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Abstract: An unusual eastward flow was observed branching out from the Kuroshio Current near the
island of Taiwan in the western North Pacific in during the period June–July 2010. The branch meandered
eastward approximately 21◦N, carrying high chlorophyll-a (Chla) waters for over
1000 km from 125◦E into the nutrient-poor North Pacific subtropical gyre (NPSG). The branch was
warmer and fresher than the surrounding waters, with temperature–salinity properties resembling those
of Kuroshio Current. Thus, we called it the eastward cross-shore Kuroshio branch (ECKB). Injecting
fresher waters far into the central NPSG, the ECKB flowed at a mean surface speed of 0.5 m per second,
as shown in satellite altimeters, a Lagrangian drifter, and the Japan-Meteorological-Agency (JMA)
137◦E-meridian cruise transect. The mechanism of the ECKB was linked to a surface cyclonic wind
anomaly to the north at approximately 22–24◦N. The cyclonic wind anomaly cooled the ocean surface
beneath it via Ekman suction and then enhanced the subtropical front to its south at approximately
21◦N near the Kuroshio Current. The strengthened subtropical front subsequently induced an
eastward flow that bifurcated from the main stream of the northward-flowing Kuroshio Current.

Keywords: Kuroshio branch; salinity; chlorophyll-a; North Pacific subtropical gyre; satellite observa-
tion; in situ observation

1. Introduction

In the subtropical North Pacific, surface ocean circulation is dominated by a wind-
driven, clockwise-circulating North Pacific Subtropical Gyre (NPSG). At the western bound-
ary of the NPSG, a fast-flowing western boundary current called the Kuroshio Current
(KC) [1] connects the North Pacific Current in the north and the North Equatorial Current
(NEC) in the south near the equator (Figure 1a). The KC, meaning “black stream” in
Japanese, obtained its name due to the black color or precisely the deep blue color of its
waters. The deep blue color of the KC is mostly due to a lack of phytoplankton as a result
of nutrient depletion especially in waters off the east of Taiwan [2].

Against the westward-flowing NEC, a slow surface countercurrent flows eastward
at speeds of approximately 2–10 cm s−1 [3–5]. This slow current is the North Pacific
Subtropical Countercurrent (STCC) (Figure 1a), which was first reported by Uda and
Hasunuma [6] from in situ observations. The STCC is strong in late winter to spring
(March–June) with a peak in June, however, it is weak in fall [7]. The STCC is much slower
than the KC, and its footprint cannot be clearly observed in the climatology geostrophic
flow in July (Figure 1b). Between the main stream of the northward-flowing KC and the
eastward-flowing STCC, the Kuroshio recirculation (KR; Figure 1a) generally occurs east of
the Taiwan Island during the interaction between the KC and the mesoscale eddies that
propagate from the east [4,8–12]. Based on computer simulations, Chu et al. [4] concluded
that the STCC originates from the east of the Luzon Strait at approximately 122.5◦E on the
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23.5-sigma isopycnal surface. The STCC generally emerges from the southeastward turning
of the KR, which centers at approximately 124◦E and 24◦N [4].

The mechanism for the changes of the STCC has been linked to changes in the sur-
face [5,13] and subsurface (below the mixed layer) [7] subtropical fronts. Over long-term
time scales (mean state and a decadal time scale from 1965 to 2008), the STCC was an-
chored and maintained by the subtropical mode water (STMW) [14–17], whereas for shorter
timescales (seasonal and interannual), the STCC strength was suggested to be determined
by the subtropical fronts, which were influenced by surface wind forcing rather than the
surface thermal condition [5,7,18]. In addition, a recent study by Zhang and Xue [19]
indicated that the width of the Luzon Strait might also play a key role in the formation of
the STCC.

Remote Sens. 2022, 13, x FOR PEER REVIEW 2 of 14 
 

 

in July (Figure 1b). Between the main stream of the northward-flowing KC and the east-
ward-flowing STCC, the Kuroshio recirculation (KR; Figure 1a) generally occurs east of 
the Taiwan Island during the interaction between the KC and the mesoscale eddies that 
propagate from the east [4,8–12]. Based on computer simulations, Chu et al. [4] concluded 
that the STCC originates from the east of the Luzon Strait at approximately 122.5° E on 
the 23.5-sigma isopycnal surface. The STCC generally emerges from the southeastward 
turning of the KR, which centers at approximately 124° E and 24° N [4]. 

The mechanism for the changes of the STCC has been linked to changes in the surface 
[5,13] and subsurface (below the mixed layer) [7] subtropical fronts. Over long-term time 
scales (mean state and a decadal time scale from 1965 to 2008), the STCC was anchored 
and maintained by the subtropical mode water (STMW) [14–17], whereas for shorter time-
scales (seasonal and interannual), the STCC strength was suggested to be determined by 
the subtropical fronts, which were influenced by surface wind forcing rather than the sur-
face thermal condition [5,7,18]. In addition, a recent study by Zhang and Xue [19] indi-
cated that the width of the Luzon Strait might also play a key role in the formation of the 
STCC. 

 
Figure 1. (a) Schematic of the Kuroshio Current (KC) circulation system [1,8,20] superimposed on 
the climatology 1/24°-gridded chlorophyll-a (Chl-a; color shaded) in July from 1998 to 2020. The 
black bold solid line with arrows shows the flow of the KC and its connection with the North Equa-
torial Current (NEC). The white circles show the clockwise Kuroshio recirculation (KR) near Japan 
[1] and Taiwan [8]. The white wave-pattern curve near 22° N indicates the eastward-flowing Sub-
tropical Countercurrent (STCC) [6]. The black dashed curves show the large meandering (LM) of 
KC south of Japan [1] and the loop of Kuroshio intrusion (KI) via the Luzon Strait (LS) into the South 
China Sea (SCS) [21]. The meridional red bold line denotes the 137° E transect. The red dots show 
the locations of the Argo profiles used in this study. Black and magenta stars show the locations of 
background water masses near the KC and the STCC, respectively; (b) climatology of 1/4°-gridded 
geostrophic flow in July from 1998 to 2020 with red arrows indicating positive zonal velocities and 
black arrows indicating negative zonal velocities; (c) Aqua-MODIS Level 2 Chl-a image at 1 km 
spatial resolution taken on 4 July 2010. 

Near the Luzon Strait, the KC typically bifurcates with one branch to the west (Figure 
1a), intruding into the South China Sea (SCS) [21] during persistent northeasterlies in bo-
real winter. With the KC intruding into the SCS, the KR can be induced east of the Luzon 
Strait (Figure 1a) centering at approximately 123° E−124° E and 21° N−22° N [7], which is 

Figure 1. (a) Schematic of the Kuroshio Current (KC) circulation system [1,8,20] superimposed on the
climatology 1/24◦-gridded chlorophyll-a (Chl-a; color shaded) in July from 1998 to 2020. The black
bold solid line with arrows shows the flow of the KC and its connection with the North Equatorial
Current (NEC). The white circles show the clockwise Kuroshio recirculation (KR) near Japan [1] and
Taiwan [8]. The white wave-pattern curve near 22◦N indicates the eastward-flowing Subtropical
Countercurrent (STCC) [6]. The black dashed curves show the large meandering (LM) of KC south of
Japan [1] and the loop of Kuroshio intrusion (KI) via the Luzon Strait (LS) into the South China Sea
(SCS) [21]. The meridional red bold line denotes the 137◦E transect. The red dots show the locations
of the Argo profiles used in this study. Black and magenta stars show the locations of background
water masses near the KC and the STCC, respectively; (b) climatology of 1/4◦-gridded geostrophic
flow in July from 1998 to 2020 with red arrows indicating positive zonal velocities and black arrows
indicating negative zonal velocities; (c) Aqua-MODIS Level 2 Chl-a image at 1 km spatial resolution
taken on 4 July 2010.

Near the Luzon Strait, the KC typically bifurcates with one branch to the west
(Figure 1a), intruding into the South China Sea (SCS) [21] during persistent northeasterlies
in boreal winter. With the KC intruding into the SCS, the KR can be induced east of the Lu-
zon Strait (Figure 1a) centering at approximately 123◦E−124◦E and 21◦N−22◦N [7], which
is a region with many active anticyclonic eddies [22]. In contrast, without the Kuroshio
intrusion (KI) in summer, the KR can be caused by the impinging of an anticyclonic eddy
with the KC eastern flank [8].

In this study, we reported a filament of high chlorophyll-a (Chl-a) (>0.07 mg m−3)
which occurred in the active area of KR [8] and anticyclonic eddies [22] in July 2010, which
can be observed via the Level 2 satellite image taken from the Moderate Resolution Imaging
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Spectroradiometer (MODIS) sensor onboard the Aqua satellite (Figure 1b) and in daily
images of the merged satellite ocean color product (Figure 2). Based on a suite of satellite
and in situ observations, we found that the high Chl-a filament delineated the footprint of
an unusual eastward flow (compared to the July climatology field in Figure 1b) branching
out from the KC. This study designated the unusual eastward flow as the eastward cross-
shore Kuroshio branch (ECKB) which could be observed in other years. In this study, we
solely focused on the potential mechanisms that contribute to the 2010 ECKB and its impact
on the oligotrophic NPSG.
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Figure 2. The filament evolution shown as daily 1/24◦-gridded chlorophyll-a (Chl-a) anomalies
(color shaded) for the selected days (a) 29 May, (b) 7 June, (c) 24 June, (d) 4 July, (e) 11 July and
(f) 23 July 2010, in references to the 23 years (1998–2020) daily Chl-a climatological mean. The
arrows show the geostrophic velocity anomalies (black for positive zonal velocities and gray for
negative zonal velocities) based on the altimetry 1/4◦-gridded product. The high Chl-a anomalies
located along 21◦N within 125◦E and 135◦E show the footprint of the eastward cross-shore Kuroshio
branch (ECKB).

2. Data and Methods

As cloud-cover is a major issue in the study region, especially in summer (June and
July), we used the daily Level 4 or “cloud-free” (interpolated) Copernicus-GlobColour Chl-a
data, available since 1997, at 1/24◦ spatial resolution (https://doi.org/10.48670/moi-00100,
accessed on 12 August 2020). The Chl-a data were produced by merging Chl-a from
multiple ocean color sensors namely the Sea-Viewing Wide Field-of-View Sensor (SeaWiFS),
MODIS, Medium Resolution Imaging Spectrometer (MERIS), Visible Infrared Imaging
Radiometer Suite (VIIRS), and Ocean and Land Colour Instrument (OLCI). The “cloud-free”
Chl-a data were calculated based on a combination of algorithms for different water types
(oligotrophic, Chl-a dominated, and coastal turbid) and an optimal interpolation using the
kriging method with regional anisotropic covariance models [23]. To ensure that the Level
4 Copernicus-GlobColour Chl-a was capturing real ocean color signals and not artifacts
from interpolation, we cross-checked the Level 4 data with Level 2 Chl-a data (as shown
in Figure 1c) obtained from NASA’s Oceancolor Web (https://doi.org/10.5067/AQUA/
MODIS/L2/OC/2018, accessed on 3 February 2022).

We used the altimeter ADT data at 1/4◦ spatial resolution from the Global Ocean
Gridded Level 4 Sea Surface Heights and Derived Variables Reprocessed product (https:
//doi.org/10.48670/moi-00148, accessed on 9 July 2019), which provides the absolute
geostrophic velocities and geostrophic velocity anomalies. The SST data were obtained
from the OSTIA [24] global SST reprocessed product (https://doi.org/10.48670/moi-00168,
accessed on 18 December 2021) that provides gap-free maps of foundation SST and ice
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concentration at 0.05◦ spatial resolution, based on satellite and in situ data. For winds, we
used the monthly Cross-Calibrated Multi-Platform (CCMP) gridded 10 m winds available
from July 1987 to April 2019, based on satellite, moored buoy, and model data, made
available at 1/4◦ spatial resolution by the Remote Sensing Systems (RSS) at www.remss.com
(accessed on 1 October 2020).

For in situ observations, we used data obtained from a Lagrangian surface drifter,
Argo floats, and scientific cruises. These in situ observations were selected based on their
locations that were along/near to the Chl-a filament from May to July 2010. The Argo
ocean vertical profiles and the drifter-trajectory data were collected and made available by
the Coriolis project and programs that contribute to the French operational oceanography
program for in situ observations (http://www.coriolis.eu.org, accessed on 21 May 2020).
Drifter and Argo floats were identified with their World Meteorological Organisation
(WMO) numbers. The particular drifter and Argo floats were called with their WMO
number hereafter. We only used those data of temperature and salinity with good-flagged
quality from 361 Argo profiles (their locations are shown in Figure 1a). The surface current
data of the drifter were used from May to June 2010 (only available until 24 June 2010), to
compare with the satellite observations.

Additional in situ temperature and salinity profiles were obtained from the CTD
casts measured by the Japan Meteorological Agency (JMA) along the 137◦E meridional
cruise transect (hereafter referred to as the 137◦E transect), which was across the Chl-a
filament during the period 14–16 July 2010. The JMA repeatedly carried out oceano-
graphic and marine meteorological observations through research vessels in the west-
ern North Pacific. The data can be obtained from the web pages at https://www.data.
jma.go.jp/gmd/kaiyou/db/vessel_obs/data-report/html/index_e.html (accessed on 25
November 2016) [25].

We used historical ocean profiles along and around the ECKB, obtained via Argo floats
and the 137◦E transect (Figure 1a), to observe the relative changes in water-mass properties.
The observed ocean profiles were compared to the climatological field in the region of KC
and NPSG (black and purple stars, respectively, in Figure 1a). In addition, observations
from three Argo floats along the high Chl-a filament were used to detect fresher waters
transported by the ECKB. From west to east along the ECKB, the WMO numbers of these
three Argo floats were WMO 5901521, 5901512, and 2901588. The drifter WMO 22527 was
carried along the ECKB from May to June 2010.

To study the wind forcing that drives the ECKB, we estimated the surface wind stress
(τx, τy) using:

τx = ρa × Cd × spdw × uw (1)

τy = ρa × Cd × spdw × vw (2)

103Cd =
2.7

spdw
+ 0.142 + 0.0764 × spdw (3)

where the air density ρa = 1.2 kg m−3, spdw is the wind speed, uw is the zonal wind veloc-
ity, vw is the meridional wind velocity, and Cd is the drag coefficient that was computed
by following Large and Pond [26]. Then, we followed the work by Qiu and Chen [5]
to calculate the meridional Ekman velocity (vEk) averaged in the surface layer using
vEk = −τx/(ρ0 f H0) where ρ0 is the reference density, f is the Coriolis parameter, and
H0 (=150 m, by following [5]) is the thickness of the surface STCC layer, where the changes
of STCC flow are largely confined [5]. Furthermore, we studied the ocean profiles obtained
from the CTD casts by calculating the potential vorticity (PV) by ignoring the relative
vorticity using:

PV =
f

ρ0

∂ρ

∂z
(4)

where ρ is the ocean potential density, z is the depth (positive downward), ρ0 is the mean
ocean potential density between each depth, and f is the Coriolis parameter.

www.remss.com
http://www.coriolis.eu.org
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3. Results
3.1. Advection of Chl-a by Ocean Flow along 21◦N

Figure 2 shows the selected daily anomalies of Chl-a referring to the daily climatology
from 1998 to 2020. The Chl-a filament meandered at approximately 21◦N and extended
zonally by approximately 1100 km within 125◦E and 135◦E from 29 May to 23 July 2010. The
daily anomalies of Chl-a concentrations are two times higher than the daily climatological
mean along the Chl-a filament, displaying how large the anomalies of Chl-a concentration
along the filament. To show Chl-a advection by ocean currents, Figure 2 also shows
the geostrophic velocity anomalies during the same periods. The altimetry-obtained
geostrophic flow matched with the high Chl-a filament, suggesting the Chl-a advection by
the eastward-flowing ECKB, which can be seen along 21◦N from every daily map shown
in Figure 2.

On a monthly timescale, Figure 3 shows the monthly pattern of the Chl-a filament in
June and July 2010. The meandering elongation of the Chl-a filament can still be clearly
observed in the monthly averaged Chl-a distribution. In Figure 3a, the Chl-a filament
starts from an anticyclonic eddy with a high Chl-a around the eddy edge [9] east of the
Luzon Strait, matching the surface geostrophic flow obtained from the satellite and drifter
observations in June. In Figure 3b, high Chl-a can be observed within the eastward-flowing
ECKB, approximately within 125◦E and 135◦E in July. Note that these monthly patterns of
high Chl-a filament and geostrophic flow are rarely observed east of the Luzon Strait in the
July climatological field (Figure 1a,b).
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Figure 3. The monthly maps of 1/24◦-gridded chlorophyll-a (Chl-a) concentrations (color shaded)
and 1/4◦-gridded absolute geostrophic velocities (arrows) in (a) June and (b) July 2010. The square
symbols in blue, red, and black show the locations of Argo 5901521, 5901512, and 2901588, respectively,
from west to east roughly along the high Chl-a filament. The gray curve in (a) shows the trajectory of
drifter 22527 in May and June. The high Chl-a filament located along 21◦N within 125◦E and 135◦E
shows the footprint of the eastward cross-shore Kuroshio branch (ECKB). The dates (month/days)
given in same colors point to the corresponding locations of the drifter and Argo floats.

In Figure 4, the eastward-flowing ECKB is represented by the trajectory of the drifter.
The near-surface drifter flowed along the west–east band with large meridional gradients of
ADT (Figure 4), where the eastward geostrophic flow was strong (Figure 3) at approximately
21◦N. The consistency of altimetry and drifter observations show that the ocean currents
along the high Chl-a filament were mainly determined by the geostrophic flow. The drifter
moved northward between the KC and an anticyclonic eddy or KR in the east at the
beginning of May (Figure 4a). Then, it turned southeastward when approaching 22◦N,
circling an anticyclonic eddy that was centered at approximately 123.4◦E and 20.4◦N until
the end of May (Figure 4a). In June, the drifter moved further eastward, flowing along the
curvature pattern of ADT contours (Figure 4b). Based on the drifter trajectory from May to
June, the drifter was carried by the ECKB, which was the Kuroshio bifurcation to the east
at approximately 22◦N (Figure 4c).
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(d) Hovmöller diagram of zonal geostrophic-current velocity averaged within 125◦ and 135◦E, with
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The drifter speed can exceed 1 m s−1 along the ECKB (Figure 4c). Averaged within
125◦ and 135◦E based on the satellite observation, the ECKB has a zonal speed reaching
0.5 m s−1, which was close to the drifter speed at approximately 0.6 m s−1 averaged
in the same region. According to the Hovmöller diagram of zonal geostrophic-current
velocity shown in Figure 4d, the ECKB began in April, peaked in June and became weaker
at the end of July, within 20◦N and 22◦N. Such a strong eastward flow can transport
waters from the western boundary into the high-salinity NPSG where ocean currents are
generally weak [27]. Moreover, the seasonal variability of the ECKB in 2010 was found to be
similar to that of STCC, which is strong from late winter to spring (March–June), and weak
in fall [7].

3.2. Injection of Fresher Waters by Ocean Flow along 21◦N into the High-Salinity NPSG

A recent study by Yan et al. [28] showed that waters were getting fresher near the
Luzon Strait in the NPSG. The horizontal advection of low-salinity anomalies associated
with the KC system was found to be the main mechanism of the observed freshening.

From the time series of salinity and temperature profiles obtained from the three Argo
floats along the ECKB from May to July (Figure 5a–c), fresher waters with low salinity
below 34.6 ppt can be found above the mixed-layer depth (MLD) at approximately 50 m.
Figure 5a–c show the minimum salinity near the surface detected in June and July via the
Argo floats, implying fresher waters being transported further to the east of 130◦E into the
high-salinity region of NPSG, by the ECKB. Moreover, Figure 5a–c show that the MLDs
were shallower than 50 m (reaching 25 m) and no MLD deepening could be found via
the Argo floats along the Chl-a filament. Thus, this MLD analysis suggests that the Chl-a
filament was mainly the result of advection by the ECKB, instead of local upwelling.
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Figure 5. (a–c) Time series of salinity (color shaded) and temperature (contours) profiles correspond-
ing to three selected Argo floats with the WMO numbers of 5901521, 5901512, and 2901588, from
May to July 2010. The locations of these three Argo floats are marked in Figure 3. (d–f) Temperature–
salinity (TS) diagrams corresponding to the profiles of three selected Argo floats shown in (a–c),
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properties obtained from the CTD casts near 137◦E and 23◦N in July 2010. Black and gray curves
with circles show the background TS properties averaged in June and July, located at the black and
magenta star, respectively, shown in Figure 1a. Note: Not all data points are shown in the figures for
better clarity, but the scientific results are not affected by the unshown data points.

According to the temperature–salinity (TS) diagrams shown in Figure 5d–f, the
Kuroshio water masses, which are fresher than those in the NPSG, can be detected along
the ECKB. In Figure 5d, waters with salinity lower than 34.5 ppt could be found via the
profiles of Argo 5901251 near 126◦E (Figure 3a) during mid-June. In Figure 5e, low salin-
ity waters could also be found to the east via the profiles of Argo 5901512 near 130◦E
(Figure 3b) during mid-July. The TS diagrams with lower salinity were similar to that of the
KC background (see the black star in Figure 1a for the location) displayed by the black cir-
cled curves within 20–30 ◦C in Figure 5e,f, observed by Argo 5901512 and Argo 2901588 in
July and June, respectively. Moreover, the fresher Kuroshio waters could be detected further
to the east at 137◦E (Figure 5f), as observed from the CTD measurements near 23◦N along
the 137◦E transect. These TS properties show that the fresher Kuroshio waters were detected
along the Chl-a filament, suggesting the injection of fresh and high-Chl-a-concentration
waters by the ECKB into the high-salinity and nutrient-poor NPSG.

In Figure 6a,b, the ECKB was warmer and fresher above 50 m near 23◦N than its
surroundings, based on the CTD profiles along the 137◦E transect. The temperature vertical
structures concaved downward at the main axis of the ECKB, separating colder, denser
waters north of 26◦N and warmer, lighter waters south of 20◦N (Figure 6a,c) above 200 m.
In Figure 6c, the ECKB can be seen above the southern boundary of low PV waters, which
might be the STMW [4] where its boundary is defined by the PV value at 2.5 × 10−10 s−2 [29].
The zonal geostrophic speed of the ECKB reached 0.5 m s−1 at the surface (Figure 6d), by
assuming zero velocity at 1000 m. This zonal geostrophic speed estimated from the CTD
casts was consistent with that obtained from the drifter and satellite observations west
of 135◦E.
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Figure 6. Profiles of (a) temperature, (b) salinity, (c) potential density, and (d) zonal geostrophic
velocity, measured along the 137◦E transect in July 2010. In (a–c), bold gray contours show the contour
of temperature and salinity at 26 ◦C, 34.6 ppt, and 25 kg m−3, respectively. Black thin contours show
the July climatological field in (a,b), low potential vorticity at 1.5 × 10−10 s−2 and 2.5 × 10−10 s−2

in (c), and zonal geostrophic velocity at 0.2 m s−1 in (d). The purple triangles near the surface at
approximately 23◦N in all figures indicate the location of the CTD station, which corresponds to the
purple triangles in the temperature-salinity diagram shown in Figure 5f. Gray dots in (a–c) show the
location of CTD stations and depth resolution.

Warmer temperature (Figure 6a) and zonal geostrophic velocities (Figure 6d) near 23◦N
show the ECKB depth approaching 200 m. The main axis of the ECKB was approximately
located at 23◦N with a meridional width of approximately 50 km. The ECKB axis observed
via the CTD measurements (Figure 6) matched the location of the high Chl-a filament and
fast eastward geostrophic flow (Figures 2 and 3). The consistency of the ECKB information
from different observations shows the existence of ECKB, which has not been previously
reported. Figure 7 further shows the surface warming around the region of the high Chl-a
filament in July 2010 (compared to the July climatology field from 1998 to 2020), and the
daily coincidence of surface warming (>30 ◦C) with the high Chl-a filament on 12 July
2010. No signature of colder water upwelled from below could be observed in the upper
mixed layer down to ~50 m (Figure 5a–c), suggesting that local upwelling in the ocean-front
region is not the main mechanism causing the high Chl-a filament.
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Figure 7. Spatial distribution of (a) monthly SST anomalies in July 2010 referring to the month
climatology from 1998 to 2020, and (b) daily SST on 12 July 2010, based on the OISST product gridded
at 0.05◦. Thin curve in (a) show the zero contour of SST anomalies. Bold curve in (b) shows the Chl-a
contour at 0.07 mg m−3, representing the high Chl-a filament.

3.3. Mechanisms Driving the ECKB

In Figure 6a, the tilting of background isotherms can be observed at the subsur-
face below 50 m along the 137◦E transect. The eastward flow would be induced un-
der such conditions with isotherm tilting upward to the north, according to the thermal
wind balance:

f
∂Ug

∂z
= −αg

∂T
∂y

(5)

where T is the ocean temperature, g is the gravity, and α is the thermal expansion coefficient.
A negative value of ∂T/∂y indicates an enhanced isotherm tilting. Thus, the stronger the
subtropical front (larger

∣∣∣ ∂T
∂y

∣∣∣), the faster the eastward flow near the surface is. The isotherm
tilting is related to the subtropical front that was accompanied by colder waters in the north
and warmer waters in the south.

Figure 8 shows the TS properties of different water masses separated by the subtropical
front as observed via all available good-quality Argo floats in the research area from May
to July 2010. Waters north of the front were fresher (Figure 8) than those in the south in
May and June 2010. This comparison shows that the subtropical front was formed between
two different water masses, which might be converged by the Ekman transport from the
north and the south.
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Figure 8. Temperature–salinity (TS) diagrams in (a) May, (b) June, and (c) July, obtained from the
Argo floats with their locations shown in Figure 1b. Blue and red dots show the TS properties
corresponding to the absolute dynamic topography (ADT) smaller and larger than 1.45 m (north and
south of subtropical front), respectively. Black contours show the potential density.

Based on the satellite observations, the subtropical front variation could be observed
in the spatial distribution of SST and meridional SST gradients (Figure 9) from May to July
2010. Figure 9a,b show large meridional SST gradients (negative signs) along the ECKB
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within 125◦E and 135◦E from May to June, representing the subtropical front. However,
meridional SST gradients became smaller, and the SST distribution was more homoge-
neous in July than in the previous months (Figure 9c), showing the weakening of the
subtropical front.
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Overall, the subtropical front was represented by large meridional SST gradients that
tilt slightly at a southwest–northeast orientation within 20◦N and 25◦N, consistent with
the northernmost subtropical front reported by Kobashi et al. [15], who focused on the
long-term mean of three subtropical fronts in the NPSG. Large meridional SST gradients
could also be observed near the KC east of the Luzon Strait in May and June (Figure 9a,b),
which have rarely been reported in previous studies. This implies that the elongation of
the subtropical front can reach the western boundary in the North Pacific on time scales
shorter than a season.

Qiu and Chen [5] found that meridional Ekman convergence (∂vEk/∂y < 0) mainly
contributed to the strengthening of the subtropical front that enhanced the eastward-
flowing STCC to produce more eddies via baroclinic instability on interannual time scales,
according to the Ekman convergence, forcing:

∂G
∂t

≈ − ∂

∂y
(vEkG) (6)

where G is defined as meridional SST gradients (−∂T/∂y) and vEk is the meridional Ekman
velocity. However, Kobashi and Xie [7] found that the Ekman suction enhanced by the
strong cyclonic wind anomaly elevates the thermocline, decreases SST, and then induces
the SST front, accelerating the STCC from late winter to spring (March–June) on interannual
time scales.

To confirm the mechanisms enhancing the subtropical front near the KC, we estimated
the −∂(vEkG)/∂y term [5] and wind stress curl anomaly [7], averaged within 125–135◦E
and 20–23◦N, from May to July 2010. Figure 10 shows the latitude–time changes of the
relative forcing on the subtropical front. Positive wind stress curl and positive wind–stress–
curl anomalies were formed north of 21◦N from April to June 2010 (Figure 10a,b). The
Ekman suction and divergence (∂vEk/∂y > 0) would occur beneath the cyclonic wind
stress within 21–24◦N according to the Ekman theory. Then, SST decreased and the SST
anomalies reached −1 ◦C (Figure 10d) below the cyclonic wind stress anomaly, enhancing
the subtropical front (Figure 10c) in the south and thus accelerating the ECKB via thermal
wind balance [7]. On the other hand, the −∂(vEkG)/∂y term has negative values ranging
from −0.2 × 10−14 to −2 × 10−14 ◦C m−1 s−1 from May to June 2010, averaged within
125–135◦E and 20–24◦N (the area with negative meridional SST gradients, i.e., strong SST
front). The negative −∂(vEkG)/∂y term shows that the enhancing of the subtropical front
was not attributed to the Ekman convergence forcing during the occurrence of the ECKB.
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Figure 10. Hovmöller diagram of (a) surface wind stress curl, (b) surface wind stress curl anomalies,
(c) meridional gradient of SST, and (d) SST anomalies, calculated from the monthly meridional
profiles zonally averaged within 125◦ and 135◦E, based on the CCMP wind and OISST data gridded
at 1/4◦ and 0.05◦ resolution, respectively. Thin solid curves show zero contours. Dashed curves show
the contour of zonal geostrophic-current velocity at 0.2 m s−1. The monthly anomalies are herein
referred to the monthly climatological fields from 1998 to 2018 due to the available CCMP wind data.

4. Discussion and Summary

This study reports an unusual eastward flow that injected fresher and high-Chl-a-
concentration waters into the high-salinity, nutrient-poor NPSG during June and July 2010.
The eastward flow was inferred to be the eastward cross-shore Kuroshio branch (ECKB)
that sequentially (1) circled an anticyclonic eddy accompanied by high-Chl-a concentrations
around the eddy edge; (2) meanderingly flowed eastward with a high Chl-a by following
the thermal wind relation; and (3) injected the high-salinity NPSG with fresh waters in
which TS properties were similar to those from the KC.

Observed via the satellite ocean-color images, the ECKB appeared as a filament of
high-Chl-a concentrations, which were significantly higher than the climatological mean.
A drifter trajectory showed that the KC bifurcated near 22◦N to the east in May, and
flowed eastward with a meandering pattern that matched with the spatial distribution
of geostrophic flow and high-Chl-a concentrations in June and July 2010. Our analysis
showed that the eastward flow transported the waters with the TS properties similar to
those of the KC; thus, we called it the ECKB.

The ECKB carried warmer and fresher waters eastward into the NPSG. The mean
geostrophic/Lagrangian speed of the ECKB was approximately 0.5 m s−1, estimated via
satellite altimeters, a drifter, and the JMA’s 137◦E transect. Based on the geostrophic speed
at 0.2 m s−1, the ECKB depth approached 200 m, just above the southern boundary of
low PV waters (probably the low-PV STMW). The ECKB mechanism was found to be
the same as that of the STCC, attributing to a cyclonic wind anomaly to the north at
approximately 22–24◦N. The cyclonic wind anomaly decreased SST beneath it via Ekman
suction and then enhanced the SST front to its south at approximately 21◦N. The enhanced
SST front subsequently induced the ECKB that was bifurcated from the main stream of the
northward-flowing KC.

The injection of warm, fresh, and high-Chl-a-concentration waters into oligotrophic
gyres by the ECKB is important to the NPSG ecosystem but it is a largely unexplored issue.
Thus, the findings from this study show that the nutrient-poor NPSG can benefit from the
KC bifurcation in terms of injection of high-Chl-a-concentration waters, which could poten-
tially influence the marine food webs in the NPSG. However, more in situ observations, are
needed, especially on biogeochemical variables, if we are to better understand the impacts
of high-Chl-a-concentration waters on higher trophic levels in the nutrient-poor NPSG.
Additionally, this study tried to raise the attention of the oceanographic community that the
ECKB could be found in other years, and that studying the ECKB interannual variability is
important to further understand the connection between the northward-flowing KC and
the eastward-flowing STCC.
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