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Migrating sand waves are widely developed on the outer continental shelf and upper slope of the northern South China Sea (SCS), at water depth ranging from 80 m to 250 m. Recent works reveal the critical role of internal solitary waves (ISWs) in sand wave migration in this area. However, the physical mechanism and mathematical modeling on ISW-induced sand wave migration still have deficiencies. This paper proposes hydrodynamic and seabed models utilizing the Massachusetts Institute of Technology General Circulation Model (MITgcm) and Biot’s theory to evaluate bed load transports, in which the ISW-induced internal-surface coupling response of seabed is particularly considered. Results and analysis indicate that ISWs can induce excess pore pressure (EPP) in the seabed, resulting in upward seepage force acting on the sediment particles, and thus reduce the critical incipient shear stress and promote the initiation and transport of sediment at seabed surface. The ISW-induced transient EPP rather than the accumulated EPP dominates the internal pore pressure response of seabed. The ISW-induced erosion depth can be twice the transient liquefaction depth at the uppermost seabed layer if seepage force is added to the sediment force equation. With the bottom shear stress outputted by MITgcm as the external driving forces, combining the internal-surface coupling response of seabed, the bed load transport rate is effectively calculated. This paper provides effective tools to evaluate ISWs-induced bed load transport and suggests an important role of ISWs in the migration of sand waves on the outer continental shelf and upper slope in the northern SCS. Further in-situ observations are still needed to calibrate and verify the present model.
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1 Introduction

Submarine sand waves, which are widely present in coastal and offshore areas (Feng and Xia, 1993; Wang and Li, 1994), represent a specific type of sedimentary geomorphology that arises from the interaction between the seabed and hydrodynamic-associated currents. Most of the submarine sand waves are migrating parallel to the direction of the currents (Zhuang et al., 2004; Gao, 2009), like terrestrial sand dunes propelled by wind. Hydrodynamics exert important influence on submarine sand waves, inducing significant changes in their position, morphology, and sediment mechanical properties (Xia et al., 2009). Sand wave migration can change the physical and sedimentary environment, further facilitating the transportation of water, sediments, nutrients and pollutants (Alford et al., 2015). Furthermore, sand wave migration can induce seabed erosion and deposition, potentially resulting in the overhanging, burial, and destruction of cables and pipelines (Leckie et al., 2016), as well as the failure of offshore platforms (Nemeth et al., 2003).

The hydrodynamics factors contributing to the migration of sand waves include waves, tidal currents, typhoons, internal waves, etc. The migration of sand waves is mainly determined by means of field observation, theoretical frameworks, and mathematical modeling. Various equations are employed in theoretical models (Rubin and Hunter, 1982; Qian and Wan, 1983) to calculate critical incipient velocity of sediments, sediment transport rates (Bai et al., 2009; Blondeaux and Vittori, 2016), and sand migrating rates (Zhou et al., 2018). Migrating sand waves are widely distributed on the outer continental shelf and upper slope in the northern South China Sea (SCS) at water depths ranging from 80 m to 250 m (Wu et al., 2006). These sand waves exhibit wave heights between 0.3 m and 5.6 m and wavelengths from 5 m to 140 m, covering small-scale, medium-scale, large-scale and giant-scale sand waves (Zhang et al., 2017). Comparative analysis of repeated multibeam survey results indicate that the migration rate and migration direction of sand waves show remarkable spatial variability (Zhong et al., 2007; Lin et al., 2009; Zhou et al., 2018). Traditional hydrodynamic factors such as waves, tidal currents and typhoon have difficulties in explaining these sand wave migration patterns. Waves and tidal currents serve as the background hydrodynamics with long-term effects. Surface waves, with extreme wave heights not exceeding 40~60 m, have minimal impacts on the seabed at 80-250 m depths (Wu et al., 2006). In the meanwhile, observations have revealed that the average bottom tidal current velocity in the sand wave region in the northern SCS is less than 0.15 m/s (Qiu and Fang, 1999; Luan et al., 2010). This velocity is insufficient to trigger sand wave migration. The northern SCS is frequently impacted by typhoons and tropical storms. Numerical simulation based on Regional Ocean Modeling Scheme (ROMS) indicates that bottom current velocities reached the critical incipient current velocity for sand during Typhoon Fanbia (Zhou et al., 2018). However, the sand wave migration attributed to the typhoon accounted for only 26.36% of the annual migration volume (Zhou et al., 2018), making it difficult to explain large-scale sand wave migration outside the period of typhoon events. Research indicates that internal solitary waves (ISWs) play a significant role in driving sand wave migration in the northern SCS as one of the most developed regions for ISWs in the world (Cai, 2015). The crest lines of ISWs captured by Synthetic Aperture Radar (SAR) images (Reeder et al., 2011) and the distribution of regional sand waves (Geng et al., 2017) aligns closely with areas of concentrated ISWs activity in northern SCS. ISWs would be the possible energy source of sand wave migration when they propagate forward northwest to the upper continental slope and shelf. Field observations frequently captured the sudden strong bottom currents induced by ISWs (Zhou et al., 2013). These strong currents in the sand wave region in the northern SCS can initiate the sediment (Xia et al., 2009), demonstrating a closed relationship between the sand waves and ISWs (Luan et al., 2010). Laboratory simulations of the interaction between ISWs and sandy slopes (Cacchione and Drake, 1986; Zhou et al., 2013; Tian et al., 2021) and field observations of sand wave migration (Zhang et al., 2019; Miramontes et al., 2020) all show that the stress and current fields induced by ISWs are direct external driving forces for sand wave migration. As ISWs propagate across continental slopes and shelves, they dissipate energy and generate sudden strong currents. It enhances sediment resuspension and transport (Tian et al., 2024b), significantly promoting sand wave migration. The high occurrence frequency of ISWs in the northern SCS contributes to an additive impact on the amount of sand wave migration, effectively explaining the large annual migration distance. In addition, ISWs may exhibit either depression or elevation morphologies, which can explain the phenomenon of sand waves migrating along slopes landward or seaward. In summary, for the region of water depth ranging from 80 m to 250 m of the continental shelf and upper slope in the northern SCS, waves, tidal currents and typhoons have difficulties in explaining the well-aligned migration of sand waves. However, the well-developed ISWs have been continuously verified by observations to be an important hydrodynamics factors driving the sand waves migration.

The energy dissipation of ISWs in shallow waters can cause strong horizontal and vertical mixing of seawater, and change the stress field on the seabed surface. Field observations show that the depression ISWs generate significant negative pressure disturbances on the seabed (Miramontes et al., 2020; Yang et al., 2022; Xie et al., 2024). The pressure fluctuations, detected by seafloor pressure sensors, exhibit a strong correlation with the kinetic energy of high-frequency ISW wave packets (Thomas et al., 2016). Analytical solutions reveal that ISW-induced seabed responses are sensitive to the shear modulus and density profile of the overlying water column. In many cases, this sensitivity may lead to shear failure of the seabed (Tong et al., 2024). Like the surface gravity waves propagating at the air-water interface, ISWs have both horizontal and vertical effects on the seabed as well. The refraction of ISWs along continental slopes can significantly increase the seabed shear stress to a higher level. It can exceed the critical threshold for sediment incipient motion (Droghei et al., 2016), promoting the migration of sand waves. Furthermore, ISW-induced pressure disturbances can penetrate into the seabed and modify the stress field to a certain depth. For example, the impact depth of ISWs-generated excess pore pressure (EPP) is estimated to be approximately an order of magnitude smaller than the ISWs wavelength, potentially extending to several tens of meters (Tian et al., 2019). A coupling response between the seabed surface and internal under ISWs actions, that is, the upward seepage pressure gradient significantly reduces the effective self-weight of sediment particles, thus facilitating the sediment initiation (Tian et al., 2023) and double the amount of resuspension (Rivera Rosario et al., 2017) at the seabed surface. To further elucidate the interaction between ISWs and the seabed, scholars have applied Biot’s theory to quantify the ISW-induced pore pressure and shear stress (Williams and Jeng, 2007). The parametric method has also been employed to analyze seabed responses within a two-layer stratified fluid system. It reveals that ISWs can generate inverse pressure gradients at the front of elevation ISWs and at the rear of depression ones (Chen and Hsu, 2005). Consequently, as ISWs approach the seabed, their wave peaks disrupt the unconsolidated sediments, significantly enhancing sediment resuspension in shallow waters (about 200 m depth). The sand migration induced by ISWs is governed by the interaction between hydrodynamics and seabed. A comprehensive understanding of this interaction is essential for accurately characterizing the mechanisms and developing models to predict sand wave migrations in the northern SCS. However, current research remains limited in fully characterize the dynamic process. Further evaluation models are required for the sand wave migration on the continental shelf and upper slope in the northern SCS.

This paper uses the Massachusetts Institute of Technology General Circulation Model (MITgcm) and Biot’s equation to simulate the hydrodynamic and seabed response, respectively. Through these simulations, this paper investigates the coupling of ISWs-induced internal response of the seabed including pore pressure, seepage, as well as the surface response such as sediment incipient motion and sediment transport rate. The effectiveness of ISWs simulation and the coupling response of seabed are validated by comparing with observations of ISWs propagation. Our models provide the temporally and spatially stress field induced by ISWs on the seabed surface and describe the internal-surface coupling response process of seabed, further giving effective methods to calculate ISW-induced sand wave migration.


2 Models to simulate ISWs and seabed response


2.1 Numerical model to simulate ISWs

MITgcm is a non-hydrostatic ocean numerical model based on the finite volume method. It has capabilities of non-hydrostatic approximation calculations, allowing the model to simulate multi-scale physical motions in the ocean. It is widely employed to simulate the generation and propagation of ISWs in the northern SCS (Liang et al., 2019; Zeng et al., 2024; Ren et al., 2025). The equations that govern the evolution obtained by the laws of classical mechanics and thermodynamics as Equations 1–7:

Dν→hDt+(2Ω→×ν→)h+∇hϕ=Fν→h(1)
 
Dr˙Dt+k^·(2Ω→×ν→)+∂ϕ∂r+b=Fr(2)
 
∇h·ν→h+∂r˙∂r=0(3)
 
b=b(θ,S,r)(4)
 
∇h·ν→h+∂r˙∂r=0(5)
 
DθDt=Qθ(6)
 
DSDt=QS(7)
 
where r is the vertical coordinate system; t is the time; k^ is a unit vector in the vertical direction; ν→=(u,v,r˙)=(νk→,r˙) is the velocity vector; ν→h is the horizontal component of velocity; ϕ is the pressure or geopotential; Ω→ is the angular velocity of Earth’s rotation; θ is the potential temperature; S is salinity; b(θ,S,r) is the buoyancy force; DDt=∂∂t+ν→·∇ is the total derivative, and ∇=∇h+k^∂∂r is the ‘grad’ operator, with ∇h operating in the horizontal and k^∂∂r operating in the vertical; Fν→h、 Fr、 Qθ、 QS are the sums of the dissipative and external forcing terms for velocity, potential temperature and salinity, respectively (see http://mitgcm.org).


2.2 Models to calculate excess pore pressure in the seabed

There are two types of wave-induced EPP, that is, the transient one and the accumulated one, which depends on the way that the pore pressure is generated (Zen et al., 1998). The ISWs-induced EPP in the seabed is calculated by the Biot’s consolidation theory.


2.2.1 Transient pore pressure

The sand seabed consists of a skeleton composed of sediment particles and fluids filling the pores of the skeleton. In this model, the seabed is assumed to be isotropic, linearly elastic, and has little deformation, the seepage between pores conforms to Darcy’s law. In keeping with the simplified two-dimensional section of ISWs, the transient pore pressure is also focused on the horizontal and vertical x-z two dimensional response. Referring to the wave-induced transient pore pressure response of the seabed (Jeng et al., 2007), the continuity equation of seepage of pore water is:

Kx∂2p∂x2+Kz∂2p∂z2−γwnβ∂p∂t=γw∂ϵv∂t(8)
 
where x is the direction ISWs propagating; z is the depth (zero at the seabed surface and positive downward); Kx, Kz are the permeability coefficients in the x and z directions, respectively; p is the transient pore pressure; γwis the unit weight of pore water; n is the soil porosity; β is the compressibility of pore water, which can be expressed as Equation 9:

β=1K+1−SrPw0(9)
 
where K is the elastic bulk modulus of the seawater, taken as 2×109; Sr is the degree of saturation of the soil; Pw0 is the absolute pore pressure, which can be simplified to take the value of the initial hydrostatic pressure, namely pw0=ρcgh where ρc is the reference density of the water body. ϵv is the volumetric strain of soil which can be expressed as Equation 10:

ϵν=∂u∂x+∂w∂z(10)
 
where u and w are the displacements in x and z directions, respectively. The force governing equations are:

G∇2u+G1−2μ∂ϵν∂x=∂p∂x(11)
 
G∇2w+G1−2μ∂ϵν∂z=∂p∂z(12)
 
where G is the shear modulus of the soil; ν is the Poisson’s ratio. The above Equations 8, 11, 12 can be solved with boundary conditions. At the seabed surface, the pore pressure is equal to the ISW-induced pressure, the vertical effective stress and the bed shear stress is approximately zero. The boundary conditions at the seabed surface can be expressed as Equations 13, 14:

σx=τ=0,z=0(13)
 
p=p0,z=0(14)
 
At an infinite depth in the seabed, both soil displacement and pore pressure are zero, as Equation 15:

u=w=p=0,z→∞(15)
 

2.2.2 Accumulated pore pressure

If our view concentrates on the vertical response of EPP profile at one point of seabed at a fixed water depth, the one-dimensional Biot’s equation (Seed and Rahman, 1978) is hereby used as Equation 16:

∂p′∂t−cv∂2p′∂z2=f(16)
 
where p′ is the EPP; cv is the coefficient of consolidation; and f=∂ug/∂t is the source term, here the hyperbolic pore-water pressure development mode (Wang and Liu, 2015) is used as Equation 17:

ug=σ0′(NNl)ab(NNl)a+c(17)
 
where σ0" is the initial vertical effective stress calculated by σ0"=γ′z, with γ′ as the unit weight of soil; a, b, and c are empirical parameters obtained from cyclic triaxial tests on silt; N is the number of cyclic loads; Nl is the number of cycles for the soil to reach steady-state pore pressure or liquefaction, expressed as Equations 18, 19 (McDougal et al., 1989):

N=tT(18)
 
Nl=(1ατσ0′)−1β(19)
 
where T is the wave period; α and β are the parameters related to soil type and relative density, respectively; τ is the amplitude of wave-induced shear stress in the seabed.


2.3 Methods to determine sediment incipient motion and sand wave migration


2.3.1 Sediment incipient motion considering seepage force

The essence of sediment incipient motion is a hydrostatic equilibrium problem. The forces acting on an individual sediment particle include the drag force FD, the lift force FL, the gravity FG, and the upward seepage force FS, these forces are in equilibrium (Dou et al., 1995) for sand particles, as Equation 20:

FD=(FG−FL−FS)tanφ(20)
 
where φ is the internal friction angle of sand. After obtaining the vertical distribution of EPP from Section 2.2, the upward seepage force can be calculated as Equation 21:

Fs=πD5036ΔPΔZ(21)
 
where D50 is the median sediment grain size. It should be noted that the seepage force was specifically added in this paper to the equilibrium equation to consider the effect of internal response on seabed surface process. From above equations, the critical incipient shear stress τc can be obtained as Equation 22:

τc=[(ρs−ρ)gπ6D503−πD5036ΔPΔZ]tanϕπ8D502(CD+CLtanϕ)(22)
 
where ρs is the density of the sediment particle; CD and CL are the resistance coefficients of FD and FL respectively. The bed shear stress τb can be derived by the bottom current velocity outputted by the ISW model, the incipient motion can be judged by comparing τc and τb.


2.3.2 Migration of sand wave

Sand wave migration is mainly related to the bedload sediment transport rate gb that controlled by the near-bottom current field, sediment grain size, and critical incipient shear stress (Zhou et al., 2018; Xia et al., 2009):

gb=Φ(s−1)gD503(23)
 
where s=ρs/ρw is the specific gravity of the sediment, and ρw is the density of seawater; Φ is the dimensionless sand transport rate on the continental slope (Lu et al., 2011):

Φ=8(Θ−Θc)32(24)
 
where Θ=ρu*2(γs−γw)D50 is the dimensionless seabed shear stress, and u*=(τb/ρw)1/2 is the frictional current velocity; γs is the saturated unit weight; Θc=τc(γs−γw)D50 is the dimensionless critical incipient shear stress.


3 Model setup


3.1 ISW model setup

The ISWs in northern SCS are mainly generated from the Luzon Strait and propagated northwest to the continental slope and continental shelf. This paper uses a two-dimensional MITgcm to simulate the pressure variations on the vertical profile from Luzon Strait to Dongsha atoll. The model is set with total horizontal length 800 km and resolution 100 m and total water depth 3600 m. The vertical grid is unevenly divided into 265 layers, with resolution decreasing with the increase of water depth, i.e., with resolution 5 m, 8 m, 20 m and 40 m from depth 1~200 m, 201~1400 m, 1401~2200 m and 2201~3600 m. The bottom friction coefficient is taken to be a uniform constant as 0.0025 throughout all simulations (Sun, 2021).

The topography of the northern SCS is complicated. However, this paper focuses on the interaction between ISWs and the sand wave seabed. Therefore, a simplified topography section is applied, which covers the sand wave fields on the upper continental slope and outer shelf. It can preserve the essential features of the actual topography, and enhance the computational efficiency of the analysis. As ISWs mainly propagate along the latitude in the northern SCS, the real topographic features of the section 20.5°N (Chen, 2022) are utilized (Figure 1). The topographic data are from the General Bathymetric Chart of the Oceans (GEBCO) with the original two ridges simplified into a single elevated topography. The water depth at the apex of the elevated topography is set to 500 m, while the water depth to the east of 119°E is set to 3600 m. The seabed slopes of sand wave regions in the northern SCS range from 7′ to 15′ (Wu et al., 2006). Therefore, an idealized semi-Gaussian topography, which more accurately reflects the actual conditions, is employed in this experiment. The slope of the simulated seabed topography is set to be 15′ to provide a more intuitive result of the sand wave migration.

[image: Graph depicting depth versus distance. The depth starts at 500 meters and gradually declines into a trench around 400 kilometers, reaching a maximum depth of 3500 meters. A sharp peak emerges around 650 kilometers before returning to the base level.]Figure 1 | Simplified topography employed for ISW simulation.
The initial model temperature, salinity and buoyancy frequency profiles are derived from World Ocean Atlas 2018 (Garcia et al., 2019) in horizontally uniform conditions, as shown in Figure 2. To ensure numerical stability while maintaining computational efficiency, the time step was set to 3 s to satisfy the Courant–Friedrichs–Lewy (CFL) condition.

[image: Three-panel graph showing oceanographic data profiles. Panel (a) displays temperature in degrees Celsius, decreasing with depth from surface level to 3,500 meters. Panel (b) illustrates salinity in Practical Salinity Units, showing a slight decline at a similar depth. Panel (c) depicts buoyancy frequency in per second, also showing a decreasing trend with depth.]Figure 2 | Profiles of initial conditions: (a) temperature; (b) salinity; (c) buoyancy frequency.
The model is driven by adding periodical barotropic tides at the east-west open boundary of the simulation area (Cai et al., 2021), with flow velocity utide versus time as Equation 25:

utide=U0sin(2πtTtide)(25)
 
where U0 is the amplitude of the barotropic tides; Ttide is the tidal period. The M2 constituent is selected to drive the model, with a period of 12.42 h and amplitude of the periodically varying horizontal barotropic tides is 0.2 m/s. The horizontal diffusion coefficient of the model is taken as κh = 10-5 m2/s, the horizontal and vertical viscosity coefficients are taken as Ah = 10-5 m2/s and Az = 10-4 m2/s. The K-Profile Parameterization (KPP) scheme is adopted as the vertical mixing parameterization scheme in this paper (Wang et al., 2014). This paper uses the presented model to simulates the ISW propagation process, and outputs the ISW-induced dynamic water pressure and bed shear stress as inputs for the seabed response.


3.2 ISW model verification

The temperature field after the sixth M2 tidal cycle is outputted in Figure 3. A large-amplitude ISW is generated by the interaction of tidal currents and topography within the model, with an amplitude of 94 m during its propagation towards the continental slope. This simulated amplitude is very close to the amplitude 91 m interpreted from the observed ISW-associated temperature field at 20.83°N (Huang and Zhao, 2014). In addition, the simulated propagation speed of the ISW towards 119°E is about 2.77 m/s, which is also very consistent with the average propagation speed of 2.92 m/s interpreted from the MODIS image (Huang and Zhao, 2014). Therefore, comparisons of both amplitude and propagation speed demonstrate that the simulation of ISWs in this paper has a high degree of consistency with the observations. This agreement verifies the accuracy and reliability of the proposed model in effectively simulating the characteristics and propagation process of ISWs in the northern SCS.

[image: Cross-sectional ocean temperature visualization shows varying depths and distances. Colors range from red (25°C) near the surface to dark blue (5°C) at greater depths. Notable features include a highlighted zone with a depth label of 94 meters and a flow velocity of 2.77 meters per second.]Figure 3 | The simulated temperature field after the sixth M2 tidal cycle.
Based on the proposed model, the ISW-induced vertical pressure acting on the seabed surface at water depth 180 m is illustrated in Figure 4. As a large-amplitude ISW packet passing through the seabed, a bottom pressure fluctuation exceeding 5 kPa occurs, with the shape of the fluctuation resembling the propagation characteristics of ISWs. In the northern SCS, Ma et al. (2016) captured a depressed ISWs-induced large-amplitude pressure perturbation of about 3 kPa near the seabed at water depth 175 m. The measurements were acquired using five pressure sensors at about 10 m above the seabed, and the pressure signal was distinguished from other hydrodynamic through high-pass filterings. Tian et al. (2024a) observed the seabed methane release processes at water depth 600 m under ISWs, indicating that the arrival of ISWs coincided with the seabed pressure increasing by 1~2 kPa. The pressure are obtained using paroscientific pressure transducer with a sampling rate of 10 s, and the ISW-induced signal are identified by the symmetric flow velocity structure in the vertical flow velocity profile. The parameters of the above-mentioned field observations and the simulated ISW-induced pressure are showed in Table 1. The order of magnitudes of the pressure outputted by the presented model are consistent with the observations. The simulated values are nearly the same as the observed ones at similar water depth, further validating the model’s reliability in describing the ISW-induced bottom pressure fields.

[image: Line graph showing water pressure in kilopascals (kPa) over time in hours (h) from 3 to 9 hours. There is a significant drop in pressure reaching below negative 6 kPa around 6 hours, followed by a recovery.]Figure 4 | Simulated ISW-induced vertical pressure at water depth 180 m.

Table 1 | Comparison of observed and simulated ISW-induced pressure.


	Experiments
	Water depth (m)
	Period (min)
	Amplitude (m)
	Pressure (kPa)



	Ma et al. (2016)
	175
	20
	80
	3


	Tian et al. (2014a)
	600
	10~20
	100
	1~2


	Simulation by the presented model
	180
	20
	94
	5




3.3 Seabed model setup

As this paper specifically examines the ISW-induced seabed response and sand wave migration within a water depth range of 80~250 m. The seabed model is initially configured with a water depth of 180 m and a time step of 1 s. According to the typical types of seabed soil in the northern SCS (Zhang, 2021), a unified sediment grain size parameter of D50 = 0.065 mm for silt sand is preliminary used in the present experiments. The seabed thickness is taken as 40 m because the ISW-induced pressure is negligibly at 40 under seabed surface. The vertical spatial step is taken as 0.5 m. The parameters are taken as α=0.246 and β=-0.165 (Jeng et al., 2007). Other parameters for the seabed model are listed in Table 2 according to the literatures with similar conditions of the present study (Chowdhury et al., 2006; Qi and Gao, 2015).


Table 2 | Basic soil parameters in this paper.


	Parameters
	Value



	Median grain size D50
	0.065 mm


	Particle density ρs
	2.68 g/cm3


	Water density ρw
	1 g/cm3


	Porosity n
	0.45


	Poisson’s ratio  v
	0.49


	Saturation Sr
	0.98


	Penetration rate Ks
	1×10-4 m/s


	Modulus of elasticity E
	30 MPa




4 Results and discussion


4.1 ISW-induced transient and accumulated pore pressure

This paper simulates a single ISW with amplitude of 94 m and outputs the ISW-induced pressure variations at a water depth of 180 m. ISW may induce either transient pore pressure or accumulated pore pressure response of the seabed. On the one hand, depressed ISWs generate the most significant negative pressure below the wave troughs, inducing transient pore pressure and upward seepage gradients within the seabed. However, the depth and duration of their impact are limited. One the other hand, the ISW packet typically comprises a sequence of successive ISWs. Similar to surface waves, the successive sub-waves can induce pore pressure buildup in under-consolidated seabed. The following section quantifies the pore pressure response induced by individual wave packets and continuous sub-waves during the passage of ISWs, and further discusses the contribution of the two pore pressure responses.

The ISW-induced vertical pressure at seabed surface can penetrate into a specific depth within the seabed, resulting in the development of EPP. The transient pore pressure at depths of 5 cm below the seabed surface is depicted in Figure 5. During the 30-min interval in which a single large-amplitude ISW traverses the area, a seabed pore pressure response of with maximum negative value 1.64 kPa is generated (negative value at wave trough phase). The transient pore pressure variations exhibit a strong correlation with the waveform of the ISW, thereby providing additional evidence for the vertical impact of the ISW on the seabed.

[image: Line graph showing pore water pressure in kilopascals over time in hours, from 3 to 9. The pressure remains near zero, with a sharp dip to negative 2.5 around the six-hour mark, then returns to near zero.]Figure 5 | Temporal variation of transient pore pressure induced by ISWs (5 cm below the bed surface).
The change of ISWs-induced accumulated pore pressure with depth of seabed is shown in Figure 6. Assuming the ISW packets propagate with a constant amplitude and constant interval Tisw, Nisw=t/Tisw represents the number of ISW in the packet (Su et al., 2017). The accumulated pore pressure increases as the number of ISW increase, with the maximum value reaching approximately 4 kPa at depth of 12 m. Comparing with the transient response that mainly occurs within the upper layer of seabed, the maximum accumulated pore pressure occurs deeper.

[image: Graph showing scabed depth in meters versus excess pore pressure in kilopascals. Four curves are plotted: black for N equals one, red for N equals two, blue for N equals five, and green for N equals ten. Each curve demonstrates increasing pressure with depth, converging near zero pressure at around seventy meters depth.]Figure 6 | Variation of accumulated pore pressure on the seabed under the action of ISWs at different propagation times.
The EPP response is represented by the EPP ratios, which is commonly known as the ratio r between EPP and the initial effective stress, that is r=EPP/σ0" (Do et al., 2023). According to one-dimensional liquefaction criterion, the seabed soil will be completely liquefied when the EPP offsets the effective stress of the overlying soil (Liu, 2008). The transient EPP is defined as p ′=-(p0-p), where p0 is the ISW-induced pressure at the seabed surface. The variation of EPP ratio with seabed depth is of both transient and accumulated response are shown in Figure 7 and Figure 8. Transient liquefaction occurs predominantly in the uppermost layer of the seabed, with a liquefaction depth of approximately 0.19 m. Athough the accumulated EPP ratio reaches its maximum value of 0.08 in the surface layer of the seabed, is far from reaching the threshold for liquefaction.

[image: Two graphs depict pore pressure ratios versus depth. Graph (a) shows the transient pore pressure ratio reaching maximum values near the surface and stabilizing with increasing depth. Graph (b) illustrates the accumulated pore pressure ratio, which increases gradually with depth. Both graphs have depth in meters on the vertical axis and excess pore pressure ratio on the horizontal axis.]Figure 7 | ISW induced excess pore pressure ratio with depth: (a) transient; (b) accumulated.
[image: A graph shows the relationship between depth in meters and excess pore pressure ratio. Four curves, each representing different values of N (1, 2, 5, and 10) with colors black, red, blue, and green respectively, display increasing trends with depth ranging from 0 to 40 meters and pressure ratio from 0 to 0.08.]Figure 8 | Accumulated excess pore pressure ratio with depth under different ISW cycles.
The explanation of the different response features of the transient and accumulated pore pressure can be categorized into three aspects. Firstly, ISWs are generated by a significant vertical fluctuations between the density layers of seawater. However, the densities of the seawater of the upper and lower layers are very close. The vertical pressure changes induced by the ISW on the seabed surface are relatively minor. This results in a limited impact on the response of pore pressure within the seabed; Secondly, the wave period of ISW is typically longer, while the duration of their action is often shorter. Consequently, a significant proportion of pore pressure accumulated by former ISW would dissipate before the subsequent ISW, making it difficult for pore pressure to accumulate under ISW series. Additionally, the sand wave is predominantly composed of fine sand silt sand, and a small proportion of clay (Geng et al., 2017). The higher permeability makes the pore water easier to get in and out of the seabed, facilitating the rapid penetration of water through the soil’s pore structure and contributing to the fast dissipation of the pore pressure.


4.2 Seepage force due to transient and accumulated response

Pore pressure gradients and seepage forces are critical factors in the analysis of seabed response (Liu et al., 2017). ISWs generate pressure on the seabed surface within a short duration, resulting in an accumulation of pore pressure within the seabed and generating an upward seepage force. In the case of a single ISW passing through, the transient pore pressure gradient leads to temporal variations in the seepage force acting on the seabed surface in Figure 9a. The seepage force increases significantly as the propagation of ISWs on the whole. To be specific, the seepage force exhibits different patterns at different depth. The greatest increase of seepage force 4.6 Pa appears at 1.0 cm, and the peak seepage force decrease rapidly with depth to 2.0 Pa at 10.0 cm. The changes in seepage forces are closely related to pore pressure variations, and their magnitude may be influenced by the ISW-induced dynamic pressure fields. Additionally, the variation of seepage force at depth 180 m in response to accumulated pore pressure is also depicted in Figure 9b. During an ISW cycle, the seepage force gradually increases from 0 Pa to 0.068 Pa at 10.0 cm, and its overall trend is consistent with the accumulated pore pressure. However, the maximum value of accumulated response-induced seepage force is much smaller, maybe two orders of magnitude smaller than the transient response-induced seepage force in the surface seabed layer.

[image: Two graphs depict seepage force behavior over time. Graph (a) shows transient seepage force (Pa) over hours, with all curves spiking sharply around 6 hours, indicating different depths (z = 10 cm to 200 cm). Graph (b) presents accumulated seepage force (Pa) over minutes, showing a gradual increase for various depths, displaying slight variations among the curves. Both graphs include legends for the corresponding depths.]Figure 9 | ISW induced seepage force with time: (a) transient; (b) accumulated (during a single ISW cycle).
The above results indicate that the transient pore pressure response dominates the ISW-induced internal response of seabed, whereas the accumulated pore pressure response exerts a relatively minimal impact. Therefore, only the transient pore pressure and seepage force caused by a single extremely large-amplitude ISW is considered, while the accumulated response of seabed due to sequent ISWs is ignored when analyzing the ISWs-induced sand wave migration.


4.3 Influence of seepage forces on sediment erosion

As a critical parameter for assessing sediment initiation, the variation in the critical incipient shear stress (CISS) of sediment serves as an indicator of the impact of seepage forces on the bed surface response. Figure 10 illustrates the calculated CISS of sediment within 50 cm beneath the bed surface during one ISW cycle, in which the impacts of seepage force are taken into account. The CISS exhibits a minimum value of 0.38 Pa at depth of 5 cm, then increases gradually with the seabed depth to reach 0.94 Pa at 50 cm below the bed surface, ultimately approaching the stable value 1.2 Pa without considering the seepage force. It should be noted that the bigger CISS, the harder for the sediment to be initiated. Thus the ISW-induced seepage force significantly reduces the CISS of sediment, and in turn promotes the initiation of sediment in the upmost seabed layer. This finding can also be corroborated by the results from the flume experiments conducted by Tian et al. (2022, 2023).

[image: Graph showing critical incipient shear stress (CISS) over time in hours. CISS without seepage is constant around 1.2 pascal. CISS with seepage at depths of five, ten, fifteen, twenty, and fifty centimeters dips sharply around six hours but otherwise remains near 1.2 pascal.]Figure 10 | Critical incipient shear stress with and without considering the ISW-induced transient seepage force.
Figure 11 shows the ISW-induced maximum bottom shear stress and the minimum CISS that considering the seepage force at different seabed depths. Under normal conditions, that is, when the ISW-induced transient liquefaction and seepage force is not considered, the maximum ISW-associated bed shear stress of 0.94 Pa is smaller than the CISS 1.18 Pa, indicating that the sediment cannot be initiated. However, when introducing the transient EPP and corresponding seepage force, the CISS of the sediment is reduced to 0.38 Pa. This value falls below the ISW-associated maximum bed shear stress, thereby the sediment can be initiated. The bed shear stress is approximately equal to the CISS at 0.49 m, leading to an equilibrium state in sediment initiation. In other words, the ISW-induced critical erosion depth of sand seabed is 0.49 m.

[image: A graph illustrates the relationship between stress and depth. Depth in meters is on the y-axis, ranging from zero to four. Stress in pascals is on the x-axis, ranging from 0.4 to 1.4. A vertical black line represents bed shear stress, while a red curve labeled CISS decreases sharply as it nears 1.2 on the x-axis, indicating decreasing stress with increasing depth.]Figure 11 | Variations in critical incipient shear stress amplitude and bed shear stress at different seabed depths after considering seepage force.

4.4 Impact of ISW-induced internal-surface coupling response on bed load transport rates

The ISW-induced seabed internal-surface coupling response process, i.e., the ISW can generate EPP and upward seepage force acting on the sediment particles, and thus promote the incipient motion of sediment at seabed surface. Among them, the bed shear stress is calculated based on ISW-induced near-bottom velocities during its passage, as tidal currents not taken into consideration. The critical incipient shear stress are considered dynamically during ISWs passage, showing strong correlation with seepage force(See Section 4.3). Based on this, the bed load transport rates in a single cycle of the ISW is calculated according to Equations 23, 24, in which only the time duration for the bed shear stress exceeding the critical incipient condition makes sense. By considering the ISW-induced internal-surface coupling response, the bed load transport rates increases to 8.22×10-4 kg·m-1·s-1 in a single cycle of the ISW.

This paper investigates different waterdepth ranging from 150 to 1000 m on the upper slope and outer continental shelf area of northern SCS. Figure 12 shows that changes in water depth affect the bed load transport rates under ISWs. The maximum bed load transport rates occurs at a water depth of 400 m. In shallower conditions (<400 m), seabed mobility diminishes progressively with decreasing depth. It correlates with ISW energy reduction caused by shoaling and fission processes during upslope propagation (Tan et al., 2019; Hartharn-Evans et al., 2022). In deeper conditions (>400 m), seabed mobilization gradually strengthens with decreasing depth. This is because ISWs are closer to the seabed, resulting in enhanced impacts on bed load transport rates. At water depths exceeding 700 m, the bedload transport rates are significantly reduced, leading to attenuated migration activity under ISWs. It implies the critical depth constraints on ISW-seabed interactions. Future research should integrate high-resolution numerical models and long-term field observations to better validate sand wave migration dynamics at different water depths.

[image: Line graph depicting the relationship between bed load transport rates (kg per meter per second) and water depth (meters). The x-axis represents bed load transport rates ranging from 0 to 1.2 times 10 to the negative 3. The y-axis represents water depth ranging from 100 to 1000 meters. The plot shows fluctuations, with notable increases and decreases, marked by triangles at data points.]Figure 12 | Bed load transport rates versus water depth under ISWs.
The results suggest that ISWs play an important role in the migration of sand wave on the upper slope and outer continental shelf in the northern SCS. ISWs-induced pore pressure gradient can remarkably enhance the seepage force, reducing the CISS of sediment particles, and thus promoting the sediment erosion and bed load transport. During the passage of ISW event, the rapid increase in near-bottom flow velocity can result in displacement of sand waves within a short period. The frequent ISW events in the northern SCS can thereby induce remarkable macroscopic sand wave migration. The results of this paper show the certain contribution of ISWs on sand wave migration on the upper slope and outer continental shelf. However, more in-situ observations on the ISW-related hydrodynamic and sediment dynamic of sand waves are still needed to further verify the present model. In addition, due to the complex geometrical characteristics and migration patterns of different sand wave fields, the impact of ISW events may superimpose with the influences of astronomic tide, internal tide, and typhoon events. The superimposed effects can form a complex bottom flow and shear stress field, making the sand wave migration present characteristics such as complex migrating directions. The presented model analyzes the bed load transport induced by ISWs, and further research are needed to consider the superimposed influence of different driving forces.


5 Conclusion

This paper proposes a model to evaluate the ISW-induced bed load transport on the upper slope and out continental shelf in northern SCS, in which the internal-surface coupling response of seabed under ISW is particularly considered. The main conclusions are as follows.

1. A coupling response exists between the internal and surface of seabed under the action of ISWs. ISWs can induce EPP in the seabed, resulting in upward seepage force acting on the sediment particles, and thus reduce the critical incipient shear stress. This process promotes sediment initiation and transport at the seabed surface. The maximum value of accumulated response-induced seepage force is two orders smaller than the transient one in the surface seabed layer. The ISW-induced transient EPP dominates the internal response of seabed due to ISWs. Transient liquefaction occurs at the uppermost seabed layer due to ISW, while the ISW-induced erosion depth can be twice if the seepage force is added to the sediment force equilibrium equation.

2. The ISW-induced vertical pressure fluctuation and horizontal shear stress near the seabed can be effectively obtained based on the numerical model of MITgcm. By incorporating these external driving forces with the internal-surface coupling response of seabed, the bed load transport rate is thus reasonably calculated. The results suggest that ISWs play an important role in the migration of sand wave on the upper slope and outer continental shelf in the northern SCS. Although more in-situ observations are still needed to further calibrate and verify the present model. Other hydrodynamics such as astronomic tide, internal tide and typhoon events may also contribute to the migration of different sand wave fields on the upper slope and outer continental shelf in northern SCS. The present model can be adapted to incorporate additional forcings as future data become available.
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Median grain size Dsy 0.065 mm
Particle density p, 2.68 g/em?®
Water density p,, 1 g/cm3
Porosity n 0.45
Poisson’s ratio v 0.49
Saturation Sr 0.98
Penetration rate Ks 1x107* m/s
Modulus of elasticity E 30 MPa
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