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Abstract

The dispersion and polarization characteristics of Scholte waves excited by acous-
tic sources in shallow water are of significant importance for target detection, yet
current understanding of Scholte waves generated by impulsive and continuous
point sources remains insufficient. This study investigates Scholte waves excited
by these two source types using normal mode theory and a time-domain finite el-
ement model combined with wavelet transform. First, based on a shallow-water
acoustic field model with a semi-infinite elastic seabed, the dispersion character-
istics of Scholte waves are analyzed using normal mode theory, demonstrating
that dispersion phenomena exist under both hard and soft seabed conditions.
Subsequently, the dispersion of Scholte waves and the polarization characteris-
tics of particle motion trajectories excited by impulsive and continuous sources
are explored using a time-domain finite element model combined with wavelet
transform. The results indicate that, from a time-frequency analysis perspec-
tive, Scholte wave dispersion can be observed for both source types in hard
seabed environments. For continuous sources, Scholte wave dispersion can be
observed in soft seabed conditions, whereas for impulsive sources, the disper-
sion phenomenon is difficult to observe. Regarding polarization characteristics,
the ellipticity of Scholte waves excited by impulsive sources first decreases and
then increases, while remaining stable under continuous sources. Scholte waves
excited by impulsive sources are dominated by vertical vibration in hard seabed
conditions. Scholte waves excited by continuous sources are dominated by ver-
tical vibration in hard seabed conditions and by horizontal vibration in soft
seabed conditions. These findings can provide a preliminary basis for detecting
impulsive and continuous acoustic sources in shallow water.
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Abstract: The dispersion and polarization characteristics of Scholte waves ex-
cited by sound sources in shallow seas are of great significance for target detec-
tion. However, current understanding of Scholte waves excited by pulsed and
continuous point sound sources remains insufficient. This study investigates
Scholte waves excited by these two types of sources using normal mode theory,
time-domain finite element modeling, and wavelet transform. First, based on
a shallow-water semi-infinite elastic seabed acoustic field model, the dispersion
characteristics of Scholte waves are analyzed using normal mode theory, reveal-
ing that dispersion phenomena exist for Scholte waves under both hard and soft
seabed conditions. Then, a time-domain finite element model combined with
wavelet transform is employed to investigate the dispersion and polarization
characteristics of particle motion trajectories for Scholte waves excited by pulsed
and continuous sources. The results show that, from a time-frequency analysis
perspective, dispersion of Scholte waves can be observed for both source types
under hard seabed conditions. For soft seabeds, dispersion can be observed for
continuous sources but is difficult to detect for pulsed sources. Regarding polar-
ization characteristics, the ellipticity of Scholte waves excited by pulsed sources
first decreases and then increases, whereas it remains stable under continuous
excitation. Scholte waves excited by pulsed sources exhibit predominantly ver-
tical vibration under hard seabed conditions. For continuous sources, Scholte
waves show vertical vibration under hard seabeds but horizontal vibration un-
der soft seabeds. These findings provide a preliminary basis for detecting pulsed
and continuous sound sources in shallow seas.
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Introduction

With advancements in vibration and noise reduction technology, the radiated
noise from ships and underwater vehicles continues to decrease, making their
detection and localization increasingly reliant on low-frequency signals. When
operating in shallow sea environments, the vibrations, noise, and water dis-
turbances they generate propagate through seawater as pressure waves to the
seabed, inducing seismic wave fields that travel along the liquid-solid interface—
known as Scholte waves [1]. Compared with primary arrivals and shear waves,
Scholte waves attenuate slowly during propagation, making their long-distance
propagation characteristics promising for remote target detection.

Understanding Scholte wave characteristics is crucial for target detection appli-
cations. Like acoustic waves, Scholte waves carry target position information [2-
3], and their phase velocity is key to obtaining such information. Furthermore,
seabed shear wave velocity can be inverted through Scholte wave dispersion
characteristics [4-5]. Therefore, studying Scholte wave properties is important
for both target detection/localization and seabed medium parameter inversion.

Domestic and international scholars have investigated Scholte waves excited
by pulsed sound sources through experiments, theoretical analysis, and numer-
ical simulations. Experimentally, Ewing et al. [6] conducted propagation ex-
periments with explosive pulses in shallow water environments and received
seafloor seismic waves from underwater explosions, though they did not specif-
ically analyze Scholte wave characteristics. Rauch [7] derived the existence of
Scholte waves at the interface between a uniform semi-infinite fluid medium and
a semi-infinite elastic medium, and obtained propagation patterns and particle
motion trajectories through underwater pulse explosion experiments. Shao et
al. [8] used pulsed source experiments to identify Scholte waves extracted via 7-p
transform using matching pursuit and Wigner transform, accurately extracting
frequency, velocity, and energy parameters, but without further characteristic
analysis. Theoretically, Vinh [9] derived the dispersion equation for Scholte
waves at fluid half-space and isotropic elastic half-space interfaces using com-
plex function methods, proving their uniqueness. Zhu et al. [10-11] established
a semi-infinite elastic seabed Scholte wave model and extended it to layered
seabeds, analyzing dispersion characteristics, particle motion trajectories, and
displacements. Numerically, Flores-Mendez et al. [12] used the indirect bound-
ary element method to study numerical models of Scholte waves excited by
pulsed sources in time and frequency domains, confirming their existence and
propagation. Wang et al. [13] established a time-domain numerical calculation
model for low-frequency acoustic fields in shallow water full waveguides under
pulsed sources, analyzing propagation mechanisms and characteristics. Zhao et
al. [14] simulated underwater acoustic fields excited by pulsed sources using LS-
DYNA, analyzing excitation mechanisms and particle trajectories, and applied
the method to separate Scholte waves from complex wavefield signals.

For Scholte waves excited by continuous sources, Tomar et al. [15] studied ve-
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locity tomography of continuously excited Scholte waves, obtaining average dis-
persion curves through Monte Carlo inversion. Wang et al. [16] verified the
accuracy of wave type discrimination and polarization parameter calculation in
the time-frequency domain through continuous source experiments and polar-
ization analysis.

Research on particle motion trajectory polarization characteristics of Scholte
waves has focused primarily on pulsed sources. Zhao [17] used polarization
analysis to distinguish Scholte waves from direct acoustic waves (seismic waves
traveling directly from the source to seafloor receivers) in wavefields excited by
pulsed sources, then obtained time delay differences using correlation methods
to derive target distance information. Lu et al. [18] used polarization analysis
to distinguish effective seismic signals from noise. Huang et al. [19] developed a
time-frequency domain instantaneous polarization analysis method based on the
generalized S-transform, which provides more accurate identification than tra-
ditional time-domain methods. Han [20] applied polarization characteristics of
ship seismic waves to line spectrum detection for surface vessels, demonstrating
significance for long-range detection.

Current research predominantly addresses dispersion and polarization character-
istics of Scholte waves excited by pulsed point sources, with insufficient inves-
tigation of continuously excited Scholte waves. However, radiated noise from
actual underwater targets is primarily continuous. This study establishes a
shallow-water semi-infinite elastic seabed Scholte wave model, derives the dis-
persion equation for shallow seabed Scholte waves based on normal mode theory,
and analyzes dispersion characteristics under hard and soft seabed conditions.
Time-domain finite element models are applied to simulate Scholte waves excited
by both source types, analyzing dispersion and polarization characteristics of
particle motion trajectories.

1. Dispersion Characteristics of Shallow Seabed Scholte
Waves

A shallow-water layered Scholte wave model is established as shown in [FIG-
URE:1], where H represents seawater depth, ; is seawater density, ¢; is sound
speed in seawater, , is seabed density, ¢ is longitudinal wave velocity, and c
is shear wave velocity. In Cartesian coordinates, ¢, denotes the displacement
potential function in the seawater layer, while ¢, and ¢, represent longitudi-
nal and shear wave displacement potential functions in the shallow semi-infinite
elastic seabed, respectively.

The displacement potential functions in seawater and elastic seabed satisfy the
following wave equations [21]:

¢y 0@, 0%,
o2’ otz o2
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Since the seawater surface is a pressure-release boundary and the elastic seabed
satisfies radiation conditions at infinity, the general solutions for each potential
function are:

¢ = 2Asinh(kg, ) zetke—wt)
¢1 — Be—kilzei(kx—wt)

¢2 — Cefkftzei(szwt)
where A, B, and C are coefficients for each potential function; = y(1 - c¢?/c?)
fori= 1,1 t; w = 27f; k = w/c; f is source frequency; and k is wavenumber.

From the relationship between particle displacement and potential functions:

00y, 0% 06 00 09 0

Ya= 3 YT T g 9z 7 B2 Ox

where w represents horizontal displacement, v represents vertical displacement,
subscript a denotes seawater, and subscript b denotes elastic seabed.

At the liquid-solid interface, boundary conditions require continuity of normal
stress and normal displacement, with zero tangential stress [22]:

_ a _ b b _
Vg = Ups 02z = Ozzs g =0

where o{zz} represents normal stress and o{xz} represents tangential stress.
Stress components expressed in terms of particle displacement are:

T2z = or 0Oz Maz

(2
Toz = H 0z Oz

where A and are Lamé constants; in seawater \; = ;¢;2, ; = 0; in seabed ),

_ 2 _ 2
+2,5= 5c% 5= 5c~.

Substituting equations (2), (3), and (5) into (4) yields:
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From these, the characteristic equation is obtained:

(2 02 1 —02/01
; 2Ct 1*02/6

This is the dispersion equation for the shallow-water semi-infinite elastic seabed
acoustic field model. Numerical calculations are performed for point source-
excited Scholte waves under hard and soft seabed conditions, with specific pa-
rameters listed in .

1.1 Hard Seabed Medium

Using basalt as a hard seabed medium (¢ > ¢ ) with 50 m water depth, basalt
parameters are substituted into dispersion equation (7) to obtain the Scholte
wave dispersion curve shown in [FIGURE:2].

[FIGURE:2| shows that seabed seismic waves include Scholte waves and normal
modes. Scholte wave velocity decreases with increasing frequency. As source
frequency approaches 0 Hz, Scholte wave propagation tends toward Rayleigh
waves (waves at air-solid interfaces). Since the tanh term approaches zero,
equation (7) reduces to:

2 2 2 2
(2—2) —a1=51-5 =
c ¢ c

This is the Rayleigh equation, whose solution gives Rayleigh wave velocity—
frequency-independent and thus non-dispersive. For source frequencies above
40 Hz, Scholte wave velocity stabilizes with increasing frequency. Here the tanh
term approaches 1, and equation (7) becomes:

2 2
(2— —4 1- £ 1—i—plc =0
& i pact

The solution becomes frequency-independent, and Scholte wave propagation
approaches Stoneley waves (waves at solid-solid interfaces) without dispersion
characteristics.
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The figure also shows that first- and second-order normal modes are excited at
frequencies above 15 Hz and 39 Hz, respectively, indicating propagating nor-
mal modes at the horizontal elastic seabed interface with velocities slower than
seabed shear wave speed but faster than seawater sound speed. At cutoff fre-
quencies, velocity approaches seabed shear wave speed, and normal mode veloc-
ity also decreases with frequency, demonstrating dispersive behavior.

1.2 Soft Seabed Medium

Using moraine as a soft seabed medium (¢ < ¢ ),
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Figure 8 Funnel plot of postoperative complications
Figure 1: Figure 3

shows the Scholte wave dispersion curve under soft seabed conditions for 50
m water depth. Scholte wave velocity decreases with increasing frequency.
As source frequency approaches 0 Hz, velocity tends toward Rayleigh waves,
stabilizing for frequencies above 5 Hz. Unlike hard seabeds, no normal mode
dispersion occurs in soft seabeds because when phase velocity exceeds shear
wave speed, only complex roots exist in the dispersion equation, causing normal
modes in seawater and elastic seabed to attenuate with distance. Therefore,
normally propagating normal modes do not exist in soft seabeds.

Figures 2 and 3 demonstrate that Scholte waves exhibit dispersion only in
very low frequency bands, showing normal dispersion under both hard and soft
seabed conditions, with velocity decreasing as frequency increases.
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2. Simulation Model for Seabed Scholte Waves Excited by
Sound Sources

2.1 Simulation Model

A seabed Scholte wave field finite element model is established using COMSOL
multiphysics coupling software. The model comprises seawater and seabed sec-
tions using the acoustic-structure interaction time-domain module. Seawater
employs pressure acoustic elements, the seabed uses solid mechanics elements,
and the seabed interface is an acoustic-structure coupling boundary. A soft
sound field boundary is set at the seawater surface, perfectly matched layers
(PML) serve as absorbing boundaries on seawater sides, and low-reflection damp-
ing boundaries are applied to seabed sides and bottom. Water depth is 50 m,
horizontal distance 1,500 m, and seabed depth 300 m. To reduce computa-
tional load, a 2D axisymmetric model simplifies the 3D problem, as shown in
[FIGURE:4].

The pulsed source uses a low-frequency Ricker wavelet with 30 Hz dominant
frequency [23], with waveform shown in [FIGURE:5].

2.2 Polarization of Seabed Scholte Waves

Polarization is characterized by ellipticity, which relates to the ellipse’s major
and minor axes. This study employs ellipticity to analyze polarization charac-
teristics of Scholte wave particle motion trajectories.

Let 1; be the sum of distances from any point on the ellipse to its two foci, used
as an optimization parameter. For actual ellipse points:

n—1

b= Z Vi —a)?+ (y; — b)2 + (2, — ay)? + (y; — by)?

i=1

where (x, y ) are coordinates on the ellipse, and (a;, by) and (a,, b,) are the
foci.

Variance is defined as:

§2 =3 (1-1,)?

where n is the total number of coordinates on the ellipse. Numerical simulation
results optimize for minimum variance of 1. Using the ellipse property 1 = 2a
(where a is constant), the semi-major or semi-minor axis is obtained, and the
other axis is derived from the focal length relationship. Ellipticity is then:

e = tarctan(b/a)
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where b is the semi-minor axis and a is the semi-major axis. Higher ellipticity
values indicate more circular ellipses, while lower values indicate flatter ellipses.
Thus, ellipticity characterizes Scholte wave particle motion trajectories, enabling
investigation of polarization variation patterns.

3. Simulation Results and Discussion
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Surface wave
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Figure 2: Figure 6

shows horizontal waveform curves at the fluid-solid interface 600 m from the
source. To verify simulation accuracy, [FIGURE:7] presents seismic signal time-
domain waveforms from reference [24]. Experimental results show P-waves,
waterborne acoustic waves, S-waves, and surface waves—consistent with wave
components obtained in this study. The simulation waveforms align well with
experimental data, though waterborne acoustic signals are strongest in experi-
ments due to greater energy and lower attenuation in real marine environments,
plus multipath effects causing acoustic wave concentration. These results pre-
liminarily validate the simulation.

Based on basalt parameters (P-wave velocity 4,500 m/s, S-wave velocity 1,900
m/s), P- and S-waves should arrive at 0.13 s and 0.32 s, respectively. Equation
(7) yields a Scholte wave velocity of 1,448 m/s, corresponding to arrival at 0.41
S.

chinarxiv.org/items/chinaxiv-202511.00033 Machine Translation


https://chinarxiv.org/items/chinaxiv-202511.00033

0.1

Amplitude/V
o

Water sound wave

Transverse wave

Surface wave

2 4
Time/s

Figure 3: Figure 6
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shows significant waveform differences around 0.54 s. The figure reveals arrays
of P-waves, S-waves, and Scholte waves, with P-waves having the smallest hor-
izontal velocity amplitude, followed by S-waves, and Scholte waves the largest.
With increasing detection distance, Scholte waves attenuate slowest, offering
potential for long-range target detection.

3.1 Dispersion and Polarization Characteristics of Scholte Waves Ex-
cited by Pulsed Sources Under Hard Seabed

Using basalt as the seabed medium, Scholte wave dispersion and polarization
are analyzed. The pulsed source employs a 30 Hz Ricker wavelet.

For time-frequency analysis of pulsed source-excited Scholte waves, wavelet
transform of the horizontal component yields the spectrogram in [FIGURE:§],
where color intensity represents velocity amplitude (m/s), indicating signal
strength variations across time and frequency. The highlighted region repre-
sents Scholte waves, whose frequency increases over time, stabilizing after 0.54
s—consistent with waveform differences observed in
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Amplitude/V
)
3
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Figure 4: Figure 6

This confirms that pulsed source-excited Scholte waves exhibit dispersion
under hard seabed conditions; higher frequencies propagate slower, indicating
that lower frequencies facilitate Scholte wave propagation.
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Normalized horizontal and vertical waveform data from 0.41-0.54 s reveal
Scholte wave polarization characteristics ([FIGURE:9]). The particle motion
trajectory forms a counterclockwise ellipse [2], consistent with Scholte wave
polarization properties and further validating result accuracy. Since Scholte
wave polarization differs from P- and S-waves, polarization properties can
distinguish Scholte waves from other wave types for further characteristic
analysis.

3.2 Dispersion and Polarization Characteristics of Scholte Waves Ex-
cited by Pulsed Sources Under Soft Seabed

Using moraine as the seabed medium while keeping other conditions constant,
[FIGURE:10] shows horizontal waveforms at 600 m from the source. With
moraine parameters (P-wave 1,950 m/s, S-wave 600 m/s, water sound speed
1,500 m/s), P-waves arrive at 0.31 s, direct acoustic waves at 0.4 s, S-waves at
1.0 s, and Scholte waves (velocity 532 m/s from equation (7)) at 1.12 s. Unlike
hard seabeds, the sequence shows P-waves, direct acoustic waves, S-waves, and
Scholte waves, with direct acoustic waves having the largest horizontal velocity
amplitude and Scholte waves the smallest—indicating that soft seabeds are less
favorable for Scholte wave excitation.

Wavelet transform of the horizontal component yields the spectrogram in [FIG-
URE:11]. The highlighted region shows direct acoustic waves, which domi-
nate over weak Scholte wave signals, making dispersion phenomena difficult to
observe—demonstrating that soft seabeds hinder observation of pulsed source-
excited Scholte wave dispersion.

3.3 Dispersion and Polarization Characteristics of Scholte Waves Ex-
cited by Continuous Sources Under Hard Seabed

Using basalt as the seabed medium, a 30 Hz sinusoidal wave serves as the
continuous source [23].

For dispersion characteristics, [FIGURE:12] shows the spectrogram from wavelet
transform of the horizontal component at 600 m from the source. Due to con-
tinuous excitation, Scholte waves at the fluid-solid interface are persistently
generated. Before 2.5 s, various acoustic waves superimpose; after 2.5 s, Scholte
waves stabilize. Scholte waves exhibit a cutoff frequency, with propagation
velocity decreasing as frequency increases before stabilizing—consistent with
theoretical dispersion characteristics. This confirms that continuously excited
Scholte waves show dispersion that can be continuously observed.

[FIGURE:13] shows particle motion trajectories at 600 m, revealing stable coun-
terclockwise elliptical motion. Ellipticity variation over time is shown in [FIG-
URE:16] (hard seabed). Continuous excitation maintains stable ellipticity,
while pulsed excitation shows initial decrease followed by increase. Because
Scholte waves are continuously generated at the interface, ellipticity eventually
stabilizes under continuous sources, whereas pulsed sources exhibit decreasing

chinarxiv.org/items/chinaxiv-202511.00033 Machine Translation


https://chinarxiv.org/items/chinaxiv-202511.00033

ChinaRxiv [f)]

then increasing ellipticity as Scholte waves attenuate. These differences provide
preliminary criteria for detecting the two underwater source types.

3.4 Dispersion and Polarization Characteristics of Scholte Waves Ex-
cited by Continuous Sources Under Soft Seabed

Using moraine as the seabed medium, [FIGURE:14] shows the spectrogram at
600 m from the source. Compared with hard seabeds, Scholte waves stabilize
earlier because soft seabeds generate weaker signals with less fluctuation, reach-
ing stability faster over time. Since Scholte wave signal strength is comparable
to direct acoustic waves, dispersion can be continuously observed in the spec-
trogram.

[FIGURE:15] shows stable counterclockwise elliptical particle motion trajecto-
ries at 600 m, with larger ellipticity than under hard seabed conditions. Ellip-
ticity variation is shown in [FIGURE:16] (soft seabed).

Based on particle motion trajectories, Scholte waves under hard seabeds exhibit
predominantly vertical vibration for both source types, while under soft seabeds,
continuously excited Scholte waves show horizontal vibration—facilitating hor-
izontal propagation.

Conclusions

This study investigated dispersion and polarization characteristics of Scholte
waves excited by pulsed and continuous point sources in shallow seas. Based on
normal mode theory, dispersion characteristics were analyzed, and time-domain
finite element modeling combined with wavelet transform examined dispersion
and polarization of particle motion trajectories. Main conclusions are:

1) In the shallow-water semi-infinite elastic seabed model, Scholte waves can
be excited under both hard and soft seabed conditions, exhibiting disper-
sion phenomena.

2) Under hard seabeds, dispersion is observable for both source types in
spectrograms. Under soft seabeds, direct acoustic waves dominate over
weak Scholte wave signals, making pulsed source-excited Scholte wave
dispersion difficult to observe, while continuous source conditions allow
dispersion observation due to comparable signal strengths.

3) Particle motion trajectories differ significantly between source types:
pulsed sources produce ellipticity that first decreases then increases, while
continuous sources maintain stable ellipticity. This difference provides
preliminary criteria for detecting the two underwater source types. Under
hard seabeds, both source types generate vertically dominated Scholte
waves, whereas under soft seabeds, continuously excited Scholte waves
are horizontally dominated, favoring horizontal propagation.
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