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at intermediate and deep layers (Fig. 1). Consequently, the 
SCS exhibits a semi-enclosed structure in these layers (Qu 
et al. 2006), and the transport in the LS is closely related to 
the ocean processes in both the SCS and the western Pacific. 
The LS stands out as the most significant, intense, and com-
plex water exchange pathway among all the straits in the 
SCS. Observations show that the water transport in the LS 
has a vertically-stratified sandwiched structure (Tian et al. 
2006; Yuan et al. 2008). This structure not only regulates 
the horizontal circulation and the material and energy trans-
ports in the SCS (Gan et al. 2006, 2016; Hu et al. 2012; Lan 
et al. 2013, 2015; Nan et al. 2015; Cai et al. 2020) but also 
controls the SCS meridional overturning circulation and the 
vertical cross-layer transport (Shu et al. 2014; Wang et al. 
2016; Zhu et al. 2016).

In terms of the vertical sandwiched structure of the LS 
transport, there is an overall inflow from the western Pacific 
Ocean to the SCS in the upper layer (< 500 m) of the LS, 
with a seasonal variation characterized by a stronger inflow 
in winter and a weaker inflow in summer (Sun et al. 2023). 
Previous research indicated that the upper-layer transport is 
significantly related to the Kuroshio intensity as well as its 

1  Introduction

The South China Sea (SCS) is the largest tropical mar-
ginal sea in the western Pacific Ocean, covering an area of 
about 3.5 million square kilometers. The maximum water 
depth in the SCS exceeds 5,000 m, with several straits and 
channels connecting it to adjacent waters, e.g. the western 
Pacific Ocean, East China Sea, Java Sea, and Sulu Sea. The 
Luzon Strait (LS) is the only deep-water passage facilitating 
exchange between the SCS and the western Pacific Ocean 
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Abstract
Based on Lagrangian particle tracking experiments using long-term, high-resolution reanalysis data, we investigate the 
pathways of water transport and reflux at different depths in the intermediate layer of the Luzon Strait (LS). Reflux is 
defined as the phenomenon where particles, once released at the 121°E section, subsequently return to the same section. 
The results indicate that the majority of reflux occurs within 60 days and can be categorized into two scenarios according 
to the return time. The case with the shorter return time involves higher-frequency flow variations in the LS. In contrast, 
the case with the longer return time not only modifies the zonal transport across the LS but also facilitates meridional con-
nections between the northern outflow toward the western Pacific Ocean and the central inflow into the South China Sea 
(SCS). The pattern and seasonal variations of reflux vary significantly with depth. At the 500 m depth, the reflux is mainly 
attributed to the central inflow associated with the Kuroshio intrusion, with only 5% of the northern outflow returning to 
the 121°E section. At the 1250 m layer, the northern outflow is more prone to reflux, with 60% flowing back to the section, 
while the reflux of central inflow results in only a small fraction of the inflow water returning to the western Pacific Ocean. 
These findings highlight the critical role of reflux processes in regulating intermediate-layer water exchanges through the 
LS, contributing to a more comprehensive understanding of the interactions between the western Pacific and the SCS.
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intrusion pattern into the SCS (Chen et al. 2011). Moreover, 
the LS roughly lies in the band of subtropical countercurrent 
which possesses the second most intense eddy activity in the 
North Pacific (Aoki and Imawaki 1996). Although a major-
ity of the westward-propagating mesoscale eddies dissipate 
in the western boundary layer (Zhai et al. 2010), there are 
abundant evidence of mesoscale eddies propagating from 
the Pacific Ocean to the SCS via the LS (Zheng et al. 2008; 
Hu et al. 2012), which leads to significant eddy activity in 
the upper layer of the LS (Li et al. 1998; Trott et al. 2021).

The intermediate layer of the LS, ranging approximately 
from 500 m to 1200 m in depth, is characterized by a net 
outflow of about 2.4 Sv from the SCS to the Pacific Ocean 
(Yuan et al. 2009). Within this depth range, the vertical 
mixing can reach to the order value of 10− 2 m2 s− 1, which 
is much stronger than that in the open ocean (Tian et al. 
2009). The full-depth hydrographic observations indicate 
that the outflow in the intermediate layer of the LS is con-
trolled by advection and mixing (Shen et al. 2022). Tian et 
al. (2006) suggested that this intermediate outflow is not 
spatially uniform, featuring an eastward outflow north of 
20°N and a westward inflow south of 20°N. Subsequently 
Xie et al. (2011), based on the same measurements of Tian 
et al. (2006), indicated that such a flow pattern corresponds 
to a subsurface anticyclonic eddy in the LS; they further 
pointed out that the anticyclonic eddy significantly reduces 
the intermediate water exchange between the SCS and the 
western Pacific Ocean by recirculating a substantial portion 

of the eastward transport back into the SCS. The existence 
of an intermediate-layer anticyclonic eddy in the LS has 
also been confirmed through the water isotope analysis (Wu 
et al. 2021), suggesting that the eddy activity occurs not 
only at the surface of the LS but also within its intermediate 
layer. The problem is that existing studies on the interme-
diate layer transport are based on short-term observations, 
which do not allow for detailed investigations on the amount 
of water recirculation and its seasonal variations affected by 
the eddy. Moreover, most previous studies concentrated on 
the net transport changes of the entire intermediate layer, 
but ignored its detailed vertical structures that may affect 
the water exchange.

Therefore, this study aims to explore detailed features of 
water transport in the intermediate layer of the LS based on 
long-term, high-resolution reanalysis data and the Lagrang-
ian particle tracking method. In this study, we focus on the 
pattern, quantity, and seasonal variations of the intermediate 
layer transport and reflux in the LS. The rest of this paper 
is organized as follows. Section 2 introduces the reanalysis 
data used in the study and the particle tracking method. Sec-
tion 3 presents the flow field in the LS and the transport at 
different depths. Section 4 discusses the seasonal and inter-
annual variations of reflux, and Sect. 5 summarizes the main 
results and provides prospects for future research.

2  Data and methods

2.1  Reanalysis data

This study uses the HYCOM (HYbrid Coordinate Ocean 
Model) + NCODA (Navy Coupled Ocean Data Assimila-
tion) GOFS 3.1 (Global Ocean Forecasting System 3.1) 
global reanalysis data (​h​t​t​p​​s​:​/​​/​w​w​w​​.​h​​y​c​o​​m​.​o​r​​g​/​d​​a​t​a​​s​e​r​​v​e​
r​​/​g​o​f​​s​-​​3​p​t​1​/​r​e​a​n​a​l​y​s​i​s) on the GLBv0.08 grid. The model 
spans from 40°S to 40°N with a horizontal resolution of 
0.08°×0.08°, and vertically has 41 layers with a resolu-
tion of 10–100 m in the upper 500 m and 100–1000 m in 
the intermediate and deep layers. The HYCOM model is 
driven by CFSR (1-hourly National Centers for Environ-
mental Prediction Climate Forecast System Reanalysis) 
and CFSv2 (Climate Forecast System Version 2) as the 
surface forcing, and is assimilated with the NCODA data 
(Navy Coupled Ocean Data Assimilation; Cummings and 
Smedstad 2013) which integrate satellite data and in-situ 
observations. Previous studies have demonstrated that this 
reanalysis dataset is generally able to reproduce numerous 
oceanic processes in different layers of the LS and the SCS 
(Xie et al. 2011; Zhang et al. 2013; Lan et al. 2015; Jiang et 
al. 2020; Sun et al. 2023). Compared to GOFS3.0, GOFS3.1 
has improved the vertical resolution of the surface ocean, 

Fig. 1  Topography of the LS and its surrounding areas (the unit of 
bathymetric contour is meter). The red solid line represents the 121°E 
section
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refined the surface atmospheric forcing formula, the internal 
simulation formula, and hence has a better simulation per-
formance. The selected study area is the LS region (118°-
123°E, 17°-23°N), covering 22 years from 1994 to 2015 
with daily-averaged data. The relatively long-term coverage 
of the reanalysis enables us to obtain more accurate climato-
logical fields. In addition, the LS transport patterns and the 
associated seasonal variations obtained from this HYCOM 
reanalysis (Fig. 2a-d) also agree well with the observations 
(Fig. 2e-h; from Fig. 8 of Zhang et al. 2015).

2.2  Lagrangian particle tracking

In this study, the Parcels toolkit is employed for perform-
ing Lagrangian particle tracking in the study area. Com-
pared to other toolkits, Parcels toolkit demonstrates evident 
advantages such as its rapid execution and easy extensibility 
(Lange and Sebille 2017; Kehl et al. 2023). The calculation 
of Lagrangian particle trajectories is as follows:

X (t + δ t) = X (t) +
∫ t+δ t

t

v (x, τ ) dτ

where X denotes the centroid position of the particles, t rep-
resents time, δt signifies the time interval, and v(x,τ) denotes 
the HYCOM flow field corresponding to the particle’s loca-
tion. The fourth-order Runge–Kutta method for explicit 
time operations, with a time step of 12 h, has been applied 
to solve the equation. Particles are released at the 121°E sec-
tion (see Fig. 1 for the location) with a spatial interval of 
0.06° and a temporal interval of 1 day. We employ a sliding 
boundary condition to ensure that the movement of particles 

is not impeded by the shoreline. The particle release time-
frame spans from 1994 to 2014, and their movement is 
calculated from 1994 to 2015, so the majority of particles 
can exit the domain within this period. The transport repre-
sented by the particles is calculated as follows:

T r (x, t) = v (x, t) ∗ L (x)

where Tr represents the water transport of the particle, and L 
denotes the spatial interval between particles. This formula 
implies that particles with higher release velocities repre-
sent larger water transport, under the assumption that the 
water volume represented by each particle remains constant 
throughout its trajectory.

It is noteworthy that the HYCOM reanalysis product pro-
vides both 3-hour and daily outputs. To examine the sensi-
tivity of particle trajectories to the temporal resolution of 
flow fields, we conducted three Lagrangian particle track-
ing experiments using 3-hour, daily, and weekly mean flow 
fields, respectively. The results of these sensitive runs show 
that the trajectories of water particles estimated from 3-hour 
and daily ocean flows exhibit little discrepancies, while 
those based on weekly mean flow fields differ significantly, 
likely due to the loss of high-frequency flow variability 
(figures not shown). Therefore, this study adopts the daily 
HYCOM output to further calculate the details of particle 
trajectories around the Luzon Strait.

Fig. 2  Seasonal pattern of zonal flows (in m s− 1) across the 121°E sec-
tion in the LS obtained from the HYCOM reanalysis. (a) spring, (b) 
summer, (c) autumn, and (d) winter. The flows are averaged from April 

2012 to March 2013, the same period as the observasional results (e-h) 
cited from Figure 8 of Zhang et al. (2015)

 

1 3

Page 3 of 13     20 



Ocean Dynamics           (2025) 75:20 

flow also has a clear seasonality with relatively enhanced 
outflow in winter while weakened one in summer. The deep 
layer primarily features a westward transport, and its sea-
sonal changes differ from the upper and intermediate layers 
with a stronger inflow in summer while a weaker one in 
winter.

Seasonal variations of temperature and salinity in the LS 
are predominantly confined to the upper layer with lower 
temperature and higher salinity in winter and higher temper-
ature and lower salinity in summer (Fig. 3b, c). This layer 
includes both the surface low-salinity water and the sub-
surface high-salinity water (Fig. 3b), corresponding to the 
mixed layer and the main body of the thermocline (Fig. 3c). 
The intermediate layer is characterized by the intermediate 
low-salinity water, while the deep layer features high-salin-
ity and low-temperature water. There is no obvious seasonal 
variation in temperature and salinity in the intermediate and 
deep layers.

The annual mean current on the 121°E section of the LS is 
predominantly eastward north of 21°N but westward south 
of 21°N (Fig. 4a). The maximum eastward and westward 
velocities occur near 21.8°N and 20.2°N, respectively, with 
the eastward flow exceeding the westward flow by about 
0.2 m/s. This current pattern is consistent with the Kuroshio 
intrusion pattern with northwestward (eastward) flowing in 
the central (northern) part of LS. Along the main axis of the 
westward inflow, the velocity decreases with depth, reach-
ing approximately 0 m/s around 1252 m, below which the 
deep-layer current is primarily westward.

The current field in the LS also exhibits pronounced 
seasonal variations. The wintertime westward flow in the 
central part of LS is clearly stronger than its summertime 
counterpart throughout the upper layer, as expected given 
the enhanced intrusion of the Kuroshio in winter (Fig. 4b). 
In summer, the weakened Kuroshio intrusion is not only 
associated with a weaker westward flow in the central part 
but also with a stronger eastward flow in the northern part 
of LS (Fig. 4c), which leads to the total upper-layer trans-
port transitioning from an inflow in winter to an outflow 
in summer. The eastward flow at 21.8°N intensifies from 
0.2 m/s in winter to 0.4 m/s in summer. In the intermedi-
ate and deep layers, the wintertime current field generally 
shows an enhanced outflow, while the summertime current 
is marked by an increased inflow. The intermediate layer 
is similar to upper layer that features outflow in the north-
ern part and inflow in the central part. Closer inspection 
suggests that the flow pattern is almost unchanged in the 
upper intermediate layer, but in the lower intermediate layer 
(1000–1252 m depth), the flow direction between 20.4° and 
21°N (the black box in Fig. 4) changes from an outflow in 
winter to an inflow in summer. That means the seasonal 
variation in zonal flow direction opposes to each other in 

3  Results

3.1  Seasonal variations of flow pattern at the Luzon 
Strait

The 121°E section of the LS, situated between the Luzon 
Island and the Taiwan Island (see Fig. 1), is selected to cal-
culate water volume transport within the LS. Observations 
reveal a distinct sandwich-like vertical structure of water 
volume transport through the LS, characterized by west-
ward—eastward—westward flows pattern from the surface 
to deep layers (Tian et al. 2006). This pattern is reproduced 
by our results calculated using HYCOM reanalysis data 
(Fig. 3a). Hereinafter, we define the westward flow into the 
SCS as inflow, and the eastward flow to the western Pacific 
Ocean as outflow. To determine the depth of different layers, 
we linearly interpolate the zonal flow into 1-m intervals and 
thus partition the water column of the LS into upper, inter-
mediate, and deep layers according to the zonal transport 
direction. The upper layer (0–412 m) exhibits higher inflow 
velocities and the largest transport. The annual mean zonal 
velocity first decreases from the surface to 50 m depth, then 
increases from 50 m to 125 m, and decreases from 125 m to 
412 m. Moreover, this layer exhibits pronounced seasonal 
variability with a stronger inflow in winter and an outflow in 
summer. The intermediate layer (412–1252 m) corresponds 
to an eastward outflow transport in the LS, with significantly 
lower magnitudes of both velocity and transport compared 
to their upper-layer counterparts; the intermediate-layer 

Fig. 3  The vertical profile of the mean (a) zonal velocity U, (b) salin-
ity, and (c) temperature at the 121ºE transect in the LS. The black line 
represents the mean state, the red and blue lines indicate the clima-
tological state for summer and winter, respectively. Two horizontal 
dashed lines indicate the depths of 412 m and 1252 m, respectively
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significantly increases and hence still maintains an overall 
outflow. To sum up, the eastward transport in the intermedi-
ate layer of the northern LS exceeds the westward transport 
in the central LS except in summer, during which time both 
the central inflow and southern outflow increase, and col-
lectively maintain an outflow in the intermediate layer of 
the LS.

The intermediate layer of the LS is also marked by dis-
tinct vertical variations in circulation patterns, which can be 
primarily divided into two layers: the upper (412–1000 m) 
and the lower (1000–1252 m) parts. We examine the hori-
zontal distribution of flow fields at 500 m and 1250 m as 
the representative currents in the upper and lower interme-
diate layers, respectively. In the upper intermediate layer 
(Fig. 6a-c), the annual mean currents not only exhibit a large 
anticyclonic eddy southwest of Taiwan Island, but also a 
prominent anticyclonic Kuroshio loop within the LS, flow-
ing northwestward in the central LS and then turning north-
eastward in the northern outflow segment. While seasonal 
differences in the overall flow patterns are minor, the flow 
magnitudes of both the Kuroshio loop and the anticyclone 
are notably larger in January than in July. The Kuroshio 
loop embraces a weak anticyclonic structure within the LS, 
guiding the water from the northern outflow back into the 
central segment of the strait, which is consistent with the 
finding of Xie et al. (2011). In the lower intermediate layer 
(Fig.  6d-f), the seasonal differences in current fields are 
more pronounced than those in the upper intermediate layer. 
In January, both the northern outflow and the central inflow 
areas shift southward compared to their 500-m counterparts 
(Fig. 6e). The anticyclone southwest of the Taiwan Island is 
smaller in size and weaker in strength than that at 500 m. To 
the south of this anticyclone, a stronger anticyclone appears 
northwest of the Luzon Island, accompanied by a prominent 

the upper and lower intermediate layers, and should be dis-
cussed separately.

3.2  Meridional and seasonal variations of 
intermediate-layer transport in the Luzon Strait

Given the distinct flow patterns in the LS mentioned above, 
we now further examined the meridional distribution of 
the intermediate-layer (412–1252 m) zonal transport along 
the 121°E section and its seasonal variations (Fig. 5a). The 
section can be meridionally divided into three segments 
according to the mean transport estimated from HYCOM 
output: the northern outflow (from 20.8°N to 22°N), the 
central inflow (from 19.8°N to 20.8°N), and the southern 
outflow (south of 19.8°N). The maximum eastward outflow 
in the northern segment is located near 21.6°N, and the 
maximum westward inflow in the central segment is near 
20.5°N. Collectively, the entire section shows an overall 
eastward outflow in the intermediate layer, with a stron-
ger transport in winter than that in summer. Among these 
segments, the northern outflow and the central westward 
inflow exhibits larger magnitudes of zonal transports and 
clearer seasonal variations (Fig. 5b). In winter, the northern 
eastward flow induces a total outflow transport of approxi-
mately 2.4 Sv, covering a relatively large meridional extent 
(1.2°, about 134 km). The central westward flow results in 
an inflow of about 1.3 Sv but experiences a significant sea-
sonality in both flow magnitude (ranging from 2.0 cm/s in 
summer to 1.4 cm/s in winter) and meridional width (rang-
ing from 125 km in summer to 90 km in winter). In summer, 
the northern outflow narrows slightly in width with reduced 
velocities (about 1.0 cm/s), while the central inflow expands 
northward with increased velocities surpassing the north-
ern outflow; nonetheless, the southern outflow in summer 

Fig. 4  The zonal velocity of (a) annual mean, (b) winter mean and (c) summer mean at the 121°E transect in the LS. Positive eastwards, and the 
magnitude is m/s. The black box indicates the region where flow direction changes in the lower intermediate layer
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isolate the reflux transport, we examine the trajectories of 
particles released in both the outflow and inflow segments 
separately. Note that the specific ranges of the outflow and 
inflow segments vary at different depths.

At 500 m depth, the northern outflow segment spans from 
20.6°N to 22°N, within which 68% of the released particles 
move eastward, accounting for 71% of the total transport 
in this segment (the transport is related to the velocities of 
particles). Among these particles, 95% of them (correspond-
ing to 96% eastward transport) flow northeastward into the 
western Pacific Ocean (Fig. 7a), but a minor fraction (5%) 
of these particles return to the LS or even to the northern 
SCS (Fig. 7b). This means that at 500 m depth, particles in 
the northern outflow segment exhibit reflux, although the 
transport associated with this reflux is small (4% of total 
eastward transport). There are primarily two routes for these 
refluxed particles: (i) a northern route, where 35% of total 
northern reflux particles moves westward near the release 

eastward flow at 20°N. In July, however, both of these two 
anticyclonic eddies are absent, and the transport shifts to a 
predominantly westward inflow in the northern LS.

3.3  The pathways of the intermediate-layer water 
transport in the Luzon Strait

We now conduct Lagrangian particle tracking experiments 
to further investigate the pathways of the intermediate-layer 
water transport in the LS. Specifically, we release particles 
along the 121°E section at the two representative depths of 
500  m and 1250  m to study their trajectories. The above 
analysis demonstrates the presence of the northern outflow 
and central inflow in the intermediate layer of LS; therefore, 
in addition to regular particles that escape from the 121°E 
section after being released, we will also pay close attention 
to particles that, after being released, re-enter this section 
and term this phenomenon as reflux. To more accurately 

Fig. 5  Seasonal variations of the zonal transport (a) along the 121°E 
section, and (b) meridionally integrated over three segments (see 
details in the main texts), at the intermediate layer (from 412  m to 

1252 m) in the LS. Note that the positive values in (b) indicate east-
ward transport in both the northern and southern segments, while rep-
resenting westward transport in the central segment
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manifested between the central inflow and northern outflow 
segments, due largely to the presence of the Kuroshio intru-
sion and the anticyclonic eddy existed in the LS.

At the depth of 1250  m, the particle trajectories differ 
significantly from those at 500 m. It should be noticed that 
the northern outflow segment and the central inflow seg-
ment experience southward displacement as a consequence 
of topographical modifications. In the northern outflow 
segment (spans from 20°N to 21°N), 54% of the particles 
move eastward after being released, accounting for 56% of 
the eastward transport. Among these particles, only 32% of 
them are directly transported to the western Pacific Ocean, 
representing 40% of the total northern outflow transport. 
Their trajectories include not only the northeastward move-
ment along the southeastern coast of the Taiwan Island, 
but also a considerable number moving directly eastward 
or southeastward into the western Pacific Ocean (Fig. 8a). 
The proportion of the refluxed particles and the corre-
sponding transport are significantly higher at 1250 m than 
those at 500 m, with the majority of these particles moving 

location in the northern part of the section, and (ii) a south-
ern route, where 65% of total northern reflux particles return 
to the section in the central-southern part. Temporally, 
26% of the refluxed particles return to the 121°E section 
within 10 days (1% of total eastward transport), and 89% 
of the particles return within 60 days (3% of total eastward 
transport). Some particles have a longer return time, but 
they remain staying west of 121.5°E instead of excursing 
far away. For particles released in the central inflow seg-
ment (spanning from 19.6°N to 20.6°N), 68% of the par-
ticles move westward after released, corresponding to 79% 
of the total westward transport. Approximately 71% of the 
westward-moving particles (corresponding to 63% trans-
port) return to the 121°E section (Fig. 7d). The remaining 
29% particles directly entering the SCS primarily originate 
from areas with strong westward currents (corresponding 
to 37% transport), with the majority moving westward into 
the northern SCS and a smaller portion moving southward 
along the Luzon Island into the SCS (Fig. 7c). Therefore, the 
reflux in the upper intermediate layer in the LS is primarily 

Fig. 6  The flow patterns at 500 m depth for (a) annual mean, (b) January mean, (c) July mean. (d), (e) and (f) are the same as (a), (b) and (c) but 
at 1250 m depth. The red arrows indicate eastward flow and blue arrows indicate westward flow
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of the transport. The transport associated with the reflux is 
relatively small, and the majority of the refluxed particles 
returns to the SCS again instead of entering the western 
Pacific Ocean (Fig. 8d). Among the refluxed particles, the 
percentages returning to the section within 10 days, 30 days, 
and 60 days are 44%, 63%, and 76%, respectively. And the 
percentages of their corresponding transport relative to total 
westward transport are 13%, 19%, and 24%, respectively. 
The relatively high percentage within 10 days indicates a 
higher relux efficiency in the central inflow segment com-
pared to that in the northern outflow segment.

southwestward into the SCS, and only a few moving north-
westwards into the northern SCS (Fig. 8b). Relative to all 
the refluxed particles, the percentages returning to the sec-
tion within 10 days, 30 days, and 60 days are 4%, 30%, 
and 58%, respectively. And the percentages of their corre-
sponding transports relative to total eastward transport are 
3%, 18% and 35%, respectively. This indicates that at lower 
depths, particles in the northern outflow segment are more 
prone to reflux, although a longer time is required due to the 
weaker currents at lower depths and the tendency to move 
southward for the outflow particles. For particles in the cen-
tral inflow segment (spans from 19°N to 20°N), 55% of par-
ticles move westward after being released, corresponding to 
59% of the westward transport. Among these particles, 55% 
of them enter the SCS directly (Fig. 8c), accounting for 71% 

Fig. 7  The trajectory probability of particles released at the 500 m. The 
red lines indicate the releasing positions in the northern outflow seg-
ment for particles initially moving eastward (a) without and (b) with 
particles returned to the 121°E section. The black lines represent the 

releasing positions in the central inflow segment for particles initially 
moving westward (c) without and (b) with particles returned to the 
121°E section
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the LS. Both cases occur at different depths but differ in 
pattern and quantity. At 500 m, particles exiting from the 
northern outflow segment rarely returns to the central inflow 
segment, and even when the reflux occurs, most particles 
eventually enter the Pacific Ocean (Fig.  7b). With regard 
to the timescale, the reflux particles in the northern out-
flow segment can cover the area between 120°E and 122°E 
within a 10-day period (Fig.  9), and most reflux particles 
will return to the section within 60 days after being released. 
At 500 m, since particles move faster, more reflux particles 
belong to the first case (shorter-term reflux) than to the 
second case; for the second case, particles typically move 
toward the northeastern side of the section before returning 
(Fig. 9a). At 1250 m, the number of reflux particles from the 
northern outflow is higher than that at 500 m, namely more 
reflux particles belong to the second case. Also, most reflux 
particles at this depth enter the SCS (Fig. 8d) with a slower 

4  Discussions

The Lagrangian particle tracking results reveal that reflux 
in the intermediate layer of the LS significantly affects the 
inflow and outflow transports across the strait. This reflux 
can lead to the western Pacific Ocean water and the SCS 
water staying in the LS for a longer period of time, thereby 
weakening the water exchange between the SCS and the 
Pacific Ocean. The main manifestations of reflux in the 
intermediate layer can be divided into two cases in terms of 
particle trajectories: one is the direct return of particles to 
the 121°E section shortly after release, and the other group 
of particles has a longer period of excursions on both sides 
of the section before returning. The reflux for the first case 
presumably involves higher-frequency flow changes in the 
LS, whereas for the second case, the reflux is likely associ-
ated with lower-frequency variability of the flows outside 

Fig. 8  Same as Fig. 3, but at 1250 m depth
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At 1250 m, the interannual variability of reflux is less promi-
nent than at that 500 m; this is true for both the northern out-
flow and central inflow segments (Fig. 10a, dashed lines). 
By contrast, the seasonal variability of reflux at 1250 m is 
more evident than at 500 m. Reflux in the northern segment 
is relatively high from late winter to spring, while in the 
central segment, reflux at this depth is evidently higher in 
May and June (Fig. 10b, dashed lines).

5  Conclusions

This study investigates the pathways of transport and reflux 
at different depths in the intermediate layer of the LS, based 
on analyses of particle trajectories released at the 121°E 
section using 20 years of high-resolution HYCOM reanaly-
sis data. According to the direction of zonal transports, the 
intermediate layer can be meridionally divided into three 
segments, and here we primarily focus on the northern 
outflow and central inflow segments, and their respective 
connections with the reflux. The majority of reflux occurs 
within 60 days starting from the releasing of particles and 
can be generally categorized into two cases: the first case 
involves particles returning to the 121°E section shortly 
after being released, and the second case involves particles 
moving and staying for a longer period of time on both sides 

movement speed (see red dots in Fig. 9b). At both the 500 m 
and 1250  m levels, a portion of the reflux particle tracks 
in the northern outflow segment (approximately 20% of the 
total northern reflux particles at 500 m and 31% at 1250 m) 
enter the region southwest of Taiwan Island (indicated by 
the red rectangular area in Fig. 9), suggesting that the anti-
cyclonic eddy in this region may significantly modulate the 
reflux in the northern segment.

In terms of the temporal variability of the reflux, the 
number of reflux particles from the northern outflow seg-
ment at 500-m depth shows significant interannual variabil-
ity, with 1996 and 2012 exhibiting much higher proportions 
than other years (Fig. 10a, solid red line). Notably, the pro-
portion of the northern reflux particles in 2012 exceeds 10% 
(a majority of them occurred in November and December), 
whereas in 2005 the proportion is less than 3%. The high 
value in 2012 may be related to an anomalous southern flow 
in the eastern LS (Fig. 11), providing conducive conditions 
for particles to move southward and to reflux. Reflux via 
the central inflow segment at 500 m exhibits mild interan-
nual variability, with the proportion of reflux particles rang-
ing between 4% and 6%. Seasonal variation shows that the 
500-m reflux in the northern segment occurs more in win-
ter than that in other seasons (Fig. 10b), likely due to the 
existence of the anticyclone within the LS in winter. Reflux 
in the central segment at this depth shows weaker seasonal 
variability and looks relatively higher in spring and October. 

Fig. 9  Trajectories (gray lines) of particles released at the depths of 
(a) 500 m and (b) 1250 m in the northern segment. Blue, black and 
red dots indicate particle positions at 10, 30, and 60 days after being 

released, respectively. The rectangular area enclosed by the red lines 
represents the eddy region
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the Kuroshio intrusion path into the northern segment and 
then return to the Pacific Ocean. In contrast, only a small 
number of particles released in the northern outflow seg-
ment return to the southern segment of the strait; most of 
these particles enter the Pacific Ocean along the southeast-
ern coast of Taiwan Island, accounting for a primary source 
of SCS water transport into the Pacific Ocean. There is more 

of the strait, facilitating communications between the north-
ern outflow and central inflow segments.

There are significant differences in the zonal transport 
and reflux at different depths of the intermediate layer due to 
varying flow fields. At the 500 m depth, reflux is predomi-
nantly associated with the central inflow segment. A large 
number of particles released in the central segment follow 

Fig. 11  The mean flow patterns at 500 m depth for (a) the year 2012 and (b) the entire study period. Panel (c) shows the difference between the 
two flow fields, i.e., (a) minus (b)

 

Fig. 10  (a) Interannual and (b) seasonal variations of the proportions of reflux particles released from the northern segment (red lines) and central 
segment (blue lines) at the depths of 500 m (solid lines) and 1250 m (dashed lines)
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reflux of the northern outflow in winter than in summer, pri-
marily due to the presence of a relatively strong anticyclone 
within the LS in winter. At 1250 m depth, the northern out-
flow is more prone to reflux, with a proportion exceeding 
50%. As for the central segment, the reflux transport is rela-
tively smaller than that at the 500 m depth, and most reflux 
particles finally return to the SCS rather than to flow into the 
Pacific Ocean. Although the overall transport in the interme-
diate layer shows an outflow from the SCS to the western 
Pacific Ocean, a large amount of water does not enter the 
western Pacific Ocean due to strong reflux, which makes the 
water return to the SCS or remain in the LS.

This study explores the pattern, contribution, and sea-
sonal variation of the intermediate layer reflux in the LS 
based on long-term reanalysis data, but the mechanisms 
causing the interannual variability of reflux remain to be 
studied. Additionally, the interplay between the intermedi-
ate layer and the other layers, and the roles of such interplay 
on the reflux might worth exploring in the next step.
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