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Abstract

Nonlinear internal waves (NLIWSs) exhibit robust dynamic submesoscale motions, connecting large-scale tides to small-
scale shear instabilities in the ocean. Previous studies have mainly focused on their generation mechanisms and
evolution along their paths. Considering their global distribution resulting from the primary origin in tide-topography
interaction, there is an increasing cross-disciplinary interest in understanding how these energetic and ubiquitous
NLIWSs contribute to sediment redistribution in the ocean. This paper presents fundamental theories on NLIWs and
comprehensively reviews triggering mechanisms, different types of instability, and sediment responses by summarizing
recent theoretical parameterizations, numerical simulations, laboratory experiments, and in-sifu observations. We
specifically focus on elucidating various types of instability along with their impact on sediment dynamic processes.
Finally, we outline several unresolved issues that require further exploration for a quantitative investigation into NLIW-

induced sediment transfer in the ocean.
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1 Introduction

Nonlinear internal waves (NLIWs) are a distinct form
of internal waves that predominantly originate from tide-
topography interactions, and they have been extensively
observed in coastal oceans, lakes, and estuaries world-
wide (e.g., Jackson, 2007; Ramp et al., 2004; Jackson et
al., 2012; Alford et al., 2015; Chang et al., 2021a, b). NLI-
Ws exhibit a soliton waveform, maintaining its original
form over long distances of propagation (Jackson et al.,
2012). These waves typically possess high energy with
amplitudes reaching up to 240 m and horizontal current
speed up to 2.5 m/s (Huang et al., 2016). Consequently,
NLIWs can transfer significant amounts of energy densi-
ty exceeding 5 kJ/m3 as well as an impressive energy flux
of approximately 4.5 GW along their elongated crests
(Klymak et al., 2006). These dynamic NLIWs can pro-
mote the develop of coral reef (Hung et al., 2021) and
phytoplankton communities (Villamafia et al., 2017) by

diffusing nutrients, affect seafloor geological environ-

ment by inducing sediment transfer (Tian et al., 2021),
and exert catastrophic impact on marine engineering facil-
ities.

The frequent occurrence and energetic nature of NLI-
Ws have been attributed to various interactions between
different types of tides and complicate topography. Five
primary generation mechanisms have been previously
summarized by Jackson et al. (2012): (1) Lee wave gener-
ation occurs when an initial disturbance which is mainly
driven by tides propagates to submarine sills or banks
(Maxworthy, 1979); (2) internal tide evolution takes place
as the initial sinusoidal internal tides steepen and dissemi-
nate into NLIWs (Li and Farmer, 2011); (3) tidal beam
generation happens when tidal beams induce moderate
displacements of pycnocline, subsequently evolving into
NLIWs (New, 1988); (4) resonant generation occurs when
stratified flows are perturbed by a lateral horizontal topo-
graphic contraction, resulting critical flows and genera-
tion of NLIWs (da Silva and Helfrich, 2008); (5) plume
generation occurs when different water masses give birth
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to pycnocline displacement that evolves into NLIWs
(Nash and Moum, 2005). Among these mechanisms, in-
ternal tide plays a critical role in generating NLIWs. Com-
pared with other mechanisms that require specific topog-
raphy and water masses, NLIWs generated by internal tide
tend to be more intense, periodicity-regulated, and widely-
distributed.

The South China Sea (SCS) is a representative region
where large-amplitude NLIWs have been widely ob-
served (Fig. 1). In the SCS, the double-ridge topographic
system in the Luzon Strait (Zheng et al., 2024) gives birth
to strong internal tides when barotropic tides pass by.
These internal tides steepen nonlinearly as they propagate
northwestwards until they break and generate NLIWs
near-daily (e.g., Ramp et al., 2004; Zhao et al., 2004). Re-
cent long-term measurements in the SCS show compre-
hensive temporal variabilities of NLIWs from hourly to
interannual timescales (Huang et al., 2022b). These vari-
abilities are regulated by variations in mesoscale dynamic
processes and tides. Moreover, the associated shear insta-
bility within these NLIWs exhibits seasonal variability
due to the notable impacts of near-inertial waves and meso-
scale eddies (e.g., Zhao et al., 2025; Huang et al., 2022a).

When NLIWs shoal into shallower water, their wave-
forms, polarities, and vertical modes undergo changes,
which lead to wave breaking and turbulence dissipation.
These processes have been validated through in-situ ob-
servations (Ramp et al., 2004) and numerical simulations
(Qian et al., 2015). Based on satellite images and ship-
based observations in the SCS, polarity conversion from
depression to elevation of NLIWs frequently occur at
around 150-180 m isobaths during shoaling (Zhao et al.,
2004; Orr and Mignerey, 2003). Mooring observations
further confirm that the depression-type NLIWs signifi-
cantly broaden along with formation of the trailing eleva-

150° 100° 50° WO°E

_| ° activity area
« expanded area
 well-known site

tion waves (Duda et al., 2004). The elevation-type NLI-
Ws are more prone to break, resulting in enhanced turbu-
lent mixing (Klymak and Moum, 2003; Bourgault et al.,
2007).

Shoaling NLIWs also exhibit multimode structures in
vertical. Results from numerical simulation suggest that
Mode-2 NLIWs are preferentially formed under a deeper
pycnocline during the shoaling process (Chen et al., 2014;
Qian et al., 2015). Mode-2 NLIWs during the shoaling
process have been frequently observed on the upper conti-
nental slope, which are argued to be generated by Mode-1
NLIWSs and stratification adjustments (Yang et al., 2009).
Although weaker in kinetic energy, Mode-2 NLIWs have
larger vertical shear compared to Mode-1 NLIWs, thus in-
ducing stronger mixing (Qian et al., 2015).

Enhanced diapycnal mixing occurs during the shoal-
ing process of NLIWs, exhibiting significantly elevated
turbulent dissipation rate of O (107 W/kg to 10™* W/kg)
that surpass background levels by approximately two or-
ders of magnitude (e.g., Zhang and Alford, 2015; Chang
et al, 2021a; Moum et al., 2007; Lien et al., 2014). The
enhanced mixing associated with NLIWs potentially plays
an important role in sediment resuspension and transport.
The resuspended sediment is upwelled into the water col-
umn interior and transported laterally, forming nepheloid
layers (Reeder et al., 2011; Tian et al., 2021). As a result,
NLIWSs shape the seafloor by erosion caused by resuspen-
sion and deposition resulting from sediment accumulation
such as sand waves and sediment gravity flows (Ma et al.,
2016; Droghei et al., 2016).

This paper focuses on investigating the variations in
NLIWSs characteristics such as energy dissipation, shear
instability levels across different vertical modes and polar-
ities. Specifically, it explores instabilities of NLIWs as

well as their interactions with topography leading to sedi-
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ment resuspension, transportation, and seafloor deforma-
tion. This review incorporates field observations, theoreti-
cal analyses, laboratory experiments, and numerical simu-
lations to enhance our knowledge regarding NLIW-trig-
gered instability and sedimentary dynamics processes. Al-
though due to observational limitations, literature discus-
sions have primarily focused on specific regions with
strong NLIWs such as the SCS, this review will provide a
global perspective given the widespread nature of the gen-
eration, propagation, and shoaling processes of NLIWs.

2 Basic characteristics of nonlinear internal
waves

Recently, long-term satellite observations have con-
firmed that NLIWs are ubiquitous oceanic processes in
the global oceans. NLIWs alter sea surface roughness by
producing divergent and convergent flow with sub-sur-
face wave troughs and crests (e.g., Ouchi and Yoshida,
2023). This results in alternating dark and bright stripes in
satellite imagery, which allows for remote sensing of NLI-
Ws. More than 3 500 NLIWs were detected globally
through MODIS sunlight imagery with a spatial resolu-
tion of 250 m during August 2002 to May 2004 (Jackson,
2007; Fig. 1), revealing that well-known sites, activity ar-
eas, and expanded areas of NLIWs are primarily located
near the coasts. The northeast SCS is one such well-
known site with energetic NLIWs.

In-situ observations reveal that baroclinic modes pri-
marily manifest as vertical bending patterns of thermo-
clines (pycnoclines). Mode-1 NLIWSs, characterized by
pycnocline displaced towards the same directions
throughout the whole water column, are frequently ob-
served in nature (e.g., Huang et al., 2016). On the other
hand, Mode-2 NLIWs, inducing opposite displacements
of isotherm in the upper and lower layers, are less com-
monly observed and are believed to form locally in shal-
low waters (e.g., Yang et al., 2009, 2010). Polarity rever-
sal frequently occurs during shoaling when pycnoclines
display reversed bending directions. For Mode-1 NLIWs,
polarity conversion occurs when they transition from de-
pression (downward pycnocline displacement) to eleva-
tion (upward pycnocline displacement) (Li et al., 2015;
Zhang et al., 2018) (Figs 2a and b). For Mode-2 NLIWs,
polarity conversion occurs when they transform from con-
vex-shaped bulges to concave-shaped constrictions with-
in the pycnocline (Yang et al., 2010) (Figs 2c and d).

Theoretical frameworks elucidate the phenomenon of
polarity conversion and multimodal structures during the
shoaling process of NLIWs. According to Korteweg-de
Vries (KdV) theory, for Mode-1 NLIWSs, as internal
waves propagate shoreward and encounter a decrease in
water depth, a critical depth is reached where the nonlin-
ear coefficient changes sign from negative to positive, re-
sulting in polarity reversal (e.g., Benjamin, 1966; Liu et
al., 1998). Studies have also revealed that multiscale pro-
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Fig. 2. Sketch diagrams of Mode-1 (depression and ele-
vation) and Mode-2 (convex and concave) nonlinear inter-
nal waves within a three-layer fluid structures [revised ac-
cording to Kurkina et al. (2015) and Yang et al. (2010)]. p
and Ap represent seawater density and density differences
between layers. H,, H,, and H; represent thickness of the
three layers.

cesses such as internal tides, mesoscale eddies, and sea-
sonal variations in stratification modulate the polarity con-
version of Mode-1 NLIWs (Zhang et al., 2018). For
Mode-2 NLIWs, theoretical analysis suggests that they
can be generated from Mode-1 NLIWs when a deep pycn-
ocline lies near mid-depth during their shoaling (Yang et
al., 2009). In terms of polarity characteristics, Mode-2
NLIWs can be theoretically described by a three-layer
model (e.g., Yang et al., 2010), with a thin (thick) middle
layer leading to convex (concave) NLIWs (Figs 2c and d).

3 Instability of nonlinear internal wave

3.1 Instability theory

The wave deformation, polarity conversion and multi-
modal structures of NLIWs induce variations in vertical
structures, leading to flow instabilities. Lamb (2014) de-
scribed four mechanisms for the instability of NLIWs:
shear instability, convective instability, bottom boundary
layer (BBL) instability, and wave breaking during shoal-
ing at abrupt topography. Among these mechanisms, shear
instability and convective instability have been supported
by the most observational evidence (e.g., Moum et al,,
2003; Chang et al., 2021a).

Shear instability occurs when the vertical shear (52) of
horizontal velocity overcomes stratification (N2). Shear in-
stability is therefore quantified by the Gradient Richard-
son number Ri = N2/52. Generally, shear instability occurs
when Ri < 1/4 (Miles, 1961), although this criterion can
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be more stringent for NLIWs (Chang et al., 2021a). In the
case of Mode-1 depression NLIWs, shear instability tends
to occur near the wave trough where large vertical shear is
present (Fig. 3a). Observational evidence includes over-
turns and Kelvin-Helmholtz billows (Moum et al., 2003;
Fig. 3c). The billows develop near the wave troughs and
extend towards the trailing edges, corresponding to en-
hanced turbulence (Figs 3c and e). Convective instability
occurs when wave-induced horizontal velocity (U) ex-
ceeds phase speed (C) and typically manifests near the
wave core where stratification is weak (Fig. 3b). This type
of instability also gives rise to overturns and leads to a
distinctive structure known as trapped cores (Fig. 3d),
leading to enhanced turbulence emerging from the core
towards the trailing edges (e.g., Chang et al., 2021la;
Fig. 31).

During the shoaling process of NLIWs, the mecha-
nisms triggering instability vary for different wave types
under various bottom topographies (Fig. 4). Under a flat
bottom, Mode-1 depression NLIWs can generate a jet
with shear instabilities at their trailing edge due to an

S Ri<0.25
<«— trough
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unbalanced NLIW-induced pressure gradient in the BBL
(Diamessis and Redekopp, 2006; Fig. 4a). The back-
ground and NLIW-induced currents are shown in Fig. 4c.
In contrast, for Mode-1 elevation NLIWSs, instability
occurs near the front of the wave (Stastna and Lamb,
2008), leading to vortices being ejected from the BBL
into the upper water and forming a separating bubble
(Figs 4b and d). This scenario described above has been
validated through observation conducted by Moum et al.
(2007).

When Mode-1 depression NLIWs propagate over a
slope during shoaling, the waveform becomes asymmetri-
cal, forming a steeper rear trailing (Fig. 4e). Numerical
simulations [e.g., Aghsaee et al. (2012)] provide visualiza-
tions of elevation waves generated from polarity rever-
sion of depression waves at the turning point, generating
upslope-propagating boluses that induce turbulence in the
BBL (Fig. 4f). The existence of such boluses along slope
has been validated through numerical simulations [e.g.,
Arthur and Fringer (2014)], laboratory experiments [e.g.,
Boegman and Ivey (2009)], and in-situ observations [e.g.,
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Fig. 3. Instability mechanisms for Mode-1 depression nonlinear internal waves. a. Shear instability and b. convective
instability [revised according to Lamb (2014)]. Type of instability and its position are for the Mode-1 depression NLIW
with rightward phase speed C and horizontal velocity U. U, is the maximum U in the vertical direction. c. Kelvin-
Helmbholtz billows driven by shear instability [revised according to Moum et al. (2003)]. In c, color is acoustic
backscatter value while red indicates high intensity and blue indicates low intensity; GMT in the right corner is Green-
wich mean time; C,, is the wave phase speed; values in the x-axis represent distance in the ship’s direction relative to
the center of the NLIW. d. Trapped cores driven by convective instability. The simulated trapped core is exhibited in
the left corner [revised according to Chang et al. (2021a) and Rivera-Rosario et al. (2020)]. e and f. Dissipation rate of
shear instability and convective instability [revised according to Zhang and Alford (2015)]. In ¢ and f, & represents tur-
bulent dissipation rate, and X and H represent horizontal and vertical distances, respectively.
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Fig. 4. Schematic diagrams of instability mechanisms for Mode-1 depression and elevation nonlinear internal waves
(NLIWSs) over flat bottom and slope during shoaling [revised according to Boegman and Stastna (2019)]. a and c. Insta-
bility and current of Mode-1 depression NLIW. b and d. Instability and current of Mode-1 elevation NLIW.
e. Instability of the shoaling NLIW. f. Instability of the upslope-propagating boluses.

Hosegood et al. (2004)].
3.2 Observation of NLIW-induced instability

Numerous in-situ observations have revealed the exis-
tence of shear instability and convective instability within
different types (polarities and modes) of shoaling NLIWs.
For Mode-1 depression NLIWs, Moum et al. (2003) ob-
served Kelvin-Helmholtz billows driven by shear-in-
duced instabilities originating from wave troughs and ex-
tending towards their trailing edges. Zhang and Alford
(2015) observed enhanced turbulent dissipation rate with-
in the steeper trailing edges of the shoaling NLIWs accor-
dant with theory (Figs 4e, 5a and b). Huang et al. (2022a)
observed overturns induced by shear-driven turbulence at
both edges of depression NLIWs in the SCS, shedding
light on the regulations imposed by multiscale processes.
In addition, Chang et al. (2021a) demonstrated that con-
vective instabilities occur during their shoaling in the

SCS, leading to the splitting of NLIWs into trailing waves
(Chang et al., 2021b).

For Mode-1 elevation NLIWs, Orr and Mignerey
(2003) observed billow-like overturns exceeding 100 m in
the northern SCS when Mode-1 depression NLIWs trans-
form into Mode-1 elevation waves. Moum et al. (2007)
observed elevated dissipation rate near the steepened lead-
ing edges of the elevation waves (Fig. 5c). In a recent
study, Jones et al. (2020) observed intense overturns and
diapycnal mixing resulting from the coexistence of shear-
driven and convective-induced instabilities within shoal-
ing elevation NLIWs, accompanied by enhanced diapyc-
nal mixing (>1073 m?%s), heat flux (>500 W/m?), and
overturns predominantly occurring at the steeper wave
edges (Figs 5d and e), which corresponds with the theoret-
ical framework presented in Figs 4b—f.

Instabilities associated with Mode-2 NLIW are rarely
documented in the literature. Whitwell et al. (2024) ob-
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Fig. 5. In-situ observations of the instability induced by shoaling nonlinear internal waves (NLIWs). a and b. Instabili-
ty of Mode-1 depression NLIWs with steeper trailing edges [revised according to Zhang and Alford (2015)]. ¢, d, and e.
Instability of Mode-1 elevation NLIWs with steeper leading edges [revised according to Moum et al. (2007) and Jones
et al. (2020)]. Black lines in ¢ are potential density contours. ¢ in b is turbulent dissipation rate. Black lines in d and ¢
are potential temperature contours. Arrows in d represent velocity vectors. T in d is potential temperature. Color lines in
e represent corrected acoustic backscatter where yellow represents high backscatter and blue represents low backscatter.

The y-axis in c—e is measured in mab (meter above bed).

served turbulence mixing induced by Mode-2 convex
NLIWs, revealing that intense mixing predominantly oc-
curs along the steepened fronts where vertical shear is
pronounced, while the central region remains relatively
quiescent.

Convective instability and shear instability also inter-
act with each other. Chang et al. (2021a) observed that
most of NLIWs exhibit convective instability, but only a
small portion display notable convective features of
trapped cores. They proposed that shear instability sup-
presses the occurrence of convection due to that Kelvin-
Helmbholtz billows hinder the plunging of cold-water and
the formation of trapped core. By contrast, convective in-
stability can promote shear instability. In specific, convec-
tive overturns enhance isopycnal compression, which
strengthens vertical shear an order of magnitude larger
than stratification, thus enhancing shear instability. This
conclusion is validated by observations of Moum et al.
(2003) and Carr et al. (2008, 2012).

4 Sediment response to nonlinear internal
waves

The instability during the shoaling process of NLIWs
is supposed to correlate with intense sedimentary dynam-
ics. We herein examine the sedimentary processes in-
duced by NLIWs across three sequential stages: sediment
resuspension, transportation, and seafloor deformation.
Considering the complexity of sediment responses to vari-
able NLIWSs, here we focus on the in-situ observations to
sum up the basic sedimentary dynamics.

4.1 Sediment resuspension

Many observations have demonstrated that the peak
suspended sediment concentration (SSC) typically occurs
at the trailing edge of depression NLIWs, accompanied by
strong convergent bottom currents (Bogucki et al., 1997;
Johnson et al., 2001; Carter et al., 2005). In specific refer-
ence to the SCS, Reeder et al. (2011) reported a neph-
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eloid layer extending up to 200 m due to vigorous sedi-
ment suspension. Jia et al. (2019) observed that NLIW-
induced sediment resuspension on the shelf of SCS, iden-
tifying and estimating an annual sediment resuspension
rate of approximately 787 x 10° t caused by NLIWs.

Highly-resolved observations in the BBL reveal that
sediment resuspension is primarily controlled by the com-
bined effects of intensified bed-stress, turbulent dissipa-
tion rate, and vertical pumping (Zulberti et al., 2020). The
entire process can be divided into three stages (Figs 6a
and b): (1) prior to wave arrival, flow acceleration leads to
increased velocity shear, intensified turbulence and sedi-
ment resuspension; (2) beneath the wave trough, sedi-
ment concentration across the mixing-layer is the maxi-
mum owing to enhanced transport before wave arrival and
a thinner mixing-layer compressed by NLIWs; (3) follow-
ing the trough, sediments are rapidly dispersed as the
mixed-layer expands from rising isotherms.

Shoaling processes of Mode-1 elevation NLIWs are
typically characterized by both a turbulent trapped core
and increased optical backscatter, which is an indicator for
elevated sediment concentration (Klymak and Moum,

220 g
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2003) (Fig. 6¢). Further studies on elevation NLIWs indi-
cate that sediment resuspension occurs at high-density
front near the bottom along the wave’s edge (Scotti and
Pineda, 2004; Moum et al., 2007).

Sediment resuspension induced by Mode-2 NLIWs is
rarely observed. Bogucki et al. (1997) reported elevated
SSC near the bottom, attributed to vortex structures result-
ing from variation of current structures induced by the
passage of Mode-2 NLIWs. Despite some existing obser-
vations, there remains a dearth of comprehensive and
highly-resolved studies in the BBL, which are essential
for elucidating sediment resuspension mechanisms and
different stages of sediment response to a passing NLIW.

4.2 Sediment transportation

When bottom sediment is resuspended, coarse parti-
cles settle while fine particles are laterally transported,
forming an intrusive nepheloid layer that contains a high-
er concentration of suspended particles compared to the
surrounding water. Nepheloid layers primarily consist of
the intermediate nepheloid layer (INL) and bottom neph-
eloid layer (BNL). These layers serve as crucial conduits
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Fig. 6. In-situ observations of sediment resuspension by nonlinear internal waves (NLIWs). a and b. Sediment resus-
pension by Mode-1 depression NLIWSs [revised according to Zulberti et al. (2020)]. T in a is potential temperature. For
a and b, the y-axis is measured in mab (meter above bed). In b, right-side y-axis refers to the black solid line in the dia-
gram, representing the amplitude of Mode-1 NLIWs. c. Sediment resuspension by Mode-1 elevation NLIWs [revised
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sity and blue indicates low intensity. The x-axis in ¢ represents distance in the ship’s direction relative to the zero point.
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for both terrestrial sediment transport to the seafloor and
transportation of suspended particles from the ocean mar-
gin to its basin. Both field observations (Cheriton et al.,
2014; Johnson et al., 2001; Quaresma et al., 2007) and nu-
merical simulations (Bourgault et al., 2014) have validat-
ed that vertical velocities and pumping near the bottom in-
duced by NLIWs play a predominant role in driving INL
and BNL on the continental slope and shelf.

The scale of NLIW-induced nepheloid layer varies,
typically extending vertically from tens of meters to hun-
dreds of meters. Moum et al. (2007) observed nepheloid
layer thickness ranging approximately 10-50 m on the
Oregon shelf triggered by elevation NLIWs. Jia et al.
(2019) documented at least four BNLs with thicknesses
ranging from 70 m to 140 m on the SCS shelf, which were
attributed to NLIWs.

Recent studies reveal that the formation and character-
istics of BNL and INL are determined by the relationship
between angle of NLIW’s group velocity (a) and slope
gradient () [e.g., Tian et al. (2021)]. Puig et al. (2004) re-
defined « as: , aun
Q) ) 1)

a = arctan[(Nz )

where o is frequency of internal wave, f is local inertial
frequency, and N is buoyancy frequency. In transmissive
regions (/o < 1), where energy propagates between
seafloor and the pycnocline, a single BNL and several
weaker INLs may emerge between the pycnocline and the
seafloor (Fig. 7a). These findings are supported by obser-
vations (Masunaga et al., 2017; Richards et al., 2013;
Hosegood et al., 2004), which report BNL thicknesses of
approximately 2 m, 5 m, and 100 m, respectively. Under
such circumstances, Tian et al. (2019) demonstrate that
sediment is initially suspended by horizontal velocity be-
fore being lifted into water column by vertical velocity
(Fig. 7b).

In critical regions (y/a = 1), where energy of NLIWs
dissipates at a single point, only one BNL was observed.
In this case, the thickness of BNL is the maximum due to
the most energetic phase of NLIWSs. This is supported by
an observed BNL with 200 m thickness in the shelf break
of SCS, where is a critical region (Reeder et al., 2011). In
reflective regions (7/a > 1), where most energy from
NLIW is reflected back into the ocean, BNL or INL was
seldom observed. However, formation mechanisms of
BNL and INL under different types of NLIWs remain un-
clear.

4.3 Seafloor deformation

Recent studies reveal that NLIW-induced resuspension/
transport is intense enough to reshape the topography, de-
forming original flat seafloor into structures such like
sand/sediment waves and scour channels. Observed
NLIW-induced sand waves off the Messina Strait, cover-
ing an area about 3 km?2, with wavelengths of 60—120 m
and wave heights of 1.5-5 m, are perpendicular to the

Fig. 7. Schematic diagrams of the formation of bottom
nepheloid layer (BNL) and intermediate nepheloid layer
(INL) by shoaling nonlinear internal waves (NLIWSs) in
transmissive regions [revised according to Tian et al.
(2019)]. a. One BNL and multiple INLs formed from
shoaling depression NLIWs. a is group velocity vector of
NLIWs, « is slope gradient, and «/a < 1 means transmis-
sive regions. b. Resuspension process by shoaling NLIWs
on the slope. Sediment is first resuspended by horizontal
velocity (D), and then lifted by vertical velocity into the
water column (2).

propagation direction of NLIWs (Droghei et al., 2016).
Meantime, larger-scale and finer-grained sediment waves
are also found on continental slope area related to internal
wave, validated by sparker seismic observations on the
Landes Plateau in the North Atlantic (Faugéres et al.,
2002) and in the slopes of the Gulf of Valencia (Ribo et
al., 2016). Additionally, erosion features of short scour
channels were observed on the seafloor, which is attribut-
ed to along-slope current of NLIWs (Ma et al., 2016).

The northeast SCS is renowned for hosting the most
energetic NLIWs in the global ocean, making it an ideal
region for investigating NLIW-triggered sediment respon-
se and bed deformation. Four observational programs,
namely ASIAEX, VANS/WISE, NLIWI, and IWISE,
have been implemented in the SCS to shed light on the
generation, propagation, shoaling and turbulence dissipa-
tion of NLIWs (e.g., Guo and Chen, 2014; Alford et al.,
2015). Mode-1 dominant NLIWs prevail in the SCS and
primarily generated through nonlinear steepening of inter-
nal tides, which originate from tide-topography interac-
tions near Luzon Strait (Fig. 8a). As they propagate ap-
proximately 400 km westward onto the shelf during the
shoaling process, Mode-1 depression NLIWs undergo
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Fig. 8. Nonlinear internal waves (NLIWSs) in the northeast South China Sea (SCS). a. NLIW packets (tawny solid
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gles. b. Sketch diagram of NLIWs evolution in the SCS including generation, propagation, shoaling, and turbulence dis-
sipation, turbulence processes are presented by vortices in gray, the maximum depth-integrated dissipation rate is
marked to the Dongsha Plateau [revised according to St Laurent et al. (2011)].

waveform deformation and polarity conversion, leading to
multimodal structures (Yang et al., 2004, 2009, 2010;
Chen et al., 2019). These intense energy dissipating NLI-
Ws induce significant sediment response on the continen-
tal slope, with maximum depth-integrated dissipation rate
reaching about 1 W/m?2 over the uppermost 250 m during
their shoaling onto the Dongsha Plateau (Chang et al.,
2006; St Laurent et al., 2011; Fig. 8b).

In the recent study, Tian et al. (2021) present a com-
prehensive depiction of sediment response to NLIWs in
the SCS. They argue that NLIWs induce strong sediment
resuspension and shape bedforms at water depths less
than 1 000 m, resulting in the formation of sand waves
and sediment waves (Fig. 9a). In the meantime, scour
channels are formed at deeper depth exceeding 1 500 m.
These NLIW-induced asymmetrical sand waves exhibit
upslope-dipping characteristics with larger northwestern
flanks (L,) compared to southeastern flanks (L,), accom-
panied by corresponding gentle slopes (a) towards the
northwest direction (Fig. 9b). Furthermore, they have also

found that NLIWs in the SCS lead to tilt, upslope and
downslope migration of sand waves (Miramontes et al.,
2020).

5 Summary and outlook

Numerical simulation, laboratory experiment, and in-
situ observations have significantly contributed to the fun-
damental understanding of the flow instabilities induced
by NLIWs and their impact on sediment responses. How-
ever, several unresolved issues still necessitate further in-
vestigation. To establish quantitative relationships be-
tween the NLIWs and sediment transport as well as depo-
sition/erosion, it is crucial to investigate the interplay be-
tween shear instability and convective instability, along
with the instability patterns of NLIWs under multiscale
processes. Current observations lack the ability to differ-
entiate resuspension patterns caused by different types of
NLIWSs, particularly Mode-2 NLIWs which are transient
and challenging to capture. Therefore, there is a need for
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marked.

quantitative investigations into how NLIWs generate
nepheloid layers and reshape bedforms effectively. In or-
der to address these issues adequately, long-term and
highly-resolved in-situ observations within the bottom
boundary layer are essential.
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