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Abstract

In this paper, the structure and formation mechanism of the annual-mean shallow
meridional overturning circulation of the South China Sea (SCS) are investigated.
A distinct clockwise overturning circulation is present above 400 m in the SCS on the
climatological annual mean scale. The shallow meridional overturning circulation con-
sists of downwelling in the northern SCS, a southward subsurface branch supplying
upwelling in the southern SCS and a northward return flow of surface water. The for-
mation mechanism is explored by studying causes of the branches constituting the
meridional overturning circulation. The surface branch is driven by the annual mean
zonal component of the wind stress which is predominantly westward. Another effect
of the wind is Ekman pumping related subduction in the north hence the main source of
downwelling there. The mixed layer depth reaches its maximum in winter and shoals in
spring, which causes the thermocline to outcrop and ventilate. Part of the water mass
from the bottom of the mixed layer subducts into the thermocline and flows southward
along the isopycnals. The upwelling region is mainly along the Vietnam coast and in
the open-ocean off it. In summer, the alongshore component of wind stress off Vietnam
can cause coastal upwelling and the increase of alongshore wind off the coast can also
cause great upwelling in the open-ocean off the Vietham coast.

1 Introduction

The South China Sea (SCS) is the largest marginal sea in Southeast Asia with an
average depth of over 2000 m. It is located in the East Asian Monsoon area and has
complicated climatic conditions. Its circulation and thermal structure are significantly
influenced by the monsoon (Su, 2005).

The meridional thermohaline process accompanying the SCS upper layer overturn-
ing circulation has a great impact on the heat budget and air—sea interactions of
the SCS and the adjoining oceans. Wang (2004) first simulated the SCS upper layer
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meridional overturning circulation with idealized bottom topography using the Geophys-
ical Fluid Dynamics Laboratory (GFDL) general circulation model. He found that a shal-
low unenclosed meridional overturning circulation existed above 300 m in the SCS and
that water exchange through Luzon Strait had a great impact on it. Liu (2008) showed
that the seasonal variability of the intrusion of North Pacific Tropical Water (NPTW) and
North Pacific Intermediate Water (NPIW) to the SCS was highly related to the seasonal
variability of the SCS meridional overturning. Although some investigations have been
carried out on the variability of the meridional overturning circulation, little work has
been done on the study of its dynamics.

In this paper, we focus on the study of the shallow meridional overturning circulation
in the SCS on the climatological annual mean scale and investigate the dynamics of
its formation. This paper is organized as follows. Section 2 gives a brief description
of the Simple Ocean Data Assimilation (SODA) and Ocean general circulation models
for the Earth Simulator (OFES) data as well as the method to calculate the overturn-
ing circulation stream function. Section 3 describes the annual mean structure of the
meridional overturning circulation. The probable dynamic mechanism of its formation
is discussed in Sect. 4. Section 5 compares the shallow meridional overturning circula-
tion in the SCS and the cross-equatorial cell in the Indian Ocean to see their similarities
and differences. The results are finally summarized in Sect. 6.

2 Data and method

The SODA data used in this paper is version 2.1.6 monthly meridional velocity data (v)
ranging from January 1959 to December 2008. SODA uses an ocean model based
on Geophysical Fluid Dynamics Laboratory (GFDL) Modular Ocean Model 2 code
(MOM2) (Carton, 2000). The horizontal spatial resolution is 0.5° x 0.5° . There are 40
levels in the vertical direction from 5.01 m to 5375 m with a finer resolution in the upper
ocean. In this study we focus on the domain extending from 99° E to 121° E and 0° N to
23°N.
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OFES is based on the modular ocean model (MOM3). It is run for 50 years using
monthly mean wind stress and surface heat flux from National Centers for Environ-
ment Prediction and the National Center for Atmospheric Research (NCEP/NCAR),
and monthly temperature and salinity fields from the World Ocean Atlas (WOA98) (Ma-
sumoto et al., 2004; Sasaki et al., 2004). The output is monthly means for the last six
years (years 45-50) of a climatologically forced integration.

The meridional overturning stream function is used to study the meridional overturn-
ing circulation. The stream function is calculated from meridional velocity v(x,y, z,t) as
(Cabanes et al., 2008),

0 Xwest(¥,2)
w(y,z,t) = / / v(x,y,z,t)dxdz. (1)

~Z Xeast(V,2)

Here x is in zonal direction, and z is in vertical direction.

3 Structure of annual-mean SCS meridional overturning circulation

The shallow clockwise meridional overturning circulation is present between 8°N and
19° N above 400 m as revealed in plots of zonally averaged, meridional stream func-
tions from SODA (Fig. 1a). The stream function value at a latitude and a depth de-
notes the total volume transported across this zonal section above this depth. Along
a contour, the higher value is always at the right-hand side. Associated with the merid-
ional overturning circulation, there is southward subsurface flow (between 50 m and
400 m) and compensating northward surface flow (above 50 m), downwelling at about
19° N and upwelling between 8-12° N, with strength of about 1 Sv. It can be seen from
Fig. 1a that the peripheral part of the meridional overturning circulation, the zero con-
tour of the stream function for example, is unenclosed at 19° N. The characteristic of
being unenclosed shows that part of the subsurface cold water is not formed locally but
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transported into the SCS via Luzon Strait from the open Pacific (Wang et al., 2004). The
OFES data are used here for validation, and it does show a weaker meridional over-
turning structure limited to a shallower depth (Fig. 1b) compared with that obtained
from the SODA data.

SODA data have been widely used in the study of the SCS and validated as able to
give reliable results (Wang et al., 2006; Yang et al., 2012; Song et al., 2014). It was also
used in the study of the shallow meridional overturning circulation in the Indian Ocean
to confirm the existence of the equatorial roll and to calculate coastal upwelling (Shott
et al., 2002). Out of these considerations, we believe that SODA data are reliable in the
study of the shallow meridional overturning circulation in the SCS and it will be used in
the following sections.

4 Formation mechanism of the meridional overturning circulation

From what was discussed above, we know that the shallow meridional overturning
circulation consists of downwelling in the northern SCS, southward subsurface branch
supplying the upwelling in about 8-12°N and a return flow of surface water. In this
section, we investigate the driving force of its respective branches.

4.1 Monsoon and Ekman transports

The SCS is located in the East Asian Monsoon area. The stronger northeast monsoon
first appears in the northern SCS in September and then extends over the entire basin
from October to February. The weaker southwest monsoon prevails during the period
from mid-May to August (Shaw et al., 1994; Qu et al., 2000). The wind fields for Jan-
uary, April, July and October, respectively, from the NCEP monthly-mean climatology,
illustrate the drastic changes of the monsoon (Fig. 2).

In the annual-mean wind stress distribution, the winter monsoon pattern dominates
over the SCS basin (Fig. 3). The westward wind stress 7° at most latitudes drives
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northward Ekman transport in the surface (Fig. 4). The annual-mean Ekman transport
across 18° N is about 0.91 Sv. This value is corresponding to the strength of the shallow
meridional overturning circulation, which is about 1 Sv (Fig. 1). This confirms that the
surface northward flow is mainly driven by the westward zonal wind component of the
annual mean wind stress.

4.2 Subduction in the northern SCS
4.2.1 Ventilated thermocline in the northern SCS

In this section, the driving mechanism of the downwelling branch of the shallow merid-
ional overturning circulation in the northern SCS is studied.

Iselin (1939) proposed the first conceptual model of water mass formation. Accord-
ing to his model, Ekman pumping in late winter forces water to cross the base of the
Ekman layer and flow along isopycnals thereafter. Later studies also pointed out the im-
portance of lateral induction of fluid across the sloping base of the mixed layer (Woods,
1985). The Ekman pumping and lateral induction rates composed the subduction rate
(Marshall et al., 1993), which plays an important role in the vertical movement of wa-
ter mass. As there is great negative wind stress curl in the northern SCS (Fig. 3), we
speculate that subduction is the cause of the downwelling branch.

The first thing to be confirmed is that subduction does exist in the northern SCS. The
ventilated thermocline in the northern SCS has been studied previously. The seasonal
variability of the mixed layers and seasonal thermoclines along 115.25° E are depicted
here to study the thermocline ventilation in the SCS (Fig. 5). The mixed layer in the
northern SCS reaches its maximum in January and it deepens gradually from south
to north. The horizontal distribution of mixed layer depth in January is shown in Fig. 6.
The mixed layer is deeper in the northwest and shallower in the southeast due to
the northwestward Ekman transport as a consequence of the northeast monsoon in
January. Besides, the temperature has a strong meridional gradient and part of the
water mass with the temperature between 23° and 27° intersects the bottom of the
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mixed layer (Fig. 5a), this structure is propitious to thermocline ventilation theoretically
(Huang, 1990; Wang et al., 2001). Under the action of mechanical and buoyancy forcing
the mixed layer seasonally shallows and deepens (Marshall et al., 1993). In spring
(Fig. 5b), the sea surface heating is the strongest of the year and the mixed layer depth
reaches its minimum. The depth of the mixed layer is very small and the thermocline
extends nearly to the sea surface in the northern SCS. The outcrop thermocline is
helpful to air-sea heat and momentum exchange and serves as a kind of ventilation
thermocline (Liu et al., 2000; Wang et al., 2001). As a result of the shoal of the mixed
layer in April, some fluid in the northern SCS (for example the water mass with the
temperature between 23° and 27°) leaves the mixed layer, irreversibly subducts into and
remains in the thermocline. The subducted water flows southward along the isopycnals
in the following months (Fig. 5¢ and d). So the phenomena of ventilated thermocline
and subduction do exist in the northern SCS.

4.2.2 Calculation of the subduction rate

According to Marshall (1993), the annual mean subduction rate S, is determined as
Sann = _WH _UHVH (2)
Here the overbar denotes an annual mean. The effective vertical velocity w has to
be determined from the annual-mean Ekman pumping velocity wgk and a correction

term which results from the vorticity balance constraint, w = —wgg + é [(_)Hde, fis
planetary vorticity and g is its gradient, enabling Eq. (2) to be written as

0

Sann = _WEK + g / de - UH . VH (3)
-H

The term wgx denotes Ekman pumping, uy denotes the velocity at the mixed layer

depth H (defined as the depth at which o, differs by 0.125 from the surface o,). We es-

timate the annual subduction rate in the SCS according to Eq. (3). It has been pointed
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out that although detrainment occurs during a substantial period of the seasonal cycle,
water subducted into the permanent thermocline is strongly biased toward the winter
properties due to the rapid shoaling of the mixed layer in early spring (Stommel, 1979;
Marshallet al., 1993; Qiu et al., 1995). So the January mixed-layer depth H from the
SODA data is used. The annual-mean wg is calculated from the NCEP monthly cli-
matology data (Fig. 7a) and vy is obtained by interpolating the SODA velocity data to
the depth of the mixed-layer in January (Fig. 7b). It should be noted that the estimate
of annual subduction rate is subject to substantial error but it can be used to investi-
gate the distribution pattern qualitatively. The distribution of subduction rate is shown
in Fig. 7c. The subduction rate calculated should always be nonnegative because it is
defined only for the effectively detrained water (Qiu et al., 1995). A negative rate of sub-
duction implies that no effectively detrained water exist. So we change all the negative
values into zero. Significant subduction exists in the northern SCS, which amounted to
about 1.4 Sv. The magnitude of subduction rate is close to the Ekman pumping rate
there, which implies that Ekman pumping takes up a larger portion compared to the
lateral induction. This value is also close to the strength of the meridional overturning
circulation, so it can be sufficiently concluded that subduction contributes significantly
to the downwelling branch of the shallow meridional overturning circulation.

Note that strong subduction also exists between 8°N and 15°N off Vietnam. This
is different from the subduction in the northern SCS. The Ekman pumping takes up
a larger portion in the northern SCS, so the subduction is an annual mean result. But
the Ekman pumping is positive off Vietnam coast (Fig. 7a), which does no contribution
to the subduction. The second term on the right side of Eq. (3) is small compared with
the lateral induction, so it is the great winter lateral induction at the bottom of mixed
layer that leads to strong subduction rate in this zone, which is about 4.4 Sv. However,
there is great upwelling off Vietham in summer, and it can counteract the subduction
here on annual mean scale. The upwelling will be discussed in Sect. 4.3.
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4.3 Upwelling in the southern SCS

Summer upwelling off the Vietham coast has been pointed out by many studies (Xu
et al., 1982; Shaw et al., 1994; Kuo et al., 2000; Xie et al., 2003). Xu et al. (1982)
calculated the sea surface dynamic heights in the SCS and showed that there is a rela-
tively low sea surface height region offshore from central Vietham in summer, indicating
occurrence of upwelling in that area. Huang et al. (1994) pointed out that cold water
upwelling occurs very often along the western coast of the SCS from Mainland China to
the central Viethamese coast. Kuo et al. (2000) pointed out that the alongshore compo-
nent of wind stress in summertime caused offshore Ekman transport, which appeared
to be the dominant mechanism to pump the cold water upward to the surface along
the Vietnamese coast. And high resolution NASA’s Quick Scatterometer (QuikSCAT)
observations reveal an intense open-ocean pumping associated with the strong off-
shore increase in southwesterly winds off the Viethamese coast (Xie et al., 2003). Xie
et al. (2003) studied the wind stress distribution in the SCS using a set of satellite data
and found a wind jet in summer when the southwesterly winds prevailed. The axis of
this wind jet divided the SCS into two parts, with Ekman upwelling and downwelling
prevailing in the northern and southern parts respectively (see Xie et al., 2003, their
Fig. 2b).

The wind field (Fig. 8) from the NCEP data shows that the wind along the Vietnam
coast in July is mostly in the alongshore direction, and this can induce coastal up-
welling. Besides, alongshore winds have a significant offshore increase, which causes
great positive Ekman pumping in the open ocean off Vietham. The Ekman pumping
rate off Vietnam in July is calculated from the wind stress curl. Assuming for the high
estimate that all the Ekman pumping water will be upwelled into the mixed layer and
becomes permanently transformed, yields an upwelling transport of 7.3 Sv. However,
a large portion of the upwelling is counteracted in annual mean by the winter subduc-
tion of about 4.4 Sv off Vietnam (discussed in Sect. 4.2.2).
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5 Comparison with the cross-equatorial cell in the Indian Ocean

The shallow meridional overturning circulation in the SCS and the cross-equatorial
cell (CEC) in the Indian Ocean have both similarities and differences. In the Indian
Ocean, subduction occurs dominantly in the Southern Hemisphere and upwelling in
the Northern Hemisphere, in the Somali and Arabian coastal upwelling areas, leading
to a cross-equatorial shallow cell (Miyama et al., 2003). The CEC (about 6 Sv, see
Fig. 2 in Miyama et al., 2003) is stronger than the meridional overturning circulation in
the SCS. The north Indian Ocean is also situated in a monsoon area. Different from the
SCS, the summer monsoon winds dominate the annual circle in the Indian Ocean. It
is predominantly antisymmetric about the equator with westlies (eastlies) north (south)
of the equator. Thus the return flow from northern upwelling to southern subduction
occurs by southward cross-equatorial Ekman transport. The subduction rate in the
South Indian Ocean is also estimated by Karstensen and Quadfasel (2002) accord-
ing to Eq. (3). They indicated that a total of 34 Sv is subducted into density classes
23-27kg m~°. Out of these, 9.5 Sv enter into densities < 25.7 kg m~3, corresponding
to about 150 m upwelling depth off Somalia. Somali upwelling occurs at the offshore-
flowing flanks of the Souther Gyre at 3-5°N and of the Great Whirl. From heat flux
considerations, Shott et al. (2002) estimates that only the lighter fraction of the offshore
flow could be warmed enough during the course of the monsoon to become surface
waters. This yielded a total upwelling rate of 4.2 Sv as an annual mean. There is an
approximate balance between the independent estimates of cross-equatorial subsur-
face northward Somali Current transport, of Somali upwelling and of southward Ekman
return flow across the equator. For the shallow meridional overturning circulation in
the SCS, the Ekman transport (0.91 Sv) and the subduction rate in the northern SCS
(1.4 Sv) are of the same order of magnitude. But the upwelling rate obtained off the
Vietnam coast seems not match with them. Two reasons account for this. First, we
assume that all the Ekman pumping water will be upwelled into the mixed layer and
becomes permanently transformed when estimating the upwelling rate, so this yields
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a high estimate. Second, a large portion of the upwelling is counteracted in annual
mean by the subduction of about 4.4 Sv off Vietham.

6 Discussion and conclusions

In this paper, we investigate the climatological annual mean shallow meridional over-
turning circulation in the SCS and explore its formation mechanism. The shallow merid-
ional overturning circulation consists of northward surface flow above 50m, a down-
welling branch in the north at about 19° N, a southward return subsurface flow between
50 m and 400 m and an upwelling branch in the south between 8°N and 12° N.

The annual mean zonal wind stress is westward at most latitudes of the SCS, which
drives northward Ekman drift in the surface. The magnitude of Ekman transport at 18° N
(0.91 Sv) is close to the strength (1 Sv) of the shallow meridional overturning circulation.
This confirms that the surface northward flow is mainly driven by the westward zonal
wind component of the annual mean wind stress. Under the influence of mechanical
and buoyancy forcing, the mixed layer in the SCS seasonally shallows and deepens
intensely. In winter, the depth of mixed layer reaches a maximum, deepening gradually
from south to north and the density has a strong meridional gradient. In spring, as
a result of the sudden shoaling of the mixed layer depth, the thermocline outcrops in the
northern SCS, part of mixed layer water mass subducts into the thermocline and flows
southward along the isopycnals. The subduction rate in the northern SCS is estimated
to be about 1.4 Sv. The subduction contributes significantly to the downwelling branch.
The upwelling region is mainly along the Vietnam coast and in the open-ocean off
the coast. Part of the upwelling is induced by alongshore winds along the Vietnam
coast in summer. And the alongshore winds have a significant offshore increase, which
causes great positive Ekman pumping in the open ocean off Vietham. Assuming for
the high estimate that all this water will be upwelled into the mixed layer and becomes
permanently transformed, yields an upwelling transport of 7.3 Sv. However, a large
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portion of the upwelling is counteracted in annual mean by the subduction of about
4.4 Sv in winter in this zone.

It is worth noting that this paper discusses the shallow meridional overturning circu-
lation and its dynamics on the annual-mean scale. But there may be different driving
mechanisms when discussing them in different seasons. We will discuss this in a fur-
ther study.
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