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Abstract. This study aims to analyze statistical behavior
of the continental shelf wave motions, including continen-
tal shelf waves (CSWs) and arrested topographic waves
(ATWs), in the northern South China Sea. The baseline
consists of tide-gauge data from stations Kanmen, Xiamen,
Shanwei, and Zhapo as well as along-track sea level anomaly
(SLA) data derived from multiple satellite altimeters from
1993 to 2020. The subtidal signals propagating along the
coast with periods shorter than 40d and phase speeds of
about 10ms~! are interpreted as CSWs. The cross-shelf
structure of along-track SLAs indicates that Mode 1 of CSWs
is the predominant component trapped in the area shallower
than about 200 m. The amplitudes of CSWs reach a max-
imum of 0.6 m during July—September and a minimum of
0.2m during April-June. The inter-seasonal and seasonal
signals represent ATWs. The amplitudes of ATWs reach
0.10m during October—December, twice that during July—
September. These observations can be well interpreted in the
framework of linear wave theory. The cross-shelf structures
of CSWs and ATWs derived from along-track SLAs illustrate
that the methods are suitable for observing dynamic behavior
of the CSWs.

1 Introduction

The continental shelf wave (CSW) is a type of topographic
Rossby wave (TRW) trapped on the continental shelf with
amplitudes ranging from several tens of centimeters to more

than 1 m (Aydin and Besiktepe, 2022; Clarke and Brink,
1985; Heaps et al., 1988; Morey et al., 2006; Mysak, 1980;
Robinson, 1964; Zheng et al., 2015). A CSW is a sub-inertial
motion with a wavelength much greater than the depth (Li
et al., 2015; Schulz et al., 2011). It propagates along the
shelf with the coast on its right (left) in the Northern (South-
ern) Hemisphere (Clarke, 1977). During the impact of a ty-
phoon, excessive flooding in the coastal zone could be in-
duced by a propagating CSW that is added to the locally
wind-generated surge (Dukhovskoy and Morey, 2011; Han
et al., 2012). Therefore, the CSW is particularly important
for coastal sea level variations.

A CSW is generally generated by large-scale weather sys-
tems moving across or along the shelf (Thiebaut and Vennell,
2010). CSW events reported by previous investigators lasted
from 2d to 2 weeks (Chen and Su, 1987; Li et al., 2015,
2021; Zheng et al., 2015). The phase speed of CSWs depends
on the bottom topography, ranging from 5 to 20ms~! (Li
et al., 2015, 2016; Shen et al., 2021). CSWs could be taken
as barotropic motions in an unstratified coastal zone, while in
a stratified ocean, the response should be classified as coastal
trapped waves. Overall, they result from conserving potential
vorticity over the shelf (Chen et al., 2022; Quan et al., 2021;
Wang and Mooers, 1976).

The sea level variations in the South China Sea (SCS)
are depicted well by these previous studies as the continen-
tal shelf occupies about half its area: Ding et al. (2012), Li
et al. (2023b), Shen et al. (2021), Zhao et al. (2017) and
Zhou et al. (2023). However, two issues should be improved.
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Figure 1. Study area. Blue dots represent locations of tide-gauge
stations Kanmen, Xiamen, Shanwei and Zhapo. Red lines represent
segments of ground tracks 12, 88, 114, 153, 190, 229 and 240 for
altimeter satellites over the continental shelf. Tracks 12, 88,114 and
190 are almost perpendicular to the coastline. [sobaths are in meters.

The first is that the primary data are usually obtained from
the tide-gauge stations along the coastline. The data have
high accuracy but represent the sea level at the coasts only.
Thus, satellite-altimeter-observed sea level variations are of-
ten used to fill the data gaps in between the tide-gauge sta-
tions and on the continental shelf. The second issue is that the
repeat period of the satellite altimeter is 9.9 d, which makes
it challenging to investigate sea level variations with peri-
ods shorter than 10d. Previous studies used the along-track
sea level anomaly (SLA) from satellite altimeters to describe
CSWs (Chen et al., 2014; Li et al., 2016). However, the satel-
lite altimeter with sparse tracks (as shown in Fig. 1) could
only capture the cross structure of CSWs with one or two
snapshots of one CSW.

Against the background of global warming, sea level vari-
ation with very low frequency has been investigated previ-
ously. Ho et al. (2000) found seasonal sea level variability in
the SCS using data from a satellite altimeter. Kajikawa and
Yasunari (2005) investigated the interannual variability in the
intra-seasonal variation over the SCS. Fang et al. (2006) an-
alyzed low sea level along the eastern boundary of the SCS
(Fang et al., 2006). Zhuang et al. (2010) found strong intra-
seasonal variability in the northern SCS. In addition, sea level
variations are influenced by thermodynamic processes, e.g.,
eddies and thermal change in the upper layer of the SCS
(Cheng and Qi, 2007; Xie et al., 2018; Zheng et al., 2014).

Meanwhile, the upper-layer thermal changes significantly
influence sea level variations (Cheng and Qi, 2007). Using
sea surface height (SSH) data from satellite altimeters, Xu
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et al. (2016) found that sea level variations in the coastal
area of the SCS are still strongly influenced by the coastal
current system in summer and winter. Seasonal circulation is
mainly driven by monsoon wind stress (Gan et al., 2006). Lin
et al. (2021) applied the arrested topographic wave (ATW)
model to the coastal mean dynamic topography along the
East China Sea (ECS) and the SCS. The mean circulation
in a coastal zone of variable depth may be modeled by linear
equations (Wu, 2021). The result suggests that the mean dy-
namic topography is a counterbalance of contributions from
the along-shelf wind and bottom friction and is predicted
well by the ATW model. Therefore, monsoon winds are a
control factor for sea level variation.

This study aims to investigate the cross-shelf structures
of sea level over the continental shelf. As the repeat pe-
riod of the satellite altimeters, 9.9 d, is comparable with that
of CSWs in the northern SCS, the statistical characteristics
of the along-track SLA are applied to show the cross-shelf
structure of CSWs using a long-term dataset from 1993 to
2020. To figure out the cross-shelf structures of ATWs is an-
other goal.

The rest of the paper is organized as follows: Sect. 2 de-
scribes the observed data. Section 3 presents the theory of
CSWs and ATWs. Section 4 presents the characteristics of
the signals derived from the tide-gauge data and along-track
SLA. Section 5 discusses the CSWs detected from tide-gauge
data and the cross-shelf structure of sea level over the conti-
nental shelf. Section 6 gives summaries.

2 Data
2.1 Along-track sea level anomaly data

Satellite altimeter along-track SLA data are produced and
distributed by the Archiving, Validation, and Interpretation
of Satellite Oceanographic Data (AVISO), Centre National
d’Etudes Spatiales (CNES) of France. The data from 1993
to 2020 are derived from TOPEX/Poseidon, Jason-1, Jason-
2 and Jason-3 measurements. The satellite repeat period is
9.9d, and the temporal resolution of the along-track data is
1 Hz. The along-track SLA is calculated by subtracting the
20-year mean from the SSH measured by the satellite altime-
ters. The along-track SLA is low pass filtered using a seven-
point moving average. The ground tracks in the study area,
12, 88, 114, 153, 229 and 240, are shown in Fig. 1.

Satellite altimetry provides a unique sea level dataset for
coastal sea level research. A few recent studies have stressed
the importance of small-scale coastal processes for coastal
sea level variance (Cazenave and Moreira, 2022; Vignudelli
et al.,, 2019). The along-track SLA has been successfully
validated and applied to the coastal zone by Birol et al.
(2021). The studies mentioned in this paragraph present the
availability of along-track SLA in the coastal zones.
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Table 1. The width of the continental shelf (/) and the depths of

the shelf break (H1) and deep basin (H;) along the satellite ground
tracks.

Track number [ (km) Hj(m) Hp(m)
12 200 —300 —3800
88 178 —200 —2500
114 123 —200 —1800
153 259 —110  —1600
190 247 —255 —3500
229 244 —225 —3500
240 273 —250 —5000

2.2 Sea level anomaly from tide gauges

The tide-gauge data at stations Kanmen, Xiamen, Shanwei,
and Zhapo (as shown in Fig. 1) are obtained from the Global
Sea Level Observing System (GLOSS). The data cover a pe-
riod from 1993 to 1997, with a temporal resolution of 1h.
The de-tided sea level anomaly (DSLA) is calculated by re-
moving tidal signals using a MATLAB toolbox (Pawlowicz
et al., 2002).

The monthly sea level means at stations Xiamen, Shan-
wei and Zhapo are obtained from the Permanent Service for
Mean Sea Level (PSMSL). Monthly mean data cover the pe-
riods of 1993-2003, 1993-1994 and 1993-2020 for the sta-
tions Xiamen, Shanwei and Zhapo, respectively.

2.3 Sea surface wind stress

Monthly sea surface wind stress is derived from the Coper-
nicus Marine Environment Monitoring Service (CMEMS).
The dataset covers a period from 1993 to 2020 with a spa-
tial resolution of 0.25° x 0.25°. Sea surface wind stress data
on the satellite altimeter ground tracks are decomposed into
the cross-shelf and along-shelf components. The cross-shelf
component is positive seaward and parallel to the satellite al-
timeter ground tracks (12, 88, 114 and 190). The along-shelf
component is positive northward and perpendicular to these
satellite altimeter ground tracks.

2.4 Topographic profile

The behavior of CSWs is determined by the topography of
the continental shelf and slope, which has been well docu-
mented. The topographic profiles along the satellite altimeter
ground tracks are extracted from a dataset of ETOPO-2. This
study uses one-dimensional linear piecewise functions to fit
the topographic profiles along the satellite altimeter ground
tracks. The width of the continental shelf, depths of shelf
break and deep basin along the tracks are listed in Table 1.
The continental shelf break is extracted as the location of
maximum change in the gradient of the continental slope.
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3 Theory
3.1 Momentum equation for CSWs

The linearized shallow-water equations
barotropic ocean on a rotating earth are

governing a

ou i T
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v an -1
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where cross-shelf and along-shelf velocities (u, v) are depth-
averaged in cross-shelf and along-shelf coordinates (x, y). n
is the sea surface height. The Coriolis parameter is f. The
bathymetry H = H(x) is assumed to be a function of the
cross-shelf variable, x only. 75 and 1}, are the surface and bot-
tom stresses. g and p are the gravitational acceleration and
the water density.

The scales of the along-shelf length of CSW (L =27 /k ~
2 x 103 km) and the cross-shelf length (I &~ 200km) are sub-
ject to the long-wave assumption (//L < 1). Under the long-
wave assumption, scaling is applied to Eq. (1a and b). Then,
du/dt < fv. We neglect the du /0t term, and Eq. (1a and b)
become (Li et al., 2016; Schulz et al., 2011):

8 X _ X
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Substituting Eq. (2a and b) into Eq. (Ic), we obtain the
equation governing SSH of CSWs:
a gH 3*n g ondH
f2ox2  f209x dx

LN A,
foydx = ox fo atox \ f2p

n (25 2o N
ay\ feH )

Assume that CSWs are forced by along-shelf wind stress,
ie., (77, 7)) = (0, 7J'). The bottom friction is neglected to
simplify the calculation in Eq. (3). Therefore, the equation
governing the SSH of CSWs becomes

a( gH 3°n g817dH)

ot f2 ox2  f20x dx
andH 3 [
_5_77__’__ 5 —0. 4)
foydx — dx \ fp

The change in the SSH of CSWs is balanced by the varia-
tion in along-shelf wind stress in a cross-shelf direction. As-

sume a periodic along-shelf wind stress, 7y’ = toexp[i (ay +
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Figure 2. Solution of phase speed for CSWs from Eq. (17). The
zero-crossing values represent the phase speed of CSWs for differ-
ent modes. Colorful curves are the amplitude of the zero order of
the first kind of Bessel function in different modes for the idealized
depth profile of tracks 12, 88, 114, 190 and 240. Arrows indicate the
phase speed of Mode 1 (7.6 ms_l) and Mode 2 (1.6 ms~ 1) CSWs
along track 190.

wt)] (where « is the wavenumber of wind stress and g =
constant). Equation (4) becomes

ad gH3n g ondH g ondH
— - - ——)-=———=0, 5)
ot f2ox2  f?ox dx f 9y dx

which means that the change in SSH is independent of along-
shelf wind stress.
The assumption of a wave solution,

n = ¢ x)expli(ky + wt)], (6)

yields an equation for ¢ (x):

d*¢ dH d¢ fkdH  f?
H— 4+ —— —— =0. 7
dx2+dxdx+<a)dx g>¢ ™
3.1.1 Over the shelf
For < x <1, H = Hyx/l, the equation for ¢ (x) is
d*¢ dp (fk  f2
R L _ L =0, 8
xdx2+dx+<a) gH1)¢ ®

which is subject to the following boundary conditions:
¢(0)=a and ¢(I) = A. a and A should be arbitrary. We
could take a as the amplitude of fluctuation in sea level from
the tidal gauge station.

The solution to Eq. (8) is expressed as the sum of the
first and second kinds of Bessel functions (Robinson, 1964,
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Schulz et al., 2011):

1
2

k 2]
d(x)=aly 2(%—%) x2
(fk ﬂ)i :
+bYo |2 ———) x2], ®
o gH

where a is arbitrary constant. As the solution for ¢ (x) is fi-
nite, therefore

1
k 21\
() =aly 2<f——f—) X2 (10)
o gH
3.1.2 In the deep basin
For [ < x, H = H», the equation for ¢ (x) is
d2¢ fZ
— ——¢ =0, 11
I gH2¢ (11)

which is subject to the following boundary conditions:
¢(x —>I1)=Aand ¢ (c0)=0.
The solution is

d(x) =Aexp (—% ()I—C — 1))

+Bexp< /! (’_“_ 1)> (12)
JeHy \1 ’
as the solution for ¢ (x) is also finite in the deep basin; i.e.,
fl /x
=A — —-—1), 13
b(x) exp( A, (13)

where A is an arbitrary constant.
3.1.3 Dispersion relation

As the fluid is continuous at the edge of continental shelf,
therefore

Hl 'u|x~>l_ = H2 'u|x~>l+9 (143)
1
kl 2[2 2
aJy 2<f——f—> =A. (14b)
w  gH
From Eq. (14a), we have
k 2 %
PO P (L
f\ol  gH
w
=H2~A<k— ) (15)
NE:A
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where Jé is the derivation of the zero order of the first kind
of Bessel function:

Jo@) = —%(Jo(x) + D)), (16)

where J; is the second-order Bessel function of the first kind.
Substituting Eq. (16) into Eq. (15) yields a dispersion re-
lation for CSWs:

! H !
Iy JO—(—I—i)h:o, a7
gH, (gH»)? Hy gH>

where ¢(= %) is the phase speed of CSWs. Jy and J, are
known and balanced by the characteristics of CSWs and to-
pography. We solve Eq. (17) using the zero-finding function
in MATLAB. The solution of the phase speed for CSWs is
shown as Fig. 2. The zero-crossing points for each curve
present the phase speed of CSWs. The first zero-crossing
point on the right hand of each curve indicates the phase
speed of Mode 1 CSWs, e.g., c = 7.6ms~! for track 190.

3.1.4 Cross-shelf structure

With Egs. (10), (13) and (14b), the wave solution of SSH,
i.e., Eq. (3), is

1
. 2 = 1
St a (25— ) '+2)

xexpli (ki y + w;it)] x <l
n= o)
kil 1#\2
S (22 - 57))
X exp (—\/ﬁlsz (% — 1)) expli(kiy + wit)] x >1,

(18)

where expli (ky+wt)] is the waveform propagating along the
shelf. a; - Jy is the cross-shelf structure of the waveform for
Mode i over the shelf.

In the cross-shelf direction, the SSH becomes

. 2 i 1
zszmm<f>-fo(z(%-g7ﬁ)2xz)
x=! (19)
n= , 20\ %
Z?ilfIOi(t)-Jo(Z(%l—ng])z)
xexp(—\/ifLHz(’li—l)) x>1,

where no; (t) (= a;expli (k; y + w;t)]) is time series of SSH at
the coastline for Mode i.

Figure 3 shows the SSH structure over the continental
shelf. The SSH Mode 1 looks like a bell mouth. For modes
2 and 3, nodes and antinodes appear on the shelf. Nodes for
Mode 2 appear at 50 km off the coast over the shelf. Nodes
for Mode 3 appear at 30 and 90 km off the coast.

https://doi.org/10.5194/0s-19-1545-2023

3.2 Steady situation

The governing equations in the steady situation for Egs. (1a-
C) are

9
—fv=—g—n, (20a)
0x
an l’sy—rby
—_ , 20b
Sfu gay ol (20b)
duH) d(H
WH)  0H) _, (20¢)
ax ay

A linear drag is used for the bottom friction; i.e., Ty, = pAu
(Hsueh and Pang, 1989; Lin and Yang, 2011). The solution
for SSH based on Egs. (20a—c) gives (Csanady, 1978)

Broe I si =z 21
n= Broe 81n<ay+L 4), 2D
where L =+/2Al/af H, is the scale width of trapped sea
level in the cross-shelf direction and B is an arbitrary con-
stant. A drag coefficient, A = O (5 x 10”*) ms~!, is used for
the linear bottom friction (Chapman, 1987; Lin and Yang,
2011). The typical magnitude for winter wind stress over
the northern continental shelf of the SCS is O (0.1) Nm™2
(Lin and Yang, 2011; Lin et al., 2011). f =5 x 1073 s,
and o = 27 /4000 km, evaluated by Lin et al. (2021).

The normalized SSH in the cross-shelf direction of ATW
for tracks 12, 88, 114 and 190 is shown in Fig. 4. One can see
that the trapped sea level in the cross-shelf direction decays
quickly from 1 at the coastline to ~ 0.2 at the edge of the con-
tinental shelf (~ 200 km) and 0.1 at a distance of 300 km. The
ATW amplitude decays offshore, and L =~ 100km in the
study area, which is much less than the local Rossby radius of
deformation (~ 600km). Under different wind stresses, the
amplitude of ATW evolves similarly to that in Fig. 3a. As
track 240 is not perpendicular to the coastline, it is beyond
the scope of this paper.

4 Signals in sea level anomaly
4.1 Tide-gauge data

Figure 5 shows the wavelet transform (WT) of the SLA at
station Xiamen from 1993 to 1997. One can see abundant
signals with periods from several days to 1 year in Fig. 5a
and b. A dozen signals with periods from several days to
about 1 month could be seen from the WT of SLA every year.
The duration of these signals, with a period of several days,
is about 10d (e.g., in Fig. 5d). Moreover, the signals with a
period of about 1 month are sustained for about 3 months
(Fig. 5c and d). Even if the significance level against red
noise is larger than 5 %, the power is universal and contin-
uous in the period bands of 10-60d. That is, these signals
are not so significant compared with the signals with large
amplitude. The wavelet analysis also exhibits a significant
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Figure 3. (a—c) Cross-shelf structure of normalized amplitudes of the first three CSW modes for the idealized depth profile of track 12.
Gradient color curves represent amplitude structure over time for CSWs in the cross-shelf direction.

- —T12
5 T88 ||
208y —T114
3 —T190
8
06
"
©
2
504
(0]
N
©
0.2
(o]
Z

O L 1 L

0 100 200 300 400 500

Cross-shelf distance (km)

Figure 4. Normalized SSH in a cross-shelf direction for tracks 12,
88, 114 and 190.

inter-seasonal and seasonal variation in the SLA. The char-
acteristics of the signals at stations Kanmen, Shanwei and
Zhapo are almost the same (not shown here). Therefore, the
variation in the SLA along the northern SCS coast is univer-
sal.

Figure 5c and d show the cross wavelet transform (XWT)
of the SLA between stations Kanmen and Xiamen. One can
see that the period band and the occurrence time of the sig-
nificant cross wavelet power are consistent with those in
Fig. 5a. The signals with periods shorter and longer than
40 d show remarkably different characteristics. In the period
band shorter than 40 d, one can see the arrows generally point
down and to the right. The quasi-uniform phase lag indicates
the fixed time delay of the signal between two tidal gauge
stations. However, the direction of arrows is disorderly for
the period band longer than 40d, which indicates that there
is no evidence of propagation.

In the period band shorter than 40d, the signals at sta-
tion Xiamen lag that at station Kanmen by about 15h (time
lag = phase difference /27 x period of signal). The propaga-
tion phase speed of the sea level signal could be calculated by

Ocean Sci., 19, 1545-1559, 2023

the lag time of sea level propagation between stations Kan-
men and Xiamen. The result is about 9ms~—!, which is very
close to that reported by a number of recent studies (Ding
etal, 2012; Li et al., 2015, 2016; Zhao et al., 2017).

In the period band longer than 40d, the phase of signals
between Kanmen and Xiamen is a little complicated. The
signal phase with the period of 360 d from 1995 to 1997 is al-
most 0. However, the seasonal signals at station Xiamen lag
(lead) that at station Kanmen in winter (summer) by about
/4 — /2, implying that the signal propagates very slowly
along the coast. Csanady (1978) concluded that such signals
are a kind of ATW.

4.2 Along-track SLA

Figure 6 shows the latitudinal distribution of the along-track
SLA over the northern continental shelf of the SCS from
1993 to 2020. One can see the clear annual signals near the
coast in Fig. 6a—g. Signals with periods shorter than 1 year
could also be seen. As shown in Fig. 6h—n, a clear seasonal
cycle is discernable from the climatological monthly mean
of the along-track SLA. One can see that lower (higher) sea
levels over the shelf exist from March to August (September
to February). The trough (~ —0.2 m) and peak (~ 0.24 m) of
sea level near the coast occur in July and October, respec-
tively, while in track 240, the climatological monthly mean
of the along-track SLA on the shelf is smaller than that in
track 88 especially in July. The 28-year mean value of the
along-track SLA is about 0.04 m, as shown in Fig. 60—u.

Moreover, the standard deviations (SDs) of the along-track
SLA from 1993 to 2020 (blue shading in Fig. 60—u) show a
bell-mouth-like structure over the shelf. The amplitudes of
the along-track SLA reach their maxima near the coast. The
minimum variance exists near the shelf edge. The cross-shelf
structure of the SLA indicates that sea level signals depend
on the shelf depth.

https://doi.org/10.5194/0s-19-1545-2023
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station Xiamen. (¢) The XWT of the SLA between stations Kanmen and Xiamen. (d) The XWT of the SLA between stations Kanmen and
Xiamen from October 1993 to April 1994. White line and arrows are auxiliary lines indicating duration. The thick black contour in (a), (c)
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in (b) is a 5 % significance level. Arrows in (b) indicate the characteristic frequencies of inertial oscillation and CSWs. The black dashed line
in (a, b) represents the signal period boundary (40 d). The arrows in (¢, d) show the relative phase relationship between the SLA at Kanmen

and Xiamen with in-phase (anti-phase, leading and lagging) pointing right (left, down and up). In (d), arrows point down and to the right
(about 77 /3), indicating that the SLA in Kanmen is leading that in Xiamen.

5 Discussion of CSWs, implying the signals with the periods shorter than

40d are the CSWs propagating along the shelf.

Figure 7a and b deal with the signals between Kanmen and
Shanwei. We use the bathymetric profile near track 240 and
88 of the altimeter satellite to calculate the dispersion relation

5.1 Propagation of CSWs

Figure 7 compares the data derived from the XWT of the
SLA with the dispersion relation of CSW. We overlay the
dispersion relation curves of CSWs with the results (phase
speed, ¢, and period, T; > = c¢- T) from the tide-gauge data
analysis in Sect. 4.1. One can see that the data points derived
from station pairs are distributed near the dispersion relation

https://doi.org/10.5194/0s-19-1545-2023

curve. However, since the topography between Kanmen and
Shanwei changes dramatically, the data points lie dispersedly
around the curve. The wavenumbers of CSWs range from 0.1
to 2.4 x 1079 m~! between stations Kanmen and Shanwei.
The CSWs propagate along the coast with a phase speed of
10ms~—!.

Ocean Sci., 19, 1545-1559, 2023
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Figure 7c shows the signals between Shanwei and Zhapo.
The data points and the theoretical curves agree quite well.
Compared with the topography between Kanmen and Shan-
wei, the topography changes slightly between stations Shan-
wei and Zhapo. Thus, we conclude that the signals in tide-
gauge data with the periods shorter than 40d are the CSWs
propagating along the shelf. The phase speed of CSWs is
about 8 ms~! in the study area, which is close to that of pre-
vious studies (Li et al., 2015, 2016; Shen et al., 2021).

Previous studies show that the periods of CSWs range
from 2d to 2 weeks in the SCS (Chen and Su, 1987; Li,
1993). The period of CSWs upstream, i.e., in the ECS, is of-
ten detected as several days (Ding et al., 2012, 2018; Hsueh
and Pang, 1989; Huang et al., 2015; Yin et al., 2014). Hsueh
and Romea (1983) found the sea level fluctuations with a pe-
riod of more than 13 d along the west Korean coast. World-
wide, these low-frequency CSWs are common along the
coast of Chile and the east coast of the Indian Ocean (Castro
and Lee, 1995; Hormazabal et al., 2001; Marshall and Hen-
don, 2013; Vialard et al., 2009), where the width of the conti-
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nental shelf is narrow. In this study, we define the CSW with
a maximum period of about 30—40 d. The main reason for the
difference is the data length we used. The long-time series of
the DSLA helps analyze the abnormal low-frequency CSWs
in the SCS.

In addition, we should take care to note that CSWs in
Fig. 7 are mixed with wind-forced CSWs. It is difficult to
separate the effect of wind-forced and freely propagating
CSWs clearly. Hsueh and Romea (1983) found that there is a
clear coupling between surface winds and coastal sea level in
the northeast China Sea. Li et al. (2016) found that the prop-
agation time of the wind signals are much shorter than that
of CSWs in the north SCS. Even though one can see isolated
cases which are quite different from the dispersion relation-
ship of CSW in Fig. 7, most of the data points are near the
theoretical dispersion relation. Moreover, the stratification in
the continental shelf is important for the characteristics of
CSW. The sea level variation in this study shows that coastal
trapped waves influenced by stratification.
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Figure 7. Dispersion relation of the lowest mode of CSWs between
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mean depth profiles listed in Table 1. Black and green curves in (c)
represent the dispersion relation (from Fig. 2) for the topographic
profiles along tracks 12 and 190.
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5.2 Trapped cross-shelf structure
5.2.1 CSWs

As the sampling period of the altimeter satellites is about
10d, the signals with periods shorter than 20 d could not be
distinguished from the along-track SLA based on the Nyquist
sampling theorem. Fortunately, the cross-shelf structure of
CSWs could be sampled as fragments by repeat satellite ob-
servations.

In this case, the CSWs with a period of less than 40 d were
abundant from 1993 to 2020 on the northern continental shelf
of the SCS, especially in winter (Fig. 5). Even if the signif-
icance level is larger than 5 %, the power is universal and
continuous in this period band. Therefore, it could be consid-
ered that a large number of repeat observations by altimeter
satellites were executed during CSW events.

Figure 8 shows a boxplot of the along-track SLA over the
continental shelf for tracks 12, 88, 114 and 190. The maxima,
minima and outliers derived from Fig. 8 are listed in Table 2.
The dashed black whisker line outside of the box extends
to the most extreme data points. One can see that the max-
imum amplitude (75th percentile), interquartile range (IQR)
and outliers (red cross sign) occur at the coastal side. In con-
trast, the minima occur at the edge of the continental shelf
(150, 165, 105 and 165 km offshore for tracks 12, 88, 114
and 190). The amplitude of the along-track SLA for maxima
and IQR decreases gradually from the coastline (0.2-0.4 m)
to the edge of the continental shelf (~0.1m). The largest
outlier is 0.65 m over the shelf 30 km offshore.

The largest SLAs over the shelf occur from July to
September. For example, the 75th percentile of SLAs near
the coastline is about 0.25m for track 144 and 0.42m for
track 88. The largest outlier of 0.65 m also occurs from July
to September for track 88. The smallest SLA occurs from
April to June when the wind is weak during the monsoon
transition period (Wang et al., 2009). The extreme data from
July to September show the occurrences of storm surges over
the shelf (Chen et al., 2014).

Overall, the maximum amplitude, IQR and extreme data
of the along-track data over the shelf show the trapped wave
characteristics: the SLA decreases gradually from the coast-
line to the edge of the continental shelf. The trapped charac-
teristics from the along-track SLA are similar to the cross-
shelf structure of normalized amplitudes of the Mode 1
CSWs, as shown in Fig. 3a. The along-track SLA should con-
tain higher modes. The along-track SLAs along tracks 153
and 229 show similar characteristics (not shown). The SLA
along track 240 (as shown in Fig. 6n) presents a differentiated
pattern in the coast side and shelf edge during May—July. The
main reason is likely to be the existence of a cold eddy north
of Taiwan Island.

To further reveal the variations in the along-track SLA
in track 12 on the shelf, the empirical orthogonal function
(EOF) analysis results are shown in Fig. 9 (EOF analysis for
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Figure 8. Boxplot of the along-track SLA on the shelf for tracks 12, 88, 114 and 190 from 1993 to 2020 (columns). Seasonal means of
the SLA are plotted in the rows. Green dashed lines present the minimum SD of the along-track SLA. The climatological seasonal mean is
removed. The along-track SLA is averaged for each 15 km offshore. In each box, the central red line indicates the median, and the bottom
and top edges of the blue box indicate the 25th (Q1) and 75th (Q3) percentiles, respectively. The upper (Q3+1.5IQR) and lower (Q1-1.51QR)
whiskers extend to the most extreme data points not considered outliers. The outliers are the most extreme data points (larger than upper
whisker or smaller than lower whisker), plotted individually using the red cross marker. IQR = Q3 — Q1.

Table 2. Parameters extracted from along-track SLAs in Fig. 8.

Position®  Track (distance)® | T12 (150 km) | T88 (165 km) | T114 (105 km) | T190 (165 km)
Month | JEM  AMJ JAS OND | JEM  AMJ JAS OND | JFM  AMJ JAS OND | JFM  AMJ JAS  OND
Coast Outlier (m) 028 025 038 034 | 047 —035 065 0.43 023 024 052 031 038 027 041 0.38
Max (m) 026 0.9 032 024| 029 024 042 036 0.21 0.17 025 0.18 0.21 0.19 034 028
Min (m) -023 —022 -024 —-023| —03 —024 —033 —031| —0.17 -0.18 —024 —02 | —025 —021 —028 —025
Edge Outlier (m) 0.17 —0.15 019  0.19 0.23 - 029 -1 o021 039 028 016 | —02 02 -02 021
Max (m) 015 012 013 0.6 0.16 0.2 02 022 0.17 018 015 —0.18 0.16 012 014 017
Min (m) —0.15 —0.14 —0.13 —0.15| —0.19 —-02 —02 —021| —0.16 —0.14 —0.15 —02 | —0.17 —0.13 —0.16 —0.17

4 Coast is the position with the highest SD for each track, about 15 km offshore. Edge is the position with the minimum SD of the along-track SLA as shown in Fig. 8. © Distance between coastline and edge.

data along other tracks is similar; not shown here). The first
four EOF modes of the along-track SLA explain 96.8 % of
the total variance. Mode 1 explains the seasonal variance of
SSH (red curve in Fig. 60—u). The seasonal cycle could be
characterized clearly from Fig. 9b, with peaks in October and
troughs in May. Mode 2 and Mode 3 are similar to the cross-
shelf structure as shown in Fig. 3a; they explain 25.1 % of
the total variance. Mode 3 is influenced by the background
of SSH on the open-sea side. The amplitude is 0.3—0.4 m,
which is comparable to the outlier data as shown in Table 2.

Ocean Sci., 19, 1545-1559, 2023

Mode 4 is similar to the cross-shelf structure of the Mode 2
CSW as shown in Fig. 3b; it only explains 2.8 % of the total
variance. The EOF analysis indicates that the CSW could ex-
plain < 30 % of the total variance of SSH in the study area,
which is comparable to the IQR in the boxplot of the along-
track SLA (Fig. 8).

https://doi.org/10.5194/0s-19-1545-2023
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53 ATWs

As shown in Fig. 6, the inter-seasonal and seasonal signals
could be distinguished from along-track SLAs. Figure 10
shows the seasonal mean of the along-track SLA and along-
shelf sea surface wind. One can see that the time series of
the seasonal mean of the along-track SLA show the seasonal
variation with the amplitude of 0.1-0.2 m at 15 km offshore.
The time series of the seasonal mean of the DSLA show sim-
ilar characteristics with the along-track SLA. The correla-
tion relationship between the seasonal mean of the along-
track SLA and along-shelf sea surface winds reaches >0.77.
The monthly mean of the SLA during April-September is
negative, while it is positive in the other months. This is at-
tributed to that the local wind stress substantially influencing
the coastal sea level (Lin et al., 2022).

In addition, one can also see an out-of-sync characteris-
tic between the seasonal mean of the along-track SLA and
wind. The maximum mean sea surface wind stress occurs in
November and December, while that of monthly along-track
SLA occurs in October. Ding et al. (2020) investigated the
seasonality of coastal circulation in the north SCS using a nu-
merical model. The result indicates that the maximum of wa-
ter transport is 1.93 Sv, occurring in autumn. Li et al. (2023a)
found the along-shelf current is strongest in October at ap-
proximately 0.17 ms~!. The along-shelf current involves the
ATW, which is the reason why there is a difference between
the monthly climatological mean of the along-track SLA and
sea surface wind stress as shown in Fig. 10e-h.

Figure 11 shows the cross-shelf structure of the seasonal
mean of the along-track SLA. One can see that the SLA on
the coastline side is lower than on the ocean side from April

https://doi.org/10.5194/0s-19-1545-2023

to September. In the other seasons, the slope of the along-
track SLA is the opposite. The along-track SLA presents sim-
ilar characteristics as shown in Fig. 10; i.e., the variation in
the SLA is controlled by the sea surface winds over the shelf.

Meanwhile, from Fig.11 one can see the cross-shelf struc-
ture of the along-track SLA. The fitting curves show that
theoretical ATWs (Fig. 4) explain the cross-shore struc-
ture of the along-track SLA very well. The amplitudes of
ATWs in track 12 are 0.04, —0.06, —0.05 and 0.10m in
January—March, April-June, July—September and October—
December. That along track 88 is relatively larger, e.g.,
0.13 m in October—December, while the minimum amplitude
occurs in track 114. Differently from Fig. 8, the amplitudes of
ATWs during October—December are larger than that during
July—September. This can be attributed to monsoon winds in
winter being stronger than those in summer.

Lin et al. (2021) investigated the tilt of mean dynamic
topography along the coast of the Chinese mainland. Wu
(2021) used a nondimensional parameter (Peg = Dg/e) to
describe the influence of open-ocean forcing on shelf circu-
lation, which is determined by the ratio of long-wave-limit
planetary wave to TRW speeds (Dg) and a linear Ekman
number (e). In this study, Peg < 1, which indicates that shelf
currents decayed rapidly toward the coast. Both the results
confirm that the ATWs predict the coastal dynamic topogra-
phy over the continental shelf of the SCS well.

6 Summary

Using sea level data derived from the tide-gauge stations
Kanmen, Xiamen, Shanwei, and Zhapo, this study analyzes
statistical features of the CSWs and inter-seasonal and sea-
sonal signals. Meanwhile, along-track SLA data derived
from multiple satellite altimeters from 1993 to 2020 are ap-
plied to detect the cross-shelf structures of the signals. The
major results are summarized as follows.

CSWs of periods shorter than 40d propagate along the
coast with a phase speed of about 10ms~! in the ECS and
8ms~! in the SCS. The dispersion relation indicates that the
waves belong to Mode 1 CSWs.

Owing to the fact that the repeat observation period of
the satellite altimeters is comparable with that of CSWs, we
combine fragments of the numerous repeat observations of
the along-track SLAs to reconstruct the cross-shelf struc-
ture of CSWs. The results show that the maximum ampli-
tudes of CSWs have remarkable seasonal variability: about
0.6 m during July—September but only 0.2 m during April-
June. The reconstructed cross-shelf structures of CSWs con-
firm the property of Mode 1 CSWs. Moreover, the energy
is trapped within the partial continental shelf shallower than
200 m.

The inter-seasonal and seasonal signals are present
as ATWs on the continental shelf. The amplitudes of
ATWs have remarkable seasonal variability: ~0.10m dur-
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Figure 10. Time series of the seasonal mean of the along-track SLA (blue) and along-shelf sea surface wind stress (red) for tracks (a) 12,
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Zhapo.

ing October—December and twice larger than 0.04, 0.05 and
—0.06 m during January—March, July—September and April—
June, respectively. These results reveal that the local wind
stress substantially influences ATWs on the continental shelf.

The results derived from the observation data of the along-
coast tide-gauge stations combined with cross-shelf tracks of
satellite altimeters are interpreted well in the framework of
linear wave theory. This implies that the technological ap-
proaches developed in this study are suitable for constructing
the cross-shelf structures of CSWs and ATWs on the conti-
nental shelf.

However, owing to the neglect of baroclinicity, higher
modes of waves are not discussed in this paper. Observations
from moorings and numerical models will be used in our fu-
ture studies to obtain the characteristics of baroclinic coastal
trapped waves.

Data availability. The tide gauge data are available
at https://psmsl.org/data/obtaining/stations/933.php,
https://psmsl.org/data/obtaining/stations/934.php, https:
/Ipsmsl.org/data/obtaining/stations/727.php, https://psmsl.
org/data/obtaining/stations/1406.php  (Permanent Service for
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Mean Sea Level, 2023). The along-track SLAs are obtained at
http:/ftp-access.aviso.altimetry.fr.
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