the dynamic characteristics of waves, it is also necessary to
introduce the time dimension to reflect the evolution process
of waves over time. In this context, the Gerstner wave model,
as a classic wave description method, provides an effective
mathematical tool for the simulation of ocean waves.

The wave surface formula of the Gerstner wave model
can be expressed as

z(x, y, t)
= Z ZA cos[ (xcosaderysinadj)—a)dl-t+ﬂij], (10)
where 4;;, k;, 04, ®y;, and Bi; denote the wave amplitude,

wavenumber, direction angle, angular frequency, and
phase, respectively. Based on linear wave theory, the re-

lationship between k; and wy; is given by k= wj/ g, where
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g (g =9.8 m/s?) is the gravitational acceleration. x, y, and ¢
represent the spatial coordinates and time, respectively, and z
denotes the resulting surface elevation. In practical im-
plementations, the direction angle and angular frequency are
discretized, while the remaining parameters are determined
accordingly for different direction angles and angular fre-
quency components!'®,

The instantaneous wave elevation can be obtained by
superposing the amplitudes of component waves with dis-
cretized angular frequencies wgy; and direction angles a4, at
the spatial location (x, y) and time ¢. The subscript “d” re-
presents selecting the center of the divided segment. N and M
denote the number of direction angles and angular frequency
partitions, respectively. The propagation direction angle o is
restricted to [pain — /2, Gmain T /2] and is uniformly dis-
cretized into N bins with an angular spacing of Aa =
n/(N — 1), the bin-center values are taken as ag;. In this study,
the wind-wave direction is used as o, and N is set to 20.

Spectral analysis provides an alternative statistical de-
scription of a wave train. In this approach, the distribution of
wave energy is represented as a function of frequency. Using
a prescribed wave spectrum, the wave amplitude 4;; can be
determined by

Alj = st(wdi’adj)AwAa > (11)

where S(wg;, o) denotes the directional wave spectrum, re-
presenting the wave energy density at angular frequency wgy;
and propagation direction ag,.

2.2.2 Bimodal spectrum of wind waves and swell

The JONSWAP spectrum is obtained by modifying the
PM spectrum, in which the spectral shape is parameterized
by the peak angular frequency w,, and the peak enhancement
factor yt'":

-5

-4
S, (@)= C[wﬂp exp 1.25[%]

.ycxp(f(orwp)z/Zazwpz)’ (12)

c=007, o< w,
(13)

=009, w> w,,
®,=22 5],, (14)

where F' denotes the fetch length that is the distance over
which the wind blows at a constant speed (fixed at 100 km),
U denotes the mean wind speed at 10 m above the mean sea
surface, and the constant C is determined from the significant
swell wave height H; as

-1

5H? 0.925

C = Tgor| 115+0.1688 ~ 75557 | - (15)

p
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The variables used are the significant wave height of the
swells and the wind speed in the fitting between the theoretical
JONSWAP spectrum and the measured swells. Among them,
the spectral peak enhancement factor takes the average value
as a fixed parameter y = 3.3.

A bimodal spectrum was then modeled as the super-
position of two wave systems (wind sea and swell), whose
spectra and peak periods were specified independently; ac-
cordingly, the combined spectrum was expressed as denote
the wind-sea S, (@) and swell S (w) spectra:

S(@) = Sy(@) + S, (). (16)

In realistic marine environments, multiple swell systems
may coexist, comprising both primary and secondary swells.
The primary swell typically exerts the most significant in-
fluence on sea states, as it is characterized by larger wave
heights and longer periods. Consequently, only the combi-
nation of the primary swell and wind-driven waves is con-
sidered in this study.

3 Simulation analysis

3.1 Surface reverberation simulation

3.1.1 Surface reverberation simulation procedure

Based on the deep reverberation model in Eq. (9) pre-
sented above, the simulation procedure for time-domain re-
verberation signals is outlined as follows.

First, the simulation is conducted within a monostatic
transceiver configuration, incorporating essential environ-
mental parameters such as ocean depth, surface roughness
characteristics, and sound speed profiles.

Second, to streamline the computation of reverberation
contributions from individual units, the ocean surface is
discretized into multiple azimuthal sector cells based on the
principles of the cell scattering model. Each cell represents
an ensemble of scatterers, thereby simplifying the calculation
of scattering characteristics and propagation path losses.

Finally, the contributions from these cells are super-
imposed chronologically according to their respective time
delays and convolved with the input acoustic signal to syn-
thesize the final reverberation.

In deep water reverberation research, ray acoustics theory
is typically employed to describe sound propagation due to
the limited number of boundary reflections and scatterings. In
this study, the Bellhop ray model is utilized to describe the
process of sound propagation. The deep water waveguide
environment is shown in Fig. 2.

The number of azimuths is &V, and the vertical displacement
of the rough seafloor at horizontal position 7 relative to the
mean sea level is denoted as H(r). The bottom is modeled as a
semi-infinite homogeneous medium, where c¢,, p,, and a,
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Fig. 2 Deep water waveguide environment.

represent the sound speed, density, and compressional wave
attenuation of the sediment layer, respectively. The subscript
“b” represents the bottom of sea. In deep water regions, silty-
clay sediments are predominant; accordingly, these para-
meters are set to 1600 m/s, 1.8 g/cm®, and 0.1 dB/1. Ray-tra-
cing simulations are conducted for modeling and analysis
based on the Munk sound speed profile. The source frequency
is maintained at 1000 Hz with a source depth / of 1000 m, and
the angular sector for ray calculation is specified as —90°-90°.

3.1.2  Surface reverberation signal simulation results

Numerical simulations were performed to analyze the
time-domain waveforms of sea-surface reverberation under a
monostatic configuration. Both the omnidirectional trans-
mitter and the receiver are positioned at a depth of 1000 m.
To capture the acoustic field parameters, a horizontal line of
10001 virtual receivers is deployed at a depth of 5 m (near
the sea surface), covering a range of 10 km with a spatial
resolution of 1 m. This setup facilitates the acquisition of
grazing angles, arrival times, and transmission losses (TL)
for acoustic beams reaching the surface. When the receiver
spacing is sufficiently dense, the propagation characteristics
and energy levels of rays impinging upon different regions of
a single scattering cell are assumed to be uniform. Under this
assumption, the propagation state of a representative point
can be utilized to characterize the entire scattering facet. The
total intensity at any temporal instance is then derived by
multiplying the response of each scattering element by its
effective area and aggregating these contributions.

Due to the presence of multipath propagation, the
acoustic trajectories from the source to the scatterer and from
the scatterer back to the receiver are not necessarily re-
ciprocal. Consequently, the incident transmission loss TL;
and the scattered transmission loss TL; must be calculated
independently. By incorporating these independent loss
terms, Eq. (1) is reformulated as

RL = SL+S,~TL;~ TL,+ 10lg4 — 2ra. (17)

In this study, the SL is set to 0 dB to facilitate normalized
reverberation intensity calculations. The parameter 4 re-
presents the cumulative area of all contributing scattering
elements at a specific temporal instance; under omnidirec-
tional conditions, this is modeled as an annular region
A=mrc,t. The reverberation level is obtained from this
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Fig. 3 Numerical simulation of sea-surface reverberation under flat surface conditions: (a) CW signal reverberation; (b) LFM signal

reverberation.

formulation, and it is superimposed in the time domain to form
areverberation impulse signal. Subsequently, the time-domain
waveform of the sea-surface reverberation is synthesized by
convolving the impulse response with the transmitted signal.
For simulation, the continuous wave (CW) pulse is set at
1000 Hz, while the linear frequency modulated (LFM) signal
sweeps from 800 Hz to 1200 Hz. Additional parameters include
a sampling frequency of 10 kHz, a pulse width of 5 ms, a
recording duration of 10 s, and an ocean depth of 3600 m.
The numerical simulation results for sea-surface reverbera-
tion under flat surface conditions for both signal types are
illustrated in Fig. 3.

It can be seen that the reverberation time-domain waveform
obtained by transmitting a linear frequency-modulated signal
is clearer and has higher resolution than that obtained by
transmitting a CW pulse signal. Among them, the reverberation
level is expressed as the result after normalization, which is
converted from the amplitude result calculated by Bellhop.
Moreover, all the reverberation level calculations in this
paper adopt the relative unit dB:

RL = 20lg A. (18)

As shown in Fig. 3(a), the direct-scattering reverberation
arrives first at 1.3 s, and it has the highest intensity and the
fastest attenuation. Subsequently, it is the surface re-
verberation that has undergone only one bottom reflection.
Since the bottom depth is greater than twice the source depth,
that is, the sound source is closer to the sea surface, the path
of the sound wave after bottom reflection is longer than that
without bottom reflection. Then, for the same number of
reflections, the more bottom reflections, the later the arrival
time of the scattered echo. Therefore, the sea-surface re-
verberation with surface + bottom reflection and double-
bottom reflection arrives last. Through the above analysis, it
can be concluded that each additional total reflection, espe-
cially the reflection from the interface closer to the sound
source, results in a later arrival of the reverberation, a smaller
peak intensity, and a slower attenuation.

This paper mainly analyzes the reverberation intensity of
the direct scattering path, with a focus on studying the laws of
its intensity peak and time decay. To analyze the relationship
between the signal frequency and the peak reverberation
intensity, a CW signal is selected. The remaining simulation
conditions are the same as above. Only the frequency range of
5004000 Hz is selected, with a frequency interval of 100 Hz.
The changes in the peak reverberation intensity at different
frequencies are observed, as shown in Fig. 4. In a short period,
the reverberation can be approximated as a time-invariant
system. Especially for the propagation channel of direct
scattering, the reverberation can be suppressed based on a
filter under the time-invariant assumption.

In the frequency range from 500 Hz to 4000 Hz, the
variation range of the peak intensity of reverberation is
approximately 10 dB. Since the reverberation characteristics
are affected by factors such as environmental parameters,
sea-surface fluctuations, bottom characteristics, and receiver
movement, they will change over time. Subsequently, by
changing the simulation environment, it can be observed that
there is no fixed correlation or obvious pattern among the
propagation channels of different paths. Even for the same
path, the peak intensity of reverberation also shows sig-
nificant unpredictability.

3.2 Prediction of undulating sea surface waveform

3.2.1 Data preprocessing for wind waves and swell

The region bounded by latitudes from 5°N to 20°N and
longitudes from 105°E to 120°E, where the sea depth ex-
ceeds 1000 m, was chosen as the statistical domain to ana-
lyze the relationships among wind speed, wind waves, and
primary swell. As illustrated in Fig. 5, both primary swell
and wind waves are strongly correlated with wind speed and
increase as wind speed increases. When wind speed is below
8 m/s, the energy of the primary swell exceeds that of wind
waves, indicating that the swell dominates the sea state.
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When wind speed exceeds 8 m/s, the significant wave height
of wind waves increases significantly. As wind speeds ty-
pically range around 5 m/s, and conditions with wind speeds
exceeding 18 m/s are infrequent in most parts of the study
area, this paper primarily focuses on data with wind speeds
up to 18 m/s. The wind speed, wind wave, and swell data
used in this study were derived from the ERAS reanalysis
dataset, with hourly intervals, for the year 2022.

In the simulation of undulating sea surfaces, the total
wave height is influenced not only by the heights of wind

waves and swell but also by the angular relationship between
them. To reduce simulation errors, the directional differences
between wind waves and main swell at different wind speeds
were quantitatively analyzed, as shown in Fig. 6.

Wind waves are primarily driven by wind. As wind
speed increases, wind waves gradually become dominant,
and their direction becomes more aligned with the wind di-
rection, causing the angular difference from the mean wave
direction to decrease from approximately 35° to less than 5°.
By contrast, swell waves are generated by distant winds or
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Fig. 6 Angular differences between wind waves, main swell,
and waves at different wind speeds.

historical wind fields, and their propagation directionis less
influenced by wind speed. The overall wave direction aligns
more with the wind as wind speed increases, while the pri-
mary swell direction may remain mostly unchanged or vary
slightly. This results in an increased angular difference be-
tween primary swell and mean wave direction. Considering
the directional characteristics of wind waves and primary
swell in the study area, the directional difference of the pri-
mary swell is assigned based on the statistical mean of the
black triangles in Fig. 6 when simulating undulating sea sur-
faces at different wind speeds. This ensures that the simulation
results more accurately reflect actual ocean conditions. The
same method is applied to the input parameters for significant
wave heights of both wind waves and primary swell.

3.2.2 Validation of the undulating sea surface model

This section validates the dual-peak spectrum model for
undulating sea surfaces, including both wind waves and swell,
by comparing the simulated significant wave heights at dif-
ferent wind speeds with ERAS statistical data. To calculate the
significant wave height, a 500 m x 500 m simulation area was
defined. Data from this area were collected at 10-s intervals.
During a 15-min period, the 100 largest wave heights were
recorded. After sorting, the average of the top 33 was taken as
the significant wave height. The results of the comparison are
presented in Fig. 7. At low to moderate wind speeds, the
model slightly overestimates the statistical mean. In contrast,
empirical estimates of the significant wave height of wind
waves, excluding the contribution from swell, are significantly
lower than the significant wave height of total waves. The
overall increasing trend of the model’s significant wave height
with wind speed aligns well with the observed data. The
model demonstrates particularly strong performance at high
wind speeds, with a small mean absolute error.

The Beaufort wind scale was employed to describe and
categorize sea surface conditions. The significant wave
heights were statistically analyzed for each wind speed in-
terval, as shown in Table 1. The simulated significant wave
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height results exhibit a small mean absolute error compared
to the observed data within the wind speed range of 18 m/s,
demonstrating that the bimodal wave spectrum model for
wind and swell waves exhibits high adaptability to surface
roughness.

3.3 Analysis of surface reverberation

3.3.1 The non-directional surface reverberation intensity

In this section’s simulation process, based on the po-
sitive correlation between sea surface undulation and wind
speed, different sea states were generated by adjusting wind
speed conditions. The significant wave heights of wind
waves and swell, along with their angular separation para-
meters, were predicted using the deep-water ocean data
described in the previous section. These predicted values
served as standardized inputs. This approach effectively
captures the characteristics of undulating sea surfaces under
varying wind speeds. As a result, changes in wind speed

[ ERAS
5F —— Simulation 1
—— Empirical formula

Average significant wave height (m)

Fig. 7 Validation of simulated significant wave heights by
the undulating sea surface model.

Table 1 Statistical and modeled mean values of significant
wave height based on the Beaufort wind scale

Wind force Wind speed Minimum Mean Maximum Simulated

(m/s) mean

0 (Calm)  0-02 0 01573  3.6394  0.0065

| (Light air) 03-1.5 00601  0.6431 58385  0.8826

2(Light ) 53 00672 07313 62063 09074
breeze)

3@Gentle 5 ) 54 01513 09279 65539 1.0291
breeze)

4 Moderate 55 55 (o499 13204 70011 1.8798
breeze)

S(Fresh g0 107 05068 19889  7.0390 22087
breeze)

6(Strong ¢ 138 09484 30855 73940  3.0919
breeze)

7 (Near gale) 13.9-17.1  1.9870 44245  8.1435  4.1030

8 (Gale) 172207 3.1680 59073 83797  4.5201
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Fig. 8 Variation of reverberation peak and reverberation after 1-s decay with wind speed in an undulating sea surface: (a) Reverberation peak;

(b) Reverberation after 1-s decay.

directly determine the input parameters for both the 1D
numerical model of the undulating sea surface and the
small-slope scattering model. Based on the principles of the
small-slope scattering model, the influence of undulating
sea waves on sea surface reverberation can be derived,
enabling further analysis of its underlying mechanisms.
The influence of undulating sea surfaces due to wave
action on sea surface reverberation was analyzed, focusing
on two aspects: reverberation peak intensity and decay
rate. The dynamic 3D undulating sea surface was divided
into 8 directions and 10 time intervals. The signals from
eight directions are superimposed and synthesized at the
signal level for non-directional analysis. In addition, while
keeping the same initial sea state conditions, modify the
time and continuously obtain the heave data at an interval
of 30.1s. That is, repeat the experiment 10 times. The
peak value of the reverberation signal P, ; as extracted for

each of the ten realizations, and the mean peak value P, as
calculated across the ten trials, Plz(zglPl’i)/lO, re-
corded as the reverb peak. In addition, for each of the ten
realizations, the peak reverberation value P, ; within a
10-ms time window starting 1 s after signal decay was
extracted. The mean of these attenuated reverberation
peak values P, was then calculated across the ten reali-

zations P, = (le():l P, ;) /10 and hereafter referred to as the

1-s delayed reverberation level. Finally, the simulation
results showing the variations in reverberation peak in-
tensity and reverberation value after 1-s decay with wind
speed are presented in Fig. 8. The reverberation intensity
is represented in relative units.

The reverberation peak intensity initially increases and
then decreases with wind speed, reaching its maximum at
approximately 10 m/s, followed by a gradual decline. In
contrast, the reverberation decay rate |P,—P| decreases
monotonically as wind speed increases. Additionally, the
significant inherent randomness of the initial ocean state may

cause reverberation intensities at similar wind speeds to
exhibit fluctuations and errors. Fitting curves to the data can
more clearly reveal the variation patterns of reverberation
peak intensity and decay rate with wind speed.

3.3.2 Anisotropy of surface reverberation

Introducing an undulating sea surface environment,
characterized by the combination of wind waves and swell,
induces anisotropic properties in the direct-scattering sea
surface reverberation. Specifically, the received reverbera-
tion intensity exhibits variations with azimuth and is influ-
enced by the wind direction.

To distinguish between downwind and crosswind sea
surface reverberation, it is necessary to perform multiple
convolution calculations separately for each specific di-
rection. Following the same computational approach as N x
2D method, the partitioned intervals are assigned to either
the downwind or crosswind directions. Specifically, for a
given wind direction on the undulating 3D sea surface, a
sector spanning +15° in both clockwise and counter-
clockwise directions, corresponding to a total angular
range of 30°, is defined. Undulating sea surface samples
are collected within this sector at 5° intervals. The results
from the seven sea surface samples are combined at the
signal level and averaged over ten time segments. Finally,
the variations in the reverberation peak and its decay after
1 s with wind speed under different wind directions are
obtained, as shown in Fig. 9.

Considering 10 m/s as the threshold wind speed, the
difference in reverberation intensity between the down-
wind and crosswind directions is negligible below this
threshold, falling within the expected error range. When
the wind speed exceeds the threshold, the sea surface
waves become more coherent, forming a relatively regular
wave structure. This coherence results in more consistent
acoustic reflection from the sea surface, with energy be-
coming better synchronized both temporally and spatially,
thereby increasing the peak reverberation intensity. This
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Fig. 10 Changes in the reverberation after 1-s decay as a function of wind speed under downwind and crosswind undulating sea surface

conditions: (a) Downwind; (b) Crosswind.

enhancement is particularly pronounced in the downwind
direction. A similar trend is observed in reverberation de-
cay, as shown in Fig. 10. In comparison to Fig. 8, the
reverberation intensity after 1 s of decay shows an overall
increase of approximately 5 dB.

4 Conclusion

In this paper, a sea surface reverberation model under the
condition of an undulating sea surface is first established.
Aiming at the anisotropy of sea surface reverberation, the
environmental variables of surface undulation are in-
troduced, and a bimodal wave spectrum of wind waves and
swell is constructed. Combined with the bimodal wave
spectrum, a numerical simulation of 3D surface reverbera-
tion under undulation is realized. Then, the N x 2D method is
used to calculate the surface reverberation intensity. The
differences between the downwind direction and the cross-
wind direction are analyzed emphatically. The simulation
results show that the sea surface undulation makes the sea
surface reverberation start to fluctuate and causes a small

increase in the peak intensity. When the wind speed exceeds
10 m/s, due to the multi-path non-coherent superposition
effect caused by the synchronous undulation of waves, the
peak intensity of reverberation under the downwind and
upwind conditions is significantly higher than that under the
crosswind condition, which demonstrates the anisotropic
characteristics of sea surface reverberation on the sea surface
undulation.
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