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Abstract: In this paper, the M, internal tides (ITs) originating from the continental slope in the South
China Sea are studied using the CROCO model. The simulation results show that there are two
origins of ITs on the continental slope: at 118°~119.5° E along 22° N near the southern entrance of the
Taiwan Strait and at 117°-118° E along 20° N near Dongsha Island. The local generation of ITs is
greatly influenced by the ITs that radiate from the Luzon Strait (LS). The integrated conversion at the
first generation site is increased by 31% to 0.42 GW compared to the case where the LS is excluded
from the simulation region. Its maximum energy flux almost doubles to 2.5 kW /m, which is 10% of
the westward component. The existence of the other IT beams from Dongsha Island is attributed to
the ITs from the LS. The local generation on the continental slope changes when remotely generated
ITs alter the amplitudes and phases of the bottom pressure perturbation. These results indicate that
the ITs originating from the LS contribute to the spatial variation of ITs in the SCS by modulating the
IT generation on the continental slope.

Keywords: internal tides; South China Sea; continental slope; numerical simulation

1. Introduction

The internal tide (IT) is an important intermediate step of the tides-to-turbulence
cascade, which connects large- and small-scale motions. It plays an important role in the
dissipation of surface tidal energy and the enhancement of mixing. The ITs in the South
China Sea (SCS) are fairly intense. The complete evolution of ITs in the SCS has been
investigated widely through in situ observation [1-3], satellite altimeter data [4,5], and
numerical model simulations [6-8]. However, ITs locally generated in the SCS have long
been ignored. The authors of [9] revealed a number of generation sites in the simulation
of the M; ITs in the Western Pacific, including the southern Taiwan Strait, which was
confirmed in later studies [8,10,11], yet the ITs generated at the LS were so intense that they
attracted the most attention and obscured weaker ITs generated at other sites.

A missing piece of evidence from the picture of the IT field in the northeastern SCS
was recently retrieved by [12]. The results, which were based on 26-year altimeter data,
revealed a southward M, IT beam and a much weaker eastward beam originating from
the continental slope. The southward M, beam starts from the southern Taiwan Strait and
propagates for about 300 km. Its integrated flux is 0.18 GW, or approximately 10% of the
westward LS flux. The beam is sufficiently intense to interfere with the westward flux,
forming a multiwave IT field featuring significant spatial variations.
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The ITs from the continental slope deserve more investigation because of their com-
plexity under the influence of remote ITs. By altering bottom pressure perturbations on
the continental slope, remote ITs can modulate the local generation of ITs considerably;,
resulting in the intermittency of ITs on the continental slope [13]. This has been further
verified by oceanic observations and numerical modelling [14,15]. Given that the conti-
nental slope in the SCS is also under the pathway of ITs from the LS, we aim to analyze
their contribution to the local generation on the continental slope in the northern SCS
in this study.

The rest of the paper is arranged as follows. Section 2 introduces the model settings
and analysis method. In Section 3, the model simulation is first validated and the influence
of the ITs from LS on the local generation on the continental slope is examined. Finally, the
findings of this paper are summarized in Section 4.

2. Methodology
2.1. Model Configuration

This study employs the Coastal and Regional Ocean COmmunity (CROCO) model
(version 1.0; https://www.croco-ocean.org, accessed on 10 November 2017) which is
built based on the regional ocean modelling system from Institut de Recherche pour le
Developpement (ROMS_AGRIF). The model solves the original governing equations under
the Boussinesq approximation and hydrostatic equilibrium. The model performs well in
different scenarios [16-18]. The use of hydrostatic approximation is still valid for this study;,
taking into consideration the fact that in the northern SCS the M, ITs wavelength is much
larger than the water depth [5,8] and the non-hydrostatic processes are beyond our scope.

The domain of the simulation is shown in Figure 1a. The model has a uniform hori-
zontal resolution of 1/20° and 25 uneven sigma vertical layers, with a thicker distribution
near the bottom and surface. The Large-McWilliams-Doney k-profile parameterization
mixing scheme [19] is used for the vertical turbulent mixing of momentum and tracers.
The Laplacian horizontal mixing of momentum is used for the subgrid-scale turbulence.
The realistic topography extracted from 1 min gridded elevations/bathymetry for the
world (ETOPOL1) data [20] is used in the simulation. The topography has been smoothed to
reduce the horizontal pressure gradient errors. The stratification is set to be horizontally
homogenous by spatially averaging the salinity and temperature extracted from the World
Ocean Atlas 2009 (WOAQ9) (Figure 1). The model is forced at four open boundaries with
the M, tide. Its barotropic currents and surface elevations are extracted from the Oregon
State University Ocean Topography Experiment TOPEX/Poseidon Global Inverse Solution
(TPXO7.2; [21]). The Flather condition is used for the barotropic currents and the radiative
condition is used for the baroclinic currents at the four open boundaries. A 0.5°-wide
(ten cells) sponge layer is set to absorb the baroclinic energy and avoid reflection.

To investigate the mechanism underlying the M, tides originating from the continental
slope, two cases were designed based on the CROCO model:

The Full case: the domain covers an area of 115.5°-126.5° E and 16°-26° N, including
the LS, the continental slope in the northern SCS, and part of the Western Pacific.

The Slope case: the longitudes of the domain range from 115.5° E to 120° E. In this case,
the LS, the most important IT generation site, is excluded. Therefore, we can investigate
the influence of ITs originating from LS on the continental slope by comparing the results
gained with the results of the Full case.


https://www.croco-ocean.org

J. Mar. Sci. Eng. 2021, 9, 1268

30f 10

26°N 0
-1000
24°N
—2000
22°N ~3000
20°N -4000
-5000
18°N
-6000
16°N = —7000
116°E 118°E 120°E 122°E 124°E 126°E
0 10 20 30 34 345 35 0 0.01
0 ; ‘
1000 |
’é“ 2000 1
£
23000
(]
4000 ¢
5000 |
b lc d
Temperature(°C) Salinity Buoyency frequency(s'1)

Figure 1. (a) Depth in the northern SCS (shading, unit: m). Gray lines indicate isobathic contours of
—3000, —2000, —1000, and —500 m. The dashed rectangle denotes the simulation area for the Slope
case. Initial (b) temperature, (c) salinity, and (d) buoyancy frequency profiles in the model.

2.2. Baroclinic Energy Equation
The depth-integrated baroclinic energy flux Fy, is calculated as follows [22,23]:

R [ 9zt (z )2 M

where 7 is the sea surface elevation, H is the water depth, p’ is the pressure perturbation,
and ' is the horizontal baroclinic velocity. The pressure perturbation is calculated as
follows [24]:

Pt = pong )+ [ 0@ 152 @

where z is the depth of p/, p’ is the density perturbation, g is the acceleration due to gravity,
and pg,s is the surface pressure, which can be solved by:

1 o, _
m/_HP (z,t)dz =0 ®)

The horizontal baroclinic velocity is:

W (z,t) = u(z,t) (=) — W(t) @)



J. Mar. Sci. Eng. 2021, 9, 1268

40f10

where u, 1, and 1 denote instantaneous, time-averaged, and depth-averaged horizontal
velocities, respectively. The depth-averaged velocity can be obtained through:

1 no,
—_ u(z,t)dz=20 5
H+7 /fH =1 ©)

The barotropic-to-baroclinic energy conversion rate Epp, can be calculated by multi-
plying the pressure perturbation by the bottom vertical barotropic velocity:

Epiope = P/ (—H, t)wp(—H, 1) (6)

Under the assumption of incompressible water, the vertical barotropic velocity at the
seafloor can be calculated as follows:

wbt(_Hrt) = ubt<_Hrt) V(—H) (7)
According to [25], the tidal-period-averaged conversion rate can be obtained as follows:
< Eppope >= 05Pl(—H)Wbt(—H) COS(GPI — wat) (8)

where P'(—H) and Wy,,(—H) are the amplitudes of the pressure perturbation and vertical
barotropic velocity at the seafloor and 6, and 6, are their phases, respectively.

2.3. Wave Decomposition

Based on Hilbert transform [26], we decompose the IT field into components that
propagate in different directions. Wave decomposition is conducted in the following
steps [15]: first, take the Hilbert transform of a real-valued signal ¢(x,y, ) (pressure
perturbation p’ or baroclinic velocity u’' in our case) in time to give a spatial field of
complex amplitudes for each frequency §(x,y,w); second, take the two-dimensional
Fourier transform of $(x, y, w) to give ¥ (k, I, w), where k and  are horizontal wavenumbers;
third, define a filter function H(k, ) that is equal to unity for the wavenumbers of interest
and zero elsewhere; fourth, take the inverse Fourier transform of the filtered amplitude
H(k,1) ¥(k,1,w) to give the signal in the direction of interest. The method has been
successfully used in previous studies [15,27-30].

In this study, the pressure perturbation field and baroclinic velocity at each depth
were decomposed into three components—the eastward (—40-90°), westward (90-240°),
and southward (240-320°) components—as in [12] and used to compute the energy fluxes
(Equation (1)).

3. Results
3.1. Validation of the Simulated Results

The accuracy of the simulated results was first examined before we explored the
M, ITs originating from the continental slope. Figure 2 displays the M, barotropic tide
extracted from the model output and TPXO7.2. The simulated amplitudes and phases of
the M, barotropic tide are generally consistent with those from TPXO7.2 and previous
studies [8,22], all of which show that the amplitudes of the M; tide in the SCS are slightly
smaller than those in the Western Pacific but reach their maxima in the Taiwan Strait.
The difference between the simulation and TPXO?7.2 results in each grid was quantified
as follows [31]:

1
E= |/ 343 + 42) ~ ArAceos(Gr — Go) ©

where A and G denote the M, barotropic tide amplitudes and phases, respectively, and
the subscripts T and C represent results from TPXO7.2 and CROCO, respectively. The
domain-averaged error is 4.7 cm, confirming the accuracy of the model output. The
most obvious differences between the two co-tidal charts are small-scale fluctuations
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superposed on the co-phase lines in Figure 2a, which are actually the modulation of ITs to
barotropic tides [5,8,32].

a) CROCO (b) TPXO
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Figure 2. The M; surface elevations amplitudes (shading, unit: m) and phases (grey lines,
unit: degrees) extracted from (a) the Full case simulation and (b) the TPXO7.2 tidal model.

To validate the compacity of the model for the IT simulation, we ran an extra case
forced by the S, tide. The model setting was the same as that forced by the M, tide. The
semidiurnal energy flux (M, + S;) was calculated and compared with in situ observa-
tions from [33] (Figure 3). At most stations along the northern and stronger beam of the
westward-propagating IT, the magnitude and direction of the model results agree well with
the observations, while the simulated ITs are slightly weaker than the observations in the
southern part of the LS. The deviation is probably caused by the spatially varying stratifica-
tion and subtidal background currents (e.g., the mesoscale eddies and the Kuroshio) [8,22],
which are not considered in this study.

22°N p'??

21°N [
20°N

19°N

18°N "
120°E 121°E  122°E  123°E

Figure 3. Simulated (black arrows) and observed (red arrows) semidiurnal energy flux at the LS. The
magnitude of the energy flux is indicated by shading (unit: kW /m).

The basic characteristics of the M, ITs are displayed in Figure 4. The conversion rates
around the LS are the largest, and there are multiple generation sites at other prominent
topographic features, including the continental shelf slope in the SCS and the ridges along
the Ryukyu Island chain [9,34]. The simulation results reproduce the clockwise cycle of the
IT energy flux induced by a resonance mechanism in the LS, which has been investigated
in previous research [7]. Departing from the LS, the M, IT beam propagating eastward
into the Western Pacific is intense, with its maximum energy flux reaching 35 kW /m. The
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ITs in the SCS bifurcated into two beams: the northern beam propagating westward to
the Dongsha Island is of comparable intensity to the eastward beam, while the southern
beam propagating southwest is much weaker. The results are consistent with satellites
observations [5] and previous numerical simulations [8-10].
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Figure 4. The M, baratropic-to-baroclinic conversion rates (shading, unit: W/m?) and the ITs
depth-integrated baroclinic energy fluxes (quiver) in the simulation domain.

3.2. ITs Originating from the SCS Continental Slope

We applied Hilbert transform to the wave field to obtain three components of the M,
tides: westward (90-240°), southward (240-320°), and eastward components (—40-90°).
The first two components are displayed in Figure 5, while the eastward component is
too weak and therefore not discussed here. The westward component has a comparable
magnitude to the multidirectional ITs field shown in Figure 4, implying its dominant
role. The two westward beams have been reported in many previous studies [5], and in
the following we focus on the southward component. This component propagates in a
south-southeast direction from two origins: 118-119.5° along 22° N and 117-118° along
20° (Figure 5c). The former branch is stronger, with a maximum energy flux of 2.5 kW/m,
but it is only approximately 10% of the westward component in terms of intensity, which
is consistent with the findings of [12]. Recalling the findings in [12], we can also see
a few differences: first, our simulation results show two south-southeast beams, while
the satellite results in [12] reveal a southward component and an eastward component
originating from the continental slope; second, the simulated ITs are stronger than the
satellite observation. The underestimation of energy flux by altimeter has been pointed out
in previous studies [5]; the difference in direction may be due to the subtidal circulation
lacking in our simulation [22].

To further illustrate the ITs field, we select two sections along the ITs propagation paths
and display snapshots of the zonal current of the westward component (116° E-119.5° E,
21° N) and the meridional current of the southward component (119° E, 17° N-23° N)
at the end of the simulation (Figure 6). The directions of the velocities of the westward
component are different in the upper and lower layers, indicating the dominance of mode 1.
The southward component is less energetic than the westward component, and shows the
characteristic of higher modes: the baroclinic velocity changes its direction two or more
times. The multimodal structure of the southward component may be related to local
generation, which will be shown in the following section.
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Figure 5. Depth integrated energy flux of the (a,b) westward, and (c,d) southward components in
(a,c) the Full case and (b,c) the Slope case. The shadings indicate the magnitude (unit: kW/m) and
the arrows show the directions. The gray lines indicate isobathic contours of —3000, —2000, —1000,

and —500 m.
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Figure 6. Snapshots of (a) the zonal baroclinic currents along 21° N and (b) the meridional baroclinic
currents along 119° E (shading, unit: m/s) at the end of the simulation.
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To investigate the generation of the southward ITs, we run the Slope case where the
LS is excluded while the other settings remain the same as those in the Full case. The
decomposed components of the ITs fields are shown in Figure 5b,d. The west component
is unsurprisingly very weak because it is generated at the double ridges in the LZ that are
outside the simulation area. The southern branch of the M, ITs propagating southward
is also missing in the Slope case, implying its close relation with the ITs that are remotely
generated in the LS. Some ITs are generated between 118 and 119.5° E along 22° N, corre-
sponding to the northern origin of the ITs southward component in the Full case. However,
the magnitudes of these are much smaller and their direction is closer to due south. The
results indicate that the ITs remotely generated at the LS have a major influence on those
originating from the continental slope.

Figure 7a,d show the M, conversion rate in the two cases. The pattern of the Slope
case is quite simple: only one area (118°-119.5°, 22°-22.5° N, denoted as A) shows a
relatively large conversion from barotropic to baroclinic tides. The integrated conversion
around region A is 0.32 GW. On the contrary, in the Full case the positive values for
conversion rate alternate with negative values; in other words, the areas where ITs are
generated alternate with those where energy transfers from ITs into barotropic tides. This
pattern indicates the complicated influence of the remotely generated ITs. The integrated
conversion around region A is 0.42 GW, up by 31% from the Slope case, although some
areas within region A show a negative conversion rate. Corresponding to the southern
branch of the M; southward component, region B (117°-118°, 20.2°-20.7° N) was identified
and its integrated conversion amounts to 0.13 GW.

23°N 23°N 23°N
21°N 21°N 21°N
g 04 180
0.2
19°N &4 19°N 0.3 19°N 135
0 0.2 90
23°N _04 23°N 23°N
: 0.1 45
-0.2
Lo 0
21°N 21°N 21°N
19°N 19°N 19°N
117°E 119°E 117°E 119°E 117°E 119°E

Figure 7. The M, tide (a,d) conversion rates (shading, unit: W/ m?2), (b,e) the bottom pressure
perturbation amplitudes (shading, unit: kPa), and (c,f) the phase differences between the pressure
perturbation and vertical velocity at the sea floor (shading, unit: degrees) in (a—c) the Full case and
(d—f) the Slope case. Only areas with a conversion greater than 0.01 W/m? are shown for clarity. The
gray lines indicate isobathic contours of —3000, —2000, —1000, and —500 m.

According to Equation (8), the M, conversion rate is determined by the amplitudes of
the vertical barotropic velocity and the pressure perturbation at the sea floor, as well as their
phase difference. Taking into consideration the fact that the barotropic currents vary very
slightly in the two cases, we focus on the amplitude of the pressure perturbation and the
phase difference (Figure 7). A comparison between Figure 7b,d reveals that the amplitudes
of the bottom pressure perturbation increase by several orders of magnitude around region
A and Dongsha Island due to the arrival of remotely generated ITs. However, the changes
in the conversion rate (Figure 7a,d) are more complicated, as the ITs originating from the
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References

LS alter the phase of bottom pressure perturbation in addition to the amplitude. Under
the influence of remote ITs, the phase of the pressure perturbation changes up to 180°,
resulting in a negative conversion rate.

Based on the above analysis, we can draw the following two conclusions. First, around
region A, the incoming ITs mainly increase the local generation by increasing the amplitude
of the pressure perturbation. Second, regarding the ITs originating from near Dongsha
Island, previous studies [12] have attributed them to reflection based on the fact that
the local M tide is very weak. The Slope case confirms that the local barotropic tide is
not strong enough to generate ITs. However, the Full case shows that the arrival of ITs
generated at the LS could significantly increase the pressure perturbation and hence the
local generation.

4. Summary

Based on the CROCO, the current study explores the M, IT generation on the continen-
tal slope in the SCS. There are two origins of ITs on the continental slope: at 118°-119.5° E
along 22° N to the southern Taiwan Strait, and at 117°-118° E along 20° N near Dongsha
Island. At the first generation site, the ITs from the LS increase the integrated conversion by
31% to 0.42 GW, compared to the case where the LS is excluded from the simulation region.
Its maximum energy flux almost doubles to 2.5 kW /m, which is 10% of the westward
component. The existence of the other ITs originating from Dongsha Island is attributed to
the ITs from the LS. The local generation on the continental slope changes when remotely
generated ITs alter the amplitudes and phases of the bottom pressure perturbation. The
reflection of the westward M, ITs on the continental slope has been noted in previous
studies, and this paper reveals its contribution to local generation.

The ITs originating from the continental slope interfere with the intense westward ITs
generated at the LS and hence contribute to the spatial variability of the properties of ITs
in the SCS [12]. This study preliminarily explores the influence of remotely generated ITs
(mainly from the LS) on local generation on the continental slope. Previous studies have
noted that subtidal circulation and seasonal stratification could affect the generation and
propagation of ITs from the LS. It is sensible to infer that the modulation of ITs will impact
the local generation of ITs on the continental slope and further contribute to the variability
of the IT field in the SCS.
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