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Abstract

This  paper  overviews  research  progress  in  observation,  theoretical  analysis  and  numerical  modeling  of
submesoscale  dynamic  processes  in  the  South  China  Sea  (SCS)  particularly  during  recent  five  years.  The
submesoscale  processes  are  defined  according  to  both  spatial  and  dynamic  scales,  and  divided  into  four
subcategories as submesoscale waves, submesoscale vortexes, submesoscale shelf processes, and submesoscale
turbulence. The major new findings are as follows. (1) Systematic mooring observations provide new insights into
the solitary waves (ISWs) and the typhoon-forced near-inertial waves (NIWs), of which a new type of ISWs with
period of 23 h was observed in the northern SCS (NSCS), and the influences of background vorticity, summer
monsoon onset,  and deep meridional overturning circulation on the NIWs, as well as nonlinear wave-wave
interaction between the NIWs and internal tides, are better understood. On the other hand, satellite altimeter sea
surface height data are used to reveal the internal tide radiation patterns and provide solid evidence for that the
ISWs in the northeastern SCS originate from the Luzon Strait. (2) Submesoscale offshore jets and associated vortex
trains  off  the  Vietnam  coast  in  the  western  boundary  of  the  SCS  were  observed  from  satellite  chlorophyll
concentration images. Spiral trains with the horizontal scale of 15–30 km and the spacing of 50–80 km were
identified.(3) 3-D vertical circulation in the upwelling region east of Hainan Island was theoretically analyzed. The
results  show  that  distribution  patterns  of  all  the  dynamic  terms  are  featured  by  wave-like  structures  with
horizontal wavelength scale of 20–40 km. (4) Numerical models have been used for the research of submesoscale
turbulence. Submesoscale vertical pump of an anticyclonic eddy and the spatiotemporal features of submesoscale
processes in the northeastern SCS are well modeled.
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1  Introduction
The ocean water motions always contain contributions from

the multiscale dynamic processes. Among them, the mesoscale
and large scale motions with the characteristic horizontal scale
larger than 200 km contain about 90% of the kinetic energy of the
ocean. Therefore, these processes comprise a research focus of
physical oceanography and geophysical fluid dynamics. On the
other hand, the small-scale ocean motions with the characterist-
ic horizontal scale smaller than 1 km, typically the sea surface
waves, are closely associated with human activities in the ocean,
therefore, were a research focus of pioneering oceanographers.
However, the ocean motions with the characteristic horizontal
scales between the two, so called submesoscale, were not paid at-
tentions until late 1980s. Literature hunting by this study finds
that the earliest article using term “submesoscale” to define an
ocean vortex train was McWilliams (1985). Later, the term was

used to explain vortex observations in the Beaufort Sea north of
Alaska by D’Asaro (1988).

The situation has been changed since the beginning of the
21st century. The recent research results revealed that the upper-
ocean submesoscale processes determine the equilibrium state
of the upper ocean through the turbulent kinetic energy cascade
and energy dissipation (Ferrari and Wunsch, 2009; Qiu et al.,
2017; McWilliams, 2017). They also affect the mixed layer devel-
opment and upper-ocean thermal anomaly (Lapeyre and Klein,
2006; Capet et al., 2008a), and the CO2 uptake, nutrient supply,
phytoplankton production/subduction and biogeochemistry
(Mahadevan and Archer, 2000; Lévy et al., 2001, 2012; Zhong and
Bracco, 2013). Capet et al. (2008a) investigated the near-surface
submesoscale currents at an intermediate scale—approximately
defined by a horizontal scale of O(10) km, less than the first baro-
clinic deformation radius; a vertical scale of O(10) m, thinner  

Foundation item: The National Natural Science Foundation of China under contract Nos 41776034, 41376038, 40406009, 41806123
and 41506034; the National Science and Technology Major Project under contract No. 2016ZX05057015; the Guangdong Province
First-Class Discipline Plan under contract No. CYL231419012; the Fund of Southern Marine Science and Engineering Guangdong
Laboratory (Zhanjiang) under contract No. ZJW-2019-08.
*Corresponding author, E-mail: llingxie@163.com
 

Acta Oceanol. Sin., 2020, Vol. 39, No. 1, P. 1–13

https://doi.org/10.1007/s13131-019-1521-4

http://www.hyxb.org.cn

E-mail: hyxbe@263.net



than the main pycnocline; and a time scale of O(1) d, compar-
able to a lateral advection time for submesoscale feature using
numerical modeling. Capet et al. (2008b) investigated submeso-
scale activity over the Argentinian shelf using numerical model-
ing and pointed out that submesoscale activity is widespread in
the upper ocean. Mensa et al. (2013) studied seasonality of the
submesoscale dynamics in the Gulf Stream region with the hy-
brid coordinate ocean model (HYCOM). Qiu et al. (2014) studied
seasonal variability of mesoscale and submesoscale eddies along
the North Pacific Subtropical Countercurrent using high resolu-
tion modeling and satellite altimetry product. Callies et al. (2015)
presented observational evidence that submesoscale flows un-
dergo a seasonal cycle in the surface mixed layer. Gula et al.
(2016) studied topographic generation of submesoscale centrifu-
gal instability and energy dissipation. They suggested that topo-
graphic generation of submesoscale flows potentially provides a
new and significant route to energy dissipation for geostrophic
flows. Sasaki et al. (2017) investigated submesoscale processes in
subarctic regions. They found an inverse cascade of energy to-
wards larger scale, i.e., submesoscale impact seems to strengthen
mesoscale eddies that become more coherent and not quickly
dissipated. Lévy et al. (2018) studied the role of submesoscale
currents in structuring marine ecosystems using observations
and models. Liu et al. (2018a) studied the influence of mesoscale
and submesoscale circulation on sinking particles in the north-
ern Gulf of Mexico using three-dimensional velocity fields gener-
ated by a regional ocean model to backtrack the trajectories of
sinking particles from a depth of about 1 000 m. Taylor et al.
(2018) observed submesoscale Rossby waves along the Antarctic
circumpolar current. Zhang et al. (2019) found that the balanced
submesoscale ageostrophic processes are important for the sur-
face chlorophyll variances. Hence, the above progresses indicate
that submesoscale dynamics has been becoming a prosperous
field in the oceanographic research.

In the case of the South China Sea (SCS), previous investiga-
tions have revealed that it is a dynamically active sea (Zheng et
al., 2006; Hu et al., 2019). Particularly, there are broadly distrib-
uted mesoscale eddies (Wang et al., 2003; Nan et al., 2011; Zheng
et al., 2014, 2017; Xie and Zheng, 2017; Xie et al., 2018; He et al.,
2018) and strong internal waves (Ramp et al., 2004, 2010; Buijs-
man et al., 2010; Zhao et al., 2004; Zheng et al., 2007, 2017; Wang
et al., 2012; Bai et al., 2017). This is attributed to the following
three major mechanisms: (1) semi-enclosed marginal sea geo-
graphy and complex bottom topography as shown in Fig. 1, (2)
strong disturbances from the Pacific penetrating the Kuroshio
and the Luzon Strait entering the SCS (Hu et al., 2001; Qu et al.,
2004; Zhuang et al., 2010; Zheng et al., 2011, 2019; Xie et al.,
2016), and (3) seasonally reversing East Asia monsoon (Ho et al.,
2000; Hu et al., 2000; Li et al., 2015, 2016; Cao et al., 2017). These
dynamic conditions favor the generating of submesoscale flow
structures in the form of small eddies, density fronts and fila-
ments, topographic wakes and persistent coherent vortexes at the
surface and throughout the interior (McWilliam, 2016). In the
other words, there must be abundant submesoscale processes in
the SCS. Li et al. (2011) analyzed 30 years of the satellite-tracked
Lagrangian drifter data from 1979 to 2010 in the northern South
China Sea (NSCS). 100% of total detected 1972 eddies have the
radii smaller than 150 km, implying that the eddy fields in the
NSCS may be treated as submesoscale eddy fields. The earliest
article using term “submesoscale” to define the ocean vortex
train in the SCS was Zheng et al. (2008). At present, more scient-
ists are interested in this recently discovered realm. This paper
overviews recent progress in research of submesoscale dynamics

in the SCS, particularly in recent five years.

2  Definitions and categories

2.1  Definitions of submesoscale
Up to now, there are not commonly accepted criteria for de-

fining an ocean phenomenon as a submesoscale process. Here
we list definitions used by the authors of published papers collec-
ted till 2018 in Table 1.

In this review paper, we adopt all definitions of submesoscale
ocean processes given by the authors of reviewed articles. In the
cases without definite definitions, we use two criteria to determ-
ine the submesoscale: either (1) spatial scale definition, 1–100
km, here the scale of 100 km is an estimate of the Rossby deform-
ation radius in the SCS, or (2) dynamic scale definition, Rossby
number R0, 0.5–10.

2.2  Categories of submesoscale ocean processes
Following the above criteria, we further categorize the

submesoscale ocean processes into sub-categories according to
similarities of dynamic features of the processes. The results are
listed in Table 2.

3  Submesoscale waves

3.1  Long internal waves
In the SCS, the internal waves (IWs) appear as a horizontally

two-dimensional structure: crest lines with horizontal lengths of
O(10–200) km and linear waves with wavelength scales of O(1–
5) km. The characteristic speed is 0.5 m/s (Zheng, 2017). The
Rossby number is O(2–10) if using the wavelength scales as the
horizontal length scales and 20°N as a characteristic latitude.
Strong IWs are an outstanding feature of regional oceanography
of the SCS. Thus, it has been a continuously productive research
field as reviewed by Zhao et al. (2014) and Zheng (2017).

Studies of evolution of the internal solitary waves (ISWs) in
the SCS obtain new progresses. Huang et al. (2014) observed en-
tire evolution process of ISWs west of the Luzon Strait using
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Fig. 1.   Topography of the South China Sea (cited from Hu et al.,
2019).
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mooring array data. Li et al. (2013) and Bai et al. (2017) observed
ISW refraction and reflection near the Dongsha Atoll. Dong et al.
(2016) observed evidence for existence of the eddy-induced
mode-2 ISWs based on two SAR images acquired in 2001.

An important new finding of the IWs in the NSCS was repor-
ted by Chen et al. (2018). Using mooring data observed on the
NSCS continental slope, they found a new type of diurnal ISWs
with a re-appearance period (RP) of about 23 h. As shown in Fig. 2,
the newly found type-c ISWs are distinct from types-a and -b
ISWs characterized by the RPs of about 24 h and 25 h (Ramp et
al., 2004, 2010). The mechanisms for the differential RPs,
however, still remain unclear.

3.2  Internal tides
The strong internal tides in the SCS are generated by interac-

tion of the tidal current and the bottom topography at the Luzon
Strait. Dependence of the strong IWs west of the Luzon Strait
upon the internal tides has been a research hot spot since early
2000s (Zhao et al., 2004; Lien et al., 2005; Farmer et al., 2011).
Zhao (2014) derived the internal tide radiation patterns originat-
ing from the Luzon Strait from the sea surface height data of mul-
tiple satellite altimeters, showing the radiation patterns of M2 in-
ternal tides in the SCS as shown in Fig. 3a. Coherence of hori-
zontal distribution of IW packets observed from the synthetic

aperture data (SAR) images with the energy fluxes of the north-
westward Mode-1 M2 internal tides is shown in Fig. 3b. One can
see that these results provide solid evidence for the scenarios that
the ISWs in the northeastern SCS deep basin originate from M2

internal tides at the Luzon Strait, and the diurnal internal tides
play a secondary role by modifying the IW generation (Helfrich
and Grimshaw, 2008; Buijsman et al., 2010; Li and Farmer, 2011;
Zhang et al., 2011). From Fig 3a, we derive that the wavelength of
Mode-1 M2 internal tide is 135 km. Its Rossby number is O(0.5).

Zhao et al. (2018) observed the first mode internal tides in the
northwestern SCS using five pressure-recording inverted echo
sounders along a section between the continental shelf break in
the north and Xisha Islands in the south. Their results indicate
that diurnal component is affected by that propagating from the
Luzon Strait, while semidiurnal component is primarily gener-
ated locally from the continental shelf break.

3.3  Near inertial oscillations/waves
According to the definition, the Rossby number of the near

inertial oscillations (NIOs)/waves (NIWs) is near O(1) and their
horizontal scale is O(10–20) km (Zheng, 2018). Therefore, the NI-
Ws belong to the submesoscale processes. The history of the re-
search of NIWs in the SCS is only a little longer than ten years (Li-
ang et al., 2005; Zhu and Li, 2007; Alford, 2008). Previous investig-

Table 1.   Definitions of the submesoscale ocean processes
Author(s) (year) Horizontal scale/km Vertical scale/m Time scale/d

McWilliams (1985) <first baroclinic radius of deformation

Capet et al. (2008a) O(10) O(10) O(1)

Ferrari and Wunsch (2009) 10–150

Liu et al. (2010a) O(1)

Callies and Ferrari (2013) 1–200

Callies et al. (2015) 1–100

McWilliams (2016) 0.1–10 10–1 000 hours-day

Sasaki et al. (2017) 16–50

Qiu et al. (2017) 10–150

Zheng (2017) 1–200

Zhong et al. (2017) Rossby number O(1)

Renault et al. (2018) 0.1–10

Li et al. (2018) O(0–10) O(1)

Dong and Zhong (2018) Rossby number O(1)

Table 2.   Categories of submesoscale ocean processes
Sub-categories Phenomena/processes Scales

Submesoscale waves long internal waves wavelength: 1–5 km, crest line: 10–200 km,

R0: 2–10 at 20°N

Internal tide* Mode-1 M2: wavelength ~150 km, R0~0.5

near inertial waves* wavelength: 10–20 km, R0 = O(1)

instability/shear waves

Submesoscale vortexes small eddies* R0 = O(1)

coherent vortex train* R0 = O(1)

spiral train* R0 = O(1)

topographic wakes

Submesoscale shelf processes small estuary plumes R0 = O(0.5)

front* frontal widths: 10–50 km

horizontal wavelength: 20–40 km

vertical circulation*

offshore jet/filament R0 = O(0.5)

Submesoscale turbulence Modeled submesoscale turbulence* R0 = O(1)

         Note: * Reviewed in this paper.
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ations have revealed that the NIWs in the SCS are mainly gener-

ated by two mechanisms: parametric subharmonic instability

(PSI) occurring at ~20°N (Alford, 2008; Xie et al., 2011) and wind-

forced (Sun et al., 2011a, 2011b; Chen et al., 2013; Xu et al., 2013:

Zhang et al., 2014b).

Since 2010, typhoon-forced NIWs have been a research focus

for majority of research projects. For example, the South China

Sea Internal Wave Experiment (SCSIWEX) project 2010–2011
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Fig. 2.   Water temperature profiles of three types of ISW signatures observed by thermistor chain attached to the mooring deployed in
the west of Dongsha Atoll in the NSCS from 30 June 2016 to 21 July 2017（cited from Chen et al., 2018）.
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Fig. 3.   Mode-1 M2 internal tides and internal waves from the Luzon Strait. Radiation patterns of the Mode-1 M2 internal tides from
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provided very good mooring array data sets for such research.
Guan et al. (2014) examined the upper ocean thermal and dy-
namic response to typhoon Megi 2010 with the presence of
strong internal tides using the SCSIWEX data. They found that
the NIWs under typhoon Megi 2010 were relatively weak and
quickly damped within a short decay time scale of two inertial
periods, compared with the NIO response to hurricane Frances
with the same category 3 in the Atlantic. Yang and Hou (2014) in-
vestigated the NIWs in the wake of typhoon Nesat 2011 in the
NSCS using SCSIWEX data sets. They found that the second
mode of the NIWs has a dominant variance contribution of 81%,
and the corresponding horizontal phase velocity and wavelength
reach 3.50 m/s and 420 km, respectively.

Cao et al. (2018) reported five burst events of NIWs in the
NSCS during the period from August 2010 to April 2011 using SC-
SIWEX mooring data as shown in Fig. 4. Among these NIW evens,
three were induced by typhoons Lionrock, Meranti and Megi in
2010. The NIWs show various intensities and structures at three
moorings. This is attributed to differences of typhoon character-
istics, mooring measuring ranges, distances between typhoon
centers and moorings, as well as local conditions. They found
that the NIWs generated by weaker typhoon Meranti were
stronger than that by stronger typhoon Megi and attributed to the
higher translation speed of Meranti as shown in Fig. 5.

In addition to typhoon-induced NIWs, Cao et al. (2018) ob-
served two NIW burst events in December 2010 and March 2011
at mooring station UIB6. Ruled out the local winds, lateral
propagation and parametric subharmonic instability as the

causes of these NIW burst events, they suggested that the real
mechanisms remain unknown. They found that these NIWs ex-
hibit different features from typhoon-induced NIWs. First, these
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Fig. 4.   Map of the NSCS with bathymetric shading in m. Black
crosses represent locations of three SCSIWEX mooring stations
FIB3, UIB5 and UIB6. Color curves represent ground tracks of
typhoons Lionrock, Meranti and Megi in 2010 with six-hour posi-
tions (cited from Cao et al., 2018).

0
a b

c d

e f

200

Lionrock Meranti

Lionrock Meranti

Meranti

Megi

Megi

400

D
ep
th
/m

0

200

400

D
ep
th
/m

0

200

400

D
ep
th
/m

0

200

400

D
ep
th
/m

0

200

400

D
ep
th
/m

0

200

400

D
ep
th
/m

300

200

100

0

V
ar
/c
m
2
·s
-
2

300

200

100

0

V
ar
/c
m
2
·s
-
2

300

200

100

0
8/30 9/9 9/19 9/29 10/6 10/16 10/26 11/5

8/30 9/9 9/19 9/29 10/6 10/16 10/26 11/5

8/30 9/9 9/19 9/29 10/6 10/16 10/26 11/5

V
ar
/c
m
2
·s
-
2

300

200

100

0

V
ar
/c
m
2
·s
-
2

300

200

100

0

V
ar
/c
m
2
·s
-
2

300

200

100

0

V
ar
/c
m
2
·s
-
2

20100-10-20

 

Fig. 5.   Low-pass filtered depth-averaged near-inertial variance (black curves) and zonal velocity component of NIWs (shading, in
cm/s) induced by three typhoons at three SCSIWEX moorings UIB6 (a, b), UIB5 (c, d) and FIB3 (e, f). Horizontal dashed lines denote
the vertical ranges of mooring measurements. Vertical dashed lines denote the starting time of intense NIWs generated by typhoons
Lionrock, Meranti and Megi (< 8 cm/s not shown) (cited from Cao et al., 2018).
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NIWs have larger vertical wave numbers and smaller wavel-
engths than the typhoon-induced NIWs. Second, these NIWs
cause intense shear in deep water, whereas intense shear of
typhoon-induced NIWs mainly exists in the upper ocean (ap-
proximately 150–200 m). These no-typhoon and no-PSI NIW
events need to be further clarified if they are generated by the
third type of external forcing or internal wave-wave interaction.

Chen et al. (2015) observed features of near-inertial motions
on the NSCS shelf (60 m deep) under the passage of two
typhoons Nangka and Linfa in summer 2009. They found that
there are two peaks in spectra at both sub-inertial and super-in-
ertial frequencies. The super-inertial energy maximizes near the
surface, while the sub-inertial energy maximizes at a deeper lay-
er of 15 m. The sub-inertial shift of frequency is induced by the
negative background vorticity. The super-inertial shift is prob-
ably attributed to the NIWs propagating from higher latitudes.

Shu et al. (2016) observed generation of near-inertial oscilla-
tions by summer monsoon onset over the SCS with ADCP moor-
ing data in 1998 and 1999. The near-inertial current speed reac-
hed 0.25 m/s, comparable to that induced by tropical storms in
the same area, although the wind speed (~10 m/s) of the mon-
soon onset was much lower than that of typical tropical storms.
Their analysis suggests that the shallow mixed-layer (< 30 m) and
the abrupt changes in wind speed and direction resulting from
the summer monsoon onset are responsible for developing the
near-inertial current. The generated NIOs could be enhanced by
a warm eddy appearing during the monsoon onset in the central
SCS.

Xiao et al. (2016) examined near-inertial variability of the me-
ridional overturning circulation in the SCS (SCSMOC) using a
global (1/12)° ocean reanalysis data. Based on the wavelet ana-
lysis and power spectra, they found that deep SCSMOC has a sig-
nificant near-inertial band. The maximum amplitude of the near-
inertial signal is nearly 4×106 m3/s. The spatial structure of the
signal features regularly alternate counterclockwise and clock-
wise overturning cells. They also found that the near-inertial sig-
nal of SCSMOC mainly originates from the region near the Luzon
Strait and propagates equatorward at a speed of 1–3 m/s. Further
analyses suggest that the near-inertial signal in SCSMOC is
triggered by high-frequency wind variability near the Luzon
Strait, where geostrophic shear always exists due to the Kuroshio
intrusion.

Liu et al. (2018b) investigated nonlinear wave-wave interac-
tion between the NIWs and diurnal tides (DTs) after passages of
nine typhoons over the Xisha Islands in the NSCS using three
years of mooring data. They found that a harmonic wave fD1 with
a frequency equal to the sum of frequencies of NIWs and diurnal
tide D1 was generated via nonlinear interaction between the two.
The fD1 wave is mainly concentrated in the subsurface layer and
induced by the first component of the vertical nonlinear mo-
mentum term, the product of the vertical velocity of DT and ver-
tical shear of near-inertial current.

4  Submesoscale vortexes
The early work on submesoscale vortex train in the SCS can

be traced back to Zheng et al. (2008). Recently Liu et al. (2015)
studied submesoscale (they called small-scale) processes off the
Vietnam coast in the western SCS in summer using high-resolu-
tion (300 m) ocean color data of the Medium Resolution Imaging
Spectrometer (MERIS) from 2004 to 2009. Figure 6 shows MERIS
chlorophyll images on 5 September 2004, 22 June 2005, 7 June
2006, 21 July 2007, 16 July 2008 and 29 July 2009. One can see
three-fold structure of outstanding imagery features. (1) Offshore

jets of high chlorophyll concentration water with the offshore
lengths of O(200) km are shown in all images. The high chloro-
phyll concentration waters are originating from the Vietnam
coast associated with summer upwelling (Kuo et al., 2000). (2)
Wave-like patterns with the wavelengths of O(50) km are distrib-
uted along the southern fronts of offshore jets. (3) Vortex trains
with the horizontal scale (diameter) of O(15–30) km and the spa-
cing (wavelength) of O(50–80) km are distributed with wave-like
patterns. Liu et al. (2015) measured that the off-shoreward
propagation speed of spirals is 12 cm/s consistent with the velo-
city of the western boundary current. They suggested that the
generation of vortices may be associated with strengthening of
the velocity shear between the anticyclonic mesoscale eddies and
the offshore jets.

We interpret the small-scale vortices shown on Fig. 6 as spiral
trains according to their imagery pattern features and horizontal
scales. The spirals are a type of submesoscale ocean processes, 10–
25 km in size and characterized by the single polarity, cyclonic
overwhelmingly (Munk et al., 2000; Zheng, 2018). Figure 7 shows
a comparison of MERIS spiral imagery in Fig. 6l and spiral photo-
graph off the northern coast of Africa in the Mediterranean Sea
taken by space shuttle astronauts on 7 October 1984. One can see
the high similarity between the two, implying that they represent
the same physical process.

Yu et al. (2018) investigated submesoscale ocean vortex trains
in the western SCS using MERIS chlorophyll concentration im-
ages, theoretical analysis and numerical modeling. They ob-
served thirteen cases of vortex trains on the lee side of the Phú
Quý Island in summer from 2005 to 2010. All the vortices are ori-
ginating from the lee of Phú Quý Island and distributed on the
offshore side of the offshore jets showing as high chlorophyll con-
centration patterns. The average diameter of the vortices is (28.1 ±
13.8) km and the average spacing is (66.3 ± 27.8) km. The vortex
diameter tends to increase with increasing distance from the is-
land. Figure 8 shows that the submesoscale cyclonic vortex trains
can also be interpreted as spiral train, particularly in the case on
22 June 2005 (Fig. 8a). All the spiral trains are distributed along
the shear zones of anticyclonic eddies, implying that eddies play
an important role in propagation and growth of the spirals.

5  Submesoscale shelf processes

5.1  Fronts
Fronts are called the lung of the ocean. This is because

through the strong vertical motions in the frontal zone, fronts
function like breath of the lung, i.e., transporting oxygen and CO2

from the atmosphere and materials in the surface water vertic-
ally downward to the deep layer, and nutrients in the deep layer
water upward to the surface layer. Since fronts are formed by a
combination of mechanisms, there are different types of fronts,
such as estuarine fronts, shelf fronts, shelf-break fronts, coastal
upwelling fronts and current fronts (Belkin et al., 2009; D’Asaro et
al., 2011; Klemas, 2012). As a typical feature of marginal seas,
fronts in the SCS are broadly distributed and have served as an
important research hot spot since 2000 (Wang et al., 2001, 2013;
Hu et al., 2003; Chang et al., 2006; Li et al., 2006; Liu et al., 2010b).

In recent years, the research of fronts in the SCS has taken im-
portant progresses. Using hydrographic survey and satellite data,
Zhang et al. (2014a) observed three fronts in the southern Taiwan
Strait in summer: the Taiwan Bank Front (TBF), the Southwest
Coastal Upwelling Front (SCUF), and the Pearl River Plume Ex-
tension Front (PRPEF). The TBF is closely related to the Taiwan
Bank upwelling, tidal mixing, and the Pearl River Plume Exten-

6 Zheng Quanan et al. Acta Oceanol. Sin., 2020, Vol. 39, No. 1, P. 1–13  



sion. The SCUF separates the wind-driven cold, saline coastal up-
welling water from the warm, less saline offshore water. Owing to
the frontal instability, SCUF exhibits both short temporal (sever-
al days) and small spatial (several km) scales, indicative of in-
tense submesoscale processes. Meanwhile, a bifurcation phe-

nomenon of the PRPEF was observed and attributed to the topo-
graphy-following currents from the PRPEF.

Using the Belkin and O’Reilly algorithm and high-resolution
(1 km) satellite SST and Chl a data from 2002 to 2011, Zeng et al.
(2014) detected upwelling-induced fronts off the east/northeast
coast of Hainan Island in the SCS. A three-dimensional ocean
model forced by the Quick Scatterometer winds was used to
study the three-dimensional structure of fronts and the relation-
ship of the fronts to upwelling or summer monsoon. The results
show that the frontal intensity (cross-frontal gradient) is strongly
correlated with the along-shore winds, and has strong seasonal
and weak inter-annual variations with a maximum of about
0.5°C/km at the subsurface (about 15 m) rather than that at the
surface.

Jing et al. (2015) investigated upwelling-induced thermal
fronts in the northwestern SCS using satellite data, two intensive
mesoscale mapping surveys and three bottom-mounted ADCPs.
The results indicate that pronounced surface cooling and up-
welling-related fronts with a width of 20–50 km occur around
Hainan Island and persist through the summer upwelling season.
Jing et al. (2016) investigated seasonal thermal fronts associated
with wind-driven coastal downwelling/upwelling in the north-
ern SCS using satellite data and three repeated fine-resolution
mapping surveys in winter, spring, and summer. The results
show that vigorous thermal fronts develop over the broad shelf
with variable widths and intensities in different seasons, which
tend to be approximately aligned with the 20–100 m isobaths.

109°

105° 115°E

11°30′
N

15°

N

5°

10°

105° 115°E

15°

N

5°

10°

105° 115°E

15°

N

5°

10°

105° 115°E

15°

N

5°

10°

105° 115°E

15°

N

5°

10°

105° 115°E

15°

N

5°

10°

11°00′

10°30′

110° 111°E 109°
12°00′

N

11°30′

11°00′

110° 111°E

108°30′
11°30′

N

11°00′

10°30′

109°00′ 109°30′ 110°00′E 110°00′
12°00′

N

11°00′

10°48′

110°30′ 111°00′E

110°00′
12°18′

N

11°54′

12°06′

11°30′

11°42′

110°30′ 111°00′E 109°

12°06′
N

10°36′

110°E

0.16 0.25 0.40 0.63 1.00

0.025 0.063 0.160 0.400 1.0000.10 0.630.25

0.10 0.25 0.63 1.580.10 0.15 0.20 0.25 0.30 0.35 0.40

0.03 0.05 0.08 0.13 0.20 0.32 0.50

b d

f

a

e

i

c

g

k

h

j l

 

Fig. 6.   MERIS chlorophyll images (color codes are in mg/m3) on 5 September 2004 (a, b), 22 June 2005 (c, d), 7 June 2006 (e, f), 21 July
2007 (g, h), 16 July 2008 (i, j) and 29 July 2009 (k, l). Cloud covered areas are in white (cited from Liu et al., 2015).

a b

N

20 km

N

 

Fig. 7.   Comparison of MERIS imagery of spiral train associated
with the offshore jet off the Vietnam coast on 29 July 2009 (a) and
spiral vortex train off the northern coast of Africa in the Mediter-
ranean Sea on US space shuttle photograph STS41G-35-94 taken
by astronauts with handheld Hasselblad 500 EL/M 70-mm cam-
era on 7 October 1984 (credit: US NASA) (b).
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The diagnostic analysis of potential vorticity suggests that the
summer frontal activities induced by the coastal upwelling are
more stable to convection and symmetric instabilities in compar-
ison to the winter fronts associated with downwelling-favorable
monsoon forcing.

Guo et al. (2017) found that strong fronts due to the Kuroshio
intrusion and interactions with the SCS water are associated with
intense upwelling, supplying nutrients from the subsurface SCS
water and increasing phytoplankton productivity in the frontal
zone. High chlorophyll concentration is more dynamically re-
lated to these fronts than to the alongshore wind, wind stress
curl, and eddy kinetic energy on interannual time scale. Further
examinations suggest that fronts associated with the Kuroshio in-
trusion are linked with large-scale climate variability. During El
Niño years, the stronger Kuroshio intrusion results in stronger
fronts that generate intensified local upwelling and enhanced
Luzon winter blooms.

Ye et al. (2018) investigated the processes of occasional SST
fronts and their impacts on chl-a concentration in the SCS, based
on satellite and cruise observations from 2009 to 2013. The SST
fronts were detected by an entropy-based edge detection al-
gorithm method from satellite SST images with a 0.011° grid size.
Three offshore SST fronts at the peripheries of eddies in the
northern SCS were studied. The chl-a concentration as 6 times
higher than that in the surrounding waters was found in the
strong SST frontal zones. Using high-resolution SST reanalysis
data, Shi et al. (2015) found pronounced seasonal variations of
fronts in the coastal area of the northern SCS, which are accom-
panied by the seasonality of monsoons. The fronts cover a wider
area of the coastal waters in winter than that in summer.

5.2  Vertical circulation on the continental shelf
Existence of the vertical circulation is one of important fea-

tures of continental shelf dynamics. However, it is hard to be de-
termined due to difficulty to measure the vertical velocity of
O(10–5) m/s directly. Xie et al. (2017) used the generalized omega
equation to analyze the 3-D vertical circulation in the upwelling
region and frontal zone east of Hainan Island, China using cruise

observations of CTD, ADCP and TurboMAP (micro-scale shear
probe) in July 2012 as shown in Fig. 9.

They found that distribution patterns of all the dynamic terms
are featured by wave-like structures, i.e., alternative upwelling
and downwelling zones with horizontal wavelength scale of
O(20–40) km arranging from the coast to the deep waters as
shown in Fig. 10. The maximum downward velocity reaches
–8×10–5 m/s within the frontal zone along the 100 m isobath, ac-
companied by the maximum upward velocity of 8×10–5 m/s on its
two sides.

6  Submesoscale turbulence modeling
Numerical models have been used for the research of subme-

soscale processes since early 2000 (Mahadevan and Tandon,
2006; Capet et al., 2008b, 2008c). For the SCS, Liu et al. (2010a)
applied a primitive equation ocean model to simulate submeso-
scale activities and processes on the NSCS shelf. Their modeled
temperature and density fields show that submesoscale activities
are ubiquitous in the study area. The vertical velocity is consider-
ably enhanced by submesoscale processes and reaches an aver-
age of 58 m/d in the subsurface. Meanwhile, the mixed layer
depth is also deepened along the front, and the surface kinetic
energy increases with intense vertical movement.

Zhong et al. (2017) used cruise data observed in the NSCS in
2014 and numerical modeling to analyze submesoscale vertical
pump of an anticyclonic eddy. Their results confirm the funda-
mental role played by submesoscale ageostrophic dynamics in
determining vertical transport in the upper water column not
only in frontal regions or whenever submesoscale eddies are
abundant, but also in mesoscale eddies. Meanwhile, submeso-
scale fronts in and around anticyclones are key contributors to
the vertical velocity field and to vertical transport of the overall
eddy structure without any detectable re-stratification

Dong and Zhong (2018) analyzed the spatiotemporal features
of submesoscale processes in the northeastern SCS using high-
resolution numerical simulation from 2009 to 2012. The results
show that the submesoscale processes with a vertical relative vor-
ticity that matches the local planetary vorticity are ubiquitous in
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Fig. 8.   Composite images of MERIS chlorophyll concentration (mg/m3, color shading) and satellite altimeter sea level anomaly (SLA)
(contours at 0.05 m intervals) of the western South China Sea at 02:31 GMT on 22 June 2005 (a) and 02:32 GMT on 31 May 2010 (b)
(cited from Yu et al., 2018).
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Fig. 10.   Distribution maps of calculated vertical velocity at 10 m (a), 20 m (b), 30 m (c) and 50 m (d) east of Hainan Island in July 2012,
for the coastal upwelling was well developed (cited from Xie et al., 2017).
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the upper ocean of the northeastern SCS as shown in Fig. 11.
Meanwhile, the submesoscale processes show the remarkable
seasonal variation: strong and active in winter but weak and in-
active in summer. The generation mechanism analysis reveals
that strong flow straining and deep mixed layer in winter favor
the submesoscale process generation via frontogenesis and
mixed layer instability.

Li et al. (2019) also investigated spatial and seasonal variabil-
ity of submesoscale current field, i.e., submesoscale turbulence,
in the northeastern SCS using numerical simulation with a hori-
zontal resolution of 1 km. The modeled results indicate that
submesoscale currents are widespread in the surface mixed layer
due to the mixed layer instabilities and frontogenesis. Submeso-
scale currents are more active in the northern than in the south-
ern study area, since active eddies, especially cyclonic eddies, are
mainly distributed in the north. In particular, submesoscale cur-
rents are highly intensified in the east of Dongsha Atoll and the
south of Taiwan Island. The modeled results also show the sea-
sonal variation of submesoscale currents, i.e., more active in
winter than in summer.

Yang et al. (2019) estimated the submesoscale velocity field
around the Xisha Islands in the SCS using a numerical model.
The modeled results show very active submesoscale currents
with associated kinetic energy as high as 0.2 m2/s2. They sugges-
ted that the kinetic energy results from the expense of mesoscale
eddy decay.

7  Concluding remarks
We would like to cite the overview by McWilliams (2016) as

concluding remark of this paper. He called submesoscale cur-
rents in the ocean “the recently discovered realm” and gave the
following perspectives. “They are intermediate-scale flow struc-
tures in the form of density fronts and filaments, topographic
wakes and persistent coherent vortices at the surface and
throughout the interior. They are created from mesoscale eddies
and strong currents, and they provide a dynamical conduit for
energy transfer towards microscale dissipation and diapycnal
mixing. Consideration is given to their generation mechanisms,
instabilities, life cycles, disruption of approximately diagnostic
force balance (e.g. geostrophic), turbulent cascades, internal-
wave interactions, and transport and dispersion of materials. At a
fundamental level, more questions remain than answers, implic-

ating a program for further research.”
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