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We herein report the observation of a slope undercurrent beneath the winter western 
boundary current of the northwestern South China Sea (SCS), and its spatiotemporal 
variation. The possible underlying dynamics are also discussed. In situ observations reveal 
that the northeastward undercurrent is located above the upper slope with a core velocity 
exceeding 20 cm/s, which extends from 200 m to 800 m in depth with a width of 30–50 
km and an along-slope length of approximately 200 km in deep winter of 2006-2007, 
and is characterized with interseasonal and interannual variabilities. The existence of this 
undercurrent is also supported by Hybrid Coordinate Ocean Model (HYCOM) results. We 
find that the slope undercurrent is probably driven by the along-slope pressure gradient 
associated with the sea level set-up off the continental slope of south Hainan Island and 
modulated by mesoscale eddies and Rossby waves. This study will renew our knowledge 
of the deep slope currents in the northwestern SCS.

Keywords: slope undercurrent, South China Sea, mesoscale eddies, Western boundary current, along-slope 
pressure gradient, Rossby waves

INTRODUCTION

As a semi-enclosed basin forced by the East Asian monsoon, the upper layer circulation in the South 
China Sea (SCS) is highly seasonal and western intensified (Wyrtki, 1961; Qu, 2000; Li et al., 2000). 
In winter, the circulation is generally cyclonic forming a strong western boundary current in the 
upper layer, which flows along the continental slope all the way southward from the northwestern 
SCS until reaching the Sunda shelf (Fang et al., 2012; Wang et al., 2013; Fang et al., 2015; Zhu et al., 
2015; Shu et al., 2016; Zhao and Zhu, 2016; Li et al., 2018) (Figure 1A). It is also noted that, as the 
beginning area of the winter western boundary current of the SCS (SCSwwbc), the northwestern 
SCS is subject to influences of near surface inflows from the Luzon Strait (Li et al., 2000; Centurioni 
et al., 2004; Centurioni et al., 2009) and mesoscale eddies detached from the Kuroshio (Li et al., 
1998; Wang et al., 2013; Wang et al., 2019; Wang et al., 2020a). 

Below the upper layer, several model studies have suggested that large scale circulation in 
the  intermediate layer is generally anticyclonic (Yuan, 2002; Gan et  al., 2016; Wei et  al., 2016; 
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Cai and Gan, 2020), which implies that, in contrast to the upper 
layer, current over the western slope of the SCS may flow northward 
beneath the SCSwwbc, though no observational evidence is 
available yet over the continental slopes of the northwestern SCS 
and that further south. Hence, our understanding of the slope 
current beneath the upper layer is still very limited.

The northwestern SCS has a unique submarine topography, 
where the deep basin is bounded by Hainan Island on the northwest 
and by the continental slope of the Indo-China peninsular on the 
west (Figure 1A). There is a northeast-southwest oriented trough 
with the depth over 1,500 m and the width of 120 km, extending 
westward toward the Indo-China peninsular and is terminated by 
the continental slope (Figure 1B). In general, the SCSwwbc flows 
southwestward along the continental slope off Hainan Island 
and then turns southward while encountering the continental 
margin off Vietnam (Figure 1), where the 300 m isobath turns 
anti-clockwise by around 60 degrees. This special topography has 
a great influence on the circulation dynamics while turning of 
the SCSwwbc around the corner, especially when it is fluctuating.

In this study, it is found that SCSwwbc interacts strongly 
with the topography, apparently when it passes through the 
northwestern SCS, reduced by changes of the above-mentioned 
shelf-edge, the flow direction in the upper layers was greatly 
deflected (Figure  1A). Impressively, it generates an along-
slope pressure gradient (APG) which favorable for the slope 
undercurrent beneath the SCSwwbc. This study is to report that 
a slope undercurrent probably exists in the northwestern SCS 
below the winter western boundary current. Based on in situ 
observations, the structure and variability of this undercurrent is 
presented, and the possible forcing is discussed.

DATA

In Situ Observations
Current measurements were available from two mooring stations 
and one more station anchored in daytime, equipped with 
acoustic Doppler current profilers (ADCPs) located on the upper 
slope of the northwestern SCS (Figure  2). Both two moorings 
at stations Q1 and Q2 were deployed twice, the sampling time 
interval was 1 hour, with the time span of the synchronized data 
covering 37 days from 26 December 2006 to 31 January 2007 and 
another 36 days from 12 April to 17 May 2007 (Table  1). The 
daytime-anchored station Q3 was deployed from 30 November 
to 3 December 2018 which acquired the vertical profiles of 
currents with 2-minute intervals. Detailed information on those 
current-observation stations is shown in Table  1. All ADCP 
data at mooring station Q1 and Q2 were low-pass filtered with 
a PL33 digital symmetric filter with a cutoff period of 33 hours  
(Alessi et al., 1985) to obtain the subtidal time series. To facilitate 
the analysis, the mooring period was reset to the number of days 
after (and including) 26 December 2006, i.e., from day 0 to day 
36 for the first mooring period (from day 107 to day 144 for the 
second mooring period).

Hydrographic observations were also obtained during the 
mooring period in deep winter of 2006-2007. Data were acquired 
from four transects (including three cross-slope transects and 
one along-slope transect) with 25 particular conductivity-
temperature-depth (CTD) casts together with along-track ADCP 
measurements conducted at days 19, 20, 22 and 36 (hereafter 
abbreviated as transects d19, d20, d22 and d36, respectively; 
Figure 2). The CTD and ship-board ADCP data were processed 

FIGURE 1 |  (A) Schematic diagram of the circulation in the northern SCS. SCSwwbc: winter western boundary current of the SCS; ACE, anticyclonic (warm) 
eddy; CE, cyclonic (cold) eddy. (B) The geographical extent of the study region which is delineated by red dotted box in (A); the green arrow represents the slope 
undercurrent; the solid black curves depict the 300 and 1500 m isobaths.
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with quality control procedures. The final CTD sampling interval 
is 1 m, and the ship-board ADCP velocity data cover the depth 
range of 33–800 m with a 16-m vertical resolution.

The trajectory of an ARGO buoy (No-2901436) was also used, 
which transits the slope region of the northwestern SCS from 
25 October to 26 November 2013. Because it will suspend in 
nearly 800 m depth when it was in standby mode, the circulation 
characteristics of the deep layers can be determined by its 
moving direction.

Reanalysis Data and Satellite Altimeter
The Hybrid Coordinate Ocean Model + Navy Coupled Ocean 
Data Assimilation (HYCOM+NCODA) analysis product 
(Cummings & Smedstad, 2013), which has been widely used 
in studies throughout the SCS (Shu et  al., 2014; Xie et  al., 
2015; Chen et  al., 2020; Wang et al., 2020b), supplies variables 
with a 1/12° horizontal resolution with 33 vertical levels and a  
three-hourly or daily temporal resolution. Three-hourly data of 
the surface elevation and current velocity from 26 December 
2006 to 31 January 2007 and the daily velocity field in October to 
March (the months of winter monsoon) from 2005 to 2014 were 
employed in this study. In addition, the daily ERA5 reanalysis 
wind product on a 0.125° grid was also obtained by averaging in 
the domain from 16° to 20°N and from 106° to 114°E.

Daily merged sea level anomaly (SLA) data gridded at a 
spatial resolution of 0.25° from the French Archiving, Validation 
and Interpretation of Satellite Oceanographic Data+ (AVISO+) 
(Ducet et  al., 2000) were utilized to identify mesoscale eddies. 
Absolute dynamic topography (ADT) data which was derived 
from along-track SLA and mean dynamic topography with 
satellites Jason-1 and Envisat, was also applied to identify the 
variation of sea level along the continental slope of northern SCS.

RESULTS

An Episodic Slope Undercurrent From 
In Situ Observations
The velocity data from mooring stations Q1 and Q2 located 
on the upper slope in deep winter of 2006-2007 clearly reveal 
a northeastward undercurrent beneath the surface flow field 
dominated by the southwestward SCSwwbc; this undercurrent 
becomes evident at depths below 150 m and features a core with 
a velocity exceeding 20 cm/s at a depth of approximately 300 m 
(Figures 3A, B).

Moreover, the durations of this undercurrent were quite 
different from one another between the two stations. At station Q1 
(Figure 3A), the undercurrent was cut off twice during the 37-day 
observation period in deep winter, with the longest duration 
reaching 24 days. At station Q2 (Figure 3B), the undercurrent 
only appeared in the second half of the mooring period, lasting 
about 18 days. Accordingly, the observed undercurrent appears 
to be an episodic phenomenon.

Limited by mooring settings, only current profiles above the 
upward looking ADCP were observed; furthermore, the along-
track ADCP observations from all four along- and cross-slope 
transects (Figures 3E–H) suggest that the undercurrent extended 
from 200 m to 800 m depth with a width of 30–50 km and an 
along-slope length scale of approximately 200 km.

Another in situ observation further indicates that the 
undercurrent is characterized with interseasonal and interannual 
variabilities. In the middle spring of 2007, the undercurrent is 
significantly different from that in deep winter of 2006-2007. As 
shown in Figures  3C, D, the undercurrent still existed below 
the depth of approximately 200 m at mooring station Q1, but its 
velocity significantly decreased compared with that in the deep 
winter period; the peak velocity was found locating at the depth 
around 300-400 m, which was as low as only 10 cm/s. Meanwhile, 
the undercurrent was weak and only occurred occasionally at 
station Q2 in the southern part of the study area.

FIGURE 2 | Topography of the northwestern SCS with the locations of the 
CTD stations (blue crosses), along-track ADCP transects (green curves), 
mooring stations (red triangles), and the day-time anchored station (purple 
solid circle). The inset at the lower right is a location map of the SCS with 
simplified bathymetry, and the red box is the focus region of this study.

TABLE 1 | Information on the current-observation stations.

Station no. Water depth (m) Location(longitude/°E, latitude/°N) Instrument type Bin size(m) Measurementrange (m) Time span

Q1 935 (111.478,18.405) Upward 75 K ADCP 8 <320 2006/12/26-2007/1/31
1105 (111.476,18.401) Upward 75 K ADCP 8 <448 2007/4/12-2007/5/17

Q2 587 (110.011,17.274) Upward 75 K ADCP 8 <400 2006/12/26-2007/1/31
550 (110.002,17.271) Upward 75 K ADCP 8 <336 2007/4/12-2007/5/17

Q3 1100 (111.101,18.212) Downward 75 K ADCP 16 24-552 2018/11/30-2018/12/3

Each mooring station (i.e., Q1 and Q2) was deployed twice. Note that, for both stations, the locations for the two observations were considered the same as they are very close to 
each other.
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The spatial distribution pattern of this undercurrent in the winter 
of 2018 was significantly different from that in the winter of 2007. 
Specifically, the along-slope current observed by a day-time anchored 
station Q3 for four consecutive days (during November 30 to 
December 3, 2018) indicates that the undercurrent extends from the 
depth of around 200 m down to the depth of only 500 m (Figure 4A), 
and the mean daytime current profile depicts a maximum velocity of 

approximately 20 cm/s at the depth of 232 m (Figure 4B).
In addition, it is found that an ARGO buoy traveled nearly 350 km 

northeastward along the slope of the northwestern SCS in the early 
winter of 2013 (Figure 5). Since the buoy was floating at depth of 
800 m when it finished the up and down profile observations, it can 
be speculated that the undercurrent would reach the 800-m depth 
during this period.

FIGURE 3 | (A–D) Low-pass filtered along-slope component of the subtidal current (cm/s, positive for northeastward) at mooring stations Q1 (A, C) and Q2 (B, D). 
The horizontal axis starts on 26 December 2006 (Beijing Time, UTC+8), and the red dashed lines indicate the times at which the along-track ADCP measurements 
were conducted. (E–H) Distributions of the along-slope current (cm/s) along transects d19, d20, d22 and d36. The bold black contours in each panel indicate zero 
flow speed. The Cartesian coordinates are rotated clockwise by 60° to enable the coordinates to better fit our study area.

FIGURE 4 | (A) Along-slope current (cm/s, positive for northeastward) obtained from anchored station Q3 (the purple solid circle in Figure 2) the data was cutoff at 
night-time when the ship was in free drift; the black contours indicate zero flow speed. (B) The mean daytime current profile of the four days.
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Hydrographic Features and  
Geostrophic Velocity
In contrast to the current measurements in deep winter of 2006-
2007, our hydrographic observation depicted another image of 

geostrophic undercurrent along all three cross-slope transects 
(Figures  6A–C). The density distributions along these cross-
slope transects clearly show that the water is lighter above the 
shelf than farther offshore, and the isopycnals tilt down toward 
the slope in the full water column along transect d19 and 
above 600 and 300 m along transects d20 and d22, respectively, 
implying a southwestward geostrophic flow (Figures  6E–G). 
Note that estimates of geostrophic velocity over the continental 
shelf (shallower than 300m) may cause large errors due to 
dynamic height extrapolation from deeper water, and thus 
are not discussed here. Comparisons of in situ observed and 
geostrophic velocity distribution at each of the three cross-
shelf sections (see Figures  3E–G, 6E–G) indicate that the 
baroclinic structure of the SCSwwbc has largest geostrophic 
component from surface to 150  m depth over the slope while 
the geostrophic component for undercurrent is weaker, and 
gradually decreases from south to north in the study region. 
The direction of geostrophic flow in undercurrent region is not 
consistent with in situ current measurements (Figures  3E–G) 
except for transect d22. Whether the undercurrent in the upper 
slope is ageostrophic, more observations are needed to verify. In 
addition, hydrographic structure along the slope shows a local 
raise in isopycnal (Figure  6D), which may contribute to the 
variation of the undercurrent in the region (the details will be 
shown in the follow-up discussion).

FIGURE 5 | The trajectory of the ARGO buoy (No-2901436) from October 
25 to November 26, 2013, where the red cycles with dates show the 
locations and times (dd/mm/yy), respectively. The green arrow represents the 
slope undercurrent.

FIGURE 6 | Distribution of the potential density sigma-t (kg m-3) (A–C) and geostrophic current (m s-1) (E–G) on cross-slope transects d19, d20, and d22; sigma-t 
along-slope transect d19-23 (only at depths from 200 to 800 m) (D). Note that the geostrophic current is referred to 1000 dbar; the along-slope transect is close to 
mooring stations Q1 and Q2 (red triangles). The accompanying CTD castings (red dots) at the stations were performed on days 19, 20, 22 and 19–23.
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FIGURE 7 |  (A) Transects for the flow field from the HYCOM output along the 1000-m isobath (green curve) and cross-isobath (blue curve); the inset at the lower 
right is the stick diagram of monthly mean wind velocity averaged over ten years (2005-2014) in the study region. Mean along-slope current (m/s) from HYCOM 
output along the 1000-m isobath (B) and cross-isobath (C) in the months (from October to March) of winter monsoon for the years from 2005 to 2014. The black 
contours in panels B and C indicate zero flow speed; the along-isobath (off-isobath) distances of mooring stations Q1 and Q2 are indicated with black dotted lines.

FIGURE 8 | The 10-yr mean along-slope current (m/s) from HYCOM output along the 1000-m isobath in the months of winter monsoon: Oct. (A), Nov. (B), Dec. 
(C), Jan. (D), Feb. (E) and Mar. (F). The black contours indicate zero flow speed. The along-isobath distances of mooring stations Q1 and Q2 are indicated with 
black dotted lines.
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The Mean Slope Undercurrent and Its 
Variation From the HYCOM Output
The climatological pattern of the subsurface circulation from 
the HYCOM shows that the undercurrent probably exists in 
the upper-slope region of the northwestern SCS during the 
months of winter monsoon (indicated by the northeasterly 
wind) (Figure  7), though its spatial distribution is not 
stable, indicating inter-seasonal and inter-annual variations 
(Figures  8, 9). Specifically, the mean along-slope current 
from the HYCOM output over the 10-years (2005-2014) of 
winter monsoon reveals that the undercurrent could further 
extend beyond a depth of 1400 m with a width of 70 km and an 
along-slope length of approximately 300 km (Figures 7B, C). The 
mean along-slope current over each individual month of the 
10-years of winter monsoon indicates that the undercurrent 
reaches its peak in deep winter (i.e., January); and then 
gradually declines in the early spring. Moreover, in January 
for the years from 2005 to 2014, the undercurrent always 
resided within the lower layer near station Q1, and may 
extend southwestward to Q2 in some years (Figure  9). In 
addition, it would extend to the surface ocean in some years, 
which was induced by the warm eddy intruding into the 
region (see Figure 11 for a similar example).

DISCUSSION

Possible Forcing Provided by the Along-
Slope Sea Level Gradient
The undercurrent in the upper-slope region has been observed 
in many areas, mainly along the eastern ocean boundary 
(Thompson, 1984; Connolly et al., 2014) and in certain terranes 
(Dahl, 1978; Church and Boland, 1983). It is worth mentioning 
that these undercurrents were forced by the APG, although the 
corresponding causes differed considerably. In our case, the 
northeastward undercurrent observed in most of the upper slope 
region is ageostrophic. Hence, the observed slope undercurrent 
may not be driven by the cross-slope pressure gradient although 
more observations are needed to further verify. It is important to 
note that a local sea level set-up triggered by the interaction of 
the SCSwwbc and topography was found in the continental slope 
region which induced an APG (Figure 10A).

Figure  10A depicts the spatial distribution of the along-
slope sea level gradient (SLG) which derived from the HYCOM 
output during the mooring period in deep winter of 2006-
2007. It shows that a significant along-slope SLG was built 
which tilt downward from northeast to southwest with a huge 
local increase at corner of the slope where the SCSwwbc turns 

FIGURE 9 | Mean along-slope current (m/s) from HYCOM output along the 1000-m isobath in January for the years from 2005 to 2014. The black contours indicate 
zero flow speed. The along-isobath distances of mooring stations Q1 and Q2 are indicated with black dotted lines.
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follow the topography. Meanwhile, to maintain the geostrophic 
balance, a significant sea level set-up was built along the slope 
region off south Hainan Island which in turn result in a cross-
slope SLG tilt downward from southeast to northwest providing 
additional centripetal acceleration for the SCSwwbc which turns 
southward (Figure 10B). More importantly, the observed slope 
undercurrent lied in the downstream of this significant sea level 
set-up; and the associated along-slope SLG will provide the 
barotropic component of the APG which probably acts as the key 
forcing.

Further, the along-track ADT data around the mooring 
stations Q1 and Q2 depicts the variation of sea level around the 
slope region (Figures 10C, D). In general, the ADT at Q2 was 
larger than the one at Q1, i.e., there is a sea level set-up along the 
slope region. This sea level set-up has inter-seasonal variability 
which appears to fluctuate with the strength of the northeasterly 
wind. In winter the amplitude of wind is obviously greater than 
that in spring; a similar variation pattern of undercurrent velocity 
was revealed at mooring stations Q1 and Q2 (Figures  10C, 
3A–D), indicating an underlying connection between the two 
elements. Moreover, the sea level set-up also appears to be 
intermittent in winter, which seems highly coincident with the 
observed undercurrent at station Q2 (Figures 3B, 10C): both of 
which disappeared during the first half of the mooring period in 
deep winter of 2006-2007; when the sea level set-up was rebuilt, 

the undercurrent at station Q2 appeared during the second half 
of the mooring period. From this, the APG associated with the 
sea level set-up could probably drive the undercurrent.

Effects of the Mesoscale Eddies and 
Rossby Waves
Caused by the wind stress curl (Qu, 2000; Wang et  al., 2008) 
and the strong baroclinic instability (Wang et al., 2020a), the 
slope intrusion mesoscale eddies are active in the northern SCS 
(Wang et al., 2019; Su et al., 2020). The undercurrent appears to 
be intermittent rather than constant phenomenon during the 
mooring period in deep winter of 2006-2007, which is likely 
modulated by mesoscale eddies that intruding into the area.

The SLA data depict that both cold and warm eddies 
intruded into the continental slope during the mooring period 
(Figures  11A–D). In late December, the Luzon cold eddy 
significantly deviated from the west side of Luzon Island, and its 
core extended laterally and approached the continental slope of 
the northwestern SCS (Figure 11A). Then a low SLA pattern was 
formed on the northwest side of this cold eddy which probably 
led to the disappearance of sea level set-up during the first half 
of the mooring period in deep winter. This cold eddy retreated in 
the middle of January, while the warm eddy remained over the 
continental slope throughout January.

FIGURE 10 | The along-slope (A) and cross-slope (B) of mean sea level gradient (the positive values correspond to the northeast and off-shore directions, respectively); 
the mean surface velocity field was overlayed around northwestern SCS, derived from the HYCOM output during the mooring period in deep winter of 2006-2007. 
The mean ADT (C) near the stations Q1 (green dotted line) and Q2 (magenta dotted line) derived from satellite along-track data (black lines) (D), to show the 
variation of sea level along the slope region; the error bars correspond to standard deviation of the ADT; the blue shading in (C) highlights the two mooring periods; 
and the along-shore component of the wind (red line) in the study region is overlayed.
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The HYCOM-output velocity field reveals that the anti-
cyclonic circulation accompanied by the warm eddy interfered 
with the SCSwwbc and the undercurrent (Figure 11E). Moreover, 
as the warm eddy moves southwestward, the northeastward flow 
extended to the surface ocean and the undercurrent seemed 
to be strengthen (Figures  11F–H). Particularly, as the warm 
eddy went along the slope, an along-slope density gradient was 
observed at undercurrent depths, which would also induce a 
baroclinic component of the APG (Figure  6D). Specifically, 
the field hydrological observations indicate the occurrence of a 
local raise in isopycnal along the slope, with a maximum upward 
displacement found at sigma-t values of approximately 26.3–26.5 
kg m-3 between stations Q1 and Q2 (Figure 6D). Consequently, 
an along-slope density gradient was resulted in, which further led 
to a poleward pressure-gradient force, a likely cause responsible 
for the strengthening of the undercurrent observed at stations Q1 
and Q2 during day 19 and day 22 (Figures 3A, B).

As discussed above, the APG, associated with the sea level 
set-up off the continental slope of south Hainan Island, is the 
possible forcing of the slope undercurrent. We further found that 

the APG may be affected by Rossby waves transiting from the 
east. Figure  12 depicts the along-track SLA which is averaged 
within 0.3 latitude beyond 300  m isobath of the northern 
continental slope of SCS for the years from 2005 to 2014. It can 
be seen that around each autumn, a high sea level signal appears 
in the northeast of the SCS which spreads westward; moreover, 
it mostly reaches our study area in the January of the following 
year and forms an APG along the slope. Our preliminary analysis 
shows that its group velocity is about 12 cm/s, which is consistent 
with the propagation characteristics of the annual Rossby wave 
forced by the wind stress curl in the northern SCS (Lin et  al., 
2016). It is worth noting that the undercurrent appears to reach 
its maximum in January; nevertheless, whether it is directly 
related to the transit of this wave process shall be further studied.

Contrast to the South China Sea  
Warm Current
There are significant differences between the slope undercurrent 
and the South China Sea Warm Current (SCSWC) (Guan and 

FIGURE 11 | (A–D) The sea level anomaly (cm) from altimetry observed with 10-days interval from day 2 to day 32. The red triangles in (A), red line in (B) and red 
crosses in (C) denote the mooring stations, the 1000-m isobath and the CTD stations, respectively. (E) HYCOM-output 3D velocity field within the 1000-m depth; 
the slope undercurrent was highlighted with red arrows. The spatiotemporal evolution of the observed sea level anomaly (F) and the simulated sea level (G) along 
the 1000-m isobath (F, G with unit: m); vertical axis starts at 26 December 2006 (Beijing Time, UTC+8). (H) The mean along-slope current (cm/s) simulated by 
HYCOM along the 1000-m isobath during the mooring period in deep winter of 2006-2007.
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Fang, 2006; Chiang et al., 2008). The observed undercurrent 
in this study is a component of the slope circulation while 
the SCSWC appears at the continental shelf off northern 
Dongsha Island. A typical feature of the SCSWC is the 
counterwind property because it can reach the sea surface; 
in contrast, the slope undercurrent is mainly distributed 
below the SCSwwbc. The latest studies (e.g., Yu et  al., 
2021) indicated that the SCSWC is a synoptic phenomenon 
but not a persistent flow and is only caused by wind  
relaxation. Based on the climatological pattern of the 
subsurface velocity from the HYCOM output, the 
undercurrent might be a seasonal persistent current although 
longer-period in situ observations is needed to further verify 
its persistence.

CONCLUSION

An episodic slope undercurrent beneath the SCSwwbc, 
appearing above the upper slope with a velocity core exceeding 
20 cm/s at a depth of approximately 300 m, was observed in the 
northwestern SCS in deep winter of 2006-2007. Moreover, along-
track ADCP measurements suggest that the undercurrent can 
extend beyond a depth of 800 m, with a width of 30–50 km and 
an along-slope length of approximately 200 km. Other in situ  
observations, such as the current measurements from ADCP 
and the trajectory of ARGO buoy, also indicate that this  

undercurrent has significant variability from interseasonal to 
interannual time scale.

Our finding is further supported by the HYCOM result. 
This study indicates that the northeastward undercurrent 
in most of the upper slope region is probably ageostrophic. 
Moreover, it shows that this current flowed northeastward 
along the slope which lied in the downstream of a significant 
sea-level set-up off the continental slope of south Hainan 
Island; and the associated along-slope SLG provides the 
barotropic component of the APG which probably acts as the 
key forcing. In addition, we also found that the undercurrent 
could be modulated by mesoscale eddies and Rossby wave; 
particularly, when the warm eddy transit, this undercurrent 
would be strengthened.

Nevertheless, owing to the short-term observations, 
our knowledge of this undercurrent is still fragmental. 
More details need to be explored by long-term current 
measurements. Furthermore, its forcing mechanism remains 
unknown, which will be investigated by the momentum 
balance diagnostic framework in the follow-up work.
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