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SUMMARY

I. Title
Study on the Ocean Circulation in the Western and Middle area of the
East China Sea (second-year)

[I. Objective and necessity of the study

1. Goal of the second phase study (1997-2000)
Study on major coastal ocean processes related to the ocean circulation in
the western and middle area of the East China Sea (ECS).

Major items

- Ocean circulation of the western ECS,

- Origin and route of the Cheju Warm Current and the Yellow Sea Warm
Current,

- Eastward extension of the Changjiang freshwater plume and its
dynamical processes,

- Exchange of sea water and materials between the southern Yellow Sea and
the northwestern ECS,

- Relation between oceanic fronts and material transports.

2. Main purpose of the second-year study
- Interdisciplinary oceanographic survey in summer in the western and middle
ECS,
- Local survey in the western area of Cheju-do and preliminary analysis of
related ocean processes,
- Local survey in summer for structure and eastward extension of the

Changjiang freshwater plume,



- Establishment of numerical modelling for tide, plume, and circulation.

3. Necessity
a. Providing ocean policy data for management and utilization of the
exclusive economic zone (EEZ) of the East China Sea (ECS),
b. Investigating ocean current and circulation for environmental prevention,
fisheries, and exploitation of marine resources in the ECS,
c. Clarifying major ocean processes in the western ECS and depicting the

ocean circulation of the western ECS.

II. General scope of the study

1. Local survey in the western area of Cheju-do in spring
- Survey area: southwestern area of Cheju-do
- Survey items: CTD, current (drifters, ship-borne ADCP)
Observation period: April 24 to 30, 1998
- Vessel: R/V Onnuri (1400 ton class) of KORDI

2. Local survey in summer for Changjiang plume
- Survey area: the Cheju Strait and western area of Cheju-do
- Major items: CTID, current (drifters, ship-borne ADCP)
- Observation period: August 12 to 18, 1998
- Vessel: R/V Eardo of KORDI (350 ton class)

3. Interdisciplinary survey in summer

- Survey area: the western and middle ECS

Major items: CTD, current (drifters, ship-borne ADCP), primary production,
plankton

Observation periods: Septemebr 11 to 17, 1998

Vessel: R/V Onnuri of KORDI (1400 ton class)



4. Processing of survey data and analysis of oceanographic processes
- Quality-control of survey data
- Basic processing of data collected in 1998

- Analysis of oceanographic data for oceanographic processes

5. Study on major oceanographic processes
- Basic current structure in the western ECS
- Hydrographic structure of Chinese coastal water and its seasonal variation
- Structure of the Changjiang plume and its eastward extension
- Chlorophyll distribution and its relation with primary production
- Separation of Kuroshio water and its penetration onto the shelf
- Structure of the Cheju Warm Current and its seasonal variation

- Preliminary analysis of current structure on the continental slope of ECS

6. Study on water movement by numerical models
- Numerical modeling of tide and intercalibration between model results and
observed data
- Development of a numerical model for the eastward extension of
Changjiang plume
- Assessment of previous numerical models and development of a

new numerical model for the ocean circulation of ECS

7. Paticipation in international programs and regional cooperation with China
and Japan
o International cooperation: participating in the World Ocean Circulation
Experiment /Surface Velocity Programme (WOCE/SVP)
© Regional cooperation with China and Japan
- Second Institute of Oceanography, SOA, China : Planning of an intensive
survey in June 1999 (Chinese P.I: Professors Y. Yuan)
- Kagoshima University, Japan : joint measurements of currents in the
Okinawa trough (Japanese P.I: Professor H. Ichikawa)



IV. Results of the study

1. Current measurements in the East China Sea

Current measurements were conducted by experiments of satellite-tracked

drifters, ship-borne ADCP, and moorings of current meters.

(1)

Current observations

Release of 10 drifters in late April 1998 in the southwestern area of
Cheju-do and in the outer shelf of the East China Sea.

Release of 3 drifters in August 1998 on the Changiang bank and in the
southern Yellow Sea.

Release of 8 drifters in September 1998 in the western and middle East
China Sea.

Operation of a ship-borne ADCP in the western and middle East China
Sea during oceanographic surveys in April and September 1998.

Moorings of current meters at two points in the western continental slope
area of the deep trough west of Kyushu during November 1997 - March
1998, jointly with Kagoshima University, Japan. Each mooring had three
RCMs.

major results of the drifter experiments

A northwestward flow with a mean speed of 4~14 cm/s was observed in
the southwestern area of Cheju-do in spring 1998.

In August 1998, the Changiang diluted water moved to the east toward
south of Cheju-do. In September to October 1998, a westward flowing
current was observed on the Changjiang Bank and a northward current
was off the Changjiang estuary.

A northward flow was observed along the 125°E west of Soheuksan-do in
summer 1998.

Drifters, released in the middle sheif shallower than 100 m, moved to the
northeast or east in the area south of 30°N and then to the north along
the 100 m isobath.

A pair of anticlockwise and clockwise eddies wete observed in the outer



shelf of 100~200 m, with the clockwise eddy located on the inner,
shallower side.

(3) Major results of the current moorings

- A southward or southwestward flowing deep current was observed in the
western slope area of the deep trough west of Kyushu.

- The deep current had a dominant periodicity around 15 days.

- The deep current was a counter-current of the Kuroshio Branch current
flowing northward along the western shelf edge of the trough and it
might occur in close association with local upwelling there in the slope
area.

2. Physical properties of sea waters

In the second year study, three field surveys were carried out: to investigate
characteristics of the front in the region southwest of Cheju-do in April and to
understand the movement of the Yangtze River (Changjiang) Diluted Water in
August and in September. The sharp thermohaline front formed in the region
southwest of Cheju-do is a demarcation between saline waters originated from
the Kuroshio water and fresh waters remained in the shallow region east of the
Yangtze River through the winter time. Cross frontal intrusive phenomena with
about 10 m thickness were frequently found and it is suggested that the
intrusion occurs along the isopycnal surfaces. Such a small scale vertical
structure means that the mixing is strong through a cascade of energy from the
large to the small scale of variability and it also indicates that the frontal mixing
in the region is governed by irreversible fine structure rather than reversible fine
structure. The obtained data in summer reveal that the Yangtze River Diluted
Water moves in the ECS in the shape of patch and the lateral scale of the low
salinity core of a patch is about 100 km/2 psu. The Yangtze River plume flows
generally toward Cheju-do but it is shown that the route of the axis passes the
Cheju Strait or the region south of Cheju-do. It is suggested that the annual
variation in the route of the Yangtze River Dilutes Water is governed by the
winds and the sea level in the southern Yellow Sea but is not correlated with

the density structure in the lower layer.



3. Chlorophyll distribution and primary production

The distribution of chlorophyll-a concentration, primary production and
bio-optical properties were investigated to reveal the nature and the range of the
influence of the Changjiang River runoff. In addition, SeaWiFS images were
analyzed. The results showed that the river runoff propagated eastward parallel
to the latitude lines and extended its range to south along the front with the
Tsushima Warm Current. It entered the East Sea along the Korean coast line.
The enhancement effect on the primary production may be associated with the
shallowing of the upper mixed layer rather than it may be with the increase of
the nutrient level. The bio-optical properties indicates that the Case 2 waters
appeared at most stations in the survey area, with high level of CDOM (colored

dissolved organic matter) and suspended sediments.

4. Review of the previous circulation models in the ECS

(1) Barotropic models and general circulation models

Barotropic models show the characteristics of upwind flow and coastal flow
for the seasonal wind forcing in the Yellow Sea. Models with free surface
variation or with rigid-lid assumption commonly show that the circulation
pattern follows the isobath in the ECS even under various experimental
conditions. In the model of Lee (1996) which considers the density stratification,
a northward flow is developed in February in the surface layer over the ECS
shelf and it enters the Yellow Sea by crossing the isobath. However, flow
pattern at a 40 m depth is parallel to the isobath. In summer isobath-following
flow pattern is dominant at both surface layer and 40 m depth. In the model by
Nam (1997) the Tsushima Current originates near Taiwan from spring to
summer and flows into the East Sea after passing the ESC shelf. From autumn
to winter it is branched from the Kuroshio west of Kyushu.

(2) Parameterization scheme for the general circulation model of the ECS

Various numerical parameterization schemes of the oceanic processes
imbedded in MOM III were checked for the development of an ECS circulation
model.



(3) Global circulation model experiment for the open boundary conditions of
ECS regional models

Regional models always need the proper information at the open boundary
in the model. To get the information for the open boundary conditions in the
regional model, a global circulation model experiment was done diagnostically.
The numerical model used here has 1 degree x 1 degree horizontal resolution
and 21 vertical levels. The model simulated well the major current systems such
as the Gulf Stream and the Kuroshio. Becuase of the coarse grid, it is difficult
to look into the circulation of the east Asian marginal seas in datail. However,
the model result shows the seasonal variation in the clockwise circulation of the
Yellow Sea: maximum transport of 0.6 Sv in October to February and minimum
in summer.

(4) Development of a multi-layer model and stability test

We developed a multi-layer numerical model with a relatively simple code
structure for investigating the circulation dynamics in the ECS. To test the
numerical stability and the accuracy of the model internal Kelvin wave and
baroclinic Rossby wave experiments were done in a two-layer ocean context. The

model shows a good agreement between the numerical and theoretical solutions.

5. Dispersion of the Yangtze River Plume

Realistic geometry and topography of the Yellow and East China Seas are
introduced into the model and effects of wind and time variation of the river
discharge are studied. It is shown that the realistic topography make the low
salinity water to expand northward easier. It is confirmed that the low salinity
water near the surface expands according to Ekman dynamics and the southerly
among four main wind directions is most responsible for the eastward extension
of the plume toward Cheju-do. It is also shown that the Yangtze (Changjiang)
River Diluted Water can disperse to the entire Yellow Sea in the absence of tide,
wind and mean current. A model that includes tide and mean current has to be
established to produce more realistic results. Reliability of the model can be

increased by a comparison with observation data.



6. Preliminary study on the northeastward movement of Changjiang freshwater.

We investigated spatial structure and pathway of the Changjiang freshwater
in the area between the Changjiang estuary and Cheju-do, together with possible
driving mechanism for the eastward movement. The Changjiang diluted water
that originates from the Changjiang discharge extended to the northeast as a
series of patches, distributed in the thin surface layer. The freshwater patches
are estimated to move at a speed of about 7 km/day, so they may arrive at the
western area of Cheju-do one month later after leaving the Changjiang estuary.
The patches sometimes flew into the Cheju Strait or moved to the east by
passing the area south of Cheju-do, although their pathway is very variable in
time and space. The current structure is found to be dominated by baroclinicity
in the area where the patches are located. The notheastward movement of the
patches between the Changjiang estuary and west of Cheju-do is concluded to
be caused mainly by surface wind field.

7. Separation of the Kuroshio water and its penetration onto the continental shelf

west of Kyushu

The separation of Kuroshio water west of Kyushu and its penetration onto
the continental shelf of the East China Sea were investigated by analyzing
trajectories of satellite-tracked surface drifters deployed during 1989-1996.
Conductivity, temperature, and depth (CTD) data collected in the eastern East
China Sea in December 1993 and late April - early May 1995 were also
analyzed. Composite trajectories of 172 drogued drifters provided direct evidence
of the separation of the northeastward flowing Kuroshio into two parts at the
western mouth of the deep trough southwest of Kyushu. The Kuroshio main
stream turns to the east toward the Tokara Strait and a northward flowing
branch current penetrates onto the shelf across the continental slope west of the
trough. Analysis of the CTD data and drifter trajectories, concurrently observed,
shows that the branch current was part of the inshore Kuroshio, just upstream
before its separation. During the periods of CTD observations, the separated,
inshore Kuroshio water intruded northward in a tongue shape along the shelf
break of the trough and penetrated onto the shelf after crossing obliquely the



western continental slope of the trough. The water that penetrated onto the shelf
continued to flow northward toward the Korea Strait. The main path of this
water was easily traced by its high salinity, which is characteristic of the inshore
Kuroshio water. Application of an inverse method to the observed CID data
also supports the separation and penetration of the Kuroshio and calculates the
volume transport of the northward branch to be about 4.0 x 10° m’/sec for the
two different surveys. The tongue shaped intrusion of the inshore Kuroshio
water onto the outer shelf may take place in close association with the eastward
turning of the Kuroshio main stream and it might be caused by the vorticity
adjustment created by the eastward turning of the Kuroshio.

8. Seasonal variation of the Cheju Warm Current

The Cheju Warm Current has been defined as a mean current that rounds
clockwise Cheju-do and transports warm and saline water to the western coastal
area of Cheju-do and the Cheju Strait in the northern East China Sea (Lie et al.,
1998). Seasonal variation of the Cheju Warm Current and its relevant
hydrographic structures were examined by analyzing CTD data and trajectories
of satellite-tracked drifters. Analysis of a combined data set of CTD and drifters
confirmed the year-round existence of the Cheju Warm Current west of Cheju-do
and in the Cheju Strait, which flew at speeds of 5 to 40 cm/s. In winter, the
Cheju Warm Current water appeared in a relatively large area west of Cheju-do,
bounded by a strong thermohaline front formed in a 'I"’ shape. In summer, it
retreated to the western coastal area of Cheju-do, sometimes to the eastern
coastal area in autumn and appeared only in the lower layer. The Cheju Warm
Current is found to flow in the western channel of the Korea/Tsushima Strait
after passing through the Cheju Strait and contributes significantly to the
Tsushima Warm Current.

9. Fine grid tidal modeling of the Yellow and East China Seas
A fine grid tidal modeling experiment is carried out in order to investigate

the tidal regimes for major five tidal constituents, the nonlinear tidal phenomena



in terms of M, and MS, generation, and the independent tide by the tide
generating force in the Yellow and East China Seas (YECS). In this study a
two-dimensional numerical model based upon a subgrid-scale (SGS) stress
modeling technique is used with the tide generating force included. The model
was validated with recently observed tide and current data. The calculated tidal
charts for tidal elevation show a generally good agreement with existing ones,
with more accurate feature of the M, cotidal chart in comparison with both the
observed data and the existing tidal charts. A careful comparison of the
computed diurnal amplitude with observations suggests that the diurnal
constituents seem to be overdamped especially in the Kyunggi Bay region, for
the case when quadratic bottom friction law is used.

Propagation features of the M,(MS,) tides are discussed in the YECS, based

upon the analyses of the observed and calculated results. The amphidromic
system of the M, is quite complicated and one noticeable characteristic is that
the propagation direction of the M, tidal wave along the west coast of Korean
peninsula is opposite to that of the M, tidal wave. This result coincides with
observations. The propagation feature of the MS, is almost similar to that of the
M, but with lesser amplitude. The responses of the M, tidal features to
momentum diffusion term and depth-dependent form of the friction coefficient
are also discussed.

It is also shown that when the independent tide (Defant, 1960) arising from
tide generating force (TGF) coexists with tidal waves (co-oscillating tide) arising
from external boundary forcing, the TGF tidal waves are dissipated and their
amphidromes tend to move westward. This may be interpreted as a process
whereby the incident and reflected TGF tidal waves are damped by co-oscillating
tide arising from external forcing at open boundaries. The TGF amplitude is
found to be up to 10 cm and 4 cm in the Kyunggi Bay for the M, and S,

constituents while those for all diurnal constituents are less than 1 cm over the

entire model domain.
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V. Conclusion and suggestions

This report is the second-year report of the project for the ocean circulation
of the western East China Sea (ECS). The report includes research activities and
results conducted during 1998 in the study area. The project was conducted by
an interdisciplinary study group composing of various teams in ocean current,
oceanographic properties (physics, biology), numerical model for freshwater
plume, tide and tidal current and the general circulation of the ECS. This project
has also been performed as part of the international WOCE program and Korean
programs of regional cooperation with Kagoshima University in Japan and
Second Institute of Oceanography in China. During the second-year study, we
conducted an interdisciplinary survey in September 1998 in the western ECS and
two local surveys: in April 1997 west of Cheju-do for a study on frontal
structure in spring and in August in the Cheju Strait and west of Cheju-do for
a study on the northeastward extension of the Changjiang fresh water toward
Cheju-do.

The study was focused on understanding of major oceanic processes in the
western ECS, especially for the Cheju Warm Current and the Yellow Sea Warm
Current, fronts in shallow water, oceanographic structure in the shelf edge of
ECS, structure in summer of the Changjiang fresh water together with its
eastward extension. On the other hand, elaborate numerical modelling was
peformed for the Changjiang freshwater plume, tide and tidal current in the
study area and a general circulation model with simple code has been
developed.

All data acquired through this project can be used as basic dataset not only
for the general management of the ECS under the Korean jurisdiction, but also
for marine preservation and utilization of marine resources. Our Dbetter
understanding on the major oceanographic processes may provide a scientific
information inevitable for the policy-making regarding the ECS. Clarification of
the oceanic processes and development of elaborate numerical models may

contribute significantly to the prediction system of oceanic conditions in the ECS,



the efficient management system of marine resources and protection, and
forecasting of the regional climate change in association with the global climate

change.
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F9 HFHPE olslstn FH3= Aol AP ojok 3y, o= &F Fopyg
do2 FH AFde ARtUe &9, 3%, AE 5 thEot Yekd 4ER g
A7t g8 E€Fola FL AFAE L F Atk HZ HAAFHY ATFIEE
Yol ATFHYE oyt Fodte FAH FHATE AL Ut o), F
Tl SRR FHE 72 FFAFATEY ARFECE dFAEC] 19924
10¥ olF & Aele] 2SS T3l FFFAS) #HE Y A7ERE AESHA
3 FgAF FEATY UL FFFHoZ AHIYTh

1993 1€, d=F3qFAT4E 93 7FFGEL_ A FEAANZE ‘F-FFTFHI oL
ALE 98 fddard ALAT e ATHAAE AF3Pen, 5 AYME=E 6
A AFEATFEE EF 2 59, c¥2dH drldF, 249 2F, IYE EAL
g AANEY SSFIEGE, HFdrrd fFge FA4)2 FAEUY T7A
A7t A2z 53 2= ‘FFFEY oj&H ALE A FFEIY
I dutdf{ae 719 olgte AEoZ 1993d 108 FgHAL Y, AT o
Z Aztoz AFUL B FE27F 2AHGT W, d7FA e dFsels Ao
et 71 Ae] AF7Izke] 1do A 79 E dEHNeH B 194 d7A
dol 19943 4o A= P A

E ATFgAE 10de] ZA 39AZE FP3te AoE 7|F3Pth 1dAE 199
WRE 19974714 3Q@zte g duldfF 79U 5533 R 9E, 294 339

oo 2o



L G5 FFo] FAF FFIH ARGE, 394 337e dEFFY Yy
E3to] &3 FFEIEY FEY, F SED £ ARG ES FHNFgeE HF
At FFEEQ 10433 e ZE ASE FH3d 5589 AF=8 £33
3 2RI E A, s FES AuiEte F2 SFAHE gI3H, olF &
AZ HFASED S AX e ReE FASAT 1, B9 124 Ay 7170
199413 492E 19973 49714 3REo 2 dAFHJOY 7)7te] dE=FHo] 1996
1290 F88A HAD FFF3 F-ARAGE dAsigoez AFS 294 AMG
£ 1997 199 53t 19993 12¢¥0) S5 Algoln 2 RuMos 284 2
AT AIQATE FHLE FAAT AREIA Y HFHE 2=t

A4d QML FE R FAE WS
1 ATRG

5238 3 MR AFeBH T2 AFARY FRolAE AL THFH]
Agtel TAH ARBTEES AL, A9 2 FAGIL PN AFETH
#9% Pde] ARE £7 - BAKEd 2He 2R OB AN AFLU
AR/IEZ ATHS PN, A7He 5eH FAH 2AARY SAHL #
A5 sl ThEok FEAYEALE AAsGeH, AR BAS H4L S8 tA)
4 A7 Sgch B3 B A9 L TATTATE AZ YA AR =
YAdAEE Bosdt

2. AT BR

7v. 28 A AFER (1997-2000)
- FFF F-AFF FIANEEEH FQo HIYHAA  (coastal ocean
processes)®] -9

- 33 ARAT BE
. 53T FARAGY A5EB
. AFGE, Fuge 7197 A=
. GAG FAE ATH FPAN 2 2ASS
. B3 FRo T AR A5 L A
- HAFAAT AE, FATARESY BAY



1 284 FH FodARY A+
- g R A" ABET, FEAL (WihdR)ekel 34
- A AP AFH B, 2d5E
- 88 FFs FEEE EAFY sg 2 Edud
- SHAl B3] Folet FadFote B4, EAFE
- AL BE, s EAR X B¥EA

o 23l FQER
- 5539 FNRGelA A HAA HFBE AA
S ARE 9 d4e® BE AAZA 2 SRS B4
- AR B4 oA 72 84S 9T A9 GF=A
- 5224 A4S RY (B4, B4, 4 ) 7NAY
- zo AYTHY AE 2 BA

3. Axg ATALEE 2 W4

T B dTAE E% AN g R HY
1L S8 9 54 A3 A
A AFRAL E FR ZA 4 ZsEA
13dx= g o] B4 2. AFx FRAHQANA A FAZ
(1997) g9 gz Fgol A3 A
FAZT 33 9T o35 9 24
3. 3 3R Vida FAA=E
1 F-M% g A | FRAL
A, A NERAL 2 LIV ARL
2T F8 AFHF 4 2. FA W7]-8)F g pilot survey

(19999 = ¥-F FFZA}
(1998) decdzEd 4 R 3. A Fe BEF FHR

AD e g3 24}
4. 5339 A5csd A9
£7 W7)-a% 4E 1L 24 8% 45ae 4%
A48 AF2A 4324 (-3 25)
2. 5338 3 A% dRE
YR | aRE 24 24
(1999) 3. oA gd Y S B
28 dgtge 24 |4 FAURe /97 FHIFY
AdNE

5. 243AF, AFfHE A




A5 A 2xad% F8 dFYE
1. &4 97]-3)% g pilot survey

- ZA G AFE gAY
- ZARE: CID, 87 (45344 l, ADCP).
- ZA1dA: 1998. 4. 24.-30.
- AR @S gdTAE AT 2R (14008 8).
- 2AE
» AFE M AqES
© AFEA (A FHR], ADCP) R 22 EA (7&,98) 2A

» FaldF, AAGAAM HfFTE 24
2 A FAF HAF ATE AT A F2A

- ZAEY: AFHER AFE AR
- AV E: CID, siF (Y453 Fo], ADCP).
- RAFLA: 1998. 8. 12.-18.
- @AMk B GATE AT oo ES (350EF).
- ZAM &
o AFHPH AFE MR IA Az}
« 3 FHAFALAY FFERA
o HRZA (F18FH Ko, ADCP) 2 EEA (F2,88) 2A

. PR BE FPEAS A2 24

3. 84 $FF F-ARAANA FAH FPALRS YA

—

- XA G T FoARS.
- ZAMRE: CID, /(A8 FH o], ADCP), A, FFEA
- ZAFIA: 1998. 9. 11.-17.
- KA R GATA A7 &7 E S (14008 8).
- AR &
o I FEAL (13 F3Fo], ADCP)
- 3|FA HA (YE Kagoshimath e} FF A}



4 AR AHAY B HFAIEY

Fopdz #FAre 4 HE
- 33 A5 9 AEY VEAY
o FAE: HAEFHFol A4, ZAM] F& ADCP &g, s|FA AFAE
o FEEYEA: CID #3FA8
o ASAEA R BERT : ATAAL WA, YEBTHH PI AFA=R

5. 8 YTy AT

- 3T FARGY VR gFTE

- FEAMFY AFL TR ARAET

- FAZG FEY Fx4 FF ulEN

- GEA EXS dAAAETY B

- Kuroshiog9] £} ig5229 FY

- AFdHY F29 AMET

- T dFAIAAA SFTFERY AHEA

6. Arcdrd 7=

- BETo0 2AAARE AQY 5 Yt 24 £ARD 39 2dAZE A
- A B BT PNG0E YL DAY & Y FAEYY AL
- 5329 712 A5e FAY 54 W7k 2 AQS FAEDY AY

7. FATEAT B 2 AGF7) ¥

- FAZFAT FA
. AASYREBAY (WOCE) E2F Z2ad o] 2 285
REEREE
o TR I7MAGT A2 FA T4 1993 FFEA A FA
ZFA|: Circulation and air-sea interaction in the East China Sea
FIE5 FTATAYLA Y. Yuan nF)
SR} =, T, G, T

~—~



A4 53 8F Ling Feng Hotel

o A]: 1998. 10. 9. - 12.

9B Kagoshima 8} Kyushu A3l 35 AFASHA
(AT YA} Hiroshi Ichikawa 37)

Aed ATEH R FIAA

8 &F process %A} 3 &3}
=

(9, 8%, 4E) (3l & &,

2 A9HY

T3, 48)




H 23 =ue 7|=71% g






H2&d =l 72[sid &

A1d FW ZleAd d%

TETE Y hREELS 54 200m o]3e] KT HOE FAHA Qon FEHo2 &
o] Z& Okinawa TroughE &3 Hejd Y dZAHS Y JH 43 (marginal
seas)? #3l, T} viE A Uk ol AFEFH Aoz FFFNE HHH
F5E BolEo 9 FHE FFH F =3 FEFAY Fale AAFE FEl
BHREge2 FF3 Fv FIEE A 9EE 3tk g FFFEelxe s
¢t Agtrt 3} FEIA AGHEFHOE vjf BT BES FRE ROy 4t
gHogE tgsta FHF oFo] At FL& ojFo] FAATh 7F-UIFEEHe
Zx fHFdr] nds T e FHY AFU|FEE dF 2He 7S 22 3
on, U] £&4] HFEFFY T TFFIAE B8 vEHE AFuFE
A Rojrt. :

EZFEY ol3T e FoAdE B3dtn Bl s nis] FF =l
e AR R Q12]e iy vtow g9 YA RAIGEFE @I Age F
Hoz ooz fr}. FFFEY EHG Folo YT} HEL FFIE AA
T2 W3 FHeH7] dFo FElolN ZAR Asweze FIE A3 oY
F ok B3 FHFo] You 4o ¢ FEFII = AR} FX (scale)’} o}
A A gTFERE BEE T 729 AL FAASASE /B g

U 21 AFEFL delA AFsIERel 3l Ay AFAHF)S FHe=
o]FojFtt. FTYHFARF Aol 1960 e AAg e FANGHRSE B3 B
ARE FHYL AFHTET (B, FTHAGRAN) LS F8 AQAH HRAE A
23t AIZPE HHARE Aieta ok skEs AT ArE 1986\ RE 1992\d4] ZHA
FAE (3L AdE) A1EE B3 &, 38, AE, AZE V2AEE 531
HI=E A uk QUck W, FFHFATAE 191E9RY G AgFE Hojy
5T IS Feroz HATER len, 190dFEH MASNGHETAE
(WOCE)ell A5 #odsta 9lx, 199738 e = AT ALdTE ¥Hx d7AKL
2 #9311 vy SFFAFAT4ES} 95 Scripps AFAE 19959 FE 1998714 3
At 5538 disE9de sasds 352 AR B Qluk 39, diEggt A%
AR AFANFTEFATA (AU 2A) FALZ 199797 337 Fafol tigh dyt
HFRAS AT E AABIL JE Foltk

I g A7 gt AHH U 8ol UE e Ao FHo
E HEEE gA4F d77F Jojof dom gadich. 7B AEROIEE dFe



g, drel BeE4, 247 25, OV, G589 S5t 54 (), A5 A
2514 S4(QAERAE 5 5 Uk

A2d =9 Zefd d%

Kuroshiod} FFF3el F24S dANTEH 4T dEH T ¥ 7t @5
L FAZTETRAE FE3) AL glon FEATE vl AEHI FFo] B{3
I Qe AR E 2 FRAEMNA Wosi

Y& SFREAA, 71E%, 343, 281 FF I7HESF2 Kuroshio 798 X%
& FFTEAGN NEBESHE ARSI 49T AVIFoR HYRAE AN A
om A7t FHY ASE |83 J1FHF, AT ol2y] 7R FFFY o
3 el A &83ta gtk 53], e 1970d0) Fukoll Kuroshio |83 7)
Wolghe FAAIGE 331 10 ode] 22X A A AF2AE AR Y,
YL FFL 1986 RE 19983d7HA] 7de] ZHA FFF3 APl ot Wiz IF
ZAHE AdEE AAEY dxd SYTEERS AN olF U-F HYTER
Ak A&EI Jon @A Okinawa |TE £ SXefF A AL AP 3l
th. FIA3E 3 HYATAE FA4FH 2L BHEe dFHY FFoE HIRA
o} dAFE AAT glon, Y& Kyushutl, Nagasakith, Kagoshimad] GTHEL
ZATEE FAT A7FAd e AYA e AFR A d7E A 25T A7
Ao st Uk

e 0 HFAFA A 198032 IR FGA] Tho} &
A GRS AFER FFoE AABIRLH, bF Fxdt &-0-F 37 F53
FZAPL 1986 197 790 3 2 5FF oA AAIE bt Aok A, 1) SHEA
TAE 194EEEH SAFes 3 B FFIdAA sFRAS XBT ZAE A4
3t glom 1999dRE Bt FLASE At e AAoich

T, At diyt 5599 F5=3 FAFHE tdes KEEP (Kuroshio Edge
Exchange Processes) A7AMYS 1989'd9] F43ted Eje} siahiol 49 ALAS
< A& AN 1o, v A77|RI FFOE AFIAE AAS gtk

A3A Fa gopd ATEY

1. He

)

dred

oF

e

5T A IAe FFF UdEAIEES gl EF5 s Kuroshiod]



ols) #-$-dt). Kuroshios FF &AM Tokara s|ZL 33l A& s &/
9} 22yl ez e g BA3l= Kuroshio Branch Current (KBC & dinjd{)=
2" (Lie and Cho, 1994). 28iu} 55239 sl¢83 Kuroshiod] tidt Zuj
ZAre} AFE 19903 59 #HFEHJ o, Kuroshio £7-9 85T HA 37
3t 2AMAFE oA E tids] veE FFEolth

5339} Kuroshio A9 sj&¢d EoldAe d=aFdTAa7t L=
1990-1993\d¢] ZHA ‘Kuroshio 3HelA HFAUF AT T= &R 7|BLFAIEE +
B3tk 5 A7ARAAA FFFEo e ANkEQ FRY A5E SR,
2 ZAZTERA A AANGNEEAEY Sz afo s IS o] AT
AHEE B3 FU Aoz JAFANFHFolY % ARAZVEE =Sty B 4
TA 9 vFZE FFAT7IBL Scripps A FATAZRE] FolAF 7|&& ojd Wk
oh 1993dRE 1996714 3de] ZAA ‘TF5F TFHY s ozl Zax
FAIEE A o] AHdAAE FF=E FRGAA A 13 AAHLY HFBES
3 AR AFe HAASER, AANSUNCE 40 AS FAste &= ¢
ARol Arx FF3 UG o] ARE HiBoR FFFH FHYGY NI H
Kuroshio®] #7174g 73T § AN 29 F5F8 78Tl AAAL
Zd A= 5 A A7 HAATk 9, 199738 FFF8 MEY sl o
3 AFE A& ot AFHie Aok A= WEE BASS AXR FF5F
3 ST AAFD ZAMES A Eta e AFolth

5338 53 9de Kuroshio F7l1¢} t&% FA47F A2 ThiA 54 £4S
Aragstn, o) I N2E FAVF ARG IR FHe olfd EIFUH
Kuroshio Branch Currentdl] 2J&] $-2 del2 F$3dcy FHsx Juk (Huh,
1982). <13t stde] 9= FF FAAS FHo] aTHAT FHZ AT FATL
o] A7AdFe) o3Pd (o]FA 5, 1997; Lie et al, 1998) 32 AF= AFHH
oA UYehds digvl o] EFFe gt Ae Aol ¥ FeE vehx
Atk iSRGl 29 Kuroshio Aol FAFHH, e7vtel 9o hHAEY
g BH3s FEALY 58 /HPFAEC ¥o U] WE F3F 9 shearZ <l
st B34 SEEd o] FAHEG (o] F, 1997). hE5FTS 4 100-200
mol Ao ZEL F2A 9 HYPsHA BFRA Idvia deiA fout, o gAe
T kake] 380 FFHIIE T (o] T, 199).

FF38 o)X 9] Kuroshios tSAIE S wet B53As e 8802 1 FHo] U
FAbHO 1A%tk KBCo #2¢ diEFo2e #9& tFe4¢9 KuroshioF 7
Atolo]l ngAAF ¢ Yoprl FFE e EE e T 8 osE A
ME thed) Fgslth KBC £7]900A si&e#y 7| +2E Lie T (199)°
g8 AA3] 7ieHRNoY BA1GNA AH BES ARAse] FE5H 2USA T
A A FF AR SIFERAETT oA dFTRE oAz 2 EAA
gttt B719 A AE divergences}t, AFolAME convergencer} HAIEH, o)



A9 S g GEFI7 88 A2 qidEn.

5533 dsAEgs d5Eg99dME Kuroshio®] AE%F (meander
motion)¥ FHLEEC] F& 9FF (frontal eddy)7t 23, FHo| AFHI
gtk (o, Qiu 5, 1990; Miyaji, 1991). AMAPL Zol7} 200-300 km, 7|7}
10209} 5A4< 7IAY, &F°] sFZFCZE 0203 m/s9 AFSEE AT
Ito (1994) & SYUNSAIAANA WA ALY 5771 AAAEge] FAE o FF
AT F33 8k k. 28y Kuroshio 4F s golA sFo AAgE 729}
AXH oF 7o FAZ FHHA E3A-

FETE ARG BEARY NYEde AR @35 AFH Fa-s5FdE s
mE) tigk AT AAQL wigor FIoor v B AFAYSY EXolVi=m
sith. A271x= KBCZRE 234 FedF7F 32 f<skn (Nitani, 1972) 7
FFo]l Ftete A8 AT FF9 4Rt AFE FoE FFsle ALE ¢
H A3 9t} (Beardsley, 1985). &3 dfFol EAe A= A AFAZF 3 ¢
FHA= &s}th Lie (1985) o] ojn] AH3HRo] FadwH 2L FAs 77t
g2 FYst71E o]dt}h Hsueh (1988)c ALE fHFAZE 53 83 589
A4S B3g v ok E BIA 37 8FHA =9 dRel Fsdi thdl AF
T ARGE AALTLRE Eof AFHFLE Fdsle AFEF7E 4F EAd
Atk o] AFFFE 7IF9 FedFoE € dFoltt obF AFEF 7194 °
3 A5 A7t FhHo ok AR FFFAM AFJUFS (outer shel)2 HAYFH
Kuroshio 4=9] 4Qt&E HEo] AFdfFSF9 Z4Y Holgta FAHI AFIFE
He Pl A KBC 79 wh dinld {8 A48 AFIFre 492 3
3] XA A ottt

A FTFHozE F4E BFFe APHRE FF ALE g I FEF
o] Z7lele B YREo] Bz oz FAsd AFE AR & JFL
Oy 1 o]FARE vlg BUAT AeE Bi . 22 AFE FEY KA
FAE HAgE AR AFHFLE FHAY 2L AFE GEE AA FF55
Iy EFHEZ E BT FFFE EFHEE olF 3459 dFEL KBCH

3 o T3 T KUY & ¥l vk 28y /T gy F29
BE B Al FAA ATYE FAHALE o|FF7] HEY AFE FHAA
Fd3le AdsE 33571 od 29 AL 53 d4H=A 282 FFT
E5RZ AS g33eAd diMe 9L A7 FEojor & Aoln

o

o
]
=

’

5338 2AR A9 AAY 4554 478 9% FU AF2AE =89
F2 3330 oste] sGzAZL AAHS Kh (Zhou et al, 1994). Tl 73
U

o SEFANFLS FAWS AFE GHAHe] TIHAJYAT 57

i o K
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g Foo F3Ho] Qth AFFgnY AFELS AXAF EA dEd AF= FE
A g HFRAY BT & AR T3 T 799 ZAe AAEA
Tt 1980 So] &dajz7] AFE FAFFITE T3 Bk FHH
HEZALZY AAE v Ao FFHEITFLAME MG WS AT Ad=E
Aol A 19933 FE e BRE el X3E FBAHE A0 v 3=
NFATL, 1993) ‘FFF3 (o] T, 1997) A AFze FAF Alold P& X
gt sl 54 AEE FHINAT 374 T Fa| FFEAF (o F, 1982
o] &, 1998)olA FalFH-o FFI FATHol TFE YA 2ALE HA
& vl Aot FAZRETS} BED AFEL 2AE FE HEHFE 979 48
2 AAdnr gled 198098 = F59 A (Su, 1986), Hl=-FF FF FAL
(Beardsley, 1985) 5o} Slth 23y ZE RAIEo] SA7 Y79 FHIIGHE O
202 YA 2AHE ST o] FFFI AGoMe FAT FEFY ASH A
AEAE gofstrlde uEE Hol A

3. 71244 2 AEFE

o

A

71200 BFH EEE A AME JAFTHE A8 A8 e
ok 7124k Fade] glo] 7Rl HE A5 EFY 452 ¥%, 493, 2%
A (Kear) 5018 °lE EF A4 &ASFo] 7153ttt (Behrenfeld and Falkowski,
1998). IR RGN AEA FEES HE57] 4% LSS case 1 A (Morel
and Prieur, 1977)¢] w3l ZA¥H Luzgol ML= S Told oA
ADEOS/OCTSS] B3 g24 4ngEL case 1 194 3 Y APF SdugSo]
o} (NASDA, 1996). SeaWiFSe] 738 1997'd NASA F# O F SeaBAM (SeaWiFS
Bio-optical Algorithm Mini-Workshop)S 7] &3l 1779 ¢ EL H713 |
At (O'Reilly et al, 1998). &sjv}t S5 =9} 2L case 2 G| tsire ol
& A¥A AL 922 FHolt}h (Yoo and Park, 1998).

H9 sty FAe A8 7MA FHAA Aggdoz FH 2ol &A 7}
3 et oz Agtdol £33 case 2 A Wi dnFL IAFHoE ALE
2 F e Ao g ¥Alx: 24 9] inversion (Hoge and Lyon, 1995)9] o]
Vg deE d7EH oy 2de BEAFH FEL (AW FFAY F33) 3
B FFE AT F ol flenz FEFHQA parameterizations T ZE Frh
33 parameterizatione A GHQU HAS WE2 g FHE 3 FEV e
St

A|H# parameterizationS 93t BEFE Az vlo|H Ho|x37t Y=o
of gith. FFIAAAE FHAE HE3A AEFJT FAHo| A9 olRAAA &
ot B dFdxe 1997d 13pdxe ojo] AEFE AE A& Uth o
T AR7E FE3] FHEYE FFIdAA HET AGH dndsY Mol e



AE2H A HFY BFoze WEAge NFAAY g7 FAH Ao
22X o] A9zt B Alx7t FIEAE g o|FojA i Hu (19%)=

vlZ3 |77 (Kuroshio A7) F g<lolg 4t &, dEHde FFALY vt
#ol A3 AFE HF WA HEFEFeH 71]57.‘—:_““\_ ﬁohﬂ/ﬂ 377t S
A gy g Qere AE5HT vVt E B WA 5SS vbgol

A AY HEFEAEE old wgt FAAY plumed] AW EFE ulAA Aot A3
Atk Guan (1994)& UAZ FEFY AHE WErt FAA plumed] HL e} W3k
& AA3= F 899 U ey sTEEE YR F49 oy, uiwt
@*F9 boundary effect, FFAIQ ulE, AYadg Fo|] EFgFoZ ol kAl
gL At Atk FHEFY FAAE B AlFd 93 AFAHAT (Mao et
al. 1963, Cao 1980, Le 1984, Yuan et al. 1982).

*A7} S §Y9<L TFEA Yuan and Su (1984)= 1° ZHZ el A E
(steady state) =42 d3} time-dependent 23 RAZE Fa) <} %3—%%“4 M8
ARtk FAAY B4 §E2FE 34000 m’/sE FojFon, BFstE iyt
o o3 3HF plume o] EFIsA HY FfYss 1 BFES AASI=

£ 3= Aoz BRudYr} Lee (1996)9} Zhu and Shen (1996)& A %z}
A5 FUS X339 339 AR ZdE ZH T AAE e

5. s FAED EoF

%%%%H“ et A =Pl FE€E FQolmz 19708 FHEEH =
A-z2F% FAEd d37t $AFez FPHAT (An, 1977, Choi, 1980).
(1990)¢} Kang et al. (1998) So] 2423 zFrdd o3 =AdHF EXE B 7
Z1ekE = AEEfieh R FEE B2 ToA HuE 7 3&%*3%01 vehe, A
F FEFG ARG F79ES w2 HY 4~5 cm/se] BlmF 2 {50 e
T dok 2y 3 dE F5I3 2 A= 1 cm/s olstoln AF
E G g lam/s A= F719] GFEFFIE AvbFe g Yeidh. o] A=
719 miekst 2 FE AFAZ BEFEVIE oSy =3 ulwF ZsA e
e 445 FFEIE INFo v B3 UE Hu YUl dEA =4
FHT o3 FFI £HFEH = oA EFET Aot

Choi (1982)$} An (1987)& 2319 =W o]&3ted, 183 Choi (1984)—‘5 g4x
7} 43 2749 331 Zdg o] &3t ol FAYU FA stellM g gt FF=6



T3S nFSAT ol e dHY AFAAEL dAZ FFE Ay FF2 4
QA vt LTS BEE 5F0] FAHI, FHo] Fuxe 5
AMe vtgidge FJPste 55 (§FF)ol FXHE 2HE 2RI Choi and
Suh (1992)% olAuch o ADe AxPe 34d 2P oLt ADE] o
&S 49 Koied 4844 AR B5H 5F FAA AdFeg et
A degu™, 437 F, AS FA9A ZsXe Ae2 YEyt. Fang et al
(1997)2 2x+9 F=X = 4o A Hellerman and Rosenstein (1983)¢] v}&2#Hi} 7
FEANL9 FY4= 12ttt Fang et al. (1997)9] AA= F - 34 ZF thus)
FS A qwdizt 55T Se4S AY AFE Moz A& FHS
BHRAS. o] drtdFes AFAPS AU sl oz olojAy, FE2A) 29 BRI}
T gAAgAA EAH] @S FHAste 5280 FR/de Aoz Yehdo
FHdFE FAN S FF AASF FAHE AUdFY RAAF FHE gund
o 487 &8 SEE AFAE S g Fi FEEE JYFoez FAHE A
22 a3 glth. Pang et al. (1992, 1993) 2 W3 © (1995)¢] YA &g
A9Ee A4 sl 88 Ao, 884 BY A%old BT BF2H
AFoiede] Aoz mue] FHAM FHPE

=

£ Jehdh olgs 4382
EZRE FF5ZHY £88 AHFoE TS gl e Yy dENE &
E I3k F2 8, YHAREAN ARHE F49 FFxe md AU
£ A FFET oS FEATIE Aol FoT 20U B F gtk

gH Lee (19%)= UWeBELDAA FT2AL9 FY-#FEXAL NASn
Hirose (1996)ol ©3t d£A 59 Na uiEAs (1992)8 AM&3td & - 535389
FEEE ZASIATE Lee (1996)8] RdZAFAE 299 533 dFSE EZA
Bl FFARAE Azze WEeE g3 WRE I3 B4F7 dEsd, $4
40 mFAM e FFAdd A HAg Ao AFAES Jelyh sAde A%
Sl A FFAME Wt Felste 2ES Heoln, 1 99 FFFd gl
= BFH 0 m F EFAM FFAAE B2 S5 Avidezs e &
dAgdE £33 EA4L ZA JdEdY. o] 2de 3P L E3 AAFe=z
FEFZFES AR Fo2H N £29 E8de A93F 29lo] FAgse 6
4, AFEE 589 E 183ln ok

T F (1997)2 A EH 1AHS Helw v Cox (1984) 2oy ZdgIS
EXNEEE 5 s FeirA] FFgdozn wdo MLAAZAL AAFsE HdA
7|18 & dr EAPES IFEIHy, JABY HAAZHSZA Hellerman and
Rosenstein (1983)¢] €8 w2t} Levitus (1994)9] 48 - GEo| st o3}
BAZAE AHEEATH F (1997)9] AFoA BEAME F23 AL B2 93
BAEE} RAZ A= FHE Roled, £33 34 58X 2%, M
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e 7Med Agdde uRE Fa ARHGAdA fHAEE AAEGR A &
(1997)3} Lee (1996)2] R & FEZHo 2 AFHlx ojde 33 FHIINA dF
ANALE 8-S AT o FFEIHY 82 F (19979 S FA
PSS S8 FZALS ot BAAste 557 FEA L9 FHY SEHd
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Table 1-1. Information on the satellite-tracked drifters deployed in spring and
summer 1998.

LD. number Date Releasing point Water depth Center of
of floats deployed Lat.(N) Long.(E) (m) Drogue (m)
12784 Apr. 24, 1998 32-33.14 125-39.18’ 84 15
21223 Apr. 24, 1998 32-33.14 125-39.18’ 84 45
21219 Apr. 25, 1998 32-12.53’ 126-22.49 102 15
21221 Apr. 25, 1998 32-10.09 126-15.05 99 30
21218 Apr. 26, 1998 31-59.87 125-45.18' 71 15
12789 Apr. 27, 1998 28-53.04 126-57.67' 200 50
15370 Apr. 28, 1998 29-31.40 126-07.80’ 106 15
12787 Apr. 28, 1998 29-40.90 125-55.19’ 89 50
15369 Apr. 28, 1998 29-53.80 125-38.17’ 64 15
15368 Apr. 28, 1998 29-59.59 125-29.85’ 64 15
08896 Aug. 14, 1988 32-47.50 123-45.00 36 0
27253 Aug. 14, 1988 3247.50 123-45.00 36 15
27517 Aug. 15, 1988 34-14.10 124-52.10 95 - 50
08140 Sept. 11, 1998 32-34.93 124- 28 40 10
08141 Sept. 12, 1998 32- 555 124-29.70° 43 10
27256 Sept. 12, 1998 32-40.65 126-14.47 104 10
08142 Sept. 12, 1998 32-40.78’ 126-14.41° 104 50
08172 Sept. 14, 1998 29- 2.56 123-39.97' 69 50
27513 Sept. 14, 1998 28-54.82° 124- 9.59’ 77 15
27514 Sept. 14, 1998 28-44.89’ 124-50.39’ 93 15
27271 Sept. 14, 1998 28-37.58 125-19.64' 108 50

U A4
27 AAFHR] AL 19983 49 24~28Y ‘AU FHo WE FF5 I 9

AT AMEAA FAFH BFR ATE GANGTY $FFN Y S
S39gel 27 5009 Folg Tahstel AAsHHTh

O 125 1998 4Y AT GGl F313 52 Fol 5t o]FHAH
olt}. AF= FAZE ¢F 100 km HojZ 44 84 m | FA= 15 m F (F-o] 12784)



I 45 m F (F-o] 21223)9] Fo] T g FAld FIEAT. Fo] 12784= A
de MZoZ P T AAWFLIE H3ste B3It 59 49 =M ute
FTHHJST A5 FA 71FY d¥T 59 2 6 cm/s ©]3T}. Fo] 21223
< AF 297 EFoZ JYPZ & EMFO |58t AF= A% < 100 km
oA FAE FTHAE T3 F A EFFEL 6~8 am/s o] BEAF o
APstAX HA F7Fstd 20 em/s ool @3t FEIINEG F FY H
52 Z+ZF 35 am/s ¢ 141 am/s 2 45 m 5Z0] 15 m Xt} 7}5H
o AFE FE FA 9 mot 102 mo] F3Hgk Fo] 21221 (FAFA 30 m)9}
21219 (54 15 m)= 100 m S48 FHE g EXAJSE AFE AE3
dog o]F3ATE F Fold BFZFI|NFN HIFEL 47 56 cam/s 9 118
cm/s olUth A YAZEH FZF F£4 71 mo] 3 Fo] 21218 (EAF4 15
m)2 5¢ 159 7R T3 FHAAM EZJS AFHe 289 ZA s §AA
WEo g Adistax HA4sd 59 309 AF= FAE 3245°N, 12565°E o =E3}
o o 10 kmAE 9] e AARE L850 A3 18 ¥ 6¥ 39 $4E FA3¥T
FaFA AFE FA Qe AFd AR BEA-IF UEe A 4.8 AA
FAH} AT (T 219, 20, 21 =) AFE FMAGe] 54 84~102 mo]
35 48] Holrt BF & v EAAY & AL AHS g EMFoz 33
= EF°] EAYS HAFH AA #AZ7¢ T FF FE5L 4~14 am/s o]
CAFE GAZ FigE Role AR AF= MEFHY oo Myt X
5o o]xe] 3 F e AEE F5T F AA-

FEDH S-S5 5THY $4 64~200 mE t2AY 31§ JAFHR
5th9] olFAFLE 1d 137% 2o FFF FTH WHFTY F4 64 mo] T3t
o) 15368 (Z7154 15 m)e E3F 5~20 cm/s £52 SEoz APste 59
74 100 m $F4d 2 EE3it. o|F Fole RFoE WS ubto] 100
m TFAAE o2t BEA%te 549 159 59 31°8 B3t 4 73mo) §3)3 R
o] 15369 (/444 15 m)= AE 647 T3t} 54 3URH 5550 e A
3t 59 31°9] 4 100 m AFE FHAFHT T 4 89 mo] F5}3 Fo| 12787
(E/NA 50 m)& M3 592 52 L 5573 100 m 4802 J2d £+ 4
Zo| T3l F tj9) Fo| 153687} 153694} vld HZE wie} H45te 59 124 31°N
< BT AAEY] 4 64~89 m F3)et Fo] AU o]FHREE 30°N o|de &
38 FH Ao 100 m TFAEA B2 P3te FFFIF EATE BRAFET ol
a5 dde 19749% A4 85 (o] 5, 1998)AME B H 3o duhdirt F5=8
FTHEAGE 7124y 553 Adde 71EY AL (Beardsley et al, 1985; Fang et al,
1993 Aolzh Aok H9 30° - 31° Aboj] 100 m FFAA FHE wet B4 HE
B3kg4e o] 153687 15369+ Z+zt 17.4 am/s@t 18.6 cm/s ©]al Ho] 12787
143 am/sZ 50 m ¢ H%0] 15 m FET gt $£4 106 mo] 33 Hol
15370 (/454 15 m)2 ASde 3, B3t 33 L8F02 M3std AlAW
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T 28E0] AL AN 549 8YU 293N, 1265°Ed] =L o] F Fol KA
AREY 2880 HHE F A 2YWEAM EFHE JIPsio 59 199U 296N,
127.0°E9) =23IAT olHF o|FHAHL vPEHEE 4 100~200 m ApojolN AF)
B AT &880 JaFde MAANE £8F7t FAA EAFE F HAFE
olF Holg HEZstd 54 269 59 30°8 AL 59 27~-30LoE HAFoR A
#P3la] 100 m FFAN 2Hd EE§ F 100 m TFA4 ZAHE w2} 54519 649 59
3INE FH3Ht dEE4 +4 64~106 mo] T Fo] 4§9 olFF=2= 31N,
127°E4 744 100 m #28gelN FHPse SETES HAFED 59 31°8 T4F @R
E A Ro] AUE 59 $47, Fo] 153702 69 FE02 T Aozt et 31N
EF3 Holx RF 127° - 1275° E Alo]E we} BAsIgch o] 153699} 12787%
AEF Y 2YHAT 1536851 153708 A& 5T AFE NEHAE T4
Ak

e 54 200 mo] £3}¢ Fo] 12789 (Z/HF4 50 m)E 200 m FFAA

&g gt BERs 59 6d £ 30°% AA 54 119 301N, 1275°E &9
A zgdute] TIAHAT. B9 30°0deXe AS 84 BF HFRES o 17.8
cm/s o1t

Loz o rfr

o} SALE

SHAl AN 1998 8Y AFE FHIARAL (B3] TS AV d7FHAS
FE)% 92 5FFE T ARG FFRAMA AZ AFH R0 U 8 E T}
st 35S FF3ATE Fo| T 8¥dE olojxxE, 9dde 2FFHEE I}
Aok

2% 14% 8¢ 11~14Yd T3¢ Fof 3¢ olF Aot} AFH FADse
84 4 ol ZEE ANV A3 AF=e FAFAT T FALH 2
o] Ro] (88%, ®F; 27253, 15 m F)E FAIY TSI FH HH BF
ZAEH] Y5 AZAE BAZ Ro] 3 S T Hct FAAE AR F4
36 mo] F3&}3 F the] Fole 20 cm/s o]} WE S22 FHOE P
AFE FX4%E oF 100 km | Hol =LA AS dFLL £F7 15 m T2 3
7 5FFEe 27 275 cm/s¢t 21.7 cm/s oAt EEF o] 8896 94 8Y AF
£ 92 323N, 126°E B2 223 & 2xoz APty 99 YA AFE &
TAXAAA FAE FDeUTG FH Fo] 272532 Fo| 88%F} HlF HEE
71:4 99 29 AFE FF Atel 339N, 126.6°E R2o] £9g T AFE AZA

S et AANFeZ EotA AFAFE T EIE JYAAT Fo] T gAY

EZde AFE AZNGT AFAY Giol 2AH 320 psu o3 APF7t FHA £X
3 B3] AFE FAHH e 30.0 psu o]ste] YA ML) AFHE Foz g}
E areke 2xs T (19 64 FR). Fo] T uig O]Eﬂl&]ﬂr FEEET 19984
8ol FAZ FAF FREEN} AFE @ES FAASE BAFE Ao, s A

> o -|l1 o,



74 7l AFARZCRE gAY T2 T RE fYsEd 7€y (R 5,
1991; Lie, 1987)9}= & AZ=Z o]F38dsS Rtk A34AE FAMZF 4 95 mo
£33 Fo] 27517 (B4 50 m)2 Ag 79 5% HH 5Y¥GE 57 am/s2 Bt
7} 89 214 ~949 9¥dle HEAMAT F AF oz olFdtrt 94 149 F4E FHIAT
#5717 5% T 5FREL 31 am/s Hoh

a9 15+ 19989 99 FF T F-ARG AN FEE Fo] 8¢ o|F AR
otk AFE ¥ A FAAE FRed A2 2u, 5§ 29° oY U5
69~108 mojl 4, F 8tie] Fol& F3}3}Ych.

AFE G&F 54 104 m ol 23H AF 35S ZAE] g3 F A9 »
o] (27256, Z/FA 10 m; 8142, Z/IFA 50 m)E FAo] F&}stgrt. Fo] 27256
< AHg 8Y7 4T EFHE 5~15 cm/sE EREt 99 209 AFHF AFH
d7Go) =23Hrh AF 50 m FFo F3g Fo] 8142& FAAT o|FAHE 1
Hoy YAFHeE o] 272560] BAAF B2E u H3Y 10€ 269 AF3FE
MEJTFAAA $& T3 Fo] 81429 5UL BFEF HFFEL 16~75
cn/sE 10 mFo] vl wj$ FF ZES BHYth Fo| T3} FA FI} AFE X
g3 AF= FAsIgel= 29.0 psucldte] FAZ FA457F FREEHAS 50 m F9
M= 330 psuoldte] A7t EASFAT (2 2-14b, 2-18b F=Z). BA AFE
dZa o] £33 o] T e o]FAFHL 19983 Ao AFE FEH Yo
ol 53 YAF sXFIt AFT AMEHE AU AFHE AF YTFFHLE olFdn
ASE HoFo)

o] 272562 AFIAP AZ 799 33.8°N, 125.8°E Fs| oA IFUT FA
ol 99 2798 HE AZoz AYPsd 102 1Y€ 23T P2 339°N, 1299°E o) ©
D olF Role FFoZ HIgE ubio AR ANE FF 125 & uE d¥d
BG4 15~36 cm/sE BASA 109 79 35°N, 125°Eo] =23 & Bt 3]
B2 AY3IAT 89 A AZARE BAFd T3 Fo] 27517 Hlg F2E By
g 1} 9lo] 893 1099 AFAE AMF 125°ERZS wet FUFRE Fste 53F7L
ZA39 S BAFeH o] EEFF7L A AEFHoE EAF=AE Hotsty] AlAE
FF AF 93 A7) sF@So] L3

FAYE AE9 4 43 mol| T3 Fo] 8141 (B4 10 m)S FoF oF
209 B¢ HRAEE 108 1973 FAR 47 AFd =23 F 5F o8 WEgS vt
o] BAsIt 119 219 32.6°N, 123.2°E H20A 418 Fdsith. A% s
ol BEAR 55 UHT 5IRE] HUAZL 6.0 com/s AEE It Fo| 8141
ol FHFL 1998 8¥4 AFE F&ES T3t YA d FALG A4 5F0] 9~10
go] HuA uARSS BoFth FAZE AR 4 40 m o T35 Fo] 8140& T3}
g 2gAde] 285 388 A5H 5 YUk

5T 9HY US5Y 5L BS] f8 59 285° - 29° Alol9] 4 6
9~108 mE 7123 4ul9] FolF F3¥IYth 4 69 m 9t 108 m HFd & EMTA

o
4

o



50 mQl Folg RN 4 77 m £ 93 mo] T Folo] FHFAL 15 m olnh
AYE A F4 69 m o F37 Fo] 8172& FIAA FHH N FE HF A
Astcirt 2gdutd £ FRY 35S BAFA gt £4 77 mo] T3} Fo
27513 (EMFA 15m)2 F3F & AE 6Y7 53 3o 99 208 44 100 m e
OFY F 5FHLE WYL vhyo] Azt 109 74 305N, 126.8°Ecl 2 et
FYHYT. AL 697 BT FFFEL 152 am/s o|n EFAE 179 5] FF
%2 188 cm/s ©IItk $4 93 mo] Falg Ho] 27514 (EAFA 15 m)E A 297
< EFRJsE HA LEF0E WEe wHre] 553, FX%A 94 279 4 100~
200 m Afole] 29.5°N, 1268°Ec] ELs et o|F Fole FHAMD Y3 HFsto
59 30°8 BHF F F4 1274°8 wHA A& BFoz I, 109 18Y AF: FF
33.3°N, 1275°E |9¢ 5AF¢ ¥ 55Fo2 e Ay duiz H& AL AA
FAZ AY3AHT 59 295704 AFE FHHGAAY BE FFFEL 233 cm/s0l%
o 4 108 mol] £} Fo] 272718 T3 F 29Uz A7}t FAS FTFE 2
4 U4 BE FFEL 140 an/sHH-

2. ZA1Y A% ADCPe| &)@ s|HZA}

1998 FA (49 23~30¥)9} 3tA (98 11~17¢) A AFAH &Fg 3
3" ADCPE ©o]&3ld CID #Z4S we 38 55& d&EF02 RAREIY
k. ARl #EHE g A/ AFE 2§ 267 274 EAFATE BFHY
o] $=4o] & 350 m Rt} &2 A Folo] bottom tracking mode (BT mode)
2 #5337

ADCPERH 238 #&A8% ZEoA 30 PFA ol oAz BAHL 9
A 58 HFHCE olFHA don HIA FATAWY As5F HuUAg Hix
AE Al

5F3T8 iS5G A @E FAAE] W3V $AS oz FARA
4% ADCPE £A3% &A= 2RH /& FHodslr] dAsfixe 2FH4ES AA
o sty 7]Eo] ARE ZHFAE AAWY (Foreman and Freeland, 1991;
Candela et al, 1992)0.2 & IPFTRE FAF & e F=Z XFAHAE FE3
AAGA 23t (o] 5, 1998) 471X 25 m &7 65 m FA BEF &9 F
BEETS AU (ZE 2-87% 19 299).

i

3. Kyushu A% A& A 4AFdF 7%

7t EAAC R ARES
Kuroshio 2/ =Z 488 £7]¥ KBC (Kuroshio Branch Current)x= Kyushu A{%



e Y 9F UFTEES Wt E4431 Kuroshio B F= Tokara s @& 3l
TAZT wEA £719e WFAPEHL GFaFAAol L4 (divergent)dte <
o siech A2oH f&o] BT A%2 (continuity) & HEA7)7) 913t
o 3= FAL 58 (convergent)dtAl Fr} ol s Eo|sPol N AE=Fr) FA
o]z]3dt EAL O]tx] 3357 sl Y& Kagoshima tf&ls} %%E_E 19973
119 sedl AFAE 2 Yo = AW AR AFtEe S

3 FA M X+ Kagoshima o] A&AH T/V Keiten maru AAA A E
o, Kagoshima w882 Kuroshio #71HdA 7M7h #FH JCM (YA 29
36.62'N, 127° 49.65E)o] 3)57 (Aanderaar}l) 3ul7} F&E ASAL 119 260
AREAT, B d7EL AFH JIOMAA EFZSZ o 109 km Eojz KCM (¢
X]: 30° 29.27'N, 128° 20.17’E)e] RCM-7 3tl, Seacat 1tj7} A" AFAHAL 11€ 27
ol A3tk F AFAME 19983 39 29, Kagoshima whg AHH T/V
Keiten maruell &3 FA13] sj= ot AFHY A= 29 2-100] A SIH L
AFARS gut AR F 129 2.

Table 1-2. Information on moored data at two stations KCM and JCM for
November 1997 - March 1998.

ids St. Meter/water Observation period data lengths Remarks
depths (m) (d/nv/y) (days)

RCM9168 KCM 525/768 27711797 to 02/03/98 95
Seacat2289 KCM 580/768 " " 95

RCMO692  KCM 640/768 " " 95 no current data
RCM11796  KCM 740/768 " " 95

RCM 211 JCM 534/816 26/11/97 to 02/03/98 96

RCM 212 JCM 639/816 " " 96

RCM 213 JCM 744/816 " " 96

it AERY L At

F AFH KCM$} JICMolA @53 & fRAasd £&, 9829 Azhds

24L& 29 110914 1178 2. 2L =3 4F=% 5‘-”35'-‘:} e Fard 9
W3l AAY, &, FF 71438 (low-frequency fluctuations) ® H &t}



£ dFdMe Kuroshio £7]9olA {72 23S 253 7] Wi F
23 GBS 243 &Udt B 1-32 509 sFANN FHE ZFF7] dF 3
#aF 4 RMS #4558 Jeidt AFH KCMAM e FFdlf7t 337 3dH
o] 4~7 cm/s A=o|th. RMS k& BG4 o 28] F=2Z AFNFHAN=
AlIZEs 7 438 A RS ARE JIOMAXE BaEaFol ey &
£ 534 m& 639 m FANANE 5~7 cm/sPoY 1H HE FQ 74 m FAE
117 cm/s 534 ms} 639 m Zof vIF] o) 1/3 o|3tE FAE AP 534
me} 639 m ZoA HFEFE g RMS f&9 »izt KCMolA & Bl=g 3hs
7tAY 744 m FolAE RMS f-&o] Addldez #ER A F AFHAA T53F
2.2 JeElUE AM L Hafdo] 4] ZojHd wgt ¥AA WEgo =z 3Asn
ATE Fojth. KM= F #S547F (215 m z}o]) F3¢] Aol7} 19%0] 11,
JCM9] 534 m9} 639 mZE A E F3F2 207t 8oy 639 me}t 744 m FAAE
9%} & Zolrt FASPT JCMS] AFeA & /3 Xolv BEFEo FHF
Ztoll Mt FA3] FAasta AHFHLE RMS 40 AAE Ad 7% ReE &
jag-ii=g

Table 1-3 Statistics of moored current data at stations KCM and JCM for
November 1997 - March 1998.

St. Meter/water Mean current RMS (cm/s)
depths (m) u (cnvs) vicw/s) speed(cn/s) dir(deg.) u v

KCM 525/768 -0.79 -4.56 4.63 190 2.52 7.60

KCM 740/768 1.06 -6.58 6.66 171 2.66 11.32

JCM 534/816 -6.18 ~1.84 6.45 253 12.85 5.86

JCM 639/816 -4.79 -2.26 5.30 245 15.05 5.05

JCM 744/816 -1.01 -1.41 1.73 216 12.09 3.38

ol AtHs JFHE AHRE (2 1-17), AFH KCMYAME u 377t v
AFETH G514 HEE Bol TSI e WA FFd AX AFH JCM
AME WE v diF{7E u AFRT @57 ¥syb Aok §39 A nuEE &
HEW (2Y 1-18), KCMY] 745 m & 81{7} 525 m & SFET A BZ77
ZAA 9] 4 waEA vdeve AL F43] AAT F oy JICMAAE 4



ztol7t A9 vk KCMolA F F9] #3 ABEHL W3 BASTE 0322 F
A FE oo™ 740 m F2 F3Fo] 525 m FoA KT} 9$ 459 m& Aoz 4y
Bl itk JCMellA 534 m$} 639 m Atold {&3 73, ust v HF EF7}
0.70 o]}9 A@AFTE HAL o = H4a7 (it w2 KCM# JCM
o] Azl7t 109 km Btol] oA YA FAT AFAA AF FHAFEI M2
¢ ¢ F Ao ¥, KCM#A JCM Atol¢] i 7-& H st JCME] 534 m &
%9 KCMel 525 m % sifshel 4@l #94F oldol} JCM 534 ms}
KCM 740 m FoA sFE FAFE °l3ty A4a3A8ES B4t FoFE o382 &
#Ado] B2 AL KCM 740 m ZF 3|7A 7} AN A 25 m Yol 7] & A
o ols) A7l ARsl e we Folen Aztath

352 3454 (rotary characteristics)2 fr3Fe] AZr¥g 47 19 1-199)
FH X FA (progressive vector diagram)ol] 93] 2 TIHAC A|HI}ZTHL
g Zmst Azl mel gashe ABE Holk 2, wAATe 5AS ol
Ae B2 AR KCMNE G877 H23AT 3EF7t a8
AANEE 370] dolyth. WAANTe] e B3] 740 m ZoH FAE %
el gEo] FEFTol A 2AEARAL 740 m F9] WAALY 5
7} 159 F7148ES zta o o] FU|dA JAAS (rotary coefficient)7} 0.18Z
e 77t B E9E Btk a8y 520 m F7 740 m F Afo]dl @A o] vy
£ 93t HFHFIE AN AFEH ICMEAME A AN FEYY ZF5S
FREsAFol BAN. 3304 5 WAARS AF7} oF 159 FI4L AR
Slom 2ol 4BAo] 09 ol4oln SIARIL 105 o|s= 534 mo} 74 m Fo
A FAESAEE B & FHolx oA ®stGES €43 (barotropic)olth.
&, RMS #&dA Uegxo]l 74 m Zo)A JuR = 534 ms} 639 mol vl
1/2 o|8t2 Fgtth 3Zo|A FAHASE 03 JEZ KCME] 740 m Sl A s FEt
Ao vz FEo =9 vyt AR

rRE A

. HFT=E

KCMol X e d3sle 4A&F, ICMAAE AgAEste A5771 3353009
2% MAANEoR I Hes nP (disturbance)o] LA BENFY WFS
FAe @t o3t WA AR AFAHY AP BPEArh. Kyushu
I 29 AzeA 2 Y72 WmAULE 5 £27F Miyaji (1991)9] SF 23S
AEAAE F etz gon, Lie S (1998)% ZAHA ADCP #23 CID A&
o] I3 ul Ut} Lie 5 Kuroshiod E712 AEFRF&A o] @iy diFA
HY FEE wAtE siFE BESY] std AZAA AFF7E EAEGe
2 &35 ¥9xn 3“’35]'9\1‘:} E5godxes dEAEE T2t 2 eE Yie
AEH7F A4 Btk Miyajis BT dlF7F Kuroshio A/ olA 2AstS 3HF
2 AsEe JAAEC o] wdEtn Bug vk ok 2 ALH #AZA F

N



7) 1592 e mo] BEHYY o mFo] AUAY] st BAHAEA o
2E AA2A BUE £ As AL U9 AL 292 d7) A o= A
AAro] A B71F (water column)o] MW GFL WALt G AVEHo| B
sk,
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Fig. 1-1. Release point of satellite-tracked drifters deployed in 1998.
Symbols ‘¢, '+’ and ‘X’ denote release points in April,
August and September, respectively.
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Fig. 1-2. Trajectories of five satellite-tracked surface drifters released in
the southwestern sea of Cheju-do in April 1998.
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Fig. 1-3. Trajectories of five satellite-tracked surface drifters released in

the continental shelf and shelf edge in April 1998.
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Fig. 1-4. Trajectories of three satellite-tracked surface drifters released in
August 1998.
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Fig. 1-5. Trajectories of eight satellite-tracked surface drifters released in
September 1998.
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Fig. 1-6. Survey lines for ADCP measurements in April 1998
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Fig. 1-7. Survey lines for ADCP measurements in September 1998
(R/V Onnuri).
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Fig. 1-8. Distributions of horizontal velocities measured by a ship-borne

ADCP at (a) 23 m and (b) 71 m in April 1998.
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Fig. 1-9. Distributions of horizontal velocities measured by a ship-borne
ADCP at (a) 23 m and (b) 71 m in September 1998.
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Fig. 1-10. Location of two current moorings in the trough west of
Kyushu during November 1997 to March 1998.
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to March 2, 1998.
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Fig. 2-1. Study area showing observation stations in April 1998.
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Fig. 2-2. Study area showing observation stations in August 1998.
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Fig. 2-3. Study area showing observation stations in September 1998.
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Fig. 2-4. T-S diagram of data observed in September 1998.
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depth in September 1998.
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Fig. 3-1. SeaWiFS standard chl-a (Sep. 2nd, 1998).
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Fig. 3-2. SeaWiFS standard chl-a (Sep. 15th, 1998).
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A4d FITH e FARE
1L 5333 35 82U 7L A% 2UTHY 255 AR

7t XM E

SPuEt FAENGS FaEFHel 4 m FEQ) gAY Fsi9} 3500 mo]] o]
25 T, 283 9 100~200 m = F4E& 7HAE €L 5 F dgoz o
2o FFFAE FAED o Yoyt FFFdAMe JtHE dEAEES AY B5A
BEF H3e Tl F1 L dAPS 59 F5FE 2 BAMuEYy 9E%
ot $Elyet FHEFe] JHA T olet o] 553 AFH H HAAYH EHo=
A3ty 2zt sFe] F8 fgEe A= A2 A & ¢S BRI F F3
o FFIdle Tl vls] 2] gEsA detue, 53 3s= %‘6119} 21
7 drhdF FE2ALY Fo] 5] o] T aJdoz ALt &
A7 718 dFe FYUS FETANY oA EF FAT 8400, FopA
of o o3 AAF, A7IY 59 FHo] wE FHFEY HAF, HEe 5T
7tE - ¥z 5L 38, F33, T3 4 A BFAAM &S FEsied AREF
o2 gL vAEe F23 AAE.

019Jr Zo] g AIFEAHLE Jd FARDS o83 et FHIANYY
d g A7E AS7A AR Z IS SF3FQA 902 HFH LUt
P AFE dASEY A HE2 A HFS e Rdgges dFste A
o] 433 Wtz vIZAAAJ] HAPolUD HL Adelth 2y TR HYE
FHE Aol ARAAZRDE AMdF o R Roste e A ool
Hoy, RHHI MUAAZRAL] AL ZulE 2dgd YR X 2
bR LA gt E}E}H NEEAFE T €34 € € F5%FY 8= 4
53 2L BAES 93] sidsr] fEME TFHeE & - 55t
L ‘f’Eﬂnﬂ%‘:2 3 Al2Eo = dte B9 AYEIS FFsor & Aot ojn T
WE Fus] kel M]ﬂ A EAQGL F8 ¢£82AEL FA2Y AP B
ozl EANES AFIA 2 A2 Alg®ET: £ %—ioﬂ Ae ojd F3dE F
=3 ¢8RI éﬂr;‘sﬂ -G He HgoR o 3 FFI cHELS Zoz}
T A F53E dHdd 8% 2l FH4849 By zz} WSS 1 FASAY.

m

ru[m X rulo o r°l Hﬂ

o

g B8 £@Ed FH% 255 P
(1) ZEsFY FHY
2dgde R0 A5 WY WM F- $FFNY FHES & =AY
A EBAAE Aol HRRA, A4 ARE FERA SL2IEE Ao
Qe 52w ASARE AWAAZ 4R U AEAAE B K22
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wor ole} RugYe] Wy

(2) A ALt

T g BdoMe FAALY FHE €] AN AR A&
Fa gk 22y AFFE #Ee] FHEHA Rite Rde & - FFIA 4¢
Ao A FHATE vl HFd o3 fFEHe Aed A/ 2o WE &
g, 359 AFTHY ¥ £ A, S sHHF FY T wE e |

AE BF3 A & U

@) dRTAYLY =F =4HY F5aEe T84

Lee and Choi (1997)7} Mellor and Yamada (1982)¢] dHelguiers xj&-3k
Blumberg and Mellor (1987) Rd& o] &3l & M3y APdAE s
EZA 10em/s A=) viwd Z§ 24 ZAA{F A&l oer g A5
< 1APE Bole 2HEFLE A3t 2AFAF{FI o FEEHE A2 e
B} o] (199%5) dREFHS HL3 23 2 3Ad FF5FE AR A
ulg-g-egte] o3 HE4F B9 uiggd X4S FAd 23S A9 ASHF B
ETZEI M2 ZA GEE BJT F, 0gF 24E FAY AL BSde @
Ao FZHHQA WIlgo] AuF oz ¢ Folia fEx IAFHoR FLHAU
on, 43FF9 EA= FHJ olgF Aol cEELAN dRED S =3}
o E5FY dF gFFAASFE AdsHA 8 o 2 o5 WA GR{IT G
A =3 ole} #ASS AN ESHIY AF 4FHAAF FHHE HELE F
S8t gdgty A7 43T 97 dFFRAFY AE:ol e AT
di2de =917, a4 geixe FF3 35 AGFAN dRFLS 423
2 FAIIe AT 243t Hgte] g3t

(@) AAAPER A5

23339 279 $ARIAYEL BE 2dd) YPY I HAA
ol Mwsl 47 FE Fob B £ Uk AANEL doh} BGen YA =
A mASF=UE HFAY AP A8 e TP aiolth R A
APl Ale RAAARA 3394 ARE9 F4S Ashe St B
B},

(5) 243} Wt (Parameterization scheme)] A1&]A

YT AHAQA AP JEE AsAT sy FARIFCZRE oA &
AE4Se AW AT F A 2] o4HA AYeY 2Pl T 5 I
o 2 F REFS FXEF F9 7} Bryan-Cox Modelojt}. o] wde g2
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AFAEC o8 AFEHA gow, 19909t EoiA ZHF e mawers ALEA)
sty RdS A & U=E 2do] A FH o2 AR Ho] Modular Ocean
Model (MOM)ojgte o]0 2 FNHAL JYth. MOM2 HAIHQA MOM 3.0904 A
g 7bse Bl et RES AWEE ted Zoh

(7}) Dukowicz and Smith (1993,1994)¢l 2]3 oxz FTAAGY Aid {4
A L3y A 2 Killworth 5 (1991)9] 9% Af3 sy AL
kY] A4l

- Z# 2] Bryan-Cox Zd 3} MOM version 1= TAEE 7Fgo] <34
FAAFE FoA SHABEES AMSIEE Ho UL, AFFES AL
g = Aoy, MOM 3.094 < €238 AF ol AfF+4E HES A
2 F A HAo

() By A AR

- T Tuy

- 9% FA%e

- 53 /fA%S

(th) 2 AH(Tracer) o] 782t

- 2} o] FHighH

- 4z} o] F{ HQt

- quicker

- fct

CIGELET

- Cox 1984 EZJ¢t

- Marotzke$] HFQr

(h 27 AATFEFE UL

- 29 99 AATYAS B

- kpp 93 &F ; Large, McWilliams, and Doney (1994)¢]] 2|3+ KPP 7 A
3 St

- ppv €% ; Pacanowski and Philander (1981) <}t

- tcv £% ; Mellor and Yamada<] level 259 W& 24¢t

(h) % AR Rols L

- T dAY FHEFAT UL

- X5

- Smagorinsky HIA & St

(h AATFROIS FE-AAAY F5e
- neptune &3}

(ch THE=Y ST
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- Redi-diffusion / small_tensor, full_tensor
- gm_skew ; Gent and McWilliams skew-flux
- gm_advect ; GM90 advective flux (Danabasoglu and McWilliams, 1996)
- biharmonic_rm ; Roberts and Marshall (1998) adiabatic, biharmonic skew
flux
(=) HAZ FEAA At
- & AR (full bottom cell) ;
- BB AZ}HFA] (partial bottom cell) ; Pacanowski and Gnanadesikan (1998)

2. $325 c@ude Y AAZAD A

ol

< A% AAF coRd 43

7t 79 AAZD
2 AdXe A AFF uis} o] 5528 FAFA DA HaA FE A
HAARY] Aele 2AEy]) fitd AAT HYedrd AP FPsYT
o]Yd g AAT £@RP FPL FI3d TEIAS TFete FYRIL s
E #gdAN mdo AAZA Asted F&atA AMgHe A 5 Aok B A
FHoll AHR3 28-S GFDLY MOM 1124 TFAREAE A5y, ZAETH 713
Hst Aok AAT AFLEY AP olAE FARY APRokd] oA
b AMES 28 dolmrt B Aotk WA B ArdAE At
Z0]7} 913t 9] - A= ZZ 1x9 AATAL HaPn ATAY gL
o 23] g9 80° S-80° No|m, ETOPO5 4428 E AMgdtdth. 43
ko e 217 £& HAsPEd # Zo AANAL REEE 20, 20, 40, 40,
60, 70, 100, 100, 100, 150, 200, 200, 300, 350, 500, 500, 500, 500, 500, 500, 1000 m
Z 3gth e5% 4, 49 EFLAL Laplacian o2 Yok 4% 2
3 }FHAASTE 22 10° am’/ss} 1.0 em’/s, £9 € £33 FFHAASFE 7
7t 10" em®/s$} 0.2 cm?/se] YAE e APk 2P HE ARDAHL =%
3} Fe .- dE 2F 180022 3t
AAZ7 0.2 A Hellerman and Rosenstein (1983)¢] ¥49¥ uj#-8-3S A}
g3tk Feed AL ANE Fe3 QB dry} 2de dFJRE B
2

KX
T
o H
=2 T

& Hr o= o
o o &
2 o ok

T
O
oot

543 i BlE Q8 o &2 HEANLCAA S FHS S
dPodMe c8F9 JAdg fAste 2de 4571 A FHFAA
B 2 98 AFAC 10099 AHFFE 7HAL H28 = 8t

Atk £ AR E4L 39 FEo] ABABAN A FgH e W
FE¢ RPAT 2 B 7 749 A7 £ $ARARES SRR, IiHoz
k! ; Axpgel sl #38 2E4s 98ho2 o g



U 2d4dy 45

A9y 82D S o83ty Y7 ulEgH AP =P g3 758 A A
A dFe €8S 899 £ S BEXEA a9 419 yelith 4 dide]
MRAZAAFT EF £8F7F A AR BAEHI S-S B 5 e, 92 &8
o Hdl {32 200 Sv o)) E3tn gt V€Y EZrd APSAME At
BAF AT FLAA ot ARV ARG o 1= FPH= 2E
o] et ¥, Ady Rde #AZH UEFe F&2A fio AXE &=
2 FBAAQ oA E FIEA Adsn ATt FE2AL9 FFe 894 40 Sv
d g3le AoZ yehdt. dE9 AmF e Jdsie @AFHAFCNA dAFA
AFE &3 ARAFBSH AFTAAN B85 IEAEE o83t 73 29 4
TAF 3 FEA LY ABTF FFS ¢ 60 Sv Jx2A o W& {FF A
L FHd 90 Svol] 23l AezZ BRuHAT (Imawaki et al, 1996). FE2A] 21}
2= 2EYY ol9} 2L #FF ¥MFL ulFd 9 Sverdrup FEHFNLZ = A
HA X, FARDE o]y AYY EZ L A ddd g% FF
718 7bsA Tl dis] 7= AR Yot

3 42« T3¢ F3e &3 5 £XE 4= Ued Holth F
ZAL qozRY FFINE FYHE 4% F5FE UF AHHRE BA=
FA3] A8 oF 20 Sv x| o]t FREA Y] &l FAC F718xn
stAld] Zadte AMEEALS BiunE BE3] By dxFos FFFY £4F
< FR% Adus 548 BolA gv %3 {4 FHEEXE dF AR F
FAA FyF Fe g VAT 2y F8 WFe F4535 BX = vk
ol AARste] E4E HRATh F 108 ~29 7|3t B 8] Fa AN F5F
< 12€3 2€4] Hdl 06 Svol o221 TIAFEHE FFF3H XY F4TFER
g ZEEHo SHE AANE &85 Jepdnh sHAlde Ro of AANY &%
€ Uetdth T3 SR s WE2 Fale ol 2 FdHY St
< Fotrlot B Go| FEXAAZFe] F3A F&se FA o|FoA Y] & FF
a9 el 71FHA A oA HiFolv HAANIFER TH 22 T
AFQ o] FE2A L9 WHF T 2L YR e adET & FR3I
21§82 &S7 Al E-

B FALAEL AARA] 9 - Ax 129 £3EF S V%
mZtA] FAZ)A 100~200 km ©]3e] AFHEE 7HAe W
Hoh =3 SIS ¢ @FLER JdEF 7IFH ot
o FA EEXEAATN AMEETS § o 9U3] AGsy] YA B o MU
AARA S 7 EdY £ £, 48, MAANEF ¢ v Fo FF 4EA
59 Aol olFoHel & Aot} ol¢ 22 MATF Yy drde ¥
dEF Fq 2L Fo 2dFF {83 FRE AITE 5 ATh

< 3FE7= o
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3. oEEd A

7t Ae

duixoz AN HYEBL BA 3L AWy 9% AFReBEd A
e AU +AAES H5E4A A7 D AR A4S Pew & FAZ
o) RuFR o mdd R4s HAE 4ue A 4TEYG. B =Y
Azole dg sdyol TR0l Yehty] gEd AR £¥FoLRE AY
o dage BARE de B8R 8. Hed vdzde] o7 A% e
o wEhoz ATEy] 9% BAoz: 2o &4 AAFeD 4T + 4
Amde Aol a7dTh o] e ATANE HYH FAzA BE A%
M golsA AP 943 2Hoz B Y M e $UESS
AE2 e GEEde ARsn 2d AR g 9L 53

L fr o
@ o

ol
o

ot

o R
A
e

g A2

ddol dxwstE ujshe FARLY oM 7IEABED (Level Model)S &
Aoz nRW 2 AAHNMN A e YEHE AVSHE 9D, F2Y
(Layer Model)& |AWFo 2 A2 0 U 7HAe FEY FANSGE I=d
38 sledc 2RYe oW WirE APy AR ALzt B oA
2 Az FEHed, 2 ABANA Wt ART 2 SARNE S 2
#B7 Zdd Y=E SIFEE AHS3Y TFLYAHE VIEste THEY AR
A 24 (isopycnic coordinate model; Bleck and Boudra, 1986; Bleck and Smith,
1990), ¢HL AFAAEE AHESE T¢E FEA EH(isobaric coordinate model;
Bleck and Boudra, 1986) & € &+ th oWl Z4zte] SRzt F8 Xoje £
FURANA AT WSS Yehhe F53 A5¢ B BAL, YA
(@shigal) B9 A SlEolA AU B ATl Agse FEde
2 RFANA 7EHE LW Azan 2ABe AP AAPFA
(shallow water equations)2.2 7|&d 4 Ut 71 19 w2t ZddlA
st 2tztel 4T 2A1E Bed 2T

- B 2AE A9

_ 7 B £3e S0 TRY Ao AAIT Z 2 29 £35S FAY

T8 +F502 7|&d.

- ARFROlS £59 Basptde Y¥T FWASE AT BAY znds

Fejol @ FRAEGAoT AP
- AH5R AHE Ha
- uige ol A% nhaw HAR B, 7 F AlolY nh2e nHIT.
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- Zt ZoA Ao R g nEL Qe AR T} (E7Y $EHY A
2 J[BEFo R & FA9 HE, F 4 AAL o).

oJde 7122 sl Bl FYAANL FAREALNN 71&sw e wok

o(uh), 1 0w« uh), 4 1 0Cu - vh)ycosd  (uvh), ;

ot acos ¢ aA acos ¢ a¢2 a an¢_1-f/‘ (vh)k: @
ke 9P ul—tan’9) _ 2sing v k=1 Th
pracos ¢ 04 T AR fut a’ a’cos®p 04 )+ Pk

o(vh), 1 (v - uh), 1 (v vh),cos ¢ (2uh),

3t T acosé aa acos § 2 + t"“““f; (“")kj )
_ ke 0D 2 v4(1 — tan “¢) 2sing _Ous Th-1—Tk
pa 99 T ARV vat a* + a*cos’y 94 )+ Ok
ok, 1 a(uh), 1 d(vh)pcosd
ot T acos¢$ 04 + acos ¢ ¢ =0 (3)

714 M)AFH 22 $5EA 2 (transport equation)e] Fejz Vel 5 F
g aeln (3)4L A& olth. At WA 459 HMYAE Jele ¥4
212 o3 Zo] FAAY

Vibr=Vibir-1t(0r— 0,18V 12 ()

Te=hpt 9 pe1— Hok ©)
ol’del WAAANN HREALY xFH yE2 47 5FH 5E L, 252 xd
Q302 sl AEE Pol YFOE FUTh 2 Aol u vk SEAH A

NI R4, fo Y& WE pE Y, ot S, A FHUFRAS
g Uehie, ol B4 ke kAA 28 UEY. TA TE 27 ks £33
KRR F Alolel 2o SAHET YEAES Ushied, kb 09 dole

sgge] AP, kot HAFY Wel: AR LS Le] AFAL. b gEE
3ol F7, He £5° 9 271409 2548 EAQT 7 k1AA 53 k
WA 3 Alold AW WA dehhed, 718N £3 Pgozel WaE @
o Wgoz Wit (19 43a)

(o]
4R (1) - @) ARWAe Y 43b% 2L Arakawa ¢ AR A )4

Holland and Lin (1975)9] 22%4s @itk o AW vhdde 123
@< o Ad AANUAE BES= EFo] Utk Azl A e FERETY
& AREstedl o] A4 (leap-frog scheme)E HEAA A FA sl A7
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b AAE F ok Ad7IAE o8 AIPEHE AAS I A ZI—E— 5 F714
2 293 FHAENAS AN E Ak vpEEgd dEME FAEUFS
7] 98] n AIZEAY S AFREA B nl ANGAY e AME-3ih
ZEd2 gduky oz YR FAHo| xEAY =EFHAY AAFH A 5
= XA ¢ ol FAFHES 4FT + gt dHE /A It Bleck and
Boudra (1986)x &9} AlEtF oz <3 Ar7le oy FARALY FAYLS 2
3l7] 8l FCT %t (Flux Corrected Transport scheme; Zalesak, 1979)-& zH%‘G}_l_
Qedl, B FARYANAE FCT BA7h 2 A8 $38 017 ALan A 2
7 Mgl 4 2ANY weh Fo) AEY =do] gt FANEL] BA
Hol WEHO Ytk =P B FARYNE ¥z neE AAs] A8 DA
H M-S 2AY 9 2 FAHE AZTY (time step)S HAE & AEF EHEF
JJr 7“%’J—r < BEdte R=RY U¢E ALda JA gk A deEdt £X
bl ol AFEe] Aljte] e Aol e wA, R FHe E4 o
l dFe g wg B HE AN AE ARRFopt st @S JHA 3 U

% To

l“-‘tl 01-'

o FARdY P 2 e Y

AEE gISEDE AAAHY g FHEs71d $A FARDY AL 3F
=8 ARSI AF 43S FYsAT 2L e H4E AAE 299 2309
o2x zZv 499 233% Ade o 2o

1) WE Axis 49
- RAEA 2 G
A% WA (pq) : 1.024 gr/em’
2 A% (p2) : 1.027 gr/em’
%7) 4254 (Ho) : 200 m
%7] 3+%44 (Hy) : 800 m

reduced gravity (g =( _Pz_p“_P_l) g) : 2.8627 cm/ s
2

T8 GFHEAF - 0

AH wZAS ;0

3 vpEAS - 0

a9y A Az BY 30 =

FRLE AANE AR, A= 42 03 =

AR 61x31

2y 99 ZAPEEE - oF 1563 km, FEEF - 957 km

- 2712 2l ES3AY §F EFECAA 4dFF olF Atold] ZAAE



fr

%Y 449} Zo| gaussian FEj 9] 71BS FUY FAAHS] HojHS
of 49 WgFez 30 mojth

27]

- AAZA - AFY 8 FAZDL YA slip 238& -ng;‘u:} ke A
Fole obFd Y 71EA gu F3F aEEHg AqSeid 25 022 3
k.

- 24947
a9 45¢ 44AY MF FAY HA IRLEZA 27]9 nFOoZRE
W5 ARlsyl Fs BE ¥ oo NFez APsa e EFS B
qzth 2d 5S4 %Du AA®T W= z7)RT okzk gA® =7
(25 mE A A HF AR HEH Ao AFF AR A&

g & F Ut 29 462 Bd RG-S gt MF AA st B2
ARG EANA R AAE A9 Azt @& ¥3lE 5‘-°1—rtﬂl x &
A% ZAZEEHe FAAH YA E, y & AHE YERdTL o] A
I ERoA WE ARive 7‘*—4’*5% A4rs] Ba < 2.08 m/s7]— =t}

Aol % 2F3Fe WHANs AFEEE c1=\/ h+ (714

h=Hol, h'=Ho2)ol|A] 2.14 m/s7} Ho], F£32d o] ZA$ TFHREALS H|
AYEdYe BAY o ojexd s 2AP s \_p S Qoa A
=22

™o L

(2) 224 o A9
- 2dEA 2 AFPAAS ¢ oS npRAlg ol9ddle WEANY AYd 5d
3}ct.
%3 EANAAS : 20%X107 cm?/s
AHA vl@AS - 0.0025
2 vl@AS 0

- 27123 2d FEBAY FLHARAANA dFFH olF Atole] FAR 1
Y 479 Zo] gaussian FE 9 7|5S FAh AAHY HYHAE 7]
oro] ulrsko & 50 mo|t}.

- BAZA - gy 8 ZAARAL HAANA HEF (non-slip) 2A& FUTH
| Fe] S ol d 9EHx 7}6}11 et

- 4849
“@311%““*1 Z7In3e FAHE HPg AXHY HAAE w2 HE A

A W7} g MFoE HuEHe g ¥ 489 R e 279
MYolq, He 500 YA, LE 1000 YA, t:= 1500 LA < —’%Eﬂtﬂ 1500
A E olr WE 22umrr Zds g At 2% =2eS ¢ F
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Atk %] FE AARZONAN Hold e uH 6717 Aol N AdEE
g FHEY W 22T GASEE o 115 an/s 2 e
olgxste] MmE 3l olFaPAN AY 2auTe AFEE(c,)S TFIH

il Cr=—m‘8m§ FoX=d, olw R HIYWNA r=c/f (=214 m/s,

$=35 ol f=8.365x10 ~°/s)°} < 25.6 km HE7} Ho, A L (~1000 km)ol
vl FE3) Zonz Fue] g YAEE ¢, =42 AL AsEith o
of o3 Fute &= E o 131 an/sE Y2t F2dM vunyg & $3
SEHAFd HAE rlAAFE EU6tn YSS AT o FARUY A
o A= g3ty RAAT

oldel ztad HYPL F3lo JMd dErde g HETE 1xHoE
AESS Byl a3y AU AFE AP 13 HEFTZRE ZHAE S
A ARG He) 45AE7A) nEEY 6 23 A9 Gyt utgFEy oo
e FAZD A kol W AT dgo] ALHA AES} 2%
o 9%l 9% AARAE w@HL naEA gL A A9 AA AU
AAdErt REHEZ o2 RE THN A2ERZY (p¥k r=AUsT)e] REE
Aol Huad. A AP FXRAL A AA quAEe REHXT T
A2EZue] HE HAHZA FIT gy 2de aMFYse T @3
2ug 458F 540 ANFHRARAN 2HHA S 3] HsNE T
ALEZH 9 HEo] HAFAEHook gt} o]E 3l Arakawa and Lamb (1981)2]
TAA J2EZY REWGS B FxRdo MNUZoz ALEE =ysigy. &=
T AAEI A71HE AP L S8 o] AR ety =9 ©E 2w kA
o vime} FEsL avgEo
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(b)

Fig. 4-3. (a) Schematic diagram showing the layer thickness
and interface displacement in the numerical model.
(b) Model grid system.
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Interface displacement given for the initial condition in the model (unit in meter).

Fig. 4-4.
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Fig. 4-5. Horizontal distribution of the interface displacement at day 4(unit in meter).
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1. A&

FALL ofutEZT Far7to] olo] MAA M MAR @59 fEo] B2
o2 gHERAdA B3t FIWES 7t2EE FFIIAE EFHrie Folrt
6,300 kme] o]t YAFE FFUL RilLolel Beigter A 2L F4x4
R AHPE A AT FFA AFEIEE T4 FOoE 2009386 SFEH o o)
oS3 @ F2FL 900 k’2 oy SEuatd A shg 2 ZA G2 H)
A 32eo] 231 A= FAHE F FAAM M & FEFES 71 #2319 18
Hj 7}%o] HAtt (Hong et al. 1995). olajst B 4o @5 &L 558 &
ol B dFE VA A= A O ] F= HeY Fo dig AAF
dTe A9 Qs 4ot d7y, A¥HY BAH T FEFY A9 =H=
A3 FFI3het e sFFAHA B2 WHIE oy Aoz dAE= ul, W3
o] A= E 4= ool tFHY 187 Asixe Wil 8 ES und
T e ¥HstE7) A Az FRIF AF3Y AT
v 7487 829 FToolMT FFE Ad FAAo] WY B A¥I AL
a7t A Q86 H=2F AR 7971 98 BSAHANA BSFAME F
I E AAdAYE BEVE A} BFo] AFE ol FAAY FEFol M
Bote W 1954 892 UHTF FEFo| 84,000 m’/secol]l 23t Th (Shen et al.
1998). &3¢} 1954'd Alojo] AAWMEE 1A L1 G’ FHnez 239
TS 19549 8€FH 2L Hxga FAIe AL FEolAoY, FHFHo=
Az 4232 71T F Y& Aotk FE% 84,000 m®/sece MAGA 7+
& 79 oprlE 7ol 29T HEAEF 80,000 m’/secst T FFoln (Geyer
and Kineke 1995) %=17}o] 9BF HhaE%9 <o 2ujo] o]Et} (Shen et al
1998).

Shen et al. (1998)o]4 A&H AF5= YA T2 HE 640 km 7o) X3
Datong (Kif) @544 g0y o] ox AR FHoF A FdH o #ZA7}
Aot (¥ 513 FE 5-1). Datong2 A7)0 249 TV vHA e Ed Y3
8] 2121 Shen et al. (1998)c] 2l&tH 361 (1950-1985) Eete] WHF &5 TL
28,400 m®/seco]t}h. FhEFEIER: (1989)d] 95w k7o FHHAL 1,807,199 km?
o]} Datongollx¢] dHF F=F2 Shen et al. (1998)Rr}h <kt e 28900
m’/secold #E HAYHEFL 92,600 m’/secolth. 7 AF<Ql Chongging #Z 4
ol dHF T 11,100 m’/seco. 2 Datong®] ¥to|= & v]zit}. Datongk
T} 445<) Wuhan #&49 AHF $£%3L Datongell B3 5500 m’/sec zon
FA7} 31 &2 Datong® ) 2,160 m’/sec 2 31,060 m’/sec o]t}
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Table 5-1. Annual mean discharge and maximum discharge at Measuring

Stations
Statio
arions 1 2 3 4
m’/s
Mean discharge 28,900 23,400 14,300 11,100
Maximum discharge 92,600 76,100 71,100 85,700

FAF e Add " o APEo] EA & o] Fol FHHIKT
A& Zole FAZNA U HF7) e EFLE A AMS g
et AFHo e olde g 7E HAUArR EFFIY v AFx
WEo g FErte oz 4EA o EF AFz AQdd 2dse HIABZLH
A AETFT A 714E £ A2 #gHI gloy olF Qs ouHlFI HAL
3t ofRlEo] B2 HAHYE Y2 doh B, AFH F3A vdeds ALY 7
dol FAZ SHFEREH FAATdE EFEAAT AT (o] F 199%). ALHA 4
HE W dEdle AL g FH o2 AFAA g FHoE g M= gl
FSHNAY. 28y, 53] E5F o2 FEHIE ATFAZY Anrt FAE
RO B2 A ol A3z B A=V FFHEAE o) o]Fojx i)

Hu (199%4) vE3 771 (FEALY ARF) F 82olg 3tfth &, 9453
ol FZAEY uigol A1 dAFec HSFUAe E5FIY AL A
ZWzkolf A a7 FENA At 2 Y gelM e EEHH iR =R
BN A BF3¢s0. vigo] vt ALY |HFAEA ol mEt ¥ plumed] 3
wake uH A g@oha A9elgdo. Guan (1994)L A7 §&F9] A1z Wz}
FA7 plumes] HHe #H}ES FAAse F 89U 3y ey JTERE
sz F£49 gold, dehdF9 boundary effect, FEAE uld, AYadwd ¥
o] BEFgoRe] WFAZY FFS v 3P FHEHY FoHAE B2 AL
Zol o3 AHHAT (Mao et al. 1963, Cao 1980, Le 1984, Yuan et al. 1982).

FAZ ddF FYE EFSY Yuan and Su (1984)= 1° A9 FHAAAH)
(steady state) +=UE D3} time-dependent 2F EHAZ B39} FFF 9 543
< AHBY FAA] @4 FE5FE 34000 m’/sE FolFon, B v
e 93] 3G plume o] EIFIHA HY FPse 2 HAE AAEE
g2 ste Aoz BustUh Lee (1996)9 Zhu and Shen (1996)& S A kb7
S FdS Tt 3xY AAEAREA Bd2 e FFIE AAE dAdL
2 3o A&7 ALFE 89 AP S A=Y

[«

2. X2d
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00 mZ 3ttt F&F 9 507] AA el S0HA A X F4o 2
o] X& sponge layerZ 3}7] $3td 7|& £ JTASF g {9
28| 2 S RT (2 5-2). AAZAHL FAWFL SEoln FEWEL 3.75F ot
A Y7+ A& external moder 20%, internal moder 10802 3Pttt £33
A FATA (1997)9 2ol 10709 F& AA3Aen ZF 39 F4Y 4L & 52
o} 2o} FHFATFA (1997)¢} 22 Coriolis parameter= 91%=9] g2 39c 5
Z3 35S AR S AREE R

APL 139%x249 78 AAE 71 FHAA AASAH FAT YF= 162-165
WA Aol A8 1 Zo 49 ARRALE o 28 kmZ 3HHTH FAWE
o= 2¥A AAle| FEOE 2008 ARG FARTE F&5& Fol FEFE 2H%
Ko MZE wox 30U AR S A FAM GEE 022 st 1¥ 532
ST REE AZ ¥ B9 freshwater reservoir7t A8 AAH & BoFE)

Table 5-2. Depth to the center of each layer

Layer 1 2 3 4 5 6 7 8 9 10

Depth(m) | 018 | 050 | 1.02 | 2.02 | 428 | 7.14 | 10.00 | 12.86 | 15.72 | 18.58

3. 23

7}. Constant Discharge Experiment

B A¥L §2%S 9 st 4dsaen, #2332 oF 80000 m’/sec2
sl 39 Age ASel RARJT £49 TAE B7 948 AFDe] Bud
Ao AAl +4e 2 ASE Urol 1009744 #9540k BES AeE A 9
d9) 4 20 mT AFOH NE Ho) F £5L 5 om/sec AT AA 54
o] BAe= 7 37 F4ol 7 mYde I MF Ho {453 10 cm/secE
Hor 4% F monitoring® 7 XM FEFS IH 540 ZASAT HE
& AS FEFL T ool 80,000 m’/sec olel kg Bolm o F 80,000~
100,000 m’/sece] Atolofix Ae] YAF F719 AEL /XD AFL St

o] JFY F7IE 30~40 Aol HFA+4L (1997)9 FE channeldl M=
bR @odth A Yxrt oF 31552 o] YA inertial F7]= 23A]7H
olt, sponge layerg A9 7H @Ee] AAYeNA (% 24x) F717} o 304]
Zto 2 inertial motion®.2 R7|d= FI7t At = & 7H5AS barotropic

>
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N

—163—



Kelvin 32 2499 ZHAE wet Agdses ZFolth 4 20 moA o] 1}
£ = 14 m/secoln] FH AL AolE Z—IA}Z}%’QE 7133tE GENEgdol
1700 km, SAuHakzio] 1900 kms A Zole 3600 km=Z & ulf =ed Zde
AZEE o 70Xt 2 §EF AT FrIRG 24 b ag 1 3t JteAeR
= % dTERY AF/AAY 1RA5H F59 FEE d8 48 A AEE
g AAY AFo] UL F Yo}t AXE estuaryd) FY B Aolrt Fol AFF
717} o}F AL Ao E didd

a9 555 HEd 399 AA F9 GEEIXE 10Y 3oz HAgFH 47
A 34 psuf] TREAE plumes] AHAZ HIT A FAFE (1997)8 EE
channel 73%9} vl 1A E 7 B9 anticyclonic gyre9} @ EZd] ALF7 &
At ok AFE MA F 409 v I (59 25%)0 AUFY $FE
T23) o2 HE AR AuLETE A¥nd dxz o 659 AZYE 40Y
F¢o] olFstHeEE 3T 98 £k AP ol & 19 cm/secol] 3
F3ct o] e F5 channel B9 (FAT4A 1997) #*QA 23 cm/secst T
orderoju} ¢zt Folxedl ol SN FIL IE oY F YT A=

AetF ol 23ZE AAWE AHRA 2048 7AAE HFHAIYS LS ¢ F ey
30¢dle E¢AAA A=FHE HHAJT. o= Aol 2FF ©S AAZ 3
on oo wet AGFY Fx FrrE Aok 80U Aol AXFe FA} dinkdl
74A 22dt 1009 dle i AR AAFY B gl S3A do 2o
2 ASFY Ex &+ bulgerRt ] AZA
layerol & AdH7t A Az o Fx A
sponge layer7} A &S 3|F1 JYv oz wodALh
a¥

AR A€ & A% AA 39 YL 29 560 TAAAT fETL B
@ A%l v A F7hsted 108l AubAok 70,000 m/sec o]l ke Hel
M Fed A9e BEY AT 9ok (2Y 53b). GEREANE BOY A
Hlah} Rpolgo]l WAL itk $4 plumeo] BT} BEmoz o L 9
on, sz ozl Fgo] For, AARI Bol APHYLET B & Uk B
$ 299 08 odF Bge BT 549 =94 BE AAW 53, FAYFO
29 F4usel 9% ARz ARED FH0E P Bt £40] YRR ¢

E‘,—%f’}c’isﬂ L4228 potential vorticity $X] 40| HH 1o we} SAEEEo =

oY AA Bdh. old w} AL{IE I EY, YajFo g FAol
ZhotA A He ALRE AAZIY. EZoZ Hr} HE plumeo] FHutdE AL Fo=
BE #&% water columnd] F4l0] ZojFd we} 49 relative vorticity7} %
d 479 5 glon 52, McCreary et al. (1997)¢] ot X8 H o] A¢
of gEWEgoE FAFHY Ae Y FMS " s2E FEFY BAFEA
BZogo 3F0 of7|d REE HAYPT & US Aotk



I

Berg A$9 22 100¢oor AgFIE el AS =2dgoen AgFe
A Zvo) wal oF7bH Z71sh oF 100 kmE 2 W3br) gtk EE oz E 10099
3455714 o2y on plumeo] AL ZRE QZzoz 7 Ho| FFA EL
77t old o BZ AFog SA2ZRE FF AR 300 kmol Subsith 50¢
34 10084 A Fo FEREE 27 573 584 AR A AR '
& poolo] Al EAH 3L FL wet FEHY 4 ATEREH FEHE JHSFE
oF7te] BZ 0 29| excursiong Holu o] BT g&o gt} olete B #
I HAH AAHA &L 7Y BEE AAHAAE EFL2Y 5FS Ho|A ¥x
25 B3y B5Fsta gk 50¢9 ASE BHW F dEe F e AHAH

lo

NE 2 RoluAulR ol s %% T AYe B AEFE BFY
o sl o= AE AW AAVFOR Fgo] wpHe] TP 5F F
F3hn 9ok

ol 879 &R 5F 8 Folc FEEXENAM HERE
anticyclonic gyre7} 6“*5401 Atk &7 BZ AAHNARE A
Aets wat FAAF F AALFLE fFo] ntAY FEL oY ‘4?%}211:}
e 5§27 H“s}L A= OIEH ‘4*16%}01 ALHE fﬂé :
100d9l€ 29 4% 7 AAHE T3 FEHE e 5099 73 o} 2712
2 g FFstd Hu 5% F 752}792 s %%—’F—‘:— fafe EH'FH?_ gyre?]
GaEFel dRstm Atk F st BEZRAAM AFE BgFE d¢E g s=20
3259 olz2 SAZRH "old U A& FFIT Ux T2 §3 ZA
£ 1009 ojdel Agte wat 529 BEFF At Folgich oM o
BaRE 5049 73% A7t A2 gyreE FAsted 2 Xt 5090 Hls| &
o2 olFHAL F, 50go= }FE FAHLE anticyclonic gyreZ7} FAHAHIJL
U 1009l = ‘3‘%21 olx g ue} e EZFoZ gyrest oA uWrii X
shtel gyrert st & FALE FAHY AR st Je xsith 2 AA

2 A9 274 RAHAD AP 22 I R gyree FAHHA & Aol
o gk 3E Z7)dlE olFd ZEX QT YxAE glo] #ASIY 7] WEd
gk el gyre Aol 7t ou 1211“ oln] fr&d ANEFY X o

3 EA3 580 ALY 9 el gyre AL WEE AHolr] W Foltt.
a9 5739 58L& o HFEANAY B —E—EEE 4ol AxAeitt 27 g

o Be Zole] ALFHoE ololA 2oz K7/ AT vtk I, B 4R}

g AR A 2 HAE o|FE W +H —ﬁ.‘— FAL&T O] HE A dgozg g

cREFE wE A BIUE o¥r] #HEolth ¥ 594 spline
interpolationg o] &3l 44 2, 5, 10, 30, 23 40 mo|A o] 3 Ee] EXTE &
AR G714, sl dEo 93 o] Wsle dFHY Wshrt 4l HlE)
ol Hom g FAISFAL

F4 2 m X9 BEEXIE oFHRAY A FAAM &R A BH. G
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A, % 47NN o AEANRT o Be HPo] BEo2 F5n Utk 5 moME
7 QTN BHoE Fit 55 golAD BoERH 458 2L EF BE
o2 Gad AAYT gyreE FRHAD Ak ANTAN FHAE TEE AL
Hog A%F AWM YRE FPHE 455 FRAT Ak 10 meAAE
AROL I3 GBS 9 BoH (2 YT £4E 7 m) I3 A=
AAE gyrest AAFE BAHINUTE 30 mAME gyrest FRo2 Fd A
AR7t ABAT ALRIE AL Rl BYRA FYHelglon B 47 Rad =

T2 %S st Aok 40 molME 30 me} 2 FHS Hlth

10089 44 2 m A9 BEEET 50U vfAtAZE s BB A =9
Xl 58 A Zou @, 7 dFoA o HREAAMET ¥ BE FEo] BF
o2 F3ta Yot (2 510). 5 molA F P FEFOE F3e= B gl
© Ax 50¢ A9 2ok F 479 9Z2HA &L 10 moH e A A S
7} st7e] BZo #A=so] glom ALFIE F dEEHUTh 30 molAE HA
ol AGHIE AW o BFFIT dEHoNeH F dT E2Y 5L AF
Fata Utk

l

¢

=
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t}. Wind Experiment

F A dddAe uiddel e AETe FAEAY wsts gotrr 4
3} 05 dyne/cm’e} ulZS 10U A PG FUh ¢ AP 1004AE 23
o2 dRen, A 19 T4 BA2YE v =914 @& F4& ol Y3y
e AZE APz F/MANRAGD. FAEE Ul WFe2RE uigd] o)
2tz ddsto wi 2dvid A FoAe GEEXE =AY WA, 219 5-11
= *1%% BFE BRoFer Azto] Add w2t Agse] 990 dEFeE Iy
g€ £ & Atk F, Ekman ¥H3-o) we} vpgdddd) £ WFoR Y 5
of o]FAx YFES ZF HAFI Yot 9 WP uviES FAUL Wk olHT
Ekman ¥&-& Z RAFT ot FF AP EF2E olFHn (¥ 512),
539 Zeode MFLoz olFH T UYsFez 4I3}ES B F UG (TH
5-13).

ABHe) TAT HRA FFY 3
e AFEAR GRE UAE ¥ £ A (27 5. ol oFAA AFE

2o Uehte Q57 dE0 8 BHE FAD 545 + Qe F Bel

2 90k BE £ OE 308 249 SRS A0 & AUANE TR 3
A go BRHoR AEL W & gou, wigel o8 IR 5457 g
g Wzl wesls AhE 2 neET ¥ & T

29 5155 9 v sm%

BH 11 —?7} 32}70‘54013 9]611"“‘«]

o}
A Ergrel Aoz, dEd 9@
I 3

4 m
X do o
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ARzos o5Ad o AAes 4P Jeel gl AAE 2 Ago
3 AW 2H A 3 fERFNE P

g 565 A Mg 2l o

£ Wyl gte 3ol w3

AN 27) 199E 7EF 94 A¥HoE Z7t T gastm gdon o F A
Az fEFol Wyl gE A9 FO2 BAFL ¥ 4 Atk IFH AF 2
$ FEIE FARYOnE Beel Fol Bopd F R ol BFFH FF ul

A ATE X ST B O A SAYT GHolMY FAGRR
T2 uFo] UL AS9 (1Y 517) FES

. #»gzqog AQF7t BHoZ B4
= BAF »1\:} AFE BZoA 19963 #=
FeHoZ FAES & _l;,l_o:]_'__]_ °1E]-

B9 5

& Ao Qerel dgsd AURE 4Zoe =3 30
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o
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T}. Annual Variation of River Discharge Experiment
o] AgdMe YA FEFE Azt o=t WHIHA 7] Y3t AF ¥
#4€ theel Aol we 2ok

U= Asm(—t+¢)+U0

360
o714
A=3 cm/sec, ¢=255 days, Uy=4.5 cm/sec
2, o] ZEL Shen et al. (1998)2] ¥HF FE=HFHL vldA AdseE =4d
Aoz B 499} 2 8§71 monitoring? §EFE 1Y 5209 2. 99 ;e

AAFAY Aol™ Fud Ao APolME 7 87 +42 DS e
&S AHE-SEA T
A=1cm/sec, Uy=1.5 cm/sec
Ad57h 99 4UnT A Bol 44 A9 skl ¥Eo2 2yqd
451o] Bohai Sea® EFAROH FEWEHe ARSE AR A Hw
ot AA A9 BASE 42 7208714 HgIHen, 2y 52140 AAFA

a

lo ok dfo
oY on Jfo
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2 AR F GEREEE 10¢ TNALE ZASAT. 279 FFe o d¥9
Bt A 92A goy B FEFo] Foenz FFPFe] FFE HAFETH
Aol Apgdl mat SIS A2 FdlHo] 12090 o]28 FEoZE vt
Pl =gdtgor BxozE UE7A FAEHAUT 2o AGHEE 16099
GZAA =2sgoen 200¢d 35572 A& ).

13 cycleo] A3 360Ye] EXE HY F&Fo HEFE dyvte) FZF7x A&
AL AFTHE GHALES wE EAE HE AdFe A AFvE FF
2717 FRFHAT R Fe e 1255714 A& AGFIL AL g%
o= Ao 360YolE 2 Eo] 250 kmel E3tl F WA o= Bzoz I
2E Adae ez é?aﬂ;

e wet A& BAEt 42090 AFHES] F
% 2o =238t 480Ul= HHALE gt G AFIALU o] F ¢ o] A
A Kt 23] —rﬁlﬁP A+E B T AT EFY Ads: 4F FAAE
et F8HA] Xea 1225 MEF] HES o

HE&9 BZo g o o] gIvetR] Ehe ¥ 30-35% Alole] F4 dj oA
€ dagoc g o] ALSHL Aot AEF F FFFL AFE GFoZ 440
dell= 126=71A] A &3P 27 50084 xil%‘— =& ZMR% 1275714 3= Ach
ATz FZEd HEHUD AFFE o|F EH5WESE o] 600gol= AFE
GEAG =23t 5Foze FFL2 ALH 64089 AFEE 9F X
Astden et Felicta Azt =@stan. EaEictd Aty A9
FE JAE 1 5EZE st 7200 it Ae 1295 712 Asitel M=
37=7HA] o] 2 Tth

2 AL UE dEgle] ded A FEHFHS NUFHe=
7o & A9E Aoz A4 YA ¥E &
ZM &S anrt wAden, g FFdF =L &
2 Atgdth a8y, ofd AIHdz EFstn FAFe=
FEBET obg fElvet delts Xt Fsje) 2 |
Z BoFa 9ty AR dHozE d¢h B2 IS uAY gHFH
HH7E AR Ags o] JJovt FAAY EFdMes JaEez o
dojvt A@rt AFee 8 FEvE EEitd AR =gstn . A

B9 olF e o Fuale YEFY Ao s AAFHQ sFeTe

£ FAHY AFE oS B HEL ey Wle R s o
%a‘t g, AEF 2459 X 2 9FL vNA I8 1 d3 A& 3
FAE AL A E oprE Fx AS Aoldh.

a8 5228 720U M8 A =o §&

4
— lo 32

UEY AGRE AL shtold EARA Fn Axol wet ANE Gejste] 93
Zl A FFAT Uk BARA 3 FHY HE B GE5F 4 58
JIAE FHE RRHFEAAE F S50l deel FHRALS B} daiew 3
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B AL T4 (1997)9] dFZ o2, 7+3s FE channelo] opd A =
& A8ty B dAlet ke 87 dtellA Adsddh 22y, Fo%

A8 AgEo] Aol 7 QAE W Y §vHEE FHRIY A}
f‘s}%iﬁ} 1A A A¥e =94 A dAA AFddMe FEFE 3d 49
2 A5t <F 80,000 m*/s8 e FAFEE AR HARAF o]
%9} A A ’“*‘«1 B¢E U FRs AT HA F4AE =Y AL
<> 3 AL 715:2% HFko] Zxjursko 2 o] A A g7l Fol
&, & ol Fze] ¥t
T HA Q_béoﬂ*i‘ e vFE =R RoH Y B3 upEed met A
o FE7 ogA getAE 7t AHEQTh 2 23} Ekman 3o i}
F49 FFHA 2AEE FUT 5 M2 AFHA A% EFY A+ A
dogo] BFoFZ FHE HF A7ieh A&7 wEt FE3] vt I
< vE F UASE ¢ F U

A AR AFAME vtEE oA AYATIL FE2% AR wEths =93
o A7ztel 24) 2AH ST 3L BS B TRe k=S 2FSA
o %719l 2712 homogeneousdtil no motion?] FE|ZE dHTh FPg F 2@
oo AF=E FE FUE AMLdHA et AESFTt =Estd & T2
v F ee F RAFT ok AEWE oo FafAGe HE5vt B2
Hr 14 g2 EFVE FAEH FHY e F W E o 5 e
7He RS BoFA.

NFATAR (1997)A M= AAEAD A AL gyres}t AdRees @5 &
o @& Z2HQA At whgd B HdYY Afex 94 & vErva ok 19

g, A7 83 A WA AdelMe Aol Aged o olsd e Fx
7} EEa EF2YE FEE Boli U F, gyrest AAF Y VEFE oA
T 2o 2REH fFEHE ATVt BAALEY gyreg Eof E%9 AUdFE dZF

) AY gyrert BAAA Fol sl HAHW ol Ved AZE AGAA 2
o fE5e AWPFE H7 AGH AFE@e) u wHA = ok ©A
S7e) ARETo) WHE 3 ARHoE e WaE Fo UL 95
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7l € F&e BolA B oAl 3, gyrert EAldte & fEle @4
o g3 o= Ax 4FS T F Jou 42 2 Zo] FAHE 2S5 8l
€9 ¢S HA Hol § o AFE & F A doh

AT Be HWag Ao vs] EXoz we g9 Adsvh 2utdo
ol = McCreary et al. (1997)9] <tel =8 H o 3¢9 FAE A$2 A9t
sl st BASA Pdol FAHH Jdod a1 ANE g FEFHRIT LA
st o] Fddle 589 BARE Ao2RH UlEe @7t 5EHoE YU
He Aot HFsle 558 F4ol AoAd we ¢ Zdudxe LA %
ARE B £ oy F4AW3L a8 2A 258 2#H3H McCreary et al
(1997)9] BAAR=EA d9ste Zol ¢ 83t Atgdrt

£ d3dAe Agd g weg HdFsgoenz HA Y APz A
3t7ldle FErt ok a8y, 7 8459 AFRE F RAFAD e g
FEFT 7HALE FAGo] Fad drivd & FFE v F dE Mg F R
FAT F, FAG0] B olBeE & 9FE FS FFIE Jdobrixe Fa
7HA W3 F dE 7HeAdE F JeE Ak ke g, 243 Kuroshiod] 93] &
EHe 8 T ugES FUetq 2o dAd st 48E Adsor 7 A
ojt}.
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Fig. 5-2. Model domain
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Fig. 5-3. Grids near the Yangtzer River
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Fig. 5-4. Time variation of discharge at the river mouth for a)
Flat bottom, b) Real bottom
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Fig. 5-7. Velocity distribution in the 1st layer of real bottom case
at day 50
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Fig. 5-9. Velocity distribution at the depths of 2, 5, 10, 30
of real bottom case at day 50
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Fig. 5-15. Salinity changes in the 1st layer due to southerly
wind(contour interval is 5 psu and negative values

are shaded)
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Fig. 5-16. Time variations in the discharge according to wind
direction
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Fig. 5-20. Time variation of discharge at the river mouth
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Fig. 6-1a. Trajectories of satellite-tracked drifters during June 12 to September 10, 1997. (a) June
12-20, (b) June 21-30, (c) July 1-10, (d), July 11-20, (e) July 21-31, (f) August 1-10, (g)
August 11-20, (h) August 21-31. Surface salinity at 5 m during June 7 to 13, July 12 to
18, and September 8 to 13 was mapped on Fig. 6-la, 1d, and 1h. Numerals on
trajectories denote drogue depths.
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Fig. 6-1c. (Continued)
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Fig. 6-1e. (Continued)
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Fig. 6-1f. (Continued)
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Fig. 6-2. Time series of moving speeds, u and v components of four satellite-tracked
drifters (28719, 28721, 28713, 29820), and surface wind at 33° N, 124° E
during June 1997. Drifter 28713 had a drogue at 15 m and others had
surface drogues.
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drifters (28713, 28718) and surface wind at 33° N, 124° E during June 1997.
The drifters had drogues at 15 m.
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Abstract. The separation of Kuroshio water west of Kyushu and its penetration onto the
continental shelf of the East China Sea were investigated by analyzing trajectories of
satellite-tracked surface drifters deployed during 1989-1996. Conductivity, temperature,
and depth (CTD) data collected in the eastern East China Sea in December 1993 and late
April/early May 1995 were also analyzed. Composite trajectories of 172 drogued drifters
provided direct evidence of the separation of the northeastward flowing Kuroshio into two
parts at the western mouth of the deep trough southwest of Kyushu. The Kuroshio main
stream turns to the east toward the Tokara Strait, and a northward flowing branch current
penetrates onto the shelf across the continental slope west of the trough. Analysis of the
CTD data and drifter trajectories, concurrently observed, shows that the branch current
was part of the inshore Kuroshio, just upstream before its separation. During the periods
of CTD observations, the separated, inshore Kuroshio water intruded northward in a
tongue shape along the shelf break of the trough and penetrated onto the shelf after
crossing obliquely the western continental slope of the trough. The water that penetrated
onto the shelf continued to flow northward toward the Korea Strait. The main path of this
water was easily traced by its high salinity, which is characteristic of the inshore Kuroshio

water. Application of an inverse method to the observed CTD data also supports the
separation and penetration of the Kuroshio and calculates the volume transport of the
northward branch to be about 4.0 X 10° m*/s for the two different surveys. The tongue-
shaped intrusion of the inshore Kuroshio water onto the outer shelf may take place in
close association with the eastward turning of the Kuroshio main stream and it might be
caused by the vorticity adjustment created by the eastward turning of the Kuroshio.

1. Introduction

The Kuroshio flowing northeast along the continental slope
of the East China Sea (hereafter ECS) has been known to have
two branch currents: the Tsushima Warm Current (TWC) m
the southeastern ECS [e.g., Nitani, 1972], west of Kyushu, and
the Taiwan Current in the southwestern ECS, northeast of
Taiwan [e.g., Chao, 1991]. The branch currents transport warm
and saline Kuroshio waters and oceanic materials not only for
the ECS thraough its shelf edge, but also for the Yellow Sea and
East Sea (often called Japan Sea), located to the north. The
Kuroshio water intrudes onto the shelf northeast of Taiwan
and forms a ['-shaped front surrounded by fresher shelf water.
A major portion of this water returns to the Kuroshio, its
physical properties modified due to mixing with the shelf water
[Chern and Wang, 1992]. However, the penetration of Kuro-
shio water onto the eastern ECS shelf remains relatively un-
clear to date, mainly due to the lack of sufficient direct current
measurements and hydrographic data. The origin of TWC

Copyright 1998 by the American Geophysical Union.
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carrying the penetrated Kuroshio water to the northern ECS
has been debated since Uda [1934] first suggested that it
branches from the Kuroshio southwest of Kyushu.

The branching of TWC from the Kuroshio and the north-
ward penetration of the warm and saline Kuroshio water into
the eastern ECS are of great importance for understanding the
circulation of the ECS, Yellow Sea, and East Sea, since the
TWC is the main supplier of heat and salt for the marginal
seas. The warm and saline waters in the eastern ECS, often
referred to as the TWC water, have been classified as a mixture
of ECS shelf water and Kuroshio water by Sawara and Han-
zawa [1979] and Song et al. [1991]. Huh [1982] suggested epi-
sodic mtrusions of Kuroshio waters into mixed waters occupy-
ing the deep trough west of Kyushu, after examining NOAA
satellite images taken during the spring. Guo et al. [1991]
proposed that the Kuroshio warm filament observed at the
shelf break of the trough was the main source of TWC water.
Based on the analysis of trajectories of satelhite-tracked drifters
and conductivity-temperature-depth (CTD) data collected in
1991-1992, Lie and Cho [1994] observed a persistent north-
ward flow near the western shelf edge of the deep north-south
trough west of Kyushu and came to the conclusion that the
inshore fringe of the Kuroshio separates from the Kuroshio
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Study area indicating CTD stations (open circles) and release points of satellite-tracked surface

drifters (crosses). (a) December 1993 and (b) April-May 1995. Bottom topography is in meters. KS and TS
denote the Korea Strait and the Tokara Strait, respectively. The thick dashed lines indicate intensive CTD

survey areas for the two surveys.

near the continental slope at the mouth of the trough. Hsueh er
al. [1996] applied a theoretical model of the bifurcation of a
baroclinic current incident upon a step rise in bottom topog-
raphy to the turning and branching of the Kuroshio west of
Kyushu

Historical hydrographic data and moored current data col-
lected 1n the eastern ECS could hardly provide concrete and
direct evidence for the separation and penetration of the Ku-
roshio. The hydrographic stations were not closely spaced
enough to resolve the spatial structure of hydrography and
different water masses across the continental slope, and the
current measurements were not originally designed to detect
the separation of Kuroshio. Three fundamental questions rel-
evant to the TWC can be raised. (1) Where does the separation
of TWC from the Kuroshio take place? (2) How does the
separated water penetrate onto the ECS shelf? (3) What route
does the penetrated TWC follow? To answer these questions
and to elucidate oceanographic processes related to TWC, the
Korea Ocean Research and Development Institute (KORDI)
in 1993 launched the first phase of a survey-oriented interdis-
ciplinary project entitled Coastal Ocean Processes Experiment
of the East China Sea (COPEX-ECS). Tracking of satellite-
tracked surface drifters, CTD casts, and current measurements
by a shipborne acoustic Doppler current profiler (ADCP) were
used as observational techniques for physical oceanography.

In general, physical structures of the eastern ECS during the
cold season are much simpler than during the warm season,
and representative water types such as shelf water and Kuro-
shio water can be readily identified. For this paper, data of
COPEX-ECS collected in December 1993 and late April/early
May 1995 were subjected to analyses, focusing on the separa-
tion of TWC at the mouth of the deep trough and on its
northward penetration onto the shelf across the continental
slope. Also, a large number of World Ocean Circulation Ex-

periment (WOCE) drifter data in the ECS, collected through
the Taiwan-U.S. joint program and the COPEX-ECS, were
used to construct a surface current field of ECS and to detect
the turning and separation of the Kuroshio west of the Tokara
Strait. Thus the present study is a Korean-U.S.-Taiwanese joint
contribution to the WOCE/Surface Velocity Programme
(SVP) Finally, we estimated the volume transport of TWC by
applying an inverse method to the observed CTD data and
sketched a schematic surface circulation of the eastern ECS for
the cold season when the vertical stratification on the shelf 1s
weak or broken.

2. Experiments and Data Processing

Figure 1 presents CTD stations and release points of drifters
for the two COPEX-ECS surveys undertaken in early Decem-
ber 1993 (hereafter, winter survey) and late April/early May
1995 (hereafter, spring survey). Intensive CTD castings were
made on the western shelf and slope of the deep trough,
elongated in the north-south direction. The deep trough is the
northeastern cul-de-sac of the Okinawa Trough. The separa-
tion of TWC from the Kuroshio has been proposed to take
place at the western mouth of the trough {Lie and Cho, 1994}
The CTD sections in the intensive survey area are approxi-
mately normal to isobaths and marked by a thick dashed line 1n
Figure 1. Spacing of stations was chosen to be closely spaced
enough to identify the separation of the inshore Kuroshio from
the main stream and to resolve the spatial hydrographic struc-
ture of the separated Kuroshio water in the outer shelf and
slope area. Satellite-tracked surface drifters were deployed
during the CTD surveys. The release points were selected on
board, from viewing vertical sections of temperature and sa-
linity, together with the trajectories of drifters deployed by
KORDI and WOCE in the past.
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During the winter survey, CTD casts were made at 35 sta-
tions on five sections. During the spring survey, CTD data were
collected at 58 stations on six sections. The sections extended
inward to the shelf and outward to the southeast in order to
allow observation of spatial distribution of the two represen-
tative water types of shelf and Kuroshio waters over a relatively
large area. We used a Neil Brown CTD Mark V for the winter
cruise and a Sea-Bird CID 911 for the spring cruise. Observed
temperature T and salinity S were resampled every 1 m by
depth averaging over 1 m after removing spiked data.

During the two CTD surveys, we deployed 13 WOCE/SVP
surface drifters, equipped with a sea surface temperature sen-
sor and a holey sock drogue 644 cm in length [Sybrandy and
Niiler, 1991]. Most drifters were drogued at 15 m below sea
surface, and release points are denoted by crosses in Figure 1.
For the winter survey, three drifters were released on Decem-
ber 9, 1993, at stations JA1, JA3, and near station JA4 of
section JA. The drifter released at JA3 was drogued at 45 m.
For the spring survey, two drifters were released at stations BS
and B7 on April 27, two at stations 12 and IS on April 30, five
at stations K1, K3, K4, K5, and near station K5 on May 3. The
two drifters released at IS and K5 were drogued at 50 m. The
drifter at K4 failed to transmit signals, due to an unknown
cause.

A good number of WOCE drifters were released east of
Taiwan, jointly by the Scripps Institution of Oceanography and
Taiwan Ocean University. In the eastern ECS, drifters were
deployed by COPEX-ECS between 1991 and 1996. We com-
bined all these data with other WOCE drifter data collected
between March 1989 and March 1996. The combined data set
of 172 trajectories of drogued drifters, positioned at 6-hour
intervals, was used to construct a composite map of trajectories
and the surface Lagrangian current field depicting the separa-
tion of TWC from the Kuroshio (Plate 1).

3. Turning and Separation of the Kuroshio

The separation of TWC from the Kuroshio at the southern
mouth of the trough, along with the eastward turning of the
Kuroshio toward the Tokara Strait are examined using the
comprehensive drifter trajectories and 20 arc min by 20 arc min
box average surface current vectors derived from the trajecto-
ries. Plate 1 is a composite map of trajectories constructed
from 172 drifters released during 1989-1996. Red and green
lines denote trajectories of 119 WOCE drifters and of 53
KORDI drifters, respectively. An average surface current pat-
tern of the eastern and southern ECS was computed by apply-
ing 20 arc min by 20 arc min box averaging to the trajectories
(Plate 2). Arrow vectors are the box mean Lagrangian velocity
obtained from three or more drifters passing through each box.
Scales of arrow vectors and isobaths are marked on the upper
left side of Plate 2. Figure 2 presents the number of drifters
entering each box.

Trajectories are densely distributed off the east coast of
Taiwan, along the ECS shelf slope, and the Okinawa Trough
west of the Tokara Strait. The dense trajectories correspond to
the main axis of the Kuroshio at high speed (Plate 2) and are
in agreement with the main path of the Kuroshio, traced from
historical hydrographic and Geoelectrokinetograph (GEK)
data [Qiu and Imasato, 1990]. The Kuroshio mean path is
largely controlled by the steep bottom topography in the west-
ern slope area of 127.5°E. The northeastward flowing Kuro-
shio, located on the midshelf slope, leaves the slope near 127°E
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by gradually turning its direction to the east and overshoots the
mouth of a narrow deep trough west of Kyushu toward the
Tokara Strait. The Kuroshio is also observed to turn clockwise
northeast of Taiwan, where isobaths change sharply. Many of
the trajectories on the outer shelf, where isobaths veer sharply,
do not follow the isobaths. Northeast of Taiwan, many drifters
moving in from the south entered the shallow shelf area across
the shelf slope and then returned to the main path of Kuroshio,
eventually forming a clockwise circulation n the outer shelf
area. The general pattern of trajectories is consistent with the
observed hydrographic structure, reflecting intrusion of the
Kuroshio water into the shelf and clockwise circulation [Chern
and Wang, 1992, Chuang and Liang, 1994; Hsuch et al., 1992].

On the other hand, dense trajectories 1n the midshelf slope
area between 125° and 127°E are distributed parallel to recti-
linear isobaths, while trajectories on the outer shelf, deeper
than 100 m, are irregularly distributed. The irregular trajecto-
ries may reflect that a unidirectional current does not exist on
the middle outer shelf. Plate 2 clearly confirms that there is not
a predominant current on the outer shelf even though the
Kuroshio does touch the shelf edge. This might be closely
associated with Kuroshio frontal waves [Guo et al., 1991; Qiu et
al., 1990]. In the eastern ECS of 127°E, trajectories can be
grouped into three pathways: (1) a clockwise path turning
toward the Tokara Strait, (2) a north-south path on the outer
shelf west of the deep trough, and (3) an eddy-like path in the
trough. The first two pathways are indicative of the separation
of the Kuroshio into the eastward main stream and a north-
ward branch current. The northward current is clearly seen on
the outer shelf between the Kuroshio and Cheju-do, in striking
contrast to the uneven current structure on the middle outer
shelf. Its separation from the Kuroshio main stream may occur
on the slope, where the Kuroshio turns clockwise toward the
Tokara Strait. Plates 1 and 2 reveal that the branch current
corresponds to the inshore part of the Kuroshio, immediately
before the separation. The separation takes place around
29°30"N, 127°30°E, in the neighborhood of the turning point of
the Kuroshio main stream, as suggested by Lte and Cho [1994].

When we take a close look at trajectories in the neighbor-
hood of the turning point of the Kuroshio, however, it 1s found
that many drifters on the inshore side of the Kuroshio were
displaced away from the Kuroshio and crossed the slope at an
oblique angle. Of approximately 70 drifters passing through a
box area between 126.5-129°E and 28.5-30°N, eight moved
into the outer shelf area after crossing the slope. It is also
remarkable that some drifters on the northwestern slope of the
deep trough moved into the outer shelf area. Once the drifters
crossed the shelf slope into the outer shelf area, most moved
northward along the 100-200 m isobaths to the Korea Strait,
Just like the drifters which were released on the outer shelf
area. Thus the ensemble of trajectories demonstrate the east-
ward turming of the Kuroshio main stream toward the Tokara
Strait, more clearly and comprehensively than the previous
study [e.g., Nitani, 1972], and provide direct evidence for the
separation of a northward branch current, TWC, from the
Kuroshio around the turning point.

In the north-south trough west of Kyushu, trajectories look
very complicated, especially in the southwestern trough just
above the Kuroshio turning point. Existence of a large anticy-
clonic eddy in the northern trough as seen in Plate 2 has been
detected on infrared imagery 1n spring 1986 [Qiu et al., 1990],
on absolute geostrophic current field estimated from ADCP
and CTD data in January 1986 {Chen et al., 1992], and on mean
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Plate 1. A composite map of trajectories of 172 satellite-tracked surface drifters conducted by the WOCE/
SVP during March 1989 to March 1996 and by KORDI during 1991-1996. Green and red lines denote
trajectories of the KORDI drifters and the WOCE drifters, respectively. The WOCE drifter data were
compiled and edited by Atlantic Oceanographic and Meteorological Laboratory of NOAA:

surface currents for autumn derived from GEK data for the
period of 1971-1987 [Hsueh et al., 1996]. Lie and Cho {1994]
also observed a large warm eddy by drifter trajectories from
November 1992 to January 1993. A drifter released on the
western slope of the trough made a clockwise rotating loop
trajectory in the northern trough. Chen et al. [1992] suggested
a relationship between the eddy and a countercurrent of the
Kuroshio in the trough. Lie and Cho [1994] pointed out a
bifurcation of the northward flow near the northwestern corner
of the trough into a northward continuing flow and an eastward

flow along the northern wall of the trough, the latter forming
the clockwise eddy in the northern trough. Thus the formation of
a large anticyclonic warm eddy in the trough is one of the major
circulation features, frequently detected during the cold season.

4. Separation of Kuroshio Water and
Penetration Onto Shelf

The Lagrangian surface current field revealed the separation
of the Kuroshio into the eastward Kuroshio main stream and
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AOML+KORDI(1989-1996)

125°

120°
Plate 2. Surface current fields derived from the drifter trajectories in Plate 1 by 20 arc min by 20 arc min box

averaging. Current vectors were computed using three or more drifters passing through corresponding boxes.
Scales of arrow vectors and isobaths are on the upper left panel.

the northward flow in the neighborhood of the turning point of
the Kuroshio southwest of Kyushu. Detailed structures of the
separation and penetration are examined in this section by
analyzing the CTD data and drifter trajectories observed in the
intensive survey area for the two surveys that were conducted
in winter and spring. The Kuroshio arid shelf waters of the ECS
have a large seasonality in 7 and §, mainly due to seasonal
heating and cooling, and heavy precipitation and flooding in
summer. The Kuroshio water is characterized by high T and S
throughout the year, while the ECS shelf water is saltier and
colder (fresher and warmer) during the cold (warm) season.
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Furthermore, hydrographic structures during the cold season
are much simpler than those during the warm season, when
various mixed waters of the Kuroshio and shelf waters coexist.
T and S can be used to trace the separation of the Kuroshio
water and its northward penetration onto the shelf, and we
examine CTD data collected twice during the winter and
spring surveys. In general, drifters move following the water
parcel in which the drifters are deployed, so a combination of
hydrography and drifter trajectories help us to locate the sep-
aration of the Kuroshio water and to trace its northward pen-
etration route more accurately. We present horizontal maps of
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Figure 2. Number of surface drifters, deployed during 1989 -
1996, passing through the 20 arc min by 20 arc min boxes.

T, S, and o, at a depth of 50 m for the two surveys on which
daily mean Lagrangian velocity estimated from drifter trajec-
tories are marked as arrows. Although drifters were drogued at
15 m or at a deeper depth around 50 m, hydrographic struc-
tures at 15 m were very similar to those at 50 m, mainly due to
strong vertical mixing. The velocity vectors are plotted only for
the first 15 days or a shorter period after release of drifters,
since the Kuroshio front is especially well developed in spring
and fluctuates with characteristic scales of 14-20 days 1n time
and of 100-150 km in length [e.g., Chen et al., 1992; Qu et al.,
1990]. The Kuroshio water can be more readily identified by §
than T in the survey area for the two observation periods, since
T is much more sensitive to the surface cooling. Therefore only
vertical sections of § are presented to examine how the inshore
part of the Kuroshio water penetrates onto the shelf from the
south to the north.

4.1, Winter Survey

Figure 3 presents T, S, and o, at 50 m in December 1993. In
the southern intensive survey area, isotherms and isopycnals
diverged toward the north, and Kuroshio water of T >
22.5°C, § > 34.7 psu, and o, < 24.0 occupied the southeast-
ern survey area. The radial pattern of isolines of high 7 and §
implies the eastward turning of the Kuroshio main stream. The
shipborne ADCP velocity measurements during the CTD casts
[Lie, 1994] indicated that the Kuroshio main stream was lo-
cated approximately along isolines of T > 22.5°C and of § >
34.8 psu. On the other hand, water of 21.5-22.5°C and 34.5-
34.8 psu intruded 1nto the shelf across the continental slope,
and isolines of 22.0-23.0°C and 34.75-34.85 psu extended to
the north in a tongue shape, displaced away from the Kuroshio
main stream. Three drifters, deployed in the expected separa-
tion area, moved northward almost along the 34.3-34.75 psu
isolines. The northward movement suggests a northward pen-
etration of the saline Kuroshio water onto the shelf. In partic-
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ular, a drifter, released at the shelf edge, crossed the continen-
tal slope obliquely in the northwest direction parallel to
isolines in the neighborhood of the release point. The similar-
ity of the northward and northwestward trajectories and the
isolines is direct proof of the penetration of saline Kuroshio
water onto the shelf. The penetrated Kuroshio water lay on the
cyclonic side of the Kuroshio water just before its separation
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Figure 3. Temperature, salinity, and o, at 50 m depth in
December 1993, with daily mean current vectors derived from
drifter trajectories during the first 15 days after release. The
scale of arrow vectors is shown on the upper left corner.
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Figure 4. Vertical sections of salinity at lines KA to BA for December 1993. Stations are marked in Figure la.

and its § was slightly lower than the maximum $ of the Kuro-
shio core water, reflecting that the penetrated water was the
inshore Kuroshio water.

Vertical sections of S at five CTD lines in Figure 4 demon-
strate how the inshore Kuroshio water intruded into the shelf
across the slope. The water column on the shelf was vertically
well mixed, mainly due to surface cooling and stirring by the
strong northerly wind, except for the near-bottom layer near
the shelf edge. In the surface mixed layer 80-100 m thick, $
increased from the shelf to the offshore direction, and a strong
salinity front on the shelf separated shelf water of low T and §
from Kuroshio water of higher T and §. For convenience,
surface § = 34.5 psu is taken as a reference value, indicating
the shelf front. At the southernmost line KA, the inshore
boundary of saline Kuroshio water (S = 34.6 psu is here
referred to as a lower limit value) was located at KA3, right at
the shelf edge. The Kuroshio core water of § > 34.7 psu was
distributed in a wedge shape in the upper layer, with its fore-

head extending up to the shelf edge. At line JA, 27 km distance
from line KA, the inshore boundary moved to the outer shelf
at about 35 km from the edge, and the wedge became thinner
and wider At line IA, isohalines of 34.6-34.7 psu moved far-
ther inward, and the Kuroshio core water was much thinner.
Therefore the Kuroshio main stream had already turned to the
east in the survey area south of this line. At line HA the
inshore boundary advanced farther inward, about 45 km dis-
tance from the edge, and an § maximum appeared at station
H3 at the shelf edge. At line BA, 75 km away from line HA to
the north, the salt wedge no longer existed, although two high-
salinity cores (>>34.6 psu) were observed at stations BA4-BA7
on the shelf and at station BA9 located in the central trough.
The S core on the shelf is about 100 m thick and 90 km wide.
A similar hydrographic structure with two S cores was ob-
served in November 1992, and the saline water, flowing north-
ward on the shelf, was suggested to be separated into two parts:
one flowing into the Korea Strait and the other turning clock-
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Figure 5. Temperature, salinity, and o, at 50 m in late Aprl/
early May 1995, with daily mean current vectors derived from
drifter trajectories during the first 10 days after release. The
scale of arrow vectors is shown on the upper left corner.

wise in the northern trough [Lie and Cho, 1994]. Thus the §
core in the trough during the winter survey appeared to be part
of a water mass which had split off from the Kuroshio as it
penetrated onto the shelf.

From the wintertime hydrographic structure and drifter tra-
jectories, it can be concluded that part of the inshore Kuroshio
separated from the Kuroshio main stream near the shelf slope
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at the western mouth of the trough and then penetrated onto
the shelf across the western shelf edge of the trough.

4.2. Spring Survey

Figure Sis T, S, and o at 50 m observed in Apnl-May 1995.
During the spring cruise, the eastward turning of the Kuroshio
main stream at the mouth of the trough was clearly detected on
the surface current measured by an ADCP (not shown here).
The Kuroshio core water with maximum T (>23°C) and §
(>34.70 psu) at 50 m was consistent with the main axis of the
Kuroshio. The inshore boundary of the Kuroshio water is re-
ferred to as § = 34.6 psuand T = 18°C, just as it was for the
winter cruise. It is noteworthy to see that the Kuroshio core
water having the highest T (>23°C) is not characterized by
the highest S and that shelf water was colder and fresher than
it was during the winter survey. Tongue-shaped isolines of high
T and S show that part of the Kuroshio water detached from
the Kuroshio main stream near the continental slope at 29°
30'N, 128°N, almost in the same area observed during the
winter survey. The separated inshore Kuroshio water intruded
northward along the western shelf break of the trough and
extended to the shelf across the shelf edge north of line L.
Furthermore, the two drifters that were released at line B,
moving northwestward almost parallel to isolines of § and T,
traveled in a direction perpendicular to the 200-300 m iso-
baths. Thus the intruded inshore Kuroshio water penetrated
mainly onto the shelf across the northwestern trough north of
line I On the other hand, mixed water of S of 34.3-34.5 psu
occupied a narrow band on the shelf and was located between
the 100-m 1sobath and the inshore Kuroshio water. The band
gradually widened from line K to line B, due to lateral mixing
between fresher shelf water and the inshore Kuroshio water
coming from the south.

Of four drifters deployed at line K, two on the shelf moved
northward almost along the 1solines, but two, near the shelf
edge, moved southward for several days after release and then
moved north in a small eddy-like trajectory This suggests large
spatiotemporal variability of surface current 1n the southern
intensive survey area covering lines J-L, which might be re-
lated to the existence of frontal meander or eddy. as was
frequently observed in spring [Chen et al . 1992; Guo et al.,
1991; Que et al, 1990). Two drifters, released at line 1. roughly
followed the 1solines for the first several days between lines I
and H and continued in the same direction. apparently cross-
g the isolines between lines B and H. CTD observations at
lines B and H were made a few days before the two dnifters
passed the lines. The misalignment of the trajectories with the
isolines may have been caused by a frontal meander. The
northwest movement of drifters and the distribution of isolines
across the continental slope north of line H imply that the
inshore Kuroshio water penetrated mainly onto the shelf
across the northwestern trough.

Vertical sections of S at six lines in Figure 6 also reveal
separation of the inshore Kuroshio water from the Kuroshio
main stream and its penetration onto the shelf across the slope
at the northern intensive survey area. The water column on the
shelf was stratified at the southern lines J-L but was vertically
homogeneous at the northern lines B-I. The Kuroshio core
water was a few hundred meters thick in the central trough of
the southern three lines J-L, but much thinner at the northern
lines. This can be considered a result of the eastward turning of
the Kuroshio main stream in the southern survey area as seen
in Figure S. At the southernmost line L, a very strong front
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formed near station L4 on the shelf, and the inshore boundary
of the core water was located at station L9. The inshore Ku-
roshio water of § = 34.6-34.7 psu was approximately 80 km
wide in the area of the outer shelf east of the front and the
upper layer of the slope area. At line K the front moved
outward to station K4 near the shelf edge, while the core water
approached the shelf edge. Thus the inshore Kuroshio water
shrank largely in sectional volume at line K, when compared to
that at line L. Two drifters on the shelf at line K moved
northward along the isolines with different speeds, but two.
deployed near the shelf edge in the inshore Kuroshio water.
moved southwestward for the first few days after release and
then moved northward. This suggests that the decrease in
sectional volume of the inshore Kuroshio water at line K may
be related to the southwestward movement of the two drifters,
possibly due to a frontal meander or eddy during the survey. At
line J the vertical structure was similar to line K, but the

Vertical sections of salmity at lines L to B for late April/early May 1995. Stations are marked in

gradient of S across the front was much weaker. Disappear-
ance of saline water of § > 34.8 psu north of line J indicates
that the major portion of Kuroshio core water turned eastward
south of this line. At the two northern lines. I and H, the
inshore Kuroshio core water approached the shelf edge in a
salt wedge 80-100 m thick in the upper layer. This implies that
the inshore Kuroshio water was completely detached from the
Kuroshio main stream and intruded northward along the shelf
edge. At line B the front moved closer to the inner shelf, about
80 km from the shelf edge, and the wide shelf area was occu-
pied by the inshore Kuroshio water. The inshore Kuroshio
water near the shelf edge was warmer and slightly saltier than
in the central trough, with isolines crossing the shelf edge.
The vertical sections of S and the trajectories during the
spring cruise also show that the inshore Kuroshio water sepa-
rated from the Kuroshio main stream near the continental
slope of the western mouth of the trough as observed for the
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Figure 6.

winter survey, and the intruded Kuroshio water along the shelf
edge of the trough penetrated onto the shelf, mainly across the
northwestern trough and partly in the neighborhood of its
separation.

5. Volume Transport by Inverse Method

Volume transport for the two different surveys in the inten-
sive survey area is estimated by applying an inverse method to
the observed CTD data. ADCP data are not used for the
calculation because the shipborne ADCP covers only the up-
per 300 m layer and tidal components contained in the one
time surveyed data are not effectively filtered out. Tidal excur-
sions in the shelf edge area of the study area are estimated to
be less than 20 km from harmonic analysis of moored current
data and tide model results [Lie, 1996). This implies that dis-
turbances of T and § by tidal current do not have serious
effects on the inverse calculation because the calculation deals

(continued)

with a mean state of T and § over the length scale of the
distance between hydrographic stations. This means that the
density field can be inverted to the flow field without consid-
eration of tidal current. However, we tested the model with
ADCP data observed in May 1995 for a comparison between
volume transports with and without ADCP data. In this sec-
tion, we present briefly the outline of the method and some
results related to the separation of the Kuroshio. More details
will be presented separately.

T and S data along the boundaries marked by solid lines in
Figure 7 were used as input data for estimating volume trans-
port in the three-dimensional region. The vertical was divided
into five layers by four isopycnal interfaces. The o, values of the
interfaces are 24.4, 25.9, 26.5, and 27.0, which were chosen on
the basis of water mass analysis. The upper three layers cor-
respond to the Kuroshio waters, and the lower two represent
the intermediate layer of S minimum and the deep water layer
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Figure 7. Contours of transport for the upper three layers estimated by an 1nverse calculation. (a) December
1993 and (b) April-May 1995. The solid lines indicate lateral boundaries to compute the geostrophic velocity.

of low T. Each layer has a different horizontal boundary on the
shallow shelf and the continental slope region. We assume no
vertical transport across the selected density interfaces, so the
total volume flux in each layer should be conserved.

With assumption of the hydrostatic and geostrophic bal-
ances, the thermal wind equations yield the velocity relative to
a reference level. However, the mass flux based on the relative
velocity is not conserved for each layer considered. The imbal-
ance of mass is due to the reference (or barotropic) velocity
This means that the conservation of total volume flux can be
used to determine the reference velocity [Veronis, 1987].
Therefore the inverse analysis allows us to estimate the abso-
lute velocity. We denote the reference velocities between pairs
of stations in the study area as elements of an unknown vector
m, and we take the coefficients of the unknown elements in the
matrix G. The problem can be expressed as a linear algebraic
system Gm = d, where d contains components given by the
baroclinic transport. The system of the inverse model here is
highly underdetermined. Solutions can be obtained by a
method of singular value decomposition.

Contours of volume transport in each layer are constructed
from results of the inverse calculations, and most of the trans-
port is concentrated in the upper three layers. Figures 7a and
7b are contours of volume transport in the upper three layers
for the two surveys, respectively. The contours have a pattern

similar to the divergent trajectories in the survey area, and
contours of large transport in the trough are consistent with
the Kuroshio main path. The total volume transport of inflow
through the southern section is estimated 20.6 X 10° and
19.3 X 10° m*js for the winter and spring cruises, respectively.
The observation line in the trough for the spring cruise 1s
longer than for the winter cruise, so the Kuroshio transport
might be larger in December 1993 than in May 1995, implying
a seasonal variation of the Kuroshio transport. The transport
values are slightly less than those of Yuan et al. [1990] and
Nakano et al. [1994] across the Tokara Strait. They estimated
233 x 10° and 28.0 X 10° m?s, respectively, by applying
inverse methods to the same data observed in the fall of 1987.
Some of the contours near the slope region extend northward
to the outer shelf west of the trough, not aiong the Kuroshio
main path. This remarkable feature strongly supports the sep-
aration of the Kuroshio at the western mouth of the trough and
its penetration onto the shelf west of the trough, as discussed
in the previous sections. The northward transport is estimated
10 be 4.0 X 10° and 4.4 % 10° m®/s for the winter and spring
cruises, respectively, which are about double the value of the
transport across the Korea Strait [e.g., Y, 1966].

We next explored the inversion including the ADCF mea-
surements observed in May 1995, but we did not test the model
for the case of December 1993 because ADCP data were not
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Figure 8. A schematic surface circulation pattern in the east-
ern East China Sea and main path of the Tsushima Warm
Current (TWC) during the cold season. The pattern was con-
structed from the drifter trajectories and the salinity distribu-
tion. The clockwise circulation around Cheju-do 1s denoted by
CWC (Cheju Warm Current) in order to avoid confusion with

part of the YSWC entering the Yellow Sea.

of good quality. For the case of May 1995, ADCP data along
outer boundaries deeper than 300 m depth were taken into
consideration. The data averaged for the upper first or second
layers between stations were constrained in the same inverse
model used for the above calculation without consideration of
ADCEP data. The results show that the general pattern of the
volume transport is not different from the previous one in
Figure 7b. The volume transport is estimated to increase less
than 5% in the trough region. The slight discrepancy may be
interpreted as values within the error bound of solutions.
Whether tidal current is considered or not, the general pattern
of streamlines and volume transport change slightly, which
clearly supports the penetration of the Kuroshio waters onto
the shelf area.

6. Schematic Surface Circulation
and Main Route of TWC

Figure 8 is a schematic surface circulation pattern of the
eastern ECS during the cold season and of the main route of
the TWC. This pattern was made from the data collected
during the two surveys, the comprehensive WOCE drifter data
as well as from other CTD data in KORDI files in the northern
ECS during 1986-1993. The Kuroshio flowing northeast along
the continental siope of ECS turns to the east toward the
Tokara Strait near 29°N, 127'30°E, and the inshore Kuroshio
separates from the Kuroshio main stream in the neighborhood
of the eastward turning point of the Kuroshio. The separated
Kuroshio water intrudes northward along the western shelf
edge of the trough, as clearly marked by the tongue-shaped
isolines of high T and S and light density in Figures 3 and 5.
The intruded Kuroshio water of § > 34.6 psu is referred to as
the TWC water in order to differentiate it from mixed waters
on the shelf. The TWC splits into two parts near the north-
western trough: a northward continuing TWC after penetra-
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tion onto the shelf and an eastward turning TWC along the
northern wall of the trough. The penetration of TWC onto the
shelf takes place mainly across the northwestern trough, and
the TWC on the shelf continues northward up to 33°30'N, east
of Cheju-do. On the other hand, the TWC in the northern
trough turns clockwise, forming an anticyclonic warm eddy of
the order of 100 km in diameter in the northern trough and
eventually joins the Kuroshio [Lie and Cho, 1994].

During the cold season, a strong surface-to-bottom front
forms almost exactly along the 100 m isobath, approximately
parallel to a line connecting Cheju-do and Tsushima Island in
the Korea Strait as pointed out by Lie and Cho [1994]. The
TWC water is generally bounded to the north by the front,
although the front moves back and forth during the cold sea-
son. The front running west to east has been frequently ob-
served [e.g., Lie, 1994], and drifters following the TWC water
rarely entered the fresher coastal water across the front. North
of 33°30'N, drifters turned northeast and moved toward the
Korea Strait. A mixed water of S = 34.4-34.6 between
fresher shelf water and the TWC water was found to exist on
the nner shelf west of the TWC and its width widened toward
the north.

The Yellow Sea Warm Current (YSWC) has long been
believed to separate from the TWC between Cheju-do and
Kyushu and to flow into the eastern Yellow Sea, even though
the different origin of the TWC has been suggested [Uda, 1934;
Nitant, 1972; Chen et al., 1994]. Analysis of historical hydro-
graphic data has shown the existence of a mixed water with
§ > 33.0 psu throughout the year west of Cheju-do [Lte,
1985], and relatively saline mixed water with § > 34.0 psu,
lying in a narrow band close to the west coast of Cheju-do, 1s
found to turn clockwise around Cheju-do [Lie, 1986; Kim et al.,
1991]. However, branching of the YSWC from the TWC is not
evident on the drifter trajectories in Plate 1. Only CTD data
around Cheju-do during the cold season show that the saline
mixed water close to the southern Cheju-do infiltrated partly
into the southwestern coastal area of Cheju-do and that a
major portion tended to turn clockwise around Cheju-do. This
suggests that the YSWC water may not separate directly from
the TWC water and that these may be a northwest infiltration
of the mixed water just south of Cheju-do. The clockwise
circulation around Cheju-do is denoted as the Cheju Warm
Current (CWC) in Figure 8 in order to avoid confusion with
the portion of the YSWC entering the Yellow Sea.

During the winter survey, the drifters, released near or in the
inshore Kuroshio water, moved northward at a daily mean
speed of 5-10 cm/s near the separation area and at a faster
speed up to 15 cm/s north of line IA. During the spring survey,
the drifters moved northward at about 10-15 cmys in the neigh-
borhood of separation and more than 20 cm/s north of line 1
The 1ntruded Kuroshio water in the trough was located in the
surface layer of the stratified water column, but the penetrated
TWC water onto the shelf occupied almost the whole water
column on the shelf. This suggests that TWC in the trough was
characteristic of a baroclinic flow in the trough. but of a baro-
tropic flow on the shelf after its penetration onto the shelf. The
transition from a baroclinic flow to a barotropic one has been
pointed out by Hsueh er al. [1996).

7. Discussion and Conclusions

Lie and Cho [1994] and Hsueh et al. [1996] have observed the
existence of the Kuroshio branch current west of Kyushu, for
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the first time by drifter experiments, and they have also hinted
the separation of the inshore Kuroshio water from the Kuro-
shio main stream. By analyzing numerous drifter trajectories of
KORDI and WOCE and CTD data collected in the extensive
area of the eastern ECS, we have validated the hint on the
separation of the inshore Kuroshio water and have successfully
demonstrated the penetration of the inshore Kuroshio water
onto the shelf. The separation takes place in the western
mouth of the deep trough, elongated south-north west of Ky-
ushu, where the northeast Kuroshio main stream changes its
direction to the east. The separated branch current, TWC,
transports the inshore Kuroshio water, just upstream before
the separation. The TWC water penetrates onto the shelf pri-
marily across the western flank of the trough, although there is
a partial penetration also on the continental slope in the neigh-
borhood of the turning point of the Kuroshio. The penetrated
TWC onto the shelf continues northward and east of Cheju-do
and turns to the northeast toward the Korea Strait, which is
bounded to the north by a strong surface to bottom front. The
application of an inverse model to the CTD data also supports
the separation and penetration of the Kuroshio. The estimated
volume transport of the Kuroshio flowing in the study area 1s
about 20 10° m*/s, and the northward transport by the TWC is
about one fifth of the inflow.

The separation of the TWC at the western mouth of the
trough may be closely associated with the eastward turning of
the Kuroshio main stream toward the Tokara Strait. Lie and
Cho [1994] have suggested that while the Kuroshio main
stream overshoots the mouth of the trough, the inshore Kuro-
shio does not leave the shelf edge and might change its direc-
tion toward the north, following isobaths of the western trough.
Hisueh et al. [1996] have demonstrated that a baroclinic current
incident upon a step rise in bottom topography is bifurcated
into a deflected main stream to the right to follow the step and
a barotropic branch current to the left of the main stream that
enters the shelf. The model is qualitatively in agreement with
the observed separation at the mouth of the trough. However,
the observed results of a tongue-shaped intrusion of the in-
shore Kuroshio water into the surface layer of the trough and
its penetration onto the shelf across the isobaths cannot be
satisfactorily explained by the above two simplified sugges-
tions. The branch current in the trough is still a baroclinic flow
with a large vertical shear when the geostrophic velocity is
estimated, and it does not follow the same isobaths.

The vorticity adjustment created by the eastward turning of
the Kuroshio might be one of the possible mechanisms respon-
sible for the tongue-shaped intrusion of the inshore Kuroshio
water that separates from the Kuroshio main stream. The
eastward turning of the Kuroshio may be forced by the geo-
graphic location of the Tokara Strait, the main outlet of the
Kuroshio in the ECS. The strait is found to the south of an
extended line of the main axis of the Kuroshio flowing to the
northeast in the upstream area We assume that the jet (i.e.,
Kuroshio) meanders on an f-plane ocean with flat bottom and
that the potential vorticity is conserved. Consider that up-
stream of the meander the jet has no shear and no curvature
(orbital) vorticity. When the jet with no shear turns to the right,
a fluid parcel on the main axis of the jet acquires anticyclonic
vorticity, which must be compensated by a cyclonic vorticity of
the same magnitude [Cushman-Roisin, 1994]. That 1s, the fluid
parcel acquires clockwise curvaturc vorticity, V/R, which is at
the expense of shear vorticity, AV/D, where V is flow speed,
AV is reduction of the parcel’s original velocity, R is the radius

2975

of local curvature, and D is the internal radius of deformation
As a consequence of the vorticity adjustment, the jet becomes
a sheared flow, and all fluid parcels on the main axis upstream
of the meander are displaced leftward with respect to the main
axis in the rightward meander. Fluid parcels near the cyclonic
edge of the jet may separate from the jet. The Kuroshio mean
path west of the Tokara Strait meanders with a radius R of
about 150 km on the composite trajectories in Plate 1. The
curvature vorticity V/R is estimated to be 0.67 10™%/s so that its
ratio to the planetary vorticity is of the same order. 0.1, as the
estimation of Chen et al. {1992]. In fact, the Kuroshio upstream
of the meander is not horizontally uniform in speed, with a
large shear across the stream, and it is controlled by the con-
tinental slope. On the other hand, the Kuroshio leaves the
continental slope near the turning point. Thus a fluid parcel on
the cyclonic side of the Kuroshio that possesses a significant
cyclonic shear vorticity acquires additional shear vorticity due
to the eastward turning of the Kuroshio, and the Kuroshio is
less constrained by the slope. Consequently, the parcel could
be displaced further leftward to the shelf edge, away from the
Kuroshio main stream. The tongue-shaped isotherms and iso-
halines extending to the shelf (see Figures 3 and 5) can be
considered as a result of leftward displacement of inshore
Kuroshio water by the vorticity adjustment. The tongue-
shaped isotherms and isohalines extending to the shelf can be
considered as a result of leftward displacement of inshore
Kuroshio water by the combined cyclonic vorticity.

The rapidly shoaling bottom topography of the trough and
the incidence of the Kuroshio upon the trough appear to be the
cause for the separation of TWC. The vorticity adjustment
might be one of the major causes of the penetration of the
inshore Kuroshio water onto the shelf which separates from
the Kuroshio main stream. Therefore the combined effect of
these three mechanisms on the separation and the penetration
should be investigated to better understand the Kuroshio and
TWC and related oceanic processes in the eastern ECS.
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Aolt}. o] F&EHF= HIE FZ7|70e] HI = FFHolY drogue F3F (Lee,
1974; Kim and Rho, 1997), ADCP2] utE#Z= (Suk et al, 1996), 943 = 3o
(Lie and Cho, 1997), 8154 #Z (Chang et al, 1995) 5 48 FAPNH FA
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Fig. 8-1. Study area and location of CTD stations marked by crosses. CTD

measurements were made four times during February 23 - March 6, 1988
(winter), May 13-23, 1991 (spring), August 16-27, 1988 (summer), and
November 19 - December 3, 1986 (autumn). Numerals above the crosses
indicate name of stations.
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Fig. 8-2.

Temperature and salinity diagrams plotted using CTD data collected at
stations in Fig. 8-1. (a) February 23 - March 6, 1988, (b) May 13-23, 1991, (c)
August 16-27, 1988, and (d) November 19 - December 3, 1986. Open circles
and crosses denote, respectively, stations located east and west of 126° 20" E
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Nig. 8-3. Temperature, salinity and sigma-t at two depths of 10 m and 50 m in the northern
East China Sea during February 23 to March 6, 1988 (winter).
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Fig. 8-4. Temperature, salinity and sigma-t at two depths of 10 m and 50 m in the northern
East China Sea during May 13 to 23, 1991 (spring).
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Fig. 8-5. Temperature, salinity and sigma-t at two depths of 10 m and 50 m in the northern
East China Sea during August 16 to 27, 1988 (summer).
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Fig. 8-6. Temperature, salinity and sigma-t at two depths of 10 m and 50 m in the northern
East China Sea during November 19 to December 3, 1986 (autumn).
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Fig. 8-7. Temperature and salinity at the 15 m depth durin§ late Februargf to early March,
t

1997 and trajectories of three satellite-tracked drifters having

rogues

at 15 m.

Dots denote CTD stations. Arrows on the trajectories indicate daily mean current
vectors estimated from daily positions of the drifters, with scales at the lower

right corner.

—256—



Apr. 1996 (40 m)
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Fig. 8-8. Temperature and salinity at the 40 m depth in early April 1996 and trajectories

of two satellite-tracked drifters. Dots denote CTD stations. The two drifters had a
drogue at 15 m and 40 m, respectively. Arrows on the trajectories indicate daily
mean current vectors estimated from daily positions of the drifters, with scales at
the lower right corner.
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June 1997 (50 m)
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Fig. 8-9. Temperature and salinity at the 50 m depths in early June, 1996 and trajectories
of four satellite-tracked drifters. Two drifters had a drogue at 15 m and the other
two had a drogue at 50 m. Dots denote CTD stations. Arrows on the trajectories
indicate daily mean current vectors estimated from daily positions of drifters,
with scales at the lower right corner. The thick line from the western coast of
Cheju-do toward the Changjiang estuary indicates a CTD line for vertical

hydrographic sections in Fig. 8-10.
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Fig. 8-10. Vertical sections of temperature, salinity, and sigma-t in early June 1996 along the
thick line between Cheju-do and Changjiang estuary in Fig. 8-9. Crosses denote
drogue depths.
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Fig. 8-11. Salinity at 15 m and 50 m depths during early October, 1996 and trajectories of
two satellite-tracked drifters having drogues at 15 m. Dots denote CTD stations.
Arrows on the trajectories indicate daily mean current vectors, with scales at the

upper left corner.
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Fig. 8-12. Seasonal distribution of the 34.0 psu isohaline near bottom. The Cheju Warm
Current water was advanced farthest to the northwest in Aprﬂ 1996, but retreated
farthest to the southeast in October 1996.
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Fig. 8-13. Seasonal temperature and salinity diagrams at four selected stations, 317 (dots),
510 (crosses), 705 (x marks), and 710 (open circles). Locations of the stations are

in Fig. 8-1.
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Fig. 8-14. A composite map of trajectories of satellite-tracked drifters in the northern East
China Sea. The drifters were released during 1991 to 1998 by KORDI. Arrows
indicate daily mean velocity vectors, with scales on the upper left panel. Thin
and thick lines correspond to surface drifters with drogues at the surface or 15 m
and to deep drifters with drogues at depths of 30 to 50 m, respectively.
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Abstract

A fine grid tidal modeling experiment is carried out in order to investigate the tidal regimes
for major five tidal constituents, the nonlinear tidal phenomena in terms of M, and MS,
generation, and the independent tide by the tide generating force in the Yellow and East China
Seas (YECS). In this study a two-dimensional numerical model based upon a subgrid-scale
(SGS) stress modeling technique is used with the tide generating force included. The model was
validated with recently observed tide and current data. The calculated tidal charts for tidal
elevation show a generally good agreement with existing ones, with more accurate feature of the
M, cotidal chart in comparison with both the observed data and the existing tidal charts.
A careful comparison of the computed diurnal amplitude with observations suggests that the
diurnal constituents seem to be overdamped especially in the Kyunggi Bay region, for the case
when quadratic bottom friction law is used.

Propagation features of the M, (MS,) tides are discussed in the YECS, based upon the
analyses of the observed and calculated results. The amphidromic system of the M, is quite
complicated and one noticeable characteristic is that the propagation direction of the M, tidal
wave along the west coast of Korean peninsula is opposite to that of the M, tidal wave. This
result coincides with observations. The propagation feature of the M S, is almost similar to that
of the M,, but with lesser amplitude. The responses of the M, tidal features to momentum
diffusion term and depth-dependent form of the friction coefficient are also discussed.

It is also shown that when the independent tide (Defant, 1960) arising from tide generating
force (TGF) coexists with tidal waves (co-oscillating tide) arising from external boundary
forcing, the TGF tidal waves are dissipated and their amphidromes tend to move westward.
This may be interpreted as a process whereby the incident and reflected TGF tidal waves are
damped by co-oscillating tide arising from external force at open boundaries. The TGF
amplitude is found to be up to 10cm and 4 cm in the Kyunggi Bay for the M, and S,
constituents while those for all diurnal constituents are less than 1 cm over the entire model
domain. © 1998 Elsevier Science Ltd. All rights reserved

0278-4343/98/$19.00 © 1998 Elsevier Science Ltd. All rights reserved
PII S0278-4343(98)00014-4
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1. Introduction

A comprehensive work on the tide and tidal currents in the Yellow and East
China Seas (YECS) was done by Ogura (1933) (see also Defant, 1960). He also
edited the co-tidal and co-range charts on these seas using the method of Proud-
man and Doodson (in Defant), based upon a large number of tidal measure-
ments. Recently the co-tidal and co-range charts were redrawn by Nishida (1980),
but the updated tidal charts were also argued for the amphidromic pattern in
Korea Strait (Odamaki, 1989). A comparison between the observed and computed
phase lags and amplitudes also indicates that the M, tidal chart is inaccurate
somewhere in the western coast of the Korean peninsula. For example, the largest
coamplitude value in the Kyunggi Bay in Nishida (1980) is 240 cm, but the observed
value is larger. Further the co-tidal line passing Kunsan (KS) (see Fig. 1) and Inchon
(IC) in Nishida’s chart also seem to be inaccurate. A numerical experiment with
boundary condition extracted from inaccurate tidal charts would produce erroneous
results.

Various numerical experiments (An, 1977; Choi, 1980, 1990; Kang et al., 1991) have
been carried out to investigate the tidal regime in the YECS. However, the model
boundaries of An (1977) and Choi (1980, 1990) are on the continental shelf edge of
about the 200 m isobath or further in the inner region of the YECS. Modeling with the
above boundary should use the open boundary data extracted from the tidal charts by
Ogura (1933) or Nishida (1980), but will result in possible inaccuracies due to errors in
their charts.

Momentum diffusion has not been considered in the tidal modeling for the YECS in
the previous studies and is often neglected in other regions, for example, the fine grid
tidal flow study of the North Sea by Verboom et al. (1992). The momentum diffusion
term, however, needs to be investigated as it may affect the tidal regime of high wave
number motion such as the M4 component, since the term is increasingly effective for
higher wave motion.

It should be observed that the model area covers the shallow region of the Yellow
Sea (mostly shallower than 100 m) and the deep region in the Okinawa trough (up to
2,500 m) of the East China Sea, as seen in Fig. 2 showing model depth. This feature
raises two kinds of issues in numerical modeling in the YECS. Firstly, effectiveness of
depth-dependent form of the bottom friction coefficient needs to be examined. Sec-
ondly, the tide generating force (TGF) should be considered. It is well known that the
response of TGF depends upon depth and other factors. Kang et al. (1991) first
investigated the effects of the tide generating force of the M, tide in the surrounding
seas of the Korean peninsula. However, they did not investigate the deformation of
tidal waves by TGF (independent tide) (Defant, 1960) by the tidal waves arising from
external force (co-oscillating tide). The tidal waves of smaller amplitude are expected
to be strongly distorted by the tidal waves of larger amplitude, when an independent
tide propagates along with co-oscillating tides.

In particular the tidal regimes of higher harmonic components such as M4 and MS,
have not been thoroughly investigated in the YECS in the sense that validation
against the observed data was not made, even though Choi (1990) compared the result
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Fig. 1. Location map for temporary (dark circle) and long-term (dark triangle) tide and tidal current
stations used for model validation and extracting open boundary values. Tidal elevation are simultaneously
recorded at stations B and D. See also Table 1 for details.
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‘e

Fig. 2. Depth contour of the modelled area (unit: meter).
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of the M, tide with tidal current data. The M, tidal regimes in the YECS were not also
examined in the traditional tide studies by Ogura (1933) and Defant (1960).

In this paper the M3, S2, N2, K, and O, tidal regimes of the YECS are investigated
by using a two-dimensional depth averaged numerical model on the fine grid system.
The present model also considers momentum diffusion, which is taken into account
based upon subgrid-scale (SGS) stress modeling techniques, using the Smagorinsky
(1963) formula. The response of the tidal regime to both the depth-dependent, and
constant, friction coefficient is examined. The model region extends to Ryukyu islands
to utilize the observed data for open boundary condition. Model results are extens-
ively validated using current data both in winter in the eastern Yellow Sea and in
summer in the East China Sea, as well as recently observed tidal data around the
western and southern coasts of the Korean peninsula.

This paper also examines the mutual interaction between the tidal waves only by
TGF without external force and the tidal waves by external force. The interaction is
investigated in terms of the dissipation of independent tides and the movement of their
amphidromic points under the presence of the co-oscillating tides. In addition, the
tidal regimes of the M4 and MS, tides, having relatively larger amplitudes compared
with other higher harmonics, are investigated. The results of the M4 and M S, tides are
first compared with the observed tidal elevation data in the western and southern
coasts of the Korean peninsula, and the propagation features of the M4 and MS, tides
in the YECS are discussed in some detail.

2. Data for validation and analysis

Recent work by Kang et al. (1995) shows that monthly harmonic constants at tidal
stations around the Korean peninsula have a seasonal variability and tidal data for
validation should be carefully selected before expressing the validated accuracy of
numerical model, as also noted by Foreman et al. (1995). Recently observed tidal and
tidal current data in the YECS are used for model validation and open boundary
values. The stations are shown in Fig. 1 and other details are given in Table 1. The
tidal stations consist of permanent stations where yearly tidal data were supplied by
Republic of Korea Hydrographic Office (ROKHO) and Japan Ocean Data Center
(JODC) and temporary stations where one month long tidal data were measured by
Korea Ocean Research and Development Institute (KORDI). In particular, at sta-
tions D and B of Harkema and Hsueh (1987), pressure sensors were deployed on the
bottom as well as current meters, so pressure data are especially useful for model
validation. The hourly data at the stations along the Ryukyu islands (ISI (Isigaki),
NAH (Naha), NAZ (Naze), NAK (Nakanoshima) and ODO (Odomari)) and the
Korea Strait (DB (Daebyun), IZ (Izuhara) and HAK (Hakada)) were used for extract-
ing open boundary values, and in the case of the Taiwan Strait (AM (Amoy), TA
(Taian Ko)) the existing harmonic constants were used for open boundary values.

Two current data sets have been used for the current validation of model results.
One set (I, F, D and B) is around the eastern Yellow Sea by Harkema and Hsueh
(1987) and the other (SB, MS, M5, M4 and M7) in the East China Sea by Larsen et al.

—270—



744 S.K. Kang et al. [Continental Shelf Research 18 (1998) 739-772

Table 1
Details of tide data for model validation around the Yellow and East China Seas
Site (name) Latitude, Longitude, Period of data Source of data
°N (°E) analysis
IC Inchon 37°28'08" 126°35°51” 1991.1-1991.12 (12 months) ROKHO
KM Komundo 34°01'30” 127°18'39" 1987.1-1987.12 (12 months) ¥ ROKHO
CS  Chongsando 34°09°00” 126°51°50" 1989.4.16-5.20 (1 month) KORDI
HD Hongdo 34°32'04” 128°43'57” 1989.4.13-5.25 (1 month) KORDI
YJ Yangjiam 34°52724" 128°44°53” 1991.8. 1-8.30 (1 month) KORDI
NH Namhyungje 34°52'52” 128°57°32” 1991.3.15-4.16 (1 month) KORDI
SO  Sokmando 35°22°00” 126°02°36" 1990.7. 4-8. 2 (1 month) KORDI
DS  Daehwasado 36°14°35" 126°17°00” 1990.6.30-8. 1 (1 month) KORDI
GE Gaeuido 36°40°42" 126°03°49” 1994.6. 1-7. 9 (1 month) KORDI
GD Gadukdo 36°5741” 125°49°34” 1994.6. 1-7. 9 (1 month) KORDI
SK  Sonkapdo 37°06'17" 126°0521” 1994.5.31-7.20 (1 month) KORDI
JW  Jawoldo 37°15'40” 126°20°13” 1994.5.31-7. 8 (1 month) KORDI1
YD Yukdo 37°04°51" 126°28'01” 1994.6. 3-7. 8 (1 month) KORDI
AD Ando 36°57°15” 126°10°13” 1992.5.10-6. 9 (1 month) KORDI
SM  Sonmido 37°16'38” 126°05°00" 1992.5.10-6. 9 (1 month) KORDI
SD  Sindo 37°30°18” 126°02°43” 1992.5.10-6. 9 (1 month) KORDI
1P Ibpado 37°06'40” 126°32°27” 1992.5.11-6.10 (1 month) KORDI
PM Palmido 37°21°32” 126°30°50” 1992.5.10-6. 9 (1 month) KORDI
D Yellow Sea 34°00°06" 124°41°30” 1986.1-1986. 4 (3 months) Harkema and
Hsueh
B Yellow Sea 34°56'54" 124°05°00” 1986.1-1986. 4 (3 months) Harkema and
Hsueh
AH Anheung 36°40°'12” 126°08°06" 1987.1-1987.12 (12 months)  ROKHO
KS Kunsan 35°5806” 126°37°36” 1987.1-1987.12 (12 months) ROKHO
Wl  Wido 35°37'04" 126°18°'12” 1987.1-1987.12 (12 months)  RQOKHO
PS Pusan 35°05°35” 129°02°15” 1991.1-1991.12 (12 months)  ROKHO
KD Kadokdo 35°01°18" 128°48'47” 1987.1-1991.12 (12 months)  ROKHO
CM  Chungmu 34°49°29” 128°26’13” 1987.1-1987.12 (12 months)  ROKHO
YS  Yeosu 35°44°39” 127°46°05” 1987.1-1987.12 (12 months)  ROKHO
DH Daeheuksan 34°40°55” 125°26’36” 1987.1-1987.12 (12 months) ROKHO
WA Wando 34°18°45” 126°45'41" 1991.1-1991.12 (12 months)  ROKHO
CJ Chujado 33°57°33” 126°17°57” 1987.1-1987.12 (12 months) ROKHOQO
JE Cheju 33°30°53” 126°31°51" 1991.1-1991.12 (12 months) ¥ ROKHO
SG  Sogwipo 33*14°12” 126°33'50” 1991.1-1991.12 (12 months) ROKHO
SA  Sasebo 33°09°18” 129°43°36" 1991.1-1991.12 (12 months) JODC
FU Fukue 32°42'00” 128°51°00” 1987.1-1987.12 (12 months) JODC

(1985), as given in Fig. 1 and Table 2. The tidal currents in the eastern Yellow Sea are
suitable for the validation of a barotropic tidal model due to the homogeneity of water
mass during the winter season.

The tide and current data were analyzed using a standard least-square fitting
method with nodal correction. The analysis of the monthly and yearly data is made
using the method by Murray (1963). The amplitudes and phases of lesser constituents
for monthly data analysis can be related to the nearby larger constituents (e.g.
Foreman, 1977). For the stations operated temporarily for field experiments along the
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Table 2
Details of tidal current data for model validation around the Yellow and East China Seas
Site Observation period Mooring depth/ Source of data
(record length) water depth (m)

I Eastern Yellow Sea 1991.1-1991.12 (21 days) 48/94 Harkema and
Hsueh (1987)

F Eastern Yellow Sea 1991.1-1991.12 (57 days) 70/96 Harkema and
Hsueh (1987)

D Eastern Yellow Sea 1986.1-1986.4 (3 months) 41/87 Harkema and
Hsueh (1987)

B Eastern Yellow Sea 1986.1-1986.4 (3 months) 38/75 Harkema and
Hsueh et al. (1987)

SB Self Break 1980.6-1980.7 (31 days) 177/250* Larsen et al. (1985)

MS Mid-shelf 1 1980.6-1980.6 (21 days) 32/48* Larsen et al. (1985)

MS Mid-shelf 2 1981.8-1981.8 (10 days) 20/40° Larsen et al. (1985)

M4 East China Sea 1981.8-1981.8 (10 days) 38/50* Larsen et al. (1985)

M7 East China Sea 1991,8-1991.8 (10 months)  50/70* Larsen et al, (1985)

*The total depth at stations marked by * was not given in reference and the depths were read from
bathymetric charts.

western and southern coasts of Korean peninsula the harmonic constants at the
neighbouring permanent tidal stations were used for reference values, as is also done
in Kang et al. (19995).

3. A two-dimensional tidal model

3.1. Model formulation

The governing equations are described under the spherical polar coordinate system
to consider curvature of the earth, variation of Coriolis force with latitude, and
variation of the tide generating forces with latitude as well as longitude. The usual
depth averaged two-dimensional equation of shallow water waves can be alternatively
represented in terms of depth-integrated velocities as follows:

1Y) 1 a8 (U 14 (UV gh @ ,
7+m5i(7>+ﬁw(7)'“m:a;("'(”""')ﬁ-)

+——-———UVI:Zn¢+2wsin¢V—Kb——-¢————UVUh VL F, (1)

ov 1 o(uV\ 10 (V¥\_ gho ,
'a?*zzcowa—x(h)*E%(T)'”i%m“(”""“‘")

2
+—V——l%ll£—2wsin¢U—KbK@E+F¢ @

g_l:l_ + o(V cos ¢) -

i 39 0 )

Rcos¢%¥—-i—'
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where y is longitude, ¢ latitude, h water depth,  surface elevation, U mass flux in g,
V mass flux in ¢, R radius of the earth, K, = g/C?, g gravity acceleration, C Chezy
coefficient and F unresolved processes. The full set of non-linear equations is solved
with an ADI finite difference scheme (Kang, 1991). The characteristic of the scheme of
linear equations is the same as the S21 scheme and is described in detail by Abbott
et al. (1981).

The term (1 + k — #'){» in Egs. (1) and (2) represents the tide generating forces. The
modification factor by earth tide, (1 + k — k') or Love numbers k and h’ are chosen to
be dependent on frequency following Foreman et al. (1993). However, they are often
assumed to be constant, as in Pingree and Griffiths (1987). The tidal potential function
{» for the M,, S;, N2, K, and O, tides were taken from Foreman et al. (1993).

{s = H,cos? ¢ cos(wat + 23 + V,) for semi-diurnals (4a)
= Hpsin2¢ cos(wat + x + V,) for diurnals (4b)

where the amplitudes H, are listed in Table 3 from Foreman et al. (1993), w, is the
frequency and V, is the astronomical argument.

The momentum diffusion term was considered in terms of a subgrid-scale modeling
technique, since momentum diffusion effects induced from the subgrid term is often
larger than the dispersion effect (Elder, 1959). All of the motions induced by small-
scale processes, not directly resolved by model grid (subgrid-scale), are parameterized
in terms of horizontal diffusion processes. The terms F, and F, represent these
unresolved processes and can be written as

0 du 0 ou ov
Fy~ Rcos ¢ 0y (ZAM Rcos ¢ 6)() R ¢ {AM (R o¢ * Reos ¢ 51)} 2)

0 ov 0 ou ov
Fo = Rd¢ (ZAM R 6¢) + Rcos ¢ oy {AM (R o¢ + Rcos¢ ax)} (5b)

where (u, v) is velocity component with constant Cs

du 2 1 v ou \? v |12
Au = CsAxAd [(R cos¢ax) + 2 (R cos ¢ Oy + R6¢) t (W) :I (5¢)

Table 3

Love numbers and tidal potential amplitude from Foreman
et al. (1993)

Constituent k r H,

0, 0.298 0.603 0.10128
K, 0.256 0.520 0.14246
N, 0.302 0.609 0.04674
M, 0.302 0.609 0.24408

- S, 0.302 0.609 0.11355
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where Ay and A¢ denote the grid interval in the y and ¢ directions. For the coefficient
of subgrid-scale (SGS) stress we used the Smagorinsky (1967) diffusivity idea. The
technique of subgrid-scale stress modeling is described in detail by Abbott and Basco
(1989).

The bottom friction term has been expressed in quadratic friction form following
the general applicability of the quadratic friction law for semi-diurnal tide modeling
(Pingree and Griffiths, 1987). However, the model domain covers the shallow part (less
than 100 m) of the Yellow Sea and the deep part (up to 2,500 m) in the Okinawa
Trough. This implies that nonuniformity of the bottom friction coefficient might be
required. Therefore, both the constant and depth-dependent form of the Chezy
coefficient (m!/?/s) were applied.

c = 64.336, (6a)
¢ =h'%/n  with n = 0.029. (6b)

According to Eq. (6b) the Chezy coefficient for h = 40, 65 and 1000 m are C = 63.8,
69.1 and 109.0 m*/?/s, respectively, which allows a more depth-dependent form for the
bottom friction coefficient than the form used by Verboom et al. (1992).

3.2. Computation

The initial and boundary conditions required for the solution of Egs. (1)—(3) are
described as follows. At t =0, U(y,d,t) = V(x, ¢,1) = 0 are specified at all points.
Boundary conditions for the tidal model are no flow normal to the coast and specified
elevations along the open boundaries. The open boundaries consist of three sections;
Taiwan Strait, section along the Ryukyu islands and Korea Strait. Along the open
boundaries five tidal constituents M, S;, N, K; and 0y, except for shallow water
constituents to be generated inside the region, have been considered, based upon the
measured data along the open boundary points in comparison with existing tidal
chart (Nishida, 1980). For the boundary points between the observed boundary
points, linearly interpolated amplitudes and phases are used. The open boundary
elevations are prescribed for the five constituents according to the expression:

n() =Y. fiAjcos(wit — Gj + Voj + Uj) N

where f; and U; are the astronomical amplitude and phase corrections and V; is the
astronomical argument related to Greenwich.

The grid resolution is 1/16° in latitude and 1/12° in longitude, twice as fine as that
of Kang et al. (1991). The total number of grid cells is 22,742, and the depth con-
tours of the model domain is presented in Fig. 2. The time step used is 100.0s and
maximum depth in the Okinawa Trough about 2500 m. Thus the Courant number C,,
defined as

C. = At/9h + 1)

RA¢p @®)
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reaches to about 2.2 in the Okinawa Trough and less than 1.0 in most of model region
of depth less than 200 m. The numerical scheme with C, = 1.0 enables the short wave,
having 24 grid intervals per wave length, to keep celerity ratio about 0.98, as shown in
Abbott et al. (1981). This confirms that the M, tidal wave, having about 30 grid
intervals (see Fig. 6a), in the shallow area of YECS, can be simulated with almost no
error of phase celerity.

In this study the Smagorinsky eddy viscosity model was extended to the two-
dimensional free surface flow modeling, and the empirical constant of equation (5¢),
dependent only on Kolmogorov’s universal constant, is chosen as C; = 0.3 in the
present study, which is a little larger than the value (Cs ~ 0.2) used by Lilly (1967) and
Deardorff (1971) for the three-dimensional study.

After initial warming run, a continuous 28 day run was carried out. The 28 day long
time series are subject to harmonic analysis to calculate amplitudes and phases of the
M3, Sa, Na, Ky, O, M4 and MS, constituents. For harmonic analysis of calculated
time series the related components have not been considered, since the components
expected to occur are forcing components and higher harmonics generated through
nonlinear interaction.

3.3. Model validation

The present model was validated by comparing the model results with observations
at 34 tidal stations, including (B and D) located at the central Yellow Sea and
9 current meter sites (see Fig. 1, Tables 1 and 2).

The results for elevation validation of the M,, K, M4 and MS, tides are listed in
Table 4 and root-mean-square (rms) amplitude and phase differences for the 5 compo-
nents are given in Table 5, showing that the M; rms (amplitude, phase) differences are
(9.7 cm, 4.5°). The accuracy of the present model for M, elevation is better than that of
Choi (1980) where the M, rms (amplitude, phase) differences are (17.7 cm, 22.0°). The
difference between the two works may be due to the different grid resolution and the
data quality used for validation.

The computed tidal chart for the M, tide is shown in Fig. 3. Solid lines denote
coamplitude lines and dotted lines the co-tidal lines. The general pattern of the tidal
chart shows a generally good agreement with existing tidal charts, even though two
amphidromic points in the Pohai Sea show a degenerate amphidrome pattern,
compared to those by Ogura (1933) (see also Defant (1960)) and Nishida (1980).
However, our results show a partly more accurate, but meaningful result in cotidal
chart of the M tide than in previous tidal charts. That is, the tidal phase at Kunsan
(KS) is about 3 h, while the 3 h line in Ogura and Nishida’s charts is located about 20’
southward. The reason for the error is that Ogura and Nishida used the tidal data
measured at farther inner station of Kunsan where tidal hour is about 25 min later
than that at the present outer station of Kunsan. It seems that they did not consider
the propagation time of the M tidal wave from entrance of Keum estuary to the tidal
station. Some erroneous features of the existing tidal charts in regard to phase of
M occurs again in cotidal hour around Inchon (IC) located in inner Kyunggi Bay,
since observed lunar hour at Inchon is about 4.6 h, as shown in Table 4, but Ogura’s
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Table S
RMS difference of (amplitude(cm), phase lag(deg)) at the sites in Table 1 and Fig. 1

Component M, S, N, K, 0,

RMS DIF (am, ph) 9.7, 4.5) 8.1,88) (6.5,9.0 4.38,74) (4.4, 5.7)

tidal charts show 5 h co-tidal line passes through Inchon. Of particular interest is the
co-amplitude line of 90 cm around the Cheju island (see also Fig. 9). The larger
amplitude at the southwestern, and the smaller amplitude in the northeastern corner
of the Cheju may show that this model has simulated the subtle amplitude variation
around the island by scattering of tidal waves, as investigated by Lee (1989) and Kim
and Lee (1986). This is because with finer resolution, spatial current variation around
the island would be better resolved with stronger currents in the NE and SW corner,
as expected, and eventually tidal scattering process will appear around the Cheju
island.

The computed tidal chart for K is shown in Fig. 4. The general pattern of present
model is in good agreement with the existing tidal charts by Ogura (1933) and Nishida
(1980). In the case of diurnal K, tide the rms amplitude and phase differences are
relatively large, considering its mean amplitude, and some of the observed K, ampli-
tudes are 25% larger. The computed values are generally smaller than observed
values, with computed values being a little larger than 30 cm at Kyunggi Bay.
Considering that with only K; constituent included in modeling, the amplitude
around Kyunggi bay reaches to more than 40 cm, this large difference seems to have
originated from over-damping of the diurnal component by other semi-diurnal
components under quadratic bottom friction, since the damping of the constituent by
semi-diurnal constituents is about 30%, as estimated in Table 9.

The results for tidal current validation for M, and K, are listed in Tables 6a and 6b.
The computed harmonic constants for current with the grid resolution of about 7 km
coincide quite well with observed ones. At I, F, D and B, RMS difference of the M, for
u-amplitude, u-phase lag, v-amplitude, and v-phase lag are 2.9 cm, 24.6°, 4.4 cm and
7.4°, respectively which are less than those, at other stations, of 8.1 cm, 27.8°, 6.8 cm
and 20.9, respectively. This trend is also found in the K tide. The better agreement at
I, F, D and B seems to result, not only from the barotropic feature, but also from their
locations in a better behaved region where tidal propagation more characteristically
behaves as a Kelvin wave, as pointed out by a referee.

4. Characteristics of tidal ellipses
The observed tidal ellipse features as well as the direction of tidal rotation are
compared with those of the calculated results, and the results are given in Table 7. The

computed major and minor axis speed for M and K, are generally in good agreement
with the observed ones, but with less agreement of K| at M4 and M7. For the rotation
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Fig. 3. Computed tidal chart of the semi-diurnal M, constituent. Solid and dotted lines denote the
co-amplitude in cm and co-tidal hour line, respectively. Tidal hour (Phase lag) is referred to 135°E. Same
notation is used in following figures.
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Fig. 4. Same as Fig. 4 except for the diurnal K, constituent.
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Table 6a
Comparison of the M, harmonics of the tidal current at the Yellow and East China Seas
Station U am (cm/s) U ph (deg) V am (cm/s) V ph (deg)
(depth)

OBS CAL OBS CAL OBS CAL OBS CAL
1(48) 133 15.7 111.5 136.7 437 449 358.5 8.0
F(70) 5.0 10.0 7.2 41.5 399 457 19.4 28.1
D(41) 15.1 155 10.8 213 26.1 27.9 633 65.9
B(38) 18.6 19.9 44 26.7 328 26.5 146.2 1530
SB(110) 11.8 7.1 3399 9.9 74 43 218.7 2340
MS(32) 359 50.9 59.0 454 342 429 266.9 296.3
M5(20) 53.2 57.8 61.0 76.7 59.5 53.2 3243 3423
M4(25) 444 427 63.8 1132 448 40.2 3124 338.7
M7(28) 320 393 52.7 62.5 43.1 52.5 298.8 306.6

Note: Depth in meter denotes the depth of moored current meter.

Table 6b
Same as Table 6a except for the K; harmonic
Station U am (cm/s) U ph (deg) V am (cm/s) V ph (deg)
(depth)

OBS CAL OBS CAL OBS CAL OBS CAL
1(48) 2.6 31 79.3 56.7 126 10.2 2532 240.3
F(70) 24 0.8 127.3 142.8 104 10.7 2520 240.7
D(41) 14 1.8 2309 153.6 8.8 84 2572 2543
B(38) 24 2.1 144.3 144.5 5.8 713 2723 272.1
SB(110) 1.7 1.8 10.5 14.1 1.3 0.9 1364 525
MS(32) 3.2 7.4 3194 329.8 4.3 57 265.7 234.5
M5(20) 100 17 333.1 326.7 9.8 8.6 256.5 243.5
M4(25) 8.1 3.5 2450 3503 5.8 53 276.9 280.6
M7(28) 29 4.7 3100 3358 7.6 5.1 182.0 248.6

Note: Data at M7 are from the average of 3 data over the depth.

direction of tidal ellipses, Table 7 shows that the observed tidal current of the
M constituent rotates counterclockwise at F, D and B, but clockwise at I, SB, MS,
M35, M4 and M7, which coincides well with the directions of the computed ones except
for F, where the minor axis speed is very small compared with major axis speed. In the
case of K, the observed tidal current rotates clockwise at MS, M5 and M7, and
counterclockwise at I, F, D, B, SB and M4, which agree with those of computed
direction except for I and M4.

The rotary features of tidal current in the whole model domain is investigated by
analyzing the results of the current data. The rotation direction of the M, current
ellipse is also plotted in Fig. Sa, and K, in Fig. 5b. Considering the location of F(I) and
the location of limit line where the direction of the M»(K) changes, the inequality of
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Fig. 5(a). Contours of clockwise or counterclockwise rotations of the M, tidal ellipse.
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rotation direction at F(I) is thought to be due to some inaccuracy of the computed
results. Further, the inequality of K, at M4 seems to be possibly due to a complicated
current structure at the station near the Yangtze River, since the effect of buoyant
outflow inducing stratification and baroclinic current structure may occur. The
general trend of the M rotation direction in the Yellow Sea is more or less similar to
that of Fang et al. (1991). However, a careful comparison between the two results
reveals that the present study demonstrates finer structure, such as the existence of
counterclockwise rotation in the region south of Shandong peninsula. As expected
from analytical study, the rotation in the head region of a closed bay is cyclonic in the
northern hemisphere.

It is interesting to note that the rotation of the M, changes rapidly at the Cheju
Strait between the Cheju Island and Korean peninsula, as seen in Fig. 5a. This seems
to be the complicated response of tidal waves between the peninsula and Cheju Island.
The computed rapid change of the rotation of M, was validated by observation using
Lagrangian drift tracking for several days, which is not shown here. The present study
shows more accurate results for categorizing the rotation domain in the Cheju Strait
than Fang et al. (1991).

4.1. M, and MS, tidal regimes

The nonlinear characteristics of the tidal phenomena in the YECS are investigated
in terms of higher harmonics generation, that is, the generation of the M, and MS,
tides. Among others, these two constituents were chosen for the investigation of
nonlinear characteristics, since the tidal amplitudes of those are most dominantly
generated through nonlinear interaction and they can be compared with observations
with more confidence. In spite of the limited investigation in the M, tide, several
researchers (Le Provost, 1976; Pingree and Maddock, 1978) paid attention to the
M, phenomena in case of the North Sea and the English Channel, which has a more
or less similar physical dimension as those of the YECS, that is, shallow and
semi-enclosed shelf sea. In this part the basic characteristics of the M4 and MS, in the
YECS are described based upon model results without open boundary forcing and the
observed data around the Korean peninsula. The computed and observed values of
the M4 and MS, tidal harmonics are also presented in Table 4.

Since the propagation feature of the M, tidal wave has rarely been investigated in
the YECS it is necessary to examine what the general pattern of propagation of the
M, tide looks like. One of the general patterns for validation of the M4 tide is to check
propagation in the eastern Yellow Sea, since observed tidal data are available. The
two observed values (stations B and D in Fig. 1 and Table 1) at the central Yellow Sea,
where the local generation effect of the M4 by islands or complicated geometry can be
completely neglected from the observed results, suggest that the M, tidal wave
propagates southward along the western coast of the Korean peninsula. Such
a propagation is also shown in the comparison of phase lags at AH and DH. This
propagation direction coincides with that of the computed M, tide in Table 4.
Considering the much larger monthly variability of M4 tidal harmonic constants
compared with those of semi-diurnal or diurnal constituents and general trend of
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agreement between the observed and computed results especially for phase lag, the
existence of the computed M4 amphidromic point in the central Yellow Sea may be
considered reliable.

The M, tidal chart in Fig. 6a shows that the amphidromic pattern of the M tide is
much complicated than those of the semi-diurnal or diurnal constituents. The am-
phidromic system in the East China Sea consists of 4 amphidromic points, 5 amphid-
romic points in the middle Yellow Sea and 6 amphidromes in the northern Yellow
Sea. The M, tidal wave propagates counterclockwise and clockwise in turn. Such
a propagation also appears in the central Yellow Sea. The M tidal wave propagates
southward along the western Korean coast, which is in the opposite direction to the
propagation direction of the M, tidal wave. The tidal chart of the MS, tide in Fig. 6b
shows a generally similar propagation pattern to that of the M, tide. Degenerate
amphidrome feature south of Shandong peninsula is noticeable compared with the
M, amphidrome.

Along the East China Sea the 1 cm co-amplitude line of the M, tide, running
northeastward from the tip of Taiwan, seems to roughly coincide with that of
abrupt bathymetric change. The high amplitude lines of the M, and MS, tides
appear in several coastal areas, that is, the eastern Chinese coast, western
Korean coast and Seohan Bay. The general pattern of the computed M, ampli-
tude seems to roughly coincide with the observed ones. However, the com-
puted M4 amplitude tends to be larger along the entire west Korean coast. This
may be due to several factors, such as insufficient frictional damping by addi-
tional constituents, still poor resolution of local geometry, and so on. The ampli-
tudes of the M S, are generally a little smaller than that of the M4. The largest values
of the MS, in the Kyunggi Bay and around Kunsan are about 70% larger than
the M, there. Like M4, the computed amplitudes of MS, tend to be larger than
those measured in many stations. Comparison of Fig. 6a with Fig. 6b also reveals
that M, tidal wave leads the MS, tidal wave by about one hour along west coast
of Korean peninsula, which generally coincides with the trend of observations in
Table 4.

It should also be noted that a large phase lag difference (about 100°-150°) in both
the M, and MS, exists at the 10 stations in the Kyunggi Bay. Considering the
relatively small difference at other stations and a good agreement between observed
and computed phase lag at stations B and D located off the Kyunggi Bay, this
large disagreement in the Kyunggi Bay seems to be induced by a relatively poor
simulation for the location of the amphidromic point off the Kyunggi bay. Even
though several experiments for the different parameters have been carried out, the
magnitude of deviation is not reduced significantly. The poor simulation may also be
related to poor resolution of the complicated geometry, as expected from many small
islands and submarine channels of Kyunggi Bay. The local generation effects of the
M4 and MS, tides around the small islands are also expected to influence the phase
lag and amplitude. The effects of submarine channels and islands could be examined
with finer resolution of a 2D grid system rather than with a method combining the
solution of 1D and 2D equations, suitable for dealing with estuarine channels
(Flather, 1994).
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diip

(a)
Fig. &a). Computed M, tidal chart for the coefficient of Smagorinsky formula C, = 0.3 and Chezy friction

coefficient C = 64.336 m'/?/s. B and D denote the offshore tidal stations for validation of 0(1) and 1(2)h
co-tidal lines of the M (MS,) tide.
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Fig. 6(b). Same as Fig. 6a except for MS§,.
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4.2. Effects of tide generating force

As expected, the tidal regime in the YECS consists of independent tide, driven by
the tide generating force (TGF) in the model domain, and co-oscillating tide, affected
by tidal propagation from the northwestern Pacific. From this point of view two kinds
of experiments were carried out. Firstly, an experiment with TGF, but without
external co-oscillating tidal force from open boundaries, was carried out, and the
results were subject to analysis to yield tidal chart by TGF. Secondly, both computa-
tions with and without TGF were carried out, but both experiments considered
external force from open boundaries. The amplitude and phase lag were computed by
analyzing the difference between the solutions with and without TGF in the equations
of motion as is done in Pingree and Griffiths (1987).

Fig. 7a shows computed tidal chart of the M, constituent generated only by TGF
(independent tide) without external force and Fig. 7b with external force. That is,
co-oscillating tide from northwestern Pacific was not considered in the result of
Fig. 7a. Both figures show a standing wave pattern at the deep water region around
the Okinawa Trough and progressive wave character on the continental shelf. In
Fig. 7a two amphidromic points south of the Shandong Peninsula are worth noting.
Furthermore, two amphidromic points appear clearly in the Pohai Sea. The high
amplitude only by pure tide generating force reached up to nearly 27 cm in the
Kyunggi Bay and 35 cm at Seohan Bay.

Fig. 7b is the tidal chart of the M2 by TGF with external force. That is, the effect by
co-oscillating tide from northwestern Pacific was considered. All amphidromic points
by TGF tend to move westward and show a degenerate amphidrome pattern. In
particular, amphidromic points near the Yangtze river estuary and in the western
Pohai Sea, in Fig. 7a, completely disappeared. The amplitude in Fig. 7b reaches up to
10 cm at the Kyunggi Bay and 5 cm in the Seohan Bay, much decreased compared to
that of Fig. 7a.

The S, amphidromic patterns by TGF with and without external force are more or
less similar to those of the M,, however, with only one amphidromic point south of
Shandong Peninsula. The amplitude only by TGF reaches up to 12 cm in the Kyunggi
Bay and 15 cm in the Seohan Bay. The amplitudes again decrease to 4 and 2 cm in the
Kyunggi and Seohan Bays, respectively, when external force at open boundaries is
included. More dominant dissipation of the M and S, amplitudes in the Seohan Bay
seems to be caused by relatively shallower depths and strong current speeds around
60 cm/s for the v component at 10-20 m isobath region, as also seen in Lie (1995). The
amplitude of the K; tide by TGF without external force is at most 1 cm order of
magnitude in the Seohan Bay. This small amplitude may be due to the smaller
amplitude of tidal potential and relatively smaller amplification of tidal waves in the
Yellow Sea, compared with those of the semi-diurnal constituents, which is not shown
here.

As shown above, the amplitude by TGF with co-oscillating tide was found to be
about 10 and 4 cm in the Kyunggi Bay for M and S; constituents, while those by
diurnal constituents are less than 1 cm. The TGF effect for the M, constituent was
found to increase the amplitude of the co-oscillating tide by nearly 1.0% at Inchon in
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(a)

Fig. 7(a). Computed M, tidal chart by tide generating force without co-oscillating tide effect from the
northwestern Pacific.
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(b)

Fig. 7(b). Computed M, tidal chart by tide generating force similarly to Pingree and Griffiths (1987) with
co-oscillating tide effect from the northwestern Pacific.
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the Kyunggi Bay. However, the effect for other constituents at Inchon was found to
decrease the amplitude by about 1.0° 2.5% due to phase lag larger than 90°between
the results with and without TGF.

Now let us consider the dynamics for different patterns of tidal regime between
Fig. 7a and b. The frictional damping effect-to a certain frequency motion by other
components in quadratic friction form was studied by Godin and Gutierrez (1989),
and Reinecker and Teubner (1980) examined the movement of amphidrome by
friction effect. Kang (1995) also showed that the westward movement of the
M amphidrome in the Yellow Sea is driven by nearly equal amounts, both by bottom
friction and head opening effect. Therefore, the decrease of amplitude and the
westward movement of amphidromic points in Fig. 7b, compared with those of
Fig. 7a, can be explained by the dynamical process that tidal waves only by TGF
experience an increased frictional damping by the co-existence of the co-oscillating
tides by external force and the westward movement of amphidromic points results
from the dissipation of the incident and reflected tidal waves by TGF. Quantitatively
without co-oscillating tide the M, amplitude by TGF at the inner Kyunggi Bay are in
the range of 20-27 cm, approximately equal to those of the diurnal constituents. This
indicates that the relative damping contribution of the co-oscillating M, tide to the
M, tide by TGF is roughly of the same order of magnitude (about 25%) as to the
01(K ), as is shown in discussion section for the mutual damping contribution among
the major constituents. Garrett (1975) pointed out that independent tide according to
the definition of Defant (1960) would be partly ‘co-oscillating’ and the definition does
not seem to be appropriate, since tidal elevation would not be zero at the mouth of the
gulf. Defant’s definition, however, was adopted here, as done by Pingree and Griffiths
(1987), because the main purpose of the present study of TGF is how the independent
tide is affected by co-oscillating tides and the results with Garrett’s definition would be
confined to the domain near the open boundary.

4.3. Effects of momentum diffusion term and different friction formula

As expected from the form of momentum diffusion term of Egs. (5), having
second-order differentiation, the term has some smoothing effect, which is specially
effective to the high wave number motion. It is well known that momentum diffusion
term is often used to smooth out high frequency motion and to obtain a stable
numerical solution. Therefore, it is expected that the tidal charts of semi-diurnal or
diurnal constituents with and without the momentum diffusion term do not differ
from each other. However, the solution of the quarter-diurnal M, constituent, which
has a relatively high frequency wave compared with semi-diurnal or diurnal constitu-
ent, is expected to respond to whether momentum diffusion term is included or not.

As already introduced, Fig. 6a is the tidal chart of the M4 tide with Smagorinsky
coefficient C; = 0.3 and Chezy coefficient C = 64.336 m*/?/s. An experiment with
Cs = 0.0 and C = 64.336 m'/?/s has been carried out in order to investigate the role of
momentum diffusion term. The result is shown in Fig. 8. At a glance the tidal charts of
Figs. 6a and 8 seem to be almost the same, but a closer look shows a slight difference.
The pattern of three amphidromes above Taiwan shows a different configuration, and
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the 3 h line northwest of Cheju island also shows a slightly different feature. In the case
of the co-amplitude line, the 4 cm line is connected to Cheju island in Fig. 6(a), but not
connected to it in Fig. 8. Also, the locations of co-amplitude lines in the Kyunggi Bay
are slightly different between the two figures. Considering that the momentum
diffusion term is often used to damp out high wave number motion, it is worth noting
that the momentum diffusion term has an effect on tidal wave motion up to the
M, tidal wave, even though its effect is relatively small.

The response of the model to the different friction forms of (6a) and (6b) is now
examined. The tidal chart of M, using the depth dependent form of friction coefficient
(6b) is presented in Fig. 9. Comparing Figs. 3 and 9, the general patterns between
M, tidal charts are more or less the same. This general agreement is quite interesting,
since the magnitude of bottom friction plays an important role in dissipating tidal
waves and influencing the movement of the amphidrome. A careful look shows that
the differences are found in the locations of 280 cm co-amplitude and 5 h cotidal lines
of the M, in the Kyunggi Bay. The degenerate amphidrome feature of the M in the
Pohai Sea is also increased in Fig. 9. For the M, the locations of amphidromes vary
more sensitively than for the M (not shown here). The amplitude and phase difference
of the M, at stations in the Kyunggi Bay are listed in Table 8. This table illustrates
that the amplitude differences are less than about 1 cm, and noticeable phase delay
with depth-dependent friction coefficient appears. Model results also show the M, in
the shallow region appears more actively generated by the depth dependent form,
since the nonlinearity may be enhanced at shallower depths.

5. Discussion

Of particular interest is the existence of the high M4 amplitude zone in Fig. 6a along
the west coast of Korean peninsula, especially in the Kyunggi Bay, off Kunsan and
around southwestern tip of the peninsula. The fact that the tidal waves in such a bay
as the Yellow Sea consist of Kelvin and Poincare waves (e.g. see LeBlond and Mysak,
1978) implies that the Poincare waves may play an important role in the M4 ampli-
tude pattern and they are trapped over the zones. This idea is shortly examined with
an assumption that the generated M, tidal waves also have propagating features in
the Yellow Sea.

Let the parameters of the Yellow Sea be mean depth of H = 50 m and width of
b = 600 km for latitude of 36°N, then the critical periods T. of the 1st and 2nd
Poincare waves are 12.1 and 7.1 h from the following relation (LeBlond and Mysak,
1978; Kang, 1984).

E: Tc,=l.2 = 2

W (fz + nznng/bz)uz (9)

Therefore, the 1st (n =1) and 2nd (n = 2) Poincare modes become propagating
modes, since the period of the M4 (6.2h) is shorter than the critical periods, and the
modes have a prevailing influence on the M, amplitude, resulting in a complicated
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Fig. 8. Computed M, tidal chart for coefficient of Smagorinsky formula C; = 0.3 and Chezy friction
coefficient C = 64.336 m*/%/s.
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Fig. 9. Computed M, tidal chart with Chezy friction coefficient of a depth-dependent form of C = h¥/$/n
m'/?/s with h and n being depth and 0.029.
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Table 8

Difference (DIF = DEP-CON) of the M, harmonic constants
between the results with constant (CON) and depth-dependent
(DEP) drag coefficients at the Kyunggi Bay (amplitude (am) in
cm and phase lag(ph) in degrees)

Site DIF (am, ph) Site DIF (am,ph)
IC (1.1, L.1) SD (0.8, 5.0)
PM 04, 2.5) 1P (—03,35)
Jw (0.0, 4.6) SK (- 03, 8.0)
YD (0.3, 44) AD (- 03,84
SM (0.0, 5.9} GD (—0.1,10.6)

amphidromic system (Brown, 1973). Actually it is likely that the analytical model, as
used by Kang (1984) with semi-diurnal and diurnal tides, is carefully applied to the
M, tide, since M, tidal wave also has a generated feature in the YECS as well as the
southward propagation in the Yellow Sea in contrast to the northward propagation of
the semi-diurnal or diurnal constituents. The fact that the M, tidal wave propagates
southward along the west coast of the Korean peninsula, however, could also be
interpreted as the mechanism that the reflected Poincare waves prevail over the
incident waves.

In this numerical experiment we utilized only 5 major constituents. However, since
the frictional damping effect (Godin and Gutierrez, 1986) between tidal constituents
exists, it is necessary to investigate if the friction damping for each component is
sufficient or not. In particular, qualitatively accurate evaluation is required for the
effect of the bottom friction both to the damping of amplitude and influence to phase
speed of tidal wave speed. Therefore, mutual damping effects have been estimated
using the current data at I, F, D and B. 30 constituents for I and 36 constituents for F,
D and B were obtained. Let uo be a vector consisting of 30 or 36 tidal components and
mean current. Then, the approximate relation (13a) for the bottom friction of Godin
and Gutierrez (1986), which acts as a damping term on the input frequency, is
expressed by (10).

2u_lo]|%-u_o| 1;1 (maj + %a} + 3 Y a,-a%)cosa,-, n =30 or 36 (10)

2m K#j

with

n n
uo = Y ajcos(ajt — bj), o; = (a5t — bj), aj=aj/Ur and Ur = ) 4}
=1 i=1
where g} are the frequencies of the tidal input component, m a constant equal to 0.7,
and 4 and bj the amplitude and the phase lag of the components. The frictional
contributions of 5 constituents to 5 components were computed using (10) and major
axis components, since the major axis components are predominant at most stations
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Table 9
Composition of relative contributions of the damping terms for the major 5 constituents and sum of
S constituents (M,, S,, N,, K,, Oy) at station D of Fig. 1

k i=0, =K, ji=N, j=M; i=$:

Contribution of (%) O, 64.6 12 1.2 1.4 1.2
K, 2.2 65.4 22 2.5 2.2
N, 0.9 0.9 64.4 1.1 1.0
M, 25.1 25.2 25.0 86.9 258
S, 6.8 6.8 6.7 7.7 69.3

Contribution (%)

by own component 64.6 65.4 644 86.9 69.3

Sum of 5 comp. 99.6 99.6 99.6 99.5 99.6

in the central Yellow Sea. The result for station D is given in Table 9 where the sum of
5 constituents is also calculated. The contributions of Oy, K;, N2 and S2 to the
damping of themselves are in the range of 65-70%, while the contribution of M; to
the damping of itself is about 87%. The contribution sum of 5 constituents to each
component is more than 99%, indicating that the inclusion of only 5 major constitu-
ents in the central Yellow Sea is sufficient to consider the damping effect by the
bottom friction to each constituent. It is worth noting that the contribution of M to
other constituents is about 25%, and is the second most important factor.

6. Conclusions

The present tidal modeling considers full non-linear, horizontal momentum diffu-
sion and tide generating force terms for the Yellow and East China Seas. In particular
the open boundaries were extended to Ryukyu islands where observed tidal data are
available. Also, more explicit comparison between observed and computed data has
been carried out, and especially the validation using tidal current data were attem-
pted. It was demonstrated that the calculated M, tidal chart by the present study
shows explicitly that the M co-tidal chart is more accurate along the eastern Yellow
Sea, based upon comparison between model results, observation, existing charts and
previous models, while the feature of over-dissipation of the K; tide in Kyunggi Bay
appears from model results. The computed major and minor axis speed for M, and
K are generally in good agreement with observed ones, and the present study shows
more accurate results for categorizing the rotation domain of tidal ellipse in the Cheju
Strait than previous study.

In particular the validation of the M, and MS, tides was carried out against
observed data and the regimes of the higher harmonics constituents in the YECS have
been investigated. The results of the present model and observed data for the M4 and
MS, tide have revealed that the M4 and MS, tidal waves in the eastern Yellow Sea
propagate southward. The model result also shows that there exist complicated
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amphidromic systems for the two constituents in the Yellow Sea. The relatively large
value of the M4 amplitude in the Kyunggi Bay, off Kunsan and southwestern tip of the
Korean peninsula implies that the M4 tidal wave seems to be trapped around the
areas. The large deviation in phase lag of the M4 in the Kyunggi Bay implies that the
model simulates the propagation of the M, with a relatively large error, and this needs
to be investigated further in the future.

The experiment with a subgrid-scale stress term has shown that the momentum
diffusion term has an effect on tidal wave motion up to the M, tidal wave, even though
its effect is relatively small. The experiment with depth-dependent drag coefficient
illustrates that the generated amphidrome feature of the M, in shallow region such as
Pohai Sea is enhanced, in spite of the generally similar pattern when compared with
the result using a constant drag coefficient, while the amphidromes of the M, respond
sensitively. This may be due to the enhanced nonlinearity and dissipation.

The present study also demonstrates that the amplitude of the tidal wave only by
TGF decreases and the amphidrome moves westward, when the co-oscillating tide by
external boundary force coexists. This could be interpreted as a process in which the
incident and reflected independent tidal waves with lesser amplitudes experience
a frictional damping under co-oscillating tidal waves in a similar way to frictional
damping process between tidal constituents.
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