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Abstract

The generation of shoreward nonlinear internal waves (NLIWSs) on the continental shelf south of the Hainan Island (SHI)
is investigated based on spaceborne synthetic aperture radar (SAR) observations and numerical simulations. Two types of
shoreward NLIWs are identified from SAR images according to their distinct geographic distribution. One type of NLIWs,
named Type-N NLIWs, is distributed on the northern SHI, and the other one is named Type-S NLIWs, distributed on the
southern SHI. The SAR-observed wave occurrence frequency during the spring and neap tides, combined with the calculated
body force, suggests that the Type-N NLIWSs originate from the Xisha Islands, whereas the Type-S NLIWs originate from both
the Xisha Islands and the continental shelf break, and the shelf break has a larger contribution. The synergistic analyses of the
internal tidal ray path, gamma parameter and earliest SAR-observed NLIWs reveal that the Type-N NLIWs are excited by the
impingement of the diurnal internal tidal beams emanating from the Xisha Islands on the near-surface pycnocline close to the
continental shelf. Based on the realistic shelf-slope topography and tidal forcing, the two-dimensional numerical simulations
using the MITgcm suggest that the Type-S NLIWs result from the nonlinear disintegration of a mode-1 diurnal internal tide
which develops from a lee wave formed at the continental shelf break. Furthermore, the sensitive numerical experiments show

that the background current can greatly affect the nonlinear evolution of the internal waves generated at the shelf break.
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Key Points:

e Two types of shoreward nonlinear internal waves south of the Hainan Island are
identified by analyzing multiple spaceborne SAR images.

e The two types of nonlinear internal waves have different source sites and generation
mechanisms.

e Background current can greatly affect the nonlinear evolution of the internal waves.
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Abstract

The generation of shoreward nonlinear internal waves (NLIWSs) on the continental shelf south of
the Hainan Island (SHI) is investigated based on spaceborne synthetic aperture radar (SAR)
observations and numerical simulations. Two types of shoreward NLIWSs are identified from
SAR images according to their distinct geographic distribution. One type of NLIWSs, named
Type-N NLIWs, is distributed on the northern SHI, and the other one is named Type-S NLIWs,
distributed on the southern SHI. The SAR-observed wave occurrence frequency during the
spring and neap tides, combined with the calculated body force, suggests that the Type-N NLIWs
originate from the Xisha Islands, whereas the Type-S NLIWSs originate from both the Xisha
Islands and the continental shelf break, and the shelf break has a larger contribution. The
synergistic analyses of the internal tidal ray path, gamma parameter and earliest SAR-observed
NLIWs reveal that the Type-N NLIWSs are excited by the impingement of the diurnal internal
tidal beams emanating from the Xisha Islands on the near-surface pycnocline close to the
continental shelf. Based on the realistic shelf-slope topography and tidal forcing, the two-
dimensional numerical simulations using the MITgcm suggest that the Type-S NLIWSs result
from the nonlinear disintegration of a mode-1 diurnal internal tide which develops from a lee
wave formed at the continental shelf break. Furthermore, the sensitive numerical experiments
show that the background current can greatly affect the nonlinear evolution of the internal waves
generated at the shelf break.

Plain Language Summary

Nonlinear internal waves (NLIWSs) are large-amplitude and high-frequency gravity waves that
are widely observed in the South China Sea (SCS). Previous studies mainly focus on the NLIWs
in the northeastern SCS. The generation sources and mechanisms of NLIWSs south of the Hainan
Island (SHI) are rarely reported. The spaceborne synthetic aperture radar (SAR) is a powerful
remote sensing instrument for observing NLIWS. In this paper, multiple spaceborne SAR images
combined with theoretical analyses and numerical simulations were used to analyze the source
sites and generation mechanisms of NLIWSs in the SHI. SAR observations show that there are
two types of NLIWSs in the SHI. One type distributed on the northern SHI, originates from the
Xisha Islands, and arises from the interaction between the diurnal internal tidal beam and the
near-surface pycnocline. The other type distributed on the southern SHI, originates from both the
Xisha Islands and continental shelf break. Simulations with the realistic shelf-slope topography
and tidal forcing show that the NLIWSs are generated by the evolution of a mode-1 diurnal
internal tide. Moreover, it is found that the background current in the SHI can have a significant
effect on the nonlinear evolution of internal waves.

1 Introduction

Nonlinear internal waves (NLIWSs) are often observed in coastal oceans and marginal
seas, and have been shown to be essential in driving interior mixing, scattering and ducting
acoustic modes, and transporting materials (Apel et al., 2007; Carter et al., 2005; Chiu et al.,
2004; Hosegood et al., 2004; Nazarian & Legg, 2017; Quaresma et al., 2007; Sandstrom &
Elliott, 1984). Assessing these effects needs a deeply understanding of the generation and
propagation processes of NLIWSs. Compared with the propagation of NLIWs (Helfrich &
Melville, 2006), the generation of NLIWSs is more complex and receives limited investigations
(Grimshaw & Helfrich, 2018; Jackson et al., 2012).
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Studies have shown that the primary generation of NLIWSs is attributed to the tide-
topography interactions (Haury et al., 1979; Gerkema & Zimmerman, 2008). Such generation
may be clarified by the normalized tidal excursion length § = U,/Lw (Bell, 1975; Buijsman et
al., 2010), where U, is the characteristic barotropic flow velocity, w is the tidal frequency, and L
is a horizontal length scale associated with the topography. When § « 1, internal tides at the
tidal forcing frequency are mainly excited. In the regime, the internal tide may radiate from the
critical point of the generation region in a form of wave beam (Cole et al., 2009; Pingree & New,
1991), propagating along the characteristic line: dx/dz = \/ (N2 — w?)/(w? — f2), where f is
the Coriolis parameter and N is the buoyancy frequency. Impinging upon a moderately stratified
pycnocline, the internal tidal beam can scatter into a interfacial internal wave which may
subsequently disperse into NLIWSs (Gerkema, 2001). The generation mechanism is called
internal tidal beam mechanism. When §~1, internal waves at both the forcing and harmonic
frequencies are excited. Due to the frequency dispersion and dissipation, a mode-1 internal tide
emerges and could transform into NLIWs under the influence of non-hydrostatic and rotational
dispersion in the far field (Buijsman et al., 2010; Lee & Beardsley, 1974). The generation
mechanism is called internal tide evolution mechanism. When § >> 1, an unsteady lee wave is
formed at the backslope of the topography. As soon as the tidal current slackens and turns, the
lee depression may move over the topography and effectively evolve into a rank-ordered NLIW
packet (Maxworthy, 1979). The generation mechanism is called lee wave mechanism.

Though NLIWSs propagate within the ocean interior, they can be easily detected by
spaceborne synthetic aperture radar (SAR) due to the modulation of sea surface roughness by the
wave-induced sea surface currents (Alpers, 1985). By analyzing SAR images, researchers have
investigated the characteristic, generation and propagation of NLIWs in many parts of the world
ocean, such as the northeastern South China Sea (SCS) (Liu et al., 1998; Zhao et al., 2004), the
Andaman Sea (Alpers et al., 1997), the Bay of Biscay (Da Silva et al., 2007) and the White Sea
(Kozlov et al., 2014). In the northwestern SCS, NLIWs have been found to exist widely on the
continental shelf (Liang et al., 2019; Wang et al., 2013). The draft diagram of the NLIW
distribution in the northwestern SCS, superimposed by the previous studies in this region is
shown in Figure 1. These studies have presented different source sites and generation
mechanisms of NLIWSs. By analyzing SAR images and calculating the body force, Li et al.
(2008) suggested that the SAR-observed NLIWs northeast of the Hainan Island originate from
the tide-topography interactions in the Luzon Strait. By contrast, Xu et al. (2010) argued that the
field measured NLIWSs in the same region are caused by the disintegration of the diurnal internal
tides formed at the continental shelf break. Su and Pohlmann (2009) proposed that the NLIWs
east of the Hainan Island are generated by surface winds and buoyancy forcing rather than
barotropic tides. Liang et al. (2019) has recently investigated the lifecycle of NLIWs southeast of
the Hainan Island, and their studies revealed that the NLIWSs are generated by the internal tides
formed at a sill in the Xisha Islands, approximately 215 km away from the continental shelf
break. For the westward NLIWs observed around 16°N close to the Vietnam coast, the remote
sensing images and numerical simulations revealed that they could be generated by the mixed lee
waves over sills around the Zhongsha Islands (Li et al., 2011). A recent analysis of diurnal
baroclinic tidal horizontal flux suggested that these westward NLIWs might also originate from
the slope south of the Hainan Island (Yan et al., 2020). Moreover, Xu et al. (2016) found that the
seaward propagating NLIWSs south of the Hainan Island are generated by the barotropic tidal
flows interacting with the arc-like continental slope.
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Scrutinizing these previous studies in the northwestern SCS, we find the detailed
generation processes of shoreward NLIWs on the shelf regions south of the Hainan Island
between 16.8°N and 18°N (denoted by the red rectangle in Figure 1, shorted as SHI hereafter)
remain poorly understood. This study focuses on the generation of NLIWs in the SHI, where two
types of shoreward NLIWs with different geographic distributions are identified from SAR
images. Joint use of the SAR observation and numerical simulation reveals the main generation
process of the both wave types. In addition, as the SHI features a weak anti-cyclonic cross-shelf
circulation in summer (Gao et al., 2013; Shi, 2014), the effects of the background current on the
evolution of internal waves are also investigated in the study.

The paper is organized as follows: In section 2, the SAR data, numerical model and
methods for determining the source sites of the NLIWSs are introduced. Section 3 reveals the
source sites and generation processes of the two types of NLIWSs observed by SAR, and the
nonlinear effects induced by the background current. Discussion of the results is presented in
section 4, followed by conclusions in section 5.
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Figure 1. Draft diagram of NLIW distribution in the northwestern SCS. The brown curves
indicate the distribution of NLIWSs superimposed by the previous studies in black. The red
rectangle indicates the area of interest in the study. The background color indicates the bottom
topography, and the contour lines represent the -200 m, -1,000 m, -2,000 m, and -3,000 m
isobaths.
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2 Methodology

2.1 SAR data

In this paper, about 500 SAR images captured by the C-band Envisat Advanced SAR
(ASAR) and L-band ALOS PALSAR between the year of 2002 and 2012 were collected to
investigate the characteristics of NLIWSs in the SHI. Technical specifications of the used SAR
data are listed in Table 1. All the SAR data were processed by steps of radiometric calibration,
refined lee filtering and geolocation.

Table 1. Technical specifications of the spaceborne SAR data acquired for the NLIW analyses
SAR Acquisition time (year) Imaging mode Pixel size

. i Wide swath mode (WSM) 75 m (WSM)
Envisat ASAR 2002-2012 Image precision mode (IMP) 12.5 m (IMP)
ALOS PALSAR 2006-2011 High resolution mode 6.25 m

2.2 NLIW occurrence frequency

The SAR-observed NLIW occurrence frequency during the spring and neap tides was
used to conjecture the source sites of the NLIWSs in the SHI. In general, the emergence of a much
higher wave occurrence frequency during the spring tides suggests that the source site is at the
continental shelf break, whereas the appearance of a much higher wave occurrence frequency
during the neap tides indicates that the source site is at other regions (Hamann et al., 2018).

Following the calculation of monthly SAR-observed internal wave occurrence frequency
presented in Zheng et al. (2007), the SAR-observed NLIW occurrence frequency related to the
fortnight tidal cycle is defined as:

pi = q; (#) #(1)
where n; (n;) is the total number of days on which the NLIWs are imaged by SAR, i(j) = 1
represents the spring tidal period while i(j) = 2 represents the neap tidal period. The spring
(neap) tidal period refers to the three days before and after the spring (neap) tide day. q; =
D,,,/D; is introduced as a deweighted factor for considering the possible uneven distribution of
SAR working days on the spring tidal period and neap tidal period. Here D; is the total number
of SAR working days for the spring tidal period (i = 1) or neap tidal period (i = 2), and D, is
the minimum in D;.

2.3 Body force

Apart from the occurrence frequency related to the fortnight tidal cycle, the body force or
the barotropic forcing term proposed by Baines (1982) was also employed for identifying the
generation sites in the SHI. The areas with large body forces are usually sites where strong tidal
currents oscillate across shallow steep bathymetry, namely, the potential internal wave generation
sources.

The body force F is defined as:
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where x, y, z is the zonal, meridional and vertical coordinate, h is the water depth, N(2) is the

buoyancy frequency, Q(x,y) = (Qx, Qy) = (uh, vh) is the barotropic tidal volume flux vector, u
and v are the zonal and meridional components of the barotropic tidal velocity, respectively.

In the calculation of the body force, the seasonal climatology temperature and salinity
profiles from the World Ocean Atlas 2018 (WOA18) with a horizontal grid resolution of 0.25° at
102 standard vertical levels (0-5,500 m) were used to calculate the stratification N2. The tidal
currents were taken from the 1/30°-resolution inverse tidal model, the China Seas & Indonesia
2016 (Egbert & Erofeeva, 2002). The water depth was derived from GEBCO 2020 dataset,
which is at 15" intervals in zonal and meridional direction.

2.4 Numerical model

To elucidate the generation process of NLIWs in the southern SHI, we applied the
nonlinear and non-hydrostatic Massachusetts Institute of Technology general circulation model
(MITgcm) in a realistic model setup to simulate the generation of the NLIWs observed on a SAR
image. The MITgcm is described in detail by Marshall et al. (1997a, 1997b), and its source code
and further documentation are available online (http://mitgcm.org). The simulated NLIWs
(NLIW1 and NLIW2) are shown in Figure 2b.

The model was performed in a two-dimensional (X-Z) domain, with X-axis opposite to
the propagation direction of the simulated waves and Z-axis directing vertically upward. The
length of the model domain along the X-axis is approximately 680 km. To resolve the generation
of NLIWs, the horizontal grid resolution was set to 25 m in the main model part, telescoped to
reach a maximum of 5.025 km at the model boundaries. The time step was set to 4 s to satisfy the
Courant-Friedrichs Lewy condition. In the Z-axis, a total of 125 layers were used: upper 60
layers with 5-m resolution, following 30 layers with 10-m resolution and another 30 layers with
20-m resolution, and the bottom 5 layers with 40-m resolution. The Richardson number-
dependent parameterizations of turbulent closure (Pacanowski & Philander, 1981) were used to

calculate the vertical viscosity v = —2— + v, and vertical diffusivity x = —— + x;,, where
(1+aRi)™ 1+aRi

Ri = N%(z)/(u? + v2) is the Richardson number, u(v) is zonal (meridional) velocity. The
background viscosity v, = 1.0 x 10~> m?s~1, background diffusivity x, = 1.0 X 1075 m2s~1,
a=5n=1,andv, = 1.0 X 1071 m2s~1. The horizontal viscosity and diffusivity were set as
1072 m?s~ 1 and 107> m2s~1, respectively.

The bathymetry used in the model was extracted from GEBCO_2020 dataset. To specify
the bathymetry profile along the propagation direction of the simulated waves, an average on the
bathymetry of multiple sections (marked by the black rectangle in Figure 2a) across the
simulated waves was made. Then the averaged bathymetry was set to -101.1 m west and -1,314
m east. The final bathymetry profile used in model is indicated by the red line in Figure 2c.

The initial stratification in the model was set to be horizontally uniform, and its data were
taken from a SCS physical oceanographic dataset-SCSPOD14 (Zeng et al., 2016) for August (the
acquisition month of NLIW1 and NLIW2). The SCSPOD14 has a horizontal resolution of 0.25°
at 57 standard vertical levels (0-1,500 m). Figure 3 shows the mean temperature, salinity, and
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205  buoyancy frequency profiles acquired from the SCSPOD14 during August around the southern
206  SHI.

207 The model was initialized from rest and was driven by a 4-day time series of the

208 barotropic tidal velocities with/without the background current at its boundaries. The tidal

209  forcing was constructed from the tidal model of China Seas & Indonesia 2016 during the period
210  from August 20, 2011 to August 24, 2011, and projected to the propagation direction of the

211  simulated waves. The background current was acquired from the 3-hourly Hybrid Coordinate
212  Ocean Model (HYCOM) reanalysis data from August 16, 2011 to August 23, 2011 in the

213  southern SHI. A 7-day average was firstly applied to the HYCOM data, after which a vertical
214  uniform background current was calculated according to the calculation of barotropic velocity by
215  Li (2014). The background current was also projected to the cross-wave direction. Additionally,
216  a137.75 km wide (over 32 cells) sponge layer following Lavelle and Thacker (2008) which was
217  also adopted by Buijsman et al. (2014) and Liang et al. (2019) was imposed at model boundaries,
218  toallow for the inward propagation of the tidal barotropic waves while damping the outward-
219  propagating baroclinic waves.
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221  Figure 2. (a) A subset of an Envisat ASAR image acquired on August 23, 2011 (02:41 UTC)
222  showing the surface signature of NLIW1 and NLIW2. (b) Closeup of the fragment depicted by
223  the black dashed box of panel (a). (c) Averaged topography calculated in the black rectangle of
224 panel (a). The section along the red line is used for the numerical simulation.
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Figure 3. Initial (a) temperature, (b) salinity and (c) buoyancy frequency of the model in August
derived from the SCSPOD14.

3 Results
3.1 SAR observations of two types of NLIWs

About 90 groups of shoreward NLIW packets were identified on the continental shelf of
the SHI from the collected ASAR and PALSAR images. The leading crests of these NLIWs were
depicted to map the spatial distribution of NLIWSs in the SHI (Figure 4). Most of the NLIWs
have a leading crest of tens of kilometers long, and travel in the southeast-northwest direction
onto the Beibu Gulf. Moreover, the geographic distribution of these observed NLIWSs in the SHI
is separated into a northern part (blue curves, Figure 4) and a southern part (red curves, Figure
4). Sometimes the NLIWSs in the northern and southern SHI meet each other and produce the
wave-wave interactions as shown in Figure 5. The distinct feature regarding the geographic
distribution suggests that there are two types of NLIWSs, possibly relating to different generation
sites. We term the NLIWSs north of the SHI as Type-N NLIWSs, while these NLIWSs south of the
SHI are termed as Type-S NLIWSs. In the SHI, about 45 (33) groups of Type-N (Type-S) NLIWs
are observed. In addition to the Type-N and Type-S NLIWSs, there are a few peculiar NLIWSs in
the SHI that are colored in black in Figure 4. These waves are rarely observed, and either extend
more than 100 km spanning the whole SHI region or travel onshore obliquely to the isobaths in
east-west direction. We do not consider these waves in the study.

This paper aims to investigate the source sites and generation mechanisms of the
frequently observed Type-N and Type-S NLIWSs in the SHI region. Previous studies have
suggested that the Xisha Islands, continental shelf break, Zhongsha Islands and Luzon Strait are
the potential source sites for the NLIWSs in the northwestern SCS. However, for the Type-N and
Type-S NLIWSs, the Zhongsha Islands are not considered as the source site, because the Xisha
Islands are located on the pathway of the northwestward baroclinic tidal energy radiating from
the Zhongsha Islands. These northwestward baroclinic tides would be mostly refracted or
diffracted by the Xisha Islands to southward, rather onto the continental shelf (Yan et al., 2020).
Similarly, the Luzon Strait is also not regarded as an efficient source site for the Type-N and
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Type-S NLIWSs, because the diurnal internal tides radiating from the Luzon Strait primarily
refract southwestward to the equator due to the earth’s rotation and probably cannot refract
northwestward onto the continental shelf of the SHI (Zhao, 2014). Moreover, the patterns of the
wave crests appearing near the shelf break (Figure 4) do not support the Luzon Strait as the
source site. Therefore, the following analysis is to clarify whether the Type-N and Type-S
NLIWs originate from the Xisha Islands, the continental shelf break or the both.

20°N

Luzon
Strait

18°N

16°N

108°E 110°E 112°E 114°E

Figure 4. Distribution map of the NLIWSs in the SHI detected in the Envisat ASAR and ALOS
PALSAR images in period of 2002-2012. The main waves of Type-N NLIWSs (Type-S NLIWSs)
distributed on the northern (southern) part of SHI are shown in blue (red) curves while the
remaining less observed waves in the SHI are indicated in black curves. The orange straight line
passing through the Xisha Islands denotes the section taken for the ray path estimation of Type-
N NLIWSs, while the green straight line denotes the section taken for the numerical simulation of
Type-S NLIWSs. The green and purple points denote the critical point (16.60°N, 111.72°E) and
the resurfacing point (17.14°N, 110.17°E) along the ray path, respectively. The grey curves
indicate the depth contours of -200 m, -1,000 m, -2,000 m and -3,000 m.
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108°40'E 109°0'E
Figure 5. A typical example of SAR images showing that the NLIWs separately distributed on

the northern part (denoted by the blue arrows) and the southern part (denoted by the red arrows)
of the SHI meet each other.

3.2 Generation of the Type-N NLIWs

3.2.1 Source site

Based on the collected ENVISAT ASAR and ALOS PALSAR data in the SHI, we
investigated the source site of the Type-N NLIWSs by analyzing the body force and the SAR-
observed occurrence frequency related to the fortnight tidal cycle.

Figure 6 shows the distribution of the body force for the K;, O; and M, constituents in
summer, since the summer is the season when the NLIWSs are commonly observed to occur
frequently (Huang et al., 2008; Jia et al., 2018). The M, tidal forcing is rather weak and thus
cannot generate NLIWSs, while the diurnal tidal forcing is strong and is concentrated along the
continental shelf break and around the Xisha Islands. Furthermore, the diurnal tidal forcing along
the shelf break close to the Type-N NLIWSs is comparable to that around the Xisha Islands,
implying that both the shelf break and the Xisha Islands are the possible source sites of the Type-
N NLIWs. However, the statistical results of the SAR-observed occurrence frequency (Table 2)
show that the Type-N NLIWs mostly occur during the neap tidal period, ruling out the shelf
break as the primary source site of the Type-N NLIWSs. Consequently, the Type-N NLIWs
mainly originate from the Xisha Islands.

Table 2. Statistical results of SAR-observed Type-N NLIW occurrence frequency related to the
fortnight tidal cycle

Type-N NLIW Spring tidal period Neap tidal period
SAR working days 122 131
NLIW imaged days 9 18

Occurrence frequency 33.33% 62.09%
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Figure 6. Distribution of the maximum depth-integrated body force for the K;, O; and M,
constituents in summer. The blue curves indicate the Type-N NLIWs while the red curves
indicate the Type-S NLIWs. The grey curves indicate the depth contours of -200 m, -1,000 m, -
2,000 m and -3,000 m.

3.2.2 Internal tidal beam mechanism

The NLIW occurrence frequency and body force estimation have revealed that the Xisha
Islands are the major source site for the Type-N NLIWs. The subsequent arising question is how
the internal tide sourcing from the Xisha Islands transits the deep basin for over 200 km and
evolves into the Type-N NLIWs on continental shelf regions. In this section, we use some
theoretical analyses combined with the SAR observations to answer this question.

On the one hand, the tidal excursion length of the ridge in the Xisha Islands is around
0.025, suggesting that the Xisha Islands are in the linear internal tide regime. On the other hand,
the crest of the ridge is at depth of -124 m that is below the pycnocline, suggesting that the tide-
topography interaction at the Xisha Islands occurs within an approximately uniform
stratification. The two aspects combined with the critical topography favor to generate an
internal tidal beam at the ridge. To depict the baroclinic energy radiating process, we determined
the ray paths of the diurnal internal tide, emanating from the critical point of the ridge slope on
the section along the main wave propagation direction. The section is depicted in Figure 4. The
ray path was computed with the mean summer stratification from WOA18. As found, the ray
path firstly emanates from the critical point (16.60°N, 111.72°E, denoted by the green point in
Figures 4 and 7) at the ridge. Then it slopes downward into the deep ocean. After reflection from
the bottom, it returns to the surface at the point (17.14°N, 110.17°E, denoted by the purple point
in Figures 4 and 7) where it hits the seasonal pycnocline over the -1187-m isobath near the
continental shelf region. Gerkema (2001) proposed a gamma (y) parameter to characterize the
local stratification conditions supporting the internal wave generation after the internal tidal
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beam impinging on the pycnocline. For y either very small or very large, there is no significant
transfer of energy from beams to interfacial waves. At the resurfacing point of northern SHI, the
parameter y is approximately 0.15. This value is rather close to the optimum regime (y = 0.12,
as defined in Gerkema, 2001) for generating internal waves. In other words, the beam from the
Xisha Islands intersecting with the pycnocline is very likely to give rise to the interfacial wave.
As the interfacial wave propagating along the pycnocline approaches the shelf break, the abrupt
shoaling bottom topography can strengthen its nonlinearity. Thus, the interfacial wave can
efficiently disintegrate into NLIWs near the shelf break. Figure 8 shows the earliest observed
Type-N NLIWs on SAR images, locating only about 4 km west of the shelf break (see Figure 7),
which provides evidence for the tidal beam generation mechanism of the Type-N NLIWs.

In summary, the ray path analysis, as well as the y parameter calculation together with
the earliest SAR-observed Type-N NLIWs, support the generation process of Type-N NLIWs as
follows: the internal tide emanating from the Xisha Islands transits the deep basin in the form of
the tidal beam, undergoes reflection from the sea bottom and then intersects with the pycnocline
near the continental shelf region to give rise to the interfacial wave, which finally nonlinearly
transforms into the NLIWs close to the shelf break.

O T T T ,_ = T T T
E.q000F | A
g 187 [ Shelf Xisha
k' Break Island

_2000 L L L L L L L
0 50 100 150 200 250 300 350

distance(km)

Figure 7. Diagram of the diurnal internal tidal ray path for the section marked in Figure 4. The
black line denotes the topography variations along the section. The blue line with arrow denotes
the propagation of internal tidal energy along the ray. The red line denotes the pycnocline. The
orange, purple and green points denote the locations of earliest SAR-observed Type-N NLIWs,
resurfacing point (17.14°N, 110.17°E) and critical point (16.60°N, 111.72°E), respectively.
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17°15'N

109°35'E 110°0'E
Figure 8. A subset of an Envisat ASAR image acquired on 26 May 2007 at 02:40 UTC showing

a packet of earliest observed Type-N NLIWSs (see inset). The purple point denotes the
resurfacing point (17.14°N, 110.17°E).

3.3 Generation of the Type-S NLIWs

3.3.1 Source site

Similar to the Type-N NLIWSs, the body force and the wave occurrence frequency were
also estimated to determine the source site of the Type-S NLIWs.

The wave occurrence frequency of Types-S NLIWSs (Table 3) is much different from that
of Type-N NLIWSs which have a much larger occurrence frequency in the neap tidal period
(Table 2). For the Type-S NLIWSs, the occurrence frequency in the spring tidal period is
comparable with that in the neap tidal period, and even a higher occurrence frequency resides in
the spring tidal period. The statistical results suggest that both the Xisha Islands and the
continental shelf break are the source sites of the Type-S NLIWSs, and the shelf break seems to
contribute more to generate the Type-S NLIWSs. Moreover, the diurnal tidal forcing along the
shelf break close to the Type-S NLIWSs (Figure 6) is also stronger than that around the Xisha
Islands, further indicating that the shelf break plays a more important role in generating the
Type-S NLIWs compared to the Xisha Islands. Hence, we performed a two-dimensional (2D)
numerical simulation with the MITgcm to examine the role of the shelf break in generating the
Type-S NLIWs.

Table 3. Statistical results of SAR-observed Type-S NLIW occurrence frequency related to the
fortnight tidal cycle

Type-S NLIW Spring tidal period Neap tidal period
SAR working days 99 112
NLIW imaged days 10 9

Occurrence frequency 52.63% 41.87%
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3.3.2 Role of shelf break

The 2D numerical model was set with nearly realistic ocean environment to reproduce
the generation process of the Type-S NLIWSs observed on a SAR image, i.e., the NLIW1 and
NLIW2 shown in Figure 2b. Details of the model setup can refer to the section 2.4.

The time for the SAR observation is referred to T. Figure 9 displays the spatial-temporal
structure of 25.5 isotherms (representing the thermocline) during the time span T-42 hours to
T+14 hours. We note that a lee wave IWB (marked in red arrow lines, Figure 9) between T-42
hours and T-34 hours develops on the east (lee side) of the shelf break during and immediately
after the maximum eastward flow. Scrutinizing the wave field around the shelf break (Figure 10a)
shows that the amplitude of the lee wave can achieve tens of meters. As soon as the eastward
current slackens and turns to the west, the lee wave is released upstream (westward). Then a
mode-1 internal tide (Figure 10b) emerges from the lee wave, steepens and produces a packet of
NLIWSs on its front. A similar process (marked in blue arrow lines, Figure 9) recurs near the shelf
break about one diurnal period after the IWB generation. The new generated internal wave is
labelled as IWA. Thus, the simulation results demonstrate that the shelf break can trigger NLIWSs
by internal tide evolution mechanism.

At time T, the simulated internal waves IWA and IWB are correspondingly close to the
SAR observed NLIW1 and NLIW2. The overall match confirms the continental shelf break as a
generation source and reveals the internal tide evolution mechanism for the Type-S NLIWs.
However, there are some slight discrepancy in wave patterns between the simulated and SAR
observed waves. On SAR images, NLIW1 and NLIW2 manifest as the well-developed nonlinear
wave packets. In the simulation, IWB is consistent with the SAR observation and has also
evolved into the well-developed NLIWSs at time T (see Figure 10c). But IWA still appears in the
form of the internal tide at time T, whose front does not steepen and disperse into NLIWSs until
the time of T+8 hours. Because the SHI features an anti-cyclonic cross-shelf circulation in
summer (Gao et al., 2013; Shi, 2014), the weak nonlinearity of IWA is expected to be caused by
the absence of the background current in the present simulation. Hence, the background current
is added into the model in the next section, whose effects on the Type-S NLIWs are thereafter
investigated.



399
400
401
402
403
404
405
406
407

depth(m)

manuscript submitted to Journal of Geophysical Research: Oceans

1600 -

1400

1200

1111

1000 |

depth(m)

tI]II:

.

/

T
K3

-200

-400 |

1

1

240 260

280

320

X(km)

340 360

Figure 9. Horizontal profiles of 25.5°C isotherms taken with a 2-hour interval from 42 hours

before T (ASAR acquisition time) to 14 hours after T in the simulation. The grey area indicates

the bottom topography used in the model. The black horizontal lines indicate the 25.5°C
isotherms, whose depth depicted on the vertical axis are lifted using the formula: h(j) +

(j — (T — 42)) * 30m, where h(j) is the realistic water depth corresponding to the 25.5°C
isotherm at time j. The blue and red vertical arrows follow two different wave trains IWA and
IWB while the red horizontal arrows at 253 km correspond to the strength of the barotropic flow

at IWB.

-400 1

-500

280 300 320 340 360
X(km)

cm/s

30

(b)

-100 f

depth(m)

-400 1

-500

-200 ¢

-300 1

280 300 320 340 360
X(km)

cm/s
20



408
409
410
411
412
413

414

415
416
417
418
419
420
421
422
423
424
425
426

manuscript submitted to Journal of Geophysical Research: Oceans

(c) cm/s
100 f 20
E -200 | 0
L
® -300 |
° -20
-400 |
-40
-500

280 300 320 340 360
X(km)

Figure 10. Numerical simulations of the baroclinic horizontal velocity field overlain with
isotherms taken at time T-40 hours (a), T-22 hours (b) and T (c). Shaded color represents the
horizontal baroclinic velocities, and black lines represent contour plots of temperature. Blue and
red vertical arrows point to the modeled internal waves IWA and IWB, respectively. Positive
velocity indicates flow to the southeast.

3.3.3 Effects of background current

Figure 11 presents the variation of the background current along the wave propagation
direction, obtained from the HYCOM reanalysis data. The background current from the shelf
break to the NLIW1 observation site was offshore with a magnitude of about 5 cm/s, while from
the NLIW1 observation site to the NLIW?2 observation site, the background current was onshore
ranging from 0 to -8 cm/s. The background current cannot be neglected compared with the tidal
currents of this region (about 10-35 cm/s). Given the large difference in wave nonlinearity
between the NLIW1 and modeled IWA in the previous simulation, a uniform offshore
background current with 0.5 cm/s at -1,000 m depth equivalently representing the realistic
background current for NLIW1 is added to the 2D numerical model. Other model setups, such as
the topography, stratification, tidal forcing, and grid resolution, remain the same as those in the
previous simulation. The results of the new simulation experiment are plotted in Figures 12 and
13.
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Figure 11. Variation of the 7-day averaged and vertical uniform background current along the
wave propagation direction acquired from the HYCOM reanalysis data. Positive velocity
indicates flow to the southeast.

The generation process of NLIWSs in the new simulation is similar to that without
considering the background current. So, the added offshore background current does not
significantly change the generation mechanism of NLIWSs, whereas it evidently changes the
evolution of internal waves. With the presence of the offshore background current, IWA has
evolved into an internal bore at time T which is experiencing the nonlinear disintegration on its
front. Recalling that IWA was still in the form of the internal tide at time T in the previous
simulation, we see that the added offshore background current increases the nonlinearity of the
westward internal waves. With the reinforced nonlinearity, IWA transforms into nonlinear wave
trains at the time of T+4 hours, shorter than the time of T+8 hours in the case without
background current. Similar to the modeled IWA, the nonlinearity of the modeled IWB is
intensified as well, which can be seen from its increased wave number and amplitude.

In summary, with or without the presence of the offshore background current, the
interaction between the tidal currents and the shelf break can generate the Type-S NLIWs
through the internal tide evolution mechanism. However, the background current can greatly
change the nonlinear evolution of internal waves and the consequent appearance of Type-S
NLIWs.
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4 Discussion

SAR has been widely used to investigate the generation of NLIWSs in the isolated
topography such as some straits (Zhao et al., 2004) and ridges (Da Silva et al., 2015). In such
regions, the generation of NLIWSs is coherent with the strength of internal tides which are phase-
locked to local surface tide. However, many continental shelves among the world oceans are
influenced by not only the local internal tides but also the incident internal tides, such as the New
Jersey shelf (Nash et al., 2012) and Portuguese shelf (Sherwin et al., 2002). The multiple
potential baroclinic energy sources make the observed internal wave field much complicated and
the study of wave generation difficult. Here, we use decadal SAR data to clarify one such wave
field of northwestern SCS (Figure 4), and preliminarily illustrate the individual effects of local
and incident internal tides after using the SAR data determining the primary wave generation
source (Tables 2 and 3). This application of SAR can be similarly applied to other continental
shelves which may also have other source sites in addition to the local shelf break.

The generation of NLIWSs on the continental shelves is commonly attributed to the
internal tide evolution mechanism or lee wave mechanism. Here, we give the first evidence that
the NLIWSs on the continental shelves arise from the internal tidal beam mechanism. The internal
tidal beam is formed at the Xisha Islands, which also has been found in Liang et al. (2019). The
internal tidal beam scatters into an interfacial internal wave on the continental slope within the
moderately stratified pycnocline. The interfacial internal wave further transforms into Type-N
NLIWs at the edge of the continental shelf break under the influence of the pycnocline and the
abruptly shoaling topography (Figure 7). Whether the generation mechanism is also applied to
other exposed continental shelves requires further study, and how much of the beam energy
transferred to the interfacial internal waves also remains to be clarified, since the question maybe
also relevant to the global internal tide dissipation (Akylas et al., 2007).

The generation of the Type-S NLIWSs is much more complex than that of the Type-N
NLIWs, because the nearly equal SAR-observed occurrence frequency (Table 3) suggests that
the Type-S NLIWs are produced by a combined effort of local and incident internal tides. The
incident internal tide, coming from the Xisha Islands, can interfere with the local internal tide
generated at the continental shelf break, and thus affect the generation of the Type-S NLIWSs
(Kelly & Nash, 2010). However, the incident internal tide has not been considered in the present
study, which could be a primary reason that the modeled IWA is still not well formed at the SAR
observation time (Figure 13).

In addition to the effects of the incident internal tides, a sheared background current
exists in the shelf region (Figure 11). The current is not occasional and is associated with an anti-
cyclonic cross-shelf circulation (Gao et al., 2013; Shi, 2014). However, the effects of the
background current on the generation of NLIWSs remain unknown. In the study, we make a first
step to add a horizontal and vertical uniform background current in the 2D numerical model. The
model shows that the current greatly changes the evolution process of internal waves and reduces
the occurrence time of SAR-observed NLIWSs by 4 hours. Given the strong horizontal and
vertical shear of background currents, a field measurement (Hamann et al., 2018) is necessary in
the future to clarify how the current shear affects the generation and evolution of internal waves.
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5 Conclusions

The continental shelves usually have complex NLIW fields due to multiple source sites
and complicated background environment. Thus, it is difficult to clarify the wave fields of the
continental shelves and associated generation mechanisms. Considering the SAR is an efficient
tool in investigating NLIWSs, we used multiple SAR observations and numerical simulations to
reveal the generation of NLIWSs on the continental shelf of the SHI. Overall, two types of NLIWSs
with different geographic distribution are identified, referred to as Type-N and Type-S NLIWs,
respectively. The Type-N NLIWs originate from the Xisha Islands and are generated by the
internal tidal beam mechanism. The Type-S NLIWs originate from both the Xisha Islands and
the continental shelf break, and the shelf break has a greater contribution to the wave generation.
Simulations with the realistic shelf-slope topography and tidal forcing show a comparative
agreement with the SAR observation, and thus reveal that the Type-S NLIWSs are generated by
the internal tide evolution mechanism. Additionally, the background current induced by the anti-
cyclonic cross-shelf circulation in the region can greatly affect the nonlinear evolution of internal
waves.

The interference of internal tides generated at the continental shelf break and the Xisha
Islands will require further study by conducting the three-dimensional (3D) numerical
simulations in the future.
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