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1  Introduction

The South China Sea (SCS) is the largest marginal sea in 
the northwestern Pacific, with a maximum depth of over 
5000 m (Fig. 1). The surface wind over the SCS is domi-
nated by the East Asia monsoon, northeasterly in winter and 
southwesterly in summer. Driven by the seasonally reversed 
monsoon, the upper SCS generally presents a basin-scale 
cyclonic circulation in winter and an anti-cyclonic circula-
tion in the Southern SCS in summer (Wyrtki 1961; Liu and 
Xie 1999; Shaw et al. 1999; Morimoto et al. 2000; Hu et al. 
2000; Qu 2000; Liu et al. 2008). Besides the seasonal time 
scale, the upper circulation of the SCS was also found to 
have prominent interannual variations, which were closely 
related to the interannual variations of the monsoon modu-
lated by the El Niño/Southern Oscillation (Wu et al. 1998, 
Wu and Chang 2005; Shaw et al. 1999). In addition to the 
East Asian monsoon, the water exchange with the adjacent 
seas or open oceans can also have a significant impact on 
the SCS circulation (Lan et al. 2013; Chen and Xue. 2014). 
The Luzon Strait is a key channel connecting the SCS and 
the Pacific, through which the Kuroshio can occasionally 
intrude into the northeastern SCS (NSCS). The Kuro-
shio intrusion can bring a huge momentum and different 
water mass into the NSCS and thus can greatly influence 
the NSCS circulation (Wyrtki 1961; Shaw 1991; Qu 2000; 
Xue et  al. 2004; Gan et  al. 2006). Furthermore, based on 
an 8-month long direct current observation in the NSCS, 
Wang et  al. (2013) studied the current deflection around 
Dongsha Islands.

Abstract  The current in the northeastern South China 
Sea (NSCS) has been extensively studied by both observa-
tions and numerical models, but its vertical structure and 
temporal variability are still not well understood because 
of the lack of long-term and full-depth direct observations. 
From August 2010 to March 2013, the current velocity in 
the NSCS was directly observed by Acoustic Doppler Cur-
rent Profilers from a subsurface mooring at 117°52.07′E, 
21°06.68′N. The observed current velocity was coherent in 
the vertical direction and nearly showed the same sign in 
the nearly full water column (960  m). The observed cur-
rent presented strong intraseasonal variabilities (ISVs) 
within periods between 30 and 90  days. Analysis of the 
altimeter observation suggested that the ISVs were closely 
related to the propagating mesoscale eddies. Correspond-
ing to the seasonally varying circulation in the NSCS, 
the ISV-removed current roughly showed a semiannual 
cycle. The seasonal U (V) averaged over 80–200 m depths 
reached the peak in March and October (January and July) 
and the trough in July and February (April and August), 
respectively, with a peak-to-trough amplitude of 0.14  m/s 
(0.19  m/s). Dynamical modes analysis suggested that the 
observed current velocity showed dominated energy in the 
barotropic mode during most of the observation period but 
enhanced energy in the first baroclinic mode during eddy 
events because of the enhanced vertical shear of velocity.
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Beyond the seasonal and interannual time scales, both 
previous observation and modeling studies demonstrated 
that the upper SCS circulation also showed strong intra-
seasonal variability (ISV) (Wu et al. 2005; Wu and Chiang 
2007; Zhuang et  al. 2010). In the deep basin of the SCS, 
the ISV of circulation is largely caused by the mesoscale 
eddies generated by oceanic instabilities (Zhuang et  al. 
2010). Locally speaking, the ISV of observed current is 
closely related to the propagating mesoscale eddies (Wu 
and Chiang 2007). Interestingly, Zhang et  al. (2013) even 
found that the deep current in the NSCS can be strongly 
modulated by the mesoscale eddies. They suggested that 
the mesoscale eddies are sometimes full-depth phenom-
ena that can largely influence the deep circulation. The 
mesoscale eddies in the SCS have been intensively studied 
in recent years, through both satellite and in situ observa-
tions and numerical models (Wang et  al. 2003, 2008a, b; 
Xiu et al. 2010; Chen et al. 2011; Nan et al. 2011a, b; Hu 
et al. 2011, 2012; Zhang et al. 2015). The statistics based 
on altimeter observation showed that the NSCS is a region 
of energetic eddy activities (Wang et al. 2003; Chen et al. 
2011). The mesoscale eddies in the NSCS were generally 
generated southwest of Taiwan and northwest of Luzon; 
after generations, these eddies tended to propagate west-
ward and southwestward (Wang et  al. 2003; Chen et  al. 
2011).

Although the circulation in the NSCS and its temporal 
variabilities were extensively investigated by the previous 
studies, they were mainly based on satellite/hydrographic 
observations and numerical models. Due to the lack of 
direct current observations, especially full-depth and long-
time moored observations, the vertical structure of the 

currents and its multi-scale temporal variabilities were 
still not well known. Based on 2.5-year-long direct current 
measurements collected from a subsurface mooring, the 
present study is intended to investigate the vertical struc-
ture and temporal variabilities of the current in the NSCS.

The rest of the article is organized as follows. Section 2 
introduces the data we used. Section 3 shows the observed 
results, including the seasonal and intraseasonal variabili-
ties of the current. Section  4 summarizes the study and 
gives some discussions.

2 � Observations and data processing

2.1 � Moored data

To monitor the current velocity in the northeastern SCS, 
a subsurface mooring was deployed at 117°52.07′E, 
21°06.68′N (in Fig. 1), for about 2½ years from 23 August 
2010 to 8 March 2013. The water depth of the mooring loca-
tion is about 960 m. The mooring was deployed and recov-
ered three times, and for each deployment the mooring set-
ting was different. During the first (third) deployment, from 
23 August 2010 (30 March 2012) to 18 April 2011 (8 March 
2013), the mooring was equipped with an up-ward-looking 
75-kHz ADCP (Acoustic Doppler Current Profilers) at 
441 m (552 m) to measure the velocity on the upper 425 m 
(537 m). During the second deployment, from 27 April 2011 
to 30 March 2012, two ADCPs, one looking upward and one 
downward, were moored at 478 m to cover the top 911-m 
water column. Table 1 shows detailed information about the 
mooring settings and the instrument parameters.

Fig. 1   Bathymetry of the NSCS 
and mooring location (red 
pentagon). The 200-, 1000- and 
2000-m isobaths are marked 
with dashed lines. The purple 
arrows represent the climato-
logical surface geostrophic cur-
rents diagnosed from the mean 
surface dynamic topography of 
Maximenko et al. (2009)
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Influenced by the tide and mesoscale eddies, the upper 
part of the moorings sometimes had large vertical excur-
sions (~50 m). The swing of the mooring can cause a maxi-
mum of 1.5 cm/s velocity error in the uppermost layer; this 
velocity error is much smaller than the upper-layer veloc-
ity and thus would not substantially influence the conclu-
sions of the present study. To get vertically gridded data, 
the velocity data were interpolated onto 5-m-interval levels 
according to the pressure records of ADCPs. Because the 
present study is focused on the low-frequency current, the 
current velocity was low-pass filtered with a cutoff period 
of 10 days to remove the tidal and inertial oscillations and 
other high-frequency signals. Finally, the velocity data 
were averaged on a daily basis. The following analysis in 
the present study was primarily based on this daily aver-
aged zonal (U hereafter) and meridional velocity (V here-
after) data.

2.2 � Altimeter data

To better understand the temporal variabilities of the NSCS 
circulation, we also utilized the weekly sea level anomaly 
(SLA) data and the absolute surface geostrophic velocity 
data (http://www.aviso.oceanobs.com/). Both the SLA and 
surface geostrophic velocity were on a gridded map and 
have a spatial resolution of 1/4° and 1/3°, respectively. This 
altimeter data set merges different altimeter observations 
including TOPEX/POSEIDON, Jason-1, ERS-1 and ERS-
2. Compared to the older version, it has greatly improved 
the tidal and atmospheric barometric corrections and is 
more reliable in circulation studies. To be consistent with 
the moored velocity data, the above altimeter data were 
interpolated onto a daily resolution.

3 � Results

The time-depth plots of the observed U and V are shown 
in Fig.  2. The most prominent feature visible is the large 
intraseasonal fluctuations. The strongest intraseasonal fluc-
tuation occurred in January/February 2012, during which 
time the uppermost-layer velocity reached nearly 1  m/s. 

Although the velocity generally decreased with increasing 
depth, the ISVs signals were still evident near the water 
bottom (~900  m). The seasonal variability, on the other 
hand, can hardly be seen in Fig. 2 because of the contami-
nation of strong ISVs. In order to investigate the seasonal 
variability of the observed current velocity, we needed to 
first remove the ISVs. The details of the seasonal vari-
ability and ISVs of the current will be further addressed in 
Sects. 3.1 and 3.2, respectively.

3.1 � Seasonal variability

As revealed in Fig. 2, the U and V showed strong ISVs. To 
investigate the seasonal variability of the observed current, 
the ISVs were first removed using a low-passing filter with 
a cutoff period of 90 days. This cutoff period was chosen 
because that power spectrum of the observed velocity gen-
erally showed energy peaks in periods shorter than 90 days 
(Fig.  5b). We also used a 120-day low-pass filtering but 
found that the results did not change much. Because the 
observation depths were different in three observation peri-
ods, we only analyzed the results at the common depths in 
this section, i.e., between 80 and 420 m. The observation of 
the second deployment nearly covered the full water col-
umn. The seasonal-mean velocity profile during this obser-
vation period kept the same sign in the full water depth (not 
shown); therefore, we think that the seasonality revealed 
here can apply to the full water column.

To clearly show the seasonality of the U, V and abso-
lute velocity, a monthly composite based on the 2.5-
year time series was made (Fig.  3). The U averaged over 
80–200-m depths displayed a roughly semiannual cycle, 
reaching the maximum in March (−11 cm/s) and October 
(−13.7 cm/s) and the minimum in July (0.2 cm/s) and Feb-
ruary (−1.9 cm/s), respectively. The peak-to-trough ampli-
tude of this semiannual cycle was 13.9  cm/s. Similar to 
the monthly U, the monthly V also showed a semiannual 
cycle. The difference is that the V reached the peak in Janu-
ary (13.4 cm/s) and July (2.9 cm/s) but the trough in April 
(−5.5  cm/s) and August (−4.2  cm/s). The amplitude of 
semiannual V was 18.9 cm/s, larger than that of U. Despite 
the seasonal variability, the monthly averaged U almost 

Table 1   Information on the moorings deployed in the NSCS

ADCPs are 75-kHz Long Rangers manufactured by the TRDI Co. The ‘up’ and ‘dw’ indicate ADCPs looking upward and downward,  
respectively

Observation period Instrument (looking) Instrument depth (m) Range depth (m) Sample interval (min) Bin size (m)

23 Aug 2010–18 Apr 2011 ADCP (up) 441 36–425 3 8

27 Apr 2011–30 Mar 2012 ADCP (up) 478 41–465 5 8

ADCP (dw) 478 495–911 5 8

30 Mar 2012–8 Mar 2013 ADCP (up) 552 49–537 3 8

http://www.aviso.oceanobs.com/
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stayed uniformly in a westward direction in a year. The 
monthly V, on the other hand, showed various directions 
in different seasons. In correspondence with the U and V, 
the absolute velocity also displayed a semiannual cycle, 
reaching the maximum in March (12  cm/s) and October 
(13.9 cm/s) and the minimum in July (2.9 cm/s) and Feb-
ruary (3.6  cm/s), respectively. The peak-to-trough ampli-
tude of this semiannual cycle was 0.11 m/s. The monthly 
U, V and absolute velocity averaged over 200–420 m had 
similar features to the 80–200-m layer, only with reduced 
amplitudes.

Figure  4 presents the seasonal mean geostrophic cur-
rent in the NSCS obtained from the altimeter data. For 
comparison, the mooring-observed seasonal mean velocity 
on the uppermost common depth (80 m) was also plotted 
(red arrow). Generally, the direction of mooring-observed 
velocity agreed well with the surface geostrophic current; 
the locally observed velocity changed corresponding to 
the seasonal NSCS circulation. In the winter and spring 
seasons, the NSCS was occupied by a cyclonic circulation 

pattern (Fig.  4a, d), which was part of the basin cyclonic 
gyre driven by the winter monsoon (Wyrtki 1961; Xu et al. 
1982; Xue et al. 2004). A cyclonic circulation pattern still 
existed in autumn (Fig. 4c), but it became unclear in sum-
mer (Fig.  4b). In the region southwest of Taiwan, there 
was an anti-cyclonic mesoscale circulation in autumn and 
winter (Fig. 4c, d). This mesoscale circulation was indica-
tive of the Kuroshio loop current, which usually occurrs 
in the winter seasons (Jia and Chassignet, 2011; Nan et al. 
2011c). In the autumn and winter, the mooring site was 
under the influence of the west part of Kuroshio loop cur-
rent; correspondingly, the mooring-observed current flowed 
northwestward. To examine the consistency between the 
mooring and altimeter velocity, we calculated their cor-
relation coefficients at each layer (Fig.  4e, f). The moor-
ing-observed U (V) was well correlated with the altimeter 
U (V), with the maximum correlation coefficient reach-
ing 0.64 (0.65) on the uppermost layer (80  m); although 
the correlation coefficient gradually decreased with depth, 
it was still as high as 0.35 (0.51) at 420  m, which was 

Fig. 2   a Time-depth plot of the observed U. The time series was 
low pass filtered for 10  days to remove the high-frequency fluctua-
tions (such as tidal and inertial oscillations). The contour interval is 
0.5 cm/s with the black line denoting the zero-velocity contour. Panel 
b is the same as panel a, but shows the results of the meridional 

velocity component. c Stick plots of the low-pass-filtered velocity at 
different depths in the first deployment. Note that the y-axis is not 
linear, and the upward direction of the stick represents the north. d 
and e are the same as c, but for the second and the third deployment, 
respectively
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significant above the 95 % confidence level. The good cor-
relation between the mooring velocity and altimeter surface 
velocity suggested that the mooring-observed subtidal cur-
rent was geostrophic to a large degree. It also demonstrated 
that the seasonal variability of the mooring-observed cur-
rent corresponded to the seasonally varying circulation in 
the NSCS as revealed by the altimeter observation.

3.2 � ISV

The time series of U averaged over 80–420 m is shown in 
Fig. 5a, from which strong ISVs can be found. The mag-
nitude of the depth-averaged U can occasionally exceed 
0.25  m/s. For example, the U reached −27.8  cm/s in 
late October 2011, then it sharply increased and became 
−14 cm/s about 24 days later; the U was −18 cm/s in mid 
January 2012 and sharply increased to 27.9  cm/s in early 
February 2012. In correspondence with the velocity, the 
kinetic energy (i.e., (U2 + V2)/2) also showed strong ISVs. 
The maximum kinetic energy occurred in mid January 2012 
with the magnitude of 0.13  m2/s2. The power spectrum 
analysis showed that the depth-averaged U showed sig-
nificant energy peaks in the band between 30 and 90 days 
(Fig. 5c). The power spectra of the zonal altimeter velocity 

displayed similar results except that it had stronger energy 
at around 60 days (Fig. 5d). The regions southwest of Tai-
wan and northwest of Luzon were revealed to have strong 
mesoscale eddy activities; after generation, these mesoscale 
eddies tend to propagate westward and southwestward 
(Wang et  al. 2003; Chen et  al. 2011) and thus can influ-
ence the mooring sites. The remainder of this section will 
investigate whether the propagating mesoscale eddies are 
the cause of the strong ISVs of the observed velocity. The 
vertical structure of the strong ISV events is also examined 
in this section.

To investigate whether the ISVs were associated with 
mesoscale eddies, we detected the eddies using the altim-
eter data. The method was primarily based on the algorithm 
used in Chen et al. (2011), and the readers can refer to their 
paper for details. Eventually, six long-lived eddies (with the 
lifespan larger than 4 weeks) were detected influencing the 
mooring site over 2.5 years, including two cyclonic eddies 
and four anti-cyclonic eddies. In chronological sequence, 
we called the two cyclones CA and CE and the four anti-
cyclones WB, WC, WD and WF, respectively. Figure  6a 
shows the time series of SLA at the mooring site and the 
observed kinetic energy averaged over 80–420  m, with 
the detected eddies specified by gray strips. Comparing 

Fig. 3   Seasonal variations of U (a), V (c) and absolute velocity (e) 
averaged between 80 and 200  m (gray bars). The monthly mean 
value is calculated based on the velocity in every same month of the 
whole observation period. The black thin bars denote the standard 
deviations. In order to clearly show the seasonal cycle, the monthly 

U, V and absolute velocity were repeated twice. The right panels b, 
d and f are the same as a, c and e, respectively, except for the depth 
between 200 and 420  m. Before we computed the monthly mean 
velocity, the intraseasonal variability was first removed from the time 
series using 90-day low-pass filtering
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Figs.  5a, b and Fig.  6a, we found that the observed large 
velocity anomalies and kinetic energy had a good cor-
respondence with the eddy events. The observed largest 
kinetic energy in mid January was just corresponding to the 
strong mesoscale eddy WD, which showed a large SLA and 
SLA gradient (Figs. 6a, 7d). These results indicated that the 
eddies indeed had large influences on the local currents at 
the mooring site.

We assumed that the mooring site was influenced by 
the eddies only when it was at the edges or within the 
cores of eddies. If we defined the periods when moor-
ing was influenced by the eddies as eddy periods, the 
eddy periods were 22 days (CA), 62 days (WB), 46 days 
(WC), 55  days (WD), 32  days (CE) and 40  days (WF), 
respectively (see Table  2). During the eddy periods, the 
detected eddies can cause a maximum absolute velocity 
of 0.62, 0.59, 0.21, 0.95, 0.35 and 0.71 m/s in the upper-
most layer, respectively (see Table  2). The distance-time 
plots of the SLA along the latitude and longitude of the 
mooring site revealed propagating signals during the eddy 

events. Overall, WB and WC propagated northwestward, 
and the other four propagated southwestward. The prop-
agation speed ranged from 6.8 to 9.3  cm/s (see Table 2), 
which generally agreed with the results of previous studies 
(Chen et al. 2011; Nan et al. 2011b). Figure 7 exhibits the 
typical SLA distribution when each detected eddy caused 
the maximum observed velocity during its eddy period. 
We found that, in nearly in all of the cases, the observed 
velocity reached its maximum mostly when the mooring 
site was at the edge of the eddies. In Fig. 7 we also show 
the generation locations and propagation trajectories of the 
eddies. Among the six eddies, WB and WC were generated 
northwest of Luzon, and WD, CE and WF were generated 
southwest of Taiwan. These generation regions were con-
sistent with the primary eddy generation regions revealed 
by the historical statistics (Wang et  al. 2003; Chen et  al. 
2011). The paths of the southwestward-propagating eddies 
(WD, CE and WF) were generally along the isobaths, 
which satisfied the conservation of potential vorticity 
(Zhang et al. 2013).

Fig. 4   a The mean altimeter geostrophic currents (black arrows) in 
the NSCS in springs of the whole mooring observation period. The 
currents in regions shallower than 200 m were not shown. The green 
dot is the mooring site, and the red arrow at the mooring site denotes 
the corresponding mooring-observed velocity at the uppermost com-
mon depth (80 m). b, c and d are the same as a, but for the summer, 
autumn and winter seasons, respectively. e Vertical profile of corre-

lation coefficient between the mooring-observed U and the altimeter 
zonal geostrophic current (20.77°N–21.08°N and 117.67°E–118.0°E 
around the mooring site, satellite data). The correlation coefficients at 
each layer were all statistically significant above the 95 % confidence 
level. f is the same as e, but shows the result of the meridional veloc-
ity
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To investigate the vertical structures of the strong ISV 
signals that were associated with the eddies, the mean 
velocity profile and its standard deviation were calcu-
lated during every eddy period (Fig.  8). For comparison, 
the mean profiles of the background current represented 
by 90-day low-passing velocity were also plotted. As 
the results for U and V were similar, we only showed the 
results of V here. During most eddy events, the mean V 
was apparently larger than the background V, demonstrat-
ing the influence of eddies on the local current. The veloc-
ity during all eddy periods had large variations and thus 
showed large standard deviations. The varying velocities 
during eddy periods were primarily caused by the propa-
gation of eddies. During the whole observation period, 
different eddies presented different vertical structures. For 
the eddies CA, WB, WD and WF, the velocity was surface-
intensified, i.e., with increasing depth the velocity quickly 
decreased. For eddies WC and CE, on the other hand, the 
velocity slightly increased with depth. Although the mean 

V had large vertical shears during eddy events, the mean V 
nearly keep the same sign in the vertical direction. Another 
interesting feature we should note was that during the WB, 
WC and WD periods the mean V was larger than the back-
ground velocity in the full water column; even beneath 
800 m depth, the mean V can still have an order of 10 cm/s. 
This demonstrated that the mesoscale eddies are not only 
signals confined to the upper layer; sometimes they can 
extend from the sea surface to bottom.

To better understand the vertical structure of the 
observed current, the dynamical mode analysis was per-
formed based on the near full-depth velocity data dur-
ing the second observation period. We first computed the 
Brunt-Väisälä frequency from the WOA09 mean tempera-
ture and salinity profiles at the mooring site (Fig. 9a). Then 
the dynamical modes (Fig.  9b) were obtained by solving 
the Sturm-Liouville eigenvalue problem (Gill 1982). Refer-
ring to the method used in Wunsch (1997), the velocity 
profiles were projected onto each dynamical mode, and 

Fig. 5   a Time series of depth-averaged U between 80 and 420 m. b 
Time series of depth-averaged kinetic energy between 80 and 420 m. 
c The variance-preserved power spectrum of the depth-averaged U 
in a. The red dashed line indicates the 95 % confidence level. Panel 

d is the same as c but for the zonal altimeter geostrophic velocity 
(20.77°N–21.08°N and 117.67°E–118.0°E around the mooring site, 
satellite data)
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Fig. 6   a Time series of the 
altimeter SLA at the mooring 
site (red line) and the observed 
kinetic energy averaged over 
80–420 m (blue line, same as 
Fig. 5b). The gray strips specify 
the mesoscale eddies passing 
the mooring site. Distance-
time diagram of SLA along the 
longitude (b) and latitude (c) 
of the mooring site. The black 
arrows indicate the propagating 
eddy signals

Fig. 7   The typical SLA distribution in the NSCS when each eddy 
revealed in Fig. 6a influenced the mooring site. The contour interval 
of SLA is 3 cm. The black contour denotes the 1000-m isobath. The 

blue solid line denotes the trajectory of each eddy. The green dot rep-
resents the mooring site, and the triangle represents the generation 
location of the eddy
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the percentage of kinetic energy (KE) explained by each 
mode was calculated. The temporal variation of the result 
of the kinetic energy partition is shown in Fig. 9c. Because 
the energy explained by the high baroclinic mode (higher 

than 3) was weak, only the results of the barotropic and 
first three baroclinic modes were shown. The results show 
that the KE was concentrated in the barotropic mode dur-
ing most of the observation period. The barotropic mode 

Table 2   Statistics of the detected eddies

The statistics include mean values (to the left of the ± symbol) and standard deviations (to the right of the ± symbol)

Eddy Generation  
location

Generation time 
(year/month/day)

Propagation 
speed (cm/s)

Averaged SLA at 
mooring site  
during the eddy 
period (cm)

Eddy period  
(year/month/day)

Maximum 
observed  
velocity (m/s)

Time of the 
maximum velocity 
(year/month/day)

CA 118.4°E,20.5°N 10/10/17 8.6 ± 2.4 −5.0 ± 4.5 10/10/22–10/11/12 0.62 10/10/28

WB 120.4°E,19.4°N 11/5/10 9.3 ± 2.1 9.1 ± 5.5 11/6/17–11/8/17 0.59 11/6/30

WC 119.8°E,19.4°N 11/8/8 6.8 ± 1.6 12.6 ± 6.1 11/8/25–11/10/9 0.21 11/9/17

WD 119.75°E,21.75°N 11/11/26 7.9 ± 1.6 13.6 ± 10.7 11/12/21–12/2/13 0.95 12/1/17

CE 120°E,22.25°N 12/1/20 7.5 ± 1.8 −13.5 ± 4.1 12/3/1–12/4/1 0.35 12/3/2

WF 120.3°E,22°N 12/10/18 7.7 ± 1.4 17.6 ± 9.6 12/11/17–12/12/26 0.71 12/12/3

Fig. 8   a Time mean profile of V (red line) during the period when 
the mooring was influenced by eddy A. The gray shading denotes the 
standard deviation of the red line. The blue solid line is the same as 
the red line but was calculated from the 90-day low-pass filtered V. 
The two blue dashed lines denote the standard deviation of the blue 

solid line. The zero velocity is indicated by the black dashed line. 
Panels b–f are all the same as panel a except for the mean V profiles 
when the mooring was influenced by different eddies as marked on 
the top of each panel
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keeps the same velocity in the vertical direction (green line 
in Fig. 9b); the high barotropic mode energy explained why 
the observed currents were coherent and showed the same 
sign in the vertical direction (Fig.  2). However, in Sep-
tember and December, we found a relatively large energy 
percentage in the first baroclinic mode, which was compa-
rable with the barotropic mode. During these two periods, 
the velocity showed large vertical shear as seen in Fig. 2. 
In addition, it was found that the mooring currents were 
influenced by a strong mesoscale eddy during both of the 
above two periods (Figs. 6, 7c, d). The above results indi-
cated that the mesoscale eddy strengthened the vertical 
shear of the current velocity; thus, it had enhanced energy 
in the first baroclinic mode. Actually, the eddy structures 
were found to be dominated by the first baroclinic mode 
in the deep NSCS and Luzon Strait in our previous studies 
(Zhang et al. 2013, 2015).

4 � Summary and discussion

The vertical structure and temporal variability of the current 
in the NSCS were examined based on 2.5-year direct veloc-
ity measurements from a subsurface mooring. Combining 

satellite altimeter and moored data, in this study we dis-
cussed the causes of the seasonal variability and ISVs of 
the mooring-observed currents.

Power spectrum analysis revealed that the observed 
velocity showed significant ISVs in the band between 30 
and 90 days. The ISV-removed current velocity displayed 
a roughly semiannual cycle, with the depth-averaged U 
(V) reaching the maximum in March and October (Janu-
ary and July) and the minimum in July and February (April 
and August), respectively. Comparison with the altimeter 
observations suggested that this semiannual variability 
may be corresponding to the seasonally various circulation 
in the NSCS. In the previous studies (e.g., Qu et al. 2008, 
Kashino et al. 2011, Zhao et al. 2012), semiannual signals 
were also found in the upper-ocean circulation. Zhao et al. 
(2012) indicated that the semiannual signals in the north-
ern Philippine Sea mainly resulted from semiannual modu-
lations of the Asian Monsoon system. Since the NSCS is 
also under the control of the Asian Monsoon system, the 
semiannual variability of the current velocity may also be 
related to the Asian Monsoon. This needs further study in 
the future.

By combing the altimeter observations, it was found 
that the strong ISVs of the observed currents were closely 

Fig. 9   a Mean potential density 
profile (red) and Brunt-Väisälä 
frequency (black). b The 
normalized barotropic (mode 
0) and the first three baroclinic 
dynamical modes (modes 1–3). 
c The percentage of the full-
column averaged kinetic energy 
in the barotropic and first three 
baroclinic modes
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related to the mesoscale eddies. During the whole obser-
vation period, we detected six long-lived eddies that influ-
enced the mooring site for more than 20 days. One should 
note that several other eddies can also influence the moor-
ing site and cause large velocity amplitudes (e.g., in late 
October 2011 and September 2012). As these eddies either 
were short-lived or only influenced the mooring site dur-
ing a short period, we did not analyze them in the present 
study. Although we concluded in the present study that the 
propagating mesoscale eddies are an important cause of the 
ISVs of the observed current, the ISVs may also be asso-
ciated with other factors, such as the propagating Rossby 
waves, some kinds of topography-trapped waves and intra-
seasonal sea surface wind forcing (Zhuang et al. 2010; Hsin 
et al. 2010).

The comparison between the mean velocity and back-
ground current profiles during eddy periods indicated that 
the mesoscale eddies are only not signals confined to the 
upper layer and that they sometimes can extend from the 
sea surface to bottom. The dynamical mode analysis of 
the near full-depth velocity data in the second deploy-
ment showed that the KE was concentrated in the baro-
tropic mode during most of the observation period, which 
explained why the observed currents were coherent and 
showed the same sign in the vertical direction (Fig.  2). 
More importantly, the observations revealed that the mes-
oscale eddy can strengthen the vertical shear of the cur-
rents, which was also found by Chen et  al. (2013). Cor-
respondingly, the energy in the first baroclinic mode was 
enhanced during the eddy events. The altimeter SLA also 
indicated that the mooring was under the influence of a 
cold eddy in early December 2011 (not shown). Then, in 
mid and late December, the mooring was influenced by the 
WD. The velocity associated with these eddies had strong 
vertical shear; therefore the baroclinic energy was large 
in December 2011. We should note that the present result 
regarding the eddy vertical structure is only based on the 
observation from one mooring. The eddy may have differ-
ent vertical structures in different regions and during its 
different life stages. This issue is left for the future study 
when more mooring observations will be acquired.

Our recent study indicated that the anti-cyclonic eddy 
generated southwest of Taiwan in December 2011 (eddy 
WD in the present study) was highly dominated by the 
first baroclinic mode in the deep basin; during the eddy 
event, the deep current below 2500 m was largely enhanced 
and showed opposite signs to the upper current (Zhang 
et  al.2013). However, whether the mesoscale eddies can 
influence the basin-scale deep circulation in the SCS needs 
more full-depth observations for verification.
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