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Abstract  Interannual variations of the eddy kinetic energy (EKE) related to two types of winter 
circulation events (“O” and “U”) were investigated based on the outputs of the Ocean General Circulation 
Model (OGCM) for the Earth Simulator (OFES) and the corresponding energetic analyses. Results show 
that the EKE is strong and extends eastward to offshore the Vietnam coast about 2°, associated with the 
weaker South China Sea western boundary current (SCSwbc) in “O” type years, while the EKE is weak 
and high value that can be attained is narrowed along the coast, associated with the stronger SCSwbc in 
“U” type years. The energy budget shows that the wind stress and barotropic/baroclinic instability are 
important factors to regulate the EKE in “U” and “O” years. For “U” years, under a strong winter 
monsoon forcing, the SCSwbc strengthen, the directly wind work and barotropic conversion from the 
mean kinetic energy (MKE) to EKE are weak, thus the EKE decrease corresponding to the baroclinic 
conversion from the kinetic energy to potential energy. However, the situation is reversed in “O” years. 
Under the influence of El Niño events, wind stress forces can weaken SCSwbc and enhance EKE in 
pattern “O”, whereas La Niña events have relatively weaker influences. The barotropic conversion rate in 
“O” type is nearly eight times of the “U” type. The pressure work and advection term are the main 
sources to greatly suppress EKE in the SCSwbc region.

Keyword: two-type winter circulation; South China Sea western boundary current; energy budget

1 INTRODUCTION

Mesoscale eddies are a natural phenomenon 
occurring in oceans all around the world (Chelton et 
al., 2011). The South China Sea (SCS) is the largest 
semi-enclosed marginal sea in Southeast Asia 
(Fig.1). Because of the seasonally reversing monsoon, 
wind-driven circulation is the main component of the 
general circulation in the SCS (Dale, 1956; Wyrtki, 
1961). Seasonal circulation is predominant in the 
SCS (Hu et al., 2000; Liu et al., 2001), and it 
appears as a multi-eddy structure (Shaw et al., 1999; 
Su et al., 1999, 2002; Fang et al., 2002). The origin 
of seasonal circulation is mainly attributed to wind, 

the nonlinear effect of currents, eddy shedding, 

penetration of nonlinear Rossby eddies into the SCS, 

and topography (Hwang and Chen, 2000; Metzger 
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and Hurlburt, 2001; Wang et al., 2003, 2008a, b; Xie 
et al., 2003; Yuan et al., 2007; Gan and Qu, 2008; 
Hu et al., 2012; Chen et al., 2015). Ocean eddies, as 
analogous weather systems in the atmosphere, are 
an important mechanism for the transport of heat, 
momentum, and matter (Holloway, 1986). Thus, 
they are an important component in ocean dynamics, 
marine ecosystems, and air-sea interaction 
(McGillicuddy et al., 2007; Frenger et al., 2013; 
Dong et al., 2014; Ma et al., 2016).

In the SCS, eddies are active along the continental 
slope from southern Vietnam to the southwest of 
Taiwan, China (Ho et al., 2000; Wang et al., 2000, 
2003; Lin et al., 2007; Zhuang et al., 2010). Wang et 
al. (2003) showed that eddies are mainly grouped 
into four geographic zones according to eddy 
generation mechanisms. Despite the discrepancy in 
statistical characteristic of SCS eddies in Xiu et al. 
(2010) and Wang et al. (2003), perhaps caused by 
the different criteria and dataset used in identifying 
eddies, they both pointed out the high-occurrence of 
eddies locates at offshore of Vietnam. Eddies in this 
area embedded in the western boundary current 
(WBC) have strong intra-seasonal, seasonal and 
interannual variability (Xiu et al., 2010; Zhuang et 
al., 2010; Chen et al., 2011). Strong intra-seasonal 
sea surface height variability is found in the 
southeast of Vietnam, exhibiting clear seasonal 
variations (Zhuang et al., 2010). The eddy propagation 
from the western basin to the east of Vietnam is 
random (Chen et al., 2011). Anticyclonic eddies 
(around 112°E, 14°N) in the western SCS are 
periodically and seasonally modulated by monsoon 
and circulation (Chu et al., 2020), where the 
probabilities of occurrence of relatively large eddies 
are approximately 25% (Lin et al., 2007).

The strong eastward jet offshore of Vietnam 
during southwest monsoon is usually accompanied 
by a dipole structure with an anticyclonic eddy 
(cyclonic eddy) south (north) of the jet (Wang et al., 
2003). In July and August, an anticyclonic eddy 
develops to the southeast of the Vietnam coast, 
transferring the cold coastal water offshore to the 
SCS interior (Xie et al., 2003). Formation of eddy 
pairs off eastern Vietnam is a seasonal phenomenon 
and displays remarkable interannual variability 
(Chen et al., 2010). The wind, the western boundary 
current, the eastward jet, and their interaction with 
topography may influence the generation of eddies 
off the eastern Vietnam coast (Hwang and Chen, 
2000; Xie et al., 2003; Chen et al., 2010). In boreal 
summer, the summertime eastward jet, as an 

extension of the Vietnam coastal current, is 
primarily induced by local wind changes (Li et al., 
2014). During northeast monsoon, cyclonic circulation 
occupies the entire SCS, making the South China 
Sea western boundary current (SCSwbc) stronger. 
The monsoon, Luzon Strait transport (LST), and El 
Niño and Southern Oscillation (ENSO), are all 
important to regulate SCS circulation and the eddies 
(Chen et al., 2010; Liu et al., 2011, 2012; Chen and 
Wang, 2014; Chu et al., 2014, 2017; Lyu et al., 
2016; He et al., 2019; Wang et al., 2019, 2020; Zu et 
al., 2019, 2020).

Energetics analysis is a useful approach to 
explore the dynamics and mechanisms of ocean 
eddies. Zhuang et al. (2010) used energetics analysis 
to evaluate the contributions from instabilities of 
mean flow to eddy kinetic energy (EKE) in the SCS. 
Wind stress forces, barotropic/baroclinic instabilities, 
and pressure gradient together influence the 
interannual variability of EKE in western SCS (Gan 
and Qu., 2008; Chen et al., 2009, 2010; Wang et al., 
2013a; Chu et al., 2014; Li et al., 2017). Mesoscale 
variability located offshore of Vietnam (Fig.1, blue 
box) plays an important role in regulating the 
SCSwbc by transferring eddy energy. The kinetic 

Fig.1 Climatological mean winter sea surface current in 
the SCS, averaged from December 1993 to December 
2017
Shadings represent the magnitude of velocity (unit: m/s) and grey 

arrows represent the velocity vector. Pink dots indicate the mean 

SCSwbc jet axis and the blue box is the main study domain (9°N–

16°N, 109°E–114°E).
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energy pathway reveals that the external forcing 
dominates upper layer circulation, and the coupling 
between internal and external dynamics is crucial 
for maintaining the circulation in middle and deep 
layers (Cai and Gan, 2021). The SCSwbc is the 
major component of the SCS throughflow (e.g., Qu 
et al., 2006; Wang et al., 2006b, 2013a; Fang et al., 
2012) and has obvious interannual variability (Fang 
et al., 2002, 2012; He and Wang, 2009; Wang et al., 
2013b, 2016; Zhu et al., 2015; Quan et al., 2016; Li 
et al., 2017; Zu et al., 2019). Two types of winter 
circulation exist in the SCS during boreal winter, 
namely, “O” and “U” (Zu et al., 2019). For pattern 

“U”, the SCSwbc is strong and continuous with 
large positive vorticity along the isobaths all the 
way southward forming a strong and unclosed “U”
-shaped cyclonic circulation. For pattern “O”, the 
SCSwbc is much weaker with one part continuing to 
extent southward forming a closed “O” -shaped 
cyclonic circulation and the other part turns 
northeast off the coast of Vietnam (Fig.2). The 
detailed process of energy conversions and their 
effects on eddy activities are still unclear, and this is 
the purpose of this study. Exploring the relationship 
between the SCSwbc and EKE can provide useful 
insights into the importance of mesoscale activity on 

Fig.2 The horizontal distribution of upper layer current from OFES outputs (a, c) and geostrophic current from altimeter 
data (b, d)
(a–b) and (c–d) for the composite of “O” and “U” years. The gray arrow represents the velocity vector, the color shedding represents the absolute 

velocity (m/s), and the red bold arrow represents the movement of the western boundary current.
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the SCS circulation.
In this study, the interannual variability of EKE 

and related dynamics in the SCSwbc region associated 
with two types of winter circulations are explored 
(Fig.1). The paper is organized as follows. In 
Section 2, data and methods are introduced. In 
Section 3, the interannual variability of EKE is 
presented, including its relationship with ENSO, 
wind stress forcing, and volume transports. The 
energy budgets are done in Section 4 to further 
illustrate the dynamical mechanisms. Finally, the 
discussion and summary are presented in Section 5.

2 DATA AND METHOD

2.1 Data

The monthly mean outputs of temperature, 
salinity, and velocity data from the hindcast run of 
Ocean General Circulation Model (OGCM) for the 
Earth Simulator (OFES) are used in this study 
(Sasaki et al., 2004, 2008). Covering the global 
domain from 75°S to 75°N, the OFES model has an 
eddy-resolving 0.1°×0.1° horizontal resolution and 
54 vertical levels with increasing thickness based on 
the real ocean stratification. Its high resolution in 
time and space can adequately capture the mesoscale 
ocean processes and provide valuable insights for 
quantifying the energy balance (Zhuang et al., 2010; 
Qiu et al., 2014; Sun et al., 2016; Zhang et al., 
2020). In this study, the model output from January 
1993 to December 2017 is analyzed. The Niño3.4 
index from 1993–2017 is obtained from the website 
(https://climatedataguide.ucar.edu/climate-data/nino-
sst-indices-nino-12-3-34-4-oni-and-tni).

To validate the OFES simulation in our study 
domain, some comparisons are done as follows. 
Firstly, the upper layer current of OFES and the 
satellite geostrophic current obtained from Copernicus 
Marine and Environment Monitoring Service 
(CMEMS) are given in Fig.2. The altimeter data has 
a 1/4°×1/4° horizontal resolution with daily intervals. 
To synchronize with the period of the model time, 
the satellite altimeter data are averaged on monthly 
basis from January 1993 to December 2017. As 
shown in Fig.2, the OFES can well capture the 
horizontal characteristic of the cyclonic circulation 
in the “U”/“O” pattern respectively. Secondly, we 
compared the sea surface EKEs (Eq.1) between 
OFES (using the upper 2.5-m simulation results) 
and satellite altimeter data (Fig.3). EKE is an 
important term to indicate the generation and 
decaying of eddies, and high eddy activities occur 

near the Vietnam coast. The horizontal distributions 
of EKEs (Fig.3a–b) indicate that the OFES simulation 
can adequately capture the basic characteristics of 
EKEs in our study domain (9°N–16°N, 109°E–114°E; 
Fig.1, blue box), although it is not ideal and larger than 
Archiving, Validation and Interpretation of Satellite 
Oceanographic (AVISO) results in some regions, such 
as the boundary current system (Feng et al., 2017). By 
evaluating the standard deviation, the ration of 
OFES and AVISO is about 1.1 averaged in our study 
region (Fig.1, blue box). The difference in spatial 
and temporal resolution of data will have an impact 
on the magnitude of kinetic energy (KE) (Hu et al., 
2020). Only eddies with a radius greater than 25 km 
could be detected by satellite data (Tuo et al., 2019), 
and the mesoscale motion is likely to be 
underestimated due to the resolution of satellite 
altimeters (Cheng and Qi, 2010; Tuo et al., 2019; Ni et 
al., 2020; Kubryakov et al., 2021). In addition, we 
use geostrophic current to calculate the EKE of 
AVISO, this perhaps is another reason to cause their 
underestimation. As shown in Fig.2d, we should 
note that the model exists some discernible biases, 
especially in region (108°E–111°E, 4°N–8°N), where 
larger EKEs appear in AVISO. The biases also exist 
in other regions, such as the Kuroshio intrusion. 
This discernible bias in the southern SCS could have 
some impacts to recognize the amplitude of “U” 
pattern circulation in southern SCS, but will not 
substantially change the results in the study area 
(Fig.1, blue box) in this paper. In general, the model 
results to a little underestimate of the current 
amplitude (Wang et al., 2013b), mostly because of 
the artificial smooth and diffusion existing in model 
simulation. The large EKE is found in AVISO 
around the Kuroshio intrusion (Fig.3a–b), and this 
perhaps implies that the Kuroshio currents of OFES 
is underestimated and thus the simulated Kuroshio’s 
intrusion is weakened. Sensitivity study reveals that 
the weakening of the Kuroshio markedly enhances 
Kuroshio’s intrusion (Gan et al., 2006). Figure 3c 
shows the time series of area-averaged EKEs 
calculated from two datasets, and their correlation 
coefficient can reach 0.54 (for a simple statistical 
analysis, we assume the sample number is 25, and 
therefore rα=0.396, with 95% confidence level; rα=
0.337, with 90% confidence level). Previous studies 
also showed that the OFES does a reasonably good 
job in simulating the circulation and EKE in the 
SCS (Sun et al., 2016). By evaluating the model and 
satellite data, the model can basically capture the 
pattern and EKE activity shown in satellite data, 
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especially for winter circulation in study region. 
Thus, we believe the OFES data are suitable to be 
used in this study for investigating the interannual 
variability of EKE and quantitative analysis.

Generally, the basin-scale cyclonic circulation can 
exist for approximately 2–4 months from November 
to February next year (not shown). However, the 
strongest development of cyclonic circulation occurs 
in December (Zu et al., 2019). To ensure consistency 
with the previous study by Zu et al. (2019), we also 
adopted data for December (i.e., the mature stage) to 
study the interannual variability of winter circulation 
in the SCSwbc domain. Both the EKE and wind 
energy reach their maximum in December–January 

(Yang et al., 2013). Considering that the tides and 
internal waves are strong in the continental shelf, 
data shallower than 100 m are omitted.

2.2 Method

The expression of EKE is as follows:

EKE=1/2 ρ0(uʹ2+vʹ2). (1)

Here, (u, v) is horizontal velocity and prime 
(“()ʹ”) represents the deviation from the time-mean, 
ρ0=1 025 kg/m3 is the constant reference density. 
Mechanisms responsible for eddy activity can be 
quantified by EKE energy budget, including the 
terms of the internal exchange between the mean 

Fig.3 Horizontal distribution of mean sea surface EKE (unit: J/m3) in December calculated from AVISO data (a), OFES 
model outputs (b); time series of box-averaged EKE in December from 1993 to 2017 (c)
Pink dot box represents the main study domain consistent with Fig.1. “cor: 0.54” represents the correlation coefficient of EKE calculated from 

AVISO and OFES is 0.54.
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and eddy kinetic energy, the exchange with potential 
energy, and the external energy from wind stress et 
al. (Eq.2). Following the work of Ivchenko et al. 
(1997), the EKE budget equation is given as follows:

¶EKE
¶t

= -ρ0

                     ( )u′u′
¶ū
¶x

+ u′v′( )¶v̄
¶x

+
¶ū
¶y

+ v′v′
¶v̄
¶y

BTC

-

gρ′  *w′
VEDF

+    u′τ′x + v′τ′y
WW

-
         ( )u′

¶P′
¶x

+ v′
¶P′
¶y

PW

-

                   ( )u
¶EKE
¶x

+ v
¶EKE
¶y

+w
¶EKE
¶z

ADV

+DIFF

(2)

where 
¶EKE
¶t

 is the time change of EKE. On the 

right side of Eq.2, the first term BTC is the work of 
Reynolds stress against the mean shear, and it 
represents the energy transfer from mean flow to 
eddy energy, which, if positive, indicates the 
occurrence of barotropic instability; the second term 
VEDF represents the baroclinic conversion through 
vertical eddy density flux from eddy potential 
energy (EPE) to EKE; and the third term WW 
indicates the generation of EKE by wind input, 
which is associated with the time-varying surface 
wind forcing and ocean circulation. PW and ADV 
represent the redistribution rates of EKE through 
pressure work and ocean advection, respectively, 
and the last term DIFF is the residual, including the 
deviation of model simulation, the error caused by 
the selection of calculation depth, dissipation due to 
viscosity, and diffusion. It is difficult to directly 
calculate the DIFF term accurately, and therefore, it 
is not considered in this study.

Here, (u, v, w) is the three-dimensional velocity, 
P is pressure, ρ is density, τx, τy is zonal/meridional 
components of the wind stress, g is gravitational 
acceleration. The overbar (“

-
()ʹ”) denotes the time-

mean, and prime (“()ʹ”) represents the deviation 
from the time-mean and indicates transient eddy 
terms; ρ* = ρ–ρr is the perturbation density, and ρr is 
the background density field averaged over the 
study area (Fig.1, blue box) and period (from 
December 1993 to December 2017). Figure 4 clearly 

illustrates the expression of Eq.2. Notably, 
¶EKE
¶t

 is 

hard to be fully balanced with terms in the right side 
of Eq.2 because of adjustments applied when 
simulating data, and implies that the residual terms 
omitted here are important to balance the EKE 

equation. In addition, positive terms on the right 
side of Eq.2 can represent energy inputs to EKE; 
however, negative terms cannot completely represent 
the outputs of EKE. Calculation of the energy budget 
for open regions is complex but can provide useful 
information about its relative importance. In the 
following discussion, in case of no special statement 
elsewhere, EKE signifies the integration in upper 
241 m, and the map of the ocean current signifies 
the vertical average in upper 241 m.

3 RESULT OF EKE VARIABILITY

3.1 Mean EKE distribution in the winter season

Figure 5a illustrates the mean horizontal 
distribution of EKE integrated in the upper 241 m, 
which is averaged in December from 1993 to 2017. 
Northeast monsoon first appears over the northern 
shelf in October, and then expands southward, and 
reaches its maximum in December (Xue et al., 
2004). Therefore, the basin-scale cyclonic circulation 
in the winter season is well developed in December, 
and as a result, a significant EKE center is present in 
western SCS, with a high value (>7×103 J/m2), limited 
off the Vietnam coast as a narrow strip and extended 
southward starting from 14°N. The vertical profiles of 
EKE after being averaged in the longitude and 
latitude direction within the study area are shown in 
Fig.5b–c. The EKEs are largely concentrated in the 
upper 241 m (Fig.5b–c) and rapidly decays from the 
surface toward deeper ocean, with the highest value 
located at 110°E, 13.5°N–14°N. Considering that 
the eddy energy in the SCS is confined to the upper 
layer (Li et al., 2017; He et al., 2018), only the 
upper 241 m of the water column are examined in 

Fig.4 The EKE energy balance
Solid arrows indicate the energy conversion within the local ocean 

domain, and dashed arrows illustrate the external forcing of EKE outside 

the local ocean domain.
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this study, which is much shallower than that in 
Kuroshio region (800 m or deeper, e.g., Yang et al., 
2013; Geng et al., 2016; Sun et al., 2017). The 
results show that the vertical differences are obvious 
discernible for two types winter circulation events 
(Fig.5d–g). When the SCSwbc is strong associated 
with “U” patterns (Fig.5d–e), the EKE is confined 
along the coastal areas and offshore energy is much 
weaker than climatological mean. But for pattern 
“O”, the peak of EKE extends much deeper and far 
away from the coastal areas when the SCSwbc 
decreases (Fig.5f–g), indicating the energy transferring 
from mean flow to eddy activity.

The variance of the altimeter measurements of 
sea surface height (SSH) shows that the region off 
the coast of central Vietnam is a dynamic active area 
(Ho et al., 2000), which indicates that the eddy 

energy in this region is strongly connected with 
upper layer circulation related to the wind stress 
forcing, Kuroshio intrusion, and some other factors, 
such as topography. In winter, a stronger cyclonic 
gyre exists in the western SCS, and the boundary 
current strengthens, corresponding to strong off-
shelf northward upwind flow (Natuna off-shelf 
current) (Fang et al., 2002), and then, the mesoscale 
eddies in this region become active.

3.2 Abnormal EKE variability and its relationship 
with Niño3.4

To explore the relationship among EKE, KE, and 
ENSO events in the SCSwbc region the empirical 
orthogonal function (EOF) analysis of the monthly 
mean kinetic energy (KE=1/2ρ0(u2+v2)) and EKE in 
December was performed. The method of EOF 

Fig.5 Horizontal distribution of the integrated EKE (colors, unit: 104 J/m2) in upper 241 m (a); vertical profiles of EKE 
(unit: J/m3) after the zonal (9°N–16°N) and meridional (109°E–114°E) averaging (b & c); (d–e, f–g) as same as (b–c) 
but for pattern “U” and “O” respectively
The vertical average ocean currents are superimposed (vectors). Both EKE and ocean current are time-averaged in December from 1993 to 2017. The 

white dotted line is 241 m.
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analysis involves the decomposition of a signal or 
data set in terms of orthogonal basis functions. The 
EOF analysis can provide the eigenvectors and 
eigenvalues of the spatial covariance matrix of a 
dataset, representing the spatial characteristics of 
oceanic variability and time variability. The spatial 
pattern and the principal component of the first EOF 
mode (PC1) of EKE are shown in Fig.6a–b, 
respectively. The leading EOF mode shows that 
large EKE magnitude exists off the Vietnam coast, 
especially along the SCSwbs (Fig.6a) where large 
variance is concentrated, which is consistent with 
the dynamic active area of Ho et al. (2000), and PC1 
can explain approximately 37.2% of the total variance 
of EKE. Figure 6b–c represents the PC1 of EKE and 
KE (the horizontal distribution is not shown), and as 

shown in the figure, both KE and EKE in the winter 
season have significant interannual variabilities. The 
horizontal distribution and time series of leading 
EOF modes of EKE and KE inferred from OFES 
outputs have been compared with those from AVISO 
data, and results are basically similar (not shown). 
Of course, we should keep in mind that there are 
some discernible differences exist between OFES 
and AVISO. As pointed in Fig.3, the OFES EKE is 
stronger than observation in boundary current, with 
stronger interannual variations. Therefore, an 
obvious high-value center occurs in the nearshore 
area (Fig.6a). The EKE is larger than AVISO results 
in the boundary current system, indicating that the 
boundary current will be overestimated in OFES 
model.

Fig.6 Leading EOF mode of EKE off Vietnam coast (a); principal components of the first mode (PC1) of EKE and KE 
respectively (b–c); normalized time series of EKE (red line) and KE (dark line) anomalies averaged in the study 
domain (d)
Niño3.4 index is superimposed (bar). “cor(KE)/cor(EKE)” represents the correlation coefficients between KE/EKE and Niño3.4.
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Following the method of Zu et al. (2019), years 
with larger variabilities of KE PC1 are selected to 
do a composite analysis (Fig.6c). The “O” type 
winter circulation includes 1994, 1997, 2009, 2010, 
2012, and 2015 (PC1 larger than 2×105); the “U” 
type winter circulation includes 1998, 1999, 2003, 
2005, 2006, and 2007 (PC1 smaller than -2×105). 
The remaining years are defined to be normal years. 
We found that these years during “O” and “U” type 
winter circulation have a certain relationship with 
ENSO events. The relationship between winter 
circulation with “O” and “U” patterns and ENSO 
can be depicted in Fig.6d. The Niño3.4 index is 
negatively/positively correlated with KE/EKE 
evolution in SCSwbc (correlation coefficient=-0.42/
0.37, exceeding 95% and 90% confidence level), 
indicating that ENSO plays a role in causing EKE 
variability in this region (Chen et al., 2009, 2010; 
Zhuang et al., 2010; Chu et al., 2014, 2017).

Figure 7a–b presents the horizontal distributions 
of EKE (vertical integrated in upper 241 m) and 
corresponding ocean circulation superimposed with 

flow field in patterns “U” and “O”, respectively. In 
pattern “U”, remarkably strong SCSwbc with cyclonic 
circulation exists along the coast of Vietnam, and an 
unclosed cyclonic circulation forms along the 
southern continental shelf (Fig.7a). Half of the 
composite years for pattern “U” are in the early or 
mature stage of La Niña events, such as 1998, 1999, 
and 2007. In pattern “O”, SCSwbc is diverged 
around 13°N and forms a two-branch structure, with 
one part continuing to extend southward and the 
other part deflecting eastward (Fig.7b). The 
SCSwbc in “O” year is much weaker so that the 
cyclonic circulation in the south of SCS could 
develop into a closed gyre (Fig.7b), and most of the 
component years are in the mature stage of El Niño 
events, such as 1994, 1997, 2009, 2015. Compared 
with pattern “U”, the boundary current in pattern 
“O” is significantly weakened, and the difference in 
EKE (Fig.7c) mainly occurs in the eastern region of 
boundary current (12°N–14°N).

To determine the difference in EKE between the 
two types of winter circulation, the time series of 

Fig.7 Composite current and EKE in pattern “U” (a), pattern “O” (b), and the difference between the two patterns “O” 
minus “U” (c); time series of EKE anomaly in pattern “U” (red line) and pattern “O” (dark line) from June to the 
following June (unit: 104 J/m2) (d)
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EKE anomaly was averaged in the study domain 
from June to the following June, as shown in Fig.7d. 
The anomalies in Fig.7d are calculated in the 
formula:

EUa(t)=EU(t)–Em(t), (3)

EOa(t)=EO(t)–Em(t), (4)

where E represents EKE in Fig.7d and each term in 
Eq.2; Em represents the average from Jan. to Dec. in 
25 years; EU/EO represents the average from Jan. to 
Dec. in “U”/“O” composite years; EUa/EOa represents 
the anomalous values relative to the climatological 
mean results in the corresponding month.

The EKE anomaly is significantly different in 
two types of circulation, corresponding to a negative/
positive EKE anomaly in pattern “U”/“O” winter 
circulation. It can be found that during the mature 
stage of El Niño events, SCSwbc decreases and 
EKE increases, while the impact of La Niña events 
is much weaker than that of El Niño events 
(Figs.6–7). Previous studies have pointed out that 
ENSO events can affect EKE and the upper layer 
circulation in SCS to some extent. ENSO can affect 
the SCS regional wind, and therefore affects the 
SCS circulation and eddy activities (Xiu et al., 
2010). The interannual variation of local wind stress 
curl associated with ENSO events may be the cause 
of the interannual variation of the EKE in the SCS 
(Chen et al., 2009; Cheng and Qi, 2010). However, 
the ENSO events do not perfectly coincide with the 
years of “O” and “U”, indicating that in some years, 
some other factors to regulate the variation of EKE 
in SCSwbc region rather than ENSO events.

3.3 Relationship among EKE, SCSwbc transport, 
and wind stress forcing

The observation results show that the volume 
transport in the north of the SCS (NSCS) was 
affected by the mesoscale eddies (Zhu et al., 2015). 
When the transport of NSCS is minimum (maximum), 
a cyclonic (anticyclonic) eddy would extend to the 
southeast side of the observation line, and then induce 
a southwestward (northeastward) transport anomaly. 
The large EKE along the slope in the simulation 
extends into the SCS which means the stronger 
Kuroshio intrusion in the simulation (Fig.3b). 
Furthermore, the wind stress is an important factor 
regulating the SCSwbc in the winter season (Quan 
et al., 2016), in addition to the role of Kuroshio 
intrusion. As the relationship between EKE and 
SCSwbc transport and wind stress forces will be 

investigated in this section, the volume transport 
through section (12.5°N, 109°E–114°E) integrated 
in upper 241 m is selected to represent SCSwbc 
transport in the upper ocean. In addition, it is 
necessary to discuss the possible impacts of 
Kuroshio intrusion on SCSwbc. The Luzon Strait 
transport is calculated to simply represent the 
Kuroshio intrusion.

Figure 8a gives the time series of Luzon Strait 
transport vertically integrated along the section 
(121°E, 17°N–23°N). The time-longitude section of 
meridional velocity anomaly shows that the 
modelled strongest SCSwbc is mainly limited in 
west of 110.5°E (Fig.8b), and this southward current 
can extend to a depth of ³800 m (Fig.8c–d), which 
is consistent with observational evidence (Guo et 
al., 1985; Zhou et al., 2010). Seen from Fig.8a–b, in 
general, in the “O” years, the Kuroshio intrusion is 
relatively weak, corresponding to the weakening of 
the SCSwbc; while in the “U” years, the Kuroshio 
intrusion is strong, corresponding to the strengthening 
of SCSwbc The observed SCSwbc in the Xisha area 
flows southwestward above 450 m from November 
to April, with a maximum velocity of >60 cm/s (Shu 
et al., 2016). The SCSwbc transport in the central 
part of the coast of Vietnam reaches its maximum 
value in winter and has obvious interannual changes 
(Quan et al., 2016). Thus, in “U” and “O” years, the 
composite fields of southward meridional velocities 
are abnormally enhanced or weakened (Fig.8c–d). 
Furthermore, there are significant interannual changes 
in the SCSwbc structures, including position, width, 
and maximum depth (Quan et al., 2016), partially 
reflected in Fig.8b. Compared with the U-shape, the 
main axis of the O-shape apparently extends 
eastward. Figure 8a–b also reflect that the strong-
weak-strong decadal variations of LST and SCSwbc.

The SCSwbc in winter is mainly attributed to the 
monsoon and Kuroshio intrusion (Chen and Xue, 
2014). Numerical experiments confirmed that a 
reduced Kuroshio intrusion could slightly reduce 
mesoscale activities in the northern SCS, but the EKE 
variability in the southwest SCS cannot be directly 
explained by Kuroshio intrusion alone (Feng et al., 
2020). Quan et al. (2016) found that the wind forcing 
makes a primary contribution to the interannual 
variability of the winter SCS WBC, whereas the 
influence of Kuroshio intrusion is secondary.

Red and blue arrows represent the years of “O” 
and “U” patterns, respectively; positive indicates 
eastward/northward.

To explore the relationship among advection 
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transport, wind stress, and EKE under different 
circulation patterns, the mean state and the anomalies 
of wind stress (WSA) and wind stress curl (WSCA) 
in the “U” and “O” years are shown in Fig.9a & c, 
respectively. At the same time, the mean state and 
the anomalies of volume transports (TSA) of three 
sections in the study area are superimposed. Clearly, 
the WSA deflected to the northeast in the “O” year, 
and the WSCA was negative in a large area. The 
transport anomalies through 9°N and 16°N are 
northward, which indicates that the southward 
SCSwbc is weakened under the abnormal northeast 
monsoon forcing in the “O” years, and vice versa in 
“U” years. Figure 9d shows the time series of EKE, 
12.5°N TSA, and WSA in winter. The correlation 
coefficient between EKE anomaly and TSA (WSCA) 
is 0.70 (-0.40), both exceeding 95% confidence level. 
And the correlation coefficient between TSA and 
WSCA is -0.63, exceeding 95% confidence level. 
Under the abnormal south-westward wind stress 
force, the southward transport in SCSwbc increases 
with Ekman detrainment, corresponding to the 
abnormally weakened EKE in “U” type years. 
However, in “O” type years, the southward transport 
in SCSwbc decreases with Ekman entrainment, 
corresponding to the abnormally strengthened EKE. 
The local wind stress curl plays an important role in 
the interannual variability of the eddy, and the eddy 
activity is related to the strength of the background 
flows (Chen et al., 2010, 2011). Sun and Lan (2021) 

pointed out that in the summer season, the response 
of SCSwbc to El Niño could be attributed to the 
setting up of the anticyclonic circulation in Sverdrup 
balance driven by the negative wind stress curl in 
the southern SCS. Thus, the response of SCSwbc in 
“U”/“O” years can also be explained by the setting 
up of the abnormal cyclonic/anticyclonic circulation 
in Sverdrup balance driven by the abnormal positive/
negative wind stress curl, respectively.

This abnormal wind stress curl can exert either a 
direct effect on the regulation of the interannual 
variability of EKE or an indirect way by changing 
the SCSwbc transport (Zu et al., 2019). The local 
wind stress curl is also a dominant driving force to 
spin up the mesoscale eddies in the eastern SCS and 
then spread westward (Wang et al., 2008b). The 
abnormal transport in western SCS can also be 
attributed to the geostrophic current associated with 
the sea level pattern, which is primarily induced by 
local wind changes associated with the ENSO (Li et 
al., 2014). During the development of ocean eddies, 
the mean current will transfer energy to eddies through 
the energy conversion process, such as barotropic and 
baroclinic instability (e.g., Feng et al., 2005). The 
detailed process of energy conversion in SCSwbc in 
the summer season was examined by Li et al. (2017) 
and Yao et al. (2017). In Section 4, we further 
discuss how the wind stress and energy conversion 
inside the ocean affects EKE through the energy 
budget equation.

Fig.8 The time series of Luzon Strati transport anomaly (eastward is positive) (a); time-longitude section of meridional 
velocity anomaly (m/s) along 12.5°N (b), composite vertical meridional distribution of the meridional velocity 
anomalies in “O” and “U” pattern years (c–d), respectively, at the 12.5°N section
The red/blue bidirectional arrow between (a) and (b) represents the “O”/“U” years.
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4 ENERGY BUDGET ANALYSIS

4.1 Horizontal and vertical distribution

Horizontal distribution of each term anomaly in 
Eq.2 corresponding to “U”/“O” pattern is given in 
Fig.10. By comparing Fig.10a with Fig.10g, it can 
be found that in pattern “U”, the high value of ADV 
is mainly concentrated in the narrow strip along the 
Vietnam coastal area and decreases rapidly on the 
east side of the SCSwbc. In pattern “O”, the ADV is 
negative on the west side of the SCSwbc and 
positive on the east side and extends eastward to 
114°E. The horizontal distribution of mean advection 
term is heterogeneous and mainly presents negative 
values (not shown), which is consistent with the 
findings of Yang et al. (2013).

The mean BTC exhibits a cross-stream variation 
along coast locations, where negative values are 

noted on the inshore shallower side of the SCSwbc, 
while positive values are noted on the offshore side 
(not shown). The positive values offshore side 
indicate that the eddy can draw energy from the 
SCSwbc by barotropic instability. The whole positive 
BTC anomalies located in the offshore coast of 
Vietnam in pattern “O” rather than “U” (Fig.10b & 
h) indicate that the MKE is more easily converted to 
EKE in pattern “O” through the barotropic instability 
process.

The VEDF anomalies in “U” and “O” years 
mainly show an alternating positive-negative pattern 
(Fig.10d & j), which is mostly confined to the 
coastal areas of Vietnam. The mean alternating 
positive-negative pattern of VEDF along the Vietnam 
coast (not shown) is similar to that in the Kuroshio 
extension region (Geng et al., 2016) and represents 
the EKE production due to baroclinic instability. 
From the horizontal direction, the intensity of VEDF 

Fig.9 Horizontal distribution of wind stress (arrows) and wind stress curl (shading colors)
a. mean valuse; b-c. anomalies in “U” and “O” years. The dashed gray lines represent the three sections (9°N, 108°E–114°E; 16°N, 108°E–114°E; 114°E, 

9°N–16°N), and the numbers on them represent transport on each of the three sections. The numbers and blue arrows indicate the amplitudes and directions, 

respectively, of volume transport anomalies along three sections; d. normalized time evolution of SCSwbc transport anomaly (black line, positive is 

northward), box-averaged EKE anomaly (red line), and wind stress curl anomaly. Light and dark shades indicate “U” and “O” years, respectively.
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is small comparing to PW and ADV. Because the 
VEDF fluctuates vertically (Fig.11), the horizontal 
distribution of VEDF could be cancelled after 
vertical integration. However, from the perspective 
of vertical direction and quantitative analysis, VEDF 
significantly affected the interannual variation of 
EKE. The detailed analysis will be made in the 
following part.

Previous studies have confirmed that the wind 
field exert vital impact on the upper layer circulation 
of SCS in the forms of wind stress and wind stress 
curl, especially in the coastal areas of Vietnam 
(Fang et al., 2002; Gan and Qu, 2008; Lyu et al., 
2016; Zu et al., 2019, 2020). The influence of 

atmosphere is an important factor for regulating the 
boundary current and eddy activities in SCS. 
Therefore, we treat the process that the wind field 
modulating SCSwbc and further influencing EKE as 
the ‘indirect process’ , while the process that the 
wind field regulating EKE through WW is the 
‘direct process’ . Figure 10e & k shows that a high 
WW value is concentrated in SCSwbc, WW was 
significantly weakened in pattern “U” years, and it 
was significantly enhanced in pattern “O” years 
(Fig.10e & k). Combined with Fig.9 & 10, the 
results indicate that the BTC and WW are both 
important factors to regulate the EKE variability in 
“U” and “O” years. In general, under strong winter 

Fig.10 Horizontal distribution of each term anomaly in Eq.2 corresponding to “U” pattern (a–f), and “O” pattern (g–l) 
(unit: W/m2)
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monsoon forcing in “U” years, the SCSwbc become 
strong and the basin-scale cyclonic circulation is fully 
developed, the BTC from the MKE to EKE and the 
direct wind input (WW) are both weak, therefore, the 
EKE is weak and narrowed along the axis of 
SCSwbc. The situation is reversed for “O” years.

Although the amplitude of time change of EKE 
is smaller than the other terms, perhaps caused by 
factors such as sample interval, diffusion, and other 
uncertainties, the aforementioned results show that 
the ADV, BTC, and WW either increased or 
decreased, corresponding to the EKE variability. 
The underlying variable bottom topography plays an 
important role in regulating the mean flow pathway 
and influencing the eddy-mean flow interaction (Ducet 
and Le Traon, 2001; Gan and Qu, 2008; Hurlburt et 
al., 2008). It also suggests that the SCSwbc is mainly 
barotropic unstable in the upper layer. The density of 
the deep ocean is relatively uniform, and thus, small 
perturbations of density are likely to cause baroclinic 
instability in the deeper layer. As the main factor of 
external energy input of EKE, as same as the 
summer season (Li et al., 2017), the spatial 
distribution of PW shows unobvious regularity.

To gain better understanding of the contribution 
of each term to the interannual variation of EKE at 
different depths, the vertical distributions of the box-
average energy budget are further given in Fig.11 
(except for WW). The strongest energy conversions 
occur at 60 m (Fig.11a), except the PW term 
extending to the deeper layer of 200 m. For the 

mean BTC, the positive values indicate that the 
energy is transferring from MKE to EKE, while the 
negative values do not mean the reversed conversion 
process from EKE to MKE (Kang and Curchitser, 
2015). For the mean, the strong barotropic instability 
always occurs at a depth of 30–130 m in the 
SCSwbc region (Fig.11a, red line), and the 
difference in BTC anomaly associated with the two 
patterns is obvious (Fig.11b–c, red lines), indicating 
its significant role in regulating the interannual 
variability of EKE in the region of SCSwbc. The 
positive BTC anomaly implies that the energy is 
transferring from MKE to EKE in “O” years to 
contribute to the abnormal strengthen of EKE. 
Terms of ADV and PW always represent the 
negative feedback process to EKE in study domain. 
PW always depresses the kinetic energy in the study 
domain. VEDF is another term significantly 
influencing the regulation of EKE variability 
(Fig.11a, red dashed line). The VEDF reverses 
between surface and subsurface and has totally 
different fluctuations in “O” and “U” patterns. The 
vertical profile of VEDF indicates the eddy density 
fluxes from EPE to EKE have a significant different 
role to regulate the EKE change in two patterns and 
implies that the potential energy is more easily 
released to kinetic energy in the subsurface (below 
60 m) in “O” years by baroclinic instability.

The EKE exchanges energy with the external 
ocean environment through PW and ADV, which 
changes significantly on the spatial scale. As shown 

Fig.11 Vertical distribution of box-average each term (unit: ×10-5 W/m3) in Eq.2 (except WW)
a. mean value; b. anomalies in “U” years; c. anomalies in “O” years.
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in Fig.11 (black dotted line and the black solid line), 
PW and ADV are found to work together as the 
most important sources of transferring EKE to the 
outside of study domain. PW is predominantly 
negative in two composite years, offsetting the 
increase of EKE induced by other terms, while ADV 
is mainly negative in the mean state and pattern “U” 
and slightly increased in pattern “O”.

4.2 Time evolution and box-average

For further understanding the process of controlling 

EKE variability corresponding to two types of 
circulation in the SCSwbc region, the time evolution 
of area-averaged energy budget analysis and the 
comparison between two-type circulations are 
presented in Fig.12. The wind mostly affects EKE 
by regulating the ocean current through changing 
the shear of upper layer currents (Yang et al., 2013; 
Zheng et al., 2018). In winter, the wind stress 
transfers energy from the atmosphere to the ocean in 
two patterns (Fig.12a–b, blue lines; Fig.12d, cyan 
bar). And the MKE continuously transfers energy to 

Fig.12 The composite time series of box-average anomalies of BTC, ADV, VEDF, WW, and EKE changes in “U” pattern 
years (a) and “O” pattern years; PW (c); comparison of box-average anomalies in winter averaged from 
November to January (d) (unit: W/m2)
The calculation formula of anomalies are as same as Fig.7d.
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EKE through the barotropic instability process, 
while more BTC conversion occurs (Fig.12d, 
averaged from November to January) during “O” 
pattern years. Caused by advection, the divergence 
and convergence of EKE exist along the two sides 
of SCSwbc (Fig.10a & g). Box-average advection 
effects corresponds well with EKE changes 
(Fig.12a–b, yellow lines), implying that ADV may 
be more important for regulating the interannual 
change of EKE, while the box-average ADV is 
smaller than other terms. Terms of WW, BTC, and 
VEDF are all important to the change of EKE for 
“U”/“O” two-type winter circulation respectively. 
In winter with “O” type, the WW, BTC both 
strengthen, and potential energy is released to kinetic 
energy, thus EKE increases.

Due to the lack of DIFF term, it is challenging to 
balance the EKE, which indicates that the energy 
conversion process between eddies and the 
surrounding area perhaps could be affected by some 
other factors. Since the EKE energy balance budget 
formula depends on the conservation of the region, 
the selected study area in the western SCS is 
difficult to meet the conservation conditions of 
accurate closure, coupled with the neglect of the 
friction dissipation term, the OFES model bias 
itself, the error caused by the selection of integral 
depth, and other factors et al. Thus, above mentions 
problems both result in large errors of calculations. 
Nevertheless, quantitative analysis of the EKE balance 

equation can provide insights for understanding the 
source and sink of EKE energy, the change of EKE 
over time, and its influencing factors.

In the following part, the difference in each term 
averaged in the study area in the two patterns is 
discussed from a quantitative point of view, as 
shown in Fig.13. The largest source of EKE energy 
is the wind stress, which transmits energy to EKE 
continuously and steadily. However, WW remains at 
a high level in both patterns, indicating that WW is 
not the main direct factor to affect the interannual 
variability of EKE in two-type SCSwbc. In addition 
to WW, BTC is another energy source of EKE that 
is significantly different in the two patterns, 
indicating that the energy converted from MKE to 
EKE is significantly affected by different types of 
SCSwbc. In pattern “O”, the weakened SCSwbc 
extends eastward, which considerably enhances BTC, 
by strengthening the horizontal shear between the 
eastward deflection branch and surrounding area. In 
addition, in pattern “O”, changes in the density 
during the east-deflecting process make the VEDF 
term to be the second largest source of EKE, 
indicating that a large amount of EPE is converted to 
EKE through the baroclinic instability process. 
However, BTC is significantly weakened and VEDF 
is negative, implying that the huge difference in BTC 
and VEDF between the two patterns may be an 
important factor affecting the interannual variability 
of EKE in December. PW acts as the main sink of the 

Fig.13 Schematics of EKE budget in the two patterns
The unit of EKE: 1014 J; the unit of energy conversions: PW (1 PW=107 W).
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eddy energy with high values in pattern “O”. The 
eddy quickly loses a part of its energy to the internal 
area through pressure differences. ADV is mainly 
negative in pattern “U”, indicating that the enhanced 
advection in “U” years causes the loss of EKE to 
some extent, while vice versa in pattern “O”.

In conclusion, BTC, WW, and VEDF are the 
main sources of EKE energy. WW is a stable source 
of EKE energy input, with no significant interannual 
variation, whereas BTC and VEDF have obvious 
interannual variation and both increase in pattern 
“O”, which may be an important reason for strong 
EKE occurred in pattern “O”. For “U” years, under 
a strong winter monsoon forcing, the SCSwbc 
become strong, the WW and BTC from the MKE to 
EKE are both weak, thus the EKE is weak 
corresponding to the baroclinic conversion from the 
kinetic energy to potential energy. The ocean 
advection draw energy from study domain to outside 
domain in “U” years. While the situation is reversed 
in “O” years, and baroclinic conversion transfer the 
potential energy to kinetic energy. Besides, we can 
see that the PW is an important factor to cause the 
EKE energy loss throughout the process, and it 
reaches a negative peak in “O” years and cancels 
out the accumulation of EKE by other processes, 
that is, PW always depresses the kinetic energy in 
the study domain.

5 DISCUSSION AND SUMMARY

The interannual variability of EKE in the SCS 
related to two-type western boundary currents in 
December is investigated based on OFES model 
outputs from 1993 to 2017. The PC of EOF analysis 
of KE is used to divide the years into patterns “U”/
strong SCSwbc and “O”/weak SCSwbc respectively. 
The results suggest that in pattern “U”, EKE decreases 
significantly with the high energy concentrated in a 
narrow strip along the southeast coast of Vietnam; 
whereas in pattern “O”, EKE is enhanced significantly 
and distributes widely by extending eastward to the 
interior SCS. The correlation between EKE and 
Niño3.4 indicates that ENSO events affect the 
interannual variation of EKE in winter to a certain 
extent. Moreover, during the mature stage of El Niño 
events, SCSwbc decreases and EKE increases, while 
the impact of La Niña events is much weaker than 
that of the El Niño events. By analyzing the 
relationship among EKE, WSCA, and TSA, we 
found that the local wind stress forces affected by 
ENSO events modulate the interannual variation of 

EKE through the direct and indirect processes. 
Under the influence of El Niño events, the wind 
stress forcing weakened SCSwbc and enhanced 
EKE in pattern “O”, while it is reversed in 
pattern “U”.

Further, the energy budget is investigated to 
explore the main factors affecting the interannual 
variation of EKE in winter, associated with two-type 
SCSwbc. Results confirm that the wind stress and 
barotropic/baroclinic instability considerably regulate 
the EKE in “U” and “O” years. For “U” years, the 
SCSwbc strengthen, the directly wind work and 
barotropic conversion from the MKE to EKE are 
both weak, thus the EKE decreases corresponding to 
the baroclinic conversion from the kinetic energy to 
potential energy. At the same time, the ocean 
advection draw energy from study domain to outside 
domain. While the situation is reversed in “O” 
years. For “O” years, the SCSwbc become weak, 
the directly wind work and barotropic conversion 
from the MKE to EKE strengthen, thus the EKE 
increases corresponding to the baroclinic conversion 
from the potential energy to kinetic energy.

Although wind stress influence is the main 
energy source of EKE, it is not the major factor 
regulating the interannual variation of EKE. Further 
analysis show that the weakening/strengthening of 
the SCSwbc is mostly corresponding to the weak/
strong Kuroshio intrusion. EKE exchanges power 
with the external ocean environment through the 
advection term and pressure work. The advection 
term and pressure work are essential for the power 
exchange between EKE and the external ocean 
environment, and they also depend on the selected 
region. In winter, these two terms greatly reduce the 
positive work performed by other terms, which 
indicates that a part of EKE transforms to the 
outside domain. Overall, ocean energy conversion 
involves various complex processes, and its accurate 
characterization is challenging. Therefore, more data 
and higher-resolution simulations are required to 
facilitate better understanding of the process.
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