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ABSTRACT

Based on long-term mooring-array and satellite observations, three-dimensional structure and interannual

variability of the Kuroshio Loop Current (KLC) in the northeastern South China Sea (SCS) were investi-

gated. The 3-yr moored data between 2014 and 2017 revealed that the KLC mainly occurred in winter and

it exhibited significant interannual variability with moderate, weak, and strong strengths in the winters of

2014/15, 2015/16, and 2016/17, respectively. Spatially, the KLC structure was initially confined to the upper

500m near the Luzon Strait, but it became more barotropic, with kinetic energy transferring from the baro-

clinic mode to the barotropic mode when it extended into the SCS interior. Through analyzing the historical

altimeter data between 1993 and 2019, it is found that the KLC event in 2016/17 winter is the strongest one

since 1993. Moored-data-based energetics analysis suggested that the growth of this KLC event was primarily

fed by the strong wind work associated with the strengthened northeastmonsoon in that LaNiña–year winter.
By examining all of the historical KLC events, it is found that the strength of KLC is significantly modulated

by El Niño–Southern Oscillation, being stronger in La Niña and weaker in El Niño years. This interannual

modulation could be explained by the strengthened (weakened) northeast monsoon associated with the

anomalous atmospheric cyclone (anticyclone) in the western North Pacific during La Niña (El Niño) years,
which inputsmore (less) energy and negative vorticity southwest of Taiwan that is favorable (unfavorable) for

the development of KLC.
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1. Introduction

The Kuroshio (i.e., the western boundary current of

the North Pacific subtropical gyre), which originates

from the North Equatorial Current bifurcation at the

east coast of Philippines, transports huge amounts of

mass and heat northward to the midlatitudes and plays

an important role in modulating the North Pacific cli-

mate variability (Qiu and Lukas 1996; Lien et al. 2015;

Hu et al. 2015). By the time the northward-flowing

Kuroshio passes by the Luzon Strait, a deep gap of

;300 km width between the Luzon Island and Taiwan

Island, it tends to bend clockwise and sometimes in-

trudes into the northeastern South China Sea (NESCS)

(Nitani 1972; Shaw 1989; Sheremet 2001; Wu et al. 2016,

2017). Based onmultiple satellite observations, previous

studies have pointed out that the Kuroshio in the Luzon

Strait generally presents three different major states, i.e.,

loop, leap, and leak states (Caruso et al. 2006; Nan et al.

2011, 2014).1 Of the three states, the loop state presents an

anticyclonic semienclosed flow structure and most of the

time it can result in an anticyclonic eddy (AE) shedding in

the NESCS (Zhang et al. 2017). Because the eddy shed-

ding can transport substantial amounts of momentum, and

warm, salty, and nutrient oligotrophic Kuroshio water into

the interior SCS, it strongly modulates the SCS circulation

as well as the biogeochemical processes (Xue et al. 2004;

Xiu andChai 2011;Xiu et al. 2016; Zhang et al. 2013, 2017).

The study of Kuroshio loop can trace back to 1970s

when Nitani (1972) first reported that ‘‘the Kuroshio

turns to the northwest and its main axis reaches as far

west as 1218E, with a maximum velocity of about 3 kt

(1 kt ’ 0.51m s21). One branch often goes westward at

208N and enters the South China Sea, and most parts of

it go around the warm eddy and then return to the main

axis of the Kuroshio.’’ After that, the study of Li andWu

(1989, hereafter LW89) pointed out the similarity be-

tween the SCS and the Gulf of Mexico and termed the

Kuroshio loop state as ‘‘Kuroshio Loop’’ with a refer-

ence to the Gulf Stream Loop Current. Subsequent to

LW89, many studies have reported the Kuroshio loop

event and examined its spatiotemporal characteristics

based on different models or datasets. For examples,

based on a three-dimensional (3D) nonlinear model,

Zhang et al. (1995) proposed that the Kuroshio intruded

into the NESCS as a ‘‘loop’’ which can extend westward

to 1188E in the surface layer. Through analyzing the

hydrographic data, Li et al. (1998) argued that an AE

observed in the NESCS was shed from the Kuroshio loop

and its influence depth can reach 1000m. Based on surface

drifter data, Guo et al. (2013) revealed that the maximum

latitudinal scale of Kuroshio loop was ;210km and the

westward velocity was greater than the eastward velocity.

Recently, the study of Zhang et al. (2017) has directly re-

vealed the horizontal structure of the Kuroshio loop (i.e.,

westward flow in the middle and eastward flow in the

northern portion of the Luzon Strait) using concurrent

satellite and moored observations. Although Zhang et al.

(2017) acknowledged that theKuroshio loop is not a stable

current, they kept the termKuroshio LoopCurrent (KLC)

followingLW89 given the fact that it can sometimes persist

for several months. Furthermore, through reconstructing

the 3D thermohaline structure of the AE shed from KLC

and analyzing its watermass properties, Zhang et al. (2017)

suggested that the eddy shedding event can result

in a 0.24–0.38 Sv (1 Sv [ 106m3 s21) westward volume

transport through the Luzon Strait. However, because

the previous observations were primarily confined to

the upper ocean, the full-depth structure of KLC and

how it evolves in the NESCS are still poorly known.

In addition to the spatial structures, seasonal variation

of the KLC was also widely studied. At present, many

studies have reached a consensus that theKLCprimarily

occurs in winter and rarely occurs in summer (Wang and

Chern 1987; Wu and Chiang 2007; Jia and Chassignet

2011;Nan et al. 2011, 2014; Zhang et al. 2017). For example,

through analyzing the historical altimeter data, Zhang et al.

(2017) identified a total of 19 prominent KLC and eddy

shedding events between October 1992 and October 2014.

Among these 19 KLC events, nearly 90% (17 of 19) oc-

curred inwinter. The reasons forwinter enhancement of the

KLC were ascribed to the northeast monsoon (Farris and

Wimbush 1996; Centurioni et al. 2004; Wu and Hsin 2012)

and the weakened strength of the upstream Kuroshio east

of the Luzon Island during the winter season (Sheremet

2001; Sheu et al. 2010; Yuan and Wang 2011).

Compared with its seasonal variation, the KLC’s

variation on interannual-to-decadal time scales is poorly

investigated. In contrast, many previous efforts have

been made on the interannual-to-decadal variations of

Kuroshio intrusion into the SCS and the Luzon Strait

transport. Generally, their variations on interannual and

decadal time scales were proposed to be modulated by

the El Niño–Southern Oscillation (ENSO) and Pacific

decadal oscillation (PDO), respectively, although dif-

ferent studies based on different datasets have drawn

diverse conclusions (e.g., Ho et al. 2004; Qu et al. 2004;

Song 2006; Wang et al. 2006; Wu 2012; Yu and Qu 2013;

Sun et al. 2016). It is worth emphasizing that the

Kuroshio intrusion and the Luzon Strait transport are dif-

ferent from the strength of KLC, even though the three

1 ‘‘Leap state’’: when passing by the Luzon Strait, the main body

of the Kuroshio flows northward across the Luzon Strait. ‘‘Leak

state’’: when passing by the Luzon Strait, a portion of the Kuroshio

water flows into the SCS (Nan et al. 2011).
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phenomena have some connections. For the Kuroshio in-

trusion into the SCS, the occurrence of KLC only accounts

for less than 20% of the total intrusion state (Nan et al.

2011). With respect to the Luzon Strait transport, it has a

sandwich structure in vertical and only its upper-layer

component is partially contributed by the Kuroshio intru-

sion (Tian et al. 2006;Zhang et al. 2015;Gan et al. 2016).As

such, the interannual variability of the KLC and its mod-

ulationmechanism are to a large degree unclear at present.

Here, based on long-term observations from a moor-

ing array in the NESCS, the full-depth 3D structure and

interannual variability of the KLC were investigated in

this study. By combing the historical altimeter data and

other datasets, mechanisms of the KLC’s interannual

modulation were also examined. The remainder of this

paper is organized as follows. Section 2 describes the

data and method we used. Section 3 shows the general

spatiotemporal characteristics of the KLC. In section 4,

3D structure of the KLC is examined. In sections 5, in-

terannual modulation mechanism of the KLC is dis-

cussed. Finally, the summary is given in section 6.

2. Data and method

a. Moored data

To study the multiscale dynamical processes in the

SCS, the SCS mooring array was constructed since 2009,

and the data of which have successfully been used to

reveal the spatiotemporal characteristics and the asso-

ciated dynamics of the internal waves, mesoscale eddies,

and deep circulation (e.g., Huang et al. 2016; Zhang et al.

2016; Zhou et al. 2017). As a part of the SCS mooring

array, a total of 10 bottom-anchored moorings (section

NS: NS1–NS5, section EW: EW1–EW5) were deployed

in the NESCS to obtain the nearly full-depth velocity

and temperature/salinity (T/S) data between June 2014

and June 2017. The section NS (EW) was along the

;119.98E longitude (;218N latitude) west of the Luzon

Strait (Fig. 1a). Except for the mooring EW1 (June

2014–June 2015 and June 2016–June 2017), all the

other moorings (NS1–NS5, EW2–EW5) were deployed

for three years from June 2014 to June 2017. All the

moorings had similar instrument configurations and

were equipped with acoustic Doppler current profiles

(ADCPs), recording current meters (RCMs), and T/S

chains (consisting of CTDs and temperature loggers

with a vertical resolution of 10 or 20m in the upper

450m and 50m below 450m). A schematic diagram of

the mooring configurations can be found in Fig. 1b. The

actual configurations for the moorings slightly differed

at different locations and in different years. The instru-

ments generally functioned well except for several ones.

For example, the upward-looking ADCP data at NS2

and EW3 in the first year and the temperature data at

FIG. 1. (a) Locations of the moorings and bathymetry of the NESCS. Red and purple stars denote moorings

NS1–NS5 at the NS section and EW1–EW5 at the EW section, respectively. Purple vectors represent the mean

surface geostrophic current. Gray, green, blue, and black lines indicate 500, 1000, 2000, and 3000m isobaths, re-

spectively. (b)A typical schematic diagramof themooring configuration. The nominal depths of the instruments (i.e.,

ADCPs, RCMs, CTDs, and temperature chains) are marked in the diagram.
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EW1 in the third year were missing due to instrument

malfunction. Moreover, the T/S chain data at NS4 in the

third year were lost due to the break of cables. The

detailed instrument information of all themoorings can

be found in Tables S1–S3 in the online supplemental

material.

The data processing is similar to our previous mooring-

based studies (e.g., Zhang et al. 2015). Summarized

briefly, all the original datawere first hourly averaged and

then linearly interpolated onto a 5m interval in vertical.

After that, a 2.5-day fourth-order Butterworth low-pass

filtering was applied to remove the tidal and inertial sig-

nals. Finally, all the data were daily averaged. The daily

subinertial velocity and temperature/salinity data were

used for analysis in this study.

b. Satellite and reanalysis data

To depict the sea surface characteristics of KLC, the

sea surface height (SSH) and sea level anomaly (SLA)

data distributed by the CopernicusMarine Environment

Monitoring Service (CMEMS) were used in this study.

The data product has merged different altimeter mis-

sions: Jason-3, Sentinel-3A,HY-2A, SARAL, Cryosat-2,

Jason-2, Jason-1, TOPEX/Poseidon, Envisat,GFO, and

ERS-1/-2. The temporal and spatial resolutions of the

product are one day and 1/48, respectively. The daily

SSH and SLA data from 1993 to 2019 were downloaded

and used here. In addition to the altimeter data, the

near-surface concentration of chlorophyll-a (CHL-a) of

the Moderate Resolution Imaging Spectro-radiometer

(MODIS) data was also used in this study to examine the

KLC characteristics in winter of 2016/17. The CHL-a

product has a temporal resolution of 8 days and a spatial

resolution of 4 km.

To further investigate the interannual modulation

mechanism of the KLC, the 10m reanalysis wind data

between 1993 and 2019 from the European Center for

Medium-Range Weather Forecasts (ECMWF) and the

Hybrid Coordinate Ocean Model (HYCOM) reanalysis

product between June 2016 and June 2017 were also

used in this study. Both the ECMWF and HYCOM data

have daily temporal resolution and their horizontal

resolutions are 1/48 and 1/128, respectively. Vertically,

the HYCOM reanalysis product has 33 levels with a

resolution of 10m near the surface and 500m near the

bottom of 5500m. Validations of the HYCOM data in

the NESCS have been conducted previously by Zhang

et al. (2013) and Park and Farmer (2013) through com-

parison with long-term in situ observations.

c. Identification of the KLC events

To investigate the interannual variability of the KLC,

we first identified the strong KLC events from the

historical altimeter data between 1993 and 2019. Here, a

KLC event is defined when it meets the first two fol-

lowing criteria and a strong KLC event is defined when

the third criterion is further satisfied: 1) the Kuroshio

axis extends west of 1198E and presents a loop struc-

ture in the NESCS with its northern branch bending

clockwise back to the Pacific; 2) the relative vorticity

southwest of Taiwan (averaged over 208–22.58N, 1188–
120.58E, red box in Fig. 2h) should exceed two standard

deviations relative to the time-mean value (Fig. 2j, red

dashed line; i.e.,21 3 1025 s21); 3) the lifespan of KLC

should be longer than 50 days. Here, the axis of KLC is

defined as the SSH contour that originates from east of

the Luzon Island (west of 1248E) and has the maximum

surface meridional velocity therein. Definition of the

KLC’s lifespan is the same with that in Zhang et al.

(2017). Based on the first two criteria, 21 KLC events

were identified, which is generally consistent with the

19 KLC eddy shedding events in Zhang et al. (2017)

between October 1992 and October 2014. When the

third criterion was applied, nine strongKLC events were

screened out (Figs. 2a–i). The detailed information of

these nine strong KLC events can be found in Table 1.

3. General observed results between 2014 and 2017

In this section, general characteristics of the KLC

were depicted based on the concurrent moored and

satellite data between 2014 and 2017. Figure 3 presents

the depth–time plots of the zonal velocity above 800m

from six moorings (NS1–NS3, EW2–EW4). It can be

seen that the direction of zonal velocity at site NS1 was

opposite to the other sites, especially inwinter. Specifically,

the zonal velocity at NS1 was dominantly eastward, while

at the other sites it was primarily westward. Themaximum

eastward andwestward velocity occurred at NS1 andEW2

in January 2017, respectively, with their respective velocity

reaching 0.93 and 21.44ms21. During that time, the

westward velocity at NS3 also reached 21.13ms21. With

respect to the meridional velocity, for most of the time in

the three years, all the moorings showed strong positive

values corresponding to the northward-flowing Kuroshio

(Fig. S1). However, during the strong KLC event in

2016/17 winter, large southward velocities were also

observed at the moorings NS1–NS3 and EW2–EW4.

In Fig. 4, we show the monthly distributions of al-

timeter SSHs and geostrophic currents and mooring-

observed zonal velocity along the NS section. From the

altimeter observations in Fig. 4a, it can be clearly seen

that the Kuroshio strongly intruded into the SCS in a

loop path in winter (the winter refers to November–

February hereafter), while in summer, the Kuroshio was

mainly in the leap state. In winter, the southern and
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FIG. 2. (a)–(i) Distributions of the monthly mean SSH of the nine strong KLC events between 1993 and 2019. Black solid lines indicate

theKLC axes.Note that in these figures, the SSH trend of 0.32 cm yr21 due to the global warming has been removed from the original SSH.

The month and year are marked on the bottom-left corner of each subplot. (j) Time series of the area-averaged negative relative vorticity

in the KLC region [purple box in (h) 208–22.58N, 1188–120.58E]. Red dashed line denotes the mean vorticity minus twice of its standard

deviation. The strong KLC event in 2016/17 winter is marked using pink square in (h) and (j).
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northern branches of the KLC were around sites NS3

and NS1, respectively. The westward extension of the

KLC axis reached as far as 117.58E. In the other seasons,

theKuroshio kept in a leap state that directly reached east

of Taiwan without a branch into the SCS. Corresponding

to the altimeter results, the mooring-observed zonal ve-

locity at the NS section also presented an anticyclonic

pattern inwinter withwestward and eastward velocities in

the south and north, respectively (Fig. 4b). The strongest

zonal velocity occurred in January when the maxi-

mum westward velocity exceeded20.53m s21 and the

20.1m s21 isoline extended down to the 350m depth.

In addition to the distinct seasonal variability, the

KLC also varied year to year (Fig. 5). During the 3-yr

observation period, the strength of KLC was moder-

ate in 2014/15 winter, weakest in 2015/16 winter, and

strongest in 2016/17 winter. From the distributions of

SSHs and geostrophic currents in winters of 2014–17,

TABLE 1. Information of the nine strong KLC events between 1993 and 2019. Note that the SSH trend of 0.32 cm yr21 that was calculated

using the altimeter SSH data in the NESCS has been removed from the original SSH data.

No.

Start data

of KLC

End data

of KLC

Lifespan of

KLC (days)

Maximum

vorticity (1025 s21)

Maximum

SSH (m)

Maximum

SLA (m)

Shedding

eddy or not?

1 2 Nov 1994 14 Feb 1995 105 21.15 1.39 0.31 Yes

2 23 Dec 1995 6 Mar 1996 75 21.21 1.37 0.30 No

3 16 Oct 1996 10 Jan 1997 87 21.57 1.50 0.46 Yes

4 21 Oct 1997 22 Dec 1997 63 21.39 1.33 0.27 Yes

5 17 Dec 1998 27 Feb 1999 73 21.32 1.42 0.36 No

6 24 Nov 1999 8 Feb 2000 77 21.38 1.41 0.41 Yes

7 21 Nov 2011 14 Jan 2012 55 21.25 1.51 0.51 Yes

8 19 Oct 2016 8 Feb 2017 113 21.57 1.56 0.62 Yes

9 21 Dec 2017 25 Feb 2018 67 21.15 1.29 0.33 Yes

FIG. 3. Depth–time distributions of the daily averaged subinertial zonal velocity from June 2014 to June 2017

at sites (a)–(c) NS1–NS3 and (d)–(f) EW2–EW4, respectively. The black dashed line indicates the zero-velocity

contour.

2442 JOURNAL OF PHYS ICAL OCEANOGRAPHY VOLUME 50

D
ow

nloaded from
 http://journals.am

etsoc.org/jpo/article-pdf/50/9/2437/4989538/jpod200058.pdf by guest on 16 August 2020



FIG. 4. (a) The monthly composite SSHs (shadings) and surface geostrophic currents (arrows) in the NESCS and

the northwestern Pacific during the observation period. Here, only the velocities with magnitudes larger than

0.25m s21 are shown. The green circles denote locations of the moorings. The purple thick lines represent axes of

the Kuroshio. (b) The monthly composite zonal velocity across the NS section. White (gray) lines indicate the

contours of westward (eastward) velocities with an interval of 0.1m s21. Black line indicates the zero velocity

contour. The months are marked in the bottom-left or bottom-right corner of each subplot.
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FIG. 5. As in Fig. 4, but it shows the mean result in each month of the three winters. The month and year are

marked on the bottom-left corner of each subplot. Note that the contour interval in (b) is 0.2m s21, twice of that

in Fig. 4b.

2444 JOURNAL OF PHYS ICAL OCEANOGRAPHY VOLUME 50

D
ow

nloaded from
 http://journals.am

etsoc.org/jpo/article-pdf/50/9/2437/4989538/jpod200058.pdf by guest on 16 August 2020



we can infer that the loop structure lasted for about 2, 1,

and 4 months in the three winters, respectively. The

maximum monthly mean SLA associated with the three

KLCs were 19, 13, and 49 cm, respectively. The mooring-

observed zonal velocity at the NS section presented

characteristics similar to the altimeter results. The maxi-

mum monthly mean westward (eastward) zonal velocity

during the three winters was 20.58 (0.54), 20.57 (0.31),

and20.83 (0.77) ms21, respectively. All the above results

demonstrated that the KLC had a strong interannual

variability during the observation period.

Through examining water mass properties, it is found

that the water within the KLC in the upper layer (above

;320m) showed similar T/S characteristics with the

Pacific Kuroshio water (Fig. S2). The salinity maximum

of the KLC water even exceeded 34.94 psu, much larger

than the NESCS local water (maximum salinity of 34.62

psu). In addition, CHL-a within and surrounding the

KLC was much lower than that in the NESCS due to the

fact that the Kuroshio water is more nutrient oligotro-

phic than the NESCS upper ocean (Fig. S3). These re-

sults demonstrated that the KLC can indeed transport a

huge amount of warm, salty, and nutrient oligotrophic

Pacific water into the SCS that will greatly influence the

heat, salt, and nutrient balance of the SCS and therefore

strongly modulate the biogeochemical processes (Xiu

et al. 2016; Zhang et al. 2017).

4. Three-dimensional structure of the KLC

Using the method described in section 2, a total of

nine strong KLC events were finally identified based on

the historical altimeter data between 1993 and 2019. By

comparing these nine strong KLC events, we found that

the KLC event in 2016/17 winter is the strongest one

since 1993 in respect to the SLA (62 cm), relative vor-

ticity (21.573 1025 s21) and lifespan (113 days) (Fig. 2,

Table 1). Given the strong strength and long lifespan of

the KLC in 2016/17 winter, observational results from

our mooring array provided us a unique opportunity to

investigate its full-depth 3D structure as well as its

evolution processes.

In Fig. 6, we show the detailed evolution progresses of

this strong KLC event based on the altimeter observa-

tions. This KLC event started from 19 October 2016

when a loop-shaped flow structure began to form south-

west of Taiwan. At that time, both the central SLA and

the size of KLC were small (SLA ;27cm, horizontal

scale ;100km). Then, the KLC rapidly grew and ex-

tended toward southwest until it became strongest on

6 February 2017. At this stage, the maximum SLA of the

KLC exceeded 62cm and its zonal and meridional scales

reached;300 and;250km, respectively. On 9 February

2017, anAEwas shed from the KLC (i.e., detached from

the Kuroshio axis), which indicated the end of the KLC

event. Interestingly, a cyclonic eddy (CE) was generated

behind the shedded AE, which is consistent with the

conclusion of Zhang et al. (2017) that the trailing CE

facilitates the shedding of AE from the KLC. After its

generation, the AE gradually propagated southwest-

ward and eventually disappeared in June 2017 near the

Zhongsha Islands (figure not shown).

In Fig. 7, we show the depth–time plots of the tem-

perature and temperature anomaly (T0) at sites NS2,

EW2, and EW4 during the strong KLC event in 2016/17

winter. Here, T0 was obtained by subtracting the mean

temperature in August–September 2016 and April–May

2017 at each mooring when no KLC and mesoscale

eddies were present. It is found that, corresponding to

the anticyclonic KLC and its shedded eddy, the ther-

mocline at all three sites was deepened, resulting in

positive T0 from near surface to at least the 800m depth.

At the mooring sites NS2, EW2, and EW4 from east to

west, the maximum thermocline displacement (here

approximately represented by the displacement of the

168C isotherm) and the maximum T0 were (130, 170,

230m) and (6.88, 8.48, 9.48C), respectively; the dates of

themaximum thermocline variation were on 13 January,

3 February, and 15 February 2017, respectively. These

results suggested that the center of the KLC gradually

migrated from east to west betweenDecember 2016 and

February 2017 and its strength increased during the

westward migration process. It should be noted that the

time length of the thermocline depression at EW4 (only

1month) wasmuch shorter than the other two sites. This

is because the site EW4 was actually influenced by the

sheddedAE, whichmigrated westwardmuch faster than

the KLC itself. The 230m thermocline displacement

and 9.48C T0 caused by the shedded AE observed here

were much larger than the 120m and 7.58C of the AE

reported by Zhang et al. (2013) in the same region in

2011/12 winter.

Given that the KLC was at the mature stage in

January 2017 (prior to the eddy shedding), we depicted

here its mean 3D structure in this month by combining

the altimeter and moored data. From the mean SSHs

and surface geostrophic currents in Fig. 8a, we found

that the KLC presented an evident semienclosed and

anticyclonic loop structure that influenced most of the

moorings in January. This anticyclonic loop structure

can also be clearly seen from the subsurface current

velocities above 500m with the southwestward, north-

westward, and southeastward velocities at moorings NS3–

NS4, EW1–EW5, and NS1–NS2, respectively (Figs. 8b–f).

Below 500m, the northern branch of the loop structure

(with eastward zonal velocity) became obscure, although
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the westward zonal velocity at mooring NS3 still per-

sisted (Figs. 8g–i). This result suggested that the KLC

was largely confined to the upper 500m near the Luzon

Strait, which generally agreed with the penetration

depth of the upstream Kuroshio Current (Lien et al.

2014, 2015) and the water mass characteristics shown

in Fig. S2. Based on the water mass anomaly method

proposed by Zhang et al. (2017), we estimated that the

volume of Kuroshio water trapped within the KLC

in 2016/17 winter was 1.66 3 1013m3, accounting for

12% of the integrated water volume across the NS

section during the KLC period (1.373 1014m3, between

19 October 2016 and 8 February 2017).

In contrast to the moorings NS1–NS2, the northwest-

ward velocity at the moorings EW1–EW5 penetrated

much deeper (i.e., from surface down to 2000m) and

its magnitude still reached 10cms21 at 800m (Figs. 8i,k).

To further clarify the dynamics of this phenomenon, we

calculated the kinetic energy conversion term (KC)

between the barotropic and baroclinic flows based on

the observation data at the EW section using the

formula: KC52
Ð
[u02ð›u/›x)1 u0y0(›y/›x)1 y02(›y/›y)1

u0y0(›u/›y)] dz. Derivation of the formula is similar to

the time perturbation kinetic energy equation (Qiao

and Weisberg 1998), except that u denotes the depth-

averaged barotropic velocity (0–2000m) and u0 denotes
the baroclinic velocity obtained by subtracting u from

the original velocity. Positive (negative) KC means that

baroclinic (barotropic) flow gains energy from the baro-

tropic (baroclinic) flow (Scott and Wang 2005; Vallis

2006). Based on the evaluation using the moored data

and HYCOM outputs, we found that the KC is domi-

nated by the first two terms in the above formula

(Fig. S4). Therefore, only the first two terms of the KC

was calculated and shown here (based on moored data

of the EW section). The calculated KC along the EW

FIG. 6. Evolution processes of the strongKLC event in 2016/17 winter. Shading and arrows represent the altimeter SLA and geostrophic

currents, respectively. The blue thick lines denote axes of the KLC and its shedding eddy. The date of each subplot is marked on the

bottom-left corner.
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section showed significant negative values in late

December 2016 and January 2017 (Fig. 9), indicating that

the baroclinic flow transferred kinetic energy to the baro-

tropic flow during the KLC’s evolution. To our best

knowledge, the above barotropization process of the

KLC is reported here for the first time. This result also

well explains why the AE shedded from the originally

baroclinic KLC becomes a full-depth phenomenon in the

SCS interior (Zhang et al. 2013, 2016). With respect to T0

corresponding to the deepened thermocline induced by

the KLC, it showed positive values near the center of

KLC (at moorings NS2–NS3 and EW2–EW4). In con-

trast, at the moorings near the periphery or outside of the

KLC, T0 was observed close to zero (Figs. 8b–i).

5. Interannual modulation mechanism of the KLC

The concurrent moored and satellite observations

demonstrated that the KLC shows strong interannual

variabilities. In this section, the interannual modulation

FIG. 7. (a)–(c) Depth–time plots of temperature at sites NS2, EW2, and EW4, respectively, from November 2016 to March 2017. Black

lines denotes the 168C isotherms. (d)–(f) As in (a)–(c), but for the temperature anomaly. The temperature anomalies were calculated on

the Z levels. The 48 and 68C temperature anomaly contours are indicated by black lines.
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mechanism of the KLC will be discussed by combining

dynamical energetics analysis and statistical composite

analysis.

a. Energetics analysis of the KLC in 2016/17 winter

The concurrent moored and satellite observations

between 2014 and 2017 suggested that the KLC was

moderate, weakest, and strongest in the winters of

2014/15, 2015/16, and 2016/17, respectively (recall

section 3). By examining the northeast monsoon wind

in the SCS, it is found that its strength showed a similar

interannual variation with the KLC during these three

winters (Figs. 10a–c). The strengthened (weakened)

northeast monsoon in the 2016/17 (2015/16) winter was

closely associated with the prevailing La Niña (El Niño)
event at that time when the surface wind field was

dominated by an anomalous cyclone (anticyclone) over the

northwestern Pacific (Wang et al. 2000; Zhao and Zhu

2016). Corresponding to the anomalousmonsoonwind, the

wind stress curl (WSC) anomaly in the 2016/17 (2015/16)

winter showed strong negative (positive) values southwest

of Taiwan (Figs. 10a–c), which can induce negative (posi-

tive) relative vorticity anomaly in the ocean (Figs. 10d–f;

Wang et al. 2008) and provide a favorable (unfavorable)

condition for the development of an anticyclonic KLC.

To quantify the role of wind in the interannual vari-

ation of KLC, the energetics analysis was carried out

FIG. 8. Three-dimensional structure of the strong KLC averaged in January 2017 when the KLC was at the mature stage.

(a) Distributions of the altimeter SSHs (shading) and surface geostrophic currents (arrows). The red line indicates axis of the KLC in

January 2017. Green stars represent themooring locations. (b)–(i) Distributions of themooring-observed temperature anomaly (shading)

and velocity (black arrows) at depths from 100 to 800m every 100m. The depths are marked in the upper-right corner of each subplot.

Note that the colorbars of temperature anomalies are different for (b) and (c), (d)–(f), and (g)–(i). (j),(k)Vertical distributions of the zonal

velocity at the NS section and EW section, respectively. Black lines indicate velocity contours.

FIG. 9. Time series of the KC term averaged in the upper 2000m,

calculated based on the moored data at section EW.
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during the strong KLC event in 2016/17 winter.

Specifically, the rate of wind stress work input into the

KLC was integrated from the beginning to the end date

of the KLC (from 19 October 2016 to 8 February 2017)

and the calculated wind work (WW) was then compared

with the increased mechanical energy (ME, including ki-

netic energy and available potential energy) of the KLC

during this period. TheMEandWWwere calculated using

the following Eq. (1) and Eqs. (2) and (3), respectively:

ME5
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m
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m

i51
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21000

"
1

2
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dzS , (1)

WW5

ððð
t
w
� v

0
dx dy dt , (2)

t
w
5 r

a
C

ds
jv

w
2 v

0
j(v

w
2 v

0
) , (3)

In the above equations, the overbar denotes a 30-day

running mean, the prime denotes anomalies from the 3-

yr time mean at every mooring location, v is the current

velocity, g is the gravity acceleration, N is the buoyancy

frequency, and S andm are the area of the fixed box that

fully contained the KLC (19.58–22.78N, 117.58–120.78E;

red box in Fig. 11c) and the number of moorings within

the KLC region (m 5 9, NS1–NS4, EW1–EW5), re-

spectively. Parameters v0, tw, and vw are the surface

geostrophic current of satellite data, wind stress, and

wind velocity from the ECMWF data, respectively.

Parameter Cds is a drag coefficient as a function of

wind speed (Large and Pond 1981). Parameter r0 5
1030kgm23 and ra 5 1.2 kgm23 are the mean seawater

and air density, respectively. In each day, ME of the

KLC was estimated based on the moored data, and the

vertical integral was from 1000m to the sea surface.

From the time series of ME (Fig. 11e), we can see that

it had increased 2.096 0.233 1016 J from the beginning

to the end date (2.4 6 0.08 3 1015 to 2.33 6 0.36 3
1016 J). Given that the horizontal advection of ME

across the fixed box cannot be estimated based on the

moored data, its relative contribution was evaluated

based on the HYCOM reanalysis data. We found that

in the HYCOM-based results, the horizontal advection

term was one order of magnitude smaller than the time

change rate of ME. Therefore, the advection term was

not considered in the mooring-based energetics anal-

ysis. Because both the velocity of KLC and the wind

stress in the south were larger than those in the north,

FIG. 10. (a)–(c) Distributions of anomalous wind velocity (arrows) and WSC (shading) in the winters of 2014/15, 2015/16, and 2016/17,

respectively. The anomalies were obtained by subtracting climatologically winter mean values between 1993 and 2019. The black line

denotes the zero WSC anomaly contour. (d)–(f) As in (a)–(c), but for the anomalous surface geostrophic velocity (arrows) and relative

vorticity (shading) derived from altimeter data.
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WW integrated in the KLC region was always positive

(Figs. 11a–d). The time-integrated WW during this pe-

riod was 1.38 3 1016 J (Fig. 11e). This result suggested

that the WW could account for 66% of the increased

energy of KLC if the dissipation processes were not

considered. The above energetics analysis demonstrated

that the strengthened monsoon wind associated with the

La Niña event indeed played an important role in the

development of this strongKLC event in 2016/17 winter.

b. Interannual modulation mechanism of the KLC
between 1993 and 2019

The moored observations were only available between

2014 and 2017. To examine whether the mechanism

revealed by the above energetics analysis is universal, the

interannual variation of the KLC was further analyzed

using the long-term altimeter and wind data between

1993 and 2019. Before the detailed analysis, we first

defined the winter mean area-averaged surface negative

relative vorticity in the KLC region (purple box in

Fig. 2h) as an index to represent the strength of KLC

(recall the KLC identification method in section 2). In

Fig. 12a, we compare the KLC index with the mean

absolute wind speed southwest of Taiwan (purple box

in Fig. 2h) in all of the winters between 1993 and 2019.

The result shows that the KLC was stronger in the

winters of 1994/95, 1995/96, 1996/97, 1998/99, 1999/2000,

2000/01, 2007/08, 2010/11, 2011/12, 2016/17, and 2017/18

(11 stronger KLC events), and weaker in the winters

of 1993/94, 1997/98, 2001/02, 2002/03, 2003/04, 2004/05,

FIG. 11. (a)–(d) Distributions of wind stress work at different stages of the strong KLC. Blue lines indicate axes of

the KLC. The red box in (c) denotes the region that fully contains the KLC (19.58–22.78N, 117.58–120.78E). Purple
stars represent locations of the moorings. The date of each subplot is marked on the bottom-left corner. (e) Time

series of the mechanical energy calculated based on the moored data (ME, red solid line), change of ME compared

with the first day on 19 Oct 2016 (DME, red dashed line), and the wind stress work integrated from the first day on

19 Oct 2016 (WW, blue solid line) over the KLC region. The shading represents error bar of the ME, which is

obtained from the HYCOM reanalysis data through comparing the area-mean ME with the point-mean ME at

virtual mooring locations.
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2005/06, 2006/07, 2008/09, 2009/10, 2012/13, 2013/14,

2014/15, 2015/16, and 2018/19 (15 weaker KLC events,

including the winters without KLC). For the 11 stronger

(15 weaker) KLC events, 91% (67%) of them corre-

sponded to stronger (weaker) wind speed compared

with the climatological state. Comparisons with theWW

and WSC showed similar results (Fig. 12b). Specifically,

during 82% (73%) of the 11 stronger KLC events, the

WW (WSC) was stronger than the mean state, while

during 87%(67%)of the 15weakerKLCevents, theWW

(WSC)wasweaker than themean state. Furthermore, the

KLC index was found to be closely correlated with the

Niño-3.4 index, i.e., 10 of the 11 stronger KLC events

occurred in LaNiña years, while 11 of the 15 weakerKLC

events occurred in El Niño years (Fig. 12c). The com-

posite distributions of SSH, surface geostrophic velocity,

wind anomaly,WSCanomaly andWWinFig. 13 (see also

Fig. S5) further suggested that during La Niña years, the

winter northeast monsoon, the negative WSC and the

positive WW southwest of Taiwan are strengthened and,

correspondingly, the KLC structure becomes stronger;

the situation is reversed during El Niño years. Overall,

the above statistical results demonstrated the role of

ENSO inmodulating the KLC strength through changing

the winter wind field over the NESCS, which further

confirms our conclusion drawn based on the 3-yr moored

data (i.e., the previous subsection).

As argued by many previous studies, Pacific meso-

scale eddies (e.g., Chang et al. 2015; Zhao et al. 2016;

Zheng et al. 2019; Yang et al. 2020) and nonlinear hys-

teresis of the upstream Kuroshio east of the Luzon

Island (e.g., Sheremet 2001; Yuan and Wang 2011) can

also influence the formation and development of the

KLC. Through examining the altimeter observations

during the strong KLC event in 2016/17 winter, we in-

deed found that an AE in the northwestern Pacific

perturbed the Kuroshio path in autumn and its front

portion then penetrated across the Luzon Strait, which

may have contributed to the formation of the nascent

KLC in October (Fig. S6). However, by comparing the

KLC indexwith the strength ofAEs in autumn (August–

November) east of the Luzon Strait (the integrated

negative relative vorticity in the region of 198–228N,

1218–1238E was used to represent the strength of Pacific

AEs), we did not find a significant correlation between

them (Fig. 14a). In Fig. 14b, we also compared the KLC

index with the upstream Kuroshio strength in autumn

east of the Luzon Island. Here, the Kuroshio strength

was calculated by integrating the surface meridional

geostrophic current along the 188N section between the

Luzon Island and 1248E. Again, from the comparison,

no significant correlation is found. These statistical

analysis results implied that neither the Pacific eddies

nor the upstream Kuroshio strength played a decisive

role in the interannual modulation of the KLC.

6. Summary

Based on mooring-array observations between June

2014 and June 2017 and the long-term satellite data, 3D

structure and interannual variability of the KLC in the

NESCS were investigated in this study. The observa-

tions demonstrated that the KLC is a robust phenome-

non in the NESCS, which displays a semienclosed

anticyclonic structure with westward and eastward zonal

velocity in the central and northern Luzon Strait, re-

spectively. However, different from the Loop Current in

the Gulf of Mexico, the KLC in the NESCS is not a

permanent current and it primarily occurs in autumn

and winter. In the vertical direction, the KLC structure

is originally confined to the upper 500m near the Luzon

Strait. However, when theKLC extends into theNESCS

interior, barotropizationoccurs and its southern branchwith

westward flow can reach as deep as 2000m. To our best

knowledge, this barotropization process of the KLC is

identified for the first time and it can well explain the

equivalent barotropic structure of the AEs shed from the

KLCas found by our earlier studies (e.g., Zhang et al. 2016).

During the 3-yr observation period, the KLC showed

strong interannual variability and its strengthwasmoderate,

FIG. 12. (a) Time series of the KLC index (red line) and wind

speed (blue line) averaged in theKLC region (i.e., the box inFig. 2h).

All the time series have been normalized by removing the mean and

then being divided by the standard deviation. (b) As in (a), but the

blue and green lines denote strength of WSC and WW averaged in

the KLC region, respectively. (c) Time series of Niño-3.4 index with
positive and negative values indicated by red and blue colors, re-

spectively. In all the three subplots, pink and green shading represent

stronger-KLC and weaker-KLC events, respectively.
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weakest, and strongest in the winters of 2014/15, 2015/16,

and 2016/17, respectively. Through examining the

historical altimeter data between 1993 and 2019, it is

found that the KLC in 2016/17 winter is the strongest

one since 1993. Energetics analysis showed that theWW

accounted for 66% of the total energy increase of this

strong KLC event and therefore, it played a significant

role in the KLC’s development. Based on statistical

analysis between 1993 and 2019, we found that the in-

terannual variation of KLC is strongly modulated by

the ENSO phases. Specifically, during La Niña years, an
anomalous atmospheric cyclone occurs in the north-

western Pacific, which strengthens the winter northeast

monsoon in the NESCS. The strengthened wind inputs

more negative vorticity and energy to the southwest of

Taiwan and provides a favorable condition for the

development of KLC. The situation is reversed during

El Niño years. Further analysis suggested that the

Pacific mesoscale eddies and the nonlinear hysteresis

of the upstream Kuroshio played insignificant roles in

the interannual modulation of KLC. In another word,

we found that the ENSO’s impact on the interannual

variation of KLC is primarily through the atmospheric

bridge (i.e., local wind) rather than the oceanic bridge

(i.e., Pacific eddies and Kuroshio strength). Because

the KLC and its eddy shedding can have a large im-

pact on the deep-ocean dynamics in the SCS (Zhang

et al. 2013; Alford et al. 2015), it may provide an

important route to transfer the ENSO’s impact into

the deep SCS that can further modulate the deep-

ocean processes, such as internal waves, mixing, to-

pographic waves, and deep-ocean submesoscales. This is

FIG. 13. (a),(b) Composite mean SSH (shading) and surface geostrophic current (arrows) distributions in the winters of

LaNiña andElNiño years, respectively. Theblack line denotes theKuroshio axis. (c),(d)As in (a) and (b), but for theWSC

anomaly (shading) andwind velocity anomaly (arrows) distributions. (e),(f)As in (c) and (d), but for theWWdistributions.
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an interesting topic that should be investigated in future

studies.
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