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SUMMARY

I. Title

Study on the Ocean Circulation in the Western and Middle area of the
East China Sea

IO. Objective and necessity of the study

1. Goal of the second phase study (1997-1999)
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 purposes of the third-year study
- Interdisciplinary oceanographic survey in summer (Jang-Ma season) in the
western and middle ECS,
- Numerical modelling study for tide, plume, and circulation.
- Analysis of major oceanographic processes

- Summarize the second stage project

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
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ocean circulation of the western ECS.

II. General scope of the study

1. Summary of the 1st year(1997) study

a. Interdisciplinary survey in winter

- Survey area: the western and middle ECS

- Observation periods: March 1 to 10, 1997

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

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

b. Local survey for the movement of Changjiang plume

- Survey area: the area between Cheju-do and the mouth of Changjiang
- Observation period: June 7 to 13, 1997

- Vessel: R/V Eardo of KORDI (350 ton class)

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

c. Local survey the area around Cheju-do (co-survey with Cheju Nat'l Univ.)

- Survey area: the Cheju strait, the eastern and western area of Cheju-do

- Observation period: the Cheju strait- monthly obs. from Jan. to Oct. 1997,
the areas west and east Chejudo- July 21 -22 and Feb. 22-23,1997

- Vessel: R/V Hanla(200 ton class) of Cheju Nat’l Univ.

- Survey items: CID, current (TGPS)

d. International cooperation

- Participating in the World Ocean Circulation Experiment /Surface Veloc1ty
Programme (WOCE/SVP)

- Regional cooperation with China and Japan

2. Summary of the second year (1998) study

a. Local survey in the western area of Cheju-do in spring
- Survey area: southwestern area of Cheju-do

- Observation period: April 24 to 30, 1998

- Vessel: R/V Onnuri (1400 ton class) of KORDI
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- Survey items: CID, current (drifters, ship-borne ADCP)

b. Local survey in summer for Changjiang plume

- Survey area: the Cheju Strait and western area of Cheju-do
Observation period: August 12 to 18, 1998

Vessel: R/V Eardo of KORDI (350 ton class)

Major items: CTID, current (drifters, ship-borne ADCP)

c. Interdisciplinary survey in summer

- Survey area: the western and middle ECS

- Observation periods: September 11 to 17, 1998

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

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

d. 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

e. Study on water movement by numerical models

- Tide, the eastward extension of Changjiang plume, and general circulation

f. International cooperation

- Participating in the World Ocean Circulation Experiment /Surface Velocity
Programme (WOCE/SVP)
- Regional cooperation with China and Japan

3. The scope of the third year (1999) study

a. Interdisciplinary survey in summer (Jang-Ma season)
- Survey area: the western and middle ECS
- Major items: CTD, current (drifters, ship-borne ADCP), primary production,
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plankton, ocean optics
- Observation periods: June 17 to 29, 1999
- Vessel: R/V Eardo of KORDI (350 ton class)

b. Processing of survey data and analysis of oceanographic processes
- Quality-control of survey data

- Basic processing of data collected in 1999

- Analysis of Hydrographic data for oceanographic processes

¢. 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

- 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

d. Ecological dynamics and biological optics

- Investigation of parameters for Chlorophyll distribution, primary production
and biological optics

- Analysis of SeaWiFS data

- Effects of the Changjiang plume on the primary production

e. Study on water movement by numerical models

- Numerical modeling for the general circulation of the ECS

- Numerical modeling of tide in the case of background stratification
- Study for the eastward extension of Changjiang plume

f. Participation in international programs and regional cooperation with China
and Japan

- International cooperation: participating in the World Ocean Circulation
Experiment /Surface Velocity Programme (WOCE/SVP)

- Regional cooperation with China and Japan
o Second Institute of Oceanography, SOA, China : intensive survey in June

1999 (Chinese P.I: Professor Y. Yuan)

o Kagoshima University, Japan : joint measurements of currents in the

Okinawa trough (Japanese P.I.: Professor H. Ichikawa)
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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 13 and 8 drifters in early March and June 1997, respectively.

- Release of 10, 3 and 8 drifters in late April, August and September 1998,
respectively.

- Release of 3 drifters in February 1999 in the western area of Cheju-do to
examine Yellow Sea Warm Current and 12 drifters in June 1999 in the
western and middle East China Sea.

- Operation of ship-mounted ADCP along cruise lines during oceanography
survey in 1997 and 1998.

- Mooring of current meters at two points in the western continental slope
area of the deep trough west of Kyushu during November 1997 to March
1998 and one point in the continental slope of Kuroshio branching area
during September 1998 to June 1999. Each mooring had three RCMs.

(2) major results of the drifter experiments

- Most drifters, moving to the northwest in the southwestern area of
Cheju-do, entered the Cheju Strait after turning clockwise around Cheju-do,

- There was no direct evidence of the Yellow Sea Warm Current flowing
into the Yellow Sea, but westward or northwestward flows were observed
in the northwest of Cheju-do during Typhoon season,

- Changjiang Diluted Water moved to the east toward south of Cheju-do
with a mean speed of 10~20 cm/s on the Changiang bank in June 1997
and August 1998,

- A northward flow with a mean speed of 5~8 cm/s was observed in
Changjiang bank toward western area of central through of southern
Yellow Sea during June to August 1999,

- There was no dominant flow over the Changjiang Bank in autumn and
winter,

- Drifters, released in the middle shelf shallower than 100 m of Taiwan
Warm Current region, moved to the east or northeast in the area south of
30°N then moved to the northeast along the 100 m isobath or joined
Kuroshio.

(3) Major results of the current moorings
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- 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 15-20 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

The purposes of the second stage study is to find characteristics of the
movement of the Yangtze River diluted water, the Yellow Sea Warm Current,
the Cheju Warm Current, and the Yellow Sea Bottom Cold Water etc. and to
investigate physical processes which control mixing between water masses. For
this, Interdisciplinary surveys were conducted once a year in March 1997,
September 1998 and June 1999. In addition, three regional surveys were carried
out to understand the frontal structure and the movement of the Yangtze River
diluted water in the region around Cheju-do in June 1997 and April and August
1998. In summer, 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.
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
low salinity waters originated from the Yangtze River and the northern Yellow
Sea in summer flow generally toward Cheju-do, but parts of waters remains in
the southern Yellow Sea in fall and the region between Cheju-do and the
Yangtze River through the winter time and move to the eastward in the warm
season. A distinctive feature in the mid-western ECS is the thermohaline front
formed between coastal waters and the ECS shelf waters or the Tsushima Warm
Current waters. In summer, the front is a demarcation between the Cheju Warm
Current Water and fresh waters distributed in the shallow region east of the
Yangtze River and the southern Yellow Sea. In winter, it moves slightly to the
southeast and makes a boundary between the Yangtze River diluted water and
the Tsushima Warm Current water and between the Yellow Sea Bottom Cold
Water and the Cheju Warm Current Water in the upper and lower layers,

respectively. Cross frontal intrusive phenomena with about 10 m thickness were
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frequently observed 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.

3. Distribution of biogeochemical properties

The concentrations of dissolved inorganic nutrients and dissolved oxygen in
the southwestern parts of Cheju Island are obviously higher than those in the
Kuroshio region. The concentrations of dissolved oxygen and nutrients in the
shelf are vertically homogeneous. Temperature and salinity of water are
negatively correlated with the concentrations of dissolved oxygen and dissolved
inorganic nutrients. In general, the Kuroshio water contains low dissolved
oxygen and dissolved inorganic nutrients contents, while coastal waters including
the Changjiang Diluted Water contains high dissolved oxygen and high dissolved
inorganic nutrients. Therefore, the mixing among the three end members, the
nutrient-poor Kuroshio, the nutrient-rich coastal water, and the mixed water
between the Kuroshio and coastal waters, controls the distribution patterns of
dissolved oxygen and dissolved inorganic nutrients in the East China Sea in
March 1997. Also, photosynthesis and respiration processes slightly modifies the
characteristics of the water chemistry in the East China Sea. The activity of

2Ra in the surface waters was higher in the coastal waters adjacent to the
Korea peninsula and Chinese continent (>0.3 dpm/l) than those in the shelf
break of the East China Sea and in the eastern channel of the Korea Strait (<0.2
dpm/l). The distribution pattern of 2Rg activity was similar to those of
#8Ra. There was an inverse relationship between Rz/ ®Rg activity and
salinity. The “Rg/ ®Ra activity was about twice higher in the Korean and
Chines coastal area (1.61 ~ 2.12) than those in the shelf break of East China
Sea. Assuming that the decay of #*Rg is negligible during mixing and transport
of sea water, about 11~41% of the South Sea Water of Korea was originated
from the shelf water of the East China Sea and the Yellow seas.

4. Distribution of chlorophyll and primary production
To understand the high production mechanism in the shelf region of the
East China Sea, chlorophyll distribution, primary production and bio-optical

properties have been investigated. Ocean color data from SeaWiFS have also
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been analysed. In March 1997, when the Changjiang River discharge is not
strong, high chlorophyll concentration appears in the front region between the
Tshushima Warm Current and the southerly Chinese Coastal Current. In
September 1998, the Changjiang River Diluted Water spreaded in a broad region
south to the Cheju Island eventually flowing east into the East Sea. The
Changjiang River Diluted Water flowed eastward latitudinally. High chlorophyll
area appeared where the water was stratified due to halocline. In June 1999, a
similar pattern with the summer of 1998 was observed: High chlorophyll
concentration was present haf way between the River mouth and the Cheju
Island. Therefore, during~"summer season, local production enhancement occur by
the Changjiang River Discharge while in March, local enhancement locally occurr
at the frontal region. These mechanisms maintain the high productivity of the

region in addition the seasonal bloom cycles. Photosynthesis parameters showed

values similar to those of the spring of 1995, while P2 values were higher. ¢
values ranged 0.0042~0.169 mgC/mgChl-a/(uE/m?[s)/h, PB values ranged 1.817~
24.6 mgC/mgChl-a/(uE/m*/s)/h. I, values ranged 89.8~306.4 rE/ mz/s. Most of

the study area belonged case 2 waters according to the bio-optical properties.
The concentrations of suspended sediments and dissolved organic matter were
substantial. The actual production enhancement was limited in space although
the SeaWiFS images gave apparent increase in the chlorophyll concentration over
a very wide area.

5. Establishment of circulation model and numerical experiment for the ECS

Numerical ocean circulation model was established for the East China Sea
based on the GFDL MOM(Modular Ocean Model) version 3.0 which is capable
of treating the bottom depth as a partial cell in the vertical grid and of
calculating free surface in the top layer.

The circulation pattern obtained from the initial stage of the numerical
integration for the Yellow Sea and the East China Sea in winter shows relatively
strong southward currents both along the Korean and the Chinese coasts in
response to the northerly wind stress, and the northward current through the
middle part of the Yellow Sea. Strong southwestward current was formed off
the southwestern coast of China. The Kuroshio simulated in the model flowed
northwestward over the ECS shelf slope with a weak meandering. A part of the
flow was separated from the main stream of the Kuroshio in the southwestern
part off Kyushu and flowed to the southern sea of Korea, suggesting a
formation of the Tsushima Current.
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6. Numerical study on the Changjiang 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. In addition, the results from a model with tide show
that the Yangtze River Diluted Water reaches further to the western and
southern coastal regions of the Korean Peninsula than those without tide. All the
results suggest that the movement of the Yangtze River Diluted Water is
controled by complex parameters of topography, wind and tide etc..

7. 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.

8. 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
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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 Sv 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.

9. 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
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Tsushima Warm Current.

10. Fine grid tidal modeling of the Yellow and East China Seas

Under stratified condition are investigated the baroclinic response of tide and
tidal current in the Yellow and East China Seas, using two-layer numerical
model. The varying degree of stratification in order to examine different
baroclinic effect are assigned in terms of varying upper layer thickness and
density difference.

Comparison between available current observations and model result shows
the reasonable agreement for the shear characteristics of tidal current, with
relatively large current shears dominated around the shelf region off the Yanztze
river, where baroclinic energy flux are seen to radiate toward the offshore area.
The degree of inhomogeneity of current shear between layers is quite interesting
from the tidal dynamics point of view. In addition, the rotation direction of tidal
ellipse are mostly same between upper and lower layers, but reverse at the
region off the southwestern tip of Korean peninsula.

The seasonal variability of M, tide in the YECS, especially along the Korea/
Tsushima Strait, which was revealed in Kang et al. (1995), is investigated by a

series of numerical experiments with varying degree of stratification which is
specific for the winter and summer seasons. In particular the amplitude of M2
tide at Cheju harbor decreases nearly by 10 cm (about 10% less than that of
winter) during summertime stratification condition, which coincides with the
observations. This result indicates that the increased scattering of barotropic tidal
energy into baroclinic energy, due to increased stratification toward summer
season, could be the main cause of seasonal variability of the M2 tide in the

area.

V. Conclusion suggestions

This report is the final report of the project for the ocean circulation of the
western East China Sea (ECS). The report includes research activities and results
conducted during 1997-1999 in the study area but more focused on results
obtained in 1999. 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
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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-stage study, we conducted one interdisciplinary survey
per year in the western ECS: in March 1997, September 1998 and June 1999.
Also, the local surveys for studies on frontal structure and on the northeastward
extension of the Changjiang fresh water toward Cheju-do in June 1997, April
and August 1998.

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 better
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. The survey in June 1999 was conducted as a part of intensive
observation for the study of developing storm in the ECS with the Second
Institute of Oceanography of SOA, China and the data is using in the study of

air-sea interaction in the ECS as a basic data
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Fig. 8-6. Direction of the Yantze River SS plume detected on Sept. 7. 1998.
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TF 53 WEEEFL Kuroshio A1t &E FA7F A2 A g &
AL dzungsln, EF o3 NEE FAVE FE4EH ¥ TgEe ol EF
4=7} Kuroshio Branch Currentd] &8 $2 dalz 43y FFstn Ut
(Huh, 1982). olgjgt &9 WE &F ALUAZIH 4o a7HATL 2 I
AT AFZAT ot (o] F, 1997; Lie et al, 1998) 2o} AF=
AR oA delte dFF7t o] ESF JIdEn S JMEAEe] 5L o=
ez ok dis2ado s 49 Kuroshio Aol A=, 9 7jvs} &9
NEAIAG S FHste FEALY 3§ 7HAAHA ¥4 A7 WEA A +H
shear2 3l B35 sfGETH FAFo] TAHT (o] &, 1997). iFE 2 4
100-200 mol A ¢] 5§ FEA 9 BFP3A EFF v dHA govt, Hd
wet e e 380 AFEHIIE o (o] T, 19%).

T5 oA 9 Kuroshior HE{AIHEE ol E5X3e EFLE 1 FFo] of
A X%ttt KBCY £ ti{E o229 4L {85 KuroshioF 7|
Atolo] mEAAY o Jolrl FFIde EE Fsid FIlo &89 olsE Hsl
NE ters]) 228t KBC 2904 slaa@e] 7% 72E Lie et al (1998)0]
o3 A3 ZleH A V19N AH #FT JFARY 53 2LUSA F
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4E AHAN AF 2AME HAFSAERAET oA AFTERE oHHE T ¢8AA
gkt 719 FFoAM= divergenceZt, A ZF A= convergenceZ}l TAIEIH, o
FAHE S gE ¥RV 42 AR q4dn.

5333 dSAIHY d5Ed9ddr e Kuroshio®] AlJE%E (meander
motion)#} AXNALEo] £& 95 F (frontal eddy)7t HAsH, B AF &A
g1 g (4, Qiu 5, 1990 Miyaji, 1991). QAL Zo]7} 200-300 km, =7]7}
102098 5A4& 7HAH, £50] FZo 2 0203 m/s9 JYA&EZ Avdr)
Ito (1994) = FYUNFAIHNA QEAIAN e o5 F7 AAAo] 53 o £3F
gy F3% v ok 22y Kuroshio 45 s HollAl a7 AAIg 72
A7 obF5 e #AV FHA Z3Ah

T AMF BARY Qe FAT @57 ATH -3 A
Ao g FFE AFE v E FEstdol 3 B AFAIYY EHoVT
slth. Ag7tA = KBCERE £ #sidirt 2 {5t (Nitani, 1972) 7
Fgo] FrhE gl AR G4 AR} AFE Zoz FAHE oz ¢
2 A3 At} (Beardsley, 1985). &3dFo EAE o= JH AFASZ o3
FHAE &kt Lie (1985) To] olu]l ARl Faldiet 22 B/

gz 5993t71= ol¥r}h Hsueh (1988)= ALA sjHB2 S 53 1183 589
S Bagh v ok B B3 3F 8FAA =93tiRe] FHIdF tA AF

T NREGE AANFLE ol AFHHLE Fidste AFEHFIVE A5 EA3%n
At} o] AFGFE 71€9 FedFoA=E G dFolt AFEH 71l A& 4
Z AT E 5319 gHHo ok AR T3] AFUFE (outer shel) 2 AYSH
Kuroshio 4=¢] €%t%& Fio] AFUdRIe ZdY 7tsAel gt AFdie U
g gollA KBC FH/-¢ v} tinhd{ & A48 AFIFFY #4458 F3
ZAE A gt

FA7 FTFHeE FY48E T AZEE F +r
o] 713l AEddte EFE0] ETHFLE FASY AFE AFHd & IF
I PR s 01%7*’&‘:- e Bt Ao B3 %l‘jr. 2g Z}EE AES} B4,
FA47 e AR AFHILE FAAY T2 AFE E7E AX 55
 EFE=E i?—‘] g0t FFEFE H5FHE 01%3} 3] A9 Eﬂ—‘?‘%% KBC¢j|
g3 A ES T3 FHE FUY 5 ol Yok 2 A gy FR9
BE #I A= AR 7Y FHOE o]FoiHY] W&o AFE FHA

?‘; 3= AQstE 83471 old A2 AAHE FI FAEH=A 2 FFFE

B2 A& FAseAd dalixe dds A7 S35 ojof & Aol

N

A5

of

o

T FAE A9 JAY AFEAL ATFE AT I AFRAE 22N

K
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F2 FFFA gt FEAE AAEH Kt (Zhou et al, 1994). Ze] B$
o ZHFANETAY AABSo AFE FAsFGo] ETFHAJAT $-2viet A
Fqd = Ao AFUGuY ATFELE YA EA fio AFE FH
Aol & fF2AY V=7t & oA 37 B A9 ZAle AAEA &
Ftt. 1980t o LA 7] AFE FAFTFATFE 53 B}k FBHY 8§
FEAZE AAIE v ok FFEFAT AN E IR S 9% ALE AL
AellA 1989 FFF8 SR Ge] x3d @ A=HS E03 v} Jdn (@
FATL, 1993) ‘T AMFeE ATF(0l T, 1997) oA AF=e FA7F Alelg
qe 233 sl B A5E FIANAT dFH T3 FI FERAL ()
T 1998) A Fsigiel FE I AAsde] T G HALE AANG
v Ao ARRESS FEE AFEAL A F2 HE LS A7 dslew
AAlEnt leEd 1980dd] = F3F9 FAL (Su, 1986), ©l=E-FFe FF RAF
(Beardsley et al., 1985) &°] Ut 28y BE ZALEC] ¥AZ 479 FH&Y
He B2 SAAY AL Hol FFFH FGAAMY FAR FEFY A
T AAUEFEE godride v Fd Hol At

3. 7124 2 AE3e Eof

3 A ALgo] g

A2B BGH EEE 2AE7] AAHE A3
29 484 FE, 9BY, 4%

o 712A%e Sk glo] V1] He AEE B
Ad (Kear) Tl ol EF $AFF0] 7153t} (Behrenfeld and Falkowski,
1998). 9328 ANA F@EL FEE FEF7] AT LB FL case 1 G (Morel
and Prieur, 1977)) tis] ZA¥H <LzgFol MEEHo U otk oAl
ADEOS/OCTSY] BF FdE4 ¢85S case 1 394 3 A9 A¥3 dnaFol
t} (NASDA, 1996). SeaWiFSe] 7% 1997'd NASA FHOE SeaBAM (SeaWiFS
Bio-optical Algorithm Mini-Workshop)-S 7} &3l 17709 dndgES H7HEE vt
At (O'Reilly et al., 1998). 33} FF a9} 2 case 2 Do WA E o)y
g B8H HZL o8E Aot (Yoo and Park, 1998).

H 9 &g FAE A 7R FHAA AdFoz B 2Ho] FAM
I o e AQtHo] &3 case 2 Yo UIF FnYFL FFHOE AR
3 F de Ao gtk wAlE Zd 9] inversion (Hoge and Lyon, 1995)¢] o]
7 a2l @7E3 ev 2l REAQ duL (AN EiAbe] FHES) A
4 grE AT Sl fle=2 ZYFHQ parameterizations B2 ot A
94 parameterization® A4HA §7A¢ WEZ Ao Ao U AEsF Bas
o}

A2 parameterizations 3t YEFS A7 wlolE Ho]2A3}tr} A5 o
of ¥t FFFAME FHAE HEstH WEFT FHo] AY o|FAXA &
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gtort & @FolME 19974 1] olo] BEFE 2ALE ASstn Uk of
427k 88 FASE $3FH0) 8% A7 FuASY ALl A5
Reltt.

it

4. FA7% 3td< plumes| &3

AF PP ase BEozo HPABE ATANY H} R Ao
24 o8 AenA BE A= FFARASO oal olFolA gtk Hu (1994)
w3t 8157} (Kuroshio A1) 5 adlole} sigich. &, A Aol GEAQ
Zol SAST AFE BY WA BEIEH AWl AYelNE A7 T
A GAFt AHLNE G823 ShAtAZ BY Ux) REIFAach wido]
SAAY BEAHD olo] WehPRAY plumes] AVYFE A Brhn W
{ch-Guan (1994)& FA7% F2F) A%H Walrl A7 plumes] W} Wy
2 FRSE F 299 shfd anen sdrasE daze 549 QoA A
@59 boundary effect, HEAE vtgd, AYEH Fol EFTF2 WIFAL
JFe TAG Atk FHETY TR Be Age] g8 AFIAT (Mao et
al. 1963, Cao 1980, Le 1984, Yuan et al. 1982).

AR FHF FYL £33 Yuan and Su (1984)& 1° 7179 AL H
(steady state) &£¢ =93 time-dependent 2ZF T =2 I3 FFFa 5
& AHBgTh A FE FETFL 34000 m’/s2 FolFow, BFgEE it
diel o3 g plumed Zo] BIFsA HH Fise a2 BAES AASE
89 st Aoz BuATh Lee (1996)9 Zhu and Shen (1996)& 9A] %173
st FYS TS 3 AANEY EdE o FFII JAE AL
2 3l A5H ALH €89 A¥E A=A

5. & XY Fof

%“6‘51"5]1‘— #gao} g4 Aol LS sHolEE 1970d) FHHRE X
A.zZ2F FARYD a7yt $AFHoE FYPHJY (An, 1977; Choi, 1980). F
(1990)$} Kang et al. (1998) So] 2% 3 =FRdd] o3 2AYF BXE Y A
Zigtat &= Mg 85NE 22 FolA ving Z3 dRAdEel vehud, Al

T 8 AR 7EE gt Hd 4~5 an/s9] ®HmE & F&°] YER

2 ok 2y F8) R 3533 RE gl E 1 am/s o]dteln A
T gAY g 1lan/s A= 2719 FEFR7T AvtF oz vehd. o] =
719 v 2AFgFE AFAZ FFH7IT oy £ vluy ZA3A JE
Ue d¢EY JHFEXE FNFLE v B FHE Ha 7] "giEd =24
gHutel 9% T ¢FFHE oAE EWET Fdel.
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Choi (1982)$} An (1987)& 23t =Hlg o] &3le], 18]x Choi (1984t UE
7} ARG 279 339 2dE o] &3t oA FA stelA e | FFIH
£8L @Rt olF A AFAAEL HAZ F5F AdFd F=5 4
Stoll A wighdre ulze 38o] FAHIL, F4lo] AdHoE Ze I3 FYR
dre vl dYsle 5F (437 FAHe ZHAE B Choi and
Suh (1992 ojARTH o AE3 HAAFe 33 2SS o] &8ty AEF o3
£38¢ A9 Bed 482434 AGF7 BEFH FF FHAA Ao B3
A v, 9375 3 AS FAAM ZEAe AeZ YEgt. Fang et al
(1997)2 219 Fx2do] X Hellerman and Rosenstein (1983)¢] wj#-g-2 ) 37
A9 F9% 1#H3}AUh Fang et al. (1997)9] A= F - 314 25 s
FL 33 dirdFrl 55T §54E AV AFz e s JEste FHE
Bao o] dvtdRE AFAP S AU dANFLZ oo Y, FEA L URT}
5 AN BEXFHo dFHP S FA}E 2E FFHIIE AoE vEdh
gt e FA FF I AAS] FAHT dLFY BEAF THE dnd
Fol 9871 e FU4E AIAEES e F FHREE AQTFeE FAHE A
o u3|3 gth Pang et al. (1992, 1993) & W3} 2 (1995)9 d#H &UED
AFEL A il 88 Afold, FHEHA B Aeold EF FFI
B Folelo] dxtFH o wde] T4 FF% FHPE JEHG oA AFHE
FE2REH FFIY £3S AMALZE BASY] M E HEY BEHF &
#E nHsor e B, JdHAFEEA ALHE F49 FFE EdY FLx
£ dAAY F£2RY 62 FFATE Ao T8 9d¥9 S 4 5 Ao

A, Lee (19%)c wlc@RdAA F2A9 #94-f22dES AASL
Hirose (1996)d] 2% A%212 9} Na vlEzE (1992)F AHS-sle & - FFF3 9
AL 2AEIETE Lee (1996)9] 2l AdE 294 55333 dF S X34
Hm A 55488 2 Wgog I WRg F E4FIL TSy, 74
40 mZFAAM = T4
S goA FEHALES
L E27%40m = BT

l

=l
2
= =
S
X
L
Bul
&
i
o
i

rlo
=
e
g{é
o
o
oft
=¢‘)|:|1
oy
N
2

o

il

S H2o S Ed= d93 a9o] &= vk
At}

g 3 (1997) nARE 7HRE 3 e Cox (1984) R RdgH S
2AYHG 9 HfGel7tA] FRAFozN 2l APAAZAE AFse A
ol7]18 2 Yt EAFL 2B, AFHE AARBOZXA Hellerman and

X,
Jo
]
u}
g
offt
B
i o
25y
o £
i

Rosenstein (1983)¢] 948 uv}2h-3-3 3} Levitus (1994)9] F2 - @& FHlc &)
AAZAE AHEsdth E (1997)9] APAAM ZAE 23 GEFL 54 9%
FAEE gAE X FuE Holed, £=347 s S X, /MR
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B A¥ 59 EHo2RE FEAQL 50| 2T B3 AFd drdFe dF
E iRy fH@sHe] FFEFHE A Sl FUHL, FREAL F5F0
AL 7ted Agde dEE FAx AFENGAM fFHEE AAS Ao &
(1997)3} Lee (1996)8] 2d& FFFHo =z AFilx ojde 3 FRIJAN AF
NARE &8-S AN oy FFIH &8/ F (1997)9 B FAA T
AP L SHs FFAULS e BAste 3R FEALYY FY FEH A
NAEES] £=Fo] el Lee (199%6)0] HId] Al - FHHoE o] & WFES YeY
a2 3tk

6. ZH5A LY Fof

FUlo] 2319 2% 2ARYGH L2 FuUdA] B AUt HE AFEA Y 2%
A FAPRFEdI 139 25 2dAE SAE AA, FA AP olzxm It F
elAE FHolA 1980 ddlo] AE3ERen, o] Eobe 29 Jid ¥ IA
FZolty. FLEZHAME 3dlte] YRZA g 23 REH TH AL HA
%22 AE3td Journal of Physical Oceanography o AlAste 5 =4 Hi &
o o]l2& wAoltt. & JFoMe vHYEFE B} 5§F0E 1= A ¥
29l AXNFL FF dFFAAZR & F+ Ao
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1. A &2

L

5339 F-A%Y
oz
9

£ ogERado]
4200 m olste] AshSolck.
2 a7age £BAT A Fo 202E F2AEYH $A8 1L, 1499
548 2T UR, THn SAZVE G994 n9e oydd 947 Audes
o 54 gozt 339 BF A% %

AQel B4 2 e 580tk A
ARehe PAATEE

F338 Byae
A28 AFY APERS B DT Ry
w&71 ,JE} (Guan and Mao, 1982; Nitani, 1972). A7 3j44
= T F2 W FHE Fetstn g9 F30] ke A8
53 AN 239 HFES AATT (Guan, 1994).
A A5 AFE MFE 1‘4 U2 BAsAY (Lie, 1986) AFHES 33t
o 2 WA (B 5, 1991). 53 Mg FAF A4 AFe R ds 4T
9 o FE g WMTIE F —r\'ﬂ‘f}ﬂ‘r d2d AFSZdE AdHS F .
TN dRe c@FEs Uda (1934)7F dinhd 7ot et cFZY=E A3
ol Far AW L FdAM EXE drhdFUt FHE £4=E7 A AF

wElso] AFE AL & B3 FeE FY=e] 8 dRE IAsde
1972)3} diks| PN AlFele detd {7 di&eS 72y B4t AFT dAZdA
o FHE Fdde drhdFot FERE FHYPTE A (Beardsley et al
1985; Fang et al, 1991)01 FHet gout EATAIIY 194 AFE §8t divhdR
€ T & 9% dSAMEN FEALZRE FeHo] wd dEgeds wet By
sle A2 dvidFe AZ27F AAE vl It (o] §,1997; Lie and Cho, 1994; Lie et
al, 1998). mztA tiRhdF7E B8t divid{Feol dZ5e dethd g 5% 55
o] FEFLE Fdste Rl ot G&E PR w3 F22 wAdre
Ao 3 7o) Arldh. 3 FdFre AFE AZHIL AU FE 95 A
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oz 43 gou (Nakao, 1977) o] % A7 A (Lie, 1986; Z 5, 191 AF=
MEZ F48 FAdRe o WFEE IYSHA R dF-Eo] AF=E SoM AFHY
S2 WAt AoZ2 WA olg® w849 AXe VEHoR e EEA A
225E qoF ez R FPAZ g3 &84 HEol 27En B dysigy
AFEE &7 AsiXe AR d4F, SR, TR olFEE, 589 A7, 9F
Y T3 ATl AFs| setHoiFor & Aol

2. ZA 78

T F-ARAL 2Tl U] e f.2F F5E A4S
AFE 422 Fi7t dds] Ao tLo] FF3a 22 3 =
o ARE A HeiMe siec@e] SHH RS T8 2 + AE A
B2 oA #Zol Fasty] Wi F3e AT Aite] AoHh ol FFEF FA]
e sFaEse vug HL diteg F9a9y fFE aRFeE AZY & Qe
A8FH R0} AT 2759 olojxzel HaE ADCPE HASHYTh =3 194 A}
HdellM A7 divhdi 27199 AT Gt ;e AdEY HF 5ETRE A
&7 A3l FEA AR A A ARASS Sk

1IAEEQ] 197395 39 & FF5T F-A4F99 B A AT 7Y
ZFol F7hke 699 ¥AE-AFE Qe T2 ZALE FRHSAT BEF 1194 Far
AE A AlHYe] dE Kagoshima HatEs 3522 RCM-7 34, Seacat 1th7} #
ZAH AFAES AASAT 22pdEQ] 1998 ddl| = A9 AZRAE AAsted &4 3
FRAIE 49T "A7YE 50 e FFFY AT AHIRAA] AFE GAE g
HEeTdgar A dAxAE 8€ FTNFEALT AT Hots A% FA-AFE AL
ol9] ZAMYH 9¥ FFFA F-ARHY FFHHFAA A3 3LAE 1A R
A3 AFAE Kagoshima sl A4 T/V Keiten marug °]€ 3393 99 39
Y A FEAL BUE 23 ARG 1AdRe} FUS AFAS AX8Ah 33}
Ul 199d0e §A F3ldF FU7FsAol AVlEe AFE BAF oA 244 o
FEFXAM] BUTE o]& FoldPE YTk 6ddlle T AINYETLY TEoE
ABE ‘A7 IgTH wWE ¢-vr] 45897 ZE2IYY A5 AR FFEF
3 F-AMFHAE YR YJAFHFold T AFEAE AAEAL ZAPIE F 2%
dxo] AXE AFLAE A5 F TEF AAd thAl A3 AT AFHL 2000
doll = o Foltt. 19999 68 XA ¢ ADCP &3t sjRzAle G741 ook
o ZZFE ADCP A|2”lo) EA7F B4H o2 AAHA Z3dnh 1ahdEs} 2apdx 9]
BZATHE GRARIA (o] 5, 1998, 1999)¢) 25 it

5

=2
=
o
—
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3. ARF AR UG I AF2A
7. =AY

A FH Rl o sjFEAE Lagrangian WHOE FFHO|E Al Fast 7
olg] AXE AFHHez FAHsE Aotk wEtA ATHAY FHFo] (satellite-tracked
drifter)g}a B0 Holg olF $Xe FARE A3}t 42 RUEHA 37
&3 FRFRE A Aotk FFFEG 2ol 24Tl U] &L B
9 e 2ASReHE AR8FHRld AT AFEAL FEA ARl BlE FAH o
o gfHoltt. B AFoMe 5T F-ARAGANA ARGOS AA4FZHFolE o]&%
HFASS ANSHT. JAFHR] AP HANGHEHEE WOCE B37 Z219
(Surface Velocity Programme)?] 3= Agoz F3P=HYT, Foldy & 7l € 4
WAL o] 5 (1993)o] AAF] FiEdgen Fo] AYd #F AFE Sybrandy$}
Niiler (1991)¢) RaAe) AA|F] +EHUA.

2 AToie AesA ADUE 2508 AUSET 5 Rl 5 F 3 gune
28 Fdsoldld 2R 2 BRI4 £5 98 992 B AN ST 244
2 A% $4 893, A BREE Polst TakslGe 4B Wolg FEol ¥V G

ALE M4 AN AEE IS5 H8td 500 SAIRRE £A813 164172 FE3E
8 hours-on, 16 hours-off W& =43} ch

HAFHRo|2RE ol ASE AT TFHC] 21 279 Ze EFI7IH 5380 2
grElo] Stk o]F AAT] A AXNAZE wf A A ARE Wﬂiz}& T 2BA%E
o|=HWFE 6A17F 1AL AEE AWGEH. Bold o|FARL 647 HAY AEE

o] &3l EAIFET AT F&5S AMEY 5EE& EHEIAT-

BolAge A3 1xhdxel 199734 3¥%x 5538 F- AT 62l FAE-A
Z= dige] zpzt 130, 8tie] FolE F3lstdn 2xhdRole 49, 8¢, 949 747 10
o], 3], 8ule] Hol& Eslstdrh 3xpdEel 1999 290 BaidF FU7eAel A
Ql—_ AZE BRI QATERAMN BUSE o]f 30 FolE HE3EIET 6¥9)

5Z33 FARs o] 120)9] FolE F33AtE 69 A Fo|Fde 74 o]
32 3t} 3PS JAFARo] 8L A3 Ro] FHRE 18 1-19] Yehlith

B A3 294 ARG7IZE (1997-1999)¢) T3l BE Folo E3iA|dM, FiAl7] £ &

AEd 59 W2 £ 113 2ok

fr

1}, 1999 29 o] A¥

2 3F8 FE A2 deid go
AH9 dae dth H2 Lie T (2000)¢]
x

dFAT otd AFT FAHSY 2ol Aol FAEH Qo] FEAA
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Table 1-1. Information on the satellite-tracked drifter experiments during

1997-1999.

I.D. number Date Releasing point Water depth Center of
of floats deployed Lat.(N) Long.(E) (m) Drogue (m)
28697 Mar. 4, 1997 31-25.49 123-14.27 42 15
28698 Mar. 4, 1997 30-40.12 123-25.07 54 15
28699 Mar. 4, 1997 29-20.39 123-15.19 66 15
28700 Mar. 4, 1997 28-57.86' 124- 19 78 15
28701 Mar. 4, 1997 28-47.53 124-40.13 86 15
28706 Mar. 4, 1997 28-42 46’ 125- .05 100 40
27511 Mar. 5, 1997 28-50.90° 127- 6.35 452 50
28711 Mar. 5, 1997 29- 3.87 126-15.01 103 0
28712 Mar. 6, 1997 32- 0.04 124- 7.43 43 0
28702 Mar. 7, 1997 32-18.45' 125- .36 51 15
28703 Mar. 8, 1997 32-39.77 125-36.04' 90 15
27512 Mar. 8, 1997 32-39.77' 125-36.04' 90 50
28707 Mar. 9, 1997 31-52.55' 125-25.44' 59 40
28719 June 11, 1997 31-57.50' 122-42.53 29 0
28721 June 12, 1997 32-15.35’ 123-25.63 35 0
28713 June 12, 1997 32-29.49 124-08.69 39 15
28720 June 13, 1997 32-40.09 124-37.50° 53 0
28718 June 13, 1997 33-07.15 125-50.82 104 15
28714 June 13, 1997 33-01.04' 125-34.80° 85 15
28715 June 13, 1997 33-01.04 125-34.80° 85 50
28716 June 14, 1997 32-55.93 125-18.80’ 87 50
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 32-47.50' 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
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Table 1-1. Continued.

I.D. number Date Releasing point Water depth Center of
of floats deployed Lat.(N) Long.(E) (m) Drogue (m)
09919 Feb. 6, 1999 32-56.18’ 124-51.1% 70 15
27274 Feb. 6, 1999 32-56.18 124-51.12 70 50
27515 Feb. 6, 1999 32-48.27' 124-33.85’ 60 15
09908 June 18, 1999 32-30.14' 123-44.91 39 0
09968 June 19, 1999 32-10.61 125-45.11 77 8
10025 June 19, 1999 32-10.61 125-45.11 77 50
09969 June 20, 1999 31-29.66 123-44.91 40 15
10026 June 21, 1999 31-25.34 126-29.67’ 90 50
27265 June 21, 1999 31-34.80’ 126-59.88’ 106 15
27268 June 24, 1999 29-04.98' 123-29.40° 70 15
27257 June 24, 1999 29-27.94 124-38.38’ 78 15
10028 June 24, 1999 29-27.94' 124-38.38 78 50
02721 June 27, 1999 33-04.30’ 126-03.94' 112 15
27252 June 27, 1999 33-04.30° 126-03.94' 112 50
01568 June 27, 1999 32-51.14 125-57.35 107 15
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4 72N ENGANN AFARY 7=

K

7). s

FRZAL 7190 ASFHY FE2E ¢V] A FEAL 2719 2 (HA:
28° 4951'N, 127° 12.22°E)ol] RCM-7 3th ¢} Seacat 1th7} &9 AFHE 19983 9
4 1594 AAFAT. AFAY A A7H 55 A4 IFHAS. A
FAL 19999 68 229 AFA olol=s o] PFEAMA] FAFS] FFEHAL A&H
A AEFHF BEFES A8 LT AFAE 22 AAd A AR AT 19999 64
AAAT AFAL 200089 5T gFolth AFHLE 1Y 179 BASER
AFARS Ayt ARE F 129 2o

Table 1-2. Information on moored data at station K98 since September 1998.

) Observation
Deploying |Meter/water .
Ids Stn. } period Remark
point depths (m)
(d/m/y)
28° 49.51" N 15/9/1998 |data blank for Sept.
RCMD9168 | K98 498/743
127° 12.22" E -22/6/1999 | 15 - Oct 16, 1998
Seacat2289 | K98 “ 553/743 “
data blank for Mar.
RCM11795| K98 “ 613/743 “
17-31, 1999
RCM11796 | K98 “ 713/743 “
28° 50.04' N 22/6/1999 |will be recovered in
RCM9692 | K99 500/ 745
127° 1258 E - 2000
Seacat2289 | K99 ” 555/745 “ "
RCM11420| K99 “ 615/745 “ "
RCM12574 | K99 “ 715/745 “ "
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Table 1-3 Statistics of moored current data at station K98 for September
1998 - June 1999. The first and second periods represent during
October 16, 1998 to March 16, 1999 and March 31 to June 22,
1999, respectively.

Mean current

Meter/water ( 1st period / 2nd period )

depths (M) | cm/s)lv (cm/s) (sPejd)
cmy/s

-3.19 -4.88 5.83 213.2 6.85 9.85

RMS (cm/s)
Ids

dir (deg.) u v

RCMI168 | 498/743
-2.63 -6.03 6.58 203.6 5.71 9.16

-1.62 -4.37 4.66 200.3 7.03 9.97

RCM11795| 613/743

-0.73 -3.44 3.51 1920 5.93 9.85

-1.47 -2.32 275 2125 6.23 8.99

RCM11796| 713/743

-0.40 -0.59 0.71 2145 5.57 8.43

22hd = #E2) KCM3 JCMelM e 242 F&, AgM@dste &

on 3xdEe #FEHAAME HAZ FAEGFY HAFF/E BSHJUSD HT
Weke Ao whE of7t WsistARt dAZ ARAHY AAYA BHsA
Kyushu A% Z9] 4ZdA & 472 wAUrte dliF7e SA= Miyaji (1991)9]
AeBEAZAME F Ut 9o, Lie S (198)% ZAM ADCP B3}
CID Z}EOHH gq1st vt ot Lie & Kuroshiod E7]2 A&f&73 o] whibks)
o EAEY FEE AUt FE BEsr] fste AN AdFssrt dFE
Al es %— A Bua SR &5 HodMe dFAES we F ses
Urte A7 TA8HA 8ok Miyajie BdsiF7F Kuroshio AFfolA A s}
o SFE HoHe AA A o3 nddvy Bad v o £ 979 AL
F BFA 15~209 F71E Ze qdo] AFFHAJLY o] wdo] FAAR 9
3 ZAHAEA AdF= FAEA AFE F e A Ao A dde ¢
71 A Holx ALl A E7]F (water column)oll FHF FFE v]A &7}
g AdEAo] dasit
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Fig. 1-1. Release point of satellite-tracked drifters deployed in 1999. Symbols
"+’ and 'O’ denote release points in February and September,

respectively.
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Fig. 1-2. Trajectories of three satellite-tracked surface drifters released in the

west Cheju-do in February 1999.
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Fig. 1-3. Trajectories of seven satellite-tracked surface drifters released in the

south - southwestern sea of Cheju-do in June 1999.
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Fig. 1-4. Trajectories of two satellite-tracked surface drifters released in the
Changjiang bank in June 1999.
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Fig. 1-5. Trajectories of three satellite-tracked surface drifters released in the

Taiwan warm current region in June 1999,
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COPEX (1997-1999)
% 553 R | ] T

- 20 cm/s

rogue depth

—> 0-15m -
—  —> 30-50m —> 40 cm/s :

124° 126° 128° 130°E
Fig. 1-6. A composite map of trajectories of satellite-tracked drifers deployed in
the western and middle part of East China Sea during 1997 to 1999.

Arrows indicate daily mean velocity vector.
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Current meter mooring stations
| X I | T ; i
O : Nov. 1997 - Mar. 1998

| i Sept. 1998 - Jun. 1999;
Jun 1999-2000 '

122° 124° 126° - 128° 130° 132°E

Fig. 1-7. Location of current moorings in the trough west of Kyushu during
1997 to 1999.
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Fig. 1-14. Rotary spectra of low-passed currents at station K98

17, 1998 to March 15, 1999.
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Q) FARHES) 2ITYY

FAG 5 FEL A5H) AN FEFL FAT M T
F #Fdol ok FAZ FHAM FFATE AT SHFY olFL FAT FHUAE
32 4T &9 EvtFY olFe] FFFAZ d4Z4E 9 vyl & FHeEw wdd

o @57t viaE §#28 A £330 HA7 g2 &3 g5 (B Y95
AR o zE gd sl BHFOE ey P 2A B Holy) g 3
F AA Y F5E "wvte FHY 5L AT Aoz RAdd Iy o= A
T olZeY Be ¥ g4t £3FeE §5E Wole gHEold AAT A
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3ty wede FEIHE At £t o I TN 257t s
Ao A B R A T"r%/\l 7HHE BAELE F43] 228 Aol Q&4 FErE
A4 EX FHrdes 989 EXFHE Yeld Aot 489 EX YHE
Ze g dojgls ME & FHTY EFHUA T4 HAGFHYL ¥
A3HA Hi dFEXEY FHE AS AT 5 AS UF 92X e/ AR
NE2L A=d4HE ZAE W 5533 YJfigez f5atels gadn. a3
Are st EvlErst 22 ot AhS5 dolrt AHV|RGE 2 Y
ErlFo f&o] FalA Y AQSF Polels AT sMsAdel Bl 19983 9
4 #AFARNAE FRE EFAGTHo] vIAE JElGAR 22 3 7 - 8dx
FAG FHRAXY SuFEE 108 o) NSl REd Ao] o] A& E
th 9¥ AFAA Ads "dogy Avie A 9F 100 km/2 psu 2 YEGOH

2 A1719 BESARANANE FAMS Z7]E BoFEoh 19 2-162 1998 949 #
ZA8E E43Y UEd 4F AEsEoE BES JAFHAE FH Hold A4
A82HEH JEd 53 bl Aotk

() 8D FAFHESY OIF T3 U

.I-lJ

o 3 93d (4, Hu, 1994) {Fo] 7438 AL FAZRFEFE
e mE Jaetan 3o bt e AR AFEEFS Firin
. AEHd FAFRFETI AFEEZS Flo oFHTUE AL i—q]‘g]—z].

Mz AAEuk At (o, %1 5, 1991). 53], J&H AFHPAA BF
L2 3E2E EF AGFT I 9ol FAEREFTY AR dojEoln
‘ut}. olZ|g F7o] gFAdol 3o E'.OIXIUF FAZ Ft7koldAlA FAY BEE &
ZAZ snA E37l & w¢ AFAHYA FFE F= At AFHF R
ﬂl—’f—i HES FHE BIFTY FEUS vusd FAZFEFY FE5E 3
B F59 T4 F27F 33 4FNA &€ € 5 Uk 1998¢ 8¥} 999
Age FAZFETY ATl AFE EHE FHF A& RAFH(H
2-16). ¥AZFET7F AFE G5 S A F+E 19534 UAR7] Wi F5
o ZE7 AFsHo] ofd A¢E AF Uehe Z2LE uddEn a¥od §4
of AT o|FTARE ARG A FIFAEY vEE & F AP ALF
Y& FAE dig 9 wde PFojH2 TFE F Joeng v oo By
4A ¥ vehizis A4y HEUEH dXse AP Ho fE¥H EFEA
FAAY AFADEAE we Q3T {50 EFFHoE AL Aoz godd.
%‘cz}%%é——? WEFE 2Hde 0 HSE FAFR ZFFAE ANE 5 4
o F AFHY AU & JATE ddeE e g R 97t
’s ‘}—E B Belgie T BRG] 4HF) 2do st FAGH
7} Btk BZo0 =2 AYsA 2 /5AE Aok 19983 8L Fafet stz

2 2 o

T s
B o ¥
°=="—Q'r-r'

oft

=
o

,\
ZSq
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o ZAM AFE7t ALZHNZ] Wi (FFFAEFAME AF F7 AMS)
oz M2 7teAdS AAsETh B, AAAFE ] A FEIHGAAS
S 2HE AFEAUNEFT) AY T FAGFET BFE 2% 2FAA
gt e WAg 5 /it

@) AdFE olsHd AT L=EXS A

Agcdle A5l s A8ty Wi Ads Bojes dedS(FeFeH
AsA &)l fJste] AFFe FHIA FEED & A7 FARREF A
Ede Age Aol REste dGoM FHRe@] Yse BAFL Yo
A 19983 94 ASAEE B AT £EG AT Y=EFEG JdR
AN FBJBAE HERA Rt Ao F, B P19 FFo AQdFHe] £
T AFole L= XD JYAE GE Adrde] £XF BFH S05
A= AN "HEge] FARG PA Ustsn o Tl AAFRLETT A
T eR(@Ee 2 Iy FeolE)e oINITE 1YY oY AY=Y &
7HA7E veigel & etk AEsdEX #¥8 FAEHC] osiSdE o
A2717F W Fop AT BELR 9Fe FA RS 7HeAE AAR 19989
98 #AZAENE AL YT | A3 L= ZX7F AL EolF ols od
& AFE FEAE de AR FIHY IAZREFY olFe] ool
Hoh Aol 3% Ao &+ At

rol

U AT

TETE BRI FgY 97N L FEALFT AFTY 121G A %
FAZFET AT AL-ALT Atold] BACAA AF FA
£ AAHE3E BT Lee et al. (1997)2 SRl AL =
g3 2 FARY AFE Alojslges Ko thih B2 FEHE ojoxAA
Z3A Eadn Agde FFH AFAA 474 dBEINY F23AH0] T3
FAH I &S 3o EFF EYoFE ASAon A bk U o]
23 AAE sy SRS FAZEHGmM 4 ) 9F QS FE A
02 3 1 AoldlA BA-GEREeE AFde FHY ALHFTES Hlvdxn
g F Atk =2 AL AFoE WA3te Fdde ‘T 249 AA HAE &
TR FE= FFoz Yegie Y 71

to ¢

ol

s

tlo
=2
fr
ok
ot Rt
oX o
ofk
2
e
J
et
ta
0%
=2

Oe 53 Aol EFHAFLE 5 3
ZEZEY 5T dESL AHAAN BFHE BY(FLYAF)L dA=R Y
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ERg ug Ao BRUD oE @Yol Yojut F4o] VEeEY &R F4)
e AT W 43¢ H2AZE (FHPPLT (E= TPRTE SUEUS
gl doluke Aol BeHoz 744 Pol @ £ BRolth AAANN EFLe
F 37k vhte FANMN FRH 27t Ae FEY @Yoz Holnt #AL

AAEA oA =Hn, ‘*H-r-ﬂr 2L s AR/ ET FE(reversible structure)sl
o @9 59 AEFEI}sF FZX(irreversible structure)E F3ls Aol A E A

2 BT ole 1AEREY #Z9 AR FARE Aoz goz AH YA 7gaok
AR EF #49 AT E AT BSEEAANY HERSY A 44£FHA &
o &40l IFHYE T

o FTE
199743} 1998 68 #S ARCA Hold dAL AFz 22 oA g5
Zoldl 48 2 98 T4 &7E HIERT ojE9 FX 5L FAAF
¥ ALsdo] HAse J}ﬂ FEAMT Uehdtde 2Fd AFE B
AFAEF0 T Fo|AFF FE7}t Fota FHo 2 YHEFE O ERsdne
Holth. £&71E AHEL FHFJCE dF 5 - 10 m 2719 F4& BAFE o
A=

£3] dAEE A2Z AFE G
T AFE MEFAAN FFHLZ o|Fde XFAFST Aleld 3

ﬂ‘—h

T Y Alele] EfHAHoz B £ Ut £33 g8 —’FZJTEA EFe=z B
oAM= & (turbulence)<] 451 AR e SU=ES b2s Y9 5
Aol 7t o] s PoM e 80l 2F HNEE ASEZ ATFE A (T2
71§ 1) JFE7 L& ¢ & F ok
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Fig. 2-1. Study area showing observation stations in june 1999.
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COPEX 9906 (June 14~30, 1999)
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Fig. 2-2. T-S diagram of data observed in June 1999.
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Fig. 2-3. Vertical distribution of temperature, salinity and density in the section
K in June 1999.
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Fig. 2-4. Vertical distribution of temperature, salinity and density in the section
A in June 1999.
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Fig. 2-6. Vertical distribution of temperature, salinity and density in the section
C in June 1999. '
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Fig. 2-7. Vertical distribution of temperature, salinity and density in the section

D in June 1999.
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Fig. 2-8. Vertical distribution of temperature, salinity and density in the section
E in June 1999.
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Fig. 2-9. Vertical distribution of temperature, salinity and density in the section
G in June 1999. '
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Fig. 2-10. Vertical distribution of temperature, salinity and density in the section
I in June 1999.
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Fig. 2-11. Vertical distribution of temperature, salinity and density in the section
J in June 1999.
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Fig. 2-16. Distribution of low salinity waters in September 1999 and trajectories
of satellite-tracked drifters in August-September 1999.
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1. 93 A

ICSU (International Council of Scientific Unions)= # JGOFS (Joint Global
Ocean Flux Study)ell tigt 7t Al FHHE (Ocean margin)ol Ao 25 BZ
< AFsa EFHEY Ity EAudd g d79 oA e FxdAT
T AAACdA HEFHT-S} dIe] EAng AFAA e F2% F
59 sholn.

TTTE e FAZLEREH A4Ed 4o g5 2 HIER ANEF
7194 E-ECl fdel B UFAE siFgedMe AA 29 7 st 2
e FEANLLFVE FYH FAZ FESFT AT A2 EFEHT 9
o9 EF¥HAAFL FEF MAY EAunFS AP I EEEY
T BEFIIFELC] FEE dSAE 4AF57t &oHe] dEETES o gEs
Fo 2 olFHAT] YEd g 35 o] dF WUt 2o (Liu et al, 1992
Ito et al,, 1994; Chen et al., 1995).

TF T3 28 N olEoA E7IHE dubdie s, 23 2 F3ld &, ¢
HE3 JINEYLLT BE IFEFDL 4317 W& (Song et al, 1990), 3=
@3, g3 € T sFAH s € EFAEES FFEFE T AFFA
o] F8 FFAAR A AAHAAY A FFE deth gEA v F
e AFE A ol E FFFMANMY SEFIILEF XI5
4 2 FEANL 71959 /e oEiEte o] We FLIY. 53 T34
AEHY JHE st FFFENAY olg EARAEEL AF WUFo| dAH F
T3 NGB BT B SHAA TFF3 AFEA] FFHA A= &
TE} (Chen, 1997).

EFEIoIMY FEAL 71959 HHe&L Ra 594 ( PRa, ®Ra) 37
E o]g3l =3" 4 91tk (Nozaki, 1989; Elsinger and Moore, 1984). “2Rgy (%}
Z7): 5.7d)3 #Rg (wizh7): 1620d)2 A U/Th AE MY d502A F=2
AZHHEZRE FFHAY FEr19 YASEZRE 2F (desorption)F o] A

o] ZF¥c} (Elsinger and Moore, 1984; Reid et al.,, 1979; Okubo, 1980). S4}7)
453 08 LHdESL A9 dEBAA AFAR] FAE muteg
FEo] d¢dd dFETAY HFHEA JAHHE Wt o]F Ra TAAEL
AFFola S R HAEAE AT nipgAHe R EF &8 o5 FiH
I FHEEA @AQte 2 HE goz HolHo] wEt FEHSA AT 53
®BRa/ ®Ra viE 23 w77t e PRgel Eid o3 WsEy] fEd 3
o F F4o Bt A3 e FAHE Bt oEiA ojF Ra FHASS AHHo
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Maoge £ EAHL oddte FHAZA #8831t (Moore et al, 1986;
Okubo, 1980; Nozaki, 1989). 281} Futx Zjai oA AA7A & A+

£t %3] (Okubo, 1980; Harada and Tsunogai, 1986)%} &&= ¥&7% FHI Y
(Nozakl, 1989; Elsinger and Moore, 1984)ol 4 ZALE v k= el dH FF5=
3 30° N o]&Eagex o A= wBlg Fejoltt.

oldlmel B AT AA, FI3 FHAFGAAA Y &L B FEF7F
FEFY FA EXEAR 2 5 SAFEAHS o, ERNE s FFAE
Y BAE ol&3ld BF 71dg FAEH, AME Ra FAAE &5t

=
s 71d 2 71dE Fiee THsked FAHEe FUH
2. Qg R YH

7h 22 ] R #FA7

B dpggde 2g 28° 30 ~ 34° 30, 74 123° ~ 129° 302 A WP
o] J&Ql, et 5E5IZs AANE 2 5F5Is FARNIS 2T Qe
224 19973 3¢ 19%E 1047HA] 1147 24 A= FAF4 AFI+d =&
32 AMEEY AaAd 2 d3BES AN (2" 3.

U AlaAd, BE 2 A0

1) AlEARes R HE

SEF7I9YE 2 244 BHE 5 AsAHAe EESF4 (0 10, 20, 30,
50, 75, 100, 150, 200, 300, 500, 700, 1000 m, bottom)& 7|20 2 3}od Rosetteo]
AR SUHE) Nikin A5I1E clbaiel LAY $TLN99E G2
g AgE 10 % gaez v A 20 ml n9E EHABA Wl Hol ¥F
s Agdz §2 F EA9Ah

(2) 8&4k4 (Dissolved Oxygen)

£E44THFL Winkler WM& o] &3t AFA FHAL, 2R7|tEA]

& (AOU)2 ZulH 42 (potential temperature)z} FELZHE ALtE &&E44
o] X3ET i BE2H L2249 FEE Wl gtoZ FHASIHUT (precision : *
0.5% at 250 mmol/kg).

(B) +&E 719445 (Dissolved Inorganic Nutrients)

£x24 gRYolole, AMNo]L, FARE Grasshoff 5 (1983)d] A AFEA7]
(Aliance AutoAnalyzer)& A}8-3te] 33w E40HL v 2o

- gmyjolo] (NH4+): A]F | phenol®} sodium nitroprusiate &8 %

sodium citrate#} sodium dichloroisocyanuate E%8S 7}t HAA|FH T
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(precision : £4.8% at 1pxM).

- AFo]2(NO3-): A|8E Cu-Cd Columndl FH}A|AHA ofFite] o2 A
L F opAdole EAMHA 2L wPom FMAIHT (precision : +0.5%
at 10 2 M).

- QIAtol2 (PO43-): A8 ammonium molybdate potassium antimonyl -
tartarateo} 34ke] EFA|eFE 71313l ascorbic acid® FUA)AH TR FHT
(precision : £0.1% at 1xM).

- T4 (Si(OH)4): A]8°] ammonium molybdateE 713} silicomoly- bdate
complex® THE ¥ oxalic acid®} ascorbic acidE 7}ste FAMA|HTH
(precision : £0.5% at 10 ¢ M).

(4) Ra 594 24 ( ®Ra, Ra)

A4E Ra FHAE FE387 As) A4 Ra T5FAE ATt Ao A
AE HFHFZE o] 83ly FZFHSFE 30 L/min £E2 YA JFE prefilters}
MnO2 & HEAZ 249 Z=2H3 dEd sf4E 100085 old FHA 7.
AMERF F Mn JE DB E It FHRTE Ao g E AASY dHE 2
st A7|2eA 550Te 222 B § Wol A2 e ohg 234Th $HE ¢
3 10 ml Fro) ¥l y AF7E 2489t PRest ®Re 2L 948 20
4 A7 ¥ A AFsdnt. PRe (377); 575d) AL Adtdd PRawt g

HY (secular equilibrium)& ©]2 F HFA PAc (#77); 613AZHE 2HER
2, ®Re 374 9dRBIE o1 T AFY Mpr (#37); 268R)E 2HHA
t}.

3. 23}

7 gEs 2 SER/NGYEF FHEE 54

1) B2 82204 F=F A9E 232 (84 L10) ~ 342 4 M (BF GIEA F&

2 G BEXFEH fAetd A2AY (<I0TC, <33 psu)} AFE AFs] oA
= 310 uM ol E L ¥ IuF (>20T, >34.6 psu)S Rol= FFF3
PN

fo

FEHY FRAL FANNE 250 ¢M olsteltt. 300p4M 9 &E4E FF T
Aol 30 N ol g74A &F=o 3o (Y 3-2a).

2 74 20 me} 50 me| M9 &L FFL 77 238 (B L11) ~ 322 puM
(84 A2), 215 (B3 L6) ~ 337 puM (BH G5 HHAZAM E3IH A9 fAlst
A= Mgs]ge ALHdedrs 300 pM o]Fo2 w3, TP F24]
R ME 250 4M ojsteltt (2@ 3--2b, 7-2). o] F LT P Y5 42
= 7H FEALE TR FYH FEALFY ANt £FE T &
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o Wstel £¥4 Fa3 9 o
) S
A

EZ grUolele FxE 001 (BA F7) ~ 086 p4M (W A4 BHEA
§EE Tl M 2 AFE AFHGAM AR ¥ T2 BAdY (T¥
3-3a). 4 20 melAE 049 ~ 061 pM=2A WY Zo] F2uoe AY (23

A

BAE AYEA BFY BEEFEH fAEH (2" 3--30).

(@) B2 ANl FEE 048 (BE LI) ~ 995 M (BH O&2A L£&E24L
SFEEY FA ALAG (<I0T, <33 psu)d| AFE AP FAME 6 M
olgo g T Wi 121 (>20T, >346 psu)g Bole FFF8 F55 F
ZAL FANME 1 xM oldteltt (28 3-4a). =4 20 mo|AE 062 ~ 1059
pMEAN EZ0 EEFEH AT (28 3-4b). #4 50 mol| A e Aol F
TE 069 (B3H BY) ~ 654 M (BF 029 He=A B2 BX 447 FAslY
E5e %o vimy gdsitdes AL AT (O™ 3-4c).  EF Aol
TEe 001 (B L9) ~ 065 oM (BH 02) HHZEA Aol F= X9 vt
7hA 2 ALeA | (10T, <33 psu)9 AFE AFsfgars= 03 M o]do|x, 12
1Y (>20C, >34.6 psu)e] EEZs] FEZ TRZAQ FANME 01 gM o]}
olt} (¥ 3--5a). 4! 20 m ¢ F4 50m X9 ¢ato]lL FTE 001 ~ 050
pMEA EZFFH {FARE #XF BJH (29 3-5b, 7-5c). TAFEE EFo] 21
(BH M9) ~ 1864 M (FA 02), 20 mAlAE 09 ~ 2203 £M, 50 moXE 2.0
(34 M9) ~ 1383 (B3 02)9 HHEA ditol H ol FEFFE fA}
st AeAdel AF MFEdolA 15 pM o]Fo 2 E0 (I 3--6a,b).

U 8&d4 B SFEFVIGEF FALE 54

A3 (>11C, <344 psw)d B3 A49] 4 75 mol|A 296
eMZ OGS B3, F5AANA dEZCE ZFE FLdo IdES (3453
psu)Z TAE AA A6 50 m FAAM 256 pMZA HiAge RET (29
3-7). FRHoZE BFH ATo| ¥l gt

dEUotolg, Hito]l, QAo B FAFEEE HAE FS4aY
fAFE (28 3--7). AL (>11TC), 1gF] §&E44E (3290 o 3t
A49] 50~75 m FAgME GRYotolLFEE 133 pME £ yidd Aio]
0lAto] & W FALL Z}z} <28, <02, <40 pMe BFe BT E ZtE Ao] Eo)dlt).

() &4 D (126 °E ¥& 3AdA)

SENAS} LERIVIYEHF T 8L FHED] dojve= BH D2~D7,
Azo] ALAPSF (12T, <339 psu)e] Fgoz 2ol FAH UE FA D
9~D15, A2A QLSS 1L @F (>20T, >34.6 psu)te] AAA FH D15~D17,
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ki

23857 FUHE FH L6~M8% A 4 7Y 2 UFE F Utk

ditHo g FEHALS) FEFIIGYEF T HFAA FFoE dFE 7
5, A2AE 54L& Role AF DI~D159 44 30 m ojuf o FFF oA
Aol e, datol2 B i EErE 47 <8.0, <02, <40 pMZ dth ¥ A
Fx olE3 Y (FH D2~D7)oAe &8 FAEFRE s FHHor 7Y}
o, AFoE FHY FFLE QUs} Atole, Uil ¥ FAEEE F47 35~
6.0, 02~05, 4~10 M Bgojtlh. 29 °N o3¢ HA L6~M82 XRHEFZ|
AMe RGEY L23gTF (20T, >346 psu)9| Yoz Fibolg, Qite]2 R
TAEEE 47 <10, <01, <20 ¢ M=EA A AHEFH JAT FL24FE B
2 3o F4AF7l bt 448 v 43 FUHY (2 3--8).

@) HFA F (B3l d)

$£E244s 2 S22V 9YEF TEEXE @9% X - ASSFUY EFes
3 FAH{oE FdIth BH B~F77Y 2 2 dEHAE AR 9 AL&A
g (9T, <82 psu)e] 54 Role FF A &L
ol ¥ FAbE=rE Z+z: >310, >9.0, >06, >18 M= Ei
z}z} <280, <4.0, <03, <8 M 2 2t} (1Y 3-9).

4) BZH L (FF=3) J99; 285~295 °N)

SE2NLTHF 2 FEFVIGYETF =T HUHEE (B3 08~L3)dAe &3
o2 FYdith YIFLZ HAFE ol FEEL AdH 1E (3346 psu)
WFAIAH S EREF SN 244 FFS 240 pM ojdlolzm, Altole A
QioleFxe A7 <1, <01 pM 24 ZPH Uk 4 F7td oe} dito)
2 H il EEe F43] S8t 4 500 m oA Zkz} 317, 23 p Mo F
dEge 2o (2™ 3--10).

G) BFA M (FF=3 FAILEH; 28~29 °N)

&ML B SEEFVIQSER F 2
2, Qlitele B s EE WEEAA YsiZor ZFE A ZAst
G4 (>18T, 34.6 psu)9 EAL Hole z
TFAEEE 247 <1.0, <0.1, <20 ¢M 2 ZARE

(6) H=X O (123 °E FE3otd)

F4ol 70 m oY E & BFH Oox9 EEFL 2 EEFVFLEF v
T UAz F3Foz I3 EFEAL, DAoL, ito]l F FAFEEE
z}zy 275~310 M, 49~108 M, 03~0.6 uM, 9.0~216 uM ZA AL
(<10C, <33 psu) 5AE Hole BEZdM 1euqg (>13C, >343 psw)9 %
WHerS M2 gadd (24 3-12).

7) BEA P (124 °E d2ow)

fe b

, Akl 2, Uit

, THEZHA A E

BZAH 08 PP HAE §2N2: 2 $EF/GYAF S5 FAHoR 7Y
stk $EAA, Dy, Aatele T FAFEWAE 27 272~313 uM. 35~
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81 uM, 02~04 M, 59~155 pyMEX L2Z7|FUAF
RRAIAZ AeAde BEAN Demde) YEoz Yess gasA,
EE 3/4 $Zolt (Y 3-13).

(8) HE4 Q (125 °E ¢ETR)

$ENE 2 SET/GYYF FEE UAZ FAYo2 FAsT Y Q6
430 m olNE §EALTFO] 23 yM2 HAPS BTk W Fiole,
Aatele @ FAFEE 247 76, 04, 149 xM2A Huge BRE ol 4
2 grgsoz s 38 47189 2o doeln. 24
TAtsEs ZbzF 223~329 M. 0.7~76 p¢M, 0.1~04
o (2Y 3-14).

4. 117
7t &5 SAFHY slrid d6 37t

19973 39 FF=d] BEFANAY 8 2, AR EY £ BAE
29 3--15~7-210] Yehi Atk

£&2AE ALXAFSF (KI0T, <33 psu)olAe 300 M ojiolv n2agF
(>20TC, >34.6 psu)d|l A& 260 uM o|&2 gt} (2E 3--15).

g o} o]lL Fx 9 Fo7te #AAE FAolL, itole & itz
2345 1o FAE BT (¥ 3-16). o] A2 drFo =g & oA
ALA §7189 ®A 7B vA BaEo] U FdE 318 FHEA S
o] AaA AYEF /M AHFAoZ HA FHete ARV R %
52 A%, 1 B T3 Al - F7HF o7 3 A W3tEY (Spencer, 1975).

Aol gm Aol FEE AXAEFT (KI0T, <33 psu)olX= #z 4~10,
025~0.65 M2l HY2A EEwolZEo] AT Wdd] 1 L31ASF (>20T, >34.6
pswol e <1, <01 M olstE AN H2AGF A TEEHE g8 " Fo
& Zu, A9 ARFHY Yot (2Y 3-17~18). FAEE £§ Aol H A
ol Tx¢ wlItAE H2AESE (KI0C, <33 psu)elHe 11~21 1 ME &3,
TLTAPSE (>20C, >34.6 psu)dllAE <2 uM olstZ A WHo|Eo| 21, ¥ EF
vt} (29 3-19).

AEH F0d EXAME AXAFST (9T, <82 psu), ALILFF (>22T,
>34.6 psu), 123 o] T £ ¥ S0 uAHe IS (TI3~14T,

S=345 psu) 5 A 3709 T E(end-member)C.E o o} (L

Bycloleg AT SE44 I FEFIGVARY £ BANNE T

A2nGFEY AALE , AMEAFGGEY n2ngF H o] FaFe 540
=

o
(€8]
i
(]

S

o]
2,
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&
o YehiiY. H7|A SSHEES BER2E YU

Sal4e B4o TAHE TPFE S
(11~49%) £¢d A2 AlgHY FFI HFE T4 THELE FHEH
dosty] fMe A AEESTH Ad=3le AREHC] Fadit

XA glold AHE (Q9, 08, L1, M6, Q2, 54, S5)& 2| &%

o2 FEULTE BAH FIFEFIE FFH FH AMPSEY LEETES A
F¥E 5 548 HUdT (2 ¥ 3-15~19).

HAR o] FHENMY £244 Z3E 2 gE4 a FEE 47 >110%, >1
pg/l 22X FHAPHPERY Eof ASZHIEA A% FFAHo] &LsHtt =t
A BENE D BERVPQEIFEET HIBEA (non-conservative) 0.2 A E 77
o g3 HIlEe 54 23 UjdgEd BEA WS (conservative parameter)l
NOZ A &stin. NO= f7lEdo] EalHdM £&RdE &4 Add Aol
29 % (INO] = 86[NO3] + [O2) 0 2A §&A29 Ayo|eErt 22t 4B
Fg0] sl WAL o] SAle T WHHA vt (Broecker, 1974). NOS}
F2e BAMNM EE L NOFE Ze AXAEF, *& NOHY n2ngs
4 HITHRIZY %5 3749 FAAE (end-member)S RAFEY (Y 3--21).

e ARES FHAEE 38 FFTEH FAFHAMY BF dee AXAE
T E FE 5ol nxHe EFF HIse 374
o] GAE sige EFF YEHAA gl FELAL R FEFVICEEFY 2R

3

Table 3-1. Characterics of end-members in the northwestern East China Sea.

Water T S DO | NOs | POs |Si(OH)s| NO
masses (C) | (psu) | (M) | (M) (M) | (M) | (M)

ToNE | <o | <3 | 35 | 99 | 065 | 210 | 395 |35Nozaki1989)
T

E% |13~14| =345 277 40 | 030 7.2 312 0.6
FEAILS| >20 | >346 | 232 0.6 | 0.03 13 238 | 0.2(Nozaki,1989)

ulﬁRa/ Zlea

4 254% PRe, PRa A5 B

19963 109 29%H 129717 1193t & 127) FFo)M EE4% Ra 594
Hg AFAEE AFstel BASAT (29 3-2). 248 FHEANY $L
GEe 74zt 2015 ~ 2606 C, 3129 ~ 3401 psu HYEA FFA G0l A

24 %8 Mo
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2A49F (<237, <32 psu)S Rolx, &

=

e PR EER-E

BRe FEE
3 ZAME 0.007 ~ 0.015 dpm/1 Bote ¢ 108 AE =T} o|AL

GRS

337 psu)& R (F 3-2).

Ex53
B 5239 YS52udd gy Yuz
52 29 wHEd ¥2 2 229
RAT 32 gEEgddA
T (1991)9] o
Gilo] B HdolNE AZHHEZRE

dpm/1RThe kgt Yt} (Nozaki et al, 1991).
gt Sk R FFALCNA 1 FFF

3 HaPY FERelE
Boke 493 ok ojAe
7 Aolst PRgol

ol el AdHez Fe WAV

s ERBgely B
0.09 dpm/1 24 Ra & WAbs Feldl 0.26 dpm/!
2Ra (t1/2: 16228)% PRq (11/2: 5.75d)7ke] whzt
ZRae) W AAHHEZRE N go| FFH7 Wroz
A2 "0} (Yamada and Nozaki, 1986). w2}l
2 Bt

BpRgel FFo

oot d

LAy |

FRAL

oA T2

3 F=Fol) A
oj¢t@o] Ra FAAEL

g (>257,

PBRa WAFsL 0075 ~ 0339 dpm/l o HAZX FIZA Q) FEFL
oA 02 dpm/1 o]3}e] wEe
AHAHESA 03 dpm/l ©]de] & =S

BH YA Nozaki

B7] HEet

g
o
Lo
(@]
[y
(@)
!
o
N
(@]

A%, ®Rae Hoizk

»Ra-2

226Rd

CEE R

A8 27 g z+ 39 S EFAHEE st F&38lth (Moore

et al., 1986).

Table 3-2. Ra isotopes activites in the surface water of East
South Sea of Korea in October, 1996.

China Sea and the

Location
St.

Region

Latitude | Longitude

T
()

S
(psu)

uﬁRa
(dpm/1)

MOR a
(dpm/1)

MﬁRa
2%Ra

A2
A4
A6

34° 31.6%
34° 24.26
33" 57.76'

128° 2237
128° 27.95
128° 50.13

Korea
Strait

2214
22.96
2498

31.954
32.856
34.013

0.334+0.020
0.226+0.014
0.075+0.007

0.178 £0.009
0.140£0.007
0.093 =0.002

1.88
1.61
0.83

C1
C3
Gl
D2
D4
E6
E8

34° 09.77
33" 50.03
34" 0491
34° 00.07
33° 30.0%
33° 43.98
34° 00.02

127° 37.81
127° 53.98
126° 49.90
126° 00.18
126° 00.09
124° 50.18
125° 30.06

South
Sea

2215
20.61
21.59
2243
22.75
20.83
20.15

32.143
32.450
31.702
31.806
32.404
31.342
31.929

0.283+0.009
0.299£0.018
0.337+0.010
0.339+0.017
0.293+0.015
0.293£0.009
0.290%+0.011

0.148£0.004
0.157 £0.009
0.116£0.004
0.160 =0.007
0.154 +0.007
0.142£0.004
0.144£0.005

1.90
1.92
212
212
1.90
2.06
2.02

East
China
Sea

B5
D8

31° 29.89
32° 30.04

127° 00.09
125° 59.88

26.06
24.65

33.913
33.739

0.121%£0.021
0.152%=0.006

0.159£0.007
0.151 £0.005

1.05
1.01
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1) & Ra FAA G @A

A4 U/Th AL B4 822 PBRewt PRee 72 AZSHHEZRE il
o8 FFHAU ZEVILY dASEZEEH giEFFHo dAQtdd FFET 21U K
AND FEFETH 98 LFGEEL AUYGH dE5 BN AFALC] FAE T
2 o}l o] Ay UEFEFAE HEENA FHHe Wi o] Ra FHA
EL dFFoA Sz sy EFH &8 3 BFTE FAeta &9t
HEA HAIE 3l gl G&S uH AQoZRE Holyd wt FIF
FETHE Jehdth A7sgelMg £33 280 93 Ra FH4 FHAZA
4848 o837 9T FEF PRt PReo) T FBABAEL ol 2ok

2 Ra = 0.357 - 0.007 x Salinity (r=-0.27)

Rg = 3261 - 0.092x Salinity (r=-0.95)

ZRao| wisl BRge JEF AFE F3F Ho FABAS B AGFAA
e PRy 28 YY) P TEFHE ANH22 AQF o3 2
A 3 B AL G4AY (Fig 23, 24). =8 2BRge) 7127e ®Reo 7)
718t} ¢ 138} AL Eo}h o|RAL R, (16229)7 Ry (5.753)3He] €z

)

rr

ot
to

zpold] 7]dste Ao zA BRee FRo] 2o 9oz AFE  Bryrge 4
WYez A3 Bade Ae ¢ & Yk

2) 2Ra/ ®Ra9] =]

9 F=oAHe] PRgat BRege @RI o] FF Fwd s, JYFF
2ol AE A o8 F=r ¥ 5 gk 22t PRey/ PRe vige 27 &
& 93717t Fe BRa B AsiMwt W33 (Moore et al, 1986; Key
et al, 1985). WA HEAQ Ra SYAS GEF}] BAE o8-8t s &
A &%, FARFL olHe 9T FHAZ o] 8T F Utk EF o]F Ra T
Ao FEEIE Y 2 44 ot A a2y i TGFE S EBFNA
o] Ade] M2 TE F7Ee E4F TFHEE oldste FHAENE F&38iTt
(Moore et al.,, 1986; Okubo, 1980; Nozaki, 1989).

2 A7sgulst g2 AaABAE oo 2o

PR, BRa = 2161 - 0.61 X Salinity (r=0.91)

2 A7 ol PRy PRed) FEulE @F @] 2 FZAGA 161 ~
212 24 F2AR9 9L Bo] BE FFI FETAY 080 ~ 101 B}

A

ok 20jAE =o} (¥ 3-2). 2Ra/ PRa v1g =3 IR A ¥53 do A
FHAAE B G SZZoe et og HgSo 93] IA TS v= A
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< G5 gubgog F2Ae BEFA X PRy PR HlgL 050|812 A
%1, 3 2 522 AdH DM E 34 AT Wolrt (Nozaki, 1989). & A7
A3 F2N2 2 B dRd hd PRe/ PRe vlE UAZ HABA
£ Bolm Yo} (2Y 3-25). o|AL T Fo] £ 5 Utk PR/ PRg w)
7} 3 oo 2N L e FFEIN WEF gt &5 FEdez fY4=HT,
=8 PRg/ ®Rert 1 o)t 2L Z2ZA 7t FYHHEA M2 EFE o] g
9 ™Ra/ ®Ra ¥7t 2RHE Aotk FYAYA HEY HAFE e PRe vE
g 2ta glom F2AL 9P & AFE FE ANT F3 B59 D59 PRe
/ ®Ra ¥l ¢ 124 &= eI ke PRy PRe vig AE
@) &= Gl FgelA e 3l B FFIs NEEFY VA&
BRa 237} o|FFH EFse ¢ FABIR 7P (Nozaki, 1989) o}l
A& 53 gFdEle T FAS F5FE 7Yy dER s Jde&gs T
& & sl
[ Ra/ ®RalSSK = [f BRaS+ (1-f) P RaK]/[f P RaS+ (1) Z5RaK]
fol] tiste] WP AEsA
f = [( ®Ra/ ®Ra)SSK - ( ®Ra/ ®Ra)K]/{( ®Ra/ ®Ra)SsK - ( *Ra/
BRoK+ 2Ra/ ®Ra K[( ®Ra/ ®Ra)s - ( ®Ra/ *Ra)SSK]) (1)
f = a fraction of the shelf water component in the South Sea of Korea
SSK = South Sea of Korea
S = The Shelf Water
K = The Kuroshio Water

£ ZA9l Nozaki (1989)9] AAE {1&3td 3 2.
( ®Ra/ ®*Ra)SSK = 23 A3 vl& (¥ 32
( ®Ra/ ®Ra)S = 3.5 (Nozaki, 1989)
( Ra/ PRa)K = 0.2 (Nozaki, 1989)
2 Ras = 0131 dpm/1 (Nozaki, 1989)
2 Ra, = 0.065 dpm/1 (Nozaki, 1989)

A9 A LA D AEe dH Gl f gL 0105~0408 (BT
036)¢) W9lolTh. o] 32 psu olst2A H@A AZA%e] A FH D2o|A
Hoigk (0408)& Hole W @0l 34 psu o] 3oz A HwE Fa] JHF 7t
T FEXNL FFE Fol] Be thFAYH FEF X BH A6dA 01052 A
Higs BHAth S oA AQtd $X% A D29 555 & 41 %t #F
3 2 FFFN gEFSATE R ZIYste Wi HAH A6e 11 % A= &
Bt}
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(1) 19974 39 FF=3 FARLAGINY BEF 2L L $ERVGFDS
Bt OEEdN FRALZOZ F4E pasta, ALAFY AFAEH G
e £ 1A FEAL AgelA we

o
)
)
2
kd

ZARAGM Y BZ F5E HeAES, 1LTPSF 2 o] Fis
o3 B EXo] nEE EF4E 3709 GAR s £ A2
SENA Y SERJ|GYAFY BEXENC] APHE Ao wuHd

ZEsel T2 B FIHUFRAA] AR g BRe/ PRg v

53 AXNBAE BRa/ Ra w7} 3 o) o 2A & F 22 UYFH
57t @ Fades fUHR, £ PRe/ PRavt 1 ol82A B T2AL
7} S9EEM N2 2850 dale PRy PRg vyl ARHE Aoz AR
t}.

@) *Ra 237} o|53 E¥ste 5 FAHGR sHAslY ANE A I
=3l s g TFIE 19y WER s 7L 011~041 (BT
036)o. 24 A FalY T oF 11~41 % (FT 36 %)= 3l TF5I3 A5
BajgoA 71938t 59~89 %E F2A e FoA 7%}

-134-

IP:14.49.138.138, 2017-11-03 15:56:10



361'('; 7 -
KOREA //
34 N ﬁ%%; -
e oC3
L ?51.@5 oCt yus
[25 ® séip.O.D'f .G7.G9 )
321 e ®2 2 €010 07 :
04 ®«Q4
D12
CHINA o o es

o5
e038 15
30 Q9 i
«011 ope.“ i
r’z ) L.s '-.638.,_2“1
Mé
28 ® “:sl\.ns"‘"o & ]
0 122

12 124 126 128 130 132

Fig. 3-1. Location of sampling stations in the East China Sea in March, 1997
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Fig. 3-2. The horizontal distribution of dissolved oxygen (x«M) in March, 1997
(a) Om, (b) 20m, and (c) 50m layer.
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1987. 3 KOREA

Fig. 3-3. The horizontal distribution of ammonium ion (xM) in March, 1997
(@) Om, (b) 20m, and (c) 50m layer.
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30|
21
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Fig. 3-4. The horizontal distribution of nitrate («M) in March, 1997. (a) Om, (b)
20m, and (c) 50m layer.
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120 - 122
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Fig. 3-5. The horizontal distribution of phosphate (xM) in March, 1997.  (a)
Om, (b) 20m, and (c) 50m layer.
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Fig. 3-6. The horizontal distribution of silicate (M) in March, 1997. (a) Om, (b)
20m, and (c) 50m layer.
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240+

8 10 12 14 16 18 20 22
Temperature ( C)

Fig. 3-15. Relationship between dissolved and temperature in the surface water
(March, 1997).
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Fig. 3-16. Relationship between ammonia and temperature in the surface water
(March, 1997).
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Nitrate (uM)

8 10 12 14 16 18 20 22
Temperature ( C)

Fig. 3-17. Relationship between nitrate and temperature in the surface water
(March, 1997).

Phosphate (uM)

8 10 12 14 16 18 20 22
Temperature ( C)

Fig. 3-18. Relationship between phosphate and temperature in the surface water
(March, 1997).
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Silicate (uM)

8 10 12 14 16 18 20 22
Temperature ( C)

Fig. 3-19. Relationship between silicate and temperature in the surface water
(March, 1997).
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Fig. 3-20. Relationship between temperature and salinity in the surface water
(March, 1997).
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NO (uM)
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240+
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Temperature ( C)

Fig. 3-21. Relationship between NO and temperature in the surface water
(March, 1997).
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Fig. 3-22. Sampling station for #Rg and “*Rg in October 199.
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Ra-226 (dpm/l)

Ra-228 (dpm/l)
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226Ra = 0.36 - 0.007xSal (r=-0.26)
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31
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Fig. 3-23. The correlations of salinity with 2Rz activity.
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Fig. 3-24. The correlations of salinity with *®Rg activity.
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Fig. 3-25. The correlations of salinity with *Ra/ ®Rq ratio in the surface water

of study area, Kuroshio and Yellow Sea.
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A4 d 454 2 3 A

1. M&

FEIe YEAYNH] =of & AFo] FAHHE Rolrt. 53] HWFLF M2
dF Adgo] o G54 B¥VF & o oFo] FAHE Zo] RuFx 3l
o (Fei, 1991). BF e TIALR, divtd i, DR, Y, 325 &
TAMSF T AAol & FHEC] THEE I e B TiFe] 4"
B Agte 979 39, 989 99 # 99'd 649 3Ad ZA HFEE MHF 7124
el W3t f¥S gobstr] A% 2AE FHAY. 53] AR 9¥H 2

Hojel 248 FAS

A7 es A wE dav 2 FAA FYHe ALE EEA do
T} ol gt AEFT AEAle mAlE ¥ (AE2F ) dME AY &
HAA AR Evh AHEHQN FFe2s AGES o A FH oo} WEA
Ae AL § 4 Aon, HFH FFo2E FAI N o3 SHtEHE FYE
oluf {AL Fol 724 FE AL & F UG 2L WHEE Holw
S 53t A AA FFEol YEA Fx ¥HEE FUT 5 Ao IHFHY
g o o 2 dgaHE 29 T F 3

7120 938 EXE A AsiAE T8 ARY ARgo] B4 o]
o AARRANA EEL TEE ST Y duEEL case 1 < (Morel
and Prieur, 1977)¢] W3] AFH Jdusel MEHo U  Poloh
ADEOS/OCTSe] EF G54 ¢85S case 1 39E 3 Ad AEFH drelsol
t} (NASDA, 1996). SeaWiFSe] 7% 1997'd NASA F#HOZ SeaBAM (SeaWiFS
Bio-optical Algorithm Mini-Workshop)& 7]1# sl 17719 ¢ugsS H7Mg vt
A} (O'reilly et al., 1998). Case 2 &9 Y= ©l8d BAFH HIL A=
Aoltt (Yoo and Park, 1998).

HzZo gty FAE o JHA FEAA ddgoez A4 2o $A7L
3 Qo ] dAgtHo]l £33 case 2 P tish drElEL AHOE AL
g 4 e Aol glth. WAL wd o] inversion (Hoge and Lyon, 1996)9] & o]
714 gy d7E Jdov Rd FEAHQ FES (dAW FRA 3 #4)
AE3 FFE ALY utd glemg B3P 3 parameterizationS R E 3ot
¥ 3 parameterization2 A ¥ 445 fBZ Q3 Hgo] ErtAsH.

A4 parameterizationg 8t BE338 A7 oy Wolxzrt A H
of gt TFFIHAAME FHAE HE3 BEFZT} FHo] AY o|FojAA &
Fovt B AT 19979 12pd =9t 1998 % 23 o ofof HEFT ZALE
A&3ta ot
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2. Az 2 UH

19973 39dle 48349 FH (29 4la)dlA BEFE F49 S A3t 45
A a BAL Ien AN wWiFAEE FPET. T 6719 AFAA
MER2040-& AF&3le] 1370 i) ois]l =3 3& FHsIATE 1998d 9dd&
SBE 9-11 CTDE o] &3 FAFAL olFolx Axade 2, d& £X % 54
Exte i3 A3 S dgod, 39/ HAH (2Y 41b)dXE EFE FAA
£ 3lo] P24 a TSS, SS A4S AT 454 ad X € £33 3
o] Z=2ade 97 s 207) HHA MER 204X systems AH§-3FHch.
&, 7 A F 127) FHAA AFT SFE ol &t ALY WEFE

83ttt 1999 6¥ 33 /Y FA (2Y 4-la)e] FF FANA AFsle FE
e }930111 #Z& Ao SBE 25 CTDE °]&3ld &, 94 % —’F’ﬂ

NIO H:'! F-IE :"e,

AZZHFEL FEL aZAHL FANA A3 500me (1997:d 1000me) o] 3
£ 47mn GF/F A3 Ao 28 5 oHAAE 20ml polyethylene viale] Ho} 13mee]
90% acetoneS ¥o] 24A|7tF e FE3 P FE3 A|FE = syringe filter setE 9]
£33l GF/C A} A)o) 27 UAE AAZ H Turner fluorometer (Turnerdesigns
model 10)2 &7 3} fluorometric ¥ (Parsons et al, 1984) 0.2 FHFZ) FF&
a @< 74T

g 253 54

SBE 9-11 CTDu} MER 204X system< Al&38la] ZAIX| Q9 &, 98, UL,
fluorescence, beam attenuation coefficient, PAR (photosynthetically available
radiation)®] +3¥ WaE 2HUT £ B EHL Lohus] e
MER 2040& A1£-3le 8= (340, 380, 412, 443, 490, 510, 532, 555, 589, 620,
665, and 683nm) downwelling irradiance ¢} upwelling radianceE %34T
T, Enr 2L M E Secchi diskE A&l e AU &A% Feixg
oA THeT ol BEH YA FusT

o A &% AF Kot #HALE (R)

BALE ¥IALE (radiance reflectance)= Ka( 1), Ku(A) 3 &4t g %3 nf
olgjoll 2] 313k BB AE (T ##ESE : downwelling irradiance, Eqw)9t 4
EALE (upwelling radiance, Lu.p)9] SO ZRE AAH}UT (Gordon et al,

ot il
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1975). ©] ZE-& Beer-Lambert 2o 7}¢ 2 gt F4AdAA FEHAG XS vz
ol ol Aol A3 FEALEE Monte Carlo simulationd] 7]%3] b/a Y HH7}
105E 50 Alo]Z Hol= Eojd AL A 50 (Kirk 1981)S Za A3 BAT
(L1 ESE : upwelling radiance)gto. 25 M

e E 3374 (absorption coefficients)9] F4t
Morel and Prieur (1975) % %% FHOZRE dAE FFAFY Fis

A% gee 48 AEAT

_ KL A[1=R(A)]cos j
A A)= 5 6+10.47 T 2.5R( )] cos 7 @

Ko(1)E 38 B4 23 Adols R(A)E ¥R, j= WA7 8% Alo]9)
g Yehle 37T ANe HILES} 45° o4 FPSN QojA 2

242Ae 4] deAE 4S4 a 3% SWHA PO AFT 500
mel SFE vie) 450T olatel LEAA B BEE2e 983 AAN TS
A 47m GF/F d3Ad 2edd 3 4718 AR fel 752 5 28 AdE
S, AHAE petri dishel ¥ol ¥z WE Ruste] 4P
NEE APAAM ovens] LEE 0TE A 4N AZAA BAS AA
TSSE 24§ H, 450TZ 342 o4 B9 #7182 AAT 3 #AS AM ssg

ANEZHAEY dXANE &HL C14 methodE AL&3}H T}t P-1 parameter
Ze A7) sl Z ARGA A5S o pH 95 =2 2F NaH'COs Q%
< #7138t 5 dispenserE o]-&3}e] 127§ 2] Falcon flaskel] 60m¢¥ Eujsle, <1333
& Fho=z st Fu) (100, 80, 60, 50, 40, 30, 20, 10, 5, 1% AE)7} o]FoA
E5 AAT boxd| B3, FL&FZRE AFEEA box]e] L& Y Fo 23
Fo 227 71 alFAES At wFEdEE AR AREE 25m (045m pore
 daix2 Z2ydo] JFARE 20m LSC viald] &2 5 3N Hclg 1md ¥
£Z (fuming)dte] F71RAE AA}AT
AgE ¥l2 4339 (scintillation cocktail) © 2 Instagell-XFE 10mé

N
= o2
> 8
r:iJﬂ

O

iy
n"
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o] YtholA 2~3Y 2He H O AP4Adddr AB3AS7] (RackBeta I
Scintillation Counter)2 3534 (dpm)E A3 Total alkalinityS 378}
7] 9l A= Parsons et al. (1984)2] ®d] wie} 53 A5 pHE FH3IA A
F 100m/ol] 0.0IN HCl 25mE #7}3le] acid pHE A 3IA

e

o, BEA-RE 27 AR A

WP Bo 2o 298 AAD Gee BYA-FE 2] WAY HAAY
o2 A3}sle] (Press et al, 1986) w7/l HFES T3
A FAH Y& BT g9 4L o] &8ttt (Cullen, 1990).

2 =3Pf(1—exp[ _P%BID @

AN PE TETASE & AW |T, B @EaF (chlorophyll a),
P3= magoAe wg S=2=z29gd HU JJAFoT 538 (assimilation
number)® Zor, P FFAY Ao B £& (maximum quantum yield)T}
#AAY oHFEA AE7}F GAES 2S F e TS JeEiE % (Platt
et al, 1980), X3}3 olslollA FHA-Fx EA %7 7|&71E vedt &, &
A dAdo] dojd B¢ g9 S o] &5AT (Platt et al, 1980).

B

P =BPf(1—exp[ _P% ])exp[—&l] @)

714 gE FAH AEE Jehfe wiAdsoln, Pre #AS few e
Aoy A4 BFHFeR B =09 A% Pl Podt $IA "ok A9 HelA
#3298 & Q& FPAl U7} He BT 2

Im=Pfln(a2);'8) (4)

w, A7} 2le A9 Pie ool Hez 78 & Atk

= 7 (45)(=55)
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a3, FHS WNES L= Tallings] ool (Cullen, 1990) )3t o}z <]
ez FaT

3. 2

i)

i

7b 54 22X

A% S5 AF-E 5 XS
2 (1Y 4-1b) 999 692 (2 4-1c)e
th 973 399] FA ARE % sﬂothc}—‘:— AT 125°E AN 9=
30 ° N9} 32° NojJA =& EXE Holxn ot (2 4-2a). 281} 97 3€S A9
3 984 993 9991 6¥€9] A E BT f‘éﬂ%sl EF 9854 BEXE Holm Al

B¥E 9793 39 (29 4-1a) 989 9
of @A 77 te Adel 2

on AREN FHE FNBEY UM WalN AREN @3 AdM ¥
ST Bolm U (28 4200, 984 99U B¢ ANR ¥l T2

T2t A vdeivde AL ALY 343 #-bo] U 97d 3€9 BY 5 T
Z2& 2¥ Q) AFFAY =AM AFo] Hol gloer 20m e F4& 7
1 Atk EF3FLY 944 I (3" 47) 2 o
A Jde JEIFY FYsts R BF
AE ot e Warh 47 dksia 3l
Hojglon o] MG HFoE AFT
L 5o gJEL FEE Holx Ut} 94
ZW«] 6-98HEANN 2UE 727} B

C

ox
o
s
o
i
rr
T ==

T ‘='£°ll EHUP AH Az (1Y 48)8 By ¢
299 T2t 52 AYgL FH £ FE
£°l S BH@‘OIE} lﬂif‘& 5

ﬁEﬂ 101 LS A A WEE 457 A

HUobu boct Bdoml o 2

of lo 4N Id

=& FHAM o & I TAG Folth I¥Y
7 w2 e 3 PR Sl ZE Sl
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£8 % & A 19989 99T 19999 629 A dirhdRe Aol s FAE
AN ATE AP & AR AQ0N G8 S A Gt Aok

e} Agdd ABHE 19974 399 A FHHe FTALS 9P
SEELINE IR EPRCEPNEE S

Adol BAge]l M2 e F39 EF] Yot BVIANNE B FEY
EE G54 BEE Holn Utk old@ Ade A W B4 olddE of 4@
Ao ool A2 Be Age bl $AE0l TFE A AT Bude
% PAHE 4302 IYY FERE IYIT EF FFAA 448E 99
s2ol 434 FHT + UG AHT FETES 99

3
O Wd olele) AFjdlm dAb Aato] st dojuAl B

1) 19974 39 ‘
29 F¥A EXe AGHS dvidiRyt s A EEe dHFT
oA Q) (2 4-2a). ZAIAPL AAHOZ 05 mg/m’ o]5te we FEA
%E% E‘"’]"} A A AHAA 1.0 mg/m’ o] T MAHL Holu gtk
ScaWiFS Q54 ¥E 94 (29 43)ME EXolMg 43R #4189 68
YERRSL Qlow olF A dAdReE zH—TLM%L A4 (7Y 4-3b)ell 4 AL Zald
A He FEol 4548 UshL e €2 242 FFAE v
AVHRR SST (sea surface temperature) X]—E’;_ (:L\’f] 47y e drtd{isy &
3 Yoz Hole SRYY T2/ #F0] HIeH G54 T I8H FA B
9 ARz A e Ague] BE w3ko gz 27 wo] 9

W e 2o Rgeld ST Qe dmere B Faol B

_IERA

ASLTE 949

o,
=
30
O

(2) 1998 94

983 99 oxs-w E2HE4 % 92 (0¥ 4302 BE IALFE 9wy
e Y7 snd 52 954 @ g3 =edn o] FIAE A= Bt A
oz wWojurta gl—, oldaele] AXNL wel YEOE 400 km A= ZA H
A on gadts we FHE JYste A& £ 4 Utk ol Fde 19
43cE AAgAHo T AT JA (2 4-3d)dA B FHeA deta g

24

o] f, A4 HEA xS HEX (T 420)F HlwEE ALAT 4F
O Hz o 24 w7 EA UEidth olE SeaWiFS EF €31 F0] 940&03
(Case 1) @ EoloA F7IEolV /A Qe G & 2FE W7
mRolt}y. Al 24 ¥EE 011 (B D2)~ 144 (BH S3) mg m’ o]c} k=)
% AN b S BARZANT At 1 UHA sgNE @

(3) 1999 64
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2y Aunw (29 420, A%
24° E AYE FAHLE) T4 4
=3 el & EdAe AAHLE 05 mg
TE RAT ol 2 AMHE 1% 4-3e (SeaWiFS
Chlorophyll a image)$} 13 4-3f (SeaWiFS 34 4 image)E F3AM= U
2 9t} 7@ 43a0)A 31° 30’ N 124° E A@o] =& g 2= AL Fpozn
B 7123 BfAle 9F F¥d Aoz ddHoen, 17 435 53 AT 5

o
o
:ox.i.;:
o -
:>;l__|1
-
i
oft
e
i
ofji
f
d
B>
o
4
o
i

Uy

= EE dfdy AFE 4wt (32° N,
q= a

#A=AH A (28 4-6a)

X3 484 a T SY0] B3 &5 At FIWEY FF M =2
Fes BHen, AFE BF F 1234 AGddA 4 30~40 m FZo A H=
& HdFo] UEEH

B=Q B (1Y 4-6b)
A 49 BENA T2

BE2 a TES UELH, Uz ASe I54

FEE Wt dAHoE g #54Ad v vy £ (05 mg m” ©]4) 4
i a TEE BYoH, A 454 HUFS YEuA ISy

#BE=A C (29 4-6c)

TRALY Zo EFA 05 mg/m ojFe & HE4L a FEE EHHAUoH,
BAY £HHA T2 ol OhE #FA ¥iE FL2 oA

#24 D (219 4-6d)

#EH FHRAA F4 20 m B2 AF EEL HASo| BFHAS. AA
Hog F=d Ha] A2qH & G224 a go] FFHYG

#BEN E (LY 4-6¢)
Ao F7b FE5te FH3 FHE %Lro}ﬂ olEgley o BEAH g
Aoz e P24 a FEF (03 mg m” o]3he HAch

#2H G (29 4-6f)

A 29 10 m B2oA 05 mg m®° o]} £& FL HAE AE gEL F
fiZo] BAY AL z}olz} & dden, g AHAME 23 AZd HE F
Zo] AHoE ¥ HEA BES Hol: o] BALYh
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. 7|2

(1) 19983 94

67}]9] A BEAA EHE 724N 201 6531 mgC m” day® S BAS
e Bud 231 M AFEL vl (29 49). Pn’ e 207~151162 HnAE =&
*e EO]_]_ At a #e He= 0.0005~0.019 mgC mg'Chl-a (UE m’s™) h™ 4

3 Pn>& 0.05~14.86 mgC mg'Chl-a h'e] WE BYTh L ke ¥gE 71.0~
4176 uE m” 57 2 B4 AFEL AR AA FFFE 2AY FAE o
gl gk dEFL 2A FAE Fouv MERANgeI FHA AARSFE A
B EHAES vnF 22T Aol dojuhx I AAMETH

o} P1 B4

1) 19974 3¢

% 38719 P1 43 ZAZ AHFstE PI 542 ZF FF H2 X 410 89
o] glth ao] 7A-$ 0.0042~0.169 mgC/mgChl-a/(ME/m’/s)/h, Pn e 1.817~24.615
mgC/mgChl-a/he] ¥HE BHh B3 ALE JVehgls LE 89.8~3064 1
E/m’/s2] MAE BT ot EXE gAHoE 19959 B3 w%skn P 3t
o] BXRAE 19959 2Rte =3tk mEtA ZAM VY] HE SZFIHES 7
9] HFE7 wEEo Fxho] FolAH FAHT 4FS T + A= AHFH AH
ATh.

Hog Yol A (28 4-11). H
mb5)3F FHAT A FARE
F U (A AR A AR {2 case 1
o] 7}7b9-4 (Morel and Prieur, 1977), SeaWiFS €E4 FE9} A=3]9] R0
o) B9 540 cse 19] ks S8 AU, 0 W) w2
g22} 2 F718 B0 ReAle 9ol 2 AL YUt TR 23
At AA ¥AEE FHATIe FAES 0}7] HEoltd (Morel, 1980;
Sathyendranath et al, 1989). AAZ o] P9 =LA =T vl 2o} HiH
B ¥2E HmA =t} (8 mg 17 o)), CDOMY] aw E& 7} wol 0.03 m?
o)},
S WA fEe 82 #7129 o] FaSH WAHA ¥ P& nYg
£ F7189 o] o IA JUeElIt) (Sathyendranath et al., 1989). o]2d FA+

gL
N2
e X

oo rr do X =
oft
o
_q
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e F% AXEY HDANE S dEhdE olr)N $E47180 23
signatureo] o 2 G F3 98¢ B & Utk B 9AY BERL Fhal]
o (29 4-12).

ol FRAEe FF 89

(1) 1998 94

SeaWiFS HEA FAE Case 1 g5 o 2 AHd golH ol a5 3FE
A AL Fese Aol E AAE A3 HE FHIE ¥ ol HP A
Folth. BeEAtel M RAFE MY o] AL AL WEES ZAGHAA BEA]
geth AAAOZ SeaWiFS &4 ¥EE (1Y 43c) HA9 g4 5 By
EA Jebdoh AAEAEE 94 (28 43d)dAM s FRA F I i
AL R L&A FFH Adx EFSL o] FHEL FAGTY 3
AE3A RoAEo

1980t =yte] CZCSAR A E 3 AT WEFE AF P& 435
o T3 AeZ YElstth 1998d9 39 FAGFE %’4
o AF= GFA tHﬂP)r ke FHE et aaﬂl &

1997'd 34 ZAbs 96 EAEAM (45€) HIs) 1 & o] °|& A]7]o|y o]
=

FARew A% FFAES F2o Loz Utk ol HrlY LA Yol
e 27 UzA A719 459 uo med Qe 24 dEAe YA
Z7I2 AdZzo] dojyix EFFo] FolAe vt dASA (critical depth)o] Z1o]

2 289 Z2Ao] dojuA Hoe 429 BF-9U%+g 7+ (Jones and Gowan, 1990;
Pingree et al., 1976; Platt et al., 1991; Steele, 1974; Yentch, 1990)2 A== it}
v 19979 39 RAME olEg o] wEH7| Holgte oA Frigth F
Ho] Yojube To] M TE F37h Wte APl 1Y 42204 Rl 3
el gol Yehdth  AE 27 D10, Q7L FAHOE 3u Yx ot bR
& FIRFEF7E e A FGolth. UH A st 010, MO1-M06E FAHOoZ3
O BEIHE 323 U2 FRE Holm gUth o] & o] Ayl EAste UndF
& N F557 Thie otk

19983 943} 1999 6 ZAMA HEF XF 549 5 X< SeaWikS

i

=

ok

[‘
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B2 982 v AAAT PN Holt d5: PE9} AE FUE »
oz gtk 2 ATANA SeaWiFSe] nFo] @8 FEoh FFHOZE ol
$ nolAT FAAeE T 2ee Ul Utk 9240 SERIE 2Y A%
Zox AFEZY 25 P hFAGIN B S Udshim dEW, oE 2
Aol A A7 FAHeZ tugel doldm ek oleid sge

A g3l 3o 4RIt FIUE AL AFHA Y3 AFE AGHEdA A
A=l e FEE 3 Aok o] Y HFAEE "t L’}i‘:ﬂ7 P 2459 A
2 AZEol Hol FFE JIFo] AAHT £F TERE U HEEFTIEY A
=22 F3 I E3 AN AFE HEgFez gL ¢ TAe T
3 FUET dorng FA gy Tz A3 HE EF dol doj
Ux itk ol¥A 7 9he FAGAA Are FAFA 4
Aol dvlg zAF gojueXA], drht A&3tevt dte AL F
Yz &S olsfsted o] TR

Lounghurst (1998)2 &% A¢} old & A 7179 /3 AAstg A
AA SEVERAZS A 12 N biome 0.2 FEIFFT. 15 =3I 2zt biomeS
provinceZ AEIG=dl old o3H FFFE = Pacific Coastal BiomeZF China
Coastal Provinced] E9¢]7tt}. Longhursts £33 oA dAdse 71244 71&8E
A A FHAE GG &, 0) A3 EFHFY 8AA dojves EAMA,
i) 379 FHo A 2AFAY upg ZoA BEHoE dojye A4 F
7}, iii) FAH Hu &5o & Y4k FU7F 23 O]E}-

B AN #2844 371 71FY 4% i) BFe) S3dva & 5+ Aok
Longhurst7} 233t A2 & Fol 3 34E AF Cﬁ%i HjFol Ao 4k
7173 24 7o) ofd 44 Alololl Al A AFolth E ZAtdAM B ol
71%o] ¢ %“B-ff} Ao g HAETh Fei (191)2 U&E D slger TAHE 95
A AF HAF —’r“i/‘]i 7ol 93 &5 ojd WE FFF FYol %
Ro = is}]é;‘é]—_l_ glo} ol BAHZ froz Bt} Fei (1991)9 A5 E EHA
AZE G54 3ol ‘3—-101‘4"— Ax9} o] dojvks HAVF LAHA] F7] #
Eolth. 424 HUFL EFF9 F4do] ¢ UEF AFAA Loju U o
1€ AFAAY ‘g%“‘é go| F&3ch

B ZAA g AR 53 X 332 A FFHo] case 2 HFIS
oqFRek 53] 3] 3ol CDOMH Ff{Ate] §A4S gsle A dadE A
o] YN E F 3t} (Prieur and Sathyendranath, 1981). G&49 FH3F X
47 HEiMe AN HY ARE AT 5 o flen (Eppley et al, 1985
Sathyendranath and Platt, 1995)) & 3819} 22 case 2 3| olA FFHA A%
A ARE F&37) Y3tde d-E gdngFol MiHojof drh olF st A
E33t ZAZE (&FH o2 FaFojof & Aotk

[s) (o]

[o]

O

_39,

HJOR

Al o rid o2
o uR

ox o E T

£ N

o4

——

=
-3

Of
=

2t

o o
2

o S
1T e 4
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Table 4-1. P-I (photosynthesis-irradiance) parameters.

Station. et | L7 Chi2.
D10 Oa* 0.029 5.853 2032 0.672
Vi 0.021 3.927 189.7 0.261
10a 0.023 4.851 208.2 0.333
10f 0.027 3.951 146.0 0.109
20a 0.014 2.340 163.8 0.090
20f 0.012 2.056 165.2 0.083
D7 0a 0.022 4.681 209.6 1.499
0f 0.021 2.384 1132 0.108
20a 0.039 7.567 1922 0.436
20f 0.028 5.031 178.1 0.234
30a 0.044 7.211 162.4 0.356
30f 0.037 4.694 127.1 0.492
D8 Of 0.016 3.808 2325 0.321
20f 0.035 5.176 148.8 0.544
L10 Of 0.010 1.817 189.2 0.048
20a 0.052 8.568 166.3 1.955
20f 0.046 7.317 159.9 0.285
L11 Of 0.004 1.302 306.4 0.029
20a 0.170 23.770 139.9 11.799
20f 0.150 17.445 116.6 1.779
011 Oa 0.150 24.615 1637 3.452
Of 0.124 20531 165.2 2162
10a 0.036 3.291 91.3 0.051
10f 0.026 3.220 123.7 0.018
09 0a 0.116 16.615 1436 2.773
Of 0.031 9.379 302.0 4.169
10a 0.092 8.292 89.8 1.766
10f 0.045 4.284 95.7 0.891
P6 0f 0.033 6.535 1985 2.410
20f 0.013 2,519 195.1 0.395
Q9 Oa 0.069 12.010 1734 0.497
Of 0.054 8.329 155.6 0.156
10a 0.070 12.716 180.9 0.836
10f 0.056 10.060 180.1 0.706
S14 Oa 0.060 12.253 204.6 20.69
of 0.018 9.424 529.9 0.259
2a 0.041 10541 258.0 2.469
20f 0.026 7.123 2774 0.429
Units mg C (mg Chi a )* h’
T Units mg C (mg Chl a )* (#E m%™)h?
Tt

Units ¢ E m’s?
by ABM method
by filter method
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Fig. 4-2a. In situ surface chl-a concentration distribution in Mar. 1997
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Fig. 4-2b. In situ surface chl-a concentration distribution in Sep. 1998
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Fig. 4-2c. In situ surface chl-a concentration distribution in Jun. 1999
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Fig. 4-4a. Vertical profile of ¢t and in situ surface chl-a concentration

distribution in Mar. 1997.
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Fig. 4-7. AVHRR SST (sea surface tempersature) image in Mar. 1997
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Fig. 4-9. Daily primary production in surface waters.

-181-

IP:14.49.138.138, 2017-11-03 15:56:10



01 F
—-a2
: —=—e3
001 - ed
° -7
g —=— {8
s L]
o ——s7
< - s8
2 s9
s10|
0.00t | t5
¥ 6
0.0001 : : 0
300 350 400 450 500 550 600 650 700
wavelength
Fig. 4-10. The radiance reflectance at some stations.
1 r -
——e2
- g3
~ {7
—— {8
© 01 F —m§
-~ s8
: 59
; s10|
ts
- 18
001 L : — : : - — s -
300 350 400 450 500 550 600 650 700

wavelength

Fig. 4-11. Total absorption coefficients estimated at each stations.
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Fig. 4-12. The relationship between the total suspended solids and the

suspended sediments (n=231).
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AS5HA FFTT sl FARL
1 md7A43 AA=A
7. MOM 3.08] 4

B dFdAe 533 £¥EED S Y] A VBRI EZAN 230dE @
FaA N AEI o8 7Mx] Y HWgEe] F8& JM5d GFDLeY HAR sgeE
3249 MOM 3.0& oj&3tgrt MOM 3.0& MOM 1101] v wsle] o7 2o A
MAE S AAEE ok AA EF9 YRE=F e S nFEY, 1)
Z# 9| Bryan(1969) "H2lo) <& mAEH FA ?JT% 2) Dukowicz T;(1993)01 A
A DABAHIIA o EHYH ALHHE, 3) Dukowicz and Smith(1994)¢) o} &
<33, 4) Killworth T(1991)e] 2§ <3y, 5) 1 MOMe|A EFHAo=
AAde AAE FsH Fol Atk FL&, G FY tracer O|FUACZAE 1) 2
28] AEEE JHAE B4 FEAE UL 2) 44 A=Y FEAE
quicker, 4) fct 5 o8 WAES AT Uk 2 opAA =43 P
A Laplacian &3+ 2]3} biharmonic E32lo] z4z A& Jbsdid Z4ze
1) SAFE 252 Aske WA 2) Smagorinsky o] AFHI Ut 3
ol2E AL tracer?] ©]FAIAtH viA7LA 2 Laplacian®} biharmonic Z; Hh2] el
s ARAFE 45 F& W52 £ F Utk ol dHeEASIE JpAY o
T FAFZAGANA FA A o3 AA Sol AVA FEE FEFo] A3
AAHE AT F WA FojHeo|th 1 vid] MOM 1.19] TEEH EHHUE
FAEGA AVIA F=F ALNHAJT o] FAAANE AA dFENNA FF
Z o 2 tracerd] WFo] FAHAANE Esta AHESE Mot mEt o] F4o] A
AANA Este F7F 7] Wi BA o] EZL BAS F= WPFFE FHol o]E
AHE-3 3taL, TA] ol § o83t FFHEE S xRSt Wehs At Yok
GFDLo|A] A 231 Y& MOM 3.0& CRAY T3EdA #HEAFH7F 753 run
script P A2F=7F JAHM, Y FAX L 7[EFHCE SGIE FAs
Aok B AFME 22359 A 48, A2Ae HE Fo S =R
s RAsPEA Y AIARE HA387] Y@ DEC Alpha 92 2H o2& 7]
Hto 2 BdS setup A7l S AFOE SIATH o] AAAA A Z2IH9| o]
2gAlo g =go] EYHJATH

s

o

g b o

’

} o |°

U 274

2 AfAe 229 AFF FHES A FYFEH Bol AHH L WUts
XA 2 AFYEY. F tracerd] EF O Z M E Laplacian #2]o] &g 2z

Kol
=
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gt ol FHFMAT(cgs TH)E
22 FRo £3upEg e At HAPASFE FEAW
oA 3x10 21 A7NE 7HAH Yxo] WE cosine T FENE ZFo M ARLRZF
o] TR /IAAN Fol=t AAE IIHIIEEF AT JFEE=E ANLHL A
FEAL FfHo g Asle MOMe EF44e o
B AN YT 2] AN HYe AEWTFLE 00 ~ 360" , = Lo
2 80° S~ 85" N7tz|o|t}. 433 7—%2}7}74 A -Bx 47 05 2A F1AHE F
stn Y3, FAueZ 30719 o2 FAHAY. 2de] F£4L& ETOPO5 4
A8 E °]&3td le}ﬁ}ﬁ}%l-‘—ﬂl FA AFA Aol z FFA 7w FHe B
dFE JAAEF LEAR AP partial cell)S HIFt F 512 T AAH 4
Ao A Z AR FAE HoFed, 29 HADdM o 53 m, HARN <
480 me] HA=E 7HAH, $4 100 m7tA] 848 F& 7HRHeE HAT £82Y
oHNE EZZE 9 o Hs) xde FAWMs g vmE FA3 XY e
=8 pAHAT 19 512 2dd 48" 5T g #4& Uslx
Atk 23 E AFAAGA AR 9 - Fx 1° 9 =g 7HAe 2D B
AP F4E& F O AMAAHLE BABIL &S & F AT

Table 5-1. Vertical grid resolution at T cell (unit in m)

=T 1 2 3 4 5
T 5.29 6.38 841 11.06 13.94
T 6 7 8 9 10
A 16.59 18.62 19.71 21.17 25.83
=T 11 12 13 14 15
A 35.05 48.65 66.34 87.78 112.52
=T 16 17 18 19 20
T 140.05 169.83 201.23 233.63 266.37
=T 21 22 23 24 25
A 298.77 330.17 359.95 387.48 412.22
=T 26 27 28 29 30
7 433.66 451.35 464.95 474.17 478.83
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B 2de 433 A= 7R Adgdes 2@ 7] Wi oz ¢l
3 FRE WA A ABEAA WS AEA Aol FpAE Hol %A
o2 =gydrth CFL 238 BHA7IE ARAATF S 4¥HEE #4F7)d 33
stdxe H 7214%, HF FYdd dsixE 88822 2T A=A P
AFE tha: G771 918t 80° N¥-E 85 N7zl =AW FEo] finite
impulse response LE|E &3 FJev] ol eI 7ISAE HSAI e ¥
Aok, ol2E HEE HEAZ BF WF FYIY FHEAIDITNHL 16092714
AF 7ted AeE ven o Y59 Aede 7 &2 AAE 7 A
el Skmell E#st7] wie] 1o #HEE GREE AL ADRAL 13 ol
2 AEEn £ d¥dXe S50 WREE HEADNATL £2, G2 JEA
I7tA4E FYEA 180022 FU3, AREE FEANNAL 3022 3 ot
B AN & ARANDFHL oY IAXIES FES UHFATIL UA

2o

Zaith @A9 271 ARAY S T3 HEHAE HEe YFREAN FAE
bgel yetta e, old #dtode o FAN HEHAH L T FAH Ho}
°F & Aot

o 2d FAzAS 27124

SEZd 3 EH AAZASZA Hellerman and Rosenstein(1983)2] ¥
g uEgEe ARREdT. d dd digt AAzRFeE HRUAA dgd
Levitus(1982) 7]1& X0 EY3EE 3o m damping A|IZHEFE 25, 98 EF
3092 FATh wE-EEA d - g dg FAe w FHEAD 2dvid 249
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Fig. 5-1.

LONGITUDE

Model topography and geometry in the East China Sea and Yellow
Sea (depth in meter).

-190-

IP:14.49.138.138, 2017-11-03 15:56:10



HR wind stress(dyne/cm?)

Feb.

] ] ] | 1 | ] ] | |
RN /r// »/b// 4
RO NN y/x
e G L TR ALY
2 s Y
R A A e e e

< . SNSRI /L/W//H ////A

. e A AT A \=w\\<.\‘ s A A -
PP S e e e 1 Tl e o

e 2 e
Sl NQu‘IYIVdY/}/um..V./V/W/.r/Z//////

LR
e e T S S A NN .
R SN /// ,x/‘
= l\].v‘.vll;#mw..q#uw////r/ﬂ/,// //r/r/N M///H ~

S om J,HVM.,UWVVV/VVH/W/V»/M//L/

S SR, SN B
B RS e s SRR
SRR TN
PEERERT B SR B N RN ,
s yrd/V//W:ﬂ/,/ AN SN AR
LRI N
PR I e A R R I T NP - S \ ,
o T R
PN NI
- [ PV = e -
e NN NN

B R S e R R R Sy

T b e

P

116°t

40°N
36°N
32°N
28°N
24°N
20°N

3antiwy?

128°€

124°E

120°E

LONGITUDE

50

2.

Fig. 5-2a. Hellerman and Rosenstein wind stress distribution over the East China

Sea and the Yellow Sea in February.
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HR wind stress(dyne/cm?)

40°N

36°N

z
&
»
3aNLvi

28°N

24°N

20°N

128°E

124°E

120°E

116°E

LONGITUDE

2.50

Fig. 5-2b. Hellerman and Rosenstein wind stress distribution over the East China

Sea and the Yellow Sea in August.
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Fig. 5-2c. Annual mean distribution of Hellerman and Rosenstein wind stress
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Fig. 5-3. Sea surface height in the East China Sea and the Yellow Sea. a) 19th
February, b) 10th March.
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Fig. 5-4. Depth-averaged velocity field in the East China Sea and the Yellow
Sea. a) 19th February, b) 10th March.
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Two-layer Tide Modeling of the Yellow and
East China Seas

Abstract

Under stratified condition are investigated the baroclinic response of tide and
tidal current in the Yellow and East China Seas, using two-layer numerical
model. The varying degree of stratification in order to examine different
baroclinic effect are assigned in terms of varying upper layer thickness and
density difference.

Comparison between available current observations and model result shows
the reasonable agreement for the shear characteristics of tidal current, with
relatively large current shears dominated around the shelf region off the Yanztze
river, where baroclinic energy flux are seen to radiate toward the offshore area.
The degree of inhomogeneity of current shear between layers is quite interesting
from the tidal dynamics point of view. In addition, the rotation direction of tidal
ellipse are mostly same between upper and lower layers, but reverse at the
region off the southwestern tip of Korean peninsula.

The seasonal variability of M, tide in the YECS, especially along the Korea/
Tsushima Strait, which was revealed in Kang et al. (1995), is investigated by a

series of numerical experiments with varying degree of stratification which is
specific for the winter and summer seasons. In particular the amplitude of M2
tide at Cheju harbor decreases nearly by 10 cm (about 10% less than that of
winter) during summertime stratification condition, which coincides with the
observations. This result indicates that the increased scattering of barotropic tidal
energy into baroclinic energy, due to increased stratification toward summer
season, could be the main cause of seasonal variability of the M2 tide in the

area.

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) ), who
edited the co-tidal and co-range charts in these seas, based upon a large number

of tidal measurements. The co-tidal and co-range charts for these seas were
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recently redrawn by Nishida [1980]. The tide or tidal current data used for
editing tidal chart is not usually classified according to the seasons, even though
baroclinic effect may exist in the data. The tidal charts are generally believed to
describe the barotropic tide. However, the coamplitude line may be significantly
dostorted or have a large irregularity by strong baroclinic effects, as revealed by
Topex/Poseidon satellite observation [Ray and Mitchum, 1997] and numerical
modeling [Kang et al., 2000]

The tidal system of YECS is very complex with many amphidromic system
and a large tidal range in Kyunggi Bay. Therfore, it deserves frequent numerical
modeling or analytical model studies. Various numerical experiments have been
carried out to investigate the tidal regime in the YECS, in terms of finite
difference model [An, 1977; Choi, 1980, 1990; Kang et al., 1991, 1998; Kantha et
al, 1996; Lee and Beardsley, 1999] or finite element model [Lefevre et al., 1998],
using 2 or 3 dimensional models. However, most of the modeling works are
focused upon barotropic features of tide and tidal currents in terms of
2-dimensional modeling, and even 3 dimensional modeling studies are mainly
carried out with homogeneous case, except for Lee and Beardsley [1999], who
investigated the residual circulation for the homogeneous and schematic stratified
conditions due to complex water mass characteristics in the YECS.

Actually the contributing water masses in the YECS consists of Yellow Sea
bottom cold water, Tsusima current flowing out of Kuroshio into East/Japan Sea
through South Sea [Lie and Cho, 1994], and several Chinese and Korean coastal
waters, Yanztze river.

Even though the water masses in the YECS is complicated in horizontal
domain, the representative features in summer season is strongly stratified and
turned into homogeneous or well mixed in most shelf region. The stratification
are specially reinforced in the southern Yellow Sea region due to Yangtze river
discharge and Tsusima current flowing through Korea/Tsusima Strait with
detouring branch around the Cheju Island (Fig. 1). This seasonal pattern of
water mass allows us to roughly schematize the water mass features to be
partly stratified, strongly stratified, partly stratified, and well mixed, according to
varying seasons from spring to winter. Then, the baroclinic tidal features could
be investigated using two-layer model with varying stratification conditions in
terms of upper layer thickness and density difference.

Actually we can expect that current shear appears in two layer schematization
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as following process; That is, the surface barotropic tide may induce the slope of
interface between layers in horizontal domain since there is horizontal gradient
of surface cotidal line, assuming that the phase of interface disturbance has a
linear relation with surface tide. Other mechanism inducing interfacial slope may
be due to the internal tide generation, which is generated by depth gradient and
stratification and many researchers have investigated internal tide generation
using numerical models [e.g., Holloway 1996; Cummins and Oey 1997, Kang et
al. 2000]. The gradient of interfacial slope occurring due to above processes will
raise current shear between layers in terms of thermal wind relation.

In this paper the baroclinic features of the M, tide and tidal current in YECS

are examined using two-layer numerical model in the same grid system used for
barotropic tide study by Kang et al. [1998]. The computed current shears for
strongly stratified summer condition are compared with observed current data of
summer season and spatially inhomogeneous pattern of current shear appearing
are discussed. A two-layer model can resolve the barotropic mode and the 1st
baroclinic mode and Pingree et al. [1983] and Serpette and Maze [1989] used
simple two-layer models in their respective Celtic Sea and Bay of Biscay studies,

Kang et al. [1995] showed that the M, tidal constant has dominant seasonal
variability with large amplitude in summer and smaller amplitude in winter
season and discussed that the seasonal variability of the M, tidal constant
might be related to the frictional damping and advection effect [see also Ray
and Mitchum, 1998] by mean current. However, the discussion are based upon
quantitative analysis for the seasonally different damping coefficient. In this
paper, with varying stratified conditions the tidal scattering problem of
barotropic to baroclinic energy is investigated in terms of varying surface
amplitude of the M, tide in this paper, which has, to our knowledge, rarely
been studied before. Present study result strongly supports that the dominant
seasonal variation of the M, harmonic constant especially along the
Korea/Tsusima Strait [Kang et al, 1995] could be explained by the seasonally
different tidal scattering of barotropic to baroclinic tidal energy due to varying
degree of baroclinicity of water mass in this area.

Most numerical models have concentrated mainly on the continental shelf or
slope regions [Cummins and Oey, 1997] and rarely on the underwater ridges

[Kang et al., 2000]. Since the major axis of the tidal current in the shelf slope of
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the East China Sea is directed across the isobath, the generation of internal tide
is expected to occur. However, the grid resolution is not fine enough to resolve
the generated internal tide of about several tens of km, and, therfore, the
intensity of generation might be weakened or distorted under present grid
resolution. Probably the grid resolution necessary to resolve about 20 km
wavelength may require 2km or less grid interval, which is too many to handle
under present situation. Therefore, our study are mainly focused on baroclinic
effect by large scale, horzontal gradient of interfacial slope arising from surface
barotropic tide propagation. Henceforth, the surface manifestation of internal tide
[Ray and Mitchum, 1997; Kang et al., 2000] can not examined properly in
present study.

2. A two-layer model

2.1. Model formulation

A two-layer, stratified, nearly horizontal flow is considered according to the
definition sketch shown in Fig. 2. The governing equations for the two-layer
flow are described under the spherical polar coordinate system. For a
two-layered flow, the wusual depth-averaged two-dimensional equations for
shallow water waves can be alternatively represented in terms of layer-integrated
velocities for each layer. KFCC examined Hawaiian internal tide generation with
advection term,but here the effect is neglected since advection term is mainly
related to higher harmonic generation and present purpose is to examine the

baroclinic respone of the M, tidal wave for the seasonally different stratification

condition. The momentum and continuity equations of the upper and lower
layers, without surface wind stress, are as follows:

Upper layer;

U, a5 UVt ¢
3 2wsin ¢V, = — 5~ 3 ax(h1+ho+Zb) + Rir,
K [(U_ G\, (Vi Ve \YU_ U
_AZ\/(hx_ho)+(h1 hO)(hl ho) 2
vy - &9 _Vitan ¢
o T 2wsin gUy = 7 a¢(h]+ho+Zb) + Rh,
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YRR AN AR AV
Az\/(hl ho)+(h1 ho)(hl ho) @)
h1 U, d(Vicosg) _

o + 96 = 3

Rcos ¢ 0

Lower layer;

aU, _ &h,
TR — 2wsin ¢V, = ~ Reos 4 ax(/lh1+h +Z,)
SV, + Pt
K (U U\, (VYU U
_Az\/(hl—ho)+(h1 ho)(hl_ho) (4)
av, gh,
57 + 2wsin ¢ U, = R a¢(/1h1+h +2Z,)
2
_ &,/ U%‘i" V%Vo + M
h, Rh,
K (U U\ (i V(v W
_Az\/(hl_h0)+(h1_ho)(hl_ho) )
Rcos ¢a£° n aa(;" + 9 Vg‘;os D _ o, 6)

where y is longitude; ¢ is latitude; Z, is bottom topography (Fig.1);
ho(=H,+ n,) is total water depth of the lower layer; s, (=H;+ 7,) is total
water depth of the upper layer; 2az=0.5(%,+%); U,(U,) is mass flux of the
upper (lower) layer in y; V;(V,) is mass flux of the upper (lower) layer in ¢;
R is radius of .the earth; A= p,/p,;, K, is the bottom friction coefficient; K, is
the interfacial shear stress coefficient, and g is gravity acceleration. H,, 5,, H;,

and 7, are the thickness of mean lower layer, the disturbance of lower layer, the

thickness of mean upper layer and the surface disturbance of upper layer,
respectively.

The full set of equation system is discretized with time and space centered
schem [Kang et al, 2000] and the finite difference equation system is solved
alternating direction implicit (ADI) method. It can be said that the full set
equations is solved with an extension of the one-dimensional two-layer modeling

scheme [Hodgins 1979; Kang 1986] and a depth-averaged 2-dimensional modeling
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method [Abbott et al. 1981; Kang et al. 1998] [see appendix A of Kang et al
(2000) for the details]. Solution procedure is that the continuity and momentum
equations for the upper and lower layers in the x coordinate are solved
simultaneously, and continuity and ¢ direction momentum equations in the ¢
coordinates are solved in next stage, with dynamical linking and without
resorting to the separation of variables or modes [Serpette and Maze, 1989].

The bottom friction term for the lower layer has been expressed in quadratic
friction form, following the general applicability of the quadratic friction law for
the semi-diurnal tide modeling [e.g., Pingree and Giriffiths, 1987], and square-law
formulation [Bertelsen and Warren, 1977] is also used for the interfacial stress
at the interface. Linear interfacial coefficient instead of square-law was also
found to work reasonably well for the exchange flow tests done in previous
works [e.g., Hodgins, 1979] and internal tide modeling [Kang et al, 2000}, but
present quadratic form was also found to show similar result and it takes more

general form.

2.2. Computation and Experiments
The initial and boundary conditions required for the solution of equations (1)

to (6) are described as follows. At t= 0, the values of 7,=7,= Uy (%, ¢,
= Vo.1(x, ¢, 8 =0 are specified at all points. The initial thickness of the upper
layer was set to %,=5, 10, 15, and 20 m. The shallow region where water depth

is less than initial upper layer thickness was treated practically as one upper
layer, with thin lower layer necessary to keep solution algorithm, which is a
usual way to treat shallow region in layer model.

The model boundary is the same as barotropic model by Kang et al.[1998]
and the same M, open boundary values were specified along the open
boundaries. These open boundary elevations are prescribed for tide according to

the expression: as
7,(¢) = Acos(wt—G), 7)
where A is the tidal amplitude and G the phase lag of the M, tide. The

boundary elevation was defined as a variation of the interfacial surface while
keeping the thickness of upper layer constant as 5, 10, 15 or 20 m. Since the

propagation speed of a surface gravitation wave is about 100 times faster than
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the internal wave speed, { de g HH,

Po (H0+H1)(1_f2/a)2)

interfacial motion to the barotropic tidal wave travelling over the shelf region

1/2
} , the response of

can be investigated, which idea was proved to work successfully in modeling
work of internal tide generation along the Hawaiian aubmarine ridge [Kang et
al.,2000] .

Grid resolution is about 7 km in latitude and longitude with 1/16 ° in latitude
by 1/12° in longitude. The time step used is 43.666 seconds and one M, period
consists of 1024 time step.

The bottom friction coefficient for one M, component experiment was chosen
to be K,=0.0026 to consider mutual damping effect between components
bottom. Kang et al. [1998] showed that dissipation contribution to M, tide by
itself is about 87% by ltself, about 8% by S, tide, and remaining contribution by
other components. The magnitude of the interfacial stress coefficient ( K,) for
quadratic form is chosen to be 0.017, and interfacial coefficient in case of linear
form was given as K;=0.0015, which used by Hodgins (1977) with exchange
flow tests and internal tide modeling by Kang et al.[2000].

Density structure according to seasons in the Yellow and East China Seas are
well observed by the Eastern East China Sea and Western East China Sea
circulation program as well as Yellow Sea Observation program. As mentioned
in introduction section, the density structure in the most of model region on
continental shelf is well-mixed homogeneous in winter, while well stratified in
summer season with intensified stratification during August. The during spring
and fall the stratification are relatively weak with increasing stratification phase
and decreasing stratification phase.

Following observations we need to schematize input parameters for our

experimental cases. Specifically, for summer season we estimated the upper and

lower layer densities, p,, to be 10215 and 10255 kgm ~% and the upper layer
thickness H, to be 20 m (RSM). Difficulty arises in schematizing the parameters

for winter season. We set parameters in order to keep the structure near to

homogeneous and keep consistency of experiment. We set the upper and lower
layer densities, p,, to be 10215 and 10255 kgm ~% and the upper layer
thickness H, to be 5 m (RWN). 5 m thickness of upper during winter season
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may be reasonable in some sense since surface thin layer would be kept by
solar radiation. Intermediate depth of upper layer such as 10 and 15 m could be
set for partly mixed case representing spring and/or fall cases, with the upper
and lower layer densities, p;, to be 1021.5 and 10255 kgm ~* (RSP and RFA)

In order to reinforce the homogeneous feature in winter season, experiment
weak stratification was also carried out, with the upper and lower layer
densities, p,, to be 10225 and 10245 kgm ~*> (RWW). Experimental cases are
given in Table 1.

Table 1. Experimental cases in this study.

Experiment H, (m) Aol o, K,
RUNSP 10 0.0039 0.017
RUNSM 20 0.0039 0.017
RUNFA 15 0.0039 0.017
RUNWI 5 0.0039 0.017
RUNWW 5 0.0020 0.017

Continuous model runs were carried out over 7 M, tidal cycles. An FFT

analysis over the 7th cycle was used to calculate amplitudes and phase lags of
the M, tide.

3. Results : barotropic and baroclinic responses according to varying
stratification

Most interesting result is the baroclinic result in summer season (RUNSM)
and the parameterization with upper layer thickness and degree of stratification
are rather near to the observed ones in the shelf region of YECS. Also baroclinic
effect in observed data may appear clearly, compared with those in other
seasons. Therfore, most description is focused upon the result in summer case
[RUNSM] and comparison of summer result with winter result [RUNWN] ,

Major results are described in terms of tidal ellipse and the ellipse in shallow
region where total water depth is less than upper layer thickness is described
for the upper layer result. Tidal scattering problem of barotropic to baroclinic
energy is also examined in terms of comparison of surface amplitude between

summer and winter results, which is again compared with observed features of
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harmonic constants showing seasonal variability in stations along the

Korea/Tsusima Strait.

3.1 Comparison of surface amplitude between model and observations

The computed harmonic constants for RWN and RSM are listed in Table 2 as
well as barotropic model result (BTM) by Kang et al. [1998] and observations at
34 points (Fig. 3) used for validation purpose in Kang et al. [1998]. The RMS
error of BTM, RWN and RSM are given in Table 3.

Results of winter condition (RWN) are more or less similar to those of
barotropic model by Kang et al. [1998] (BTM), with (amplitude, phase)RMS error
of BTM and RWN being (9.7cm, 45° ) and (10.5cm, 6.4° ). The (amplitude,
phase)RMS error of summer condition experiment (RSM) are (14.9cm, 5.6° )
where amplitude error is especially larger than other cases. This is specially due
to greater amplitudes of RSM than RWN in inner Kyunggi Bay, as is to be seen
in Fig.5. This large values in the Kyunggi Bay is decreased with experiment

considering M, and S,. The results with these two components are presented in

the following tidal charts (Figs. 6 and 7). However, relatively large amplitudes
do appear with the conditions, implying large amplitudes in Kyunggi Bay may
occur as a phenomenon. The model result in Table 2 is one from one
component experiment, since there is still some instability in numerical solution
when 2 components are included. That seems to be due to large interfacial
disturbance by two components during spring tide, raising large disturbance
probably over upper layer thickness of 20 m.

The computed M, tidal charts for RWN and RSM with only M, component

are presented in Figs. 4 and 5. The relatively smaller amplitude in Fig. 4 in
inner Kyunggy Bay are obvious, compared with those of Fig. 5 (RSM).

Careful comparion of Figs. 4 and 5 shows that there exists some difference
between two results in several aspects. First, the location of amphidromic points
of Fig. 4 in Pohai Bay appears in deamphidromic pattern, compared with
amphidromic points of summer case experiment (RSM). Maximum co-amplitude
values of Fig. 5 in the northern and western ends in Pohai Sea are larger than
100 cm, but 100 cm co-amplitude line does not appear both in winter condition
experiment result (Fig. 4) and barotropic model (Fig. 3 of Kang et al. (1998)).
Also 3, 4, and 5 hr co-phase lines of experiment RSM leads slightly those of
experiment RWN.
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Table 2. Observed (OBS), Kang et al’s barotropic model (BTM), winter
condition(RWN) and summer condition(RSM) M, elevation amplitudes and

phases for the sites shown in Fig. 1. Phase lag are referred to 135°E.
Amplitude (am) is in cm and phase lag (ph) in degrees.

. M,(OBS) M,(BTM) M;(RWN) M,(RSM)
Site
am ph am ph am ph am ph
IC 290.6 1384 277.0 135.4| 2824 1426 320.9 138.3
PM 272.8 133.6  267.5 132.9] 270.7 139.5 304.7 135.7
JW 250.5 129.3 2492 1324 2494 138.7 278.6 135.1
YD 250.6 1256  251.1 127.7) 2524 133.3 281.6 130.1
SM 232.9 127.7 2294 133.5| 227.7 139.6 251.9 136.6
SD 242.2 138.1 2489 140.6f 247.9 148.1 276.9 1445
1P 261.3 127.5 2574 127.9] 260.2 133.7 290.1 130.2
SK 222 .4 121.7 216.2 126.5| 209.6 131.7 233.3 130.0
AD 220.3 115.8 216.3 121.9{ 208.7 1256.7 231.8 125.7
GD 192.6 116.6 187.7 122.3/ 181.5 125.3 198.0 126.1
B 63.2 122.6 70.3 123.8 61.6 123.3 70.5 128.7
AH 211.0 104.3 194.3 106.4| 190.1 107.0 206.7 110.3
GE 195.5 105.8 190.1 108.9f 184.8 1095 202.4 112.8
DS 199.9 90.8 190.9 94.4| 186.5 91.4 198.7 96.5
D 101.9 87.5 94.3 91.2 89.0 88.1 95.2 95.7
KS 218.5 90.1 203.5 89.4| 204.1 87.1 217.7 91.6
WI 197.6 77.0 185.8 79.9] 182.0 75.2 191.9 79.7
SO 168.5 67.7 1568.1 66.8| 154.6 61.8 159.6 67.1
CM 78.0 253.0 87.2 2514 86.9 251.3 83.5 2499
YS 97.5 262.6 1065 258.5| 107.6 258.2 102.7 256.2
DH 106.4 40.4 99.3 25.3 99.6 23.6 93.1 31.6
HD 61.6 252.9 66.4  254.7 656.1 2544 63.5 253.0
WA 105.1 295.0 1249 294.8( 125.0 2954 113.6 2949
CS 941 289.2 108.6 291.7] 107.1  291.7 95.4 290.0
KM 88.9 277.6  103.1 278.5| 101.4 278.6 93.3 275.6
CJ 87.4 323.4 101.0 316.8) 100.8 3174 87.7 317.9
JE 69.8 318.6 83.4 3084 82.6 309.1 70.9  307.8
SG 76.5 281.8 92.4 283.2 90.6 282.8 84.3 279.2
SA 83.7 241.7 929 243.6 90.4 243.6 89.3 241.7
FU 75.5 233.3 83.7 234.1 81.6 233.9 81.4 231.8
NH 49.1 244.3 49.0 250.1 47.1 252.7 476 2495
YJ 50.9 242.6 51.2 246.5 52.8 246.9 51.2  247.6
KD 55.9 244 4 51.1  244.9 49.7 2459 8.0 246.9
PS 391 236.4 40.5  240.7 40.3 243.2 40.7 2435
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Table 3. RMS difference of M2 (amplitude(cm), phase lag(deg)) at the sites in
Table 1 and Fig.3.

Experiments BTM RWN RSM
RMS DIF(am, ph) (9.7, 4.5) (10.5, 6.4) (14.9, 5.6)

Careful comparion of Fig. 4 and 5 shows that there exists some difference
between two results in several aspects. First, the location of amphidromic points
of Fig. 4 in Pohai Bay appears in deamphidromic pattern, compared with
amphidromic points of summer case experiment (RSM). Maximum co-amplitude
values of Fig. 5 in the northern and western ends in Pohai Sea are larger than
100 cm, but 100 cm co-amplitude line does not appear both in winter condition
experiment result (Fig. 4) and barotropic model (Fig. 3 of Kang et al. (1998)).
Also 3, 4, and 5 hr co-phase lines of experiment RSM leads slightly those of
experiment RWN.

Noticeable difference appears in the location of 70, 80, 90, and 100 cm co
-amplitude lines around Cheju island. During summer season 70 cm coamplitude
line crossing 0 hr cophase line outreaches Cheju island and 80 cm coamplitude
line appears in Cheju Strait, while 70 cm coamplitude is much retreated and
80cm coamplitude line does not appear, in Fig 4. That is, M, tidal amplitudes

in summer season around Cheju island are about 10 cm smaller that those in
winter season. Quantitatively, amplitudes in experiment RSM explains
observations better in the stations around Cheju island, that is, Daeheuksan(DH),
Wando(WA), CS(Chongsando), Komundo(KM), Chujado(C]), Cheju(JE),
Sogwipo(SG), Daeheuksan(DH), and Yeosu(YS) (refer Tablel of Kane et al. [1998],
by larger than 5cm. It is in reverse situation in Kyunggi Bay, where summer
season amplitudes are larger that those in winter condition experiment.

This above result must deserve a great attention, since the result may imply
how the scattering of barotropic to baroclinic energy may occur in the shelf
region of the Yellow and East China Seas. After examining ellispe of current
and barotropic and baroclinic energy flux in the following two sections we will

look into this problem in details in relation to seasonal variability of the M,

tide revealed by Kang et al. (1995).
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3.2 Tidal current ellipses

The computed tidal current harmonics for the upper and lower layer are
compared with observations and generally reasonable results were obtained,
which is not given here.

Tidal current ellipses are presented in Figs. 6 and 7 for the upper (u, ) and
lower layer velocity (u,;,v,). The baroclinic features of tidal flows in the Yellow

Seas are to be presented in terms of tidal ellipse. Fig. 6 indicates that relatively
large curren shear from two layer model are dominated around the specially
limited region in the Yellow and East China Seas. The degree of inhomogeneity
of current shear between layers is quite interesting from the tidal dynamics
point of view, and needed to be examined in some details later. Present model
results also show that the alternating changes of rotation directions from
clockwise to counterclockwise occurs both in upper and lower layers along the
Cheju Strait, which feature appears in the barotropic model. In addition, the
rotation direction of tidal ellipse are almostly same between upper and lower
layers, but reverse at the region off the southwestern tip of Korean peninsula.
The strong tidal current of upper layer flows appears off the northeastern tip
of Taiwan. Some hint of surface manifestation of internal tide seems to appear
around shelf break region, as shown in Kang et al. (2000). However, the general
features of internal tide generation over the continental shelf region would not
be shown due to the coarse grid resolution to resolve the expected internal tide
along the shelf break. Present model results indicate that the major baroclinic
dynamics on shelf region can be reasonably well represented in terms of a

two-layer system, even though this representation is fairly schematic.

4. Summary

Under stratified condition are investigated the baroclinic response of tide and
tidal current in the Yellow and East China Seas, using two-layer numerical
model. The varying degree of stratification in order to examine different
baroclinic effect are assigned in terms of varying upper layer thickness and
density difference. = Comparison between available current observations and
model result shows the reasonable agreement for the shear characteristics of tidal
current, with relatively large current shears dominated around the shelf region
off the Yanztze river. In addition, the rotation direction of tidal ellipse are

mostly same between upper and lower layers, but reverse at the region off the
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southwestern tip of Korean peninsula.
In this work the seasonal variability of M, tide in the YECS, especially along
the Korea/ Tsushima Strait, which was revealed in Kang et al. (1995), has been

examined by a series of numerical experiments with varying degree of
stratification which are specific for the winter and summer seasons. In particular
the amplitude of M2 tide at Cheju harbor decreases nearly by 10 cm (about 10%
less than that of winter) during summertime stratification condition, which
coincides with the observations. This result indicates that the increased scattering
of barotropic tidal energy into baroclinic energy, due to increased stratification
toward summer season, could be the main cause of seasonal variability of the
M2 tide in the area. Present model results indicate that the major baroclinic
dynamics on shelf region can be reasonably well represented in terms of a

two-layer system, even though this representation is fairly schematic.
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Fig. 7-2.  Definition sketch for a two-layered, stratified flow.
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Computed M2120) tidal ehart

Fig. 7-4. Computed tidal chart of the semi-diurnal M, constituent from under
winter condition RWN. Schrama and Ray (1986). Solid and dotted
lines denote the co-amplitude (cm) and co-phase (degree) lines,

respectively.
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Computed M2(28) tldal chert

Fig. 7-5. Same as in Fig. 7-4, except for summer condition of RSM.
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Fig. 8-1. General distribution of resuspended sediments in the northern East
China Sea and around Korean waters obtained from SeaWiFS ocean

color sensor.

-234-

IP:14.49.138.138, 2017-11-03 15:56:10



Fig. 8-2. SS distribution in coastal area of East China Sea(Nov. 1. 1998, image
from SeaWiFS data)
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Fig. 8-3. Displacement of SS front after 3 months comparing with Fig. 8-2. SS
front is moved to northeast direction. And the coastal water of
northern East China Sea is mixing with the southwestern Korea water

(Jan. 28. 1999).

Fig. 8-4. Sea surface temperature(SST) distribution on same day with Fig. 8-3.
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Fig. 8-5. Turbid water reaching to the west part of Cheju island and joining
with the water of South Sea in the Cheju strait (April 14. 1999).

Fig. 8-6. Direction of the Yantze River SS plume detected on Sept. 7. 1998
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The Journal of the Korean Society of Oceanography
Vol. 32, No. 1, pp. 1-7, March 1997

Surface Current Fields in the Eastern East China Sea

HEUNG-JAE LIE AND CHEOL-HO CHO
Physical Oceanography Division Korea Ocean Research and Development Institute
P.O. Box 29, Ansan, 425-600 Seoul, Korea

Surface current fields in the eastern East China Sea (ECS) were constructed by analyzing
trajectories of 58 satellite-tracked surface drifters released dunng 1991-1996. Composite
trajectories and 20-minute-by-20-minute box-averaged current vectors show that the basic
current pattern composes of: the Kuroshio main stream, which turns eastward toward the Tokara
Strait; a northward branch current of the Kuroshio on the ECS outer shelf deeper than 100 m;
and an anticyclonic circulation in the northern Okinawa Trough west of Kyushu. The northward
branch current sharply changes its direction to the northeast when it crosses a line connecting
Cheju Island, Korea and Goto Islands, Japan. The basic pattern of current field changes shightly
from winter to summer, and the main axis of the Tsushima Current in the Korea Strait is found
to shift seasonally. The drifter experiment does not support the claim that the Yellow Sea Warm
Current is separated from the northward branch current on the outer shelf southeast of Cheju
Island. We suggest that the use of the term Tsushima Current be limited to the northeast
channel flow in the Korea Strait The new term 'Kuroshio Branch Current is suggested for the
northward branch current on the outer shelf south of Cheju-do, which is separated from the

Kuroshio.

INTRODUCTION

The circulation in the eastern East China Sea
(ECS) may be determined basically by the Kuroshio
main stream, a branch current of the Kuroshio west
of Kyushu, and the outward extension of fresh
coastal water in summer, even though the three are
variable in time and space. Schematic flow patterns
of the ESC have been suggested, mostly based on
hydrographic data (e.g., Uda, 1934; Nitani, 1972;
Guan and Mao, 1982; Beardsley et al., 1985; Fang
et al., 1991). Some of the patterns are similar, but
others are totally different. The differences have
been briefly commented on by Lie and Cho (1994).
Qiu and Imasato (1990) presented a comprehensive
surface current field, using historical Japanese
geoelectrokinetograph  (GEK) data accumulated
over a period of more than three decades. The
current field properly represents the main path of
Kuroshio along the continental shelf of the ECS and
its eastward turning toward the Tokara Strait
southwest of Kyushu. However, it does not show
the existence of a branch current in the eastern ECS
which is separated from the Kuroshio. Recently, Lie
and Cho (1994) deployed satellite-tracked drifters
west of Kyushu during 1991~1992 and observed a

branch current which flowed northward along the
western shelf edge of the deep trough west of
Kyushu.

Although various circulations have been sug-
gested, there are no comprehensive and reliable
current fields for the ECS denoting current direction
and speed, because of shortage of direct current
measurements Tracking of cost-effective drifters is
one of the best ways to observe ocean current.
Therefore, we conducted an extensive dnifter exper-
iment in the eastern ECS during the Coastal Ocean
Process Experiment of East China Sea (COPEX-
ECS) in 1991~1996. In this study, we present the
mean surface current field of the eastern ECS. using
all drifter data collected through the COPEX-ECS
in 1991~1996. Seasonal patterns of the current field
are also constructed from the same drifter data file.

DRIFTER EXPERIMENT

Fifty eight satellite-tracked drifters were released
at different times during 1991~1996. The number of
drifters deployed each year was 3 in 1991, 7 in 1992,
51in 1993, 13 in 1994, 14 in 1995, and 16 in 1996.
Most of the drifters were released on the outer shelf
of the eastern ECS deeper than 100 m, and on the
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Table 1. Information on satellite-tracked drifter experiments for 1991~1996

Float Date Releasing Point Wast Center of drogue,
number Deployed North Latitude Float Longitude depth, m m
9728 July 17, 1991 32 127 124 15
9729 July 17, 1991 32 128° 166 15
9727 July 17, 1991 32 129 821 15
2031 Apr 17, 1992 3210 127 112 15
2032 Apr 17, 1992 32 10 128 143 15
2033 Apr. 17, 1992 32° 10 129° 466 15
11010 Nov 18, 1992 31° 125 30 63 15
11013 Nov. 18, 1992 31° 126" 20 81 15
11012 Nov. 18, 1992 31° 127 10 110 15
11011 Nov 18, 1992 31° 128 210 15
09729 Dec. 9, 1993 30° 126° 46 100 15
03157 Dec. 9, 1993 29° 48 127 18 126 45
09731 Dec 9, 1993 29° 45 127 26 200 15
09728 Dec 12, 1993 32° 30 126° 45 115 15
09727 Dec 12, 1993 33° 20 1257 30 88 15
23019 Aug 31, 1994 30° 51 127 101 30
23024 Aug. 31, 1994 30° 40 127 50 164 30
23020 Sept. 3, 1994 29° 20 127 13 180 50
23017 Sept 3, 1994 29 19 127 16 220 50
21581 Sept. 3. 1994 29° 19 127 18 260 15
23016 Sept. 3, 1994 29° 18 127 21 353 50
23022 Sept. 3, 1994 2% 18 125° 15 92 15
23025 Sept 3, 1994 29 30 126° 30 104 15
21582 Sept 3, 1994 29° 22 127 124 30
23018 Sept. 5, 1994 32° 30 126° 02 100 15
23023 Sept. 5, 1994 33° 127 20 127 15
09761 Oct. 6, 1994 33" 57 125" 07 94 50
23021 Oct 6, 1994 32 57 123 46 41 15
21584 Apr. 27, 1995 31° 30 128 150 15
09728 Apr. 27, 1995 31° 30 127 30 131 15
09730 Apr. 30, 1993 30° 12 127 45 250 50
03156 Apr. 30, 1995 30° 23 27 103 15
09731 May 3, 1995 29° 38 126° 97 15
21581 May 3, 1995 29° 26 126" 45 110 15
03157 May 3, 1995 29° 23 126° 59 122 50
21579 May 3, 1995 29° 19 127 15 204 15
21582 May 3, 1995 29° 18 127 19 282 15
21580 Sept 27, 1995 33 12 125° 6 85 15
03548 Dec 3, 1995 31° 30 126" 30 89 15
03580 Dec. 5, 1995 30° 54 128 01 307 50
03531 Dec 5, 1995 30° 55 127 57 180 15
08041 Dec. 5, 1995 31° 127 30 124 50
27262 May 28, 1996 2826 126° 40 170 50
27263 May 28, 1996 2% 42 126° 20' 119 50
27264 May 28, 1996 2 50 126° 10 112 15
27265 May 28, 1996 2% 10 126" 50 260 15
27266 May 28, 1996 2% 34 126° 30 136 15
27267 Oct. 5, 1996 33 4514 126° 13 87 15
27268 Oct. 5, 1996 33° 4413 124° 5012 82 15
27269 Oct. 7, 199 29° 4961 123" 4087 74 15
27270 Oct. 9, 199 30 5014 125 978 58 15
27513 Oct. 9, 199 30° 30,01 126" 2981 87 50
27271 Oct. 9, 199 30° 1500 127 2990 130 15
27272 Oct. 11, 1996 29° 1887 125" 15.12 90 15
27514 Oct 11, 199 29° 1503 125° 3003 89 50
27274 Oct. 11, 1996 29° 398 126" 1486 103 15
27515 Oct. 11, 1996 2 216 126" 2164 110 50
27273 Oct. 12, 1996 33" 5159 128 970 100 15

continental slope. The others were released on the ECS. Table 1 presents information on the drifter
middle shelf 70~100 m deep, and in the northern experiment, including date and location of releases,
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Surface Current Fields in the

COPEX-ECS (1991-1996)
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Fig. 1. A composite map of all trajectories of satellite-tracked drifters deployed in the East China Sea by KORDI dur-
ing 1991~1996. Symbol ‘¢’ denotes release points. Red and blue lines correspond respectively drifters drogued at 13 m

and at deeper depths of 30 m and 50 m

water depth, and drogue depth.

The drifters used for the study were of the World
Ocean Circulation Experiment/Surface Velocity
Programme (WOCE/SVP) type, equipped with a
thermistor for sea surface temperature and holey
sock drogue 644 cm in length. Of 58 drifters, 41
sets were drogued at 15 m below sea surface and
the others at deeper depths of 30 m or 50 m.
Drifters which were released in 1991 and 1992
transmitted positions for 8 hours a day, while
drifters released in 1993~1996 were manufactured
to transmit positions in dual cycles, for 24 hours a
day during the first 30 days after launch, and for 8
hours a day during the remaining lifetime. The
reason for the dual transmission cycles was to
observe drifter positions more frequently in the
study area.

SURFACE CURRENT FIELD

A composite map of all trajectories positioned
during 1991~1996 is presented in Fig. 1. Tra-
jectories of the 41 standard drifters with a drogue at
15 m are marked in red, and those of drifters
drogued at deeper depths are marked in blue. Tra-
jectories are distributed in a southwest-northeast
direction on the continental slope, and in a west-east
direction in the deep Okinawa Trough west of the
Tokara Strait. This shows that the northeastward-
flowing Kuroshio main stream along the continental
slope turns eastward toward the Tokara Strait.
Trajectories in the northern cul-de-sac of the trough
west of Kyushu result from clockwise turning of
drifters around the trough (Lie and Cho, 1994).
South-north trajectories on the outer shelf deeper
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than 100 m between Cheju Island and the Kuroshio,
and southwest-northeast trajectories in the Korea
Strait show the main path of a branch current of the
Kuroshio. This branch current will be discussed in
detail later. The trajectories on the shelf are clearly
indicative of a sharp change in direction of the bra-
nch current when it crosses a line connecting Cheju
Island, Korea and Goto Islands, Japan (hereafter,
this line is called the ‘Cheju-do line’).

Fig. 2 shows the distribution of data in 20'-by-2¢"
boxes. Numerals on the upper left and lower right
sides of each box correspond, respectively, to
number of drifters entering the box and the length
of position data in days. In an area where strong
current exists, the data length is short relative to a
large number of drifters, and vice versa. Fig. 3
presents box-averaged current vectors which are
estimated from the trajectories in Fig. 1. The
Kuroshio main stream is identified by strong current
vectors at a speed of about 1 m/s, faster than the
estimate based on GEK data (Qiu and Imasato,
1990). The northeast-flowing Kuroshio along the
continental slope of the ECS turns eastward toward
the Tokara Strait after leaving the slope. The
eastward turning of the Kuroshio is clearly seen in
the trajectories. In the neighbourhood of the turning

COPEX-ECS (1991-1996) 0
T | — T l Ty Al ﬁsl‘?‘ 2,0 36

42656

— Vo
4321 V37,272
1.2 1.1 X
5.6 2.3
‘s 2
P i34
2 1" e 6,2 M
2811187 3, 420\2|sn|2m
11 1 k] 7 J “ 'a's a8
34 1.5 21\8 5,71OG|0|||5
B B ) 5
J5111818°9710101610°9 )

SIOJGJB-" S

30°

28°

2iaf | !
122° 124° 126° 128° 130° 132°E
Fig. 2. Data number of drifters deployed during 1991~
1996 by KORDI. Numerais on the upper left and lower
right corners of each 20-minute-by-20-minute box cor-
respond respectively to number of drifters entering the
box and the length of position data in days.
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Fig. 3. 20'-by-20' box-averaged surface current vectors
derived from the composite map of trajectories in Fig. 1

point of the Kuroshio, the Kuroshio is separated
into the main stream and a branch current (Lie et a/.,
1995). The branch current at a speed of 10~35 cm/s
flows northward both on the outer shelf deeper than
100 m and on the western flank of the trough west
of Kyushu. Southwest of the Goto Islands, it splits
into a northward-continuing flow and an eastward-
turning flow along the shelf edge, as already
pointed out by Lie and Cho (1994). The eastward
flow turns back to the south along the west coast of
Kyushu. Therefore, an anticyclonic circulation is
formed in the northern trough. This anticyclonic
circulation is also seen on the current field con-
structed from GEK data (Hsueh er al., 1996). The
northward-continuing flow turns sharply to the
northeast after passing the Cheju-do line.

The northeast flow maintains its direction almost
along isobaths between Cheju Island and Tsushima
Island. It is interesting to see the trajectory of a
drifter which was deployed southwest of Cheju
Island. The drifter turned around Cheju Island and
moved into the Korea Strait after passing through
the Cheju Strait in autumn. The existence of the
eastward channel flow in the Cheju Strait was
detected by drifter trajectories in summer (Bear-
dsley et al., 1992) and by moored current data in
spring (Chang et al., 1995). The eastward channel
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Fig. 4. A compositc map of all trajectories of satellite-
tracked dnfters observed in the warm season (mid-Aprnl
through mid-October) in the East China Sea by KORDI
during 1991~1996. Symbol 'O’ denotes release points.
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Fig. 5. A composite map of all trajectories of satellite-
tracked drifters observed in the cold season (mid-Oc-
tober through mid-April) in the East China Sea by KOR-
DI during 1991~1996. Symbol ‘¢’ denotes release points

flow eventually joins the northeast extension of the
branch current in the eastern part of the Cheju Strait.
Consequently, the northeastward flow in the Korea
Strait is concluded to consist of the northeast con-

the Eastern East China Sea 5
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tinuation of the branch current and the eastward
channel flow passing through the Cheju Strait. The
flow in the western channel, with a speed of more
than 50 cm/s, is much stronger than that in the
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eastern channel. The eastward channel flow in the
Cheju Strait contributes to an increase in flow speed
in the western channel of the Korea Strait

SEASONAL VARIATION OF SURFACE
CURRENTS

The water column on the ECS shelf 1s strongly
stratified in the warm season, but well mixed or
weakly stratified in the cold season (e.g., Lie and
Cho, 1994). Surface wind fields are also very
seasonal: strong northerly wind 1n the cold season,
but weaker southerly wind in the warm season (Lie
et al., 1994; Han et al., 1995). Therefore, 1t 1s
necessary to examine seasonal patterns of the sur-
face current. Trajectories and box-averaged current
vectors were mapped for both the warm season (mid-
April through mid-October) and the cold season
(mid-October through mid-April).

Spaghetti diagrams of trajectories and box-aver-
aged current vectors for the two seasons are
presented in Figs. 4-7. The Kuroshio path in the
cold season is not clearly seen in Figs. 5 and 7,
since only a small number of drifters were deployed
across the continental slope. However. WOCE
drifter data clearly show the eastward turning of the
Kuroshio west of the Tokara Strait (Lie et al., 1995).
The flow patterns for the two seasons resemble each
other, both showing the eastward Kuroshio west of
the Tokara Strait, the northward branch current on
the outer shelf west of Kyushu, and the northeast
continuation of the branch current 1n the Korea
Strait. However, smaller scale structures are slightly
different, especially on the shelf.

Trajectories on the outer shelf in the cold season
are relatively straight in the north-south direction,
while those in the warm season are bent (Figs. 4 and
5). Furthermore, the northward current in the cold
season is weaker than that in the warm season (Figs.
6 and 7). Reasons for the bent trajectories are not
clear, although the trajectories are expected to be
associated with the meander of the Kuroshio front
(e.g., Qiu et al., 1990) and an outward extension of
fresh coastal water in summer, mostly the Chan-
gjiang diluted water (Lie and Cho, 1994). Drifters
which were deployed in the area south of the Cheju-
do line, approached closer to the southern Korean
coast in the warm season than those deployed in the
cold season, but drifters deployed in the cold season
shifted toward the northwestern Kyushu coast. In
the cold season, a surface-to-bottom thermohaline
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Fig. 8. Sea surface temperature estimated from an In-
frared image of NOAA-14 on February 22, 1997

front runs almost along a line between Cheju Island
and the southern tip of Tsushima Island, as pointed
out by Lie and Cho (1994). Sea surface temperature
estimated from an infrared image of NOAA-14 on
February 22, 1997 (Fig. 8) clearly shows the exi-
stence of a strong thermal front along the southern
Korean coast in winter. Drifters coming up from the
south hardly cross the front. On the other hand,
the warm season, the thermohaline front is broken
and the water column in the Korea Strait is
vertically stratified. The surface layer in the sou-
thern Korean coastal area is largely filled in with
fresh coastal water. Therefore, drifters which were
deployed south of Cheju Island approached a little
closer to the Korean coast in the warm season than
those deployed in the cold season. This implies a
shift of the northeast branch current to the Korean
coast in the Korea Strait in the warm season.

NEW TERMINOLOGY OF KUROSHIO
BRANCH CURRENT

The term ‘Tsushima Current’ (TC) has been con-
fusingly used in three different senses: (1) a branch
current of the Kuroshio west of Kyushu (Uda, 1934;
Nitani, 1972); (2) a northeastward continuation over
the ECS shelf of the outflow through the Taiwan
Strait (Beardsley et al., 1985; Fang et al., 1991);
and (3) a northeastward channel flow passing thr-
ough the Korea Strait (e.g., Yi, 1966, Kawabe,
1982). Therefore, the terminology should be more
precisely defined to avoid such confusion. We
suggest that the use of the term TC be limited to
the northeast channel flow in the Korea Strait, since
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the word ‘Tsushima' is the geographical name of the
Tsushima Island, located in the Korea Strait. In this
sense, TC may designate the channel flow in the
Korea Strait which transports two different water
masses of saline Kuroshio water and fresher coastal
water to the East Sea. Therefore, the northward
branch current on the outer shelf south of Cheju
Island needs to be newly named to differentiate it
from the TC in the Korea Strait. 'Kyushu Warm
Current’, ‘Cheju Warm Current, 'East China Sea
Warm Current’, and 'Kuroshio Branch Current’ may
be candidate names for the branch current. Of the
four candidates, Kuroshio Branch Current seems
to be the most proper name, since it describes the
branching of the Kuroshio more explicitly than the
other three. It may be objected that the Kuroshio has
another branch current northeast of Taiwan. How-
ever, the latter has been known to the oceano-
graphic community as the Taiwan Warm Current’,
rather than the ‘Kuroshio Branch Current .

CONCLUSIONS

The surface current fields in the eastern ECS were
constructed, based on trajectories of numerous
drifters deployed during 1991~1996. They present
clearly for the first time the surface current pattern
which consists of: (1) the eastward turning of the
Kuroshio; (2) a northward branch current on the
outer shelf; (3) an anticyclonic circulation in the
northern Okinawa Trough west of Kyushu: and (4)
a northeastward channel flow in the Korea Strait.
The basic pattern changes slightly from the warm
season to the cold season.

We suggest that the use of the term Tsushima
Current’ be limited to the northeast channel flow in
the Korea Strait. The new term Kuroshio Branch
Current’ is suggested for the northward branch
current on the outer shelf south of Cheju-do, since it
describes the branching of the Kuroshio more
explicitly than the Tsushima Current.

Uda (1934) and Nitani (1972) suggested that the
Yellow Sea Warm Cumrent (YSWC) is branched from
the northward branch current southeast of Cheju Island.
However, the drifter experiment does not indicate its
branching there southeast of Cheju Island. The origin
and detailed structure of the YSWC should be
investigated in future, which will require comprehensive
current measurements in the northwestern ECS.
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Application of the Ventilation Theory to the East Sea

YounG Ho Seunc
Department of Oceanography, Inha University

The ventilation theory developed by Luyten, Pedlosky and Stommel (1983) is
East Sea to understand the general circulation pattern of the Intermediate Wat

pplied to the
, especially the

ified such that 1t takes the inflow-outflow of the Tsushima Current into consfderation. Results of

ventilated circulation beneath the Tsushima Warm Current. The original m;d;( is slightly mod-

the model indica
cyclonically by

o 2 =R} #Eo] Y= B2l

Vater circulates
a Warm Water

through the western boundary layer. Off the western boundary layer, it/iurns northward, outcrops

to the north by passing the polar front and continues to flow nor

ward until 1t finally 1s ab-

sorbed by the northern boundary layer. This result seems to be copfipatible with some recent ob-

servations. Over the ventilated area, the transport of the Tsushi
transport occurs in the shadow area where the Intermediate 1

Current is negligible and most
er is motionless indicating that,

over the deep motionless laver, the two-layered vertical stijdcture under consideration becomes

substantially single-layered.

INTRODUCTION

The East Sea is a marginal sea in the Northwest
Pacific. From the geographical point of view, t
northern part of the basin belongs to the subpgfar

region with the former slightly larger than t

Through the southern inlet. a warm curfnt ong-

A part of the warm current. calleg the East Korean
Warm Current, flows northward along the Korean
coast. It separates from the cofst and flows in nearly
zonal direction toward the Autlets. Further south, a
part of the TC flowing Along the Japanese coast,
called the Nearshore Brghich, is known to be topogra-
phically trapped (Yogh, 1982b). In the north, a cold
current, called th¢/ Liman Current or the North
Korean Cold Cwyfrent, flows southward along the
coast. The boundary between the

of the basin is known to be affected
positive wind stress curl, which is max-
imum #ear the northern boundary (Na ef al., 1992).
B#low the TC water, the Intermediate Water
(bAefly IW) characterized by minimum salinity and
maximum dissolved oxygen is found, which seems
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be connected to the surface north of the polar
front (Fig. 2). The IW here comprises the classical
one (Moriyasu, 1972) and the one found by Kim
and Chung (1984) off Korean coast The latter one,
named the East Sea Intermediate Water (briefly
ESIW), is richer in dissolved oxygen than the
former but. these two water masses might be
classified as the same one (Fig. 3). The ESIW may
be formed more recently than the other. Beneath the
IW, a deep homogeneous water called the Japan Sea
Proper Water (briefly DW) is found. Further details
of general hydrography can be found in Moriyasu
(1972).

According to Senjyu and Sudo (1994), the upper
portion of the DW just below the IW nearly
outcrops to the northwest of the basin, suggesting
that this is the source region of the water mass
considered. They also show that this water mass
circulates cyclonically around the basin. In fact, an
indication of deep convection is reported by Seung
and Yoon (1995a). The cyclonic circulation of the
deep water is also compatible with the observation
in Kim and Chung (1984) because the ESIW, which
is richer in oxygen than that found eastward,
occupies the upstream portion of this circulation.
Cho and Kim (1994) suggest, however, that the
ESIW found off the Korean coast comes through
two distinct paths: one from the north along the
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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) in
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 through 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 I'-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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0148-0227/98/97JC-03288$09.00

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 intrusions 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 satellite-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. Hsuel et
al. [1996) applied a theoretical mode! 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 in 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) dnifter 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 is
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 1s 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 in
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 1n 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 CTD 911 for the spring cruise. Observed
temperature 7 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
Nuler, 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 B5
and B7 on April 27, two at stations 12 and IS on April 30, five
at stations K1, K3, IK4, K5, and ncar station K5 on May 3. The
two drifters released at 15 and KS were drogued at 50 m. The
drifter at K4 failed to transmit signals, due to an unknown
cause.

A good number of WOCE dnifters 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

2965

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 in the outer shelf
arca. 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; Hsueh et al., 1992].

On the other hand, dense trajectories in 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 wregularly 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 louch the shelf edge. This might be closely
associated with Kuroshio trontal 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, 1n the neighborhood of the turning point of
the Kuroshio main stream, as suggested by Lie and Cho [1994].

When we take a close look at trajectories in the neighbor-
hood of the turning point of the Kuroshio, however, it is found
that many dnifters 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 dnifters 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 turning 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 in 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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AOML+KORDI(1989-1996) ]

25°
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.

Plate 1.

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

LIE ET AL.: SEPARATION OF KUROSHIO IN THE EAST CHINA SEA

30°

25°

130° 135°E

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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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 and shelf waters of the ECS
have a large seasonality in T 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.

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 § 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 dnfter trajectories help us to locate the sep-
aration of the Kuroshio water and to trace its northward pen-
etration route moie 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.

125°

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 in time
and of 100150 km in length [e.g., Chen et al., 1992; Qiu 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 S 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 psy, and o, < 24.0 occupied the southeast-
ern survey area. The radial pattern of isolines of high T 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 into 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-

LIE ET AL.: SEPARATION OF KUROSHIO IN THE EAST CHINA SEA

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 1a.

and its S 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 80100 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 April/
early May 1995, with daily mean current vectors derived from
drifter trajectories during the first 10 days after release. The
scale of arrow vectors 1s 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 sheif.

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

LIE ET AL.: SEPARATION OF KUROSHIO IN THE EAST CHINA SEA

at the western mouth of the trough and then penetrated onto
the shelf acioss the western shelf edge of the trough.

4.2. Spring Survey

Figure 5is T, S, and o, at 50 m observed in April-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 S = 34.6 psu and 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) 1s 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
7 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 1n 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 1solines of § and T,
traveled in a direction perpendicular to the 200-500 m 1so-
baths. Thus the intruded inshore Kuroshio water penetrated
mainly onto the shell across the northwestern trough north of
line 1. 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 isobath 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 isolines, but two, near the shelf
edge, moved southward for several days after release and then
moved north 1n a small eddy-like trajectory. This suggests large
spatiotemporal variability of surface current in 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; Quu et al., 1990]. Two drifters, released at line I, roughly
followed the isolines for the first several days between lines I
and H and continued in the same direction, apparently cross-
ing the isolines between lines B and H. CTD observations at
lines B and H were made a few days before the two drifters
passcd 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 distnibution of isolines
across the continental slope north of hne H imply that the
mshore Kuroshio water penetrated mainly onto the shelt
across the northwestern trough.

Vertical sections of § 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-1. 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 5. At the southernmost line L, a very strong front
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Figure 1b.

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 ot salinity at lines L to B for late Apnl/caily May 1995. Stations arc 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 § 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. (continued)

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

with a mean state of T and S 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 § minimum and the deep water layer
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Figure 7. Contours of transport for the upper three layers estimated by an inverse 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%/s for the winter and spring cruises, respectively.
The observation line in the trough for the spring cruise is
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
Nakarno et al. [1994] across the Tokara Strait. They estimated
233 x 10° and 28.0 X 10° m®fs, 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 along 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
to be 4.0 X 10% and 4.4 X 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., Yi, 1966].

We next explored the inversion including the ADCP 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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part of the YSWC entering the Yellow Sea.
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of good quality For the case of May 1995, ADCP data along
outer boundarics decper 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 1s 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 compichensive WOCE dnifter 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 slope of ECS tuins to the east toward the
Tokara Strait near 29°N, 127'30°E, and the inshore Kuroshio
separates from the Kuroshio main stream i 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-

LIE ET AL . SEPARATION OF KUROSHIO IN THE LAST CHINA SEA

tion onto the shelf and an castward turmng TWC along the
northern wall of the trough. The penetration of TWC onto the
shelf takes place manly 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 i the northern trough and
eventually joins the Kurostuo [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 watcr 15 generally bounded to the noith by the front,
although the front moves back and torth during the cold sea-
son. The front running west to cast has been frequently ob-
served [e g., Lie, 1994], and dritters following the TWC water
rately entered the fresher coastal water across the front North
of 33°30'N, dritters turned northeast and moved toward the
Korea Stratt. A mixed water of S = 34.4-34.6 between
[resher shelf water and the TWC waler was tound to exist on
the mner shelf west of the TWC and its width widened toward
the notth.

The YeHow Sca Warm Current (YSWC) has Jong been
believed to separate from the TWC bewween 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,
Nuam, 19725 Chen et al., 1994]) Analysis ot historical hydro-
graphic data has shown the existence of a mixed water with
S > 33.0 psu throughout the year west of Cheju-do [Lie,
1985], and rclatively saline mixed water with § > 34.0 psu,
lying in a narrow band close to the west coast of Cheju-do, is
found to turn clockwise around Cheju-do {Lte, 1986; Kim et al.,
1991]. However, branching of the YSWC from the TWC is not
evident on the drifter trajectories n 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 waler just south of Cheju-do. The clockwise
circulation around Cheju-do 1s denoted as the Cheju Warm
Current (CWC) 1n Figure 8 in order to avoid confusion with
the portion of the YSWC entering the Yellow Sea.

During the winter survey, the dnifters, released near or in the
inshore Kuroshio water, moved northward at a dally mean
speed ot 5-10 em/s near the separation area and at a {aster
speed up to 15 cm/s north of line IA. During the spring survey,
the drifters moved northward at about 10-15 cm/s in the neigh-
barhood of scparation and more than 20 emy/s north ot line 1
The intruded Kuroshio water in the trough was located in the
surface layer of the stratified water column, but the penetrated
TWC waler onto the shelf occupied almost the whole water
column on the shelf. This suggests that TWC n the trough was
charactenistic o a barochnic flow n 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 et 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 1s
a partial penetration also on the continental slope in the neigh-
borhood of the turning point of the Kuroshio. The penetrated
TWC onto the sheif 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 is
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.
Hsueh 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 (1e.,
Kuroshio) meanders on an f-plane ocean with flat bottom and
that the potential vorticity 1s 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 is, the fluid
parcel acquires clockwise curvature vorticity, /R, which 1s 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
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of local curvature, and D 1s 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 1n 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 1s estimated to be 0.67 107 °/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 1t 1s 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 strcam. 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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The Cheju Warm Current has been defined as a mean current that rounds Cheju-do  Keywords:
clockwise, transporting warm and saline water to the western coastal area of Cheju- - Cheju Warm
do and into the Cheju Strait in the northern East China Sea (Lie et al., 1998). Sea- Current,

sonal variation of the Cheju Warm Current and its relevant hydrographic structures  1sushima Warm
were examined by analyzing CTD data and trajectories of satellite-tracked drifters. gf’rrl;egt
Analysis of a combined data set of CTD and drifters confirms the year-round exist- -satellit‘elf‘tlrvacked
ence of the Cheju Warm Current west of Cheju-do and in the Cheju Strait, with cur- drifters,

rent speeds of 5 to 40 cm/s. Saline waters transported by the Cheju Warm Current Cheju-do,

are classified Cheju Warm Current water for water of salinity greater than 34.0 psu
and modified Cheju Warm Current for water having salinity of 33.5-34.0 psu. In
winter, Cheju Warm Current water appears in a relatively large area west of Cheju-
do, bounded by a strong thermohaline front formed in a “I”’ shape. In summer and
autumn, the Cheju Warm Current water appears only in the lower layer, retreating
to the western coastal area of Cheju-do in summer and to the eastern coastal area
sometimes in autumn. The Cheju Warm Current is found to flow in the western chan-
nel of the Korea/Tsushima Strait after passing through the Cheju Strait, contributing
significantly to the Tsushima Warm Current.

East China Sea.

1. Introduction

The Cheju Warm Current (hereafter, CWC) has re-
cently been defined as a mean current that turns clock-
wise around Cheju-do (often Cheju Island) in the north-
ern East China Sea (Lie et al., 1998). This mean current
transports warm and saline water to the western coastal
area of Cheju-do and to the Chcju Strait, located between
Cheju-do and the southern coast of Korea. The CWC is
different from the Yellow Sea Warm Current (YSWC),

is branching of the YSWC from the Taiwan Current south-
west of Cheju-do (Beardsley er al., 1985). Beardsley et
al. (1985) and Fang et al. (1991) have claimed that the
Taiwan Current continues to flow northeastward over the
middle continental shelf 50—100 m deep towards the Ko-
rea/Tsushima Strait Neither of the two concepts com-
monly indicales the existence of a strong mean current in
the Cheju Strait. In fact, the mean current of YSWC has
not been confirmed by current measurements to date

although the latter has long been accepted to represent
the regional circulation in the western arca of Cheju-do.
It has been suggested that the YSWC transports warm
and saline water to the Ycllow Sca through the western
area of Cheju-do. There are two different concepts con-
cerning the origin of the YSWC. The first concept is
branching of the YSWC from a northward flowing
Kuroshio branch current southeast of Cheju-do (Uda,
1934, Nitani, 1972; Guan and Mao, 1982) and the second

* Corresponding author. E-mail: hjlie@kordi.re.kr

Copyright © The Oceanographic Society of Japan

Lie (1985) found that a strong thermohaline front
running in the west-to-east direction in the southeastern
YS is formed throughout the winter monsoon (late Octo-
ber to carly April) and has argued that in general a mean
current such as the YSWC does not cross the front. In the
eastern Yellow Sea, an intermittent northward flow is
generated in winter when the northerly wind weakens
(Hsueh, 1988). Warm water west of Cheju-do seems to
extend to the northwest in a tongue shape and its tem-
perature structure is often interpreted as decisive proof
that the YSWC flows into the Yellow Sea (e.g., Asaoka
and Moriyasu, 1966). In summer, the water column is
strongly stratified, with a two-layered structure such that
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warm, fresh water is in the upper layer, and cold, saltier
water is in the bottom layer. Saline water with salinity
greater than 34.0 psu appears only in a narrow band close
to the west coast of Cheju-do. It is suggested that this
flows in the Cheju Strait after turning clockwise around
Cheju-do (Lie, 1986, Kim er al., 1991).

Most suggestions on the regional circulation around
Cheju-do, including the YSWC and the CWC, have
mainly been based on spatial distributions of tempera-
ture and salinity. However, they should be supported by
current data collected over a relatively long period, since
hydrographic characteristics and currents in shallow wa-
ter respond quickly and sensitively to changes in exter-
nal forcing. All of the individual current observations in
the Cheju Strait have shown the existence of an eastward
mean current 1n the southern strait throughout the year,
although the data series is not sufficiently long (Lee, 1974;
Chang et al., 1995; Suk et al., 1996; Kim and Rho, 1997;
Lie and Cho, 1997) On the other hand, in the western
area of Cheju-do, a northward current has neither been
observed by current measurements, nor has the detailed
hydrographic structure of the warm and saline water been
investigated in connection with the northward current. The
year-round existence of an eastward current in the south-
ern Cheju Strait requires a continuous supply of saline
water from the west. The saline water must come from
the southwestern area of Cheju-do. Consequently, we may
pose following fundamental questions. Is the CWC a part
of the YSWC? Is the eastward mean current in the Cheju
Strait a continuation of the CWC? How does the CWC
change seasonally? We have attempted to answer these
questions by analyzing CTD data and trajectories of sat-
ellite-tracked drifters collected around Cheju-do.

2. Data Used and Regional Surveys

Seasonal distributions of the CWC water or YSWC
water in the neighboring sea of Cheju-do have not been
described in detail. First of all, we need to examine the
geographical boundary between the two representative
water masses of coastal water of low salinity and
Kuroshio-origin water of high salinity since the frontal
boundary corresponds to the inshore limit of the CWC
and/or YSWC. Seasonal patterns of the front and tem-
perature-salinity (T-S) characteristics may provide us with
a basic information on the seasonal evolution of the cur-
rent system in the study area. Therefore, we analyze his-
torical conductivity-salinity-depth (CTD) data collected
in the four seasons in the northern East China Sea (ECS).
The data used for this study were gathered by the Korea
Ocean Research and Development Institute (KORDI) us-
ing a CTD system (model: Mark IIIb) during February
23-March 6, 1988 (winter), May 13-23, 1991 (spring),
August 16-27, 1988 (summer), and November 19-De-
cember 3, 1986 (autumn). The CTD casts were made along
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Fig. 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.

four west-to-east lines (Fig. 1). The distance between the
lines is 55 km and stations are spaced about 23 km apart
along the lines.

The circulation pattern inferred from hydrographic
properties in shallow water should be compared with cur-
rent data measured at key points on pathways of its ma-
jor mean currents since the geostrophic balance does not
always hold effectively in shallow water. However, it is
extremely difficult to moor current meters for long peri-
ods in the study area because of the very high fishing
activity throughout the year, especially in the frontal
zones. Deployment of satellite-tracked drifters is an al-
ternative, cost-effective measure to collect current data
since the drifters are known to follow the water move-
ment effectively (Sybrandy and Niiler, 1991). We de-
ployed drifters of the World Ocean Circulation Experi-
ment prototype in the western coastal area of Cheju-do at
three ditferent times during 1996 to 1997. Most drifters
had adroguec at 15 m below the sea surface and the others
had a drogue at 40 m or 50 m in order to trace water move-
ment in the lower layer. Hourly positions are interpolated
using position fixes sensed at irregular intervals by the
ARGOS system and daily mean positions are computed
by applying a moving average to the hourly data in order
to remove diurnal and semi-diurnal tide signals contained
in the data. We also analyze CTD data, collected by a
Seabird 911 CTD during April 6 to 16, 1996, October 2
to 13, 1996, February 23 to March 6, 1997, and June 7 to
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13, 1997. A combination of drifter and CTD data that were
observed concurrently enables us to deal with the move-
ment of the CWC water and its pathway. Finally, we
present a composite map of trajectories of available sat-
ellite-tracked drifters deployed in the ECS by KORDI for
a brief discussion on the relation between the CWC and
the YSWC.

3. Seasonal Distribution of Cheju Warm Current

Water

To examine seasonal variation of the CWC water,
spatial distributions of temperature (T), salinity (S),
sigma-t and T-S relations are drawn using CTD data col-
lected for the four seasons (Figs. 2 to 6). The analysis
shows that saline water (S > 33.5 psu) appears both in the
western coastal area of Cheju-do and in the whole east-
ern area of Cheju-do and that a salinity front exists in the
lower layer of the western area separating the Kuroshio-
origin saline water and fresher coastal water. The median
salinity in the front is around 33.5 psu, although it changes
seasonally. In general, the saline water in the western area
is slightly fresher than that in the eastern area. Higher S
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in the eastern area reflects that the main pathway of a
northward flowing branch of the Kuroshio is located be-
tween Cheju-do and Kyushu (Lie and Cho, 1994). The
branch has been named the Kuroshio Branch Current
(KBC) o avoid confuston with the Tsushima Warm Cur-
rent (TWC) in the Korea/Tsushima Strait (Lie and Cho,
1997). In this study we adopt the definition of Lie and
Cho. The saline water in the western area of a north-south
line 126°30’ E presumably flows into the Cheju Strait after
turning clockwise around Cheju-do. For convenience of
discussion, this saline water with S > 33.5 psu in the west-
ern area of Cheju-do 1s grouped into two types: water with
S > 34.0 psu on the eastern side of the salinity front which
1s referred to as the CWC water and that of 33.5-34.0 psu
in the frontal zone which is referred to as the modified
CWC water. Seasonal distributions of T, S and sigma-t
are presented for two depths of 10 m and 50 m because
the water column is strongly stratified in summer.

3.1 Winter structure
T, S, and sigma-t at 10 and 50 m depths during Feb-
ruary 23 to March 6, 1988 (Fig. 3) show that the water
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Fig. 2. Temperature and salinity diagrams plotted using CTD data collected at stations shown tn Fig. 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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Fig. 3. Temperature, salinity and sigma-t at depths of 10 m and 50 m in the northern East China Sea during February 23 to March

6, 1988 (winter).

column was vertically well mixed cverywhere in the study
area. A strong surface-to-bottom thermohaline front is
formed in the western area of Cheju-do and its spatial
pattern was shaped 1n the form of a letter “I"” . Isolines in
the frontal zone are running roughly west-to-east in the
boundary zone of the YS and ECS north of 33°30" N, but
are running north-to-south south of 33°30” N. The front
separates the warm and saline offshore water (T > 12.0°C,
S > 34.0 psu) on the eastern side from the cold and fresh
coastal water in the inner coastal arca. It persists from
December to April, although it has a temporal variation
in location and gradients of T and S across the front (Lie,
1985). The isotherms and isohalines in the frontal zone
apparently surround Cheju-do. Mixed water of T = 10—
11°C and S = 33.0-34.0 psu extends to the northwest as
if it penetrates the coastal water. A density tront is formed
parallel to the north-south thermohaline front, with light
coastal water on the western side and heavy offshore water

200 H.-J Lieeral.

on the eastern side, but no density front is formed along
the west-to-east thermohaline front. Waters in the west-
ern area of Cheju-do may be classified into three differ-
ent water types (Figs. 2(a) and 3). The CWC water of
high T (>12.0°C) and S (34.0-34.7 psu) is located on the
eastern side of the front, while the coastal water of low T
(<10.0°C) and S (<33.0 psu) is located on the western
side. The mixed water of T = 10-12°C and S = 33.0-34.0
psu extends to the northwest. The mixed water is a mix-
ture of the CWC walter and coastal water.

3.2 Spring structure

In spring (May 13-23, 1991), the water column is
weakly stratified due to the surface heating (Figs. 2(b)
and 4). The general pattern of isotherms and isohalines at
10 m and 50 m are similar each other. The strong
thermohaline front formed in winter is still maintained in
May, although its T and S gradient becomes weaker. A
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Fig. 4. Temperature, salinity and sigma-t at depths of 10 m and 50 m 1n the northern East China Sea during May 13 to 23, 1991

(spring).

strong density front appears in the surface layer in the
southwestern study area, but it disappears in the lower
layer. The CWC water 1s warmer than 14.0°C and has a
narrow range of S = 34.0-34.3 psu, with its location be-
ing pushed out to the east as compared with that in win-
ter. When the 34.0 psu isohaline is taken as a reference
for the western bound of CWC water, the bound at 50 m
depth was displaced about 45 km to the east at latitude
33°N, from 125°10" E in winter of 1988 to 125°40" E in
spring of 1991. The mixed water of 33 0-34.0 psu lies in
a larger area, with its isohalines distributed as ribs of a
fan.

3.3 Summer structure

In midsummer (August 16-27, 1988), the waters have
wide ranges of T= 10-28°C and S =29 0-34.8 psu (Figs
2(c) and 5). The water column is strongly stratified in the
whole study area, with a two-layered structure composed

of high T and low S in the upper layer, and low T and
high S in the lower layer. Difference in T between 10 and
50 m exceeds 10°C everywhere in the southern study area
south of Cheju-do. T at 10 m and 50 m depths increases
gradually from west to east, with smaller scale features
west of Cheju-do at 10 m. The difference in T between
the westernmost and easternmost parts of the survey area
reached 13°C at 50 m. In the lower layer one can see two
prominent fronts both west and east of Cheju-do. Pock-
ets of coastal water of low S (<32.0 psu), discharged from
the Changjiang (Yangtze) River, spread in the thin sur-
face layer. The northeastward extension of the discharged
water to Cheju-do has been observed by drifter experi-
ments (Beardsley er al., 1992; Lie, 1999). The distribu-
tion of S at 50 m, however, is much simpler and saline
water with S > 34 0 15 bounded approximately by 33°30’
N to the north and by 125°30” E to the west. Two haline
fronts are located along the two thermal fronts, so the

Seasonal Vanation of the Cheju Warm Current 1n the Northern East China Sea 201
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Fig. 5. Temperature, salinity and sigma-t at depths of 10 m and 50 m 1n the northern East China Sea during August 16 to 27, 1988

(summer).

fronts are thermohaline. The western front along 125°30’
E corresponds to the geographical boundary between the
coastal water and the CWC water, while the eastern one
along 127°30" E corresponds to a boundary between the
CWC water and the core water of the KBC.

3.4 Autumn structure

In autumn, the northerly winter monsoon begins to
blow over the YS and ECS, and the river discharge is
greatly reduced. The stratification during November 19
to December 3, 1986 was weakened by radiative surface
cooling and wind stirring (Figs. 2(d) and 6). The I"-shaped
thermohaline front is being developed for winter. The
front between the coastal water and the CWC water 1n
the lower layer advances farther to the west (124°30’ E)
as compared with that in summer. The fresh surface wa-
ter retreats 1o the west of 124°E toward the Chinese coast.
On the other hand, the mixed water of S = 33.0-34.0 psu

202 H.-J Lieetal

appears on the inshore side of the deep frontal zone, but

it does not yet extend to the northwest as seen in winter
(Fig. 3).

4. Seasonal Movement of Cheju Warm Current

4.1 Winter

CTD casts were made during February 23-March 6,
1997 and three satellite-tracked drifters that had drogues
at 15 m were released in order to trace movement of CWC
water during these casts 1n the southern YS and northern
ECS. Overlapping of drifter trajectories on horizontal
maps of T and S at 15 m enables us to compare readily
hydrographic structure and drifter movements (Fig. 7).
The basic hydrographic structure and the I'-shaped
thermohaline front as seen in Fig. 3 are again repeated.
On the western side of the front, the Chinese coastal wa-
ter of low T (<10°C) and S (<33.0 psu) is pushed in a
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Fig. 6. Temperature, salinity and sigma-t at depths of 10 m and 50 m in the northern East China Seua during November 19 to

December 3, 1986 (autumn).

tongue shape out to the southeast, parallel to the front.
The CWC water is located in the western coastal area of
Cheju-do.

Asaoka and Moriyasu (1966) have suggested that the
YSWC flow to the northwest toward the Chinese coast.
To check their suggestion and Nitani’s (1972) concept,
two drifters were released at two key points of the con-
ceptualized YSWC, at the northwestern corner of the front
and inside the CWC water near the western coast of Cheju-
do. A drifter that was released on February 25 at the cor-
ner moved to the east at a daily mean speed of about 4
cm/s, roughly along the front during its lifetime of ten
days. The second drifter, which was rcleased on Febru-
ary 27 in the CWC water, moved faster, penetrating into
the Cheju Strait, following the 14°C isotherm, with its
current speed of 22 cm/s between the release point and
the Cheju Strait (127°E). The mean speeds of both drift-
ers during the same period of February 27 to March 6

are, respectively, about 4 8 cm/s and 17.4 cm/s. The third
drifter was released in the CWC water near the front south-
west of Cheju-do on March 10. This moved to the north-
west at a speed of 11 cm/s during the first four days and
then crossed the frontal zone perpendicularly after
abruptly switching direction to the southwest on March
14. This sharp direction change might take place in asso-
ciation with a change of wind field over the study area
since the southerly wind switched to a strong northerly
around March 14.

The drifter movement, approximately parallel to the
thermohaline front, is evidence that the CWC water 1n
the western area of Cheju-do flows tnto the Cheju Strait
in a clockwise manner around Cheju-do. This observed
result is not explained by the classical concepts of the
YSWC, viz., the YSWC water intrudes 1n the southwest-
ern or southeastern parts of the YS. The width of the CWC
water in the Cheju Strait 1s narrower than that in the south-
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Feb. - Mar. 1997 (15 m)

Drogue Depth
® Om

Fig. 7. Temperature, salinity and sigma-t at the 15 m depth
during late February to carly March, 1997 and trajectories
of three satellite-tracked drifters having drogues at 15 m
Dots denote CTD stations. Arrows on the trajectories indi-
cate daily mean current vectors estimated from daily posi-
uons of the drifters, with scales at the lower right corner

western area of Cheju-do and the speed of the CWC is
faster near the Cheju coast than near the frontal zone. In
the Cheju Strait, density is almost unitorm in space across
the strait and geostrophic flow, estimated with a refer-
ence of no motion at the bottom, does not exceed 6 cm/s.
Thus, the strong mean speed of 22 cm/s observed in the
strait in winter cannot be explained satisfactorily by the
geostrophic balance across the strait, although the flow
direction 1s the same.

4.2 Spring

CTD casts were made 1n the western area of Cheju-
do during April 6-16, 1996 and two drifters were deployed
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Fig. 8. Temperature, salinity and sigma-t at the 40 m depth in
carly 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 tra-
jectories indicate daily mean current vectors estimated from
daily positions of the drifters, with scales at the lower right
corner

on April 8, 1996 at points, 25 km and 96 km distant from
the western coast of Cheju-do. Drogues of the drifters
were centered at 15 m and 40 m, respectively, where the
corresponding water depths were 107 m and 85 m. Fig-
ure 8 presents T and S at 40 m depth, together with drifter
trajectories. The water column in early April is not yet
stratified and the I"-shaped thermohaline front, formed in
winter, is still preserved. The deep drifter was released in
the CWC water of T =12°C and S = 34.4 psu near the
front. It moved to the southwest at a speed of 4 cm/s dur-
ing the first two days after release, but then switched its
direction to the north. After turning, it moved a little faster
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along the front at a mean speed of 6.5 cm/s during the
remaining lifetime of 25 days. The northeastward trajec-
tory is parallel to an isopycnal of 26.2 and the direction
of motion is consistent with geostrophic flow. The sur-
face drifter was released into the CWC water of 13°C
and S = 34.6 psu near the coast and it survived for only
three days. During its short lifetime it also moved towards
the southwest at a mean speed of about 5 cm/s The unex-
pected southwest movement of the driftets might be
caused by a northerly wind burst since wind records at a
buoy station in the study area show that northerly winds
with speeds higher than 10 m/s blew during the south-
west movement.

4.3 Summer

We made CTD casts during June 7-13, 1997 and
deployed four drifters on June 13 at three locations The
drogues of the drifters were located at 15 m and 50 m 1n
order to compare water movements at the two depths The
drifter trajectories overlapped on horizontal distributions
of T and S at 50 m (Fig. 9). Vertical sections of T, S, and
sigma-t along two heavy lines in the upper panel of Fig.
9 are presented to allow comparison of hydrographic dis-
tributions in the western area of Cheju-do and the Cheju
Strait north of Cheju-do (Fig. 10). Cross symbols in Fig.
10(a) indicate drogue depths of the drifters at thceir re-
lease points.

During the observation period, fresh water discharged
from the Changjiang River did not extend to the western
area of Cheju-do and the water column was two-layered:
warm and fresh water in the upper layer and cold and
saline water in the lower layer. The CWC water appears
in the lower layer of the western coastal area of Cheju-
do. Near the west coast of Cheju-do, isotherms of 18-
20°C incline up to the surface to form a surface front layer
but isotherms of lower temperature decline down to the
bottom in the lower layer In addition, salinity is verti-
cally uniform. This typical structure, formed 1n summer
by tidal mixing, is also seen in the Cheju Strait. In the
Cheju Strait, the CWC water appears everywhere, except
the upper layer where fresh, warm water floats on the
CWC water.

A surface drifter at station CC8 in the surface fron-
tal zone (see location in Fig. 10(a)) entered the Cheju
Strait by changing its direction clockwise. Its movement
accelerated quickly from 3 cm/s near the release point to
more than 30 cm/s in the Cheju Strait within seven days
after release. This rapid increase in velocity 1n the Cheju
Strait is also perceived by a geostrophic flow at 15 m
depth estimated with a reference of no motion at bottom,
although CTD measurements at the Cheju line were con-
ducted 12 days before the drifter passed by station CS4
at the line (see location in Fig. 10(b)). The geostrophic
current at the depth that the drifter was released is 3

June 1997 (50 m)
Temperature (deg c

Drogue Depth
@ 50m

& 15m 1%

=9

e A=
\'—/%\S\ < 'y
N ¢ -« 10cms
*\:\\ 3> 30 omvs
| 0 100km {320
1247 126° T28°E

Fig. 9. Temperature, salinity and sigma-t at the 50 m depths in
early June, 1996 and trajectories of four satellite-tracked
drifters. Two dnifters had a drogue at 15 m and the other
two had a drogue at 50 m Dots denote CTD stations Ar-
rows on the trajectories indicate darly mean current vectors
estimated from datly positions ot drifters, with scales at the
lower right corner Thick lines southwest of Cheju-do and
in the Cheju Strait indicate CTD lines for vertical
hydiographic sections 10 Fig 10

cm/s at station CC8 and 10 cm/s at station CS4. A surface
drifter and a deep one were released at CC7 where the
salinity front appeared in the lower layer. The surface
drifter moved to the north at a mean speed of 6.4 cm/s
during its short lifetime of three days. The deeper one
moved to the northwest at about 4.0 en/s during the first
seven days, then turned sharply to the northeast, and fi-
nally entered the Cheju Strait at about 8.5 cm/s. Another
deep drifter at CC®6, farthest from the coast of Cheju-do,
moved at a speed of 3 cni/s to the south during its life-
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Fig. 10. Vertical sections of temperature, salinity, and sigma-t 1n early June 1996. (a) Line CC between Cheju-do and Changjiang
estuary and (b) line CS in the Cheju Strait. The sections are marked by thick lines in Fig. 9. Crosses in Fig. 10(a) denote
drogue depths of drifters at release points and CJ indicates coast of Cheju-do. Note that different distance scales are used for

Figs. 10(a) and 10(b).

time of three days, in the direction opposite to the north-
ward movement of the deep drifter at CC7. The opposite
movements of the two deep drifters indicate the complex
structure of the deep current, although the two drifters
were deployed in dense water of sigma-t greater than 25.4.
It is worth noting that the dense water of sigma-t > 25.4
is distributed as a dome centered between CC6 and CC7.
Another deep drifter with its drogue at 45 m, which was
released in the modified CWC water west of Cheju-do on
August 13, 1997 (trajectory not presented here), also
moved into the Cheju Strait.

4.4 Autumn

We conducted CTD casts during October 2—13, 1996
and released a surface drifter drogued at 15 m at the west-

206 H-J. Lie et al

ern entrance of the Cheju Strait and another one at a mid-
point between Cheju-do and Tsushima Island in the Ko-
rea/Tsushima Strait. Strong vertical stratification is still
maintained and spatial distributions of T are similar to
those of S (not presented here). A strong haline front is
formed in the southwest-to-northeast direction, parallel
to a line from Tsushima Island toward the Changjiang
estuary through Cheju-do (Fig. 11). Fresh coastal water
is observed north of the line and saline offshore water is
south of the line. However, in early October 1996 the
CWC water of S > 34.0 psu disappeared west of Cheju-
do and the modified CWC water of S = 33.0-34.0 psu
appeared in the lower layer throughout a large area in-
cluding the YS-ECS boundary zone and the whole south-
ern coastal area of Korea. This distribution is seen fre-
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Fig. 11. Temperature, salinity and sigma-t at 15 m and 50 m depths duning 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.

quently in early autumn (e.g., Gong, 1971). Long-term
hydrographic data collected in early October during 1967
to 1995 by the Korea Fisheries Research and Develop-
ment Agency show that the distribution similar to that in
October 1996 has appeared 16 times while the CWC wa-
ter has appeared 13 times in the western area of Cheju-
do. A drifter in the western entrance of the Cheju Strait,
surviving for only 26 hours, moved to the east-northeast
at a speed of 24 cm/s. Another drifter released at the mid-
point between Cheju-do and Tsushima Island arrived at
the western channel of the Korea/Tsushima Strait at a
speed of about 33 cm/s and passed through the western
channel into the East/Japan Sea at a faster speed of about
47 cm/s.

5. Inshore Limit and Pathway of Cheju Warm Cur-
rent

The CWC water advances to the northwest in winter

and retreats to the southeast in summer. In summer when
the vertical stratification is established, it appears only
in the lower layer. The inshore limit of the CWC water is
well described by a 34.0 psu 1sohaline near the bottom.
The farthest advance of the CWC water to the northwest
occurred early in April 1996, butts farthest retreat to the
southeast occurred early in Oclober 1996 when the CWC
water disappeared completely in the western area of
Cheju-do (Fig. 12). In an area between 33-34°N, the an-
nual displacement of the western limit is estimated to be
about 200 km. In the winter monsoon, prevailing from
October to April, the strong northerly wind dominates the
YS and ECS (Han et al., 1995) and monthly precipitation
is much reduced to less than 100 mm (Lie, 1984). That is,
the months of April and October correspond to the transi-
tion periods of the winter and summer monsoons in the
YS and ECS. Therefore, the clear contrast between April
and October and the seasonal change of the inshore limit
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Fig. 12. Seasonal distribution of the Cheju Warm Current water having a salinity greater than 34.0 psu and the modified Cheju
Warm Current water with salinity of 33.5 to 34 0 psu near the bottom. The Cheju Warm Current water advanced farthest to the
northwest in April 1996, but retreated farthest to the southeast in October 1996.

of the CWC water may be closely associated with sea-
sonal changes of surface wind fields and freshwater in-
put into the YS and northern ECS.

During the southeast retreat of the CWC water, the
mixed water with S = 33.0-34.0 psu replaces the CWC
water in the lower layer of the western coastal area of
Cheju-do and the southern Cheju Strait, as is the case in
early October 1996 (Fig. 11). This mixed water 18 a mix-
ture of Chinese coastal water and the CWC water formed
in the salinity frontal zone west of Cheju-do. The front is
observed throughout the year, with its median salinity of
about 33.5 psu, although the median salinity and salinity
gradient across the front change seasonally. The mixed
water may be grouped into subtypes according to the rela-
tive importance of water types to mixing. In this study,
mixed water of 33.0-33.5 psu 1s termed “modified coastal
water”, while mixed water of 33.5-34.0 psu is called

208 H.-}. Lieeral

“modified CWC water”. The modified CWC water is de-
tected in the Cheju Strait all the year round. In the study
area, the modified CWC water is well developed in win-
ter, but the area it occupies is much shrunken in summer,
appearing close to the west coast of Cheju-do (Fig. 12).
Drifters released in the CWC water and modified CWC
water in the western area of Cheju-do in late summer to
early autumn also moved into the Cheju Strait after a
clockwise rounding of the west coast of Cheju-do (Lie,
1998). It may therefore be concluded that the modified
CWC water in the southern Cheju Strait comes from the
western coastal area of Cheju-do.

The main pathway of the CWC may be inferred from
hydrographic structure and drifter trajectories. Four sta-
tions (705, 710, 510, and 317 in Fig. 1) are selected to
compare seasonal change of T-S properties around Cheju-
do (Fig. 13). The highest S value appears at 705 among
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Fig. 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. 1.

the four points throughout the year where the main path-
way of the KBC is located. At 710 and 510 southwest
and northwest of Cheju-do, the CWC water always ex-
ists. The S values at the two stations are slightly lower
than that at 705. The CWC water occupies the whole water
column in the cold season, but in the warm season it ap-
pears only in the lower layer. At 317 where the Yellow
Sea Warm Current water was belicved to extend to the
northwest in winter, the maximum S value is 0.5 to 1.2
psu lower than the CWC water. In this study, we find that
mixed water appears partly at this station. From these
observational results it may be concluded that the CWC
water does not intrude to the northwest, in contrast to the
previous opinions concerning the YSWC. T-S properties
at 710 and 510 are almost the same, cxcept in August
when the strong stratification 1s established. Even in Au-
gust, deep walers in the lower layer at the two stations
have similar T-S properties. All drifters moved into the
Cheju Strait approximately along 1sotherms and/or
isohalines. From these results we may draw the conclu-
sion that the CWC water and modified CWC water in the
western area of Cheju-do flow into the Cheju Strait after
turning clockwise around Cheju-do.

The CWC water is located in the relatively deep area
where the water depth in general is deeper than 80 m.
Drifter experiments show that drifters that have been de-
ployed or appeared in the southwestern area of Cheju-do
do not move to the southeastern area. This observational
result differs greatly from the viewpoint concerning the
northeast continuation of the Taiwan Current over the
middle continental shelf of 50-100 m depth, 1.e., the so-
called Taiwan-Tsushima Warm Current System (Beardsley
et al., 1985; Fang et al., 1991). Under the influence of
such a Taiwan-Tsushima Warm Current system, drifters
in the southern area of Cheju-do should have moved to
the northeast following the main flow or to the northwest
to the YS following the pathway of the YSWC Shelf water
of § < 34.0 psu occupies most of the ECS midd!le shelf at
depths shallower than 100 m (Kondo. 1985) and saline
Kuroshio water intrudes into the outer shelf after cross-
ing the continental shelf edge (Lie et al., 1998). Although
saline Kuroshio water of S > 34.0 psu northeast of Tai-
wan intrudes to the north off the southeastern coast of
China, its intrusion is bounded by a small submerged val-
ley located offshore of the Changjiang mouth (Beardsley
et al., 1985). On the other hand, the high salinity water in
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the southeastern area of Cheju-do 1n Figs. 3—6 extends to
the northeast toward the Korea Strait rather than intrud-
ing into the southwestern area of Cheju-do (Lie and Cho,
1994). Our observations using drifter and CTD data do
not support the branching of the YSWC from the KBC
southeast of Cheju-do (Nitani, 1972), nor do drifters in
the eastern ECS by Lie and Cho (1997) show any evi-
dence of the branching.

6. Conclusions

The CWC water of S > 34.0 psu and the modified
CWC water of 33.5 < S < 34.0 psu in the western area of
Cheju-do are found to flow into the Cheju Strait after turn-
ing clockwise around Cheju-do. The CWC water 1s
slightly less saline than the core water in the eastern area
of Cheju-do transported by the KBC. As seen in a com-
posite map of available trajectories of 57 drifters deployed
in saline water of S > 33 5 psu (Fig. 14), the CWC 1s
defined as the clockwise current transporting the CWC
water and modified CWC water to the Cheju Strait. The
CWC flows in the western channel of the Korea/Tsushima
Strait after passing through the Cheju Strait. The CWC
joins the KBC northeast of Cheju-do and the two cur-
rents eventually form the Tsushima Warm Current in the
Korea/Tsushima Strait. Any drifters passing through the
Cheju Strait have not entered the eastern channel of the
Korea/Tsushima Strait and this means that the Tsushima
Warm Current in the eastern channel may come mainly
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from the KBC.

Neither the origin nor the main pathway of the CWC
are satisfactorily explained by the concepts of the YSWC
suggested in the past. If the Taiwan-Tsushima Warm Cur-
rent System (Beardsley er al., 1985; Fang et al., 1991) is
valid, drifters in the southern area of Cheju-do should
move to the northeast to the southeastern area or flow to
the northwest into the southern YS. According to Nitani’s
suggestion (1972), some of the drifters in the southeast-
ern area of Cheju-do should move to the YS after passing
through the western area of Cheju-do. The composite map
of drifter trajectories in Fig. 14 reveals that drifter mo-
tions do not follow the two concepts. Most drifters in the
southwestern area of Cheju-do enter the Cheju Strait af-
ter turning clockwise around Cheju-do.

In winter, mixed water of T=10-11°C and S = 33.0-
34.0 psu extends to the northwest, but this does not result
from a continuous intrusion of the CWC water nor the
YSWC from the western coastal area of Cheju-do. It is
thought that the CWC water mixes with fresher coastal
water and the mixed water intrudes intermittently. The
intermittent intrusion may occur when the northwestern
part of the I'-shaped thermohaline front is broken down,
possibly by outbreaks of the northerly winds.

The CWC water has a large seasonal variation in lo-
cation, It retreats to the east toward the western coast of
Cheju-do 1n summer and sometimes to the eastern coast
of Cheju-do in autumn, but it advances to the west to-

34°

20

124° 126°

130°E

Fig. 14. A composite map of trajectories of 57 satellite-tracked drifiers deployed in the northern East China Sea during 1991 to
1998 by KORDI. The drifter drogues at release points were located in saline water of salinity greater than 33.5 psu. Arrows
indicate daily mean velocity vectors. 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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ward the Chinese coast in winter. The advance to the west
in winter may take place due to the strong northerly wind
and the eastward retreat in summer may be due to both
the southerly wind and the eastward extension of fresh
water discharged from the Chinese coast. A discussion of
the origin of CWC water is beyond the scope of this study
since it requires more systematic data. Nevertheless, a
guess can be made based on our experiment and previous
studies. A very pronounced front is formed near the 80—
100 m isobaths between the middle and outer shelves of
the ECS throughout the year. The main pathway of the
KBC is located between the 100 m isobath and the west-
ern shelf edge of the deep trough west of Kyushu (Lie
and Cho, 1994). Thus, the saline water lying between the
front and the main pathway of the KBC might be the
source of the CWC water. This water corresponds to the
inshore part of the intruded Kuroshio water and it flows
northward toward Cheju-do as can be seen in Figs. 12
and 14.
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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

0278-4343/98/319.00 © 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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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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of the M4 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 M, S,, 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 M S, 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 M S, 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.
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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” 1989.4.16-520 (1 month) KORDI
HD Hongdo 34°32'04” 128°43'57” 1989 4 13-525 (1 month) KORDI
Y] 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 month) KORDI
GE Gaeuido 36°40°42” 126°03'49” 1994.6 1-7. 9 (1 month) . KORDI
GD Gadukdo 36°57'41” 125°49°'34” 1994.6. 1-7. 9 (1 month) KORDI
SK  Sonkapdo 37°06'17” 126°0521” 1994.5.31-7.20 (! month} KORDI
JW  Jawoldo 37°1540” 126°20°13” 1994.5.31-7. 8 (1 month) KORDI
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” 1692.5.10-6. 9 (1 month}) KORDI
SD  Sindo 37°30°18” 126°02’43” 1992.5.10-6. 9 (1 month) KORDI
IP Ibpado 37°06’40” 126°32727” 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  Anbheung 36°40'127 126°08°06™ 1987.1-1987.12 (12 months) ROKHO
KS Kunsan 35°58°06” 126°37°36” 1987.1-1987.12 (12 months) ROKHO
WI  Wido 35°37°04” 126°18°'12" 1987.1-1987 12 (12 months) ROKHO
PS  Pusan 35°05'35” 129°02'15” 1991.1-1991.12 (12 months) ROKHO
KD Kadokdo 35°01°18” 128°4847” 1987.1-1991.12 (12 months) ROKHO
CM Chungmu 34°4929” 128°26°13” 1987.1-1987.12 (12 months) ROKHOQO
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°4541” 1991.1-1991.12 (12 months) ROKHO
CJ Chujado 33°57°33” 126°17°57” 1987.1-1987.12 (12 months) ROKHO
JE Cheju 33°30°53” 126°31°51” 1991.1-1991.12 (12 months) ROKHO
SG  Sogwipo 33°14'127 126°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)

M5 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. (1995).

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:

ou 1 o (U? 10 (UV gh 0 ,
Tat‘*mg;<7>+ma<7>*‘ma(’?“”"—“m

+————UVtan¢+2(1)sind>V—K.,———z——UV Uh ulld + F,

Rh (1)
v 1 a[uv\ 1a[v? gh 0 ,
79?+Rcos¢57z<h)W'a@(?)“i%(”‘(”k‘h)@)
2
+K§;—¢—2wsin¢U—KbK———w+F¢ P
on  oU  o(Vcos¢)
RCOS¢_§+€X—+—6_¢—_O 3)
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where y is longitude, ¢ latitude, h water depth, 5 surface elevation, U mass flux in y,
V mass flux in ¢, R radius of the earth, Ky, = 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 — K'), in Eqgs. (1) and (2) represents the tide generating forces. The
modification factor by earth tide, (1 + k — k') or Love numbers k and 4’ 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,, N,, K, and O, tides were taken from Foreman et al. (1993).

(o= Hycos* pcos(wat + 2y + Va) for semi-diurnals (4a)
= H,sin2¢ cos(wnt + 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

d ou 0 ou ov
Fx™ Roos ¢ 0 <2AM Rcos¢ 6)() T {AM (R 56 " Rcos @X>} 2)

0 ov 0 ou ov
Fo= RO <2AM R 64)) + Rcos ¢ dy {AM <R ¢ + Rcos ¢ 6x>} (5b)

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

Ju | ov ou \? ov \? |2
Au = CsAy A [(R Cos @ ax> t3 (R cosdor TR a¢) + <R a¢>> ] (5¢)

Table 3

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

Constituent k h 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.

¢ = 64.336, - (6a)
¢ =h'S/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, ¢,t) = V(x, ¢,t) = 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, N2, K; and O, 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(t) =Y fiA,cos(w,t — G; + Vo; + U)) (7)

where f; and Uj are the astronomical amplitude and phase corrections and Vo; 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 /g(h +n)

RA¢ ° ®)
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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 low 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 (C; ~ 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
M,, S2, N2, Ky, 01, M4 and MS4 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 M S, 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 §
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, 8.8) (6.5, 9.0) 4.8, 7.4) (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 c¢m, 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-amphtude in cm and co-tidal hour line, respectively. Tidal hour (Phase lag) 1s 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) 13.3 157 115 136.7 43.7 449 358.5 8.0
F(70) 5.0 10.0 7.2 415 399 45.7 194 28.1
D(41) 15.1 15.5 10.8 21.3 26.1 27.9 63.3 65.9
B(38) 18.6 19.9 44 26.7 328 26.5 146.2 153.0
SB(110) 11.8 7.1 339.9 9.9 7.4 43 218.7 234.0
MS§(32) 359 50.9 59.0 454 34.2 429 266.9 296.3
M5(20) 53.2 57.8 61.0 76.7 59.5 53.2 3243 3423
M4(25) 444 427 63.8 113.2 448 40.2 3124 338.7
M7(28) 32.0 39.3 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 3.1 79.3 56.7 12.6 10.2 2532 240.3
F(70) 24 0.8 1273 142.8 104 10.7 2520 240.7
D{41) 1.4 1.8 2309 153.6 8.8 8.4 2572 2543
B(38) 24 2.1 1443 144.5 5.8 7.3 272.3 2721
SB(110) 1.7 1.8 10.5 14.1 1.3 0.9 136.4 52.5
MS(32) 32 7.4 319.4 329.8 43 5.7 265.7 2345
M5(20) 10.0 7.7 333.1 326.7 9.8 8.6 256.5 243.5
M4(25) 8.1 35 2450 350.3 58 53 276.9 280.6
M7(28) 2.9 4.7 310.0 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,
MS, 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. 5a, 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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(a)

Fig. 5(a). Contours of clockwise or counterclockwise rotations of the M, tidal ellipse.
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(b

Fig. 5(b). Same as Fig. 5a except for the diurnal K, 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. Sa. 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. My 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 M4 and M S,
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 MS4 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 M4 tidal wave has rarely been investigated in
the YECS it is necessary to examine what the general pattern of propagation of the
M 4 tide looks like. One of the general patterns for validation of the M 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 M, 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 M S, 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
M4 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 M, 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 MS, 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 M4 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 M4 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
M, 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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(a)

Fig. 6(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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(b)

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.

-303-

IP:14.49.138.138, 2017-11-03 15:56:10



S.K. Kang et al.[Continental Shelf Research 18 (1998) 739-772 763

(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
0:(K1), 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 M4 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 M4, the locations of amphidromes vary
more sensitively than for the M, (not shown here). The amplitude and phase difference
of the M4 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 M4 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).

2n 2n

e ¢,=1,2 = (f2 T 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 M4 amplitude, resulting in a complicated

-306-

IP:14.49.138.138, 2017-11-03 15:56:10



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

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 coeflicients at the Kyunggi Bay (amplitude (am) in
cm and phase lag(ph) in degrees)

Site DIF (am, ph) Site DIF (am,ph)
IC (L.1, 1.1) SD (0.8, 5.0)
PM (0.4, 2.5) 1P (—03,3.5)
Jw (0.0, 4.6) SK (— 0.3, 8.0)
YD (0.3, 4.4) AD (— 0.3, 8.4)
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 M4 tidal wave also has a generated feature in the YECS as well as the
southward propagationin the Yellow Sea in contrast to the northward propagation of
the semi-diurnal or diurnal constituents. The fact that the M4 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 up 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).

2uo|uo| 3 5.3 2 -
_v.%?._ = & <maj + ﬁa, + 2—'m k;-’ajak CoSag,;,, n = 30 or 36 (10)
with

n

n
uo = Yy dajcos(ait — bj), g; = (ojt — bj), a, = aj/Ur and Ur = Y aj
j=1 j=1

where o are the frequencies of the tidal input component, m a constant equal to 0.7,
and aj and b; 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
5 constituents (M, S,, Na, Ky, O,) at station D of Fig. 1

k j=0; =K j=N; =M, i=S;

Contribution of (%) O, 64.6 1.2 1.2 14 1.2
K, 22 65.4 22 25 22
N, 0.9 09 64.4 1.1 1.0
M, 25.1 25.2 25.0 869 258
S, 6.8 6.8 6.7 717 69.3

Contribution (%)

by own component 64 6 65.4 644 86.9 693

Sum of 5 comp. 99.6 99.6 99.6 995 . 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 O;, Ky, N, and S, 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 {ull 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 1n 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 M4 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
MS4 tide have revealed that the M4 and M S, 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 M, 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 M4 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 M4 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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A Numerical Experiment on the Dispersion of
the Changjiang River Plume
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With a realistic geography and topography the Princeton Ocean Model is used to study the cffects
of topography, wind and time-varying Changjiang (Yangtze) River discharge on the dispersion of the
Changjiang River plume in the Yellow and East China Seas. The topographic feature of deepening
offshore suppresses the offshore expansion of the discharged low salinity water while spreading
along the coast is not hindered. Also the spreading of the Changjiang River plume is very sensitive
to wind conditions and the southerly wind is most responsible for the eastward expansion toward the
Cheju Island. It is also shown that the influence of the Changjiang River Diluted Water on the
hydrography and circulation of the Yellow Sea including the South Sea of Korea is substantial even

in the absence of tide, wind and current.

INTRODUCTION

The Changjiang River originates from the Tibetan
Plateau and empties to the East China Sea. Its length
is 6,300 km and in the middle of the Changjiang
River Three Gorges Dam is now under construction
with the scheduled completion year of 2009. The
freshwater discharge of the Changjiang River is the
third largest in the world after the Amazon River and
the Congo River. The annual discharge is 900 km®
and it corresponds to about 32 times that of the Aprok
River and 18 times that of the Yellow River (Hong
et al., 1995). Therefore, this huge amount of fresh-
water discharge would influence not only on the
ocean environment and circulation in the East China
Sea but also those in the Yellow Sea. Furthermore,
as the construction of the Three Gorges Dam s
expected to cause big changes in the East China and
Yellow Seas, prediction studies on the possible
changes as well as data gathering prior to the con-
struction are absolutely necessary.

In July and August, 1998 there were lots of losses
in the properties and lives in China due to heavy rains
and flooding. A record-high water levels were observ-
ed and we may therefore assume that the discharge
was about the same as that in August 1954 when
the largest monthly mean discharge of 84,000 m'/s
was observed (Shen er al., 1998). Observation data
in Shen er al. (1998) are from the Datong Station
located 640 km upstream from the river mouth and

the annual mean discharge over 36 years (1950—1985)
is 28,400 m?s.

The behavior of the Changjiang River Diluted
Water (hereafter CRDW) shows seasonal variations.
Observations showed that in winter the outflow of
the Changjiang River flows southward along the coast
but in summer it directs to the northeast toward the
Cheju Island (see Fig. 6 in Hu, 1994). Low salinity
water which appears in summer occasionally near the
Cheju Island and causes annihilation of the fish and
bivalves is suspected to originate from the CRDW.
The low salinity water spotted even in the East Sea
is suspected to originate from CRDW with the tra-
jectories of the recent drifter experiments (Lie et al..
1998). The turning of the outflow to the right (south-
ward) in winter 1s due to the Coriolis effect. However,
the northeastward turning in summer requires other
dynamical explanations and many efforts have been
attempted to explain it (Guan, 1994; Mao et al., 1963:
Cao. 1980: Le. 1984; Yuan ef al., 1982: Hu, 1994).

Guan (1994) considered the fluctuation of the Chang-
jiang River discharge as one of the major factors
controlling the dimension and direction of the
CRDW. He also listed the seaward deepening of the
bottom, boundary effect of the Taiwan Warm Current.
southerly wind and baroclinic effects as possible fac-
tors influencing the northeastward turning. Impor-
tance of the lateral mixing is also mentioned by many
researchers (Mao et al.. 1963; Cao., 1980: Le, 1984;
Yuan et al., 1982). Hu (1994) concluded that the wind
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is the major factor for the turning, i.e. the southerly
wind is dominant in summer and the current is north-
ward or northeastward from the coast to the offshore
(the Kuroshio and its branches are also responsible
for this). He noticed also that when wind collapses
or reverses either in winter or in summer for a certain
period of time, the plume turns right in summer or
turns left in winter.

There have not been many numerical modeling
studies about the detailed extent and range of the
CRDW. Most numerical modeling studies on the
ocean circulation in the Yellow and East China Seas
considered the discharge of the Changjiang River as
one of the boundary condition. Yuan and Su (1984)
used a steady-state barotropic model and time-depen-
dent two-layer model with poor resolution of 1°. For
the discharge amounting to 34,000 m%s, the resulting
plume was shown to be advected with the northward
flowing Taiwan Current and blocked by the Yellow
Sea Bottom Cold Water. Lee (1996) and Zhu and Shen
(1996) simulated the winter and summer circulations
in the Yellow and East China Seas using 3-dimen-
sional numerical models. Recently, Lee (1999) in-
cluded M, tide as well as the wind and the Kuroshio
in the simulation of the time-varying circulation.
However, in these studies river discharge from the
Changjiang River was one of the many forcings that
its individual effect could not be evaluated properly.

A coastal current is established along the coast on
the right hand side of the river in the northern hemi-
sphere after the passage of Kelvin wave (McCreary
et al., 1997). If the flow is nonlinear, an anticyclonic
gyre is formed at the river mouth and the river out-
flow is bypassed through this gyre to feed the coastal
current. However, this circulation pattern will be
greatly altered if other effects are included such as
topography, wind, mean current, tide. Furthermore,
it is not easy to isolate the effects of individual forces
if all of these external forces are present at the same
time. Therefore, in this study we start from the very
simple experiment and add factors one by one to the
model to assess their individual impact on the ocean
circulation in the Yellow and East China Seas.

Firstly, we are considering the effect of topography
on the northeastward turning of the CRDW. It is stud-
ied by comparing the results with those of a control
experiment which has a flat bottom. Secondly, effect
of the wind on the dispersion of CRDW are dis-
cussed. The last experiment is performed by employ-
ing fluctuations in the Changjiang River discharge
and we run the model for a period of two years. This
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experiment is aimed to examine the dispersion pat-
tern of the CRDW and time required to reach Korea
in the absence of any other external forces. The
model experiments are unrcalistic but they clearly
show the importance of the CRDW both in the ocean
circulation and in the ocean environment in the Yel-
low and East China Seas.

NUMERICAL MODEL

Princeton Ocean Model (POM) which is formulated
in sigma coordinate system is used for this study and
detailed model descriptions are given in Mellor
(1996). Mellor and Yamada (1982) 2.5-level turbu-
lence closure scheme is implemented for the cal-
culation of the vertical eddy coefficients. The hor-
izontal eddy coefficients are parameterized using the
Smagorinsky diffusion formula

A=CAxAy ﬁatl/aA)z + ((:)v/a_y)2 + %(av/ax + Du/ay)2

where Ax, Ay is the horizontal grid size and C is
a constant taken to be 0.2.

Model domain consists of 139 X249 horizontal grids
with 5'%3.75" grid spacing and spans the area of about
21°=37°N, 119°—130°E. Topography data compiled
by KORDI (1997a) are used but maximum depth is
set to 500 m. Since water depth increases to the east
we set the depths at all grid points east of the first
grid point where the water depth is greater than 500
m along each latitude line. This is done to avoid pos-
sible numerical instability in the region of sudden
depth changes. Also depths at the grid points south
of the 50th grid point are set equal to the depth at
the 50th grid point (Fig. 1). Regions of these artificial
treatments are far from the river mouth and are locat-
ed in the downstream region that the solution is not
expected to be affected. Integration time interval is
20 seconds for the external mode and 10 minutes
for the internal mode. In vertical direction there are
10 layers (the layer is defined here as the water col-
umn between levels and the top and bottom levels
cortespond Lo the sca surface and the bottom, respec-
tively) and the depths to the center of each layer
(water depth is 20 m) are listed in Table 1. The Cori-
olis parameter varies with latitude and all boundaries
are closed except the east and south boundaries where
a radiating boundary condition is used.

Four y-grid points of 162—165 corresponds to the
mouth of the Changjiang River and the width is about
28 km (Fig. 2). The river mouth is located at 35th
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130°
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120° 125° 130°
Fig. 1. The rectangular box shows the model region. Model
is closed across the Korea Strait and along the Ryukyu
Islands. Depth in the horizontally hatched area is 500 m and
meridional depth change is zero in the vertically hatched area
(isobath intervals are 20 m to 100 m and 100 m to 500 m.
Isobath of 10 m is also shown).

x-grid point and its width is maintained to the 7th
x-grid point. The Changjiang River estuary has two
branches, North Branch (NB) and South Branch (SB)
and net flow through the NB is practically zero
(Kangshan et al. 1983). SB again is divided into two
passages by the presence of the Changxing Island.
North Passage (NP) and South Passage (SP). NP car-
ries 2/3 of the total discharge and SP the rest. The
combined width of NP and SP is about 20 km at
the river mouth and is about one grid point smaller
than the model river mouth but we do not expect
the resulting change to be large

SP again is divided into two channels, North Chan-

Table 1. Depths to the center of each layer

119° 120° 121° 122° 123°
33 g
32 32°
31 31
30° 30°
29° 2g°
28 28
27 8 27"

119° 120° 121° 122" 123°

Fig. 2. Grid pomts near the Changjiang River. The model
Changjiang River consists of a reservoir and a long channel.

nel (NC) and South Channel (SC). Net discharge
through SC averaged over a tidal cycle is negative,
i.e. landward and therefore all the discharge through
SP occurs through NC (Kangshan et al., 1983). The
Changjiang River near the river mouth is oriented
to the southeast, but NP and NC of SP where most
of the discharge flows is more or less oriented to
the east-southeast (ESE). Also. observations in sum-
mer shows that the outflow have a stronger eastward
component than the southward component (Kangshan
et al., 1983). Thus. the model river mouth may rep-
resents the orientation of the Changjiang River prop-
erly.

The model river mouth is connected to a freshwater
reservoir with 24 y-grid points wide and 6 x-grid

Layer 2 3 4

5

6 7 8 9 10

Depth (m) 0.

oo

0.50 1.02 2.02

428 7.14

10.00 12.86 15.72 18.58
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points long. Such freshwater reservoir is also em-
ployed in Oey and Mellor (1993) and this approach
mitigates the need to prescribe boundary condition
at the river mouth which usually takes the form of
the two-layer estuarine circulation (for example, see
Chao, 1988). The magnitude of discharge is contro-
lied by setting the vertically averaged velocity over
the west wall of the freshwater reservoir to a pre-
scribed value. Salinity values are set to zero at all
vertical layers of the west 30 grid points at every
timestep.

RESULTS
Constant discharge experiment

In this experiment a constant velocity 1s given at
the west wall of the freshwater reservoir to produce
a constant discharge of about 80,000 m*/s which pre-
sumably corresponds to the magnitude in summer,
1998. To find out the effect of topography, two cases,
one with a flat bottom and the other with a realistic
topography, are integrated for 100 days. The flat bot-
tom case has a water depth of 20 m everywhere and
the prescribed velocity is 5 cm/s. In the realistic
topography case the prescribed velocity is increased
to 10 cm/s to compensate for the shallower water
depth at the river mouth. Discharge at the river mouth
is monitored during the whole integration period
(Fig. 3a). Initially the model ocean and river are filled
with motionless waters of constant salinity of 35 psu
(temperature is excluded in the computation).

In the flat bottom case the discharge jumps to
about 80,000 m®/s within one day and shows oscil-
lations with almost equal period and amplitude. In
Fig. 4 salinity distributions in the first layer are
shown at 20-day interval for both the flat bottom
and realistic topography cases. In this study the 34
psu isopleths are considered as the boundary of the
low salinity plume. An anticyclonic gyre near the
river mouth and a coastal current along the south
coast are formed as in the channel experiment of
KORDI (1997b). The coastal current reaches the Tai-
wan Strait (~25°N) after 40 days of integration with
the propagation speed of about 19 cm/s. This speed
is less than 23 cm/s of the channel experiment
(KORDI, 1997b).

The offshore boundary of the coastal current rema-
ins stable until day 20 but it becomes unstable from
day 30 and a wavelike structure is being developed.
The boundary becomes more unstable with time and

12 T T T T a)
10 ‘
| i
0 8!
> 1
g 6} .
x o FLAT ]
0
-2 . . . s
0 20 40 60 80 100
Time, Day
e b) ]
© ]
X ;
= ]
I REAL .
X _:
-2t . . . .
0 20 40 60 80 100
Time, Day

Fig. 3. Time variation of discharge at the river mouth for (a)
flat bottom and (b) realistic topography case.

the coastal current becomes wider. At day 80 the low
salinity plume arrives at the Taiwan Strait and sur-
rounds the whole Taiwan at day 100. As a result the
coastal current is wider than the bulge near the river
mouth.

In the realistic topography case the discharge incre-
ases slowly as compared with the flat bottom case
and the magnitude larger than 70,000 m¥/s is reached
after 10 days of integration. Unlike the flat bottom
case there are no significant oscillations. (Fig. 3b).
Salinity distributions are similar to the flat bottom
case but there are also differences (Fig. 4). The plume
is shifted further north, the offshore expansion is less,
and the coastal current is less unstable. All these dif-
ferences are caused by the introduction of the topog-
raphy and the east-west depth gradient is especially
thought to play a major role. The water depth deepens
to the east and therefore the isobaths are oriented
along the north-south direction. The isobaths are lines
of the equal potential vorticity that the east-west
movement of the water column would be difficult
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Fig. 4. Salinity distributions in the

REAL 1st layer at 20-day interval for the
100 flat bottom (upper) and realistic

) topography (lower) cases (thick
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120 1R 1R 128 20 122 l.ﬂ‘ 12¢ IIEO 128 124 128 l!O
while the north-south movement is rather easy. As
a result, the coastal current becomes stable and the
offshore expansion is reduced. The northward shift
of the plume could be due to the positive vorticity
induced by the stretching as the water column enters
the deeper region from the shallower region. Or, it
could be explained in terms of the coastally trapped
solution of McCreary et al. (1997) in that a north-
ward current along the north coast is formed as a
compensating flow of the southward current along
the offshore front.

The coastal current aiong the south coast reaches
the Taiwan Strait after 100 days of integration, 20
days later than the flat bottom case. The width of
the coastal current remains fairly constant at about
100 km with a slight increase with time. At day 100
the northward plume reaches 34.5°N and the max-
imum offshore expansion, about 300 km wide, occurs
at locations north of the river mouth. Current dis-
tributions in the first layer at days 50 and 100 are
shown in Figs. 5 and 6. The river flow initiated in
the freshwater reservoir exits the river with a small

1228 124

P e o line indicates 30 psu).

northward excursion, but it soon flows southward.
On the contrary, waters at the grid points north of
the river mouth flow to the north or northeast. At
day 50, flows exiting through the southern two grid
points in the river mouth change the direction to the
south right after exit. But flows through the northern
two grids turn first to the northeast and gradual
change in the clockwise direction occurs after flow-
ing some distance. It finally joins the southward flow.

Offshore of this local flow structure there exist a
large scale anticyclonic gyre as is also shown in the
salinity distribution. A northward flow is formed nor-
th of the river mouth along the coast. At the northern
tip of the flow it turns clockwise and then heads to
the south. The southward flow continues to the lat-
itudes of the river mouth and changes its direction
to southwest to become the coastal current along the
south coast. At day 100 the waters flowing through
the southern two grid pomts in the river mouth turn
immediately to the south like at day 50, but the
waters through the northern two grid points join the
southward flow of the large-scale gyre. The north-
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REAL
Day 50 |
Layer 1 ]

=3 100 cm/9
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120 122 124 126

Fig. 5. Velocity distribution in the lst layer at day 50 for
the realistic topography.

ward current north of the river mouth flows along
the coast before it leaves the coast at 32.5°N and
continues to flow northward. Near the coast at 34°N
a remnant of the old northward flow that existed
before day 100 is seen. The northward flow separated
from the coast forms a gyre like at day 50 but the
location is shifted to the north, i.e. at day 50 the
anticyclonic gyre is present around the river mouth,
but at day 100 the gyre is shifted to the north and
a new gyre is about to be formed near the river
mouth. However, formation of a circular shape gyre
would not be possible because of the changes in the
background state. At the beginning there was no
background stratification and therefore no back-
ground current, but now the presence of the low
salinity waters make the flow structure very compli-
cated that the formation of the circular shape gyre
would be challenged at each moment by the current.

Figs. 5 and 6 are the flow distributions at the sigma

REAL
Day 100
Layer 1

1

=100 cm/s

l ! ! -
122 124 126

Fig. 6. Same as Fig. 6, but at day 100.

levels that the current vector cannot be considered
to represent the flow path since the water depths at
each grid point are different for the realistic topog-
raphy case. Therefore we interpolated velocities from
the sigma-level to the z-level to obtain velocities at
a constant depth and current vectors at water depth
of 5, 10, 30 m are shown for day 50 (Fig. 7). In
the interpolation, sea level variations are ignored
because it is much less than the water depth.

At 2 m depth the flow distribution has almost the
same pattern as in the sigma coordinate system with
only one noticeable difference; more waters seem to
flow northward near the river mouth (not shown).
At 5 m depth there is almost no southward flow at
the river mouth and all the waters coming out of the
river flow to the north and form an anticyclonic gyre.
Most of the southward flow in the right half of the
gyre continues to the coastal current along the south
coast and a small portion flows westward to join the
northward outflow from the river. At 10 m depth the
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(b)

(d)

120° 122° 124' 126" 120° 122° 124° 126°
Fig. 7. Velocity distribution at depths of 2, 5, 10, 30 m at day 50 for realistic topography case.
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flow has no direct connection with the river (the
water depth at the river mouth is 7 m), but there
still exist a similar anticyclonic gyre and coastal cur-
rent as in the shallow depths. At 30 m depth, how-
ever, the anticyclonic gyre disappears and a north-
ward flow is developed along the coast where a
southward flowing coastal current exists at shallower
depths. There is also onshore flow near the river
mouth.

Wind experiment

In this experiment we examine the effects of the
wind on the distribution of the low salinity water.
The end state of the previous experiment, i.e. day
100 is the starting point in this experiment. Wind
with magnitude of 0.5 dyne/cm? are applied for 10
days. To reduce the shock by the sudden introduction
of the wind it has been ramped up linearly over 1
day. Four different wind directions are applied and
salinity distributions in the first layer are shown at
2-day interval. First, upper panel of Fig. 8 is for the

westerly case and it shows that the low salinity region
has expanded to the south, ie. the water is trans-
ported to the right of the applied wind stress as
expected by Ekman dynamics. This Ekman response
is clear in all cases. The low salinity plume is
advected to the north in the easterly case (lower panel
of Fig. 8) and to the west toward the Chinese coast
in the northerly case (Fig. 9).

When the wind blows from south the plume 1s
advected to the east, i.e. to the offshore direction and
reaches the Cheju Island (lower panel of Fig. 9). This
clearly suggests a possibility that the low salinity
water that appears in summer near the Cheju Island
may be the CRDW advected by the southerly wind,
predominant in summer. Of course, other factors such
as current and tide can affect the situation. But this
experiment clearly shows that the wind effects on the
dispersion of the CRDW are big and the ocean res-
ponse to the wind is fast.

Fig. 10 shows changes in the salinity by the intro-
duction of the southerly wind, i.e. difference of the
salinity between the southerly case and no wind case.

WEST,
106

%

108

Fig. 8. Salinity distribution in the
Ist layer for the westerly wind
(upper) and easterly wind (lower)

122 124 128 120 122 124 128

120 122 324

120 120 122 124 128

cases (thick line indicates 30 psu).
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Fig. 9. Same as Fig. 8, but for the

In the offshore regions where low salinity waters are
transported from the west the salinity decreases while
in the nearshore regions the salinity increases. The
wind effect is not restricted to the redistribution of
the low salinity waters. It also affects the discharge
from the river. Fig. 11 shows the time series of the
discharge for different wind directions. There are
more discharge when the wind blows from the south
or west than the no wind case and less discharge
when the wind blows from the north and east. During
the first day when the wind speed increases linearly,
the discharge also increases or decreases linearly de-
pending on the wind direction. After the first day
the discharge gradually approaches to the magnitude
of no wind case. It is expected that the total salinity
values over the whole domain would be smaller for
the southerly and westerly cases than the northerly
and easterly cases because the total discharges are
larger in the former.

Vertical salinity distributions in the five east-west
sections north of the river mouth starting from the
one that crosses the river mouth are shown for the

northerly and southerly cases.

no wind case (Fig. 12) and southerly case (Fig. 13)
It clearly shows the effect of the wind on the salinity
distribution not only in the horizontal direction but
also in the vertical direction. The vertical distribution
has a similanity with the observed data of 1996 near
the Cheju Island by Kim er al. (1998).

Fig. 14 shows the current distribution in the first
layer at day 110 in response to the southerly wind.
As a direct response to the southerly wind the surface
flow is eastward or northward. The coastal current
which flows southward when there is no wind now
flows to the north and eastward flow is dominant
in the offshore region where low salinity waters are
transported into. Flow dircction near the river mouth
is northeastward and the anticyclonic gyre does not
exist. Boundary of the flow with appreciable mag-
nitude coincides with the 34 psu isopleths.

Annual variation of river discharge experiment

In this experiment the velocity at the west wall 1s
specified as a sinusoidal form to make the discharge
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Fig. 10. Salinity changes in the Ist layer due to southerly
wind from the no wind case (contour interval is 5 psu and
negative values are shaded).
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Fig. 11. Time series of the discharge for four different wind
directions.
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Fig. 12. Salinity distributions in the zonal sections for the no
wind case.

-40

vary with time.

U=A sin (%1+¢)+ Uy

where
A=3 cm/sec, ¢$=255 days, U,=4.5 cm/sec

and they are chosen to approximate the time variation
of the monthly discharge of Shen er al. (1998). The
monitored model discharge at the river mouth is
shown in Fig. 15. Above values are for the realistic
topography case and in the flat bottom case following
reduced values are used to take into account the shal-
low water depth at the river mouth.

A=1 cm/sec, Uy=1.5 cm/sec

The model domain is extended to the north to include
the Bohai Sea and the number of y-grid point is now
311. This is because it is expected that the fresh water
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Fig. 13. Same as Fig. 12, but for the southerly case.

plume will be advected further north than in the pre-
vious experiments. Again, flat and realistic bottom
cases are tried and the integration is performed for
two years (720 days). Salinity distributions in the first
layer of the realistic topography case at 60-day inter-
val are shown in Fig. 16. Initial salinity distribution
pattern is not much different from the previous exper-
iment but the area is smaller because of the less
amount of freshwater discharge. As time goes on the
plume becomes larger and at day 120 it reaches the
Taiwan Strait to the south and 34°N to the north.
The coastal current south of the river mouth reaches
the southern boundary at day 160 and the northward
plume reaches 35°N at day 200.

After one year (day 360) the plume appears east
of Taiwan and the northward plume reaches almost
the eastern tip of the Shantung peninsula. In the
offshore direction the plume expands to 125°E. The
domain of the coastal current is continuously growing

~325-
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Fig. 14. Velocity distribution in the 1st layer at day 110 for
the southerly wind case.

x 10% m?®/s

0 L. n 1 Fo— . 1 e
0 180 360 540 720
Time, Day

Fig. 15. Annual variation of discharge at the river mouth.

to the offshore direction and its width becomes 250
km at day 360. In the second year the northward
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Fig. 16. Salinity distributions in the 1st layer at 60-day interval.

plume reaches the eastern tip of the Shantung pen-
insula at day 420. It advances westward along the
northen coast of the Shantung peninsular until day
480 but soon retreats to the east. The southern plume
remains west of 122°E not advancing along the south-
ern wall.

In the central region of 30°—35°N the plume keeps
expanding to the offshore direction while the north-
ern and southern plumes are stalling. The main
tongue of the plume in the central region is expand-
ing eastward in the southern region of the Cheju
Island and reaches 126°E at day 440. At day 500
it passes the longitudes of the Cheju Island and rea-
ches 127°E. Then this tongue is now expanding to
the north and reaches the coast of the Cheju Island
at day 600. The expansion to the north continues and

the whole Cheju Island is surrounded by the low
salinity waters at day 640. The plume keeps this nor-
thward expansion until it reaches the south and west
coasts of Korea. The plume then advances eastward
along the south coast and northward along the west
coast and at day 720 the plume reaches 129°E in the
south coast and 37°N in the west coast.

This experiment is performed to find out the dis-
persion of the low salinity water by applying only
the time-varying discharge without any other external
forcing. Therefore the model results cannot be direc-
tly compared with the real ocean data. The inclusion
of the tide and current would change the whole pic-
ture. Nevertheless this experiment shows that the in-
fluence of the freshwater from the Changjiang River
is large on the ocean environment in the Yellow Sea
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Fig. 17. Velocity distributton in the Ist layer at day 720

including the South Sea of Korea. In the southern
region of the Changjiang River the influence 1s felt
mostly all along near the coast and the offshore ex-
pansion is limited to the west of Taiwan. On the other
hand the plume expands further offshore in the
northen region that the low salinity waters reach not
only to the Cheju Island but also to the west and
south coasts of Korea. The dispersion of the low
salimity waters generates density currents and con-
sequently the ocean circulation would be very com-
plicated. The changes in the ocean circulation would
alter the distributions of the chemical/biological par-
ameters and it would lead to the modifications in the
ocean ecosystem.

Fig. 17 shows complicated velocity distributions in
the first layer at day 720. Strong southward currents
are found mostly at offshore locations unlike the first
experiment with constant discharge. There exists a
northeastward coastal current along the south coast

of the Shantung Peninsula and its direction changes
clockwise near the eastern tip and then begins to flow
southward. Most of this southward current flows
through the offshore region all the way to the east
of Taiwan. A part of it however flows southeastward
toward the Cheju Island until it becomes a northward
flowing current at the southwestern corner of Korea.
It should be remembered. however, this current pat-
tern is only temporary because the current is a density
current induced by the low salinity water which is
changing fast in its distribution.

DISCUSSION AND CONCLUSIONS

In this study several experiments are performed
under a realistic configuration in the geography and
topography. The applied external forcings are design-
ed to be added one by one so that the ocean response
to the individual elements could be isolated. In the
first experiment the discharge of the Changjiang River
is set to a constant value of about 80,000 m*/s which
is, we assume. the same magnitude as in the summer
of 1998. Experiments with flat bottom and realistic
topography are performed and the introduction of
topography reduces the eastward expansion of the
plume and enhances the northward flow.

In the second experiment a constant wind is added
and we look into the ocean response to the different
wind direction. Results confirm that the ocean res-
ponds to the applied wind according to the Ekman
dynamics and the southerly wind which is the dom-
inant in summer advects the low salinity waters to
the east. Therefore the southerly wind alone could
be responsible for the appearance of the low salinity
waters near the Cheju Island in summer. Certainly.
the southerly wind have to be strong enough and/
or to last long enough to be effective.

In the third experiment wind is now excluded and
a long integration of two years is performed with
the time variation in the river discharge. The discha-
rge is designed to change as closely as possible to
the monthly discharge data of Shen et al. (1998). The
experiment starts from a calm and homogeneous
ocean and the low salinity water reaches the west
and south coasts of Korea in less than two years.
The low salinity water occupies the whole Yellow
Sea south of the Shantung Peninsula and the resulting
density current dominates the circulation.

Anticyclonic gyre and the coastal current along the
south coast, an essential feature of the ocean response
to the input of the low salinity water, are also present
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in our experiments. However, a long integration in
the third experiment destroys this basic and simple
feature and the structure becomes more complicated.
In the basic pattern the outflow from the river flows
around the gyre and is connected to the coastal cur-
rent along the south coast but this simple pattern is
no longer possible once the gyre is destroyed by
instability or whatever reasons. The flow direction
at the river mouth now strongly depends on the local
current and this in turn influences the salinity dis-
tribution which again changes the current structurc.
This negative feedback between salinity and current
makes the problem very complicated and unpredict-
able. In other words, the system is predictable when
the anticyclonic circular gyre is present but once it
is destroyed the system becomes chaotic.

In the realistic topography case of the first exper-
iment more volames of the low salinity waters are
advected to the north than in the flat bottom case.
The development of the northward flow is also a
characteristic feature of the coastally trapped solution
of McCreary et al. (1997). This feature is explained
as a compensating flow induced by the southward
flow generated along the density front which 1s
formed offshore between the low salinity river water
and the high salinity ocean water. The northward
flow in our experiment could be due to the positive
relative vorticity associated with the depth increase
near the river mouth. The depth increase might be
too small to cause this sharp turning, so the dynamics
of McCreary er al. (1997) looks more responsible for
the northward flow.

In this study, simple and 1dealized external forcings
are applied to investigate the behaviors of CRDW
in three cases. Thus, we do not attempt to compare
the outcomes of this numerical experiments to the
real situation. However, our experiments demonstrate
that the CRDW can be spreaded significantly in the
vast area. Strong tidal current may play a very impor-
tant role in mixing the freshwater with the saline
water in the Changjiang estuary. The Kuroshio sys-
tem in the East China Sea controls not only the gen-
eral circulation in the region but also influences the
estuarine system. Therefore, tide and the Kuroshio
system together with variable winds in time and
space should be included to get a closer picture of
the real ocean.
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Abstract

The detailed three-dimensional structure of the Kuroshio frontal eddy along the shelf edge
of the East China Sea is revealed by the CTD, ADCP, and satellite-tracked drifter observa-
tions. The length and width of the cold core of the Kuroshio frontal eddy are about 60
and 40 km, respectively, and its phase speed is about 30 cms™!. The calculated buoy tracks
with the use of the observed ADCP data well reproduce the observed tracks of satellite-tracked
drifters around the frontal eddy. The observed maximum horizontal velocity around this
frontal eddy are 40 cm s~ ! and the center of this eddy shifts offshore in the deep layer. Nutrient
is advected onshore across the shelf edge by passing of this frontal eddy while 1t 1s advected

offshore without the frontal eddy at the shelf edge. © 1998 Elsevier Science Ltd. All rights
reserved.

1. Introduction

The features of warm, tongue-like extrusions of the Kuroshio which are oriented
southwestward around cold upwelled cores have been frequently observed in
infrared image from the satellite (Fig. 1). Such features are related to the meander of
the Kuroshio front along the shelf edge of the East China Sea. Shibata (1983)
showed that the wavelength and phase velocity of the meander of the Kuroshio front
along the shelf edge of the East China Sea are about 300 km and 20 cms ™, respec-
tively, from the analysis of the water temperature data and the NOAA infrared

* Corresponding author. tyanagi@riam.kyushu-u.acjp
0278-4343/98/% — See {ront matter © 1998 Elsevier Science Ltd All nights reserved
PII S0278-4343(98)00013 4
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images. Sugimoto et al. (1988) found that the period of the meander of the Kuroshio
front at the East China Sea was 11-14 days, its wavelength 300-350 km and its phase
speed 30 cms™! by the current measurement. On the other hand, Qiu et al. (1990)
reported that the typical period of the meander of the Kuroshio front was 14—-20 days,
its wavelength 100-150 km and its phase speed 20-26 cms ™! on the basis of consecut-
ive satellite infrared images, sea level data and water temperature records. The
meander of the Kuroshio front, accompanied by a cold core with the horizontal scale
of 40-60 km (Sugimoto et al,, 1988), has some characteristic spatial and temporal
scales and it is advected down-stream along the shelf edge of the East China Sea.
However, the detailed three-dimensional structure of the Kuroshio frontal eddy in the
East China Sea has not been clarified yet.

Similar meander phenomena are observed in the Gulf -Stream, which is
‘the Kuroshio in the north Atlantic’, and Lee et al. (1981) gave a terminology of
‘frontal eddy’ to such phenomena and presented a schematic representation of the
Gulf Stream frontal eddy as shown in Fig. 2. The typical horizontal scale of
the meander of the Gulf Stream and its cold core are 100-300 and 10-50 km,
respectively (Lee et al.,, 1981). The Kuroshio frontal eddy is expected to have a similar
structure as Fig. 2.

We carried out an intensive field observation with the use of CTD, ADCP and
satellite-tracked drifters around the shelf edge of the East China Sea (Fig. 3) in order
to clarify the detailed three-dimensional structure of the Kuroshio frontal eddy there
and show the results in this paper.

2. Field observation

The field observation was carried out at Stns. 1-6 across the shelf edge of the East
China Sea shown in Fig. 1b from 27 May to 1 June 1996 by the T/V Kakuyo—Maru of
Nagasaki University. The distance between two consecutive observation stations is
22 km. The vertical distributions of water temperature and salinity were observed
every day along this observation line from Stn. 1 to Stn. 6 during 6 days with the use of
the CTD (Neil Brown Mark III B). The current speed and direction at three depths
were observed along the same observation line from Stn. 1 to Stn. 6 by a ship-borne
ADCP (Furuno CI30). The shallow observation depth was fixed to be 20 m below the
sea surface, the depth 0.7 times the water depth there and the middle depth, the
averaged depth of the shallow and deep ones. The ADCP data were averaged over
5 min, which corresponded to a 1500 m interval for T/V Kakuyo-Maru steaming at
about 10 kt and this implied about 1000 pings in each ensemble average. The bin
length of 2 m was fixed and the instrument was used in bottom tracking mode, in
which the ADCP measured the apparent velocity of the sea floor and subtracted this
from the measured water velocity. The water velocity was measured relative to the sea
floor.

The satellite-tracked drifters were deployed at Stns. 1-5 on 28 May. The drifters
were drogued 15 m below the sea surface at Stns. 1, 3 and 5 and 50 m below the sea
surface at Stns. 2 and 4.
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Fig. 1. NOAA 12 infrared image taken at 7: 12 JMT on 13 May 1996 two weeks before our observation (a)
and the Kuroshio front depicted from this image (b). Arrow denotes the position of Kuroshio frontal eddy.
We could not obtain a good infrared image during our observation period due to continuous cloud
weather.

=333~

IP:14.49.138.138, 2017-11-03 15:56:10



T. Yanagi et al. [Continenta!l Shelf Research 18 (1998) 1039-1056 1043

%)
& 100
-
w
=
150 2\
. ’ .. I6°
upwelling
200}- ) 1 M
50 100 150
KILOMETERS

Fig. 2. Schematic characterization of a Gulf Stream frontal eddy in the South Atlantic Bight (Lee et al,,
1981).

3. Results

The averaged vertical distributions of water temperature, salinity and density
(sigma t) along the observation line during 6 days and their normalized standard
deviation (standard deviation/averaged value) are shown in Fig. 4a and b, respective-
ly. The warm, saline and light Kuroshio water flows in the surface layer at Stns. 5 and
6. The normalized standard deviation of water temperature is high in the bottom layer
of Stns. 4 and 5 and this corresponds to the upwelling of the cold slope water as
discussed in detail later. On the other hand, the normalized standard deviation of
salinity is high in the surface layer of Stns. 5 and 6 and this suggests that the salinity
variation in this observation area is mainly affected by the fluctuation of the Kuroshio
front. The salinity increases at Stns. 5 and 6 when the Kuroshio front approaches the
shelf edge but it decreases when the Kuroshio front is apart from the shelf edge. The
high variation of water temperature in the bottom layer of Stns. 4 and 5 does not
correspond to the high variation of sigma-t there because the upwelling of the cold
slope water is accompanied with low salinity. The high variation of sigma-t in the
middle layer of Stns. 4 and 5 is due to the upwelling of cold and saline bottom water to
the middle layer around the shelf edge.

The most dominant variation during this observation period was due to the
upwelling of slope water onto the shelf on 29 and 30 May 1996. The change of the
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Fig. 3. The East China Sea and the Yellow Sea (a) and the observation stations (b). Numbers show the
depth in meters.
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Fig. 4. Averaged water temperature, salinity and density distributions during 6 days (a) and their nor-
malized standard deviations (b).
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Fig. 6. Horizontal distributions of water temperature, salinity and density, 20 m and 70 m below the sea

surface.

vertical distributions of water temperature, salinity and density before the upwelling
(27 May) and at the upwelling (30 May) is shown in Fig. 5a and b. There was no cold
water below 15°C at the bottom layer of Stn. 4 on 27 May but the cold water of 13°C
existed there on 30 May. Surface salinity at Stns. 4 and 5 decreased during the

upwelling event.

Such an upwelling event is considered to correspond to the passing of the Kuroshio
frontal eddy through the observation area because Sugimoto et al. (1988) and
Qiu et al. (1990) pointed out that the Kuroshio frontal eddy was accompanied with

<

Fig. 5. Distributions of water temperature, salinity and density without upwelling event (a) and those with

upwelling at the shelf edge (b).
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Fig. 8. Calculated tidal current ellipses by numerical model of Guo and Yanagi (1998).

<

Fig. 7 Day-to-day variation in the vertical distribution of PO,-P concentration Black dots show the
sampling points.
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the upwelling of the cold slope water at its central region and the wind was very
calm during our observation period. They reported that the phase speed of Kuroshi
frontal eddy was 20-30 cms ™! along the shelf edge of the East China Sea. Therefore,
we draw the horizontal distributions of water temperature, salinity and density on
the assumption that the observed water temperature and salinity distributions
were advected in a frozen pattern at a speed of 30cms™! (26 kmday™!).The
magnitude of this phase speed will be discussed later. The results are shown in
Fig. 6. A cold and heavy-water mass with the length of about 60 km and the width
of about 40 km appeared 0, 20 and 70 m below the sea surface in the observation
area only on 29 and 30 May 1996. A feature of warm, tongue-like extrusion of
the Kuroshio water is suggested by a 23.5°C contour line in the horizontal
distribution of water temperature at 0 m depth in Fig. 6. The day-to-day variation
in the vertical distribution of PO,—P concentration (which was kindly provided
by Mr. M. Egashira of Shizuoka University) is shown in Fig. 7. The water mass
with high concentration of PO4~P upwelled onto the shelf edge on 29 May and the
dispatched water mass with high PO,—P existed 50 m below the sea surface on 30
May 1996.

The barotropic tidal current component has to be subtracted from the observed
ADCP data in order to clarify the velocity field around the frontal eddy. The
barotropic tidal component during the observation period is estimated by the super-
position of M,, S,, K; and O, tidal currents at observation stations shown in
Fig. 8 which are obtained by the three-dimensional numerical model with fine mesh
size of 25 km x 25 km of the East China Sea (Guo and Yanagi, 1998). The day-to-day
variation in the observed currents by ADCP without the tidal current components is
shown in Fig. 9. The barotropic current component was dominant in the observed
area and the strong Kuroshio with the speed of about 3 kt flew at Stns. 5 and 6 above
the shelf edge on 27, 28, 31 May and on 1 June but the Kuroshio front was apart from
the shelf edge on 30 May 1996 from Fig. 9. The high variability of currents at Stns. 1-4
on the shelf is due to the passing of Kuroshio frontal eddy which will be discussed in
detail later.

The day-to-day variation in the calculated geostrophic current is shown in Fig. 10.
The reference level of this geostrophic calculation is 20 m where the observed velocity
by ADCP after the elimination of tidal current is used for the reference velocity. The
barotropic current component is dominant in Fig. 10, and such characteristics well
coincides with the result of ADCP observation shown in Fig. 9 though the absolute
values of velocity do not coincide quantitatively.

The distributions of the horizontal velocity observed by ADCP at 20, 50 and 70 m
depths are shown in Fig. 11, which are averaged by a box filter with the length of
20 km. Those at 50 and 70 m depths are obtained by linear interpolation from
observed data at the upper and lower layers of 50 and 70 m, respectively. The

<

Fig. 9. Day-to-day variation in the vertical distributions of observed current by ADCP without tidal
current component.
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Kuroshio axis was apart from the shelf edge (Sta. 5) on 30 May. An anticlockwise eddy
with the speed of about 40 cms™! existed at the central part of this figure and this
anticlockwise eddy well corresponds to the cold and heavy water mass shown in
Fig. S.

On 30 May, the center of this eddy exits between Stn. 4 and 5 at a depth of 20 m but
it exists at Stn. 5 at a depth of 70 m. This suggests that the center of the cold core of
frontal eddy shifts offshore in the deep layer.

The observed drifter tracks are shown in Fig. 12b. The buoys at Stns. 1, 2 and 3 flew
clockwise, only the buoy injected at Stn. 4 flew anticlockwise and that at Stn. 5 quickly
flew out of this observation area within one day. The speed of the anticlockwise
circulating drifter deployed at Stn. 4 was about 20 cms™! from Fig. 12b.

The reproduction of the observed drifter tracks shown in Fig. 12b'is tried with the
use of Euler-Lagrange method using the observed current field by ADCP shown in
Fig. 11. The position of a buoy X, ., at time n + 1, which was at X, at time n is
calculated by the following equation:

Xoe1 =X, + VAt + (V)VAL, (D

where V denotes the velocity vector, At the time step of the calculation (= 60 min in
this case) and VV the horizontal gradient of velocity. The third term on the right-hand
side shows the effect of the current shear. In this calculation, the interpolated current
field on the basis of Fig. 11 is advected northeastward by 20-30 cms™ ! normal to the
observation line because we assume that the phase speed of the Kuroshio frontal eddy
is 20-30 cms ™', The best result is obtained with the phase speed of 30 cms™! as
shown in Fig. 12a. The calculated tracks shown in Fig. 12a well reproduce the
« ..vcd ones shown in Fig. 12b and this implies that the assumed phase speed of the
Kuroshio frontal eddy of 30 cms™! is reasonable in the present case.

4. Discussions

Lee et al. (1981) pointed out that the Gulf Stream frontal eddy played a very
important role in the nutrient supply from the bottom slope water to the shelf water.
Now we examine, the role of the Kuroshio frontal eddy in the nutrient transport
across the shelf edge of the East China Sea by using the data observed.

The day-to-day variation in the horizontal advective flux of PO,—P per unit width
of I cm at Stn. 5 across the shelf edge is calculated with the use of observed velocity
data by ADCP and observed PO,—P concentration data. The result is shown in Fig.
13. The onshore flux of PO,—P appeared only on 28 and 29 May when the Kuroshio
frontal eddy passed through the observation line. The advective flux determines the

<

Fig. 10 Day-to-day variation in the calculated geostrophic current. The observed current velocity 20 m
below the sea surface by ADCP 1s used for the reference Shadow area shows the southwestward current.
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Fig. 12. Calculated tracks of buoys injected at Stns. 1-5 (a} and observed tracks of ARGOS buoys (b). The
position every day after the injection is marked and the buoy injected at Stn, S flew out of this region within
a day both in the calculation and observation.

total horizontal flux of PO,~P across the shelf edge because the diffusive flux is
smaller by one-order than the advective flux even with the horizontal diffusivity of
107 cm? s~ !, This suggests that the Kuroshio frontal eddy plays a very important role
in the nutrient transport across the shelf edge of the East China Sea.

We have to develop our study in order to clarify quantitatively the role of Kuroshio
frontal eddy not only in the nutrient transport but also in the material exchange
across the shelf edge of the East China Sea.
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PO,-P NET FLUX IN STA.5(X umol/s)
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Fig. 13. Day-to-day variation in horizontal advective flux of PO,—P per unit width of 1 cm at Stn. 5 across
the shelf edge.
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& SAEFY AFE FHigdez FFHE 4FS dFHoE HA3e AT
= F@dRnon, EdFdiet e EY, i‘ﬁl 2 A Aol o]27|7AA &
A7 g5l B SiFFEE AV L FRAA A AFAT A4FF
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L FH4gs 2 SAZA
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A AgEALe 713 E 0t
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& =40l A&d Zolt. #H, FFFAe AY 71FFNA ite FH9 7)o &
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A g FARAY ABelE 74D $o YRR oIAE $FFAE POz
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7HE ALAM T FEAIS EFEFE HF B AT & AHA ok a2
ATFAol FFIE dFLE & A A I d7Y ARE FFIHE T
Je A= 79 4ot

2. F2 I BAH

F33a0 0@ U G2t 977 QA7) HEe] B AFANE FF T A
299 HFBARY, AL o183 AL, A4AF 5 ARop) 2H FEHoE Yaz
St 71z AFHARRY £33 FFF NRAY A4 AFTEY WS A Ak
22 AFARY ool 2WL BEAT. o}HE T AARA YBF $2, 221 o
Aol BAL AAD Y& wTY 24 AFo) Wa) ATFFRY 2RO 4R o
A%, 22 AFAAATRANE WA AAHY ZABES S g LD
AFABE L3 Ak AN He AT 4 e AFEA AP A
o it F2 AYFAL VEIYVY $202 FYY $E YT FANA A A%Fo|
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NPT ATY FoAl FAReZ B2AHA,
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?‘SH AFHEP = °lﬂiﬁ WS A FRAHOE oF ¥HEE Zev)? dge 1A
A HFED BT F2 ZFHY 7ol g o|FolAn 71448 H FEEH adEe] #
stAl €t 3H°OH’L74«1 AIZEASE 5 AR M A SEA (B8, 88 A
)FH SF ADEEIL ol E A ZAEA B3t e 24259 ek
£ FARD A7t FPHA Y, BFS RAAF S FE3] g3t gy A FL
l g dNkeS nste Ang Bdo] s ool 5lv 2do lgzd ¢ 2

a3 A=A de A5V .A3BY. B3, AFdRY R G4H B2, 1
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A2 Frdste Aot dF Fas olE TR dHTHE dEsn YAT 9%
Hgo] AEs) #HE AL okt YA B TAE AAs] Astd AW HFBS,
H3F #5, 4L AFAF AT, AR AF T GAH Aol odit £,
A A FHRAG dEFTA AEHo| F3HTL Foo} FAAE dv 25 A o
o2 FAY 75 29 FHo Wt ddHen ol FAEH R FEFH HSEE
3o &l ojwd 4L vld Aojv] FEA = EF F9 T FEYS FE Y
o olZAQl FFL AHT AYAY Ad 77 BRF Adolth

G) TF=3 MY e L od 7T 2E M3 jlen A¥ER
8E RojEs}? Kuroshio9} branch currentsol] ¢]s) dvjr} 3 d

g Atolel B9t FED nE2 o AL T o|Fo AP FFAL
2 Hn3 & 4A doey FLUHESA (middle shelf area)oj X £F2 A
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o, AFE Gl whAAY] egto] EAdtn BuE v Yok R EE 5H3
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FEU A Yt o9, 34
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ARG A s FFEe} &850l o3 A= o)
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Agdl A 7hsEn
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U T8 ol2d vtz I A" ¥t Jed FEHE A o E
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BRqozRE FASA w2t ¢ TEHA A Aol FEeld. olE
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!
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(o]
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The Program of "Circulation and Air-Sea Interaction
in the East China Sea” Workshop

Thursday, October 2
14:00-22:00  Registration
Friday, October 3

7:30 Breakfast

Chairpersons: Jilan Su and Haisheng Zhang
8:40-9:20 Opening Remark

Chairperson: Yaochu Yuan

9:20-9:40 Structure of surface current and hydrography in summer in the boundary
zone between the yellow and East China Seas
Heung Jae Lie*, Cheol Ho Cho, Seok Lee and Jae Hak Lee

9:40-10:00 Geographical and temporal variation of sensible and latent heat fluxes in
the ocean area near China '
Mingyu Zhou#*, Fenlan Qian and Shiming Li

10:00-10:20  Advances in the study of coastal and oceanic cyclones to the East of
China
Zenghao Qinx

10:20-10:50 Coffee Break

10:50-11:10 Synoptic characteristics of 1993 and 1994 Changma in Korea
Yoon Hong* and Deuk-Kyun Rha

11:10-11:30  Variability of the Kuroshio in the East China Sea during 1992-~1995
Yonggang Liu* and Yaochu Yuan

12:00 Lunch

Chairperson Heung Jae Lie
14:00-14:20 Tide and wave simulations for the Hangzhou Bay
Byung Ho Choi*
14:20-14:40 On the current field associated with the Yellow Sea cold water mass
_ Jilan Su and Daji Huang*
14:40-15:00 Three dimensional diagnostic, semidiagnostic and prognostic calculations
of current in the Taiwan Strait during summer
Huiqun Wang* and Yaochu Yuan
15:00-15:30 Coffee Break
15:30-15:50 A numerical modeling study of the fresh water plume
Inkweon Bang*
15:50-16:10 Distribution of low salinity waters in the southwestern Yellow Sea in
October 1996
Jae Hak Leex
16:10-16:30 Hydrographical conditions in the East China Sea
Jingzhong Jiang* and Tongde Fang

18:00 Welcome Party(at Huajiashan Hotel)

Saturday, October 4

-388-

IP:14.49.138.138, 2017-11-03 15:56:10



7:30 Breakfast
Chairpersons: Jilan Su and S.K. Yi
9:00-10:00 Proposals of Chinese side
(1)Yaochu Yuan: The physical oceanography
(2)Mingyu Zhou: Meteorology( 1)
(3)Zenghao Qin: Meteorology(1I)
10:00-10:30  Coffee Break
10:30-11;30  Proposal of Korea side
Heung Jae Lie
11:30-12:00 Proposal of Japanese side
Yaochu Yuan
12:00 Lunch
14:00-17:00 Discussion and summary
18:00 Dinner
19:00-20:45  Excursion around the West Lake
Sunday, October 5
7:30 Breakfast
8:00-11:30 Excursion to the Lingyin Temple, Tea Museum and so on
12:00 Lunch
13:00~17:00 Excursion to the Tiger Spring, Six Harmony Pagoda and so on

18:00 Closing Party

The mark * means the person who will present the paper.
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The Workshop of Cooperative Study on the Air-Sea
Interaction Process of Cyclone Outbreak over the Yellow
and East China Seas

(October 8-12, 1998, Hangzhou, China)

PROGRAMME

October 8:

Registration at Ling Feng Hotel,. Hangzhou (T H R & 1L E,
Tel: 7971456)

October 9: ‘
1)Watch the tidal bore of Qian-Tang River
2)18:00- Dinner Party

October 10 AM:

1)09:00  Meeting begin, Chaired by Prof. Zhang Haisheng,
Deputy Director of Second Institute of Oceanography (SIO)
09:00-09:30  Speeches given by

Dr. Wang hui , Director of Division of Ocean
Science, Department of Earth
Science, NNSF
Mr. Ni Yuefeng, Director of Department of
Science & Technology, SOA
Prof. Su Jilan, Director of SIO
2)09:30-10:00  Group photo & Break
3)10:00-12:00  Chaired by Prof. Su Jilan
10:00-10:25 Prof. Yuan Yaochu “Project of 1999
Investigation cruise on the Sea-Air Interaction
of the developing Process of cvclone outbreak
over the Yellow and East China Seas”
10:25-10:50  Prof. Zhou Mingyu “The observation for air-
sea exchange of heat and substance during
developing process of outbreak cyclone over
Yellow and East China Seas”
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10:50-11:15 Prof. Qin Zenghao “Some Aspects of
extratropical cyclonés over the Yellow and East
China Seas”
11:15-11:40  Prof. Arate Kaneko “1999 Cruise Plan for the
Air-Sea Interaction Process of cyclone outbreak
over the Yellow and East China Seas”
12:00 Lunch
October 10 PM:
14:00-17:30  Chaired by Prof. Cao Jiping
14:00-14:25 Dr. Heung-Jae Lie “Implementation Plan of
KORDI”
14:25-14:50  Speak by Prof. Cho-Teng Liu
14:50-15:10 Break
15:10-17:30  Discussion
October 10 evening:
18:00-21:00  Visit the Lantern Festival at “Listening to the
Orioles Singing in the Willows ”Park
October 11 AM:
1)09:00-10:30  Chaired by Prof. Arate Kaneko
Discussion
10:30-10:45  Break
2)10:45-12:00  Chaired by Dr.Heung-Jae Lie

Discussion
12:00: Lunch
October 11 PM :
13:30- Sight Seeing

October 12 AM
Leave Hangzhou for Shanghai at 09:10 by train Y204
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Seasonal variation of low salinity waters
in the northwestern East China Sea

ol A%, ol EA’, Yuxiang Tang”, ZHE", og-g’
‘PIAPATE, "EFITAALT AMFARE

A series of cruises conducted by Korea Ocean Research and Development Institute
during 1996-1997 enables to trace low salinity waters in the region between the Yellow
and East China Seas. We present a scenario of seasonal variation of low salinity waters as
follows based on CTD data gathered: In summer, with monsoonal rainfall an amount of
discharge from the Changjiang River flows out and directs to Chejudo. It acts as a barrier
between the Yellow and East China Seas. Consequently, the southward coastal waters from
the northwestemn Yellow Sea and a part of the Changjiang diluted waters are mixed and
piled up in the southern Yellow Sea. As a result, the decrease of salinity in the surface 20
m layer of the southern Yellow Sea exceeds 2.0 psu. In autumn, the core of low salinity
waters isolated in the southermn Yellow Sea moves to the southwestern Yellow Sea as warm
saline waters in the region west of Chejudo begin to press the water body in the
southeastern Yellow Sea. In winter, the low salinity waters are intruded into the area
between Chejudo and the Changjiang River. Boundaries of the region where the low
salinity waters stay during the winter season are consistent with contours of 40-50 m
depths. In spring of the next year, runoff of the Changjiang River is increasing and it
pushes the (old) low salinity waters which have passed the winter. The annual cycle of
distribution of low salinity waters implies that the residence time of the waters from the
Changjiang River in the warm season in the northwestern East China Sea has a range
from one month to one year. This also suggests an estimate of the upper bound of the
residence time for geochemical materials originated from the land.
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Lie, Cho, Lee, Niiler, and Hu, 1998. Separation of the Kuroshio water and its penetration

onto the continental shelf west of Kyushu. J. Geophys. Res., 103(C2), 2963-2976.
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Dispersion of the Yangtze River Diluted Water

Yol
BIAFATLE HFEYATY

Dispersion of the Yangtze River Diluted Water (YRDW) is investigated using
POM (Princeton Ocean Model) in a realistic configuration. No external forcing is
given in the control experiment which has been run for 100 days with a constant
river discharge only. First experiment is a flat-bottom case and in the next
experiment realistic topography is introduced to see the changes in the response.
Next, wind stress of 0.5 dyn/cm’ is applied continuously for another 10 days
beginning from day 100 of the control experiment. Four wind directions are tested
and the southerly wind gives dispersion area that affects Korea most.

In another experiment annual variation in the river discharge is implemented
and is run for 720 days. Results show that YRDW disperses to the north as much
as to the south even without any external forcing. Within two years, the YRDW
reachs Cheju Island and the west and south coasts of Korea are also influenced.
The northward dispersion of the YRDW is similar to the coastally trapped solution
of McCreary and Zhang(1997) in dynamics that the northward flow near the coast
is induced as a compensating flow to the southward flowing density current along
the offshore front.

HaEY

McCreary, J. P. Jr and S. Zhang, 1997. Coastal circulation driven by river
outflow in a variable-density 1)4-layer model. J. Geophys. Res., 102,
15535-15554
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Frontal structure in the northern East China Sea

Jae Hak Lee, Heung-Jae Lie and Cheol-Ho Cho
Korea Ocean Research and Development Institute
P.O. Box 29, Ansan, 425-600, Seoul, Korea

1. Introduction

One of the dominant phenomena in the northern East China Sea is the thermohaline
front which is described as a demarcation between the cold and fresh coastal waters and
the warm and saline open ocean waters. It has been longtime believed that water masses
in the region are mainly governed by the northward Tsushima and Yellow Sea Warm
Currents, the southward Yellow Sea Bottom Cold Water, eastward diluted waters from the
Yangtz nver and coastal waters along the Korean Peninsula. However, the related
(synoptic) frontal structure and its seasonality are not well understood. The satellite
thermal infrared images are useful to study a synoptic frontal distribution, i.e. the sea
surface temperature pattern, but only in the winter season. Recently, Korea Ocean Research
and Development Institute(KORDI) has carried out intensive hydrographic observations in
the Yellow and East China Seas and this enables the seasonal frontal structure to be

analysed.

2. Data

The field observation was conducted six times by R/V Eardo or R/V Onnuri of KORDI
during the period of 1993-1936. The observational- region is not the same for all cruises
but the boundary area between the Yellow and East China Seas, i.e., the region between
the Yangtz river and Chejudo, is always included. The temperature and salinity data were
collected using Neil Brown Mark IIIb and/or SBE 911PLUS CTD systems.

3. Results

The temperature front is generally coincide with the salinity front. In summer, however,
the fronts in the bottom and surface layers ‘are largely controlled by temperature and
salinity, respectively. The strength and location of the fronts show strong seasonal
variation especially in the mid East China Sea. The thermal front is very steep with the

gradient over 0.15 T/km in winter and in summer but the frontal pattern is reversed
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between the two seasons from the northward tongue shape to the southward one. An
interesting feature is density gradients across the front which show very low values in
winter. Table 1 summarizes the front characteristics.

Dynamical consideration suggests that the seasonality of the frontal structure is
controled mainly by the change of sea surface pressure fields caused by the diluted waters
from the Yangtz river and the northerly monsoon winds in summer and in winter,
respectively. Thus, the effects of these external forcing terms should be investigated to
understand the seasonality of frontal pattemn. Understanding the role of northerly winds on
the fronts in the region south of the Korean Peninsula, ie., from the Korea Strait to the

Cheju Strait, is another important problem for the small scale frontal process.

Table 1. Characteristics of the fronts in the northern East China Sea.

Observation Front characteristics
Thermal~ and Density front
' i ensi
Time Area* Aregx* Formation haline fronts nsity tron
depth#*** . . ]
Coincidence |Difference {Existence| None
Feb. 1993 | SYE | KS-CS, WC W o o
Apr. 1996 | ECS | CS-WC W o o
May 1995 | ECS | KS-SC-SB W o o
July 1994 | SYE | WC M, B o (M) o (B) o
T: M, B
Sep. 1994 | ECS | KS-SC-YS S: W o (M,B) o (S) o (S)
Oct. 1996 | ECS | KS-SC-YR \%Y o o (M,B) o (S)

* SYE- the Southemn Yellow Sea, ECS- the East China Sea

#x KS- the Korea Strait, CS- the Cheju Strait, WC- west of Chejudo, SC- south of Chejudo
SB- shelf break, YS- the Yellow Sea, YR- the Yangtz river

#xx W- whole layers, S- surface layer, M- mid layer, B- bottom layer
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On the Branching of the Kuroshio and the Formation of Slope
Countercurrent in the East China Sea

Lie Heung-Jae, CHo Cheol-Ho
Korea Ocean Research & Development Institute, Korea
KANEKO Arata
Hiroshima University. Japan
Abstract

The branching of the Kuroshio west of Kyushu and the slope countercurrents in the
East China Ses continental slope were investigated by analyzing trajectories of satellite-
tracked surface drifters, moored current data, and CTD data. Composite trajectories of
satellite-tracked surface drifters show separation of the northeastward flowing Kuroshio
into the Kuroshio main stream turning to the east toward the Tokara Strait and a north-
ward branch current flowing into the shelf across the continental slope. The Kuroshio
branch current { KBC) was part of the inshore Kuroshio, just upstream before its separa-
tion and its branching might be caused by the vorticity adjustment created by the eastward
turning of the Kuroshio.

The Kuroshio branching is indicative of surface divergence, accompanied by conver-
gence in the lower layer. In the branching area, vertical hydrographic sections across the
slope were dome-like shaped, which is a typical pattern associated with upwelling. Also
southward or southwestward currents were observed in the lower layer of the slope area
betow the KBC. In the central slope area, upstrcam of the Kuroshio, southwestward slope
cwrrent was often formed in the deep layer when the onshore current component was
strengthened. This siope countercurrent may be part of a cyclonic circulation in the lower
layer, possibly associated with local upwelling in the slope area.

1 Introduction

The Kuroshio in the East China Sea {ECS) flows northeast along the continental
slope and its mean axis is located on the shelt slope. It has long been known that the
Kuroshio has a branch current west of Kyushu, often called the Tsushima Warm Current
(e.g. Nitani, 1972) or the Kuroshio Branch Current {Lie and Cho, 1997). The separation
and penetration of KBC water are of great importance for elucidating exchange processes
between shelf and Kuroshio waters, and understanding the circutation of the ECS, Yellow
Sea, and East Sea. Lie and Cho (1994) observed a persistent northward flow along the
western shelf edge of the deep north-south elongated trough west of Kyushu. They also
suggested that part of the inshore fringe of the Kuroshio, with a relatively weak speed,
separated from the Kuroshio near the continental slope at the entrance of the trough. The
Kuaroshio turns its direction in the clockwise sens southwest of Kyushu where bottom to-
pography shoals and isobaths are curved. The eastward turning of the Kuroshio and the
penetration of Kuroshio water onto the shelf west of Kyushu may be very responsible for
complicated circulation in the branching area.

Current structure in the Kuroshio separation ares remains relatively unclear to date,
mainly both due to the lack of direct current measurements and to hydrographic data
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Formation of Slope Countercurrent in the East China Sea

Cheol-Ho Cho, Korea Ocean Research and Development Institute, Ansan PO Box 29, Seoul
425-600, Korea, chcho@sari.kordi.re.kr, Heung-Jae Lie, Arata Kaneko

Wednesday variability Var-03c

Current structures on the continental slope of the East China Sea were investigated by analyzing
moored ADCP data, historical current data, ship-mounted ADCP and CTD data. The Kuroshio in
the East China Sea flows northeastward along the continental slope and turns to the east southwest
of Kyushu. A northward branch current is separated from the Kuroshio in the neighborhood of the
eastward turning point toward the Tokara Strait. In the upstream area of Kuroshio west of the
eastward tuming, a slope countercurrent is frequently formed in the deeper layer below 250 m,
with 10-25 day periodicity and the slope current has a maximum variance near a 250 m depth. The
formation of countercurrent occurs just after the Kuroshio turns instantaneously toward the north,
i.e., when the onshore transport takes place. During the formation of countercurrent, current
anomaly in the upper layer is in phase with that in the lower layer, but otherwise, the anomalies
between the upper and lower layers show an out-of phase difference. According to the EOF
analysis of current anomalies, the first mode explains 72.3% of the variance and the barotropic
vertical structure during the formation of countercurrent. The baroclinic vertical structure with the
out-of-phase difference are well described by the second mode, explaining 12.5% of the variance.
On the other hand, in the downstream area where the branch current is separated from the
Kuroshio, geostrophic and observed currents show that there exists a persistent countercurrent
flowing to the south or southwest. The countercurrent in the upstream area may be closely
associated with Kuroshio frontal eddies or meanders, while the persistent countercurrent in the
downstream area may be a consequence of upwelling induced by a divergence in the upper layer
due to the branching of the Kuroshio.

-406-

IP:14.49.138.138, 2017-11-03 15:56:10
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On the Branching of Kuroshio and Circulation in the East China Sea

Heung-Jae Lie, Korea Ocean Research & Development Institute, Ansan PO Box 29, Seoul
425-6000, Korea, hjlie@sari.kordi.re.kr, Cheol-Ho Cho, Jae-Hak Lee, Peter Niileer

Wednesday variability Var-03j

The branching of Kuroshio west of Kyushu and the circulation of the East China Sea were
investigated by analyzing trajectories of satellite-tracked surface drifters deployed during
1989-1997. We also analyzed CTD data collected in the eastern East China Sea in December
1993, September 1994 and late April - early May 1995. Composite trajectories of surface drifters
of WOCE/Surface Velocity Programme and KORDI clearly show branching of the Kuroshio into
two parts. The northeast Kuroshio flowing along the continental slope turns to the east toward the
Tokara Strait and a northward branch current (henceforth Kuroshio Branch Current, KBC) is
separated from the main stream in the neighbourhood of the eastward turning point southwest of
Kyushu. The KBC on the outer shelf flows northward along the shelf edge of the deep trough
west of Kyushu after crossing the continental slope. The KBC also bifurcates into two parts; a
northward continuing flow toward the Korea Strait and an eastward turning flow around the
trough west of Kyushu. The latter flow eventually joins the Kuroshio main stream west of the
Tokara Strait after forming a clockwise circulation in the trough. On the other hand, the former
one corresponds to the Tsushima Warm Current which supplies heat and salt to the East/Japan Sea
through the Korea Strait. The Yellow Sea Warm Current has long been believed to separate from
the KBC between Cheju-do and Kyushu and to flow into the Yellow Sea. However, this classic
concept of the Yellow Sea Warm Current is not evidenced by drifter trajectories and CTD
measurements. Rather, a clockwise current around Cheju-do is observed and is newly named the
Cheju Warm Current. It joins the Tsushima Warm Current in the Korea Strait. The KBC, the
Tsushima Warm Current and the Cheju Warm Current are easily traced by high salinity, which is
characteristic of the inshore Kuroshio water. The volume transport of the KBC is estimated to be
about 4.0 x 106 m*/sec.
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Dynamical structures of the Kuroshio and its frontal motions in
the East China Sea

Heung-Jae Lie’, Peter Niiler ~ and Cheol-Ho Cho’

* Physical Oceanography Division, Korea Ocean Research and Development Institute, P.O.
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** Scripps Institution of Oceanography, 9500 Gilman Drive, La Jolla, CA 92093-0230, USA

Keywords: Kuroshio front, cyclonic eddy, cycloid track, East China Sea

1. Introduction

The Kuroshio front and its meander motions in the East China Sea (ECS) are frequently
seen on satellite infrared images (e.g., Qiu et al., 1990). The Kuroshio frontal meander
motions. often accompanied by mesoscale eddies, are well developed in spring and propagate
downstream with typical scales of 14-20 days in period and of 100-150 km in wavelength,
and of 20-30 km/d in phase speed. Previous studies on the Kuroshio frontal motions have
been made mostly using hydrographic data and satellite infrared images observed in spring.
However, dynamical aspects of the Kuroshio frontal motions in the ECS still remain unclear
to date because of insufficient current data.

In this study we attempt first to discuss the horizontal structures of surface eddy field in
the ECS, mainly based on surface drifter data collected by KORDI and WOCE. Next, we
investigate dynamical characteristics of frontal meanders and eddies in the central outer
continental shelf and slope by analyzing drifter trajectories during 1996-1998 and CTD data
collected concurrently at the drifter experiments, together with available NOAA infrared
images.

2. Frontal meander motion and eddy activities

Most drifters in the outer shelf move downstream in drawmg tangled trajectories and
these tangled trajectories may result from Kuroshio frontal meanders and eddies. Large MKE
(> 1000 cm?s’) is confined 1o a narrow band along the mean axis of the surface Kuroshio.
EKE in the outer continental shelf and slope ranges!00 to 1500 cm?/s’ and decreases sharply
from the Kuroshio axis to the shelf. Local EKE maxima in the central slope (> 300 cm?/s°) are
shifted about 40 km to the shelf edge. In the Kuroshio turning areas where the surface
Kuroshio decelerates, EKE is locally maximum with values larger than 600 cm?/s’. The eddy
activity is predominant in the outer continental shelf on the cyclonic side of the Kuroshio and
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in the deep trough west of Kyushu where shed-off warm eddy or clockwise circulation are
observed (e.g., Lie et al., 1998).

Eddy-mean flow interaction, given by <uu> dU,/0x, where subscripts i and j are 1 or 2
(Baturin and Niiler, 1997), changes its sign successively along the continental slope of the
East China Sea. Large production of eddy energy in the Kuroshio turning areas is well
consistent with the local maximums of eddy kinetic energy produced by branching and
turning of the Kuroshio.

3. Structure of frontal eddies in the central outer shelf

3.1. Experiment in May 1996

Upwelling of cold slope water occurred at the shelf edge during May 27 to June 1
(Yanagi et al., 1998). A drifter near the shelf edge moved downstream after drawing a closed
cyclonic trajectory with an elliptical shape of about 40 km along the Kuroshio and 20 km
across the Kuroshio. On the other hand, drifters in the outer shelf gradually turned clockwise
after release. The cyclonic track presents occurrence of a counterclockwise rotation of water
particles around the upwelled water column, while the clockwise tracks are drawn in and
around saline Kuroshio water intruded in the outer shelf. The clockwise motion in the outer
shelf is estimated to have relative vorticity of order of -0.1 x 107%/s,

3.2, Experiment in March 1997

Intrusion of warm Kuroshio water into the outer shelf is clearly seen in NOAA images
and CTD data. The intruded warm water near 126° E has scales of 140 km in the along-
Kuroshio and 110 km in the cross-Kuroshio. This warm water lump moved downstream at a
mean speed of 12.5 km/d, about half of a propagation speed estimated from images in early
March 1986 (Qiu et al., 1990).

Drifters on the continental slope moved downstream in drawing cycloid tracks. Drifters in
the outer shelf turned clockwise as they moved from shallow depth to deep one, but they
turned counterclockwise for the opposite movement from deep depth to shallow one. The
anticyclonic eddy-like tracks are formed in and around the intruded Kuroshio water in the
outer shelf, which strongly support the existence of a warm eddy detached from the Kuroshio
in the slope.

4. Dynamical Implications of the Cycloid Track
Cycloid or trochoid tracks along the shelf edge are frequently observed when drifters near
the central shelf edge move offshore. The cycloid or trochoid track is supposed as trajectory
of a fluid particle fixed on a circle rolling. Therefore, the observed cycloid or trochoid tracks
can be considered as particle movement on an eddy of radius R advected downstream in the
x-axis. Particle trajectory is expressed by
X=Rsin(wt)+V,t andY =R cos(w 1) 0))
, where o is angular frequency of the eddy and V, is the translation speed along the x-axis.
For constant V,, particle speed ¥, on the track is given by
v, = [C+(F,} - 2CV,Y/R]" @)

, where C is the propagation speed of a rotational motion, @ R. The particle speed is
dependent upon y-position of the particle and the third term on the right hand side of (2)
shows a rotation-advection interaction. For C = V,, the particle draws a cycloid track. The
maximum particle speed at Y = R appears at the mid-trough for cyclonic rotational motion
and at the mid-crest for anticyclonic rotational motion.
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The trochoid track observed in the frontal zone in March 1997 is taken as an example for
a simple analysis. It provides V,= 20 km/d, T = 4 days, and R = 17 km. The observed speed
along the track accelerates from an apex to the mid-trough (or mid-crest) and decelerates from
the mid-trough (or mid-crest) to the next apex. Thus, the observed speed is maximal at the
mid-trough (crest) and minimum at the apexes. These characteristics of drifter motion are in
good agreement with the computed particle track and speed. The frontal waves are found to
propagate downstream at a phase speed of 27 km, faster than the translation speed and the
corresponding wavelength is 107 km, longer than the distance of 80 km between the two
apexes.

6. Summary and conclusions

Frontal meander motions propagate along the continental slope and eddy-like frontal
motions occur in the outer shelf and slope, especially in spring. Cyclonic eddies near the shelf
edge is in close association with upwelling of cold slope water, while anticylonic eddies in the
outer shelf are formed in the intruded Kuroshio water. The observed cycloid tracks near the
shelf edge and moving speed profiles are well represented by a rotating eddy translating
downstream. The typical observed frontal waves have wavelengths of about 100 km and
amplitudes of about 15 km, propagation speed of 20 km/d.
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Fig. 1. Sea surface temperature on March 5, 1987, estimated from an image of
NOAA/AVHRR and trajectories of satellite-tracked. drifters showing Kuroshio frontal
motions. Drifters in the outer shelf turn clockwise in or around Kuroshio warm water
intruded into the shelf, whereas drifters near the shelf edge draw cycloid / trochoid tracks

along the shelf edge
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1. Introduction

The Cheju Warm Current (hereafter, CWC) has been defined as a mean current that turns
clockwise around Cheju-do (often Cheju Island) in the northern East China Sea (Lie et al.,
1998). This mean current transports warm and saline water to the western coastal area of
Cheju-do and to the Cheju Strait. The CWC is different from the Yellow Sea Warm Current
(YSWC). Although there exist two different concepts on the origin of the YSWC (e.g., Nitani,
1972, Beardsley et al., 1985), neither of the two concepts commonly indicates the existence of
a strong mean cwrent in the Cheju Strait. The year-round existence of an eastward current in
the southern Cheju Strait requires a continuous supply of saline water from the southwestern
area of Cheju-do. Consequently, we may pose following questions. Is the CWC a part of the
YSWC? How does the CWC change seasonally? We have attempted to answer these
questions by analyzing CTD data and trajectories of satellite-tracked drifters collected around
Cheju-do.

To examine the geographical boundary between the two representative water masses of
fresh coastal water and saline Kuroshio-origin water in the western area of Cheju-do, we
analyzed historical CTD data collected in the four seasons during 1986-1991 in the northern
East China Sea (ECS). The circulation pattern inferred from hydrographic properties in
shallow water should be inter-compared with current data measured at key points on pathways
of its major mean currents. Therefore, we deployed satellite-tracked drifters and collected
CTD data at three different times during 1996 — 1997. At last, we have constructed a

composite map of trajectories of all available satellite-tracked drifters deployed in the ECS by
KORDI.
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2. Seasonal distribution of CWC water

Analysis of CTD data shows that saline water with salinity (S) greater than 33.5 psu
appears both in the western coastal area of Cheju-do and in the whole eastern area of Cheju-do
and that there exists a salinity front in the lower layer of the western area separating the
Kuroshio-origin saline water and fresher coastal water. The median S in the front is around
33.5 psu, although it changes seasonally. The saline water with S > 33.5 psu in the western
area of Cheju-do is grouped into two types: water with S > 34.0 psu on the eastern side of the
salinity front which is referred to as the CWC water and that of 33.5-34.0 psu in the frontal
zone which is referred to as the modified CWC water.

In winter, a strong surface-to-bottom thermohaline front is formed in the western area of
Cheju-do and its spatial pattern is shaped in a form of letter 'T". Mixed water of T = 10-11 °C
and S = 33.0-34.0 psu extends to the northwest as if it pierce the coastal water. The CWC
water advances to the northwest in winter and retreats to the southeast in summer. In summer
when the vertical stratification is established, the CWC water appears only in the lower layer.
The inshore limit of the CWC water is well described by a 34.0 psu isohaline near the bottom.
Its farthest advancing of the CWC water to the northwest occurs in late winter to early spring,
but its farthest retreating to the southeast occurs in autumn. In autumn, the CWC water retreats
sometimes to the eastern coast of Cheju-do. In an area between 33-34° N, the annual
displacement of the western limit is estimated about 200 km. The seasonal change of the
inshore limit of the CWC water may be closely associated with seasonal changes of surface
wind fields and freshwater input into the YS and northern ECS.

3. Seasonal movement of CWC

We have compared hydrographic structure and drifter movements. In winter to early
spring, drifters move approximately parallel to the I'-shaped thermohaline front and this is
evidence that the CWC water in the western area of Cheju-do flows into the Cheju Strait in a
clockwise manner around Cheju-do. In summer and early autumn, the CWC water in the
lower layer and part of fresh surface water in the western coastal area of Cheju-do are found to
flow into the Cheju Strait. In general, the width of CWC water is much narrower in the
Cheju Strait than that in the western area of Cheju-do. This decrease in width is associated
with an increase in speed of the CWC in the Cheju Strait.

The CWC water does not intrude to the northwest, different from the previous belief. All
drifters have moved into the Cheju Strait approximately along isotherms and/or isohalines. It
is to remark that drifters that have been deployed or appeared in the southwestern area of
Cheju-do do not move to the southeastern area. From these results we may draw a conclusion
that the CWC water and modified CWC water in the western area of Cheju-do flow into the
Cheju-Strait after turning clockwise around Cheju-do.

4. Conclusions

The CWC water and the modified CWC water in the western area of Cheju-do are found to
flow into the Cheju Strait after turning clockwise around Cheju-do. As seen in a composite
map of available drifter trajectories in Fig. 1, the CWC is defined the clockwise current
transporting the CWC water and modified CWC water. The CWC flows in the western
channel of the Korea/Tsushima Strait after passing through the Cheju Strait and eventually
joins the Tsushima Warm Current in the Korea/Tsushima Strait.

The advancement of the CWC water to the west in winter may take place due to the strong
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northerly wind and the eastward retreat in summer may be due to both the southerly wind and
the eastward extension of fresh water discharged from the Chinese coast. In winter, mixed
water of T of 10-11 °C and S of 33.0-34.0 psu extends to the northwest, but it does not result
from a continuous intrusion of the CWC water nor the YSWC from the western coastal area of
Cheju-do. It is thought that the CWC water mixes with fresher coastal water and the mixed
water intermittently intrudes. The intermittent intrusion may occur when the northwestern part
of the I'-shaped thermohaline front is broken down, possibly by outbreaks of the northerly
winds.
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Fig. 1. 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. 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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1. Introduction

The vertical structure of summertime water characteristics in the Yellow and East China Seas
are strongly stratified and the dynamical system of tidal characteristics can be reasonably well
schematized in terms of two-layer system. Henceforth, in order to examine the summertime
baroclinic tidal characteristics of the Yellow and East China Seas, two-layer numerical model
has been implemented.

The model grid resolution is 1/16 degree in latitude and 1/12 degree in longitude, and open
boundary consists of mainly three sections, Tiwan Strait, Ryukyu islands, and Korea (Tsusima)
Strait, which has the same mode!l domain as in Kang et al. (1998). The water level data used by
the previous barotropic model study was also given as open boundary data for the present
two-layer model. The long wave equations govemning shallow water two-layer motion are

solved, based upon alternating direction implicit scheme of second order accuracy in space and
time,

2. Numerical Experiments

The model experiments been initially carried out in order to investigate the model response
according to basic model parameters such as the thickness of upper layer, interfacial stress
coefficient, density difference between layers, and bottom friction. Bottom friction is
represented by quadratic form as usually used in barotropic model. The interfacial shear stress
is represented by linear current shear form, and the coefficient of interfacial shear stress has
been tested for the cases of constant and varying coefficient in terms of quadratic form. Among
the parameters the form adopting the varying magnitude of interfacial shear stress shows better
results in comparison with the observed current speed in the southern Yellow Sea. In addition,
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the model responds more sensitively to the form of a varying coefficient of interfacial shear
stress rather than constant coefficient as used in Kang et al. (1999). It is thought that the
response to interfacial stress term seems to play an dominant role to determine the degree of
current shear between layers.

The model results are verified against the available tide and tidal current data (Kang et al.,
1998; Larsen et al., 1985) and some ADCP data, including data recently observed in the model
area. The present results of barotropic tidal current compares well with the 2-dim., barotropic
tidal model by Choi (1980} and Kang et al. (1998).

3. Results

The M2 tidal chart (see Figure) from two-layer model is more or less similar to those of the
existing barotropic tide models, with some difference in amplitude distribution in the southern
Yellow Sea.

The baroclinic features of tidal flows in the Yellow Seas are to be presented in terms of tidal
ellipse and baroclinic energy flux. The model results indicates that relatively large current
shears from the two-layer model are dominated around the specially limited region in the
Yellow and East China Seas. Comparion between available current observations and model
result is to be made. The degree of inhomogeneity of current shear between layers is quite
interesting from the tidal dynamics point of view, and needed to be examined in some details
later. Present model results also show that the alternating changs of rotation directions from
clockwise to counterclockwise occurs both in upper and lower layers along the Cheju Strait,
which feature appears in the barotropic model. In addition, the rotation direction of tidal ellipse
are mostly same between upper and lower layers, but reverse at the region off the southwestern
tip of Korean peninsula.

The strong tidal current of upper layer flows appears off the northeastemn tip of Taiwan. Some
hint of surface manifestation of internal tide seems to appear around shelf break region, as
shown in Kang et al. (1999). However, the general features of internal tide generation over the
continental shelf region would not be shown due to the coarse grid resolution to resolve the
expected internal tide along the shelf break.

It is also interesting to note that some features of the M2 tidal chart are better represented with
layer model in some sense, compared with depth-averaged, barotropic model. Detailed features
of baroclinic tidal flows are to be discussed.

4. Discussion

Generally speaking, the representative feature of the summertime tidal flow structure, such as
strong current shear at a certain region, is thought to be well resolved from the present two-layer
model, even though this two-layer model is fairly schematic. In other words, this model,
through the resolution of the 1* baroclinic behavior, gives us an information upon the
summertime tidal current structure, in addition to rather simple barotropic structure, which is
dominated mostly in the Yellow Sea and southern East China Sea during winter season.
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1. Introduction

The shelf circulation of the Yellow and East China Seas (YECS) has not been
well clarified to date. Although two schematic patterns of Nitani (1972) and
Beardsley et al. (1985) have been widely accepted in the oceanographic
community, their reliability is still questioned (Lie, 1985; Lie and Cho, 1994) and
recent current measurements do not match with or sometimes contradict the
patterns. For instance, the Cheju Warm Current (CWC), rounding clockwise
Cheju-do (Lie et al, 1999), is not described in the previous patterns and the
Yellow Sea Warm Current (YSWC) as a mean current has not yet been
obviously detected. Various viewpoints and hot debates on the basic current
structures and circulation of the YECS result mainly from insufficient current
information collected evenly in time and space. Since tracking of drifting floats
1s a cost-effective measure adequate to shallow basins where fishing activities
are extremely high throughout the vyear, the Korea Ocean Research and
Development Institute (KORDI) deployed satellite-tracked surface drifters of
WOCE prototype in 1990s. By combining the KORDI data and available WOCE
drifter data, we describe our preliminary results on the major mean currents of
the YECS and also attempt to sketch the YECS circulation.

2. Data Processing

The total number of drifters used for this study is 321, composing of 195
KORDI drifters deployed during 1991 to 1999 and 125 WOCE drifters deployed
during 1989 to 1996. Of the KORDI drifters, 145 sets had a drogue at 05 m or
15 m (hereafter, surface drogue) and the other 51 sets had a drogue at 30 to 50
m (deep drogue) to trace water movement in the lower layer. The KORDI
drifters were designed to transmit positions at a dual cycle of 24-hours on a
day for the first 30 days after release and 8-hours on/ 16-hours off for the
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remaining lifetime. They were deployed at many places in the Yellow Sea (YS)
and East China Sea (ECS) except the southwestern ECS. The WOCE drifters
had a drogue at 15 m below sea surface and transmitted position signals at a
cycle of 1-day on/2-day off. Most of them were deployed east of Taiwan and
the others deployed in the tropical Pacific Ocean. The WOCE data, interpolated
at 6 hours intervals using krigging method, were provided for this study. All of
individual trajectories Wwere interpolated at one-hour interval and then
low-passed to remove high-frequency signals in the tidal and inertial frequency
bands using a 24-hour running mean. Daily mean currents are used as a basic
database for this study.

3. General Characteristics of Drifter Trajectories

A composite map of all drifter trajectories is constructed using daily mean
current vectors in order to examine the overall pattern of mean current fields
(Fig. 1). Thin and thick arrows respectively mark trajectories of surface and
deep drogues. Dense trajectories with the same current direction reveal existence
of mean cuwrents in the slope and outer shelf area of the southern ECS, in the
outer shelf south of Cheju-do, and in the Cheju and Korea/Tsushima Straits.
However, in the Yellow Sea and in the middle shelf of ECS where bottom
topography is shallower than 100 m, trajectories are sparsely distributed and
current directions look much irregular. In particular, data vacancy in the western
ECS implies that drifters in its neighboring areas seldom flew into this shallow
area.

In the dense areas, trajectories are sometimes divergent or convergent.
Divergent patterns appear in the shelf break north of Taiwan (DT), in the shelf
break southwest of Kyushu (DK), in the outer shelf south of Cheju-do (DC),
and in the northern channel of the Korea/Tsushima Straits (DKT). On the other
hand, convergent patterns are seen in the shelf break near 125° E downstream
of DT (CT), in the shelf break near 127° E upstream of DK (CK), and in the
coastal area between Cheju-do and Tsushima (CKT). In the divergent areas,
branching of mean currents occur; branching of the Kuroshio in DT and DK,
branching of the northward shelf flow in DC, and branching of the Tsushima
Current in DKT (here, the Tsushima Current is defined as the mean current
flowing northeastward in the Korea/Tsushima Strait to enter the East/Japan
Sea, while the northward flow south of Cheju-do is called as the Kuroshio
Branch Current to make difference from the Tsushima Current). In the
convergent areas, branch currents may rejoin their original main currents or
different two currents are confluent. Most of the Kuroshio water penetrating in
DT returns to the Kuroshio in CT. Water in the southern outer shelf moving
slowly downstream meets Kuroshio water in CK. In CKT, the Cheju Warm
Current joins the Kuroshio Branch Current (KBC).

In the southwestern middle shelf of depths of 50 to 100 m south of 31° N,
drifters tended to move eastward or southward rather than moving to the
northeast. Although trajectories are not numerous there, currents are very weak
and directions are irregular. In the Yellow Sea interior, trajectories are neither
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so convergent nor divergent as in the East China Sea. The Yellow Sea Warm
Current as a mean current is not supported. In summer when the freshwater
discharge becomes important, relatively strong coastal currents appear
respectively in the Chinese and Korean coastal areas and eastward current is
formed between the Changjiang River and Cheju-do. In the Yellow Sea and
northwestern East China Sea, currents are weak and variable, although strong
currents are generated intermittently.

4. Spatial Distribution of Major Mean Currents

Box averaged currents and rms currents are computed by 0.5 degree by 05
degree averaging to construct a synoptic circulation pattern (Fig. 2). The pattern
presents the major mean currents and circulation in the YECS more
quantitatively and realistically than ever. Our preliminary analysis shows that
the previous concepts of the YECS circulation do not properly represent the real
shelf circulation. It also shows that the mean shelf circulation composes mainly
of the northeast current in the southern outer shelf, the KBC in the eastern
outer shelf, and the Cheju Warm Current and Tsushima Current in the northern
shelf. Coastal currents in the inner and middle shelf areas also contribute to the
general circulation, but its significant contribution is limited to only the summer
season. We have not observed the Yellow Sea Warm Current or the
northeastward continuation of the outflow through the Taiwan Strait in the
middle shelf of the East China Sea.

In the central outer shelf, the mean velocities are weak and largely variable,
which may be closely associated with high mesoscale eddy activities in the
Kuroshio frontal zone near the shelf edge. Water in the middle shelf tends to
move slowly to the east and turns its direction to the north at the eastern outer
shelf. These weak currents may reinforce the KBC in the eastern outer shelf.
On the other hand, a part of the northward current on the western flank of the
deep trough west of Kyushu turns clockwise in the trough as observed by Lie
and Cho (1994) and Hsueh et al. (1996), while in the deep layer of the western
flank, a slope countercurrent is persistently formed. To elucidate these
complicated current system in the branching area is one of key problems to
understanding of the YECS circulation.

References

Beardsley, R. C., R. Limeburner, H. Yu, and G. A. Cannon (1985): Discharge
of the Changjiang (Yangtze River) into the East China Sea. Cont. Shelf Res.,
4, 57-76.

Hsueh, Y., H.-]J. Lie and H. Ichikawa (1996): On the branching of the
Kuroshio west of Kyushu. J. Geophys. Res., 101, 3851-3857.

Lie, H.-J. (1985): Wintertime temperature-salinity characteristics in the
southeastern Hwanghae (Yellow Sea). J. Oceanogr. Soc. Japan, 41, 291-298.
Lie, H.-]J. and C.-H. Cho (1994): On the origin of the Tsushima Warm
Current. J. Geophys. Res., 99, 25081-25091.

=421~

IP:14.49.138.138, 2017-11-03 15:56:10



Lie, H-J., C.-H. Cho, J.-H. Lee, P. Niiler, and J.-H. Hu (1998): Separation
of the Kuroshio water and its penetration onto the continental shelf west of
Kyushu. J. Geophys. Res., 103, 2963-2976.

Lie, H-]J, C.-H. Cho, and J.-H. Lee, S. Lee, and Y. Tang (1999): Seasonal
variation of the Cheju Warm Current in the northern East China Sea. J.
Oceanogr., in press.

Nitani, H. (1972): Beginning of the Kuroshio. p. 353-369. In Kuroshio. ed. by
H. Stommel and K. Yoshida, , Univ. of Tokyo Press, Tokyo.

-422-

IP:14.49.138.138, 2017-11-03 15:56:10



All drifters (1989-1999)

jdrogue dept
> 0-15m
—» 30-5@%

>20cm/s

| 4
120°

Fig. 1. A composite map of trajectories of 321 satellite—tracked drifters
during 1988 to 1999. Arrows indicate daily mean current vectors.
Thin and thick arrows mark respectively surface drifters having a
drogue at 0.5 or 15 m and deep drifters having a drogue at 30 to

50 m.
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A Review of the Yellow Sea Circulation Models
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Abstract : Similar features and differences in the results of the previous numerical/ana-
lytical models for the Yellow Sea circulation are reviewed. Major factors which govern the
Yellow Sea circulation are strong tidal phenomena, the East Asian monsoon, the Kuroshio
and Tsushima Currents, buoyancy input, etc. Most of the circulation models reviewed dealt
with the main physical factors set partially in idealized conditions. To achieve realistic sim-
ulations for the basin-scale circulations in the Yellow Sea, it is necessary to incorporate
those various physical factors in one OGCM(Ocean General Circulation Model) as a
whole. For better construction of the numerical model in future, several key points in
model constituents are suggested.

Key words : 313 (Review), &&l(Yellow Sea), =82 g (Circulation model), 22 3}F(Tidal
residual current), 9 FF(Upwind current), @ =4 &5 9 (Density stratified
model).
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VARIATIONS OF WATER TURBIDITY IN KOREAN WATERS
Yu Hwan Ahn', Heung Jae Lie' and Jeong Eon Moon'

ABSTRACT: An algorithm model for total suspended sediments is developed using normalized
water leaving radiance at 555nm in the SeaWiFS band 5. And the model is compared with the
empirically derived algorithm from in-situ measurements. Using the new algorithm, the water
turbidity in Korean waters was analyzed for the first time for the SeaWiFS§ data. The turbidity
images were used in the general study of suspended sediment (SS) distribution at the Yellow Sea,
the South Sea and of water mass movement in coastal area, especially for the waters of estuaries.
Satellite images showed large spatial variance in suspended sediment distributions. High
turbidity always appeares at the estuaries of Han River, along the Taean peninsula and coastal
areas of Jin-do for the Korean side and the Yantze River estuary and adjacent seas and Shandong
peninsula for the Chinese side. The SS values range between 3 — 50g/m’ in coastal areas and 1 —
Sg/m’ in open seas. Most turbid region was observed along the Jin-do where maximum SS
concentration reaches 100 g/m’. Interestingly, the waters of Yantze River estuary and the shelf
waters of East China Sea extent to the west part of Cheju Island and mixed with the waters of
South Sea, and a comparison of SS with sea surface temperature does not support the existence of
Yellow Sea Warm Current.

1. Introduction

Ocean turbidity is one of major environmental parameters of water and is a good tracer of water
movement and transport of suspended materials and pollutants. Waters of Korean seas have
various water turbidity attributes determined by optical characteristics, i.e, the Yellow-Sea is well
known as a typical CASE-II water (Morel and Gordon, 1983) where optical properties of water
are dominated by the resuspended sediment and inorganic particles. East Sea is CASE-1 water
where the biological particles are the main contents of the water. The South Sea is regarded as a
mixture of CASE-I and CASE-II type waters.

Recently, satellite remote sensing technique is widely used to monitor ocean environments
from space. In 1978, NASA developed the CZCS (Coastal Zone Color Scanner), which was
launched on Nimbus-7. It shows distribution of marine phytoplankton and water turbidity. Ocean
color sensors were not mounted on satellites during 10years afier the termination of CZCS in
1986. AVHRR Band 1 on NOAA (550 — 680 nm) provides visible images. A new ocean color

! Principal Scientist, Physical Oceanography Division, Korea Ocean Research and Development
Institute, Ansan P.O. Box 29, Seoul 425-600, Korea. yhahn@kordi.re.kr and hjlie@kordi.re.kr
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Annual and Seasonal Variations of the Sea Surface Heat
Fluxes in the East Asian Marginal Seas
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Based on the twice-daily marine atmospheric variables which were derived mostly from  Keywords:

the weather maps for 18 years period from 1978 to 1995, the surface heat flux over the East  *Surface heat flux.
Asian marginal seas was calculated at 0.5° x 0.5° grid points twice aday. The annual mean Pt heat flux,
distribution of the net heat flux shows that the maximum heat loss occurs in the central  ° Y¢llow Sea.
part of the Yellow Sca, along the Kuroshio axis and along the west coast of the northern East/Japan Sea.

. . . . +East China Sea,
Japanese islands. The area off Vladivostok turned out to be a heat-losing region, however, monthly and annual
on the average, the amount of heat loss is minimum over the study area and the estuary means.
of the Yangtze River also appears as a region of the minimum heat loss. The seasonal
variations of heat flux show that the period of heat gain is longest in the Yellow Sea, and
the maximum heat gain occurs in June. The maximum heat loss occurs in January over
the study area, except the Yellow Sea where the heat loss is maximum in December. The
annual mean value of the net heat flux in the East/Japan Sea is —-108 W/m? which is about
twice the value of Hirose et al. (1996) or about 30% higher than Kato and Asai (1983). For
the Yellow Sea, it is about -89 W/m? and it becomes —75 W/m? in the East China Sea. This
increase in values of the net heat flux comes mostly from the turbulent fluxes which are
strongly dependent on the wind speed, which fluctuates largely during the winter season.
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Interaction of the Kuroshio water and shelf water

in the Tsushima Current region in summer

Guo Binghuo, ! Heung-Jae Lie? and Jae Hak Lee?

( Received September 20, 1997; accepted October 25, 1997)

Abstract The separation of the Kuroshio water in the northeastern East China Sea and its interaction with the shelf

water are analysed on the basis of CTD data and the observations of 11 satellite-tracked surface drifters conducted by
the R/V Onnuri of Korea Ocean Research & Development Institute during August 25 -- September 7, 1994 and then

the formation process of the Tsushima Current in summer is also discussed.

Key Words Kuroshio water, shelf water, interaction

INTRODUCTION

The Tsushima Warm Current ( TWC) is usually considered to originate in the northeastern
East China Sea (NE-ECS) and then to enter the Japan Sea through the Korea/Tsushima-kaikys
(K/TK). However, the origin of the TWC has still been controversy. Based on the distribution
of temperature () previous oceanographers (Uda, 1934; Nitani, 1972) thought that the TWC
separated from the Kuroshio southwest of Kyiisha. But, since the 1970s, the traditional views
have come under suspicion. On the basis of the analysis of water masses, Lim(1973), Sawara and
Hanzawa {(1979)indicated that the TWC came from the shelf mixing water in the ECS. Going a
step further, Beardsley ez a/. (1985) and Fang et al. (1991) suggested by analysing the hydro-
graphic and short-term direct current data that the TWC is an extension of the Taiwan Warm
Current coming from the Taiwan Strait and flowing northeastward off Zhejiang. On the other
hand, separated patterns of part of the Kuroshio water from its main stream in an area southwest

of Kytishd have been discovered with the application of the satillite remote sensing technique
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2. Korea Ocean Research & Development Institute, Ansan, Korea
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