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where (u,v) represents the vertically integrated velocity, J F, 1
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the JEBAR term,F¼
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zgr=r0 dz is the potential energy, r is the

density,Z is the surface elevation, D¼HþZ is water column
depth;ðtx,tyÞ0 and ðtx,tyÞb are the surface and bottom stresses,

respectively;F ¼ FxiþFyj and A¼ AxiþAyj are the vertically inte-

grated horizontal diffusion term and the nonlinear advection
term, respectively. The left-hand side of Eq. (2) includes (a) the
tendency term and (b) advection of the geostrophic potential
vorticity (APV) term. The right-hand side of Eq. (2) includes (c) the
JEBAR term, (d) diffusion term (DIF), (e) advection term (ADV), (f)
surface-stress torque and (g) bottom-stress torque. Using the
model results we can calculate each term in Eq. (2). In the quasi-
steady state, the APV term should be balanced by the sum of those
terms on the right-hand side of Eq. (2) because the tendency term
should approximately be zero in the quasi-steady state.

Since the change in topography overwhelms the change in
planetary vorticity, the transport across the f/D contours (APV term)
is nearly identical to the cross-isobath transport. In the continental
shelf/slope area, if the APV term equals to zero, the transport is
exactly along the isobaths. If the APV term is positive, the transport
is in the onshore direction and the slope current tends to intersect
the isobaths and to climb up the continental slope (e.g., Isobe, 1999).
If the APV term is negative, the transport is in the offshore direction
and the slope current tends to veer toward the deep ocean (e.g.,
Sakamoto and Yamagata, 1996; Guo et al., 2003).

Fig. 7 displays the spatial distribution of each term in Eq. (2).
The APV term is much larger at the edge of the shelf than in other
areas, which means the across-shelf transport (APVa0) is fairly

active in the whole northern SCS shelf break area. The across-shelf
transport also exists in the inner shelf, though much weaker. Both
the APV term and the JEBAR term are dominant and show similar
fractal-like spatial structure along the shelf break. In the shelf
break area, the typical magnitude of the APV term is about
2�10�9 s�2 (1�10�9 s�2) in winter (summer), which is very
close to that of the JEBAR term. The APV term can be mainly
balanced by the JEBAR term in most of the area. Among the
remaining terms, the contribution of advection term is secondary
along the shelf break. The bottom-stress torque and surface-stress
torque become dominant only in the shallower area.

5.1.1. Basic forcing of across-shelf transport

Because the across-shelf transport is fairly active in the shelf break
area, the region bounded by 200 and 600-m isobaths is first selected
for further analyses. The vertical profile of the across-shelf flow
together with the vorticity terms are shown in Fig. 8 (only the results
west of 1171E are shown for clarity). The velocity profile and the
vorticity terms are all averaged in the across-shelf direction between
200- and 600-m isobaths. Water in this bounded region can be
regarded as the upstream origin of the onshore (offshore) right-hand
(left-hand) veered flow at the shelf break. The results indicate both
the onshore and offshore flows alternatively exist in the shelf break
area. It is easy to find that each onshore (offshore) flow corresponds to
the positive (negative) APV term, which is consistent with previous
theoretical analyses. The term-by-term analyses suggest the most
dominant contribution comes from the JEBAR term, which balances
the APV term. Although there are seasonal variations in the
magnitude of these terms, their spatial patterns are relatively stable.
It can be confirmed from these analyses that the JEBAR effect is the
dominant forcing of the across-shelf transport in the shelf break area.
Such profiles of across-shelf flow and vorticity terms are also sampled
in the shallower area. The directions of the resulting across-shelf flow
also show variability, but the JEBAR effect is no longer the most
dominant force of the across-shelf transport. The contributions of

Fig. 7. Spatial distribution of the vorticity terms in winter (a) and summer (b). The bold black lines represent zero contours. The contour interval is 0.3�10�9 s�2. The

400-m isobath (white line) is superimposed on each panel.

D. Wang et al. / Deep-Sea Research I 57 (2010) 1206–1221 1213



Author's personal copy

advection, surface-stress torque (in winter) and bottom-stress torque
are all considerable in the shallower area.

Since both the onshore and offshore flows exist along the shelf,
it is necessary to evaluate the net across-shelf transport to see if
there is such an onshore (offshore) transport from the deep sea
(inner shelf) that could provide the required mass to feed a
current like the SCSWC flowing out of the SCS through the Taiwan
Strait all year round. For this purpose, we integrate the across-
shelf volume transport along the 200-m isobath in the northern
SCS. The results indicate the net across-shelf volume transport is
shoreward (40) all year round and becomes stronger in winter
(Fig. 9a). Again, we integrate the vorticity terms in the same way
and show the results in Fig. 9b and c. The integrated APV term
(40) shows the same trend of variation as the net across-shelf
transport, which also becomes larger in winter. When the largest
magnitude of the integrated APV term (3�10�9 s�2) appears in
December, the net onshore transport can reach its maximum
value of 1.28 Sv. When the integrated APV term has its smallest
value in March, the net onshore transport also reaches its

minimum value of 0.67 Sv. The variations of the remaining
terms in Eq. (2) clearly indicate that the major balance is still
between the APV term and the JEBAR term. Therefore, the net
onshore transport is mainly forced by the JEBAR effect, which is
stronger in winter; in another word, it is the JEBAR effect that
mainly supplies the necessary negative vorticity to maintain the
slope current flowing across the isobaths and veering to the right
hand to feed the SCSWC. Net across-shelf transport is also
estimated in the shallower area. The results (figure not shown)
indicate that the direction of the across-shelf transport changes
with time (dominated by wind forcing) and the transport is much
lower than that of the SCSWC. Such unstable and relatively weak
across-shelf flow in the shallower area is not sufficient to provide
the necessary mass source to maintain a current like the SCSWC.

5.1.2. Factors influencing JEBAR effect

From the mathematical expression of the JEBAR term
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, we know that the magnitude and

Fig. 8. Vertical profile for the across-shelf velocity (upper; cm/s) and vorticity (�10�9 s�2; lower) terms balance along the continental slope in the northern SCS in winter

(two upper panels) and summer (two lower panels). The velocity and the vorticity terms are the results averaged in the across-shelf direction between the 200- and 600-m

isobaths. The shaded area in the velocity profile denotes offshore flow. The contour interval is 2 cm/s. The terms on the right-hand side of Eq. (2) are rearranged to the left-

hand side of the equation for display purpose.
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sign of the JEBAR effect (consequently, the across-shelf transport)
are determined by both the topographic gradient and the
horizontal density gradient. This is the reason why the horizontal
density gradient cannot alter the total transport in the water
column in a flat-bottom ocean model. It is easy to understand that
the changes of the JEBAR term in different seasons (e.g., Figs. 8
and 9) result from the changes in horizontal density gradients in
the northern SCS. Fig. 10 presents modeled salinity fields (same as
the model’s initial field since it is unchanged in the diagnostic
calculation). The typical seasonal variation of density field in the
shelf break area can be reflected: the water is more saline in
winter than in other seasons. Since the most notable intrusion of
the Kuroshio occurs in winter, the resulted along-slope density
gradient in the northern SCS shelf break area is stronger in winter
than in other seasons. Therefore, the JEBAR term is relatively
larger in winter than in other seasons.

5.2. Effect of lateral forcing

The density contrast between waters of the shelf and of the
upper slope is particularly strong in the northern SCS owing to the
Kuroshio intrusion through the Luzon Strait. Previous studies
revealed that the circulation in the northern SCS is largely
governed by the Kuroshio intrusion dynamics (e.g., Xu et al.,
1982; Metzger and Hurlburt, 1996; Qu et al., 2000). The effect of
lateral forcing can be evaluated by a sensitivity run that is only
forced by the lateral forcing. The annual-mean fields of the model
results shown in Section 4 (produced by the diagnostic calcula-
tion) are used to initialize the sensitivity run. The surface wind
forcing is turned off. The climatological annual-mean SODA data
are used to provide the lateral forcing for the sensitivity run.
Upstream scheme is adopted for the open boundary conditions of
temperature and salinity, in which the prescribed climatological

Fig. 9. Monthly across-shelf volume transport (Sv; 1 Sv¼106 m3 s�1) (a), the APV term (�10�9 s�2) (b), and the remaining terms (�10�9 s�2) on the right-hand side of

Eq. (3) (c) integrated along the 200-m isobath in the northern SCS between 111.11E and 117.21E. The positive values in (a) indicate northward volume transport.

Fig. 10. Seasonal-mean salinity distribution at 10-m depth. The contour interval is 0.04.
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annual-mean values at the boundaries are advected into the
model domain for the inflow condition. The momentum open
boundary condition is the same as the control run described in
Section 2. With the annual-mean lateral forcing only, the model is
run prognostically (temperature and salinity fields adjust at the
same time with the momentum field) for 330 days. The results
averaged in the last 5 days are used for the analyses shown next.

Fig. 11a presents the velocity fields depth-averaged in the
upper 400 m. When the local wind effect is absent, the basin-wide
cyclonic gyre disappears and the dynamics dominated by the
Kuroshio intrusion stand out. The intruded Kuroshio splits into
two branches after it impinges onto the continental shelf near the

Dongsha Island, consistent with previous observations (e.g.,
Zhong, 1990). The northeastward branch returns to the Pacific
along the southern tip of the Taiwan Island. The southwestward
branch (i.e., the SCSBK) flows along the continental slope into the
interior SCS, forming a slope current that appears to be more
divergent than that in the control run. The onshore flow can be
clearly discerned at the shelf break. A northeastward current that
resembles the SCSWC flows along the outer shelf. In the inner
shelf, the current tends to veer offshore as the inner shelf widens,
especially east of 1151E, as addressed by Gan et al. (2009). The
corresponding salinity fields sampled at 10 and 50-m depths are
shown in Fig. 11b and c. There is a high salinity belt extending

Fig. 11. Results for the sensitivity run: (a) velocity field depth-integrated in the upper 400 m, superimposed on the sea-surface elevation field; (b) salinity field at 10-m

depth and (c) salinity field at 50-m depth. The contour interval for the sea-surface elevation and salinity field is 2 cm and 0.08, respectively.
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from east to west along the shelf break. The pattern of the high
salinity belt is similar to the high sea-surface elevation belt shown
in Fig. 11a.

Comparing the results of the sensitivity run with the annual
mean fields (figure not show) generated from the control run
outputs (i.e., Fig. 10), the water is more saline in the sensitivity
run (Fig. 11b and c) than in the control run. The Kuroshio
intrusion (indicated by high-salinity water mass) in the sensitivity
run is stronger than in the control run, in terms of annual mean.
Since the western Pacific Ocean is the only source of high salinity
water to the northern SCS, it is clear that the Kuroshio intrusion
through the Luzon Strait facilitates the set-up of the high-salinity
belt (consequently the across-shelf density gradient) along the
outer shelf. The local wind effect generates the basin-wide
cyclonic gyre in the northern SCS, which is bounded by the
continental shelf and forms the slope current. The slope current
and SCSBK actually merge together in the control run.

The spatial distribution of the vorticity terms in the sensitivity
run is shown in Fig. 12. The patterns of these terms are similar
with those in Fig. 7; the intensity and dominant area of the APV
term and JEBAR term, however, show some variations. The
tendency term (not shown) approximates to zero everywhere,
which indicates the sensitivity run has reached a quasi-steady
state. The magnitude of the APV term is still larger at the shelf
break (which indicates the across-shelf transport is more active)
than in other areas. Examination on the across-shelf transport in
the shelf break area (sampled between 200- and 600-m isobaths)
is shown in Fig. 13a. The onshore flow occupies most part of the
area. Since it has been shown in the previous section that
the across-shelf transport is mainly forced by the JEBAR effect at
the shelf break area, it is clear that the density field maintained by
the Kuroshio intrusion is capable of facilitating the net onshore
transport through the JEBAR effect to feed the SCSWC flowing out
of the SCS. Since there is clearly an offshore flow in the shallower
area, we also sample the across-shelf velocity field and vorticity
terms between 50- and 100-m isobaths (Fig. 13b). When the
offshore (onshore) flow appears, the APV term is largely negative
(positive), which is consistent with the theoretical analyses.
However, the across-shelf flow in the shallower area is forced by
the combined effect of JEBAR, ADV and bottom-stress torque. The

net transport in this area is offshore; its total transport is,
however, much lower than that of the SCSWC and is not sufficient
for feeding the SCSWC. Therefore, the mass source of the SCSWC
mainly comes from the onshore-veered slope current. The
contribution of across-shelf flow in the inner shelf is secondary.

5.3. Momentum constraint for northeastward SCSWC

Although it has been revealed that the JEBAR effect plays an
important role in forcing the slope current across the isobaths to
feed the SCSWC, it is still not sufficient to answer the question
what forces the SCSWC to flow against the wind in winter.
Analyses of the momentum budget are presented in this section in
order to identify the dynamic regime in the shelf/slope area. The
depth-integrated along-shelf (u-component; positive value direc-
ted northeastward) and across-shelf (v-component; positive value
directed onshore) momentum equation can be represented by
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where V is the velocity vector with components (u,v,w), P is
pressure, Km is vertical viscosity coefficient, Fx and Fy represent
the horizontal diffusion terms in along-shelf and across-shelf
directions, respectively (see detailed definition in Blumberg and
Mellor, 1987), and s¼ ðz�ZÞ=His the vertical s-coordinate. The
terms in the momentum equations include (a) tendency,
(b) advection term (ADV), (c) horizontal diffusion term (DIF),
(d) Coriolis term (COR), (e) pressure gradient (PRE), (f) surface
stress (SUF) and (g) bottom stress (BOT). For simplicity, the terms
in Eqs. (3a) and (3b) are not intended to represent the strict
mathematical expression of the momentum equations. All
the terms are evaluated in a local curvilinear coordinate, and
the results in the quasi-steady state are examined next.

Fig. 14 displays the spatial distribution of depth-integrated
momentum terms (for the control run) in the across-shelf
direction. The pressure gradient is onshore in the continental
shelf area, whereas it is offshore on the upper continental slope.
Comparing the patterns of the SCSWC and its adjacent currents, it
can be found that the northeastward SCSWC appears where the
pressure gradients are onshore. In the shelf break area, the
dominant momentum balance is between pressure gradient and
Coriolis force. The surface and bottom stresses play an important
role only in the inner shelf area. From the view point of
kinematics, the onshore pressure gradient is balanced by the
Coriolis force induced by the SCSWC in the frame of geostrophy.
The onshore pressure gradient is very important for providing the
momentum constraint for the SCSWC flowing against the wind in
winter.

In order to explore the dominant cause of the onshore pressure
gradient at the outer shelf, we calculate the across-shelf density
gradient in winter (Fig. 15). The density gradient is onshore
(offshore) in the area where the SCSWC (the slope current)
occupies. The in situ hydrographic observations show precisely
such density configuration in winter (e.g., Guan, 1978; Guo et al.,
1985; Zhong, 1990). Since @p

@xi
¼ @
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R Z
z rg dzu¼ rðZÞg @Z
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dzu,
the across-shelf pressure gradient is caused by both the sea-
surface slope and the density gradient in the across-shelf
direction. In the control run, the onshore sea-surface slope is
steeper in summer than in winter owing to the Ekman drifting
(Fig. 6). Although the onshore sea-surface slope is weakened
when the winter monsoon prevails (the piling up of coastal water
forced by the wind tends to set up the offshore sea-surface slope),

Fig. 12. Spatial distribution of the vorticity terms for the sensitivity run. The bold

black lines represent the zero contours. The contour interval is 0.3�10�9 s�2.
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the Kuroshio intrusion is relatively stronger in winter than in
other seasons (Shaw, 1991; Qu et al., 2000). Thus the across-shelf
density gradient is crucial in winter for setting up the required
onshore pressure gradient to induce the SCSWC flowing against
the wind.

6. Discussion and conclusions

The purpose of this paper is to provide a dynamical
interpretation for the propulsion of the winter counter-wind
current in the northern SCS, the SCSWC. Using one-way nested
scheme, a regional high-resolution general circulation model is
adopted to reproduce the circulation in the SCS together with the
western boundary current of North Pacific Ocean. With the

climatological lateral and surface forcing, the model is run
diagnostically to derive the circulation in each month from the
climatological hydrographic data. The results have a good
representation of the circulation in the northern SCS, in particular
the side-by-side presence of the SCSWC and the slope current, the
vertical structure of the SCSWC, and the Kuroshio intrusion. The
slope current is the northern boundary of the basin-wide cyclonic
gyre, which exists in the northern SCS all year round. During the
notable intrusion of the Kuroshio in winter, the slope current is
the combination of the cyclonic gyre boundary current and the
SCSBK.

The across-shelf flow is fairly active in the whole northern SCS
shelf break area, which is very important to the across-shelf
exchange in the northern SCS. Analyses on the profiles of across-
shelf velocity and vorticity balance equations reveal that each

Fig. 13. Same as Fig. 8 except for the sensitivity run: (upper panels) averaged in the across-shelf direction between the 200- and 600-m isobaths; (lower panels) averaged

in the across-shelf direction between the 50 and 100 m isobaths.
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onshore (offshore) flow corresponds to a positive (negative) APV
term. The JEBAR effect is the dominant forcing of such across-shelf
transport. Although both the onshore and offshore flows can be
discerned at the shelf break, the net across-shelf transport
integrated along the 200-m isobath in the northern SCS
(111.1–117.21E) is shoreward all year round and stronger in
winter. It is the JEBAR effect that mainly supplies the necessary
negative vorticity to maintain the slope current flowing across the
isobaths and veering to the right hand to feed the SCSWC. The
seasonal variations of JEBAR result from the changes of horizontal
density gradient. The water around the shelf break is much saline
in winter than in other seasons. A sensitivity run without wind
forcing reveals that the Kuroshio intrusion through the Luzon
Strait facilitates the set-up of the onshore density gradient. The
density field maintained by the Kuroshio intrusion is capable of
generating the net onshore transport through the JEBAR effect.
Examinations of the inner shelf indicate that the across-shelf
transport is forced by the combined effect of JEBAR, ADV and

bottom-stress torque. The net across-shelf transport in the
shallower area is much lower than that of the SCSWC and
changes its direction with time. Such unstable and relatively weak
flow is not sufficient to feed a current like SCSWC. Thus the
dominant mass source of the SCSWC is the onshore-veered slope
current, which is mainly forced by the JEBAR effect. The
contribution of water in the inner shelf is secondary.

Analyses on the momentum field indicate there is a high
pressure belt along the shelf break of the northern SCS throughout
the year. The resulting pressure gradient is onshore in the
continental shelf area. Momentum term balances reveal that the
onshore pressure gradient is balanced by the Coriolis force
induced by the SCSWC in the frame of geostrophy. The across-
shelf pressure gradient is caused by both sea-surface slope and
the density gradient in the across-shelf direction. The spatial
distribution of the across-shelf density gradient suggests there is
an onshore density gradient in the area occupied by the SCSWC. In
winter, the onshore sea-surface slope is greatly weakened when

Fig. 14. Across-shelf momentum term balance in winter (a) and summer (b). The bold black lines represent the zero contours. The counter interval is 3�10�6 m s�2.
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the northeast monsoon prevails, whereas the Kuroshio intrusion
is relatively stronger at that time. The onshore density gradient
maintained by the intruded Kuroshio water is crucial for setting
up the required onshore pressure gradient to induce the SCSWC
flowing against the wind in winter.

Finally, the important role played by the JEBAR effect indicates
it is necessary to maintain the density structure over the northern
SCS continental shelf in order to achieve a realistically modeled
across-shelf transport. The results of the sensitivity run suggest
the intruded Kuroshio water (usually indicated by high-salinity
water mass) is crucial for facilitating such density configuration
(especially for setting up the onshore density gradient in winter).
In addition, good representation of the continental slope bathy-
metry is also important for the model to reproduce the SCSWC.
The information on the depth-dependent distribution of the
potential vorticity is required for further understanding the

Fig. 14. (Continued)

Fig. 15. Across-shelf density gradient in winter. The bold black lines represent the

zero contours. The counter interval is 1�10�6 m s�2.
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baroclinic-bathymetric interaction in the northern SCS continen-
tal slope, for which robust observational hydrographic data is
needed. The method used in this paper could be applied in other
shelf break areas to study the across-shelf transport process. The
counter-wind flow could occur in other shelf areas when
the JEBAR effect plays a key role in the shelf break area to force
the across-shelf transport and the density field is suitably
maintained to set up the required onshore pressure gradient to
induce the current flowing against the wind.
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