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Abstract

Satellite-tracked Lagrangian drifters are used to investigate the transport pathways of near-surface water around
the Luzon Strait. Particular attention is paid to the intrusion of Pacific water into the South China Sea (SCS).
Results from drifter observations suggest that except for the Kuroshio water, other Pacific water that carried by
zonal jets, Ekman currents or eddies, can also intrude into the SCS. Motivated by this origin problem of the
intrusion water, numerous simulated trajectories are constructed by altimeter-based velocities. Quantitative
estimates from simulated trajectories suggest that the contribution of other Pacific water to the total intrusion flux
in the Luzon Strait is approximately 13% on average, much smaller than that of Kuroshio water. Even so, over
multiple years and many individual intrusion events, the contribution from other Pacific water is quite
considerable. The interannual signal in the intrusion flux of these Pacific water might be closely related to
variations in a wintertime westward current and eddy activities east of the Luzon Strait. We also found that Ekman
drift could significantly contribute to the intrusion of Pacific water and could affect the spreading of intrusion
water in the SCS. A case study of an eddy-related intrusion is presented to show the detailed processes of the

intrusion of Pacific water and the eddy-Kuroshio interaction.
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1 Introduction

The Luzon Strait, located between the Taiwan Island and
Luzon Island, is a wide (approximately 360 km) meridional gap of
the western Pacific boundary and the only deep (>2 000 m) chan-
nel connecting the South China Sea (SCS) and the Pacific Ocean.
Leading considerable material and dynamical fluxes through the
Luzon Strait, the intrusion of Pacific water significantly influ-
ences the hydrological characteristics, circulation patterns, eddy
activities, and biological production of the Northern South China
Sea (Qu et al., 2004; Cai et al., 2005; Nan et al., 2011b; He et al.,
2016; Zhang et al., 2017).

The intrusion of Pacific water is closely related to the behavi-
or of Kuroshio in the Luzon Strait. As the primary western bound-
ary current (WBC) of the North Pacific subtropical gyre, the Kur-
oshio originates from the North Equatorial Current (NEC) bifurc-
ation at approximately 10°N to 15°N (Nitani, 1972; Qiu and Chen,
2010). During its course northward, the Kuroshio usually bends
clockwise into the Luzon Strait, with inflow and outflow through
the Balintang and Bashi Channel, respectively. In the mean state,
the Kuroshio axis is mainly confined within the Luzon Strait, in-

dicating a gap-leaping path of the Kuroshio (Caruso et al., 2006;
Liang et al., 2008; Lu and Liu, 2013). Lu and Liu (2013) suggested
that the gap-leaping Kuroshio with a strong potential vorticity
front can act as a dynamic barrier, blocking the westward
propagation of Rossby waves and eddies from the Pacific.
However, the Kuroshio occasionally meanders into the north-
eastern SCS in the form of a loop current, which is no longer re-
stricted to the Luzon Strait (Li and Wu, 1989; Farris and Wim-
bush, 1996; Jia and Liu, 2004; Yuan et al., 2006; Liu et al., 2016;
Zhang et al., 2017). Associated with the westward extension, part
of the Kuroshio water can intrude deep into the SCS, primarily in
winter. For example, early hydrographic studies by Shaw (1991)
and Qu et al. (2000) observed the North Pacific high-salinity wa-
ter on the continental slope of the northern SCS in winter. Cen-
turioni et al. (2004) found that surface drifters deployed in the Pa-
cific crossed the Luzon Strait and reached the inner SCS between
October and January.

The Kuroshio is highly variable in the Luzon Strait. Previous
satellite and in situ observations suggest that inflows and out-
flows in the upper layer of the Luzon Strait often appear altern-

Foundation item: The Strategic Priority Program on Space Science, the Chinese Academy of Sciences under contract No.
XDA15020901; the National Natural Science Foundation of China under contract Nos 41876205 and 41906026; the Key Special Project
for Introduced Talents Team of Southern Marine Science and Engineering Guangdong Laboratory (Guangzhou) under contract Nos
GML2019ZD0305 and GML2019ZD0302; the Natural Science Foundation of Guangdong under contract No. 2018A0303100002; the
Project of State Key Laboratory of Tropical Oceanography under contract No. LTOZZ2002; the Open Fund of the Key Laboratory of
Ocean Circulation and Waves, Chinese Academy of Sciences under contract No. KLOCW1905.

*Corresponding author, E-mail: hgzhan@scsio.ac.cn



16 Huang Gaolong et al. Acta Oceanol. Sin., 2021, Vol. 40, No. 7, P. 15-30

ately, exhibiting complicated spatial structures and temporal
variability (Caruso et al., 2006; Tian et al., 2006; Yuan et al., 2006;
Liang et al., 2008; Zhang et al., 2015). Even so, three descriptive
flow patterns of Kuroshio intrusion have been frequently repor-
ted, including the Kuroshio intruding branch (KIB), Kuroshio
loop current (KLC), and the associated shed eddy (KLC-SE).
Early studies, primarily based on fragmentary hydrographic data,
were limited to unveiling the overall structure and path trans-
ition of the Kuroshio. Recently, with the abundant availability of
satellite observations and high-resolution models, KLC and KLC-
SE are increasingly recognized to be only transient rather than
persistent flow patterns that usually appear in winter (Yuan et al.,
2006; Jia and Chassignet, 2011; Nan et al., 2011b; Zhang et al.,
2017).

Observations of satellite-tracked Lagrangian drifters have in-
creased around the Luzon Strait in the past decade. These drift-
ers have been used to study features of regional circulation (Cen-
turioni et al., 2004; Wang et al., 2008a; Guo et al., 2012; Qian et al.,
2013) and eddy activities (Wang et al., 2008b; Huang et al., 2010;
Li etal., 2011). The drifter trajectories could provide direct in-
sights into the pathways of the Kuroshio and the intrusion of Pa-
cific water into the SCS. Inspired by the results from the drifter
observations, simulated Lagrangian particle sets were created to
study the origins of the intrusion water. The remainder of this pa-
per is organized as follows. The data and methods are described
in Section 2. Results from the satellite-tracked drifters and simu-
lated particles are presented in Sections 3 and 4, respectively.
Conclusions are proviede in Section 5.

2 Data and methods

2.1 Near-surface drifter observations

The Lagrangian drifter dataset is from the National Oceanic
and Atmospheric Administration’s (NOAA'’s) Atlantic Oceano-
graphic and Meteorological Laboratory (AOML) Global Drifter
Program (GDP) Drifter Data Assembly Center (available online at
http://www.aoml.noaa.gov/phod/dac/index.php). The GDP
drifters are designed with a submerged drogue, centered at 15 m,
to minimize slippage due to surface wind and waves. Raw drifter
positions, recorded by the Argos satellite system, are quality con-
trolled and interpolated to regular 6 h intervals using an optimal
interpolation procedure (Hansen and Poulain, 1996; Lumpkin et
al.,, 2017). Velocity components are calculated by 12 h centered
differencing of the positions of drifters. In this study, 1 579 drift-
ers launched or drifted into the study region (10°-26°N, 105°-
130°E) from 1986 to 2014 were used, resulting in a total of
3816 676 h position and velocity observations.

With drogues attached, the GDP drifters follow 15 m currents
in the mixed layer. The migration of a drogued drifter is not sens-
itive to wind-induced slippage, which is less than 10-2 m/s for a
wind speed of up to 10 m/s (Niiler et al., 1995). When the drogue
is lost, the sampling level rises to the sea surface, resulting in a re-
markably increased downwind slip. In this study region, un-
drogued data accounted for 43% of the total drifter observations.
Here, we conducted wind-slip correction for the velocities of
both drogued and undrogued drifters. The 6-h surface winds
from NCEP/NCAR Reanalysis v.2 were linearly interpolated to
the drifter positions. Then a downwind slip, denoted as A x W,
was removed from drifter velocities, where Wis the wind speed
and A =7 x 10™* is the slip coefficient for drogued drifters, ac-
cording to Niiler et al. (1995). Based on previous practices (Pazan
and Niiler, 2001; Laurindo et al., 2017), the slip coefficients for
undrogued drifters were calculated in geographic bins (2° latit-

ude x 5° longitude) with more than 600 observations:
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where U is the downwind component of the drifter velocities, the
subscripts d and u denote drogued and undrogued drifters, re-
spectively, and the bracket () represents the average. The above
calculation is only carried out during the winter monsoon period
(October-March) for two reasons: first, the northeast monsoon is
relatively steady and uniformly distributed, which leads to a reli-
able estimate; and second, it allows the investigation of the sea-
sonal intrusion of Pacific water. After applying linear least-
squares fitting, the resultant A, was 1.37x10-2, which is smaller
than the value of 1.48x10-2 for the global ocean (Laurindo et al.,
2017) and 1.64x10-2 for the Indian Ocean (Peng et al., 2015).

The corrected drifter velocities were used to construct the
quasi-Eulerian velocity field. First, by using a 9-point (equivalent
to 2 d) running average filter, all velocities were low-pass filtered
to remove tides and near-inertial variability. Second, the filtered
velocities were grouped into 0.5°x0.5° bins. This bin size was
chosen to reasonably reflect the spatial variation of major cur-
rents while ensuring sufficient drifter observations for statistical
analysis. Within each bin, all the data were pre-averaged over a 7-d
window, from which the ensemble mean was obtained. This av-
eraging method can help avoid oversampling caused by slow-
moving or retained drifters within a spatial bin (Niiler et al., 2003;
Centurioni et al., 2008). Note that only the bins with more than
five sampled windows were considered here.

2.2 Altimeter-derived geostrophic velocities

The satellite altimeter-derived geostrophic velocities used in
this study were processed by SSALTO/DUACS and distributed by
Archiving, Validation and Interpretation of Satellite Oceano-
graphic Data (AVISO, https://www.aviso.altimetry.fr), with sup-
port from CNES. The geostrophic relation was used to derive the
geostrophic velocity field V; from the absolute dynamic topo-
graphy field 7:

v, = *Tgk X Vi, )

where g is the gravitational acceleration, f is the Coriolis para-
meter, and k is the vertical unit vector. The delayed-time version
of the “allsat” product used here included the merged observa-
tions from all the altimetric satellites available at a given time.
These daily gridded data have a spatial resolution of 0.25° x 0.25°
and are available between 1993 and 2014.

2.3 Wind products and 15 m depth Ekman velocities

To conduct wind-slip correction for GDP drifters and to es-
timate the Ekman component of the flow, a 10 m height wind
speed product was used: the NCEP/NCAR Reanalysis v.2
(https://www.esrl.noaa.gov/psd/data/gridded) 6 h wind data
with a spatial resolution of 1.875° from 1986 to 2014. Before cal-
culating the 15 m depth Ekman velocity, a 10 m wind speed W
was used to obtain the wind stress 7 through the bulk aerody-
namic formula,

7= p.CaW|W|, 3)

where pa = 1.2 kg/m? is the air density and Cq is the drag coeffi-
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cient. Following Large and Pond (1982) and Trenberth et al.
(1989), we calculated Cq as

0.49+0.065|W|,  |W| >10m/s,
10°Cq = { 1.14, 3< W <10m/s,  (4)
0.62+1.56/|W|, |W| <3m/s.

Then, the Ekman velocity was estimated using the formula of Ral-
ph and Niiler (1999):

ﬂ8719 T
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where p = 1 020 kg/m? is the seawater density, f = 0.065 s~1/2,
and @ = 55°, is the rotation angle of the Ekman current oriented
to the right of the wind.

2.4 Computation of simulated particle data
To better understand transport patterns in the study region,
the simulated particle data set was obtained under the Lagrangi-

an framework: (;—': = v (t) = u(x, t), where x is the position of the

Lagrangian particle, v (Z) is the velocity vector of the particle
along its trajectory, and u(x, t) is the Eulerian velocity field. In
this study, observation-based velocity fields were used to advect
simulated particles with a 4th-order Runge-Kutta scheme and 6 h
time step. This time step is the same as that of real drifter data
and well below the temporal resolution of the velocity data. Cu-
bic spline interpolation was used to obtain the velocity at each
particle’s position. For each of the first grid points from the coast,
only the along-coast component of velocity was retained. Even
so, few particles near the coast can still enter the land after one
step of advection. These cases of “beaching” mainly occur
around corners along the coast, introducing errors in particle ad-
vection from the interpolation procedure. To avoid this, particles
that “beached” were relocated to the nearest points on the coast-
line before the next calculation.

3 Results from the satellite-tracked drifters

3.1 Distribution of drifter observations

The spatial and temporal distributions of drifter observations
are shown in Fig. 1. Between 1986 and 2014, 1 031 drifters were
launched inside and 548 were drifted into the study region. The
distribution of drifter observations is highly uneven in time and
space. Only 150 drifters were launched before 2003. In the follow-
ing decade, drifter launches increased significantly due to sever-
al specific experiments that focused on investigations of the Kur-
oshio in the Luzon Strait, seasonal circulation, and mesoscale
variability around the northern SCS and Taiwan Island (Rudnick
etal., 2011). Concentrated launches can be easily found in the
above regions (Fig. 1a). In fact, about 82% of our observations
were collected between 2003 and 2014 (Fig. 1b).

3.2 Pathways of surface Pacific water in the Luzon Strait

Pathways of surface water can be reflected by certain selec-
tions of trajectories of drifters that were launched or drifted into
specific areas. In this study, the Luzon Strait is defined as a rect-
angular region 18.6°-22.0°N, 120.4°-121.9°E, (Fig. 1a). The latit-
udes of the southern and northern boundary of the strait are de-
termined by the locations of the northern tip of Luzon Island and
the southern tip of Taiwan Island, respectively. We made the
same choice of longitudes of the eastern and western boundaries
as Guo et al. (2012): the eastern boundary crosses Babuyan Is-
land and the western boundary is the westernmost limit of the
leap-type trajectories in the Luzon Strait.

To examine the pathways of Pacific water in the Luzon Strait,
we selected trajectories of drifters that originated from the Pa-
cific and subsequently reached the strait. A total of 231 such tra-
jectories are found and colored according to distinct pathways
near the strait (Fig. 2). The intrusion of Pacific water has remark-
able seasonal features as revealed by the selected trajectories.
During wintertime, 162 drifters were entrained into the strait
from the Pacific and 74 of them moved to the SCS without return-
ing (Fig. 2b). However, only 9 out of the 69 drifters intruded into
the SCS during summertime (Fig. 2a). Except for one drifter (ID
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Fig. 1. Geographic distributions of the number of drifter observations in each 0.5°x0.5° bin between 1986 and 2014 (a), the total
number of drifter observations (gray) in each year (b), the total number of drifter observations (gray) in each month (c). In a, the blue
dots indicate the locations where the drifters were launched or drifted in. The black box outlines the Luzon Strait (18.6°-22.0°N,
120.4°-121.9°E). The green line approximates the mean Kuroshio core based on AVISO velocities. The black contours are 200 m and
1 000 m isobaths. In b, the black bars denote the number of drogued drifters.
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Fig. 2. Selected drifter trajectories near the Luzon Strait. a and b. Trajectories of drifters that originated from the Pacific Ocean and
reached the Luzon Strait from April-September and October-March; c. trajectories of drifters launched inside the Luzon Strait; and d.
trajectories of cyclonic (blue) and anticyclonic (red) closed loops identified from drifters originating in the Pacific Ocean. Based on the
different fates and the ways leaving the Luzon Strait, drifters in a-c are grouped into three types: those directly drifted into the SCS
(blue), into the western Pacific after looping into the SCS (red), and into the western Pacific with no loop in the SCS (black). In b, the
bold black line denotes the trajectory of the drifter with ID 7710570 and the yellow line denotes the western boundary of the strait. The
bottom topography from 0 m to 1 000 m is shaded in gray with contour intervals of 200 m.

81890) that went through the Luzon Strait in mid-May and then
crossed the 23.5°N section of the Taiwan Strait in late June, all
other intrusions occurred after late September, when the north-
east monsoon prevails over the Luzon Strait. This result of robust
seasonal intrusion is consistent with the early study of Centuri-
oni et al. (2004), even though the number of intrusion drifters in
our study is five times greater.

The intrusion drifters, a total of 83, usually experienced strong
westward currents during their course through the strait. Al-
though the mean zonal crossing speed is only (0.52+0.26) m/s,
the maximum westward speeds measured by each drifter range
from 0.70 m/s to 1.93 m/s, with an average value of (1.05+0.26) m/s.
Nearly 60% of the intrusion drifters crossed the strait (about 150 km
in zonal width) within 4 d and 7 of them crossed within 2 d. We
note that the spreading of the intruded drifters in the SCS is re-
markably steered by the bottom topography. As shown in Fig. 2b,
the northward spreading is largely confined to the south of the
northeastern corner of the SCS basin. Only three drifters passed
through the 24°N section in the Taiwan Strait and traveled north-
ward. The majority of the intruded drifters flowed southwest-
ward along the continental slope of the northern SCS. Few drift-
ers arrived at the central SCS and the only southward pathway
was along the narrow shelf off Vietnam. The strong Vietnam jet
was observed by 35 intruded drifters, with an average southward

velocity of (1.23+0.5) m/s when crossing the 13°N section. Such
topographic steering is probably closely related to the winter-
time western boundary currents (Figs 3a and d) in the SCS.
LaCasce (2008) suggested that passive ocean floats, including
surface drifters, have a statistical tendency to follow the contours
of barotropic f/H (Coriolis parameter/water depth), which
provides a restoring force to support Rossby and topographic
waves. The drifter spreading may also be sensitive to Ekman drift,
stratification, and forcing of the shelf zones; the complete dy-
namics causing the spreading of the drifters in the SCS are bey-
ond the scope of this study.

Besides the 83 intrusion drifters, there are also 148 drifters
that entrained into the Luzon Strait from the Pacific and sub-
sequently traveled back into the Pacific. Most of these drifters
leaped directly across the strait, while a few looped westward in-
to the SCS. By inspecting the trajectory clusters near the Luzon
Strait, we chose the westernmost longitude of the trajectory with
ID 7710570, shown in Fig. 2a, to define the western boundary of
the strait and to separate the loop-type trajectories from the leap-
types. This choice of the western limit of the Luzon Strait is some-
what subjective; however, a small change would not affect the
main results, considering the low proportion of loop-type traject-
ories. A total of 10 loop-type trajectories were identified, with 5
trajectories in each season (Figs 2a and b). Nevertheless, by com-
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Fig. 3. Seasonal cycles of quasi-Eulerian velocity fields (vectors) derived from the drifter observations. a. January-March, b.
April-June, c. July-September, and d. October-December. The colors present the number of the 7-d observation windows in each
0.5°x0.5° bin. Note that the velocities were estimated only for bins with more than five 7-d observation windows.

parisons with the contemporaneous geostrophic velocity fields,
we find that only three drifters (two with drogues attached) fol-
lowed independent KLCs, which all formed in wintertime. The
others were entrained to the west of the strait by the Kuroshio
and experienced local submesoscale or mesoscale movements.
For example, the westernmost (~119.2°E) reaching drifter in sum-
mertime (Fig. 2b) was captured by an anticyclonic eddy in July
and returned to the Pacific after two loops were completed in the
SCS.

The above results show that for drifters that were entrained
into the Luzon Strait from the Pacific, approximately 60% of them
directly leaped across the strait, 36% intruded into the SCS, and
only 4% underwent a looping pathway. In fact, as discussed in the
next section, the undrogued drifters constitute a large proportion
of the intrusion drifters, leading to an overestimation of the prob-
ability of the intrusion of Pacific water. The probability of KLC es-
timated in previous studies ranges between 14.1% and 25.0%
(Nan et al., 2011a; Huang et al., 2016); however, the KLC-related
loop-type trajectories are rather rare from drifter observations in
this study. A possible reason may be that during the emergence
of KLC, drifters that followed the eastern flank of the loop cur-
rent, fell into the leap-type owing to their limited westward dis-
placements. For drifters that were entrained in the western flank,
their movements are likely to be subject to the unstable flows
near the frontal region, resulting in separation from the loop cur-
rent. It is also worth pointing out that for undrogued drifters, the
downwind slip velocity could reach more than 0.1 m/s in the

northeast monsoon period, enough to alter the pathway of the
drifter around the turning region of the loop current.

It has been shown that a small part of drifters from the Pacific
could loop to the west of the Luzon Strait or travel northward to
the Taiwan Strait during the summertime monsoon. Such sum-
mertime intrusions may be attributed to the instability of the
Kuroshio front or eddy-Kuroshio interactions on both sides of the
strait. However, the summertime circulation in the northeastern
SCS (Figs 3b and c) does not seem to favor the westward intru-
sion of drifters to the interior of the SCS. Drifters that arrived at
the southwest of Taiwan Island have the chance to be entrained
in the northeastward Taiwan Warm Current (Shaw, 1991). And
drifters that arrived at the northeast of Luzon could be carried in-
to a northeastward outflow of the SCS (Figs 3b and c), then fol-
low the Kuroshio to get to the southeast of Taiwan Island. This
summertime SCS outflow was also suggested by the studies of Li-
ang et al. (2008) and Nan et al. (2011b). Hydrographic research
by Rudnick et al. (2011) found that the salinity in the upper 50 m
layer southeast of Taiwan Island is lower in summer than in
winter, supporting the existence of this outflow. From the traject-
ory results, we found that approximately twenty drifters that were
launched in the SCS and traveled into the Pacific through the
Luzon Strait took a narrow exit southeast of Taiwan Island in
summertime (figures not shown).

Figure 2c shows the trajectories of 273 drifters launched in the
Luzon Strait. Here, we focused on 147 drifters that directly in-
truded or looped into the SCS. Most of them were launched dur-
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ing the wintertime between 2003 and 2006. Their spreading in the
SCS is similar to that of the intrusion drifters from the Pacific
(Fig. 2b), exhibiting salient characteristics of topographic steer-
ing. Nonetheless, this drifter set is not suitable for the analysis of
the intrusion of Pacific water, as the water in the Luzon Strait
could be either from the Pacific or the SCS. Their pathways seem
to be closely related to launch locations because 90% of them
were launched south of the deep Balintang Channel (~20.5°N),
where the Kuroshio primarily flows into the Luzon Strait (Liang
et al., 2008). In addition to the intruded Kuroshio, these drifters
could also be entrained into the SCS by the local northwest flows
(Figs 3a and d), which may be part of the SCS cyclonic gyre (Li-
ang et al., 2008; Wang et al., 2012). In southwest Taiwan Island,
there are 20 loop-like trajectories that are mostly confined to the
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east of 119°E. These drifters reflect more obvious features of KLCs
than the loop-type ones from the Pacific. However, it should be
noted that some of them might follow water mass from the SCS,
since the KLCs could carry some SCS water inside during the
westward looping process (Zhang et al., 2017).

3.3 Origins of the near-surface intrusion water

To explore the origins of the near-surface intrusion water
from the intertwined drifter trajectories, we constructed an intru-
sion probability map based on drifters from the Pacific (Fig. 4a).
In each 0.25°x0.25° bin, the intrusion probability is calculated
straightforwardly by dividing the total number of drifters that
passed through the bin by the number of drifters that passed
through the bin and intruded into the SCS later. Only bins
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Fig. 4. The intrusion of Pacific water into the SCS. a. Intrusion probability map with 0.25°x0.25° bins. The green curve approximates
the mean Kuroshio core. b. Trajectories of intrusion drifters 15 d before and after crossing the line 120.8°E (the red dash line) in the
Luzon Strait. Yellow dots denote the initial positions of these trajectories. The zonal and meridional blue lines denote the KC and LSE
section, respectively. c. A subset of trajectories across the KC section (18.5°N, 122.3°-124.0°E). d. A subset of trajectories across the LSE
section (124.0°E, 18.5°N-23.0°N). In c and d, trajectories of drogued and undrogued drifters are marked in dark grey and grey,

respectively.



Huang Gaolong et al. Acta Oceanol. Sin., 2021, Vol. 40, No. 7, P. 15-30 21

crossed by more than ten different drifters were considered. The
probability map in Fig. 4a indicates that the intrusion drifters can
be traced back to a wide area east of the Luzon Strait. As expec-
ted, a high probability curved band is found near the origin and
upstream region of the Kuroshio. Noticeably, elevated probabilit-
ies (larger than 0.2) also exist in regions away from the Kuroshio.
For instance, a lobe of enhanced probability is located east of the
Luzon Strait (centered about 20°N, 125°E) and below it there are
two high-value streaks stretching eastward beyond 130°E. We
also note that the intrusion probabilities increased rapidly after
the drifters crossed the mean Kuroshio core (green line in Fig. 2a)
in the Luzon Strait, indicating the strong barrier effect of the Kur-
oshio.

In previous studies, the intrusion of Pacific water is often
simply presented as the Kuroshio Intrusion or the net westward
Luzon Strait Transport (LST). The above results of the intrusion
probability map led us to investigate how much other Pacific wa-
ter could enter the SCS, except for the Kuroshio Intrusion water.
To investigate this, we plotted the trajectories of intrusion drift-
ers 15 d before and after crossing 120.8°E in the Luzon Strait
(Fig. 4b). The resultant intrusion trajectories present a forked-
fishtail shape near the entrance of the strait. Accordingly, two
sections were defined. A subset of the intrusion drifters (a total of
41 drifters) followed the path of the Kuroshio Current northeast
of Luzon Island, and crossed or launched near the section at
18.5°N between 122.3°E and 124.0°E (hereinafter referred to as
the KC section, Fig. 4c). The others (a total of 42) came from the
east of the Luzon Strait and crossed or were launched near the
section at 124.0°E between 18.5°N and 23.0°N (hereinafter re-
ferred to as the LSE section, Fig. 4d).

Except for drifters entrained into the upstream Kuroshio
northeast of Luzon Island, nearly half of the intrusion drifters ori-
ginated from a wide area east of the Luzon Strait. This subset of
drifters could be carried westward to the strait by zonal jets,
mesoscale eddies, or surface Ekman currents, and then penet-
rated into the SCS when the Kuroshio intrusion occurred. The
downwind slip may also have a considerable contribution to the
westward displacement of the undrogued drifters. We found that
approximately 73% of the intrusion drifters had lost their drogues
before they entered the strait (Figs 4c and d).

To better understand the intrusion behavior, we examined
the velocity components of the drifter data. As per Brambilla and
Talley (2006), the drifter velocity V(¢) is composed of a geostroph-
ic component V;(¢), an Ekman component Vi(t), a residual ageo-
strophic component V,(f) ,and a downwind slip component

Vslip(t)l
V(1) = Vg(t) + Vi(t) + Vag(£) + Vaiip(t) 6)

where V(?) is obtained by interpolating the AVISO geostrophic
velocity to each drifter position. The NCEP/NCAR wind speed is
also interpolated, then Vg(f) is calculated by Eqs (3)-(6). These
along-trajectory interpolated velocities are binned to construct
mean fields with the same procedure to get the seasonal currents
in Fig. 3. Considering the time span of AVISO data and the sea-
sonal variations of the Kuroshio intrusion and monsoon winds,
the mean velocities are calculated only in wintertime between
1993 and 2014.

Figure 5a shows the mean geostrophic velocity field in winter-
time. The AVISO velocities can resolve flow features that are 100 km
and larger and can effectively capture variations of major cur-
rents and mesoscale processes. As we can see, circulation pat-

terns near the Luzon Strait, including the Kuroshio pathway, are
largely consistent with those of the drifter velocities (Figs 3a and
d). For the Kuroshio in the Luzon Strait and currents in the
northeastern SCS, the magnitude of the geostrophic velocities is
weaker than those estimated from the drifters. This can be partly
attributed to the absence of Ekman velocities, which can be lar-
ger than 0.1 m/s in these areas (Fig. 5b).

To investigate the mesoscale processes, the eddy kinetic en-
ergy (EKE) is calculated based on the geostrophic velocities,

EKE = (WZ +v z> /2, where /g and Vg are the zonal and meridi-
onal velocity deviations from their mean values, respectively, and
the overbar denotes the bin average. Enhanced EKE is found in a
wide band east of the Luzon Strait between 17°N and 25°N
(Fig. 5a). This strong mesoscale variability could originate from
the instability of the Kuroshio and west-propagating eddies en-
countering the western boundary. Mesoscale eddies are pro-
posed to be strong enough to influence the Kuroshio path in the
Luzon Strait (Sheu et al., 2010; Yuan and Wang, 2011; Zheng et
al., 2011) and the Kuroshio transport east of Luzon and Taiwan
Island (Lien et al., 2014; Chang et al., 2015; Yan et al., 2016).
However, issues about in which way the Pacific water carried by
eddies intrude into the SCS and how much they contribute to the
LST, are rarely studied.

An approach to examine the features of recirculation and ed-
dies from drifter data is to extract segments of closed loops from
drifter trajectories. Only trajectories originating from the Pacific
are used and loops are extracted after filtering out inertial move-
ments (Fig. 2d). The distribution of these loops is similar to that
of EKE, reflecting strong activities of eddies east of the Luzon
Strait and southwest of Taiwan Island, as well as recirculation
near the eastern flank of the Kuroshio. In contrast, a narrow band
with few loops exists east of Luzon Island and Taiwan Island, sug-
gesting a stable pattern of the Kuroshio in these areas. For drift-
ers east of the strait, including those trapped by eddies, loop
movements are supposed to increase their probability of intru-
sion, owing to extended residence time. Nevertheless, the avail-
able loop observations seem to be insufficient to support the
viewpoint that eddies from the Pacific could penetrate into the
SCS because few loops are found in the Luzon Strait and to the
left of it, while the anti-clockwise loops southwest of Taiwan Is-
land actually reflect features of KLC-SEs or local anticyclonic ed-
dies.

Figure 5b shows that the wintertime mean Ekman currents
around the Luzon Strait are generally northwestward with an
amplitude of approximately 0.1 m/s. As the local Ekman current
is much weaker than the Kuroshio, the direct contribution of Ek-
man transport to the LST is small (Qu et al., 2004; Liang et al.,
2008). Nevertheless, the cumulative effect of Ekman drift should
not be ignored. The Pacific water east of the strait could be con-
secutively entrained westward into the Kuroshio by the steady
Ekman drift. For drifters, the wind-induced westward speed of
undroged ones is nearly double that of drogued ones. Figures 5¢
and d show the mean fields of residual velocity Vag(£) + Vaip(2),
obtained by removing geostrophic and Ekman velocity from the
total drifter velocity, for drogued and undrogued drifters, respect-
ively. Except for regions near the island coast and continental
shelf, residual currents of drogued drifters are usually weak, in-
dicating the dominance of geostrophic and Ekman currents. Re-
sidual currents measured by undrogued drifters mainly reflect
features of downwind slip, with speeds ranging between 0.1 m/s
and 0.2 m/s. Hence, the wind-induced westward speed of un-
drogued drifters could reach more than 0.2 m/s, while approach-
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Fig. 5. Geographic distributions of geostrophic currents and EKE (a), Ekman currents (b), and residual velocities derived from
drogued drifters (c) and undrogued drifters (d) in wintertime. The velocities were estimated only for bins with more than 5 drifter

observations.

ing the Luzon Strait and subsequently into the SCS. This might
partly explain why more undrogued drifters intruded into the
SCS.

An interesting result in Fig. 5d is that there are unusually high
residual velocities north of Luzon Island. We found that this is a
result of a strong westward jet, which was mainly measured by
intruded undrogued drifters. Six drifters (two with drogues,
shown in Fig. 4c) followed this jet and entered the SCS in five dif-
ferent years. This subset of drifters measured the swiftest west-
ward motions in the Luzon Strait, with mean and maximum
westward speeds of 0.8 m/s and 1.93 m/s, respectively. However,
this narrow, near-coastal jet was barely resolved by geostrophic
velocities. Based on trajectory observations, we presume that this
jet was separated from the Kuroshio after the northward Kurosh-
io was squeezed by the steep topography.

Another possible source of intrusion water is a westward cur-
rent centered at about 20°N east of the Luzon Strait (Fig. 3d). This
current, first observed by Centurioni et al. (2004), usually oc-
curred between October and December with mean westward
speeds ranging from 0.2 m/s to 0.35 m/s. It was termed as the
westward limb of the Wintertime Subtropical Current (WSTC),
which was proven to be an independent current rather than the
north branch of the NEC (Lee and Centurioni, 2013). Figure 3d

shows that the WSTC fed into the Kuroshio and appeared as part
of an anticyclonic recirculation east of the Luzon Strait and
Taiwan Island. Evidently, drifters aggregated in these regions,
resulting in the highest drifter density in all seasons.

4 Results from simulated particle data

4.1 Analysis of particle trajectories from two release bands

To address the impact of possible undersampling, short life-
times, and effects of the Ekman and downwind slip velocities on
the near-surface drifter trajectories, we created simulated traject-
ory sets based on various assumed flow fields constructed from
the AVISO geostrophic velocities. Inspired by the distribution of
real drifter trajectories, simulated particles are released weekly
from two particular bands: a zonal band next to the KC section
(referred to as the KC band) and a meridional band next to the
LSE section (referred to as the LSE band), as shown in Fig. 6a.
Particles were tracked forward for 150 d using the method de-
scribed in Section 2.4. During 1993 to 2014, a total of 6.1x10% and
15.5x10% trajectories were obtained from the KC and LSE bands,
respectively. We chose 150 d of integration because it is long
enough for the study of intrusion problem as seen below.

A combination of the AVISO-based geostrophic velocities and
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trajectories of 54 particles released from the KC band and advected within the AVISO-NCEP velocity field (b). In a, the zonal and
meridional blue lines denote the KC (18.5°N, 122.3°-124.0°E) and LSE (18.5°-23.0°N, 124.0°E) section, respectively. The average

AVISO-NCEP velocity field is superimposed.

the NCEP-based Ekman velocities were used for the computa-
tions of simulated trajectories because this velocity field, de-
noted AVISO-NCEP, could largely represent realistic near-sur-
face currents measured by drifters (Fig. 5¢). Figure 6b displays a
subset of 150-d trajectories of 54 particles released from the KC
band and advected within the AVISO-NCEP velocity field. The
most striking feature in Fig. 6b is the sensitivity of the fates of in-
dividual particles to their release positions. Particles from the
narrow KC band sample different parts of the Kuroshio and un-
dergo very different pathways, reflecting the three typical paths of
the Kuroshio in the Luzon Strait. Several particles seem to separ-
ate from a loop current and intrude into the SCS; and a few of
them reach the coast of Vietnam following the wintertime
boundary currents.

To quantify the distribution of the simulated particles from
their source band, we constructed a probability map that shows
the probability of a particle to visit different geographical loca-
tions after its release (Rypina et al., 2014). By dividing the study
area into a small box, the visitation probability in each box (i, j)
was estimated as the percentage of trajectories that visit this box
atany time, P;; = N;;/N, where N is the total number of traject-
ories and N;; is the number of trajectories visiting the box (i, j).
Then, by averaging over multiple releases, we obtained a statist-
ically stable probability map. To investigate the variation of the
spreading of trajectories with time, it is convenient to evolve the
trajectories over the longest time, which is 150 d in this study,
and use these trajectories to obtain a time sequence of probabil-
ity maps.

Figure 7 shows probability maps (with 0.5°x0.5° boxes) for
particles on Days 30, 60, 90, 120, and 150 after they are released
from the KC and LSE bands. Note that for visual purposes, we use
a logarithmic color scheme for probability maps (i.e., log,,P),
where the color bar is capped at P = 50% or equivalently at
log,,50 ~ 1.699 (darkest red). It is evident from Fig. 7 that the dis-
tribution features of the simulated particle trajectories, either
from the KC or LSE band, are largely consistent with those of real
drifters (Figs 1 and 2). In the western Pacific, particle movements
are significantly affected by the Kuroshio and mesoscale activit-

ies east of the Luzon Strait. For particles that enter the SCS, prob-
ability maps indicate a southwestward spread over time along the
shelf zones of the northeastern SCS and some of them can move
further south of 15°N mainly through a narrow channel off the Vi-
etnamese coast. In the geographic boxes close to the Vietnamese
coast, the logarithmic probability for particles from the KC band
on Day 150 is less than 0, meaning that less than 1% of the total
particles visit these boxes within 150 d. This visiting percentage is
much smaller for particles from the LSE band.

As most of the concern is for the intrusion of Pacific water,
statistical surveys are performed to obtain the percentage of in-
trusion particles. Only those particles that enter the SCS through
the Luzon Strait and do not turn back into the Pacific within one
month are considered as intrusion particles. This criterion can
exclude particles that undergo looping pathways. The results of
the intrusion percentages are shown in Fig. 8. As expected, the
intrusion percentage increased with time, and on Day 150, it
reached 29.2% for particles from the KC band; however it was
only 4.5% for particles from the LSE band. Figure 8 also suggests a
faster timescale of intrusion for particles from the KC band than
for those from the LSE band. One can imagine that particles car-
ried by the Kuroshio can enter the SCS directly during the Kur-
oshio intrusion events. It was found that among intrusion
particles from the KC band, more than 80% of them enter the SCS
within 30 d. Meanwhile, some particles that are likely to be influ-
enced by local recirculation gyres or mesoscale eddies, might
enter the SCS after a long lingering path east of the Luzon Strait.
In fact, nearly a quarter of the intrusion particles from the LSE
band remain in the Pacific even 60 d after their release. Note that
theoretically, the intrusion percentage could continue to in-
crease over time as long as particles exist east of the Luzon Strait.
Therefore, a longer lifetime of a particle should correspond to a
more stable value of the intrusion percentage but also a greater
computation load. We found that a 150-d lifetime was long
enough for our study. The growth rate of the intrusion percent-
age is small from Day 120 to Day 150 (only 2% and 6% for
particles from the KC and LSE bands, respectively).

Another concern of this section is the exploration of the ef-
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Fig. 8. Intrusion percentages as a function of time for particles after they are released from the KC (left) and LSE (right) band.
Different line styles correspond to different velocity fields used to evolve simulated trajectories.

fects of wind-induced velocities, including Ekman velocities and
downwind slip velocities, on the statistical features of the near-
surface simulated particles. Based on two different velocity fields,
we obtained two simulated trajectory sets using the same meth-
ods and parameters for the AVISO-NCEP trajectories described
above. One velocity field is simply the AVISO-based geostrophic
velocity field, denoted as AVISO-only and the other is a blended
field composed of the AVISO-based geostrophic velocities,
NCEP-based Ekman velocities, and downwind slip velocities, de-
noted as AVISO-NCEP-slip. In the computation of downwind slip
velocities, the slip coefficient is set to 1.37x10-2, the same as the
estimated value for undrogued drifters. A comparison indicated
(Fig. 8) that the overall intrusion percentage for particles in the
AVISO-NCEP field is nearly twice that in the AVISO-only field,
where Ekman velocity is absent. As for particles in the AVISO-
NCEP-slip field, on Day 150, the intrusion percentage for those
from the KC band is 50.2%, 1.7 times that in the AVISO-NCEP
field while the intrusion percentage for those from the LSE band
reaches 21.3%, almost 5 times that in the AVISO-NCEP field.

Therefore, the simulation results above support our hypo-
thesis in Section 3.2 that the Ekman drift could significantly con-
tribute to the intrusion of Pacific water and that the undrogued
drifters have a much greater chance of intrusion under the addi-
tional effect of downwind slip. Our analysis of simulated traject-
ories also leads to another finding that wind-induced velocities
could affect the lateral distribution of intrusion trajectories in the
SCS. Figure 9 displays probability maps for the 150-d trajectories
corresponding to three different velocity fields. Differences
between probability maps in shape and magnitude suggest that
wind-induced velocities can contribute to the southwestward
spreading of intrusion trajectories along the shelf zones of the
northeastern SCS and can increase the proportion of particles
that reach the southern SCS. The results from top panel of Fig. 9
imply that beneath the Ekman layer, intrusion water from the Pa-
cific could be largely restricted to flow around the northeastern
SCS.

4.2 Tracking origins of the near-surface intrusion flux
In this section, we use flux-tagged particles to quantitatively

estimate the near-surface intrusion flux through the Luzon Strait
and to track its origins in the Pacific. Similar Lagrangian ap-
proaches have been applied to study transport pathways between
the Pacific and Indian Ocean (van Sebille et al., 2014). In our
study, particles were initially lined up on a meridional section in
the Luzon Strait (between 18.6°N and 22.0°N at 120.8°E, shown in
Fig. 6a) with a spacing of (1/10°). They are released weekly and
advected within the velocity data only if the local velocity is west-
ward. Particles are tracked 90 d backward and 30 d forward. Only
those that originate in the Pacific and end up in the SCS are con-
sidered. These intrusion particles are assigned an intrusion flux,
which is the local westward velocity times the length of particle
spacing in the Luzon Strait. As a result, the total intrusion flux in
each release is the sum of the flux carried by the intrusion
particles. To track the origins of the intrusion flux, intrusion
particles are classified into two groups depending on which sec-
tion (i.e., the KC or LSE section) they cross before intruding into
the SCS, thereby obtaining the corresponding intrusion flux from
each section.

Figure 10 shows the time series of the intrusion flux from the
KC and LSE sections. Here, particles are advected within the
AVISO-NCEP velocity fields between 1993 and 2014. Over the 22
years, the mean intrusion flux from the KC section is 2.9x10* m?/s,
with a standard deviation of 2.4x10% m?/s and the mean intru-
sion flux from the LSE section is only 0.4x10% m?/s, with a stand-
ard deviation of 1.0x10* m?/s. Both the intrusion flux from the KC
and LSE sections exhibit strong submonthly and seasonal vari-
ations. However, there is a much larger interannual variability in
the intrusion flux from the LSE section. High values of the intru-
sion flux from the LSE section occur during 1994-1997, 2004-
2005, and 2011-2012. In other years the intrusion flux from the
LSE section is much smaller than that from the KC section.

Simulation results indicate that, except for the Kuroshio in-
trusion water, a certain amount of other Pacific water can in-
trude into the SCS. In our preliminary estimation, this water con-
stituted only about 13% of the total intrusion flux in the Luzon
Strait on average. Even so, in some years, their contribution to in-
trusion water is quite considerable, for example, reaching more
than 35% during the winter of 1994-1995. Like drifters discussed
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in Section 3, these water could be carried westward by zonal jets, ponding intrusion flux might be closely related to variations in
Ekman currents, or eddies. The interannual signal in their corres-  the WSTC transport and eddy activities east of the Luzon Strait.
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According to a previous study by Lee and Centurioni (2013), the
WSTC Sverdrup transport reached an all-time maximum during
1994-1997. Meanwhile, during the same period, the intrusion
flux from the LSE section is relatively large (Fig. 10). By inspect-
ing the velocity fields, we find that strong intrusion events during
2004-2005 seem to be caused by unusually strong eddy activities
east of the Luzon Strait. Sun et al. (2016) found that the maxim-
um peak-to-tough amplitude of EKE in the northeastern SCS also
occurred during 2004-2005, indicating that the interannual sig-
nal of eddy activities may have propagated into the SCS via en-
hanced intrusion water.

4.3 Case study of an eddy-related intrusion

From Fig. 10, we can also see that in individual intrusion
events the intrusion flux from the LSE section can be rather large,
and in a few cases even larger than 4x104 m?/s. These strong in-
trusion events are often related to eddy activities because direct
contributions from zonal jets and Ekman currents to intrusion
flux are limited. One of the eddy-related intrusion events is stud-
ied here. To show the detailed processes of the intrusion of Pa-
cific water and the eddy-Kuroshio interaction, we compute Lag-
rangian longitude maps, in which longitudes are treated as
tracers. Initially, simulated particles are uniformly seeded in the
domain under this study, and then advected backward in time
within the AVISO-NCEP velocity field. The final longitude that
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each particle is tracked back to after a period of integration is
coded by color. Here, we choose a 45 d integration as it is long
enough for our study.

Figure 11 shows longitude maps between December 16, 2003
and January 10, 2004, during which (also denoted by a yellow line
in Fig. 10) a westward-propagating cyclonic eddy interacted with
the Kuroshio. Transport patterns visualized by longitude maps
are complicated. The domain under study is filled with en-
tangled Lagrangian structures from mesoscale to submesosale.
Nevertheless, coherent structures of eddies and loop currents
can be identified, and intrusion water mass can be distinguished
by colored longitudes. On December 16, 2003, a cyclonic eddy
approached the Kuroshio northeast of Luzon Island. Before in-
teracting with this eddy, the Kuroshio had already intruded into
the SCS, with some of its water deep into the shelf zone of the SCS
and the rest taking a loop path southwest of Taiwan Island.
Meanwhile, some Pacific water (dark gray) carried by westward
flows encountered the Kuroshio at about 20°N. Most of them fed
into the Kuroshio east of Taiwan Island; only a few had a trip into
the SCS flowing the loop current. From the longitude map on
December 23, 2003, we found that water from the outer part of
the eddy could be entrained into the Kuroshio and then intruded
into the SCS; however, the intrusion of other Pacific water did not
occur. As the eddy-Kuroshio interaction continued, the cyclonic
eddy propagated further west and pushed more of the Kuroshio
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Fig. 11. Snapshots of the Lagrangian longitude maps on December 16, 2003 (a), December 23, 2003 (b), December 30, 2003 (c) and
January 10, 2004 (d). The yellow circle denotes the central position of the cyclonic eddy under study. The 120.8°E contours are marked

in magenta.
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into the Luzon Strait. On December 30, 2003, plenty of Pacific wa-
ter intruded into the SCS, exceeding the amount of Kuroshio in-
trusion water. In this individual event, there seem to be three ori-
gins for the intrusion water: the Kuroshio, the cyclonic eddy, and
westward flows. It is hypothesized that the cyclonic eddy blocked
the Kuroshio in the Luzon Strait, and facilitated the intrusion of
the westward Pacific water. The eddy dissipated quickly after
January 10, 2004. They were elongated in the zonal direction and
cut into two parts by the northward Kuroshio. The smaller west-
ern part intruded into the SCS and the eastern part was carried
northward and subsequently disappeared.

5 Conclusions and discussion

Based on historical satellite-tracked drifter observations, the
transport pathways of near-surface water around the Luzon Strait
are investigated, while focusing on the intrusion of Pacific water
into the SCS. It was found that almost all intrusions of drifters
from the Pacific to the SCS occurred during the northeast mon-
soon. The spreading of intrusion drifters in the SCS seems to be
strongly steered by the topography. The statistical results of drift-
er pathways indicate that the KLC-related loop-type trajectories
are rare. In summertime, weak intrusions were observed and
drifter observations support the existence of the SCS outflow. We
also found a narrow wintertime jet near the northern coast of
Luzon Island. This strong westward jet is likely to be separated
from the Kuroshio.

The results regarding the origins of intrusion drifters suggest
that except for the Kuroshio intrusion water, other Pacific water
carried by zonal jets, Ekman currents, or eddies, can also intrude
into the SCS. Statistical results of simulated trajectories indicate
that the Ekman drift could significantly contribute to the intru-
sion of Pacific water and could influence the spreading of intru-
sion water in the SCS. In our preliminary estimation, the other
Pacific water constituted about 13% of the total near-surface in-
trusion flux in the Luzon Strait on average. In some years and
multiple individual intrusion events, their contribution to intru-
sion water was quite considerable. The interannual signal in their
corresponding intrusion flux might be closely related to vari-
ations in the WSTC transport and eddy activities east of the
Luzon Strait. To show the detailed processes of the intrusion of
the Pacific water and the eddy-Kuroshio interaction, a case study
of an eddy-related intrusion is presented.

Lagrangian approaches allow us to effectively separate the
Kuroshio intrusion flux from the total flux of the Luzon Strait. It is
helpful to analyze the temporal variation of the Kuroshio intru-
sion which was usually quantified by the LST or different types of
Kuroshio intrusion indices in previous studies. The seasonal
cycle of the Kuroshio intrusion is generally attributed to the sea-
sonally reversing monsoon. However, the interannual variation
of the Kuroshio intrusion is less understood, and has been found
to be related to various climate indices, such as the El Nifio-
Southern Oscillation (ENSO), the Philippines-Taiwan Oscillation
(PTO), and the Pacific Decadal Oscillation (PDO) (Kim et al.,
2004; Qu et al., 2004; Chang and Oey, 2012; Wu, 2013; Yu and Qu,
2013). Relationships between the Kuroshio intrusion and these
indices are usually built through the meridional migration of the
NEC bifurcation due to changes in the wind forcing in the Pacific.
Other factors may also affect the interannual variation of the Kur-
oshio intrusion. The WSTC transport and eddy activities east of
the Luzon Strait have been found to be connected to the interan-
nual signal in the intrusion flux of non-Kuroshio Pacific water.
However, their contribution to Kuroshio intrusion on the inter-
annual timescale remains unclear.

It should be noted that our quantitative results regarding the
intrusion of Pacific water from simulated trajectories are limited
to the near-surface layer. It can be speculated that the effect of
the Ekman drift on the intrusion of Pacific water could be ig-
nored beneath the Ekman layer. The contribution of non-Kur-
oshio Pacific water to the total intrusion flux in the Luzon Strait
varies with depth. It might get considerably large at some level
where the Kuroshio becomes weak and the associated transport
barrier breaks down under the impact of westward currents or
eddies. Therefore, estimates of the volume transport of Pacific in-
trusion water in different layers should be carried out in future
studies.
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