
11

A numerical study on the intrusion of Kuroshio water onto 
the continental shelf of the East China Sea＊1

Joon-Soo Lee＊2

水研センター研報，第23号，11－90，平成20年
Bull.  Fish.  Res.  Agen.  No. 23,  11-90,  2008

2007年12月10日受理 （Received on December 10, 2007）
＊1 九州大学審査学位論文（掲載に際し投稿規程に沿って一部修正した）
＊2 中央水産研究所　〒236-8648　神奈川県横浜市金沢区福浦2-12-4（National Research Institute of Fisheries Science, 2-12-4, Fukuura, Kanazawa, 

Yokohama 236-8648, Japan）

博士号論文

　Abstract: The Kuroshio, which flows into the East China Sea （ECS） through the east of 
Taiwan, runs along the continental shelf break, and significantly affects the characteristics of 
the ECS water in terms of the exchange of heat, salt and nutrients.
　The main objectives of this study are to evaluate the contribution of the Kuroshio onto 
the ECS shelf, and to reveal the possible mechanism of the Kuroshio intrusion. In order to in-
vestigate the seasonal pattern of the intrusion from the Kuroshio and the behavior of the in-
truded Kuroshio water, numerical simulation and passive tracer experiment were executed 
using RIAM Ocean Model （RIAMOM）, which is a 3-dimensional, primitive equation model 
with a free surface. For the realistic simulation of the ECS circulation, tide effect was consid-
ered by parameterization of the M2 tide, enhancing the background turbulence as vertical 
eddy diffusivity and viscosity, and increasing the bottom friction where the tidal current is 
strong. 
　Preliminary experiment, which released tracers in the Taiwan Strait and east of Taiwan, 
showed the tracer from the Taiwan Strait was mainly confined at the surface layer shal-
lower than 80 m in summer and water mass originated from the Kuroshio occupied the 
lower layer. Based on 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.
　Passive tracer experiment confirmed the region of the main intrusion from the Kuroshio 
as indicated by previous studies: northeast of Taiwan and west of Kyushu. The total intrud-
ed volume transport across the 200 m isobath line was evaluated as 2.74 Sv in winter and 
2.47 Sv in summer, while the intruded transport below 80 m was estimated to be 1.32 Sv 
in winter and 1.64 Sv in summer. The tracer experiments revealed that the east of Taiwan 

（122 ～ 123°E） is the main entrance of the Kuroshio intrusion onto the ECS shelf, and the 
intrusion from the Kuroshio to the central part of the shelf area, shallower than 80 m, takes 
place mainly through the lower layer northeast of Taiwan in summer as well, with a volume 
transport of 0.19 Sv.
　Comparative studies showed several components affecting the intrusion of the Kuroshio 
across the 200 m isobath line. The intrusion of Kuroshio water onto the shelf was less com-
pared 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. 
　Momentum balance analysis along 122.58°E northeast of Taiwan, where the Kuroshio 
mainly intruded onto the shelf area of the ECS, showed that just north of Taiwan it was 
highly dominated by a geostrophic balance corresponding to surface elevation. In summer, 
while the northeastward strong current originated from the Taiwan Strait in geostophic bal-
ance passes north of 28°N, northward current occurs in the balance of the geostrophic com-
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ponents and the vertical friction component near the bottom. The northward current at the 
bottom layer north of 28°N induces the characteristic intrusion of the Kuroshio water onto 
the shelf area shallower than 80 m.
　The passive tracer experiments and the momentum balance analysis revealed that up-
per water of the Taiwan Warm Current （TWC） is originated from the Taiwan Strait, while 
deep water of the TWC is derived from the east of Taiwan by means of the bottom Ekman 
layer flow.
　Residence time in the Yellow Sea was estimated in both cases with and without consider-
ation of tide effect by the tracer experiments which released the tracer at the inflow open 
boundaries. In the case with consideration of tide, the residence time was 5.3 years and 4.7 
years for inclusion and exclusion of the Bohai Sea, respectively. Meanwhile, in the case with-
out consideration of tide, the results showed remarkable decrease of the residence time to 
be 2.6 years and 1.7 years, respectively. The results emphasize that the consideration of tide 
effect is indispensable to the numerical simulation in the Yellow and East China Seas.

Keywords: intrusion of Kuroshio water, East China Sea, outflow from the Taiwan Strait, tide 
parameterization, bottom Ekman layer flow
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Chapter 1. Introduction

　The East China Sea （ECS） is a marginal sea, 
surrounded 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. 1.1）. The cold, fresh 
shelf water is distributed on the continental shelf, 
and the warm, saline Kuroshio water occupies the 
area around the shelf water. 
　The most dominant current in ECS, the Kuroshio, 
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is one of the major western boundary currents in 
the world ocean, and is defined as a distinct current 
from just north of the place where the North 
Equatorial Current is separated into two branches 
offshore east of the Philippines to the east of Japan 
where the current veers away from land （Nitani, 
1972）. The Kuroshio, which runs northward along 
the east coast of the Luzon and Taiwan, enters the 
ECS at the northeast of Taiwan, turns eastward by 
the steep topography along the continental shelf 
break of ECS, and flows out through the Tokara 
Strait. In this procedure, which the Kuroshio flows 
into the ECS and runs along the continental shelf 
break, the characteristics of the ECS water are 
greatly affected by the exchange of heat, salt, and 
nutrients between the Kuroshio water and the shelf 
water. For several decades, a lot of researchers have 
paid attentions to these roles of the Kuroshio on the 
ECS, and discussed actively about several issues 
such as origin of the Taiwan Warm Current and the 
Tsushima Warm Current, upwelling and intrusion 
of the Kuroshio, eddy motion, and generation of 
internal wave. 
　As a method to study the interaction between 
the Kuroshio water and the shelf water, in-situ 
observations have been widely used for a long time. 
Recently, satellite observations provide consistent 
global coverage of the ocean. However, the former 
has limitations of temporal and spatial resolutions, 
and the latter is basically confined to the surface. 
For this reason, numerical methods have come into 
use in recent years as a powerful and effective 
method to understand the overall system of the 
ocean, and several studies using numerical models 
have improved our understanding of the exchange 
process in the ECS. 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 interaction 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 Volume Coastal Ocean 
Model）, which has finer resolution and resolves the 
complex bottom topography. They simulated 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. 
　In this study our major concern is shelfward 
net transport from the Kuroshio. Chen and Wang 

（1999） have already 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 primary 
production from the viewpoint of the ecosystem. 
　In order to investigate the shelfward intruded 
Kuroshio water, numerical model experiments are 
executed for various cases, and the intrusion process 
from the Kuroshio onto the continental shelf of the 
ECS is examined. This study reveals 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 experiments. 
In addition, the Kuroshio branch current east of 
Taiwan is considered, which was not included in the 
numerical experiment of Isobe and Beardsley （2006）. 
Furthermore, the tide effect is also examined. As a 
final step, mechanisms of the Kuroshio intrusion are 
discussed.
　General descriptions about several major issues 
on the ECS are given in Chapter 2 as a background. 
Chapter 3 contains overall explanations about 
numerical model. A simple box model is also 
examined in Chapter 3 for error test of volume 
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transport estimation using passive tracer. Chapter 
4 deals with the pattern of the Kuroshio intrusion 
by the numerical model experiment. The intrusion 
mechanisms of the Kuroshio onto the ECS shelf are 
described by means of the analysis of momentum 
balance and the case studies in Chapter 5. Finally, 
Chapter 6 summarizes the results of this study and 
concludes with further discussion for a future study.

Chapter 2. Background

2.1 Kuroshio Intrusion
　As the Kuroshio flows northward along the 
eastern coast of Taiwan, it faces the steep 
topography northeast of Taiwan. The main axis of 
the Kuroshio turns to east along the shelf break, 
but some of it crosses the isobath line mainly at 
the upper layer. The Kuroshio intrusion northeast 
of Taiwan has long been reported by a lot of 
researchers （e.g., Mao et al., 1964; Inoue et al., 1975; 
Fan et al., 1980; Chern and Wang, 1990; Chern 
et al., 1990; Lin et al., 1992; Liu et al., 1992a; Liu 
et al., 1992b; Hsueh et al., 1992; Tang and Yang, 
1993; Chuang and Liang, 1994）. Especially, Liu et 
al. （1992b） confirmed the topography-induced 
upwelling of the Kuroshio subsurface water, and 
showed it to be a year-round upwelling.
　Concerning the intrusion mechanism, using an 
idealized barotropic model, Chern and Wang （1990） 
explained that the thermal wind effect, associated 
with the strong upwelling along the shelf break, 
drives part of the nearshore Kuroshio subsurface 
water flows into the shelf area at north of Taiwan. 
In addition, analyzing the moored current meter 
data, they reported the existence of the Kuroshio 
intrusion below 60 m with strength about 10 ～
20 cm/s both in summer and winter season, and 
proposed the Kuroshio intrusion as a major source 
of the cool and saline water above the southern ECS 
shelf. 
　Qiu and Imasato （1990） showed a schematic 
view of surface flow pattern in the ECS derived 
from the long-term GEK observations （1953～1984） 
and confirmed the Kuroshio intrusion as a branch 
current northeast of Taiwan. They further argued 
that the planetary beta effect and the existence of 
Taiwan Island are two indispensable conditions for 

the formation of the Kuroshio branch current, and 
the branch current is reinforced by topographic 
Rossby waves induced by the repeated crossing of 
the Kuroshio over the continental slope, executing 
several case studies of a barotropic potential 
vorticity equation model. 
　Liu et al. （1992a） suggested that the winter 
northeast monsoon induces the increase of potential 
energy near the shelf break due to the rise of 
isopycnal, so that the northward Kuroshio intrusion 
is intensified by releasing potential energy. 
　Unlike the intrusion mechanism by the Kuroshio 
itself, Chern and Wang （1992） suggested that 
the variation of the Kuroshio intrusion is closely 
correlated with the outflow from the Taiwan Strait. 
Based on the wind data and the hydrography 
observations over the Taiwan Strait and northeast of 
Taiwan on July and August 1988, they argued that 
the outflow from the strait has a strong influence on 
the spreading of the upwelled water. 
　Meanwhile, Chuang and Liang （1994） suggested 
that cooling rather than direct wind forcing may be 
the major cause for triggering the observed winter 
intrusion event, analyzing the observation results 
that one month after the wind pattern changed 
from southerly to northeasterly at mid-September 
1992, the massive Kuroshio intrusion occurred at 
mid-October.
　However, the past researches of the Kuroshio 
intrusion northeast of Taiwan were mainly confined 
to the southern ECS close to Taiwan, so that more 
studies are necessary about the effects over the 
whole ECS, the spreading patterns of the intruded 
water, the seasonal variations of the intrusion, and 
so on. 
　
2.2 Taiwan Warm Current （TWC） 
　The TWC was named by Mao et al. （1964） 
because of its high temperature characteristics in 
winter compared with that of the southward coastal 
current. It flows to the north all the year round 
between the 50 m to 100 m isobaths, even during 
strong northerly winds in winter. （Su et al., 1990; 
Guan, 1994）
　Prior to the explanation about its origin, it needs 
to understand the current in the Taiwan Strait. 
Calculating the sea-level difference between Macao 
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and Takao （southwest of Taiwan）, Wrytki （1961） 
explained that the monsoon is the primary force 
causing current variation due to the shallowness 
of the shelf and rather strong consistent winds in 
this area （from Chuang, 1986）, southwestward in 
winter and northeastward in summer. However, 
direct current measurement in winter showed the 
existence of northward current against the northerly 
wind （Chung, 1985, 1986; Huang et al., 1994; Guan, 
1994; Liang et al., 2003）. Using long-term moored 
current meter, Chuang （1985, 1986） suggested that 
the permanent source exists at the southern end of 
the Taiwan Strait that drives the steady flow to the 
north regardless of season, and the northward mean 
flow is modulated by the seasonal wind field. Huang 
et al. （1994） explained that, in winter, the current is 
southwestward only in the western coastal region of 
the Taiwan Strait and in other regions the current 
is mainly northeastward, except under a strong 
northeasterly monsoon which makes the current at 
the upper layer turn southwestward temporarily. 
Recently, based on the shipboard Acoustic Doppler 
Current Profiler （sb-ADCP） measurements during 
1991 ～ 2000, Liang et al. （2003） concluded that the 
currents in the Taiwan Strait flows primarily in 
a northward direction, except for the southward 
current near the coast of Mainland China. 
　Returning to the origin of the TWC, Mao et al. 

（1964） argued that the TWC is a Kuroshio branch 
originated from the northeast of Taiwan where 
the shelf intrusion by Kuroshio takes place by 
hydrographic studies. Inoue （1975） supported this 
concept by the bottom drifter observation at the 
north of Taiwan. However, after the observation of 

“against the wind” northward current in winter, 
TWC was recognized as a current from the 
Taiwan Strait. Beardsley et al. （1985） showed a 
schematic view of the TWC which runs out of the 
Taiwan Strait and flows northeastward toward the 
Korea/Tsushima Strait （K/T Strait） inshore of the 
Kuroshio. Further, Fang et al. （1991） argued the 
Taiwan-Tsushima-Tsugaru Warm Current System 
driven by the sea level difference. 
　On the other hand, Su et al. （1994） argued that 
the large scale pressure field impressed on the ECS 
by Kuroshio and shelf-intrusion of the Kuroshio 
are two main driving forces for the TWC. They 

showed distinct winter and summer patterns of 
TWC: In winter, a part of intruded Kuroshio mainly 
forms TWC, however in summer, the water from 
the Taiwan Strait occupies the upper layer and 
the Kuroshio subsurface water spreads over the 
southern ECS along the bottom layer. Recently, Zhu 
et al. （2004） suggested that the TWC in winter is 
originated from the Taiwan Strait as an episodic 
feature. On the contrary, Chen and Sheu （2006） 
reported that most of the TWC in wintertime 
originates in the Kuroshio, which moves onto the 
ECS shelf northeast of Taiwan.
　After all, clear understanding about the variation 
of the current from the Taiwan Strait could be the 
key to elucidate the origin of TWC. When it comes 
to the throughflow transport in the Taiwan Strait, 
Wyrtki （1961） suggested it as ～ 1 Sv northward 
in summer and a little smaller than 1 Sv southward 
in winter, and Fang et al. （1991） estimated the 
transport as 1 Sv northward in winter and 3.1 Sv 
northward in summer. Hu et al. （2005） suggested 
1.74 Sv in winter and 3.32 Sv in summer. In recent 
years, several researches using shipboard ADCP 

（sb-ADCP） or bottom-mounted ADCP （bm-ADCP） 
have provided more reliable results. Wang et al. 

（2003） estimated the volume transport from the 
empirical formula using the sb-ADCP for 2.5 years 
and the along-strait wind data. They suggested 
0.9 Sv northward in winter and 2.7 Sv in summer. 
Teague et al. （2003） analyzed the currents observed 
by four bm-ADCPs in the Taiwan Strait from 
October to December in 1999, and concluded ～ 0.14 
Sv in this winter season. Lin et al. （2005） showed 
the detailed variation in winter season using the 
same data with Teague et al. （2003）. The transport 
varied from －5 to 2 Sv with a mean value of 0.12 ± 
0.33 Sv. Jan et al. （2006） calculated the throughflow 
transports in January and February 2001 as －0.15 
Sv and －0.03 Sv respectively by three bm-ADCPs, 
and in addition, May 1999, August 1999, March 
2000 and June 2000 as 2.02, 2.34, 1.61 and 1.87 Sv 
respectively by sb-ADCP.
　However, long term observations of throughflow 
transport in the Taiwan Strait were scarce due 
to rough sea conditions in winter monsoon and 
intensive fishing activities. So, the volume transport 
through the Taiwan Strait and the origin of the 
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TWC are still under debate.

2.3 Tsushima Warm Current （TSWC） 
　The Tsushima Warm Current flows northward 
west of Kyushu toward south of Korean Peninsula 
and enters the Korea/Tsushima Strait （K/T Strait）. 
It has been debated for a long time about the 
origin of the TSWC whether the TSWC is a branch 
current separated from the Kuroshio or not, since 
Uda （1934） showed a simple schematic view of the 
ECS currents. 
　Many researchers have suggested that the TSWC 
was separated from the Kuroshio west of Kyushu 
and flows to the K/T Strait. （Nitani, 1972; Huh, 1982; 
Lie and Cho, 1994; Hsueh et al., 1996; Lie et al., 1998） 
　On the other hand, Beardsley et al. （1985） showed 
a schematic view of the ECS circulation, which 
regarded the TSWC as an extension of the TWC. 
Fang et al. （1991） also explained that the TWC was 
continued to the TSWC. 
　In recent years, solving the vertically integrated 
vorticity equation diagnostically, Isobe （1999a） 
explained that the Taiwan-Tsushima Warm Current 
System exists in almost seasons, however the 
system breaks down in autumn due to the positive 
vorticity inducing the cross-isobath transport: 
the Ekman term east of Taiwan and the JEBAR 
term west of Kyushu. He estimated about 66 % of 
volume transport of the TSWC is originated from 
the Kuroshio in autumn crossing the shelf edge 
of the ECS. In a different manner using a JODC 
temperature dataset from 1961 to 1990, Isobe 

（1999b） showed the monthly map of the horizontal 
heat transport describing the existence of the 
Taiwan-Tsushima Warm Current System at least 
from April to August. 

2.4  Yellow Sea Warm Current （YSWC） and Cheju 
Warm Current （CWC）

　In relation with the TSWC, it has been known 
that a part of it, named the Yellow Sea Warm 
Current （YSWC）, flows into the Yellow Sea through 
west of Jejudo （Chejudo）, and transports warm 
and saline water to the Yellow Sea （Uda, 1934; 
Nitani, 1972; Beardsley et al., 1985）. However, 
analyzing hydrography data, satellite-tracked drifter 
trajectories and satellite infrared images, Lie et al. 

（2001） revealed that the YSWC is not a persistent 
mean flow but an intermittent northwestward 
current induced by strong northerly wind bursts. 
　Instead, Lie et al. （1998） defined the clockwise 
circulation around Jejudo （Chejudo） as the Cheju 
Warm Current （CWC）. Lie et al. （2000） further 
confirmed that the year-round existence of the 
CWC west of Jejudo （Chejudo） and in the Jeju 
Strait （Cheju Strait） with current speeds of 5 to 
40 cm/s. Chang et al. （2000） estimated the volume 
transport through the Jeju Strait （Cheju Strait） 
from the ADCP measurements to be 0.37 Sv in 
March to 0.66 Sv in August and revealed that it 
has a low-frequency fluctuation along the strait 
with a period near 37 days. Pang et al. （2003） 
also estimated the transport through to vary from 
0.3 Sv to 0.6 Sv. They suggested that barotropic 
component of the transport is 0.2 Sv corresponding 
to 5 cm/s and baroclinic component ranges from 0.1 
Sv in winter to 0.4 Sv in summer.
　The CWC joins to the TSWC after passing 
through the Jeju Strait （Cheju Strait）, and mainly 
flows into the western channel of K/T Strait. 

2.5 Changjiang Diluted Water （CDW）
　The Changjiang River is one of the largest rivers 
in the world with a mainstream length of 6,300 km 
and is the main source of fresh water input into the 
ECS. Its volume transport amounts to 0.03 Sv on 
average with maximum about 0.06 Sv in summer 
and 0.01 Sv in winter. Changjiang diluted water 

（CDW）, formed by the mixing of the Changjiang 
river runoff with the ECS water, contains various 
terrigenous materials and has significant effects on 
the marine ecosystem of the ECS. In recent years, 
active researches have been done with regard to 
the Changjiang river, because the ECS is now faced 
with various environmental problems caused by 
the increase of human activities and construction of 
the Three Gorges Dam （For example, harmful algal 
blooms）. 
　The CDW is generally confined to the Chinese 
coast in winter, when northerly wind is prevail. In 
summer, it flows northeastward toward Jeju （Cheju） 
Island in the form of patches of low-salinity water 
with thickness about 10 to 15 m （Lie et al., 2003）. 
Recent studies suggested that the movement of the 
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CDW depends largely on the wind system （Chang 
and Isobe, 2003, Chang and Isobe, 2005）. In addition, 
Matsuno et al. （2006） suggested that the vertical 
transport from the bottom layer is an important 
mechanism for the dispersion process of the CDW

2.6 Nutrients from the Kuroshio 
　It has been known for many years that the 
Kuroshio contributes nutrients to the ECS （Liu et 
al., 1992b; Ito et al., 1994; Chen et al., 1995; Gong et 
al., 1995; Chen et al., 1998; Chen et al., 1999; Liu et 
al., 2000; Chen, 2005）. Since the Kuroshio originates 
from the subtropical and tropical regions with low 
near-surface nutrient contents, if only near-surface 
Kuroshio water moved onto the shelf, the water 
would not contribute much to the high productivity 
of the ECS （Chen et al., 1999）. However, as already 
reported, the nutrient-rich Kuroshio subsurface 
water upwells onto the shelf, and roles the major 
source of nutrients on the ECS continental shelf 

（Liu et al., 1992; Chen et al., 1995; Chen and Wang, 
1998）. The nutrient-rich Kuroshio subsurface water 
is mainly from the North?Pacific Intermediate Water 

（NPIW） or from the nutrient-rich South China Sea 
Intermediate Water （SCSIW, Chen, 1996; Chen and 
Huang, 1996; Chen, 2005）. 
　The reason why the Kuroshio contains the 
nutrient-rich SCS water is related with the water 
exchange in the Luzon Strait. The Luzon strait is 
located between the Taiwan and the Luzon Island, 
and it connects the SCS with the open Pacific Ocean. 
When the Kuroshio flows northward along the 
eastern Philippine coast, it encounters the Luzon 
strait at the northern tip of the Luzon Island. And, 
it forms a loop current or a warm eddy entering the 
SCS, or passes the Strait without intrusion into the 
SCS, as reviewed by Hu et al. （2000）. Though the 
exact behavior of the Kuroshio at the Luzon strait 
and the northeast of SCS still remains not clear, the 
path of the Kuroshio at the Luzon Strait seems to 
be affected by the monsoon winds with maximum 
intrusion in winter （e.g., Shaw and Chao, 1994）. 
While, in the deeper layer from 350 m to 1350 m, 
as reported by Chen and Huang （1996）, Chen and 
Wang （1998）, and Chen （2005）, SCSIW flows out 
through the Luzon Strait and joins the Kuroshio. 
　Chen and Wang （1999） emphas ized  the  

importance of the Kuroshio intrusion, concluding 
that the upwelled sub-surface Kuroshio water 
supplied about 70 % of phosphorus （P） and about 
50 % of nitrogen （N） to the ECS shelf. Liu et al. 

（2000） also estimated the cross-shelf nutrient flux 
by the observation of the flow field and the chemical 
hydrography north of Taiwan in winter and in 
summer. They concluded that the volume transport 
of the subsurface Kuroshio intrusion is 0.59 Sv in 
winter and 0.83 Sv in summer, and reported that the 
nutrients input from the Kuroshio was more than 
double those from the Taiwan Strait in summer. 

2.7  Kuroshio Meandering or eddy motions on the 
ECS shelf break 

　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. James et al. （1999） summarized 
wavelengths, periods, and downstream phase speeds 
of propagating Kuroshio meanders reported in the 
previous researches. The meanders of the Kuroshio 
in the ECS typically have horizontal scales of 100
～ 375 km, periods of 7 ～ 23 days, and downstream 
phase speeds of 8 ～ 28 km/day （Sugimoto et al., 
1988; Qiu et al., 1990; Ichikawa and Beardsley, 1993; 
James et al., 1999）. The detailed three-dimensional 
structure of the Kuroshio frontal eddy along the 
shelf edge of the ECS was revealed by Yanagi et al. 

（1998）, who showed the nutrient 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.

2.8  Tide, internal tide, internal wave, and small 
scale motions

　Tides in the Yellow and the East China Seas 
（YECS） have been investigated by a number 
of researchers using two or three-dimensional 
numerical models assuming homogeneous density 

（An, 1977; Choi, 1980; Choi, 1990; Kang et al., 1991; 
Kang et al., 1998; Guo and Yanagi, 1998）. Recently, 
Lee and Beardsley （1999） investigated the residual 
circulation using three-dimensional coastal ocean 
model, and founded stratified tidal rectification 
intensifies the residual currents at the front and 
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at the top of the bottom boundary layer over the 
sloping bottom. Kang et al. （2002） also considered 
the effect of stratification using two-layer tidal 
model, and revealed that seasonal stratification has 
noticeable effects on the tides in terms of varying 
current shear, frictional dissipation, and barotropic 
energy flux. 
　The tidal flow in a stratified ocean can produce 
nonlinear internal waves by the interaction with 
topography, and the internal waves play an 
important role in the transfer of energy from tides 
to ocean mixing. The semi-diurnal tide is strong in 
the East China Sea and tidal currents of cross-shelf 
direction is dominant （Larsen et al., 1985）, so that 
the semi-diurnal internal tides can take place in 
conjunction with inclined topography. Using linear 
generation model for internal tides, Baines （1982） 
indicated that the East China Sea is the area with 
the largest internal tidal energy production. Actually, 
internal tides have been observed on the continental 
shelf break of the East China Sea. Kuroda and 
Mitsudera （1995） showed some evidences of 
internal tides, using an USV （Underwater Sliding 
Vehicle） and ADCP, and suggested the generation 
mechanism of internal tides. 
　From several researches, it was reported that 
there are not only internal-tides but also internal 
waves of higher frequency. Matsuno et al. （1997） 
suggested that high frequency internal waves would 
be generated around the lower part of the lower 
thermocline near the shelf break. Han et al. （2001） 
showed that vertical mixing generated by high 
frequency internal waves produces ageostrophic 
density current around the lower thermocline, which 
can intrude the Kuroshio water into the shelf-water 
or the shelf-water into the Kuroshio water. Recently, 
Matsuno et al. （2005） found large values of the 
turbulent energy dissipation rate just above the 
bottom of the shelf and around the thermocline 
near the shelf break, and suggested the possible 
propagation of the vertically high wave number 
internal tides along the characteristic ray. Episodes 
of high frequency internal waves were also observed 
in the northern ECS by Lee et al. （2006）, and the 
internal waves lasted approximately 3 hours and 
influenced the whole water column. Meanwhile, by 
using the SAR images, Liu et al. （1998） analyzed the 

rank-ordered packets of internal solitons propagating 
shoreward from the edge of the continental shelf 
northeast of Taiwan and simulated them by 
numerical model. Hsu et al. （2000） further suggested 
that the generation mechanisms of complicated 
internal waves northeast of Taiwan are associated 
with the tide and the upwelling, which is induced by 
the intrusion of the Kuroshio across the continental 
shelf. They also showed the merging of two wave 
packets due to nonlinear wave-wave interaction, 
which were generated from the islands near the 
southwest tip of Korea Peninsula by the collision of 
the Korea coastal current and the semi-diurnal tides 
in summer.

Chapter 3. Model description

　The RIAMOM （RIAM Ocean Model）, which was 
developed in the Research Institute for Applied 
Mechanics 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. As a previous study using RIAMOM, 
You and Yoon （2004） simulated the circulation of 
the Pacific Ocean including the ECS, and supported 
the existence of the Ryukyu current which is a 
northeastward current along the Pacific side of the 
Ryukyu Islands with a subsurface core at 500～600 
m. Recent studies using RIAMOM have shown good 
performance of ocean simulation （e.g., Lee et al., 
2003; Hirose et al., 2005）. 
　In this chapter, detailed explanations about the 
equation sets and the numerical model are given. 

3.1 Fundamental equations and approximations
　With several assumptions and approximations, 
the model solves the Navier-Stokes equation for 
an incompressible Newtonian fluid, together with 
supplemental equations: the mass conservation 
equat ion ,  advect ion-di f fus ion equat ions for 
temperature and salinity. The governing equations 
for flow and tracer in Cartesian coordinates are 
expressed in vector form as follows.
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　　　　　　Momentum equation （3.1）
　Mass conservation equation （3.2）

　　　　　　Advection-Diffusion equation （3.3）

　where t is time, u=（u,v,w） velocity, p pressure, 
ρ density of fluid, Ω angular velocity of the Earth 

（or rotating frame）, g acceleration due to gravity 
of magnitude g, ν the kinematic viscosity,  the 
diffusivity, θ potential temperature, and S salinity.
　As mentioned above, the equations already 
assumed the incompressibility of fluid, and the 
property of Newtonian fluid that the viscous stress 
is proportional to the velocity shear. In addition, 
several standard approximations are used to simplify 
the governing equations.
　
1. Boussinesq approximation which means density 

differences are sufficiently small to be neglected, 
except in the terms where it is multiplied by g, 
i.e., a buoyancy term. So, density is regarded as 
a constant except in terms multiplied by g of the 
vertical momentum equation. Thus, the pressure 
gradient terms in the horizontal momentum 
equation are expressed by the perturbation 
pressure. This approximation also includes the 
incompressibility of the fluid.

2. Hydrostatic approximation by the scale analysis 
representing the motion of horizontal scale is 
large enough compared with the vertical scale. 
It assumes the vertical pressure gradient to be 
balanced by the forcing due to buoyancy excess, 
so that all the vertical acceleration terms except 
a buoyancy term and a pressure gradient term is 
omitted in the vertical momentum equation. 

3. Similar to the molecular viscosity, eddy viscosity 
is also regarded to be proportional to the product 
of turbulent speed and path length. Since 
horizontal velocity tends to be much larger than 
vertical velocity, horizontal eddy viscosity and 
vertical eddy viscosity are separated into Ah and 
Az . Besides, Ah has the same value in the x and 
y momentum equations. This also applies to eddy 
diffusivity.

4. Salt and heat diffusivities are taken as equal, 
considering diffusion is mainly accomplished by 

turbulence much larger than molecular diffusion.
5. Atmospheric pressure is not considered.
　
3.2 Coordinates transformation
　The fluid motion is considered as the motion on 
the spherical polar coordinates （λ,φ, r）, where 
λ is longitude, φ latitude, and r radial distance. 
Arbitrary point （x, y, z） is expressed as （r cosλcos
φ, r sinλcosφ, r sinφ） using λ,φ, r in Cartesian 
coordinates. Now, the scale factor （hλ, hφ, hr） is 
applied to change the dimension between Cartesian 
and Spherical coordinates when transforming. In 
addition, another assumption and approximation is 
applied.
　
1. The earth is a perfect sphere with radius R （6370 

km）
2. Thin shell approximation since the depth of 

the ocean on the earth is much smaller than 
the Earth’s radius. So, R+z of the curvature 
term when transforming the coordinates is 
approximated as R 

3. The coordinate z is defined by z=r-r0, which 
means the distance measured upward from the 
sea-level geopotential surface （r0）.

4. Some terms involving w in the horizontal 
momentum equations are neglected except 
vertical advection term, on the basis of scale 
analysis.

　
　With these assumptions, the equation sets are 
expressed in spherical coordinates form, as follows.
　
　The horizontal momentum equations are

（3.4）

（3.5）

（3.6）
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（3.7）

　The advection （） and Laplacian （） operators are 
defined by,

（3.8）

 （3.9）　

　The vertical momentum equation is simplified into 
the hydrostatic equation

 （3.10）

　The advection-diffusion equations for potential 
temperature and salinity are

（3.11）

（3.12）

　Density is calculated by an adaptation of the 
UNESCO equation of state revised by Mellor （1991）.

　  （3.13）

　Finally, the mass conservation equation is

 （3.14）

　The mass conservation equation is used to 
diagnose vertical velocity.

3.3  Mode-spl i t t ing technique and vert ical ly 
integrated equations

　Since the model considers the variation of 
surface elevation without rigid-lid approximation, 
the external gravity wave, which is the fastest 
wave with c= gH , is generated at the surface. 
In order to avoid the numerical instabilities, 

Courant-Friedrichs-Levy （CFL） condition must be 
satisfied, and it requires a very short time step and 
thus large computing time. However, it is generally 
unnecessary to obtain results with such a high 
temporal resolution. So, a mode-splitting technique, 
which separates the external mode for the 
calculation of external gravity wave from the basic 
equation sets, is adopted to save the computing time. 
The external mode equations are obtained from 
the vertical integration of the momentum equations 
and the mass conservation equation. The vertically 
integrated continuity equation is changed to the 
free-surface equation with conditions of z=η at 
the free surface and w=0 at bottom. The vertically 
integrated equations in spherical coordinates are 
given by,

　 （3.15）

（3.16）

（3.17）

（3.18）

（3.19）

3.4 Numerical schemes
　 In this model, the “slant advection” effect 
is considered in order to represent the vertical 
advection effect of the horizontal momentum at 
the bottom topography as correctly as possible 

（Ishizaki and Motoi, 1999）. As an advection scheme 
for tracers, the “modified split QUICK （MSQUICK） 
scheme （Webb et al., 1998）” was adopted. In 
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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 vertical coefficients of eddy 
viscosity and diffusivity were calculated by solving 
the turbulent kinetic energy equation （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）: 

  （3.20） 

 （3.21）

　where σ and p are coefficients, assigned the 
value 3.33 and 1.5 respectively, Ko is the maximum 
diffusivity, 1.0×10-3m2s-1, and 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）: 

 （3.22）

　where N is the Brunt-Väisälä frequency, H is the 
water depth, and A=Cd   

1 ─2Vt /k. Cd is the bottom 
drag coefficient, 0.0025, k is the von Kármán 
constant, 0.41, and 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: 

 （3.23）

　where Ao is the maximum viscosity and it is 
assumed that Ao=Ko , following James （1978）.
　The Richardson number is given by the same 
equation as （3.21）. 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 
linear bottom friction given by Hunter’s formula 

（1975） in the ECS. In order to consider the enhanced 
bottom friction due to the tidal stress, a linear-type 
bottom friction formulated by Hunter （1975） was 
adopted instead of a quadratic bottom friction: 

 （3.24）
 （3.25） 

　where τb λ and τb φ are the zonal and meridional 
components of the bottom frictional stress , 
respectively. ρo is the sea water density, Cd is the 
bottom drag coefficient （0.0025）,  is the coefficient 
of the linear bottom friction, and ub ,νb , are the 
model velocity at the bottom in the zonal and 
meridional directions, respectively. 
　The linear bottom friction coefficient, , was given 
by time averaging the quadratic bottom friction 
term in the presence of strong tidal currents. In this 
study we applied a linear bottom friction coefficient 
used by Lee et al. （2000）. 

 （3.26）

　where  and  represent the depth-averaged 
M2 tidal velocity in the zonal and meridional 
directions, respectively. 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）. 

3.5  Model test run （Error test for calculation of 
volume transport using box model）

　Finite difference schemes have fundamental 
errors such as truncation error. Though MSQ 
scheme for tracer advection effectively suppresses 
the spurious tracer extrema than centered 
scheme, it still has some problems of computational 
dispersion and numerical diffusion. So, before the 



Fig. 3.1 （a） Box model has 10 vertical grids with 10 m vertical spacing, and 50×50 
horizontal grids with horizontal grid spacing of 18.53 km （a）. Tracer release positions 
are set in the inflow boundary along the y-direction （b） and in the middle line of 
the y-direction along the x-direction. （c）. Thick black lines are release positions with 
concentration of 100, and thick gray line fixes to 0. （pp.21）
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tracer experiment in the ECS model, a simple box 
model using RIAMOM is tested in this section for 
error estimation of volume transport calculation 
using the passive tracer （Fig. 3.1a）. The box 
model has 10 vertical grids （z-direction） with 10 m 
vertical spacing in Cartesian coordinates, and 50 ×
50 horizontal grids （x, y-direction） with horizontal 
grid spacing of 18.53 km, corresponding to the 
distance of 1/6° in the meridional direction on the 
earth’s surface. In order to exclude the variation of 
the current induced by the earth’s curvature and 
angular velocity, x-direction velocity is fixed to a 
constant positive value in the whole model domain, 
and y, z-direction velocities are set to 0 throughout 
all the simulation time. The constant velocity in the 
x-direction is calculated from the volume transport 
through inflow boundary and the vertical area. Six 
velocity cases in the x-direction are tested: 5.74, 

11.48, 17.22, 22.96, 28.70, 34.44 cm/s correspond to 5, 
10, 15, 20, 25, 30 Sv, respectively.
　Tracer release positions are set in the inflow 
boundary along the y-direction （Fig. 3.1b） and 
in the middle line of the y-direction along the 
x-direction （Fig. 3.1c）. The former estimates the 
error along the current direction and the latter in 
the lateral direction. In conjunction with these two 
different release positions, another two cases, with 
or without diffusion, are executed for the respective 
former cases of different release position. For the 
With-Diffusion cases, the horizontal and vertical 
eddy diffusivities are fixed to 442.358 cm2/s and 
456.706 cm2/s, which were annually averaged in 
the shallow area west of 123°E from the results of 
preliminary experiment in Chapter. 4. After all, with 
the combination of current velocity, release position, 
and diffusion effect, total 24 cases are calculated, and 



Table 3.1 Calculated volume transports using tracer for each case with fixed volume 
transports. A case and B case denote that the release positions are parallel to y-direction 

（Fig. 3.1b） and x-direction （Fig. 3.1c）. （pp.22）
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the results are summarized in Table 3.1. Though 
the volume transports estimated from the tracer 
experiment were slightly overestimated about 2 
% of the real transport in both with and without 
diffusion, the error was not so large. In addition, the 
false advection of tracer across the current was not 
occurred. The table shows that the inclusion of the 
diffusion for the estimation of the volume transport 
is trivial, but the volume transports are calculated 
just from the advection term of advection-diffusion 
equation in the study （Without-Diffusion）.

3.6 Model domain and boundary conditions
　The model region （Fig. 3.2） covers the entire 
Yellow and East China Seas. The horizontal 
resolution is 1/6° and the number of vertical 
levels is 41 with a minimum depth of 10 m and 
a maximum depth of 2000 m （Table 3.2）. We 
increased the vertical resolution near the sea 
surface. From the surface to a depth of 300 
m, there are 23 vertical 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. 3.2. The Taiwan 
Strait, the east of Taiwan, the Tokara Strait, and 
the K/T 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 interpolated 
as a sinusoidal curve. The seasonally varying 
transport east of Taiwan has a maximum of 24 Sv 
in summer with a weaker secondary maximum in 
winter, and a minimum of 20 Sv in fall （Lee et al., 
2001）. They estimated 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 outflow transport of 
the K/T Strait varies monthly and is estimated from 
sea level differences, a 37-year dataset from 1965 to 
2001, between Hakata and Busan （Takikawa and 



Fig. 3.2 Model domain and boundaries. （pp.22）
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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. Fig. 3.3 shows the 
monthly variations of the volume transport through 
the Taiwan Strait, the east of Taiwan, and the K/T 
Strait. The density, derived from the temperature 
and salinity at each inflow boundary, 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 



Table 3.2 Layer thickness and depth 
used in the model. Δz is layer thickness 
and z is depth. （pp.22）

Fig. 3.3 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 Korea/Tsushima Strait （TKS: dashed line）. （pp.23）
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to the difference between the climatological 
sea surface temperature and the model surface 
temperature,

（3.28）

　where  is the climatological flux,  is 
the climatological sea surface temperature, and  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 



Table 3.3 Names of experiments and cases. （pp.24）
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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 linearly interpolated 
to the model time step. After a spin up time of six 
years, passive tracers were released. A detailed 
explanation of passive tracer experiments is given in 
Section 4.4.1. Names of experiments and cases are 
summarized in Table 3.3 

Chapter 4. Intrusion pattern of Kuroshio water

4.1 Introduction
　The intrusion pattern of Kuroshio water is 
investigated by the passive tracer experiments in 
this chapter. Section 4.2 confirms a validation of the 
model, and describes the general features of the 
ECS. In the Preliminary Experiment, section 4.3, the 
tracer distribution released from the Taiwan Strait 
is discussed （Case. A） and that from the east of 
Taiwan （Case. B）. Section 4.4 describes the results 
of a control case. The control case, labeled Case. 1 

（Experiment 1）, sets tracer release positions along 
the local sections of the 200 m isobath line and 
adopts the boundary conditions described in the 
previous Chapter.
　This chapter emphasizes the importance of the 
Kuroshio intrusion east of Taiwan showing winter 
and summer intrusion patterns. When it comes to 
the seasonal variation, Hur et al. （1999） pointed out 

that the oceanographic season in the ECS lags the 
meteorological season slightly. They defined four 
seasons based on the monthly T-S diagram: spring 
from April to June, summer from July to September, 
autumn from October to December, and winter 
from January to March. In this study, the seasonal 
variation is discussed on the basis of this criterion, 
and the modeled winter and summer cases are 
represented by the results of February and August, 
respectively. 

4.2  General features of the current field and 
comparison with the vertical section in the 
PN-line

　Fig. 4.1 shows that the time variations of 
spatially-averaged （0 ～ 200 m） kinetic energy, 
temperature, and salinity during a six-year spin 
up of a control case. It represents that the model 
reached a statistical equilibrium after a spin up of 
about six years. The monthly averaged current 
distribution of the control case after a spin up is 
shown in Fig. 4.2. In order to verify the validation 
of current field, the model results are compared to 
previous studies. 
　Researchers have suggested a schematic view 
of the current system based on observations using 
ADCPs, current 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 
shown by Katoh et al. （1996a, 1996b, 2000） using 
four round-trip ADCP surveys. Katoh et al. （1996a, 



Fig. 4.1 Time variations of spatially-averaged （0～200 m） kinetic energy （a）, temperature 
（b）, and salinity （c） during a six-year spin up. （pp.25）
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Fig. 4.2 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. （pp.25）
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Fig. 4.3 Current field estimated from surface drifter trajectories deployed at 15～
50 m depth （after Lie et al., 1998） and annual-mean surface current field （15～50 
m） obtained by the model results of the seventh year. （pp.26）
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Fig. 4.4 Modeled sea surface elevation fields: （a） winter, （b） spring, （c） summer, and （d） autumn. Patterns of 
seasonal variation inside the box agree well with those by Yanagi et al. （1997）. （pp.26）
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Fig. 4.5 Seasonal variation of sea surface dynamic topography estimated 
from altimetric data. （after Yanagi et al., 1997） （pp.26）

Joon-Soo Lee32

1996b） presented detailed current structures west 
of Kyushu and the eastern continental shelf margin 
of the ECS, respectively. Moreover, Katoh et al. 

（2000） showed current distributions 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 by composite 
trajectories of 172 drogued drifters （Fig. 4.3a）.
　Fig. 4.3b shows an annual mean of surface current 
field averaged in the same depth （15～50 m） with 
Fig. 4.3a calculated by Lie et al. （1998）. 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 surface elevation after a spin 
up （Fig. 4.4） also represents a good agreement 
with the estimated distribution from altimetric data 

（Fig. 4.5） by Yanagi et al. （1997）, especially on the 
western ECS shown by rectangular boxes where 
might be affected by the Kuroshio.
　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. 4.6 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）, Fig. 4.7, seasonally averaged during 
1988 to 1994, especially in summer, by displaying the 



Fig. 4.6 Cross-sections of temperature ［℃］, salinity, and along-shelf velocity ［cm/s］ along 
the PN-line for the modeled control case in winter and in summer: （a） temperature profile in 
winter, （b） temperature profile in summer, （c） salinity 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. （pp.26）
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same extent of intrusion range and thickness. The 
profiles of the along-shelf velocity component also 
show well the structure of the Kuroshio in the ECS. 
Although the maximum velocity is smaller than the 
observation, the velocity field around the Kuroshio 
and near the shelf-break matches well with those of 
Oka and Kawabe （1998）.
　Through comparison of the model results with the 
surface current distributions, the surface elevation, 

and the PN-line observations by previous studies, 
it is confirmed that the model simulates well the 
circulation in the ECS and the vertical density field 
around the shelf break. Based on the validation of 
model, the results of the tracer experiments will be 
described.

4.3  Preliminary Experiment （Case. A, B ─ released 
from the Taiwan Strait and the east of Taiwan）

　In order to investigate the behavior of the outflow 



Fig. 4.7 Distributions of geostrophic velocity （Vg） （cm/s）, potential temperature （θ） （℃）, salinity 
（S） and potential density （σθ） at the PN line in winter （a）, summer （b）, averaged during 1988～
94 （after Oka and Kawabe, 1998）. （pp.26）
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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 initial concentration was entirely zero. 
The tracer concentration was governed by the same 
advection-diffusion equation that determined the 
temperature and salinity. No surface or bottom 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）. Results of the sixth year after 
the release of the tracer were analyzed and it is 
presented as the preliminary study, as a similar 
experiment was already carried out by Guo et al. 

（2006）.
　Fig. 4.8 shows the vertical profile of the tracer 
concentration which is horizontally averaged at 



Fig. 4.8 Vertical profile of the averaged tracer 
concentration in the Preliminary Experiment. The 
tracer is horizontally averaged at the area where 
the water depth ranges from 100 m to 200 m along 
the shelf break at the west of 127°E. （pp.27）
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the surface of the ECS widely. Unlike the surface, 
concentration of the tracer is reduced remarkably at 
the deeper layer （85 m）. Because the model inflow 
boundaries are not only the Taiwan Strait but also 
east of Taiwan, the deeper layer, where showed a 
low concentration of the tracer from the Taiwan 
Strait, was filled with the tracer from east of Taiwan 

（Fig. 4.10）. 
　This experiment cannot give us clear information 
regarding 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, Experiment 1 was carried out. 

4.4  Tracer Experiment 1 （Case.1 ─ released from a 
200 m-line: Control case） 

4.4.1 Description of passive tracer experiments
　In order to investigate the behavior of the 
Kuroshio water intruded onto the ECS shelf, the 
release position was set 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 divided 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 certain local 
section, the concentration of tracers along the other 
local section and from 128.5°E to Kyushu Island 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 days 
were selected for the time that the tracers did not 
arrive at the K/T Strait. In this way, four seasonal 
cases were simulated. After a spin up time of six 
years, four sets of models 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 

the area where the water depth ranges from 100 
m to 200 m along the shelf break. The area was 
selected since it was expected to be a boundary 
between the outflow from the Taiwan Strait and 
the Kuroshio. The tracer from the Taiwan Strait 
is mainly distributed in the upper part of the shelf. 
The average tracer concentration falls to about 
10 percent in the summer at the depth of 80 m. 
Taking into account the fact that the depth of the 
Taiwan Strait is less than 60 m, the summer season 
with strong stratification by surface heating and 
relatively weak wind stress allows the water from 
the Taiwan Strait to be confined to just the upper 
layer. For simplicity, the vertical section along the 
200 m isobath line was divided into an upper layer 

（0～80 m） and a lower layer （80～200 m）. Based on 
this vertical partition, the Kuroshio intrusion pattern 
is investigated.
　The horizontal distributions of the tracers at 
depths of 2.5 m and 85 m are shown in Fig. 4.9. 
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 



Fig. 4.9 Winter distributions of the tracers in the Preliminary Experiment: surface distributions （2.5 m） of the 
tracers released from the Taiwan Strait （a） and the east of Taiwan （b）. subsurface distributions （85 m） of the 
tracers released from the Taiwan Strait （c） and the east of Taiwan （d）. （pp.28）
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Fig. 4.10 Summer distributions of the tracers in the Preliminary Experiment: surface distributions （2.5 m） of the 
tracers released from the Taiwan Strait （a） and the east of Taiwan （b）. subsurface distributions （85 m） of the 
tracers released from the Taiwan Strait （c） and the east of Taiwan （d）. （pp.28）
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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 
intruded water, a vertically integrated mass was 
used. 
　The vertically integrated mass is expressed as 
follows.

 （4.1）

　where C is the concentration of the tracer from 
0 to 100, and V is 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 
demonstrated by Isobe and Beardsley （2006）. 

 （4.2）

　Calculating the volume transport using the tracer, 
the diffusions can lead to the wrong estimation 
of volume transport, especially regarding the 
tracer released from the local sections. So, for the 
calculation of the volume transport, the motion of 
tracer was set to be affected only by the advection, 
unlike Isobe and Beardsley （2006）. Detailed behavior 
of the tracer is also shown using the same tracer 
governed only by the advection in the Tracer 
experiment 1 and 2. Meanwhile, in the Preliminary 
experiment and Tracer experiment 3, the tracer is 
considered to be governed by the advection-diffusion 
equation like temperature and salinity.

4.4.2  Behavior of the tracer intruded onto the ECS 
shelf

　Fig. 4.11 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. The unit of the 
vertically integrated tracer, ［km3］, is omitted. 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, the detailed spatial distribution of the intruded 

tracer through each local section below 80 m was 
investigated （Fig. 4.12）. Each contour that is 
depicted by the different types of line represents 
the value of 300, the same with the outer thick solid 
line of Fig. 4.11. Fig. 4.12 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; Tang et al., 2000） and west of 
Kyushu （e.g., Lie and Cho, 1994; Lie et al., 1998; 
Hsueh et al., 1996）. 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 
difference between winter and summer is seen in 
the distribution 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 northward 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 variability of the 
intruded tracer with time. An additional experiment 
was executed 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 
faster than in Fig. 4.11 and Fig. 4.12: the first day 
of January for the winter case and that of July for 
summer.
　Fig. 4.13 shows the spatial distributions of the 
intruded tracer through the upper 80 m and below 
80 m in winter and summer. The snapshot results 
of the tracer distribution were taken with a time 
interval of ten days. In winter, the pattern of the 
tracer extension is quite similar in both cases （Fig. 
4.13a and Fig. 4.13b）. The tracer intruded northeast 
of Taiwan （122 ～ 123°E） and flows northeastward 
along the shelf edge. In summer, its distribution is 
quite different （Fig. 4.13c and Fig. 4.13d）. First, the 
intruded tracer in the upper layer does not flow to 
the Korea/Tsushima （KT） Strait （Fig. 4.13c）. 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. 4.13d）. 
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 the 
concentration of the tracer is relatively low because 



Fig. 4.11 Horizontal distributions of intruded tracer through the upper 80 m and through the 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. （pp.30）

Fig. 4.12 Detailed spatial distribution of the intruded tracer through each local section after 30 days from the 
release at the 200 m isobath line below 80 m: （a） in winter and （b） in summer. The 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 those of the line representing the release positions along 200 m isobath line. （pp.30）
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Fig. 4.13 Spatial variability of the intruded tracer through 122°E ～123°E with a time interval of 10 days. The 
color of line is darkened 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. （pp.31）
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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 central part of the ECS. To examine other 
intrusions through different locations of the 200 m 
isobath line, the tracers intruded through the lower 
layer of 123～124°E and 124～125°E in the summer 
were described. As shown in Fig. 4.14, 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 124～127°E did not 
extend far, and remained mainly near the intrusion 

area of the shelf break. The Kuroshio water through 
the lower layer of 127～128.5°E flowed into the K/T 
Strait. As a result, the intruded Kuroshio waters 
across the 200 m isobath line east of 123°E is not 
shown here, they also did not extend into the central 
part of ECS.
　The seasonal distribution of the tracer （Fig. 4.11） 
and its extension （Fig. 4.13） show similar patterns 
to the schematic view of water mass distribution 
classified by Su et al. （1994） using the hydrographic 
data （Fig. 4.15）. Especially, the summer intrusion 
through the lower layer below 80 m northeast of 
Taiwan （Fig. 4.13d） supports the distribution of the 



Fig. 4.14 Spatial variability of the intruded tracer （a） through 123°E ～124°E, （b） 124°E ～125°E, （c） 125°E ～
126 °E, （d） 126°E ～127°E, and （e） 127°E ～128.5°E at the 200 m isobath line with a time interval of 10 days. The 
color of the line is darkened with time. （pp.32）
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Fig. 4.15 Water mass distributions at the 30 m depth over the ECS shelf for （a） spring of 1988, （b） summer 
of 1984, and （c） autumn of 1988; Water mass distributions near the bottom of the ECS shelf for （d） winter of 
1984/1985, （e） spring of 1988, and （f） summer of 1984. A, Coastal water; B, Winter shelf water; C, Kuroshio 
subsurface water; D, Kuroshio surface water; E, Taiwan Strait water. （after Su et al. 1994） （pp.32）
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Kuroshio subsurface water （C in Fig. 4.15f）. The 
observation results reported in Katoh et al. （2000） 
also lead to the existence of a northward current 
northeast of Taiwan in summer. As shown in Fig. 
4.16, the high salinity water （> 34.6 psu） detected 
by CTD observation can be evidence that the 
intruded Kuroshio water is distributed below 70 m 
even at the 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 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 Fig. 
4.16b. If there is a northward current 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 depicted by Fig. 4.13d. This suggests 
that the intruded Kuroshio water can have an 

influence on the central ECS sufficiently through the 
lower layer in summer.

4.4.3 Volume transport of the Kuroshio intrusion
　In order to specify the Kuroshio intrusion, the 
quantitative value of the Kuroshio intrusion through 
the local sections was calculated. Table 4.1 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 is shown that the 
intrusion into the central part of ECS mainly 
occurs through the lower layer of 122 ～ 123°E in 
summer. The question arises “How much of the 



Fig. 4.16 （a） CTD and shipboard ADCP observation lines executed on July 19～30, 1995 （b） vertical distributions 
of temperature and salinity along transects A, B, and K, together with the diurnally averaged flows from ADCP. 

（after Katoh et al., 2000） （pp.32）
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Table 4.1 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” denotes the ratio of the volume transport through 80～200 m to that 
through 0～200 m. （pp.33）

Fig. 4.17 In order to evaluate the volume transport in the central part of ECS, the 
central part of ECS is defined as the “shelf area”. （pp.33）
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Kuroshio originated water flows into the central 
part of ECS?”. To evaluate the volume transport 
in the central part of ECS, the central part of ECS 
is defined as the “shelf area” （Fig. 4.17）. 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 previous 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 intruded Kuroshio water into 
the shelf area is calculated by the tracer intruding 
into the shelf area for one month, with the same 
method used in the previous section. In this way, 
the volume transport of the intrusion into the shelf 
area is calculated for four seasons: 0 Sv for winter, 
0.2 Sv for spring, 0.19 Sv for summer, and 0.08 Sv 
for autumn. This result indicates that 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 
approximately three times the volume transport 
in summer from the Changjiang River, 0.06 Sv, 
signifying the intruded Kuroshio water 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.

4.5 Summary
　In this Chapter, the intrusion of the Kuroshio onto 
the ECS shelf was investigated using 3-D numerical 
model. The model successfully simulated the main 
current patterns in the ECS: the Kuroshio, the 
current from the Taiwan Strait, the Tsushima Warm 
Current. Comparison with the vertical section in the 
PN line also showed the validation of the model. 
　After a spin up time of six years, passive 
tracer experiments were executed using passive 
tracers which were governed by the same 
advection-equation that determined the temperature 
and salinity （Preliminary experiment）, or governed 
only by the advection （Tracer experiment 1）. 
Preliminary experiment, which released tracers 
at the inflow boundaries, showed that the tracer 
from the Taiwan Strait and the east of Taiwan 
were approximately divided into two layers near 

the depth of 80 m in summer, and water mass 
originated from the Kuroshio widely distributed at 
the lower layer. In order to investigate the main 
intrusion region from the Kuroshio, and its seasonal 
behavior, Experiment 1 was carried out, releasing 
the respective tracers into two vertical and five 
horizontal sections along the 200 m isobath line. 
The passive tracer experiment revealed that the 
main intrusion from the Kuroshio takes place east 
of Taiwan and west of Kyushu, as reported by 
previous studies. Because the intruded Kuroshio 
water at the west of Kyushu flows northward and 
most of it enters the K/T Strait, it can be concluded 
that the east of Taiwan （122 ～ 123°E） is the main 
entrance of the Kuroshio intrusion onto the ECS 
shelf.
　The Kuroshio intrusion east of Taiwan shows 
large seasonal variation. In winter, the tracer 
released at both layers （0～80 m and 80～200 m） 
just intrudes up to south of 28°N at the north of 
Taiwan, while the tracer released at the lower layer 
intrudes farther northward and flows into the small 
valley on the western ECS 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.

Chapter 5. Mechanism of the Kuroshio intrusion

5.1 Introduction
　The Kuroshio, which flows northward along the 
eastern coast of Taiwan, collides a steep topography 
east of Taiwan, and changes its direction as a result 
of geostrophic adjustment. In this procedure, some 
of it intrudes into the ECS and gives a considerable 
effect on the ECS shelf area such as supply of 
nutrients much greater than the river input, as 
estimated by Chen and Wang （1999）. Northeast of 
Taiwan, the Kuroshio Edge Exchange Processes 

（KEEP） project of Taiwan （1989 ～ 2000） has 
contributed to understanding the Kuroshio intrusion 
and the current pattern, and some papers related to 
the project are already reviewed in Chapter 2.
　As for the intrusion of the Kuroshio east of 
Taiwan, some mechanisms are suggested in the 
previous studies: planetary beta effect and the 



Fig. 5.1 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. （pp.37）
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existence of Taiwan Island （Qiu and Imasato, 1990）, 
wind effect （Chao, 1990）, topography and thermal 
wind effect of the shelf break upwelling （Chern 
and Wang, 1990）, incidence angle and the depth of 
shelf-break （Hsueh et al., 1992）, increase of potential 
energy by upwelling （Liu et al., 1992）, cooling effect 

（Chuang and Liang, 1994）, geostrophic adjustment 
of the Kuroshio due to the loss of the steep wall of 
the Taiwan coast （Su et al. 1994）.
　Since Sarkisyan and Ivanov （1971） introduced 
the concept of “Joint Effect of Baroclinicity and 
Relief （JEBAR） term” which is derived from the 
vertical integration of vorticity equation, it had 
been regarded as a strong tool for the theoretical 
and diagnostic interpretation of ocean circulation. 
Introducing this diagnositic tool, in recent years, 
Isobe （1999a） and Guo et al. （2006） explained the 
main mechanism of the Kuroshio intrusion northeast 
of Taiwan by JEBAR term and Ekman term in the 
vorticity equation of the vertically averaged flow. 
They considered the JEBAR term as a forcing term 
to generate the velocity fields. Meanwhile, Mertz 
and Wright （1992） and Pohlmann （1999） explained 
the JEBAR term as a correction term rather than a 
forcing term. Chen （2004） reported that maximum 
and minimum of the JEBAR distribution on the 
ECS shelf correlates well with shelf break or strait 

where strong currents exist, and emphasized 
that the JEBAR plays an important role in the 
depth-averaged vorticity balance along shelf break 
and strait where the JEBAR is much larger by two 
orders of magnitude than other vorticity terms, 
while it plays a minor role in shallow shelf waters.
　In this chapter, in a different manner, the 
mechanisms of the Kuroshio intrusion is investigated 
by several model case studies and momentum 
balance analysis.
　
5.2 Tracer Experiment 2 
5.2.1 Effect of tide （Case.1, 2）
　Case.1 is a control case, which was executed by 
the boundary conditions explained in Chapter 2. For 
Case.2, the same boundary conditions was used but 
without consideration of the tide effect. The viscosity 
and diffusivity 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. 5.1. 
Considering the effect of the M2 tide, the intrusion 
from the Kuroshio across the 200 m isobath line 
was considerably decreased. As shown in Fig. 5.1b 
and 5.1c, the decrease of the Kuroshio intrusion 
mainly occurred east of Taiwan （122 ～123°E）. Fig. 



Fig. 5.2 Difference of velocity at the bottom layer （Case.1 minus Case.2）: （a） in winter, （b） in summer. The unit 
is ［cm/s］ and the negative value indicates that bottom velocity at which Case.1 is smaller than that of Case.2. 
The thick solid line represents a contour of －10 cm/s, the thin solid line －5 cm/s, the dotted line 0 cm/s, and 
the thick dashed line 5 cm/s. （pp.37）

Fig. 5.3 Amplitude of the M2 tidal current calculated by the NAO.99Jb model 
（Matsumoto et al., 2000） （pp.37）
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5.2 shows the difference of velocity in the bottom 
layer between Case.1 and Case.2. The velocity near 
the bottom mainly decreased on the shelf region, 
and the decreased velocity amounts to ～ 10 cm/s 
northeast of Taiwan. The strong M2 tidal current 
east of Taiwan （Fig. 5.3） intensified the vertical 
viscosity, vertical 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 friction 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 compared with 
the estimated transports in Case.1. The reason is 
explained in the section 5.3.2.

5.2.2  Effect of transport from the Taiwan Strait 
（Case.3, 4, 5, 6） 

　Volume transport from the Taiwan Strait has 
been disputed by many researchers. In this study, 
the result of Wang et al. （2003） was adopted: 
the maximum transport （2.7 Sv） in July and the 
minimum （0.9 Sv） in January. To investigate 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 0.7 Sv through the whole year. 
The variation components of each transport were 
maintained, and the average transport was increased 

（or decreased）. The inflow transport from the east 
of Taiwan had the same value for all cases.
　Case.3 （Case.5） set the increased （decreased） 
transport to flow out through the K/T Strait, and 
Case.4 （Case.6） set the increased （decreased） 
transport to flow out through the Tokara Strait, 
respectively. Fig. 5.4 shows the transport through 
the Taiwan Strait, the K/T Strait, and the Tokara 
Strait for each case. 
　It is obvious that the inflow through the Taiwan 

Strait causes outflow through the K/T Strait or 
the Tokara Strait. However, it is not yet clear how 
much the increased or decreased transport from 
the Taiwan Strait affects the K/T Strait or the 
Tokara Strait. We assumed four extreme cases in 
which the increased transport totally affects the 
K/T Strait （Case.3） or the Tokara Strait （Case.4）, 
and the decreased transport totally affects the 
K/T 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. 5.5 （a）, the difference of 
the intrusion from the Kuroshio region is smaller 
than that, especially in summer. This result shows 
that the intrusion from the Kuroshio is not totally 
controlled by the net transport between the Taiwan 
Strait and K/T Strait, leading 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 proves 
the transport from the Taiwan Strait mainly affects 
the intrusion only from the upper layer of the 
Kuroshio region, except during winter.

5.2.3  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）, the result 
of Lee et al. （2001）, which has seasonal variations of 
the transport of 24 Sv in summer and a minimum 
transport of 20 Sv in fall, was adopted for the 
volume transport east of Taiwan. And, in order to 
clarify the effect of the transport variation of the 
Kuroshio, two cases （Case.7, 8） were compared. 
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 transports 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） as much as the increased 



Fig. 5.4 Monthly value of each volume transport through （a） the Taiwan Strait, （b） the 
K/T Strait, and （c） the Tokara Strait for Case.1, 3, 4, 5, 6 （pp.38）
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Fig. 5.5 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 （pp.39）

Fig. 5.6 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 （pp.39）
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（decreased） volume transport from east of Taiwan.
　Fig. 5.6 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）. 

5.3 Momentum balance analysis
5.3.1 Description of the experiment
　The model produces dynamically balanced 
results, so that it can be used to examine the 
terms that make up the individual components 
of the momentum equation. These terms control 
the momentum balance and, hence, account for 
spatial and temporal variations of the current field. 
This section deals with the momentum balance by 
comparing both cases including and excluding the 
tide effect （Case.1 and Case.2） of the seventh year, 
i.e. the first year after a spin up time of six years. 
The temporal variations of each component in the 
momentum equations are investigated along the line 
of 122.58°E from 25°N to 29.5°N, which represented 
the dominant seasonal variations of the Kuroshio 
intrusion pattern as shown in the previous Chapter 

（Fig. 4.12）. Each component of the momentum 
equation was daily averaged for a year after a spin 
up time of six years. The components are explained 
by acronyms in the momentum equations on the 
Cartesian form.

（5.1）

（5.2）

　This equation states that current accelerations are 
driven by the balance between horizontal advection 

（SHADU, SHADV）, vertical advection （SWU, 
SWV）, Coriolis force （USCO, VSCO）, pressure 
gradient force by density field （PSX, PSY）, pressure 
gradient force by surface elevation （PNX, PNY）, 
horizontal friction （USDIF, VSDIF）, and vertical 
friction （WDIFU, WDIFV）. In addition, the term 

“GEOX” and “GEOY” are used to distinguish from 
the ageostrophic components.

GEOX = PNX + PSX + USCO  （5.3）
GEOY = PNY + PSY + VSCO  （5.4）

　Based on the component analysis, the mechanisms 
of the Kuroshio intrusion are analyzed.

5.3.2 Momentum balance analysis
　A horizontal line for momentum balance analysis 
along 122.58°E is represented by thick solid line in 
Fig. 5.7. Fig. 5.8 to 5.11 show the temporal variations 
of the daily averaged momentum terms at the 
depth of 2.5, 22.5, 45, and 85 m, respectively. X-axis 
indicated the time in days, and y-axis is the latitude. 
The shading and contour lines are presented in units 
of m/s2. The figures shows that the most dominant 
terms are pressure gradient by surface elevation and 
Coriolis terms, which are mainly balancing in both x 
and y momentum equations （zonal and meridional 
directions of momentum equation）. In addition, 
dominant seasonal variations are seen south of 26°N 
and from 27°N to 29°N. The maximum or minimum 
values of the pressure gradient terms appeared near 
the 200 days, i.e., July, when the volume transport 
from the Taiwan Strait reaches the maximum value. 
　For easy understanding, the values of respective 
terms in summer （thick solid line） and in winter 

（thin solid line） are presented on the same scale 
from Fig. 5.12 to Fig. 5.15 for the depth of 2.5, 



Fig. 5.7 A line and three points for momentum balance analysis along 122.5°E. （pp.41）
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22.5, 45, and 85 m, respectively. The horizontal axis 
denotes latitude and the vertical axis magnitude of 
terms in units of m/s2. East of Taiwan near 25°N, 
the Kuroshio flows northward balancing negative 
pressure gradient term by surface elevation 

（PNX） and positive Coriolis terms （USCO） in the 
x-momentum equation （zonal direction）, which 
means inflow of a geostrophic current into the ECS. 
Large values of PNX and USCO also appear north 
of 27°N in summer. In the y-momentum equation 

（meridional direction）, the large positive value of 
pressure gradient term （PNY） appears around 25～
26°N in all year round and 28°N just in summer. 
　These figures indicates that the momentum 
balance along 122.58°E northeast of Taiwan was 
highly dominated by a geostrophic balance between 

the pressure gradient by surface elevation （PNX, 
PNY） and the Coriolis terms （USCO, VSCO）. 
Momentum balance analysis at three points in 
Fig. 5.7 （point A, B, C） show clearer signs on the 
behavior of the Kuroshio. Point A is the place 
where the Kuroshio is forced to turn eastward by 
curved topography （Fig. 5.16a）, point B some of the 
Kuroshio upwells over the steep topography （Fig. 
5.16b）, and point C the Kuroshio water intrudes 
onto the shelf area north of 28°N in the summer 
season （Fig. 5.16c）. The magnitude of ageostrophic 
components （GEOX, GEOY） are mainly balanced 
with the vertical friction term induced by the 
wind stress at the surface layer （2.5 m depth） of 
all points. However, other momentum components 
become significant at respective places, i.e., point 



Fig. 5.8 Momentum components （units: m/s2） and velocity （units: m/s） along 122.58°E at 2.5 m depth （a） in the 
x-direction and （b） in the y-direction of momentum equation. （pp.41）
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Fig. 5.8 （Continued）
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Fig. 5.9 Momentum components （units: m/s2） and velocity （units: m/s） along 122.58°E at 22.5 m depth （a） in the 
x-direction and （b） in the y-direction of momentum equation. （pp.41）
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Fig. 5.9 （Continued）
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Fig. 5.10 Momentum components （units: m/s2） and velocity （units: m/s） along 122.58°E at 45 m depth （a） in the 
x-direction and （b） in the y-direction of momentum equation. （pp.41）
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Fig. 5.10 （Continued）
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Fig. 5.11 Momentum components （units: m/s2） and velocity （units: m/s） along 122.58°E at 85 m depth （a） in the 
x-direction and （b） in the y-direction of momentum equation. （pp.41）
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Fig. 5.11 （Continued）
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Fig. 5.12 Momentum components along 122.58°E at 2.5 m depth in summer （thick solid line） and winter （thin 
solid line） （a） in the x-direction and （b） in the y-direction of momentum equation. （pp.41）
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Fig. 5.13 Momentum components along 122.58°E at 22.5 m depth in summer （thick solid line） and winter （thin 
solid line） （a） in the x-direction and （b） in the y-direction of momentum equation. （pp.41）
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Fig. 5.14 Momentum components along 122.58°E at 45 m depth in summer （thick solid line） and winter （thin 
solid line） （a） in the x-direction and （b） in the y-direction of momentum equation. p（p.41）
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Fig. 5.15 Momentum components along 122.58°E at 85 m depth in summer （thick solid line） and winter （thin 
solid line） （a） in the x-direction and （b） in the y-direction of momentum equation. （pp.41）
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Fig. 5.16 Momentum components （a） at point-A, （b） point-B, and （c） point-C. Thin solid line represents the 
magnitude of ageostrophic component （GEOX, GEOY）, thick solid line the vertical eddy viscosity （WDIFU, 
WDIFV）, thick dashed line the horizontal advection （SHADU, SHADV）, dotted line the vertical advection （SWU, 
SWV）, and dashed-dotted line the horizontal eddy viscosity （USDIF, VSDIF）. （pp.42）
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Fig. 5.16 （Continued）
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Fig. 5.16 （Continued）
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A is the horizontal advection term in all year 
round, point B the vertical friction and the vertical 
advection near bottom in all year round, and point 
C the vertical friction term near bottom only in the 
summer season.
　 It represents the main mechanisms of the 
Kuroshio behavior on the ECS. The momentum 
balance on point A is mainly maintained by the 
geostrophic components and the nonlinear horizontal 
advection components. The vertical friction by local 
wind stress also affects the balance at the surface 
with seasonal variation. Horizontal advection terms 
represents the right turn （north to east） of velocity 
field in this point, and the effect is maintained all 
year round. It possibly shows the change of velocity 
field by topography. On point B, the vertical friction 
near bottom is formed all year round, and the 
vertical advection affects the momentum balance at 
the bottom layer. This represents the year-round 
upwelling in this place. Point C is the place where 
the current from the Taiwan Strait in summer flows 
northeastward. In summer, the upper layer （upper 
40 m depth） is in geostrophic balance, except the 
surface layer where vertical friction by wind stress 
is dominant. However, at the lower layer （below 40 
m depth）, vertical friction becomes strong in the 
summer season with a maximum value in July when 
the transport from the Taiwan Strait also becomes 
maximum. It represents the intensification of the 
bottom friction in summer is induced by the increase 
of volume transport from the Taiwan Strait.
　The current fields are determined as a result 
of the momentum balance. Fig. 5.17 and Fig. 5.18 
represent the winter and the summer current fields 
for the case including tide effect （Case.1）. Each 
figure shows the current fields at the fourth grids 

（a）, the third grids （b）, the second grids from 
bottom （c）, and the bottom grids （d）.
　Comparing Fig. 5.17 and Fig. 5.18, a large 
difference between winter and summer emerged 
from the place near 28°N north of Taiwan where 
the current from the Taiwan Strait passes rapidly 
northeastward. Fig. 5.18 confirms that the currents 
at the bottom grids in summer are considerably 
weaken compared with the current at the fourth 
grids from the bottom, and its direction turns 
anticlockwise when approaching the bottom, at 

the place where the Kuroshio water intruded onto 
the shelf area in summer north of 28°N. And, as 
analyzed in Fig. 5.16c （point C）, the northward 
bottom current is formed by the balance between 
the geostrophic momentum components and the 
vertical friction. 
　Considering the tide effect in Case.1, the vertical 
friction component near the bottom is increased 
compared with that in Case.2 （the case excluding 
tide effect）. Fig. 5.19 and Fig. 5.20 show the winter 
and summer current fields for Case.2. Current 
field of Case.2 shows that the current velocity 
near bottom is considerably larger than Case.1. 
Meanwhile, the northward current near 28°N 
north of Taiwan, which is below the northeastward 
current originated from the Taiwan Strait, mainly 
exists just at the bottom layer in Case.2 （Fig. 5.20）. 
However, though the northward current near 
bottom in Case.1 （Fig. 5.18） is slower than that in 
Case.2 （Fig. 5.20）, the current also exists partly at 
the second grid from the bottom, i.e., the northward 
current in Case.1 is slower but thicker than that in 
Case.2. This explains why the volume transport of 
the Kuroshio intrusion onto the shelf area was not 
very different for both cases including （Case.1） and 
excluding tide effect （Case.2） in Section 5.2.1.
　The vertical friction terms in summer for Case.1 
and Case.2 are shown in Fig. 5.21. When considering 
the tide effect, vertical friction near the bottom was 
considerably increased at the north of 28°N and also 
on the Yellow Sea （YS）. The consideration of the 
tide significantly affects on the circulation of both 
the ECS and the YS.

5.4  Residence time in the Yellow Sea （Tracer 
experiment 3）

　A residence time is defined as the time it takes 
to replace all except 1/e （～37%） of the original 
material . Nozaki et al. （1991） estimated the 
residence time to be 5～6 years for YS waters using 
the Ra isotopes. 
　In th i s  sect ion ,  by means o f  the  tracer  
experiments which release the tracer at the inflow 
open boundaries （the Taiwan Strait and the east of 
Taiwan）, residence time in the YS was estimated 
in both cases with and without consideration of tide 
effect （Case.C, D）. The tracer concentration was 



Fig. 5.17 Winter velocity fields of the case including tide effect （Case.1）: （a） fourth grids from the bottom, （b） 
third grids from the bottom （c） second grids from the bottom, and （d） bottom grid. （pp.43）
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Fig. 5.18 Summer velocity fields of the case including tide effect （Case.1）: （a） fourth grids from the bottom, （b） 
third grids from the bottom （c） second grids from the bottom, and （d） bottom grid. （pp.43）
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Fig. 5.19 Winter velocity fields of the case excluding tide effect （Case.2）: （a） fourth grids from the bottom, （b） 
third grids from the bottom （c） second grids from the bottom, and （d） bottom grid. （pp.43）

Intrusion of Kuroshio water onto the East China Sea shelf 71



Fig. 5.20 Summer velocity fields of the case excluding tide effect （Case.2）: （a） fourth grids from the bottom, （b） 
third grids from the bottom （c） second grids from the bottom, and （d） bottom grid. （pp.43）
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Fig. 5.21 （a） A line along the 122.58°E for vertical profile. Vertical profile of vertical friction term on a 
logarithmic scale （units: m/s2） in summer along the 122.58°E line （b） including （Case.1） and （c） excluding tide 
effect （Case.2）. （pp.44）
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Fig. 5.22 Area for estimation of the residence time of the Yellow Sea: （a） including the Bohai Sea and （b） 
excluding the Bohai Sea. Changes of tracer concentration with time in A-area （solid line） and B-area （dashed 
line）: （c） Case. C and （d） Case. D. （pp.44）
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governed by the same advection-diffusion equation 
in the same manner as the Preliminary experiment. 
The results showed remarkable difference indicating 
that the numerical simulation without the tide 
effect could greatly reduce the residence time in 
the YS, making the circulation strong. In the case 
with consideration of tide （Case.C）, the residence 
time was estimated as 5.3 years （solid line in Fig. 
5.22c） and 4.7 years （dashed line in Fig. 5.22c） for 
inclusion （Fig. 5.22a） and exclusion of the Bohai Sea 

（Fig. 5.22b）, respectively. Meanwhile, in the case 
without consideration of tide （Case.D）, the results 
showed 2.6 years （solid line in Fig. 5.22d） and 
1.7 years （dashed line in Fig. 5.22d）, respectively. 
As shown in Fig. 5.21, the tide parameterization 
enhanced the vertical friction near bottom, thus the 
current speed was decreased at the lower layer, 
and the water exchange between the YS and the 
ECS also reduced. The estimated residence time 
considering the tide effect agrees well with the 
result of Nozaki et al. （1991）. This result emphasizes 
that the consideration of tide effect is indispensable 
to the numerical simulation in the Yellow and East 
China Seas. 

5.5 Origin of the Taiwan Warm Current in summer
　The pass ive tracer experiments and the 
momentum balance analysis in this study include 
some clues about the origin of the TWC in summer. 
Fig. 4.9a and 4.9b in the Preliminary Experiment 
showed that the tracer released from the Taiwan 
Strait in summer flowed northeastward at the 
upper layer, while another tracer released from the 
east of Taiwan flowed northward along the bottom 
layer and upwelled near the Chinese coast north 
of 29°N being mixed with the water originated 
from the Taiwan Strait. Fig. 4.12d in Exp. 1 further 
represented that the upwelled Kuroshio water was 
originated from the lower layer of the northeast 
of Taiwan in the summer season. These tracer 
experiments explain that upper water of the TWC 
in summer originates in the Taiwan Strait and deep 
water of the TWC in the east of Taiwan. 
　As for the mechanism how the Kuroshio water 
forms the deep water of the TWC, it was proved by 
the momentum balance analysis that increase of the 
geostrophic flow from the Taiwan Strait in summer 

induces the Kuroshio water at the bottom Ekman 
layer to flow northward across the isobath line into 
the submerged river valley off the Changjiang.
　Some observat ional evidences have been 
suggested in the previous studies. Su and Weng 

（1994） classified the Taiwan Warm Current Water 
（TWCW） into the upper water and the deep water 
by analysis of water masses, so that they determined 
the summer characteristic values of upper water 
to be 27.0℃, 33.7 psu （23.0～29.0℃ and 33.3～34.2 
psu）, and those of deep water 19.0℃, 34.4 psu （16.0
～23.0℃ and 34.1～34.7 psu）. The appearance of the 
deep water was suggested only in the warm half of 
the year （from April to September）, approximately 
along 123°E in an area north of 28°N. Based on 
analysis of water masses, they concluded that the 
upper water of TWCW is formed by the mixing of 
Kuroshio surface water flowing northward with the 
Taiwan Strait water, but the deep water originated 
from the Kuroshio subsurface water east of Taiwan.
　In recent studies, appearance of cold, saline 
Kuroshio subsurface water （below 23.0℃ and over 
34 psu） in summer also have been detected near 
Zhejiang province south of Changjiang estuary and 
at the submerged river valley off Changjiang （Fig. 
5.23, after Chen et al., 2006; Fig. 5.24, after Zhu et 
al. 2001）. Considering the Taiwan Strait water in 
spring and summer is warmer （over 22℃） and less 
saline （below 34.2 psu） even at the lower layer （Fig. 
5.25, after Jan et al. 2006）, the TWC deep water in 
the summer season can be regarded to be originated 
from the Kuroshio subsurface water.
　Hu （1994） showed a chart of summer residual 
currents in the upper layer and the bottom layer 

（Fig. 5.26）, and presumed it to be caused by 
bottom Ekman layer. As a model study, Jacobs et 
al. （2000） simulated the circulation of the Yellow 
and the East China Seas （YECS） using Princeton 
Ocean Model （POM） and explained the possible 
mechanism for the appearance of the Kuroshio 
water in the Yangtze Relict River valley （Submerged 
valley off Changjiang） as bottom Ekman layer, by 
means of passive tracer experiment and comparison 
between the bottom velocities and the velocities 
averaged over the total depth. Guo et al. （2006） also 
supported their idea by the same kind of passive 
tracer experiment using a numerical model. 



Fig. 5.23 （a） Map of three hydrographic Sections a, b, and c from eight cruises during 1997-2002. Season 
variation of vertical temperature （left） and salinity （right） distributions along the Section a （b）, b （c）, and c （d）. 

（after Chen et al., 2006） （pp.46）
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Fig. 5.23 （Continued）
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Fig. 5.24 （a） Observation line during August in 2000. Vertical distributions of salinity （b） and temperature （c） 
（after Zhu et al., 2001） （pp.46）
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Fig. 5.24 （Continued）
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Fig. 5.25 Distributions of （a） temperature and （b） salinity at depth of 50 m for each month （after Jan et al., 
2006）. （pp.46）
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Fig. 5.26 Residual currents in the ECS in summer. 
Solid line-at 5 m level; dashed line-near bottom （after 
Hu, 1994） （pp.46）
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　This study also supports the idea that the TWC 
deep water is originated from the Kuroshio by the 
bottom Ekman layer flow. In addition, this study 
considered the tide effect, and showed that the 
intrusion northeast of Taiwan, south of 28°N deeper 
than 100 m, is year-round phenomena possibly 
due to the difference of water depth between the 
Taiwan Strait and the northeast of Taiwan where 
the Kuroshio intrudes. The momentum balance 
analysis further showed that the intensification of 
vertical friction near bottom due to the increase 
of the geostrophic current from the Taiwan Strait, 
north of 28°N, induced the northward bottom Ekman 
layer flow which forms the deep water of the TWC.

5.6 Summary
　This chapter investigated the mechanisms of the 
Kuroshio intrusion. 
　Case studies by tracer experiments were carried 
out for the effect of tide, transport from the Taiwan 
Strait, and transport from east of Taiwan. It revealed 

that the consideration of tide effect considerably 
decreased the intrusion from the Kuroshio across 
the 200 m isobath line, in large part east of Taiwan 

（122～123°E）. Except during winter when the shelf 
water is well-mixed vertically, transport from the 
Taiwan Strait mainly affects the intrusion from the 
upper layer of the Kuroshio region, and the intrusion 
below 80 m did not change greatly in spite of the 
large transport difference from the Taiwan Strait. 
Transport variation from the Kuroshio directly 
exerted an influence on the volume transport of the 
Kuroshio intrusion in both upper and lower layers. 
　Momentum balance analysis along 122.58°E 
northeast of Taiwan, where the Kuroshio water 
mainly intrudes onto the ECS shelf, described 
the behavior of the Kuroshio. Basically local wind 
forcing affects on the surface layer of the ECS 
with seasonal variation by means of the vertical 
friction. The Kuroshio, flows into the ECS along the 
eastern Taiwan coast, is in a geostrophic balance by 
the westward pressure gradient force by surface 
elevation and the eastward Coriolis force. The 
northward Kuroshio turns to the east by curved 
topography in the balance of the geostrophic 
components and the horizontal advection. And some 
of the Kuroshio flows into the ECS shelf or upwells 
along the bottom layer over the steep topography 
in the balance of the geostrophic components, the 
horizontal advection, the vertical advection and the 
vertical friction components. The intruded Kuroshio 
water occupies the lower layer northeast of Taiwan 
south of 28°N all the year round. When summer 
comes, the northeastward strong current from the 
Taiwan Strait in geostrophic balance passes through 
north of 28°N, and near the bottom layer, northward 
current occurs in the balance of the geostrophic 
components and the vertical friction component. The 
northward current at the bottom layer north of 28°N 
allows the Kuroshio water to intrude onto the shelf 
area shallower than 80 m.
　The momentum balance analysis further showed 
that the intensification of vertical friction near 
bottom due to the increase of the geostrophic 
current from the Taiwan Strait, north of 28°N, 
induced the northward bottom Ekman layer flow 
which forms the deep water of the TWC.
　Th e  c o n s i d e r a t i o n  o f  t i d e  e f f e c t  b y  
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parameterization increased the vertical friction 
term in the momentum equation at the lower layer, 
so that the current velocity at the lower layer 
was considerably decreased, and thus the water 
exchange between the YS and the ECS also reduced. 
The residence time between the YS and the ECS, 
when considering the tide effect, was estimated as 
about 5 years which is close to the result of Nozaki 
et al. （1991）: 5～6 years.
　The pass ive tracer experiments and the 
momentum balance analysis supported the idea 
that the TWC deep water is originated from the 
Kuroshio in the form of the bottom Ekman layer 
flow.

Chapter 6. Conclusion and Discussion

　Intrusion from the Kuroshio onto the continental 
shelf of the ECS was investigated using a 3-D 
numerical model （RIAMOM）. The tide effect is 
additionally considered to intensify 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 main objectives 
of this study were to understand the behavior of the 
intruded Kuroshio water, to estimate the volume 
transport of the intrusion with seasonal variations, 
and to elucidate the mechanisms of the intrusion 
from the Kuroshio. 
　As a method for evaluating the intrusion, 
passive tracer experiments were carried out. In 
the Preliminary Experiment, each tracer was 
released in the Taiwan Strait or the east of Taiwan, 
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. Using the vertically integrated 
mass of the tracer, the horizontal distributions of 
the tracer for the control case were compared. In 
addition, the intruded volume transports for each 
case was calculated using the time derivative of the 
total amount of water including the passive tracer. 
In Exp. 3, the tracer was deployed for six years 
through the Taiwan Strait and the east of Taiwan at 
the same time after a spin up time of six years, for 

the cases with and without consideration of the tide 
effect.
　The tracer experiments for Case.1 （a control 
case） were discussed in Chapter. 4 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 through 
80 ～ 200 m, shows the largest seasonal difference 
of the horizontal distribution. In winter, the tracer 
intrudes solely south of 28°N though intrudes farther 
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: northward 
flow along the small valley on the western ECS 
and a northeastward flow along the shelf edge. At 
the central part of the continental shelf edge （123
～127°E）, intrusion also takes place, 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, while the intruded transport below 80 
m was 1.32, 1.51, 1.64, and 1.54 Sv, respectively. The 
detailed tracer experiments shows 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 though does not reach the 
shelf area in winter and flows down along the shelf 
break. In summer, a part of the intruded Kuroshio 
water with a volume transport of 0.19 Sv flows 
into the shelf area. The transport is approximately 
three times greater than the volume transport 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.
　From the comparative studies in Exp. 2, several 
components that affect the intrusion from the 
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Kuroshio are investigated. 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. The transport from the Taiwan Strait has 
a significant effect on the intrusion of the Kuroshio. 
However, the transport mainly affects the upper 
layer （0 ～ 80 m） and 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 ～ 10% inflow difference between 
two cases: an increased Kuroshio transport and a 
decreased transport. The volume transport of the 
Kuroshio was set 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.
　 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. 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 transported 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. What 
is the mechanism of summer season intrusion into 
the shelf area? The answer to this question was 
obtained from the momentum balance analysis. 
　Analysis of components in the momentum 
equations indicated that the momentum balance 
along 122.58°E northeast of Taiwan, where the 
Kuroshio mainly intruded onto the shelf area of the 
ECS, was highly dominated by a geostrophic balance 
between the pressure gradient by surface elevation 
and the Coriolis terms. In addition, the vertical 
friction terms induced by the wind stress in the 
meridional direction at the surface and that by the 
tide effect near bottom, especially shallow area north 
of 28°N, also contributed the momentum balance 

considerably. The horizontal and vertical advection 
terms became significant near the shelf break 
where the Kuroshio turns to the east and some of it 
upwells onto the shelf. 
　After all, the characteristic intrusion from the 
Kuroshio to the shelf area of the ECS north of 28°
N in summer was mainly forced by the dominant 
northeastward geostrophic current, i.e., the transport 
from the Taiwan Strait increasing in summer, 
balancing the pressure gradient force by surface 
elevation and the Coriolis force. Meanwhile, near 
bottom, northward transport in the bottom Ekman 
layer, formed by strong vertical friction, effectively 
allowed the Kuroshio-originated water to intrude 
onto the shelf area of the ECS through lower layer 
in summer. The intruded water would be upwelled 
by the several mechanisms such as bottom friction 
layer, bottom topography, 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 resulting in biological 
production in the shelf region of the ECS.
　By means of Exp. 3 which released the tracer at 
the inflow open boundaries simultaneously, residence 
time of the Yellow Sea water was estimated for 
both cases with and without consideration of tide 
effect. The results showed remarkable difference 
indicating that the numerical simulation without tide 
effect could greatly reduce the residence time in 
the Yellow Sea, making the circulation in the Yellow 
Sea too strong. In the case with consideration of 
tide, the residence time was 5.3 years and 4.7 
years for inclusion and exclusion of the Bohai 
Sea, respectively. Meanwhile, in the case without 
consideration of tide, the results showed 2.6 years 
and 1.7 years, respectively. The results emphasized 
that the consideration of tide effect is indispensable 
to the numerical simulation in the Yellow and East 
China Seas. 
　The passive tracer experiments revealed that, all 
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the year round, the Kuroshio water intrudes onto 
the ECS shelf northeast of Taiwan deeper than 100 
m; through both upper and lower layers in winter 
and through just lower layer in summer. Moreover, 
in spite of increasing volume transport from the 
Taiwan Strait in summer, transport of intrusion 
through the lower layer did not change greatly. 
The basic causes of the Kuroshio intrusion across 
200 m isobath line are possibly due to the following 
reasons,
　1. Difference of water depth between the Taiwan 
Strait and the northeast of Taiwan.
　: The Taiwan Strait is generally shallower than 60 
m, while a broad area deeper than 100 m is located 
at the northeast of Taiwan. 
　2. Density difference between the Taiwan Strait 
water and the Kuroshio subsurface water, and the 
seasonal variation of the volume transport from the 
Taiwan Strait.
　: In winter, the Taiwan Strait water becomes 
dense by strong cooling, so that it may flow into 
the deeper area （over 100 m） northeast of Taiwan. 
However, the volume transport from the Taiwan 
Strait is reduced, so that the Taiwan Strait water 
can not occupy the northeast of Taiwan, and instead, 
the Kuroshio water intrudes onto the deeper area 
northeast of Taiwan. In summer, even though the 
transport from the Taiwan Strait is increased, its 
density become light due to inflow of the fresh 
South China Sea water and surface heating, so that 
the light Taiwan Strait water can not also occupy 
the deeper area of northeast of Taiwan. 

　Due to these reasons, the Kuroshio water occupies 
the lower layer northeast of Taiwan all the year 
round. Thus, when the current from the Taiwan 
Strait is increased in the summer season, the intruded 
Kuroshio water is forced to flow northward into the 
submerged river valley off Changjiang in the bottom 
Ekman layer. In this way, the cold, saline Kuroshio 
water forms the TWC deep water.
　In this study, the intrusion pattern from 
the Kuroshio was confirmed by passive tracer 
experiments using a numerical model. The model 
only considered the local tide effect by simple 
parameterization which excludes 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 Guo et 
al. （2003, 2006） and Isobe and Beardsley （2006）. 
However, this model has the advantage of simulating 
realistic motion on steep topography and the results 
have similar patterns to previous model studies and 
observations. In order to verify the model results, 
more observations at the lower layer of the shelf 
region of ECS are needed.
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