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Introduction: The seafloor is an important interface between the lithosphere and
the hydrosphere, where processes related to circulation and energy exchange
happen along with various marine processes widely developed in the water
column near the seafloor. These processes are still not yet completely
understood as there are constraints of submarine detection technology and
the interdisciplinary nature of these complex environments. Seismic reflection
data have been a preferable tool to study and image these processes due to their
characteristics in terms of spatial resolution. In seismic reflection data, submarine
sand waves show hair-like reflection configurations with low continuity and
wearing-hair style, appearing with an angle with the seafloor. Investigation of the
relationship between the characteristics of submarine sand waves induced hair-
like reflection configuration and hydrodynamics is crucial for understanding hair-
like reflection configuration generation and spatiotemporal evolution.

Methods: This study combines fluid dynamics numerical simulation and seismic
oceanography to discuss the seismic response characteristics and formation
mechanisms of the hair-like reflection configuration. First, we create a seawater
time-variant fluid-dynamical model followed by the numerical simulation of
seismic oceanography data. This procedure results in seismic oceanography
numerical simulation sections with hair-like reflection configurations for
different constant flow conditions forced on the boundary. Optimal matching
method is then applied to interpret field seismic reflection sections given the
results obtained with the numerical experiments.

Results and discussion: As consequence, the fluid dynamic explanation for the
formation mechanism of the hair-like reflection configuration due to differences in
seawater thermohaline is proposed. The study provides additional comprehension
and further insights into the dynamic process of submarine sand waves induced
hair-like reflection configuration using the seismic oceanography method.
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1 Introduction

The seafloor, as interpreted as the intersection between the
lithosphere and the hydrosphere, is where substance circulation and
energy exchange take place (Shaw et al., 1996; Fang and Hao, 2019;
Qian et al., 2022). This region is also a significant interdisciplinary
research field for both physical oceanography and marine geology
due to, for example, the interaction between submarine topography
and multiscale ocean dynamics; the effects of turbidity and ocean
bottom currents; cold seep and hydrothermal activity; biology; and
marine sedimentary processes. Nevertheless, it is challenging to
continuously observe and study dynamic processes happening close
to or at the seafloor (Perlin et al., 2005; Jazi et al., 2020). Chen et al.
(2016) defined various marine processes widely developed in the
water column near the seafloor as “seafloor processes,” including
seabed fluid flow, sedimentary processes, tectonic processes,
biological processes, and submarine dynamic processes, which
cannot be studied intensively due to the constraints of submarine
detection technology and interdisciplinary nature. Seafloor
processes have been subject to intensive research about their
horizontal scale and the location of the oceanic bottom boundary
to get a systematic understanding of the evolution of the seafloor.

Compared with traditional geophysical methods of seafloor
survey, seismic oceanography can image not only oceanographic
phenomena in seawater, but also the important marine processes
happening near the seafloor (Song et al., 2021a). Seismic
oceanography (Holbrook et al., 2003) has been applied to study
various oceanographic phenomena, including fronts (Holbrook
et al, 2003; Tsuji et al, 2005), water mass boundaries (Nandi
et al, 2004), mesoscale eddies (Biescas et al., 2008; Ménesguen
et al., 2009; Song et al., 2009; Pinheiro et al., 2010; Quentel et al.,
2010; Tang et al.,, 2014), internal waves (Holbrook and Fer, 2005;
Krahmann et al, 2008; Song et al, 2009; Song et al., 2021b),
submesoscale processes (Sallares et al., 2016; Tang et al.,, 2020;
Yang et al., 2021), and seafloor processes (Vsemironva et al., 2012;
Chen et al., 2016; Chen et al,, 2017; Chen et al., 2018; Geng et al.,
2019; Yin et al., 2021). More recently, seismic reflection studies have
now been used to look at the evolution of marine processes over
time (Dickinson et al., 2020; Gunn et al., 2020; Zou et al., 2021;
Dickinson and Gunn, 2022). Seismic oceanography has been used
to preliminarily analyze some significant images of fluid-solid
interactions near the seafloor, such as submarine sand waves
induced hair-like reflection configuration (Chen et al., 2016). The
seismic images of submarine dynamic processes are of considerable
significance, but identified phenomena have been simply analyzed
and interpreted from a qualitative perspective, without detailed
quantitative modeling to study the origin of the seismic response
and the dynamic processes. Nevertheless, the relevant preliminary
results have demonstrated that statistical models and numerical
simulation can be jointly applied in the quantitative calculation of
seismic oceanography (Huang et al., 2018; Chen et al., 2020).
However, the currently available work, related to this topic, does
not compare the results of the numerical simulation with field
seismic data. Further analysis and research in this field will certainly
provide a deeper understanding and further insight into not yet-
known seafloor processes.
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Submarine sand waves, sometimes referred to as submarine
sand dunes, are simultaneously a sediment transport mechanism
and a dynamic morphologic feature in subaqueous environments
that are commonly found in submarine canyons and continental
shelves worldwide (Flemming, 1980; Ashley, 1990; Viana et al,
1998; Wynn and Stow, 2002; Stow et al., 2009; Cukur et al., 2022;
Yang et al, 2022). These sedimentary features are dynamic
rhythmic bedforms with wavelengths that might have hundreds
of meters and heights of several meters. Their crests are nearly
perpendicular to the direction of the primary tidal current (Mccave,
1971; Terwindt, 1971; Besio et al, 2008; Campans et al., 2017).
Many observations, such as the Acoustic Doppler Current Profiler
(ADCP), indicate that the morphological patterns are developed in
response to complex hydrodynamical conditions, sediment
transport, and geomorphology (Dodd et al, 2003; Borsje et al.,
2014). However, compared with other observation methods, seismic
oceanography method can provide more direct images of the
interaction between seafloor and seawater movement. The fluid
dynamics numerical simulation is an important method to study
the evolution of seafloor processes, which combined with seismic
oceanography method might be used to study key dynamic
parameters of the seafloor processes and the essential dynamic
information reflected by the seismic dataset. Investigating the
relationship between the characteristics of submarine sand waves
induced hair-like reflection configuration and hydrodynamics is
crucial for understanding hair-like reflection configuration
generation and evolution.

Seismic events related to submarine sand waves are
characterized by low continuity and wearing-hair style (Chen
et al,, 2016). Seismic reflection configurations of submarine sand
waves had a blanket drape, higher amplitude than the surrounding
seawater, and medium-high apparent frequency. The amplitude
diminishes with higher height and converges with the surrounding
seawater. The abnormal seismic reflection characteristic is called a
hair-like reflection configuration (Chen et al., 2016), and its
development characteristics are similar to those of Carr et al.
(2010) and Reeder et al. (2011). The formation of the hair-like
reflection configuration is significantly influenced by the submarine
topography, whose dynamic process has yet to be illustrated.
Additionally, the strong amplitude is due to the seawater
thermohaline feature or oceanic sediment resuspension, lacking
the constraint of a quantitative relationship. Chen et al. (2016) have
speculated that the hair-like reflection configuration reflects the
seismic response to the flow pattern and the distribution of oceanic
suspended sediment caused by the interaction between the rugged
seafloor, such as sand waves, and the bottom current according to
simulation results of a discrete vortex model in Hansen et al. (1994).
A preliminary study of the turbidity layer found that oceanic
suspended sediments could be identified, and the quantitative
relationships could be analyzed (Vsemironva et al.,, 2012), which
lays a foundation for further discussion on the quantitative
interpretation of the seismic response of the hair-like reflection
configuration. The interaction between the bottom current and the
rugged seafloor especially develops in areas with complex
submarine topography and active bottom current. The seismic
reflection characteristics vary with different seawater flow
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velocities, possibly caused by oceanic sediment resuspension and
movement (Chen et al, 2016). Under the constraint of rugged
submarine topography, the following scientific questions remain
unanswered: what are the reasons for the formation of diverse
morphology of high-frequency small vertical offsets, high-frequency
fluctuations, or hair-like reflection configurations (Song et al.,
2020)? What is the correlation between the scale of submarine
topography and the controlling factors such as seawater flow
velocity, and is there a critical threshold to control the formation
of different reflection configurations? The above questions require
validation through additional observational data and numerical
simulation and establishing a quantitative relationship model.

The work presented herein discusses the seismic response
characteristic and the formation mechanism of hair-like reflection
configuration using fluid dynamics numerical simulation and seismic
oceanography method as the primary numerical tools. The optimal
matching method is performed for fusion calculation to investigate the
relationship between numerical simulation results and the field seismic
dataset. Simultaneously, the seawater time-variant fluid-dynamical
model computed from the fluid dynamics numerical simulation is
compared with the seismic oceanography section to analyze the
similarity between the two specific areas. If the seawater
thermohaline feature, the seismic oceanography section obtained via
numerical simulation, and the field seismic reflection section are
similar in morphology at a certain time during the numerical
simulation process, it is likely that the field seismic reflection section
event characteristics in the region are subject to similar conditions to
those set by the fluid dynamics numerical simulation. As consequence,
it is possible to study the dynamic characteristics of seawater, interpret
the feature of seawater reflection layers on the seismic section and the
formation of the seawater seismic facies, and discuss the important
parameter relations and dynamic information of the submarine sand
waves induced hair-like reflection configuration, which lay a
foundation for further research on the dynamic process of the hair-
like reflection configuration using seismic oceanography method.

2 Materials and methods

Seawater flow near the seafloor is primarily influenced by
submarine topography, such as submarine sand waves induced hair-
like reflection configuration, but it has been preliminary analyzed and
interpreted from a qualitative perspective, without detailed quantitative
calculations about the formation mechanism and dynamic process.
This study uses oceanic numerical models and seawater-related
equations to construct the seismic oceanographic simulation
technology, carry out the seismic oceanography mathematical
modeling and numerical simulation of the hair-like reflection
configuration, and apply the optimal matching method to discuss its
fluid dynamic environment and formation mechanism (Figure 1).

2.1 Fluid dynamics numerical simulation

We performed numerical experiments with a two-dimensional
numerical simulation of the ocean dynamics using the Massachusetts
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Institute of Technology general circulation model (MITgcm;
Marshall et al., 1997a; Marshall et al, 1997b; Legg and Adcroft,
2003; Legg and Klymak, 2008; Klymak and Legg, 2010; Klymak et al.,
2010a; Klymak et al, 2010b) to investigate the formation and
dynamic process of submarine sand waves induced hair-like
reflection configuration. This model solves the fully nonlinear, non-
hydrostatic Navier-Stokes equations under the Boussinesq
approximation for an incompressible fluid with a spatial finite-
volume discretization on a curvilinear computation grid.

2.1.1 Model configuration

The study uses a two-dimensional submarine topography,
with a stretched horizontal coordinate system (Klymak and Legg,
2010; Klymak et al,, 2010b) of variable resolution in the
horizontal direction, and a uniform vertical resolution (Az =
2m ) of 382 points. The horizontal domain was 23.5km over 1600
grid cells. The inner 850 grid cells have a horizontal width (Ax)
of 10m to investigate submarine sand waves induced hair-like
reflection configuration in detail, and then the grid was
telescoped linearly so that for the outer cells Ax = 30m to
produce a sponge layer on each side of the domain for
preventing waves from being reflected back into the interior.
The simulation was run in non-hydrostatic mode as the
condition for hydrostatic approximation with horizontal length
scales much larger than vertical scales is violated both in model
setup and observed flow response. The boundaries were forced
with a constant inflow/outflow condition of U, (U, = 0.70, 0.75,
0.80, 0.85, 0.90, 0.95ms’1). A no-slip bottom boundary condition

' is used.

is used. The Coriolis frequency of f = 5x107s
Horizontal and vertical Laplacian eddy viscosity and diffusivity
are set to Ay, = kj, = 2x10m*s! and A, = k, = 2x107°m™ %57,
respectively. All simulations are initialized from the state of rest

and run for ~10 hours to a statistically steady state (Figure 2).

2.1.2 Bottom topography and stratification

Hair-like reflection configurations, associated with submarine sand
waves, were observed on a seismic oceanography section with high
spatial resolution, which was acquired from the multi-channel seismic
reflection survey within a region of the northern South China Sea
(Figure 2A). The northern South China Sea is part of the natural
extension of the South China Sea Block to the sea. The water depth of
the continental slope is generally 200-3400m, forming a gentle upper
continental slope, a steep mid-continental slope, and a gentle lower
continental slope (Zhang and Luan, 2012). The Dongsha Uplift is
located southeast of the Pearl River estuary, the most prominent
submarine topography on the continental shelf/slope of the northern
South China Sea. The water depth is 0-1000m deep, mainly composed
of two submarine plateaus, one is circular and the other is diamond-
shaped (Chen et al., 2016). There is extensive seafloor erosion in the
Dongsha Uplift, which is mainly influenced by currents of a branch of
Kuroshio Current from the Luzon strait, tides, and the Pearl River, such
as seafloor erosion trenches and submarine sand waves. The large
amplitude internal solitary waves that appear in the form of wave
packet or wave train and primarily originate from the middle Luzon
Strait is able to strong tide-topography interactions (Guo and Chen,
2014; Alford et al., 2015; Huang et al., 2016). The internal solitary waves
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FIGURE 1

Schematic representation of the workflow followed in this work to link quantitatively hair-like reflection configuration and dynamic parameters.

are generated diurnally during an ~8 days period centered on the new
and full moon in the northern South China Sea. There is approximately
one internal solitary wave per day yearly during the tidal period and up
to twice a day in the summer (Reeder et al., 2011; Huang et al., 2014).
Here, as interval solitary waves propagate in the WNW direction from
the Luzon Strait, they steepen dramatically and exhibit periodic or
quasi-periodic features of internal solitary wave packets across the basin
(Alford et al, 2015). The internal solitary waves are well developed
around the Dongsha Uplift of the northern South China Sea. The
propagation velocity of internal solitary waves in the vicinity of the
Dongsha Uplift calculated by MODIS, ACDP, X-band radar, and
multi-channel seismic reflection data is usually 0.55-3.0m/s, and the
maximum wave height can exceed 100m (Lv et al., 2010; Fu et al., 2012;
Zhao et al, 2012). Observations and analyses of oceanic sediment
suspension events under various environmental conditions reveal that
oceanic sediment suspension requires bottom current velocities from
~0.10m/s up to ~0.80m/s (Xu et al., 2008; Reeder et al., 2011; Tian et al.,
2021) to form submarine sand waves.

The oceanic bottom boundary layer shows vertical water
column features. The sheet drape seismic facies unit develops
between the seafloor and the black dashed line, which indicates
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the turbulent bottom boundary layer. Seismic reflection presents
weak amplitude, chaotic reflection characteristic on the left of the
yellow dotted rectangle, and weak amplitude, turbid reflection
characteristic in the middle and to the right part (Chen et al,
2016). This near-seafloor water column shows weak seismic
reflections and reduced apparent frequency. Sand waves ca. 200m
in wavelength develop in the zone of ca. 5km long along the
seafloor, and hair-like reflection configuration grows above them,
which is the research area of fluid dynamics numerical simulation in
this study (Figure 2A). The model utilizes realistic bottom
topography merged from Figure 2B to investigate the formation
and dynamic process of submarine sand waves induced hair-like
reflection configuration.

The initial stratification is horizontally uniform in the fluid
dynamics numerical simulation, where the model is initialized
with realistic conductivity-temperature-depth (CTD) profiles
(Figures 2D, E). The seawater physical property related to
seismic reflection includes density and acoustic velocity, mainly
determined by seawater temperature and depth. Based on the
seawater state equation, the seawater acoustic velocity and density
are primarily controlled by temperature, salinity, and seawater
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(A) The sheet drape seismic facies unit develops between the seafloor and the black dashed line, which indicates the turbulent bottom boundary
layer. Black arrow indicates that there is an internal solitary wave. (B) Zoom-in of the yellow dashed rectangle in Figure (A). Submarine sand waves
develop on the seafloor and hair-like reflection configuration grows above them. Region 1: Submarine turbulent region; Region 2: The region of
quantitative hair-like reflection configuration; Events 1-7: The selection of hair-like reflection configuration seismic events. (C) Schematic of fluid
dynamics numerical simulation configuration. The depth-independent background flow interacts with the realistic bottom topography from (B) in
initial stratification expressed in temperature. White dashed box indicates a region used for investigating the dynamics of submarine sand waves
induced hair-like configuration. (D) The vertical profile of stratification observed in the Northern South China Sea, which were obtained from the
National Centers for Environment Information (NCEI). (E) The vertical profile of initial temperature observed in the Northern South China Sea, which
were obtained from the National Centers for Environment Information (NCEI).

pressure at different depths. Compared to salinity, the density is
primarily (but not completely) associated with seawater
temperature variations (Ruddick et al., 2009). The study merely
discusses the changes in seawater density and acoustic velocity
caused by temperature and depth and sets the seawater salinity as
a constant value of 35psu.
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2.2 Seismic oceanography mathematical
model and numerical simulation

The field seismic reflection section is significantly different from
fluid dynamics numerical simulation results in the physical
meaning, reflection the seawater wave impedance contrasts and
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the distribution of thermohaline, respectively. As a consequence, a
mutual conversion method is required between the two as the
objective of this work intends to convert fluid dynamics numerical
simulation results into seismic oceanography numerical simulation
sections. The seismic response characteristic of submarine sand
waves induced hair-like reflection configuration is computed
numerically by solving the two-dimensional acoustic wave
equation with the finite-difference method (Madariaga, 1976;
Frankel and Clayton, 1984; Frankel and Clayton, 1986). This
numerical wave simulator models the high-order wave
phenomena associated with complex velocity and density
structures (Kelly et al, 1976; Swift et al, 1990). Reverse-time
migration has been applied to synthetic seismic shot records of
the submarine sand waves induced hair-like reflection configuration
model to obtain seismic oceanography numerical simulation
sections reflecting the characteristic of the water column and
similar to the field seismic reflection section (Baysal et al., 1983;
Chattopadhyday and McMechan, 2008; Deng and
McMechan, 2008).

Based on fluid dynamics numerical simulation results, a
mathematical model (acoustic velocity and density) that can be
used for seismic oceanography numerical simulation is established
using the seawater state equation and the acoustic velocity empirical
equation (Figures 3A, B). The mathematical model is a critical data
foundation for computing synthetic seismic reflection data
(Kormann et al., 2010), which mimics real seismic oceanography
data to analyze the seismic response characteristics of hair-like
reflection configuration. Subsequently, the fluid dynamics
numerical simulation parameters are adjusted appropriately
according to the field seismic reflection section, and the seismic
response characteristics under different numerical simulation
conditions are analyzed. To simulate the source wavelet we have
chosen a Ricker wavelet with a dominant frequency of 45Hz, which
is close to the central frequency of the real data acquired. The space

10.3389/fmars.2023.1184787

and time discretization are 2m and 0.4ms, respectively. An 8.5km-
long section reaching up to 764m-depth section has been simulated
(Figure 3C). The length of each shot-record simulation is 1.2s,
enough to cover the model completely. The seismic line includes
340 shot records, that is, one shot every 25m.

2.3 Fusion computation and
optimal matching

The seismic oceanography numerical simulation section and
the field seismic reflection section are performed for fusion
computation, and the key dynamic parameters of hair-like
reflection configuration and the important dynamic information
reflected by the seismic dataset are fitted and analyzed by the
optimal matching method. The study investigates the relationship
between the seismic oceanography numerical simulation section
and the field seismic reflection section and analyzes the similarity
between the two in a specific area. If the morphological
characteristics of typical events on the seismic section are similar,
it means that the ocean fluid dynamics environment in this area is
consistent with the conditions set by the fluid dynamics numerical
simulation, so as to deduce the seawater movement.

Based on the morphological characteristics of the hair-like
reflection configuration, it is proposed to apply parameters such
as the angle with the seafloor (6) and the height from the seafloor
(H) (Figure 2B) to describe it quantitatively. Two evaluation
indexes, root-mean-square error (RMSE) and correlation
coefficient (R), are used to quantify the similarity between the
seismic oceanography numerical simulation with different fluid
dynamics numerical simulation conditions and the field seismic
reflection section, in order to obtain the optimization results of the
dynamic parameters of hair-like reflection configuration. Under
different fluid dynamics numerical simulation conditions, we
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plotted the angle and height of the hair-like reflection configuration
seismic events (Events 1-7) and flow conditions in a two-
dimensional domain where the horizontal axis is the flow
conditions, and the left vertical one is the angle, and the right
vertical one is the height. In the two-dimensional domain, we
plotted the height and angle of the hair-like reflection
configuration seismic events (Events 1-7) obtained under different
fluid dynamics numerical simulation conditions into graphs, and
took the height and angle of the hair-like reflection configuration on
the field seismic reflection section as the baseline. Then the optimal
matching method is carried out according to the distance between
the two. Based on the matching principle, the smaller the distance
between the two, which illustrates that the higher the similarity.
Therefore, the seismic oceanography numerical simulation section
is closer to the field seismic reflection section. We developed the
optimal quantitative relationship between the field seismic
reflection section and the seismic oceanography numerical
simulation section using the optimal matching method from these
two-dimensional domains, and then the dynamic parameters and
fluid dynamics environment of the hair-like reflection configuration
on the field seismic reflection section are deduced from the fluid
dynamics numerical simulation. Suppose the difference of angle and
height between the seismic oceanography numerical simulation
section and the field seismic reflection section is minimum, the

10.3389/fmars.2023.1184787

root-mean-square error is minimum, and the correlation coefficient
is maximum, which means that the matching between the two is
optimal and the similarity is the highest (Figure 1). To improve the
accuracy, the morphological characteristics of the submarine sand
waves induced hair-like reflection configuration is the average value
of the multiple calculation results.

3 Results

3.1 Seismic oceanography numerical
simulation section of hair-like
reflection configuration

The morphological characteristics of the hair-like reflection
configuration can be identified on the synthetic seismic
oceanography section resulting from numerical simulation
(Figure 4). The thickness of the area affected by the interaction
between seawater movement and submarine topography can reach a
height of 120m, which is consistent with the characteristics of the field
seismic reflection section (Figure 2B). Region 1 (0-3km) is a
submarine turbulent region with relatively chaotic internal
reflections, and the seismic reflection characteristics vary with
different seawater flow velocities. The polarity of the seismic
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reflection event matches well with the field seismic reflection section,
and the turbulent region (Region 1 in Figure 4) gradually decreases
with the increase of seawater flow velocity. Moreover, when the
boundary force with a constant flow condition of Uy is less than
0.70m/s or greater than 0.90m/s, the submarine turbulent
characteristics in Region 1 are not obvious. The hair-like reflection
configuration generally develops above submarine sand waves in
Region 2, with low continuity of seismic events and at an angle with
the seafloor. The vertical thickness is about 30m, and the polarity
variation is consistent with the field seismic reflection section. The
characteristics of hair-like reflection configuration in the range of 4.0-
5.5km are more distinct and easier to distinguish than those in
other areas.

Submarine topography plays a crucial role in seawater flow near
the seafloor. Therefore, it is essential to investigate the impact of
deviations in submarine topography on the numerical simulation
results. To this end, we smoothed the realistic bottom topography to
obtain the submarine sand wave topography whose morphology
characteristics are similar and amplitude is approximately half that
of the realistic submarine sand wave topography (Figure 5A). The
fluid dynamics numerical simulation was carried out with a
constant flow condition of 0.80m/s, and other parameters were
consistent, with the only variable being the difference in submarine
topography. Comparing Figure 4C and Figure 5B, it is found that
the differences in the thickness of the area affected by the interaction
between seawater movement and submarine topography and the
submarine turbulent region of Region 1 (0-3km) are slightly small.
However, there are significant differences in hair-like reflection
configuration in Region 2, making it difficult to identify their events,
especially in Events 4-7.

3.2 Morphological characteristics
parameters of hair-like
reflection configuration

By comparing the hair-like reflection configuration seismic event
on the field seismic reflection section and the seismic oceanography
numerical simulation section, it is found that the morphological
characteristics between the two have good correspondence (Figure 6).
Hair-like reflection configuration seismic events tilt to the right,
appearing with an angle with the seafloor and gradually decreasing

10.3389/fmars.2023.1184787

with the direction of the seawater flow. There is a greater horizontal
continuity, with a thickness of 30m, and submarine topography plays
a crucial role in the development of hair-like reflection configuration.
The difference between the hair-like reflection configuration seismic
event on the field seismic reflection section and the seismic
oceanography numerical simulation section of Event 1 is larger
than that of other events. The angle and height can be used to
describe the development scale of the hair-like reflection
configuration quantitatively. The analysis shows that the angle of
the hair-like reflection configuration on the field seismic reflection
section is between 49.31° and 69.22°, and the height is between 9.46m
and 31.43m. In comparison, the angle of the hair-like reflection
configuration on the seismic oceanography numerical simulation
section is 47.26-79.50°, and the height is 13.00-31.73m. The
correlation coefficient between the hair-like reflection configuration
seismic events (Events 1-7) on the field seismic reflection section and
the seismic oceanography numerical simulation section under
different fluid dynamics numerical simulation conditions is greater
than 0.96, and the root-mean-square error between the two is
0.6391-7.9294.

4 Discussion

4.1 Model validation

The simulated results are validated by comparing with the field
seismic reflection section. The two-dimensional model utilizes
realistic bottom topography merged from the field seismic
reflection section and nearby hydrological information to
investigate the fluid dynamics environment and formation
mechanism of submarine sand waves induced hair-like reflection
configuration. Although the physical meaning of the fluid dynamics
numerical simulation section (seawater thermohaline distribution)
differs from that of the field seismic reflection section (seawater wave
impedance), it can conduct a comparative analysis simply through
conversion due to the same research objectives. The conversion of the
fluid dynamics numerical simulation section into the seismic
oceanography numerical simulation section is similar to the
principle of high-frequency acoustics in oceanography (Reeder
et al., 2011). Therefore, the simulated results can be verified on the
basis of the field seismic reflection section, and the degree of

A B
715+ Realistic
——— Smooth
725 =
£ 7354 £
=1 <
& &
0 745- a
755 =
764 T T T T T T T
0.0 1.0 20 6.0 7.0 8.085 0.0 1.0 20 3.0 4.0 6.0 7.0

40 50
Distance (km)

FIGURE 5
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(A) The realistic submarine sand wave topography (blue line) and smooth submarine sand wave topography (red line). (B) Seismic oceanography
numerical simulation section of hair-like reflection configuration with the flow conditions of 0.80m/s for smooth submarine sand wave topography.
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Interpretation diagram of the hair-like reflection configuration seismic events on the field seismic reflection section (Observation) and the seismic
oceanography numerical simulation section under different fluid dynamics numerical simulation conditions of 0.70m/s, 0.75m/s, 0.80m/s, 0.85m/s,
0.90m/s and 0.95m/s. ®-@: The selection of hair-like reflection configuration seismic events with the same meaning as that in Figure 2B.

matching between the two is related to the accuracy of the two-
dimensional model. It is found that the seismic oceanography
numerical simulation section has similar structural characteristics
to the field seismic reflection section (Figure 2B and Figure 4)
according to the seismic oceanography mathematical model and
numerical simulation, which implies the accuracy of fluid dynamics
numerical simulation results.

The simulated background flow currents are validated by
comparing with those from the morphological characteristics of
seismic events on the field seismic reflection section. As shown in
Figure 2B, according to the slope of submarine topography, the
tendency of hair-like reflection configurations, and the morphological
characteristics of submarine sand waves, it can be determined that the
direction of seawater flow on the field seismic reflection section is
from left to right. Consequently, the two-dimensional model we
constructed with the direction of seawater flow for fluid dynamics
numerical simulation is from left to right (Figure 2C), and the seismic
oceanography numerical simulation section agrees well with the field
seismic reflection section. Cacchione and Drake (1986) demonstrated
theoretically that linear internal waves of 5m amplitude propagating
over a typical continental slope could generate bottom current
velocities of more than 0.5m/s. An internal solitary wave with an
amplitude of approximately 30m was identified near the research area
of submarine sand waves induced hair-like reflection configuration
(black arrow in Figure 2A), so it indicates that the bottom boundary
layer has a strong bottom current velocity and the flow conditions
used in this study are reasonable. Based on the above results, we
believe the simulated results are reasonable and can be used to
investigate the fluid dynamics environment and formation
mechanism of hair-like reflection configuration.

4.2 Fluid dynamics environment of hair-like
reflection configuration

Submarine sand waves induced hair-like reflection

configuration develops above the seafloor, where fluid dynamics
processes are extremely complicated. There is no matching seismic
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model of fluid dynamics for interpreting and analyzing seafloor
processes, and the seismic reflection characteristics vary with
different seawater flow velocities. In our numerical examples of
the fluid dynamics, when the boundary force with a constant flow
condition of Uy is less than 0.70m/s or greater than 0.90m/s, the
submarine turbulent characteristics in Region 1 are not obvious.
The reason is that when the boundary force with a constant flow
condition of Uy is less than 0.70m/s, the flow field intensity
generated by the interaction with the submarine topography is
insufficient to cause the turbulence process to occur (Figure 4A).
When the boundary force with a constant flow condition of U is
greater than 0.90m/s, the quasi-steady stratified flow dominates,
making the oceanic stratification characteristics obvious
(Figures 4E, F).

Under different fluid dynamics numerical simulation
conditions, there is diversity in the hair-like reflection
configuration seismic event characteristics on the seismic
oceanography numerical simulation section, which can reflect the
distinct fluid dynamic environment in the region. Through
comparative analysis of Figures 7A-G, it is found that under the
different fluid dynamics numerical simulation conditions, the hair-
like reflection configuration computed from fluid dynamics
numerical simulation and seismic oceanography method are
significantly different, indicating that the vital dynamic
information reflected by the field seismic dataset is sensitive
enough to be used to invert the flow field characteristics. And it
can be inferred that there is a coincident position between the graph
and the baseline, so the seawater flow velocity corresponding to this
position is the optimization result of the dynamic parameters of the
ocean environment (Figures 7A-G). Under different fluid dynamics
numerical simulation conditions used in this study, the minimum
height error of each hair-like reflection configuration seismic event
is 0.08m, and the minimum angle error is 0.23°, which is in good
agreement with a constant flow condition of U, is 0.80m/s. It is
reasonable to use the flow condition of 0.70-0.95m/s for fluid
dynamics numerical simulation from the relationship between the
graph and the baseline in Figures 7A-G. It is found that when the
boundary force with a constant flow condition of U is 0.80m/s, the
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condition of Ug is 0.95m/s, the continuity of Event 5 is low, so the height and angle at 0.95m/s are not plotted in (E).
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angle and height of the hair-like reflection configuration on the field
seismic reflection section match well with the seismic oceanography
numerical simulation section, which demonstrates that the
development scale of the hair-like reflection configuration
obtained by numerical simulation under this flow condition is
similar to that on the filed seismic reflection section.
Simultaneously, comparing the weighted average of root-mean-
square error between the hair-like reflection configuration
computed under different fluid dynamics numerical simulation
conditions and that on the field seismic reflection section, it is
found that when the boundary force with a constant flow condition
of Uy is 0.80m/s, the weighted average of root-mean-square error is
the smallest, indicating that the fitting between the two is optimal
(Figure 7H). Consequently, it can be inferred that the seawater flow
velocity here is about 0.80m/s. Simultaneously, interval solitary
waves are well developed in the Dongsha Uplift of the northern
South China Sea and the hydrodynamics conditions are sufficient,
resulting in strong bottom current velocities in this area. One more
piece of evidence for our numerical simulation results is that
interval solitary waves induced the bottom current velocity
reached 0.596-0.793m/s (Jia et al., 2019), even exceeding 1.0m/s
(Lien et al.,, 2014) and reached a maximum of 2.0m/s (Geng et al.,
2017). It is found that submarine sand waves primarily develop in
the hydrodynamics environment with a bottom current velocity of
0.2-1.0m/s, and the best development is under the condition of a
bottom current velocity of 0.4-0.8m/s (Zhuang et al., 2004). When
the bottom current velocity exceeds the critical incipient velocity,
the submarine sandy sediments begin to move and form small sand
ripples, which gradually increase to form submarine sand waves.
The calculation and analysis of the formation mechanism and
mathematical model of submarine sand waves show that the
incipient velocity of medium sand forming submarine sand waves
is 0.507m/s. Therefore, the bottom current velocity in this area is
sufficient to shape the seabed topography by forming submarine
sand waves (Reeder et al., 2011; Belde et al., 2015; Ribo et al., 2016).
Consequently, based on previous studies of the hydrodynamic
environment around the Dongsha Uplift of the northern South
China Sea and the development of submarine sand waves, it is
reasonable to estimate the seawater flow velocity of 0.80m/s by fluid
dynamics numerical simulation and seismic oceanography method.
Inversely, the difference between the hair-like reflection
configuration seismic event on the field seismic reflection section
and the seismic oceanography numerical simulation section of
Event 1 is larger than that of other events. It is inferred that
Event 1 is located at the boundary of the submarine turbulent
region and is greatly affected by turbulence. Additionally, the slope
of the submarine topography at Event 1 is larger than that of others,
resulting in a more obvious interaction between seawater
movement and submarine topography, which is another reason
for poor stability and drastic changes in the morphological
characteristics of the seismic event.

The fluid dynamics numerical simulation can provide abundant
information on the kinematics of seawater layers and obtain the
comprehensive fluid dynamics environment characteristics of
submarine sand waves induced hair-like reflection configuration,
that is, the flow field section, which can accurately describe its
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dynamic evolution process. When the boundary force with a
constant flow condition of U, is 0.80m/s, the flow field
characteristics distribution of the oceanic bottom boundary layer
is shown in Figure 8. The horizontal velocity presents a wavy
variation similar to that of submarine sand waves (Figure 8A).
Due to the non-hydrostatic effect and the friction between seawater
movement and submarine topography, the vertical velocity appears
in the seawater layer, with the upwelling and downwelling
alternating (Figure 8B), which affects the characteristics of ocean
stratification. Additionally, the vertical velocity within the range of
0-3.5km and 5.0-8.5km can affect the larger area above the seafloor.
It is speculated that it is related to the slope of the submarine
topography, which in turn causes the horizontal velocity to change
at the same location.

4.3 Formation mechanism analysis of
hair-like reflection configuration

Based on the fluid dynamics environment of the hair-like
reflection configuration, we can investigate its formation
mechanism and dynamically analyze the fluid dynamics origin of
the seismic event characteristics near the oceanic bottom boundary
layer. Under the constraints of the submarine sand wave
topography, the seafloor of Region 1 (0-3.0km) does not develop
a hair-like reflection configuration, but forms a turbulent region.
The phenomenon can be explained by the temperature field, which
shows the apparent vortex shape in the temperature field near the
position (Hu et al., 2021), destroying the seawater layer feature. The
hair-like reflection configuration within the range of 4.0-5.5km in
Region 2 is better as well for this reason. The overlying water
column of the submarine sand waves does not form a vortex shape,
which enables the hair-like reflection configuration to develop
normally (Figure 9).

The deviations in submarine sand wave topography have little
effect on the thickness of the area affected by the interaction
between seawater movement and submarine topography and the
submarine turbulent region of Region 1 (0-3km) (Figure 4C and
Figure 5B). It is speculated that the reason for its formation is
mainly restricted by the slope of submarine topography, and is
independent of the scale of submarine sand waves. There are
significant differences in the hair-like reflection configuration of
Region 2 (Figure 4C and Figure 5B). The reason is that with the
decrease of the amplitude of submarine sand waves, the interaction
between seawater movement and submarine topography cannot
form vortex shapes at the position of submarine sand waves
troughs, resulting in limited development of hair-like reflection
configuration. The amplitude of the smooth submarine sand waves
corresponding to Events 4-7 is approximately 1m, indicating that
the hair-like reflection configuration cannot develop above
submarine sand waves at this scale. Consequently, we can
determine whether the overlying water column develops hair-like
reflection configurations by the scale of submarine sand waves.

The interaction between seawater movement and submarine
topography results in the formation of vortex shapes at the position
of submarine sand wave troughs (Carr et al., 2010), which destroy
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FIGURE 8

Fluid dynamics environment of hair-like reflection configuration with a constant flow condition forced on the boundary of 0.80m/s. (A) Horizontal
velocity field section. Velocity is contoured in 0.2m/s intervals starting at 0.1m/s. Thicker contour shows the 0.6m/s isovelocity. (B) Vertical velocity
field section. The white contour isovelocity is -0.02m/s and the black isovelocity is 0.02m/s.

the ocean stratification feature, leads to the redistribution of
seawater thermohaline, and then develops a hair-like reflection
configuration. The range between the isoline of 0.5m/s and the
seafloor in the horizontal velocity section is the area where seawater
movement interacts with submarine topography, and the hair-like
reflection configuration is also developed in this range (Figure 8).
Within the range of 6.5-8.5km in Region 2, the amplitude of
submarine sand waves is small, whose trough position does not
form a vortex shape. Consequently, there is no hair-like reflection
configuration in this area, and the seawater layer seismic event
presents chaotic reflection characteristics due to the vortex shape of
the overlying water column at the height of approximately 3m
above the seafloor. There are vortex shapes in the overlying water
column above the seafloor of Region 1 and Region 2 (6.5-8.5km),
while there is no vortex shape in the overlying water column above
the seafloor of Region 2 (4.5-5.5km). It is speculated that it is caused
by changes in the slope of the submarine topography. Due to the
topographic acceleration effect, the flow field intensity in the
overlying water column at this position is greater than that at
other positions. It can be concluded that under the same seawater
flow velocity, the change of submarine topography scale also affects
the development of hair-like reflection configuration. It is found
that the slope of the submarine topography in Region 1 is about 13°,
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while that in Region 2 (4.0-5.0km) is about 3° in the study.
Consequently, we demonstrated that as the slope of the
submarine topography varies, under the constraint of the
submarine sand wave topography, the oceanic bottom boundary
layer will also develop different morphological characteristics of
reflection configuration. With the increase of submarine
topography slope, the morphological characteristics of submarine
sand waves induced hair-like reflection configuration will be
affected. For instance, when the slope of the submarine
topography increases to 13°, the hair-like reflection configuration
will not develop above the submarine sand waves, but the
submarine turbulent region will be formed. When the boundary
force with a constant condition of U, is 0.95m/s, the flow field
intensity generated by the interaction between seawater movement
and submarine topography is large enough to produce vortex
shapes in the overlying water column of Region 2 (4.0-5.5km),
which will affect the development of the hair-like reflection
configuration under this seawater flow velocity. It is concluded
that the change in the temperature field is consistent with the
change in the seawater flow field according to comprehensive
analysis. Consequently, it is inferred that without the influence of
oceanic suspended sediments, the change of seawater layer features
caused only by the interaction between seawater movement and
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submarine topography, that is, the difference of seawater
thermohaline, can form hair-like reflection configuration.

5 Conclusions

This study proposes a method to discuss the fluid dynamics
environment and formation mechanism of hair-like reflection
configuration by using fluid dynamics numerical simulation and
seismic oceanography technology. The fluid dynamics numerical
simulation provides a basis for the dynamic analysis of the evolution
process of the hair-like reflection configuration. Combined with the
seismic oceanography numerical simulation and the optimal
matching method, the seawater flow velocity in this study is
estimated to be approximately 0.80m/s. Simultaneously, we obtain
the flow field characteristics of the water column above submarine
sand waves and deeply understand the fluid dynamics environment.
Moreover, the deviations in submarine topography (amplitude of
submarine sand waves) have significant impact on the development
of the hair-like reflection configuration. Based on the constructed
fluid dynamics seismic reflection model, the fluid dynamics
formation mechanism of the submarine sand waves induced hair-
like reflection configuration is proposed. Without the influence of
oceanic suspended sediments, the change of seawater layer features
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caused only by the interaction between seawater movement and
submarine topography, that is, the difference of seawater
thermohaline, can form a hair-like reflection configuration.
Consequently, it is possible to discuss the fluid dynamics
environment and formation mechanism of submarine sand waves
induced hair-like reflection configuration, which lays a foundation for
further research on dynamic processes of hair-like reflection
configuration using the seismic oceanography method. This work
provides a new research perspective for interpreting complex seismic
oceanography images, deepens understanding of the interaction
process between multiscale ocean dynamics and submarine bottom
topography, and can further quantify the dynamic process.
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