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As a fundamental study to evaluate the contribution of the Kuroshio to primary pro-
duction in the East China Sea (ECS), we investigated the seasonal pattern of the in-
trusion from the Kuroshio onto the continental shelf of the ECS and the behavior of
the intruded Kuroshio water, using the RIAM Ocean Model (RIAMOM). The total
intruded volume transport across the 200m isobath line was evaluated as 2.74 Sv in
winter and 2.47 Sv in summer, while the intruded transport below 80m was estimated
to be 1.32 Sv in winter and 1.64 Sv in summer. Passive tracer experiments revealed
that the main intrusion from the Kuroshio to the shelf area of the ECS, shallower
than 80m, takes place through the lower layer northeast of Taiwan in summer, with a
volume transport of 0.19 Sv. Comparative studies show several components affecting
the intrusion of the Kuroshio across the 200 m isobath line. The Kuroshio water in-
truded less onto the shelf compared with a case without consideration of tide-induced
bottom friction, especially northeast of Taiwan. The variations of the transport from
the Taiwan Strait and the east of Taiwan have considerable effects on the intrusion of
the Kuroshio onto the shelf.

onto the continental shelf, and it is a year-round phenom-
enon. Chern and Wang (1992) suggested that the varia-
tion of the Kuroshio intrusion is closely correlated with
the outflow from the Taiwan Strait. Based on the result
of the Shipboard ADCP observation in summer, Tang et
al. (1999) constructed a horizontal current pattern: a de-
flected Kuroshio mainstream to the east, an intrusion of
Kuroshio water onto the continental shelf, and a
counterclockwise circulation northeast of Taiwan. In ad-
dition, Tang et al. (2000) presented three complementary
snapshots of the current patterns in summer and winter,
and suggested that the flow pattern north of Taiwan is
significantly affected by the seasonal migration of the
Kuroshio. Due to the intrusion northeast of Taiwan, an
abundance of nutrients can be released into the ECS. From
calculations of the nutrient budget, Chen and Wang (1999)
showed that the supply of nutrients from the Kuroshio is
much greater than the river input.

At the location where the Kuroshio flows along the
continental shelf break, it is known that the frontal eddy
plays an important role in the intrusion from the Kuroshio.
The detailed three-dimensional structure of the Kuroshio
frontal eddy along the shelf edge of the ECS has been

1.  Introduction
The East China Sea (ECS) is a marginal sea, sur-

rounded by Korea, Japan, China, and Taiwan. The ECS
has a vast continental shelf and is bordered by the
Okinawa Trough with a maximum depth exceeding 2000
m (Fig. 1). The cold, fresh shelf water is distributed on
the continental shelf, and the warm, saline Kuroshio wa-
ter occupies the area around the shelf water.

Several researchers have studied the process of wa-
ter and material exchange between the shelf and Kuroshio
waters. Northeast of Taiwan, the Kuroshio Edge Exchange
Processes (KEEP) project of Taiwan has contributed to
our understanding of the Kuroshio intrusion and the cur-
rent pattern. Liu et al. (1992) confirmed that the upwelling
of the Kuroshio subsurface water near the northern tip of
Taiwan is caused by the impingement of the Kuroshio
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revealed by Yanagi et al. (1998), who showed the nutri-
ent transport across the shelf edge via the frontal eddy
motion. On the other hand, Isobe et al. (2004) focused on
the intrusion of shelf water into the Kuroshio subsurface
layer due to the eddy motion.

Several studies using numerical models have also
improved our understanding of the exchange process.
Seung (1999) considered the dynamics of the shelfward
intrusion of the oceanic upper water using a simple
geostrophic adjustment model. He found that the sea level
difference moves the front shelfward through a barotropic
effect, while the density difference increases the width
of the front through a baroclinic effect. Recently, using a
triply nested ocean model with a maximum resolution of
1/18°, Guo et al. (2003) explained the seasonal change of
the veering latitude of the Kuroshio southwest of Kyushu
by the JEBAR (joint effect of baroclinicity and bottom
relief) term of the vorticity equation, which is the inter-
action between the baroclinicity and bottom topography.
With the same model, Guo et al. (2006) evaluated the
temporal and spatial variations of the Kuroshio onshore
flux across the shelf break of the ECS in terms of a depth-

averaged volume transport vector. They discussed the
effect of the Ekman transport and the change in density
field on the Kuroshio onshore flux. Isobe and Beardsley
(2006) estimated the onshore cross-frontal transport at
the shelf break of the ECS using the FVCOM (Finite Vol-
ume Coastal Ocean Model), which has finer resolution
and resolves the complex bottom topography. They simu-
lated frontal waves excited near the location where the
bottom topography changes abruptly and also evaluated
the onshore transport by passive tracer experiments,
mainly focusing on the role of frontal waves.

The northern part of the ECS is a semi-closed area.
If we assume that the fresh water flux through surface is
0, and the transport from rivers is negligible compared to
the transport from the Taiwan Strait, net transport across
the 200 m isobath line of the ECS is determined by the
difference between the inflow transport through the Tai-
wan Strait and the outflow transport through the Tsushima/
Korea Strait (T/K Strait).

In this study our major concern is shelfward net trans-
port from the Kuroshio. Chen and Wang (1999) have al-
ready discussed the importance of the subsurface
Kuroshio water as a nutrient source. The net transport
along the 200 m isobath line, which was discussed by
Guo et al. (2006), is significant for the volume transport
budget itself. However, the shelfward net transport from
the Kuroshio is important as a supply of nutrients for pri-
mary production from the viewpoint of the ecosystem.

In order to investigate the shelfward intruded
Kuroshio water, we executed numerical model experi-
ments for various cases and examined the intrusion proc-
ess from the Kuroshio onto the continental shelf of the
ECS. We revealed a seasonally varying spatial intrusion
pattern of the Kuroshio across the 200 m isobath line of
the ECS and calculated the net volume transport of the
shelfward Kuroshio water using passive tracer experi-
ments. In addition, we considered the Kuroshio branch
current east of Taiwan, which was not included in the
numerical experiment of Isobe and Beardsley (2006).
Futhermore, the tide effect was also examined.

This numerical study could be used as a basic study
of how much of the nutrients of the Kuroshio supplied
into the shelf region of the ECS.

2.  The Model

2.1  General description of the model
The RIAMOM (RIAM Ocean Model), which was

developed in the Research Institute for Applied Mechan-
ics in Kyushu University, is a 3-dimensional, primitive
equation ocean model with a free surface. It employs a
spherical coordinate horizontally with a staggered
Arakawa B-grid and a z-coordinate vertically. In this
model, the “slant advection” effect is considered in order

Fig. 1.  Bathymetry of the Yellow and East China Seas and the
model region.
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to represent the vertical advection effect of the horizon-
tal momentum at the bottom topography as correctly as
possible (Ishizaki and Motoi, 1999). As an advection
scheme for tracers, the “modified split QUICK (MSQ)
scheme (Webb et al., 1998)” was adopted. In addition,
the use of “partial step topography” facilitated a more
realistic simulation near the bottom. The horizontal eddy
viscosity and diffusivity were calculated using the
Smagorinsky formula with a coefficient of 0.2. The ver-
tical coefficients of eddy viscosity and diffusivity were
calculated by solving the turbulent kinetic energy equa-
tion (Noh et al., 2002).

The tide effect was parameterized by enhancing the
background turbulence as vertical eddy diffusivity and
viscosity and by increasing the bottom friction where the
tidal current is strong. As the M2 tide is dominant over
the ECS shelf, the amplitude of the M2 tidal current was
used for the parameterization of the tide effect.

The increased vertical eddy diffusivity due to the M2
tide was calculated using the Munk-Anderson scheme,
which depends on the Richardson number (Munk and
Anderson, 1948):
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where σ and p are coefficients, assigned the value 3.33
and 1.5 respectively, Ko is the maximum diffusivity,
1.0 × 10–3 m2s–1, and Ri is the Richardson number.

The vertical shear of the horizontal velocity in the
Richardson number was replaced by James’ (1977, 1978)
method (see also Lee et al., 2006):
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where N is the Brunt-Väisälä frequency, H is the water
depth, and A = Cd

1/2Vt/k. Cd is the bottom drag coeffi-
cient, 0.0025, k is the von Kármán constant, 0.41, and Vt
is the amplitude of the M2 tidal current obtained from
the NAO.99Jb model (Matsumoto et al., 2000).

The vertical eddy viscosity due to the M2 tide was
calculated by the James’ (1978) method, as follows:
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where Ao is the maximum viscosity and it is assumed that
Ao = Ko, following James (1978).

The Richardson number is given by the same equa-
tion as (2). The enhanced vertical eddy diffusivity and
viscosity due to the M2 tide were simply superposed on
those calculated by the Noh scheme (Noh et al., 2002).

Lee et al. (2000) showed the effectiveness of the lin-
ear bottom friction given by Hunter’s formula (1975) in
the ECS. In order to consider the enhanced bottom fric-
tion due to the tidal stress, a linear-type bottom friction
formulated by Hunter (1975) was adopted instead of a
quadratic bottom friction:

τ ρ κλb o d bC u= ( )5

τ ρ κϕb o d bC v= ( )6

where τbλ and τbϕ are the zonal and meridional compo-
nents of the bottom frictional stress, respectively. ρo is
the sea water density, Cd is the bottom drag coefficient
(0.0025), κ  is the coefficient of the linear bottom fric-
tion, and ub, vb are the model velocity at the bottom in the
zonal and meridional directions, respectively.

The linear bottom friction coefficient, κ , was given
by time averaging the quadratic bottom friction term in
the presence of strong tidal currents. In this study we ap-
plied a linear bottom friction coefficient used by Lee et
al. (2000).

κ = ( ) + ( ) ( )1 23 7
2 2

. u vt t

where ut  and vt  represent the depth-averaged M2 tidal
velocity in the zonal and meridional directions, respec-
tively. The zonal and meridional components of the M2
tidal current for the tide parameterization were obtained
from the NAO.99Jb model (Matsumoto et al., 2000).

2.2  Model domain and boundary conditions
The model region (Fig. 1) covers the entire Yellow

and East China Seas. The horizontal resolution is 1/6°

Levels ∆z [m] z [m]

1~6 5 30
7~13 10 100
14~23 20 300
24~33 40 700
34~38 80 1100
39 200 1300
40 200 1500
41 500 2000

Table 1.  Layer thickness and depth used in the model. ∆z is
layer thickness and z is depth.
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and the number of vertical levels is 41 with a minimum
depth of 10 m and a maximum depth of 2000 m (Table 1).
We increased the vertical resolution near the sea surface.
From the surface to a depth of 300 m, there are 23 verti-
cal levels with 5 to 20 m spacing. The bottom topography
is derived by the horizontal averaging of the Jtopo30
dataset from the Marine Information Research Center of
the Japan Hydrographic Association (www.mirc.jha.or.jp/
products/JTOPO30/). In spite of the high resolution, the
Jtopo30 dataset only covers the eastern part of 120°E, so
the Etopo5 dataset (NGDC, www.ngdc.noaa.gov/mgg/
global/relief/ETOPO5/) is used for the remainder. The
bottom topography of the model region is shown in Fig.
1. The Taiwan Strait, the east of Taiwan, the Tokara Strait,
and the T/K Strait are the main open boundaries. The
southeastern boundary along the Ryukyu Islands is closed.

Many scientists have suggested different volume
transports through the Taiwan Strait, depending on the
measuring time and position. The result of Wang et al.
(2003) is used as an inflow volume transport of a control
case for this study and the transport through the Taiwan
Strait is set to 0.9 Sv in winter and 2.7 Sv in summer.
Wang et al. (2003) estimated the volume transport from
the empirical formula using the shipboard ADCP for 2.5
years and the along-strait wind data. Transports are inter-
polated as a sinusoidal curve. The seasonally varying
transport east of Taiwan has a maximum of 24 Sv in sum-
mer with a weaker secondary maximum in winter, and a
minimum of 20 Sv in fall (Lee et al., 2001). They esti-

mated the volume transport from a sea level difference
time series, a 7-year dataset from 1989 to 1996, between
Ishigaki island in Japan and Keelung in Taiwan. The out-
flow transport of the T/K Strait varies monthly and is es-
timated from sea level differences, a 37-year dataset from
1965 to 2001, between Hakata and Busan (Takikawa and
Yoon, 2005). The average volume transport through the
eastern and western channels is 2.6 Sv.

The remnants of the inflow transport flow out through
the Tokara Strait. Figure 2 shows the monthly variations
of the volume transport through the Taiwan Strait, the
east of Taiwan, and the T/K Strait. The density, derived
from the temperature and salinity at each inflow bound-
ary, determined the vertical geostrophic velocities using
the thermal wind relation. The calculated geostrophic
velocities are adjusted to meet the volume transports
specified at the open boundaries. The inflow temperature
and salinity were obtained from the climatology data of
the World Ocean Atlas 2001 (WOA01) with a 1/4° grid
resolution (Boyer et al., 2002; Stephens et al., 2002).

The heat flux at the sea surface was calculated using
the Barnier method (Barnier et al., 1995). The model heat
flux appears as the sum of a climatological flux and a
correction term proportional to the difference between the
climatological sea surface temperature and the model
surface temperature,
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where QNET(TS
Clim) is the climatological flux, TS

Clim is the
climatological sea surface temperature, and TS is the
model surface temperature.

The heat flux was evaluated with a combination of
the Southampton Oceanography Centre (SOC)
climatological heat flux (Grist and Josey, 2003) and the
sea surface temperature of the WOA01 climatology
dataset with a relaxation time scale of ten days. The sea
surface salinity was restored at the surface grid using the
WOA01 climatology dataset. We adopted the monthly
mean sea surface wind field which was computed from
the weather charts for 1978–1995 (Na and Seo, 1998),
and converted it into wind stress using the Large and Pond
(1981) surface drag coefficient formulation.

The model was initialized from rest with zero sea
level elevation and with an annual mean temperature and
salinity taken from the WOA01 dataset. All forcing and
boundary inputs were provided by monthly data and lin-
early interpolated to the model time step. After a spin up
time of six years, passive tracers were released. An ex-
planation of passive tracer experiments is given in Sub-
section 3.3.1.

In the Preliminary Experiment we discuss the tracer

(a) 

(b) 

Fig. 2.  Monthly value of the volume transports through (a) the
east of Taiwan (EOT: solid line), the Tokara Strait (TOS:
dashed line), (b) the Taiwan Strait (TWS: solid line), and
the Tsushima/Korea Strait (TKS: dashed line).
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distribution released from the Taiwan Strait. The control
case, Experiment 1, sets tracer release positions along the
local sections of the 200 m isobath line and adopts the
boundary conditions described in this section. Experiment
2 investigates the effects of tide, transport from the Tai-
wan Strait, and transport east of Taiwan, with detailed
case studies. The cases are labeled Case.1 (control case)
to Case.8.

3.  Results
Hur et al. (1999) pointed out that the oceanographic

season in the Yellow and East China Seas slightly lags
the meteorological season. They defined four seasons
based on the monthly T-S diagram: spring from April to
June, summer from July to September, autumn from Oc-
tober to December, and winter from January to March. In
this study we discuss the seasonal variation on the basis
of this criterion, and the modeled winter and summer cases
are represented by the results of February and August,
respectively.

3.1 General features of the current field and compari-
son with the vertical section in the PN line
Researchers have suggested a schematic view of the

current system based on observations using ADCPs, cur-
rent meters, and satellite tracked drifters. Fang et al.
(1991) analyzed historical current meter data above the
continental shelf of the ECS and obtained similar
northeastward current patterns for four seasons. More
detailed current patterns of the ECS in summer were re-
vealed by Katoh et al. (1996a, 1996b, 2000) using four
round-trip ADCP surveys. Katoh et al. (1996a, b) pre-
sented detailed current structures west of Kyushu and the
eastern continental shelf margin of the ECS, respectively.
Moreover, Katoh et al. (2000) showed current distribu-
tions in the southern ECS where the outflow from the
Taiwan Strait flows northeastward along the coast of
China, and the Kuroshio branch current flows northward
east of Taiwan with the anti-cyclonic eddy on its right.
Lie et al. (1998) showed the separation of the Tsushima
Warm Current from the Kuroshio using composite tra-

(a) (b) 

(c) (d) 

Fig. 3.  Surface (2.5 m) and deeper layer (85 m) velocity fields of the seventh year of the control case (Case.1) in the ECS:
(a) surface velocity field in winter, (b) deeper layer velocity field in winter, (c) surface velocity field in summer, (d) deeper
layer velocity field in summer.
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jectories of 172 drogued drifters.
The monthly averaged current distribution of the

control case after a spin up is shown in Fig. 3. The model
results of the seventh year successfully simulated the well-
known currents such as the Kuroshio, the outflow from
the Taiwan Strait, and the Kuroshio branch current.

The PN line in the ECS is a regular section observed
by the Nagasaki Marine Observatory, and it provides a
good measure for the model validation in the ECS. Fig-
ure 4 shows the modeled temperature, salinity, and along-
shelf velocity fields in winter and in summer at the PN
line. The temperature and salinity fields are similar to
those of Oka and Kawabe (1998), seasonally averaged
during 1988 to 1994, especially in summer, by display-
ing the same extent of intrusion range and thickness. The
profiles of the along-shelf velocity component also pro-
vide a good picture of the structure of the Kuroshio in the
ECS. Although the maximum velocity is smaller than the
observed value, the velocity field around the Kuroshio
and near the shelf-break matches well with those of Oka
and Kawabe (1998).

Comparison of the model results with the PN line
observations and the surface current distributions of Katoh
et al. (1996a, 1996b, 2000) and Lie et al. (1998), con-
firms that the model well simulates the circulation in the
ECS and the vertical density field around the shelf break.
Based on the validation of the model, the results of the
tracer experiments will be described.

3.2 Preliminary Experiment (Case.0—released from the
Taiwan Strait)
In order to investigate the behavior of the outflow

from the Taiwan Strait, the tracer was deployed for six
years through the Taiwan Strait after a spin up time of six
years. The concentration of the tracer was set to 100 and
released into the model domain in which the concentra-
tion was entirely zero. The tracer concentration was gov-
erned by the same advection-diffusion equation that de-
termined the temperature and salinity. No surface or bot-
tom flux of the tracer was applied.

At the central part of the ECS, concentration of the
tracer, which originated from the Taiwan Strait, reached
a converged state having regular seasonal variation in the
third year after deployment (not shown here). We analyzed
the data of the sixth year after the release of the tracer
and present the results as the preliminary study, as a simi-
lar experiment has already been carried out by Guo et al.
(2006).

Figure 5 shows the vertical profile of the tracer con-
centration which is horizontally averaged at the area
where the water depth ranges from 100 m to 200 m along
the shelf break. The area was selected since it was ex-
pected to be a boundary between the outflow from the
Taiwan Strait and the Kuroshio. The tracer from the Tai-
wan Strait is mainly distributed in the upper part of the
shelf. The average tracer concentration falls to about 10

(a)

(d) 

(f) (e) 

(c) 

(b)

Fig. 4.  Cross-sections of temperature [°C], salinity, and along-
shelf velocity [cm/s] along the PN-line for the modeled
control case in winter and in summer: (a) temperature pro-
file in winter, (b) temperature profile in summer, (c) salin-
ity profile in winter, (d) salinity profile in summer, (e) along-
shelf velocity in winter, (f) along-shelf velocity in summer.
Thin solid line represents a middle value between two thick
solid lines.

Fig. 5.  Vertical profile of the average tracer concentration in
the Preliminary Experiment. The tracer is horizontally av-
eraged at the area where the water depth ranges from 100 m
to 200 m along the shelf break west of 127°E.
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percent in the summer at 80 m depth. Taking into account
the fact that the depth of the Taiwan Strait is less than 60
m, the summer season with strong stratification by sur-
face heating and relatively weak wind stress allows the
water from the Taiwan Strait to be confined to just the
upper layer. For simplicity, we divided the vertical sec-
tion along the 200 m isobath line into an upper layer (0~80
m) and a lower one (80~200 m). We investigate the
Kuroshio intrusion pattern based on this vertical parti-
tion.

The horizontal distributions of the tracers at depths
of 2.5 m and 85 m are shown in Fig. 6. In winter, surface
cooling and strong wind stress induce vigorous vertical
mixing, making the water column homogeneous. The
tracer from the Taiwan Strait is distributed in nearly the
same area at the surface (2.5 m) and at a deeper layer (85
m). However, different patterns emerge in summer. With
the increased inflow transport from the Taiwan Strait, the
tracer from the Taiwan Strait covers the surface of the
ECS widely. Unlike the surface, concentration of the tracer
is remarkably reduced in the deeper layer (85 m). Be-
cause the model inflow boundaries are not only the Tai-
wan Strait but also east of Taiwan, the deeper layer would
be filled with the tracer from east of Taiwan.

This experiment cannot give us clear information
about the location of the vigorous intrusion, how much
transport flows into the shelf area of the ECS from the
Kuroshio, where the intruded Kuroshio water flows to,
and so on. To answer these questions, we carried out Ex-
periment 1.

3.3 Experiment 1 (Case.1—released from a 200 m-line:
Control case)

3.3.1  Description of passive tracer experiments
In order to investigate the behavior of the Kuroshio

water intruded onto the ECS shelf, we set the release po-
sition along the 200 m isobath line. The release position
was divided into five local sections of 1 degree interval
from 122°E to 127°E and one additional section from
127°E to 128.5°E. Moreover, each local section was di-
vided into two vertical sections: upper layer (0~80 m)
and lower layer (80~200 m).

The passive tracers were independent of each other
but they moved in the same current field. A tracer which
flowed down with the Kuroshio outside of the 200 m
isobath line could intrude across other local sections along
the 200 m line. To prevent this contamination by the same
tracer from outside, when tracers were released along a

(a)

(c)

(b)

(d)

Fig. 6.  Horizontal distributions of the tracers at the surface (2.5 m) and deeper layers (85 m) in the Preliminary Experiment:
(a) winter distribution at the surface layer, (b) winter distribution at the deeper layer, (c) summer distribution at the surface
layer, (d) summer distribution at the deeper layer.
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certain local section, the concentration of tracers along
the other local section and from 128.5°E to Kyushu Is-
land on the 200 m isobath line was fixed to 0. The tracers
were deployed separately for 30 days through the local
sections of the 200 m isobath line. The 30 day period was
selected for the time that the tracers did not arrive at the
T/K Strait. In this way, four seasonal cases were simu-
lated. After a spin up time of six years, four sets of mod-
els were ready for the tracer experiments of the seventh
year. With the additional calculations of 1 month for a
winter case, 4 months for a spring case, 7 months for a
summer case, and 10 months for an autumn, the tracers
were released on the first day of February for the winter
case, May for spring, August for summer, and November
for autumn. To show the horizontal distribution of in-
truded water, we used a vertically integrated mass.

The vertically integrated mass is expressed as fol-
lows:

C dV
V

⋅ ( )∫ 9

where C is the concentration of the tracer from 0 to 100,
and V is the volume of each grid including the tracer. The
unit is [km3].

The intruded volume transport across the 200 m line
could be calculated by the time derivative of the total
amount of water including the passive tracer as demon-
strated by Isobe and Beardsley (2006):
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In the experiments where we investigate the behavior
of the intruded tracer using the vertically integrated mass,
we considered that the horizontal and vertical diffusions
influenced the tracer, like temperature and salinity. How-
ever, if we calculate the volume transport using the tracer,
the diffusions can lead to the wrong estimation of vol-
ume transport, especially regarding the tracer released
from the local sections. So, for the calculation of the vol-
ume transport, we allowed the motion of tracer to be af-
fected only by the advection, unlike Isobe and Beardsley
(2006).
3.3.2  Behavior of the tracer intruded onto the ECS shelf

Figure 7 shows horizontal distributions of intruded
tracer through the upper 80 m and below 80 m in winter
and summer. The outer thick solid line represents the value
of 300 [km3], which is about 10% of maximum value.

(a)

(c)

(b)

(d)

Fig. 7.  Horizontal distributions of intruded tracer through the upper 80 m and below 80 m in winter and summer (Case.1): the
tracers (a) released from 0~80 m in winter, (b) released from 80~200 m in winter, (c) released from 0~80 m in summer,
(d) released from 80~200 m in summer. The unit of the vertically integrated tracer, [km3], is omitted.
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The unit of the vertically integrated tracer, [km3], is omit-
ted. The contour increments are 600. The value of 1500
is also represented by the thick solid line.

To specify the intrusion pattern of the control case,
we investigate the detailed spatial distribution of the in-
truded tracer through each local section (Fig. 8). Each
contour that is depicted by the different types of line rep-
resents the value of 300, as with the outer thick solid line
of Fig. 7. Figure 8 clearly shows the region of the main
intrusion as indicated by previous studies: northeast of
Taiwan (e.g., Chen et al., 1994; Tang et al., 1999, 2000)
and west of Kyushu (e.g., Lie and Cho, 1994; Hsueh et
al., 1996; Lie et al., 1998). The intrusion from the
Kuroshio in the central part of the 200 m line (124~127°E)
is confined to the outer continental shelf. A large differ-
ence between winter and summer is seen in the distribu-
tion of the tracer intruded through 122~123°E. In winter,
the tracer is limited south of 28°N, and extends eastward,
while in the summer a part of the tracer intrudes north-
ward into the shallow area. Where does the Kuroshio
water intruded through 122~123°E flow to in winter and
summer? There is a need to investigate the spatial vari-
ability of the intruded tracer with time. We executed an
additional experiment at the end of a spin-up. The tracers
were released for 90 days to show the behavior of each
intruded tracer. To represent the behavior in each season,
the tracers were released one month earlier than in Figs.
7 and 8: the first day of January for the winter case and
that of July for summer.

Figure 9 shows the spatial distributions of the in-
truded tracer through the upper 80 m and below 80 m in
winter and summer. The snapshot results of the tracer dis-
tribution were taken with a time interval of ten days. In
winter, the pattern of the tracer extension is quite similar

in both cases (Figs. 9(a) and (b)). The tracer intruded
northeast of Taiwan (122~123°E) and flows northeastward
along the shelf edge. In summer, its distribution is quite
different (Figs. 9(c) and (d)). First, the intruded tracer in
the upper layer does not flow to the Tsushima/Korea Strait
(Fig. 9(c)). The tracer cannot flow across the 29°N line.
Unlike the upper layer, the tracer intruded through the
lower layer below 80 m northeast of Taiwan (Fig. 9(d)).
The tracers are divided into two major routes: along the
shelf and along the small valley in the western ECS. A
circle in the center indicates that the concentration of the
tracer is relatively low because of the local topography
bump. It takes about three months to reach the central
part of ECS.

Kuroshio water which intruded through the lower
layer of 122~123°E in the summer extended into the cen-
tral part of the ECS. To examine other intrusions through
different locations of the 200 m isobath line, we describe
the tracer intruding through the lower layer of 123~124°E
and 124~125°E in the summer. As shown in Fig. 10, the
intruded Kuroshio water through the lower layer of
123~124°E flows down along the shelf edge, and the
Kuroshio water through the lower layer of 124~125°E
did not extend far, remaining mainly near the intrusion
area of the shelf break. Although the intruded Kuroshio
waters across the 200 m isobath line east of 125°E are
not shown here, they too did not extend into the central
part of ECS.

The observation results reported in Katoh et al.
(2000) reveal the existence of a northward current north-
east of Taiwan in summer. As shown in figure 3 of that
paper, the high salinity water (>34.6 psu) detected by CTD
observation can provide evidence that the intruded
Kuroshio water is distributed below 70 m, even at the

(a) (b)

Fig. 8.  Detailed spatial distribution of the intruded tracer through each local section after 30 days from the release at the 200 m
isobath line: (a) in winter and (b) in summer. Thick solid or dashed lines with black or gray color along 200 m isobath line
represent release positions. The color and shape of the contour lines are matched with the line representing the release posi-
tions along 200 m isobath line.
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mouth of the small valley on the western ECS, 28°N and
123°E. Although there is no current data near the small
valley, the observed current data of the southern region,
near 27°N and 123°E, show that a northward current of
about 10~20 cm/s exists at a depth of 70 m, the upper

part of the high salinity water in figure 3 of Katoh et al.
(2000). If there is a northward current of about 10~20
cm/s from the northeast of Taiwan, it takes 19~38 days
from 25°N to 28°N as a straight line distance, which
agrees well with the modeled time scale of one month

(a)

(c)

(b)

(d)

(a) (b)

Fig. 9.  Spatial variability of the intruded tracer through 122~123°E with a time interval of 10 days. The tone of line darkens with
time: the tracers (a) released from 0~80 m in winter, (b) released from 80~200 m in winter, (c) released from 0~80 m in
summer, (d) released from 80~200 m in summer.

Fig. 10.  Spatial variability of the intruded tracer (a) through 123~124°E, (b) through 124~125°E at the 200 m isobath line with a
time interval of 10 days. The tone of the line darkens with time.
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depicted in Fig. 9(d). This suggests that the intruded
Kuroshio water can exert a sufficient influence on the
central ECS through the lower layer in summer.
3.3.3  Volume transport of the Kuroshio intrusion

In order to specify the Kuroshio intrusion, we calcu-
lated the quantitative value of the Kuroshio intrusion
through the local sections. Table 2 shows the value of the
intruded volume transport through 80~200 m and 0~200
m, including seasonal variations. The annual average of
the Kuroshio intrusion is about 2.62 Sv and the intrusion
increased in autumn and in winter, and decreased in spring
and summer. However, the ratio of the transport through
80~200 m to that of 0~200 m was clearly increased in the
summer (66.4%) compared with the winter value (48.2%).

In the previous section it was shown that the intru-
sion into the central part of ECS mainly occurs through
the lower layer of 122~123°E in summer. The question

that arises is, “How much of the Kuroshio originated water
flows into the central part of ECS?” To evaluate the vol-
ume transport in the central part of ECS, we define the
central part of ECS as the “shelf area”. The shelf area in
this paper is defined as the area shallower than 80 m south
of 33°N, north of 28°N, and east of 122°E. After the pre-
vious tracer experiment for one month in summer, in
which the tip of the intruded tracer reached the southern
edge of the shelf area, the tracer is continuously released
at the 200 m isobath line of 122~123°E for another month.
The volume transport of Kuroshio water intruded into the
shelf area is calculated by the tracer intruding into the
shelf area for one month, using the same method as in the
previous section. In this way, the volume transport of the
intrusion into the shelf area is calculated for four sea-
sons: 0 Sv for winter, 0.2 Sv for spring, 0.19 Sv for sum-
mer, and 0.08 Sv for autumn. This result indicates that

122~123°E 123~127°E 127~128.5°E Total

Win Spr Sum Aut Win Spr Sum Aut Win Spr Sum Aut Win Spr Sum Aut

80~200 [m]
S.A 0.41 0.38 0.45 0.32 0.42 0.67 0.72 0.74 0.49 0.46 0.47 0.48 1.32 1.51 1.64 1.54
A.A 0.39 0.64 0.48 1.5

0~200 [m]
S.A 1.34 0.94 1.05 1.05 0.54 0.82 0.88 1.08 0.86 0.67 0.54 0.71 2.74 2.43 2.47 2.84
A.A 1.1 0.83 0.7 2.62

Ratio (%)
S.A 30.6 40.4 42.9 30.5 77.8 81.7 81.8 68.5 57 68.7 87 67.6 48.2 62.1 66.4 54.2
A.A 36.1 77.5 70.1 57.7

Table 2.  Intruded total volume transport through 80~200 m and 0~200 m of the total and local sections for Case.1, including
seasonal variations (Win = winter, Spr = spring, Sum = summer, Aut = autumn). S.A and A.A mean seasonal averaged and
annual averaged volume transport, respectively. The volume transport unit is Sv (Sverdrup: 1 Sv = 10 m6/sec). “Ratio” de-
notes the ratio of the volume transport through 80~200 m to that through 0~200 m.

(a) (c)(b)

Fig. 11.  Seasonal variation of the total intruded volume transport through the whole depth of the 200 m line (a), the transport
through the local section in winter (b) and in summer (c) for Case.1 and Case.2.
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(a) (b)

Fig. 12.  Difference of velocity at the bottom layer (Case.1 minus Case.2): (a) in winter, (b) in summer. Unit is [cm/s] and minus
value indicates bottom velocity at some point at which Case.1 is smaller than Case.2. Thick solid line represents a contour of
–10 cm/s, thin solid line –5 cm/s, dotted line 0 cm/s, and thick dashed line 5 cm/s.

Fig. 13.  Amplitude of the M2 tidal current calculated by the
NAO.99Jb model (Matsumoto et al., 2000).

the intrusion of Kuroshio water into the shelf area starts
in the spring and ends in autumn. The volume transport
of the Kuroshio intrusion in summer, 0.19 Sv, is approxi-
mately three times the volume transport in summer from
the Changjiang River, 0.06 Sv, signifying that the
Kuroshio water intruded through the lower layer of
122~123°E can transport a great deal of nutrients to the
shelf area, as well as heat and salt in the summer season.

3.4  Experiment 2
3.4.1  Effect of tide (Case.1, 2)

Case.1 is a control case, which was executed under
the boundary conditions explained in Section 2. For
Case.2, we used the same boundary conditions but with-
out consideration of the tide effect. The viscosity and dif-
fusivity by tidal motion was not included and a quadratic
bottom friction with the bottom drag coefficient of 0.0025
was used in Case.2.

Volume transports of the Kuroshio intrusion for
Case.1 and Case.2 are shown in Fig. 11. Considering the
effect of the M2 tide, the intrusion from the Kuroshio
across the 200 m isobath line was considerably decreased.
As shown in Figs. 11(b) and (c), the decrease of the
Kuroshio intrusion mainly occurred east of Taiwan
(122 ~123°E). Figure 12 shows the difference of velocity
in the bottom layer between Case.1 and Case.2. The ve-
locity near the bottom mainly decreased on the shelf re-
gion, and the decreased velocity amounts to ~10 cm/s
northeast of Taiwan. The strong M2 tidal current east of
Taiwan (Fig. 13) intensified the vertical viscosity, verti-
cal diffusivity, and the bottom friction.

On the other hand, at the central part of the shelf
break, 123~127°E, the intrusion increased slightly in
Case.1. This is due to the velocity of the M2 tidal current
near the shelf break at 123~127°E, which is smaller than

the background current using the quadratic bottom fric-
tion in Case.2.

As for the intrusion into the shelf region in Case.2,
the volume transport of the intrusion into the shelf area
was calculated for four seasons: 0 Sv for winter, 0.24 Sv
for spring, 0.21 Sv for summer, and 0.09 Sv for autumn.
Although slightly larger than Case.1, these values are not
very different from the transports estimated in Case.1.
This suggests that tidal effects on the bottom friction could
not exert a significant influence to depress the intrusion
of the Kuroshio water into the shelf area.
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(a) 

(b) 

(c) 

Fig. 14.  Monthly value of each volume transport through
(a) the Taiwan Strait, (b) the T/K Strait, and (c) the Tokara
Strait for Case.1, 3, 4, 5, 6.

(a) (b) 

Fig. 15.  Seasonal variation of the total intruded volume transport through the whole depth of the 200 m line (a), and through
80~200 m (b) for Case.3, 4, 5 ,6.

3.4.2 Effect of transport from the Taiwan Strait
(Case.3, 4, 5, 6)
Volume transport from the Taiwan Strait has been

disputed by many researchers. We adopted the result of
Wang et al. (2003) with the maximum transport (2.7 Sv)
in July and the minimum (0.9 Sv) in January. To investi-
gate the effect of transport from the Taiwan Strait, four
cases (Case.3, 4, 5, 6) were compared. Based on the
boundary conditions of the control case (Case.1), Case.3,
4 increased the volume transport from the Taiwan Strait
by as much as 0.7 Sv, while Case.5, 6 decreased it by 0.7
Sv through the whole year. We maintained the variation
components of each transport and increased (or decreased)
the average transport. The inflow transport from the east
of Taiwan had the same value for all cases.

Case.3 (Case.5) set the increased (decreased) trans-
port to flow out through the T/K Strait, and Case.4
(Case.6) set the increased (decreased) transport to flow
out through the Tokara Strait, respectively. Figure 14
shows the transport through the Taiwan Strait, the T/K
Strait, and the Tokara Strait for each case.

It is obvious that inflow through the Taiwan Strait
causes outflow through the T/K Strait or the Tokara Strait.
However, it is not yet clear how much the increased or
decreased transport from the Taiwan Strait affects the T/
K Strait or the Tokara Strait. We assumed four extreme
cases in which the increased transport totally affects the
T/K Strait (Case.3) or the Tokara Strait (Case.4), and the
decreased transport totally affects the T/K Strait (Case.5)
or the Tokara Strait (Case.6). The difference in transport
from the Taiwan Strait between Case.3, 4 and Case.5, 6
is 1.4 Sv, however, as shown in Fig. 15(a), the difference
of the intrusion from the Kuroshio region is smaller than
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that, especially in summer. This result shows that the in-
trusion from the Kuroshio is not totally controlled by the
net transport between the Taiwan Strait and T/K Strait,
leading us to conclude that the evaluation of the intruded
transport from the Kuroshio is important to understand
the nutrient supply from the Kuroshio into the ECS.

In spite of the large transport difference from the
Taiwan Strait, the intrusion below 80 m did not change
greatly, except during winter. This demonstrates that the
transport from the Taiwan Strait mainly affects the intru-
sion only from the upper layer of the Kuroshio region,
except during winter.
3.4.3  Effect of transport from east of Taiwan (Case.7, 8)

Lee et al. (2001) suggested that the seasonal cycle
of the Kuroshio transport east of Taiwan is controlled by
a combination of local along-channel wind forcing and
Sverdrup forcing over the Philippine Sea. As a control
case (Case.1), we adopted the result of Lee et al. (2001),
which has seasonal variations of transport of 24 Sv in
summer and a minimum transport of 20 Sv in autumn.
And, two cases (Case.7, 8) were compared in order to
clarify the effect of the transport variation of the Kuroshio.
On the basis of the volume transport for Case.1, Case.7
(Case.8) increased (decreased) the volume transport from
east of Taiwan by as much as 1.6 Sv. The inflow trans-
ports from the Taiwan Strait for Case.7 and Case.8 were
the same as Case.1, and the outflow volume transport
through the Tokara Strait increased (decreased) by as
much as the increased (decreased) volume transport from
east of Taiwan.

Figure 16 shows the volume transport of the Kuroshio
intrusion through 0~200 m and 80~200 m for each case.
When the transport from east of Taiwan was increased,

the intrusion from the Kuroshio also increased. With the
inflow difference of 3.2 Sv from east of Taiwan for Case.7
and Case.8, the Kuroshio intrusion changed ~10% of the
inflow difference (~0.4 Sv on an average).

4.  Summary and Discussion
Intrusion from the Kuroshio onto the continental

shelf of the ECS was investigated using a 3-D numerical
model. The main objectives of this paper were to under-
stand the behavior of the intruded Kuroshio water, to es-
timate the volume transport of the intrusion with seasonal
variations, and to discuss the effect of tide and of trans-
port from the Taiwan Strait and east of Taiwan.

As a method for evaluating the intrusion, passive
tracer experiments were carried out. In the Preliminary
Experiment a tracer was released in the Taiwan Strait,
and from the vertical profile of the tracer, two vertical
sections along the 200 m isobath line were determined
for the release of tracers: 0~80 m and 80~200 m. In Exp.
1 and Exp. 2, the tracers were released at local sections
along the 200 m isobath line for 30 days. The vertically
integrated mass of the tracer was used to compare the
horizontal distributions of the tracer for the control case.
In addition, the intruded volume transports for each case
were calculated using the time derivative of the total
amount of water, including the passive tracer.

The tracer experiments for Case.1 (a control case)
were discussed in Exp. 1 and clearly showed two main
regions of the Kuroshio intrusion: northeast of Taiwan
and west of Kyushu. From additional experiments for
Case.1, which released the tracer for 90 days at the 200
m isobath line of 122~123°E, 123~124°E, and 124~125°E,
it is realized that the tracer, intruded from 122°E to 123°E

Fig. 16.  Seasonal variation of the total intruded volume transport through the whole depth of the 200 m line (a), and through
80~200 m (b) for Case.7, 8.

(a) (b)
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through 80~200 m, shows the greatest seasonal differ-
ence of the horizontal distribution. In winter, the tracer
intrudes solely south of 28°N, although it intrudes far-
ther northward and flows into the small valley on the
western ECS in summer. The spatial distribution with the
10-day interval of the tracer intruded from 122°E to 123°E
shows that the intrusion flows downstream along the shelf
edge or joins the Kuroshio in winter. On the other hand,
the intrusion is divided into two paths in summer: north-
ward flow along the small valley on the western ECS and
a northeastward flow along the shelf edge. Intrusion also
takes place at the central part of the continental shelf edge
(123~127°E), but it does not affect the central ECS, and
flows along the shelf break or is confined only to the shelf
edge.

The total intruded volume transport through the 200
m isobath line was evaluated as 2.74 Sv in winter, 2.43
Sv in spring, 2.47 Sv in summer, and 2.84 Sv in autumn.
The detailed tracer experiments show that the Kuroshio
water affecting the shelf area shallower than 80 m mainly
originates east of Taiwan (122~123°E), especially through
the lower layer below 80 m. The intrusion into the shelf
region is pushed actively in spring and in summer, al-
though it does not reach the shelf area in the winter and
flows down along the shelf break. In the summer, a part
of the intruded Kuroshio water with a volume transport
of 0.19 Sv flows into the shelf area. The transport is ap-
proximately three times greater than the volume trans-
port of 0.06 Sv in summer from the Changjiang River.
This suggests that the intruded Kuroshio water can be a
nutrient source in the shelf area in summer.

The Kuroshio intrusion across the 200 m isobath line
takes place all year round, but the intrusion into the shelf
area shallower than 80 m only starts in spring and ends in
autumn. What is the mechanism of summer season intru-
sion into the shelf area? The answer to this question could
be obtained from the effect of stratification. In spite of
the larger intrusion volume transport across the 200 m
isobath line in winter, the intruded Kuroshio water across
the 200 m isobath line was not transportd into the shelf
area shallower than 80 m. On the other hand, it intruded
into the shelf area through the lower layer in summer,
even though the intruded total volume transport across
the 200 m isobath line was decreased in comparison with
that in winter. Unlike high vertical viscosity in winter,
the effect of stratification makes the vertical viscosity
weak below the thermocline in summer. This effect could
allow the Kuroshio water to intrude into the shelf area.
The intruded water would be upwelled by the several
mechanisms such as bottom friction layer, bottom topog-
raphy, encroachment of the Taiwan Warm Current, and
density gradient by the Changjiang discharge (Hu, 1994;
Zhu, 2003; Lü et al., 2006) near the Chinese coast, or by
horizontal divergence of the Changjiang Dilute Water

(CDW) on the central ECS (Matsuno et al., 2006). Thus,
as suggested by Matsuno et al. (2006), it is expected that,
due to the vertical process, the intruded Kuroshio water
could contribute to increase the salinity of the CDW and
also provide the nutrients into the euphotic zone result-
ing in biological production in the shelf region of the ECS.

The comparative studies in Exp. 2 allowed several
components that affect the intrusion from the Kuroshio
to be investigated. The tide effect is considered to inten-
sify the linear bottom friction by Hunter’s (1975) formula
and the vertical eddy diffusivity and viscosity by James’
(1977, 1978) method using M2 tidal velocity. The tide
effect decreases the current velocity northeast of Taiwan
and over the shelf, and the intrusion from the Kuroshio
region is decreased in comparison to a case disregarding
the tide effect. However, transportation of the intruded
Kuroshio water into the central area of the shelf region is
not significantly influenced by the tide induced bottom
friction. The transport from the Taiwan Strait has a sig-
nificant effect on the intrusion of the Kuroshio. However,
the transport mainly affects the upper layer (0~80 m),
while the effect on the lower layer is relatively small. The
transport of the Kuroshio also has an important role as
the Kuroshio water intrudes into the ECS. In this study
the Kuroshio intrusion varied by ~10% inflow difference
between two cases: an increased Kuroshio transport and
a decreased transport. We set the volume transport of the
Kuroshio to increase or decrease with the same vertical
gradient calculated from the density structure itself to
discount the effect of the vertical structure variation when
the Kuroshio transport is changed. The contribution of
the variation of vertical density gradient will be studied
in a future experiment.

In this study we have confirmed the intrusion pat-
tern from the Kuroshio by passive tracer experiments us-
ing a numerical model. The model only considered the
local tide effect by simple parameterization which ex-
cludes the effect of the tidal residual current. In order to
implement several cases, the model resolution was kept
relatively low compared with previous studies, such as
those of Guo et al. (2003, 2006) and Isobe and Beardsley
(2006). However, this model has the advantage of simu-
lating realistic motion on steep topography and the re-
sults have similar patterns to previous model studies and
observations. More observations at the lower layer of the
shelf region of ECS are needed in order to verify the model
results.
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