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Preface

The Seventh JECSS (Japan and East China Seas Study)-PAMS (Pacific-Asian Mar-
ginal Seas) Workshop was held at Institute of Oceanology, Academia Sinica in Qingdao,
China during May 9-14, 1993. The workshop was attended by more than one hundred sci-
entists from China, Korea, Japan, the United States and Russia and as many as seventy-
eight papers were presented as shown separately in the workshop program. This volume
contains ten papers accepted after at least two rigorous and careful reviews. The editors
of the workshop proceedings are thankfull to all revieweres of papers. They would also
like to express their gratitude on behalf of all participants at the workshop to Dr.
Yunshan QIN, chairman of the Local Organizing Committee, and its members for their
warm hospitality. Editors are grateful to Prof. ARUGA for a kind arrangement to pub-
lish the Proceedings in this volume.

Kuh Kim Kenzo TAKANO
Seoul Tokyo
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A numerical study on currents in the Taiwan Strait during summertime

Sen JAN ", Ching-Sheng CHERN * and Joe WANG*

Abstract : A zonal sand ridge north of the Peng-hu Channel has a strong influence on flows
in the Taiwan Strait. Previous summertime hydrographic surveys in this area suggest that
lighter surface waters flow over the ridge and then hug the west coast of Taiwan, while
heavier bottom waters are blocked upstream of the ridge and turn northwestward along the
local isobath.

A three-dimensional baroclinic ocean circulation model is used to study the above men-
tioned processes. Model results indicate that the flow pattern around the ridge is mainly
determined by the bottom topography and the inertia effect associated with the incoming
flows. Stratification upstream affects flow patterns downstream of the ridge. As surface
waters flow farther north, they tend to converge eastward due to both the baroclinic effect
and topographic B-effect. Meanwhile, a wave-like structure in the density field is formed

downstream of the ridge. The simulated flow patterns are in close agreement with obser-

vations.

1. Introduction

The flows in the Taiwan Strait (TS) are sig-
nificantly affected by the topography. Fig. 1
shows isobaths in the TS. The major topo-
graphic features, as illustrated in this figure,
are the Chang-yuen ridge (CYR) north of the
Peng-hu Channel (PHC), the Formosa Banks in
the southwestern TS, and the deepening topogra-
phy in the northeastern TS. Past observations
suggest that the circulation in the Strait is dy-
namically complex.

Irrespective of its driving mechanisms, a per-
manent northeastward flow was observed
through PHC to the northern TS (CHUANG,
1985, 1986; WANG et al., 1987, 1988). As this
flow impinges on the CYR, the surface and bot-
tom waters will flow in different directions up-
stream of the CYR, at least during the summer
season. Figs. 2a and 2b show isopycnals at 10 m
and 50 m depths, respectively, in the TS during
September 1-6, 1988. Lighter surface waters,
shown in Fig. 2a, may flow over the CYR and
distribute along the eastern side of the TS, while
heavier bottom waters, shown in Fig. 2b, are
blocked and then separated from the Taiwan
coast south of the CYR. The vertical density
transect at a zonal section (line B in Fig. 2a) in-

* Institute of Oceanography, National Taiwan
University, Taipei, Taiwan, China

dicates that flows are well stratified in the
southern PHC, as shown in Fig. 3a. Fig. 3b
shows another density transect north of the
CYR (line C in Fig. 2a). The original, vertically
stratified waters become uniform in the eastern
TS and remain stratified in the western TS.
Typically, these hydrographic patterns last
from May to early September (WaANG et al.,
1988; WaNG and CHERN, 1991, 1992).

The influence of topography on stratified
flows has been studied extensively (e.g.,
HuppeErT and STERN, 1974; MERKINE, 1975,
1976 Nor, 1978). These theoretical analyses in-
dicated that for a rotating stratified flow over
a ridge, there will be a streamwise density gradi-
ent on the upstream side of the ridge. This den-
sity gradient can support a cross-stream
vertical shear through the thermal wind rela-
tion. Hence the flow will be deflected to the left
in front of this ridge at least at lower layers
(MERKINE, 1975). This is a possible cause for
the observed vertical veering of currents in front
of the CYR. However, the topography in the TS
is much more complex than that of these theo-
retical models. The adjustment processes in-
duced by the shoaling topography in the PHC
and the blocking of the CYR can magnify non-
linear effects and make the problem analytically
intractable.
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Fig. 1. Bottom topography of the Taiwan Strait, in which F is the Formosa Banks, P is the
Peng-hu Islands, PHC is the Peng-hu Channel, Cis the Chang-yuen ridge and H is Hai-tang
Island. The dashed rectangle is the computation domain.
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Fig. 2. Isopycnals (in o) at depths 10 m and 50 m observed in the Taiwan Strait during Septem-
ber 1-6, 1988 (from WANG and CHERN, 1992). Dots denote locations of CTD cast.

122

Water Depth(m)

(b) 1988/9/1-6 Sigma—-t at 50m depth

Longitude(E)

119

120
Longitude(E)

121

122



A numerical study on currents in the Taiwan Strait during summertime 221
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Fig. 3. Vertical density transects at lines B

and Cin Fig. 2.

WanNG and CHERN (1991) used a homogene-
ous, frictionless model, similar to the Nor’s
(1978) formulation, to study the current struc-
ture in the CYR area. They found that the
Rossby number of the incoming flow is a domi-
nant parameter affecting the flow pattern. As
the ‘Rossby number diminishes, the flow will
separate from the east coast and turn north-
westward. Following their study, a three-
dimensional, baroclinic, ocean circulation model
is used to investigate the effect of the upstream
stratification on the summertime flow pattern
in the TS. In order to identify the main mecha-
nism controlling the flow field, the model ocean
has a topography which resembles that of the
TS. Influences of the stratification and inertia
of the incoming flow are discussed.

2. Numerical model

The ocean general circulation model described
by SEMTNER (1974, 1986) is used to study the
summertime circulation in the TS. The dashed
rectangle shown in Fig. 1 indicates our compu-

Model basin of Taiwan Strait

Y-grid number

1 6 11 16 21 26 31 36

X-grid number

Fig. 4. Model basin of the Taiwan Strait with
the same notations as in Fig. 1.

tation domain. For convenience, the x-axis is
transverse to the Strait and the y-axis aligned
along the Strait, which is about 32° clockwise
from north. Fig. 4 shows the model basin,
which retains essential features of the bottom
topography of the TS. The model basin has 40
and 70 grid points in the x and y directions with
a mesh size of 5 km. There are seven levels in the
vertical with the level thickness being 20 m for
the top three levels, reduced to 10 m for the
lower four levels to better resolve the steep rise
near the northern end of the PHC.

Under the Boussinesq, hydrostatic and rigid-
lid approximations, the governing equations are
as follows

Du ., _ 1 p
Dt fU 00 P.+ vu.. + AWViu
Du __ 1 :
Dt + fu= 0 P, + vv.. + AuViv
P.=-pg
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in which x, y, z form a right-handed Cartesian
coordinate system with z = 0 at the sea surface
and u, v, w are velocity components in the three
directions respectively, t is time, P is pressure,
0 is density, 0o is a reference density, f is
Coriolis parameter, D/Di is total time deriva-
tive,Vi 1s horizontal gradient operator, Ay and
v are horizontal and vertical eddy viscosities.
For simplicity, the density diffusion equation is
considered in the present model as,
%‘f =vp. + A:VE 0,

in which Ar is horizontal diffusivity.

Variables are calculated at the center of each
grid box.

WANG and CHERN (1991) showed that the
flow pattern around the CYR is mainly deter-
mined by the volume transport through the
PHC. Unfortunately, there are no comprehen-
sive current measurements in this channel. The
actual transport in the PHC is still not clear.
However, we can estimate the transport with
current data acquired by CHUANG (1986). Since
the observed near-bottom (80 m depth) flow is
typically 30 cm/s northward in summer, the
upper layer flow should be faster than this.
Thus, a reasonable estimate of the vertically av-
eraged velocity is 50 cm/s northward. We fur-
ther assume that the eurrent is 20 km wide and
100 m thick; a volume transport of about 1 Sv
(10®* m?%/s) is thus used to spin up the model.
This value is the same as the total volume trans-
port through the TS estimated by WYRTKI
(1961). On the other hand, the observed
hydrography (X1s0, 1988) shows that isotherms
and isohalines on the Formosa Banks are nearly
transverse to the Strait. Moreover, images of
sea surface temperature and ocean color (Liu,
1993) also show that surface waters flow
mostly through the PHC into the TS. The above
evidences imply that the transport across the
Formosa Banks is quite small. So the net trans-
port through the southwestern boundary is
specified zero.

The model ocean is quiescent and homogene-
ous initially. According to the density structure
shown in Fig. 3a, a simplified two-layer, with a
pycnocline at level 3, stratified flow is clamped
at the entrance of the PHC. The northward

transport in the PHC is gradually increased to 1
Sv during the first 10 days and then levels off.
The zero normal gradient boundary condition
for the density and horizontal velocity is im-
posed at the northern and southwestern open
boundaries. At the rigid surface, z = 0,

oo _ —
2 0, w=0,

in which 7. is sea surface stress. Since the ver-
tical level size is too coarse to resolve the bot-
tom boundary layer, a quadratic stress law and
density flux boundary conditions are used on the
ocean floor, z = -k (x, ¥),

0o

5z 0

(1 72) = Ca(u? + v)2 (u, v),

where 7, is bottom stress, Csis friction coeffi-
cient. The vertical velocity on the uneven bot-
tom is w = wh. +vh,. The normal component of
momentum and density fluxes are zeros on all
solid walls. Numerical integration time step is
60 seconds and other parameters are Ay = 2 X
10%ecm?¥/s, v = 1em?¥/s, Ag = 2 X 10°cm?/s, and
Cs = 0.001. In the present model, Ay and v are
assumed as small as possible provided the com-
putation remains stable. It is hoped that this
choice may reduce the frictional effect and make
the model to be inertia dominant. Thus we can
mainly examine the interaction between the to-
pography and the inertia effect. In order to ab-
sorb the computational disturbances generated
on the open boundary, a sponge layer is formed
at 3 grid points adjacent to the northern bound-
ary, where the horizontal eddy viscosity is 2, 4
and 8 times as large as the above Ay.

3. Model results

Two cases, SA and SB, with different strati-
fication conditions for flows at the entrance of
the PHC are considered in this study. Densities
(oo atlevels 1 and 2, 3, and 4 to 7 at the open
boundary south of the PHC are 21, 22.5 and 24 in
case SA, and 21, 21.15 and 21.3 in case SB. A
useful nondimensional parameter measuring
stratification strength is the Burger number,

Ao 1
p j‘ZLZ ’

S =g
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Fig. 5. Time variation of the total kinetic energy per unit volume (km® for cases SA and SB dur-

ing the integration period.
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Fig. 6. Distribution of velocity and density (in ¢.) at 10 m and 50 m depths in case SA at day 500.
Velocity vectors are plotted at every two grid points in both the x and y directions.

in which L is horizontal length scale of the to-
pography rise and Ap 1is density difference over
the vertical length scale H. For fixed geometric
scales, H = 60 m and L = 25 km, the Burger
number is proportional to the density difference
over H. So the Burger number in cases SA and
SB is estimated 0.9 and 0.09, respectively, with

g =9.8m?sand f = 5.5 X 107° s~%, The typical
Burger number is around 1 in the PHC during
summer.

Fig. 5 shows the time variation of the total
kinetic energy per unit volume (km® during the
integration period. This figure indicates that
integration time needed to get a quasi-steady
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Fig. 7. Transport stream lines in cases SA and SB.

state is 350 days for SA and merely 100 days for
SB. The strong baroclinicity is a possible cause
for case SA to take a longer time.

There is no significant variation in flow fields
after these 350 or 100 days.

Fig. 6 shows the horizontal distributions of
velocity and density at 10 m (surface) and 50 m
(bottom) depths in case SA at day 500. At the
surface, the flow with a speed of about 25
cm/s at the entrance of the PHC is accelerated
to about 50 ¢cm/s as it reaches the northern end
of the PHC. As surface waters flow over the
CYR, a negative relative vorticity will be pro-
duced on the ridge due to the potential vorticity
conservation associated with the shoaling to-
pography. Thus, a stagnant region is formed in
the nearshore area west of Taiwan. In the
northern TS, surface flows gradually converge
eastward to the Taiwan coast. The average ve-
locity here is about 40 cm/s which is of the same
order as that measured by WANG et al. (1988).
Flows are relatively weak at the western portion
of the Strait. Bottom flows, on the other hand,
behave differently. The heavier waters upwelled
from the lower layer of the PHC are deflected

northwestward forming a cold water tongue to
the northwest of the CYR. These bottom waters
then flow by the western boundary to the north-
ern TS, where the mean velocity is about 5
cm/s.

The flow pattern in the area south of the CYR
in case SB is similar to that in case SA, but
shows a different feature in the northern TS.
Fig. 7 shows the distribution of stream lines in
these two cases. In case SB, stream lines tend to
move westward in the northern TS, as shown in
Fig. 7; and so are isopycnals (not shown). This
is inconsistent with the observed hydrography
shown in Fig. 2. In case SA, however, the con-
vergence of the transport streamlines in the
northwestern TS is apparent. Theoretically, for
a stratified rotating flow over a ridge, the verti-
cal shear of the cross-stream velocity in front of
the ridge depends on the upstream Burger num-
ber (MERKINE, 1975; CHERN and WANG, 1990).
Since the Burger numbers in both cases are not
greater than 1, the flow pattern around the CYR
is determined mainly by the local Rossby num-
ber, similarly to the homogeneous case studied
by WaNG and CHERN (1991). However, this
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(a) SA: Zonal section y=50, Day 500
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Fig. 8. Vertical density transect in cases SA and SB at the zonal section y = 50.

does not mean that the upstream stratification
has no effect on the flow structure at all. North
of the CYR, the original vertical stratification
is transformed into a cross-stream density
front. Fig. 8 shows vertical density transects at
the zonal section y = 50 in cases SA and SB.
Waters are vertically uniform in the eastern
part and stratified in the western part of the
northern TS in both cases. The thermal wind re-
lation indicates that a larger cross-stream den-
sity gradient in case SA may induce a stronger
streamwise vertical shear within the frontal re-
gion. Since this horizontal density front is in
the eastern part of the northern TS, the intensi-
fication and convergence of flows here in case
SA are partly due to this process. Furthermore,

the deepening topography in this area relating
to the topographic S-effect will also enhance the
above mentioned process.

4. Discussion and concluding remarks

In addition to the mean flow pattern described
in previous sections, we can also identify a
wave-like structure in the density field down-
stream of the CYR. Fig. 9 shows density
transects at the meridional section x = 21 in the
two cases. The wave-like pattern is apparent in
case SA and is relatively weak in case SB. Ac-
cording to model results, lighter surface waters
subside immediately north of the CYR as bot-
tom flows turn northwestward in front of this
ridge. In the northern TS, the stratified waters
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(a) SA: Meridional section x=21, Day 500
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Fig. 9. Vertical density transects in cases SA and SB at the meridional section x = 21.

in the western portion of the Strait are pushed
eastward due to the thermal wind relation and
the topographic B-effect, as mentioned in a pre-
vious section. Hence, a wave-like pattern is
formed in the center of the Strait. This kind of
density structure has also been observed along
the central line of the Strait, as shown in Fig.
10, which is the density transect at line A in Fig.
2. The resemblance of isopycnals distribution
between this figure and case SA in Fig. 9 is clear.
The formation of this density structure and its
relation to the upstream stratified condition
need further study.

Since tidal currents are strong in the Strait,
the bottom Ekman layer associated with the

frictional stresses may also affect the flow pat-
tern. Different frictional coefficients have been
used in our model to study this effect. With C;
increase, model results indicate that transport
streamlines tend to move westward in the north-
ern TS. However, for C.in the range from 0.001
to 0.005, there is no appreciable difference
among the modeled flow fields. Since there is
insufficient information about the frictional
strength in the TS, and the simulated flow pat-
terns shown previously are in good agreement
with the observed hydrography, we may say
that the parameter values used in the present
model are reasonable.

To summarize, this model study verifies that
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the summertime flow pattern in the Strait is de-
termined by the bottom topography, the strati-
fication and volume transport in the southern
entrance of the PHC. Due to shoaling at the
northern end of the PHC, surface waters are ac-
celerated and then flow over the ridge. Mean-
while, bottom waters are blocked south of the
CYR and flow northwestward following the
local isobaths. After surface and bottom wa-
ters veered in front of the ridge, original verti-
cally stratified waters are transformed to be
uniform in the eastern portion and stratified in
the western portion of the northern TS. For the
upstream Burger number of about 1, the above
transformation related to the baroclinic effect
together with the topographic B -effect can en-
hance downstream flows toward the Taiwan
coast. In the central part of the TS, a wave-like
density structure is formed north of the CYR.
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The Kuroshio in the East China Sea and the currents east of
the Ryukyu Islands during autumn 1991

Yaochu YUAN "', Kenzo TAKANO*?, Zigin PAN*', Jilan Su™*',
Kazuo KAWATATE **, Shiro IMAWAKI **, Honghua YU *', Hong CHEN */,
Hiroshi ICHIKAWA ** and S. UMATANI"?

Abstract : A modified inverse method is used to compute the currents in the East China Sea
and to the east of the Ryukyu Islands with moored current meter records and hydrographic
data collected during October-November, 1991. The volume transport of the Kuroshio is
27.4, 26.3 and 26.0X 10°m®/s across three different sections. There are countercurrents east
of the Kuroshio. There is a western boundary current, called “Ryukyu Current”, east of
the Ryukyu Islands. It has two cores of maximum speed east of Okinawa Island. One is lo-
cated over the area of maximum slope of the bottom. Its maximum velocity is about
20cm/s, (between 500 and 600m levels). The other is located above 200m level further to the
east. This current occupies mostly the upper 1400m. Its volume transport is about 21.4 X
10°m’/s east of Iriomotejima and Ishigakijima Islands and 12.4X 10°m®/s east of Okinawa

Island.

1. Introdduction

There have been many studies on the current
structure and volume transport of the Kuroshio
in the East China Sea. The computation meth-
ods used there are dynamic computation method
(e.g., GuaN, 1988), diagnostic model (YUaN
and Su, 1988), inverse method (e.g., YUAN et
al., 1990, 1991), modified inverse method (e.g.,
YUuaN et al., 1992) and prognostic model
(YuaN, 1993). The average total volume trans-
port (VT) through section PN in the East China
Sea is around 29 X10°m?®/'s (YUNA et al., 1993).

In contrast there have been few studies on the
western boundary currennt east of the Ryukyu
Islands. For simplicity we will call it “Ryukyu
Current” (WANG and SuUN, 1990). YUAN et al.
(1990, 1991) pointed out that this northeast-
ward current often has two cores of maximum
speed. One is always between 300 and 800m over
the area of maximum slope of the bottom, and
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its maximum velocity was 25cm/s at the 700m
level during Sept.—Oct. 1987. The other is lo-
cated above the 200m level further to the east.
Underneath the Ryukyu Current there is a south-
westward current. To the east of it there is also
a southwestward countercurrent. Probably be-
cause hydrographic sections did not extend over
the whole Ryukyu Current, the computed vol-
ume transport of it showed a large variability
with a maximum value comparable to the aver-
age VT of the Kuroshio in the East China Sea
(YUAN et al., 1993).

In order to inverstigate further the western
boundary current on the both sides of the
Ryukyu Islands, the first cruise was carried out
in October 11 to November 15, 1991, as a part of
a cooperative study between Chinese and Japa-
nese scientists. Hydrograhic data were obtained
during this cruise. Current meters were de-
ployed to the southeast of Okinawa Island (Fig.
1) in November 1991 and recovered in September
1992. With the 1991 hydrographic data and the
current meter records the modified inverse
method proposed by YUaN et al. (1992) is used
to compute the current structures and volume
transports on both sides of the Ryukyu Islands.

2. Numerical calculation
First we estimate the order of magnitude of
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Fig. 1. Bottom topography (in meters), hy-
drographic sections, mooring stations
0OA, OB and OC and computation boxes in
autumn 1991 (1: Iriomotejima 1., 2: Ishi-
gakijima I., 3: Miyakojima 1., 4: Okinawa
I., 5: Amamioshima I.).

time change, nonlinear and horizontal eddy
(HE) terms in the momentum equations. Based
on velocity data obtained by moored current me-
ters, the fluctuation of current on the slope in
the East China Sea was found to have a pre-
dominant perid of 11-14 days (SuciMorTo et al.,
1988). If the time and space scales T, L and the
representative horizontal speed U, are taken to
be 11 days (9.504x10%), 500km, and 1m/s. re-
spectively, the Coriolis parameter f 7X10 %71,
and the horizontal eddy coefficient Ax 10°m?/s,
we obtain the Rossby number Ry=U, /(fL)=3
X 1072, the ratio of the time change term to the
Coriolis term (7Tf) "*=2x107% and the ratio of
the HE to Coriolis terms Ax/(fL) =10"*. Thus,
the time change, nonlinear and HE terms are
negligible in the momentum equations. In addi-
tion, previous studies (YUuaAN and Su, 1983;
YUAN et al., 1988) showed the HE term in the
momentum equation is negligible, by comparing
computed results between two cases, with and
without the HE term. Thus, the modified in-
verse method described in YUAN et al. (1992)
can be used to compute the current structures
and volume transports in the survey area. Four
boxes are set up: two in the East China Sea and
the other two to the southeast of the Ryukyu

Computation points
oC

200

4001

600+

30

800

Depth(m)

1000

1

2000

3000

4000

5000

6000 (

Fig. 2. Isopycnal levels along section PCM1-
2E in autumn of 1991.

Islands (Fig. 1). The computation points are
the mid-points between neighboring hydro-
graphic stations. For example, computation
point 1 is between hydrographic points 1 and 2.
Section Ss is mostly located at a narrow gap
over the Ryukyu Ridge.

All boundary sections of the computation
boxes are divided into layers in the vertical ac-
cording to isopycnal values of o¢.,=25, 27, 30
and 33 (YUAN et al., 1990). For example, at sec-
tion PCM1-2E the four isopycnals lie between
130-150m, 330-345m, about 700m and 1200m, re-
spectively (Fig. 2).

The average wind direction and speed observed
on board the R/V Shijian were 42° (NE) and
8.6m/s during the autumn cruise in 1991. Be-
cause accurate wind data are not available, a
steady uniform wind field with these values is
assumed. The vertical eddy and diffusion coeffi-
cients are 107?m?*/s and 107* m?*/s, respectively,
for the momentum and density equation (YUaN
et al., 1992).
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Table 1. Time-averages of the low-passed current velocities during November 1991.

Mooring  Water depth . . Instrument ,
station (m) “Perlod of averaging depth (m) V (cm/s) 0 V' (em/s)
OA 1000 Nov. 4-11, 1991 570 21.7 66.8° 19.8

Nov. 4-15, 1991 870 5.0 50.9° 5.0
OB 2020 Nov. 4-30, 1991 1890 4.4 253.0° -3.8
Nov. 4-15, 1991 1890 6.0 252.0° —5.2
oC 4630 Nov. 14-30, 1991 700 10.1 330.4° 3.0
Nov. 13-30, 1991 2000 4.2 225.0° —4.2
Nov. 13-30, 1991 4500 2.6 220.0° —2.6

V': Speed.

6 : Direction measured clockwise from due the notrh.
V’: Velocity component normal to section PCMI1-2E. Positive value: northeastward.

There were three moored stations, OA, OB
and OC, located on section PCM1-2E (Fig. 1).
Time-averages of low-passed current velocities
during November 1991 are listed in Table 1. The
period of averaging begins on the starting date
of valid records and ends on either the final date
of valid records or 30 November 1991 whichever
comes earlier. The low-passed currents are
rather steady during the periods of averaging
(Fig. 3). Fig. 1 shows that stations OA and OC
are not located on any computation points.
Only station OB is located on computation
point 1 at PCM1-2E. In order to discuss the de-
pendence of computed results upon the velocity
value prescribd at 1890m depth at OB, two dif-
ferent velocities, —3.8 and —5.2cm/s observed
there (Table 1) are used as known values for the
computation in two cases, which are referred to
as CA-1 and CA-2. In addition, the velocity at
2000m level of computation point 2 (see Fig. 5
(b)) is interpolated from the average velocities
observed at 1890m level at OB and 2000m level
at OC to get a known value for the computa-
tion. Next we set up the third case CA-3, in
which the velocity at 1890m depth at OB is un-
known and to be obtained from our modified in-
verse method.

The FIADEIRO and VERONIS’s method (1982)
is used to determine an optimum reference level.
An optimum reference level is obtained to be
2500m in our survey area. For computation
points with water depth less than 2500m, the
reference levels are reset to the local water
depths.

Table 2 shows the results in the three cases in
terms of the VT through a western part of P

(points 1 t0 9), a western part of P; (points 1 to
14) and the other two whole sections. The VT is
very little different from each other between the
three cases except the VT through PCM1-2E in
case CA-3.

The velocity computed in case CA-3 is —1
cm/s and southwestward at 1890m depth at OB,
which agrees in direction with the observation
at OB but is much smaller than the observed
magnitude, —3.8 cm/s or —5.2 cm/s. Since there
is almost no difference between cases CA-1 and
CA-2, only the result in CA-1 will be discussed
below.

3. Velocity distribution during autumn of 1991

Figs. 4 to 7 show the velocity distribution at
each section. It might be remarked that both
horizontal and vertical scales are different from
each other in these figures and that the vertical
scale below 1000m is different from that above
1000m in each.

(1) Section P

Section P.s is divided into two parts; north-
west of Iriomotejima Island (computation
points 1-9) and southeast of it (computation
points 10-15).

To the northwest of Iriomotejima Island the
Kuroshio core is located over the continental
slope (Fig. 4). The velocities are greater than
100cm /s in the upper 150 m of computation
point 6. Its maximum velocity is about 154
cm/s at the surface. Below 500 m level the loca-
tion of maximum velocity moves eastward to
the computation point 7, in agreement with
previous studies (Yuan and Su, 1988). The
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Fig. 3. Progressive vector diagrams of observed daily currents. (a), (b) 570m and 870m depths at
OA; (c) 1890m depth at OB; (d), (e), () 700m, 2000m and 4500m depths at OC.

countercurrent is to the east of the Kuroshio.
Its velocities are not small. The core of this
flow lies between 700 and 1000m levels, and
maximum velocity is about 2lecm/s at 800m
level (Fig. 4). There is a cold eddy over the shelf
north of Taiwan and west of the Kuroshio,

centered at about 122°14.11' E, 26°8.72’ N. The
temperature distribution at section P:s also de-
picts its existence, as discussed in previous stud-
ies (YUAN et al., 1991). This cold eddy has been
documented in many studies (e.g., UnA and Ki-
sHI, 1974; FAN, 1980; CHERN et al., 1990). For
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Table 2. Volume transports (VT) (10°m?/s) through sections. NE: northeast-
ward; SE: southeastward; SW: southwestward.

Sections
Cases Pis PCM1-2W Ps PCMI1-2E
NE NE NE SE NE SW
CA-1 27.5 26.1 25.8 —4.2 6.4 -5.8
CA-2 27.4 26.1 25.7 —4.3 6.1 -5.2
CA-3 27.5 26.1 25.8 —4.3 8.3 —6.1
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Fig. 4. Velocity distribution at section P.s during autumn of 1991. (positive: northeastward,
units: cm/s)

example, on the basis of hydrographic data dur- salinities> 34.6%.

ing Sept. 1987, CHERN et al. pointed out that To the southeast of Iriomotejima Island, there
next to the Kuroshio there was a distinct cold is clearly a northeastward flow, i.e., the Ryukyu
and high-salinity eddy on the shelf edge with Current (Fig. 4). Its core is between 50 and
minimum temperatures <19°C and maximum 800m levels, located over the region of
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Fig. 5. Velocity distribution during autumn of 1991 at (a) section PCM1-2W, (b) section PCM-
12E (positive: northeastward, units: cm/s). A positions of the moorings.

maximum slope of the bottom. Inside this core
the velocity varies slightly with depth, from 12
to 19c¢m/s. Below this northeastward current
the flow is southwestward. There is also a
southwestward flow to the east of the Ryukyu
Current. Its maximum velocity is close to 30
cm/s at the surface of computation point 14. At
computation point 10 there is also a southwest-
ward flow. This shows that flows on both sides
of Iriomotejima Island have the same orienta-
tion (Fig. 4).

(2) Sections PCM1-2W, PCM1-2E and S;

Fig. 5(a) shows the velocity distribution at
section PCM1-2W. Similarly to section P.s the
Kuroshio core is over the continental slope. Its
maximum velocity is about 136cm/s at 30m
level. In the deeper layer there is a weak south-
westward current. The countercurrent often ex-
isting east of the Kuroshio is not observed
because this section does not extend across the
whole Okinawa Trough.

Section PCM1-2E is located southeast of
Okinawa Island. Fig.5(b) shows that the
greater part of the section is occupied by a
northeastward current with two cores of maxi-
mum speed. One is between 150 and 800 m levels
over the area of maximum slope of the bottom,
and its velocity is 16.3 and 16.1cm/s, respec-
tively, at 500 and 600m levels. The other is lo-
cated above 200m level further to the east, and
1ts maximum velocity is about 15.2 cm/s at 50m
level. The average observed velocity component
normal to section PCM1-2E at OA is 19.8 cm/s
and 5 cm/s, respectively, at 570 and 870m levels
(Table 1 and Fig. 5 (b)). Fig. 5(b) shows that
the 570m current meter is in the core with speed
greater than 15cm/s, while the 870m current
meter is between isotachs of 10 and Ocm/s. The
computed results agree fairly well with the ob-
served values at OA. They agree with the ob-
served values at OC, too (Fig. 5 (b)). Beneath
the Ryukyu Current there is a southwestward
flow. It is located below 1000 and 1400m levels
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Fig. 6. Velocity (a) and salinity (b) distribution

at section Ss in autumn 1991. (positive: north-
eastward, units: cm/s and %)

at computation points 1 and 2, respectively. Its
speed is about 4.2 and 4.1cm/s, respectively, at
2000 m level at computation points 1 and 2. The
maximum speed is about 5.2cm/s at 2500 m
level. In the eastern part of section PCM1-2E
there 1s also a southwestward flow, whose ve-
locities are greater than 20 cm/s in the upper 150
m layer.

Finally, we note that the features of currents
at section PCM1-2E as discussed above were
also obtained at a section southeast of Okinawa
Island in September-October, 1987 (YUAN et al.,
1990).

The velocity distribution at this section shows

that there are southwestward flows at both its
west and east ends and a northeastward flow at
its central part (Fig.6 (a)). Fig.6 (b) shows
that the low salinity water seems to intrude
from the east to the west, in agreement with
previous studies (Yu et al., 1993).

(3) Section P

Section Ps is divided into two parts (Fig. 1),
i.e., the northwestern part (computation points
1-14) in the East China Sea just north of the
regular survey line PN, and the southeastern
part (computation points 14-17) southeast of
Amamioshima Island.

The Kuroshio core at section Psis located over
the continental slope (Fig.7). Its maximum ve-
locity is about 92 cm/s at 100 m level of compu-
tation point 9, which is less than that at section
P and PCM1-2W. Southeast of the Kuroshio
there is a southwestward countercurrent. It ex-
tends all the way down to the bottom under-
neath the Kuroshio (Fig.7). Fig.7 also shows
the appearance of a northeastward flow at com-
putation point 13, the southeasternmost compu-
tation point inside the East China Sea, of which
velocity is not large.

The southeastern part of section Ps; southeast
of Amamioshima Island is of short length (Fig.
1). Fig. 7 shows a southwestward flow at com-
putation point 15 and a northeastward flow at
computation points 14 and 16. These flows all
have subsurface cores and the southwestward
flow is quite strong, with a maximum velocity
of 72cm/s at 250 m level.

4. Distribution of the volume transport during

autumn 1991

Fig. 8 shows the distribution of the total vol-
ume transport in the computational region dur-
ing autumn of 1991. In the East China Sea the
net VT through the part of section P northwest
of Iriomotejima Island is about 27.4 X 10°m®/s.
There is a core of higher temperatures (Fig. 9)
and lower salinities in the deeper layer west of
Iriomotejima Island, probably associated with
an anticyclonic eddy with a total transport of
11X10°m?®/s (Fig. 8). The northeastward VT is
about 26.1X10°m?®/s through section PCM1-2W,
and about 25.8X10°m?®/s through the northwest-
ern part of section P;. The transport of the
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Fig. 7. Velocity distribution at section Ps during autumn of 1991. (positive: northeastward, units:

cm/s).

Kuroshio, i.e., the northeastward current next
to the continental shelf of the Est China Sea, is
274, 26.3 and 26.0 X 10°m®/s, respectively,
across sections Pz, PCM1-2W and P;. These val-
ues are very close to the transport of the
Kuroshio at section PN, 26.0 X 10°m®/s, during
Oct. 1987 (YUAN et al., 1990). Our computation
cannot confirm the gradual decrease in VT along
the downstream direction, because section
PCM1-2W does not extend across the whole
Okinawa Trough, as mentioned before.

In the following we shall discuss the volume
transport in the area east of the Ryukyu Islands.
Through the eastern part of section Pz the
northeastward and southwestward total VT are
19.4 and 18.6 X 10°m?*/s, respectively. The south-
westward total VT is divided into two parts;
one with 8.9 X10°m?®/s is in the west and the
other with 9.7X10°m?/s in the east. The VT of
the Ryukyu Current, i.e; the northeastward

current east of Iriomotejima Island, is 21.4 X
10°m?/s. The northeastward and southwestward
total VT through section PCM1-2E are 6.4 and
5.8 X10°m?*/s. The VT of the Ryukyu Current
through section PCM1-2E is 12.4 X 10°m?®/s and
the VT of the southwestward current beneath it
is about 6.0X10°m?®/s.

The VT of the northeastward and southwest-
ward current through section P; east of the
Ryukyu Islands are 9.1 and 8.2 X10°m?/s, respec-
tively.

There is a net eastward flow through the area
between Okinawa and Miyakojima Islands with
a VT of about 5.8 X10°m?¥/s.

5. Summary

Based on moored current meter records and
hydrographic data during autumn of 1991, the
modified inverse method is used to compute the
Kuroshio in the East China Sea and the current
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Fig. 8. Distibutions of the total VT during
autumn of 1991 (units: 10°m®/s).

east of the Ryukyu Islands. It is found that:

1) The Kuroshio core is located over the conti-
nental slope. Its maximum velocity is 154, 136
and 92cm/s, at sections Ps;;, PCM1-2W and
Ps, respectively, during this cruise.

2) The transport of the Kuroshio is 27.4, 26.3
and 26.0X10°m?/s, respectively, across sections
P, PCM1-2W and Ps.

3) Beneath the Kuroshio there is a southwest-
ward countercurrent. Southeast of the Kuroshio
there 1s another countercurrent.

4) East of the Ryukyu Islands there is a west-
ern boundary current, called Ryukyu Current. It
has two cores of maximum speed at section
PCM1-2E. One is located over the area of
maximun slope of the ocean bottom. Its maxi-
mum velocity is between 500 and 600m levels,
and is about 20 cm/s. The other is located above
200m level further to the east.

5) Below the Ryukyu Current the flow is
southwestward. Its maximum velocity at sec-
tion PCM1-2E is about 5.2 cm/s at 2500 m level.
There is another southwestward flow east of the
Ryukyu Current.

6) The volume transport of the Ryukyu Cur-
rent through sections P and PCM1-2E is 21.4
and 12.4 X10°m?/s, respectively.
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Spectra of the deep currents southeast of Okinawa Island
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Abstract : The kinetic energy spectra are shown with three current meter records obtained
above the continental slope southeast of Okinawa Island from November 1991 to September
1992. The mean velocity is almost parallel to isobaths except just above the bottom where
it 1s indistinguishable from zero. The eddy kinetic energy is higher than the mean kinetic
energy. On most time scales it is higher in the along-isobath than cross-isobath directions.
The dominant eddy kinetic energy range shifts toward shorter time scales with increasing

depth.

1. Introduction

There are many studies on the low frequency
fluctuations with long-term current meter
records (e.g., MODE group, 1974; LUYTEN,
1977, 1982; RIicHMAN et al., 1977; ScHMITZ,
1978; WunscH, 1981; Fu et al., 1982; IMAWAKI
and TAKANO, 1982). These studies show marked
spatial inhomogeneity in properties of the eddy
field depending on the depth and geographical
location. In the MODE region the mesoscale (20
to 150 days) fluctuations are dominant at
4000m depth, while the secular scale (longer
than 150 days) fluctuations are dominant at
500m depth, but at a site near the Gulf Stream
in the POLYMODE region the mesoscale fluc-
tuations are dominant at both 600m and 4000m
depths (Scumritz, 1978). At a deep layer in the
western North Pacific, the eddy field is charac-
terized by three time scales; annual scale with
zonal dominance of the eddy activity, temporal
mesoscale with meridional dominance and
monthly scale with horizontal isotropy, and
about two thirds of the eddy kinetic energy is
contained in the temporal mesoscale (IMAWAKI
and TAKANO, 1982). Eddy resolving gyre-scale
numerical models (e.g., HoLLaND and LiN,
1975a, b; SEMTNER and CHERVIN, 1992) also
show marked spatial inhomogeneity in eddy

*1 Second Institute of Oceanography, State Oce-
anic Administration, Hangzhou, 310012 China

*2 Reserch Institute for Applied Mechanics, Kyu-
shu University, Kasuga, 816 Japan

*3 Institute of Biological Sciences, University of
Tsukuba, Tsukuba, 305 Japan

properties, which seem to be controlled by the
eddy-mean flow interaction and the upper, lower
and lateral boundary processes.

Three current meter moorings were deployed
to the southeast of Okinawa in November 1991
and recovered in September 1992 by the R/V
Shijian of the State Oceanic Administration in
the framework of a Sino-Japan cooperative
study. It is a preliminary step toward clearer
understanding of the current structure above the
continental slope in the region around the
Ryukyu Islands where so far there have been
very few long-term current measurements. The
present paper describes low frequency fluctua-
tions which other papers (TAKANO et al., 1994;
YUAN et al., 1994, 1995) are not concerned with.

2. Velocity data

The locations of three moorings OA, OB and
OC are shown in Fig. 1 with the bottom topog-
raphy. Six time series of velocities from moored
current meters (Aanderaa RCM-5) with sam-
pling intervals of one hour were obtained, but
usable series longer than one month are only
three; at 1890m depth at OB, 2000m and 4500m
depths at OC (hereafter abbreviated to OB
(1900), OC (2000) and OC (4500)). The details
of the current measurements and some results
are given in another paper (TAKANO et al., in
preparation).

Figure 2 shows stick diagrams of the daily
mean deviations of the 25-hour running mean ve-
locities from the velocities averaged over the
whole measurement periods at OB(1900), OC
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24°
Fig. 1. Locations of moorings OA, OB and OC
with bottom topography (depth in km).

(2000) and OC (4500). At OB (1900), the speed
and direction of the deviations frequently
change with time, except for the first two
months when the southwestward deviation is
prevailing. The maximum magnitude is smaller
than 10 cm/s. It is still smaller at OC(4500) and
the direction is more variable than at OB
(1900). At OC (2000) the maximum magnitude
is more than 10 cm/s. The deviations are better
organized, which are directed mostly to the

N

10 cMss 10 ¢cM/s

10 chrss

south to southwest in November 1991 and after
May 1992, and to the north from December 1991
to April 1992. As expected, they appear to be
parallel rather than perpendicular to isobaths.

3. Low frequency fluctuations
Eddy kinetic energy spectra

The Godin filter (GopIN, 1972) suitable for
dealing with low frequency fluctuations (IMA-
WAKI, 1986) is first applied to the data to re-
move the tidal and inertial oscillations, and
then the time series subsampled at intervals of 1
day are analyzed. Table 1 shows statistics of
the data after low-pass filtering. On account of
topographic directivity at the mooring sites and
apparent dominance of the along-isobath com-
ponent of velocity in Fig.2, the velocity is bro-
ken down into two components in the along- and
cross-isobath directions (45° and 315° from the
north). The eddy kinetic energy of the two com-
ponents are denoted by subs A and C as Kgs and
Kec. The mean current is indistinguishable from
zero at OB (1900), northeastward with a speed
of 29cm/s at OC(2000), and south-south-
westward with a speed of 1.3 cm/s at OC (4500).
The eddy kinetic energy is much higher than the
mean kinetic energy at OB (1900), and about
two times larger at OC (2000) and OC (4500).

The raw spectra of the first 256-day records
are calculated with FFT and smoothed over four

0B = 1890M

11 12 1 2 3
1991 1982

Fig. 2. Stick diagrams of the daily mean deviations at OB (1900), OC (2000) and OC (4500).
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Table 1. Along- and cross-isobath components (U,V) of time-average velocity at OB and OC, variances
Su’, Sv?, mean and eddy kinetic energies Ku, K: and the ratio Ke/Ku.

Water Meter  Length U

depth(m) depth(m) (days) (ecm/s) (em?/s? (cm/s) (em?/s”) (em®/s® (em?/s®

2 2
Su v Sv Ku Ke Ko/Ky

5.7 0.09 2.9  (0.005 4.3 (800)

187 008 25 43 106 24
26 —07 11 09 18 19

Location
OB 25°48'N 2020 1890 307 —0.03
128°03' E
0C 25°34'N 4630 2000 298 2.9
128°20' E 4500 298 —-1.2
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Fig.3. Frequency (v ) spectra for the low-

frequency eddy kinetic energy per unit mass
at OB (1900) in variance-preserving form.
(a) cross-isobath spectrum; (b) along-
isobath spectrum; (c) total spectrum.

period bands; 2-16 days, 16-32 days, 32-64 days
and 64-512 days. The spectrum freedom is 8.
The 95% confidence limits are 0.46 to 3.67 times
the individual estimates. The spectra are plot-
ted in variance-preserving form in Figs. 3 to 5,
where the energy per unit mass is shown in each
period band. Table 2 lists the ratio of the ki-
netic energy in each band to the total energy in-
tegrated over the four bands, and the ratio
KEA/KEC.

The upper panel of Table 2 shows that at OB
(1900) and OC (2000) more than half of the
total eddy kinetic energy is in the band of 64-512
days. While only 3% of the total energy is in
the band of 2-16 days at OC (2000), about half
of the total energy is in the band of 2-16 days at
OC (4500). In Imawakl and Takano (1982),
however, a very small fraction of the total eddy
kinetic energy is in the band of 2-16 days at
5000m depth at a site 6200m deep. At OB (1900)
where the bottom is 2020m deep, 18% of the
total energy is in the band of 2-16 days. The ki-
netic energy on scales longer than 32 days
amounts to 63% of the total energy at OB
(1900), 85% at OC (2000) but only 30% at OC
(4500). These figures might indicate that the
dominant energy range shifts toward shorter
time scales with increasing depth, in particular,
near the bottom. This agrees with a result by
ScumiTz (1978) in the MODE region, but does
not with another result of his at a site near the
Gulf Stream.

The lower panel of Table 2 shows that the
eddy activity is more enhanced in the along-
isobath direction than in the cross-isobath direc-
tion except at OB (1900) and OC (2000) in the
band of 2-16 days where it is almost isotropic.
At OC (2000) far from the sea surface and the
bottom, the Kra is monotonically increased with
period and much larger  than  the
Kec on time scales longer than 32 days. At OB



248 La mer 32, 1994

Day
1000 ‘I?U l()
ILE LN i R 1 11t 00 b 2 1 | W | AL
1o 1 ; 1 T 1 1o
S 11 1031 ! 029) 0.6 .
s Lo ' ! [
Q3 1 ' 1 ! ]
g r ! ' ! ' Yo
S 1 N t ! 1
O S| . ' : i B
I ' : '
st : \ : Perpendicular | _Ig
~ ' 1 1
2 F ! 1 i (a) '
2 1 ! ! 1 i
s [ ! 1 1 [
S b \ ! ! v
¥ 1 @ 1 ! 1
. ! ' |
] 1 } 1
G Il LEBLUBLEABLI | ¥ |l FTTITI| L] T |=llll°
0.001 0.0 0.1
1000 100
1ollll'll L1 llu:||| Il Ly [IER | : 10
-} si1s 11111 066, 0.14 b
s F i : 1 ! 1 N
n 1 ! ! 1
S S ' 1 ! ]
g ' . i ! 1
- 1 1 i 1 E
1
N ! 1 Parallel B P
1 ] 1
N S ) (b) H
o0
5} 1 i 1
S F 1 ' | f 1
AU ! l ! 1
5 L 1 ! 1 ]
¥ 1 : 1 1 ]
Tl 1 ]
o s ! 1 4 o
T FTrrrTamg T T T TTTITY T LB LA A
0.001 0.01 0.1
1000 100 10
10 110 1.1 8 'l llll:ll X II 1 T IIIIILL 1 : 10
- | 578 1142 ! 095, 030 [
|
~ Fk 1 ! 1 1 1 ]
< 1 ! 1 1 )
g R -
K . 1 ! 1
- 1 1 1 1 B
'
sk | ' | Total s
> ! ! !
@ T ! ! ' (C) ] 7
< Lot : ' ! !
3 ! 1 ' ! ' ]
) | 1 ' t 1 ]
% ! f ! 1
. N o
1 . 1 ; N
0 Ty T 7o
0.001 0.01 0.1

Frequency(cpd!
Fig.4. Same as Fig. 3 except for OC (2000).

Table 2. Ratio(%) of the kinetic energy in each pe-
riod band to the total kinetic energy (upper
panel) and ratio Kea/Kee (lower panel).

Period (days)

2-16 16-32 32-64 64-512
0OB(1900) 18 19 12 51
0C(2000) 3 11 17 68
0C(4500) 49 21 13 16
0B(1900)  0.92 2.2 1.3 3.4
0C(2000)  0.87 2.3 3.6 8.4
0C(4500) 1.3 2.3 1.8 2.8
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Fig.5. Same as Fig. 3 except for OC (4500).

(1980) near the bottom, the ratio Kea/KEc at
each period band and its increase or decrease
with period are similar to those at OC (4500).
This suggests the importance of the location
relative to the bottom. If both Kes and Ksc are
integrated over the four period bands, the ratio
of the former to the latter is 2.1 for OB (1900),
5.2 for OC (2000) and 2.3 for OC (4500).

Maximum entropy energy spectra
The maximum entropy spectra (MCDONOUGH,
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Fig. 6. Maximum entropy spectral estimates at
OC (4500). (a): clockwise, (b): anticlockwise.
Numerals in parentheses indicate periods (in
days) at nearby peaks.

1974) with a degree of freedom of 6 show many
small peaks on the time scales of 3 to 148 days,
but under the 90% confidence limit only two at
OC (4500) are significant (Fig.6); one at 7-day
period in the anticlockwise spectrum and the

other at 5-day period in clockwise spectrum.
This is consistent with previous results that the
kinetic energy is mostly contained in shorter
time scales at deeper layers.

The squared coherence between two of the
three series of velocities is estimated, which is
all under the 90% confidence level. There is no
significant coherence.

4. Remarks

As preliminaries, a small number of current
meters were deployed at an area where the bot-
tom topography is well oriented. The data re-
trieval rate was unexpectedly poor. Although
solid conclusions are not drawn from such a lim-
ited amount of data, spatial inhomogeneity of
the eddy activity above the continental slope
southeast of Okinawa is shown with spectral
analysis.

The dominant energy range appears to shift
toward shorter time scales with depth, in par-
ticular, near the bottom, while the total eddy ki-
netic energy considerably decreases with depth.

Except at OB (1900) and OC (2000) for the
band of 2-16 days, the Kea is much larger than
the Kec. The ratio Kra/Kee depends on the loca-
tion and the time scale. If the spatial scale of
the fluctuation is much larger or much smaller
than the characteristic scale of the bottom to-
pography, the ratio Kea/Kec will be little af-
fected by the bottom topography. If both are of
the comparable order of magnitude, it will be se-
riously affected and the directivity of the eddy
kinetic energy will be enhanced. Since the spa-
tial scale is related with the time scale, there
might be some relationship between the opti-
mum time scale for a large Kea/Kec and the
characteristic scale of the bottom topography.
This scale-selective mechanism of the energy
partition in the along-isobath and cross-isobath
directions seems to be dependent on the height
above the bottom.

More current meter data are expected to pro-
vide further information on the distribution of
the eddy kinetic energy as a function of depth
and time scale and its directional repartition
relative to the bottom topography.
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Diurnal and semidiurnal current fluctuations
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Abstract : Direct current measurements were carried out on a continental slope southeast
of Okinawa from November 1991 to September 1992. Diurnal and semidiurnal current fluc-
tuations measured by three current meters at abyssal depths and near bottom are studied.
A harmonic analysis shows that the four major tidal constituents, in particular, the M. and
K. are dominant during the observation period; the major axis lengths are 1.0 - 2.3 and
1.2- 1.6 cm/s, respectively. Temporal variations of the tidal constituents suggest that there
may be a topographic effect on the features of tidal current fluctuations. A rotary spectral
analysis shows that the energy contained within diurnal periods of negative rotational
components is much larger than that within those of positive ones. The inequality between
the positive and negative components is also shown by a dynamic spectral analysis using
current vector time series modified by subtracting the four major constituents of the tidal
current fluctuations from the original data; it is probably due to the existence of local iner-
tial oscillations. The suggested inertial oscillations are variable with time. The analysis
also shows that the semidiurnal current fluctuations are basically composed of the

semidiurnal tidal constituents.

1. Introduction

The Ryukyu Ridge is a part of the western
boundary of the North Pacific subtropical gyre.
Okinawa Island is located in the middle of the
ridge. It has been thought that the western
boundary current (WBC), the Kuroshio, of the
North Pacific subtropical gyre flows in the East
China Sea located northwest of the Ryukyu
Ridge. However, recent studies suggest that a
part of the WBC may flow east of the Ryukyu
Ridge (YuaNn et al., 1991; SEKINE and KuTsu-
WADA, 1994 ; TAKANO et al., in preparation,
hereafter TP). To estimate the transport of the
WBC accurately, it is necessary to observe cur-
rent velocities directly. Recently CHAEN et al.
(1993) carried out direct current measurements
at abyssal depths and near the bottom southeast
of the Ryukyu Ridge, and found fairly steady
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bottom-intensified southwestward flows. We
carried out direct current measurements south-
east of Okinawa at abyssal depths from Novem-
ber 1991 to September 1992. The results show
that there are current variabilities with periods
ranged from a few hours to several months at
abyssal depths on the continental slope. In this
paper we analyze the diurnal and semidiurnal
current fluctuations basically related to tidal
and inertial oscillations, and show the charac-
teristics of the fluctuations with the tidal and
near-inertial periods. This is a preliminary
analysis toward future studies of tides and iner-
tial oscillations at abyssal depths on a continen-
tal slope. Longer period variabilities with two
to sixty-four days periods are studied by YUAN
et al. (1994). TP will discuss seasonal and inter-
seasonal variations of the abyssal flows.

2. Observation

The locations of mooring stations OA, OB
and OC are shown in Fig.la with bottom topog-
raphy. The vertical arrangement of the current
meters is shown in Fig.1b. Seven current meters
were deployed in November 1991 and recovered
in September 1992 on board the R/V Shijian



Depth{km)

Fig.1. (a). Map showing mooring locations OA,
OB and OC. Depths are shown in km; shading
indicates depths greater than 6 km. (b) Vertical
arrangement of current meters. Data obtained
at OB2, OC2 and OC3 are analyzed.

La mer 32, 1994

(State Oceanic Administration, China). In this
paper we analyze the year-long data obtained
from three current meters at stations OB and
OC; mechanical problems prevented the other
current meters from giving quality records for
over one month. The data sampling interval
was one hour. The details of the current meas-
urements related to this paper are shown in
Table 1. Local inertial periods at stations OB
and OC are 27.6 hours and 27.8 hours, respec-
tively. Further information of the experiment
is given in TP.

Hereafter OB2 refers to the current meter de-
ployed at a depth of 1890m at station OB, and
0OC2 and OC3 at depths of 2000m and 4500m, re-
spectively, at station OC.

3. Rotary spectra of current fluctuations

In order to determine the characteristics of
the current fluctuation, we calculate positive
(counterclockwise) and negative (clockwise)
components of rotary power spectra (GONELLA,
1972) by use of the FFT (Fast Fourier Trans-
form) method. In Fig. 2, left (right) panels in-
dicate positive (negative) components of the
rotary spectra, and upper, middle and lower
panels show results for OB2, OC2 and OC3, re-
spectively.

In each panel we find significant diurnal and
semidiurnal spectral peaks. There are clear dif-
ferences between the positive and negative com-
ponents, in particular around the diurnal
periods. The heights of the semidiurnal peaks in
the positive and negative components are al-
most equal to each other. In contrast, those of
the diurnal peaks are much higher in the nega-
tive components than in the positive ones. Fur-
ther, the widths of the diurnal peaks are much
wider than those in the positive ones, and hence
the energy contained in the diurnal fluctuations
of the negative components is much larger than
that of the positive ones.

Table 1. Details of current measurements.

Water depth  Meter depth

Record length

Station Location (m) (m) Start date End date (days)
25°48' N -
OB 198°03' E 2020 1890 Nov. 4, 1991  Sep.9, 1992 310
oc 25°34' N 4630 2000 Nov.13, 1991  Sep.9, 1992 301
128°20' E 4500 Nov.13, 1991  Sep.9, 1992 301
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Fig. 2. Rotary power spectra in cm?/sec’/cph. Left (right) panels indicate positive (negative) com-
ponents. Upper, middle and lower panels are for OB2, OC2 and OC3, respectively.

The spectral shapes of OC2 and OC3 have
some similarities, in particular in the positive
components. We find that two peaks around the
diurnal period in the positive components are
significantly separated from each other and
their heights are almost equal to the heights of

the semidiurnal peaks in the positive

components. These features are different from
those for OB2.

4. Harmonic analysis

In order to investigate the tidal fluctuations
contained in the observed current vectors, we
evaluate the harmonic constants of the eight
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shown by dots (cf. Fig.1b). Upward indicates northward for the ellipses. The bottom is

shown by a solid line.

major tidal constituents (M, Si, Ki, O1, N3, Ko,
P: and S:) throughout the observation periods
by use of the least square method. Figure 3
shows the tidal ellipses of the four major con-
stituents (M, S;, Ki and O1); amplitudes of the
other constituents are small compared to these
four major constituents. The ellipses are drawn
at the corresponding individual current meter
locations and depths (cf. Fig. 1b). Note that
the ellipses represent horizontal current vectors
with upward north. A solid (broken) ellipse
means that current vectors of the tidal constitu-
ent turn counterclockwise (clockwise).

For semidiurnal tides (M: and S;) and diurnal
tides (K; and O,), the amplitudes of the M; and
K, are larger than those of the other constitu-
ents at each station. The M., K, and S: are
stronger at OB2 than at OC. The rotational di-
rection of the M. is positive and that of the K, is
negative at each station. Between OC2 and OC3,
there 1s no significant difference in either the
ratio of the minor to major axis lengths or the
length of each axis. The major axis direction of

Table 2. Phases (in degrees) of the four major
constituents at OB2 and OC3 referred to OC2.

C.M. M. S; K. O,
0B2 -122 +30 -1 +171
0C3 +18 +27 +2 +39

the M. and K, at OC2 and OC3 are almost the
same.

The ratios of minor to major axis amplitudes
are less than 0.32 except for the K, at OB2
(0.73). These small ratios suggest that the dif-
ferences of the energy between the positive and
negative components are not large. The rotary
spectral analysis in the preceding section shows
inequality in the energy contained within diur-
nal periods between the positive and negative
components. The difference in the energy parti-
tion into these two components may be due to
local inertial oscillations; this will be discussed
later.

The phases of the four major constituents
relative to OC2 are shown in Table 2. The OC3
is ahead of the four major constituents. The
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Fig. 4. Temporal variations of major (solid line) and minor (broken line) axis amplitudes for the

M: constituent, analyzed every 10 days using

29.5 days long data. Upper, middle and lower

panels are for OB2, OC2 and OC3, respectively.

phase differences might be caused by the loca-
tions of OC2 and OC3; OC2 was far above the
bottom, while OC3 was close to the bottom. It
might indicate the existence of internal tidal
currents which are vertically out of phase
(MaTsuvama and TERAMOTO, 1985). However,
we note the relatively small phase differences
between OC2 and OC3 for the dominant con-
stituents M: and K,; the phases at OC3 proceed
only about 40 minutes for the M. and about 10
minutes for the Ki. These phase differences are
smaller than the temporal resolution of the pre-
sent data sampling (60 minutes).

The results of barotropic tidal models suggest
that the station OB is located behind the station
OC for the M. and is almost on the same phase
for the Ki, S: and O: (Opamaki, 1989; Ko,
1993). The phase differences of the K, agree
with the model results, but it is generally hard
to explain the difference in tidal phase between
the two neighboring points OB and OC with
barotropic tidal models. To investigate further,

we have to consider the effects of bottom topog-
raphy, internal tides and others on the charac-
teristics of the tidal currents at abyssal depths.

5. Temporal variations of tidal fluctuations

The above harmonic analysis gives us the tidal
aspects of the current fluctuations throughout
the observation period of about 10 months. The
current meter records also indicate the existence
of distinct interseasonal variations. Those
interseasonal variations might affect tidal fluc-
tuations, in particular when the tidal fluctua-
tions include internal components induced by
combined effects of the stratification and bot-
tom topography.

Figures 4 and 5 show temporal changes of the
major and minor axis amplitudes of the M. and
K. constituents, respectively. They are calcu-
lated with harmonic analyses of 29.5 days long
data for the four major constituents; a data
length of 29.5 days is selected for avoiding the
effect of the intensification of tidal currents in
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spring tides due to some unknown reasons
(TAKEOKA and MURAO, 1993). The calculations
are continued with shifting the analysis period
by 10 days throughout the observation period;
e.g., at OB the first data set (29.5 days long) be-
gins on Nov. 4 and the second one on Nov. 14.

The major axis amplitudes of the M: are much
less variable at OC2 and OC3 than at OB2. This
is also the case of the K, though its amplitudes
at OC2 and OC3 are more variable than those
for the M.. At OB2 and OC3, the major and
minor axis amplitudes of the Ki become large in
January and June or thereabouts, but there is no
correlated increase and decrease in those of the
M: . It should be noted that both of OB2 and
OC3 are located close to the bottom, which
might account for some features of the observed
tidal currents. It is also interesting that the
minor and major axis amplitudes of the K, vary
in almost the same manner for each current
meter.

6. Discussion and summary

Diurnal and semidiurnal current fluctuations
at abyssal depths southeast of Okinawa are
studied. The rotary spectral analysis shows
strong diurnal and semidiurnal current fluctua-
tions (Fig. 2). The detected peaks are identified
as the four major tidal constituents of which
dominant are the M. and K constituents. The
tidal ellipses of the M, and K. constituents at
OC2 and OC3 are similar in magnitude and
major axis direction. At OB2, the magnitudes
are larger than at OC2 and OC3 and the major
axis directions are different from those at OC2
and OC3 (Fig. 3).

Temporal variations of the M: and K (Figs. 4
and 5) show that throughout the observation pe-
riod at OC2 and OC3, the M, amplitude is little
variable but the K; amplitude is fairly variable.
This suggests that the M, tide at OC2 and OC3
is mainly external, because each tidal current
amplitude should be invariant in time if it is the
barotropic tide (AoTa and MATSUYAMA, 1987).
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In contrast, the major axis amplitudes at OB2
are more variable. The M. and K: constituents
at OB2 might be mostly due to bottom-
intensified internal tides, although it is difficult
to confirm it because the vertical structure of
currents is not measured.

As mentioned previously, the energy con-
tained within diurnal periods of the negative ro-
tary components is much larger than that of the
positive components. The rotational direction
of the K constituent is negative, but its magni-
tude is not enough to account for the difference
in the energy partition into the two components.
This suggests that there may be non-tidal fluc-
tuations having mainly negative components,
which are probably local inertial oscillations.
To investigate it in detail, we calculate dynamic
spectra from current vector time series which
are made by subtracting the four major tidal
constituents from the original time series.
Then, the harmonic constants are calculated
every 10 days using 29.5 days long data.

Power density of negative components of dy-
namic rotary spectrum at OB2 is shown in Fig.
6 and positive components in Fig.7. A distinct
high power zone is only found within near the di-
urnal periods (20-35 hours) in the negative com-
ponents. This feature is also found at OC2 and
OC3. Since the local inertial period is about 28
hours, these high energy zones are considered to
be due to the inertial oscillations. Individual in-
ertial oscillations are not persistent, and hence
the estimated power is probably due to the mix-
ture of inertial oscillations with different
phases and amplitudes. The mixture does not
give rise to a sharp peak at the local inertial pe-
riod. This may be the reason why the peaks near
the diurnal periods in Fig.6 are broad and spread
over 20 to 35 hours in period. The strength of
the high power zone varies in a few months.
This temporal variability might be related with
the variations of oceanic and/or atmospheric en-
vironments, which will be discussed in another
article. Figures 6 and 7 also show that there is
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no significant high power =zone around
semidiurnal periods in the two components,
which indicates that the semidiurnal current
fluctuations found in the original data are basi-
cally composed of tidal constituents.

Sources of the inertial oscillations cannot be
identified in this study. We compare the dy-
namic rotary spectrum (Fig. 6) with the wind
variability observed at Naha located in south-
western Okinawa. However, we cannot find any
significant correlations between them. The iner-
tial oscillations in this area might be composed
of oscillations propagated from some area. Fu
(1981) suggested that propagating internal
waves with near-inertial frequency coming to an
area might induce inertial oscillations at the
latitude of that area. In addition, we also have
to consider the effects of the advection, bottom
topography and so on. To investigate the
sources of inertial oscillations, more detailed
observational data covering broader area are re-
quired.
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Inertial oscillations in the Kuroshio west of Okinawa
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Abstract : Inertial oscillations generated in the upper layer of the Kuroshio have been in-
vestigated by using moored ADCP data together with wind data from a JMA buoy robot at
an adjacent site. The ADCP data were obtained at the central region of the Kuroshio west
of Okinawa during one year from 1989/12 to 1990/11. The kinetic energy of the inertial cur-
rent and the Kuroshio was separated from the total current field by a simple method which
uses progressive vector diagrams. During a typhoon period, a strong inertial oscillation
was generated not only in the surface Ekman layer but also in the underlying region of the
Kuroshio. Strong inertial oscillations were also accompanied by significant reduction of
the Kuroshio energy at the surface layer throughout the year.

1. Introduction

Inertial oscillations have often been observed
in the oceans (e.g., WEBSTER 1968; SAxouU and
NEsuvBa, 1972; Kunpu, 1976; SALAT et al.,
1992). Inertial oscillations in the surface layer
are generated mainly by winds (POLLARD, 1970;
Kunpu, 1976). The wind-generated inertial os-
cillations transfer kinetic energy downward and
cause the deepening of the mixed layer (SHAY et
al., 1992; TROWBRIDGE, 1992). The sea-surface
wind stresses and the heat fluxes across the sur-
face play an essential role in the dynamics of the
upper ocean (GILL, 1982; Qiu and KELLY, 1993).
It is known that the conditions in which inertial
oscillations are effectively generated by winds
are (1) the clockwise rotation of the wind direc-
tion within an inertial period in the Northern
Hemisphere or the rapid weakening of a strong
wind which has been blowing for a few hours up
to half an inertial period (PoLLARD, 1970 ;
Pricg, 1983), and (ii) the sudden shift of the
direction of a strong wind (POLLARD and
MILLARD, 1970). According to POLLARD and
MiLLARD (1970), a strong wind blowing in a
fixed direction for an inertial period rather sup-
presses inertial oscillations because there is a pe-

*1 Faculty of Engineering, Hiroshima University,
Higashi-Hiroshima 724, Japan

*2 Research Institute for Applied Mechanics, Kyu-
shu University, Kasuga 816, Japan

*3 Hiroshima Institute of Technology, Saeki-ku,
Hiroshima 731-51, Japan

riod at which the wind stress and the inertial
current work in the opposite direction. Mecha-
nisms of the generation of inertial oscillations
are not so simple. The detailed processes of the
vertical transfer of the energy by inertial oscil-
lations still remain as one of the most impor-
tant subjects to be elucidated because of the
difficulty of current observation under severe
surface conditions. The effect of typhoons on
the upper ocean also attracts great concern of
oceanographers (HoNG and YooN, 1992 ; TAIRA
et al., 1993).

In this paper, we analyze one-year term
moored ADCP (acoustic Doppler current pro-
filer) data obtained in the Kuroshio west of
Okinawa together with the wind data from a
buoy robot of the JMA (Japan Meteorological
Agency). Special attention is paid to the iner-
tial oscillation generated in the Kuroshio by ty-
phoons. In the following, the date is expressed
in a format of year/month/day.

2. Observation and method

A moored ADCP observation was carried out
at the station M2 indicated in Fig. 1 during a pe-
riod of 1989/12 to 1990/11 (Mizuno et al.,
1991). The station M2 is located at the central
region of the Kuroshio flowing to the northeast
between Okinawa and the continental shelf in
the East China Sea. The water depth i1s about
1500 m. An ADCP was mounted upward on the
top of the mooring line. The first mooring
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Fig. 1. Location map of the observation site.

The positions of the ADCP mooring and the buoy

robot of JMA are marked M2 and R, respectively.

Tabe. 1. Characteristics of the ADCP observation.

Observation period ADCP depth Sampling interval  Depth resolution
First mooring 1989/12-1990/7 430 m 30 min 8 m
Second mooring 1990/7-1990/11 398 m 30 min 8 m

system was recovered immediately after reset-
ting the second system in 1990/7 for the mainte-
nance of the mooring system and the ADCP
battery exchange. Characteristics of the first
and second moorings are presented in Table 1.
The location of the JMA buoy robot is also
marked R in Fig. 1, where the wind at 8 m height
above the sea surface was measured every 3
hours. The inertial period (frequency) at the
station M2 is 26.3 h (3.81 X 107%ch™Y).

We shall make use of the progressive vector
diagram to extract the inertial current from the
original ADCP data. When the inertial current
is superimposed on the northeastward flowing

Kuroshio, we obtain a progressive vector dia-
gram as shown typically in Fig. 2. When 7’ de-
notes the inertial period and S the distance
between two neighbobring kinks along the path
on the diagram with a time interval 7%, the
mean velocity of the Kuroshio during the period
T:is

The perturbed velocity ur is obtained by sub-
tracting vk from the total velocity field v,

UI=U~ Uk 2

The v: may be a measure of the inertial current.
It can be calculated in the same way whether or
not the neighboring points on the diagram with
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Fig. 2. Progressive vector diagram for the
total velocity v obtained at 114 m depth in
the observation period when the typhoon
T9015 attacked the observation site.

the interval 7, are on the kinks. The four princi-
pal constituents Ki, O, M; and S, of tidal cur-
rents were determined through the harmonic
analysis which uses the one-year data. These
constituents were removed from the total veloc-
ity v prior to the calculation of vx and vs.

3. Results and discussion

We shall examine the monthly viariability of
the inertial current. The mean direction of the
Kuroshio current at station M2 is estimated as
40° clockwise from the north (NAKAJIMA et al.,
1992). The power spectra for the velocity com-
ponent (V) in this direction including the tidal
current are shown on the monthly basis for the
114 m depth data in Fig. 3. The spectral peaks
corresponding to the inertial current and the
semidiurnal tidal current are marked I and S, re-
spectively. The semidiurnal current includes the
M. and S. constituents. The spectral peak for
the semidiurnal tidal current is clearly seen in
the figure. In 1989/12, 1990/1 and 1990/5-6, in-
ertial current with spectral level comparable to
that for the semidiurnal tidal current was gener-
ated. The spectral peaks for inertial current be-
came much higher than those for the semi-
diurnal tidal current in 1990/7-9. The observed
periods for inertial oscillation were shorter or

longer than the theoretical period. This might
be caused by the Doppler effect due to the
Kuroshio current or the effect of the stratifica-
tion (GiLL, 1982). The progressive vector dia-
grams at 114 m depth for the total velocity v
including the tidal current are shown on the
monthly basis in Fig. 4. A sequence of promi-
nent kinks were seen on the paths for 1990/1 and
1990/8-9. These months are included in the pe-
riod when the steep spectral peaks for the iner-
tial current appear in Fig.3. The total length of
the path on the diagram was remarkably de-
creased in 1990/8-10, showing the slack of the
Kuroshio at 114 m depth.

Strongest inertial oscillation was generated
when the typhoon T9015 attacked the observa-
tion site on 1990/8/29. The data for the total
horizontal velocities v obtained during 8/25 to
9/9 are shown with the depth-time plot in Fig.5.
The wind vectors are also shown in a series of
arrows at the top of each depth profile. The
wind vectors rotated clockwise during 8/29 to
9/3, evidencing that the typhoon passed the
western side of the observation site. A pro-
nounced inertial oscillation was initiated on
8/30 by this typhoon and continued until 9/5.

The method to extract the inertial current
from the total current as expressed in Eqgs. (1)
and (2) was applied to the data during 8/28 to
9/6 when the typhoon T9015 attacked the obser-
vation site. The vx and v: for this period are
shown with the vector plots in Figs. 6(a) and
(b), respectively. For comparison, the wind vec-
tors are also drawn at the top of the figure. A
strong inertial oscillation was generated at
depths of 114 to 170 m immediately after the
wind with speeds greater than 15 ms™' changed
rapidly its direction on 8/30. This oscillation
propagated downward with time. The genera-
tion process of the inertial oscillation at depths
of 114 to 170 m is consistent with that proposed
by PoLLARD and MILLARD (1970). In the course
of the generation of inertial oscillation v« was
remarkably reduced at 114 to 186 m depths.

The 3-day mean kinetic energies for the total
current including the Kuroshio and the inertial
oscillation are shown for various depths in Fig.7
together with those for the wind plotted against
time. The Ers and Ews denote the 3-day mean ki-
netic energies for the total current and the wind,
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Fig. 5. Velocities at depths of 114 to 394 m when the typhoon T9015 attacked the observation site.

The depth interval is 8 m. The wind vectors are also drawn above each current profile.
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Fig. 6. The Kuroshio current (a) and the inertial current (b) during 8/28 to 9/6 when the typhoon
T9015 attacked the observation site. The wind vectors are also drawn at the uppermost part
of the figure. The four principal constituents Ki, O, M; and S; of the tidal current are re-
moved, although the percentage of the tidal current in the total current is very small
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Fig. 7. Comparison of fluctuations of the 3-day mean kinetic energies of the current and wind;
Ers for the total current and Ews for the wind.

respectively. We shall estimate the difference Kuroshio, by subtracting Ers at 306 m depth
(DEx) between the total kinetic energies in the from Ers at 114 m depth. DEx became negative
surface and intermediate waters of the in 1990/8-11, showing the reduction of kinetic
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Fig. 9. Variation of the monthly mean kinetic energy for the inertial oscillation (Ew) shown on

the plane (EMW, Eux).

energy at the surface layer of the Kuroshio.
This energy reduction was well correlated with
the period when the severe winds caused by the
typhoons T9015, T9019, T9020 and T9021 at-
tacked successively the observation site.

The time plot of the monthly mean kinetic en-
ergies for the wind and the inertial current

(Euw and Eur, respectively) is shown in Fig.8.

Eu:r was calculated from Eq.(2) by using the
data at 114 m. Euw had the largest value at the
period of winter monsoon. In contrast, Eur was
greater in the typhoon period than in the mon-
soon period. It is understood that the conditions
for effectively generating the strong inertial
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current were satisfied more frequently in the ty-
phoon period rather than in the monsoon period.
The monthly variation of Eu; is shown on the
(Euw, Exx) plane in Fig.9, where Eux is the
monthly mean difference between the kinetic en-
ergies of the Kuroshio at depths of 114 m and
394 m. It should be noted that strong inertial
currents were accompanied by significant reduc-
tion of the Kuroshio energy at the surface layer
throughout the year.

4. Conclusions

The analysis of the one-year term ADCP data
obtained in the Kuroshio west of Okinawa and
combined with the wind data provides us the fol-
lowing results on the inertial oscillation:

(1) A simple method is proposed which can ex-
tract the inertial current and the Kuroshio
current from the observed data by using
progressive vector diagrams.

(2) The strong inertial oscillation generated by
the typhoon T9015 occurred not only in the
surface layer but also in the underlying
Kuroshio region.

(3) The inertial oscillations were more effec-
tively generated in the typhoon period than
in the monsoon period.

(4) Strong inertial currents were accompanied
by significant reduction of the Kuroshio en-
ergy at the surface layer throughout the
year,
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Two modes of the salinity-minimum layer water in the Ulleung Basin

Yang-Ki CHO" and Kuh Kim*

Abstract : CTD data taken bimonthly in 1991 show two modes of the salinity-minimum
layer (SML) water less saline than 34.00%; in the Ulleung Basin; the North Korean Cold
Water (NKCW) and the East Sea Intermediate Water (ESIW). The NKCW was observed
only along the east coast of Korea in summer, whereas the ESIW was observed around
Ulleung Island in April and spreading southward in the Ulleung Basin subsequently. The
depth of the SML is 100 to 200 m for the NKCW and 200 to 400 m for the ESIW. The tempera-
ture at the core of the NKCW is about 1.5°C, but that of the ESIW is higher than 2.0°C in gen-

eral during 1991.

1. Introduction

The East Sea has been divided into the warm
water region and the cold water region
(KAJIURA et al., 1958; MoRIYASU, 1972), since
Ubpa (1934) found a polar front in the middle of
the Fast Sea. Morivasu (1972) defined water
masses in the East Sea following this division;
surface and subsurface water in each region, and
the East Sea Proper Water (henceforth, ESPW)
which is made of deep and bottom waters. An-
other water mass is situated between the
Tsushima warm water and the proper water in
the warm water region. This water is character-
ized by salinity-minimum and dissolved oxygen-
maximum layer (KAJIURA et al., 1958; Mo-
RIYASU, 1972). Despite of its distinct charac-
teristics, detailed observation of salinity-mini-
mum layer (henceforth, SML) water was scarce
to understand its distribution and movement.

The SML has been also observed in the Ulleung
Basin and became a subject of intensive investi-
gation. KM and CHUNG (1984) found an SML
and dissolved oxygen-maximum layer in the
southwestern region of the basin in September
1981 and named it the East Sea Intermediate
Water (henceforth, ESIW) because of its dis-
tinct characteristic similar to that observed
south of the polar front in the central part of
the East Sea (KAJIURA et al., 1958). KiM, LiE
and CHU (1991) reported the widespread pres-
ence of the SML in the western half of the basin

* Department of Oceanography, Seoul National
University, Seoul, 151-742, Korea

in August 1986. Previously KiMm and Kim (1983)
reported that the North Korean Cold Water
(henceforth, NKCW) along the Korean coast
has similar properties as the ESIW. Most of
historical data used to identify the SML in the
Ulleung Basin were taken with bottle casts at
standard depths. Therefore, it is often difficult
to distinguish the SML from the ESPW, and
moreover the NKCW from the ESIW.

Recently Kim et al. (1991) indicated a possi-
bility of two modes of waters for the SML, ana-
lyzing CTD data taken in the Ulleung Basin;
three CTD sections across the Ulleung Basin
show that the salinity-minimum water found at
shallow depth off the Korean coast is less saline
and warmer than similar waters observed
widely in the basin. Although the NKCW and
the ESIW are similar in their vertical structure,
it is important to know whether their properties
are different enough to imply different origin
and passage into the Ulleung Basin.

Understanding of the circulation in the
Ulleung Basin requires an in-depth investigation
of physical characteristics and their temporal
and spatial variations, for which bimonthly sur-
veys were conducted in 1991, taking 60 CTD sta-
tions each time (Fig. 1). It should be noticed
that the northernmost K-line running from the
Korean coast to Dok Island is specially designed
to find any indication of an inflow of the cold
water from north. This is the first time that
CTD sections were repeated between Ulleung Is-
land and Dok Island. At each station SBE 19
profiler of Sea-Bird Electronics Inc.  was
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Fig. 1. CTD stations taken in April, June, August, October, 1991. Sections of K and J lines are

presented in Figs. 2 and 5.

lowered to a nominal depth of 500 m at a speed
of 60 m/min approximately, taking two samples
of temperature, conductivity and pressure in one
second, which give a vertical resolution of about
00 cm. Final data for analysis were obtained by
averaging temperature and salinity data over
two decibars.

The purpose of this paper is to report spatio-
temporal variation of the characteristics of the
salinity-minimum waters in detail, which ren-
ders clear distinction between the NKCW and
the ESIW.

2. Vertical sections

Salinity sections shown in Fig. 2 illustrate a
large change of salinity across the K-line from
April through October 1991. In April salinity
varies little between 34.1%; and 34.0% in the

upper 200 m except for the high salinity core
near surface at stations K3 and K12. Below this
the SML is observed across the section. In Fig.
2 the isohaline of 34.05% is chosen to indicate
the minimum layer. Previously Kim and CHUNG
(1984) used 34.05%p as a criterion to define the
layer in the southwestern region of the East Sea.
It will be shown in the T-S diagram that this cri-
terion is also useful in the present case. The
SML in the K section is shaped like a bowl, deep
and thick at the center near Ulleung Island and
relatively shallow and thin away from the cen-
ter. The diameter of the bowl is about 200 km.
At stations K7 and K10 salinity in the minimum
layer is even lower than 34.00%,. It is interest-
ing to compare this section with another one
taken at the same location in October, 1990
which is shown in Fig. 3. The SML defined by
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Fig. 2. K sections of salinity in April (a), June (b), August (¢) and October (d), 1981. The waters
with salinity less than 34.05% are shaded and salinity less than 34.00% is indicated with

small circles.

34.05% was also observed six months before,
but salinity is nowhere lower than 34.00%,. A pe-
riod of six months is too long to speculate any
specific process for the change from Fig.3 to
Fig. 2. However, there is no doubt that the low
salinity cores less than 34.00%, in Fig. 2 repre-
sent a newly arrived water mass.

In June 1991 the salinity in the upper 100 m be-
comes higher than that observed in April. De-
spite this change, the SML remains, but
relatively flat at about 200 m, losing its bowl-
like structure. It is important to note that a
new core of low salinity less than 34.00% ap-
pears at stations K1 and K2 near the Korean
coast, leaning against the continental slope. Its
shallow depth and triangular shape is separated
from the rest of the SML. In August the SML
becomes thicker between the Korean coast and
Ulleung Island. However, two cores of low sa-
linity are not connected closely. In October the

SALINITY 9010 K-LINE
6 7 8 Sli 107}%1 12

Depth(m)

Ulleung Island

|

Fig. 3. Same as in Fig. 2 except for October,
1990.

core near the Korean side disappears as the
thickness of the SML is reduced and its presence
east of Ulleung Island is limited only at K8.
We select stations K2 and K10, where cores of
low salinity appear in August and April, to ex-
amine the variation of the T-S relation in time.
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Fig. 4. Temperature-salinity diagrams for waters colder than 5°C at stations K2 and K10.
Numbers 4,6,8 and 10 represent months of observation.

Since the low salinity at intermediate depths is
of our interest, Fig. 4 shows T-S diagram for
temperature range of 0-5°C only. The lowest sa-
linity observed at K2 is about 33.96%, nearly
the same for June and August. This diagram in-
dicates that below this layer salinity increases
rapidly as temperature changes little, particu-
larly so in June and August. Although the low-
est salinities in April and October are higher
than 34.00%0, all T-S curves clearly indicate the
presence of the salinity-minimum.

At station K10 the lowest salinity is observed
in April, which is less than that observed in June
and August at K2 by 0.013%,. The minimum at
K10 in June is substantially larger than that in
April, but still very well-defined. In August
multiple values of the minima appear as their
salinities increase further, which is true at sta-
tions K8 and K9 as shown in Fig. 2. The mini-
mum at K10 is not apparent in October. From
T-S curves at K2 and K10 it is possible to distin-
guish the SML by S = 34.05%0, because of its
relatively stable salinity for cold waters with T
< 1°C and the rapid increase of the salinity up-
ward. Therefore salinity-minimum layers are
indicated according to this criterion. It is also
noticed in the T-S diagram that temperature of
salinity-minima at K2 in June, August and

October is about 1.5°C, but that at K10 is higher
than 2.0°C in general.

Salinity section along J-line taken in April
also shows a bowl-shape structure of the SML in
Fig. 5 which is similar to the SML along K-line.
The depth of the bowl is between 300 m and 400
m, which 1s deeper than that shown for K-line
(Fig. 2). It is interesting that the bowl-shaped
minimum layer is imbedded at the base of per-
manent thermocline in the temperature range of
2-4°C as can be seen in Fig. 5. Geostrophic cur-
rent relative to 500 db is of the order of 5-10
cm/s into the section between J3 and J6 and out
of it between J6 and J8. Together with a
meridional section passing through J5 it is pos-
sible to show that these currents make a clock-
wise circulation around the bowl-like structure.
In October the SML of J-line is in general flat at
about 200 m without the core (S < 34.00%0).
The temporal change of the salinity section
from April to October is consistent with that of
the temperature section.

3. Lateral spreading

Fig. 6 shows the horizontal distribution of the
lowest salinity at stations with the SML. In
April SML is observed extensively along K- and
J-line in the northern part of the survey area.
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Fig. 5. J sections of salinity (a, ¢) and temperature

Particularly it is noticed that the low salinity
less than 34.00%, is distributed around Ulleung
Island. Except for two stations K11 and J9 tem-
perature at the SML is higher than 2°C. It is im-
portant that temperature for salinity less than
34.00 %o is higher than 2°C without any excep-
tion.

From April to June we notice several changes
in the horizontal extent of SML. First, a new
low salinity core less than 34.00%, appears at K1
and K2 (see Fig. 1 for location) near the Korean
coast, which is more than 100 m thick as shown
in Fig. 2. Its temperature is lower than 2°C un-
like the core observed around Ulleung Island in
April. Second, the SML is newly observed at H5
and I5 which are located almost due south of
Ulleung Island. The high temperature core (T >
3°C) associated with the SML moves southward
at the same time. It is important to note that
this movement is not limited at depth of the
SML, as can be seen in Fig. 7. Horizontal tem-
perature at 200 m clearly indicates the presence
of the warm bowl around Ulleung Island in
April, although we cannot close isotherm due to

 STATIONS({J-LINE)
1 23 4 5 6 7
; —

(d)

(b, d) in April (a, b) and October (¢, d), 1991.

insufficient data. In June the warm bowl is lo-
cated south of Ulleung Island. As it is shown al-
ready in Fig. 5 that the SML is part of the bowl-
like structure circulating clockwise with warm
water inside, the SML spreads as the warm bowl
moves southward.

In August the SML is observed at most sta-
tions. Particularly the core of the low salinity
less than 34.00%, is found along the Korean
coast, contrasting its prevalence around Ulleung
Island in April. The core which is observed only
at K1 and K2 in June appears along the Korean
coast as far south as G1. It should be noticed
that the temperature of this core is close to 1.5
°C except for a couple of isolated stations. East
and south of Ulleung Island temperature of SML
is higher than 2.0°C in August like in April, al-
though it is not as high as 4°C as observed at
some stations in April and June. Since the
warm bowl remains in this area through August
(Fig. 7), it is quite likely that the SML south-
east of Ulleung Island is of the same water as
observed in April and June. In October the core
along the Korean coast disappears, although the
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Fig. 6. Horizontal distribution of the lowest salinity in the salinity-minimum layer. The solid
lines are the temperatures of the lowest salinity water in April, June, August and October,
1991. The waters with salinity less than 34.05%, are shaded and salinity less than 34.00% is in-
dicated with small circles as in salinity sections shown in Figs. 2 and 5.

SML is still observable widely in the Ulleung
Basin.

4. Discussion and conclusion

In summary, the SMIL was observed in April,
1991 in the northern area of the Ulleung Basin
with a low salinity core less than 34.00%, around
Ulleung Island. In August another core appeared
along the coast of Korea. Salinities of SML
cores are similarly as low as 33.95%, as shown in
Fig. 4, but they differ not only in the timing and
location of observation in the basin, but their
temperature and depth of observation. The for-
mer is warmer than 2°C and observed deeper
than 200 m and the latter is about 1.5°C and
shallower than 200 m. Since the latter was

observed at K1 and K2 in June before its exten-
sive presence along the east coast of Korea in
August, it is reasonable to consider a current
flowing southward along Korea, carrying this
particular water. This water has been known as
the NKCW (KiM and K1y, 1983), although there
is no direct observation of this current yet.

[t is very important to note that the former
was observed extensively around Ulleung Island
in April before the observation of the NKCW
along the Korea coast. This indicates that there
is another way for the SML to be introduced
into the Ulleung Basin, as suggested previously
by Kim and CHUNG(1984). As the SML is imbed-
ded at the base of the warm bowl structure, it
spreads into the basin as the bowl moves
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1991.

southward in time. It seems that the presence of
an anticyclonic (clockwise) circulation associ-
ated with the warm bowl is essential for the
spreading of the SML.

The salinity of the SML water increases in
time due to vertical mixing with neighbouring
saline waters. However temperature changes
little during this mixing process, because it has
colder and warmer water above and below it.
We can easily find an example of this process in
Fig. 4. Temperature remains less than 2°C at K2
and above 2°C at K10 respectively over a period
of six months, whereas the salinity increases in
time.

The two cores of low salinity less than 34.00
%o with different temperatures suggest two dif-
ferent processes of their formation. First, it is
possible that they represent different waters.

There is no doubt that both of them are formed
during winter due to cooling, most likely in the
northwestern region of the East Sea. As tem-
perature is in general low along the east coast of
North Korea late winter, compared with off-
shore temperature, the two cores may originate
from different locations; the NKCW along the
Korean coast and the core around Ulleung Island
from somewhere offshore. In this regard it is
worthwhile to know that core temperature and
salinity of the SML found at 37°58" N and
131°00" E, 60 km north of Ulleung Island on May
22,1991 are 4.19°C and 33.973% (Maizuru Ma-
rine Observatory, 1991). Similarly high tem-
peratures of the SML were observed at a few
stations nearby. These observations are consis-
tent with the formation of the SML with tem-
perature higher than 2°C.
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Another possibility is that the two cores are
formed in the same region, but at different
time. As cooling continues throughout winter,
part of water may leave the surface before the
end of the cooling period, sinking and spreading
at mid depth. On the other hand, the lower tem-
perature of the NKCW implies that it is likely
the final products of the cooling period along
the coast of North Korea. At this point it is dif-
ficult to delineate the formation process any
further without data taken in formation region
during winter.

It is clear now that the NKCW is distinguished
from the rest of the SML water in the Ulleung
Basin, because of the separation in the tempera-
ture of the SML and its horizontal distribution
in time. We postulate that the core of the SML
around Ulleung Island found in April is different
from the NKCW and term it the East Sea Inter-
mediate Water (ESIW). When Kim and CHUNG
(1984) introduced the ESIW based upon the data
taken in 1981, its temperature range was 1-3°C
in the depth range of 100-300 m and no distinc-
tion was made for the NKCW. However, now it
is certain that there are two modes of SML in
the Ulleung Basin as observed in 1991, which
spread in the basin following two different
routes.

Recently there have been a couple of notewor-
thy investigations concerning this suggestion.
KiMm, Lig and Cuu (1991) showed that in
August, 1986 some of the SML water in the cen-
tral part of the basin is lower than that along
the Korean coast. KM et al. (1991) showed two
cores of the SML along the K-line in May, 1988;
one near the Korean coast and the other near
Dok Island which is the same location as station
K11. These imply that the ESIW in the central
part of the basin is not the extension of the
NKCW, but has an independent route of south-
ward flow in the basin.

It may be better at this point not to limit the
temperature and salinity range of the ESIW.
KiM, Lie and CHU (1991) showed a very signifi-
cant interannual variation of T-S properties for
the SML along a section which is identical to the
K-line. The ranges of temperature and salinity
which they showed are 1-4°C and 33.80-34.05%0
respectively. Careful analysis of historical data
is required in order to find any stable separation

between the NKCW and the ESIW in their T-S
properties such as found in 1991.
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Oxygen isotope characteristics of seawaters in the Yellow Sea
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Gi Hoon HONG * and Kyung-Ryul KiMm **

Abstract : Due to extremely large variation of temperature and salinity, typically as much
as 20°C in temperature seasonally, it is a difficult task to characterize and classify water
masses in the Yellow Sea. We studied **0/*°0, oxygen isotope characteristics, of seawaters
in the area in order to provide additional constraints on the water mass analysis.

Even with large variations in salinity and temperature, isotopic composition of seawa-
ters in summer and winter does not indicate any signficant seasonal difference, showing a
simple mixing trend. The contrasting difference observed in T-S and 6'*0-S characteristics
of surface waters in summer, therefore, reflects the non-conservative nature of temperature
in the area, resulted from solar heating at the sea-air interface.

The present study implies that seawaters in the area are, in essence, a mixture of two end-
members; isotopically light, fresh waters from precipitation and river discharges (S =
0 %, 60 = -7~ -9 %) and isotopically heavy, saline waters originated from the East

China Sea as a Kuroshio branch (S = 34.40 %, 60 = 0.2 %0).

1. Introduction

The Yellow Sea is a typical epicontinental sea,
surrounded by the contiguous land masses of
Korea and China. With a mean depth of 44m
and maximum depth of 105m, it is open to the
East China Sea to the south and the Bohai Sea to
the north, whose significant portion freezes dur-
ing winter (Gong, 1989).

The salinity and temperature in the Yellow
Sea show enormously large variations as much
as 20°C in temperature between summer and
winter time and from 29 %o to 35 %o in salinity.
While several water masses such as Yellow Sea
(Bottom) Cold Water (YSCW), Yellow Sea
Warm Current Water (YSWCW) and East
China Sea Water (ECSW) have been identified
as distinct water masses with persistent T-S
characteristics, individual investigator often
disagrees on the property limits of these waters
(L1E, 1984, 1986; PARK, 1985, 1986; Kim et al.,
1991). Furthermore, waters along Chinese and
Korean coasts were defined rather loosely, re-
flecting difficulties involved in classification

* Chemical Oceanography Division, Korea Ocean
Research & Development Institute, Ansan, P.
0. Box 29, Seoul 425-600, Korea

** Department of Oceanography, Seoul National
University, Seoul 151-742, Korea

and characterization of water masses in the
area.

Oxygen isotope composition, *0Q/*0, of sea-
water 1s a classic example of conservative trac-
ers applied to water mass analysis along with
temperature and salinity in the ocean (CrAIG
and GORDON, 1965). It is also interesting to
note that the stable isotope composition is the
characteristics of water molecule itself, experi-
encing little alteration with thermal conditions
such as heating or cooling. This property, there-
fore, can be very powerful in water mass analy-
sis for coastal or shelf waters, where tempe-
rature can no longer be a conservative property
due to relatively small size of thermal mass
(TORGENSEN, 1979).

Oxygen isotope studies have been carried out
for the coastal, estuarine waters in the area
(ZHANG et al., 1990; Wu, 1991). In this paper,
we explored the possibility of utilizing this
unique tracer for water mass analysis of Yellow
Sea waters.

2. Materials and methods

During five oceanographic cruises carried out
in the Yellow Sea from 1991 through 1993, 59
stations were occupied as shown in Fig. 1. Water
temperature and salinity were measured using a
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Fig. 1. Maps showing sampling stations in the
Yellow Sea. Stations with strong thermocline in
summer are grouped in (a), and those with win-
ter characteristics (thoroughly mixed vertically
in water column) are grouped in (b). Isobaths
in meters.

Seabird SBE-25 CTD system. Water samples
were collected with 5[ Niskin bottles mounted
on a Rosette sampler at standard depths; sur-
face, 10, 20, 30, 50, 75m and near bottom.

The *0/*O ratio of seawater was determined
using Isotope Ratio Mass Spectrometer (Vg Iso-
tEcH Sira 1I) equipped with an automatic H:O/
CO: equilibrator (Isoprep 18). The seawater

was equilibrated with CO, gas inside the
equilibrator for 6 hours at 25°C with mild shak-
ing and isotope ratio of the sample was deter-
mined from the observed value for CO. gas
(EpsTEIN and MAYEDA, 1953).

The oxygen isotopic composition of seawater
is compared with SMOW (Standard Mean Ocean
Water), and is expressed as 60 defined as fol-
lows (Cra1g, 1961):

18 16,
8O0 sumpse = [%58—;;@8—3;‘% —11%x1000 (%o).

Twenty samples were analyzed for each run as
a batch and 2 to 4 seawater samples used for
working standard were included in each batch to
control the quality of the measurement. The
mean 6 "0 of the working standard used in our
experiment is —0.12 %o == 0.08 %. The precision
of the measurements is &= 0.13 %,.

3. Results and discussions

In the Yellow Sea proper with depths less than
100 m, waters are thoroughly mixed vertically
in the water column in winter, while strong
thermoclines with their depths up to 40 m occur
in summer with mixed layers both above and
below these thermoclines. Typical examples of
CTD profiles representing summer and winter
characteristics are shown in Fig.2. Three cruises
occupied in July and November, 1991 (CYS9107
and CYS9111) and September, 1992 (YS9209)
showed summer characteristics and the rest two
carried out in April, 1991 (KF9104) and Febru-
ary, 1993 (YS9302) showed winter characteris-
tics.

The isotopic composition of seawater samples
is also shown in the figure, reflecting homogene-
ous nature in property distribution for each
mixed layer, surface mixed layer and deep mixed
layer in summer and whole water column in win-
ter. For following discussions, data from sam-
ples at 0 and 50 m depths were chosen as
representatives for each layer. Henceforth, the
surface and deep waters refer to the waters at
these selected depths.

Fig. 3 shows the T-S characteristics and &0~
S characteristics of surface waters and deep wa-
ters in summer and winter. Though sampling
areas for the present study were not extensive
over the Yellow Sea, the T-S distribution reveals
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Fig. 2. Typical examples of CTD profiles representing summer characteristics (a) and winter
characteristics (b) in the Central Yellow Sea. The 60 values of seawater samples are also
shown in the figure reflecting homogeneous nature in each mixed layer.

major features such as YSCW, YSWCW and
ECSW observed by previous investigations
(NAKAO, 1977; KonDo, 1985; Kium et al., 1991).

In summer as stratification occurs, a separa-
tion in TS characteristics between surface wa-
ters and deep waters is clear. However, 6'0-S
characteristics do not show any significant dif-
ference between surface waters and deep waters
in summer and also between waters in summer
and in winter. This observation, thus, strongly
implies that water masses in the Yellow Sea, in
essence, do not change seasonally, and that the
apparent separation in T—-S characteristics be-
tween surface and deep waters in summer is pri-
marily due to solar heating at the sea-air
interface resulting in very little alteration in
isotopic composition.

Furthermore, as shown in Fig. 4, isotopic
composition of all these waters, in general, falls
on a single mixing trend between less saline and

isotopically lighter waters and more saline and
isotopically heavier waters, when plotted
against salinity. In the figure, the isotopic com-
positions of Yellow River (Huanghe) estuarine
waters (ZHANG et al., 1990), weight-averaged
precipitation collected in Korea, China and
Japan (KiMm and NAKAI 1988; ROZANSKI et al.,
1993), and Kuroshio waters collected in the East
China Sea (ONR9202) are also shown.

Major sources for fresh waters in the Yellow
Sea are precipitation and discharges from major
rivers in the area; the Yellow, Yalu, Han and
Keum Rivers. Fresh waters discharged from the
Yangtze River (Changjiang) mostly flow south-
ward entering into the East China Sea and its di-
rect influence on the Yellow Sea is minimal
(BEARDSLEY et al., 1985). The precipitation
over the Yellow Sea is estimated as 4.6 X 10"
m?®/yr (LEE and KiM, 1989), about four times as
large as river discharges, ~1.2 X 10'! m®/yr
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for the surface mixed layer and the deep mixed layer, respectively. Symbols represent

cruises listed in Figure 1.

(CrouGH and KM, 1982; MILLIMAN and MEADE,
1983; WaNG and AUBERY, 1987).

The isotopic composition of precipitation in
the area ranges from —6.7 to —8.8 %o for their
weight-averaged values (Kim and Naka1, 1988;
RozZANSKI et al., 1993), even with some seasonal
variations, and are very comparable to riverine
compositions —7.9 ~ —8.8 % (ZHANG et al.,
1990) observed in the Yellow River. As already
shown in Fig. 4, these values fit well on the ex-
tension of mixing line for the Yellow Sea wa-
ters, implying their role as one end-member for
the observed mixing trend.

The most saline waters in the Yellow Sea

mainly come from the East China Sea as a
branch of the Kuroshio current (KoNDo, 1985;
PaRk, 1986; KimM, 1988). The isotopic composi-
tion of Kuroshio waters collected in the East
China Sea (ONR9202), shown in Fig. 4, clusters
well on heavy waters with high salinity
and is very comparable to values of Kuroshio
waters at the northeast of Taiwan (25°10’N,
121°58.6’E), 0.2 %o in 60 and 34.40 %, in salin-
ity. This observation reflects the role of
Kuroshio waters as the other saline and
isotopically heavy end-member waters in the
Yellow Sea mixing trend.
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4. Conclusion

The initial study of oxygen isotopic composi-
tion of seawaters in the Yellow Sea revealed
that seawaters in the area are, in essence, a mix-
ture of two end-members; isotopically light,
fresh waters from precipitation and river dis-
charges (S = 0 %, 60 = —7 ~ —9 %) and iso-
topically heavy, saline waters originated from
the East China Sea as a Kuroshio branch (S =
34.40 %0, 60 = 0.2 %o). The future studies,
therefore, need to be focused on quantification
of processes determining the mixing ratios in
the area.

Furthermore, the contrasting difference ob-
served in T-S and &"0-S characteristics of sur-
face waters in summer is a mere reflection of
non-conservative nature of temperature in the
area, resulted from solar heating at the sea-air
interface; strongly implying that water mass
analysis in the Yellow Sea with T-S characteris-

tics must be exercised with caution due to their
non-conservativeness. The effect of solar heat-
ing can also be confirmed and normalized by
pCO: measurement in surface waters especially
in summer and winter (WEISS et al., 1982;
FusHimi, 1987) ; this type of research in the area
is one of the important topics to be explored in
the future.

The isotopic composition of precipitation and
river waters is rather loosely known at the pre-
sent time, which may also be a reason for scat-
tering of data. Further refinement is needed to
apply this tracer in a more quantitative way.
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Interannual SST variations to the north and south
of the polar front in the Japan Sea

Yutaka ISODA*

Abstract : Interannual variations of the sea surface temperature (SST) in the Japan Sea
and its relationship with the inflow variations of the Tsushima Current were investigated
by using 20 years (1971-1990) long, 1°grid SST data along the 134°E meridian and sea level
difference data across the Tsushima/Korea and Tsugaru Straits. The SST is closely re-
lated to the formation of a thin surface layer in summer, and of a thick mixed layer in win-
ter. Therefore, the winter SST is suitable for research of the long-term variability of
subsurface waters to the north and south of the polar front in the Japan Sea. Interannual
SST variations in winter have two dominant periods: decadal and 2-4 years period.

The SST variation with decadal period is predominant in the area north of the polar front
and seems to be correlated to the inflow variation of the Tsushima Current. The SST varia-
tion with 2-4 years period tends to appear almost simultaneously throughout the polar
front and to its north and south, and has no significant correlation to the inflow variations
of the Tsushima Current. It may be influenced by the outbreaks of the Asian winter mon-

soon.

1. Introduction

The Tsushima Current carries heat and water
mass northward through the Tsushima/Korea
Strait and creates the warm subsurface layer
throughout the basin south of the oceanic ther-
mal front, i.e. the polar front in the Japan Sea
(Fig.1(a)). This warm current is known to ex-
hibit large variability not only with seasonal pe-
riod but also with various interannual periods.
ToBa et al.(1982) showed that the Tsushima
Current 1s caused by the sea level difference be-
tween the East China Sea and the sea east of the
Tsugaru Strait and exhibits large interannual
variations as well as apparent seasonal ones. By
using coastal SST data, WATANABE et al. (1986)
found that two kinds of SST variations with 10
and 6 years period are dominant along the Japa-
nese coast. Based on hydrographic surveys from
1953 to 1982, NaAGaNUMA (1985) suggested that
variations with a 6-year periodicity are found to
be related to the flow patterns of the Tsushima
Current. MiitA and TAwWARA(1984) showed
that a 6- to 7-year periodicity of water tempera-

* Department of Civil and Ocean Engineering,
Ehime University, Matsuyama 790, Japan
Present affiliation: Faculty of Fisheries, Hok-
kaido University, 3-1-1, Minato-cho, Hakodate
041, Japan

ture is also predominant at the Tsushima/Korea
Strait.

Thus, the previous studies were based on
water temperature data in the Tsushima Cur-
rent region, i.e., the region south of the polar
front. Water temperature variations north of
the polar front are not well understood yet. Our
poor knowledge of the northern area oceanogra-
phy is a serious problem, because the Tsushima
Current system associated with the density
structure is related to the contrast between the
cold northern and the warm southern waters
across the polar front. It is important to clar-
ify the relation between both waters for under-
standing not only the horizontal circulations in
the Japan Sea, but also the polar front genesis.

Unfortunately, long-term continuous hydro-
graphic data of the Russian sea area are not
available. A useful approach to studying the
thermal structure of the northern Japan Sea
is to focus on the SST variations, which reflect
the ocean conditions due to the development of
the surface mixed layer in winter. The Japan
Meteorological Agency (JMA) has collected
SST data with ship and satellite observations
and averaged them over a 1°grid. If no data are
available in a 1° box, the JMA calculates the
weighted mean of the 5 data at the nearest
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Fig. 1 (a) Seasonal mean thermal map in winter at the surface layer (JODC, 1978) and the grid
points of SST (@) and sea level (O). (b) Bathymetric chart of the Japan Sea. A-A’ line
shows CTD observation line of the Maizuru Marine Observatory. Numerals in open circles
show the station numbers of the coastal SST observation (WATANABE et al., 1986).

sites with a weight w defined by w=exp(—(d/
200km)?) (d: distance) and uses it as the
monthly mean in that box. This procedure is ap-
plied to not a few boxes in the northern Japan
Sea, particularly in winter months. However,
poor spatial and temporal density of available
data do not make nonsense of the study on the
northern Japan Sea, if confined into comparison
of the regional characteristics on both sides of
the polar front rather than concerned with gen-
eral description of hydrography in the individ-
ual region. The purpose of the present study is
to describe interannual SST variations, and to
find the relation between the north-south water
mass variations and the inflow variations of the
Tsushima Current.

2. Data
SST data

Figures 1(a) and (b) show the mean SST dis-
tribution in winter (JODC, 1978) and the bot-
tom topography, respectively. Surface iso-
therms in the central Japan Sea tend to be
directed zonally and the polar front is formed
along about 40° N latitude. Isopa et al.(1991)
revealed that a part of the front corresponds
with the location of a warm eddy above the

Yamato Rise. Isopa and NisHIHARA(1992)
showed that this warm eddy seems to be af-
fected by the bottom topography and stably ex-
ists above the Yamato Rise throughout the
year. Therefore, the SST variation in the
meridional direction passing through the
Yamato Rise is useful for describing the north-
south thermal structures on both sides of the
polar front. In this context, we use monthly
mean SST data along 134° E meridian (JMA,
1971-1990) for recent 20 years. Grid points 1 to
7 are defined for the analysis as shown in Fig.

1(a).

Sea level data

Yearly mean sea level data at Hakata,
Fukaura and Hachinohe by the Geographical
Survey Institute, Ministry of Construction,
Japan (1991) and at Pusan by the Hydrographic
Office of the Republic of Korea (1970-1991) are
collected. Locations of these tidal stations are
indicated by the open circles in Fig.1(a). Varia-
tions of the inflow volume transport or surface
current velocity through the Tsushima/Korea
Strait and the outflow through the Tsugaru
Strait are investigated by examining the sea
level difference between Hakata and Pusan and
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between Fukaura and Hachinohe, respectively.

3. Characteristics of the seasonal SST variation

Figure 2 shows the time series of monthly
mean SST during 20 years at grid points 1 to 7.
One remarkable feature is a significant seasonal
signal, e.g., maximum in summer and minimum
in winter. The other is that the envelopes of the

maximum and minimum SST indicate inter-
annual features. The summer SST is signifi-
cantly higher in 1973, 1978, 1985 and 1990 than
in the other years, while the winter SST is higher
from 1971 to 1976 and 1986 to 1990 than from
1977 to 1985.

A time-latitude diagram of SST front aver-
aged over 20 years is drawn in Fig.3 for studying
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the seasonality of the SST. The SST front is de-
fined as the band where the SST gradient is
sharper than 2.0°C/degree of latitude on the
monthly mean. In the heating season from
March onwards, the thermal frontal zone gradu-
ally migrates northward as a result of warming
of surface water and disappears in August. In

the cooling season from October onwards, the
zone width abruptly increases at latitudes from
39 to 42°N. From December to February, the
thermal frontal zone stagnates around 40°N.
Figure 4 is redrawn from seasonal mean maps
obtained from hydrographic measurements in
1964-1983 by the Maizuru Marine Observatory
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(MiNaMI et al., 1987). It shows the vertical sec-
tions of water temperature in winter and sum-
mer along A-A’ line in Fig. 1(b). The summer
SST is closely related to the formation of a thin
surface layer, whereas the winter SST is
strongly affected by subsurface waters due to
the deepening of the surface mixed layer. It is
also found that the polar front stably exists
around 40°N in both seasons. From these fig-
ures, we can regard the stagnated thermal SST
front at 40°N in Fig. 3 as the wintertime out-
crop area of the polar front. Therefore, the SST
distribution in winter will give us information
on characteristics of the subsurface waters. In
the present study, we analyze the wintertime
SST data averaged over December to February
to describe the interannual variations of the
north-south thermal structure in the Japan Sea.

Before the analysis of the winter SST data, we
describe the characteristics of temporal winter
and summer SST fluctuations. Figure 5 shows
the time series of SST in winter (December to

February) and summer (June to August) aver-
aged over grid points 1 to 7 and their SST spec-
tra. The Maximum Entropy Method (MEM)
was used because of advantage of treating the
present short-length time series. It is clear that
SST variations with 2-4 years and 10 years pe-
riod Chereafter referred to as the decadal varia-
tion) are prevailing in winter, whereas those
with 3 years and 7 years period are dominant in
summer. It can be said that the decadal perio-
dicity is a cooling-season mode and the 7-year
periodicity is a heating-season mode which is re-
stricted in a thin surface layer.

4. Interannual variations of the SST in winter
In the SST spectrum in winter, we detect two
remarkable spectral peaks around 2—4 years and
about 10 years. In the following analysis, we di-
vide the data into two categories with these two
periods by using the 7-year running mean filter.
Figure 6 shows the time series of the raw SST
data in winter (a), their low-passed SST data
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oint (left panels) and cross-correlation coefficients

between a grid point with the maximum variance and the other grid points for 1972—-1988

(right panels); (a) decadal variation an

(b) and the high-passed SST data (c) at each
grid point. It is evident that the decadal SST
variation is larger at the northern grid points
(Fig.6(h)) and the SST variation with 2-4 years
period exhibits a wavy pattern common to all
grid points (Fig. 6(c)). We apply the cross-
correlation analysis to each SST variation in
order to extract the dominant spatial/time
variation patterns.

Figure 7 shows the cross-correlation coeffi-
cients among the time series at all grid points
for the two periods. The amplitude of temporal
SST variance at each grid point indicates the
spatial predominance. The distribution of cross-
correlation coefficients represents time lags be-
tween a grid point with the maximum variance
and the other grid points. The significant signal
with decadal period is found in the area north of
the polar front (grid points 1 to 3) with a dis-
tinct time lag of 3-4 years to the south (Fig.

d (b) 24 years variation.

7(a)). However, we cannot verify this time lag
because the data is not long enough to discuss
the decadal variation in detail. The SST signal
with 2-4 years period is relatively strong around
the polar front (grid points 3 to 5) with a small
time lag less than 1 year to the north (Fig. 7
).

5. Relationship between the north-south SST
variations and the inflow variations of the
Tsushima Current

Figure 8 shows the time series of SST varia-
tion with decadal period and yearly mean sea
level differences at the entrance (Hakata-
Pusan) and exit (Fukaura-Hachinohe) straits.
Surprisingly, the decadal signal of the sea level
difference is dominant rather than the signal
with several years period. Furthermore, the
dominant SST variation at grid points 1 to 4 ap-
pears to be negatively correlated with the sea
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ences at the Tsushima/Korea and Tsugaru Straits.

means of the sea level difference.

level differences, especially across the Tsu-
shima/Korea Strait. It seems that the year of
increasing (decreasing) inflow volume transport
or surface current velocity through the Tsushi-
ma/Korea Strait corresponds to that of decreas-
ing (increasing) SST in the northern Japan Sea.

WATANABE et al.(1986) obtained SST signals
with a similar time scale by use of SST data
from 1950 to 1972 at coastal stations shown in
Fig.1(a), and showed the SST variation pattern
at northern grid points is different from that at
southern grid points, as redrawn in the middle
panels in Fig.8. TaNIMOTO et al.(1993) indi-
cated that the dominant decadal SST variability
over the North Pacific is associated with the
Pacific/North American (PNA) anomaly pattern
in the troposheric circulation. The time coeffi-
cients of their decadal mode (the 1st mode of
Empirical Orthogonal Function (EOF)) are also

Heavy lines show the 7-year running

redrawn at the top panel in Fig.8. The variation
pattern of their time coefficients is similar to
that of the SST in the northern Japan Sea with
a time lag of several years. It is worthwhile to
note that the SST variation in the Japan Sea
with decadal time scale may be influenced, ei-
ther directly or indirectly, by the ocean-atmos-
phere interactions over the North Pacific.
Figure 9 shows a time series of the Asian win-
ter monsoon index (MOI) redrawn from
BINGHAM et al.(1992), the SST variation with
2-4 years period averaged over grid points 4 to 7
and the sea level differences at the entrance and
exit straits, respectively. The SST variation co-
incides well with the MOI. This result shows
that stronger outbreaks of cold air in winter are
responsible for the lower SST period. However,
there is no significant relationship between this
SST variation and the inflow variation of the
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Tsushima Current with the same time scale.

6. Conclusions and discussion

In the present study, we have investigated the
interannual SST variations in the Japan Sea and
their relationship with the inflow variations of
the Tsushima Current. The analysis of the sea-
sonal SST variation confirms that the SST in
winter 1s strongly affected by prominent thick
mixed waters and, therefore, is useful to study-
ing the interannual variations of subsurface wa-
ters in the Japan Sea. Interannual SST vari-
ations in winter have decadal and 2-4 years
periods.

The SST variation with decadal period is espe-
cially dominant in the northern area of the polar

front in the Japan Sea and seems to be corre-
lated to the inflow variation of the Tsushima
Current. This variation is, in turn, related to
the large-scale SST variation over the North Pa-
cific, though the linkage mechanism is still un-
clear (and out of the scope of the present
study). The SST variation with 2-4 years period
tends to appear almost simultaneously through-
out the polar front and to its north and south,
and has no significant correlation to the inflow
variation of the Tsushima Current. The
strengthening of the Asian winter monsoon is
responsible for the remarkable SST decrease.

These facts suggest that the interannual
variations of the eastward mean flow of the
Tsushima Current is closely related with those
of the SST difference between both sides of the
polar front. In the decadal variation, the large
north-south difference of the SST increases the
eastward density flow in the polar frontal re-
gion, both of which correspond to increasing in-
flow from the Tsushima/Korea Strait. On the
other hand, the inflow variation with 2-4 years
period disappears because of the small north-
south SST difference. Thus, the different ocean
response depending on interannual periodicity
will be an important physical aspect of the
Tsushima Current system associated with the
north-south density structure.

The variations with 6 —7 years period were
generally found in the previous studies men-
tioned in the introduction, but in the present
study were not detected as sharp SST signal in
winter. This may be primarily due to the differ-
ence of the analyzed data: namely the previous
studies used the summer hydrographic data
(NagaNUMA, 1985) or monthly mean anomaly
SST data (WATANABE et al., 1986), and were
concerned with the east-west patterns of the
Tsushima Current along the Japanese coast.
Since the variation with 6 -7 years period is seen
in a thin summer surface layer, the primary en-
ergy source of it may be the heat stored in the
surface layer in summer. To clarify this varia-
tion and its mechanism, further studies on the
water mass formation along the Tsushima Cur-
rent will be needed in relation to the atmos-
pheric heating.
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A numerical simulation of oil spill in the Seto-Inland Sea

Shin-ichi SUGIOK A *, Takashi KoJima *,
Kisaburo NAKATA ** and Fumio HORIGUCHI™*

Abstract : A 3-D oil spill model is used for simulating the fate of oil spilled from an acci-
dent which happened at Mizushima on the Seto-Inland Sea in December 1974. The model
calculates time evolution of the partition of spilled oil to surface oil slick, entrainment into
the underlying water column and sedimentation on the bottom, with empirical formulae
derived from laboratory experiments. The simulated distribution of oil spreading agrees
fairly well with visual observations from aircrafts.

1. Introduction

The spilled oil in the sea changes its physico-
chemical properties with time (MaAckAY and
MCcAULIFFE, 1988). Main processes affecting
spilled oil are schematically shown in Fig.1. The
oil is weathered with time due to various proc-
esses such as evaporation, entrainment, emulsi-
fication and biodegradation.

Advection is caused by both wind and water
currents. It is calculated as the vector sum of a
wind-induced drift and water current-induced
drift.

For many years, Fay’s three-regime spreading
theory (Fay, 1971) has been commonly used for
spreading which determines the aerial extent of
spilled oil.

Evaporation transfers 20—409 of spilled oil
from the sea surface to the atmosphere within
several days, depending on the type of oil
(REED, 1992). Although highly refined oil loses
75% or more of its volume through evaporation
within a matter of days (SHEN et al., 1991), C
heavy oil dealt with in the present paper con-
tains it very little, so that no evaporation of it
is considered. Subsequent evaporation is treated
together with biodegradation. Loss rate due to
evaporation and biodegradation is specified as a
constant of 109% per day.

Subject to wind and waves, oil on the sea sur-
face is entrained into the underlying water col-

* Fuyo Ocean Development & Engineering Co.,
Ltd., 1-8-2, Torigoe, Taitou-ku, Tokyo, 111
Japan

*¥National Institute for Resources and Environ-
ment, Onogawa, Tsukuba, 305 Japan

umn. Entrainment, strongly dependent on the
turbulence and sea state, is described by an equa-
tion derived from a mixing length theory and a
finite amplitude wave theory. The parameters
in that equation are specified with an empirical
formula (HORIGUCHI et al., 199D).

The formation of water-in-oil emulsions (or
mousse) depends on the oil composition and sea
state. Emulsified oil in the form of micrometer-
sized dispersed droplets can contain water as
much as 80% of its mass. The entrainment rate
of water into oil slick is specified with a for-
mula by MACKAY et al. (1979). Increase of oil
viscosity with time governing the entrainment
rate is specified with a relationship between the
viscosity and water content by MACKAY et al.
(1981). The rate of water content increase with
time is given by a JOIA report (1988). The oil-
in-water emulsification process is ignored be-
cause it is not significant for C heavy oil.

These various processes interact with each
other in a complex way. The model used here
(called SPILOR) is composed of several
submodels as shown in Fig. 2. In this model, be-
havior of oil spill is described by an advection-
diffusion equation with processes of floating,
sinking, entrainment, emulsification, evapora-
tion and biodegradation. Bond’s formula is
used for floating process, and Stokes’s formula
for sinking process (JOIA, 1988). The equations
are solved by using finite difference method.
Details of the model structure are described in
another paper (HoriGucHI et al., 1991)
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Fig. 2.

2. Application of the SPILOR to the Seto-Inland
Sea
The model is applied to an oil spill accident in

the

Structure of the model (SPILOR).

Seto-Inland Sea  which occurred

at

Mizushima oil plant of Mitsubishi Petroleum
Corporation at 21:00 on Dec. 18, 1974. The En-
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Fig. 3. Transition of oil spreading area visually observed from aircrafts of the 5th and 6th Re-
gional Maritime Safety Headquarters. (Y ANAGI and OKAMOTO, 1984)

vironment Agency estimates an amount of
7500~9500k] C heavy oil was spilled (Environ-
ment Agency, 1975). The spread of oil from 19
to 22 Dec. 1974 is shown in Fig. 3 (YaNacI and
OKAMOTO, 1984), where spreading area is deter-
mined with visual data from aircrafts. The oil
concentration is not reported, however.

2.1 Circulation calculation

To begin with, the circulation is calculated
with a 3-D hydrodynamical and thermohaline
submodel (Fig.2). The calculation domain is en-
closed by three open boundaries A-A’, B-B’ and
C-C’ as shown in Fig. 4. The grid size is vari-
able; the finest one is 1.5 km in the north-south
direction at Mizushima area (source area) and
the coarsest one is 3.0 km in both east-west and
north-south direction at the remote area. Basi-
cally five layers are set up in the vertical;
0—2m, 2-5m, 5-10m, 10-20m and 20-201m. The
thickness of the lowermost layer varies accord-
ing to the bottom depth.

Since the M, tide is dominant in the Seto-
Inland Sea (Oceanogr. Soc., 1985), only the M.
tide is considered for tidal forcing, and to be a
representative of the semidiurnal tides, so that
its period is taken to be 12 hours instead of 12.42
hours. The tidal amplitudes and phases are
specified by a tidal harmonic constants table
(Hydrographic Department, 1989) at A, A", B,
B’, C and C'. Amplitudes and phases along the

lines A~A", B-B’ and C-C’ are determined by
interpolation.

The temperature and salinity at the open
boundaries are specified with climatological
data by past observations in winter (Oceanogr.
Soc., 1985). The initial conditions of tempera-
ture and salinity for the interior of the domain
are specified also with climatological data
(Oceanogr. Soc., 1985). The surface salinity
flux is neglected. The fresh water supply from
rivers is given by monthly data in Dec. 1988
(Ministry of Construction, 1988a). For the sur-
face heat flux, only the solar radiation and
cloud cover are considered; latent and sensible
heat fluxes, upward and downward long wave
radiation are ignored. The temperature of the
fluvial fresh water is specified with monthly
data (Ministry of Construction, 1988b). The
surface wind stress is neglected, so that the wind
driven current is neglected.

The coefficient of horizontal eddy diffusion
for momentum, heat and salinity is taken to be
50m?/s based on field data of drifting card
(NakATA and HiraNO, 1978). The coefficient of
vertical eddy diffusion for momentum, heat and
salinity is constant horizontally but variable
vertically with the Richardson number which is
variable with vertical stability. Although the
vertical stability is slightly time-dependent in
the course of time integration, it is taken to be
a constant in time; 0.3 X10*m?/s at the surface
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layer and 0.5X107‘m?/s at the deeper layers.
The equations for momentum, heat and salinity
are integrated for 48 hours with a time step of
30 seconds. The boundary conditions mentioned
above are kept constant in time, except for sea
levels at the open boundaries.

The distribution of the calculated flow aver-
aged over the last 12 hours is shown in Fig. 4, al-
though a period of 48 hours is obviously too
short for the thermohaline flow to reach a sta-
tistically almost steady state. Figure 5 sche-
matically shows the flow pattern based on
observed data (Oceanogr. Soc., 1985). Figures
4 and 5 are qualitatively similar to each other,
though neither longer period tidal currents nor

wind-driven currents are taken into account in
the calculation. Off Mizushima, the calculated
flow is eastward with 3cm/s, while no observed
data are available. To the east of Shoudoshima
Island the calculated velocity at the 1st layer is
generally 1-10cm/s smaller than the observed
one. The calculated velocity at the 2nd layer is
almost the same as that at the 1st layer.

2.2 Estimation of dispersion

The grid structure is the same as that for the
circulation calculation except for adding a very
thin sheet over the sea surface. Oil in the sur-
face sheet moves with the water in the first
layer without slipping. The surface oil thickness
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is not explicitly calculated, but only the oil
amount in the surface sheet is a prognostic vari-
able. The oil is assumed to be initially spilled
into the surface sheet 2.25km X 1.5km large on
one grid box surface off Mizushima. The oil en-
trained from the surface into the underlying
water column is dispersed by horizontal and ver-
tical subsurface flows, diffusion, sinking and
floating due to its density relative to surround-
ing water density.

The dispersion is calculated for 20 days start-
ing on Dec. 18 for two cases; one is the case of
no oil entrainment and the other with oil
entrainment. In the former case, there is no ad-
sorption, no sedimentation, either; there is no
downward pathway from the surface.

A continuous source, constant in time for 6
hours, is set up off Mizushima. The total
amount is 10000 t. The specific gravity of oil is
985kg/m?, a typical value of C heavy oil. The co-
efficient of horizontal diffusion is taken to be
20 m?*/s, which is consistent with the field data
cited above. The coefficient of vertical diffu-
sion is taken to be 0.5X107*m?%/s in the surface
sheet and 1X10 *m?*/s at the 1st to lowermost
layers. The time step is 600 seconds.

Daily mean wind velocity is calculated from
data supplied every 3 hours from 18 weather sta-
tions around the Seto-Inland Sea (Fig.6a).
These data are interpolated by using spline
method in space at each grid point. Linear in-
terpolation in time applies at each time step. So
far the difference of the wind between at sea and
on the land has been discussed (e.g., U.S. Army

Coast. Eng. Res. Center, 1966). The offshore
wind can reach up to 1.5 times as fast as the
wind on land, but offshore increase of wind
speed is ignored here. The wind is assumed to
bring about an oil advection at a rate of 3% of
its speed. Vector diagrams of the wind velocity
are shown from Dec. 18, 1974 to Jan. 6, 1975 in
Figs. 6b, c. At stations near Mizushima (e.g.,
Okayama, Takamatsu, and Tadotsu) the wind is
dominantly eastward with a speed of about 3
m/s for these days, so that its effect on oil
advection is greater than that of water flow
with a speed of 3cm/s.

In the case of no oil entrainment, Fig. 7 shows
the distribution of o0il concentration (oil
amount divided by a grid box area) in the sur-
face sheet at 1 day, 6 days and 20 days after.
Concentration of 100mg/m’ is colored purple.
Very thick oil reaches Awaji Island (90km apart
from the source) 20 days after spill, showing an
average eastward speed of Scm/s. This speed is
compatible with wind and current speed. The
wind speed is much more important than the
current speed in the surface dispersion. Figure 3
gives an eastward speed of about 23cm/s aver-
aged over the first 4 days. The simulation gives
12em/s averaged over the first 6 days (Fig. 7b),
which is smaller than the observed speed by a
factor of about 2.

Figure 8 shows the distribution in the surface
sheet in the case of oil entrainment at 1 day, 6
days and 20 days after. There is no significant
difference between Figs. 7a, b and 8a, b, which
indicates the oil entrainment is negligibly small

t HIROSHIMA

SHIMONOSEKI

SUMOTO
- WAKAYAMA

Fig. 6a. Map showing the 18 weather stations. E ( -
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Fig. 6b. Vector diagrams of the wind velocity for Dec. 18, 1974 to Jan. 6, 1975 at 10 weather
stations shown in Fig. 6a.
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Fig. 6c. Same as Fig. 6b except for stations.

for the first 6 days. The difference is, however,
striking between Figs. Tc and 8c 20 days after,
probably because of the water content increase
in oil droplet with time, which enhances
entrainment into deeper layers through the oil
density increase. While there is no significant
difference in oil extent between days 6 and 20 in
the case of entrainment (Figs. 8b, ¢), there is in
the case of no entrainment (Figs. 7b, ¢); in

other words, the expanding speed is very small
between days 6 and 20 in the former case but
still significant in the latter case because it re-
mains a small amount of oil on the surface with
entrainment, but a large amount of oil on the
surface without entrainment.

The distribution of oil concentration at the
1st layer (0~2m depth) is shown in Figs. 9a, b, c.
Comparison of Fig.8 with Fig.3 shows that the
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Fig. 7. Distribution of the oil concentration in the surface sheet. (a) one day, (b) 6 days and (c)
20 days after oil spill without oil entrainment.



A numerical simulation of oil spill in the Seto-Inland Sea 303

YOUDOSHIMA

AWAJISHIMA

(mg/m?)

ISYOUDOSHIMA

AWAJISHIMA

10*
0
(mg/mz)

(c)

Iig. 8. Same as Fig. 7 except for the case of oil entrainment.
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Fig. 9. Same as Fig. 8 except for the 1st layer.
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Fig. 10. Time variations of the oil amount in the surface sheet and the 1st to 3rd layers.

calculated extent of oil at the 6th day agrees
fairly well with the observed one at the 4th day
(22 Dec.). But the calculated extent is much
wider to the west of Mizushima, probably due to
the underestimated wind speed and wind drift
factor. Results of previous studies on the drift
factor range from 2.5% to 5.3% (REED, 1992).
If it is specified as 56% instead of 3% with the
wind speed used above, or if it is about 4% with
the wind speed intensified above the sea surface
by about 50%, the calculated extent will be
wider to the east and narrower to the west than
that calculated above, and agree better with the
observed one. As to the westward dispersion,
Fig. 3 gives 4.3 cm/s (mean distance 15km di-
vided by 4 days) and the simulation gives 7.7
cm/s averaged over the first 6 days. If the wind
factor is assumed to be 6%, the simulated speed
will be about 3.8cm/s, which fairly agrees with
the observed speed.

Time variations of the oil amount in the sur-
face sheet with and without entrainment, and in
the 1st to 3rd layers with entrainment are shown
in Fig.10. The oil amount at the 4th, 5th layers
and on the bottom are less than 107°t. At the
end of time integration (day 20) in the case of
entrainment, the oil amount is 1079t (10.8% of
the initial amount) in the surface sheet and
about 27t in the underlying layers. In the case of

no entrainment, it is 9996t (99% of the initial
amount) in the surface sheet. Most of oil in the
surface sheet and in the underlying layers is de-
creased by weathering: evaporation and biode-
gradation in the surface sheet, and biodegra-
dation in the underlying layers.

3. Concluding remarks

A 3-D oil dispersion model (SPILOR) is ap-
plied to the oil spill accident happened at
Mizushima in Dec. 1974 in the two cases; with
and without oil entrainment.

The striking difference between the results in
the two cases emphasizes importance of the oil
entrainment in predicting the oil extent for time
scales longer than several days.

The simulated extent agrees fairly well with
observation, but improvements are needed to
correctly imbed the processes of concern in the
model. For the present, the model validation is
not easy because very few data are available on
the concentration and property change of spilled
oil. Only a limited amount of data are avail-
able from laboratory experiments. In the mean-
time, more numerical experiments are useful for
understanding how sensitive the model is to
various processes and parameters such as the
wind drift factor, weathering, entrainment,
emulsion formation. In addition, the oil
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thickness should be explicitly dealt with as a
prognostic variable, and the biodegradation
should be properly modeled, though it is treated
together with evaporation in the present study.
While these problems are approached with nu-
merical and/or laboratory experiments, care-
fully designed field experiments are crucial for
the model validation and improvement.
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. Introduction

Preliminary evaluation of a Gulf of Mexico
circulation model at 92°W

Christopher N. K. MOOERS", San JIN* and Dong-Shan Ko*

Abstract : As part of the U. S. Minerals Management Service (MMS) Gulf of Mexico Mod-

eling Program, the efforts to assess preliminarily the skill of an exploratory application of

the BLumBERG-MELLOR (1983) model to the Gulf of Mexico by OrY and Zuanc (1993) are de-

scribed. Three years of model output are analyzed and compared to current meter records,

typically of one-year duration, along 92°W, allowing demonstration of some of the skill as-

sessment methodology. The model was driven with ocean climatology on its open bounda-

ries, climatological mean winter atmospheric forcing, and climatological mean river

runoff from the Mississippi and Atchafalaya Rivers. The salient results of the

preliminariy assessment are

—the model output and observed data have comparable mean and rms amplitudes, and
generally similar space-time structure

—the model output indicates a strong eastward jet at the shelfbreak, which is also the locus
of high variability, requiring further observational confirmation

—the eddy passages apparently impact substantially the shelfbreak region

—the shelfbreak region, due to its concentration of mean flow and variability (and pre-
sumably shelf-Gulf of Mexico exchange), must be accounted for in designing model and
observational domains and grids for the LATEX (Louisiana-Texas shelf) region.

As numerical circulation models for mar-
ginal and semi-enclosed seas are under rapid de-
velopment, it is important to begin to evaluate
them thoroughly relative to observations. Real-
izing that there are parallels to be drawn be-
tween the circulation of the Gulf of Mexico and
the circulation of the East Asian Seas, especially
the Sea of Japan, this paper illustrates a con-
temporary effort in the USA to evaluate a nu-
merical circulation model relative to obser-
vations in the Gulf of Mexico. Hopefully,
future works in evaluating numerical circula-
tion models for the East Asian Seas will be
stimulated by the present paper, and will lead to
comparisons with Gulf of Mexico circulation
models.

A preliminary skill assessment of a Gulf of
Mexico circulation model is made by comparing
model output to observations from a moored

* Ocean Prediction Experimental Laboratory,
Rosenstiel School of Marine and Atmospheric
Science, University of Miami, 4600 Ricken-
backer Causeway, Miami, Florida 33149-1098,
U.S.A.

current meter array deployed over the continen-
tal shelf and slope along 92°W. (This assessment
is preliminary in the sense that soon a more ad-
vanced version of the model from Dynalysis of
Princeton, and more complete observations
from the Louisiana-Texas Shelf Physical Ocean-
ography Program (LATEX) field program will
be available for skill assessment.) The objec-
tives are (1) to seek a preliminary validation of
the model, (2) to examine model design issues
associated with shelfbreak variability and ex-
change processes, and (3) to demonstrate sev-
eral skill assessment methodologies.

The Gulf of Mexico circulation model utilized
is the BLUMBERG-MELLOR (often known as the
Princeton Ocean Model) sigma coordinate,
primitive equation model (BLUMBERG and
MELLOR, 1983) implemented on a ca. 20km rec-
tangular grid (and with 21 sigma levels) by Ory
and ZHANG (1993). The model was initialized
with hydrographic climatology (LEVITUS,
1982), and it was driven by climatological mean
winter wind forcing (HELLERMAN and ROSEN-
STEIN, 1983), climatological mean winter sur-
face heat and evaporative fluxes (from Surface
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Fig. 1. Gulf of Mexico model domain. Isobaths are in meters; squares indicate river discharge
points: MIS — Mississippi, ATC-Atchafalaya, SAB-Sabine.

Marine Observations data set, National Climate
Data Center) and mean river runoff (based on
stream gauge data from the U.S.Army Corps of
Engineers, W. WiSEMAN, Louisiana State Univ.,
personal communications); the model was also
relaxed to climatological winter surface tem-
perature and salinity (LEVITUS, 1982); see OEY
and ZHANG (1993) for more details. Thus, nei-
ther tidal nor synoptic (or seasonal) wind and
thermohaline forcing were applied to the model.
Three years of five-day averaged model output
data were analyzed from year four-to-seven of
the model simulation, i.e., after the model had
spun-up (based on the realistic broadband fre-
quency of Loop Current eddy-shedding exhibited
by the model). Since the forcing was not time-
specific, only statistical comparisons between
model and observations can be performed, i.e.,
phase comparisons are meaningless.

The moored current meter array had been de-
ployed along 92°W from 1987 through 1989 by
Science Applications Incorporated (SAIC)
(sponsored by the Mineral Managements Ser-

vice). (Analyses of some of these and additional
data have been provided by HamirTon (1990,
1992).) There were 29 current meters mounted
on seven moorings. The sampling rate was half-
hourly. The maximum common record length of
credible data for several current meters was
about one year. The focus in this paper is on one
current meter mooring (upper-slope station) lo-
cated near the shelfbreak; data from the outer-
shelf station are introduced where essential.
Hence, the model output lacked the realism af-
forded by synoptic or seasonal atmospheric, sea-
sonal runoff, and tidal forcing. Furthermore,
the current meter data were limited in horizon-
tal and vertical resolution, record durations,
and temporal continuity. One consequence is
that no seasonality can be inferred in the com-
parisons and interpretations, only gross com-
parisons and interpretations. A more fine-
grained analysis will become possible when more
realistic forcing is applied to the more advanced
model, and when more comprehensive observa-
tional data sets are available. However, the
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Fig. 2. Location of current meter mooring along 92°W. Triangles indicate moorings.

model was sufficiently realistic, and the ob-
served data were sufficiently complete, to en-
able a worthwhile preliminary skill assessment
of the model. In turn, this preliminary skill as-
sessment allows demonstrating some of the skill
assessment methodology developed under the
Gulf of Mexico Modeling Program.

2. Background

This preliminary skill assessment has been
performed, in part, to assess the results of OEY
and ZHANG (1993), and, in part, to develop,
test, and demonstrate some of the methods use-
ful in model evaluation. The focus here is on the
use of kinematical and statistical comparisons.
Due to data availability, the emphasis is placed
on time series comparisons at a specific loca-
tion, vertical section analyses, and cross-shore
transect analyses. There is an entire additional
class of analyses to be applied to horizontal (2-
D) data sets and 3-D data sets that will be pos-
sible when LATEX data become available.

Model and observational configurations. The
model domain covers the Gulf of Mexico,
Straits of Florida, and the northwest Caribbean

Sea (Fig.1). The bottom topography is a smoot-
hed version of DBDB5 (National Geophysical
Data Center, 1986) and includes the continental
shelves and quite realistic representations of
major topographic features. The moored cur-
rent meter array along 92°W (Fig. 2) extends
from nearshore to the central Gulf.

The model i1s driven by the constant wind,
heat, and runoff forcing mentioned above, plus
specified (constant) inflows (a total of 30 Sv
based on the Levitus climatology) along the
southern and eastern boundaries in the Carib-
bean Sea, so that the model can organize its own
Yucatan Current, which is not necessarily
steady in time, and 1 Sv through the Bahama Is-
lands. The model develops a Loop Current which
aperiodically sheds anticyclonic eddies (Fig. 3;
from OEY and ZHANG, 1993). These eddies sub-
sequently propagate to the western Gulf and im-
pinge upon the continental margin off Texas and
Mexico (Fig. 4; from Oy and ZHANG, 1993).
The mean eddy propagation path of eight model
eddies falls within the envelope of observed (by
satellite IR imagery from VUkovicH at SAIC)
decadal-mean trajectories (not shown). This
qualitative agreement suggests that it would be
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Fig. 3. Model output (OEY and ZuanG, 1993). Upper: synoptic surface currents a

t model day 3152,

lower: corresponding synoptic total stream function (contour interval: 6 Sverdrups).

worthwhile to examine further the level of real-
ism in the model output.

The model’s sigma coordinate and rectangular
grid system (Fig. 5) is intended to provide hori-
zontal and vertical resolution adequate to de-
scribe the Loop Current, its eddy-shedding, and
the eddy propagation and decay in the open
Gulf. It is also intended to provide vertical
resolution adequate to resolve wind-driven and
buoyancy-driven transient circulation over the
continental shelf and slope. The design of the

moored current meter array had similar objec-
tives over the continental margin. In particular,
the moored array had three elements between
the mid-shelf and upper-slope (Fig. 5), spanning
a distance of ca. 100 km. Each of these moor-
ings had typically three-to-four current meters
on any one deployment.

For the purposes of this preliminary assess-
ment, the analysis will focus on one station near
the shelfbreak: the upper-slope station at
27.88°N in a water depth of 210m. For compari-
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son with the observations, model output was
chosen at the grid point whose water depth was
closest to that of the observational station
water depth. In particular, the upper-slope sta-
tion is compared to model output at the grid
point at 27.89°N in a water depth of 217m.

The time-continuity of the observational data
is somewhat problematic. For example, at the
upper-slope station (Fig. 6), there were records
(with small gaps) at the upper levels for the
majority of 1987 and 1988, while there was
nearly a two-year record at the mid-levels, but
the record length was less than a year at the
lower level.

3. Overview of model output along 92°W

To demonstrate the character, structure, and
spatial scales of variability in the model output,
the mean and standard deviation fields are ex-
amined along 92°W (Fig. 7). Ideally, there
would be sufficient observational data to evalu-

ate these fields comprehensively. However, that
is not the case, yet these model output fields
provide a perspective for the preliminary assess-
ment.

The zonal (along-shore) flow (Fig. 7a) is
dominated by a mean eastward jet (with speeds
up to 30 cms™?) located over the shelfbreak (be-
tween ca. 50 and 1200m isobaths) and confined
to the upper 800m. There is a maximum (up to
6 cms™!) in the rms zonal velocity co-located
with the shelfbreak jet. A secondary feature is
the pair of mean inner-shelf (water depth of 15
to 30m), nearsurface (upper 10m) westward jets
(up to 20 cms™!). The mean westward flow
nearshore is consistent with the buoyant coastal
jets anticipated from the discharges of the Mis-
sissippi and Atchafalaya Rivers. The mean
eastward flow over the shelfbreak region is
qualitatively consistent with the return flow in-
ferred from hydrography by COCHRANE and
KeLLy (1986).
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Fig. 6. Time-line of current meter data along
92°W. Upper-slope station (27.9°N; 210m water
depth)

Over the inner-shelf, the meridional (cross-
shore) flow (Fig. 7b) is dominated by mean
nearsurface onshore flow and nearbottom on-
shore flow, which are consistent (in an Ekman
sense) with the applied westward wind stress

and predominant nearbottom eastward flow, re-
spectively. A secondary feature consists of a
subsurface divergent mean flow (ca. =2 cms™")
over a domain of 100km zonally by 1,000m ver-
tically over the continental slope. The rms
meridional velocity has maxima (ca. 3cms™ ")
over the outer-shelf, upper-slope, and in the
upper 500m at 300 km from the shelfbreak.

The vertical velocity (Fig. 7c) is dominated
by mean strong, alternating upwelling and
downwelling cells in the lower half of the water
column over the lower and upper continental
slope, seemingly in association with steep to-
pography. The rms vertical velocity field fol-
lows closely the general pattern of the rms
meridional velocity field. The vertical velocity
field is a prime example of a field which is diffi-
cult to observe and independently validate, and,
hence, if the model can be otherwise validated,
this model field would be valuable for many pur-
poses; e.g., ocean dynamical, water quality, and
marine ecosystems studies.

The mean temperature field (Fig. 7d) is domi-
nated by the permanent thermocline and
baroclinicity over the continental slope. A sec-
ondary feature is the inner-shelf frontal zone
(cool water nearshore). The rms temperature
field has maxima (ca. 1.2°C) nearbottom over
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the outer-shelf, consistent with transient bot-
tom Ekman flow, and nearsurface (upper 200m)
over the continental slope (on the scale of
200km), consistent with eddy passages. The
mean salinity field (Fig. 7e) is dominated by a
permanent halocline and relatively fresh
nearsurface cores over the inner-shelf. The rms
salinity field has maxima over the inner-shelf.
The mean density field (Fig. 7f) is dominated by
the permanent pycnocline, baroclinicity over the
slope, and two nearsurface, inner-shelf buoyant
cores. The nearshore mean structure of the tem-
perature, salinity and density fields is consis-
tent with the presence of the buoyant coastal
jets derived from the Mississippi and Atcha-
falaya Rivers. The corresponding nearshore rms
maxima suggest these jets are highly variable.

Overall, the mean and rms fields appear plau-
sible given what is known of the general circula-
tion in this region; e. g., westward flow along
the inner-shelf and return flow over the outer-
shelf and slope (COCHRANE and KELLY, 1986).
Since the model is driven by mean and not syn-
optic wintertime atmospheric forcing, it is un-
able to provide vertical homogenization of the
mass field characteristic of the shelf regime dur-
ing winter (NowLIN and PARKER, 1974). A
most prominent feature is the eastward jet at
the shelfbreak which needs independent confir-
mation and validation. In particular, based on
the material presented here, it is unclear
whether the jet is attributable to the wind-
driven circulation, buoyancy-driven circulation,
eddy-induced Reynolds stresses, or the model ar-
tifact due to steep topography. With the result
from the full ten-year run, OEY and ZHANG
(1993) found that the jet was not permanent and
was, thus, attributable to eddy passages during
the three-year period treated here.

4. Model output-observation data comparisons

near the shelfbreak

Comparisons are made of time series, vertical
profiles, and spectra at the upper-slope station.
The raw half-hourly observations were filtered
with a half-power frequency of 5.8 cpd to re-
move high-frequency internal waves and obser-
vational noise, and subsampled to three-hourly
values for autospectrum analyses (Fig.12). The
three-hourly subsampled observations were then

filtered with a half-power frequency of 0.14 cpd
to remove tidal and inertial motions, and sub-
sampled to five-day values (to be commensurate
with the model output) for time series plots,
vertical profile means, standard deviations, and
choerence analyses (Fig. 13).

Time domain comparisons. Time series of the
zonal (along-shore) velocity (Fig. 8a), meri-
dional (cross-shore) velocity (Fig. 8b), and tem-
perature (Fig. 8c) for three levels at the upper-
slope station indicate, most fundamentally,
that the current meter and model output data
have a common range of values. Since the time
axis for the model output has no absolute mean-
ing relative to the time axis of observations
(due to the steady forcing applied to the model),
the origin of the model output time axis has
been adjusted to maximize the overall visual
correlation of the zonal and meridional veloci-
ties. The major events seen in each are associ-
ated with anticyclonic eddy passages, as
determined independently from the analysis of
surface topography and current maps. The time
series of the surface velocity at 92°W versus
latitude (Fig. 9) demonstrates eddy passages, as
well as the continuous (though variable)
nearshore westward jets and the intermittent
eastward jet near the shelfbreak. The model
output from days 1560 to 2755 is analyzed sta-
tistically. The model output from days 1910 to
2645 in Fig. 9 (0 to 735 in Fig. 8) is compared in
time series plots with observations, and the
eddy passages centered on days 2210 and 2510 are
important features in these comparisons; they
correspond to eddies 8 and 1, respectively (Fig.
4). From independent studies of satellite
AVHRR imagery and in situ observations, two
Loop Current anticyclonic eddies were shed dur-
ing the period of moored current meter data
availability in April to October 1987 and April
to May 1988 (Tom BERGER, SAIC, personal
communications). Hence, the large observed
perturbations in zonal velocity during October
1987 and May 1988 (Fig. 8a) possibly corre-
spond to the passage of these eddies.

The amplitudes (ca. 10 to 20 cms™!) of the
eddy-related perturbations are similar in the ob-
servations and model output, as is the interval
(ca. 300 days) between eddy passages. In both
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sages at days 300 and 600 near 28°N.

Fig. 8. Time series of model output and observed data. Focus is on manifestations of eddy pas-
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the observations and the model output, the large
(20 cms™') eddy-perturbation zonal velocities
are eastward and are confined to the upper
water column while the nearbottom perturba-
tions at the outer-shelf station (not shown here)
are only a few cms™'. Not surprisingly, the
meridional perturbations are weaker and more
variable.

At the upper-slope station (Fig. 8c), there are
temperature perturbations of a few degrees as-
sociated with eddy passages in the model out-
put. In contrast, the mid-depth temperature
observations at the outer-shelf station (Fig. 8d)
are dominated by an annual cycle, which, of
course, is absent in the model output. There is
not an obvious manifestation of the eddy pas-
sages in the upper layer temperature of the
model output, probably because the eddies
barely penetrate to the shelfbreak. However,
there is a nearbottom temperature decrease (ca.
2°C) with each eddy passage, probably due to
the onshore bottom Ekman transport of cooler
water from over the slope.

Vertical profile comparisons. The mean vertical
profiles (together with standard deviation
bars) calculated from one year of observations

and three years of model output are compared
(Fig. 10) at the upper-slope station. The mean
observed profile is a few cm s 7 eastward in the
upper half of the water column, but the mean
model profile is 10 to 20 cm s™' eastward. The
mean profiles of observed and model meridional
velocity are similarly weak (1 to 2 cms™), but
opposite in sign at two of the three observed
depths. The mean vertical velocity is upwards in
the upper 50 m, downwards between 50 and 125
m, and upwards from 125 to 220 m. The mean
model temperature profile is nearly linear with
depth, is 4°C cooler than the mean observed tem-
perature nearsurface, and is 2 to 3°C warmer at
mid-depths. The model reached a ststistical
steady-state by the end of year four, and the
next three years of model output have been ana-
lyzed here. Hence, these discrepancies in the tem-
perature profiles may reflect flaws in the
climatology with which the model was initial-
ized and the artificial thermal forcing applied to
the model. (The density profiles are not dis-
cussed because they follow from the tempera-
ture and salinity profiles.)

The vertical profiles of Reynolds stress for
observed and model output data are compared
(Fig. 11) at the upper-slope station. The ob-



320 La mer 32, 1994

200 -

-20-10 0 10 20 30 40
u (cm/sec)

i
1

100 - -
] ¥ g

150 - " -

Depth (m)

200 b
] % |
T T T
24 25 26 27 28
Density ( kg/m3)

J | I
R Y —
] e i
50 - -
£ :
5100— -
) ;
O 150 2 -
] l}:—ﬂi L
200 - (3 s
M A
T T li T I
-10 0 10
v {cm/sec)
0 FEETITE BT R

ol B |
== I
cwod B

m)

SR '
@) 150_1 1}:.'_—(I-I -
] = »
] I [
2004 R -
f"}—'.l"“l""h
355 36.0 365 37.0
Salinity ( ppt)
Y FEEES T U
Oi L;l Y
1 |
50 o -
] o X
£ ] o
£ 1001 A -
g ) i
A 150 -
] ]
: ]
200 - -
1
TTTTTTTTTT T T

10 15 20 25 30
Temperature (°C)

Fig. 10. Mean vertical profiles of model output (solid dots) and observed data (solid triangles)
and plus/minus standard deviation bars. Upper-slope station (27.9°N; 210m water depth)

(density in ).

served and model values for {u’u’), {v’v’), and
{u’v’) agree in order of magnitude. The u’, etc.
notation is applied to deviations from the
record mean.). In contrast, the observed values
are generally much greater than the model val-
ues for {T’T’), probably due to annual cycle
fluctuations in the observations. (Note: tem-
perature was not successfully observed at the
upper current meters; thus, these values are
missing for {T’T’), etc.) Observed and model

values for (u’u’) have double maxima, and for
{v’v’) they are generally near zero, except
nearsurface for the observed value. Some of the
discrepancies in Reynolds stresses may be due to
the lack of synoptic atmospheric forcing (espe-
cially the manifestations of wintertime cold
front passages) applied to the model.

Overall, the mean profiles are generally simi-
lar in magnitude and structure, though the east-
ward jet is much stronger in the model output
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than in the observations. Also, there is a large
variation in mean profiles between the outer-
shelf (not shown) and upper-slope stations, a
distance of ca. 40km, indicative of the need for
higher spatial resolution in observations. Simi-
larly, there is more vertical structure in the
mean model flow profiles than the vertically
sparse observations can define.

Spectrum analysis comparisons. The energy

spectra for the model output (solid dots) and
observed data (solid triangles), zonal and
meridional velocity components are compared
(Fig. 12). The Nyquist sampling frequency for
the observed data is 1 cycle per hour, while for
the model output it is 1 cycle per 10 days. As de-
scribed earlier, the observed data were filtered
and subsampled to a Nyquist sampling fre-
quency of 4 cycles per day for autospectrum
analyses (Fig.12); they were further filtered
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and subsampled to a Nyquist sampling fre-
quency of 0.1 cycles per day for coherence
analyses (Fig. 13). The lowest frequency re-
solved is 1 cycle per 100 days for the observed

data and 1 cycle per 300 days for the model out-
put. Standard deviation bars are shown for the
ensemble-averaged spectra. As a consequence of
the different sampling rates and record lengths,
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the observed and model spectra only overlap in a
spectral band between 0.02 and 0.1 cpd.

At the upper-slope station, there is an order of
magnitude difference in energy levels at 10 and
100m, and even in the eastward component at
150m, in the 0.02 to 0.1 cpd spectral band. (Pre-
sumably, there may be better agreement when
the model is forced with synoptic winds.) Over-
all, the energy level of the model output changes
less with depth than does the energy level of the
observed data. The spectra of observed data are
a reminder that considerable energy exists at the
diurnal-inertial (especially in the upper 10m),
and some at the semidiurnal time scale which is
not yet treated by the model. Similarly, there is
considerable energy in the several-day band in
the observed data which, if it existed in the
model output, has been averaged out in the ar-
chival process. However, the energy in this band
is likely generated by wind variations which the
model could not reproduce at this stage due to
the constant wind forcing.

The vertical coherence for the model output
(solid dots) and of the observed data (solid tri-
angles), zonal and meridional velocity compo-
nents are compared (Fig.13). At the upper-slope
station, the vertical coherence of the model out-
put and observed data are, with a few excep-
tions, in qualitative agreement. For example,
the vertical coherence generally decreases from
time scales of 100 days to 30 days, but with a
tendency for the observed values to rise near 10
to 20 days, probably reflecting the response to
synoptic atmospheric forcing.

Overall, the observed spectra and vertical co-
herence results suggest that model results must
account for the vigorous inertial and tidal mo-
tions over the Louisiana/Texas shelf, especially
considering their probable importance to turbu-
lent mixing.

5. Summary and conclusions

The Gulf of Mexico circulation model has
means and variances which are commensurate
with those of the observations on 92°W. How-
ever, there are important differences in detail.
For example, the upper layer variance in the syn-
optic (spectral) band (3—to—10 days periods) is
an order of magnitude less in the model output
than in the observations. As another, the verti-

cal coherence of the observed data considerably
exceeds that of the model output in the 10— to
—-20 days band. The differences are probably
mainly due to the model being forced by con-
stant rather than synoptic winds.

Major features of the model output include
two westward nearshore, nearsurface buoyant
jets; an eastward shelfbreak, full-water-column
zonal jet; and high variability at the shelfbreak,
including that due to eddy passages. Strong pat-
terns exist in model output fields over the conti-
nental slope, presumably due to eddy passages.
Mean and variance fields from the model have
coherent patterns on scales of 50 km horizon-
tally and 50 m vertically. However, available
observations lack sufficient resolution to vali-
date such patterns.

The present results must be updated with re-
sults from improved model runs from the Gulf
of Mexico Modeling Program, especially those
runs with seasonal and synoptic atmospheric
forcing, plus tidal forcing. They also need to be
updated when more comprehensive observations
become available from the LATEX field pro-
gram. It will be important to archive at least
portions of the model output at daily (or even
hourly) intervals. The skill assessment method-
ology needs to be extended to include horizontal
coherence, 3-D analyses, and diagnostics for dy-
namics and energetics.

Acknowledgements

This research is sponsored by the Minerals
Management Service as part of the Gulf of Mex-
1co Modeling Program under subcontract from
Dynalysis of Princeton. It is also supported by
the Ocean Pollution Research Center of the Uni-
versity of Miami under a bequest from the
Brenauer Estate. Comments on a draft manu-
script by Drs. Leo Ory, Rich PATCHEN, Fred
VuxrovicH and Bill WISEMAN are highly appreci-
ated.

References
BLuMBERG, A. F. and G. L. MeLLor (1983): Diag-
nostic and prognostic numerical circulation
studies of the South Atlantic Bight. J.
Geophys. Res., 88, 4579-4592.
COCHRANE, J. D. and F. J. KeLLy (1986): Low fre-
quency circulation on the Texas-Louisiana



324 La mer 32, 1994

continental shelf. J. Geophys. Res., 91, 10645~
10659.

Hawmirron, P. (1990): Deep currents in the Gulf of
Mexico. J. Phys. Oceanogr., 20, 1087-1104.
Hamiton, P. (1992): Lower continental slope
cyclonic eddies in the central Gulf of Mexico.

J. Geophys. Res., 97, 2185-2200.

HEeLLERMAN, S. and M. RosensteIN (1983): Normal
monthly wind stress over the world ocean with
error estimates. J. Phys. Oceanogr., 13, 1093
1104.

LeviTus, S. (1982): Climatological atlas of the
world ocean. NOAA Professional Pap. 13,

NOAA, Rockville, Maryland, 173 pp.

National Geophysical Data Center (1986): World-
wide gridded bathymetry—-DBDB 5. Boulder,
Colorado.

NowLiN, W. D. and A. Parker (1974): Effects of a
cold-air outbreak on shelf water of the Gulf of
Mexico, J. Phys. Oceanogr., 4, 467-486.

Ory, L. -Y.and Y. -H. Zuanc (1993): Loop Current
and eddies: model sensitivity experiments and
analyses. Ocean Modeling Group Technical
Report No. 15, Stevens Institute Tech., 37pp.,
30 figs.



Minutes of the Steering Committee and Plenary Meeting

1. Steering Committee

May 13, 1993 at 6:30 pm in Qingdao, China.

Chaired by K. TAkaNO and attended by B.H. Cmo1r, K.L. Fan, Y. HsueH, K. Ky,

S. MizunNo, Y. YUAN and F. ZHANG.

The Steering Committee reached following resolutions.

(1) Decide to arrange the publication of the Proceedings of the JECSS-PAMS VI
Workshiop in La mer. K. Kim and K. TAKANO are responsible for editing and publica-
tion of the proceddings. Dr. ZHANG agrees to pay US $1,600 to La mer as part of ex-
penses. Prof. TAKANO reported that the best solution to cover the expense is for
authors to become members of the French-Japanese Society of Oceanography.

(2) Accept the invitation from Prof. YANAGI of Ehime University to hold the eighth
workshop at Matsuyama, Japan in 1995. The Steering Committee expressed its thanks
to Prof. YaANAGI and Prof. TakaNoO for the invitation. Changes in organization of the
workshop in future are adopted as follows:

a. Abstracts of papers are received in advance and selected for oral presentation after
review.

b. Poster sessions are arranged, if necessary.

c. A 4-day workshop is organized instead of a 6-day workshop.

(3) Members of the Steering Committee for 1993-1995 are nominated as follows:
Kuh KM (Seoul National University, Korea), chairman
Byung-Ho CHor (Sung Kyun Kwan University, Korea)

Ya Hsuken (Florida State University, USA)

Gil Jacinto (University of the Philippines, the Philippines)
Kazuo KAWATATE (Kyushu University, Japan)

Hsien-Wen L1 (National Taiwan Ocean University, China)
Absornsuda SIRIPONG (Chulanongkorn University, Thailand)
Gennady YUrAsov (Pacific Oceanological Insititute, Russia)
Fagao ZHANG (Institute of Oceanology, Academia Sinica, China)

II. Plenary Meeting

May 14, 1993 at 4:30 pm in Qingdao, China.

Chaired by K. TakANO and K. Kim,

Accepted the resolutions adopted by the Steering Committee on May 13, 1993.



La mer 32: 327-332, 1994
Societe franco-japonaise d’oceanographie, Tokyo

JECCS-PAMS VII Workshop

May 9-14, 1993
Qingdao, China

Organization
Steering Committee

Kenzo TaAkANO (University of Tsukuba), Chairman
Kuang-Lung FAN (National Taiwan University)
Ya HsueH (Florida State University)
Kazuo KAWATATE (Kyushu University)
Kuh Kim (Seoul National University)
Gil JaciNTo (University of the Philippines)
Absornsuda SIRIPONG (Chulalongkorn University)
Gennady 1. YURASOV (Pacific Oceanological Institute)
Fagao ZuaNG (Institute of Oceanology, Academia Sinica)
Takashi Icurve (Texas A & M University), Honorary Chairman

Local Organizing Committee
Yunshan QIN (Institute of Oceanology, Academia Sinica), Chairman
Dunxin Hu (Institute of Oceanology, Academia Sinica), Vice-Chairman
Fagao ZHaNG (Institute of Oceanology, Academia Sinica), Secretary
Zeshi CHEN (First Institute of Oceanolography, State Oceanic Administration)
Yuanbing FAN (National Natural Science Foundation of China)
Guohong FaNG (Institute of Oceanology, Academia Sinica)
Zhongxin Guo (South China Sea Institute of Oceanology, Academia Sinica)
Xiuwen HaN (Department of Resources and Environment, Academia Sinica)
Ronghui HuaNg (Institute of Atmospheric Physics, Academia Sinica)
Yusong SU (Ocean University of Qingdao)
Yaochu YUaN (Second Institute of Oceanography, State Oceanic Administration)
Shijin ZHAO (Institute of Oceanology, Academia Sinica)

Sponsors
Institute of Oceanology, Academia Sinica
National Natural Science Foundation of China
Department of Resources and Environment, Academia Sinica
Department of International Cooperation, State Oceanic Administration
Chinese Society of Oceanclogy and Limnology
LASG, Institute of Atmospheric Physics, Academia Sinica
Ocean University of Qingdao
First Institute of Oceanography, State Oceanic Administration
Second Institute of Oceanography, State Oceanic Administration
South China Sea Institute of Oceanology, Academia Sinica



328

Sunday, May 9
Monday, May 10
08:00 Y. QIiNn
08:10 T. TAKANO

Special Lecture

Chairmen: Y. Hsugu/D. Hu
08:30 W.S. WOOSTER
09:00 S.-Y.CHaO

09:30 J.-H. Hu

10:00
10:20 W.S. WOOSTER

10:50 J. Su & X. Liu

11:20 B.-H. CHo1
12:00

La mer 32, 1994

Program
Registration
Opening Ceremony
Host remarks
Opening address

Decadal changes in the Eastern Subarctic Pacific, their origin and
their possible effects on fish stocks

Progress in numerical studies of the East China Sea current sys-
tem in the last decade

Drifter programs in Taiwan: Studies on Kuroshio from South
China Sea to East China Sea

(Coffee and Tea Break)

The purpose and current status of the North Pacific Marine Sci-
ence Organization (PICES)

A numerical study of the winter circulation over the shelf seas ad-
jacent to China

A review of tidal models for the East China and Yellow Seas
(Lunch Break)

Kuroshio and Shelf Circulation in the East China Sea

Chairmen: K. D. Cro/H. CHoIl
13:30 Y. Yuan & Z. PanN

13:50 T. YaNAGI &
S. TAKAHASHI

14:10 M. SAKURAI, A. MAEDA
& T. YAMASHIRO

14:30 N.GoubpA, A.KANEKO, K.

KAWATATE & S. MI1zuNo

14:50 H. IcHIKAWA, M. CHAEN
& S. TARAYA
15:10 H. NAKAJIMA &
A. KANEKO
15:30 H.Pan & F. Liu
15:50 Z.Y. YaNG
16:10
Chairmen: G. FanG/J.Y. Na
16:30 Y. Yuan, J. Su &
Z. PAN
16:50 T.Z. YaN

Tsushima/Korea Strait
17:10 H.-J. Lig, C.-H. CHo &
H.-R. SHIN

The Kuroshio in the East China Sea and the currents east of the
Ryukyu Islands during autumn 1991

Seasonal variation of circulation in the East China Sea and the
Yellow Sea

Relation between velocity fluctuation at a site south of
Nakanoshima Island and the Kuroshio front migration in the
Tokara Strait

A countercurrent of the Kuroshio on the East China Sea shelf
slope

The southward current in the western region of Kyushu
Near-inertial oscillation in the Kuroshio west of Okinawa

An analytical model for steady circulation of the East China Sea
Tide-induced Stokes drift in the East China Sea

(Coffee and Tea Break)

A prognostic model of the Kuroshio and the eddies in the East

China Sea
An analytic model on coastal upwelling

Origin of Tsushima Warm Current



Reception
Monday, May 10, 18:30

Tuesday, May 11
Chairmen: B.-H. Cuor/J. Su

JECSS-PAMS VII Workshop 329

Water Mass and Circulation in the Japan Sea (East Sea)

08:30 I. BANG, M.-S. SUK &
S.-Y. Nam
08:50 K. TAKANO

09:10 C.-H. K, J.-H. Yoon
& J.-Y. Na

09:30 Y. H. SEuncg & K. Kim

09:50 C. Kmm, H.-R. SuiN &
S.-K. Byun

10:10

Chairmen: K.-L. FAn/Y.-H. SEUNG

10:30 K. KM & Y.-G. Kim
10:50 K. Kim, Y.-K. Cuo &
Y.-G. Kt
11:10 J.H. LEE
11:30 J.Y. Cuung &
K.A. PARK
12:00

Oceanographic condition of the Korea Strait

A numerical simulation of the circulation in the western North
Pacific

Numerical experiment on the circulation in the Japan Sea (East
Sea) using a reduced gravity model

Numerical modeling of the East (Japan) Sea circulation
Anticyclonic warm eddy in the western part of the East Sea
(Japan Sea)

(Coffee and Tea Break)

Physical properties of the North Korea Cold Water

Observation of the East Sea Intermediate Water in the Ulleung
Basin

The vertical thermohaline structure in the southwestern East Sea
SST variability in the East Sea by the satellite images

(Lunch Break)

Chairmen: S. M1zuNo/N.A. MAXIMENKO

13:30 Y. IsobaA

13:50 A. KaNEKO, G. YuaNn &
I. NaAkKANO

14:10 H. Cuo1, K.-W. Kou,
Y.-K. LiEE & S.N. PARK

14:30 LK. CHUNG & M.G. Kim

Year-to-year variability of SST across the polar front in the
Japan Sea
A numerical approach to the Japan Sea acoustic tomography

Formation of sea fogs at the coastal stations in the passage of
the East Korea Warm Current

Seasonal variation of photosynthetic activities and heavy metal
toxicities on Ulva pertusa Kjellman

Water Mass and Circulation in the Yellow Sea

14:50 Y. Su
15:10 J. Qu

15:30 D.-J. Kang, K.-R. KM,
J.-Y. CHUNG, S.-H. Kim
& G.H. Honag

15:50 S.-K. Byun

16:10
Chairmen: R. HuanGg/S.Y. CHAO
16:30 K. LE & Y. WANG

A study of water system at sea surface in the Yellow Sea

The numerical simulation of the three-dimensional baroclinic cir-
culation in Yellow and Bohai Seas

Identification of water masses in the Yellow Sea employing *O as
a tracer

Seaward extension of Chinese coastal water at the mouth of Yel-
low Sea
(Coffee and Tea Break)

A study on the heat and salt transports by currents in the south-
ern Yellow Sea in winter



330

La mer 32, 1994

Circulation and Water Temperature in the South China Sea, Taiwan Strait and East of the Philippines

16:50 D.Xu & Y. YuaN

17:10 T.-C. HunG & CHARLEY
C.H. Tsa1

17:30 K.-L. FaN & H.-J. L1

17:50 C.-T. LiN, K.-L. FaN &
S.-Y. CHAO

Wednesday, May 12
08:00

Thursday, May 13

Chairmen: A. KANEKO /Y. YUAN
08:30 S. Jan, C.-S. CHERN &
J. WaANG

Special Lecture
08:50 R. Huanc

Air-Sea Interaction
09:20 R. ZHANG

09:40 W.T. Liu

10:00

Chairmen: S. Saka1/C.S. Kim

10:20 C.N.K. MooERS, L. OEyY,
D.-S. Ko & S. JiN

10:40 H.-W. L1
11:00 Y. Zrao, Y. CHEN &
L. YanG

Sea Level, Tides and Tidal Current
11:20 B.-H. CHor & J.S. Ko
11:40 Y.-S. Ryu & B.-G. LEE

12:00

Calculation of the circulation east of the Philippines
Upwelling phenomena off the southwestern coast of Taiwan

A study on water temperature in Nan-Wan Bay on southern tip of
Taiwan
Small-scale plume from a semi-enclosed basin: Yen Yang Bay

Excursion to Laoshan Mountain

A numerical simulation of current in Taiwan Strait during sum-
mertime

Impact of Asian Monsoon on the ENSO Event

Coupled waves in simple tropical air-sea interaction models and
their instabilities

Synergistic application of satellite data to study ocean-
atomosphere interaction in the Western Pacific

(Coffee and Tea Break)

Circulation model development and evaluation: Possible parallels
for Asia coastal seas

A method of calculating absolute geostrophic current

The oceanic heat transport in the upper ocean of the western Pa-
cific in winter

Modeling of tides in the East Asian Marginal Seas

Numerical analysis of free harbor oscillation with finite element
method

(Lunch Break)

Chairmen: C.N.K. Mooers/T.-C. HunG

13:30 G. Fang & D. Cao

13:50
14:10

J.C. LEg & B.-H. CHor
R.C. X1v & Y.H. Gu

14:30
14:50

Jd. NA & J. CHOI
T.Y AMASHIRO, A.MAEDA
& M. SAKURAI

A numerical model for tides and tidal currents in the South China
Sea

Tidal computations for Seohan Bay

A new forecasting method for tidal flow field and the basic char-
acteristics of tidal motion in the Bohai Sea and Huanghai Sea
Laboratory modelling of wind and tide driven circulation

Tidal current off southeast Nakano-Shima in the Tokara Strait



15:10 W.O. Song, S.K. Kang,
K.-D. YuMm & S.-R. LEE
15:30 H. L1 & G.H. Fanc

Waves, Storm Surges and Tsunami
15:50 B.-G. LEE, H.-d. Kim,

K.D. CHo & H. CHo1
16:10
Chairmen: H.-W. L1/S. NAKAMOTO
16:30 P. Guo, P. SH1 &

H. WaNG

16:50 H. CHor
17:10 C.H. Hong & J.H. Yoon
17:30 Y.J. Ro & LK. You

17:50 S.K.Kang, U.-Y.CHUNG,
K.-D. YuMm & S.-R. LEE

Friday, May 14
Chairmen: S.-K. BYun/A. MAEDA
08:30 J. Tian, D. Hu,
F. Zuanc & Y. Hou
08:50 J.Y. CHUNG &
H.W. Kanc
09:10 Y. Nonu

JECSS-PAMS VII Workshop 331

A study of tides in Jindo waterway, Korea

Wind-driven current in Bohai Sea and Yellow Sea, using irregular
grid finite difference technique

An application of integrated finite difference method to two-
dimensional free oscillation analysis

(Coffee and Tea Break)

The statistical distribution of wind speeds and significant wave
heights by GEOSAT altimetry on the China Seas and the North-
western Pacific

Thermal internal boundary layer in the coastal sea under the pre-
vailing offshore flow

The effect of typhoon on the sea level variations in the East Sea
/the Japan Sea

Numerical investigation of wind driven current and their implica-
tion in pollutant dispersions in the Yellow Sea

A study on the tidal phenomena in the Korea Strait

The study of wave breaking

Mesoscale variability of the SST pattern off the east coast of
Korea by the EOF analysis of AVHRR data

Onset of stratification in the mixed layer subjected to stabilizing
buoyancy flux

Measurement, Experiment and Data Management

09:30 S. Mizuno, A. KANEKO,
T. NaAGaHAMA &
K. KAWATATE

09:50 N.A. MAXIMENKO

10:10

Chairmen: H. IcHIKAWA/Y. Su

10:30 A.MAEDA, K.KUSUHARA
& T. Y AMASHIRO

10:50 K.TAkanNo, Y. YUAN,
K.KAWATATE, S.IMAWAKI,
J.Su, Z. PAN &
H.IcHIRAWA

11:10 S.NaramoTto, T.KAwANO,
Y. KasHINO &
K. MUNEYAMA

11:30 Y. Du

Subsurface current measurements of the Kuroshio

A cold lens observed in the Kuroshio Extension during
Megapolygon Experiment
(Coffee and Tea Break)

Velocity section measured by ADCP installed in a ferryboat regu-
larly crossing the Kuroshio in the Tokara Strait

Direct current measurements at mid and abyssal depths southeast
of Okinawa

On turbulent mixing and parameterization with use of current
meter and drifter tracking data

The comparison between the sea surface temperature from satel-
lite and the SST from ship in north sea



332

La mer 32, 1994

Mixing, Stratification and Boundary Layer

11:50 B. ZHAO

12:10

Chairmen: K. KiM/R. ZHANG

13:30 H.IcHiIkKAWA, K.FUJIMOTO
& M. CHAEN

13:50 T. MATSUNO, S. KANARI,
C.KoBayvasHr & T.HiBrva

Sedimentology and Chemistry
14:10 Y.A. Park & K.S. CHot

14:30 S. SuagIioka, T. Kosima
& K. NAKATA

Special Lectures

14:50 S. SAKAI

15:20

Chairmen: W.T. Liu/J.Y.CHUNG
15:40 Y. HSUEH

16:10 D. Hu

Characteristics of tidal residual current and tidal mixing in the
East China Sea
(Lunch Break)

Benthic boundary layer current on the continental shelf edge

Bottom mixed layer near the shelf break of the East China Sea

Depositional environments of the late pleistocene marine deposits
off the western coast of Korea

Numerical model development for oil spill in the marine environ-
ment

Global oceanography from Asia
(Coffee and Tea Break)

The blocking of the Kuroshio in the East China Sea
A program on margin flux in the East China Sea



La mer (Bulletin de la

Societe franco-japonaise

d’oceanographie)
Tome 32 (1994)

Sommaire

Numero 1

Articule special n° 9
Vladimir  Ivanovich  Vernadsky:
Originator of the Biosphere Concept
........................... Klrll M KHAILOV
Notes originales
Amplification of long waves on a
continetal slope
........................ Motoyasu Mivara
Towing characteristics of T.S. Seiyo-
Marull , Tokyo University of Fish-
Erigs  errerereeeeeeee Takatomo KoIKE
Use of pH to trace water masses in the
Weddell Sea
--------------- Chen-Tung Arthur CHEN
Seasonal changes of the phytoplank-
ton chlorophyll a and their relation
to the suspended solid in Thale Sap
Songkhla, Thailand
..................... Yukuya Y AMAGUCHI,
Suphaphorn RAKKHEAW ,
Saowapa ANGSUPANICH
and Yusho AruGa
Uptake kinetics of the microbial
populatoins with different redox
pathways in the sulfuretum of
Saanich Inlet --------- Humitake Sek1
A simple integrating-sphere fluoro-
meter for measuring the growth of
benthic microalgae
Kazuhiko Koikg, Takashi IsHIMARU
and Masaaki MURANO
A monitoring technique of offshore
significant waves by using foreward
scattering of signal of a satellite (in
Japanese) ---Shigehisa NAKAMURA
Life history of Porphyra suborbicula-
ta Kjellman (Bangiales, Rhodophy-
ta) in culture (in Japanese)
........................ Masashi MATsUO,
Masahiro Notova and
Yusho ARuGA
Red tide of Gymnodinium mikimotoi
at Gokasho Bay (in Japanese)
""""" Tetsuo Yanact, Kenji Hirao,
Yukihiko MaTsuvama and

11-18

19-30

31-39

41-44

45-50

51-55

57-63

QD)

> & (HAL#HEFERE)
$32%& (19944F)
w H &

B15

BER
Vladimir Ivanovich Vernadsky: “#4
W BEoRRE GO
........................... Klrll M KHAILOV
[FERX
KEEHIE Lic 81 2 R OBEIE (J0

YLy FARIIET3pHOFIA I & 5K
BBl (30
-------------- Chen-Tung Arthur CHEN
VI SHicBY A TS v o b
074 Na BIUBREYMEOEHEL
(BEST)  woveervemmreneneenienins W OFESR -
Suphaphorn RAKKHEAW *
Saowapa ANGSUPANICH * BB
Y=y FAILOREERBRICE T 58213
B RERER O WAV ORE BN
#ak (30 X
&R DA RATE D 2 ORI IRE
FEER (0
............ INE—FZ « AhL B« NEFIERE
ANTLHEERESRITBEEMAE L fomd
(RS =Bt o 22 s SRR TRRPPTRPRED hiFE A
L= VT v s ) OENEEE
--------- MEHEE « BRBRIEH « BEHH
HABBOX A 74 =9 AFRE
........................ B T EREB .
MALFEE « REAK
TIFABIIROSWREEMLSRE L
YA DE D A S -+ Vo HRAER « FEFIEI

b

11-18

19-30

31-39

41-44

45-50

51-65

5763

65-70

T1-74
75
77-101



Tsuneo Hongo

Adoption of larvae escaped from the
marsupium in four mysid species
(in Japanese) - Hiroyasu SATO
and Masaaki MURANO

Compte rendu
Procas-verbaux -« orreeresemrreeni,

Numero 2

Articule special n° 10
Bioethics, water and environment
........................ Darryl R.J. Macer
Notes originales
Photosynthetic capacity of the toxic
dinoflagellates  Dinophysis  cf.
acuminata and Dinophysis acuta
..................... Brigitte R. BERLAND,
Serge Y. MAESTRINI,
Christian BECHEMIN
and Catherine LEGRAND
Some improvements in the salicylate-
dichloroisocyanurate method for
determining ammonia in seawater
Jing-Shan Yu, Takashi ISHIMARU,
Masaaki Murano and Akira OTSUKI
Vorticity flont around Kuroshio flow
(in Japanese) .
..................... Shlgehlsa NAKAMURA
Faits divers
On tunamis around Cape Aonae in
Okushiri Island (in Japanese)
..................... Shigehisa NAKAMURA
Exemples de biotechnologies marines
au Japon e Fabrice TAVET
Lexiques polyglottes d’océanographie
(in Japan)

Numero 3

Notes originales
Tide and tidal current in the Yellow
/East China Seas
---Tetsuo YAaNaGI and Kouichi INOUE
Some indications of excess CO: pene-
tration near Cape Adare off the
Ross Sea --*Chen-Tung Arthur CHEN
Three dementional structure of tidal
currents in Tokyo Bay, Japan
~~~~~~ Xinyu Guo and Tetsuo Y ANAGI
Studies on the accuracy of counting
seedings fry by image processing
techniques =wreooereeee Sadami Yaba,

La mer 32, 1994

65-70

T1-74
75
77-101

103-106

107-117

119-122

123-130

131-135

137-143

145-146
147-151

153-165

167-172

173-185

(2)

25

BRIER
HEPMRER - K« BREE (330
........................ Darryl R.J. MacER
FERX
HHIBH ¥ Dinophysis cf. acuminata
¥ & U Dinophysis acuta D 3 & % RE
------------ Brigitte R. BERLAND,
Serge Y. MAESTRINI,
Christian BECHEMIN
and Catherine LEGRAND
+# 1) F#LE8-Dichloroisocyanurate #IZ
& BMEKBD T v =7 ORIE (3O
HE - AL -
NEFIER - Kl 8
BRTREE L ORE T o v b FINEA
WREEREHIREDOERKICS\WT

HERICBF A=) vy N4 xF7 /0d—D
WJ ({L\X) .................. Fabrice TAVET
ZERENR B ER R EE SRR

FRER
Bifg - Wy O < iR (50
........................... WO e 3 R
o X7 7 — VIEMIC B 2 BRCO.EA
DO#E (E30
''''''''''''' Chen-Tung Arthur CHEN
HEEOBR®D 3 Kok ()
........................... %’3 %ﬁ% « g ﬁm
BB IC & B REH RO ENEE BT
BHFFE ()

103-106

107-117

119-122

123-130

131-135

137-143

145-146
147-151

153-165

167-172

173-185



5H32% WEK

Kouichi HiGucHr e RHEHEZE - BOK-— « /NBZFEM 187-1%4
and Takatomo Koike  187-194 AR ERBRTR R OB L U D
Distribution of diatom assembrages . ) 3 .
in and around a warm core ring in ’ﬂkk”’éﬁﬁﬁ%/@ﬁﬁﬁ F0 .
the North Pacific frontal zone 777w BOEF-/O M- B 195-207
........................ Kuo Ping CHIANG, = #
Akira TanigucHr and Satoshi Kato  195-207 MBEIC L BEHIC DN T e BNEA 209-213
Faits divers A
EREE vt 1 - 1
On storm surge at typhoon with wak 215-22
packed heavy rain (in Japanese)
--------------------- Shigehisa Nakamura  209-213
PrOcéS'VerbauX .................................... 215_221
Numéro 4

Proceedings of the Seventh Japan and East China Seas Study Workshop

Preface ........................................................

""""""""""" Kuh Kim and Kenzo Takano 223

A numerical study on currents in the Taiwan Strait during summertime

Sen JaN, Ching-Sheng CHERN and Joe WANG

225-234

The Kuroshio in the East China Sea and the currents east of the Ryukyu

Islands during autumn 1991 «oeeeeeeerereeennnes

Yaochu Yuan, Knezo TAKANO, Zigin PAN,

Jilan Su, Kazuo KAWATATE , Shiro Imawaki, Honghua Yu,

Hong CrEN, Hiroshi IcHIKAWA and Shin-ichiro UmaTaNT 235-244

Spectra of the deep currents southeast of Okinawa Island-------sroeeeeeeeeeeee Yaochu YUAN,

Zigin PAN, Jilan Su, Shin-ichiro UMATANI, Shiro IMAWAKI,

Kazuo KawATATE and Kenzo Takano  245-250
Diurnal and semidiurnal current fluctuations at abyssal
depths southeast of Okinawa «==r--srrorrrrrrsreareen.. Kenzo TAKANO, Yaochu Yuan,
Kazuo KAWATATE, Shiro IMawaki, Jilan Su, Ziqgin PaN,
Hiroshi IcaikawA and Shin-ichiro UmaTant  251-259
Inertial oscillations in the Kuroshio west of Okinawa «-woororeremeemeeeeees Hiedo Nakajima,
Shiki HasaiMoro, Arata KaNEko, Kazuo KAWATATE and Shinjiro Mizuno  261-269
Two modes of the salinity-minimum layer water in the Ulleung Basin
....................................................................................... Yang_Ki CHO and Kuh KH\A 2717278
Oxygen isotope characteristics of seawaters in the Yellow Sea «--+ev+ Dong-Jin KaNG,
Chang Soo CHUNG, Suk Hyun KM, Gi Hoon Hoxg and Kyung-Ryul Kim  279-284
Interannual SST variations to the north and south of the polar
frOnt in the Japan Sea ........................................................................... Yutaka ISODA 2857293
A numerical simulation of oil spill in the Seto-Inland Sea «-++«-=+eeree Shin-ichi SUGIOKA,
Takashi Kojima, Kisaburo NakaTa and Fumio HoricucHr  295-306
Preliminary evaluation of a Gulf of Mexico circulation model at 92°W
............................................................ C. N. K‘ MOOERS, San JIN and Dong»Shan KO 307f324
Minutes of the Steering Committee and Plenary Meeting =wrrererrerrrsererserrsreencn. 325
Workshop organization and Program -« -t rt essssrtemmtimttte et 397-3392

Sommaire du Tome 32 ...............................

.................................................................... (1)7(3)



E B &£ &

) # e 7
BRat WHERE R A E
BR&tt MM R BRI #
_rRNEE ¥ 1 v 2 v
O ELEYREIRBD
wmRXak Il & % F B
BRek HR - ERBREFER
FHAIKEEKRRNSH
eHARGPEREEXELS
wReHt ® i E
BN HERARBE K€ 5~

BRAS#HEHRE & KB
HR7775v7%R4&4

= E B AP R W
(FLefEdy A7 458)

2] ZN H el
e RREEH

BUBRMILE B &

At RBPEHBBUIEH

HRAWEXFBHE 2-15-6

HR#SYRX KK 3-34-3

RESIEXFHE 2-7-7

SREUARTE & A AT EISRET 3-1-5

HESTREXAHE 1-18-12 R VA

HRBAHX AFHAHE 2-31-8

BT RAERT 1-1, 3-401

HEHHAAX E/ 3-14-5

HRMESIXHEH 4-3-18

HEHAHEK L% 6-7-22

RER)OTHZEr AL 6906-10

Rt R 5T 283

MEJNREARTEA 2229-4

HEHTREX KT 2-3-6

R XA HEHAT 2-2-4

HEAMPRXHRE 1-8-14

FRIRE R HREET S K3 230

HESXARBE 1-7-17

HHETHER eV TF



odix tokyo c’est un bureau rédactionnel indépendant

Tous les musiciens s’instruisent dans I’art de jouer de leur instrument.
R EHBT IR ZOEMEBF R LETNETROEEA

Tous les automobilistes s’istruisent dans I’art de conduire leur voiture.
HEHELZEERT 5 IC320ENEZHELETNERDEEA
Alors pourquoi peu d’étudiants désirent-ils s’instruire

dans I’art de leur communication scientifique?
HHRE 7220 B E B 2 BR LW THEE TOVLRTEH D EHA

Dans le cadre de I’'art de la communication scientique,

I’odix tokyo vous offre un appui pleine de services sur la demande.
ATF47 R FUFavRIDIVERRET ED VB E
b1 DOREW FTIRELET
Pour de plus amples détails, adressez-vous a:

YEHBROY —ERIIH>\WTO TR TIEAN

odix tokyo
office de diffusion internationale et FOF4 09X bFoFaD
de communication scientifiques de Tokyo RS E R A E A

T153 HEHERR=H

(1511) 4-4 Mita 1, Meguro-ku, Tokyo, 153
1 TH4%45 (561D

Tél/Fax: 03-5421-0877

Biospherical Instruments (5555 o2 A RHasE

PRR—600%

Kepgg T m & BB E GEE(1EEEMT)
Lt m & EE GEE(EEEMT)
P B 100miE% 200m T\
B E
4 — 7 )b 100m &1k
TYvELZVE NyFY—547

RS—232CHH
Vi 7 b fFE(BM, DOS)

CHELSEA B AR
Cl INSTRUMENTS ’E R N > A
LIMITED F—ICZTV %A SH
7N\ Biospherical TI11 BREE HX R FEAE5-10-12
Sy Instruments TEL 03-5820-8170

L
\\\&\tzl’// Inc. FAX 03-5820-8172




FAOFRT

g
9%

Hn( - U

[ J
JEWELER miuJc
No.7-2, 6-CHOME, GINZA,
TOKYO Phone(03)572-5011




K %

G- = A

all

£ B

By BB
A

H £ & B

i

B &

HN=RKE

R & a8 EeHH

SHEOEVE (BETHHIKOEDITS) 8 5 H =

(UTe¥2sEBREA

2 %% 3 HTH s
5 & R B ¥ Rt

AZHABEMNE: TI01 HEBTROXHEBEAE 2-3
COEEIRIAE -
SRR TN R S S

HERZES: 00150-7-96503




BELBRZ2EEFTE & Q994195
ZERE LOER
T B EASH, ERES, MRNE W8 B, SSEE RLEE B 08 HIH—

#ER: H.J. CeEccawpl (7 3 ¥ ), E.D. GOLDBERG (7 # Y #), T. ICHIYE (72 Y #), T.R.
PARSONS (HF+ %)
B B HAET, GEEE

# B8 0 = g

1. 5% (B{LEEELABEE, BOEES La mer) 12, B{LEES E%é%l CrhicE+5ELE
25 DR (%ﬁiﬁ%ﬁ%) %, ZELOEER I VERT %,

2. FRBEHESIUCKEXMAFORERT, FEER BF, 8F EXLLT3, T<T0EH
B, AX, FRELDPEEI2BET 3, BIRAREETI V. AXERARIZTRTA4HE L, 400 TEE
BAK (O30 ©, TRREFAERL TN - AR—2 (AN 7 -7 0 CRESEE) CEAT 3. =
BRICHEBERR, Th AT EBLRIAUKL T3,

3. RERHE, L RIAEZOAhNELT . REL, ERLUCEBHEOAE R ELIZXETES,
FEHY (BR) K 200 BOEXLE LN OEER, HEL LTLTHRLS. £k, BRIBTC,
LHREBDIKC, 00 FOMIEERZIRELB, 7L, BEZEEALDOBEONYESRDOWTIE
EEZELOEREFLELT S,

4. BREROEREREEESHERR —f«@'cﬁ/wcﬁoe EEZRBEE LRV, TEBSORERBELD
IS, JIAXBRORTERR, BEHT, ETEIRET(EFRO—H3FLen), Biikns
DRl X 5EEKTES,

5. FEHRBETHELLTENT, R (REXZ2ZR1/2EE) cRLbNLZDET D,

6. FTRCBHEZORERZT %,

7. ELBRAHLUTRTHRMRA—VETOBREER LT3, XL, COHEBENTE- THEZEHLE

CHEERECR, HACHECERAELEEMLTI L0555, FAEOBRBCLEREYEL a8 L
CHLSERROMMER T '\'C EHE (10,000M/E) £33,

8. TRTOBBRFIONC, BH7z0 A 50 2R T ERTE %, S0 MEBL 541 ERC LD,
SOM BN CEMEh B, Ei?ﬂééﬁﬁ%&bi@ﬁkﬁ]%mﬁﬂ%‘gméo

S. FROZBVFERTREOED,

T108 EAMBEEEL-5-T BEEAERE LOEE 56
HILEREFE&EEZES

194 £ 11 § 25 B EIR 5 Z %32 %
1994 £ 11 B 28 B ®fT 245
E M ¥ 1,600
WEE i = iE PS
47 H L ® F % 2

HEHEA BILS8ER
HESHTRAERSHENE2-3
H @ F 5:1 01
E 3 :03(3291) 1141
# B F 5 : 00150-7-96503

Bl Rl & 1% B — =
B R0 Br ) & h‘jﬂﬁEﬂfm’J%&
HRERBILR A E 27T
H HE E 5 :1 1 4
T 25 : 03(5394)4856

CREEHIRE O—Hi FR 5 FE AN EN R REDS [FEREABEER) ©k3.)
Publication of La mer has been supported in part by a Grant-in-Aid for Publication of Seientific
Research Result from the Ministry of Education, Science and Culture, Japan.



o)
Tome 32 N~ 4
SOMMAIRE
Proceedings of the Seventh Japan and East China Seas Study Workshop

Preface ...................................... et s eieeeeaetiarsaee et areeanses Kuh KH\/I and KenZO TAKANO
A numerical study on currents in the Taiwan Strait during summertime
............................................................ Sen JaN, Ching-Sheng CHErN and Joe WANG
The Kuroshio in the East China Sea and the currents east of the Ryukyu
»~ Islands during autumn 1991 -srcvrreereeneeens Yaochu Yuan, Knezo TaraNo, Zigin PaN,
Jilan Su, Kazuo KAWATATE , Shiro IMAWA:I, Honghua Yu,
Hong CHeN, Hiroshi [cHKaws and Shin-ichiro UmaTant
Spectra of the deep currents southeast of Okinawa Island «=orrreeeeeeereeee ---Yaochu YUAN,
Zigin Pan, Jilan Su, Shin-ichiro UMaTaNI, Shiro IMAWAKT,
Kazuo KawaTtaTE and Kenzo TARANO
Diurnal and semidiurnal current fluctuations at abyssal
depths southeast of Okinawa -wrreorrererrremrren Kenzo Takano, Yaochu Yuan,
Kazuo KawaTaTe, Shiro IMawaxki, Jilan Su, Zigin PaN,
Hiroshi Icrikawa and Shin-ichiro UmATANI
Inertial oscillations in the Kuroshio west of Okinawa «rrorrerereereeeeee. Hiedo NakaJsmma,
Shiki Hasaimmoro, Arata Kanexo, Kazuo KAWATATE and Shinjiro MizuNo
Two modes of the salinity-minimum layer water in the Ulleung Basin
....................................................................................... Yang-Ki Cro and Kuh K
Oxygen isotope characteristics of seawaters in the Yellow Sea «--+--++ Dong-Jin Kang,
Chang Soo CHUNG, Suk Hyun KM, Gi Hoon Hong and Kyung-Ryul Kim
Interannual SST variations to the north and south of the polar
front in the Japan Sea ++w-srrer ettt Yutaka IsoDa
A numerical simulation of oil spill in the Seto-Inland Sea «=:+e=x-oeeeeee Shin-ichi Sugloka,
Takashi Kosima, Kisaburo NakaTa and Fumio HorigucHI
Preliminary evaluation of a Gulf of Mexico circulation model at 92°W
............................................................ CNK MOOERS, San Jl'N and Dong_shan KO
Minutes of the Steering Committee and Plenary Meeting ot rerreersreressmrmomnianae

WOI‘kShOp Organization and o Talo Y=g o= B e LR R LR R LR LR R RRE LR

Sommaire du Tome 32 ..................................................................................................

223

225

235

245

251

261

271

285

295



