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Abstract The summertime eastward jet (SEJ) located around 12°N, 110°E-113°E, as the offshore exten-
sion of the Vietnam coastal current, is an important feature of the South China Sea (SCS) surface circulation
in boreal summer. Analysis of satellite-derived sea level and sea surface wind data during 1992-2012 reveals
pronounced interannual variations in its surface strength (Ssg;) and latitudinal position (Ysg)). In most of
these years, the JAS (July, August, and September)-mean S, fluctuates between 0.17 and 0.55 m s, while
Ysg; shifts between 10.7°N and 14.3°N. These variations of the SEJ are predominantly contributed from the
geostrophic current component that is linked to a meridional dipole pattern of sea level variations. This sea
level dipole pattern is primarily induced by local wind changes within the SCS associated with the El Nino-
Southern Oscillation (ENSO). Enhanced (weakened) southwest monsoon at the developing (decaying) stage
of an EI Nino event causes a stronger (weaker) SEJ located south (north) of its mean position. Remote wind
forcing from the tropical Pacific can also affect the sea level in the SCS via energy transmission through the
Philippine archipelago, but its effect on the SEJ is small. The impact of the oceanic internal variability, such
as eddy-current interaction, is assessed using an ocean general circulation model (OGCM). Such impact can
lead to considerable year-to-year changes of sea level and the SEJ, equivalent to ~20% of the observed vari-
ation. This implies the complexity and prediction difficulty of the upper ocean circulation in this region.

1. Introduction

The South China Sea (SCS) is a marginal sea of the western tropical Pacific Ocean, covering a large area
between 3°S and 23°N with an average basin depth of over 2000 m. It is bounded by the Asian continent
and multitude islands and connected with the western Pacific and other marginal seas through narrow
straits [e.g., Wyrtki, 1961; Shaw, 1991; Han et al., 2009; Sprintall et al., 2012]. Under the influence of the East
Asian monsoonal winds, the basin-scale upper ocean circulation has an evident seasonality, exhibiting a
cyclonic pattern in boreal winter (boreal omitted hereafter) and an anticyclonic pattern in summer [e.g., Chu
et al.,, 1999; Qu, 2000; Liu et al., 2001; Fang et al., 2002; Gan et al., 2006]. Recent studies suggest that the SCS
circulation is potentially important for the heat exchange between the tropical Pacific and Indian oceans
and the regional climate [e.g., Qu et al., 2005, 2006, 2009; Fang et al., 2009; Du and Qu, 2010].

The prevailing southwest monsoon in summer induces coastal upwelling and drives a northeastward flow-
ing coastal current along the Vietnamese coast (Figure 1). The cold sea surface temperature (SST), produced
by coastal upwelling, extends eastward into the SCS interior [Shaw and Chao, 1994; Kuo et al., 2000; Qu,
2001; Dippner et al., 2007; Hai et al., 2010]. This cold water extension is referred to as the “cold filament” by
Xie et al. [2003]. Its mean temperature is usually 1-2°C lower than the surrounding water. The cold filament
has a large impact on the basinwide SST, which decreases from spring to summer in spite of the solar radia-
tion increase. The SST in the mid-SCS basin reaches a minimum after the onset of the southwest summer
monsoon (July-September in Figure 1), giving rise to the evident semiannual cycle of the basin-average SST
[Xie et al., 2003, 2007].

The regional circulation off the Vietnam coast is complicated and highly variable. The northeastward flow-
ing Vietnam coastal current separates from the coast and feeds an eastward flowing jet [Liu et al., 2001].
This summertime eastward jet (SEJ), which is also manifested by the large sea surface height (SSH) gradients
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Figure 1. Monthly climatology of SST (color shading; in °C), surface current (vectors; in m s~ '), and SSH (white contours; in cm) for May-October during October 1992 through December
2012, based on, respectively, the NOAA optimum interpolated (Ol) SST [Reynolds et al., 2007], the Ocean Surface Current Analyzes-Real time (OSCAR) product [Bonjean and Lagerloef,
2002], and the Archiving, Validation, and Interpretation of Satellite Oceanographic data (AVISO) sea level data [Le Traon et al., 1998; Ducet et al., 2000].

between 110°E and 113°E during July, August, and September (JAS; Figure 1), transports the cold water
from the upwelling zone into the interior SCS basin. The SEJ bounds two circulation gyres, with a cyclonic
gyre to its north and an anticyclonic gyre to its south [e.g., Metzger and Hurlburt, 1996; Wu et al., 1999; Wang
et al., 2003]. The anticyclonic gyre is larger in size with its high-SSH center at 9°N-10°N, while the cyclonic
gyre is smaller with its low-SSH center near 13°N. This double-gyre structure is also termed as the summer-
time dipole [G. Wang et al., 2006] or the eddy pair [Chen et al., 2011] in existing literature. Such circulation
pattern is conducive to the development of the cold filament, and its variation is hence an important factor
modulating the basin-scale SST and regional climate variability. Besides, circulation variations off the Viet-
nam coast also affect the nutrient distribution and biomass productivity in the SCS [e.g., Tang et al., 2004;
Bombar et al., 2010; Liu et al., 2012; Chen et al., 2014].

Modeling studies are carried out recently to explore the dynamics of the upper ocean circulation off the
Vietnam coast. Gan and Qu [2008] suggested that wind stress forcing, nonlinear advection, and the shallow
slope topography are important for the separation of the Vietnam coastal current. On the other hand, Chen
et al. [2012] showed that buoyancy forcing by river discharge and stratified tidal rectification can result in
the costal current separation without wind forcing. Using a reduced gravity model, G. Wang et al. [2006]
investigated the dynamics of the double gyre. They demonstrated that vorticity transport by nonlinear
advection is crucial for the formation of the double-gyre structure, and local wind forcing plays a significant
role in determining its variability. By analyzing ocean reanalysis data, Wang et al. [2010] identified pro-
nounced decadal variations of the SEJ and the double gyre. They shifted southward from 1960 to 1979,
northward during 1980-1998, and southward again since 1998, which are primarily induced by the decadal
changes of the SCS summer monsoon.

Despite the above findings, our knowledge about the dynamics of the SEJ is far from complete. While large
year-to-year variations in SCS sea level, SST, and upper ocean circulation have been reported and shown to
be highly correlated with the EI Nino-Southern Oscillation (ENSO) indices [e.g., Chao et al., 1996; Xie et al.,
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2003; Qu et al., 2004; Fang et al., 2006; C. Wang et al., 2006; Rong et al., 2007; Chang et al., 2008; Liu et al.,
2011; Dippner et al., 2013], interannual variability of the SEJ has never been systematically examined. Pro-
ceeding of relevant research is hampered by the ability of existing ocean general circulation models
(OGCMs) to simulate the key processes associated with the SEJ variability. On the other hand, accumulation
of the high-quality sea level and sea surface wind data from satellite measurements over the past two deca-
des has provided us a powerful tool to monitor and understand the variability of ocean currents. Analyzing
satellite data can provide useful insights into the complicated upper ocean processes in this region. The
knowledge can be great impetus for the development of the model simulation and data assimilation. In this
study, we attempt to characterize and explain the SEJ interannual variability through analyzing satellite
data and performing model experiments.

The remainder of the paper is organized as follows. Section 2 gives a brief description of the data, methods, and
models utilized in this study. Section 3 characterizes the interannual variations of the surface SEJ based on
satellite-derived sea level and wind data. Section 4 explores the wind forcing, ocean responses, and ENSO effects
associated with the SEJ variability. In section 5, we provide some discussion concerning the unique case in 2010
and the possible effect of ocean internal variability. Section 6 summarizes the main findings of the paper.

2. Data and Model

2.1. Data

To characterize the surface wind forcing imposed on the ocean, we use 0.25° X 0.25° Cross-Calibrated Mul-
tiplatform (CCMP) ocean 10 m wind vectors [Atlas et al., 2008] during October 1992-December 2011. Zonal
and meridional surface wind stress, 7, and 1y, are calculated from the CCMP 10 m wind speed |W;,| using
the standard bulk formula

Tx=pPaCa|WiolUro, Ty =paCd|Wio|Vio, (M

where p, = 1.175 kg m 3 is the air density, c; = 0.0015 is the drag coefficient, and u;o and vy are the zonal
and meridional 10 m wind components. The mean JAS wind stress from CCMP features prevailing south-
west monsoon (Figure 2a). The Ekman pumping velocity is calculated as wg = curl(z/f) 051, where fis the
Coriolis parameter, and 6, = 1022 kg m > is the mean potential density of the surface Ekman layer. The
mean JAS we exhibits a meridional dipole structure, with positive values (upwelling) centered off the Viet-
nam coast and negative values (downwelling) distributed in the southern SCS. This dipole pattern of wg
favors the formation of the double-gyre structure in the upper ocean.

The 0.25° X 0.25°, weekly satellite altimeter SSH product from October 1992 through December 2012, is
derived from the multisatellite merged Archiving, Validation, and Interpretation of Satellite Oceanographic
data (AVISO) [Le Traon et al., 1998; Ducet et al., 2000]. In order to correct the aliasing of tides and barotropic
variability, the altimeter data have been updated with a tidal model GOT2000 and barotropic hydrodynamic
model MOG2D-G [Volkov et al., 2007; Dibarboure et al., 2008]. The SSH value is the sum of sea level anomaly
and mean dynamic topography based on GRACE data, altimetry measurements, and in situ observations
[Rio et al., 2011]. The surface geostrophic velocities are estimated using horizontal gradients of SSH

_g( 9ssH assH
(UG>VG)7 f < 8}/ ) aX ) (2)

where g is the gravitational acceleration. During JAS, the most striking feature of the mean SCS surface geo-
strophic circulation is the separation of the Vietnam coastal current and the formation of the SEJ (Figure 2b).
The SEJ has a maximum eastward geostrophic velocity exceeding 0.4 m s~ ' near 11°N-12°N (Figure 2c).

At the sea surface Ekman flow could be comparable with the geostrophic flow under strong wind condition.
The surface Ekman current in the northern hemisphere is 45° to the right of the wind direction [Ekman,
1905] (although there has been studies showing that the angle could be smaller when more realistic viscos-
ity profile is used [e.g., Madsen, 1977]),

(Ue, VE)=V,[cos(n/4), sin(m/4)], (3)

where V, = 0.0068|W10|(sinqo)7”2 is the magnitude of the surface Ekman current [Ralph and Niiler, 1999].
Compared to the 0.4 m s~ surface geostrophic current, surface Ekman drift contributes to ~20% of the
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Figure 2. Climatologic JAS (July, August, and September)-mean maps of (a) wind stress (vectors; in N m~2) and Ekman pumping velocity we (color shading; in 107> m s~ "), (b) SSH (color
shading; in cm) and surface geostrophic current (vectors; in m s~ '), (c) zonal surface geostrophic current Ug (m s~ "), (d) zonal surface Ekman flow U, and (e) the total zonal surface cur-
rent U= Ug + Ug. Here SSH and geostrophic current are based on AVISO sea level product during 1992-2012, while wind stress, wg, and U are calculated with CCMP wind data during
1992-2011. (f) Climatologic JAS-mean zonal surface current U from HYCOM control run during 2006-2011.

mean SEJ. In this study, we will use the total surface current, U = Ug + Ug (Figure 2e), to assess the SEJ vari-
ability, instead of using the Ocean Surface Current Analyzes-Real time (OSCAR) product [Bonjean and Lager-
loef, 2002]. This is because the OSCAR data have no records in areas close to the coast for a long period of
time, which brings difficulties in extracting continuous time series of the SEJ-related parameters for the
entire data period of 1992-2012. During periods with good data coverage, OSCAR zonal currents are con-
sistent with our estimated total surface U. Note that the estimated U here does not contain nonlinear part
of the oceanic current, which is discussed in section 5.2.

We also use the 1/4° X 1/4° optimum interpolated (Ol) SST product [Reynolds et al., 2007] from the National
Oceanic and Atmospheric Administration (NOAA), which is based on the Advanced Very High Resolution
Radiometer (AVHRR) infrared satellite SST and Advanced Microwave Scanning Radiometer (AMSR) SST data.
To examine the impact from ENSO, the Nino-3.4 index is taken from the Climate Prediction Center of NOAA
as a proxy of ENSO variability.

To address interannual variations, we analyze two types of anomaly. In this study, anomaly of a variable
refers to the temporal deviation from its climatological mean value. The first is yearly JAS-mean anomaly,
since the SEJ is fully developed during the 3 months (Figure 1). The second is low-passed monthly anomaly,
for which climatological seasonal cycle and the linear trend are removed and a 13 month Hanning filter is
applied to damp higher-frequency signals.

2.2. Model

The OGCM used in this study is the HYbrid Coordinate Ocean Model (HYCOM) version 2.2.18 [Wallcraft et al.,
2009]. It is configured to the Indo-Pacific basin (30°E-70°W, 40°S-40°N) with a horizontal resolution of 0.25°
X 0.25° [Li et al., 2013]. The model has 35 vertical layers with 10 layers in the top 11 m to better resolve
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Figure 3. (a) Monthly SSHA (cm) averaged over the area 110°E-113°E, 7.5°N-10.5°N from the HYCOM control run (blue) and AVISO sea
level product (red). Figure 3b is the same as Figure 3a except the area 110°E-113°E, 11°N-14°N. (c) Simulated surface U (blue; m s ') aver-
aged over 110°E-113°E, 9°N-14°N and zonal current transport above 150 m (red; in Sv) between 9°N and 14°N averaged over 110°E-
113°E from HYCOM control run. (d) Surface Ug (blue; ms™") averaged over 110°E-113°E, 9°N-14°N and zonal Ekman transport (red; in Sv)
between 9°N and 14°N averaged over 110°E-113°E computed with CCMP wind data.

near-surface ocean processes. The surface atmospheric forcing fields include surface short-wave and long-
wave radiations from the Clouds and the Earth’s Radiant Energy System (CERES) [Wielicki et al., 1996], precip-
itation from the Tropical Rainfall Measuring Mission (TRMM) Multisatellite Precipitation Analysis (TMPA)
product [Kummerow et al., 1998], CCMP winds, and 2 m air temperature and humidity from the European
Centre for Medium-Range Weather Forecasts (ECMWF) Re-analysis Interim (ERA-Interim) product [Dee et al.,
2011]. The model is spun-up from a state of rest with monthly climatologic forcing for 35 years (climatologic
run), and then integrated forward with daily forcing from January 2005 to November 2011 (control run).

The simulated mean SEJ has a maximal U of 04-0.5 m s~ " at around 11°N-12°N (Figure 2f), which is close to
the observed SEJ. The major model-data discrepancy occurs in the northern SCS, where the Kuroshio intrusion
through the Luzon Strait is much stronger. A strong anticyclonic recirculation gyre occurs between 15°N and
18°N, which is also likely related to the overlarge Kuroshio loop in the model. These discrepancies however have
limited influence on the SEJ area. The simulated SSH variations are quite consistent with observation (Figures 3a
and 3b), with very close amplitudes and linear correlations of 0.62 and 0.58 in two selected areas, which will be
shown important for the SEJ variability. Besides the imperfection of the model, the inconsistent part of the var-
iance may also arise from the nonlinear ocean variability, which is basically unpredictable for OGCM:s.

The model result can help us to check whether the surface current is a good representative of surface-layer
transport. Within the mean SEJ area of 110°E-113°E, 7.5°N-10.5°N, monthly surface U is highly correlated
with the zonal transport integrated in the top 150 m (r = 0.99; Figure 3c). On the other hand, surface Ug cor-
relates with zonal Ekman transport with also r = 0.99 (Figure 3d). Such comparison suggests the reasonabil-
ity of using the satellite-based surface Ug and Ug as proxies of surface-layer geostrophic and Ekman
currents. We can also see that a 0.1 m s~ ' change of surface U corresponds roughly to a 3 Sv (1 Sv = 10° m*
s~ ') change in zonal transport, while a 0.1 m s~ ' change of surface Ug corresponds to only a 1.0-1.5 Sv
change of Ekman transport. Therefore, our investigation using observed surface Ug will not underestimate
the contribution of Ekman flow in the SEJ variability.

Besides the HYCOM, outputs from several other eddy-resolving OGCMs are also analyzed. They are the 0.1°
eddy-resolving OGCM for the Earth Simulator (OFES) [Masumoto et al., 2004], a 7 km Regional Ocean Model-
ing System (ROMS) configured for the SCS, and a 5 km ROMS configured for the Coral Triangle (CT) region
(CT-ROMS; 95°E-170°E, 25°S-25°N) [Castruccio et al., 2013]. The two ROMS simulations include river dis-
charge and tidal forcing.

3. Observed Interannual Variations of the SEJ

The standard deviation (STD) of the yearly JAS-mean Ug measures the overall interannual variability of sum-
mertime geostrophic current for the 1993-2012 period (Figure 4a). The largest STD values in the SCS occur
near the SEJ area, exceeding 0.15 m s~ ' between 9°N and 15°N and reaches a maximum of >0.2m s
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Figure 4. Standard deviation (STD) of the yearly JAS-mean zonal geostrophic current Ug (m s 1), (b) SSH (cm), (c) Ug (m s~ "), and (d) wind speed (m s ). The climatologic JAS-mean
maps of these variables are superimposed as black contours. Ug and SSH are based on AVISO sea level product during 1993-2012, while Ur and wind speed are based on CCMP wind
data during 1993-2011.

along the axis of the climatological SEJ. This area is also of strong SSH variability (Figure 4b), with STD values
exceeding 9 cm. Another high STD patch appears between 15°N and 17°N with similar magnitudes, but it
induces weaker Ug changes in Figure 4a. This is attributed to higher latitude (larger f) and, more impor-
tantly, the spatial structure of SSH variations. We will show in section 4 that SSH variations near the SEJ are
characterized by out-of-phase anomalies on the two sides of the SEJ, which give rise to larger change of
SSH gradient at the SEJ and hence larger Ug variation. SSH variations at 15°N-17°N are also relatively distant
from the SEJ and likely have little impact on the SEJ variability. The distribution of surface Ekman current
variability (Figure 4c) generally follows that of wind speed (Figure 4d), with large STDs concentrated around
the strong wind jet between 7°N and 12°N. In comparison with geostrophic current, the Ekman current has
much weaker interannual variability. The STD of U is between 0.01 and 0.02 m s~ ', which is one order
smaller than that of Ug. These maps tell us that the SEJ has the strongest interannual variability in the sum-
mertime SCS circulation, which is dominated by geostrophic current variability.
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Figure 5. Yearly JAS-mean maps of zonal surface current U (color shading; in m s ') and SSH (black contours; in cm) during 1993-2012. The green curve denotes the axis of the SEJ (Y;;
see the text for the definition), while the pink curve represents the axis determined by only geostrophic current (Yg). SSH values larger (smaller) than 105 cm are shown by black (gray)
contours. In the 2012 map, only SSH and Y are shown due to the unavailability of CCMP wind data.

To reveal the year-to-year evolution of the SEJ, we display the yearly images of JAS-mean U and SSH during
1993-2012 in Figure 5. To track the SEJ path, we define the axis of the SEJ as the meridional maximum of
eastward U between 8°N and 16°N with a magnitude exceeding 0.1 ms~ ' (green curves; denoted by Yse)).
Among the 19 summers of 1993-2011, 18 SEJs can be traced to at least 116°E. The only exception occurs in
2010, when no organized SEJ can be identified in this region. We denote the 2010 case as a disappearance
case. The SEJ exhibits evident interannual variability. In some years, such as 1994, 1997, and 2002, the SEJ is
strong and has a west-east path around 11°N, with a maximum Ug of >0.4 m s~ ". In most other years, the
SEJ tilts northeastward with smaller velocities. Interestingly, in 1995 and 1998, the entire SEJ is displaced
northward to 13°N-15°N. The Vietnam coastal current does not leave the coast at its mean latitude of
11°N-12°N. Instead, it continues flowing northward along the Vietnam coast until 13°N or above before
separating the coast to feed the SEJ.
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Figure 6. (a) The JAS-mean surface strength See; (m s~ ') and (b) axis position Ysg, (°N) of the SEJ as functions of longitude. Different colors denote different years of 1993-2011. Longi-
tudes of 110°E—113°E are remarked with two dashed lines.

The SEJ variability in its strength and location is closely associated with SSH changes in the double-gyre area.
For example, the southward shifted, strong SEJs in 1994, 1997, and 2002 are accompanied by large, strong
double-gyre structures. For such cases, the cyclonic gyre (SSH < 105 cm) revolves around 111°E, 12°N, and
the anticyclonic gyre is located further south. In contrast, the northward shifted, weak SEJs in 1995 and 1998
are accompanied by northward shifted, weak double-gyre structures, with a high (rather than low) SSH center
(> 115 cm) located around 111°E, 12°N. In each plot, Ysg; always occurs at the maximal meridional SSH gradi-
ent (OSSH/dy), which is also the boundary between the two gyres. The SEJ axis computed with only Ug (Ye;
pink curves in Figure 5) basically overlaps with Ysg;. These results further demonstrate the dominance of geo-
strophic current in determining the location and strength of the surface SEJ. Note that there is an eastward
flow at ~17°N in the northern SCS. This flow can be very strong in some years such as 1998, 1999, 2007, 2008,
and 2010. This eastward current is not directly related to the SEJ but appears to be associated with the anticy-
clonic recirculation gyre centered between 15° and 17°N, which also exhibits large interannual SSH variability.

To quantify the variability of the SEJ, we calculate the JAS-mean surface strength (Ssg;) and axis position
(Ysgy) as functions of longitude (Figure 6). Here Ssg; is computed by averaging eastward U (U > 0) within a 3°
latitude band centered at Y,

Ysgy+1.5°
J U(x,y, t)dy

Sses(x, t)= Yoo 15" I ; (4)
y

where L, is the meridional distance between Ysg; — 1.5° and Ysg; + 1.5°. In most years, the SEJ obtains its maxi-
mal strength and organized jet-like structure between 110°E and 113°E (Figure 6a). There are also large year-to-
year variations within this longitude range. The Ssg, varies between 0.17 and 0.55 m s~ ', except for the 2010 dis-
appearance case with Se; value smaller than 0.1 m s~ ' west of 111.5°E. Meanwhile, the Ysg; shifts between
10.7°N and 14.3°N at these longitudes (Figure 6b). In fact, most SEJs locate between 10.7°N and 12.9°N, while
only the 1995 and 1998 cases have Ysg; shifted to north of 13°N. Fluctuation of Ysg is also strong east of 113°E,
but Sse; drops quickly as proceeding eastward and gradually gets diffused. At 114°E Sgg, has been <02 ms™".
Current west of 110°E has not completely separated from the coast yet, and the SEJ has not been fully devel-

oped. Therefore, hereafter we will focus on the variations within 110°E-113°E where the main jet body falls.

4, Wind Forcing and Ocean Response

4.1. Wind Forcing
Given the importance of wind forcing, it is instructive to examine the wind variations in the SCS and its rela-
tionship with the SEJ variability. In Figure 7 we display the year-to-year changes of surface wind stress

LI ET AL.

©2014. American Geophysical Union. All Rights Reserved. 7212



@AGU Journal of Geophysical Research: Oceans 10.1002/2014JC010206

20N

106E 110E 114E 118E 106E 110E 114E 118E 106E 110E 114E 118E

| - [ I [ —
-2 -1.5 -1 -0.5

0 0.5 1 1.5 2

Figure 7. Yearly JAS-mean maps of Ekman pumping velocity we (color shading; in 107> m s~ ') and wind stress (black contours; in 10”2 N m™?) for the years 1993-2011. The green curve
denotes Ysg), while the pink curve represents the zero we contour.

magnitude and Ekman pumping velocity wg. The latter is the primary driver for the low-frequency SSH and
upper ocean geostrophic current variations in the tropics [e.g., Meyers, 1979; Kessler, 1990; Chelton and Schlax,
1996]. Off the Vietnam coast where the southwest monsoon attains its maximal strength, wind stress magni-
tude varies widely between 0.01 and 0.12 N m ™2 During 1995, 1998, and 2010 when the SEJ shifts north of
13°N or simply disappears, winds are anomalously weak compared to other years. Correspondingly, the posi-
tive/negative meridional dipole pattern of wg is evidently weaker than normal. By contrast, during 1994, 1997,
and 2002 when the SEJ is strong and shifted south, wind stress and wg dipole are stronger than normal.

To further understand the SEJ-wind relationship, we plot out the time series of JAS-mean Ssg; and wind
stress magnitude in Figure 8a. Here we computed two versions of the wind stress: the basin-averaged wind
stress in the SCS (blue curve; 105°E-120°E, 4°N-18°N) and the local wind stress in the vicinity of the SEJ
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Figure 8. (a) Yearly JAS-mean time series of Scg, (m s~ '), its geostrophic component Sg, consistent, showing a linear
Ekman component Sg averaged between 110°E and 113°E, SCS basin-averaged wind stress correlation of r = 0.62 (above

(in 1072 N 'm~2% 105°E-120°E, 4°N-18°N), and local wind stress southeast of Vietnam coast O cimmi
(in 102N m "2 109°E-114°E, 9°N-14°N). (b) Yearly JAS-mean time series of Yse, (°N) aver- 95% significance level). The
aged between 110°E and 113°E, the mean latitude of the 110 cm SSH contour between peaks of Ssg; in 1994, 1997,
110°E and 113°E (°N), the zero value latitude Y, of the zonally integrated wg over the SCS 1999, 2002, 2009, and 2011
(°N), and the wind stress averaged over the SCS basin (1072 N m~?). Yellow shading denotes

the 2010 disappearance case. correspond to the wind stress

peaks. Interestingly, these
peaks of Ssgy and wind stress are followed by troughs in 1995, 1998, 2000, 2003, and 2010, respectively.
There are some disagreements during 2006-2008. In 2006, the wind is strong, but Ssg) is weak. Rechecking
Figure 5 reveals that the eastward flows in 2006 spread over the mid-SCS rather than concentrate at the SEJ
axis. This flow pattern is likely influenced by oceanic internal variability which extracts energy from the
mean flow and generates eddies and meanders. In contrast, in 2008 the wind is weak, but the SEJ is strong.
The strong SEJ is accompanied with a strong, well-structured double-gyre pattern without strong eddies or
meanders (Figure 5). The effect of eddies due to oceanic internal processes will be further discussed in sec-
tion 5.2. As expected, geostrophic current (STD of Sg is 0.11 m s~ ') overwhelms Ekman current S¢ (STD of S¢
is 0.02 m s~ ') in determining the interannual variations of S, (STD = 0.13 m s~ '). The linear correlation is
0.98 between Ssg; and Sg but only 0.60 between Ssgy and Sg.

Ysg, variations closely follow the meridional shifts of the double-gyre structure (Figure 8b). Here we use the
110 cm contour of the detrended SSH as a proxy for the boundary of the two gyres based on the climato-
logic distribution (Figure 2b). Ysg; shows a correlation of r = 0.96 and close amplitude (0.85° versus 1.03° in
STD) with the mean latitude of 110 cm SSH contour (denoted by Yssy), suggesting the tight bond between
the SEJ location and SSH variations in the surrounding area. Because the double-gyre structure is primarily
wind-driven, theoretically, the SEJ should follow the zero line of the Ekman pumping velocity or wind stress
curl in the SCS basin [e.g., Wang et al., 2010]. We hence further compare the latitude of zero value of zonally
integrated we (denoted by Y,ing) With Yse). The two curves are however not significantly correlated
(r=0.04). The mean Ysg, is about 2°N of Y,ying, and its fluctuation is much larger than Y,inq (0.85° versus
0.33° in STD). This lack of correlation is also evident in Figure 7 (compare the green and pink curves). There-
fore the meridional shifts of the local wind pattern are not likely the primary cause for Ysg, variability. This
result is not surprising, because the Sverdrup balance predicts the location of the depth-integrated currents,
while here we focus on the changes of the surface SEJ. Besides the wind forcing in the SCS, the mean loca-
tion of Ysg; can be also influenced by remote winds in the Pacific Ocean through eastern boundary forcing
of the SCS [e.g., Liu et al., 2011; Zhuang et al., 2013].

Interestingly, instead of Y.,ing, the basin-averaged wind stress has a much higher correlation with Ys,
(r=—0.52). The weakened winds in 1995, 1998, and 2008 coincide with northward shifts of the SEJ. In 2010
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Figure 9. (a) Composite JAS SSHA map for the years with Ssg; anomaly higher than its 0.8 STD value (1994, 1997, 1999, and 2002). (b) Composite JAS-mean SSHA map (cm) for the years
with Ysg; anomaly higher than its 0.8 STD value (1995, 1998, and 2008). The red (blue) contours denote positive (negative) SSHAs, while the yellow shadings highlight SSHAs significant
at 90% confidence level based on a two-tailed Student's t test. (c) Meridional SSHA gradient 9SSHA/dy (cm km ") calculated from the composite SSHA in Figure 9b. (d) First EOF mode
of 13 month low-passed SSH during JAS, which explains 45.7% of the total variance. The climatological JAS-mean SSH is superimposed as black contours in Figure 9c. The green curve
denotes the climatological Ysg), while the black rectangles denote the areas of the southern pole (SP; 110°E-113°E, 7.5°N-10.5°N) and northern pole (NP; 110°E-113°E, 11°N-14°N).

disappearance case of the SEJ, the Ysg; value is meaningless, which leads to the discrepancy between Y,
and wind strength. These results suggest that in spite of some exceptional cases, the strength of the south-
west monsoon is likely a key factor modulating the interannual variations of Sg; and Ysg). A stronger south-
west monsoon leads to a stronger, southward shifted SEJ, while a weaker monsoon results in a weaker,
northward shifted SEJ, which leads to a negative correlation between Ssgy and Ysg; (r = —0.38).

4.2. SSH Variations

Since the SEJ variability is related to regional SSH changes via geostrophy, it is necessary to explore the
characteristics and driving mechanism of SSH variations. To extract the SSH variations associated with SEJ
variability, we compute the composite map of interannual SSH anomaly (SSHA) for years with Ssg; stronger
than its 0.8 STD value (S'sg; > 0.8 X STD): 1994, 1997, 1999, and 2002. When S is anomalously large, SSH
shows a meridional dipole pattern in the SCS, with positive (negative) SSHAs south (north) of the SEJ (Figure
9a). This SSHA pattern strengthens the double-gyre structure and enhances the eastward geostrophic flow

LI ET AL.

©2014. American Geophysical Union. All Rights Reserved. 7215



@AGU Journal of Geophysical Research: Oceans 10.1002/2014JC010206

4 of the SEJ. The composite
31 SSHA for S'se; < —0.8 X STD
. 2] (involving 5 years) shows a
;O (1) similar significant dipole struc-
i Y ture with an opposite sign (not
@ o - shown). And the composite for
_3] —— SD:EJ the ”nor,mal years” (—0.8 X
-4 — L STD < S sg) < 0.8 X STD) shows
4 93,94 95 96,97 98 99,00,01,02 03,04 05,06,07,08,09,10 11 no Signiﬁcant SSHA signals in
31 (b) +:(DP the SCS. The composite SSHA
. 21 sy map for Y'sg; > 0.8 X STD (Fig-
;D :) ure 9b) is opposite to Figure
g ] 9a, albeit with magnitude dif-
> o] ferences, while the composite
3 r=-0.72 (-0.88) for Y'sgy < —0.8 X STD is quite
B L similar to Figure 9a. This indi-
93 94 95 96 97 98 99 00 O1Y?§,1r03 04 05 06 07 08 09 10 11 cates that variations of Seg; and
Ysg, are not independent phe-
Figure 10. (a) Yearly JAS-mean time series of Ssg, (red) averaged between 110°E and 113°E nomena but are both associ-
and the dipole index Ipp (blue). (b) Yearly JAS-mean time series of Ysg, (pink) between 110°E ated with a SSHA dipole

and 113°E and the Ipp (blue). To achieve better comparison, all the variables are normalized, .
and Ipp in Figure 10b is multiplied by —1. Green shading denotes the 2010 disappearance case. patte.rn. The rTegaTtlve phase 'Of
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positive SSHAs in the northern
pole and negative SSHAs in the southern pole, can not only weaken the SEJ but also shift it northward; the
positive phase of the dipole as in Figure 9a can strength the SEJ and shift it southward. In both Figures 9a
and 9b, SSHAs at the two poles are statistically significant at 90% confidence level. We also checked the sen-
sitivity of the results to the choice of criterion. Composite maps using 1.0 X STD and 0.5 X STD criterions
show similar patterns (not shown), except that 1.0 X STD includes few samples, while 0.5 X STD degrades
the significance.

How can a SSHA pattern in Figure 9b shift Ysg; northward? This can be elaborated by the meridional SSHA
gradient 9SSHA/dy map (Figure 9c¢) calculated from the composite SSHA of Figure 9b, because Ysg; always
occurs at the negative peak of 9SSH/dy (Figure 5). The SSHA dipole pattern in Figure 9b results in positive
OSSHA/0y anomalies south of the mean SEJ and negative 9SSHA/Jy anomalies north of it. Therefore, the
negative mean 9SSH/dy in this region is enhanced in the north and reduced in the south, which leads to
the northward shifts of the negative 9SSH/dy peak and thus Ysg). Similarly, we can expect a southward shift
of Ysg; by the SSHA pattern in Figure 9a. The SSHA dipole is captured by the leading mode of empirical
orthogonal function (EOF) analysis of the 13 month low-passed SSHA in the area of 108°E-118°E, 5°N-18°N
during JAS months (Figure 9d), explaining 45.7% of the total variance. The result indicates that the SSHA
dipole, which modulates both Ssg; and Ysg) variations, accounts for a large portion of the interannual SSH
variability in the SCS. It is important to note that the location of this SSHA dipole does not geographically
coincide with the mean double gyre. The mean SEJ, as the climatological boundary of the two gyres, is
located within the northern pole of SSHA (the northern rectangle in Figure 9).

Given the importance of this SSHA dipole pattern, we define a dipole index Ipp as the JAS-mean SSHA differ-
ence between the southern pole (SP; 110°E-113°E, 7.5°N-10.5°N) and the northern pole (NP; 110°E-113°E,
11°N-14°N), Ipp = SSHAsp — SSHARp. Interannual changes of this dipole index are fairly consistent with
those of Ssg; and Ysg), with correlation coefficients of 0.89 (>99% significance) and —0.72 (>95% signifi-
cance) with Ssgy and Ysg), respectively (Figure 10). Its correlation with Ysg) is degraded by the 2010 disap-
pearance case. Excluding the 2010 Ysg, value raises the correlation to —0.88 (>99% significance). These
comparisons suggest that Ipp is a good proxy in representing the variability of the SEJ regarding both Sg;
and Ysg.

Below, we examine how the wind forcing affects the variations of /pp. At the latitudes of the SP (7.5°N-
10.5°N), longitude-time plot of the SSHA shows westward propagation across the SCS (Figure 11a). It takes
several months for SSHAs to travel from the eastern boundary (in fact within the Sulu Sea) to the SP region.

LI ET AL.

©2014. American Geophysical Union. All Rights Reserved. 7216



@AGU Journal of Geophysical Research: Oceans 10.1002/2014JC010206

2013 ; —2013
2012 - ( l) 2012
[
2011 - 42011
2010 | - 42010
2009 - <2009
2008 - <2008
2007 | - <2007
2006 C 2006
2005 - +2005
2004 - <2004
® 2003 - 12003
2002 - <2002
2001 [ - 42001
2000 - <2000
1999 - ~1999
1998 - 1998
1997 - 1997
1996 - 41996
1995 - ~1995
1994 - 1994
1993 : - 1993
110E 115E 1208 10E 115E 12081 10E 115E 120E110E 115E 120E2 -1 0 1 2
N e N e EE T I | : o
—8-6-4-2 02468 4-32-101234 8-6-4-2 02 4 6 8 432101234 Nino-3.4 ["C]
r 4 8 I _
SP , (b)SPSSH (d) SPw NP (f) NP SSH (h) NP w @
=6 . 3 E 6 \ E 3 E
=4 ! 2 4 ! 2 15
o 2 1l~\—\/\.—\ 2 ! M1 A
1 1 &
0 1 0 0 1 0
110E 115E 120B110E 115E 120E(10E 115E 1206 10E 115E 120E

Figure 11. Time-longitude plots of (a) low-passed SSHA (cm) and (c) low-passed Ekman pumping velocity wg anomaly (107¢ m s~ ') averaged between the latitude range of the SP (7.5°N-
10.5°N). Figures 11b and 11d are the corresponding STD values of Figures 11a and 11b as functions of longitude. Figures 11e-11h are analogs of Figures 11a-11d but averaged between
the latitude range of the NP (11°N-14°N). (i) Low-passed Nino-3.4 (°C) time series. In Figure 11a, the green (pink) lines indicate the propagation directions of positive (negative) SSHAs.

The propagation speeds of major signals range between 16 and 28 cm s~ ' (green and pink lines), which are
roughly consistent with the observed phase speed of the first baroclinic mode Rossby waves at these latitudes
[e.g., Kessler, 1990; Chelton and Schlax, 1996]. The signals are significantly weakened as they progress westward,
and the STD decreases from 3.8 cm at the eastern boundary to about 2.0 cm at 114°E (Figure 11b). Besides the
damping by oceanic mixing and eddies, the weakened signal may also result from the cancelling effect of local
wind forcing along the waveguide, due to the sign reversal of w, anomaly between 115°E and 118°E (Figures
11¢) around the Palawan Island (locations of Sulu Sea and Palawan Island are marked in Figure 1).

At low latitudes, low-frequency SSHAs are primarily signatures of first baroclinic mode Rossby waves
induced by Ekman pumping [e.g., Meyers, 1979; Chelton and Schlax, 1996]. In a linear, 1.5 layer reduced-
gravity model under long-wavelength approximation, the change of upper layer thickness h is governed by
[e.g., Meyers, 1979; Kessler, 1990]

oh oh

—+CGr—=—

ot oM ©
where Cg = — /£ is the phase speed of long baroclinic Rossby wave, § = 9f/dy is the meridional gradient

of f, and c is the phase speed of long baroclinic gravity wave. SSH variation in this model is related to h
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change through gdSSH/0t = g’'0h/0t and goOSSH/0x = g’0h/0x, where g’ is the reduced gravity parameter. In
the linear system, interannual anomaly does not interact with the mean seasonal cycle. Therefore, equation
(5) can be rewritten as [e.g., Qiu and Chen, 2010]

OSSHA OSSHA g

+ —Zwe,
ot Cr ox gWE’ (6)

where w’ is the interannual anomaly of Ekman pumping velocity. Equation (6) describes the relationship
between SSHA and wind forcing. Then SSHA(x, t) can be solved by zonally integrating equation (6) from the
eastern boundary x, to x along the Rossby wave characteristic

lopx

g b ,
SSHA(x,t)=——=—| wg(x,t— dx +SSHA(xe, t—
Ga1) QCRL el R ) (e Cr

x—x X—Xeo

)- 7)

Evidently, SSHA at x is determined by wg forcing across the SCS basin (the first term on the right-hand side)
and the eastern boundary signal (the second term on the right). Given the 16-28 cm s~ ' Cg values, it takes
only 2-3 months for Rossby waves to propagate from x, = 120°E to x = 110°E, which is much shorter than
the interannual timescale we study. Therefore, interannual SSHA in the SCS is in a quasi-equilibrium state.
Then equation (6) can be simplified into

DX
SSHA(x)=— g—J W e(x )dx +SSHA(xe). ®)
9Cr Jx.
In this case, interannual SSHA in the SEJ region is determined by the zonal integral of wt (local wind forcing
in the SCS) and eastern boundary signal SSHA (x,). However, we need to bear in mind that equation (5) is
based on linear and inviscid assumptions for steady ocean circulation. Oceanic internal variability due to
nonlinearity can have strong influence (discussed in section 5.2), and both local wind forcing and SSHA(x,)
can be significantly modified by dissipation.

The importance of local wind forcing on SSHAs is visually identifiable in Figures 11a and 11¢, supported by
the significant simultaneous correlation between SP-averaged wg and SSHAs (r = —0.36; >95% signifi-
cance). Note that the SSHA amplitude and phase at the eastern boundary cannot be explained by the over-
lying wind forcing. Rather, they bear a close relationship with Nino-3.4 index (Figure 11i). Large negative
SSHAs in 1994-1995, 1997-1998, 2002-2005, and 2009-2010 all occurred during warm ENSO phases, while
positive ones in 1996, 1998-2001, 2008, and 2010-2011 appeared during cold ENSO phases. Sea level fall-
ing (rising) in the northwestern tropical Pacific during the warm (cold) ENSO phases has been reported by
several studies [e.g., Qiu and Chen, 2010; Li et al,, 2012; Zhai and Hu, 2013]. Part of these signals can transmit
into the SCS through the Philippine archipelago [e.g., Liu et al., 2011; Zhuang et al., 2013] and affect SSH var-
iability in the double-gyre area by radiating free Rossby waves.

At the NP latitudes, the westward propagations of SSHA are nearly undiscernible (Figures 11e). The lack of
coherent propagating feature is likely due to the modification of the basin-scale wg in the SCS on the east-
ern boundary signals (Figures 11g and 11h). SSHAs at eastern boundary always encounter zonally coherent
we anomalies with the same sign. For example, positive SSHAs appear at the eastern boundary in 1995-
1996, 1999-2002, 2008-2009, and 2010-2011, while positive wg anomalies dominate in the SCS basin; nega-
tive SSHAs arise in 1994-1995, 1997-1998, 2002-2005, and 2009-2010, when negative wg anomalies pre-
vail. As a result, the SSHAs first weaken from the eastern boundary to 114°E and then rapidly intensify to a
peak in the NP (Figure 11f), and SSHAs in the western SCS seem to be disconnected from the eastern
boundary signals in most years. Consequently, the SSHAs in the NP result at least partly from local wind
forcing in the SCS. Note that the eastern boundary signals for the SP and NP are similar, further suggesting
their common origin from the western Pacific.

What is the relative importance of local wind forcing in the SCS and eastern boundary forcing? To quantify
their relative contribution, we compare the dipole-area SSHA with zonal-averaged we anomaly (within the
SCS), and eastern boundary SSHA in Figure 12. Theoretically, if SSHA in the dipole area is forced by local
wind forcing within the SCS, it will have a negative correlation with the zonal-averaged wg (positive we indu-
ces negative SSHA); if induced by eastern boundary forcing, it will have a lagged positive correlation with
the eastern boundary SSHA. The eastern boundary SSHA (118°E-120°E, 7.5°N-10.5°N) has larger amplitude
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Figure 12. (a) Time series of low-passed SSHA (black; in cm), zonally averaged we anomaly (red; 107° m s™'), and the eastern boundary (EB) SSHA (blue; 118°E-120°E) for the SP,
together with Nino-3.4 (gray bars). (b) Lead-lag correlations of Nino-3.4 versus SP SSHA (black solid), Nino-3.4 versus SP we (red solid), Nino-3.4 versus eastern boundary SSHA (blue solid),
SP SSHA versus wg (red-dashed), and SP SSHA versus eastern boundary SSHA (blue-dashed). A positive lag for the solid (dashed) curve indicates the leading by Nino-3.4 (SP SSHA). Fig-
ures 12c and 12d are analogs of Figures 12a and 12b, but for the NP. Figures 12e and 12f are also analogs to Figures 12a and 12b, but for Ipp (black), the SP/NP difference of the zonally
averaged we anomaly Awg (pink), and the SP/NP difference of the eastern boundary SSHA (green). A positive lag for a solid (dashed) curve indicates the leading by Nino-3.4 (Ipp).

and a significant leading relationship with the SP SSHA (r = 0.39-0.73 at 2-10 months leading), while the
out-of-phase relationship between SP SSHA and w¢ is also evident (r = —0.36 at 0 lag) (Figures 12a and
12b). The SSHAs in the NP have lower correlations with wg anomalies and eastern boundary signals (Figures
12c and 12d). The eastern boundary SSHA shows a correlation value of 0.35-0.45 with several months’ lead-
ing, while wg has a correlation of —0.23 at 2-3 months leading. These results suggest that both local wind
forcing and eastern boundary influence SSHAs in the dipole area. Due to the superimposition of the two
effects and the modification of dissipation, the leading time is not strictly in line with the time of Rossby
wave propagation. It is interesting to note that while the eastern boundary SSHAs are similar between the
two latitude ranges (blue curves in Figures 12a and 12c¢), SSHAs in the SP and NP are markedly different
(black curves in Figures 12a and 12c¢). This implies that the eastern boundary forcing cannot induce the
change of the SSH difference between the SP and NP, i.e., Ipp.

To explore the cause for Ipp variations, we compute the meridional difference (SP minus NP) of the zonal-
averaged wg and eastern boundary SSHA, Awr and AEB (Figures 12e and 12f). The definition of Awg is in
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Figure 13. Monthly low-passed SSHA (color shading; in cm) and wind stress anomaly (vectors; in N m~?) maps of the composite El Nifio event from May Year 0 to August Year +1.

fact very similar to the SCS monsoon index proposed by Wang et al. [2009], except that we use wg

instead of wind stress shear. Hence, Awg is also a measure of the summer monsoon strength. Awg

shows an r = —0.42 correlation (>95% significance) with Ipp at a 1 month leading. On the other hand,
the correlation with AEB is negative and not significant. Therefore, eastern boundary signals cannot be
responsible for the change of Ipp. These results confirm that local wind forcing, i.e., the strength of the
southwest monsoon, is the primary cause of the interannual variability of the SEJ through a meridional
dipole mode of SSHA, which is consistent with our analysis in section 4.1. Remote wind effect from the
tropical Pacific can also modulate SSH variations in the western SCS through eastern boundary forcing,
but its impact on Ipp and the SEJ is small. Even though monsoon wind is important, its correlation with

Ipp is not very large (—0.42), implying the possible impact from other processes which will be discussed
in section 5.
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4.3. Effect of ENSO

Existing studies suggest that ENSO is the primary cause for the interannual variations of the East-Asian mon-
soon [e.g., Tomita and Yasunari, 1996; Wang et al., 2000, 2009] and sea level in the SCS [Fang et al., 2006;
Rong et al., 2007; Chang et al., 2008]. Among others, Chang et al. [2008] showed that ENSO can induce a
meridional dipole of SSHA that resembles Figures 9a and 9b in the summer SCS. To examine the ENSO
impact on the SEJ, we conduct a composite El Nino event by six warm events with Nino-3.4 anomaly
exceeding 0.7 STD value (1994-1995, 1997-1998, 2002-2003, 2004-2005, 2006-2007, and 2009-2010).
Because the mature phase of El Nino usually occurs in winter, each event consists of a developing year
(Year 0) and a decaying year (Year +1). The low-passed SSHA and wind anomalies are averaged for each
month of the 2 year composite (Figure 13). In Year 0, anomalous southwesterly winds arise first in the south-
ern SCS in spring and then get fully developed in summer. The enhanced SCS southwest monsoon at the
developing phase of El Nino leads to a meridional dipole SSHA pattern resembling Figure 9a and hence a
positive Ipp. In the decaying phase (Year +1), the entire SCS is under a large-scale surface wind anticyclone
[Wang et al., 2000]. Northeasterly winds on the southern flank of this anticyclone get fully developed in the
summer of Year +1, suppressing the mean southwest monsoon and giving rise to a SSHA pattern similar to
Figure 9b and hence a negative /pp. Regarding the robustness of the composite analysis, we also checked
the individual events. In five of the six events, summer monsoon at the developing year is significantly
stronger than the following decaying year. The only exception is the weak 2004-2005 event, during which
monsoon intensity is similar in 2004 and 2005.

The prominent impact from ENSO is also supported by lead-lag correlations. Nino-3.4 index has significant
correlations (correlation magnitude >0.79) with eastern boundary SSHA and wg at both SP and NP latitudes
(Figures 12b and 12d). However, its direct correlations with SP and NP SSHAs are relatively low (r = —0.41 at
a 5 month leading in the SP and r = 0.36 at 4 month leading in the NP). This is likely due to the combination
of the local wind forcing and eastern boundary signals and eddy influence. On the other hand, Ipp has posi-
tive correlation of r = 0.60 at 4 months leading and a negative 9 month lagged correlation with Nino-3.4
(Figure 12f), reflecting the relationship that a positive (negative) SSHA dipole emerges in the summer of the
developing (decaying) year of an El Nino. Therefore, the effect of ENSO can be summarized as follows: the
enhanced southwest monsoon at the developing phase of an El Nino induces a positive Ipp (positive SSHAs
at the SP and negative SSHAs in the NP) and leads to a strong, southward shifted SEJ, and the weakened
monsoon at the decaying phase of an El Nino induces a negative Ipp and leads to a weak, northward shifted
SEJ. This also explains why there exists a tendency for a strong, southward shifted SEJ followed by a weak,
northward shifted one.

5. Discussion

5.1.The 2010 Case

The 2010 disappearance case occurred at the decaying stage of the 2009-2010 El Nino when the southwest
monsoon was extremely weak. However, Ipp value in 2010 is similar to that in 1998, which is influenced by
the strong 1997-1998 El Nino. In 1998 we can still identify an organized SEJ structure near the Vietnam
coast. The SEJ disappearance in 2010 therefore cannot be explained by the processes proposed in section
4. Comparing the surface wind patterns of 1998 and 2010 (Figures 14a and 14b), we can see that the north-
ward component of the wind jet near the Vietnam coast is stronger in 2010. As a result, larger positive (neg-
ative) wg anomalies occur on the inshore (offshore) side of the wind jet between 12°N and 16°N, which
leads to a SSH decrease (elevation) on the inshore (offshore) side. This anomalous SSH gradient drives
northward alongshore geostrophic flow near the Vietnam coast, rather than produces an offshore separa-
tion of the Vietnam coastal current (Figure 5). The diverse wind patterns between 1998 and 2010 may be
related to event-to-event differences of El Ninos [e.g., Larkin and Harrison, 2005; Ashok et al., 2007; Kug et al.,
2009]. The 1997-1998 event is the strongest classical-type (eastern-Pacific) El Nino in the 20th century (Fig-
ure 14c), while the 2009-2010 event is the strongest central-Pacific El Nino in the oceanographic record
(Figure 14d) [Lee and McPhaden, 2010]. The two types of El Ninos can have different effects on the SCS wind
and sea level [Chang et al., 2008].

During strong post-El Nino summers, such as 1995 and 1998, the cyclonic gyre of the double-gyre structure
shifts to 14°N-16°N, which allows the SEJ to be formed on its southern side (Figure 5). In 2010, however,
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(a) JAS Wind stress and WE anomaly in 1998

(b) JAS Wind stress and WE anomaly in 2010
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Figure 14. JAS-mean wind stress (black vector and contours; in 10°2 N m~2) and wg anomaly (color shading; in 107 m s™") in (a) 1998 and (b) 2010, with the green curve denoting the

Ysg). Low-passed SST anomaly (°C) in (c) December 1997 and (d) December 2009.

the entire mid-to-northern SCS is occupied by a strikingly strong basin-scale anticyclonic gyre [Chu et al.,
2014]. The main flow of the Vietnam coastal current joins this anticyclonic gyre as the western boundary
current, instead of separating from the coast to feed the SEJ. Time-longitude map of low-passed SSHA
between 14°N and 16°N shows strikingly large SSHA in 2010, which denies the formation of the cyclonic
gyre appeared in others years (Figure 15b). The large negative wg anomaly in that year (Figure 15c) clearly
contributes to the formation of the large SSHA. Besides, in 1998, there are large negative SSHAs at the east-
ern boundary, which can partly compensate for the positive SSHAs produced by negative wg. In 2010, how-
ever, the eastern boundary signals are much weaker. These features work together to produce the high sea
level in the western SCS (Figure 15a).

Except for the 1997-1998 event, most of the El Ninos during the past two decades are classified as central-
Pacific events according to existing studies [e.g., Ashok et al., 2007; Kug et al., 2009; Hsin and Qiu, 2012].
Other central-Pacific events however did not result in the disappearance of the SEJ as in 2010, likely
because their amplitude and teleconnection are not strong enough as the 2010 event (Figure 15d). As the
strongest central-Pacific warming event in the oceanographic record, the 2009-2010 El Nino has many
strong and unique remote effects on the global climate [e.g., Lee and McPhaden, 2010]. One can see in Fig-
ure 7 that the southwest monsoon is remarkably weak in 2010 compared with other postevent years such
as 1995, 2003, 2005, and 2007. As a result, the sea level response in the western SCS is much stronger in
2010 (Figures 15a and 15b), which leads to the disappearance of the SEJ.
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Figure 15. (a) Mean low-passed SSHA between 110°E and 113°E, 14°N and 16°N. Time-longitude plots of (b) low-passed SSHA (cm) and (c) low-passed wg anomaly (10°°ms ") aver-
aged between 14°N and 16°N. (d) Low-passed SST anomaly averaged over the central Pacific region (165°E-140°W, 10°S-10°N).

In this study we addressed merely the impact of ENSO, which can explain the majority of the observed var-
iations. However, the possible impact from the Indian Ocean, such as the Indian dipole mode, is unknown.
Recent studies showed that the air-sea interaction in the tropical Indian Ocean may affect the intensity of
the East Asian summer monsoon though atmospheric teleconnection [e.g., Kripalani et al., 2005; Du et al.,
20009; Xie et al., 2009] and modulate the SST variability in the SCS [e.g., C. Wang et al., 2006]. This process
could be an important complement to the ENSO-monsoon teleconnection stressed in the study. In addition
to wind forcing and linear ocean response, we cannot exclude the possibility that nonlinear ocean proc-
esses are involved in the development of this strong anticyclonic gyre in the mid-to-northern SCS.

5.2. Ocean Internal Variability

Analysis in section 4 has more than once indicated the impact of ocean internal variability. This speculation
arises also from the strikingly high mesoscale eddy activity in the western SCS [e.g., Wang et al., 2003; Chen
et al, 2010, 2011; Zhuang et al., 2010]. The complicated eddy-mean flow interaction can have a considerable
impact on the large-scale mean flow variability. Because of its complexity, it is difficult to assess the effect
of ocean internal variability using observational data. We therefore analyze the OGCM experiment results.
To check the model performance in reproducing the mesoscale eddy variability, eddy kinetic energy (EKE)
is estimated with both AVISO Ug and HYCOM surface U through EKE = U'%/2 + V'?/2, where U’ and V' is the
zonal and meridional current perturbation obtained with a 140 day high-pass filter. The spatial structure
and typical value of JAS-mean EKE from the HYCOM output are quite close to those from AVISO data (Fig-
ures 16a and 16b). More importantly, the model can well reproduce the temporal variability of EKE averaged
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Figure 16. Mean JAS eddy kinetic energy (EKE; in cm?s?) during 2006-2011 from (a) AVISO and (b) HYCOM control run. The dashed rectangle denotes the dipole area. (c) Weekly EKE
time series based on AVISO surface geostrophic current (blue) and HYCOM control run surface current (red). (d) Weekly time series of Ipp (blue; in cm) and its yearly JAS-mean version
(red) and yearly JAS-mean surface SEJ strength Ssg; (black; in m s ') based on the 26th-35th year record of the HYCOM climatologic run.

over the SEJ and dipole area (Figure 16c), including the seasonal cycle and the year-to-year changes. Note
that EKE is calculated with weekly data. The r = 0.49 correlation is very significant (99% confidence level
assuming each weekly sample is independent). Such good accordance implies that the model is able to
capture the ocean internal processes (such as barotropic and baroclinic instabilities) that produce mesoscale
eddies.

The effect of the ocean internal variability can be assessed with the output of the HYCOM climatologic run,
which is forced by monthly climatologic atmospheric fields. Therefore, this simulation contains no forced
interannual variation, and all the year-to-year changes arise from ocean internal processes such as the
eddy-current interaction. The climatologic run has achieved a stable state since the 15th year of the spin-
up. We use the SSH record of the last 10 years (26th-35th year). The Ipp index estimated from these SSH
record shows evident year-to-year changes superimposed on a seasonal cycle. The JAS-mean Ipp has a typi-
cal peak-to-peak difference of 7 cm (Figure 16d), equivalent to about 20% of that of the observed Ipp

(~35 cm). Correspondingly, the modeled Ssg; in the climatologic run shows changes with typical difference
of 0.07 m s~ ', which equals to ~18% of the observed value (0.38 m s~ ). This result suggests that except
the wind forcing and linear oceanic response, a considerable portion of the low-frequency SSH and current
variance is caused by ocean internal processes.

Here only Ipp and Ssg; changes are examined with the HYCOM results, because the model cannot reproduce
the observed meridional displacements of the SEJ. The modeled Ysg; exhibits very weak year-to-year fluctu-
ations (<0.3°). This may be related with the model bias in the northern SCS. The overstrong Kuroshio loop
and recirculation gyre there may act to impede the northward shift of the SEJ. We have also examined the
results of other models, the 0.1°-resolving OFES, the 7 km ROMS configured for the SCS, and a 5 km CT-
ROMS. All of them are with eddy-resolving spatial resolutions, and the two ROMS simulations include river
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discharge and tidal forcing. However, even these state-of-the-art global and regional OGCM:s fail to realisti-
cally present the meridional displacements of the SEJ position. Our results in this study suggest a complex
mechanism governing the circulation variability in this region. Even within the wind forcing-linear response
mechanism, we have only roughly estimated the relative contribution of the local wind forcing and eastern
boundary forcing with observational data. An unambiguous examination for this issue can only be achieved
through model experiments isolating the two effects. Investigation should be continued with more observa-
tional data and further improved models in the future to gain more in-depth understanding.

6. Summary

As the offshore extension of the Vietnam coastal current, the SEJ is an important current of the summertime
SCS surface circulation. The mean SEJ is seen at 12°N, 110°E-113°E with surface velocities >0.5m s~ ' and
accompanied by a double-gyre structure. It transports the cold water from coastal upwelling zone eastward
to the interior basin and is potentially important for basin-scale SST and regional climate variability. In this
study, we investigate the interannual variations of the surface SEJ using satellite sea level and surface wind
data from 1992 through 2012 in conjunction with OGCM experiments.

During 1992-2012, the SEJ exhibits pronounced interannual variations in both its surface strength Ssg; and
latitudinal position Ysgj. In most years, the JAS-mean Ssg; averaged between 110° and 113° varies from 0.17
t0 0.55 m s~ ', while Ysg, fluctuates between 10.7° and 14.3°N. An exception occurred in 2010, with no
organized SEJ structure identified near the Vietnam coast. Geostrophic current dominates the SEJ variations,
while the Ekman component is one order weaker. The year-to-year variations of the SEJ are significantly cor-
related with the changes of sea surface wind over the SCS basin. Both Ssg; and Ysg; show high correlations
with the strength of the southwest monsoon. Enhanced southwest monsoon leads to a stronger, southward
shifted SEJ, while weakened southwest monsoon leads to a weaker, northward shifted SEJ.

A meridional dipole pattern of SSHA is found to be a critical link between the wind forcing and the SEJ vari-
ability. We use the dipole index Ipp to quantify this SSHA mode, which is shown to be a good proxy for both
Ssgy and Ysg;. The SSHAs associated with the Ipp are primarily caused by ENSO variability, which produces
the low-frequency SCS SSHAs through both local wind forcing within the SCS (strength changes of the
southwest monsoon) and the eastern boundary forcing. The latter conveys SSHA signals from the western
Pacific to the SCS through the Philippine Archipelago. However, the eastern boundary forcing only affects
the overall sea level over the dipole region, and it does not act to modify the SSH difference between the
SP and NP, and its impact on Ipp and the SEJ is therefore negligible. Variations of Ipp and the SEJ are primar-
ily induced by SCS wind forcing through Ekman pumping. Enhanced (weakened) southwest monsoon at
the developing (decaying) stage of an El Nino event causes a stronger (weaker) SEJ located south (north) of
its mean position.

In 2010 when the SEJ disappears, the entire mid-to-northern SCS is dominated by a strong basinwide anti-
cyclonic gyre with SSH higher than normal by 20-40 cm. Unique wind pattern and weak eastern boundary
signals favors the formation of the high SSHA, which is likely related to a unique teleconnection signature
of the 2009-2010 El Nino, with the strongest warming occurring in the central equatorial Pacific. Recent
studies have suggested the increase of frequency and strength of central-Pacific Ninos under the present
global warming trend [Yeh et al., 2009; Lee and McPhaden, 2010]. This will further complicate the mechanism
controlling the SCS regional circulation. On the other hand, it will also be interesting to have more samples
of disappearance cases in the future, which will allow for a more in-depth investigation for such special
cases.

We also assessed the impact of ocean internal variability using the HYCOM model. Results of the climato-
logic run show that ocean internal variability can induce interannual changes of 7 cm in Ipp and 0.07 m s~
in Ssg;. Such magnitude is equivalent to about 20% of the observed variations. Both the HYCOM and several
other eddy-resolving OGCMs have great difficulties in simulating the meridional displaces of the SEJ. The
considerable impact from the nonlinear ocean internal variability also suggests the complexity of the ocean
dynamics in this region. Previous modeling studies indicate that even simulating the climatological state of
the costal current separation and formation of the SEJ has been a challenging task for existing OGCMs [Gan
et al., 2006; Gan and Qu, 2008; Chen et al., 2012]. In our results, the simulation of Ysg, variability is hindered
by the unrealistically strong Kuroshio intrusion loop in the northern SCS. These model biases are primarily
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due to the incompetence of models in representing the key dynamic processes. From this point of view,
our investigation with available satellite observation is helpful for integrating our knowledge of the regional
ocean dynamics and improving the model simulation.
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