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This article focuses on the physical and dynamical processes of the marginal seas of the Western
Pacific. The nature of the circulation regimes and their interconnectivity are discussed in detail,
with emphasis on individual basins. In addition to the Kuroshio and its variability in the North
Pacific, the circulation regimes in the South China Sea and Indonesian Seas are presented for an
overall view of the circulation system. These circulations play important roles in regional ocean
dynamics and global climate variations such as the El Nifio/Southern Oscillation.

1. Western Pacific Circulation

The western tropical Pacific is considered very
important for various reasons. First, the warm
pool in this region plays a key role in the
El Nifio/Southern Oscillation (ENSO; Chang
et al. 2006), which influences global climate

Indo-Pacific Climate Variability and Predictability
edited by Swadhin Kumar Behera and Toshio Yamagata
Copyright © 2016 by World Scientific Publishing Co.

through atmospheric teleconnections. Also, it
is located in the upstream of the Indone-
sian Throughflow (Gordon and Kamenkovich
2010), a key component of the global ther-
mohaline circulation (Gordon 1986; Broecker
1991) which controls the global climate (Santoso
et al. 2011). This is why the Northwestern
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Pacific Ocean Circulation and Climate Exper-
iment (NPOCE) was recently introduced to
conduct collaborative research including field
experiments in this area (Wang and Hu 2010).
In this section, we review major current systems,
including the North Equatorial Current (NEC),
Kuroshio/Luzon Undercurrent (LUC), Min-
danao Current (MC)/Mindanao Undercurrent
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(MUC), and New Guinea Coastal Current
(NGCC)/New Guinea Coastal Undercurrent
(NGCUC), and an oceanic phenomenocn called
the Mindanao Dome. The surface current sys-
tems and the dome are shown in Fig. 1. We
note that the focus is more on the circula-
tion in the Northern Hemisphere. In addition,
the importance of the western Pacific in ENSO
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Fig. 1. Annual mean sea surface temperature and surface current averaged over the upper 50 m based on the Simple
Ocean Data Assimilation (SODA). Currents larger (smaller) than 0.25m/s are drawn with thick (thin) vectors.
Also drawn are major current systems in the western Pacific. STCC — Subtropical Countercurrent; NEC — North
Equatorial Current; SCSTF — South China Sea Throughflow; MC — Mindanao Current, NECC — North Equatorial
Countercurrent: ITF — Indonesian Throughflow; and NGCC — New Guinea Coastal Current.

is
t
tl
fl




ent
ent
led
VS-
We
a-
on

(0]

iple
TS,
rth
rial

Western Pacific and Marginal Sea Processes 153

is briefly reviewed. We start with the western
tropical Pacific, because the South China Sea
throughflow (Sec. 2), the Indonesian Through-
flow (Sec. 3), and the Kuroshio in the East
China Sea (Sec. 4) originate from here.

1.1. North Equatorial Current and
Its Bifurcation Latitude

When the NEC hits the Philippine coast, it
bifurcates to the northward flowing Kuroshio
discussed in Sec. 1.2 and the southward-flowing
MC discussed in Sec. 1.3 (Toole et al. 1990).
According to Qu et al. (1998), the mean trans-
port of the NEC is 41 Sv, of which 14 Sv becomes
the Kuroshio and 27 Sv becomes the MC. Since
the variability in bifurcation of the NEC influ-
ences the heat budget of the western Pacific
warm pool (Tozuka el al. 2007a; Ishida et al.
2008), it is considered to play an important role
in climate (Qiu and Chen 2010).

The mean NEC bifurcation latitude (NBL)
was estimated to be 13.3°N by Qu and Lukas
(2003) using historical temperature and salin-
ity data, 13.4°N by Wang and Hu (2006) using
sea surface height observation, and 14.7°N by
Chen and Wu (2011) using the 1.5-layer nonlin-
ear reduced gravity model. The NBL is depth-
dependent, and on the annual mean, it shifts
from 13.3°N near the surface to north of 20°N
at about 1000m depth (Qu and Lukas 2003).

The NBL undergoes seasonal variations; the
NEC bifurcates at its southernmost latitude
(14.8°N estimated by Qu and Lukas 2003, and
12.9°N estimated by Wang and Hu 2006) in
June—July and its northernmost latitude in
November-December (17.2°N estimated by Qu
and Lukas 2003, and 14.1°N estimated by Wang
and Hu 2006).

Recently, several studies have focused on the
dynamics of seasonal variations in the NBL.
Using the 1.5-layer nonlinear reduced gravity
model and first-mode baroclinic Rossby wave
model, Chen and Wu (2011) showed that the
seasonal meridional migration of the NBL is

amplified by the coastal Kelvin waves generated
by the extratropical winds with minor influence
on the phase; about 50% of the total migration
is accounted for by the coastal Kelvin waves
excited north of 25°N. Also, the amplitude of
the seasonal variation in the NBL increases from
about 0.3° to 1.3° as the oceanic stratification
intensifies, and the phase speed of the first baro-
clinic Rosshy wave increases from 0.1ms™! to
0.25ms ™! around the bifurcation latitude. This
is because if the Rossby waves propagate faster,
less cancelation with the wind forcing to the
west occurs. Local seasonal wind forcing is most
important in the phase of seasonal variation in
the NBL, and Qiu and Chen (2010) showed
that the surface wind forcing that is most rel-
evant to the bifurcation latitude is located in
12°N-14°N and 140°E-170°E.

During El Nino (La Nina) years, the NEC
tends to bifurcate at higher (lower) latitudes
(Qiu and Lukas 1996; Kim ef al. 2004; Wang and
Hu 2006). However, the exact bifurcation lati-
tude depends on the surface wind forcing over
the western tropical North Pacific containing
variability that is not linked with ENSO (Qiu
and Chen 2010). For monitoring of the interan-
nual variation, the sea surface height anomaly
in the 12°N-14°N, 127°E-130°E box, which is
located to the east of the mean NBL, may be

useful, since this proxy explains 92% of the

observed variance (Qiu and Chen 2010). The
interannual variation of the NBL also has a
profound effect on the larval transport of the
Japanese eel (Kim et al. 2007), whose spawn-
ing area is located in the NEC to the west of
the Mariana Islands (Tsukamoto 1992). Much
less larvae were transported to the north with
Kuroshio during EI Nino years, because the
NEC tends to bifurcate further to the north and
less larvae can enter the northward flow.

1.2. Kuroshio/Luzon Undercurrent

The Kuroshio flows northward after the NEC
bifurcates at the Philippine coast (Rudnick et al.
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2011). It undergoes both seasonal and interan-
nual variations. Tts transport is at its seasonal
maximum (minimum) around March (October)
(Yaremchuk and Qu 2004), whereas the interan-
nual variation is closely linked with the interan-
nual variation of the NBL.

The Kuroshio transport is closely linked with
the flow at the Luzon Strait (Sheremet 2001).
The transport into the South China Sea (SCS)
through the Luzon Strait decreases (increases)
when the Kuroshio is stronger (weaker) (Qu
et al. 2004). More details on the Luzon Strait
throughflow and the Kuroshio in the down-
stream in the East China Sea and along the
southern coast of Japan are given in Secs. 2
and 4, respectively.

Beneath the Kuroshio, there exists an
equatorward-flowing current called the LUC
(Qu et al. 1997). Although it varies considerably,
it is considered to be a permanent feature with
a mean geostrophic volume transport of 3.6 Sv
and a width of about 50km. Regarding its ori-
gin, Qu et al. (1997) suggested that about 28%
of its transport is composed of the North Pacific
Intermediate Water, whereas Gao et al. (2012)
showed that 41% of the water can be traced back
to the winter mixed layer in the Kuroshio Exten-
sion region, where the subtropical mode water is
formed. The formation and variation of the LUC
were suggested to be linked with the bifurcation
dynamics (Qu et al. 1997), but its mechanism
has not been examined quantitatively.

1.3. Mindanao Current/Mindanao
Undercurrent

The MC is a low-latitude western boundary cur-
rent that flows equatorward after the NEC bifur-
cates at the Philippine coast (Lukas et al. 1996).
A portion of it directly flows into the North
Equatorial Countercurrent (NECC), but athers
flow into the Celebes Sea and retroflect eastward
to join the NECC or flow southward through the
Makassar Strait as the Indonesian Throughflow

(Susanto and Gordon 2005). The Indonesian
Throughflow will be discussed in Sec. 3.

Underneath the MC, the MUC was first
discovered by Hu and Cui (1989) based on
conductivity-temperature-depth (CTD) obser-
vations during the Tropical Ocean and Global
Atmosphere (TOGA) program and then obser-
ved by ADCP during the Western Equatorial
Pacific Ocean Circulation Study (WEPOCS)
(Lukas et al. 1991). Although it is highly vari-
able, both observations and simulations suggest
the existence of multiple cores of the MUC (Hu
and Cui 1989; Qu et al. 2012). However, we
note that more long-term observations with high
horizontal resolution are necessary to validate
the existence of multiple cores. Also, the rela-
tion between the MUC and the LUC has not
been investigated.

The variability has a dominant timescale of
95-100 days, in which subthermocline eddies
may play a role (Firing et al. 2005), but annual
and semiannual signals also exist (Kashino et al.
2005; Qu et al. 2008). On the interannual
timescale, a strong, intermittent quasi-biennial
signal was observed by sea-level data (Lukas
1988). Also, the interannual variations show
some correspondence with ENSO both in obser-
vations (Kashino et al. 2009, 2011) and in
numerical models (Kim et al. 2004), possibly due
to the meridional migration of the NBL (Kim
et al. 2004). However, the correlation with the
Southern Oscillation Index is model-dependent
(Kim et al. 2004; Qu et al. 2012) and requires
further studies.

To understand their mechanisms, Qu et al.
(2012) have calculated the mean momentum
balance using outputs from the high-resolution
OCCM. Since the Coriolis force and pressure
gradient force were dominant, they suggested
that the MC and MUC are approximately a
geostrophic flow. However, as much as 50% of
the inshore velocity core of the MUC was sug-
gested to be explained by ageostrophic dynam-
ics. Eddy-induced momentum flux made the
most dominant contribution to the ageostrophic
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component. On the other hand, about 70% of
the offshore velocity core of the MUC was in
geostrophic balance.

1.4. Mindanao Dome

The Mindanao Dome is a thermocline dome
associated with the NEC to the north, the MC
to the west, and the NECC to the south. Its
center is located around 130°E, 7°N and it is
often associated with a cold eddy called the
Mindanao Eddy. Based on OGCM experiments,
Masumoto and Yamagata (1991) showed that
the local Ekman upwelling is important for its
development in boreal winter, and the down-
welling Rossby waves excited in the same season
by the northeasterly trade winds play an impor-
tant role in its seasonal decay. Tozuka et al.
(2002) further demonstrated that the down-
welling Rosshy waves originate from the east-
ern tropical Pacific as a part of annual ENSO
(Tozuka and Yamagata 2003; Tozuka et al.
2005). The annual ENSO consists of the sea-
sonal air—sea interaction in the eastern tropical
Pacific with an east—west see-saw in the atmo-
spheric pressure anomaly, and the off-equatorial
Rossby waves are generated by the zonal wind
anomalies associated with the air-sea interac-
tion in the eastern tropical Pacific. The above
mechanism is also supported by a coupled gen-
eral circulation model (Suzuki ef al. 2005). More
recently, Kashino et al. (2011) used observation
data from the Triangle Trans-Ocean Buoy Net-
work (TRITON) buoys and Argo floats, and
pointed out that the contribution of local and
remote forcing is dependent on latitude. The
local wind plays the dominant role in the annual
variability at 5°N, but Rossby waves originat-
ing west of 150°W are more important at 8°N.
In addition to the dominant annual harmonic,
there exists a semiannual signal whose ampli-
tude is 40-70% of that of the annual harmonic
(Qu et al. 2008; Kashino et al. 2011).
Regarding its interannual variations, Tozuka
et al. (2002) showed that modulations in both

local Ekman upwelling and remotely forced
downwelling Rossby waves linked with ENSO
make important contributions. This was sup-
ported by recent observations by Kashino et al.
(2011). During the 2002/03 and 2006/07 El Nifo
events, the Mindanao Dome became stronger,
while it was less developed between these two
El Nifo events. Ekman downwelling anomalies
that appeared east of 150°E from 2005 to 2006
are considered to play a role in the anomalous
weakening of the dome.

1.5. New Guinea Coastal
Current/New Guinea Coastal
Undercurrent

The NGCC and NGCUC are the low-latitude
western boundary currents in the tropical South
Pacific. Although the NGCUC flows equator-
ward throughout the year, the surface NGCC
reverses its direction in association with the
monsoon winds and flows equatorward (pole-
ward) during austral winter (summer). The
NGCUC provides the source water of the Equa-
torial Undercurrent (Lindstrom et ol. 1987).
Their interannual variations are closely related
to ENSO. Ueki et al. (2003) observed that the
NGCC did not reverse its direction in austral
summer and the NGCUC intensified in austral
winter during the 1997/98 El Nino. These cur-
rents also vary intraseasonally, owing to intrinsic
oceanic variability related to the New Guinea
Eddy, but because of low coherence their link
with the atmospheric intraseasonal variability is
considered to be weak (Kashino et al. 2007).

1.6. Subtropical Countercurrent

The Subtropical Countercurrent (STCC) is a
narrow eastward jet in the upper layer of the
Northwest Pacific (20°N-30°N) (Yoshida and
Kidokoro 1967; Uda and Hasunuma 1969) and
is accompanied by a subsurface temperature and
density front called the subtropical front (STF),
suggesting a thermal wind relation between
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the STCC and the STF (Uda and Hasunuma
1969; White et al. 1978; Kobashi el al. 2006;
Yamanaka et al. 2008). According to the hydro-
graphic observation analysis of Kobashi el al.
(2006), the STCC originates in the western
Pacific around 20°N, flows against the north-
east trade winds and stretches northeastward to
north of Hawaii. Furthermore, the STCC main-
tains a stronger sea surface temperature (SST)
front during winter and spring. The SST front
also anchors a meridional maximum in column-
integrated water vapor, leading to a deep struc-
ture in the atmospheric response during spring
(Kobashi et al. 2008).

The subtropical mode water is shown to play
an important role in the formation and main-
tenance of the STCC and STF by theoretical
(Kubokawa 1997, 1999), simulation (Kubokawa
and Inui 1999; Yamanaka et al. 2008), and
observational (Kobashi et al. 2006) studies,
because it appears as a minimum in the ver-
tical gradient of temperature and density in
the upper thermocline (i.e. a thermostad or
pyenostad) (Kubokawa 1999; Xie et al. 2000).
Using a 300-year control run simulation from
the Geophysical Fluid Dynamics Laboratory
(GFDL) coupled model CM2.1, Xie ef al. (2011)
showed that on decadal timescales the domi-
nant mode of natural variability for sea sur-
face height (SSH) in the central subtropical
gyre (170°E-130°W, 15°N-35°N) is character-
ized by the strengthening and weakening of the
STCC due to variations in mode water ventila-
tion, which they called the STCC mode. The
response of the STCC and its variability to
global warming is examined in a state-of-the-
art coupled model that is forced by increas-
ing greenhouse gas concentrations (Xu et al.
2012a). As a response to increasing greenhouse
gas, the subduction rate is reduced, the sea sur-
face density in the Kuroshio Oyashio Extension
(KOE) decreases, and the mode water forms
on lighter isopycnals with reduced thickness.
Advected southward, the weakened mode water
formation results in deceleration of the STCC

and the reduced decadal variability in the mode
water formation leads to that in the STCC (Xu
et al. 2012a). In 17 Coupled Model Intercom-
parison Project Phase 5 (CMIP5) model simula-
tions, the STCC is anchored by the mode water
to the north in the central North Pacific. For
the present climate simulation, the STCC tends
to be stronger in the models than in observa-
tions, because of the overestimated mode water
in the models. Under global warming, the STCC
becomes weaker because of the reduced forma-
tion of mode water (Xu et al. 2012b). The nat-
ural mode of decadal variability in the STCC
can be excited by global warming, resulting in
banded structures in the SST (Xu et al. 2012b).
Based on the altimetry data, Qiu (1999)
detected that the eddy kinetic energy of the
STCC was larger than any other regions in
the western Pacific, except for the Kuroshio
Extension, and showed a clear seasonal cycle.
Compared to the eastward-flowing Hawaiian Lee
Countercurrent (HLCC), baroclinic instability
in the STCC is more remarkable, because of the
difference in stratification in the STCC (Liu and
Li 2007). Based on satellite observations (Chow
and Liu 2012), eddies in the STCC area are gen-
erally characterized by a main period of about
100 days and a wavelength of about 600-800km.
Those eddies meet with the SST front and
induce robust heat advection, which adjusts the
SST spatial distribution to form the tonguelike
pattern of warm and cold SST, and subsequently
the adjusted SST influences surface wind speed
on weather timescales (Chow and Liu 2012).

1.7. The Western Pacific’s Role
in ENSO

Since its heat content increases prior to an
occurrence of El Nifo (Wyrtki 1985), the west-
ern tropical Pacific is known to play a cru-
cial role in the turnabout of ENSO (Chang
et al. 2006). Recently, other features in the west-
ern Pacific have also been suggested to make
an important contribution. First, westerly wind
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bursts (WWBs; Luther et al. 1983; Harrison
and Vecchi 1997) in the western equatorial
Pacific are considered to play a key role in
the triggering of ENSO events by generating
eastward-propagating downwelling Kelvin waves
(McPhaden et al. 1988). According to Yu et al.
(2003) and Eisenman et al. (2005), these WWDBs
are modulated by SST anomalies associated
with ENSQO. Barrier layers between the base of
the mixed layer and the top of the thermocline
are commonly observed in the western tropi-
cal Pacific (Lukas and Lindstrom 1991; Sprintall
and Tomczak 1992; Delcroix and McPhaden
2002), but during some WWB events during La
Nifia, a thick barrier layer is formed as a result
of enhanced rainfall and equatorward transport
of fresh water from the Northern Hemisphere
(Cronin and McPhaden 2002). The reduced
entrainment of subsurface cold water caused by
the thick barrier layer may contribute to the
heat buildup in the western Pacific and the turn-
about of ENSO (Maes et al. 2005).

Weisberg and Wang (1997) proposed the
western Pacific oscillator paradigm. During
a warm event, off-equatorial upwelling Rossby
waves are generated by the equatorial westerly
wind stress anomalies in the central Pacific. As
they reach the western tropical Pacific, they
shoal the thermocline depth and cause nega-
tive SST anomalies. In response, anomalous anti-
cyclones are generated in the atmosphere and
induce easterly wind stress anomalies in the far
western equatorial Pacific. This forces upwelling
equatorial Kelvin waves that contribute to the
decaying of the warm event. From satellite obser-
vations (Boulanger et al. 2003) and OGCM
results (Yuan et al. 2004), it was shown that
the western Pacific oscillator was at work dur-
ing the 1997/98 El Nifio event. In contrast to the
delayed oscillator paradigm (Suarez and Schopf
1988; Battisti and Hirst 1989), this does not
require reflection of downwelling Rossby waves
at the western boundary. The delayed oscillator
paradigm proposes that off-equatorial upwelling
(downwelling) Rossby waves forced by westerly

(easterly) wind stress anomalies in the cen-
tral Pacific reflect at the western boundary and
propagate eastward as upwelling (downwelling)
Kelvin waves to terminate El Nifio (La Nifia) and
initiate La Nifia (El Nifio). Spall and Pedlosky
(2005) recently quantified that 37% of the inci-
dent flux is reflected at the western boundary
for a wind event of two-year duration with a
meridional decay scale of 700 km. The above two
paradigms are discussed in the framework of a
“unified oscillator model” (Wang 2001).

Recently, a new mechanism regarding the
turnabout of ENSO has been proposed.
Hasegawa et al. (2009, 2010) suggested that
coastal upwelling along the northern coast of
Papua New Guinea generates negative SST
anomalies there and a positive zonal SST gra-
dient in the western Pacific. This may enhance
the westerly wind stress anomalies that trig-
ger El Nifio events. Also, the southward shift
of the westerly wind stress anomalies associ-
ated with the wind-evaporation-SST feedback
induces easterly wind stress anomalies in the far
western equatorial Pacific and may contribute
to the decay of El Nifio (Ueki 2011).

1.8. OQutstanding Issues

Although understanding of the western Pacific
circulation has advanced greatly over the past
few decades, there are many issues that remain
to be solved. First, there are many results based
on modeling, such as the mechanism of inter-
annual variations in the Mindanao Dome, that
need to be validated by observations. Also, inter-
annual variations in the bifurcation latitudes of
the NEC are partly explained by ENSO, but
other factors influencing the variations need to
be clarified for both climatic and ecological rea-
sons. Regarding the undercurrent systems, the
relation between the MUC and the LUC needs
to be investigated in the future. The detailed
structure of the MUC, including the possible
existence of multiple cores, need to be examined
through dense observations. Finally, although
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Fig. 2. A Schematic diagram of the South China Sea throughflow (after Qu et al., 2006a). Water entering the South
China Sea through the Luzon Strait is lower in temperature (blue) and higher in salinity (blue) than water leaving it

through the Karimata, Mindoro, and Taiwan Straits.

the importance of the western Pacific in ENSO
has long been recognized, its realistic reproduc-
tion in coupled models is not satisfactory at the
moment and the new mechanisms operating in
the western Pacific proposed by Hasegawa et al.
(2009, 2010) and Ueki (2011) need to be further
tested with a coupled model.

2. South China Sea Circulation
and Throughflow

The South China Sea (SCS) is the largest
marginal sea in the southeastern Asian waters,
covering a surface area greater than one-third
of the continental United States. It connects in

the south with the Sulu and Java Seas mainly
through the Mindoro Strait (~200m) and Kari-
mata Strait (<50m), and in the north with
the East China Sea and the Pacific Ocean
through the Taiwan Strait (<100m) and Luzon
Strait (>2000m), with a maximum water depth
exceeding 5000 m in the central part of the basin

(Fig. 2). Linking the Pacific and Indian Oceans,
the SCS has been an important sea lane for over
a thousand years. It formed part of the oceanic
“Silk Road” which connected ancient China
with the rest of the world. Today half a bil-
lion people live along the coast of the SCS, and
with its fisheries and other natural resources the
region has become one of the world’s economic
powerhouses.

On the basin average, the SCS receives heat
from the atmosphere at a rate ranging from
20 to 50 Wm~2 (Figs. 3a, b). Recent OAFlux
data (Yu and Weller 2007) favor a mean value
around the higher end of this range, 49 W m ™2,
which is nearly twice as high as the estimate
(23Wm~2) from the Comprehensive Ocean—
Atmosphere Data Set (Oberhuber 1988). With
a surface area of about 3.5 x 102 m?, these esti-
mates imply a net heat gain of up to 0.1-0.2 PW
(1 PW =10* W) over the entire SCS basin. This
heat gain from the atmosphere makes the SCS
part of the tropical eastern Indian Ocean and
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Fig. 3. Mean surface heat flux from (a) OAFlux (Yu and Weller 2007), (b) mean surface heat flux COADS (Oberhuber
1988), mean precipitation minus evaporation (P-E) from OAFlux and GPCP (Yu and Weller 2007; Adler et al. 2003),
and (d) mean sea surface salinity from WOAD5. The units are Wm~? in (a) and (b), emyr—! in (c), and psu in (d).

western Pacific warm pool, where SST changes
are of particular importance to the world’s cli-
mate (e.g. Wang et al. 2009; Yamagata et al.
2015; Masumoto et al. 2015).

Examination of the Climate Prediction Cen-
ter Merged Analysis of Precipitation (CMAP;
Xie and Arkin 1997) and the Global Precipi-
tation Climatology Project (GPCP; e.g. Adler
et al. 2003) precipitation data shows that the
SCS is also a recipient of heavy rainfall, with
an annual mean value of 0.2-0.3 Sv (1 Sv=1 x
10°m3s71) over the entire basin. Preliminary

analysis of OAFlux evaporation and CPGP pre-
cipitation data indicates that precipitation in
the SCS exceeds evaporation (P-E) by at least
0.1 Sv (Fig. 3c), resulting in the freshest sea sur-
face in the region (Fig. 3d). The contrast of sea
surface salinity (SSS) between the SCS and its
adjacent waters is believed to play a critical role
in forcing the SCS circulation and modulating
the Indonesian throughflow (discussed below).
The SCS is a semiclosed basin below about
200m. On the long-term average, the heat and
freshwater gain from the atmosphere can only
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be balanced by ocean advection, with inflow of
cold and salty water through the Luzon Strait
and outflow of warm and fresh water through
the Mindoro and Karimata Straits. This three-
dimensional circulation (Fig. 2) is now known as
the South China Sea Throughflow (SCSTF) and
has been extensively studied in the past decade
(e.g. Qu et al. 2005a, 2006a; Fang et al. 2005;
Wang et al. 2006; Yu et al. 2007).

2.1. South China Sea Throughflow

Based on early hydrographic data, sea-level
records, and ship drifts, Wyrtki (1961) provided
the first picture of the SCS circulation that con-
tains essentially a cyclonic gyre in boreal win-
ter and an anticyclonic gyre in boreal summer,
as a response to the seasonally reversing mon-
soon. Though this picture has been revisited by
many recent studies (e.g. Shaw and Chao 1994;
Chao et al. 1996; Wu et al. 1998; Qu 2000;
Fang et al. 2005; Gan et al. 2006), its basic
pattern remains the same. Being closely related
to this circulation pattern, the water exchange
between the SCS and the Pacific Ocean through
the Luzon Strait has been known for several
decades. Wyrtki (1961) noted that water enters
the SCS in boreal winter and flows back to the
Pacific in boreal summer. This is true, how-
ever, only for the surface layer, where ocean cir-
culation is predominantly forced by monsoonal
winds. In the depth range of the thermocline
(say, around 100m), later observations revealed
the existence of a Kuroshio branch toward the
SCS in both boreal winter and summer (e.g.
Qiu et al. 1984; Guo 1985), and the intrusion
of the North Pacific Tropical Water seems to
occur all year round (e.g. Shaw, 1989, 1991;
Qu et al. 2000), presumably as a result of the
westward pressure gradient along the continen-
tal slope south of China (e.g. Qu 2000; Hsueh
and Zhong 2004).

The flow in the Luzon Strait changes its
direction in the intermediate layer. Both obser-
vations and numerical models have shown that

water flows out of the SCS at depths between
about 500 and 1500m to compensate for the
inflow of the Pacific water in the surface layer
(e.g. Chen and Huang 1996; Chao et al. 1996; Qu
et al. 2000; Tian et al. 2006). In the deeper layer
(>2000m), water on the SCS side is relatively
homogenous and appears to have the same char-
acteristics as the Pacific water at about 2000m
(Nitani 1972; Broecker et al. 1986; Chen et al.
2001). This has been interpreted as evidence
for the ventilation of the SCS by the deepwa-
ter overflow through the Luzon Strait (Qu et al.
2006b). Since water of Pacific origin is colder
and of higher density, it sinks after crossing the
Luzon Strait (Wyrtki 1961) and possibly gener-
ates a cyclonic circulation in the deep SCS (Qu
et al. 2006b; Wang et al. 2011). To compensate
for this descending movement, water is pulled up
elsewhere by enhanced diapycnal mixing stem-
ming from internal tides /waves, and eventually
exits the SCS in the upper layer circulation. The
enhanced diapycnal mixing in the SCS has been
confirmed by observations, with a mean diapyc-
nal diffusivity as large as 1072 m?s™" in magni-
tude (e.g. Tian et al. 2009). As a consequence,
water entering the SCS through the deep Bashi
Channel (>2000m) can reach the upper ocean
in less than 50 years, and this renewal timescale
is significantly smaller than its counterpart in
the Pacific (e.g. Broecker et al. 1986; Chen
et al. 2001; Qu et al. 2006b; Li and Qu
2006).

Because of the complicated topography and
the highly variable nature of the currents in
the region, direct measurement of the deep-
water overflow through the Luzon Strait has
proven difficult. Based on a single 82-day cur-
rent meter measurement, Liu and Liu (1998)
showed the first observational evidence for a per-
sistent near-bottom flow in the Luzon Strait,
with a mean current speed of 0.14ms™ ! toward
the SCS. This measurement yielded a transport
estimate of 1.2 Sv in the deep layer, consis-
tent with those derived from hydrographic data
(e.g. Wang 1986; Qu et al. 2006b; Tian et al.
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2006). A set of deepwater moorings was recently
deployed and preliminary analysis of these data
provided additional support for the existence of
a deepwater overflow in the Luzon Strait (e.g.,
Zhou et al. 2014).

Water exits the SCS mainly through the
Taiwan, Mindoro, and Karimata Straits. The
Taiwan Strait throughflow has been extensively
studied in the past several decades. Hu et al.
(2010) provided a very comprehensive overview
of prior studies. In general, three currents are
involved in the Talwan Strait throughflow: the
China Coastal Current, the extension of the
SCS Warm Current, and the Kuroshio branch
or loop current. The net volume transport of
these three currents through the Taiwan Strait
exhibits a strong seasonal cycle, varyving from
about 2.3+ 0.82 Sv in boreal summer to about
0.840.96 Sv in boreal winter. Both regional
monsoon and large-scale wind over the Pacific
appear to play a role in generating this seasonal
variability. On longer timescales. variability in
the Taiwan Strait is relatively small. and nearly
all of the SCSTF variability appears to occur
in the Mindoro and Karimata Straits (Qu et al.
2006a).

In the Mindoro Strait. Wyrtki (1961) noticed
that the surface flow is southward only during
August-October, when the southwest monsoon
prevails. It turns northward during other sca-
sons of the year, corresponding to the northeast
monsoon. The local wind becomes less impor-
tant at depth. Both the North Pacific Tropical
Water and Intermediate Water are clearly visi-
ble in the Sulu Sea (Frische and Quadfasel 1990;
Quadfasel et al. 1990), suggesting an intrusion of
thermocline water through the Mindoro Strait.
Most of the reported transport estimates in the
Mindoro Strait have been based on model out-
puts, falling in a range from about 0.5 to 4 Sv
(e.g. Metzger and Hurlburt 1996; Lebedev and
Yaremchuk 2000; Fang et al. 2005; Qu et al.
2006a; Han et al. 2009). Qu and Song (2009)
gave an estimate of 2.4 Sv by applying the
hydraulic theory to remotely sensed altimeter

and ocean bottom pressure data. To our best
knowledge, the only direct measurements avail-
able so far are those recently reported by
Sprintall et al. (2012). Based on simultaneous
moored time series within the Mindoro Strait
(and two other small straits), they found that
the mean transport through the Mindoro Strait
was very small (—0.1+1.1 Sv) during 2008.
Thev related this small transport in the Mindoro
Strait to the strong La Nina event that peaked
during February—March 2008. Water exiting the
SCS through the Mindoro Strait can descend
as deep as 570m in the Sulu Sea (e.g. Tessler
et al. 2010) and eventually reach the Celebes
Sea through the Sibutu Passage to further affect
the Pacific western boundary current and ITF
(discussed in Sec. 2.3).

Water of Pacific origin also exits the SCS
through the Karimata Strait (Fig. 1). Based
on very limited hydrographic data, sea-level
records, and ship drifts, Wyrtki (1961) first sug-
gested an annual transport of about 0.6 Sv, with
an outward flow of ~4.5 Sv in boreal winter and
an inflow of ~3 Sv in boreal summer. Given
the shallowness (~50m) of the strait, it has
remained controversial whether there is a sig-
nificant transport through the Karimata Strait.
A field experiment was recently conducted to
address this problem, in which acoustic Doppler
current profiler observations were carried out
at two stations along a transect northwest of
the Karimata Strait from December 2007 to
November 2008 (Fang ef al. 2010). One month
and 10 months of full depth current data were
obtained at the western and eastern stations,
respectively. Analysis of these data showed that
the SCS water flows persistently to the Java Sea
in boreal winter. The volume transport in the
month from 13 January to 12 February 2008
was estimated to be 3.6+£0.8 Sv. The obser-
vation confirmed the existence of the SCSTF
in the Karimata Strait in boreal winter and
the reversal of its transport in boreal summer.
The mean transport from this ohservation is
0.8 Sv.
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The total SCSTF transport is an issue of
particular interest. In the Luzon Strait, prior
studies have arrived at a broad range of trans-
port estimates, varying from 0.5 to 10 Sv
(e.g. Wyrtki 1961; Metzger and Hurlburt 1996;
Lebedev and Yaremchuk 2000; Chu and Li 2000;
Xue et al. 2004; Yaremchuk and Qu 2004; Song
2006; Yu et al. 2007). Recent hydrographic data
favor a value near the middle of the range (Qu
2000; Qu et al. 2000; Tian et al. 2006). A com-
mon feature regarding its seasonal variability in
prior studies is that the SCSTF gets stronger
in boreal winter and weaker in boreal summer,
which is consistent with the seasonal reversal
of the monsoon. Note that the SCSTF trans-
port can be contaminated by eddies of vari-
ous timescales. Intensive eddy activities have
been ohserved in the Luzon Strait, and they
are believed to be an important process influ-
encing the pathways of the Pacific water intru-
sion (e.g. Li et al. 1998; Hu et al. 2000; Wu and
Chiang 2007). This has been confirmed recently
by satellite-based altimeter data (e.g. Yuan et al.
2006; Caruso et al. 2006).

The SCSTF also varies on interannual-to-
decadal timescales. It has been shown that the
intrusion of Pacific water through the Luzon
Strait depends on the strength of basin-scale

winds which in turn are closely related to ENSO -

(e.g. Qu et al. 2004; Ho et al. 2004). An accurate
estimate of the SCSTF interannual variability
from observations is not available. Results from
‘high-resolution GCMs suggest that the SCSTF
intensifies during El Nifo and weakens during
La Nina (e.g. Qu et al. 2005a; Wang et al.
2006). On decadal timescales, the SCSTF from
the model also shows a good correspondence
with Pacific Decadal Oscillation (PDO), getting
stronger during the positive phase of the PDO

and weaker during the negative phase (e.g. Yu -

and Qu 2013). These results may be sensitive
to the model’s topography and parametrizations
(e.g. Metzger and Hurlburt 2001), and require
further investigation.

2.2. The Link to the Pacific
Western Boundary Current
and Indonesian Throughflow

As part of the Pacific tropical gyre (Metzger
and Hurlburt 1996), the SCSTF is strongly
influenced by the low-latitude western bound-
ary current (LLWBC) in the Pacific (e.g. Qu
et al. 2004), and the intrusion of Pacific water,
in turn, may have a dramatic impact on the
SCS circulation (e.g. Qu et al. 2005a; Wu and
Chang 2005; Guan and Fang 2006; Yuan et al.
2007; Tozuka et al. 2007b, 2009). According
to Sheremet’s (2001) hysteresis theory, when
the North Equatorial Current (NEC) bifurca-
tion moves northward, the weakening Kuroshio
east of Luzon provides a favorable condition for
the intrusion of Pacific water through the Luzon
Strait (Yaremchuk and Qu 2004). This probably
explains why the SCSTF tends to be stronger
during El Nino and the positive phase of the
PDO (Qu et al. 2004; Yu and Qu 2013), when
the NEC bifurcation moves northward (Kim
et al. 2004; Qiu and Chen 2010). The situation
during La Nina and the negative phase of the
PDO is reversed.

Variability of the SCSTF may in turn affect
the LLWBC in the Pacific. Results from numer-
ical experiments have shown that transport
through the Mindoro Strait can shift the NEC
bifurcation by as much as 2°. With a set of
numerical experiments, Metzger and Hurlburt
(1996) showed that when the SCS straits are
closed in their model, a greater portion of the
NEC turns southward as the MC and the bifur-
cation point of the NEC moves northward to
about 15°N. When these straits are open with no
friction controlling the flow, a greater portion of
the NEC turns northward as the Kuroshio east
of Luzon and the bifurcation point of the NEC
moves southward to about 13°N. This result
implies that an enhanced SCSTF in the Min-
doro Strait can result in a southward shift of
the NEC bifurcation and consequently a larger
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Kuroshio transport east of Luzon. The details
need to be confirmed by ohservations.

Variability of the SCSTF may also affect the
ITF. Extensive studies have been carried out on
the ITF in the past decades (e.g. Wyrtki 1961;
Lebedev and Yaremchuk 2000; Yaremchuk and
Qu 2004; Fang et al. 2005 2009; Qu et al. 2005a;
Du and Qu 2010) (also see Sec. 3). One of the
most important findings in recent years is that
the maximum southward velocity in the Makas-
sar Strait, the primary pathway of the ITF,
occurs at about 150m and during the boreal
winter the surface flow in the strait is very
weak, leading to a considerably weaker I'TF heat
transport than previously thought (e.g. Vranes
et al. 2002; Gordon et al. 1999, 2003, 2008).
Gordon et al. (2003) attributed the seasonal
variation of the Makassar Strait surface flow to
the regional winds of the Java Sea. They argued
that during the boreal winter the southeastward
monsoon wind drives buoyant, low-salinity Java
Sea surface water into the Southern Makassar
Strait, creating a northward pressure gradient
in the surface layer of the strait. This surface
layer “freshwater plug” inhibits the warm sur-
face water from the Pacific Ocean from flowing
southward into the Indian Ocean. The monsoon
wind reversal eliminates the obstructing pres-
sure gradient, and as a consequence the surface
flow in the Makassar Strait turns southward in
the boreal summer.

Later studies (Qu et al. 2005a, 2006a)
applied Godfrey’s (1989) “island rule” to
Philippine-Borne and suggested that the circu-
lation in the Makassar Strait is a result of the
interplay between the southward-flowing ITF
in the thermocline and the northward-flowing
SCSTF near the sea surface. Thus, it is the
SCSTEF instead of the local Ekman current that
forces the freshwater to flow from the Java Sea
to the Makassar Strait, which in turn inhibits
the warm surface water from the Pacific from
flowing southward. The SCSTF is mainly forced
by the basin-scale wind of the Pacific (Qu et al.

2005a; Wang et al. 2006), and the local Ekman
current is too weak and too shallow to account
for this current. To confirm this hypothesis,
Tozuka et al. (2007b, 2009) conducted a set
of numerical experiments. Their results indi-
cated that blocking the SCSTF in a model can
enhance the southward flow near the surface
and eliminate most of the vertical shear in the
Alakassar Strait. Results from these numerical
experiments also indicated that the presence of
the SCSTF can reduce the ITF heat transport
in a model by as much as 47%. Although the
SCSTF volume transport is only ~1 Sv in the
Karimata Strait (Wyrtki 1961; Fang et al. 2010),
about an order smaller than the ITF, its impact
on the Pacific-to-Indian Ocean heat transport is
expected to be larger.

Similar to what has been discussed above,
Gordon et al. (2012) recently suggested that
an increased Mindoro Strait transport dur-
ing El Nino, with a commensurate increase in
the southward flow of buoyant surface water
through the Sulu Sea into the northern Makas-
sar Strait, can inhibit tropical Pacific sur-
face water injection into the Makassar Strait.
Their measurements in the Makassar Strait
showed dramatic changes in 2008-2009, with
the characteristic thermocline velocity maxi-
mum increased from 0.7 to 0.9 ms™! and shifted
from 140 to 70 m, amounting to a 47% increase
in the transport of warm water between 50 and
150m during the boreal summer. They par-
tially attributed these changes in the Makassar
Strait to the La Nina event, when the SCSTF in
the Mindoro Strait tends to be weaker and the
effects of the freshwater plug are significantly
reduced.

2.3. OQutstanding Issues

Despite the considerable progress that has been
made in the past few years, our understand-
ing of the SCSTF is far from complete. Numer-
ous issues and questions still remain (e.g. Qu
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et al. 2009). Most fundamental is the lack of
accurate estimates of the SCSTF. As a conse-
quence, the existing model estimates are not suf-
ficiently constrained by observations and differ
in some significant ways. How the SCSTF varies
and what processes are responsible for its vari-
ability are questions that need immediate atten-
tion in future studies.

Developing coherent measurements of trans-
ports through the Luzon, Taiwan, Mindoro, and
Karimata Straits is a key to this fundamen-
tal issue, and requires collaborative efforts from
international communities. Given that a signifi-
cant portion of the SC3TF is driven by a deep-
water overflow through the Luzon strait (Qu
et al. 2006b; Tian et al. 2009), vertical mixing
is also an important issue to be addressed. More
work needs to be done in order to get better
parametrizations of diapycnal mixing for ocean
models in the SCS.

Another important issue left to be addressed
is the SCSTF influence on regional sea surface
temperature and climate. As part of the Indone-
sian Maritime Continent (e.g. Ramage 1968),
the SCS is recognized as a site of vigorous atmo-
spheric convection. There, any small changes of
SST can result in dramatic changes in weather
patterns across the Indo-Pacific basin (e.g. Neale
and Slingo 2003; McBride et al. 2003). With the
presence of the SCSTF, variability in the SCS
can further affect the sea surface temperature
off Java and Sumatra, contributing directly to
the coupled climate system there (Saji et al.
1999: Annamalai et al. 2003; Du et al. 2003).
Then, how are the SCS surface temperature
anomalies related to the SCSTF variability?
To what extent can the SCSTF modulate the
Indo-Pacific warm pool? Is the SCSTF ther-
modynamically active in the coupled ocean—
atmosphere system of the region? If so, what is
its role? In particular, can the SCSTF play a role
in modulating the Southeast Asian monsoon,
the Pacific ENSO. and the Indian Ocean Dipole?
The existing studies summarized in this article
have addressed some aspects of these questions,

but most of them need to be investigated by
future studies.

3. Indonesian Seas and
Throughflow

The Indonesian Seas are a collection of
seas that are bounded between the Indone-
sian Archipelago and the Australian Conti-
nent (Fig. 4). It is where the Indo-Australian
Plate collides with the Eurasian Plate and thus
the hottom bathymetry varies significantly; the
Banda Sea is as deep as 4000 m, while the adja-
cent Arafura and Java Seas are as shallow as
40-80m. The Indonesian Seas are considered
to play an important role in global climate,
primarily for two reasons. First, they connect
the Pacific Ocean and the Indian Ocean. It is
the only location near the equator where such
a connection exists. A flow directed from the
Pacific to the Indian Ocean is observed and is
often referred to as the Indonesian Throughflow
(ITF) (see Sprintall et al. 2004 and references
therein). The ITF is a major component of inter-
basin mass, heat, and freshwater exchanges (e.g.
Ganachaud and Wunsch 2003) and is suggested
to alter not only the oceanic condition of the
equatorial Indian Ocean but also the equatorial
Pacific and South Atlantic (Hirst and Godfrey
1993). Second, the Indonesian Seas are located
directly underneath the region of atmospheric
deep convection. Their SST plays a major role in
the development of deep convections and affects
the tropical atmospheric circulation (Schneider
1998). While the spatial scale of the Indonesian
Seas is much smaller than those of the Pacific
Ocean and the Indian Ocean, these seas are
capable of influencing the tropical atmospheric
circulation on the basin scale.

3.1. Indonesian Throughflow

The Snellius Expedition (1929-30) advanced
the oceanographic knowledge of the Indone-
sian Seas significantly by providing numerous
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Fig. 4. Topography and coastlines of the Indonesian Seas. The red arrows are the direction of the ITF observed by

INSTANT (Gordon et al. 2010).

hydrographic measurements and topographic
data of the region (Van Aken 2005). Based on
these observational data and all other data avail-
able in the region at the time, Wrytki (1961)
then provided one of the most comprehensive
descriptions of the surface circulation in the
Indonesian Seas, which stands out even today.
Moreover, the study made one of the important
discoveries of the global oceanic circulation, the
Indonesian Throughflow.

The ITF is a flow from the Pacific Ocean
to the Indian Ocean, and a such flow that con-
nects two global scale basins near the equator
is unique to the ITF. Because the Indonesian
Seas are located to the east of the Indian Ocean
and potential vorticity contours in the tropi-
cal Indian Ocean are zonal, the ITF is capa-
ble of traveling across the Indian Ocean zonally
(Talley and Sprintall 2005). This current, known
as the Indian South Equatorial Current, will
join the Agulhas current and eventually escape
to the South Atlantic through the Agulhas

leakage. These ITF-related currents are con-
sidered to be major components of the mass,
heat, and freshwater balances for the Indian
Ocean (Gordon 2005). The ITF is also sug-
gested to make the eastern Indian Ocean warmer
by advecting warm Pacific warm pool water to
the Indian Ocean. Such a condition will make
the Indonesian Archipelago surrounded by warm
water and a region of active atmospheric convec-
tions (Schneider 1998).

The transport of the ITF is observed to be
about 10-15 Sv (Gordon 2005; Sprintall et al.
2010) and the magnitude of the ITF is con-
sidered to be determined primarily from the
wind stress curl over the South Pacific east
of Australia (Godfrey 1996). The strong pres-
ence of the ITF in the oceanic climate of the
Indian Ocean is partly due to the significant
heat and freshwater it introduces. While the
ITF is often referred to as a “flow,” the actual
ITF is a multibranch flow (Fig. 4). The Pacific
water enters the Indonesian Seas through two
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branches: the Makassar Strait (8-12 Sv) and the
straits east of Sulawesi (1-2 Sv) (see Gordon
et al. 2010 and references therein). The ITF then
travels around the Indonesian Seas and exits
to the Indian Ocean through three branches:
the Lombok Strait (1-2 Sv), the Ombai Chan-
nel (4-5 Sv), and the Timor Strait (4-8 Sv)
(see Sprintall et al. 2009 and references therein).
Note that the transport values are the annual
averages. Because strong variability is present
at cach of the branches on various timescales, it
has historically been difficult to determine the
mass, heat, and freshwater balance of the ITF
from observational data taken at different peri-
ods. This problem led to collaborative efforts to
measure the branches simultaneously through
the International Nusantara Stratification and
Transport (INSTANT) program. INSTANT sig-
nificantly enhanced the amount of observational
data and accelerated the understanding of the
ITF (e.g. Sprintall et al. 2009; Gordon et al.
2010; Pujiana et al. 2012).

Just as observations of the ITF have been
difficult, numerical simulations of the ITF have
been equally challenging. This is because sim-
ulations of the ITFEF require models to solve
the whole of the Pacific and Indian Oceans
(~10,000 km) while resolving the narrow straits
of the Indonesian Archipelago (~10km). For
simulations that do not resolve the narrow
straits of the Indonesian Seas, the majority of
the ITF is found to pass through the Makassar
Strait and the Lombok Strait (e.g. Masumoto
and Yamagata 1996). This is because the bound-
ary currents have a tendency to flow through the
western most strait. Recent advances in com-
putational power enabled basin-scale simula-
tions with eddy-permitting and strait-resolving
spatial resolutions. These models show much
improvement in simulating the magnitude and
variability of the ITF and appear promising
in capturing the dynamics of the ITF (e.g.
Masumoto et al. 2004; Shinoda et al. 2012).
However, there are still some differences between
the models in how well the partitioning of

the ITF and the variability are captured at
each strait (Metzger et al. 2010; Rosenfield
et al. 2010). Recent data-assimilated products
appear to capture the ITF dynamics with
much improvement found in models with eddy-
permitting resolutions (Lee et al. 2010).

As mentioned in Sec. 2.2, the vertical profile
of the ITF at the Makassar Strait has been a
recent topic for discussion since it is an impor-
tant factor in the interbasin heat and fresh-
water exchange. A maximum flow speed at an
around 100-150m depth is observed, with the
surface flow significantly weakening in Boreal
winter (Gordon et al. 2003). The local freshwa-
ter input around the island of Borneo was ini-
tially speculated as a possible cause. However,
much of the recent work attributes the reduction
to the flow from the South China Sea. Tozuka
et al. (2007b) suggested the importance of the
flow through the Java Sea, while Gordon et al.
(2012) suggested the flow through the Sulu Sea
to be responsible. Further observations are likely
necessary to validate these hypotheses but their
differences may be simply due to the timescale
involved. The mechanism of Gordon et al. (2003)
and Tozuka et al. (2007b) is on the seasonal
timescale, while that of Gordon et al. (2012) is
on the interannual timescale.

The Indonesian Seas are the intersection of
the Rossby waves from the Pacific Ocean and the
Kelvin waves from the Indian Ocean (Wijffels
and Myers 2000). The dynamics of these waves
in the Indonesian Seas has been another topic
for discussion since it will likely teach us how
the ITF varies in time and how much the
Pacific Ocean and the Indian Ocean are capa-
ble of communicating through the ocean. Past
studies have progressed much through ideal-
ized theoretical studies but recent accumula-
tions of observational data are enabling this
topic to be examined in a more realistic sce-

nario. Limited energy of the Rossby waves was
considered to penetrate through the Indonesian
Seas to the Indian Ocean (Clarke 1991) but Spall
and Pedlosky (2005) showed that significant
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energy is likely penetrating to the Indian Ocean
for shorter-frequency and smaller-scale Rosshy
waves. The Rossby waves are indeed found
to create an annual signal in the ITF trans-
port (Meyers 1996; Potemra 1999). The Kelvin
waves, on the other hand, are found to create
a semiannual signal in the ITF (Masumoto and
Yamagata 1996). Observations show the Kelvin
waves entering the Indonesian Seas through the
Lombok Strait to the Makassar Strait (Sprintall
et al. 2000, Pujiana ef al. 2012), and such pen-
etration of the Kelvin waves through narrow
straits is supported by theory (Durland and Qiu
2006). However, it is still uncertain what hap-
pens to these waves after passing through the
Makassar Strait. Drushka et al. (2010) provided
a comprehensive view of how the Kelvin waves
are generated in the Indian Ocean and then
propagate along the southern coasts of the Nusa
Tengarra on the intraseasonal timescale. They
found more than half of the Kelvin wave energy
to enter the Lombok Strait and the Indone-
sian Seas, and the remaining energy to con-
tinue along the Nusa Tengarra. Potemra and
Schneider (2007) suggested the wave to dissipate
by the time it reaches the Ombai Channel.

How the Indian Ocean and the Pacific Ocean
interact through the ocean, especially during
ENSO and the IOD. remains one of the out-
standing issues that need further investigation.
With improved knowledge and more available
observations about the ITF and the waves enter-
ing the Indonesian Seas, we are now capable of
testing various hypotheses raised in the past. It
is hoped that clarifying the role of the ITF in
climate would lead to improving the skills for
climate variability prediction.

32 Indonesian Seas

The Indonesian Seas do not simply connect the
Pacific and the Indian Ocean. Strong tidal mix-
ing is present and thus these seas significantly
modify the Pacific water before the ITTF advects
this water mass to the Indian Ocean. Tidal

mixing in the Indonesian Seas makes the upper
thermocline water of the ITF much cooler and
fresher than the original Pacific water or the
interior of the Indian Ocean (Gordon 2005).
The SST of the region also serves as one of
the major sources of heat and moisture for the
development of the austral summer monsoon
(Kawamura et al. 2002). The variability of the
SST within the Indonesian Seas is considered to
lead to significant changes in the magnitude of
the atmospheric deep convection.

3.2.1. Tidal Mizing

The Indonesian Seas are where tidal waves
from the Pacific and the Indian Ocean enter
and dissipate (Jayne and St. Laurent 2001).
As a result, the magnitude of vertical mixing
there is considered much enhanced compared
to other regions. Using an advection—diffusion
model, Ffield and Gordon (1996) estimated that
vertical mixing of the order of 107*m?s~! is
likely present on the basin average. Microstruc-
ture measurements in the interior of the Banda
Sea a few years later, however, showed mix-
ing less than 107m?s™! (Alford et al. 1999).
This is a value similar to those found in the
open ocean. Further studies eventually discov-
ered that enhanced mixing is likely limited to
where the topography is rough (e.g. Hatayama
2004; Ffield and Robertson 2005). The straits
of the Halmahera Sea are also suggested to be
a region of enhanced tidal mixing, which could
be limiting the inflow from the South Pacific
to the Indonesian Seas (Koch-Larrouy et al.
2007). Direct measurements are needed to evalu-
ate these new ideas. The use of data assimilation
models can also enable us to have a better spa-
tial view of tidal mixing in the area if optimal
vertical mixing coefficients can be estimated.
The impact of tidal mixing can then be pre-
scribed using such a product in various numeri-
cal models that do not resolve mixing.
Understanding the dynamics behind tidal
mixing as well as determining where precisely
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such mixing occurs remains one of the outstand-
ing issues. They are obviously the crucial part
of understanding the role of the Indonesian Seas
in global oceanic climate. Without proper tidal
mixing parametrization present in the Indone-
sian Seas, current numerical models cannot sim-
ulate the water mass properties of the ITF even
with high spatial resolution (Schiller et al. 1999;
Masumoto et al. 2003).

3.2.2. Sea Surface Temperature

The Indonesian Seas are regions where numeri-
cal models often create warm SST bias. Because
the magnitude of atmospheric convection is sen-
sitive to the SST, this results in significant bias
also for the tropical atmospheric circulation (Qu
et al. 2005b). Understanding the oceanic dynam-
ics in the Indonesian Seas is therefore a neces-
sary step for improved climate simulations. The
inclusion of tidal mixing, for example, is found
to reduce the warm SST bias and improve the
tropical atmospheric circulation (Jochum and
Potemra 2008).

The warm SST of the Indonesian Seas is one
of the factors behind the active atmospheric con-
vection in the area. The seasonal cycle, however,
shows the SST lower than the convective thresh-
old during winter and warming back again in
spring (Fig. 5). This cooling and warming of the
SST is an important factor in the development
of the Australian summer monsoon (Kawamura
et al. 2000). The seasonal cycle of the SST is
considered to be driven primarily by the mon-
soonal winds (Kida and Richards 2008) and the
impacts from I'TF and tidal mixing appear to be
limited to austral summer (Kida and Wijffels
2012). The seasonally reversing monsoonal

winds are also considered to play an important
role in the surface heat transport back and forth
in the Indian Ocean (Sprintall and Liu 2005).
The dynamics behind the annual mean and
the seasonal cycle of the SST is now rea-
sonably well understood, but the mechanism
behind the interannual variability remains one

of the outstanding issues (Iskandar 2010). This
is partly because there are more mechanisms
possible. Just as the Indonesian Seas are the
intersection of basin-scale oceanic waves, they
are the intersection of two large climate vari-
abilities, ENSQO and the IOD. ENSO can influ-
ence the SST and affect local precipitations
(Kubota et al. 2010) while the SST variability
can affect the development of ENSO (Annamalai
et al. 2009). The interannual variability of the
SST likely affects the onset date of the mon-
soon, which has large societal impacts as well
(Kajikawa et al. 2008). Since the Indonesian
Seas are where precipitation is large, freshwater
input from the islands may also have an impact
on the SST. The seasonal cycle of the sea sur-
face salinity does show a strong influence of the
river input from the island of Borneo (Halkides
et al. 2010). The atmospheric condition around
the Indonesian Seas has strong short-timescale
variability such as the sea breeze and the MJO
(e.g. Neale and Slingo 2003), and it would be
interesting to learn how the ocean, atmosphere,
and rivers interact on such a timescale.

4. The Kuroshio from the East
China Sea Through South
of Japan

As described in Sec. 2.3, most of the Kuroshio
water east of Luzon Island bypasses the Luzon
Strait and enters the East China Sea (ECS). The
Kuroshio in the ECS starts east of Taiwan, flows
along the shelf break, and ends at the Tokara
Strait; the Kuroshio south of Japan starts from
the Tokara Strait, flows along the southern coast
of Japan, and ends southeast of Japan (Fig. 6).
Sometimes, the Kuroshio south of Japan moves
far away from the coast and forms a stable off-
shore pathway, i.e. a large meander (Kawabe
1995; LM in Fig. 6). In addition to the Kuroshio,
the Ryukyu Current southeast of the Ryukyu
Islands (Worthington and Kawai 1972; Nitani
1972) is also a part of the western boundary cur-
rent in the northwestern Pacific.
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Fig. 5. Monthly averages of the SST observed in the Indonesian Seas: spatially averaged monthly SST (top), February
SST (middle), and August SST (bottom). The averages are that estimated in the dotted region shown in the middle

figure.

4.1. The Kuroshio in the East
China Sea

4.1.1. Path

Because of strong topographic control by the
shelf break, the Kuroshio has a stable path in
the ECS, i.e. almost exactly following a 200m
isobath. The exception for topographic control
is southwest of Kyushu, where the 200m iso-
bath continues northeastward and reaches 32°N

but the Kuroshio changes its direction toward
the Tokara Strait (Fig. 6). The dynamics of this
veering of the Kuroshio path is likely associated
with the baroclinity structure of the. Kuroshio
and its interaction with topography, namely
JEBAR (joint effect of baroclinicity and bottom
relief) (Guo et al. 2003).

Differing from the stable path along the shelf
break, the Kuroshio presents an apparent sea-
sonal variation with a range of ~b0km in its
path east and northeast of Taiwan (Sun and
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Fig. 6. Schematic diagram of the Kuroshio in the East China Sea (ECS) and south of Japan. TW denotes Taiwan;
LM denotes a Large meander: numbers circled denote the currents explained in Sec. 4.1, — No. 1 is the Ryukyu
Current, No. 2 is Kuroshio Counter Current, No. 3 the Kuroshio Branch Current southwest of Kyushu, and No. 4 the
Kuroshio Branch Current north of Taiwan. The Broken line in the ECS indicates the 200 m isobath.

Su 1994; Tang et al. 2000) and southwest of
Kyushu (Sun and Su 1994), which is revealed
by long-term geomagnetic electrokinetograph
(GEK) data (Sun and Su 1994) and a historical
shipboard acoustic current profiler (Tang et al.
2000). The Kuroshio moves offshore (onshore)
east and northeast of Taiwan and southward
(northward) southwest of Kyushu in summer
(winter). From the view point of the 200 m iso-
bath, this means that the topographic control

on the Kuroshio path is weak in summer but
strong in winter.

In addition to seasonal variations, an off-
shore movement of the Kuroshio path with an
order of ~50km is found east of Taiwan and
its occurrence coincides with the arrival of an
anticyclonic mesoscale eddy from ocean inte-
rior (Yang et al. 1999). Since the anticyclonic
eddy and cyclonic eddy arrive at an interval of
~100 days (Yang et al. 1999), it is possible that
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such migration occurs at the same period. An
interesting thing is that the mesoscale eddies
from the ocean interior also arrive at the Tokara
Strait but the position of the Kuroshio inside
the Tokara Strait is not strongly affected by
the arrival of mesoscale eddies (Ichikawa 2001).
Instead, a recirculation gyre as a cyclonic eddy
inside the ECS between the shelf break and
the Tokara Strait is likely responsible for the
meridional migration of the Kuroshio path in
the Tokara Strait (Nakamura 2005; Nakamura
et al. 2006; Nakamura et al. 2012).

Although the Kuroshio presents a stable
path along the shelf break between northeast of
Taiwan and the separation point of the Kuroshio
path from the shelf break southwest of Kvushu.
the presence of front eddies and its downstream
propagation may still cause meandering of the
Kuroshio path. Short-term meandering varia-
tions of the Kuroshio axis in the ECS have been
reported in many observational datasets, includ-
ing those from short- and long-term mooring
current meter records (Sugimoto et al. 1988;
Feng et al. 2000; Nakamura et al. 2003), mooring
inverted echo sounder data (James et al. 1999),
satellite images of SST (Qiu et al. 1990), hydro-
graphic data (Ichikawa and Beardsley 1993), and
ocean high-frequency radar (Takahashi et al.
2009). These studies reported consistent char-
acteristics of the Kuroshio axis meanders in the
ECS, such as their period (10-20 days), wave-
length (100-375km), and downstream phase
speed (17-30km day~—'). Baroclinic instability
has been proposed as a dominant process in
driving the short-term Kuroshio axis meanders
at the middle shell break in the ECS (James
et al. 1999).

4.1.2. Transport

The mean volume transport of the Kuroshio
has a little spatial variation in the ECS. In
the upstream region (east of Taiwan), its mean
transport is estimated to be 21.5 Sv from the
moored current meter array over a period of

1.5 vear (Johns et al. 2001); in the downstream
region (Tokara Strait), its mean transport is
reported as 23.4 Sv, which is also estimated
from the mooring array of the current meter and
acoustic Doppler current profiler over a period
of 4 vears (Feng et al. 2000). Between the two
areas. its mean transport at a section (PN line)
across the Kuroshio is estimated to be 25.4 Sv
from ~40 vears of hydrographic data (Hinata
1996 . However. the uncertainty of these esti-
mations is also large and the method and data
period in these estimations are also different.
Therefore, it is difficult to justify the above
reported variations as a real change in the mean
transport of the Kuroshio along its path.

The temporal variation of the Kuroshio
transport shows many dominant timescales
varying from intraseasonal to interannual (e.g.
Minobe et al. 2015). According to the flat-
bottomed Sverdrup theory and the change in
the wind stress curl over the interior ocean,
an apparent seasonal variation in the Kuroshio
transport is expected (Greatbatch and Goulding
1990). However, the observations do not show
an apparent seasonal variation of the Kuroshio
transport east of Taiwan (Johns et al. 2001)
and in the Tokara Strait (Feng et al. 2000).
The only seasonal signal is reported at the PN
line, where the transport varies little (less than
1.0 Sv) from winter to summer but apparently
weakens (more than 3 Sv) in autumn (Hinata
1996; Shiraishi ef al. 1999). However, this sea-
sonal variation is different from that predicted
by the Sverdrup theory. The cause for a small
seasonal variation range in the Kuroshio trans-
port in the ECS has been attributed to the
intensification of Kuroshio recirculation in sum-
mer (Kagimoto and Yamagata 1997) and to the
strong eddy activity in the interior ocean in May
(Chang and Oey 2011), both of which increase
the Kuroshio transport in the ECS in summer.

The intraseasonal variation in the Kuroshio
transport has a strong relation to the arrivals
of mesoscale eddies. The arrival of the westward
mesoscale eddy from the interior ocean causes
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not only the meandering of the Kuroshio east
of Taiwan but also the change in the transport
of the Kuroshio east of Taiwan with a 100-day
scale (Yang ef al. 1999; Zhang et al. 2001). How-
ever, the conclusions on the role of anticyclonic
and cyclonic eddies are not consistent in pre-
vious studies. Yang et al. (1999) reported that
both anticyclonic and cyclonic eddies affect the
Kuroshio transport east of Taiwan and an anti-
cyclonic (cyclonic) eddy results in an increase
(reduction) in the Kuroshio transport. Zhang
et al. (2001) suggested that only the anticyclonic
eddy affects the Kuroshio transport east of Tai-
wan and its effect is reduction in the Kuroshio
transport. Kuo and Chern (2011) suggested that
the interaction between the mesoscale eddy and
the Kuroshio depends on the rotation direction
of the eddy.

The 100-day scale variation of the current
field of the Kuroshio is also found in the Tokara
Strait and is associated with the mesoscale eddy
east of the strait (Feng et al. 2000). The volume
transport of the Kuroshio through the Tokara
Strait has a period of approximately a half-year
and is likely caused by the merger of mesoscale
eddies into the Kuroshio southwest of the strait
(Ichikawa 2001).

"The long-term variation of the Kuroshio
transport at the PN line has periods of approxi-
mately 5 years and 9 years (Saiki 1982; Shiraishi
et al. 1999). A good correlation with zero lag
has been found between the interannual vari-
ability of the Kuroshio transport and the Pacific
Decadal Oscillation (PDO) (Han and Huang
2008; Andres et al. 2009). An interpretation of
the good correlation is a barotropic response of
the Kuroshio transport to the wind stress curl
anomaly in the central north Pacific (Andres
et al. 2011). Recently, a new index called the
Philippines—Taiwan Oscillation (PTO) was pro-
posed to have a close relation to the interan-
nual variability of the Kuroshio east of Taiwan
(Chang and Oey 2012).

As a warm current, the northward heat
transported by the Kuroshio in the ECS is also

an important issue (Bryden et al. 1991; Chen
et al. 1992; Ichikawa and Chaen 2000). The
heat transport calculated as a product of veloc-
ity and water temperature is 2.14 PW (Bryden
el al. 1991), 2.76 PW (Chen et al. 1992), and
1.13-2.23 PW with a mean of 1.76 PW (Ichikawa
and Chaen 2000). By assuming a mean tem-
ﬁerature for southward return water and no
net meridional volume transport, the meridional
heat flux by the Kuroshio is to be 0.39 PW
(Bryden et al. 1991) and 0.25-0.46 PW with a
mean of 0.33 PW (Ichikawa and Chaen 2000).
In addition to heat, freshwater (Ichikawa and
Chaen 2000) and nutrients (Guo et al. 2012) are
also transported by the Kuroshio in the ECS to
its downstream region.

4.1.3. Current Structure Including
Countercurrents and Branch
Currents

The good agreement between the ADCP mea-
sured current shear and the geostrophic shear of
the Kuroshio (Chen et al. 1992; Kaneko et al.
1993) supports the general understanding of the
current structure of the Kuroshio from classi-
cal geostrophic calculation, i.e. a surface maxi-
mum speed larger than 1ms™!
gradually weakening with distance from the axis
in both the horizontal and vertical directions
(Nitani 1972). The seasonal variation in the
geostrophic shear of the Kuroshio is not signifi-
cant (Ichikawa and Beardsley 2002).
Countercurrents with an opposite direction
to the Kuroshio are observed in the ECS
(Fig. 6). For example, one countercurrent is
reported on the inshore side of the Kuroshio
northeast of Taiwan (Chuang et al. 1993; Tang
et al. 1999), while another is on the offshore side
of the Kuroshio southwest of Kyushu (Nitani
1972; Inoue 1981), named the Kuroshio Coun-
tercurrent (Qiu and Imasato 1990; No. 2 in
Fig. 6). The countercurrent exists also near
the bottom of shelf break (Chen et al. 1992;
Nakamura et al. 2008) and its presence is

at its axis and
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proposed to be related to eddy activities (Chen
et al. 1992; Ichikawa and Beardsley 2002).

On the other hand, branch currents with
approximately the same direction as the
Kuroshio are also one important feature of
the current system in the ECS. The Kuroshio
Branch Current north of Taiwan (No. 4 in
Fig. 6) is recognized in a surface current
map based on historical GEK data Qin and
Imasato 1990), observed by long-term moored
current meter data (Tang and Yang 1993:
Liang et al. 2003), and examined by a two-
layer theoretical model (Hsueh ef al. 1993 and
three-dimensional numerical models (Guo ef al
2006; Yang et al. 2011; 2012). Another branch
current, the Kuroshio Branch Current west of
Kyushu (No. 3 in Fig. 6). was also recognized
many decades ago (Nitani 1972). observed by
surface drifters (Lie ef al. 1998). and examined
by two-layer models (Hsueh ¢f al. 1996: Isobe
2000) and a numerical model (Guo et al. 2006).

Although not inside the ECS. the Ryukyu
Current (No. 1 in Fig. 6) can also be consid-
ered a branch current along with the Kuroshio
in the ECS (Andres ef al. 2008). The pres-
ence of the Ryukyu Current has heen real-
ized many decades ago (Worthington and Kawai
1972; Nitani 1972) and was confirmed in the cur-
rent field from ADCP and hvdrographic data
(Yuan et al. 1998) and from moored data by
the Inverted Echo Sounder with pressure gauge
(PIES). The volume transport of the Ryukyu
Current has been estimated by combination of
PIES or ADCP data with a satellite altimeter
(Zhu et al. 2003, 2004; Ichikawa et al. 2004;
Andres et al. 2008). Its mean transport is 4.5 Sv
at a section southeast of Okinawa Island (Zhu
el al. 2004) but 17.5 Sv at a section southeast of
Amami-Ohshima Island, showing a large spatial
variation in the Ryukyu Current. The standard
deviations of 5.5 Sv (Zhu et al. 2004) and 11.4 Sv
(Ichikawa et al. 2004) at two sections suggest
a large temporal variation in the Ryukyu Cur-
rent. Activities of the mesoscale eddy and the
strength of recirculation have been considered as

causes of such larger spatial and temporal vari-
ations in the Ryukyu Current (Zhu et al. 2004;
Ichikawa et al. 2004; Andres et al. 2008).

The Kuroshio in the ECS and the Ryukyu
Current meet south of Kyushu and their com-
bination contributes to the Kuroshio south of
Japan (Andres et al. 2008), which is the topic
of the next subsection. On the other hand,
the Kuroshio in the ECS significantly affects
the circulations and nutrient dynamics over the
shallow continental shelf of the ECS (Matsuno
et al. 2009; Zhao and Guo 2011). For those
topics, three comprehensive reviews (Ichikawa
and Beardsley 2002; Isobe 2008; Chen 2008) are
available.

4.2. The Kuroshio South of Japan

The bimodality of stable Kuroshio paths south
of Japan is unique among various types of
the western boundary current variability. The
two typical stable paths — the large meander
and nonlarge meander paths — persist from
a few years to a decade (Kawabe 1995). The
bimodality has been investigated by many scien-
tists from both the theoretical and observational
viewpoints, especially after raising a theoreti-
cal interest by Robison and Taft (1972). The-
oretical studies (e.g. Masuda 1982) suggested
that the Kuroshio may possess multiple equilib-
ria under an external condition. Kawabe (1995)
showed on the basis of tide gauge observation
that either the large meander or nonlarge mean-
der state appeared when the upstream volume
transport was larger than or the same as its cli-
matological mean. Kurogi and Akitomo (2003)
suggested that the multiple equilibrium states
of the Kuroshio path may have been established
by the wind stress field in the North Pacific
over the past 40 years. Kurogi and Akitomo
(2006) and Akitomo (2008) proposed an inter-
esting working hypothesis on the possible range
of the averaged wind stress amplitude allow-
ing the multiple equilibrium and its interdecadal
modulation by change of the basic stratification.
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Dynamic balance between the advection and
beta terms in the potential vorticity conserva-
tion equation associated with stationary Rossby
waves is proposed as a fundamental maintenance
mechanism of the Kuroshio large meander state
(White and McCreary 1976). The roles of phys-
ical parameters, including the Izu-Ogasawara
Ridge, the continental slope along the south
of Japan, the inclination of coastal topogra-
phy, inflow velocity and transport, and strati-
fication in the stability of the Kuroshio paths,
have been examined by many studies (e.g. Chao
1984; Yasuda et al. 1985; Yoon and Yasuda
1987; Yamagata and Umatani 1989; Sekine
1990; Akitomo et al. 1991, 1997; Mitsudera
and Grimshaw 1994; Masuda et al. 1999, 2000;
Mitsudera et al. 2006).

The existence of disturbances triggering the
transitions between the stable paths was sug-
gested from the in-situ data analysis (Kawabe
1995). Mesoscale eddy activity was recognized
as one of the possible origins of the trigger
phenomena by studies using the satellite data
analysis (Ebuchi and Hanawa 2003) and model
simulations (Endoh and Hibiya 2001; Miyazawa
et al. 2004; 2005; Tsujino et al. 2006). Recently,
the Kuroshio took the large meander path from
summer 2004 to summer 2005 after the nonlarge
meander period of 13 years. These bidirectional
transitions between nonlarge meander and large
meander were the first events that were fully
monitored by the satellite altimeters. Several
data assimilation studies combining the state-
of-the-art ocean general circulation models and
altimeter data examined the formation (Usui
et al. 2008a,b; Miyazawa et al. 2008) and decay
(Usui et al. 2011) processes, strongly suggesting
the actual roles of mesoscale eddies originating
from the upstream region around the subtropi-
cal front in the real Kuroshio path transitions.

Detailed analyses of the large meander event
in 2004 shed light on the roles of the local
processes in particular the Koshu Seamount
south of Japan (Tsujino et al. 2006; Endoh
et al. 2009: 2011) in the formation of the

large meander associated with a deep anticy-
clonic eddy enhanced by the bottom slope.
The basin-scale process that could be respon-
sible for the mesoscale eddy activity trigger-
ing the Kuroshio path transitions was proposed
by Chang and QOey (2012), who suggested the
interannual variation of the dipole structure of
the wind stress curl around the Philippines and
Taiwan. Interestingly, a long-term global eddy-
resolving model simulation (Elizabeth et al
2012) reproduced the realistic Kuroshio path
transitions between large meander and nonlarge
meander even if the external forcings of the wind
stress and heat flux did not include any kind
of interannual variations, suggesting the impor-
tance of intrinsic variability of the deep anticy-
clone around the Koshu Seamount.

4.3. QOutstanding Issues

As described above, there have been many stud-
ies of the Kuroshio from the ECS through the
area south of Japan. However, most studies
focused on only one area of the Kuroshio. Con-
sequently, our understanding of the downstream
variations of the Kuroshio transport along its
long pathway is not sufficient. In addition, the
joining of the Ryukyu Current and the Kuroshio
recirculation (Imawaki et al. 2001) into the
Kuroshio main stream makes this issue more
complex. In the future, more studies will be nec-
essary to examine the geographical connection of
the Kuroshio transport from its upstream area
to its downstream area and the connection of
the Kuroshio transport to the Ryukyu Current
and Kuroshio recirculation, not only for a steady
state but also for a variety of timescales.
Among several important timescales for the
temporal variations of the Kuroshio, the under-
standing of the interannual variations of the
Kuroshio transport and their associated vari-
ations in water mass propoties such as water
temperature, salinity, nutrients, and dissolved
oxygen is far from a sufficient level. With

accumulation of satellite and Argo data and
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improvement of the computer environment,
which make long-term runs of numerical model
easier, many comprehensive researches on this
issue can be expected.

The Kuroshio transports a huge amount
of heat from the tropical to the subtropical-
subarctic Pacific Ocean, and thus could activate
intensive basin-scale air—sea interactions. Recent
studies (Nonaka and Xie 2003; Sugimoto and
Hanawa 2012; Nakamura ef al. 2012) strongly
suggest the active roles of the Kuroshio and its
path transitions south of Japan in the air-sea
interactions near Japan. Further intensive stud-
ies toward this research direction are also needed
in the near future.
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