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Abstract: Strong nonlinear internal waves generate a significant pressure force on the seafloor and
induce a pore-pressure response penetrated in the seabed and are thus an important driver of
sediment resuspension and a potential trigger of seabed failure. The following provides an overview
of the seabed responses induced by nonlinear internal waves and the theory, models, and limited
observations that have provided our present knowledge. The pressure disturbance is generated by
the combined effect of interface displacement and near-bottom acceleration by the nonlinear internal
waves. Recent observations in the South China Sea have shown that the pressure magnitudes up
to 4 kPa, which is the largest known disturbance. Intense pore-pressure changes in roughly the top
1 m of the weakly conductive seabed are expected during the shoaling and breaking of the nonlinear
internal waves and lead to 2 cm sediments of the local seabed appearing in transient liquefaction.
Since the fluid seepage reduces the specific weight of the bed, results show that the contribution of
vertical seepage on sediment resuspension is estimated at 11% for a seabed saturation of 0.97. Finally,
in situ observations are needed to confirm theoretical knowledge and to help improve our ability to
model the multiscale interaction process between the seabed and internal waves in the future.

Keywords: internal solitary waves; seabed stability; pore pressure; dynamic response; seepage

1. Introduction

Nonlinear internal waves (NLIWs) are a large-amplitude short-period fluctuation that
occur in the interior of the stratification ocean [1,2]. Internal solitary waves (ISWs) are a
particular type of NLIW that appear frequently, in which the wave structure is isolated,
propagation is unidirectional, and the velocity and waveform remain essentially constant
during propagation [3,4]. One type of NLIW that is found in the upper ocean depresses the
isopycnals and hence is referred to as a depression wave. Another type of NLIW elevates
the isopycnals that are located in the bottom half of the ocean and hence is referred to as an
elevation wave [5–7]. NLIWs are widely observed in the global oceans, such as the South
China Sea [8,9], the Andaman Sea [10], the Massachusetts Bay [11], and the New Jersey’s
Shelf [12], among many others (Figure 1a).
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Figure 1. Nonlinear internal wave and nepheloid layer distribution around the world. (a) Global
internal waves observed in MODIS imagery from 2002 through 2004, adapted from Jackson [13].
(b) Global nepheloid layers observed from 1953 through 2019, adapted from Tian et al. [14]. The
well-known sites are regions where internal waves or nepheloid layers have been previously reported
and their characteristics well-documented. The activity areas are regions where internal wave or
nepheloid layer activity has been reported but their characteristics have not been determined. The
expanded activity areas are regions in which the MODIS survey found a significant amount of internal
wave activity where little or no activity had been previously reported.

Typically, NLIWs have wavelengths more than tens of kilometers long, amplitudes
often exceed 200 m, and periods last from tens of minutes to several hours [2]. The strongest
ISWs in the world were reported by Huang et al. [15] in the South China Sea, with ampli-
tudes exceeding 240 m and a westward current reaching 2.55 m/s. On the one hand, NLIWs
induce bottom shear stress [16] and benthic boundary layer instability [2], which may be-
come sufficient for particle initiation and sediment resuspension, especially during ISW
shoals in the continental shelf and slope [17,18], where the powerful nepheloid layers were
often observed (Figure 1b). On the other hand, NLIWs are capable of inducing significant
pressure (positive or negative) upon the seafloor [19,20] and excess pore pressure [21–23] in
the sediment during their passage, whether they are depression waves or elevation waves.
The pore pressure is the fluid pressure (liquid pressure and gas pressure) in the seabed pore
space. In addition, pore fluid circulation and seepage appear in the strong pore-pressure
gradient zone beneath the seafloor, the enhanced sediment resuspension, and the driving
bottom nepheloid layer burst events [21,22]. Understanding this relationship is necessary,
since changes in seabed stability and sediment resuspension potentially modify the subma-
rine topography [19,24], the solute transport across the sediment-water interface [25], and
the biogeochemical cycles [26].
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Sediment resuspension and transport by NLIWs receive the most attention and benthic
boundary layer instability driven by NLIWs is believed to be the principal mechanism [2,17].
During NLIW propagation, the observation data at 2000 m depth showed that the acous-
tic backscattering intensity of the benthic boundary layer was enhanced, velocities exceeded
0.6 m/s and the suspended particulate matter concentration increased by two orders of magni-
tude and reached 14.3 mg/L above 7.9 m of the bottom [27]. Much of what has been inferred
about bottom shear stress generated by NLIWs and their effects in eroding and transporting
sediment is taken from extensive compilation results of field observations, theoretical infer-
ence, numerical simulation, and laboratory experiments [16,28–30]. Unfortunately, individual
research data provide little or no information about the seabed dynamic response of NLIW
events and they have rarely been coupled with direct measurements of seafloor pressure or
seabed pore pressure.

Conductivity, stiffness, and saturation are important mechanical properties of sedi-
ments [21,31]. The stiffness and saturation dictate how the pressure that waves exert on the
seafloor is transmitted through the sediments with a fine material of weak conductivity and
eventually cause the seabed dynamic responses [32], even the seabed instability. Surface
waves, including solitary surface waves, have been identified as the occurrence of wave-
induced seabed effective stress attenuation so far as to liquefaction [33]. For an unsaturated
seabed with a small amount of gas, only a deep trough wave that induces strongly negative
bottom pressure can be generating powerful seepages vertically from the seabed, then
eroding and resuspending the sediment [34]. However, in deep-sea environments with
depths greater than 200 m, the effect of surface waves on the seabed is extremely weak [21].
The NLIWs, whose amplitudes are 20–30 times larger than that of surface waves under the
same energy conditions, can generate significant perturbations in the deep sea bottom [35].
The study of the dynamic response mechanism of the seabed under the action of NLIWs is
of great significance for engineering safety and geohazard forecasts [36,37].

It is noteworthy to note that pore pressure has long been recognized by researchers
as a crucial aspect of marine geohazards [38]. The earliest known attempt to measure
pore pressures in submarine sediments was made by Lai et al. [39]. Since then, Richards
et al. [40] first discussed the effect of pore pressures caused by the NLIW-cyclical loading
of the seafloor. NLIW shoaling and breaking could cause cyclical wave pressure [41,42],
which may cause changes in soil behavior. These ideas about patterns of seabed dynamic
responses induced by NLIWs have been supported by subsequent numerical models
and filed measurements [21–23]. The first numerical investigation work to explore the
interaction between the internal wave and the elastic seabed of a porous medium was by
Chen and Hsu [23]. For the highly nonlinear ISWs of the depression type, the pore-pressure
field has been examined using numerical simulations [21]. Not until the late 2000s and
early 2010s were time-series measurements of bottom high-accuracy pressure transducers
made simultaneously with a moored acoustic doppler current profiler (ADCP) [12,20,43].
Episodic response in NLIW-induced pressure in the ocean was first documented in long-
time series measurements (1.5-month duration) using a Paroscientific Model 6000-200A
pressure transducer moored on the seafloor on the New Jersey shelf [43]. The first known
used submarine piezometer to acquire ISW-induced pore pressure was by Ocean University
of China (OUC). These authors describe a differential FBG-Piezometer that was designed
to operate in water depths of up to 3500 m [44]. Richards et al. [40] hypothesized that the
NLIWs induced seabed dynamic responses; since then numerous studies have contributed
to understanding their effect and mechanism. Nonetheless, major questions remain: How
intense, variable, or persistent are NLIW-induced seabed dynamic responses? How do pore
fluid circulation and seepage affect sediment resuspension? Are high-frequency internal
waves required to both initiate and maintain the buildup of pore pressure or have NLIWs
generated seabed strength weakening and triggered geohazards?

In this paper, we first review known characteristics of NLIW-induced pressure struc-
ture (theoretical and numerical results, as well as the field observation data) in Section 2.
The time-series bottom pressure measurements were obtained in months’ long deployments
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of a pressure transducer and other moorings. We compare the different bottom pressure
records of existing studies to gain a perception on major questions. We then investigate how
the pore pressure (Section 3) and fluid seepage (Section 4) variations of the seabed relate to
NLIWs. Section 5 provides a conclusion and future outlook on these issues. Our results
provide important new insights into the intense, variable, and persistent NLIW-induced
seabed dynamic responses. Because pore fluid circulation carries nutrients and trace ele-
ments into the benthic boundary layer [45], our results also provide key information that
will be useful to submarine biogeochemical processes where pore pressure is critical for
understanding NLIW–seabed interactions.

2. The Pressure Disturbance of the Seafloor

During the NLIW propagation, the seafloor pressure disturbance is a significant cause
of seabed pore-pressure dynamic response, which is also reflected in the magnitude of
perturbation of the NLIW–seabed interaction [21]. The pressure of NLIWs on the seafloor
has been the subject of gradually intensive investigations, through both theoretical analysis
and numerical simulations, supplemented in more recent years by in situ observations
based on high-precision pressure sensors. All these methods are complementary and are
illustrated in the following subsections.

2.1. Theoretical and Numerical Results
2.1.1. Wave-Pressure Structure of the Bottom

Theoretically, bottom pressure disturbance caused by NLIWs has been investigated
previously as a problem in density and velocity changes of the water column [23,43,46,47].
As mapped by Moum and Smyth [46], the wave pressure structure of the seafloor consists
of three components (as in Figure 2):

Figure 2. Schematic bottom pressure structure induced by NLIWs. (a) Comparable between surface
wave displacement, hydrostatic pressure, non-hydrostatic pressure, and total pressure in an NLIW
train of elevation propagating to the right. The black arrows show the relative velocity of the
wavefronts and induced near-surface velocity. (b) A similar structure for NLIW train of depression
propagating to the right. Panels (a,b) adapted from Moum and Smyth [46], with permission from
Cambridge University Press.



J. Mar. Sci. Eng. 2023, 11, 395 5 of 27

a. An internal hydrostatic pressure perturbation as a result of the NLIW-driven isopyc-
nals displacement, which for depression or elevation waves are negative or positive
pressure, respectively.

b. An external hydrostatic pressure perturbation as a result of the free surface fluctuation,
related to near-surface velocity convergence and divergence that is driven by NLIWs,
which for depression or elevation waves are positive or negative pressure, respectively.

c. A non-hydrostatic pressure perturbation as a result of NLIW-driven near-seabed
accelerations in the vertical, which for depression or elevation waves are dominated
by positive or negative pressure, respectively.

2.1.2. Governing Equations for Wave Forcing

In the pioneering work of Chen and Hsu [23], the two-layer interfacial wave system
(as in Figure 3) with inviscid and irrotational assumption was considered for solving
the NLIW–seabed interaction problem. In this study, the upper layer is assumed to be
a free surface and the lower layer is assumed to be a rigid boundary (i.e., as a seabed).
Moreover, the NLIW motion η2(x, t) and free surface fluctuation η1(x, t) is specified as
simple harmonic motion. Chen and Hsu [23] considered the independent velocity potential
φ in both layers. Moreover, the internal wave pressure equation is deduced based on the
superposition principle which was previously used to solve the boundary value problem
of the complex conditions of the interaction between the surface wave and the seabed [48].

Figure 3. Typical definition sketch of a two-layer fluid system for a depression ISW propagating
over a flat seabed. The seabed thickness Lη , the ISW amplitude A, half-wavelength Lw, and a phase
speed c are also shown. The ISW lies in a reference frame, x–z, that moves with the wave. The bed
lies in a fixed reference frame, ξ–η. The boundary conditions of the porous medium come from
Rivera-Rosario et al. [21]. Figure adapted from Rivera-Rosario et al. [21], with permission from Wiley.

According to Chen and Hsu [23], the internal wave pressures PChen & Hsu at the seafloor
(z = 0) is expressed as

PChen & Hsu =
1
2

p0Re
[(

ei(kx−σt) + ei(kx+σt)
)]

, (1)

where Re is the function real part and i =
√
−1 stands for the imaginary part of a complex

variable. p0 is related to the bottom pressure to the first order of the wave theory, which is
given by

p0 = −ρw

(
∑

.
φj

)
, (2)
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where ρw is the fluid reference density, j = (1, 2) represents the upper layer and the lower
layer, and (·) stands for the time differentiation. The final form for the p0 can be expressed as

p0,1 = −ρ1
.
φ1 = −ρwbσ2

k

{
gk cosh kd− σ2 sin h kd

gk sinh kh1 − σ2 cosh kh1

}
, (3)

p0,2 = −ρ2
.
φ2=

bρw

kρ2

{[
−gkρ2σ2 cosh kh1 + (g2k2(ρ2 − ρ1) + ρ1σ4)sinh kh1

]
(gk sinh kh1 − σ2 cosh kh1)

cosh kh2

+
(ρ2σ4 cosh kh1 − gkρ2σ2 sinh kh1)

(gk sinh kh1 − σ2 cosh kh1)
sinh kh2

}
,

(4)

where p0,1 is the bottom pressure induced by free surface fluctuation η1(x, t) in the upper
layer, p0,2 is the bottom pressure induced by internal wave motion η2(x, t) in the lower
layer, h1 and h2 are the water depth for the upper layer and lower layer, respectively, b is
the amplitudes of the internal wave, ρ1 and ρ2 are the water density in the upper layer
and lower layer, respectively, k is the internal wave number that is solved by a new wave
dispersion relationship, and φ1 and φ2 are the velocity potential in the upper layer and
lower layer, respectively (Figure 3).

In the equation of the internal wave pressures proposed by Chen and Hsu [23], the
internal wave and the free surface perturbation have been assumed to be a linear wave
(i.e., the wave amplitudes are small compared with the wavelength). In the same assump-
tion, Williams and Jeng [47] showed the attenuation of internal wave propagation in a
porous elastic seabed. However, unlike Chen and Hsu [23], Williams and Jeng [47] sug-
gested that the velocity potential φ1 in the upper layer does not affect the seafloor and
only the velocity potential φ2 of the lower layer is required to address the wave pressure
problems. Furthermore, they extended the solution to the second-order nonlinear terms
of the wave theory to understand the influence of the internal wave with finite amplitude
on the porous seabed. According to Williams and Jeng [47], the internal wave pressures
PWilliams & Jeng at the seafloor (z = 0) are expressed as

PWilliams & Jeng =
II

∑
n=I

A(n)ein(kx−wt), (5)

where A(n) stands for the high-order pressure amplitude of the internal wave motion and
the superscripts I and II represent the order of approximation.

The above model regarding internal wave pressure derived by both Chen and Hsu [23]
and Williams and Jeng [47] has not been supported by laboratory scale or field scale
measurements and must be reviewed in more detail. In fact, the assumption of small
amplitudes is not an accurate description of NLIWs with large amplitude features [49–51]
and would give rise to a significant underestimation of seabed dynamic responses by
NLIWs [21]. Moum and Smyth [46] revisited the problem using elevation NLIW forms
modeled by the Korteweg de Vries (KdV) equation, despite the KdV equation being in
accordance with the weakly nonlinear theory. In this study, the pressure model is derived
from the vertical and horizontal components of the momentum equations, associated with a
two-dimensional nonlinear non-hydrostatic internal wave, based on a non-rotating inviscid
Boussinesq fluid assumption.

According to Moum and Smyth [46], the NLIW pressures PMoum & Smyth is expressed as

PMoum & Smyth = pU + pWh + ρ0gηH + pnh, (6)
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where pU is the ambient profile pressure, pWh is the NLIW-driven disturbance pressure,
ρ0gηH is the external hydrostatic pressure, and pnh is the non-hydrostatic pressure. The pU ,
pWh, ηH , and pnh are written as

pU =
∫ H

z
(ρ0 + ρU)g dz, (7)

pWh =
∫ H

z
ρwg dz, (8)

ηH = − 1
g

∫ x

−∞

DuH
Dt

dx, (9)

pnh = ρ0

∫ H

z

Dw
Dt

dz, (10)

respectively, where ρ0 is the reference density, ρ0 + ρU represents the ambient density
profile, and where ρw is the NLIIW-driven perturbation density, ηH is the free surface
displacement, and uH represents the wave propagation velocity. These models about the
pressure of NLIWs have been supported by subsequent in situ measurements [46] and are
validated in detail by Moum and Nash [43]. The highly sensitive pressure sensors provide
details of wave pressure dynamics and subsequently filter raw time series of pressure
required to extract the pressure signal of NLIWs. The computation of the bottom pressure
signal of an NLIW from measurements of density and velocity is compared with the in situ
observed pressure data to verify the correctness of the equation [43]. While it is widely
known that the wave amplitude based on the KdV equation compared with the large
amplitude observed in the field is too narrow [3,52], the fundamental pressure mechanism
suggested by Moum and Smyth [46] is trusted to hold. Following the numerical methods
given by Moum and Smyth [46], Rivera-Rosario et al. [21] revisited the issue by employing
large-amplitude ISW described by the fully nonlinear Dubriel-Jacotin–Long (DJL) equation;
both depression and elevation wave- types were considered.

Theoretical pressure models are useful for understanding the impact of NLIWs on the
seabed and further pore-pressure response can be calculated. Compared to PMoum & Smyth,
both PChen & Hsu and PWilliams & Jeng take a small amplitude linear internal wave assumption
in with a two-layer simplified within the water column. In this way, a two-layer system
simplifies the governing equations to accelerate the calculation time but introduces a greater
uncertainty in the quantification of the NLIW pressures. In contrast, PMoum & Smyth is more
suitable for simulating large-amplitude NLIW pressures in the continuously stratified water
column of real marine environments. However, for PMoum & Smyth, the assumption that
without a change of NLIW form limits the estimation of pressure during wave breaking
or wave mode transformation, as well as waveform inversion and for NLIW propagation
with mode-2. Although theoretical and numerical results may guide seabed dynamic re-
sponses, direct application to the ocean to predict changes in the seafloor must be conducted
with caution.

2.1.3. Characteristics of Wave-Pressure Disturbance

Based on the pressure structure of NLIWs shown in Figure 2, the wave pressure is dom-
inated by internal hydrostatic pressure perturbation, whether it is a depression-wave type
or an elevation-wave type [22,46]. Furthermore, the combination of external hydrostatic
pressure perturbation and non-hydrostatic pressure perturbation always creates a negative
contribution to the wave pressure, reducing the amplitude of the total pressure [43,46] and
weakening the disturbance effect of NLIWs on the seafloor [21]. For depression NLIWs,
these signs are reversed (Figure 2b). The wave pressure structures of depression NLIWs
and elevation NLIWs have opposite mirror features [43,46].

As mapped by Moum and Smyth [46], the pressure disturbance on the seafloor is
controlled by internal hydrostatic pressure perturbation, that is to say, the greater the NLIW
amplitudes, the greater the wave pressure generated (Figure 4a). However, in other numer-
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ical studies, simple linear correlations between NLIW amplitudes and seafloor pressures
were not as expected. Rivera-Rosario et al. [21] investigated the dependency between the
maximum ISW amplitude that is permissible and the wave pressure to determine which
environmental parameter scheme gains the largest response. Numerical parameterized
results show a significant pressure decrease when the ISW amplitude increases (i.e., chang-
ing h1/h2 = 1/7 to h1/h2 = 1/10 , h1/h2 represents the ratio of upper and lower water
depths) considering the different ratios of pycnocline thickness δpyc (the pycnocline thick-
ness is defined as the thickness of the water column in which the density transition occurs)
and water depth H (as shown in Figure 4b). They argued that higher amplitude ISWs also
produced a simultaneously higher non-hydrostatic pressure which was associated with
variations of fluid vertical motions. The non-hydrostatic pressure reduced the total ISW
pressure on the bottom.

Figure 4. Bottom pressure induced by internal solitary waves for different environmental parameter
schemes. (a) ISW-induced bottom pressure with a thickness ratio of h1/h2 = 1/7 . The dash–dash
line, dash–dot line, and solid line show the hydrostatic pressure, the non-hydrostatic pressure, and the
summation of the above, respectively. (b) Amplitude and pressure changes of ISWs for the different
ratios of pycnocline thickness δpyc and the ratio of upper and lower water depths. Panel (a) adapted
from Rivera-Rosario et al. [21], with permission from Wiley. And the data of panel (b) come from
Table 2 of Rivera-Rosario et al. [21].

2.2. Observation Results

Published observations of pressure disturbance by NLIWs provide the most realistic
seabed response, which can be compared with the numerical results to examine the pressure
model. The in situ NLIW pressure results from each of the observation regions are reviewed
below (as shown in Table 1).

Table 1. Summary of past 15 years on the observation details of seafloor pressure disturbance induced
by internal waves.

Observation Area Range
Water
Depth

(m)
Transducer

Full
Scale
(MPa)

Resolution
(Pa)

Sampling
(Hz)

Height
(mab)

Maximum
Pressure

(kPa)

Wave
Event

Wave
Amplitude

(m)

New Jersey Shelf
[43]

38.80–39.2◦ N
72.75–73.50◦ W 70–110

Paroscientific
Model
6000-
200A

1.4 1.4 1 0 −0.765 Depression
NLIWs /

Massachusetts
Bay
[11]

41.78–42.68◦ N
69.99–71.09◦ W 10–80

Paroscientific
Model
6000-
200A

1.4 1.4 1/0.5 0 ±0.2
High-

frequency
NLIWs

~20
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Table 1. Cont.

Observation Area Range
Water
Depth

(m)
Transducer

Full
Scale
(MPa)

Resolution
(Pa)

Sampling
(Hz)

Height
(mab)

Maximum
Pressure

(kPa)

Wave
Event

Wave
Amplitude

(m)

Great Meteor
Seamount

[53]

30.00◦ N
28.30◦ W 549

Sea-Bird
Scientific
SBE 53

/ / 0.33 1.7 0.05

High-
frequency
internal
waves

/

Marsdiep Strait
[20]

52.98◦ N
4.77◦ E 23

Sea-Bird
Scientific
SBE 26

/ / 4 0.08 0.1

High-
frequency
internal
waves

/

South China Sea
[19]

20.3◦ N
115.4◦ E 481 / / / / 10 20

Obliquely
incident

ISWs
~80

South China Sea
[54] / / / / / / / 4 Depression

ISWs /

Aogashima Island
Slope
[55]

32–33◦ N
140–141◦ E

1470–
2240

Paroscientific
8B7000-I-

005
68.95 / 4/0.7 0 0.05 Internal

tide wave /

Note: mab—meters above the bottom; SBE—Sea-Bird Electronics; NLIW—nonlinear internal waves; ISW—internal
solitary waves.

2.2.1. North American Atlantic Coast

In the Shallow Water 2006 experiment on the New Jersey shelf, Moum and Nash [43]
deployed three Paroscientific Model 6000-200A pressure transducers (sampled at 1 Hz)
mounted in three landers, respectively, to capture NLIWs that propagate onto the shelf.
These seafloor NLIW pressure measurements provide adequate experimental verification
to confirm the NLIW pressure model derived by Moum and Smyth [46]. Furthermore,
observed NLIW trains supply a detailed understanding of the NLIW pressure field which
has not previously been quantified. The seafloor NLIW pressure disturbance signals
become visible by a low-pass bandpass filter at 1/20 Hz and a high-pass bandpass filter
at 1/2000 Hz. A train of negative bottom pressure signal relates to the typical signatures
of horizontal and vertical components of NLIWs velocity and the maximum pressure
magnitude over 765 Pa (as shown in Figure 5). In addition, it does not appear that NLIW
packets have a powerful pressure signal and near seabed current velocity [43].

Most importantly, the correlation between pressure and velocity provided an impor-
tant understanding of the spatial distribution and structure of NLIW energy transport
flux [7,11]. Thirteen high-frequency NLIW packets were observed within 6.5 days in Mas-
sachusetts Bay [11], with obvious pressure properties in along-shore and cross-shore spatial
variability. The bottom pressure data were collected from an array of 14 Paroscientific
Model 6000-200A pressure transducers at 1 Hz or 2 Hz and band-pass filtered low-pass
at 1/120 Hz and high-pass at 1/1800 Hz to distinguish the NLIW pressure signal. The
pressure amplitude oscillations weaken from 580 Pa to 36 Pa with NLIW propagation
cross-shore to the shallow sea (as shown in Figure 6), accompanied by synchronized decay
of the high-frequency NLIW energy. Thomas et al. [11] argued that the strong connec-
tion between kinetic energy and seabed pressure variation allows qualitatively the kinetic
energy variability of high-frequency NLIWs using the bottom pressure transducer array.
Moreover, because of the strong dependence on background shear currents and water
depth, an attempt to quantify the NLIW energy flux is impracticable.

Because of the significant seafloor pressure response by NLIWs, the ocean bottom
pressure (OBP) direct measurement allows real-time automated detection and alert of
NLIWs [12,55] without on-duty personnel or expensive instrumentation. Stöber and
Moum [12] demonstrate an NLIW detection algorithm using seafloor pressure data from
the New Jersey shelf, which could be employed for warning wave events that pressure am-
plitude over 250 Pa. Before this, OBP was commonly used for the detection of tsunamis [56],
seismic waves [57], seafloor deformation [58], and many others.
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Figure 5. Seafloor pressure measurements of NLIWs on the New Jersey shelf. (a) Mooring locations of
SW37, SW38, and SW39 where bottom pressure observations were conducted. (b) The NLIW named
Wyatt induces bottom pressures at SW37 and SW38, respectively. Note the bottom pressure signals
have been offset for clarity. For NLIW Wyatt, comparison between horizontal velocity (c), vertical
velocity (d), and bottom pressure (e) at SW37 on 22 August 2006. For all NLIW observed at SW37,
comparison between time series of (f) horizontal velocity, (g) vertical velocity, (h) bottom pressure,
and (i) filtered bottom pressure from 18 to 23 of August 2006. Dots in (h) show the named NLIWs,
including NLIW Wyatt. The hab is expressed as height above the bottom. Panels (a–i) adapted from
Moum and Nash [43], with permission from the American Meteorological Society.
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Figure 6. Seafloor pressure variability of the internal wave packet (IWP) in Massachusetts Bay
detected by a sensor array. (a) Station locations (black dots) of bottom pressure sensors. (b) Map of
the investigation area in Massachusetts Bay, the black box is (a). For IWP 5, comparison between
(c) filtered bottom pressure, (d) horizontal velocity u and temperature, and (e) vertical velocity w and
temperature at station 6. Comparison between (f) filtered bottom pressureand (g) horizontal velocity
u at station 10. Comparison between (h) filtered bottom pressure and (i) horizontal velocity u and
temperature at station 11. The temperatures in (d,e,i) represent black contour lines at 2 ◦C intervals
from 8 ◦C to 18 ◦C. Time 0 h is the timing of IWP 5 reaching station 6. Panels (a–i) adapted from
Thomas et al. [11], with permission from Wiley.

2.2.2. North American Pacific Coast

In the Oregon shelf, the properties of ISWs, internal bores, and gravity currents were
observed concurrently with high-intensity acoustic scattering layers induced by sediments
resuspending having a vertical extent over 30 m above the seafloor [7]. A SeaBird conductivity
and temperature recorder that was located 1 m above the bottom captured intense pressure
pulses due to NLIW propagation. Moum et al. [7] found that the pressure–velocity energy flux
had significant contributions from the effects of non-hydrostatic and free surface displacement,
which implied the substantial impact of non-hydrostatic pressure and external hydrostatic
pressure perturbation. The vertical component of non-hydrostatic effects and free surface
displacement dominates the NLIW energy transporting near the seabed.
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2.2.3. South China Sea

Energetic ISWs were consistently observed in the South China Sea, causing strong near-
seabed oscillatory currents over 0.8 m/s [19]. A pressure dramatic fluctuation has been found
over 2 kPa using a pressure transducer mounted on a mooring at about 10 m above the seabed,
which was accompanied by an ISW with an amplitude exceeding 80 m crossing the slope (as
shown in Figure 7). The largest velocity of the westward and northward components are both
over 0.4 m/s. Yang et al. [54] observed large amplitude depression ISWs of mode-1 with large
amplitude produced near bottom pressure perturbations more than 4 kPa in the South China
Sea. A 2.5 kPa bottom pressure event is induced by ISWs, which corresponds to approximately
1.5 m/s velocities in the horizontal component. The bottom pressure perturbation caused by
ISWs can be described well by the Bernoulli balance.

Figure 7. Seafloor pressure of obliquely incident ISWs in the northern South China Sea. (a) Location of the
mooring site. (b) Expansion of boxed region in (c). The obliquely incident ISWs (deep brown imprints)
near the mooring site are shown in the amplified MODIS image. (c) The MODIS image illustrates the
ISWs’ direction. Approximately 2.5 kPa of pressure changes at 10 m above the bottom at the mooring site
(d), when the largest fluctuation of 21 ◦C isotherms is down about 80 m (e), reflecting a crossing energetic
ISW propagation. Panels (a–e) adapted from Ma et al. [19], with permission from Wiley.

2.2.4. European North Atlantic Coast

In the Marsdiep strait between Texel Island and the Netherlands mainland, van
Haren [20] observed a pressure oscillation corresponding to high-frequency internal wave
propagation using a SeaBird SBE 26 wave and tide recorder with a pressure transducer
(4 Hz sampling rate). The spectra analysis of bottom pressure was used to distinguish the
surface waves, near-surface turbulence and waves by wind and ferry, turbulent overturns,
and high-frequency internal waves. van Haren [59] synthesized bottom pressure data
collected in the range from a shallow Marsdiep strait via the Baltic Sea and the seamount in
the open Atlantic Ocean to the deep Gulf of Mexico and assessed contributions of internal
waves and turbulence in different bottom pressure data with the support of additional
temperature and current data. All observations are in sloping bottom topography, where
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NLIW propagation becomes near critical and shows internal wave–turbulence transition.
In the Great Meteor Seamount of the Atlantic Ocean, van Haren [53] observed that the
pressure changes were equivalent to the fluctuation of hydrostatic pressure due to high-
frequency internal waves propagating up to 100 m above the bottom and non-hydrostatic
pressure (reduced by 50 Pa) following turbulence due to breaking of the internal wave in
the range of 50 m above the bottom.

2.2.5. Japan Western Pacific Coast

On the eastern slope of Aogashima Island, Fukao et al. [55] observed the power
spectral density of the pressure changes of the M2 internal tide, using a pressure transducer
array of 10 stations with a 10 km distance that formed equilateral triangles. The results
show that the pressure power spectral density of the M2 internal tide was about 108 Pa2/Hz,
equivalent to a bottom pressure on the order of 50 Pa.

3. The Pore-Pressure Variation of the Seabed

The pore-pressure variation of the seabed occupies a central position in seabed dynamic
responses during the NLIW-action for conceptual and practical reasons. Conceptually, pore
pressures are necessary to evaluate seabed seepage from calculated vertical gradients and
thus to allow the rational explanation of the sediment resuspension and benthic boundary
layer instability. Previously, from a theoretical perspective, sediment resuspension caused by
internal waves was recognized as an issue with hydrodynamic stability [2]. Practically, the pore
pressure in marine sediments is often an easier measure than other aspects of seabed-response
behavior, because it is omnidirectional [60]. At present, there are theoretical and numerical
results in the study of pore-pressure variation by NLIWs. The following subsections set forth
the basic theoretical formulations and characteristics of pore-pressure response and some of the
experimental evidence for their existence.

3.1. Governing Equations for Pore-Pressure Response

The fundamental theory for porous seabed response was first developed in surface
waves and further considered in internal waves by Chen and Hsu [23]. Biot’s consolidation
equation has been widely used for wave–seabed interactions since 1978 [32] and was
discussed in depth in Jeng [61,62]. The description of the seabed is, in general, based on
the equations of compressible fluids in an elastic and infinite-thickness porous media. The
fluid flow in the pore space of the porous seabed obeys Darcy’s law.

Using a combined model of Biot’s consolidation equation in the two-dimensional
space [63] and the storage equation [64], Chen and Hsu [23] presented a numerical method
for the pore pressure and sediment displacements in an isotropic poroelastic seabed induced
by internal waves. The governing equation of excess pore pressure P in the seabed is
written as

Kx
∂2P
∂x2 + Kz

∂2P
∂z2 − rwnβ

∂P
∂t

= rw
∂ε

∂t
, (11)

where Kx and Kz are the permeability coefficients in the x and z directions, respectively, rw
is the unit weight of the pore water in the seabed, n is the porosity of sediment, and β is the
compressibility of the pore fluid in the seabed. The ε is the volume strain obtained by

ε =
∂ξ

∂x
+

∂χ

∂z
, (12)

where ξ and χ are the sediment displacements in the x and z directions, respectively.
Moreover, further consideration of the parameterization of saturation Sr, the compressibility
β is given by

β =
1

kw
+

1− Sr

P0
, (13)
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where kw is the bulk modulus of elasticity of water and P0 is the absolute pore pressure.
The excess pore pressure P, volume strain ε, and sediment displacements that ξ and χ can
be related by equilibrium equations that are written as

G∇2ξ +
G

(1− 2µ)

∂ε

∂x
=

∂P
∂x

, (14)

G∇2χ +
G

(1− 2µ)

∂ε

∂z
=

∂P
∂z

, (15)

where µ is the Poisson ratio and G is the shear modulus and can be related by

G =
E

2(1 + µ)
, (16)

where E is the Young modulus. The governing Equations (11)–(16) incorporated within
the boundary conditions constitute the components needed from which the pore pressure
and sediment displacements in the seabed can be solved [23]. On the basis of Biot’s
consolidation equation, the seabed response theories proposed by Chen and Hsu [23]
have been used widely with some success to model the seabed interaction with internal
waves [35,47,65].

Pore-pressure response inside the porous seabed has been explored with numerical
solutions of the mass conservation equation [66]. More recent examples are the numer-
ical examining of Rivera-Rosario et al. [21], who sought solutions for a pore-pressure
response for large-amplitude NLIWs. In this method, the seabed horizontal deformation
was neglected. The pore pressure p is expressed as

k
ρ0g
∇2 p = (α(z) + nβ)

∂p
∂t

, (17)

α(z) =
1

2u(z) + λ(z)
, (18)

where k is the permeability of the seabed, ρ0 is the reference density of the seawater, α(z) is
the vertical compressibility, n is the porosity, β is the compressibility and is determined by
Equation (13), u is the effective shear modulus, and λ is Lamé’s effective first parameter.
The numerical method of Fourier–Legendre collocation is used to solve Equation (17).

Although the seabed is an elastoplastic material, the elastic models have played the
primary role in elucidating the transient features of the pore pressure and deformation, if not
considering the precise details of permanent deformation and accumulated pore pressures.
They have the advantage of permitting modeling with reduced equations wherein the
parameters are fewer and easy to obtain. For elastoplastic models, accumulated pore
pressures and deformation can be studied, but the ease of generalization is often lost.
Furthermore, internal waves are restricted to slower phase velocity and longer periods
compared with surface waves and were consequently considered unable to generate pore-
pressure build-up. Thus, the elastic models have been adopted as the wide application of
choice. However, elastoplastic models are needed to accurately describe the properties of
seabed dynamic responses.

3.2. Vertical Profile of the Pore-Pressure Changes

The changes in internal waves inducing pore pressure of the transient state were
considered firstly by Chen and Hsu [23] and the instance of NLIWs is further considered
by Rivera-Rosario et al. [23]. Along with the propagation of depression NLIWs, a negative
pore-pressure enhancement occurred inside the superficial seabed under the trough of
the wave [23,35], when a strong countercurrent against the wave direction was present as
positive pressure imposed from the bottom boundary layer down into the seafloor [43,46].
Since the total pressure load by NLIWs is negative, the wave propagation produces an
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insufficiency in the pre-existent pore pressure and this insufficiency is more obvious under
the wave trough [21]. Before the arrival of the wave trough, the pore pressure inside the
superficial seabed shows a slight increase, roughly estimates one order of magnitude lower
than that under the wave trough, and decays rapidly in the deeper seabed (as shown in
Figure 8). This is corresponding to the horizontal pattern of the bottom pressure disturbance
by NLIWs.

Figure 8. Pore-pressure changes in the vertical direction by ISWs. For different seabed materials, the
changes of pore pressure, where (a) is after the ISW trough, (b) is under the ISW trough, and (c) is before
the ISW trough. Panels (a–c) adapted from Rivera-Rosario et al. [21], with permission from Wiley.

After the passage of the wave trough, the superficial pore pressure is attenuated to
the degree before the wave trough, but the pore-pressure insufficiency persists under the
seafloor after the wave has passed by. Rivera-Rosario et al. [21] employed an effective
diffusion coefficient κ based on Equation (17) to simulate the phenomenon of pore-pressure
lag. This phenomenon of lag was first observed in surface wave induced pore-pressure
response [32]. The effective diffusion coefficient κ is expressed as

κ =
k

ρ0g(α(z) + nβ)
(19)

with units of length squared over time. Since the pressure diffusive time scale, L2
w/κ , is

larger than the time scale of the ISW propagation, Lw/c , a pore-pressure phase lag inside
the seabed will occur after the passage of the wave trough (as shown in Figure 8).

The numerical results depicted that vertical distributions of the negative pore-pressure
by internal waves decrease as the soil depth increases, but the rate of pore-pressure decay
depends on the wave and seabed parameters [22,23]. A parametric method is applied to
examine seabed dynamic responses induced by NLIWs and has been considered in detail
in numerous studies [22,23,47]. Chen and Hsu [23] compared vertical pore-pressure decay
by varying relevant parameters of internal wave characteristics and seabed properties. The
results demonstrate that the rate of pore-pressure decay occurs faster when accompanied
by a large water depth and an internal wave period, as well as the sediment permeability
and saturation, or small sediment shear modulus, hydraulic anisotropy, and porosity.



J. Mar. Sci. Eng. 2023, 11, 395 16 of 27

High-accuracy numerical simulations on the NLIWs with large amplitude reported the
variations in pore pressure to penetrate deeper into the seabed by a depression wave in the
presence of a small amount of pore gas in the seabed [21]. The content of trapped-pore-gas
increase will strengthen the pore-pressure build-up and provide steeper vertical gradients
in the seabed. For a high permeability of sediment, the negative pore pressure will penetrate
deeper into the seabed and approaches a length comparable to the amplitude of ISWs [21],
but also means that the pore pressure will dissipate faster compared with low permeability
of sediment. For NLIWs in a lake environment, Olsthoorn et al. [22] demonstrated that the
long wavelength induced the penetration depth of pore-pressure increase and expanded the
range of seepage through the porous domain. Tian et al. [35] modeled seabed pore pressure
and experimentally visualized pore-pressure penetration depth from ISWs over a sloping
bottom. The results presented that the perturbations approximated tens-to-hundreds of
meters in extent, one order of magnitude smaller than the wavelength, which perhaps was
deeper than that of surface wave induced pore-pressure changes. Nevertheless, in other
studies, the quantification of penetration depth from ISWs was not as clear. Rivera-Rosario
et al. [21] found the depth in a pore-pressure impact approximately 1 m below the water–
sediment interface, for a seabed with lower permeability. They argued that the higher
phase velocity of NLIWs implies an enhancement of the pore-pressure build-up near the
superficial sediments but will not permit deeper in the seabed (Figure 9).

Figure 9. Contour of the pore-pressure changes by ISWs. The ISW traveling to the right with
phase speed c, where (a) is the ISW-induced pressure forcing and (b) is the pore-pressure changes
for an unsaturated seabed composed of medium sand. (c) Vertical pore-pressure gradient with
an unsaturation seabed composed of medium silt. The dashed-dot line marked as η+

0.1 shows the
penetration depth, where the changes of pore pressure are 10% of the bottom pressure under the wave
trough. The dashed line marked as Γ > 1 shows the failure criterion, where the buoyant unit weight
of sediment is less than the vertical pore-pressure gradient. Panels (a–c) adapted from Rivera-Rosario
et al. [21], with permission from Wiley.

The experimental investigation of Tian et al. [35] provided qualitative confirmation of
the theoretical predictions of the pore-pressure changes caused by NLIWs. The experiments
were conducted with a 9◦ slope and the negative pore-pressure inversion accompanied
by depression ISW shoaled and transformed into an elevation wave was observed. In the
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experimental work by Qiao et al. [67], a similar negative pore-pressure depression was
observed along with sediment resuspension during the ISW breaking as the depression
wave shoaled, indicating that the seabed response is sufficient to produce a significant
contribution to sediment resuspension. The phenomenon of polarity changes and the
breaking of ISW has been observed in continental slopes [68–70]. Li et al. [71] experimentally
visualized the pore-pressure response from ISWs over a sloping bottom. The results
demonstrated that the accumulation and release of pore pressure occurred simultaneously
before the seabed failure, but the increase of the wave amplitude will enhance the release
process. Although experiments may guide first-order pore-pressure dynamic responses by
NLIWs, direct application to the in situ observation must be conducted with circumspection.

3.3. Potential Failure Due to Seabed Instability

The above review motivates further consideration of potential failure due to seabed
instability under the presence of pore-pressure changes by NLIWs. The motivation is to
emphasize the contribution of the seabed dynamic response induced by NLIWs during
seabed instability and to motivate subsequent in situ measurements that will support
the theoretical findings. The transient liquefaction of the seabed induced by depression
NLIWs was considered by Rivera-Rosario et al. [21]. The vertical pore-pressure gradient
can be compared to the buoyant unit weight of sediment as a measure of possible transient
liquefaction [66]. The buoyant unit weight γs is expressed as

γs = (1− n)(ρs − ρ0)g, (20)

where n is the porosity of the seabed, ρs is the sediment density, and ρ0 is the fluid density
in the bottom. Therefore, if the vertical pore-pressure gradient is greater than the buoyant
unit weight of sediment, transient liquefaction will occur, or

− ∂p
∂η
≥ γs (21)

for a seabed in a fixed reference frame ξ − η. Thus, yields the normalizing failure criteria Γ
of transient liquefaction by NLIWs as

Γ =
∂p
∂η

[
(ρs − ρ0)gA

γsη0

]
≥ 1, (22)

where A is the amplitude of depression ISW and η0 is the vertical dimension that is scaled
by the diffusive depth as

η0 =

√
κLw

c
, (23)

where κ is the effective diffusion coefficient, Lw and c are the half-wavelength and phase
speed of depression ISW, respectively. With the early exploration of the fully nonlinear
model of NLIWs with numerical solutions of the DJL equation, Rivera-Rosario et al. [21]
recognized that the pore-pressure changes influence roughly the top 1 m of the thickness of
the low-permeable seabed, with only 2 cm sediments appearing in transient liquefaction
under the superficial seabed. When the saturation of the seabed is decreased, the vertical
pore-pressure gradient is powerful enough to exceed the buoyant unit weight and induce
sediment transient liquefaction observed in the simulation [21]. In the experimental work
by Li et al. [71], elevated pore-pressure response with a decreased gradient of the slope was
seen as the ISW shoaled during the drawdown period before breaking, indicating that the
gently sloped seabed response is more sensitive to the wave amplitude changes.

For the stratified water column, the elevation NLIWs can form when the thickness of
the upper layer is larger than that of the lower layer [69,72,73]. The mechanisms of seabed
failure induced by the elevation NLIWs were argued by Rivera-Rosario et al. [21]. Due to
the positive bottom pressure load dominated by hydrostatic pressure [46], related to the
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pycnocline displacement, positive pore pressure penetrated the seabed as a result of the
elevation NLIWs. The vertical pore-pressure gradient was also generated by the elevation
NLIWs, but was insufficient to exceed the buoyant unit weight of the sediment [21]. Thus,
during the propagation of elevation NLIWs, the wavefront is steep enough to induce a
horizontal pore-pressure gradient that is powerful enough to overcome the mobilized
internal friction of the seabed and capable of resulting in seabed failure [74]. Based on
Equation (17), for a seabed in a fixed reference frame ξ − η, the dimensional seabed failure
criterion can be expressed as

∂p
∂ξ

> γs tan φ, (24)

where φ is the angle of internal friction φ of the seabed. Equation (24) has been used to
examine seabed instability by a surface solitary wave [75].

While there is no in situ measurement of the pore-pressure changes for NLIWs, field
observation, including surface wave-induced seabed failure, has reported referable results.
Torum [76] reported that pore-pressure changes induced by surface waves penetrated more
than 10 m depths in the unsaturated seabed. Another fieldwork by Cross et al. [77], reported
pore pressure reaching 37 m below the seafloor by a surface wave height of at least 3 m at a
water depth of 5 m. Bennett and Faris [78] found a penetration depth of more than 6 m at
the Mississippi Delta at a water depth of 13 m. However, as noted earlier, a similar study
implies that the depth below the seafloor of NLIWs inducing seabed instability would be
smaller than that of surface waves, but has not been explored in a detailed examination
with strong NLIWs in the field.

4. The Seepage and Fluid Circulation in Sediment

The vertical gradient of pore pressure within the seabed can be a measure of seepage
in the vertical direction and, therefore, of the possible impact on sediment resuspension [21].
Seepage of pore fluid in a permeable seabed was accompanied by fluid circulation through
the sediment–water interface [22], which can have far-reaching implications on heat and
chemical exchanges between the seabed and the water column [45,79]. The primary manner
of generating seepage and fluid circulation in sediment is through the spatial variability of
pressure fluctuations at the bottom [80]. In recent years, few studies have examined the
seepage and fluid circulation induced by the passage of an NLIW in any systematized way;
rare numerical results in existence are presented below.

4.1. Governing Equations for Seepage of Pore Fluid

Darcy’s law is a classical relationship that links pore-pressure gradients and the
seepage velocity in the seabed, although it is experimentally determined. Once the wave
pressure distribution is determined at the bottom, the distribution of fluid seepage in the
seabed can be acquired by Darcy’s law [81]. A useful extension of the fluid seepage due
to internal waves was proposed by Olsthoorn et al. [22]. They calculated that NLIWs
caused seepage through the lakebeds of deep regions, where surface gravity waves had
little impact, using the Dubreil-Jacotin–Long (DJL) equation and Darcy’s law. The lakebed
is assumed to be rigid and saturated, thus the seepage velocity

→
w based on Darcy’s law is

expressed as
→
w = − k

µ

→
∇(P + Π), (25)

where k is the permeability of the lakebed, µ is the dynamic viscosity which is assumed
to be a constant for a given fluid, P is the pressure, and Π is the gravitational potential
energy per unit volume. P + Π in Equation (25) is defined as the gauge pressure. For an
incompressible fluid, the condition is expressed as

−
→
∇ ·

(
k
u

→
∇P
)
= 0. (26)
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Furthermore, the stratification of permeability k in the porous lakebed was considered
and was taken as a hyperbolic tangent function. The permeability k is written as

kInc = 1 +
1
2

[
1 + tanh

(
z− 0.5

0.1

)]
, (27)

kDec = 2− 1
2

[
1 + tanh

(
z− 0.5

0.1

)]
, (28)

where kInc and kDec are the permeability k for increasing and decreasing in the vertical
direction of the seabed, respectively.

The impressive point of the seepage model presented above was to employ the bottom
pressure extracted from the solution of the DJL equation to drive seepage in a porous
lakebed. However, this model has a potential limitation as a seepage tool by NLIWs. As
opposed to previous numerical results [21,35], the seepage model proposed by Olsthoorn
et al. [22] showed that the seepage velocity magnitude distributions are symmetrical
across the crest of NLIWs (Figure 9). Rivera-Rosario et al. [21] found that the seepage
is asymmetrical about the wave trough since the bottom pressure of NLIWs translates
along the seabed. Thus, the NLIWs leave a diffusive imprint of pore pressure during their
passage, which is similar to that described under surface solitary waves [75].

4.2. Seepage Variations Due to Internal Wave Propagation

During internal wave passage, the seepage of pore fluid variations inside the porous
seabed have been explored with numerical solutions of the DJL equation. More recent
instances are the research of Olsthoorn et al. [22] and Rivera-Rosario et al. [21], who
sought seabed solutions for seepage and potential failure, respectively. Olsthoorn et al. [22]
investigated the seepage field due to wind-generated internal waves in the lake and found
the geometrical field of seepage is powerfully governed by both the topography and
the ratio of seabed thickness to the bottom pressure broad (Figure 10). The numerical
results show that the depression NLIWs act essentially as a vacuum cleaner because of
their intrinsic negative bottom pressure to extract the pore fluid from the seabed. For
depression NLIWs, the pore fluid is drawn out under the wave trough where negative
pressure is highest and invades in the seabed regions along the wave flanks where negative
pressure vanishes. A similar phenomenon was previously found by Huettel et al. [82]
in the laboratory context. They demonstrated that the traced particles suspended in the
bottom boundary layer intruded quickly into the upper layer of sandy sediments, driven
by interfacial flows related to topography. Simultaneously, the increased bottom pressure
at the upstream and downstream of a small dune drove water access to the interior and the
decreased bottom pressure downstream of the slope drew pore fluid from the interior to
the water column.

In a numerical study of the generation of seepage in the porous seabed driven by
trapped internal waves, Olsthoorn et al. [22] showed the evolution of the vorticity due to
trapped internal waves inducing the currents, which indicates the expansion of a highly
turbulent bottom boundary layer. Smaller particle matter will then be resuspended by
the instability bottom boundary layer and enhanced benthic turbulence, breaking the
seal of the surface pores at the seafloor. On the downstream of the trapped internal
waves, the consequent permeable changes significantly enhance exchanges between the
bottom water and the pore fluid. Rivera-Rosario et al. [21] used the vertical pore-pressure
gradient to evaluate the vertical seepage within the seabed. The results demonstrated
that the penetration depth of the vertical seepage was significantly sensitive to the seabed
permeability and saturation. For an unsaturated seabed with higher permeability, the
enhanced negative pore-pressure build-up was accompanied by reduced saturation and
penetrated deeper, thus generating steeper vertical pore-pressure gradients, that is, strong
vertical seepage within the seabed.
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Figure 10. Seepage of pore fluid in lake sediment due to NLIWs propagating. (a) Normalized bottom
pressure induced by NLIWs. (b) The contour of the normalized seepage. White arrows indicate
the seepage direction. Normalized pore-pressure changes due to sinusoidal pressure forcing for
wavelengths (c) R = 1, (d) R = 2, and (e) R = 4. Note the R gives the proportion of the horizontal scale,
determined by the bottom pressure perturbation, to the depth of the seabed. (f) The seepage profiles
for wavelengths R = 1, R = 2, and R = 4 under the wave trough. Evolution of the normalized vorticity
in four nondimensional times of (a) 11.2, (b) 12.6, (c) 14, and (d) 15.4, caused by a development of a
highly turbulent boundary layer of the trapped NLIWs. Four white lines expressed as the isopycnic
fluctuation of NLIWs. Panels (a–j) adapted from Olsthoorn et al. [22], with permission from Wiley.

4.3. Possible Impact on Sediment Resuspension

As in a previous study, sediment resuspension by NLIWs has traditionally been param-
eterized according to the bottom shear stress or Shields parameter [2]. High bottom shear
stress induced by NLIWs, which may trigger sediment movement sufficiently, resuspended
sediments by bottom boundary layer instability [7,83–85]. Nevertheless, in some studies,
the results indicated that resuspension events occurred in durations of low bottom shear
stress [83,86,87], which indicated a vague relationship between sediment resuspension and
bottom shear stress (Figure 11). It is confirmed by oceanic observations that only reaching a
critical bottom shear stress does not sufficiently lead to sediment resuspension [83], and that
enhanced vertical fluid motions that boost sediments off the seabed are required [88,89].
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Figure 11. Sediment resuspension due to NLIWs propagating. Comparison between (a) temperature
profile, (b) echo intensity, (c) eastward velocity, and (d) NLIW propagation direction during an NLIW
train propagation. A 30 min segment of an NLIW shoaling event, comparison between (e) vertical
velocity, (f) vertical shear of the horizontal current, (g) acoustic backscatter, and (h) bottom temperature.
The black line in (e) shows zero. Panels (a–d) adapted from Quaresma et al. [84], with permission from
Elsevier, and panels (e–h) adapted from Richards et al. [90], with permission from Wiley.

The known mechanisms leading to sediment resuspension by NLIWs discussed above
fall into the problem of hydrodynamic stability. Aghsaee et al. [91] parameterized sediment
resuspension to the Shields parameter θISW , which is written as

θISW =
τISW

(ρs − ρ0)gd
, (29)

where τISW is the shear stress in the bottom, ρs is the sediment density, ρ0 is the fluid
density in the bottom, and d is the particle size. However, for the particle incipient motion,
the vertical seepage in the seabed was an additional force to be reckoned with since it
works to reduce the buoyant weight of the sediments, thus easily inducing suspension.
Therefore, Chen and Hsu [23] revisited the issue using a linear internal wave model; the soil
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response was solved by the equation equilibrium and the storage equation. The numerical
results show that the maximum sediment displacements on the seafloor are 38 m in the
horizontal direction and 15 m in the vertical direction. Although it is widely known that
the internal waves for large amplitude described by the linear wave model are inaccurate,
the mechanism of sediment resuspension considered as the soil displacements induced by
internal waves [23] is believed to hold. In addition, Rivera-Rosario et al. [21] considered the
vertical seepage force and derived a modified Shields parameter to address the problem
of particle incipient motion by NLIWs. For a seabed in a fixed reference frame ξ − η, the
modified dimensionless Shields parameter θ+ISW is written as

θ+ISW =
τISW

(ρs − ρ0)gd−
[
−∂
(

p/γ f

)
/∂η

]
d

, (30)

where p is the pore pressure in the bottom and γ f is the specific weight of fluid. Equation
(30) considered NLIW-induced vertical pore-pressure gradient as the vertical seepage force
to the modified buoyant force of particles compared with Equation (29). Based on the
observation results of Quaresma et al. [84] and the expression of shear stress τISW derived
by Aghsaee and Boegman [89], the contribution of vertical seepage which represents the
magnitude of the reduction in the buoyant weight of the particles is estimated as 11%
and 8% for a saturation of 0.97 and 0.99, respectively [21]. Accordingly, the NLIW train
will generate an adverse pore-pressure gradient during its passage, performing like a
vacuum cleaner to pump out any particles from the seafloor. Thus, this may be a reasonable
explanation for the disputed results of powerful resuspension events with low bottom
shear stress. Moreover, the NLIW-induced seepage could drive a significant contribution to
powerful resuspension events, such as thick nepheloid layers and large subaqueous sand
dune formations [24,92].

5. Conclusions and Future Outlook

In general, the seabed dynamic responses induced by NLIWs remain speculative and
the guiding theories, models, and experimental data are insufficient. This is coupled with a
lack of in situ observation data, especially those that measure both pressure at the seafloor
and pore pressure inside the seabed. Consequently, the pressure disturbance and the
pore-pressure build-up action as the NLIWs shoal and the interactions with the seabed in
continental slope areas remain poorly understood. From large-scale NLIWs (wavelengths
of ∼1 km) to small-scale sediments (particle size of ∼1 mm), the multiscale process is at
fault for the difficulty in investigating the issues [2], which makes in situ observation work
challenging. Furthermore, the large Reynolds numbers in the ocean cannot be reproduced
in experiments, making a precise simulation experiment of these NLIW–seabed interaction
processes a challenge at the laboratory scale [89]. All field-scale numerical simulations of
seabed dynamic responses induced by NLIWs do not consider the influence of a permeable
seabed on the NLIW evolution and the real-time interactions are not yet resolved in the
current models. In actuality, the wavelengths of NLIWs are affected by the permeability
of the seabed in addition to the water depth and the wave period [23]. Moreover, the
waveform of an NLIW inversion weakens significantly as the seabed porosity increases [93].
Briefly, we lack the numerical method to simulate NLIWs and their interactions with the
seabed in multiscale at the necessary field-relevant high resolution.

The vast majority of the NLIW shoaling events appear on gentle slopes [7,68], where
the fission of the shoaling wave is the dominant process as the depression NLIW changes
to an elevation type and further transforms into a small-amplitude internal wave train
during shoaling [94]. However, process studies in field scales on ISW-induced seabed
responses have mostly been attempted on flat bottoms [21,23]. In the published literature,
the indication of the intricate dynamic response of pore pressure during the transition of
NLIW polarity has received little attention. Eventually, the NLIWs arrive at the turning
point, where the drawdown of the negative pore pressure and the subsequent accumulation



J. Mar. Sci. Eng. 2023, 11, 395 23 of 27

of positive pore pressure have the potential to induce pore fluid seepage along the slope
and further drive potential material exchange across sediment–water interfaces [25,95]. The
effect of NLIW-induced seepage boost sediment resuspension is nonnegligible in the slope
region [21], but models have still not looked into this effect. Filed observations show that
the shoaling NLIWs can produce bottom nepheloid layers in horizontal length scales up
to hundreds of meters [96] and further spread to the formation of intermediate nepheloid
layers in horizontal length scales up to tens of kilometers [24]. In order to parameterize
and quantify the potential failure and possible resuspension as a function of pore pressure
and boundary slope (of which the latter governs the seabed response mechanism), seabed-
related process-based research on continental slopes is necessary [35,67,71].

Our emphasis on the seabed response during the shoaling process of NLIWs is appro-
priate in view of the in situ observational evidence, but it is also limiting, particularly in
deeper water where the pressure forcing of depression NLIWs is generally believed to van-
ish [43]. Considering the present numerical and experimental difficulties associated with
the examination of seabed dynamic responses induced by NLIWs, there is a requirement to
support in situ long-term observations on this issue. Over the past years, in situ seabed
observation techniques have been developed, but technical challenges (e.g., deficiency
of the sensor sensitivity and resolution) and the high cost of seafloor observations have
largely limited the development of NLIW–seabed interaction studies. The limitations
arise because the sensors have an inherent unpredictable drift, as well as the challenge of
isolating NLIW signals from the other pressure/pore-pressure components. Short sharp
signal shifts of pressure/pore pressure are easily captured, but small slow disturbances
induced by NLIWs are more challenging. The precision and accuracy of sensors can likely
be substantially improved in the future, for example, by using the correction factors that
are usually applied when measuring surface waves with pressure sensors [97] to improve-
ments in the continuous pressure-sensor monitoring of NLIW motions and improving
the accuracy and resolution of the sensor measurements through advanced processing
techniques, e.g., Kalman filtering or machine learning. We expect that the development
of more advanced and lower-cost in situ seabed observation techniques will lead to more
comprehensive monitoring of a wide range of NLIW–seabed interaction processes and
the potential geohazards and environmental impacts that they trigger. Our understanding
will be improved by these observational data, which will also help us better predict the
response of the seabed dynamics to NLIW propagation on the continental slope.
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