
Deep circulation in the South China Sea simulated
in a regional model

Xiaolong Zhao1,2
& Chun Zhou2

& Xiaobiao Xu3
& Ruijie Ye2,4

& Wei Zhao2

Received: 8 March 2020 /Accepted: 15 September 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
In this study, deep circulation in the South China Sea (SCS) is investigated using results from mesoscale-eddy-resolving,
regional simulations using the Hybrid Coordinate Ocean Model (HYCOM) verified by continuous current-meter obser-
vations. Analysis of these results provides a detailed spatial structure and temporal variability of the deep circulation in
the SCS. The major features of the SCS deep circulation are a basin-scale cyclonic gyre and a concentrated deep western
boundary current (DWBC). Transport of the DWBC is ~ 2 Sv at 16.5°N with a width of ~ 53 km. Flowing southwest-
ward, the narrow DWBC becomes weaker and wider. The model results reveal the existence of 80- to 120-day oscil-
lation in the deep northeastern circulation and the DWBC, which are also the areas with elevated eddy kinetic energy.
This intraseasonal oscillation propagates northwestward with a velocity amplitude of ~ 1.0 to 1.5 cm s−1. The distribu-
tion of mixing parameters in the deep SCS plays a role in both spatial structure and volume transport of the deep
circulation. Compared with the northern shelf of the SCS and the Luzon Strait, deep circulation in the SCS is more
sensitive to the large vertical mixing parameters of the Zhongsha Island Chain area.
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1 Introduction

The South China Sea (SCS, Fig. 1) is the largest marginal sea
in the Southeast Asian Waters, with an area of approximately
3.5 × 106 km2 and a depth exceeding 4000 m in the central
basin (Wyrtki 1961). It is connected to the surrounding waters

mostly by shallow straits: Taiwan Strait to the East China Sea
in the north, the Karimata Strait to the Java Sea in the south,
and the Mindoro Strait to the Sulu Sea in the southeast. The
355-km-wide Luzon Strait, with a sill depth of ~ 2400 m, is
the only deep connection between the SCS and its ambient
oceans. There, cold and salty (thus dense) North Pacific Deep
Water (NPDW, with potential temperature and salinity of ~
1.79 °C and 34.64 psu; Mantyla 1975; Zhao et al. 2016) pen-
etrates the SCS basin through the deepwater overflow in the
Luzon Strait driven by the baroclinic pressure gradient be-
tween the Pacific Ocean and the SCS (Qu et al. 2006a; Zhao
et al. 2014; Zhou et al. 2014, 2018). Since the SCS is closed
below 2400 m, the incoming NPDW eventually upwells as a
result of enhanced mixing (~ 10−3 m2 s−1; Tian et al. 2009;
Alford et al. 2011; Yang et al. 2016; Quan and Xue 2019) and
exits the SCS either in the intermediate layer through the
Luzon Strait back to the Pacific Ocean (Chao et al. 1996;
Chen and Huang 1996; Li and Qu 2006; Qu et al. 2000;
Tian et al. 2006; Zhang et al. 2015; Gan et al. 2016; Zhu
et al. 2019; Cai et al. 2020) or in the upper layer through
several shallow straits in the southern part of the SCS to the
Java and Sulu Seas (e.g., Qu et al. 2009; Yaremchuk et al.
2009). This three-dimensional circulation, also known as the
SCS throughflow (Qu et al. 2006b), serving as a heat and
freshwater conveyor that is climatologically important on
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regional and global scales (e.g., Gordon et al. 2012; Wang
et al. 2019; Cai and Gan 2019; Zhu et al. 2019; Cai et al.
2020).

As a key element of the SCS circulation, the deepwater
overflow through the Luzon Strait has been observed in a
number of studies (e.g., Wang 1986; Liu and Liu 1988; Qu
et al. 2006a; Song 2006; Tian et al. 2006; Chang et al. 2010;
Yang et al. 2010, 2011; Tian and Qu 2012; Zhao et al. 2014;
Zhou et al. 2014; Zhao et al. 2016; Ye et al. 2019), and its
volume transport, temporal variability, as well as the water
properties are now relatively well defined. Comparatively,
much less is known about the deep circulation in the SCS.
In general, a cyclonic circulation with an intensified deep
western boundary current (DWBC) is expected, following
the classical Stommel-Arons abyssal circulation theory
(Stommel and Arons 1960a, b). The temperature, salinity,
and tracer distributions of the World Ocean Database 2001
indicate such a cyclonic circulation in the deep SCS (Qu
et al. 2006a). A similar basin-scale cyclonic circulation, with
an estimated mean transport of 3.0 Sv (1 Sv = 106 m3 s−1), is
suggested by Wang et al. (2011) based on an analysis of the
ocean climatology database, the Generalized Digital
Environment Model (GDEM; Carnes 2009). By integrating
geostrophic velocities from GDEM3.0, Zhu et al. (2019) ob-
tained a three-layer circulation in the SCS, cyclonic in the
upper layer, anticyclonic in the middle, and cyclonic in the
deep. Recently, an array of six current meter moorings was
deployed off the eastern slope of the Zhongsha Islands from
August 2012 to January 2014 (Zhou et al. 2017). Results from
these direct measurements show, for the first time, the exis-
tence of the DWBC in the deep SCS basin, with a volume

transport of 1.65 Sv and high temporal variability around
90 days. This mooring array in Zhou et al. (2017) is used in
the present study.

Numerical models are also used to study the deep circulation
in the SCS. Chao et al. (1996) using a 0.4° three-dimensional,
climatology-driven circulation model show a deep cyclonic cir-
culation in the deep SCS but without clear DWBC. Lan et al.
(2013, 2015), based on results of 0.5° simulations, suggest that
the basin-scale deep circulation is controlled by the deep over-
flow from Luzon Strait. In their simulation, a basin-scale cy-
clonic gyre is prominent during July–September and hardly
identified during January–March. With data assimilation and
higher resolution (1/12° and 1/10°, respectively), Shu et al.
(2014) and Xu and Oey (2014) also show a complicated
three-layer circulation in the SCS. With 1/12° MITgcm,
Wang et al. (2017) simulated a stronger deep boundary current
along the northern continental slope comparable with the
DWBC. Based on a process-oriented simulation with idealized
configurations, Cai and Gan (2019) investigated the coupled
dynamics of external forcing through straits and internal re-
sponse of vertical transport during the formation of the three-
layer circulation in the SCS. Earlier simulating studies indeed
indicated the general cyclonic pattern of the deep SCS circula-
tion and the existence of the DWBC. However, numerous dis-
crepancies exist among different simulation results:first, the ac-
curate location of the DWBC is controversial. For example,
Lan et al. (2013, 2015) simulated deep circulation flows south-
westward off the western slope of the Zhongsha Islands, while
Shu et al. (2014) and Xu and Oey (2014) indicated the DWBC
flows off the eastern slope of the Zhongsha Islands. Since the
DWBC could be due to the Luzon Strait overflow and the β
effect (e.g., Lan et al. 2013; Stommel and Arons 1960a), wheth-
er the model horizontal resolution is sufficient to distinguish the
deep Luzon Strait (~ 15 km wide at 2000 m depth, which is the
timemean upper interface of the overflow, see Zhao et al. 2016)
could be one of the reasons. Second, different models may have
different performances on the entrainment and mixing of ambi-
ent water after the deepwater overflow spills into the deep SCS.
Third, in most simulations, there is a strong cyclonic or anticy-
clonic circulation cell at the southwest part of the deep circula-
tion under weakmixing: a separate cyclonic circulation in Chao
et al. (1996) and Shu et al. (2014), while there is an anticyclonic
one in Xu and Oey (2014). Simulation results of the deep cir-
culation in the SCS need to be verified based on observations
before being employed to the discussion of the spatio-temporal
characteristics of the deep circulation in the SCS.

With progresses on the dynamics of submesoscale process-
es and internal tides (e.g., Su et al. 2018; Yu et al. 2019; Polzin
et al. 1996), abyssal enhanced mixing generated by these pro-
cesses and its impact on the stratification and deep circulation
has been drawn increasing attention. Enhanced mixing is a
well-observed feature in the SCS. The observations of Tian
et al. (2009) and Alford et al. (2011) show diapycnal

Fig. 1 Bottom topography of the South China Sea. The red stars denote
the locations of the year-long mooring array M1-M6. The yellow line
indicates the location of model section shown in Fig. 3b. Red boxes
indicate the areas with strong mixing in the control run based on Yang
et al. (2016)
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diffusivity in the SCS and the Luzon Strait increases from
about 10−3 m2 s−1 at 1000 m to 10−2 m2 s−1 near the sea floor.
This is about two orders of magnitude higher than that in the
North Pacific Ocean and is furnished by energetic internal
waves induced by the prominent bathymetry in the Luzon
Strait (Niwa and Hibiya 2004; Jan et al. 2007; Tian et al.
2003, 2006). Based on hydrographic measurements with
fine-scale parameterizations from 335 stations (477 casts),
Yang et al. (2016) recently obtained the three-dimensional
distribution of turbulent mixing in the SCS for the first time.
Two mixing “hotspots” were identified in the bottom waters
in the northern shelf of the SCS and the Luzon Strait and the
Zhongsha Island Chain areas (their Fig. 4), largely due to
internal tide, bottom bathymetry, and near-inertial energy.
Previous studies have shown that enhanced mixing plays a
role in deep circulation in both the Pacific Ocean and the
Luzon Strait. Furue and Endoh (2005) indicated that the deep
Pacific Ocean diffusivity contributes to enhanced production
of the Antarctic Bottom Water in the model. The northward
transport of the deepmeridional overturning circulation across
the equator in the Pacific Ocean is stronger with the intense
mixing than with weak mixing (Endoh and Hibiya 2006; their
Fig. 3). Zhao et al. (2014) suggested that enhanced mixing in
the SCS and the Luzon Strait was the primary driving
mechanism for the deep circulation in the Luzon Strait, since
it is a key process responsible for the density difference
between the Pacific Ocean and the SCS. Based on a
simulated tidal mixing scheme, Wang et al. (2017) indicated
that the tide-induced diapycnal mixing in the Luzon Strait
would have a negative effect on driving the cyclonic SCS deep
circulation, although without the feature of two mixing
“hotspots”. Using a modified four-layer model with parame-
terizing the mixing effect as the exchange velocity between
the middle and deep layers of the SCS, Quan and Xue (2019)
suggested that the pattern and evolution of the deep circulation
were significantly dependent on the spatiotemporal variability
of mixing. Since the mixing is very strong and unevenly dis-
tributed in the deep SCS, it is necessary to modify the mixing
scheme in the ocean model to be consistent with observed
three-dimensional distribution of mixing. Nevertheless, previ-
ous numerical studies simulated the deep circulation with ho-
mogeneous or simulated vertical mixing parameters in the
deep SCS, and one wonders about the sensitivity of the SCS
deep circulation to the observed distribution of mixing.

Combining the mooring array in Zhou et al. (2017)
with results from mesoscale-eddy-resolving model simu-
lations, the present study for the first time investigates
deep circulation under two mixing “hotspots” in the
SCS. The paper is organized as follows. After the intro-
duction, the data and model configuration are described in
Section 2. Section 3.1 presents the model results com-
pared with observations. Section 3.2 is devoted to the
horizontal pattern of mean circulation. Variability of deep

circulation is discussed in Section 3.3, and Section 3.4
examines sensitivity to distribution of mixing. Summary
and discussion follow in Section 4.

2 Data and model configuration

As part of the SCS mooring array, an array of six bottom-
anchored moorings was deployed off the eastern slope of the
Zhongsha Islands between 28 August 2012 and 11 January
2014 (M1-M6, see Fig. 1 for locations). Twenty-nine
Aanderaa Data Instruments RCM Seaguard current meters
were utilized to measure the horizontal current of the
DWBC at nominal depths of 2000 m, 2500 m, 3000 m,
3500 m, and 4000 m, with generally 500 m resolution verti-
cally. Details pertinent to these moorings are shown in
Table 1. All current meters were configured to record data at
a sample interval of 1 h. Detailed results are discussed in Zhou
et al. (2017). Here, we use the observed mean velocity section
to examine the simulated time mean structure of the DWBC.

The regional simulation is similar to that of Zhao et al.
(2014). The general circulation model used was the Hybrid
Coordinate Ocean Model (HYCOM; Bleck 2002; Chassignet
et al. 2003) configured with a horizontal resolution of 1/12° (~
9 km resolution in our area of interest). The computational
domain, which extends from 4°N to 25°N and 105°E to
125°E (Fig. 1), includes the SCS and part of the northwestern
Pacific Ocean. A total of 32 vertical hybrid layers are config-
ured with density referenced to 2000 m (σ2, kg m−3): 28.10,
28.90, 29.70, 30.50, 30.95, 31.50, 32.05, 32.60, 33.15, 33.70,
34.25, 34.75, 35.15, 35.50, 35.80, 36.04, 36.20, 36.34, 36.46,
36.56, 36.64, 36.70, 36.74, 36.78, 36.82, 36.84, 36.86, 36.88,
36.92, 36.96, 37.01, and 37.06. The bottom topography is from
version 13.1 of Smith and Sandwell (1997) with 1/60° resolu-
tion. The simulation was initialized with the velocity at rest and
January temperature and salinity fields from the third version of
monthly 1/4° ocean climatology GDEM (Carnes 2009). Since
the current work is designed to be a process study, surface
forcing was not applied in the experiments. All lateral bound-
aries were closed with no normal flow, within a 19-grid buffer
zone near the eastern boundary, the modeled temperature and
salinity are restored toward the monthly climatology from
GDEM with an e-folding time of 0.5–32 days that increased
with distance from the boundary. The bottom stress was param-
eterized using a quadratic drag law at the lowest 10 m, with a
constant drag coefficient CD = 2.5 × 10

−3.
Based on similar configurations with all of the numer-

ical experiments started from rest and integrated for
10 years, Zhao et al. (2014) studied the deep water circu-
lation in the Luzon Strait, which was in good agreement
with the observations based on repeated conductivity-
temperature-depth (CTD) and lowered acoustic Doppler
current profiler (LADCP) surveys. We modified the K-
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profile parameterization (KPP; Large et al. 1994) mixing
scheme in accordance with the two observed mixing
“hotspots” found in Yang et al. (2016). Thus, the control
run was configured with larger vertical mixing parame-
ters, in which the diapycnal diffusivity beneath 1000 m
was set to 10−3 m2 s−1 in both the northern shelf of the
SCS and the Luzon Strait (109–122°E, 18–23°N) and the
Zhongsha Island Chain area (109–122°E, 14–17°N, red
boxes in Fig. 1). To examine the impact of mixing, four
sensitivity experiments were used with the same configu-
ration as the control run, but with different mixing
schemes: following Zhao et al. (2014), Exp-5 and Exp-3
were configured with the native KPP scheme as back-
ground mixing of 10−5 m2 s−1 and the diapycnal diffusiv-
ity beneath 1000 m in the SCS and the Luzon Strait (west
of 122°E) as 10−3 m2 s−1, respectively. Exp-3A and Exp-
3C were configured with the larger vertical mixing

parameters in different areas, in which the diapycnal dif-
fusivity beneath 1000 m was set to 10−3 m2 s−1 in the
northern shelf of the SCS and the Luzon Strait (109–
122°E, 18–23°N) and the Zhongsha Island Chain area
(109–122°E, 14–17°N), respectively (Table 2). Instead
of applying the exact results of mixing distribution of
Yang et al. (2016), these configurations are idealized to
some extent, in order to reproduce the two mixing
“hotspots” dynamically explained by dissipation of inter-
nal tides, while not following the specific distribution and
magnitude which still need to be verified due to the lim-
itations of numbers of CTD profiles and parameterization
method. These configurations may somehow introduce
uncertainty to the simulation results which is difficult to
evaluate with the current observations.

In order to obtain a steady state of the deep circulation in
the SCS, we integrated all of the numerical experiments for

Table 1 Mooring configurations with mean zonal and meridional velocities in different depths

Mooring ID Longitude [°E] Latitude [°N] Water depth [m] Current meter depth [m] U [cm s−1] V [cm s−1]

M1 114°35.761′ 15°14.855′ 3560 1940 − 0.47 − 0.07
2440 − 1.11 − 0.39
2940 − 1.14 − 1.08
3440 − 0.58 − 0.51

M2 114°42.094′ 15°11.961′ 4282 2062 − 0.15 − 0.22
2562 − 0.27 − 0.45
3062 − 0.48 − 0.76
3562 − 0.64 − 1.21
4062 − 0.78 − 1.85

M3 115°07.607′ 14°56.235′ 4281 2061 0.02 − 0.21
2561 0.22 − 0.28
3061 0.10 − 0.40
3561 − 0.30 − 0.44
4061 − 0.27 − 0.58

M4 115°20.954′ 14°52.977′ 4200 1980 0.11 0.07

2480 0.32 0.62

2980 0.44 0.76

3480 0.63 0.53

3980 0.19 0.39

M5 115°51.996′ 14°50.133′ 4266 2046 − 0.53 0.23

2546 − 0.35 0.32

3046 − 0.30 0.22

3546 − 0.16 0.03

4046 − 0.64 0.24

M6 116°03.241′ 14°53.750′ 4286 2066 − 1.33 0.55

2566 − 0.96 0.42

3066 − 1.10 0.02

3566 − 1.39 − 0.36
4066 − 1.80 − 0.73
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20 years and averaged the last 5 years as the simulated annual
mean results mentioned below (as shown in Fig. 2, the thick-
ness structure was basically stable in the last 5 years that
indicated that the control run has been stable).

3 Key results

Observations from six moorings allow us to examine the sim-
ulated time mean structure of the DWBC and results from
mesoscale-eddy-resolving model simulations are used to fur-
ther investigate the structure and mechanisms of the deep cir-
culation in the SCS.

3.1 DWBC in the SCS

Figure 3 presents a comparison between the observed and
simulated section view of the mean current in the deepwestern
boundary of the SCS. Considering that the DWBC is con-
straint by the northeast-southwest shelf, following Zhou
et al. (2017), the observed current is re-coordinated into the
cross-section (defined as vertical to the section of M1-M4)
component and along-section component, with the former
generally following the isobaths with positive direction
pointing to the southwest. Observations at M5 and M6 are
projected to the section (M1–M4). The simulated time-mean
structure of velocity shown in Fig. 1 is a zonal section view of
15.4°N for the control run close to these six moorings.

Fig. 2 Section view of year-mean thickness structure at a zonal section of 16.5°N (a, c, e) and a meridional section of 116°E (b, d, f) for the control run.
Thickness numbers and density referenced to 2000 m (σ2, kg m

−3) are indicated

Table 2 Experiment configurations with different mixing schemes. Note that the background mixing of all experiments was set to 10−5 m2 s−1

Experiments Larger vertical mixing parameter areas (diapycnal
diffusivity beneath 1000 m set to 10−3 m2 s−1)

Latitude and longitude range

Control run Northern shelf of the SCS and the Luzon Strait
Zhongsha Island Chain area

109–122°E, 18–23°N
109–122°E, 14–17°N

Exp-5 None None

Exp-3 The SCS and the Luzon Strait west of 122°E

Exp-3A The northern shelf of the SCS and the Luzon Strait 109–122°E, 18–23°N

Exp-3C Zhongsha Island Chain area 109–122°E, 14–17°N

Ocean Dynamics



Consistent with the observations, a bottom intensified current
is simulated flowing southwestward off the eastern slope of
the Zhongsha Islands. This is different from Lan et al. (2013,
2015) but similar with Shu et al. (2014) and Xu and Oey
(2014). It appears that a horizontal resolution of 0.5° is not
sufficient to resolve the deep Luzon Strait accurately, resulting
in an inaccurate position of the DWBC in the simulation. The
DWBC weakens upward, with its upper interface lying at
around 2000 m. Horizontally, the model accurately repro-
duces the observed main axis of the DWBC (comparable with
M1 andM2) and a recirculation (comparable withM4 anM5).
The DWBC is ~ 100 km wide, with its core leaning on the
slope of Zhongsha island. This modeled and observed DWBC
is significantly narrower thanWang et al. (2011). Note that the
simulated DWBC (4 cm s−1) and recirculation are stronger
than the observations (2 cm s−1) since the source, deepwater
overflow in the Luzon Strait, is the same status (1.2 to 0.8 Sv;
Zhou et al. 2014; Zhao et al. 2016). As expected, the control
run shows reasonable agreement with the cross-section
observations.

3.2 Mean circulation pattern

To examine the simulated large-scale deep circulation in the
SCS, we calculated the mean transports across four zonal sec-
tions (13.5°N, 15.0°N, 16.5°N, and 18.0°N) of each layer
from the 25th to 30th from 110°E to 121°E (Fig. 4) for the
control run. The cumulated transport of the 27th (σ2 =
36.86 kg m−3, ~ 3000–3500 m) layer shows a northward cur-
rent in the southern part of the western boundary (near 114°E
in sections of 13.5°N and 15.0°N) that belongs to the anti-
cyclonic middle layer of the SCS circulation (e.g., Gan et al.
2016; Shu et al. 2014; Xu and Oey 2014; Cai and Gan 2019;
Zhu et al. 2019; Cai et al. 2020), while the 28th (σ2 =
36 .88 kg m− 3 , ~ 3500–4000 m) and 29th (σ2 =
36.92 kg m−3, ~ 4000–4200 m) layers show a consistent
southward DWBC at different latitudes. The mean transport
per unit width (in m2 s−1) from the 28th layer shows a strong
deep cyclonic circulation in the SCS (Fig. E1a), and the 29th

layer mostly presents the deep circulation in the Luzon Strait
(Fig. E1b). Therefore, here, we calculate the total mean trans-
port per unit width of the 28th and 29th layers to describe the
pathway of deep circulation in the SCS (Fig. 5).

The major features of the SCS deep circulation are a basin-
scale cyclonic gyre and a western intensification. Driven by
the baroclinic pressure gradient between the Pacific Ocean
and the SCS in the Luzon Strait, deepwater overflow spills
into the SCS mostly through two gaps in the Heng-Chun
Ridge (as WG2 and WG3 in Zhao et al. 2014) along the
3800 m and 4000 m isobaths, respectively. With a confluence
off the northern shelf, the current flows southwestward and
then turns southward near 116°E, 18°N as an intensified
DWBC along the eastern slope of the Zhongsha Islands.
Restricted by the topography, the DWBC divides into two
branches at 115°E, 15.5°N. A strong southwestward branch
follows the western boundary southwestward and another
goes southeastward near M4. The rest of the DWBC travels
to the deep basin in the south and then turns northeastward
into the middle basin, presenting a cyclonic pattern that makes
the inflow water spread to nearly the entire SCS deep basin.
We cumulated the mean transports across these four zonal
sections from different layers to the 29th in order to quantita-
tively describe the deep circulation in the SCS (Fig. 6). The
volume transport of the DWBC is ~ 2.0 Sv at 16.5°N (from the
27th to 29th layers) with a width of ~ 53 km, in agreement
with the observed transport (1.65 Sv) and larger than the deep-
water overflow in the Luzon Strait (1.2 Sv), which may be
related to the entrainment of water from the interior ocean due
to enhanced diapycnal mixing in the northeastern SCS (Tian
et al. 2009; Yang et al. 2016). While flowing southwestward
with an upwelling process, the DWBC becomes weaker and
wider: transport of the DWBC becomes ~ 1.2 Sv (from the
28th to 29th layers) with a width of ~ 140 km at 13.5°N.

3.3 Intraseasonal variability of the deep circulation

The model results reveal the existence of energetic
intraseasonal variability in the SCS deep circulation. As

Fig. 3 a Section view of observed
mean cross-section velocity (in
cm s−1) from Zhou et al. (2017;
their Fig. 2a). Mooring locations
are indicated in magenta triangles.
Locations of current meters are
indicated by black dots. b Time-
mean structure of velocity (in
cm s−1) and thickness numbers at
a zonal section of 15.4°N for the
control run. Note the positive
value represents southward
velocity
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shown in Fig. 7a, large eddy kinetic energy (EKE, defined as
0:5� u−uð Þ½ 2 þ v−vð Þ 2�, where u and v are the zonal and
meridional velocities, respectively) areas appear in the deep
northeastern circulation and the DWBC, indicating strong var-
iability there. Topography, standing meanders, nonlocal

energy propagation, and turbulent energy cascade can intri-
cately influence the EKE patterns (e.g., Su and Ingersoll
2016). Periods of max power spectra density (PSD) indicate
the dominant feature of the variability at the large EKE areas is
an 80- to 120-day oscillation, based on spectrum analyze of
zonal and meridional velocity time series from the 28th to
29th layers at each gird point for the control run (Fig. 8).
This oscillation also presents in the time series recorded by
the six current-meter moorings M1-M6 deployed off the east-
ern slope of the Zhongsha Islands (Zhou et al. 2017). The
relative leading time between the two closed cells in zonal
direction can be obtained by calculating the lag correlation
of these two zonal velocity time series. And lag correlation
analysis is also conducted in meridional direction. Dividing
the corresponding distance, we obtain the mean phase speed
and direction of the deep oscillation (Fig. 7b). The waves
show a northwestward propagation in both the deep northeast-
ern circulation and the DWBC, with a velocity amplitude of ~
1.0 to 1.5 cm s−1 (Fig. 7b), comparable with the mean speed of
~ 2.9 cm s−1 along the section M1-M6 (Zhou et al. 2017).
Based on the principle axis variance ellipse of band-passed
velocity and propagation direction, Zhou et al. (2017) sug-
gested that the 80- to 120-day oscillation cannot be attributed
to topographic Rossby waves, a mechanism for abyssal
intraseasonal variability, especially at the deepwestern bound-
ary (e.g., Thompson 1977; Johns and Watts 1986; Pickart and
Watts 1990; Hamilton 2009). Other possibilities include the
barotropic and baroclinic Rossby waves. In another sensitivity
experiment, we doubled the SCS basin and the 80- to 120-day
oscillation peak disappeared, indicating this oscillation maybe

Fig. 4 Eastward cumulated of the
meridional volume transports (in
Sv) across the model section
across 4 zonal sections (13.5°N,
15.0°N, 16.5°N, and 18.0°N) of
each layer from the 25th to 30th
from 110°E to 121°E for the
control run. The positive value
represents southward volume
transport. The depth of the
isopycnic interfaces is indicated
in Fig. 2b

Fig. 5 Total mean volume transport per unit width (in m2 s−1) of the 28th
and 29th layers for the control run
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related to the basin mode of the SCS (e.g., Platzman 1972; Xu
et al. 2007). This variability is a good topic for future studies.

3.4 Model sensitivity to distribution of mixing

Exp-5, Exp-3, Exp-3A, and Exp-3C all show a basin-scale
cyclonic gyre with a western intensification in the deep SCS
(Fig. 9). However, the volume transport of the deepwater
overflow in the Luzon Strait, the DWBC, and the detail struc-
ture of the deep circulation are quite different in these

experiments. The simulated deep circulation is much weaker
in Exp-5 and Exp-3A (e.g., 0.9 and 1.0 Sv is smaller than the
control run (1.2 Sv) of the overflow; 1.0 and 0.7 Sv are nearly
two times smaller than the control run (2 Sv) at 16.5°N of the
DWBC). On the other hand, it is closer to the control run in the
Exp-3 and Exp-3C (1.4 and 1.2 Sv of the overflow; 2.2 and
1.9 Sv of the DWBC).Magnitude of upwelling is similar case:
the upwelling transports southward from 16.5°N in Exp-5 and
Exp-3A (0.6 and 0.6 Sv), two times smaller than the control
run (1.2 Sv), while the control run, Exp-3 and Exp-3C are in

Fig. 6 Eastward cumulated of the
meridional volume transports (in
Sv) across the model section
across 4 zonal sections (13.5°N,
15.0°N, 16.5°N, and 18.0°N)
from different layers to 29th from
110°E to 121°E for the control
run. The positive value represents
southward volume transport

Fig. 7 Distribution of modeled eddy kinetic energy EKE (a, in cm2 s−2) in the South China Sea, mean phase speed and direction of propagation (b, in
m s−1) from the 28th to 29th layer for the control run

Ocean Dynamics



reasonable agreement (1.2, 1.3, and 1.1 Sv). This indicates
that compared with the northern shelf of the SCS and the
Luzon Strait, deep circulation in the SCS is more sensitive

to the large vertical mixing parameters of the Zhongsha
Island Chain area. This might be explained by the fact that
the latter contains more notable density difference due to the

Fig. 9 Total mean volume transport per unit width (in m2 s−1) of the 28th
and 29th layers in Exp-5, Exp-3, Exp-3A, control run, and Exp-3C. The
cross sections are indicated by red lines and the corresponding volume

transports (in Sv) are indicated in the textboxes with gray background.
Red boxes indicate the areas with strong mixing

Fig. 8 Periods (in days) of max power spectra density (PSD) of zonal (a) and meridional (b) velocity from the 28th to 29th layer at each gird point for the
control run
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larger area of enhanced mixing, as the deep circulation is
essentially density driven. With an increase in the range of
strong mixing, the intensity of the deep circulation in the
SCS is enhanced, suggesting that enhanced mixing plays an
important role in maintaining the intensity of the SCS deep
circulation. At the same time, the spatial structure of the deep
circulation in the SCS also changes with different distribution
of mixing, which is consistent with the finding of Quan and
Xue (2019) based on calculating the entrainment using three
methods to parameterize the different abyssal mixing. For
example, the southwest sub basin circulation is expanded in
Exp-5, while the recirculation near the DWBC extends to the
Zhongsha Island Chain area in the control run but not in the
other four experiments. By adjusting the thermohaline struc-
ture (Fig. 10), enhanced mixing not only impacts the local
deep circulation, but can also influence the deep circulation
in other areas without enhanced mixing.

4 Summary and discussion

Due to enhanced mixing in the deep SCS, the deep water in
the SCS is expected to move upward much faster than deep
water in the open ocean (on the order of 0.1 cm day−1; e.g.,
Kunze et al. 2006). Qu et al. (2006a) gave an estimate of area-
averaged vertical upwelling velocity of the deepwater in the
SCS at ω=Q/A = 0.24 m day−1, and applied a hydraulic the-
ory to estimate the Luzon Strait transport Q = 2.5 Sv and the
area of the SCS at 2000 m to estimate as A = 9 × 1011 m2.
Based on long-term mooring observations, the upwelling

velocity becomes 0.08 m day−1 while Q = 0.8 Sv (Zhou
et al. 2014; Zhao et al. 2016) in this way. Yang et al. (2016)
obtained the vertical velocity as 0.32 m day−1 from a vertical
advective-diffusive balance model based on the diffusivity
results inferred from the Gregg-Henyey-Polzin parameteriza-
tion and 0.28 m day−1 from a dynamically and kinematically
consistent ocean state estimate system (Estimating the
Circulation and Climate of the Ocean, ECCO; Forget et al.
2015). For the horizontal distribution of upwelling in the deep
SCS basin, albeit without estimating the magnitude, Shu et al.
(2014) indicated that there are three northwest-southeast tilted
zones where tracers upwell inferred from the modeled trajec-
tories. These correspond to the three deep meridional
overturning circulation cells. They speculated that one possi-
ble mechanism for these upwelling zones is the interaction
between the topographically trapped waves on the slope and
the westward planetary Rossby waves (e.g., Rhines 1970;
Anderson and Gill 1975).

As described in Fig. 6d, the net transport of the 28th and 29th
layers at these four sections is all southward, with the values
decreasing as 1.25, 1.06, 0.77, and 0.42 Sv, respectively. This
indicates that the deep flow goes upward from the deep layer as
a result of enhanced mixing in the deep SCS. By dividing the
differences between the net transports with corresponding
areas, the upward transports are found to be 0.19, 0.29, 0.35,
and 0.42 Sv, which indicate that the values of upwelling at each
area are 0.19, 0.32, 0.27, and 0.22 m day−1, respectively. We
also cumulated the mean transports across four meridional sec-
tions (1.15 Sv at 118.5°E, 0.88 Sv at 117.0°E, 0.65 Sv at
115.5°E, and 0.29 Sv at 114.0°E) and the corresponding

Fig. 10 Section view of mean
thickness structure at a zonal
section of 16.5°N (a) and a
meridional section of 116°E (b)
for the control run, Exp-5, Exp-3,
Exp-3A, and Exp-3C. Thickness
numbers and density referenced
to 2000 m (σ2, kg m

−3) are
indicated
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upwelling became 0.28, 0.23, 0.36, and 0.29 m day−1, respec-
tively. This suggests that the DWBC is the strongest upwelling
area. Divided the thickness depth difference between the begin-
ning and the end of the last 5 years by the time, we calculated
the change of volume above the upper interface of the 28th
layer over time as ~ 0.003 m day−1 (~ 2% of the dispycnal
velocity of 0.2–0.3 m day−1), which is typically small term. In
order to present the horizontal distribution and magnitude of
upwelling, we calculated the diapycnal velocity across the up-
per interface of the 28th layer for the control run in each 1° × 1°
box (Fig. 11). The results show that the diapycnal velocity is not
uniformly upward (toward lighter water) or downward (toward
denser water). The upward transformation takes place around
the DWBC and seamounts areas with elevated values of
1 m day−1 or larger, whereas the downward transformation
(with slightly lower with values of 0.5 m day−1) takes place in
the relatively flat inner basin offshore of the DWBC. This
diapycnal transformation is due to interior mixing prescribed
in the model, and similar complex patterns of upward and
downward diapycnal transformation can be found in the upper
subpolar North Atlantic Ocean (Xu et al. 2018), where the
Labrador Sea Water are formed. The magnitude of net
diapycnal transformation in the SCS is close to the input of
the deepwater overflow in the Luzon Strait, further implying
that the model temperature, salinity, and density drift is small
(see Fig. 2 for the displacement of density interface in the last
5 years). In the real ocean, the upwelling near the deep west
boundary and seamounts may also be driven by enhanced near-
boundary mixing (e.g., Ferrari et al. 2016; Mcdougall and
Ferrari 2017).

In the present study, the deep circulation in the SCS is
investigated by mesoscale-eddy-resolving model simulations
and found to be in reasonable agreement with mooring arrays.

Analysis of these results provides a detailed structure and
variability of the deep circulation in the SCS. The major fea-
tures of the SCS deep circulation are a basin-scale cyclonic
gyre and a western intensification. The transport of the
DWBC is ~ 2 Sv at 16.5°N with a width of ~ 53 km.
Flowing southwestward, the DWBC becomes weaker and
wider. By dividing the differences between transports with
corresponding areas, the values of upwelling are from 0.19
to 0.36 m day−1, with the strongest area being around the
DWBC. The model results reveal the existence of an 80- to
120-day oscillation in the deep northeastern circulation and
the DWBC, which are also the large mean EKE areas. This
intraseasonal oscillation has a northwestward propagation,
with a (phase) speed of ~ 1.0 to 1.5 cm s−1 in zonal and me-
ridional velocity. The distribution of mixing parameters in the
deep SCS plays a role in both the spatial structure and volume
transport of the deep circulation. Deep circulation in the SCS
is more sensitive to the large vertical mixing parameters of the
Zhongsha Island Chain area than the northern shelf of the SCS
and the Luzon Strait. Even though the model is idealized, the
model current fields qualitatively reproduce the results of di-
rect current measurement and open new routes to understand
the dynamics that mixing regulates the deep circulation. The
success of the present model may be associated with several
intrinsic features of the deep circulation. It is noteworthy that
despite reasonable agreement between the current simulation
and observations, surface forcing, which has potential impact
on the modification of ocean stratification and the deep circu-
lation (e.g., Su et al. 2014, 2016a, b; Yang 2015), is not ap-
plied to the numerical experiments. Although configured with
a buffer zone near the eastern boundary, the experiments are
currently configured with closed lateral boundary condition,
which cannot simulate the interactions between the processes
of the current model domain and the Pacific/Indonesia seas.
These limitations may introduce uncertainty to some extent to
the simulation results in this study. The potential impact of
surface forcing and boundary conditions on the deep circula-
tion in the SCS is worth to be investigated.
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