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Abstract

The continental slope in the northern South China Sea (SCS) is rich in mesoscale eddies which play an important
role in transport and retention of nutrients and biota. In this study, we investigate the statistical properties of eddy
distributions and propagation in a period of 24 years between 1993 and 2016 by using the altimeter data. A total of
147 eddies are found in the continental slope region (CSR), including 70 cyclonic eddies (CEs) and 77 anticyclonic
eddies (ACEs). For those eddies that appear in the CSR, the surrounding areas of Dongsha Islands (DS) and
southwest of Taiwan (SWT) are considered as the primary sources, where eddies generated contribute more than
60%  of  the  total.  According  to  the  spatial  distribution  of  eddy  relative  vorticity,  eddies  are  weakening  as
propagating westward. Although both CEs and ACEs roughly propagate along the slope isobaths,  there are
discrepancies between CEs and ACEs. The ACEs move slightly faster in the zonal direction, while the CEs tend to
cross the isobaths with large bottom depth change. The ACEs generally move further into the basin areas after
leaving the CSR while CEs remain around the CSR. The eddy propagation on the continental slope is likely to be
associated with mean flow at a certain degree because the eddy trajectories have notable seasonal signals that are
consistent with the seasonal cycle of geostrophic current. The results indicate that the eddy translation speed is
statistically consistent with geostrophic velocity in both magnitude and direction.
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1  Introduction
The South China Sea (SCS) is the largest marginal sea in the

western Pacific Ocean, which spans about 2 000 km and 1 000 km
in the meridional and zonal directions, respectively.There are
several main channels including Luzon Strait, Kalimantan Strait,
Taiwan Strait, Mindoro Strait, and Balabac Strait for water ex-
changes between the SCS and other ocean. The complexity of the
terrain in the SCS with narrow islands shelf in the east, broad
continental shelf on the northern and western side, and deep
basin in the middle, may play an important role in mean circula-
tion patterns and wave propagation. Considering that the cli-
mate in the SCS is dominated by the East Asian monsoon system
(Liu et al., 2004), the circulation in the upper layer of the SCS
shows strong seasonal signals, with a basin-scale cyclonic gyre in
winter, while a smaller anticyclonic gyre in summer (Hu et al.,
2000; Su, 2004; Xue et al., 2004).

The enrichment of mesoscale eddy is one of the important
features in the northern SCS (Chen et al., 2011; Xiu et al., 2010).
In general, the mesoscale eddy is a vortex structure with typical
horizontal scales of tens to hundreds of kilometers and time
scales on the order of days and months in the ocean, and they
tend to contain more energy than ambient mean flow. Mean-
while, nonlinear eddies (do not propagate as Rossby waves) can
trap water masses playing an essential role in transporting heat,

energy, nutrients and biota (Chelton et al., 2011; Zhai et al.,
2008). Mesoscale eddies are regarded as a crucial factor in modu-
lating the climate (Zhang et al., 2014). With the advances in satel-
lite remote sensing and computer computational capacity dur-
ing last two and three decades, observations and numerical mod-
el results have revealed that the northern SCS is an active region
for mesoscale eddy generation and interaction (Chen et al., 2011;
Hu et al., 2011; Xiu et al., 2010). Previous studies about meso-
scale eddies in the SCS have summarized the mechanisms of
eddy formation as (1) originating from the interior of the SCS by
wind, wind stress curl, flow-topography interaction; (2) originat-
ing from the Kuroshio intrusions forming mesoscale eddies in the
SCS; and (3) originating from eddies generated in the West Pa-
cific straightly entering the SCS through the Luzon Strait (Zheng
et al., 2017).

The Dongsha Islands on the continental slope in the north-
ern SCS is a remarkable atoll where the ambient slope is relat-
ively flat and mesoscale eddies are very vigorous with cross-shelf
movement (Luan et al., 2010; Chow et al., 2008; He et al., 2016).
Long-lived large cyclonic eddies (CEs) more than several months
and over 200 km in diameter were originated almost every year in
the south or southwest of the Dongsha Islands (Chow et al.,
2008). It is assumed that those eddies are steered by the topo-
graphy of the Dongsha Islands. Using the model diagnostic cal-  
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culation, the strong offshore cross-shelf movement appears in
the west of the Dongsha Islands (Huang et al., 2017a). To the east
of Dongsha Islands, the interaction between baroclinicity and
bottom topography leads to deflection of the mid-layer water
from isobaths to the deep basin (Wang et al., 2013).

Mesoscale dynamics can also facilitate cross-shelf transport
through baroclinicity. In northern California, an anticyclonic
eddy off the coast was found to transport plumes of suspended
sediments from the continental shelf into the deep ocean (Wash-
burn et al., 1993); and in the southwest of Iberia in winter 2001,
eddy-eddy interaction induced the phytoplankton-rich water to
form long filaments around the continental margin, which pro-
moted the offshore growth of phytoplankton (Peliz et al., 2004).
In the SCS, the enrichment of the mesopelagic fish on the contin-
ental slope has high economic value and research prospects
(Yuan et al., 2018). In general, it is regarded that the nutrient-rich
Zhujiang (Pearl) River plume is trapped by isobaths so that river-
ine nutrients are limited from the oligotrophic SCS interior (Hu et
al., 2000; He et al., 2016). Nevertheless, in the summer of 2015,
there was a band of high chlorophyll coastal waters crossed
isobaths at the shelf slope into the deep basin area in the west of
Dongsha Islands revealed by remote sensing imageries (He et al.,
2016). In this band, the Zhujiang River plume water was en-
trained by the counterclockwise rotation of the CEs. It is also
found that the cross-shelf flow is intensified in the intersection of
cyclonic-anticyclonic eddy-pair (Chen et al., 2016). Thus, meso-
scale eddy process is one of the key mechanisms for water mass
exchange onto or off the continental slope.

In this paper, we conduct a statistic study on features of eddy
occurrence and propagation in the continental slope region
(CSR) of the South China Sea from satellite altimeter data. The
CSR is defined as the area enclosed by the 200 m and 1 000 m
isobaths in the northern SCS (Fig.1) in which mesoscale eddies
are generated and quite active from previous statistical studies
(Chen et al., 2011).

2  Data and methodology

2.1  Altimeter data
The Global Ocean Gridded L4 Sea Surface Heights and De-

rived Variables Reprocessed product from E.U Copernicus Mar-
ine Service Information is used in this analysis (http://marine.co-
pernicus.eu/services-portfolio/access-toproducts/?option=
com_csw&view=details&product_id=SEALEVEL_GLO_PHY_L4_

REP_OBSERVATIONS_008_047). This product merges all alti-
meter missions (Jason-3, Sentinel-3A, HY-2A, Saral/AltiKa, Cryo-
sat-2, Jason-2, Jason-1, T/P, ENVISAT, GFO and ERS1/2) and is
processed by the SL-TAC multimission altimeter data processing
system with respect to a twenty-year mean. Then the data are
mapped onto a spatial grid of (1/4)° resolution and archived to
daily average from 1993 to present. Only absolute geostrophic ve-
locity and geostrophic velocity anomaly data between 1993 and
2016 are used in this analysis. Due to the potential bias of satel-
lite data in the coastal region, we disregard the the data in shelf
regions where the water depth is shallower than 200 m.

2.2  Topographic data
Topographic data are essential to reflect the variation of relat-

ive position of eddies in the CSR. In this paper, the topographic
data (elevation relative to sea level) at half–minute resolution is
used from General Bathymetric Chart of the Oceans (GEBCO)
2014 GRID dataset provided by British Oceanographic Data
Centre (BODC) (https://www.bodc.ac.uk/data/hosted_data_sys-
tems/gebco_gridded_bathymetry_data/).

2.3  Eulerian eddy detection and tracking method
An eddy detection algorithm employed in this study was de-

veloped by Nencioli et al. (2010). This method was based on the
geometry of the velocity vectors of the flow field for both detec-
tion and tracking:

(1) Automatic Eddy Detection Scheme: The algorithm is
based on the principle of similarity by which the eddy center
must meet specific geometric criteria. Several specific con-
straints are set to serve as the standards. For example, the minim-
um velocity should appear at the eddy center, the direction of the
velocity vectors on both sides of the center should be opposite,
and the magnitude of velocity must increase with the distance
from the center. Using the geostrophic current field computed
from the satellite altimetry anomaly data in the SCS as an ex-
ample shown in Fig. 2, if the sign of u component changes from
negative to positive when crossing the center from south to
north, the rotation is anticyclonic while if the sign of u compon-
ent changes from positive to negative, the rotation is cyclonic.
Because of these criteria on current direction and magnitude
changes, this detection method can sometimes underestimate
the size of an eddy elucidated by the ACE in Fig 2. Once an eddy
center is determined, the boundary is computed by closed con-
tour lines of the streamfunction field.

(2) Eddy Tracking Algorithm: After the eddy is detected at one
point, the subsequent work is to determine the next state at con-
secutive time steps (Δt). The entire process is a so-called eddy
tracking. For example, if an eddy center is found at time t, then at
time t+Δt, the closest eddy center of the same type (cyclonic/an-
ticyclonic) in the vicinity of the former state will be therefore
defined as the continuous state. To ensure the same eddy is
tracked, the time step Δt must be significantly smaller than the
time scale of eddy deformation such as decay or splitting. Be-
cause the movement of vortices is advected by local currents
while eddies translate at the speed similar to Rossby waves, both
mean current advection and wave propagation within the time
interval must be taken into consideration in searching and track-
ing eddies. An eddy detected will be tracked during the entire
period of our study, or till it translates out of the study area. When
an eddy cannot be tracked and is missing at time t, for ensuring
the accuracy, the detection will be conducted within a larger re-
search area at time t+Δt. If this eddy is still missing, the eddy is
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Fig. 1.   The topography of the CSR in the northern SCS. The red
lines indicate the study area.
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considered dissipated.
To ensure the detection and tracking of meso- and large-scale

eddies, we only count eddies that live for more than 20 days and
have the surface area greater than 10 000 km2 (equivalent eddy
scale of 100 km).

3  Results and discussion
The satellite altimetry anomaly data between January 1, 1993

and December 31, 2016 in the SCS-CSR are analyzed by applying
the Eulerian Eddy Detection and Tracking Method. There are 147
meso- and large-scale eddies identified inside the CSR, of which
70 and 77 of CEs and ACEs are found, respectively. The distribu-
tions, sizes and propagations of these eddies are estimated. It is
revealed that eddies in the SCS are affected by Coriolis force,
mean currents and topography, and propagate differently in dif-
ferent subdomains (Chen et al., 2011; Zheng et al., 2017).

3.1  Sources of the eddies
The spatial distribution of the eddy generation is shown in

Fig. 3. Almost all of the eddies in the CSR are generated between
17°N and 22°N in the SCS. There are quite a number of eddies
originating from the vicinity of the Dongsha Islands (DS,
19.6°−21.3°N, 115.8°−118.2°E). The other important eddy genera-
tion region is located to the southwest of Taiwan (SWT,
19.7°−22°N, 118.3°−120.5°E) away from the margin of the CSR. In
the SWT, both CEs and ACEs often coexist revealed by tracking
eddy trajectories, and they are often deformed and stretched
probably by eddy interaction.

Eddy formation is very common in the vicinity of the DS re-
gion as mentioned above, which is consistent with Chow et al.
(2008). There are always several eddies existing to the east of this
region. Within the study period, a total of 51 eddies (about 35% of

all) are counted, 27 of which are CEs and 24 of which are ACEs. In
addition, the eddy generation does not show a clear seasonal
cycle (Fig. 4). The results from the student t-test indicate that
there is no significant discrepancy in eddy formation between the
CEs and the ACEs.

Previous studies indicated that the SWT near the Luzon Strait
is an essential place for eddy generation in the northern SCS. The
ACEs are shed from the Kuroshio Current Loop (KCL) especially
in winter, and almost all ACEs shedding from KCL are accom-
panied by a CE to the northeast (Nan et al., 2011b; Zhang et al.,
2017). During the 24-year period of our census, there are 128 ed-
dies generated in the SWT, including 58 CEs and 70 ACEs. Among
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Fig. 2.   Schematic diagram of two eddies in the SCS detected on March 6, 2009. Red and blue denote ACE and CE, respectively. The
dashed lines denote the Cartesian coordinates representing each eddy centers.
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Fig. 3.   The spatial distribution of locations where eddies are ini-
tially generated in the CSR. The two red boxes denote the region
DS and SWT respectively. The triangle denotes the Dongsha Is-
lands.
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these eddies, 13 CEs and 26 ACEs can climb up onto the CSR,
which account for 22.4% and 37.1% of the total number of CEs
and ACEs, respectively. The number of ACE is significantly high-
er than that of CE, suggesting that ACEs are more capable of
moving onto the CSR than CEs. Results shown in Fig. 5 reveals
that there is a remarkable seasonal variation in the eddy genera-
tion in the SWT. CEs move toward slope mostly in spring, while
the ACEs mainly enter the CSR in winter. It is also revealed that
the Kuroshio intrudes into the SCS through the Luzon Strait more
frequently in winter than in other seasons, and the Kuroshio loop
sheds more ACEs in the SWT during winter (Nan et al. 2011a).
Thus, these results imply that the stronger Kuroshio intrusion
might lead to more ACEs move onto the CSR in winter.

3.2  Spatial distribution of eddy vorticity
The relative vorticity is typically used to measure the strength

of eddies. In this study, we define the vorticity value in the eddy
center as the strength of the vortex following Dong (2015). To un-
derstand the spatial characteristics of eddy propagation, we aver-
age and then normalize the eddy relative vorticity into spatial
grid bins (Fig. 6). The spatial patterns of eddy vorticity mag-
nitudes have similar features: large values are found to the east of

the Dongsha Islands and relatively small value are found in the
middle and west parts of the CSR. This suggests that eddies lose
their energy by friction as propagating westwards over the Dong-
sha Islands.

Moreover, the ACEs are relatively stronger than the CEs in the
northeast part of the CSR, which is also mentioned in several pre-
vious studies (Fig. 6). For example, studies by both Zhang et al.
(2013) and Huang et al. (2017b) indicated that southwest of
Taiwan, the CE was weaker than the ACE in an eddy pair. This
discrepancy may be caused by differences in the eddy formation
mechanism, i.e. CEs are generated from barotropic instability of
the northern branch of the KCL, while ACEs are shedding from
the KCL and baroclinic instability, and barotropic instability
provide energy for its generation and growth (Zhang et al., 2013,
2017).

3.3  Eddy propagation characteristics
Eddies will interact dramatically with the topography as mov-

ing over continental slope regions (Oey and Zhang, 2004). Many
factors such as slope steepness, orientation and even the baro-
tropicity and baroclinicity of water column will significantly in-
fluence the vortex motion (Jacob et al., 2002). Regardless of po-
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Fig. 4.   Seasonal distributions of the number of eddies that are generated in the DS and subsequently enter the CSR.
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Fig. 5.   Seasonal distributions of the number of eddies that are generated in the SWT and subsequently enter the CSR.
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larity, eddies in the study area have a self-induced westward
moving tendency, which can be deduced by β-effect and conven-
tional theories like potential vorticity conservation (Cushman-
Roisin et al., 1990). Nevertheless, besides the pure westward mo-
tion in the global ocean, eddies also slightly migrate in the meri-
dional direction based on global observed data (Chelton et al.,
2007). In terms of the polarity, the CEs and ACEs have poleward
and equatorward deflection respectively, which can be ad-
equately explained by potential vorticity conservation as follows:
in the northern hemisphere, assuming a β-plane, a relative large
eddy could transport water parcels in the meridional direction,
and secondary eddies will germinate on the flank. Then the rota-
tion of secondary eddies in turn drive cyclone and anticyclone
circulations that move poleward and equatorward respectively
(Morrow et al., 2004).

To better understand the eddy propagation properties, the
eddy propagation velocities along the trajectories were com-
puted, and then averaged onto 0.25°×0.25° grid bins inside the
CSR. Those bins that contain no more than 3 observations were
removed for statistical robustness. Most eddies move southwest-
ward along the continental slope. The mean zonal and meridion-
al propagation velocities of the CEs are −5.50 and −6.13 cm/s, and
those of ACEs −2.98 and −2.93 cm/s, respectively, which is con-
sistent with earlier studies in the similar region (Chen et al.,
2011). If subtracting the speed of mean flow, the mean zonal and
meridional velocities of the CEs are changed to −1.16 and 6.50 cm/s,
and those of ACEs are changed to 3.92 and −2.99 cm/s, respect-
ively. The CEs and ACEs propagate in opposite meridional direc-
tions, with the CEs moving to the shallow region and ACEs to the
deep region. This difference can be explained by the conserva-
tion of potential vorticity when a CE or ACE loses its energy and
rotates more slowly during its movement, the relative vorticity
decreases or increases. So that the CE or ACE will move to a shal-
lower or deeper region due to the PV constraint. In general, the
ACEs move slightly faster than CEs, which could be properly ex-
plained by the effect of the baroclinicity in a two-layer β-plane
model proposed by Cushman-Roisin et al. (1990), that is, the dis-
crepancy in the response of water in lower layer to eddies of dif-
ferent polarity leads to the acceleration of ACEs, and decelera-
tion of CEs. There is no straight evidence suggesting any correla-
tion between the propagation speed of Rossby waves and eddies
in the CSR. Results based on satellite altimeter data suggested
that anticyclonic eddies generated off the northwest coast of
Luzon move southwestward along the continental slope are not
free long Rossby waves (Yuan et al. 2007). Moreover, compared
with the zonal speed of the first baroclinic Rossby wave calcu-

lated by Wang et al. (2017), eddies seem to move faster than the
Rossby wave on the continental slope.

The mean propagation velocity field of CEs and ACEs in the
CSR are elucidated in Fig. 7a and b, respectively. Both CEs and
ACEs mainly translate southwestward steered by the topography
of the slope. However, the motion directions of the ACEs are
more concentrated to some extent, while CEs are inclined to
move divergently, which is more intuitively reflected in Fig. 7c
and d.

Some eddies tend to move in and out of the CSR several times
through their life cycle (not shown). However, these eddies will
not stay for long (typically less than 3 days) if they leave the CSR
and come back to the slope afterwards. Considering that some
eddies only hover on the edge of the CSR or dissipate rapidly as
soon as entering the CSR, the statistical standard is redefined as
follows: the first day when the eddy appears in the interior of the
CSR is set to be the starting point of our statistics, and only those
eddies that stay inside the CSR longer than 7 days are considered
in our statistical analysis. As a result, 103 eddies meet this stand-
ard, including 50 CEs and 53 ACEs. The statistics of the final des-
tinations of those eddies are listed in Table 1. The CEs seem to
have higher chance to leave the CSR because the number of CEs
dissipated in the CSR is relatively low compared with that of
ACEs. However, a number of those CEs just wander between the
margin of the CSR and the deep basin (1 000−3 000 m).

The relationship between water depths of an eddy center and
its life span by averaging all eddies of the same polarity is shown
in Fig. 8a. Both ACEs and CEs cross isobaths onto shallow depth
in the similar pattern for the first 6 days, and then move in signi-
ficantly different patterns afterward. The depth variations of CEs
are much larger than that of ACEs between 6 and 30 days when
moving into the CSR These non-overlapping of confidence inter-
vals indicate the significant difference in motion between these
two types of eddies. Further, the depth variations of individual
eddies indicate the similarity and differences between CEs and
ACEs (Figs. 8b and c), that is, in the initial stage of 6 days, CEs
generally spread across the isobaths in the similar range,
between 6 and 30 days, the center depths of ACEs spread in a sig-
nificant larger range than that of CEs, and in late stage longer
than 30 days, more ACEs are inclined to move to the deeper basin
while CEs continue to propagate along the edge of the CSR.

3.4  Seasonal variation of eddy trajectories
The seasonal forcing in the SCS is dominated by seasonal East

Asian monsoon, which reverses the direction of the upper-layer
circulation over the entire basin between seasons (Hu et al.,
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Fig. 6.   Spatial distributions of normalized eddy relative vorticity in the CSR. a. CEs; b. ACEs.
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Table 1.   Statistics of the destination of eddies that stay more than 7 days in the CSR

Polarity Dissipating in the continental slope
Leaving the continental slope

Basinward (>2 000 m) Shelfward (<200 m) Others
CE 26 (52%) 3 4 17  

ACE 33 (62%) 5 6 9
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Fig. 8.   Water depth variations of eddy centers during propagation. Blue and red correspond to CE and ACE, respectively. In Fig. 8a,
solid blue and red curves represent depth variations of synthetic eddy centers by averaging all eddies with the same polarity, the
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2000). In the CSR, the seasonal variation is reflected in the
change in the strength of the along-slope current, i.e., the cur-
rent is stronger in winter and weaker in summer (Fig. 9). During
all seasons, the flow accelerates within the narrow slope corridor
between 114.5°−115.5°E, which might be explained by the “ven-
turi effect”-the expediting of the fluid when it flows through a
constricted section of the terrain. Besides, in winter, the geo-
strophic currents in the CSR tend to bifurcate into two branches,
one flowing to the region west of the Dongsha Islands and the
other going down the slope, which could facilitate the cross-shelf
transport in that area.

To better understand the impact of mean flow on the eddy
propagation in the CSR, we plot the eddy trajectories in each sea-
son (Fig. 10). Consistent with results shown in Fig. 9, the eddy
propagation is in agreement with the along-slope current to a
large degree. For example, in winter and autumn, eddies are
propagating with the mean flow along the slope. In summer, ed-
dies move randomly, and the trajectories diverge because of
weaker wind and mean flows. More eddies tend to cross the

mean flow and the isobaths so that cross-shelf transport is likely
to take place in this season (He et al., 2016). In winter, eddies are
prone to leave the CSR in the ambient region west of the Dong-
sha Islands in agreement with the downward slope current.
Among those eddies, the ACEs are dominant both in quantity
and propagation distance, and some of them can even reach
south of 16°N.

The comparison in the direction and magnitude between the
seasonal geostrophic current and eddy propagation velocities are
shown in Fig. 11 and Table 2. The results show a good correla-
tion between these two velocities in all seasons. In autumn and
winter, geostrophic speed is slightly larger than the eddy propa-
gation speed, and the direction of these two velocities almost
overlap in winter. However, in summer, eddies propagate
without strong constraints due to weak mean currents and even
move a little faster than the ambient mean flow. In conclusion,
there are no statistical differences between mean current and
eddy propagation velocities, and the seasonal variations of the
eddy behavior is probably owing to the seasonal change of the
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Fig. 9.   Seasonal patterns of geostrophic currents in the CSR in spring (a), summer (b), autumn (c), and winter (d).
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along-slope current.

4  Summary
The eddy propagation properties on the continental slope re-

gion in the northern SCS are analyzed based on 24-year satellite
altimeter data by employing a Eulerian eddy detection and track-
ing method. The broad continental slope in the northern SCS is
an active region for the eddy generation and propagation (Chen
et al., 2011; Xiu et al., 2010). In this study period, 147 large eddies
including 70 CEs and 77 ACEs are detected in the CSR, 103 of
which including 50 CEs and 53 ACEs remain inside the CSR for
more than 6 days. There are two important source regions for the
eddy formation, the surrounding region of the Dongsha Islands
where eddies are generated without a noticeable seasonal cycle,
and the Southwest region of Taiwan where ACEs are generated in
the majority primarily in winter. After these eddies are generated
in the CSR, eddies mainly propagate along the slope under the
constraint of bathymetry and tend to weaken during their west-
ward movement. During life spans of these eddies, the ACEs
move slightly faster than CEs in the zonal direction attributed to
the baroclinicity of the water column; in the CSR the CEs are
more inclined to cross the isobaths than the ACEs; after depar-
ture from the CSR, most CEs are confined by the 3 000-m isobath
while several long-lived ACEs penetrate to the deep basin. The
interactions between eddies and mean currents in the CSR have
a notable seasonal pattern. In summer, due to the weak back-
ground currents, eddies diverge their path from the mean flow
axis, and the onshore eddy movement mainly takes place in this
season; and in autumn and winter, eddies are carried by the
mean flow, and the strong constraint of the mean flow limits the
cross-shelf eddy movement. The results also reveal that
downslope tendency of currents on the west side of Dongsha Is-
lands while eddies leave the CSR around the same site in a
cluster.
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