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Abstract

We examine the cross-shelf variation of internal tides (ITs) west of the Dongsha Plateau in the northern South
China Sea based on observations from 4 moorings deployed between August 2017 and September 2018. On the
slope, the amplitude of diurnal baroclinic current ellipses are 5 times larger than that of barotropic currents. The
baroclinic energy quickly dissipates during cross-shelf propagation, and barotropic currents become dominant
on the shelf outside of the Zhujiang River Estuary, with the amplitude of semidiurnal barotropic current ellipses
being 10 times larger than that of the baroclinic ones. Dynamic modal decomposition indicates the first baroclinic
mode is dominant for both diurnal and semidiurnal ITs. The total horizontal kinetic energy (HKE) of the first three
baroclinic modes shows spatiotemporal differences among the 4 moorings. On the slope, the HKE for diurnal ITs
is stronger in summer and winter, but weaker in spring and autumn; for semidiurnal ITs there is a similar seasonal
variation, but the HKE in winter is even stronger than that in summer. On the shallow shelf, both diurnal and
semidiurnal ITs maintain a certain intensity in summer but almost disappear in winter. Further analysis shows
that only the upper water column is affected by seasonal variation of stratification on the slope, variation of
diurnal ITs is thus controlled by the semi-annual cycle of barotropic energy input from the Luzon Strait, while the
incoherent baroclinic currents make a major contribution to the temporal variation of semidiurnal ITs. For the
shelf region, the water column is well mixed in winter, and the baroclinic energy largely dissipates when ITs

propagate to the shelf zone despite of a strong barotropic energy input from the Luzon Strait .
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1 Introduction

An internal tide (IT) is an internal gravity wave that is gener-
ated at a tidal frequency by the interaction of barotropic tidal flow
with abrupt bottom topography in a stratified ocean (Niwa and
Hibiya, 2001; Garrett and Kunze, 2007). In contrast to surface
tides, ITs have large-amplitude pycnocline oscillations accom-
panied by depth-varying currents and are characterized by relat-
ively short horizontal wavelengths on the order of 100 km (Niwa
and Hibiya, 2004; Jan et al., 2007). After their generation, high-
mode ITs usually break and dissipate near their source regions
and thus enhance local mixing (St. Laurent and Garrett, 2002;
Tian et al., 2006, 2009; Klymak et al., 2011), and may also lead to
along-slope near-bottom transport (Xie et al., 2018), whereas
low-mode ITs may propagate thousands of kilometers (Alford,
2003; Rainville and Pinkel, 2006; Xu et al., 2016). During their
long-range propagation through complex background condi-
tions and variable stratification, ITs may lose coherence to the as-

tronomical tides and show incoherent characteristics (Eich et al.,
2004; Park et al., 2006; Cao et al., 2017).

When barotropic tidal currents flow over the Luzon Strait
(LS), which is featured by two north-south oriented ridges, strong
ITs are generated, making the South China Sea (SCS) one of the
most energetic regions of ITs in the world (Duda et al., 2004;
Alford et al., 2015); the observed baroclinic current and vertical
displacement in the LS can exceed 2 m/s and 300 m, respectively
(Alford et al., 2011). Numerical experiments show that about 25%
of M, (14 GW in 56 GW, Niwa and Hibiya, 2004) and 36% of K,
(12.4 GW in 34.2 GW, Jan et al., 2007) barotropic tidal energy are
converted to baroclinic energy in the LS. About half of the gener-
ated baroclinic tidal energy dissipates locally, while the rest radi-
ates westward into the SCS and eastward into the western Pacific
(Jan et al., 2008; Xu et al., 2016). The ITs in the SCS mostly are ra-
diated from the LS, which propagate westward across the deep
central basin before arriving in the slope area around the Dong-
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sha Plateau (DP), where they further steepen into internal solit-
ary waves (ISWs) and finally dissipate over the shallow shelf zone
outside of the Zhujiang River Estuary (ZRE; Ramp et al., 2004; Lien
et al., 2005; Farmer et al., 2009; Alford et al., 2015). Recent studies
have also revealed that low-mode ITs originating from the LS can
even propagate far enough to arrive at the Vietnam coast and
Nansha Islands that are more than 1 000-1 500 km away (Zhao,
2014; Xu et al., 2016; Liu et al., 2016). Baroclinic energy input
from the LS is thought to be the main reason for the temporal
variation of ITs in the northern SCS (Xu et al., 2014; Cao et al.,
2017). Recent studies show that the background currents associ-
ated with Kuroshio intrusion and mesoscale eddies are also im-
portant for modulating internal tidal currents. The radiating tidal
pattern and energy dissipation of ITs respond differently to differ-
ent Kuroshio paths in the LS (Xu et al., 2021), and the propaga-
tion speed and energy conversion of semidiurnal ITs can be
modulated by mesoscale eddies (Huang et al., 2018), and further
become incoherent (Li et al., 2020).

Many studies have addressed temporal variations of ITs in
oceans around the world, such as the North American coast
(Kelly et al., 2012), the northwest shelf of Australia (Holloway
etal., 2001), and the west coast of India (Subeesh and Unnikrish-
nan, 2016). Since the Asian Seas International Acoustics Experi-
ment (ASIAEX) in 2001, the ITs in the northern SCS have been ex-
tensively surveyed based on long-term field observations (Guo
etal., 2012; Ma et al., 2013; Xu et al., 2013, 2014; Liu et al., 2015;
Cao et al., 2017; Chen et al., 2019; Li et al., 2020; Fig. 1). Diurnal
ITs dominant over semidiurnal ITs in the northern SCS (Duda
et al., 2004; Duda and Rainville, 2008; Xu et al., 2013). Diurnal ITs
are stronger in summer and winter but weaker in spring and au-
tumn in the LS (Xu et al., 2014; Liu et al., 2015) and the adjacent
SCS deep basin (Cao et al., 2017; Li et al., 2020). For the region
northeast of the DP, the observed diurnal ITs are also stronger in
summer and winter at deep water moorings, while less seasonal
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variation is found on the shallow shelf (Ma et al., 2013; Chen
etal., 2019). For the region west of the DP, Xu et al. (2013) ana-
lyse a 9-month data set and mention that diurnal ITs are
strongest in summer, but weakest in winter. Compared with di-
urnal ITs, Xu et al. (2014) indicate that semidiurnal ITs are sea-
sonally invariant in the LS, while Cao et al. (2017) find that strong
semidiurnal ITs always appear in spring and autumn, and the
seasonal variation of semidiurnal ITs is also irregular in the slope
region around the DP (Ma et al., 2013; Chen et al., 2019).

Therefore, relatively consistent conclusions have been
reached for the temporal variations of ITs from the LS to the re-
gion east of the DP in the northern SCS, indicating that diurnal
ITs are stronger in summer and winter than that in spring and
autumn, whereas the seasonal variation of semidiurnal ITs is ir-
regular. In contrast, much less attention has been paid to the re-
gion west of the DP with scanty in situ observations. Further-
more, previous studies have focused mainly on the longitudinal
variation of ITs in the northern SCS, although Guo et al. (2012)
emphasize that the intensity of internal tidal flow decreases signi-
ficantly when ITs propagate from the deeper shelf break to the
shallower shelf in winter, but the authors do not mention ITs in
summer. Cross-shelf variation of ITs requires further study.
Based on observations from 4 moorings deployed between Au-
gust 2017 and September 2018, this study examines the cross-
shelf variation of ITs and discusses the factors controlling the
temporal variation of diurnal and semidiurnal ITs in the slope-
shelf area west of the DP. This paper is organized as follows. Sec-
tion 2 describes the field observations and methods. The cross-
shelf characteristics of barotropic and baroclinic currents, along
with the dynamic modal structures and seasonal variation of ho-
rizontal kinetic energy are presented in Section 3. Discussion of
the variation of diurnal and semidiurnal ITs is given in Section 4,
and a summary follows in Section 5.
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Fig. 1. Sampling locations of four current moorings (L1-L4, red stars), seasonal CTD observation section (black stars; S1-S4 are indic-
ated), and Dawanshan gauge station (blue triangle) in the northern South China Sea. Mooring locations from recent studies for the
temporal variations of internal tides between the Luzon Strait and the Zhujiang River Estuary are also indicated (note that only moor-
ings with an observation period of more than 3 months are shown here). The bathymetry (black line contours, unit: m) is taken from

Etopo2.
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2 Data and methods

2.1 Field observations

Four moored acoustic Doppler current profilers (ADCPs,
named L1-L4) were deployed on the slope-shelf area west of the
DP during 2017-2018, covering a distance of ~200 km in the
cross-shelf direction with a depth range from 546 m to 76 m. L1
was located on the slope where the bathymetry rapidly changed
between 500 m and 1 000 m, while L2-14 were located on the rel-
atively flat shelf where the water column depth was less than
200 m (Fig. 1). L1 (L2) was equipped with two 150 (300) kHz AD-
CPs, one looking upward and the other downward, at a nominal
depth of ~250 m (~70 m). L3 (L4) was equipped with one
300 kHz looking upward and one 600 kHz ADCP looking down-
ward at a nominal depth of ~90 m (~55 m). The sample interval
and bin size were 3 min and 8 m for 150 kHz, 10 min and 4 m for
300 kHz, and 10 min and 2 m for 600 kHz ADCPs. The effective
ranges of current observations for L1 to L4 were 34-522 m, 17-
176 m, 11-110 m, and 16-67 m, respectively, which covered
89%, 85%, 87%, and 68% of the whole water column, with corres-
ponding observed durations of 266 d, 376 d, 241 d, and 115 d
(Table 1). Careful quality control was conducted; raw data were
directly abandoned in cases that the velocity exceeded 3 m/s or
good percentage (PG1+PG4, output from ADCP for quality as-
sessment of raw current data) less than 50%, the data gaps were
filled with linear interpolation, and the current data were
smoothed hourly for IT analysis.

In order to obtain seasonal stratification conditions in the
northern SCS, in situ data from a cross-shelf hydrographic sec-
tion consisting of 8 Conductivity-Temperature-Depth (CTD) sta-
tions were collected. This hydrographic section was basically par-
allel to the mooring line and located about 100 km to the east
(Fig. 1). Temperature, conductivity, and depth were measured by
SBE 911 plus CTD (SEA-BIRD ELECTRONICS INC., USA), and the
raw data were saved at 1 m intervals after quality control for ana-
lysis. The hydrographic cruises were conducted on 13 August
2017, 17 November 2017, 31 January 2018, and 13 May 2018, and
the water depths of S1-S4 were similar to those of L1-L4. Mean-
while the tidal level at Dawanshan gauge station (21°56'N,
113°43'E) was also collected to obtain astronomical tide variation
on the shelf outside of the ZRE during the observation period.

2.2 Harmonic analysis and band-pass filtering of internal tides
The barotropic current is defined as the depth-integrated
flow, and the baroclinic current is the residual once the barotrop-
ic current is removed. A MATLAB-based package applying a
least-squares fit method is used to characterize the principal tid-
al constituents for both barotropic and baroclinic currents
(Pawlowicz et al., 2002). To extract the diurnal and semidiurnal
tidal currents, a fourth-order Butterworth filter is applied to the
baroclinic currents, and the cutoff frequencies (f) for the diurnal
and semidiurnal bands are set at 0.9y, — 1.1f, (i.e., 0.84-1.10 cycles
per day (cpd)) and 0.9fy;, —1.1f;, (i-e., 1.74-2.20 cpd) respectively.

2.3 Rotary spectra

Rotary spectra can be used to describe the rotational com-
ponents of currents at various frequencies. In this study, the total
energy spectra of the barotropic currents, including the counter-
clockwise and clockwise rotary components, are presented to
characterize the spectra density at the diurnal and semidiurnal
frequency bands.

2.4 Dynamic modal decomposition

In an idealized ocean with a constant water depth H, ITs can
be described by a superposition of discrete baroclinic modes,
which depend on the buoyancy frequency profile N(z). The baro-
clinic modes for vertical displacement @(z) can be determined by
the following equation:

d’d(z) N?(2)
iZ G

QS(Z) =0, (D

with the boundary conditions @(0) = &(H) = 0 (the rigid lid ap-
proximation), where 7 is the mode number, and C, is the eigen
speed (Gill, 1982).

The corresponding baroclinic modes for pressure and hori-
zontal velocity 71(z) are related to &(z) via

110) = po 22, @

where p, is the water density (Zhao et al., 2010). The baroclinic
velocity of Mode-rn can be expressed as

y(z,8) = w, () 1T, (2) , 3

where u), (¢) represents the time-varying magnitudes of the baro-
clinic Mode-n, which can be extracted from the observed velo-
city profile by least-squares modal fitting at each time point
(Alford, 2003; Nash et al., 2005; Shang et al., 2015), and I, (z) is
the normalized vertical structure of baroclinic Mode-n, which
can be calculated from Eqgs (1) and (2) with the buoyancy fre-
quency profile N(z). The CTD profiles of S1-S4 during the obser-
vation are used for calculating the buoyancy frequency at the
mooring L1-L4. In this study, the observed ITs are dominated by
lower modes, which will be shown in Section 3.3. Therefore, only
the first three baroclinic modes are extracted in the modal de-
composition. The buoyancy frequency profiles in four seasons
and the corresponding vertical structures of the first three baro-
clinic modes for the horizontal velocity are presented in Fig. 2.
Then the modal fitted perturbation u}(z, f) can be calculated
from Eq. (3). Finally, the depth-integrated horizontal kinetic en-
ergy (HKE) of Mode-n (n =1, 2, 3) is computed from u/,(z, t) as

HKE — %po/; <|u;(z, t)\2> dz, @

Table 1. Location, depth, date range, record length, instrument, and sample depth of moorings at L1-L4

Station Latitude Longitude Depth/m Date Range Record length/d Instrument Sample depth/m
L1 20°11'43.08”" N 115°22'37.50"E 546 2018.01.07-2018.09.30 266 150 kHz ADCPx2 34-522
L2 20°15'14.34"N  114°5424.12"E 186 2017.08.31-2018.04.23 376 300 kHz ADCPx2 17-176
2018.05.12-2018.09.30
L3 20°32004.14”N 114°35'39.18"E 114  2017.08.31-2017.12.11 241 300&600 kHz ADCP 11-110
2018.03.19-2018.08.05
L4 21°06'16.02" N  113°4520.64"E 76 2018.01.07-2018.03.19 115 300&600 kHz ADCP 16 -67

2018.06.23-2018.08.06
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Fig. 2. Buoyancy frequency profiles of S1-S4 (a-d) and the cor-
responding normalized vertical structures of the first three baro-
clinic modes (the blue, green and red lines stand for Modes 1-3)
for the horizontal velocity in August 2017 (e-h) and January 2018
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where the angle bracket indicates the average over one tidal cycle
(Shang et al., 2015; Liu et al., 2019).

2.5 Calculation of coherent and incoherent motions
Based on a least-squares fit of harmonic analysis, the diurnal
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and semidiurnal coherent ITs can be obtained by

Uc = Z U, COS(wn + wnt)7 (5)

where U, is the amplitude, 1, is the phase, and w, is the fre-
quency of the principal tidal constituents. The K;, O,, P}, Q; (M,,
S, N,, K,) tidal constituents are chosen for the coherent diurnal
(semidiurnal) ITs calculation.

Uic = Upandpass — UC- (6)
The residual currents containing incoherent ITs are obtained
by subtracting the coherent ITs from the band-passed baroclinic

currents (van Haren, 2004; Xie et al., 2013; Liu et al., 2016).
3 Results

3.1 Barotropic tidal currents

Barotropic currents are essential for extracting baroclinic cur-
rents. There are two main methods for barotropic current calcu-
lation; one directly from the depth-integrated flow, which re-
quires observations from the whole depth and is relatively easy to
carry out on the slope. The so-calculated barotropic tidal ellipses
in the slope-shelf area northeast of the DP (Beardsley et al., 2004)
have been widely used to validate IT numerical models (Jan et al.,
2007; Xu et al., 2016). The second method is obtained from the
global tidal model. Previous studies have shown that barotropic
tidal currents extracted from TOPEX/Poseidon Global Inverse
Solution developed by Oregon State University (Egbert and
Erofeeva, 2002) agree well with the observed barotropic currents
in the northern SCS (Ramp et al., 2004; Alford et al., 2011), and
thus this method is widely used for baroclinic current extraction
in the deep basin (Xu et al., 2014; Cao et al., 2017; Huang et al.,
2018; Zhai et al., 2020).

The observed ranges of ADCPs cover more than 85% of the
entire water depth except for L4 (68%), and the barotropic cur-
rents are directly calculated from the depth-integrated flow in
this study. Figure 3a shows the barotropic tidal ellipses of the

(6] M,

| — Ll

95% CI

Frequency/cpd

Fig. 3. Barotropic tidal ellipses for the principal constituents (O,, K;, M, and S,) (a) and rotary spectra density of barotropic currents
at L1-L4 (b). The arrows in a denote the rotation directions of the ellipses, the lines from the center show the Greenwich phases, and
the upper-left icon is the current scale for the axes. cpd: cycles per day.
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dominant diurnal K, and O, constituents and the semidiurnal M,
and S, constituents. For the K, constituent, the current amp-
litude is smallest, 2.0 cm/s, at L1, which is located on the slope; it
increases to 5.4 cm/s at L2 on the shelf, and then gradually de-
creases at L4; and for the O, constituent, the current amplitude is
smallest, 2.4 cm/s, at L1, it increases to 5.2 cm/s at L3, and then
gradually decreases at L4 (Table 2). The two diurnal tidal con-
stituents are generally comparable in this area, and O, is even
stronger than K, on the shallow shelf. For the two semidiurnal
constituents, the tidal currents of M, are obviously stronger than
those of S,. For the M, (S,) constituent, the current amplitude is
smallest, 1.5 cm/s (0.7 cm/s), on the slope and then monotonic-
ally increases to a maximum of 8.5 cm/s (3.6 cm/s) on the shal-
low shelf (Table 2). The ellipse orientations are almost along the
cross-shelf direction, especially for sites on the shelf. Figure 3b
shows the rotary spectral density of the barotropic currents at
L1-L4, which is characterized by two peaks in the diurnal and
semidiurnal frequency bands. The diurnal tidal energy is stronger
than the semidiurnal tidal energy at L1 and L2, and vice versa at
L3 and L4. The spectra density in the semidiurnal frequency
band monotonically increases along the cross-shelf direction
from L1 to L4, but for the diurnal frequency band, there are some
differences between O, and K;; the spectra density of the K, fre-
quency attains a maximum at L2, while for the O, frequency, the
maximum density is at L3.

The distributions of barotropic tidal ellipses in this paper are
consistent with results from ASIAEX in 2001 (Beardsley et al.,
2004; Duda and Rainville, 2008); both show the current amp-
litudes of semidiurnal tides monotonically increasing along the
cross-shelf direction, while diurnal tides first increase, then de-
crease when they arrive at the shallow shelf. The current amp-
litude of M, is 16.6 cm/s northeast of the DP in ASIAEX (Beards-
ley et al., 2004), obviously larger than the 8.5 cm/s in this paper.
Similarly, the current amplitude of K, is 11.9 cm/s in ASIAEX
(Beardsley et al., 2004), also larger than the 5.4 cm/s in this paper,
and this is related to the propagation of barotropic tides originat-
ing from the western Pacific and entering the SCS through the LS
(Fang et al., 1999), which arrive at the ASIAEX sites prior to the
sites of this study.

Table 2. Ellipse parameters of the principal diurnal and semidi-
urnal barotropic tidal constituents

) Major.axis Minor.axis Ellipse
Station velocrfy/ velany/ orientation/(°) Phase/(°)
(cm-s1) (cm-s1)
0, L1 2.4 -0.5 100 113
L2 4.6 -2.6 134 125
L3 5.2 -2.0 146 152
L4 4.4 -0.6 156 171
K, L1 2.0 -0.3 164 225
L2 5.4 -19 170 235
L3 3.2 0.8 150 234
L4 4.3 0.1 142 219
M, L1 1.5 0.5 162 201
L2 3.3 0.6 132 173
L3 6.5 -0.9 136 184
L4 8.5 -0.4 139 192
S, L1 0.7 0.3 47 114
L2 1.7 0.2 136 207
L3 2.5 0.2 140 216
L4 3.6 0.3 142 227

3.2 Baroclinic tidal currents

3.2.1 Band-passed baroclinic currents

Cross-shelf baroclinic currents (the original velocities are ro-
tated 45° counterclockwise) are band-passed for the diurnal and
semidiurnal ITs at L1-L4 (Figs 4 and 5). The time series of ob-
served tidal elevation at Dawanshan gauge station and the pre-
dicted elevation containing eight major tidal constituents (M,, S,,
N,, K, and X, O,, P, Q,) in the LS (20°N, 122°E) extracted from
TPXO 7.2 are also shown.

In July 2018, there are energetic ITs on the slope and shelf
area west of the DP, especially for the diurnal frequency. The
cross-shelf diurnal baroclinic currents show an apparent fort-
nightly cycle, like the astronomical tide in Fig. 4a, but there is an
obvious time lag between the barotropic tides and the baroclinic
currents. Taking the spring tide around 15 July as an example
(note the phase of the observed tide at Dawanshan station lags by
about 3 h behind the predicted tide in the LS (Fig. 4a), which
agrees well with the cotidal charts (about one-quarter of the
semidiurnal cycle and one-eighth of the diurnal cycle) from pre-
vious studies (Fang et al., 1999; Zu et al., 2008)), the correspond-
ing energetic ITs appear around 18 to 19 July at L1 and L2, from
19 to 20 July at L3, and from 21 to 22 July at L4, which shows a
cross-shelf delay. It takes 3 d to 4 d for the energetic ITs to
propagate from the LS to the slope area west of the DP, and an-
other 2 d to 3 d from the slope region to the shelf area outside of
the ZRE. Diurnal ITs show a notable surface and bottom intensi-
fication, with a magnitude of 20-35 cm/s in the upper 100 m and
15-20 cm/s in the bottom 200 m at L1. At L2 and L3, diurnal IT
currents with a magnitude of 20 cm/s appear throughout the
whole water column and become obviously weaker with a mag-
nitude of less than 10 cm/s at L4. For all four sites, semidiurnal
ITs are much weaker than diurnal ITs, and semidiurnal ITs are
relatively stronger at L2 and L3, with a magnitude reaching about
20 cm/s in the upper 50 m.

The cross-shelf band-passed baroclinic currents between 10
January and 9 February 2018 are shown in Fig. 5. Generally
speaking, diurnal ITs in winter are comparable with those in
summer, and semidiurnal ITs are even stronger in winter, espe-
cially for the semidiurnal baroclinic currents at L1 and L2 during
the spring tide around 20 January. The barotropic tides show an
apparent fortnightly cycle in Fig. 5a, but the intensity of the ob-
served baroclinic currents for the two spring-neap cycles are dif-
ferent; the diurnal and semidiurnal baroclinic currents around 16
January are obviously stronger than those around 1 February,
and the reason needs further study. For the vertical structure, di-
urnal ITs at L1 mainly show Mode-1 in winter, although there is a
slight Mode-2 structure between 1 and 4 February, and semidi-
urnal ITs are observed with an apparent Mode-2 structure
around 20 January. For L4, located on the shallow shelf outside of
the ZRE, the diurnal and semidiurnal baroclinic currents almost
completely disappear in winter.

3.2.2 Baroclinic tidal ellipses

The baroclinic tidal ellipses of the principal diurnal (O, and
K,) and semidiurnal (M, and S,) constituents are shown in
Fig. 6. At L1, the diurnal tidal currents are intensified at the sur-
face and bottom, with the amplitude of K, exceeding 13.3 cm/s
and 10.5 cm/s near the surface and bottom layers, respectively.
The nearly 180° phase difference between the upper and bottom
layers indicates a prominent Mode-1 structure with a reversal
depth of ~270 m where the amplitude of K, decreases to 0.9 cm/s.
However, for L2, located 50 km northwest of L1, the amplitudes
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tained from TPXO 7.2 (a). Band-passed diurnal (b-e) and semidiurnal (f-i) baroclinic cross-shelf currents at L1-L4 in July 2018.

of K, O, and M, become comparable in the upper layers, and
the ellipse orientation is along the cross-shelf direction. The di-
urnal O, exhibits an obvious Mode-2 structure with two reversal
depths at around 65 m and 120 m, while K, and M, are still dom-
inantly Mode-1 structure. High-mode ITs tend to dissipate loc-
ally, and the appearance of Mode-2 ITs at L2 is probably due to
the dissipation of baroclinic energy as strong diurnal ITs propag-
ate across the steep bottom topography between L1 and L2. The
diurnal baroclinic currents are also prominently stronger than
those of the semidiurnal ITs at L3. K; and O, mainly display
Mode-1 structure with a reversal depth of around 50 m, and the
baroclinic current amplitude of O, becomes larger than that of
K,. For L4 on the shallow shelf, the amplitudes of diurnal baro-
clinic currents are 2.3 cm/s and 2.8 cm/s at the surface and bot-
tom layers, less than those of barotropic currents, and barotropic

currents become dominant with the amplitudes of semidiurnal
baroclinic current ellipses being nearly one-tenth of those of the
barotropic ones.

3.3 Cross-shelfvariation of HKE

3.3.1 Dynamic modal structure

For diurnal ITs, the total depth-integrated kinetic energy
(sum of the first three diurnal baroclinic modes) shows an appar-
ent fortnightly spring-neap cycle and the dominant Mode-1
structure at L1 (Fig. 7a). The averaged Mode-1 signal during the
whole observation accounts for 75% of the total kinetic energy
with a slightly higher percentage of 78% in summer and a relative
lower percentage of 54% in winter. Compared with L1, the kinet-
ic energy is largely reduced at L2, and the fortnightly spring-neap
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cycle is still clear in summer, but gets ambiguous in winter (Fig. 7b).  higher than the counterpart at L1, which may be related to the
The averaged Mode-1 signal accounts for 70% of the total kinetic ~ large energy dissipation from the slope to the continental shelf
energy, and the Mode-2 and Mode-3 summed percentage is (Table 3). At L3, the averaged Mode-1 signal accounts for 82% of
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the total energy, which is the highest among the four sites (Fig. 7c).
Furthermore, the kinetic energy decreases by 31%, 64% and 66%
for Mode-1, Mode-2 and Mode-3, respectively, when the diurnal
ITs propagate from L2 to L3. At L4, the diurnal ITs only keep a
certain intensity in summer (Fig. 7d) and the averaged Mode-1
accounts for 64% of the total kinetic energy (Table 3).

The semidiurnal ITs are also dominated by Mode-1 (Fig. 8),
and the corresponding averaged Mode-1 signals account for 67%,
68%, 84% and 64% of the total kinetic energy (sum of the first
three semidiurnal baroclinic modes, Table 3) at L1-L4. The
Mode-2 and Mode-3 summed percentage, 40%, in winter is high-
er than the counterpart, 31%, in summer at L1. And the semidi-
urnal kinetic energy decreases by 42%, 79% and 69% for Mode-1,
Mode-2 and Mode-3, respectively, when the semidiurnal ITs

propagate from L2 to L3, which shows high-mode ITs are un-
stable and tend to dissipate quickly.

3.3.2 Temporal and spatial variation of the total HKE

By comparing the total HKE distribution of the first three
baroclinic modes, the diurnal HKE is much larger than the semi-
diurnal HKE by a factor of 3-6 in summer and 2-4 in winter. The
seasonal variation of HKE is not only related to the slope and
shelf regions but also differs between diurnal and semidiurnal
ITs. In the slope region west of the DP, diurnal ITs are stronger in
summer and winter than in spring and autumn, which is espe-
cially obvious at L2. The seasonally averaged HKE of L2 is
1 136.1]J/m? in summer and 778.5 J/m? in winter, larger than the
374.2J/m? in spring and 475.8 J/m? in autumn. At L1, the aver-
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Fig. 7. Time series of Mode-1 (red), Mode-2 (blue), Mode-3 (green) diurnal horizontal kinetic energy (HKE) (kJ/m?) at L1-L4 between

September 2017 and October 2018.

Table 3. Time-averaged horizontal kinetic energy (HKE) (J/m?) of the diurnal and semidiurnal internal tides at L1-L4

Diurnal internal tide Semidiurnal internal tide
Mode-1 Mode-2 Mode-3 Total Mode-1 Mode-2 Mode-3 Total
Winter 496.7 334.5 96.5 927.7 129.1 51.1 37.3 217.4
L1 Spring 922.5 160.6 99.3 1182.4 211.3 54.7 35.5 301.5
Summer 1 668.5 282.0 166.6 2117.2 227.4 52.0 51.1 330.5
Observation 1109.2 245.5 124.4 1479.1 202.3 59.4 41.7 303.4
Autumn 292.3 120.7 62.9 475.8 229.0 66.0 40.0 335.0
Winter 621.2 82.8 74.6 778.5 284.3 91.8 35.4 411.6
L2 Spring 234.6 96.0 43.6 374.2 112.4 35.9 16.6 164.9
Summer 808.1 193.5 134.5 1136.1 220.5 82.0 30.6 333.1
Observation 497.6 133.2 80.2 711.0 214.5 69.8 30.7 315.0
Autumn 328.9 375 31.7 398.2 139.9 15.7 12.7 168.4
Spring 263.1 55.3 15.8 334.2 113.6 18.5 7.3 139.4
L3 Summer 481.4 61.5 37.5 580.3 127.3 11.4 8.8 147.5
Observation 340.8 48.2 27.3 416.2 125.2 14.9 9.7 149.8
Winter 4.5 3.6 2.6 10.7 1.3 0.7 0.7 2.8
L4 Summer 69.5 20.1 12.1 101.6 14.1 2.8 3.0 19.9
Observation 28.8 10.2 6.1 45.1 6.3 1.7 1.8 9.8
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aged HKE in summer is 2 117.2 J/m?, which is the maximum for
all four sites, although the averaged HKE of 1 182.4 J/m? in spring
is a little larger than that in winter, but this may be related to the
missing data in December 2017. The diurnal HKE is stronger in
summer at L3, but note that the intensity of diurnal ITs during the
stronger spring-neap cycle in autumn is comparable with that in
summer. Both diurnal and semidiurnal ITs maintain a certain in-
tensity in summer but almost disappear in winter at L4. The HKE
of semidiurnal ITs also shows a similar seasonal variation, with
semidiurnal ITs being stronger around summer and winter at L1
and L2. Unlike diurnal ITs, the semidiurnal HKE is even stronger
in winter than in summer.

4 Discussion

4.1 Ocean stratification and tide modulation

The northern SCS is under the influence of the East Asian
monsoon system (Su, 2004), accompanied by complex dynamic
processes, such as the Kuroshio intrusion (Xue et al., 2004),
mesoscale eddies (Xiu et al., 2010; Wang et al., 2003), and fresh
water plume and coastal upwelling (Gan et al., 2009); therefore
upper-ocean stratification changes greatly with the season.

There are obvious seasonal variations of stratification in the
upper water column (Fig. 9). Variations in temperature (7) and
salinity (S) at S1 are concentrated mainly in the upper 100 m; the
maximum buoyancy frequency reaches the shallowest depth of
~45 m in summer (August 2017), and the deepest depth of ~100 m
in winter (January 2018, Fig. 2a). Compared to S1, even greater
thermocline depth variation is found at S2, where the mixed lay-
er depth is less than 20 m in summer and reaches ~80 m in winter
(Fig. 2b). S3 and S4 are located on the shallow shelf outside of the
ZRE, and the T, S and N are completely mixed in winter but ex-
hibit apparent stratifications in summer (Figs 2c and d). There-
fore, seasonal stratification variation in the slope-shelf area west
of the DP is confined mainly in the upper 100 m. The reversal

depth of the baroclinic K| tidal ellipse is ~270 m at L1. For the
slope area with deep water, the influence of stratification on ITs
may be limited. However, for the shallow shelf area, since strati-
fication is maintained in summer under the effect of solar radi-
ation and the fresh water plume but it almost disappears in
winter, its impact on ITs may be decisive.

Diurnal ITs are also stronger in winter and summer in the
southern SCS (Shang et al., 2015) and western SCS (Zhai et al.,
2020), and the barotropic tidal input from the LS is considered to
be the main influencing factor. Barotropic current amplitudes of
principal diurnal constituents obtained from TPX07.2 show a
semi-annual cycle with the greatest current magnitudes close to
30 cm/s, while there is no obvious seasonal variation for the prin-
cipal semidiurnal tides with current amplitudes of less than
20 cm/s (Fig. 10a). Shang et al. (2015) also pointed out that the
modulation of K; and P, accounted for this semi-annual cycle of
diurnal barotropic currents. We further present daily averaged
water level at Dawanshan gauge station, which also shows
stronger tidal energy in summer and winter, and the peak value
in September 2018 is induced by super typhoon Mangkhut
(Fig. 10b).

In summary, seasonal variation of stratification in the slope
area west of the DP is concentrated mainly in the upper water
column, and the corresponding influences on the structure and
propagation of ITs are limited. The temporal variation of diurnal
ITs is determined by barotropic tidal input from the LS. In con-
trast, for the shallow shelf area, the strength of ITs is heavily influ-
enced by seasonal stratification, although there is still strong tid-
al energy input in winter, and baroclinic energy rapidly dissip-
ates during cross-shelf propagation as the water column is al-
most completely mixed in the vertical.

4.2 Coherent and incoherent variation
To quantify the coherent and incoherent features at the four
moorings, time series of current variances (Var= u?+v2) for both
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coherent and incoherent ITs are presented (Fig. 11). For diurnal
ITs at L1 and L2, the coherent current variances are stronger in
winter and summer, but weaker in spring and autumn, and they
also show a pronounced fortnightly spring-neap cycle, whereas
the incoherent motions display an irregular seasonal variation
and show intermittent maximum values. Moreover, the coherent
portions are stronger than their incoherent counterparts. At L3
the coherent motions are strong in summer, but the incoherent
portions dominate in the other seasons, and the proportion of in-
coherent motions are further increased at L4. The coherent di-
urnal baroclinic current variances account for 58.9%, 56.3%,
52.5%, and 38.9% of diurnal ITs at L1-L4, showing a decreasing
trend along the cross-shelf direction, and the corresponding ra-
tios are only 33.9%, 42.9%, 20.1% and 34.5% for semidiurnal ITs at
L1-L4, which indicates strong incoherent features.

The coherent variances explain ~90% of diurnal ITs in the
southern portion of the LS (Xu et al., 2014), and ~74% in the
northern SCS deep basin (Li et al., 2020), then decrease to ~60%
in the slope area around the DP (Xu et al., 2013; Cao et al., 2017)
and ~17.5% in the shelf area outside of the ZRE (Jiang et al.,
2019). For semidiurnal ITs, the coherent variances explain ~65%
in the LS (Xu et al., 2014), and 61% in the adjacent deep basin (Li
et al., 2020), then largely decrease to 10%-30% in the slope-shelf
area around the DP (Xu et al., 2013; Jiang et al., 2019). Based on
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these previous studies and the results in this paper, we find that
diurnal ITs are more coherent than semidiurnal ITs in the north-
ern SCS, and the coherent signals are stronger than their incoher-
ent counterparts for diurnal ITs. For the diurnal ITs, the ratio of
coherent variances reaches ~60% in the slope area west of the DP,
while for semidiurnal ITs the baroclinic currents are dominated
by the incoherent portions over the slope-shelf area in the north-
ern SCS. As such the semidiurnal ITs don’t have apparent sea-
sonal variation because as the main contributor the incoherent
motions have no regular seasonal variation. Since seafloor inclin-
ation is near critical for diurnal ITs (Duda and Rainville, 2008),
and numerical study further shows ~1.6 GW K, ITs generated in
the slope area around the DP which is nearly twice of M, ITs (Xu
et al., 2016), the locally generated diurnal ITs may strengthen the
coherent nature, while numerical studies show that semidiurnal
ITs in the northern SCS are more sensitive to the influence of
background dynamic processes to become more incoherent than
diurnal ITs (Li et al., 2020).

5 Summary

Current observations from 4 near-full-depth moorings are
collected to characterize ITs in the slope-shelf area west of the
DP, and these four ADCP moorings also capture the cross-shelf
variations of ITs. Diurnal ITs dominate over semidiurnal ITs in
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Fig. 11. Time series of the coherent and incoherent diurnal (a-d) and semidiurnal (e-h) baroclinic current variances (cm?2/s2) aver-

aged in the vertical direction at L1-L4.
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the slope region, and the amplitudes of diurnal baroclinic cur-
rents can be more than 5 times larger than those of barotropic
currents. When ITs propagate from the slope to the shelf region,
baroclinic energy quickly dissipates. Meanwhile, high baroclinic
mode structures might appear. The amplitudes of baroclinic cur-
rents decrease and the amplitudes of barotropic currents in-
crease. On the shallow shelf outside of the ZRE, the barotropic
currents become dominant with the amplitudes of semidiurnal
barotropic currents being 10 times more than those of the baro-
clinic ones.

The first baroclinic mode is dominant for both diurnal and
semidiurnal ITs throughout the whole observation period. Based
on a 9-month ADCP data set collected on the slope region west of
the DP, Xu et al. (2013) emphasized that semidiurnal ITs showed
a seasonal multimodal structure, and Mode-2 was dominant in
summer. However, the modal decomposition results in this pa-
per indicate that there is no clear seasonal multimodal structure,
the percent of high-mode signals tend to increase as the ITs
propagate from the continental slope to the shelf, but these ITs
are unstable and dissipated quickly, hence short lived for less
than 3 d, just like the duration of the Mode-2 diurnal and semidi-
urnal ITs observed at L2 and L1 in this study and those reported
by Xu et al. (2013).

Seasonal variation of ITs in the northern SCS has been widely
investigated, but as an important supplement, this paper for the
first time comprehensively presents the characteristics and cross-
shelf variations of ITs in the slope-shelf area west of the DP. By
summarizing all these studies, we can see that from the LS to the
slope region in the northern SCS, diurnal ITs show an apparent
seasonally dependent variation, being stronger in summer and
winter but weaker in spring and autumn, whereas the semidiurn-
al ITs are seasonally independent. Diurnal ITs are controlled by
the semi-annual cycle of barotropic energy input from the LS,
while the dominant incoherent motions account for the irregular
seasonal variation of semidiurnal ITs. For the shallow shelf re-
gion, both diurnal and semidiurnal ITs maintain a certain intens-
ity in summer but almost disappear in winter. There is still strong
barotropic energy input in winter, but baroclinic energy largely
dissipates during the onshore propagation when the water
column is completely mixed on the shallow shelf in winter.
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