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A fourth-order, fully two-way-coupled dual-domain Pacific Ocean Model (DUPOM) is developed to sim-
ulate the regional circulation in Asian Marginal Seas based on the whole North Pacific Ocean simulation
framework. The model uses 1/4° and 1/8° horizontal resolutions for the eastern and western Pacific Ocean
domains, respectively. The fully two-way-coupled approach shows seamless coupling behavior without
any sponge layer. We validate the Kuroshio Current System and the regional circulation in the Asian Mar-
ginal Sea, including circulation patterns, volume transport variation and vertical current structure across
several cross-sections. A single strong current core exists east of Taiwan and extends to the East China
Sea. A cold dome near the northeast of Taiwan is a semi-permanent feature in the model results as
observed. South of Japan (e.g. PCM5 line), the Kuroshio shows strong transport along the coast with a
countercurrent offshore, reflecting a recirculation gyre. The transient of the three typical paths of the
Kuroshio meander is also studied. Our results suggest that the path variation, particularly the Large
Meander path, may be triggered by the baroclinic instability associated with westward propagating

eddies.
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1. Introduction

The major western boundary current in the North Pacific, the
Kuroshio, transports enormous amounts of mass (e.g., geochemical
materials) and energy (e.g., heat) from the low to mid-latitude re-
gions. It affects not only global ocean climate variations but also
the regional climate system in East Asia (e.g., Guo et al., 2002;
Yoshinari et al., 2004). Particularly, the Kuroshio has various paths
south of Japan, which strongly influence fisheries, ship navigation,
marine resources, etc. Thus, its path, transport and dynamics are of
great interest and have been studied extensively for many decades
(e.g. Hsueh, 2000; Kawabe, 1995, 2005; McCreary and White,
1979; Miyazawa et al., 2008; Taft, 1972).

The Tokara Strait, located at around 30°N and 130°E with a
northeast-southwest inclination, is the primary passage of the
Kuroshio flowing from the ECS to the Pacific Ocean south of Japan
(Nitani, 1972; Nagata and Takeshita, 1985). It may be regarded as a
counterpart of the Florida Strait for the Gulf Stream system. The
variability of the Kuroshio current axis position and the volume
transport across Tokara Strait has been thought to be closely re-
lated to the path variation of the Kuroshio south of Japan. Early
studies examined sea-level difference between Naze and Nishinoo-
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mote at the Tokara Strait from 1965 through 1983, and showed
that the long-term mean semi-monthly velocity of the Kuroshio
is fastest during July and slowest during the second half of October
(Kawabe, 1988). Although the long term mean annual cycle current
strength has a maximum in summer and a minimum in fall, signif-
icant inter-annual variability exists, and the only feature found
every year is a weak velocity from September to December (Taft,
1972; Kawabe, 1988). Different estimates of the Kuroshio volume
transport through Tokara Strait range from 18 to 32Sv
(1 Sv=10°m3/s) (zhu et al., 2006).

The Kuroshio originates from the northward branch of the
bifurcated North Equatorial Current (NEC) off the Philippine coast
(Nitani, 1972), enters the East China Sea (ECS) through the passage
east of Taiwan, and flows northeastward along the continental
shelf in the ECS with a minor variation of its jet core. The main
Kuroshio axis veers at around 30°N, 129°E and flows into the Toka-
ra Strait, south of Kyushu, Japan (Fig. 1). After passing through the
Tokara Strait, the Kuroshio intensifies and continues to flow along
the southern coast of Japan, where it shows the well-known bimo-
dal paths (Fig. 1¢): the Large Meander (LM) path and the Non-Large
Meander (NLM) path. The NLM path can be further categorized into
nearshore non-large meander (nNLM) and offshore non-large
meander (o0NLM). It then leaves Honshu, Japan, off the Boso Penin-
sula and enters the Pacific Ocean as the Kuroshio Extension (KE).

Many early studies relate the variation between the LM and
NLM paths to the condition of the Kuroshio south of Kyushu. It
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Fig. 1. (a) Schematic of the model domain. The eastern Pacific (NPB domain, horizontal grid resolution of 1/4°) is the block at the right while the western Pacific (TAI domain,
horizontal grid resolution of 1/8°) is at the left. (b) The PCM-1, PN, TK, and PCM-5 (ASUKA) lines are marked. The contour interval of the bathymetry is 1 km. (c) The major
current system of western North Pacific, including NEC, Kuroshio to Kuroshio Extension and its branches. Different meander paths are shown as nNLM, oNLN and LM,
respectively.

was suggested that the volume transport of the Kuroshio through velocity, volume transport, and upstream position. Kawabe noted
Tokara Strait could be regarded as an index for the formation of that the end points of the three typical paths (i.e., LM, nNLM and
a LM path of the Kuroshio (Feng et al., 2000). Kawabe (1985, oNLM) are all near the same latitudes south of Japan at 131°E
1995, 2005) used sea level data to examine the variations of the and 142°E. The nNLM and the oNLM paths overlap between Kyu-
(typical) path of the Kuroshio and their relations with current shu and the Kii Peninsula, being close to the south coast of Japan.
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However, the typical LM locates offshore south of Shikoku, Japan.
The Kuroshio takes an NLM path (either nNLM or oNLM) when
the volume transport is small, while it is possible to take either a
LM or a NLM path when the volume transport is in the range of
medium to large. For the latter, a LM path occurs when the Kuro-
shio is in a northern position in the Tokara Strait south of Kyushu,
Japan, which implies a small curvature and directly relates with
the dynamics of a LM.

Further upstream of the Kuroshio, Ichikawa and Beardsley
(2002) reviewed the current system in the ECS. Long-term hydro-
graphic observations in the ECS have been made along the PN (Pol-
lution Nagasaki) line by Nagasaki Marine Observatory of the Japan
Meteorological Agency (JMA) since 1972. The geostrophic volume
transport of the Kuroshio (northeastward velocity component), ref-
erenced to the 700-dbar level along section PN, has been used as an
index of the long-term variation of the Kuroshio volume transport
in the ECS. The long-term relative transport from 1973 to 2000 is
25.8 Sv, with a maximum mean of 27.0 Sv in summer and mini-
mum of 23.9 Sv in autumn. Hinata (1996) suggested a slightly
smaller mean geostrophic volume transport (25.4 Sv) with a little
decrease in autumn based on the hydrographic data observed
along the PN line from 1973 to 1993. Ichikawa and Chaen (2000)
found that the seasonal mean volume transport of northeastward
current through the PN section may vary from a minimum of
20.0 Sv in winter to a maximum of 32.1 Sv in summer with an an-
nual mean of 27.6 Sv, by integrating the geostrophic volume trans-
port or ship-mounted ADCP velocity in each transect during 1981-
1992.

Historical hydrographic observation indicates a cold upwelling
center is usually observed northeast of Taiwan (Tang et al.,
2000), accompanied with a cyclonic eddy (Chuang et al., 1993;
Hsueh, 2000). Chern and Wang (1989) found the upwelling subsur-
face water intruded northwestwardly onshore and into the ECS to
form the Taiwan Warm Current. The China Coastal Water also
flows equatorward into the Taiwan Strait (TS) with its branches
extending to the north coast of Taiwan. The cold dome results from
the upwelling of subsurface Kuroshio water (Chen et al., 1995),
which is possibly caused by the effect of topography, monsoon,
and current meander (Yin, 1973; Fan, 1980; Lin et al., 1992). The
cold watermass is characterized by low temperature, high salinity,
high density, low dissolved oxygen, high phosphate, high silicate,
and high nitrate.

The main objective of this paper is to validate the mean struc-
ture of the Kuroshio Current System (KCS) in the Asian Marginal
Seas and its variation based on the recently developed, multi-scale
duo-grids Pacific Ocean Model (DUPOM), which is a standard con-
figuration of the Taiwan Multi-scale Community Ocean Model
(TIMCOM). The model is downloadable from http://efdl.as.ntu.e-
du.tw/research/timcom (Young et al., 2012). Fig. 1c shows the ma-
jor KCS and its branches in the Asian Marginal Seas. Hurlburt et al.
(1996) demonstrated that higher resolution greatly improves the
upper-ocean circulation of the KCS to properly resolve the Rossby
radius (~30 km) and the amplitude of mesoscale fluctuations due
to baroclinic instabilities. The DUPOM uses finer grid near the con-
tinental shelf in the western domain to resolve the smaller Rossby
radius and coarser grid in the eastern one, which provides the res-
olution required, while maintaining minimum computational cost
and highest efficiency. The eddy-resolving DUPOM particularly
emphasizes the key features of the KCS in the North Pacific and
serves as an important benchmark/validation of the continuous
eddy-resolving global ocean model development. Furthermore,
the commonly observed cold dome in the northeast of Taiwan is
addressed and some possible formation mechanisms are proposed.
Finally, the variation and instability of the Kuroshio meander path
south of Japan are discussed, based on the model results. Some
processes or mechanisms which may contribute to the LM are also

investigated. This paper is organized as follows. Section 2 intro-
duces the governing equations and the multi-scale DUPOM. Sec-
tion 3 provides the general description and comparison with
observation data along several cross-sections. Section 4 discusses
the appearance of the cold dome northeast of Taiwan. Section 5
analyzes the typical paths of the Kuroshio south of Japan and the
generation of the LM in the model. Finally, conclusions are drawn
in Section 6.

2. Model description and duo-grid coupling

In order to accurately investigate the regional circulation in the
Western North Pacific, we used a hydrostatic, z-level, fourth-order
accurate DUPOM, which provides high computational accuracy and
low numerical dissipation and dispersion (Dietrich et al., 2004,
2008; Tseng et al., 2005).

2.1. Governing equations

The governing equations are based on the three-dimensional
(3D) primitive equations for an incompressible, stratified fluid in
the spherical coordinate. We describe the hydrostatic model using
the rigid-lid and Boussinesq approximations. 4 is the longitudinal
variable, ¢ is the latitudinal variable, and z is the vertical variable,
respectively.

o Conservation of mass:
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e Conservation of dissolved salt:
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e Hydrostatic equation:
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e Equation of state:
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where u and v are the velocity components in /1 and ¢ direction,
respectively, and w is vertical velocity. S is the salinity and T is
the potential temperature. f is the Coriolis parameter; po is the
mean density; p is the horizontal average of density at depth z; p
is the pressure. A, and A, are vertical eddy viscosity coefficients
for horizontal momentum equations while K; and Kr are the verti-
cal eddy diffusivity for salinity and temperature equations. The
convection and horizontal diffusion operators L, Dpyy are defined
as:
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where Ay is the location-dependent horizontal eddy viscosity
(diffusivity) coefficient for momentum (or scalar) equations.
Assuming that the hydrostatic approximation is valid, the pressure
field can be computed by integrating (6) from rigid-lid surface to
any depth z:

0
p:m+m,m:g/pa
z

where p; is the surface pressure due to atmospheric or other phys-
ical phenomena.

2.2. Model description

Our model domain covers the entire North Pacific Ocean rang-
ing from 100°E to 80°W and from 30°S to 60°N (see Fig. 1a for
the model domain and the bathymetry). To reduce the computa-
tional time, we use a duo-grid approach based on the multiple-grid
framework (Dietrich et al., 2004, 2008). A 1/4° horizontal resolu-
tion is used east of 150°E (right blue block in Fig. 14, i.e., the NPB
domain), while a finer horizontal resolution of 1/8° is used west
of 150°E (left red block in Fig. 14, i.e., the TAI domain) where the
detailed Kuroshio and the associated circulations in the marginal
seas are adequately resolved.

Model bathymetry is interpolated from unfiltered ETOPO-2
depth data' supplemented with Taiwan’s National Center for Ocean
Research’s (NCOR) 1-min high accuracy depth archive in the Asian
Seas (Liu et al., 1998). The vertical resolution is a linear-exponential
stretched grid of 25 layers with a thickness of 10 m in the top layer.
Both domains use the same vertical grids to avoid inconsistency.
Within each domain, longitudinal resolution is uniform and latitudi-
nal resolution is generated such that varying latitude and longitude
grid increments are equal everywhere (Mercator grid). The time step
is 200s and 600s for the TAI and NPB domains respectively. The sur-
face wind forcing is obtained from the interpolated monthly Heller-
man and Rosenstein winds stress (Hellerman and Rosenstein, 1983).
The Levitus 94 seasonal climatology (Levitus and Boyer, 1994) is
used to initialize the model and determine its surface sources of heat
and fresh water using the non-damping precise approach. Since the
main purpose of this study is to validate the general patterns of the
KCS in the Asian Marginal Seas in the climatological time scale, the
monthly HR wind stresses and Levitus 94 are good enough to resolve
the important features for the validation. More realistic surface forc-
ing such as QuitSCAT is also used to simulate the oceanic response to
typhoons based on this framework (e.g., Tseng et al., 2010). The hor-
izontal heat and momentum diffusivities are set to be 106 cm?/s and
2 x 10° cm?/s, respectively. Augmented molecular viscosity and dif-
fusivity are determined by parameterized synoptic wind events, and
by breaking (u, #, T, S, near surface only) and non-breaking (u, » only,
at all levels) internal waves. The vertical mixing is parameterized by
eddy diffusivity (for temperature and salinity) and viscosity (for
momentum) using a modified Richardson number dependent for-
mula based on Pacanowski and Philander (Pacanowski and Philan-
der, 1981; Tseng et al., 2005). For the TAI domain, both northern
and southern boundaries are closed. For the NPB domain, the north-
ern boundary is closed and the southern boundary condition (30°S)
is slowly nudging toward climatology in a sponge layer. The bottom
is insulated, with non-slip conditions parameterized by a non-linear
bottom drag. The zonal boundary exchanges are detailed in the next

! http://www.ngdc.noaa.gov/mgg/global/relief/[ETOPO2/.

section and more discussion about the open boundary treatment can
be found in Tseng et al. (2005).

2.3. Energy conservative two-way coupling: algorithm

The DUPOM takes advantage of the fully two-way coupling ap-
proach from the earlier multiple-grid Mediterranean Sea/North
Atlantic model framework (Dietrich et al., 2008). This approach is
different from the parallel domain-decomposed TIMCOM which
is more useful for the global ocean simulation in the uniform res-
olution (Tseng and Chien, 2011). Within each individual grid (all
in a spherical coordinate framework), longitudinal resolution is
uniform and latitudinal resolution is generated such that the lati-
tudinal grid spacing is equal to the longitudinal one in each model
control volume. This naturally gives the highest resolution in the
highest latitudes, where the Rossby radius of deformation is small
or even imaginary, thus leading to small-scale slantwise penetra-
tive convection that cannot be well parameterized by popular in-
stant convective adjustment. Debreu and Blayo (2008) reviewed
and addressed some important issues in the two-way nesting ap-
proaches, including the conservation, inter-grid transfer operators
and noise control. Here, we want to emphasize that, with the
appropriate choices of numerical operators and grid allocation,
additional noise control may not be required due to the minimal
errors.

The model strategically uses a blend of Arakawa ‘A’ (collocated)
grid and ‘C’ (staggered) grid variables. With each control volume,
Arakawa ‘A’ grid is used for the general variables, such as the phys-
ical quantity u, v or q (pressure, salinity or potential temperature).
The physical quantity is collocated with the velocity components
(u, v). The Coriolis terms are also evaluated on the collocated grid
and thus have no spatial interpolation error. However, normal face
velocity U and V are also staggered at the ‘C’ grid to impose the
mass and energy conservation (Zang et al., 1994). Since the numer-
ical schemes for the pressure equation are written in flux form, the
conservation is guaranteed. The current conservative two-way
coupling with variable grid sizes is mainly based on this frame-
work. Fig. 2a shows the general overlapping between the coarse
and fine grids. Given the DUPOM as an example, the main time
integration starts from the eastern domain (NPB domain), whose
western boundary matches the eastern boundary of the western
domain (TAI domain) with different grid sizes, and adjusts the wes-
tern boundary inflow to match its net Evaporation-Precipitation
(E-P). The same integration is followed for the western domain,
and its eastern boundary is adjusted to match its net E-P and the
net eastern inflow (latitudinal boundaries are assumed closed).

The grid coupling algorithm uses linear interpolation and the
common time filtering technique to ensure simplicity, flux conser-
vation and stability. Their relative locations are shown in Fig. 2.
More precisely, they are arranged so that the grid size of the NPB
domain is twice as large as that of the TAI domain in a control vol-
ume (or finite volume) framework. Each domain uses a boundary
ghost zone at cell index I = 1,10 and J = 1, JO. Note that each domain
has its own I0 and JO. The last longitudinal index (I = I0) of the TAI
domain is collocated with (actually belongs to) the third longitudi-
nal index (I = 3) of the NPB domain (see the schematic). The partic-
ular latitudinal grid (J = 127) of the NPB domain corresponds to the
southernmost boundary of the TAI domain and extends between
the second and third latitudinal indices (J = 2 and 3) of the TAI do-
main. The boundary faces of the TAI are located exactly at the cen-
ter of the NPB cells.? The same strategy can be easily extended to
multiple domains (Dietrich et al., 2008).

2 This grid setting is ideal for the most adequate coupling, but due to the numerical
consistency, some variables must be modified for different grid arrangements.
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Fig. 2. The schematics of domains and their coupling. (a) The arrangement of TAI and NPB domains. Note that only parts of the grids are shown. The schematics of boundary
data exchange from TAI domain to NPB domain: (b) obtain the C-grid variables (UWNPB and Unpg); (c) obtain the A-grid variables (U2NPB and U2ypp). The schematics of
boundary data exchange from NPB domain to TAI domain: (d) obtain the C-grid variables (UETAI and Uyy,); (e) obtain the A-grid variables (UIOTAI and U27y4).

2.3.1. Boundary condition of the NPB domain (TAI to NPB)

In finer-to-coarser domain coupling, we transfer fine grid data
(TAI) to the first interior zone as well as to the ghost zone of the
coarse domain (NPB). Both cell face and cell center boundary con-
ditions are required to ensure the momentum and energy conser-

vation everywhere. Let us define UWNPB and Uypp(1, 127, K) (blue
arrow) as the intermediate and final cell face velocity U at west
interface for the boundary cell (purple square) in the NPB domain
(Fig. 2b), respectively. J=127 in the NPB domain corresponds to
the southernmost location in the TAI domain. U, (red arrow) is
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the cell face velocity U of the TAI domain. Hence, UWNPB is directly
obtained by the average of the two collocated face velocities U in
the TAI domain:

UWNPB(2,K) = 1/2 x (Uga(I3,2,K) + Ua(I3,3,K)), (8)

where I3(10-3) is the westward third index cell from the boundary
cell (10) of the TAI domain (see Fig. 2b for the location of these vari-
ables). Subsequently, Unpg(1, 127, K), the first boundary face veloc-
ity in the NPB domain corresponding to the southeasternmost grid
in the TAI domain, is obtained using:

Unps(1127,K) = [FLT1 x UWNPB(2,K) + FLT2
x (Unps(1127,K)], 9)

where FLT1/FLT2 are the time filter and FLT1 = FLT2 — 1. Since the
TAI domain is finer and uses a smaller time step, its associated “fre-
quency” is also smaller. This time filter is applied to avoid numeri-
cal stability as a result of time step difference between domains.
Note that the land mask array is also applied here to ensure Unpg
is zero for the land cells.

At the cell center, U2NPB and U2ypg (blue arrow) are the inter-
mediate and final cell center velocity in the NPB grid (Fig. 2c),
respectively. U2, (red arrow) is the cell center velocity U in the
TAI domain. Since the boundary cell in the NPB domain collocates
with four individual cells in the TAI domain, the intermediate
velocity U2NPB is obtained by:

107

U2NPB(2,K) = 1/4 x (U21w(12,2,K) + U2(12,3,K)

+U2(I11,2,K) + U214 (11, 3,K)), (10)

where I1(I0-1) and I2 (I0-2) are the westward first and second indi-
ces cells from the boundary cell (I0), respectively. Similarly, this cell
averaging is also applied to other A-grid variables. Subsequently,
the updated boundary velocity U2nps(2, 127, K) is obtained using:

U2npp(2127,K) = U25pp(2127,K) + dU, (11)

where dU represents a small incremental difference between the
interpolated value from the TAI grid and the cell center value of
the NPB grid, dU = U2NPB(2, K) — Ulnpg(2, 127, K), at the previous
Leap-frog time step. Note that, in order to improve stability, only
the increment is added, which can provide a smoother increment.
Similar updates are applied to other A-grid variables at I = 2.

2.3.2. Boundary condition of the TAI domain (NPB to TAI)

In the western TAI domain, UETAI and Uzx(I1, 2, K) (red arrow)
are the intermediate and final cell face velocity U at the east inter-
face for the boundary cell (purple square), respectively. Uypg (blue
arrow) is the boundary face velocity U in the NPB domain (Fig. 2d).
Since the grid size of the NPB is twice as large as that of the TAI do-
main, the same grid in the NPB extends latitudinally between the
second and third latitudinal indices. Hence, UETAI is obtained
directly:
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Fig. 3. Comparison of the surface (a) velocities and (b) temperature/salinity along the interface of TAI and NPB domains.
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UETAI(2,K) = Unps(2127,K). (12)

Similarly, UETAI(3, K) = Unpg(2, 127, K). Note that this is the reverse
of Eq. (8) and is consistent. Finally, the actual face velocity Urx(I1,
2, K) is essentially the same as UETAI but the land masks are im-
posed to ensure conservation. This is similar to Eq. (9) without time
filter, since the TAI domain uses a finer grid and smaller time step.

The intermediate and final cell center velocity at the boundary
in the TAI domain are represented by UIOTAI and U274, (red arrow),
respectively. Since the control volume of the four cell center values
(2 hollow + 2 filled circles) of the TAI domain is equivalent to the
control volume represented by U2xpp(3, 127, K) which is the cell
center velocity U (blue arrow) in the NPB domain, the boundary
velocity UIOTAI is obtained by:

UIOTAI(2, K) = U2yps(3127,K). (13)

This is equivalent to the reverse of Eq. (10) and leads to the final
A-grid boundary velocity:

U2 (10,2, K) = UIOTAI(2, K). (14)

In this case, no time filter is required due to the smaller time
step. This data exchange is also applied to the other A-grid vari-
ables for consistency. These procedures complete a very efficient
energy-conserved, two-way coupling algorithm. The instantaneous

comparison of the surface velocity and other scalars along the
interface between the TAI and NPB domains is shown in Fig. 3. It
is clear that the resulting domain coupling is nearly seamless, even
with low diffusion and viscosity. No inter-grid sponge layers are
applied. Due to the difference in topography or restriction in com-
putation resources, it is sometimes more efficient to use two or
more domains (grids). This will also increase the flexibility of the
model.

3. General description and model validation

The whole North Pacific Ocean is completely simulated in the
DUPOM. Although we mainly focus on the KCS, the remote forcing
from the eastern domain may be important for the regional study,
including the Rossby waves propagating from the central Pacific.
The eastern domain uses a coarse resolution which can still provide
appropriate representation of the general North Pacific circulation
patterns. Fig. 4 shows the yearly averaged, upper 40 m model
velocity vector and equivalent sea surface height of the western
North Pacific (TAI domain, top panel) and eastern North Pacific
(NPB domain, bottom panel). The two major western boundary
currents (Kuroshio and Oyashio) of the subtropical and subpolar
gyres are clear in the TAI domain (top). More details about the

50°N

40°N

Latitude
2

20°N ”/

120°E

128°E
Longitude

136°E 144°E

Alaska

Current

160°W

110°W 85°W

135°W
Longitude

Fig. 4. The yearly averaged model current system of western North Pacific (top panel) and eastern North Pacific (bottom panel). Some key current systems are labeled.
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associated features and the KCS will be discussed later. In the NPB
domain, the major surface currents are also appropriately resolved.
Near the equator, the eastward flowing North Equatorial Counter-
current (NECC) is observed between 0°N and 10°N while the west-
ward flowing NEC has a broader band and locates north of the
NECC. In the central Pacific, the KE can extend further eastward be-
fore it merges into the North Pacific Current. In the offshore of the
Americas, the flow is dominated by the broad, weak (10-30 cm/s)
equatorward flowing current, the California Current. The California
Current can extend offshore to 900-1000 km and flow year-round.
In the Gulf of Alaska, a well-known Alaskan current is also ob-
served in the NPB domain, which flows cyclonically around the
Gulf of Alaska, feeding into the Alaskan Stream. All of these surface
features are consistent with our understanding of the Pacific cur-
rent systems.

In this section, we will mainly show some comparison with
early observation in the KCS. Fig. 1b focuses on the details in the
TAI domain. Several observations are marked and used to validate
the current model, including the PCM-1 (east of Taiwan), PN (East
China Sea), TK (Tokara Strait), and PCM-5 (ASUKA, south of Japan)
lines. The PCM-1 section is located over the Ilan Ridge between the
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northeast coast of Taiwan and the southernmost island of Japanese
Ryukyu at about 24.5°N with a maximum depth of 1000 m. This
section is unique because its downstream is the Okinawa Trough
(2000 m deep) and its upstream is the western Philippine Sea
(depths reaching 5000 m) (Johns et al., 2001; Zhang et al., 2001).
It is an ideal location to monitor the transport and variability of
the Kuroshio east of Taiwan. Current velocity observations were
collected from a current meter array moored along the section at
the entrance to the ECS between September 1994 and May 1996
as part of the World Ocean Circulation Experiment. Detailed
descriptions can be found in Johns et al. (2001). The PN (Pollution
Nagasaki) section is located in the central ECS with a northwest-
southeast inclination. Long-term hydrographic observations
including quarterly conductivity-temperature-depth (CTD) and
shipboard acoustic Doppler current profiler (ADCP) data have been
conducted at the PN section by the Nagasaki Marine Observatory of
the Japan Meteorological Agency (JMA) since 1972 (Ichikawa and
Beardsley, 2002). This section is used to monitor the transport
and variability of the Kuroshio in the central ECS (see Kawabe
(1988) and Oka and Kawabe (2003) for the details). The TK section
is located at the Tokara Strait, which is the main pathway of the
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Fig. 5. (a) Major topography of the region east of Taiwan. The PCM-1 line is marked as dots. The contour intervals of the bathymetry are 100 m above 2000 m deep and 500 m
below 2000 m deep. (b) Time series of the volume transport across the PCM-1 section during model year 37-39 (5-day running mean, 3-year averaged volume transport
within a year). The overall volume transport is shown as the solid line. The dashed and dash-dot lines are the transports above 200 m deep and below 200 m deep,
respectively. The red solid line with error bars (the standard deviation in each month) denotes the monthly averaged volume transport of the observation by Taiwan Ocean
Research Institute. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Kuroshio from the ECS to the Pacific south of Japan, near 130°E
south of Japanese Kyushu (Feng et al., 2000). Long-term hydro-
graphic data on CTD casts along the TK section has also been gath-
ered seasonally by the JMA Nagasaki Marine Observatory since
1987. The TK line is ideal for monitoring the transport and variabil-
ity of the Kuroshio south of Kyushu (Kawabe, 1995; Oka and Kaw-
abe, 2003). Finally, the PCM-5 section (also called the ASUKA line)
is located south of Japan, extending offshore from the southern-
most Cape Ashizuri (Kagimoto and Yamagata, 1997; Yoshinari
et al., 2004). The vertical current structures in these sections are
compared here to validate the current DUPOM model. Note that
these sections are chosen based on the path of the main Kuroshio
axis.

3.1. Kuroshio current east of Taiwan

We estimate the volume transport and vertical current struc-
ture near the PCM-1, a representative cross-section for the obser-
vation of the Kuroshio east of Taiwan (Fig. 5). The total volume
transport in Fig. 5a shows a temporal mean of 22.1 Sv and a stan-
dard deviation of 1.6 Sv. This indicates the Kuroshio, a strong and
northeastward current, constantly flowing through east of Taiwan
into the ECS without significant variability. The overall volume
transport shows qualitatively similar temporal variations and rea-
sonable agreement with those observed by Taiwan Ocean Research
Institute (red solid line shown in Fig. 5b). The slight departure in
August and October is not surprising due to the uncertainty. The
overall transport is also consistent with the early estimate of a
mean transport of 22.6 Sv at the PCM-1 section from repeat CTD/
ADCP sections (Liu et al., 1998) and the estimated mean transports
of 23.3 Sv with a standard deviation of 2.0 Sv based on the current
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Fig. 7. The seasonal vertical current structure normal to the PCM-1 section during model year 37-39.
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vertical current structure normal to the PN section. Contour intervals are 10 cm/s within the velocity 0-90 cm/s and 1 cm/s outside the velocity range, respectively. (d)

Observation of PN section (Fig. 10 of Yuan et al. (1998)).

meters measurement during September 1994 and May 1996 by
WOCE.?

The near surface, upper layer current (sea surface to 200 m
deep, where the depth of 200 m is chosen since it is close to the
continental shelf depth) dominates the volume transport with a
temporal mean value of 15.5 + 1.0 Sv, which accounts for 70% of
the overall volume transport. This transport is large in spring and
summer (with a maximum of 17.3 Sv), while it is small in autumn
and winter (with a minimum of 13.5 Sv), subject to the surface
monsoon forcing. The volume transport in the bottom layer
(200 m deep to bottom) is always much smaller than in the upper
layer. Its temporal mean and standard deviation are 6.6 Sv and
0.8 Sv, respectively, with a larger variance of 12.3% (compared to
6.45% in the upper layer), indicating larger variation at depth. Sim-
ilar variation of volume transport appears in spring and autumn.

To further study the flow pattern east of Taiwan, we show the 3-
year averaged vertical structure at the PCM-1 section during year
37-39 in the top panel of Fig. 6. The strong Kuroshio flows north-
eastward (positive value), generally at a speed of over 50 cm/s. The
current core has a maximum mean velocity of 102.3 cm/s around
40-50 km offshore near 30 m deep. In general, this shows a mean
vertical current structure that is similar to the WOCE PCM-1 obser-

3 http://woce.nodc.noaa.gov.

Max=92.6 & Min=-11.0 [cm/s]
0

Max=97.7 & Min=-4.1 [cm/s]
0

200 200/
E 0 400/
g
g s00 600/
(=]

800

Winter Spring

1000

1000
126.8126.2126.6 127 127.4127.8 125.8126.2126.6 127 127.4127.8

Max=112.7 & Min=-5.6 [cm/s]
0

Max=95.4 & Min=-6.8 [cm/s]
0

__ 200 200
E o 400!
£
§- 600 600
800 Summer 800;  Autumn

1000 S
125.8126.2126.6 127 127.4127.8
Longitude (°E)

1000 i i - .
125.8126.21266 127 127.4127.8
Longitude (°E)

Fig. 9. The seasonal vertical current structure normal to the PN section during
model year 37-39.

vation (bottom panel of Fig. 6) for the period from September 1994
to May 1995 (Fig. 5 of Johns et al. (2001)).
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Fig. 7 further shows the seasonal variation of the vertical struc-
ture at the PCM-1 section during year 37-39. The vertical structure
and the position of the Kuroshio axis do not change significantly,
apart from the current core strength as well as the associated
downward penetration. This indicates that the Kuroshio axis is
potentially controlled by the bottom topography. The seasonal var-
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iation of current strength is consistent with the upstream Kuroshio
bifurcated from the north coast of Philippine flows (Centurioni
et al,, 2004). In spring and summer, the upstream Kuroshio flows
mostly along the east coast of Taiwan, resulting in larger overall
volume transport, as discussed in Fig. 5b. However, in autumn
and winter, the main Kuroshio strength east of Taiwan may be
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Fig. 10. (a) Major topography of the region south of Kyushu. The TK line is marked as dots. The contour intervals are the same as that in Fig. 5. (b) Time series of the volume
transport across the TK section during model year 37-39. The overall volume transport is shown as the solid line. The dashed, dash-dot, and dotted lines are the transports in
the upper layer (surface to 200 m deep), intermediate layer (200 m deep to 700 m deep), and bottom layer (700 m deep to bottom), respectively. (c) Three-year mean of the
vertical current structure normal to the TK section. The contour intervals are 10 cm/s within the velocity range from 0-60 cm/s and 1 cm/s outside the velocity range,

respectively.
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weaker due to a larger part of the Kuroshio intrusion into the South
China Sea (SCS) through the Luzon Strait (Du et al., 2008). Accord-
ingly, the overall volume transport and current strength are
weaker.

3.2. Kuroshio current in the East China Sea

Fig. 8a shows the schematic of the ECS region and the section
used to estimate the volume transport and vertical current struc-
ture near the PN line, a representative cross-section for the Kuro-
shio in the central ECS. The bottom topography is constituted by
continental shelf and continental slope with a maximum depth
of 1000 m. Fig. 8b shows the time series of volume transport flow-
ing across the PN section in a variety of layers during year 37-39
(5-day running mean, 3-year averaged volume transport within a
year). The solid line shows the overall volume transport of
28.1 £ 1.6 Sv (northeastward), a few Sv more than that observed
in PCM-1. This indicates a stronger northeastward Kuroshio due
to the rejoining flow of recirculation gyres near the central ECS.
The overall transport agrees reasonably well with the long-term
mean geostrophic estimation of 25.4-25.8 Sv referred to 700 db
depth across the PN line from 1973 to 1993 (and 2000) (Hinata,
1996; Guo et al., 2002; Ichikawa and Beardsley, 2002). The overall
volume transport also reveals clear seasonal variation similar to
the variation observed by JMA during winter 1972 to spring
2005, being largest in late spring (31.7 Sv) and smallest in late au-
tumn (24.9 Sv). The upper layer (0-200 m) current dominates the
overall transport with a temporal mean of 18.8 + 0.9 Sv, which ac-
counts for about two-thirds of the overall volume transport. The
upper layer transport has a maximum of 20.7 Sv during late spring
and a minimum of 16.6 Sv during late autumn. At the deeper layer,
the intermediate layer transport (200-700 m deep) contributes
about one third of the total transport of 9.5 + 0.8 Sv, with similar
seasonal variation. For the flow in the bottom layer (deeper than
700 m), the volume transport is quite small extending to the bot-
tom topography, which exerts larger drags on the deep current
and hence restricts its flow. This leads to a transport of
—0.17 £ 0.26 Sv, indicating a rather weak and unstable (southwest)
current. Our analysis shows that the strong and northeastward
Kuroshio mainly dominates the upper layer transport in the central
ECS. A weak and unstable deep countercurrent exists under the
Kuroshio.

Similarly, the vertical structure of flow through the ECS is also
investigated and compared with the observation. The 3-year aver-
aged vertical current structure normal to the PN section during
year 37-39 is shown in Fig. 8c and compares well with the obser-
vation data during May-June 1996 in Fig. 8d (Fig. 10 of Yuan et al.,
1998). The main Kuroshio (with northeastward velocity more than
50 cm/s) is located between 127°E and 127.5°E just over the conti-
nental slope in the upper layer, consistent with the early studies
(e.g. Oka and Kawabe, 2003). The detailed current structure shows
two distinguishable current cores of different maximum velocities
at the sea surface (127.2°E) and subsurface layer of 100-200 m
deep (127.3°E), also similar to the observation from December
2002 to November 2004 along the regularly sampled PN-line (An-
dres et al., 2008). Southwestward current flow also exists under the
Kuroshio with a maximum velocity of 4.4 cm/s located at the lat-
eral side of the continental slope. The details and the causes of this
countercurrent will be discussed further in a separate paper.

Fig. 9 shows the seasonal variation of the vertical current struc-
ture normal to the PN section during year 37-39. Generally, the
Kuroshio presents a single current core and exhibits weak seasonal
variations in the Kuroshio axis, apart from the appearance of two
current cores in winter. The maximum northeastward velocity ap-
pears in summer with a value of 112.7 cm/s near the surface. A
weak countercurrent exists all year round with the maximum
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Fig. 11. The seasonal vertical current structure normal to the TK section during
model year 37-39.

southwestward velocity of 11 cm/s in winter near the bottom
topography. In spring, the Kuroshio core is located around
127.3°E and extends down to subsurface 200 m deep. In summer,
the Kuroshio core expands and gets stronger. The maximum speed
of the Kuroshio is slightly reduced and the Kuroshio core shifts
northwestward and migrates further downward. In winter, the
velocity of the Kuroshio is continuously reduced and the single
core splits into a pair of current cores with congenial velocity.
These structures agree well with the early observation (e.g., Oka
and Kawabe, 1998).

3.3. Kuroshio current across the Tokara Strait

Fig. 10a further shows the schematic of the region south of Kyu-
shu near the TK line. The TK line is a northeast-southwest section,
representative for the Kuroshio across the Tokara Strait. The bot-
tom bathymetry is characterized by a shallow gap (around
450 m) and a deep gap (1400 m), see Oka and Kawabe (2003).
Fig. 10b shows the transport during year 37-39 (5-day running
mean, 3-year averaged volume transport within a year). The solid
line represents the overall volume transport of 27.6 + 2 Sv through
the Tokara Strait. Note that the southeastward transport is now po-
sitive since the Kuroshio here is flowing mostly southeastward. The
seasonal variation shows a similar pattern to that observed by the
JMA during spring 1987 and spring 2005 with a maximum in
spring/summer and a minimum in autumn/winter. The overall vol-
ume transport is comparable to the many observations in the past
of the Tokara Strait, ranging from 18 Sv to 32 Sv (Bingham and Tal-
ley, 1991; Yamamoto et al., 1993, 1998; Feng et al., 2000; Zhu et al.,
2006). It is clear that the Kuroshio in the upper layer (<200 m) still
dominates the transport with a temporal mean value of
17.1 £ 1.3 Sv, which accounts for over 60% of the overall transport.
The transport in this layer has a maximum of 19.5 Sv in summer
and a minimum of 14.1 Sv in autumn. The volume transport in
the intermediate layer (200-700 m) contributes about 35% of the
overall volume transport (9.95 + 0.73 Sv). Both upper and interme-
diate layers show similar variation and are consistent with the up-
stream condition in the ECS. For the bottom layer flow (>700 m),
the transport is weak (0.50£0.42 Sv) and fluctuates between
southeastwardly (mostly) and northwestwardly (sometimes).

Again, the 3-year averaged vertical current structure normal to
the TK section during year 37-39 is shown in Fig. 10c. The strong
southeast Kuroshio (>50 cm/s) is located between 29.1°N and
29.7°N. The 3-year averaged vertical current structure is similar
to the Type 3 pattern in Oka and Kawabe (2003), i.e., a single south-
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ern core with maximum velocity of 62.5 cm/s appears at around
29.3°N. Northwestward current flow exists at the left lateral side
of the gap under the Kuroshio.

Fig. 11 shows the seasonal variation of vertical current structure
normal to the TK section during year 37-39. It exhibits weak sea-
sonal variations in terms of the position and depth of the Kuroshio

axis. The maximum southeastward velocity appears in spring with
a value of 68.2 cm/s near the surface. In spring, the Kuroshio core is
located at 29.3-29.5°N and extends down to 250 m. The maximum
velocity of the Kuroshio starts to decrease after summer. The cur-
rent core shrinks slightly. The Kuroshio core shrinks significantly in
autumn and winter to nearly 100 m deep and shifts southwest-
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Fig. 12. (a) Major topography of the region south of Japan. The PCM-5 line is marked as dots. The contour interval is 500 m. (b) Time series of the volume transport across the
PCM-5 section. The overall volume transport is shown as the solid line. The dashed and green dash-dot lines are the transports in the upper (above 1000 m deep) and deep
(under 1000 m deep) layers, respectively. (c) Three-year mean of the vertical current structure normal to the PCM-5 section. The contour intervals are 10 cm/s.
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ward. Furthermore, an undercurrent extends from left of the gap to
right in autumn and winter, while it appears at the left side of the
gap in spring and summer.

In general, very similar temporal variations are observed along
the PCM-1, PN, and TK sections. The overall transports in these
three sections are larger in spring and summer. The main Kuroshio
core is confined in the upper layer. Undercurrents can be observed
in all these sections along the continental slope. The temporal
mean of the overall volume transport across the PN section
(28.1 Sv) is larger than that across the PCM-1 section (22.1 Sv),
indicating enhanced flow entering the ECS rejoining the Kuroshio
(partly from the Taiwan Strait and recirculation). The temporal
mean of the overall volume transport across the TK section
(27.6 Sv) follows the trend across the PN section, indicating that
most of the Kuroshio water in the ECS flows into the Tokara Strait,
while a branch of the Kuroshio flows into the Japan/East Sea
through the Tsushima Strait (Fig. 1c).

3.4. Kuroshio current south of Japan

The Kuroshio south of Japan varies more significantly than at
the upstream. Fig. 12a shows the schematic of the region south
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of Japan and the locations of the PCM-5 line. The PCM-5 section ex-
tends from the southernmost cape of Japanese Shikoku, Cape Ash-
izuri, to the offshore Pacific and forms a northwest-southeast line.
The bottom topography along the PCM-5 is very shallow nearshore
and drops rapidly to a maximum depth of 5000 m offshore (Kagim-
oto and Yamagata, 1997; Kashima et al., 2003). Fig. 12b shows the
volume transport during year 37-39 in the upper (<1000 m) and
bottom (>1000 m) layer (5-day running mean, 3-year averaged
volume transport within a year). The dashed line shows the upper
layer transport of 36.8 +4.4 Sv, which includes the nearshore
northeastward Kuroshio and offshore recirculation. However, a
large amount of fluctuation is observed from 27.0 Sv (spring) to
45.7 Sv (summer and winter), showing significant variability. The
large variation in the PCM-5 transport suggests a cause of the
intensification of the Kuroshio recirculation and instability. The in-
ter-annual variability is also quite clear from the model results (not
shown here), although the climatological forcing is imposed. This
indicates strong eddy activities in this area and relates to the dy-
namic of meander paths. Since the intensive eddies intrude into
the Kuroshio recirculation region and circulation in this region,
the transport across the PCM-5 (ASUKA) line varies vigorously. In
general, the upper layer transport agrees reasonably well with
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Fig. 13. Distribution of 5-day averaged temperature and horizontal velocity at depth of 20 m north of Taiwan in year 38. The contour interval of the temperature is 0.5 °C: (a)
day 36-40, (b) day 136-140, (c) day 166-170, and (d) day 336-340. The blue lines show the vertical section lines of 122°E and 25.5°N in Figs. 14 and 15, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the earlier studies but with slightly smaller transport (Kagimoto
and Yamagata, 1997; Imawaki et al., 2001; Yoshinari et al.,
2004). This is mainly due to the deep countercurrent observed in
the model results. The green dash-dot line shows the negative bot-
tom layer transport below 1000 m, indicating a stable and south-
westward countercurrent. Hence, the total transport across the
PCM-5 is always northeastward but smaller.

We further investigate the vertical structure. The 3-year aver-
aged vertical structure normal to the PCM-5 section during year
37-39 shows a pair of opposite current cores down to the subsur-
face layer (Fig. 12c). The core of Kuroshio, defined as the mean
velocity >50 cm/s, is located between 32°N and 32.5°N near the
south coast of Japan with the maximum around 200 m. The off-
shore southwestward Kuroshio recirculation is broad and has a
maximum velocity of 19.4 cm/s near the surface. An undercurrent
core with a depth of 1100-1500 m is also observed beneath the
Kuroshio near the bottom topography. In addition, two countercur-
rent cores of the Kuroshio recirculation can be seen offshore of the
south coast of Japan. These characteristics are consistent with
those reported earlier (Kagimoto and Yamagata, 1997).

4. Cold dome northeast of Taiwan

The high resolution DUPOM is useful to further diagnose the
coastal dynamics in the Asian Marginal Seas while maintaining
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computational efficiency. The remote forcing (e.g. Kuroshio) is
well-resolved rather than specifying. Here, we discuss the appear-
ance of the cold dome northeast of Taiwan.

Fig. 13 shows a few representative 5-day averaged temperature
and velocity fields at a depth of 20 m north of Taiwan. The temper-
ature distribution north of Taiwan in late winter (Fig. 13a) is gen-
erally less than 25 °C and decreases towards the continental shelf
in ECS (from 24.5 °C to 22.5 °C). The Kuroshio core is located much
closer to east of Taiwan so that the cold dome is not easy to ob-
serve. Note that there exists a southward China Coastal Current
(CCC, commonly found in winter) flowing equatorward along the
China coast, and its branches also flow into the north coast of Tai-
wan. The existence of the CCC seems to reduce the northward
transport through the TS and may affect the intrusion of the Kuro-
shio to northeast Taiwan. These regional flow patterns are mainly
dominated by the winter monsoon forcing in the model. Fig. 13b
shows another scenario around Taiwan in late spring. The CCC dis-
appears with enhanced TS transport (Jan et al., 2002), which may
force more TS throughflows to flow over the north coast of Taiwan
in association with further offshore Kuroshio. Thus, a cold dome
with low temperature (<23 °C) and cyclonic circulation is easily
observed northeast of Taiwan. The TS through flow seems to influ-
ence the Kuroshio core variation northeast of Taiwan, similar to the
island wake formation behind the island. This cyclonic circulation
can also enhance the potential upwelling of subsurface water.
Fig. 13c shows two weak centers of the cold dome with tempera-
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Fig. 14. Contour of 5-day averaged temperature along 122°E in year 38. The contour interval of the temperature is 0.5 °C: (a) day 36-40, (b) day 136-140, and (c) day 336-

340.



Y.-H. Tseng et al./Progress in Oceanography 105 (2012) 102-124 117

ture less than 22.5 °C northeast of Taiwan in summer. Consistent
with the observation, the cold dome in the model is frequently
formed in summer rather than other seasons. The strengthening
of the CCC with weakening TS throughflow in early winter is also
associated with the disappearance of the cold dome (Fig. 13d).
These characteristics are also observed in the earlier literatures
(Tang et al., 2000).

Figs. 14 and 15 show the corresponding 5-day averaged vertical
temperature sections along the typical cold dome center (122°E
and 25.5°N, respectively). When no cold dome is observed, as
shown in Figs. 14a and 154, the temperature distribution and strat-
ification follow the topography accordingly with decreasing tem-
perature shoreward. The warm Kuroshio core moves inshore and
contributes significantly to the deeper mixed layer of high temper-
ature. When the cold dome is formed (Figs. 14b and 15b), the sur-
face mixed layer is quite uniform, except a local minimum is
formed around 25.5°N and 122.2°E. The results show that the cold
dome formation may be associated with strong local upwelling and
the remote Kuroshio. The cold water results mostly from the sub-
surface Kuroshio water and can maintain up to 2-3 °C horizontal
gradient in strength. The strong local upwelling enhances the
pumping of cold water, which comes from the cyclonic eddy due
to the offshore Kuroshio variation (Tang et al., 2000; Wu et al.,
2006). The typical size can extend up to 30-50 km wide in diame-
ter and penetrate down to 60-80 m depth. Panels (c) of Figs. 14 and
15 show the relaxation of upwelling and the restratification of the
surface mixed layer. The cold-dome formation is closely related to
the Kuroshio path in the ECS and its sub-mesoscale dynamics. The
transport of the TS outflow and the CCC also modulate its forma-
tion and the subsurface upwelled water. The cold dome formation
in summer is usually associated with the frequent passage of ty-
phoons through the air-sea interaction and lasts for a few days
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(Shen et al., 2011). These interactions also complicate the regional
flow patterns northeast of Taiwan.

5. Variability of the Kuroshio meanders

The variation of the Kuroshio meanders southeast of Japan is of
great interest due to its large influence on fisheries, ship naviga-
tion, climate feedbacks and others. However, the generation mech-
anisms of its variation and interaction with deep current system
are still unclear. Many early studies attributed the path variability
to the upstream velocity and volume transport of the Kuroshio in
Tokara Strait (e.g., Kawabe, 1985). A number of numerical studies
have been carried out to reproduce the Kuroshio path variation
using inflow-outflow regional models and basin-scale high resolu-
tion models (Endoh and Hibiya, 2000; Masuda and Akitomo, 2000;
Masuda et al.,, 1999). These numerical experiments prescribed the
short-term variation of the Kuroshio current velocity in the Tokara
Strait. It is unclear if the short-term velocity variation in the Tokara
Strait was the main cause. The transport in Tokara Strait during the
LM path is usually larger than that during the NLM path (e.g., Kaw-
abe, 1980; Saiki, 1982). However, larger upstream velocity cannot
guarantee the occurrence of the LM. Hurlburt et al. (1996) found
that the stratification and wind stress could change the frequency
of the LM path through baroclinic instability west of the Izu Ridge.
Recent studies suggested the formation of the Kuroshio LM in 2004
resulted from the generation of a large-amplitude trigger meander
southeast of Kyushu and a cyclonic eddy on the offshore side of the
Kuroshio. Several numerical experiments have been performed to
examine how an anticylonic eddy in ocean models triggers the
path transition from the nNLM path to the oNLM path (Mitsudera
et al,, 2001; Waseda and Mitsudera, 2002) or to the LM path (En-
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Fig. 15. Same as Fig. 14 except along latitude 25.5°N.
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doh and Hibiya, 2000; Akitomo and Kurogi, 2001; Miyazawa et al.,
2008; Usui et al., 2008). Waseda and Mitsudera (2002) used a high-
resolution ocean general circulation model to simulate the interac-
tion between the observed mesoscale eddy and the Kuroshio. They
found that the westward propagating anticyclonic eddy could trig-
ger the short-term Kuroshio meander south of Japan. Particularly,
the trigger meander southeast of Kyushu in 2004 was caused by
downstream advection of anticyclonic eddies along the Kuroshio
in the ECS from east of Taiwan, which brought a high potential vor-
ticity anomaly to generate the small meander (Miyazawa et al.,
2008; Usui et al., 2008).

It is very interesting that the DUPOM model dynamically gener-
ates different meander paths throughout the years. The time scale
for the variation is significantly larger, which confirms the signifi-
cant inter-annual variability in PCM-5 line diagnostics. Three dif-
ferent types of the Kuroshio path south of Japan can be seen in
the model. Fig. 16 shows the snapshot of the sea surface tempera-
ture (SST) and surface velocity field for the typical Kuroshio mean-
der patterns. An nNLM is shown in Fig. 16a, where the strong
Kuroshio flows northward through east of Taiwan, turns northeast-
ward and enters the ECS along the continental slope. The Kuroshio
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veers and enters the Tokara Strait south of Kyushu at around 30°N.
The existence of Kyushu and the Tokara Strait is the primary cause
for this turn as the KC flows along the f/H contours. After passing
the strait, the Kuroshio veers again and flows northward to reach
the southern coast of Japanese Shikoku. Then it flows northeast-
ward along the southern coast of Japan. The mean Kuroshio speed
and its spatial variation increase progressively from south of Kyu-
shu to the Izu Ridge. Two westward propagating cyclonic cold ed-
dies appear south of Japan, which are commonly found in the
simulation. In Fig. 16b, the Kuroshio path is similar before it enters
the Tokara Strait. The Kuroshio veers at a more southerly position
of 29.5°N and flows through the Tokara Strait. After leaving the
strait, the Kuroshio flows northeastward to reach the Kii Peninsula
of Honshu and flows southeastward a little bit. This path can be de-
fined as the transition period between the nNLM and oNLM paths
(Kawabe, 1995). Similar transition is also frequently found show-
ing the unsteadiness in this region.

Fig. 16c shows how the Kuroshio takes a southern position of
29.5°N to pass the Tokara Strait and introduces a larger curvature
south of Kyushu. The Kuroshio then takes a more easterly position
east of 132°E, veers and flows northward to reach the southern
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Fig. 16. Snapshots of sea surface elevation anomaly (unit in cm) and surface horizontal velocity: (a) typical nNLM path in year 37 day 285, (b) transition of path variation in
year 38 day 195, (c) oNLM path in year 39 day 285, and (d) LM path in year 35 day 195.
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coast of Japanese Shikoku. Finally, the Kuroshio flows northeast-
ward along the south coast of Japan and flows away from the south
coast of Japan after it reaches the Kii Peninsula of Japanese Honshu.
In this case, the Kuroshio takes the so-called oNLM (Kawabe, 1995).
Fig. 16d shows a typical Kuroshio LM taken in model year 35. The
LM path is characterized by a Large Meander south of Japan around
136°E and the main axis is very close to the southern coast of
Shikoku.

Fig. 17 further shows the snapshot of the vertical current struc-
ture normal to the TK section located at the Tokara Strait south of
Japanese Kyushu, corresponding to Fig. 16a-c, respectively.
Fig. 17a shows a pair of current cores with velocity greater than
80 cm/s when the Kuroshio flows through the TK section. One cur-
rent core is near the surface and is located broadly north of 29.5°N.
The other current core is located around 29.3°N in the subsurface
layer of 250 m deep. The pattern with both current cores corre-
sponds to the Type 1 and 2 proposed by Oka and Kawabe (2003).
The undercurrent exists in the intermediate layer and bottom
layer. Fig. 17b shows a single current core when the Kuroshio flows
through the TK section. The current with a maximum surface
velocity greater than 100 cm/s is located north of 29.7°N. The
undercurrent exists at the western lateral side of the gap in the
intermediate layer and bottom layer. In Fig. 17c, the current has
a maximum velocity of 62.5 cm/s at 200 m. The undercurrent ex-
ists both at the western lateral side and the eastern lateral side
of the gap from the intermediate layer to the bottom layer. Previ-
ous studies indicate that the Kuroshio path variation depends on
the flow condition south of Kyushu. From the model results, we
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cannot find any direct link between the Kuroshio path variability
and the upstream velocity and transport in the Tokara Strait.

Fig. 18a shows the modeled location of the Kuroshio axis along
138°E, which is a good indicator of the Kuroshio path type. The po-
sition of the Kuroshio axis is defined as the latitude of the maxi-
mum surface velocity (Ambe et al.,, 2004). The time period is
from the modeled year 35 to 46. It is clear that a LM path begins
to form around the end of year 43 and lasts for more than 2 years.
Several oNLM paths are also observed occasionally. However, their
existence does not last very long. The model results show strong
non-linear dynamics in the Kuroshio path variations and several
modes of instability may dominate at different scales. It is found
that the LM observed in 2004 is triggered by a small meander
southeast of Kyushu, and the Sea Surface Height Anomaly (SSHa)
there reaches its local minimum (e.g., Usui et al., 2008; Miyazawa
et al., 2008). Fig. 18b shows the time series of the modeled SSHa
averaged over southeast of Kyushu (30-33°N and 131-134°E).
Note that the modeled LM path is also triggered by a local minimal
SSHa. However, the triggering minimal SSHa is not the largest neg-
ative SSHa observed in our time series. The largest negative SSHa is
found during the period of LM paths and results from a large west-
ward propagating cyclonic eddy which is pinched off from the LM.
The cold cyclonic eddy originally lies stationary in the LM path of
the Kuroshio southeast of the Kii Peninsula. It was pinched off from
the LM and moved westward offshore of the Kuroshio. The
pinched-off cyclonic eddy from the LM can be found in Fig. 18a
due to the significant variation of the LM path location. Fig. 18c fur-
ther shows the corresponding SSHa along 138°E in the model year
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Fig. 17. Snapshot of the vertical current structure normal to the TK section in the Tokara Strait: (a) year 37 day 285, (b) transition of path in year 38 day 195, (c) oNLM path in

year 39 day 285.
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Fig. 18. (a) The modeled location of the Kuroshio axis along 138°E during year 35-46, which is a good indicator of the Kuroshio path type. The position of the Kuroshio axis is
defined as the latitude of the maximum surface velocity. (b) The time series of the modeled SSHa averaged over southeast of Kyushu (30-33°N and 131-134°E). (c) The

corresponding SSHa v.s. latitude along 138°E in the model year 35-46.

35-46. The variation of meander paths is very clear and shows a
long period of LM. The strong variation of SSHa indicates a large re-
gional instability feature. After the pinch-off of the cyclonic eddy,
the amplitude of the LM reduces and the SSHa field remains stable
for a few months. Then the Kuroshio path moves gradually north-
ward and the amplitude reduces further before the Kuroshio ap-
proaches the coast of the Kii Peninsula. This is very similar to the
variation of LM in late May 1977 and early April 1979 (Kamihira
et al., 1978; Nishida, 1982). However, in our simulation, the cold
eddy is no longer reattached to the Kuroshio. A pinched-off eddy
rarely occurs south of Japan, although it occurs frequently in the
KE east of Japan. The model results also indicate that the nNLM
usually corresponds to the high SSHa southeast of Kyushu. Most
of the oNLM or LM can be triggered by the low SSHa in the model.
However, not all negative SSHa southeast of Kyushu corresponds to
the oNLM or LM paths.

The modeled formation process of the LM is detailed in Fig. 19.
The LM formation is initialized around the end of modeled year 43.
Fig. 19a-h shows the instantaneous surface velocity vector super-
imposed with the SSHa every 30 days. The variation of the Kuro-
shio axis position is relatively small from south of Kyushu to off

the Shikoku, where the variation is smallest, while the variation
is very large around the Izu Ridge. Similar to earlier studies, the
horizontal gradient of the Kuroshio speed southeast of Japan is lar-
ger at the coastal side of the current axis than the offshore side. A
small meander southeast of Kyushu is first generated in Fig. 19a. A
small cyclone anomaly is generated between the main Kuroshio
path and the Japanese coast. This cyclonic eddy is associated with
interaction between the intensive westward propagating cyclonic
eddies and the Kuroshio axis. It develops further and forms the
small meander southeast of Kyushu. This corresponds to the low
SSHa observed in Fig. 18b before the formation of the LM. Another
similar cyclonic eddy centered at 137°E along similar latitude is
also presented in Fig. 19a. Note that an anti-cyclonic eddy also
moves northwestward at 133°E from the central Pacific. The north-
westward moving anti-cyclonic warm eddy seems to interact with
the Kuroshio southeast of Kyushu and other eddy fields, merging
into a larger system southeast of Kyushu. This interaction squeezes
the cyclonic eddy to move eastward along the coast, which triggers
the subsequent LM and causes the sudden increase of SSHa before
the formation of the LM in Fig. 18b. The eastward propagating cy-
clonic eddy triggers the small meander, which evolves into the LM
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Fig. 19. The instantaneous surface velocity vector superimposed with the SSHa (unit in cm) every 30 day, showing the formation of Large Meander. The time sequence is from
left-top (a) to right-bottom (h).
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Fig. 20. Hovmoeller plots of SSH anomalies at 24, 26, 28 and 30°N, respectively, from the model year 36-46. The unit is cm.
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path through the amplification of this cyclonic eddy. The LM path
continues to evolve and forms a large low SSHa through the year.
Note that similar small meander processes associated with the cy-
clonic eddy are commonly seen in the model. The center of the cy-
clonic anomaly southeast of Kyushu may move meridionally.
However, only few of them, similar to those shown in Fig. 19, trig-
ger the formation of the LM and seem to change the Kuroshio east
of Japan into the other flow status, while most of them cause the
oNLM and dissipate away. The formation process of the LM in
the model is quite similar to the typical picture of past LMs (Kaw-
abe, 1995), as occurred in 2004 (Miyazawa et al., 2008). In reality,
the meander state can persist over years or decades (Qiu and Miao,
2000).

Earlier studies indicate that all LM paths are formed when the
transport in the Tokara Strait increases while the Kuroshio takes
an NLM path when the transport is small (e.g., Kawabe, 1995,
2005). LM paths occur when the Kuroshio has large or medium
transport and velocity, and is in a northern position in the Tokara
Strait, which implies a small curvature and a large vertical inclina-
tion of the current axis south of Kyushu. These signatures may be a
result of extensive westward propagating eddy interactions south-
east of Kyushu. Our results show that the westward propagating
anti-cyclonic and cyclonic eddies from the subtropical central Paci-
fic and their interaction affect the meander paths significantly.
Fig. 20 shows the Hovmoeller plots of SSHa anomalies at 24, 26,
28 and 30°N, respectively, from the model year 35-46. It is clear
that the number of mesoscale eddies which are propagating west-
ward increases with latitude. This is not surprising, since a signif-
icant number of eddies are separated from the KE region. Recent
studies suggest that the transition between the nNLM and oNLM
paths during the last decade is influenced by mesoscale eddy activ-
ity (Mitsudera et al., 2001; Ebuchi and Hanawa, 2003). Qiu and
Miao (2000) suggested that the accumulation of low potential vor-
ticity water in the Kuroshio recirculation region influences the
Kuroshio path variation. Note that the DUPOM is driven by the
monthly varying climatological wind forcing. The inter-annual var-
iability exists in the Kuroshio path dynamics and results from the
growth of the eddy variability and instability. Our results con-
firmed that the LM path generation is related to the whole subtrop-
ical gyre system, including the low latitudes and recirculation
region, rather than a simple local non-linear phenomenon (e.g.
Yamagata et al., 1985; Yamagata and Umatani, 1987). The inten-
sive eddy variability indicates that the westward-propagating ed-
dies may play a dominant role (or provide the necessary
condition) to trigger the meander path variability and initialize
the LM through the flow instability. This comes from the major
advantage of DUPOM, in which the intrinsic physical instability
is not stabilized by the nature of low numerical viscosity (diffusiv-
ity). These westward-propagating eddies have a spatial scale of
300-500 km and a time scale less than 3 months, originating in
the KE and entering the Kuroshio recirculation region around
30°N. The meridional variability of KE may also affect the amount
of eddy formation. Preliminary analysis shows that slightly shifting
the KE northward may reduce the possibilities of the LM path (not
shown here) and make the meander paths more stable between
nNLM and oNLM. This may be due to the reduced amount of west-
ward-propagating eddies.

6. Conclusions

The current DUPOM model reproduces many important fea-
tures and circulation patterns in the Asian Marginal Seas, particu-
larly the KCS in the North Pacific. The current results show the
strong baroclinic dynamic of the KCS southeast of Japan and pro-
vide useful model validation with observation. The multi-scale

dynamics of the North Pacific are well simulated using the novel
multiple-domains approach, resulting from a robust and energy
conservative two-way coupling design.

We can conclude that the strong and northeastward Kuroshio
flows principally in the upper layer when it passes the PCM-1 sec-
tion east of Taiwan. The transport is almost consistent and the
main axis varies little, which indicates a stable current flowing
through east of Taiwan and into the ECS. A typical cold dome
northeast of Taiwan is also resolved by the model, extending from
the surface down to the subsurface layer of 60 m deep. The forma-
tion process is described in detail here. The main Kuroshio axis
continues to flow northeastward and veers at around 30°N,
129°E, turning into the Tokara Strait mostly. A part of the Kuroshio
flows into the JES through the Tsushima Strait, known as the Tsu-
shima Warm Current. After passing the strait, the main Kuroshio
axis veers again and flows northward to reach the southern coast
of Japanese Shikoku. Then it flows northeastward along the south-
ern coast of Japan. Our results also indicate an undercurrent core is
observed beneath the Kuroshio near the bottom topography. How-
ever, the strength is very weak and the undercurrent is mostly
along the continental shelf.

The Kuroshio then leaves Honshu and enters the Pacific as the
KE. The model reasonably reproduces different types of Kuroshio
path meanders south of Japan and their transient states. The vari-
ation of typical meander paths and the formation process of LM are
also investigated. Prior to the formation of LM, a small meander
was often generated southeast of Kyushu, similar to the observa-
tions (Kawabe, 1995; Miyazawa et al., 2008). A cyclonic eddy is
trapped between the main Kuroshio axis and the coast. The LM is
gradually developed due to the eastward propagation of the cyclo-
nic eddy. In the model, the small meander is often generated
southeast of Kyushu but it seldom develops to a LM. The local eddy
interaction and regional instability seem to play an important role
in triggering the LM. Since the meander path is full of variability
both in the model and observation, further investigation is re-
quired to clarify the meander path dynamics. Particularly, the
interaction between the Kuroshio and westward propagating
mesoscale eddies might be the main cause.

Our results show that the present basin-scale DUPOM appears
to capture many key elements in the Kuroshio path dynamics
and the internal dynamic (including westward propagating eddies)
may trigger the variation which could result from the baroclinic
instability. Nevertheless, the existence of the different meander
states and their transients in the model is worthy of further
investigation.
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