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[11 Numerous mesoscale eddies occur each year in the South China Sea (SCS), but their
statistical characteristics are still not well documented. A Pacific basin-wide three-
dimensional physical-biogeochemical model has been developed and the result in the SCS
subdomain is used to quantify the eddy activities during the period of 1993-2007. The
modeled results are compared with a merged and gridded satellite product of sea level
anomaly by using the same eddy identification and tracking method. On average, there are
about 32.9 & 2.4 eddies predicted by the model and 32.8 & 3.4 eddies observed by satellite
each year, and about 52% of them are cyclonic eddies. The radius of these eddies
ranges from about 46.5 to 223.5 km, with a mean value of 87.4 km. More than 70% of
the eddies have a radius smaller than 100 km. The mean area covered by these eddies
each year is around 160,170 km?, equivalent to 9.8% of the SCS area with water depths
greater than 1000 m. Linear relationships are found between eddy lifetime and eddy
magnitude and between eddy vertical extent and eddy magnitude, showing that strong
eddies usually last longer and penetrate deeper than weak ones. Interannual variations in
eddy numbers and the total eddy-occupied area indicate that eddy activities in the SCS
do not directly correspond to the El Nifio—Southern Oscillation events. The wind stress curls
are thought to be an important but not the only mechanism of eddy genesis in the SCS.

Citation: Xiu, P., F. Chai, L. Shi, H. Xue, and Y. Chao (2010), A census of eddy activities in the South China Sea during 1993—

2007, J. Geophys. Res., 115, C03012, doi:10.1029/2009JC005657.

1. Introduction

[2] The South China Sea (SCS) is the largest semi-
enclosed marginal sea in the northwest Pacific, with a total
surface area of 3.5 million km? and an average depth of over
2000 m (Figure 1). SCS climate is part of the East Asia
monsoon system [Wyrtki, 1961; Liu and Xie, 1999; Gan et
al., 2006]. In this paper, seasons always refer to those for
the Northern Hemisphere, for example, summer refers to
June, July, and August. In winter, the SCS is dominated by
the strong northeasterly monsoon, whereas in summer the
winds reverse direction to southwesterly. The alternating
monsoons in winter and summer lead to the transformation
of the upper circulation in the SCS [e.g., Xue et al., 2004;
Su, 2004].

[3] The patterns and variations of the seasonal circulation
in the SCS are largely driven by the monsoon system [Liu et
al., 2008]. There is a basin-wide cyclonic gyre in winter,
while in summer there is a cyclonic gyre north of about 12°
N and an anticyclonic gyre south of it. The circulation in the
northern SCS is strongly influenced by the inflows and
outflows through Luzon Strait and Taiwan Strait [Hu et al.,
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2000]. The Kuroshio enters the SCS year-round through the
Luzon Strait. The Kuroshio intrusion forms an apparent
anticyclonic current loop west of the Luzon Strait most of
the year. The anticyclonic current loop is shown to have
profound influences on the water properties on the northern
shelf region [Xue et al., 2004]. A substantial amount of
outflow is through the Taiwan Strait in the north year-round.
In summer, as the southwesterly winds prevail, a strong wind
stress curl occurs offshore of the Vietnam coast, resulting
in an anticyclonic eddy that advects the cold coastal water
offshore to the interior SCS. In addition to the seasonal var-
1ation, the SCS circulation also shows interannual variation
related to El Nifio—Southern Oscillation (ENSO) events [Kuo
et al., 2004; Liu et al., 2004; Fang et al., 2006]. The Luzon
Strait transport, as an index for the SCS throughflow, is
revealed as a key process that conveys the impact of ENSO
to the SCS [Qu et al., 2004]. In the surface layer, the intru-
sion of Pacific waters through the Luzon Strait depends on
the local wind and tends to be weaker during El Nifio years
and stronger during La Nifia years [Qu et al., 2005]. As part
of the Pacific tropical gyre, the Luzon Strait transport is also
influenced by variations of the North Equatorial Current
(NEC), which bifurcates to become the northward-flowing
Kuroshio [Qu et al., 2009]. Results from high-resolution
general circulation models (GCM) suggest that the bifurca-
tion of the NEC shifts northward during El Nifio years and
leads to a minimum transport in the Kuroshio east of Luzon.
As a result, more intrusions of Pacific waters through the

1 of 15


http://dx.doi.org/10.1029/2009JC005657

C03012

25°N

20°N

& 15°N

Latitude
Vietham

Borneo

115°E 120°E 125°E

Longitude (°E)

105°E 110°E

Figure 1. Map of the SCS. The contour lines are 1000 m
isobaths.

Luzon Strait take place due to the weakening barrier of
Kuroshio [Yaremchuk and Qu, 2004]. This situation tends to
be reversed during La Nifia years. Using the Island Rule,
Wang et al. [2006] indicates that the interannual variability
of the Luzon Strait transport is largely related to the wind
stress in the western and central equatorial Pacific, which
regulates the bifurcation of the NEC and the Kuroshio east of
Luzon.

[4] Oceanic eddies are often more energetic than the
surrounding currents. They can transport heat, mass, mo-
mentum, and biogeochemical properties from their regions
of formation to remote areas. They are an important com-
ponent of dynamical oceanography across the range of
scales [Wunsch, 1999; Qiu and Chen, 2005; Chaigneau et
al., 2008]. Active eddies embedded in the SCS gyres have
been examined by several studies [e.g., Shaw et al., 1999;
Fang et al., 2002]. Soong et al. [1995] discovered a cold
core eddy west of Luzon Island using TOPEX/Poseidon (T/P)
altimetry, AVHRR temperature images, and drifter data. Chi
et al. [1998] simulated the warm and cold core eddies in the
SCS deep basin with the Princeton Ocean Model (POM). Li et
al. [1998] found an anticyclonic eddy centered at about
117.5°E, 21°N east of Dongsha Island during their hydro-
graphic surveys. They argued this eddy originated from the
Kuroshio, while the recent study of Yuan et al. [2007] shows
that this eddy appears to be generated from northwest of the
Luzon Island instead of shed from the Kuroshio in the Luzon
Strait. Based on the satellite altimetry data, Hwang and Chen
[2000] examined the circulation and eddies in the SCS. Sig-
nificant mesoscale variabilities in the SCS were found in two
narrow strips north of 10°N by Wang et al. [2000]. Jia and Liu
[2004] investigated the variation of Kuroshio intrusion and
eddy shedding at the Luzon Strait using 1992-2001 altimeter
data. Using a numerical model, Jia et al. [2005] studied the
mechanism of the anticyclonic eddy’s shedding from the
Kuroshio bend in Luzon Strait. With a numerical model, Wu

XIU ET AL.: EDDY ACTIVITIES IN THE SOUTH CHINA SEA

C03012

and Chiang [2007] found that the mesoscale eddies have the
same propagation speed as Rossby waves, and the seasonal
variability of the Kuroshio intrusion results in more eddies in
winter than in summer. D. Wang et al. [2008] analyzed in
detail the temporal and spatial evolution of two eddies in the
northeastern SCS during winter using sea level anomaly
(SLA) data, drifter data, geostrophic currents and sea surface
temperature (SST) data. They showed that the propagation
speed of eddies is similar to the phase speed of Rossby waves
in the northern SCS. G. Wang et al. [2008] showed that,
during the winter monsoon, alternating clusters of cyclonic
and anticyclonic eddies are found northwest of the Luzon
Strait. They suggested these clusters of anticyclonic and
cyclonic eddies are correlated, respectively, to the strong
negative and positive wind stress curls because of the oro-
graphic effects. Several other studies have also associated
some of the eddies observed in the SCS with wind forcing
[e.g., Metzger, 2003].

[5s] Despite previous efforts to study the SCS eddy field,
there is still not a thorough statistical assessment of eddy
activities from numerical models. Wang et al. [2003] did a
statistical study on mesoscale eddies using a merged SSHA
data set and showed that eddies are mainly grouped into four
geographic zones according to known eddy generation
mechanisms. They used only 8 year time series from 1993 to
2000 due to the limitation of satellite data. The launch of a
new altimeter, Jason-1 since 2002 which was designed to
offer consistent sea level record with previous altimeter
TOPEX/Poseidon, provides an opportunity to examine the
eddy activities at a long-term basis. Thus, we expand on
Wang et al’s [2003] study, applying an objective eddy
identification algorithm to a merged sea level anomaly
(MSLA) satellite data set from 1993 to 2007. Moreover, we
also conducted a three-dimensional model simulation of the
1993-2007 period to compare with the satellite data. The
advantage of the numerical model is it also shows the ver-
tical structures of cyclonic and anticyclonic eddies, which
could further help us to study the role of eddies in the
biogeochemical cycles in our future research. Our goal in
this work is to conduct an eddy census systematically in-
cluding the numbers, sizes, lifetimes and tracks in the SCS
both from numerical model results and satellite data.

[6] The organization of this paper is as follows. Section 2
describes the numerical model and the satellite data, as well
as the methods used to identify and track eddies. Section 3
focuses on the results and discussions including compar-
isons of eddy kinetic energy, eddy numbers, and eddy area,
etc. between the model results and satellite observations,
seasonal variabilities of eddy activities, the genesis, the
propagation and the lifetime of both cyclonic and anticy-
clonic eddies. Section 4 summarizes the findings and dis-
cusses their implications.

2. Data and Methods

2.1. Ocean Model

[7] The physical circulation model used in this study is
based on the Regional Ocean Model System (ROMS),
which represents an evolution in the family of terrain-fol-
lowing vertical coordinate models. ROMS solves the hy-
drostatic, primitive equations with horizontal curvilinear
coordinates. Wang and Chao [2004] have configured the
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ROMS circulation model for the Pacific Ocean (45°S to 65°
N, 99°E to 70°W) at 50 km resolution, with realistic geometry
and topography. We followed the approach of Wang and
Chao [2004] for setting up the circulation model, but in-
crease the horizontal resolution to 12.5 km for the entire
Pacific Ocean domain. There are 30 levels in the vertical.
Near the two closed northern and southern walls, a sponge
layer with a thickness of 5° from the walls is applied for
temperature, salinity, and nutrients. The treatment of the
sponge layer consists of a decay term k(T* — T) in the tem-
perature equation (k(S* — S) for salinity equation, k(N* — N)
for nutrient and carbon equations), which restores the mod-
eled variables to the observed temperature T* (salinity S*,
nutrients N*) field at the two closed walls. The value of k
varies smoothly from 1/30 day ' at the walls to zero at 5°
away from them.

[8] Initialized with climatological temperature and salinity
from the World Ocean Atlas (WOA) 2001, the Pacific
ROMS model has been forced with the climatological
NCEP/NCAR reanalysis of air-sea fluxes [Kalnay et al.,
1996] for several decades in order to reach quasi-equilibri-
um. The model is then integrated for the period of 1993—
2007 forced with daily air-sea fluxes of heat and freshwater
from the NCEP/NCAR reanalysis [Kalnay et al., 1996]. The
heat flux is derived from the short- and long-wave radia-
tions, sensible and latent heat fluxes that are calculated using
the bulk formula with prescribed air temperature and relative
humidity. The freshwater flux is derived from the prescribed
precipitation and the evaporation converted from the latent
heat release. River discharges are not included in the model
configuration. The blended daily sea wind with a resolution
of 0.25° [Zhang et al., 2006] is used to calculate the surface
wind stress based on the bulk formula of Large and Pond’s
[1982]. Three day averaged sea level anomaly and other
variables are saved for the entire Pacific domain, but the
model output for the SCS (domain of 2°-26°N, 103°-122°E)
are used in the analysis.

2.2. Satellite Data

[v] A merged and gridded satellite product of MSLA
(Maps of Sea Level Anomaly) from 1993 to 2007 produced
and distributed by AVISO (http://www.aviso.oceanobs.
com/) based on TOPEX/Poseidon, Jason 1, ERS-1, and
ERS-2 data [Ducet et al., 2000] was used to compare with
our model results. This product consists of maps of 7 day
intervals on a 0.25° resolution in both latitude and longitude.
It has been corrected for all geophysical errors. However, due
to the coarse resolution both in space and time relative to the
model outputs, this product may not resolve small-scale or
short-lived eddies as well as our model. Comparisons be-
tween them are only taken qualitatively.

2.3. Eddy Detection Methodology

[10] The Okubo-Weiss method was used in this study to
identify eddies [Okubo, 1970; Weiss, 1991]. This method
has been widely applied to SLA fields from the Mediterra-
nean Sea [Isern-Fontanet et al., 2003, 2006; d’Ovidio et al.,
2009], the Tasman Sea [Waugh et al., 2006], the Gulf of
Alaska [Henson and Thomas, 2008], the eastern South Pa-
cific Ocean [Chaigneau et al., 2008], the Hawaiian Islands
[Calil et al., 2008], and globally [Chelton et al., 2007].
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During each time step, the velocity field is derived from
SLA maps assuming geostrophic balance

_g0oh g Oh (1)
foy o fox
where h is the SLA, g is gravitational acceleration, and f is
the Coriolis parameter. The Okubo-Weiss parameter of two-
dimensional disturbance field is defined by

W=sﬁ+sf—w2, (2)

where s, is the normal component of strain, s, is the shear
component, and w is the relative vorticity of the flow, de-
fined by, respectively

_Ou  Ov _Ov Ou  Ov Ou

Sn—a—@,ss—a‘i‘a—y,w—a—a—y. (3)

The general structure of an eddy consists of a vorticity-
dominated region (eddy core, for both cyclonic and anti-
cyclonic eddies) surrounded by a strain-dominated circulation
cell. The Okubo-Weiss parameter, W, separates the flow field
into either strain dominated (W > 0) or vorticity dominated
(W < 0). Therefore, we define the eddy core as a coherent
region with high-vorticity threshold of W < —0.20,,, where
o 1s the standard deviation of W, obtained from each time
step of the entire study area.

[11] The main advantage of Okubo-Weiss detecting
method is that it is able to distinguish regions dominated by
eddies from their surrounding regions precisely with only
one derived parameter, W by merely using SLA data, which
is quite simple for the implementation of long-term altimeter
data. As pointed out by Basdevant and Philipovitch [1994],
however, the Okubo-Weiss criterion is restricted to the core
of the vortices and may underestimate the diameter hence
the area of an eddy [Isern-Fontanet et al., 2003; Doglioli et
al., 2007, Henson and Thomas, 2008]. In order to better
identify eddy core area, another criterion was introduced in
this analysis and the whole identification procedure can be
summarized according to the following steps:

[12] 1. Use Okubo-Weiss criterion to determine a data
point as an eddy point (W < —0.20v) or otherwise. Ad-
joining eddy points are grouped as the first guess of eddies.

[13] 2. Determine the center of an eddy using the mean
longitude and mean latitude for the eddy points that belong
to an enclosed area.

[14] 3. Calculate the mean SLA and the distances between
the eddy center and the grid points identified as the same
eddy.

[15] 4. Search the SLA map around the eddy center with a
radius of the longest distance calculated by step (2). For an
anticyclonic (cyclonic) eddy, data points within the search
area with SLA values higher (lower) than the mean SLA
calculated by step (2) are then relabeled as the eddy points.

[16] 5. Any eddies with a lifetime shorter than 30 days and
spatial radius smaller than 45 km are discarded (eddy life-
time is determined by a connectivity algorithm described
below).

[17] 6. Because SLA data obtained nearshore are unre-
liable, if the center of one identified eddy exists over
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Figure 2. Four example SLA maps in year 2002. Black lines denote eddy cores identified by the Okubo-

Weiss parameter.

water depths shallower than 1000 m, we discard it from
the analysis.

[18] Using the above procedures, we make sure the pixel
with low/high SLA value that is adjacent to the cyclonic/
anticyclonic eddy but missed by the Okubo-Weiss criterion

can be relabeled as cyclonic/anticyclonic eddy, thus pro-
viding a better representation of eddy core area.

[19] To examine the vertical structures of eddies, we first
apply step (1) to each vertical layer of the modeled velocity
field. We then search the eddy points as identified from the
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Figure 3. Comparison of EKE time series between the model and the satellite data. The time domain is

1993-2007.
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Table 1. Comparison of Eddy Characteristics Between the Model and Satellite Observations

Data Minimum Maximum Mean Standard Deviation
EKE (cm? s7%) Model 359.7 1092.4 609.7 130.0
EKE (cm ? s7%) Satellite 409.6 767.3 559.9 723
Numbers Model 28 37 32.9 2.4
Numbers Satellite 27 38 32.8 34
Total Area (km?) Model 46,774 301,550 160,170 50,683
Total Area (km?) Satellite 55,773 202,490 127,880 30,902
Total Area Ratio (%)* Model 1.24 7.98 4.24 1.34
Total Area Ratio (%)* Satellite 1.26 4.57 2.88 0.70

*Total eddy area divided by the whole SCS domain shown in Figure 1.

surface SLA map at different vertical layers, and the vertical
extent of an eddy is determined as the depth at which the
spatial radius of the eddy becomes smaller than 45 km.
Finally, eddy trajectories are determined from map to map
by using a connectivity algorithm (see detailed description
by Henson and Thomas [2008]). This algorithm groups
pixels that are adjacent in longitude, latitude, and time and
works well in the area where eddies are spatially separated
from each other. It is much simpler and faster than other
complicated tracking algorithms based on the geometrical
distance from one eddy center to another [e.g., Isern-
Fontanet et al., 2003, 2006].

3. Results and Discussions

[20] Four example SLA maps in year 2002 are plotted in
Figure 2. Overlaid contour lines are the identified eddies
using the procedure described above. This method locates
the eddy cores, with closed SLA highs corresponding to

anticyclonic eddies and closed SLA lows corresponding to
cyclonic eddies. Some local low/high SLA in Figure 2 that
are not distinguished as eddies are probably because they are
either too small or are short lived.

3.1. Eddy Kinetic Energy

[21] To evaluate the model performance, we first com-
pared the eddy kinetic energy (EKE) for the whole SCS
domain (2°-26°N, 103°-122°E) between the model and
satellite data. EKE is produced by the perturbations of the
surface velocity and is thought to be dynamically related to
eddy activities. Monthly time series of spatially averaged
EKE are plotted in Figure 3. The modeled EKE varies from
359.7 to 1092.4 cm?® s with pronounced seasonal varia-
tions. EKE in autumn is significantly higher than other
seasons, which is consistent with previous studies [e.g., He
et al., 2002]. Besides the seasonal cycle, prominent inter-
annual variability is also found. Model shows that high EKE

45
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Figure 4. The number of eddies (cyclonic plus anticyclonic) identified each year both from the model

and the satellite.
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over the entire time series (1993-2007).

occurs in 1993, 1996, and 2005, and low occurs in 1997,
1998, and 2001. From the satellite, we also see maximum in
1996 and minimum in 1998. The low EKE in 1997 and
1998 is probably the result of a relatively weak wind field
under the influence of the 1997-1998 El Niflo. Conversely
the high EKE during the 1995-1996 is probably caused by
the strong wind field under the influence of La Nifia. The
model captures the basic variability of EKE in terms of the
phase, while sometimes overestimates the peaks. The dis-
crepancy between them could result from a number of fac-
tors. The difference of horizontal resolution between the
satellite data and the model is thought to be an important
factor [Béning and Budich, 1992; Oschlies, 2002]. The finer
grid used by the model (1/8° x 1/8°) can resolve smaller
structures than the satellite (1/4° x 1/4°), hence it includes
more perturbations relative to the mean flow leading to
higher EKE values. In addition to the spatial resolution,
different time intervals may be another factor affecting EKE
estimates, though we already composed monthly data.
Original 3 day model output in time step is able to resolve
oceanic features that live longer than 6 days, while satellite
data with 7 day time step might miss those last for shorter
than 2 weeks. Overall, the modeled EKE exhibits similar
manner to the satellite data (Table 1). Modeled EKE ranges
from 359.7 to 1092.4 cm? s 2, with a mean value of 609.7
cm? s_z, and satellite derived EKE varies from 409.6 to
767.3 cm? sfz, with a mean value of 560.0 cm? s 2. The
correlation coefficient between these two time series is 0.64
and the relative root mean square error (RMSE) is 9.7%.

[22] We do not observe a consistent correspondence be-
tween ENSO events and eddy activities. During the 1995—
1996 La Nifia year, the SCS circulation was exceptionally
energetic, resulting in a very prominent EKE high and hence
strong eddy activities in the winter of 1995-1996. On the
other hand, EKE in the SCS was relatively weak during the
1998 El Nifo year, which agrees well with the EOF result of
Wu et al. [1998], but strong eddy activities in terms of both
numbers and total eddy areas are still observed. Given the
premise that ENSO affects the SCS regional wind, which in
turn affects the SCS circulation and eddy activities, the
discrepancy between ENSO events and eddy activities
suggests at the interannual scale wind might not be the only
process governing eddy activities and eddy genesis might
not be uniform over the entire SCS.

3.2. Eddy Characteristics During 1993-2007

[23] The modeled number of eddies that occur each year
agrees well with satellite observations (Figure 4). Our model
reproduces the relatively high number around year 1997, but
misses the low number in year 2006. On average, there are
about 32.9 + 2.4 eddies predicted by the model and 32.8 +
3.4 eddies observed by satellite. Of the total eddy numbers,
about 52% are cyclonic eddies from both the modeled and
satellite data. These results are consistent with the study of
Hwang and Chen [2000], where they tracked an annual
average of 31.1 eddies with 43% of cyclonic eddies during
the 1993-1999 period by using T/P altimeter data. However,
the recent study of Wang et al. [2003] documented an an-
nual average number of about 11 eddies during the 1993—
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Figure 8. Relationship between eddy lifetime and eddy magnitude (difference between eddy center and
eddy edge). The solid lines are the least square fitted lines for cyclonic and anticyclonic eddies.

2000 period by using a multiple altimeter data set. The
discrepancy may result from the difference in criteria that
were used to identify eddies. Wang et al. [2003] focused
their studies on those eddies with a typical lifetime about
130 days, and a mean radius around 150 km. While in this
work, we also included eddies of smaller sizes (criteria is
that the radius larger than 45 km). For the modeled eddies,
eddy radius ranges from 46.5 km to 223.5 km, with a mean
value of 87.4 km. About 70% of eddies have a radius
smaller than 100 km. Smaller eddies tend to be short lived as
well. A histogram with an interval of 5 days of the eddy
lifetime derived from both the model and satellite data
shows that there are many short-lived eddies lasting about
30 days, especially for the cyclonic eddies (31% cyclonic
eddies shorter than 40 days for the model; Figure 5). About
53% of the simulated eddies (cyclonic and anticyclonic)
have lifetime shorter than 60 days. The histogram is con-
tinuous with time only until around 200 days. After that
eddy numbers become relatively small and intermittent.
Eddy numbers decrease in a general manner with increasing
lifetime, though we do observe the exceptions such that the

number of eddies with lifetime around 45 days is very small
compared with those shorter- or longer-lived eddies.

[24] Another important quantitative measure of eddy
activity is the total area in each SLA maps identified as
“eddies,” not only showing us how many eddies there are
but also illustrating how big those areas occupied by eddies
are [Henson and Thomas, 2008]. The monthly mean of the
eddy occupied area is presented in Figure 6. The model
captures the interannual variability of the eddy area fairly
well in years from 1994 to 2002 except 1996 and 2000, but it
overestimates in later years from 2003 to 2007. The mean
area covered by eddies is 160,170 km® from the model and
127,880 km? from satellite, equivalent to about 9.8% and
7.8% of the study area (water depth deeper than 1000 m,
equivalent to 4.2% for model and 2.9% for satellite of the
entire SCS domain in this study), respectively (Table 1). The
eddy-occupied area peaks in 1996, 1999, and 2003, with
minima in 1993, 2001, and 2007. This is not quite consistent
with EKE time series, because the EKE and eddy area are
two different measures of eddy activities. However, we do
observe the peaks of EKE in year 1996 and 1999, and
minima during 1993 and 2007. Hwang and Chen [2000]
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Figure 9. Relationship between eddy vertical extent and eddy magnitude (difference between eddy cen-
ter and eddy edge). The solid lines are the least square fitted lines for cyclonic and anticyclonic eddies.

also calculated the EKE for the SCS during year 1993—1999.
Though with different satellite products, their results show
marked similarities to this study.

[25] The spatial distribution of eddies in the SCS is not
uniform. Figure 7 shows the climatological spatial distri-
bution of eddies, plotted as the percentage of chance for
each pixel when flagged as “eddy.” For cyclonic eddies, the
model predicts eddies occur most frequently (about 15% of
the time) in a patch just west of the Luzon Strait. This agrees
well with satellite observation showing the possibility at
about 14% in the same area. Model result shows that there is
a band stretching from west of the Luzon Strait to the
southeast of Hainan Island roughly along the 1000 m ba-
thymetry with a relatively high value around 11%, re-
presenting the tracks of westward propagating eddies. This
band also shows up in the satellite map although the value is
only around 5%, lower than the modeled occurrence. Both
the model and satellite data indicate that a high-occurrence
patch exists offshore of Vietnam. Our model underestimates
the magnitude in this area with the mean value ~9% in the
model data compared to ~16% in the satellite data. For
anticyclonic eddies, in addition to the band stretching across
the northern slope and the offshore patch east of Vietnam,
another eddy path is found southwest of the Luzon Island

both from the model and the satellite data with probabilities
at ~9%. This pattern agrees well with a recent independent
study of the intraseasonal variability of sea surface height
[Zhuang et al., 2010]. Overall, the model can simulate the
general spatial pattern of eddy occurrence. The discrepancy
in magnitude between the model and the satellite data espe-
cially east of Vietnam is most likely due to the lack of river
discharge in the model. Runoff from the Mekong River has
profound impacts on water properties and eddy activities
even in the southwestern basin [Ning et al., 2004] because of
the narrow shelf along the Vietnam coast.

[26] A linear relationship between eddy lifetime and eddy
magnitude (sea surface height difference between eddy
center and eddy edge) is observed in Figure 8, showing that
stronger eddy tends to have longer lifetime, especially for
anticyclonic eddies with a better correlation (correlation
coefficient is 0.6 for anticyclonic eddies and 0.4 for cyclonic
eddies). On the average, cyclonic eddies are stronger than
anticyclonic eddies with the mean magnitude of 20 and
17 cm for cyclonic and anticyclonic eddies, respectively.
For those eddies with lifetime longer than 200 days, how-
ever, about 73% are anticyclonic eddies. The longest dura-
tion time is 255 days for cyclonic eddies but 294 days for
anticyclonic eddies. In addition to the lifetime, the vertical
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Figure 10. Composite analysis of eddy propagation directions. We put all the eddies together with the
same starting point (0,0). The x axis denotes the longitude (deg), and y axis denotes the latitude (deg).

extent at which an eddy can reach also exhibits a good linear
relationship with eddy magnitude (Figure 9), implying
stronger eddies tend to influence the ocean deeper than the
weaker ones. An interesting point from the least square fit is
that fit lines for cyclonic and anticyclonic eddies have the
same slope, but that the intercept for cyclonic eddies is a
little higher than for anticyclonic eddies, indicating with the
same surface eddy magnitude, anticyclonic eddies can in-
fluence the ocean interior deeper than cyclonic eddies.

[27] Figure 10 shows the composite analysis of eddy
propagation directions. A notable characteristic of the eddy
trajectories is the strong tendency for westward propagation
such that only about 12% cyclonic eddies and 24% anticy-
clonic eddies have mean propagation directions that deviate
by more than 5° from due west. The proportions of eddies
that propagate with equatorward deflection, zonally (0.5°),
and with poleward deflection, respectively, are 49%, 9%
and 42% for cyclonic eddies and 41%, 10% and 49% for
anticyclonic eddies. The eddy propagation directions pre-
dicted by the model are consistent with the theory for
nonlinear vortices, which predicts that eddies should prop-
agate westward with small meridional deflections due to the
[ effect. As eddies rotate they generate an advection of the
surrounding fluid in the same direction, which induces small
vortices on the flanks of the large vortex. These small
vortices finally combine with the large vortex to cause the
meridional drift. Morrow et al. [2004] confirmed this theory

and showed clear pathways of equatorward and poleward
deflections for anticyclonic and cyclonic eddies, respec-
tively. On the global basis, Chelton et al. [2007] also found
that there are slight preferences of poleward deflection for
cyclonic eddies and equatorward deflection for anticyclonic
eddies. However, our model results do not show these
preferences. Conversely, even more cyclonic eddies appear
to propagate equatorward. This has not been observed be-
fore, and the reason why more cyclonic/anticyclonic eddies
propagate equatorward/poleward might be attributed to the
combination of ( effect and the advection driven by the
strong summer and winter monsoons. Eddy meridional drift
has a potential effect on the transport of different tracers,
such as heat, salt, carbon, nutrients, etc. Statistically, our
model results show that the divergence between the warm
(anticyclonic) eddies (49% poleward versus 41% equator-
ward) and cold (cyclonic) eddies (49% equatorward versus
42% poleward) could lead to a net poleward heat transport
in the SCS. This agrees with the poleward heat transport of
the mean ocean circulation. More quantitative calculations
to determine the role of eddies in property and material
transport will be conducted in a follow-up study.

3.3. Seasonal Variations of Eddy Characteristics

[28] Previous studies show that eddy lifetimes often show
a clear dependence with their place birth [Chaigneau et al.,
2008]. While in this study we do not see any spatial pattern
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Figure 11. Spatial and seasonal distributions of eddy birthplace. Blue symbols denote cyclonic eddies,
and red symbols denote anticyclonic eddies. Circles denote those eddies with a lifetime shorter than
40 days, pluses denote those eddies with a lifetime longer than 150 days, and stars denote the rest.

of the short-lived eddies (Figure 11), but we observe strong
seasonal variations of eddy numbers. Autumn and winter
seem to be the favorable seasons for generating the short-
lived eddies both cyclonic and anticyclonic. This is also true
for all of the cyclonic eddies, but it is different for anticy-
clonic eddies, of which more long-lived ones occur in
winter and spring (Figure 12). Another common feature for
both cyclonic and anticyclonic eddies is that only a few of
them occur in May. This might be caused by variations in
the wind, because May is the month when the transition
between the northeasterly and the southwesterly monsoon
occurs so that the wind stress is the weakest of the year in
the SCS [e.g., Liu and Xie, 1999].

[29] In winter when the northeasterly monsoon prevails in
the SCS with an average wind speed of 9 m s ', there is
generally a cyclonic gyre over the entire deep basin of the
SCS. Besides this big gyre, a total of 58 anticyclonic and 73
cyclonic eddies formed in the model for the winter seasons
of 1993-2007. Model result indicates two favorable places
for the generation of anticyclonic eddies (Figure 11). One is
off the southwest of Taiwan close to the Luzon Strait near
the Kuroshio intrusion. Frontal instability at the Kuroshio
intrusion could be one mechanism in shedding these eddies
[Wang et al., 2000; Su, 2004]. Another place is off the
southwest of Luzon. Cai et al. [2002] suggested that the
interaction between strong barotropic shelf currents and the
local topography is a possible reason for the occurrence of
anticyclonic eddies in this area. Long-lived anticyclonic
eddies (lifetime longer than 150 days) concentrate mainly

off the southwest of Taiwan, and no clear pattern is found
for short-lived eddies (lifetime shorter than 40 days). Cyclonic
eddies generally form off the northwest of Luzon Island in
the deep basin of the SCS. Most of the cyclonic eddies
generated in the southern SCS are short lived, while the
long-lived cyclonic eddies appear to occur north of 15°N.
[30] An interesting feature in winter is the clustering of
two types of eddies near the Luzon Strait (Figure 11). An-
ticyclonic eddies dominate the northern part, while cyclonic
eddies dominate the southern part. This modeled feature
agrees well with the previous observations by G. Wang et al.
[2003, 2008]. Whether Kuroshio intrusion plays a role is
still not well understood, but several studies have associated
some of the eddies observed in this area with surface wind
forcing [Qu, 2000; Metzger, 2003; Yang and Liu, 2003].
These clusters of anticyclonic and cyclonic eddies are found
to be correlated with the strong negative and positive wind
stress curl, respectively (Figure 13). In winter, northeasterly
monsoonal winds are blocked by high mountains on the
Luzon and Taiwan Islands, forming a narrow, intense isth-
mus wind jet through the central Luzon Strait. Associated
with the isthmus wind jet, there is a dipole of wind stress
curl with negative to the north and positive to the south of
the jet. As a result, Ekman pumping on either side of the
axis of an offshore wind jet may generate these clusters
of anticyclonic and cyclonic eddies [Willett et al., 2006;
G. Wang et al., 2008]. Note that our model can reproduce this
feature is likely because we use the high-resolution wind
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forcing that resolves wind stress curl fields associated with
the gap winds.

[31] In summer, the southwesterly monsoon wind dom-
inates with an average wind speed of 6 m s™'. In all, there are
58 anticyclonic and 51 cyclonic eddies formed for this
season in years from 1993 to 2007. Luzon Strait is occupied
by more anticyclone eddies and the clustering no longer
exists. In addition to the area southwest of Luzon Island, the
area northwest of Luzon Island also becomes a breeding
ground for anticyclonic eddies. Cyclonic eddies still dom-
inates the central deep basin of the SCS, and only one eddy
is found south of 10° N. Several studies show that off the
central Vietnam, there is a cyclonic gyre north of about 12°
N, but an anticyclonic gyre to the south [Kuo et al., 2000;
Xie et al., 2003]. Associated with these gyres is a northward
orographic wind jet turning offshore from the Vietnam coast
near 12°N. Similar to those eddies near the Luzon Strait in
winter, spin-up of cyclonic and anticyclonic eddies on either
side of the axis of a wind jet are also reproduced by our
model (Figure 13). As a result, off the Vietnam coast, cluster
of cyclonic eddies are generated north of 11°N, anticyclonic
eddies only occur south of 11°N.

[32] In spring, there are 74 anticyclonic and 57 cyclonic
eddies; in autumn, there are 47 anticyclonic and 73 cyclonic
eddies predicted by the model, showing us that spring is the
most favorable season for anticyclonic eddies and autumn is
the most favorable season for cyclonic eddies. Spring and
autumn are the two transition seasons between summer and

winter monsoons in the SCS, when wind stress decreases to
the lowest level of the year. One interesting feature is that
more anticyclonic eddies occur in the central basin area in
these two seasons than the monsoon season, however, the
reason for this is still unclear. In autumn, almost all of the
long-lived eddies exist near the Luzon Strait, while in
spring, long-lived eddies spread all over the SCS.

4. Summary

[33] A Pacific basin-wide three-dimensional physical
model has been developed and the result from a subdomain
is used to quantify statistically eddy activities in the SCS for
the period from 1993 to 2007. The modeled results are
compared with a merged and gridded satellite product of
MSLA by using the same eddy identification and tracking
method. The modeled eddy activities, on the average, agree
well with the satellite data, in terms of the EKE time series,
number of eddies, and the total eddy area. There are about
32.8 + 2.6 eddies predicted by the model and 32.8 + 3.4
eddies observed by satellite each year, and about 52% of
them are cyclonic eddies. The radius of these eddies ranges
from about 46.5 km to 223.5 km, with a mean value around
87.4 km. Over 70% eddies have a radius smaller than 100 km.
Two linear relationships are observed in this study. The first
one is between eddy lifetime and eddy magnitude, and the
other one is between eddy vertical extent and eddy magni-
tude. These two relationships imply that strong eddies usually
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Figure 13. Climatological wind stress curl (x10”7 N m >) calculated from 8 years QuikSCAT scatterom-
eter data (1999-2007) [Risien and Chelton, 2008]. Solid contours denote positive values, and dashed
contours denote negative values. (a) The summer season (June, July, and August), and (b) the winter

season (December, January, and February).

can survive much longer and penetrate the ocean much deeper
than weak ones. In the SCS, we found about 53% eddies are
with a lifetime shorter than 60 days, and about 73% of the
long-lived ones are anticyclonic eddies. Model results show
that the mean area covered by eddies is 160,170 km?,
equivalent to about 9.8% of the study area (water depth
deeper than 1000 m). It is equivalent to about 4.2%, when
considering the whole SCS domain. The discrepancy of eddy
occurrence between model and satellite implies difficulty in
predicting eddy trajectories.

[34] Analysis of eddy propagation directions shows that
eddy trajectories have a strong tendency for westward
propagation with small meridional deflections. The 49%
equatorward deflection compared to 42% poleward deflec-
tion for cyclonic eddies versus the 49% poleward deflection
compared to 41% equatorward deflection for anticyclonic
eddies might lead to a net poleward heat transport in the
SCS.

[35] This eddy census quantifies the spatial and temporal
variability in the location and properties of both cyclonic
and anticyclonic eddies. The SCS circulation is largely
driven by the monsoonal winds with seasonally varying
directions and is modulated interannually by ENSO. Mod-
eled EKE does not show a good correlation with eddy
numbers or occupied area. We suspect there are other im-
portant factors in addition to the wind stress affecting eddy
formation and tracks.

[36] Previous studies of the SCS by Wu et al. [1998] and
Su [2004] indicate that wind is the major driving force for
the upper layer circulation. Conceptually, cyclonic wind
stress curl will produce divergence in the surface water and

upwelling. Anticyclonic wind stress curl will produce con-
vergence and downwelling. Upwelling brings cold water
from the deep to the surface creating cold core eddies, and
downwelling deepens the thermocline creating warm core
eddies. Chi et al. [1998] used this theory to explain the
formation of eddies in the central SCS basin. Hwang and
Chen [2000] compared the wind stress curl and eddies in
the central SCS basin. They found that positive (negative)
wind stress curl anomaly corresponded to a cold core (warm
core) eddy whose angular velocity is positive (negative),
while the coherence between wind stress curl anomaly and
EKE is not significant at the interannual scales as the wind
variability in the SCS is predominantly seasonal. In addition
to the wind stress curl, indirect influences of wind may also
play a role in the formation of eddies. The cyclonic eddies
east of Vietnam in summer are generated in a different way
from that in the central SCS basin. In summer, the south-
westerly monsoonal wind stress parallel to the coast of
Vietnam drives the water to the right of the wind because of
the Ekman effect, resulting in upwelling of cold water,
which in turn leads to the generation of cold core eddies
[Hwang and Chen, 2000]. As discussed above, the oro-
graphic wind jets associated with the northeasterly winter
monsoon and the gaps between the islands can also spin up
cyclonic and anticyclonic eddies west of the Luzon Strait.
While eddies southwest of the Luzon Island are thought to
be generated by the interaction between strong barotropic
shelf currents and the local topography. Since the SCS is
part of the Pacific system, connections between the SCS and
Pacific Ocean through Luzon Strait are also thought to be
important for the eddy genesis. Hu et al. [2001] suggested
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that 3—6 month sea surface height fluctuation in the West
Pacific Subtropical Counter Current region might propagate
into the SCS and generate mesoscale eddies. Although
Kuroshio appears as a barrier to the westward propagating
eddies from the Pacific Ocean, Li et al. [2007] observed that
the 45 day SLA fluctuation, which is thought to be the
mesoscale variability from the Kuroshio is able to propagate
into the SCS via the Luzon Strait. Other mechanisms such as
the instabilities of the background currents and the insta-
bility of Rossby waves are also likely to generate eddies in
the SCS. All these may explain why we do not see robust
correlation between the EKE and total eddy areas in this
study.

[37] Eddies are thought to be important to cross-shelf
exchanges of heat, salt, momentum, and biogeochemical
properties, which further affect ocean biology. Cyclonic
eddies uplift the isopycnals due to upwelling, which in turn
enrich the oligotrophic surface layers. In the presence of
adequate sunlight, this leads to enhanced rates of biological
productivity. In the case of anticyclonic eddies, the nutrient
poor surface water are pushed down to deep layers and
usually do not result in obvious ecosystem response, though
sometimes nutrient depletion near the surface caused by
anticyclonic eddies could result in phytoplankton species
succession [Ning et al., 2004]. In the SCS, eddies moving
with enhanced chlorophyll have been observed by satellite
in many studies [Tang et al., 2002; Chen et al., 2007; Chow
et al., 2008]. As a result, the westward propagating eddies
might contribute to the high primary productivity and car-
bon export in the coastal regions in the western SCS [Ning
et al., 2004]. Recently, the physical model used in this study
has been successfully coupled with a biogeochemical
model, CoSiNE model [Chai et al., 2002; Dugdale et al.,
2002]. Based on these identified eddies, the results from
the coupled model will allow us further to investigate the
role of eddies in biological response, primary and export
productions, as well as carbon and nitrogen cycling.
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