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Preface

Tetsuo YANAGI

This proceedings contains selected papers at the Eighth JECSS (Japan and East China Seas Studies)
& PAMS (Pacific-Asian Marginal Seas) Workshop held in Matsuyama, Japan on 26—28 September
1995. The Workshop was convened by Prof. T. YANAGI at Ehime University and was sponsored by
Ehime University and voluntary companies. Efforts of the local organizing commitee, which were
consisted of the members of Laboratory of Coastal Oceanography, Department of Civil and Ocean
Engineering, Ehime University, in successfully organizing both the scientific and social programmes
were greatly appreciated by all participants.

Seventyfour papers were presented at this Workshop and they reflected the growing interests in
physical, chemical and geological oceanography of the Pacific-Asian Marginal Seas including Japan
Sea and the East China Sea. Participants at the Eighth Workshop submitted twentyfour papers to this
Proceedings and fourteen papers were finally accepted after reviewing. I am very thankful to
twentysix reviewers, whose comments and criticisms were so helpful to improve most of papers in this
volume. I also appreciate for Prof. Kuh KiM, the Chairman of JECSS & PAMS, for his help in editing
this volume.

[ express my thanks to Prof. Y. ARUGA, the president of Société franco-japonaise d’océanographie,
and Prof. Y. YamaGuUcHI, the Editor-in-Chief of La mer, for their help to publish this volume in La
mer.

(Guest Editor, Ehime University)
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Embedding an oceanic mixed layer model into an ocean general
circulation model of the East Sea (Japan Sea)

Yign NoH"*, Chan-Joo JANG*, Cheol-Ho KiM** and Jong-Hwan YOON**

Abstract: The oceanic mixed layer model (OMLM) is coupled with the ocean general circula-
tion model (OGCM) of the East Sea, where the Mellor-Yamada Model is used for the OMLM. The
coupled model is used to investigate the impact and the possible improvement achieved by the
OMLM with the particular interest in the realization of the SST. The OMLM is found to prevent
continuous warming of deep water and to improve convective mixing during the cooling season.
On the other hand, the insufficient mixing near the surface, prescribed in the Mellor-Yamada
Model, causes the overestimation of the SST during the warming season. It is shown that the
problem can be resolved by correcting the surface boundary condition of turbulence. It is also
shown that the circulation is not significantly affected by the embedding of the OMLM in the

East Sea.

1. Introduction

Recently, substantial efforts are being given
to the prediction of the climate system of the
earth, in which the ocean plays an important
role. Among the many facts of the ocean’s role
in the climate system, the influence of the sea
surface temperature (SST) is most essential.
Hence is required the more accurate oceanic
mixed layer model (OMLM), as it is indispen-
sable to determine the sea surface temperature
(SST) (see, for example; CANE, 1993). Further-
more, the reliable prediciton of the oceanic
mixed layer is also important for the various
applications including fisheries and underwa-
ter telecommunication as well.

A large number of one dimensional models
have been developed to simulate the oceanic
mixed layer, dealing with only the vertical
transport of heat (see, for example; KRAUS,
1988). However, the presence of significant
horizontal transport of heat often severely re-
stricts the applicability of one-dimensional
models; thus necessitates the three—dimen-
sional mixed layer model including the circula-

* Department of Astronomy & Atmospheric
Sciences, Yonsei University, Seoul, Korea

** Research Institute for Applied Mechanics,
Kyushu University, Kasuga, Japan

tion. The effects are especially important in the
equatorial ocean, where intensive studies on
such a model have been carried out for the
proper prediction of the SST in association
with El Nifio and Southern Oscillation (ENSO)
phenomenon (SCHOPF and CANE, 1983; CHEN
et al., 1994; CHANG, 1994).

Heat budget analysis suggests that the hori-
zontal transport of heat owing to the advection
cannot be neglected either in the East Sea
(KATO and ASAI 1983). This is also evident
from the fact that the satellite images of the
SST shows the strong correlation with the cir-
culation patterns such as the propagation of
the Tsushima Current flowing in through the
Korea Strait (Tsushima Strait) and the loca-
tion of a front (OSTROVSKII, 1995). It is thus ap-
parent that the three dimensional model is
required for the prediction of the mixed layer
in the East Sea, too.

On the other hand, the necessity for the
proper parameterization of the upper ocean
process increases in order to improve the ocean
general circulation model (OGCM). The con-
ventional OGCM'’s, in which constant values of
vertical eddy viscosity and eddy diffusivity are
used, show many undesirable aspects such as
the continuous warming of the deep sea and
the inappropriate variations of the SST
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(WASHINGTON et al., 1980; SEUNG and YOON,
1995). Moreover, the circulation pattern also
appears to be often significantly affected by
the inclusion of the OMLM (CHASSIGNET and
GENT, 1991; STERL and KATTENBERG, 1994).

There have been several studies in which the
embedding of the OMLM into the OGCM is
taken into consideration. They applied the
OMLM either of bulk model type in which the
energy budget of a whole mixed layer is dealt
with (ADAMEC ef al., 1981; ALDERSON, 1990;
SCHOPF and CANE, 1983; HENDERSON-
SELLORS, 1986; MCGREARY et al, 1993;
STERL and KATTENBERG, 1994; OBERHUBER,
1993), or of turbulence model type in which the
turbulent flux terms are parameterized
(ROSATI and MIYAKODA, 1988; NAGAI et al.,
1992). In general the embedding of the OMLM'’s
of bulk model type has an advantage of smaller
computational demand, but has difficulties in
adjusting to fixed grids and in describing
many phenomena including the formation of a
seasonal thermocline. The subject of the simu-
lation was either the global ocean (ADAMEC
et al, 1981, ALDERSON, 1990; HENDERSON-
SELLORS, 1986; OBERHUBER, 1993; ROSATI and
MIYAKODA, 1988) or the regional ocean
(ScHOPF and Cane, 1983; MCGREARY et al,
1993; STERL and KATTENBERG, 1994, NAGAI et
al., 1992).

From the perspective of investigating the
embedding of the OMLM into the OGCM the
East Sea also offers an ideal opportunity, since
it is endowed with many typical characteristics
of the large oceans in spite of the small size.
For example, it is a relatively deep ocean as
deep as 3700 m, and there appear most of the
phenomena characterizing the global ocean
such as the western boundary current, the
thermohaline circulation and the topographic
effects. There have been several cases of inves-
tigating the OGCM of the East Sea (SEUNG and
YOON, 1995; HOLLOWAY et al., 1995; SEUNG
and KiM, 1989; KiM and YOON, 1994; YOON,
1982; SEKINE, 1991). However, they all used
constant vertical eddy viscosity and eddy
diffusivity, and the effects of embedding
a mixed layer are still unknown in the East
Sea.

Therefore, in this paper the circulation

model of the East Sea, into which the OMLM is
embedded, is attempted for the purpose of pre-
dicting the SST and the three dimensional
structure of the mixed layer, while ascertain-
ing the effects of the embedded OMLM on the
simulation of the circulation in the East Sea.

The results are examined based on the com-
parison with the observation data, particularly
with the SST data. Based on this analysis the
problems in embedding the OMLM into the
OGCM is elucidated, and the suggestions are
made for the improvement.

2. Model

The OGCM used in this simulation was the
GFDL MOM (PACANOWSKI et al., 1993) which
is originated from the Bryan and Cox Model
(Cox, 1984), and it was modified for the East
Sea in a similar way to KIM and YOON (1994).
Figure 1 shows the domain of the model with
topography as well as the areas of detailed
study which will be discussed in section 3. The
total volume transport through the southern
inlets (see Fig. 1) was given by an average 2 Sv
with the seasonal variation of + 0.4 Sv; the
maximum in August and the minimum in Feb-
ruary. The influx was assumed to flow out
through the Soya and Tsugaru Straits with the
ratio of volume transport 6 : 4. The baroclinic
components of the incoming velocity through
the southern inlets were determined from the
geostrophic flows based on the T, S data ob-
tained from Korea Fisheries Research and De-
velopment Agency (1986). As for the boundary
conditions of temperature and salinity the ob-
served data were applied in the southern inlets
and the open boundary conditions were ap-
plied in the Soya and Tsugaru Straits, respec-
tively.

The sizes of horizontal grids were 1/6 degree
in both longitude and latitude. The coefficients
of horizontal eddy viscosity and eddy diffusi-
vity were taken as 3X10° cm?®/s and 1.5 X 10°
cm?/s, respectively. To asses the impact of the
OMLM on the OGCM the case without the
OMLM were also carried out. In that case the
coefficients of vertical eddy viscosity and eddy
diffusivity were set to be 1.0 cm?/s. Vertically
24 layers were used with particular emphasis
on the upper ocean process, ranging from 7.5 m
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at the surface to 900 m at the bottom.

For the boundary conditions at the sea sur-
face, monthly mean values of wind stress by
NA et al. (1992) and heat flux by HIROSE et al.
(1996) were used. The data of heat flux § were
not wholly prescribed values, but are given
partially in terms of the temperatures of the
sea surface T. and the air above T, ie.,

Q:Q]+Q‘Z<Ta‘"’]‘s) (1)
with the prescribed values of @, and &, which

135E 140E

LONGITUDE

Fig. 1. Model domain with topography. Contour intervals are of every 500 m. The dotted
line is the cross section in which the vertical temperature profils are made in Fig. 10, 11 and
12. Two squares represent the regions where the seasonal variations of the SST were cal-
culated to be shown in Fig. 8. Here K represents the location of the Korean Strait, T the
Tsugaru Strait and S the Soya Strait, respectively.

vary with position and months. The restoring
boundary condition was used for salinity using
the observed sea surface salinity data.

The Mellor-Yamada Model of the level 2 and
1/2 was applied as the embedded OMLM
(MELLOR and YAMADA, 1982). The Mellor-
Yamada Model has been known to have the
tendency to insufficient mixing near the sea
surface which causes too shallow mixed layers
and thus the overestimation of SST (MARTIN,
1985, ROSATI and MIYAKODA, 1988; NOH, 1996).
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The Mellor-Yamada Model of level 2 and
1/2 includes the equation for the turbulent Kki-
netic energy (TKE) E as well as the equation
for velocity, temperature and salinity. That is

@:F+R+Pb*5 @

dt
where F is the flux of TKE, Ps and P, are shear
and buoyancy production and ¢ is dissipation.
The surface boundary condition for E was de-
termined by MELLOR and YAMADA (1982)
from the assumption that all other terms are
negligible except shear production and dissipa-
tion near the surface so that

P— e =0 3

which applies to the case of the turbulent
boundary layer near the solid wall such as the
atmospheric boundary layer. This gives

E=Aux*? @))

with A =3.25, where u * is the friction velocity
due to the wind stress. However, in the case of
the ocean, in which the surface boundary is not
rigid, both the observations(SHAY and GREGG,
1984; GARGETT, 1989) and the results from the
recent large eddy simulation (SKYLLINGSTAD
and DENBO, 1995) show that the TKE near the
surface boundary is much larger in the ocean
than in the atmosphere by one order of magni-
tude. This strongly suggests that (3) cannot be
satisfied near the ocean surface. It was also
shown by NOH (1995) that a seasonal thermo-
cline cannot be formed during the warming
season if the flux of TKE (F) is neglected in
(2); thus the SST is overestimated. Based on
these facts the surface boundary condition of
TKE is assigned using the value ten times
larger than that calculated from (3) in the pre-
sent simulation, i.e., A =32.5.

Moreover, the length scale of turbulence [ is
prescribed as

1=k (z+z0)/(0+ k2/l0) 5)

for a given depth z, where z, is the surface
roughness length scale, £ is von Karman con-
stant and [, is the Blackadar length scale
(MELLOR and YAMADA 1982). It was assumed
that 20=0 by MELLOR and MAMADA (1982)
also in the same way as in the atmospheric
boundary layer, neglecting the fact that the

free surface of the ocean allows large eddies
near the surface. This causes strong tempera-
ture and velocity gradients in the mixed layer
contradicting the observation of the oceanic
mixed layer having uniform temperature and
velocity profiles, as mentioned by CANE (1994).
To rectify this problem a larger value of the
length scale was suggested as zo0=3.5 m by NOH
(1996), and the same value was used in this
model.

Since the upper ocean processes are of main
concern in this paper, much shorter time scale
is required compared to that required for the
circulation in the deeper ocean. We carried out
the model run for 15 years, which was found to
be sufficient to reach the equilibrium in the
upper ocean (STERL and KATTENBERG, 1994).
Actually major patterns and values with re-
gards to the temperature and the circulation
from the simulation did not vary noticeably
after 5-6 years as far as the upper ocean is con-
cerned. We present the results based on the
comparison among three different simulations;
the OGCM without the embedded OMLM
(MO), the OGCM with the embedded OMLM
whose surface boundary condition for turbu-
lence is modified (MA) and the OGCM with the
embeddded OMLM which is the original
Mellor-Yamada Model (MB).

3. Results

Figures 2 and 3 show the surface currents
from the simulation without the embedded
mixed layer (MO) and with the embedded
mixed layer (MA) during the warming season
of May-June (MJ) and during the cooling sea-
son of November-December (ND). Figs. 4 and 5
are the corresponding transport stream func-
tions. Here MJ and ND represent the calcula-
tion results at the ends of May and November,
respectively. The result from both cases of MO
and MA reproduce well the general pattern of
the circulation such as the split of the
Tsushima Current (TC) to the East Korean
Warm Current (EKWC) along the Korean Pen-
insula and the Nearshore Branch along the
Japanese Island (NB), the separation of the
EKWC and the eddies along the front following
the separation. The seasonal variations in the
EKWC, the NB and the North Korean Cold
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Fig. 2. Surface current velocity fields calculated from MO ; (a) MJ, (b) ND.
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Fig. 3. Surface current velocity fields calculated from MA ; (a) MJ, (b) ND

Current (NKCC) are also in good agreements
with the previous results (KiM and YOON,
1994; SEUNG and YOON, 1995). Moreover, the
overshooting of the EKWC, which has caused a
trouble in many previous models (SEUNG and
KiM, 1993; KIM and YOON, 1994; HOLLOWAY et
al., 1995), does not occur in both MO and MA.
Major difference of the present simulation is
that heat flux is used as the surface boundary
condition instead of SST. It possibly implies
that heat flux boundary condition may

(b) ND

10 cm/sec

40N

130E 135E 140E
LONGITUDE

produce more realistic temperature profiles
below the sea surface, if referred from the fact
that the overshooting disappears in the robust
diagnostic model in which the observation
temperature profiles below the sea surface are
maintained (SEUNG and YOON, 1995). More in-
vestigation is required, however, for better un-
derstanding of the situation.

Meanwhile, the effects of embedding the
OMLM into the OGCM are not significant in
the circulation. This supports the argument by
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Fig. 4. Transport stream function calculated from MO ; (a) MJ, (b) ND.
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Fig. 5. Transport stream function calculated from MA ; (a) MJ, (b) ND.

HOLLOWAY et al. (1995) that the circulation in
the East Sea is basically determined by the in-
flux through the Korea Strait, the topography
and the wind stress. One minor difference be-
tween two simulations is observed near the
separation point off the Korean Peninsula
where more intensive meandering of the cur-
rent is observed in M]J in the case of MA, resem-
bling the eddy pattern observed by LIE et al.
(1995). The result from the OGCM from MB,

which is not shown here, also shows very simi-
lar circulation pattern as that from MA.

On the other hand, the SST distribution
shows significant differences among the simu-
lations MO, MA and MB. Fig. 6 shows the SST
distribution in MJ and ND obtained from the
observation, and Fig. 7, 8 and 9 show the corre-
sponding results from the simulations of MO,
MA and MB. The observation data are from
Japan Oceanographic Data Center (JODC). The
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Fig. 6. The distribution of SST from the observation data : (a) MJ, (b) ND.
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Fig. 7. The distribution of SST simulated from MO ; (a) MJ, (b) ND.
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Fig. 8. The distribution of SST simulated MA ; (a) MJ, (b) ND.
(a) MJ (h) ND

130E 135E 140E 130E 135E
LONGITUDE LONGITUDE

| R

20 2 4 6 810121416182022242628
Fig. 9. The distribution of SST simulated from MB; (a) M]J, (b) ND.

140E

140E

3
[
=

45N

35N

45N

40N

35N



Oceanic mixed layer model 103

200m g
34N 36N 38N 40N 42N 44N

(b) ND

Fig. 10. Vertical temperature distribution along the north-south cross section along the longi-

tude 134 E from MO ; (a) MJ, (b) ND.
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most distinguished feature is that during the
warming season (M]) the simulated SST’s are
generally warmer than the observation data.
Particularly, when the original Mellor-Yamada
model is used (MB), it causes quite serious
overestimation of SST. Meanwhile, the SST in
the northern region is not sufficiently cooled
during the cooling season (ND), particularly in
the case of MO.

Also shown are the vertical distributions of
temperature in the north-south cross section at
134E (see Fig. 1) for the cases of MO, MA and
MB (Figs. 10, 11 and 12). During the warming
season (M]) the mixed layer is not observed in
the cases of MO and MB, while reasonable
mixed layers with uniform vertical tempera-
ture profiles are reproduced up to about 10—
20 m in the case of MA in accordance with the

Vertical temperature distribution along the north-south cross section along the longi-

. M B 3 75m
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m
AL 200m
34N 36N 38N 40N 42N 44N
latitude
observation (see, for example; KIM, 1994).

What is also evident in the case of MO is the
strong downward spread of the warm tempera-
ture of the upper ocean and the weak convec-
tion during the cooling season.

To asses the models in simulating the SST
further, the seasonal variations of the SST in
the region I and II from the observation and
the simulations are made in Fig. 13, represent-
ing the most characteristic warm and cold
regions, respectively.

The seasonal variation of SST from MO in
Fig. 13 shows the cooler temperature during
late summer in both regions and the warmer
temperature during winter in the northern re-
gion (II) in comparison with the observation
data and the other simulations MA and MB.
The latter appears to be caused by insufficient
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Fig. 12. Vertical temperature distribution along the north-south cross section along the

longitude 134 E from MB; (a) MJ, (b) ND.
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Fig. 13. Seasonal variations of the SST. Here:--
is from the observation data, A from MO, ®
from MA and M from MB; (a) Region I, (b)
Region 1.

mixing, because only non penetrative convec-
tion occurs in this case, whereas the entrain-
ment owing to convective turbulence contri-
butes to the additional deepening of the mixed
layer in the presence of OMLM. And the former
is caused by the absence of a seasonal thermo-
cline across which the downward vertical heat
transfer is prohibited.

In the case of MB, the problem of the overes-
timation of the SST during the warming sea-
son by 2-3 °C is a quite serious defect, and it
gets even worse with increasing vertical reso-
lution contrary to the expectation. The insuffi-
cient mixing under the stabilizing heat flux
cannot form a seasonal thermocline in this case
as shown by NOH (1995), but leads to the sharp
temperature gradients near the surface by pro-
hibiting the downward heat transfer beyond
the first layer (Fig. 12). Therefore the received
heat is accumulated mostly in the first layer,
and thus even higher SST appears with de-
creasing the thickness of the first layer.

The SST from MA is much improved com-
pared to the case of MB, but it is still slightly
warmer than the observation data in MJ. At
this point it is not clear, however, whether the
remaining overestimation of SST is due to the
imperfect mixed layer model or due to the
other effects neglected in the simulation such
as the penetration of solar radiation and the
high frequency wind stress fluctuation.

The discrepancy of the SST’s with the obser-
vation data during September to November in
the southern region (1), which appears in all
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Fig. 14. Horizontal distibution of the annual mean temperature at the depth of 500 m; (a)

MO, (b) MA.

three simulations, appears to occur because the
southward current following the anti-cyclonic
eddy off the Korean Peninsula carries the cold
water from north rather than due to the mixed
layer dynamics. It is also observed that the SST
in the northern region (II) is still too warm
during winter, although it is improved by the
inclusion of the OMLM. This suggests that the
parameterization of the convection process
must be improved further.

Another important aspect to be noticed in as-
sociation with the embedding of the OMLM is
that it can prevent the excessive downward
heat transfer below the mixed layer. In the
OGCM without the embedded OMLM the tem-
perature in the deep sea continues to warm up
because of the large constant eddy diffusivity
maintained below the mixed layer (SEUNG and
KiM, 1993). The situation is much improved by
the inclusion of the OMLM. For example, the
typical temperature at the depth of 500 m is ob-
served to be about 02-04°C (KM, 1994;
MAIZURU Marine Observatory, 1985). The tem-
perature at the same depth is overestimated as
0.6-1.1°C in the case of MO, while those from
MA is correctly 0.2-0.4°C (Fig. 14).

Finally, it is also noticed that the simulation
results of the SST are similar to the instantane-
ous satellite of the SST at the corresponding

time (OSTROVSKII, 1995), rather than the JODC
field observation data which was obtained by
averaging the data throughout several years,
thus filtering out the fluctuation. This suggests
that the widely used method of utilizing the ob-
served SST data as the surface boundary con-
dition (SEUNG and YOON, 1995; SEUNG and
KM, 1993; KiM and YOON, 1994; HOLLOWAY et
al., 1995) may not be appropriate for high reso-
lution models, in which the meso-scale eddies
are resolved, as in this case.

4. Conclusion and Discussion

It has been shown that the embedding of the
oceanic mixed layer model into the OGCM for
the simulation of the East Sea can produce
more realistic SST’s and vertical temperature
profiles and can prevent excessive downward
propagation of heat, while its effect on the cir-
culation is minimal.

It has been also found that the overestima-
tion of the SST during the warming season,
which is a common problem in the Mellor-
Yamada Model, can be improved by increasing
the turbulent kinetic energy and the length
scale of turbulence near the sea surface. How-
ever, the more accurate surface boundary con-
dition for the turbulence in the mixed layer has
to be made in the future study, based on the
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microscale observations and the better under-
standing of the dynamics. Furthermore, it must
be clarified how important are the impacts of
the penetration of solar radiation and the high
frequency wind stress fluctuation in the deter-
mination of the SST. Meanwhile, the too warm
SST in the northern region in winter strongly
suggests that the parameterization of convec-
tion process must be improved.

Finally, although the computational burden
is already quite high in this simulation, the ver-
tical resolution in the upper ocean is rather
rough (Az=7.5m at the first layer) to describe
various mixed layer phenomena in detail.
When the major concern is the upper ocean
process as in this case, it is desirable to devise
the way of simplifying the deep ocean process
without affecting the upper ocean process.
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A hindcast experiment in the East Sea (Sea of Japan)
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Abstract: We describe here a hindcast experiment in the East Sea (Sea of Japan) for 1993,
using a data-assimilative circulation model assimilating altimetric data. Climatological simula-
tions and a synoptic run for 1993 are also described. The model reproduces many of the known
circulation features in the East Sea. Altimetric data assimilation reproduces the anticyclonic
eddy along the Polar Front displayed both by the tracks of the two drifter buoys deployed in

the June of 1993 and TOPEX altimetric data.

1. Introduction

While there have been some numerical mod-
eling studies (YooN, 1991 for example) in the
Sea of Japan (East Sea), no nowcast/forecast
attempt has been made so far. In this study, a
near real-time nowcast/forecast system (CHOI
et al., 1996) developed for the Gulf of Mexico
(GOM henceforth) is adapted for the East Sea
(ES henceforth) and a hindcast of the circula-
tion for 1993 is attempted. both the GOM and
ES systems rely on the assimilation of
altimetric data for nowcasts.

Although the ES and the GOM share many
common features there are also many differ-
ences. The ES and the GOM are both deep semi-
enclosed seas (mini-basins), and their circula-
tions are strongly influenced by the inflow
through their openings in the south. In the
GOM, the inflow through the Yucatan Straits is
deep because of the large sill depth (~1000m),
while in the ES, the Korea (Tsushima) Strait
has a shallow sill, only 200m deep at its deepest
point. The Loop Current and eddies shed from

*Department of Aerospace Engineering Scicn-
ces, University of Colorado Boulder, CO 80309—
0431

""Naval Oceanographic Office, Stennis Space
Center, MS 39529

***Korea Ocean Research and Development Insti-
tute P.O. Box 29, Ansan, Seoul 425-600, Korea

it dominate the GOM circulation in the upper
1000 m. In the ES, the inflow through the Korea
Strait carries 2-3 Sv into the ES, considerably
smaller than the transport of 26-30 Sv by the
Loop Current in the GOM, but nevertheless is
responsible for most of the variability in the
upper 300 m in the southern half of the ES. The
variability in waters deeper than 300 m is prin-
cipally due to deep convection and dense water
formation in the northern parts during winter.
No similar process exists in GOM waters below
the Yucatan Strait sill depth.

The principal dynamical process in the GOM
is that associated with the Loop Current. The
Loop Current intrudes into the Gulf and even-
tually sheds eddies, which then propagate
westward and dissipate in the western Gulf. In
the ES, the Tsushima Current splits into two
main branches after leaving the Korea Strait.
The west branch, also called the East Korean
Warm Current (EKWC henceforth), flows
northward along the Korean coast and the east
branch flows eastward along the Japanese
coast. The EKWC separates from the coast at
about 37-38°N and flows to the east. The east
branch meanders and forms alternating warm
and cold eddies along its path.

The ES and GOM differ considerably in their
T-S characteristics (Fig. 1). In the GOM, the
T-S structure is simple and its seasonal
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Fig. 1. T-S diagrams for the Gulf of Mexico (top) and the East (Japan) Sea (bottom) for the

month of August.

variation is small. In the ES, the Polar Front
running from west to east in the center of the
ES separates the warm waters in the south
from the colder waters in the north. The warm
water in the south is due to the warm, saline
Tsushima Current and shows a salinity maxi-
mum in the upper 100 m, while the cold water

in the north lacks this feature. Below 400-500
m, the ES is filled with nearly homogeneous
waters called the Japan (East) Sea Proper
Water (ESPW). A layer of salinity minimum
and dissolved oxygen maximum called Japan
(East) Sea Intermediate Water (ESIW) (KM
and CHUNG, 1984) is found in the warm water
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region between the Tsushima Current water
and the ESPW (Morivasu, 1972; Kim et al.,
1991; SENJYU and Supo, 1993). Both the ESPW
and ESIW are thought to be formed by deep
convection and dense water formation proc-
esses off the Siberian coast in the north during
winter.

The anticyclonic eddies in GOM elevate the
sea level 50-80 cm above the surrounding, and
are therefore easier to detect in altimetric data
and assimilate into the model than the
anticyclonic eddies in the ES (SHIN et al., 1995),
which rarely exceed 10 cm. Also the large spa-
tial and temporal variability due to the mean-
ders of the Polar Front in the ES, and the
presence of numerous mesoscale features rang-
ing in size from a few km to several tens of km,
makes the nowcast/forecast task significantly
more difficult than that in the GOM.

2. Methodology

The core of the nowcast/forecast system is a
three-dimensional circulation model assimilat-
ing observational data using a simple optimal
interpolation (OI) method. The model is a ver-
sion of the sigma-coordinate model developed
at Princeton (KANTHA and PIACSEK, 1993, 1996;
see also BLUMBERG and MELLOR, 1987; MELLOR,
1992), and incorporates an improved turbu-
lence closure scheme of KANTHA and CLAYSON
(1994) for a better depiction of mixing proc-
esses in the upper. It incorporates a data-
assimilation module (HORTON ef al, 1996)
designed to assimilate observational data such
as multi-channel sea surface temperatures
(MCSST), expendable bathy-thermographs
(XBT), conductivity-temperature-depth (CTD)
measurements and pseudo-BTs  (bathy-
thermographs) from altimetry in a continuous
four-dimensional assimilation mode for
nowcasting purposes. In this nowcast/forecast
experiment, we have assimilated only the
altimetric data, as CHol et al. (1996) did for the
Gulf of Mexico, whereas HORTON ef al. (1996)
used MCSSTs, and XBT/CTD surveys in their
application of a similar model to the Mediterra-
nean Sea.

The model grid size is 1/5 degree in both lon-
gitude and latitude and it has 21 vertical sigma
levels. The horizontal resolution is on the

ragged edge of resolving large eddies, but not
the whole spectrum of eddies observed in the
ES. The model has three openings, Korea Strait
to the south, and Tsugaru and Soya Straits to
the east. Tatarskii Straits in the north connects
ES to the Sea of Okhotsk but is narrow and
shallow, and hence relatively unimportant to
basin-wide circulation. Seasonal average val-
ues of currents (Fig. 2) from current meter
measurements of INOUE et al. (1985, as pre-
sented in SEKINE, 1988) are used for the inflow
through the Korea Strait. The total transport
through the Korea Strait of a maximum of
about 3.5 Sv in August and minimum of 1.6 Sv
in February is prescribed (More recent ADCP
observation by ISOBE et al. (1994) indicate a
value as high as 5.6 Sv during September.).
About 60% of the inflow was assigned to the
Western Channel and 40% to Eastern Channel
of the Korea/Tsushima Strait. This partition-
ing of the inflow is somewhat arbitrary, al-
though reasonable on the average, since it
surely has variability on a variety of time
scales. Outflow occurs principally through the
Tsugaru Straits, according to observations, al-
though the frontal structure displayed in
AVHRR suggest that the flow through the
Soya Straits is not always negligible. There-
fore, 80% of the outflow is assigned to the
Tsugaru Strait and 20% to the Soya Strait in
this study.

Temperature and salinity are prescribed as
monthly average values (Fig. 2) for the inflow
(SEKINE, 1988) and are advected out at outflow
ports. During spring/summer, warm relatively
fresh waters from the Yellow Sea (due to large
river discharges there) flow into the ES and a
strong stratification develops, whereas in win-
ter, the flow is more saline and almost verti-
cally homogeneous.

The model was initialized with annual mean
temperature and salinity fields from LEVITUS
(1981). The heat and salt flux boundary condi-
tions at the surface are provided by simpel
Newtonian damping to the updated monthly
mean temperature and salinity of LEviTUs (up-
dated in 1994), with a 30-day damping time
scale.

Several simulations were carried out using
different wind forcing. First, the model was run
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Fig. 2. Time variations of inflow temperature (top), salinity (middle) and velocity (bottom)
at the western (left) and eastern (right) Channels of the Korea Strait, based on observa-

tions in Sekine (1988).

in a climatological mode forced by monthly
mean HELLERMAN and RoOSENSTEIN (1983) wind
stress climatology. A synoptic simulation was
then made for 1993 using six-hourly winds
from Fleet Numerical Meteorology and Ocean-
ography Center (FNMOC) starting from the
end of the climatological run. Finally, an
assimilation run was made assimilating obser-
vations from the Ocean Topography Expenri-
ment (TOPEX) altimeter for 1993 into the
model, but with the same FNMOC wind as the
synoptic run. Comparison of the synoptic run

and assimilation run enables us to identify the
impact of assimilation. Since the assimilation
technique is explained in detail in CHOI et al
(1996), it will be discussed only briefly here.
Historical hydrographic data was passed
through rigorous quality control and then sub-
jected to Empirical Orthogonal Function
(EOF) analysis to find the six most significant
vertical modes of variability for each month.
The dynamic height anomaly is then derived
for each EOF mode, also from hydrographic
data, to yield a relationship between sea
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surface height (SSH) anomaly and the anom-
aly of the vertical temperature structure (Fig.
3). This enables SSH anomalies from altimetry
to be converted to pseudo-BTs for assimilation
into the dynamical model. The hydrographic
data used in this study comes from the various
archives : National Oceanographic Date Cen-
ter, U. S. (NODC), Japan Oceanographic Data
Center (JODC), Korean Oceanographic Data
Center (KODC), and U. S. Navy Master Oceano-
graphic Observation Data Set (MOODS).

Standard ionospheric, wet and dry topo-
spheric, Electro Magnetic (EM) bias, tidal and
inverse barometric corrections on the TOPEX
Geophysical Data Records (GDR) were used. In
addition, a standard tilt and bias technique was
used to correct for orbit errors, although for
TOPEX, this procedure may not be necessary.
Along-track values were averaged over 1993
and subtracted out to derive SSH anomalies
from the 1993, which were then assimilated into
the model track-by-track in a continuous as-
similation mode, after conversion into a
pseudo-BT anomalies as described above.

The temperature anomaly is assimilated into
the model using the following formula :

Tasm - Tmod +a X [(Tref“!‘ Tanom) - Tmod]

where a is weighting factor for observation
ranging from 0 to 1. Trer is taken from monthly
temperature of the run without assimilation.
Tanom is temperature anomaly derived from
SSH anomaly, Tmod is model-computed tem-
perature, and Tasm is the temperature which
will be used in the next timestep instead of
Tmoa. If this factor is 1, it results in direct inser-
tion and the model temperature (Tmod) is
merely replaced by (Tret+ Tanom).

Assimilation was performed only at grid
points with a water column depth of 400m or
more, and data assimilation is track-by-track
and continuous in time (four-dimensional as-
similation). New satellite tracks are inserted at
6-hour intervals to update the sea level anom-
aly field. Assimilation is performed only at the
first 4 timesteps (1.5 hours) of the 6-hour pe-
riod. How strongly the temperature anomalies
are assimilated into the model is determined by
weighting factor and how long the assimilation
process takes place is determined by the data

insertion period. In this study, we held the in-
sertion period fixed and varied only the
weighting factors.

3. Results
3.1 Climatological Stmulation

The model was run in a climatological mode
for 1350 days. Fig. 4 shows that the sea level
reaches an equilibrium state in the third year,
and the same pattern of seasonal cycle with al-
most the same strength is repeated in the
fourth year indicating that the barotropic spin-
up process is nearly complete. To look at the
baroclinic response in the upper few hundred
meters where most of the seasonal fluctuation
takes place, we computed the mean kinetic en-
ergy in the upper 400m (Fig. 3). The result
shows that the mean kinetic energy does not
increase as rapidly from the 3rd to 4th year as
it has from 1st to 2nd to 3rd year. From this we
may assume that the upper 400m has also
reached a near-equlibrium state.

The climatological simulation reproduces
the characteristic circulation features of the
East Sea reasonably well (Fig. 5). The ES circu-
lation consists of two well-developed gyres; a
cyclonic gyre in the northern half and an
anticyclonic in the southern half. These two
gyres are separated by a Polar Front running
west to east at about 40°N. In the southern
anticyclonic gyre, a western boundary current,
known as the East Korea Warm Current
(EKWC) develops along the Korean Coast. The
main source of the EKWC is the Tsushima Cur-
rent through the Korea Strait. Another current
(called Japan Warm Current, JWC, here) also
branches off from the Tsushima Current and
flows along the Japanese Coast all the way to
Tsugaru Strait, the main outflow port of the
ES. This branch shows strong seasonal fluctua-
tion as a direct response to the seasonal varia-
tion in the inflow through the Korea Strait. It
almost disappears during the winter-spring
seasons but undergoes meandering motions
during summer-fall and develops alternating
small cyclonic-anticyclonic eddy stucture
along its path, a characteristic clearly discerni-
ble in IR images. Part of the JWC continues
northward to the Soya Straits and is responsi-
ble for the thermal fronts often observed in the
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vicinity and north of the Tsugaru Straits.

The northern gyre does not display a strong
current such as the EKWC but it shows a
southward-flowing current along the Russian
Coast which can be identified as the Liman
Current. However, the North Korean Cold Cur-
rent (NKCC), which is usually observed south
of the Liman Current along the Korean Coast,
is not seen in these simulations, possibly be-
cause of the excessive northward intrusion of
the EKWC.

One interesting and conspicuous feature in
the southern anticyclonic gyre is the existence

of an anticyclonic eddy near Korean Coast with
its center at 131°E, 37°N. On the other hand,
there are no significant mesoscale features in
the central and eastern parts of the southern
gyre. The model anticyclonic eddy persists al-
most throughout the year except the fall, and it
may be identified as the Ullung Warm Eddy
(hereafter UWE) observed by many research-
ers (Isopa and Sarrod, 1993; KM, 1993; SHIN et
al., 1995).

The time-longitude plot of sea level along
37°N can be used to find out the seasonal
change of the EKWC and the UWE (Fig. 6).
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During the first half of the year, the sea level
increases gradually from Korean coast to the
east and reaches its maximum at the center of
the UWE. During the second half, however, the
sea level increases rapidly to the east within
about 50 km only from the coast. The UWE dis-
appears during day 230-270 and small scale fea-
tures appear near the EKWC. The disappea-
rance of the UWE coincides with the time of
the compression of the isolines near the coast.
However, vertical section plot of v-component
along 37°N (Fig. 7) shows that the EKWC stays
near the coast west of 130°E all year long as a
narrow current. The UWE centered about
131°E shows a northward flow in the west and
a southward flow in the east. This flow pattern
persists all year long except for the appearance
of southward flow between EKWC and the
northward flow in the west of UWE center al-
most the same period of the absence of UWE in
the sea level signal (Fig. 6). The isotherms at
depths deeper than 200m are depressed around
131°E (Fig. 8), leading to a high in the SSH at
the center of the eddy. However, beginning at
day 150, the isotherms in the upper 200m bulge
upwards while those in deeper layers remain
depressed. Therefore, the upper 200 m and the
deeper layers more or less cancel each other

leading to the leveling off of the sea level and
“disappearance” of the UWE in the SSH fields.
This pattern persists through day 270 and the
isotherms in the upper 200m again becomes
level at day 300.

It is interesting to note that the bulging of
the isotherms beginning from day 150 leads to
the formation of the relatively homogeneous
water with temperature of 6-8°C over a depth
of 50 to 300m. In August, beginning at day 210,
a southward current develops in the upper 100
m just offshore of the EKWC, and the UWE be-
comes weak and eventually disappears in the
sea level signal. Day 150 corresponds to the
time when the temperature in the Korea Strait
becomes high at the surface, and the salinity
becomes low. Day 210 is just before the trans-
port through the Korea Strait reaches its an-
nual maximum and the surface temperature
and salinity reaches their maximum and mini-
mum, respectively. The EKWC is also strong
that the core velocity exceeds 70cm/s during
day 210-270. Therefore, the inflow condition
should be directly responsible for the seasonal
change in the EKWC and UWE although the
precise mechanism is not clear.

The model EKWC separates from the Korean
Coast at a latitude of 38-39°N, at more
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Fig. 7. Vertical sections of v-component along 37°N in climatological run plotted at 30 day
intervals. Contour interval is 10cm/s and negative contours are dashed.
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Fig.9. Temprerature and salinity at 50m, and streak plots at 50m and 200m for a winter day in
the climatological run. The EKWC intrudes too far to the north and the NKCC is nearly ab-
sent.
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Fig. 10. Temperature and salinity at 50m, and streak plots at 50m and 200m for a summer day
in the climatological run. Note the presence of warm, less saline water along the Japanese
coast.
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northerly latitude than indicated by observa-
tions. One possible cause is the weak wind forc-
ing inherent in climatological forcing, as
suggested by the synoptic runs described next.
The EKWC continues to the east along the
Polar Front.

Another interesting thing to note is the ap-
pearance of a counter-undercurrent at depths
of 100-200 m underneath the eastward flowing
current along the Japanese coast, which has
also been observed in other model simulation
(K and YOON, 1994; YooN, 1991; SEUNG and
Kim, 1993).

Figure 9 and 10 show temperature, salinity,
and current at 50m and current at 200m depth
for winter and summer conditions. During the
first 3-4 months of the year temperature and sa-
linity at 50m resembles the distribution at the
surface indicating strong influence from the
surface either by advection (sinking) or by dif-
fusion or both. After this period the pattern of
temperature and salinity becomes complicated
and resembles more closely a circulation pat-
tern. This suggests that the distribution of tem-
perature and salinity is controlled by
horizontal advection. It is interesting to note
that the flow that branches off from the sepa-
rated EKWC to the south and around the cen-
ter of the UWE is also seen in the temperature
and salinity distributions at day 90 as an intru-
sion of cold and less saline waters.

The circulation at 200m depth is not much
different from the 50m circulation pattern. Like
in the upper layer, there is a northward-
flowing boundary current along the Korean
coast, it separates from the coast and flow to
the east. One major difference is the presence
of a consistent and strong westward flow along
the southern perimeter. This flow joins to the
northward flow along the Korean coast thus
closing the anticyclonic circulation.

3.2 Synoptic Simulation for 1993

The major difference in this synoptic simula-
tion compared to the climatological one de-
scribed above is that the EKWC separation is
more realistic, at 37-38°N rather than 38-39°N
(Fig. 11). This suggests that the separation
point depends strongly on the strength of wind
forcing applied over the basin. One immediate

consequence of the change of the separation
latitude is that the shape of UWE is now more
nearly circular than in the climatological case.

Figure 12 shows the currents at various
depths on day 90. Strong branching of the in-
flow into the EKWC and JWC can be seen at 50
m depth. The EKWC turns eastward at a lati-
tude of 39°N and branches into two strong
streams, one proceeding towards Tsugaru and
the other towards Soya Straits. The Liman Cur-
rent (LC) and the North Korean Cold Current
(NKCC) can be clearly seen at 200m depth.
These multiple current systems are responsible
for the various thermal fronts seen running
east-west in thermal imagery. The surprisingly
strong barotropic nature of currents in the East
Sea can be seen in plots of currents at various
depths. Recent observations by TAKEMATSU ef
al. (1994) suggest the existence of strong
nearly barotropic currents at depths as large as
3000m in the Japan basin.

The time-longitude plot of sea level along
37°N is similar to the one with climatological
wind except the development of high-
frequency components (Fig. 13). Quite natu-
rally, this is because the winds used in this
simulation contain more high-frequency vari-
ability both in time and space than the
monthly averaged climatological winds.

In the temperature section along 37°N (not
shown), the bulging of isotherms in the upper
200m that leads to the temperature homogeni-
zation in the climatological case is weaker.
However, the velocity of EKWC shows similar
behavior as in the climatological case that the
magnitude of the core velocity is over 70cm/s
during days 210-270 and a southward flow
develops during the same period (not shown).

The strengthening of the EKWC and the ap-
pearance of a southward flow just offshore of
EKWC and the UWE are closely related. It is
possible that the strengthening of the EKWC
leads to the development of an anticyclonic
recirculation cell just south of the separation
point. When the EKWC becomes weak after the
peak inflow from the Korea Strait, the
anticyclonic vorticity in the recirculation cell
might diffuse to a wider area leading to the re-
appearance of UWE in the south.
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Fig. 11. Seasonal variation of sea level distribution of the synoptic run. Contour interval

is 2cm and the negative contours are dashed ; thick lines indicate contours at 10cm inter-
vals.
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Fig. 12. Streak plots of currents at 50m, 200m, 500m and 1000m depths. Note the difference in
scales. Note also the strong barotropic nature of currents, and the strong recirculation at
depths below the sill depth at Korea Strait.
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Fig. 13. Time-longitude plot of sea level (in cm) along 37°N of the synoptic run.

3.3 Hindcast

Appropriate weighting of observations and
model results are an essential part of any as-
similation sheme. While sophisticated schemes
such as Kalman filters are ideally suited for
this purpose, and take advantage of the known
observational and computed model error statis-
tics, they are prohibitively expensive and im-
practical for a nowcast/forecast system such as
this. The simple OI scheme used with a proper
choice of the weighting factor can take advan-
tage of both dynamics and observations. Three
different weighting factors (10, 20, 30%) were
therefore tried.

We chose the drifter buoy tracks of LIk et al.
(1995) as an independent set of observations to
compare and verify our model results. Com-
parison of the TOPEX altimetry data with
drifter tracks shows a remarkable agreement
between the two. In particular, an anticyclonic
eddy in which the two drifters were trapped
for a while is also clearly seen in TOPEX
altimetry (Fig. 14). This eddy is a robust fea-
ture in the altimetry data and therefore we fo-
cused on an accurate representation of this

eddy in the nowcast.

Figure 15 shows results at day 180 with dif-
ferent weighting factors. With 10%, the
anticyclonic eddy shows up, but the size and lo-
cation are not exactly the same as in TOPEX
data. With 20%, there is not much difference
from 10% but the eddy manifests itself more
clearly. Increasing the weighting factor to 309,
however, does not help, since the eddy is now
joined to the another anticyclonic circulation
from the south losing its identity as an isolated
eddy. Also, the sea level field becomes more
plagued by high-frequency components.

As a check on the assimilation method, the
sea level from the 0% assimilation run was sub-
tracted from results of assimilation runs (Fig.
16). The resulting plot shows that the
anticyclonic eddy detected by TOPEX is
clearly seen. But the strength of the eddy is
weaker than the TOPEX-detected signal which
has about 8 cm rise above from the surround-
ings. Nonetheless, it is clear that the method
works.

Of the three assimilation experiments, one
with 209 weighting appears to best generate
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130° 135° 140°

Fig. 14. Optimally interpolated sea level anomaly of TOPEX Cycle 28 (June 1727, 1993) and
two WOCE drifter buoy tracks during the same period. Contour interval is 2 cm and nega-
tive values are dashed. Heavy lines indicate satellite tracks.

anticyclonic eddy. To see if different winds af- 17 shows comparison with FNMOC wind case.
fect the result we also ran a hindcast with While this result shows stronger anticylonic
winds derived from synoptic charts of Japan eddy than with FNMOC wind, the defferences
Meteorological Agency by Na et al. (1992). The between the two are small.

weighting factor is 20% and the run is started

from the climatological run as before. Figure.
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ASSIMILATION RUN OF EAST SEA: DAY 180

Fig. 15. Sea level distributions at day 180 from assimilation runs with various weighting
factors. Contour interval is 1 cm and negative values are dashed. Plusses indicate the begin-

ning of the drifter tracks.

4. Discussion and conclusions

The climatological simulation and the synop-
tic run appear to successfully reproduce many
of the well-known circulation features in the
ES. They also show an anticyclonic eddy, the
UWE, south of Ulleung Island over the deep

Ulleung basin almost all year round in the sea
level signal. From these model simulations,
there appears to be a close connection between
the inflow from the Korea Strait, the EKWC
and the UWE. The topography of the Ulleung
basin also determines the location, and the
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ASSIMILATION RUN OF EAST SEA: DAY 180
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Fig.16. Difference in sea level between runs with various weighting factors and without indi-

cate the beginning of the drifter tracks.

formation and decay of the UWE.

A faithful simulation of the circulation in
any basin depends on many factors. Of these,
an accurate prescription of model forcing is of
utmost importance. In the ES circulation, wind
stress, surface heat/salt fluxes, inflow through

the Korea Straits are all important. In this
study, only the wind data is synoptic, but the
other two forcing came from a climatological
source (surface heat/salt fluxes) and a short
term observation (inflow condition). Using ob-
served sea surface temperature fields or
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ASSIMILATION RUN OF EAST SEA: DAY 180

130° 132° 134°130° 132° 134°

Fig. 17. Comparison of results with Na's and FNMOC winds. The upper panel shows sea level
distribution and the lower panel is the difference from 0% weighting. Contour interval is
1 cm and negative values are dashed. Plusses the beginning of the drifter tracks.

thermohaline fluxes from Numerical Weather
Prediction (NWP) products would improve the
results. The inflow prescription is however
problematic. Without long term observations
in the Korea/Tsushima Straits, it is nearly im-
possible to prescribe correct inflow conditions.

Improvement can also be made in the assimi-
lation method. In this study, we used one rela-
tionship for the conversion of altimetry
anomaly into vertical temperature anomaly
profile for the whole ES region. It might there-
fore be desirable to divide the ES at least into
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two regions; northern half and southern half of
Polar Front because they have different TS
characteristics; the southern warm water has a
salinity maximum layer due to the inflow of
warm and saline Tsushima Current while the
northern cold water does not have this feature.
However, the results depend very much on the
data density. Since the data are concentrated in
regions south of the Polar Front, the result will
be biased towards this relatively data-rich
region.

Another significant problem we do not have
a solution to, is how to derive the true refer-
ence state for the assimilation of temperature
anomalies. This is simply because we can de-
rive only the SSH anomalies from altimetry. It
is not yet possible to separate the predominant
geoid in altimetry accurately enough, and a
global along-track mean must be subtracted
out from each along-track observation. This
means that the reference state of the altimetric
SSH anomalies remains unknown. In this
study, we used monthly mean temperatures
from the model run with no assimilation but,
this may not represent the true monthly mean
values. It is possible to improve results some-
what through iteration by updating the refer-
ence temperature using the result from the
previous run.

The only other routine observation being
made is by the IR sensors on NOAA polar-
orbiting operational satellites. MCSSTs form
the most prolific data set available. Normally,
MCSST only describes the temperature of the
mixed layer and is therefore not generally very
useful, especially during summer, when the
mixed layer is shallow. However, for the ES,
where the variability is principally in the
upper 200 m, of which the mixed layer is a sig-
nificant fraction, assimilation of MCSST in
combination with altimetric data is perhaps
the best strategy for a nowcast/forecast sys-
tem. MCSSTs are being assimilated routinely
in an operational nowcast/forecast system in
the Mediterranean (Horton et al, 1996). Our
future work will involve extension of the now
cast/forecast system in the ES to include
MCSSTs. The boundary conditions imposed at
the inflow and outflow ports are another cru-
cial detail that need revisiting and refinement.
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Comparison of seawater carbonate parameters in the East
China Sea and the Sea of Japan

Shu-Lun WANG * and Chen-Tung Arthur CHEN*

Abstract: During the Kuroshio Edge Exchange Processes-Marginal Sea Studies expedition
(KEEP-MASS) in the summer of 1992, three parameters of the carbonate system were
measured-pH, total alkalinity (TA) and total carbon dioxide (TCO,). All measurements were
made by two independent methods. The pH values based on the NIST phosphate buffers were
lower than those based on the Tris buffer by 0.004%0.014 pH unit (n=210). The TA determined
from the potentiometric Gran titration was about 6.5+5.0 x mol/kg (n=154) lower than that
determined by the single-point indicator method. The TCO; determined from the coulometry
method was about 178 =6.1 x mol/kg (n=139) lower than that determined by the
potentiometric Gran titration. Typical distributions of these parameters in the East China Sea

and the Sea of Japan are presented.

1. Introduction

Recently, the fate of fossil fuel CO: and the
carbon cycle in the ocean have promoted much
interest in the study of carbonate chemistry in
the oceans (CHEN and DRAKE, 1986; CHEN, 1993).
The carbonate system can be characterized by
measuring two of the four parameters, pH, TA
(total alkalinity), TCO. (total carbon dioxide)
and pCO.. The other parameters can then be
calculated using the thermodynamic constants.
However, when the measured values are com-
pared with the calculated values, discordant
results are often found (BrRoOECKER and TAKA-
HASHI, 1978 : BRADSHAW and BREWER, 1988;
MILLERO et al., 1993a).

The rate of increase of TCO. in the surface
ocean is about 1 g mol/kg/yr. In order to detect
such a small change and to assure the internal
consistency in the CO; system, it is necessary
to make reliable and precise measurements of
the parameters. The purpose of this article is to
present the intercomparison results of 3 car-
bonate parameters during the Kuroshio Edge
Exchange Processes-Marginal Sea Studies
(KEEP-MASS) expedition (CHEN, 1992).

* Institute of Marine Geology and Chemistry,
National Sun Yat-Sen University, Kaohsiung,
Taiwan, R.0.C.

2. Method

In 1992, a multination, multidisciplinary
study of the West Philippine Sea (WPS), the
East China Sea (ECS) and the Sea of Japan,
called the KEEP-MASS, was conducted aboard
the Russian R/V Academic Alexander Vino-
gradov. The ship departed Kaohsiung, Taiwan
on 10 July, and returned to Vladivostok on b
August. During the expedition 71 hydrogra-
phic stations were occupied : 11 in the WPS; 49
in the ECS and 11 in the Sea of Japan. The pH,
TA and TCO. were measured as follows :

We used the NIST (National Institute of
Standards and Technology, U.S.A.) 4.006 and
7.415 phosphate buffers to calibrate the Radi-
ometer GK 2401C combination electrode at
25°C. The reproducibility of the pH measure-
ments was better than+0.001 units for replicate
samples. All measurements were performed
within 30 minutes of sampling. The electrode
drift (assumed to be linear) was determined at
approximately 10 day intervals. The drift was
approximately 0.0018 unit/day and the correc-
tion was made to the measured values. Alto-
gether 534 samples were measured. Inde-
pendent pH measurements on 210 samples
were made by a Russian group using Tris
(2-amino—2-hydroxymethy1-1, 3-propanediol)
seawater buffer to calibrate the glass and
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reference electrodes (CHEN et al., 1992). The
composition of the artificial seawater buffer
was the same as used by MILLERO (1986). The
reproducibility of the pH measurements was
+0.009 units for replicate samples.

We determined the alkalinity of 373 samples
by the Gran titration at 25+0.05°C with a PC-
controlled titration cell (CHEN and WANG,
1993). These measurements have a precision
of =0.05% and were performed within 12 hours
of sampling. The accuracy of this method
shown in HuaNG and CHEN (1995) is*3 ¢ mol
/kg. The Russian team measured 154 TA sam-
ples using the single-point indicator method
following Bruevich’s procedure (IVANENKOV
and LyauiN, 1978). The end-point was decided
by eye with an accuracy of about*5 ¢ mol/kg
at room temperature (CHEN et al., 1992).

The TCO. measurements were conducted
by us with two independent methods. The
SOMMA  (single-operator  multiparameter
metabolic analyzer) system first extracted CO;
gas from acidified seawater and subsequently
the CO, gas was measured by UIC (Coulo-
metrics, Inc.) model 5011 coulometric detector
(Dickson and GOYET, 1991). One houndred fifty
two samples were performed within 12 hours of
sampling, and the precision was=*0.025%. The
Centre for Ocean Climate Chemistry (COCC)
in the Institute of Ocean Sciences, Canada, pre-
pared the TCO, standard seawater for us as the
running standard. The reference material could
be traced to the standard material from the
Scripps Institution of Oceanography, U.S.A.
with the accuracy of about®1 ¢ mol/kg. Three
hundred seventy three TCO. samples were also
determined by the Gran titration at 25£0.05°C.
The accuracy was=*4 ¢ mol/kg.

3. Results and Discussion

When all the pH values based on the Tris
buffer were changed to the NIST scale
(MILLERO, 1986), these two sets of data agreed
to within 0.004 =0.014 pH unit based on 210
measurements (Table 1). The Russian data
were a little higher than ours, but the agree-
ment was much better than the combined pre-
cision of =0.01 pH unit. A 1985 SCOR report
stated that “the usual reproducibility of ocean
pH measurements is not better than =0.02 pH
units”. The present results and the results of
BYRNE et al. (1988) and CHEN (1994) clearly nul-
lified that statement. Indeed these studies indi-
cate that the usual reproducibility of ocean pH
measurements is now about=®0.003 pH units.

Figure 1 shows the vertical profiles of 6, S
and pH in the Sea of Japan. The vertical tem-
perature gradient was very large in the surface
water, about 20°C in a matter of 100m. The sa-
linity was lower for surface water then gradu-
ally increased with depth. In the deep water the
water was very homogeneous and had a salin-
ity of about 34.07. The pH data showed a large
decrease with depth in the surface water and a
minimum was found at about 1800m.

The pH minimum is shown more clearly
when our data from several stations are plotted
with depth (Fig. 2). This minimum, an indica-
tion of the presence of older water, is shown
even more dramatically when plotted vs. 6
(Fig. 3). CHEN et al. (1995a) also found an AQU
maximum in the deep water, corresponding to
the pH minimum. It should be pointed out that
the magnitude of the pH signal was only 0.02
pH unit. High precision of the data is needed in
order to detect it.

The comparison of TA data collected at the

Table 1. Comparison of the carbonate parameters during the KEEP-MASS Expedition
pH TA TCO,
ROC NIST buffers potentiometry potentiometry,
coulometry
Russia Tris buffer single-point —
0.004+0.014 6.51+5.0
—+ #

- (Russia-ROC) (Russia-ROC) 178L6.1

n 210 154 139

# potentiometry-coulometry
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Fig. 1. The vertical profiles of 8, S and pH (25°C) at station 10 (40°56.3°N, 133°01.2°E) in the

Sea of Japan.

same locations showed that our TA values
were about 6.51+5.0 £ mol/kg (n=154) lower
than that determined by the single-point indi-
cator method. The vertical profile of the nor-
malized alkalinity (NTA=TA*35/S) in the Sea
of Japan shown in Fig. 4 indicates that both
methods gave reliable results, but the single-
point method was less precise. The NTA in-
creases steadily with depth below 500m. In the
whole water column the NTA values varied
less than 40 £ mol/kg in the Sea of Japan.

The NTA is an useful tool for studying the
mixing processes on the shelf (CHEN, 1985). The
NTA data in the ECS are plotted vs. salinity in
Fig. 5. In the shelf area, the NTA-S correlation
falls into a linear trend with NTA shooting up
at lower salinity, reflecting the alkalinity input
of the river water (CHEN et al., 1995b). The bot-
tom water of shelf area in the northern ECS
falls into a different trend which indicates a
different water source. The Kuroshio has a

very different correlation with salinity as com-
pared to the ECS shelf water.

The TCO. determined from the coulometry
method was about 17.8%6.1 umol/kg (n=139)
lower than that determined by the poten-
tiometric Gran titration (Table 1), similar to
that reported by BRADSHAW and BREWER
(1989). The vertical distributions of normalized
total CO. (NTCO.=TCO,*35/S) is shown in
Fig. 6. The difference between these two meth-
ods has been attributed to the presence of un-
known protolytes in seawater (BRADSHAW and
BREWER, 1988) but MILLERO ef al. (1993b) sug-
gested that the offset in the TCO:. is due to de-
viations in the slope of the electrode from the
Nernstian behavior. It suggests that the TCO.
measured by the potentiometric method needs
more attention vis-a-vis the condition of the
electrode. Fig. 7 shows the pH-NTCO:; correla-
tion and clearly indicates the pH minimum but
the quality of the NTCO. data is not sufficient
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to tell whether there is a NTCO. maximum.

4. Conclusion

The pH measurements based on the NIST
and Tris buffers agreed to within 0.004+0.014
pH unit during the KEEP-MASS expedition.
The TA measurements showed that both of the
potentiometric Gran titration and the single
point method could give reliable results but the
potentiometric Gran titration is more precise.
The TCO. values determined by the poten-
tiometric Gran titration apparently had a sys-
tematic shift compared with those determined
by the coulometry method.
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Mode of mud deposition on shelf to basin area off
Akita, northeast Japan Sea

Ken IKEHARA ", Hajime KATAYAMA™ and Takeshi NAKAJIMA *

Abstract : Akita shelf is a typical muddy shelf around the Japanese Islands. To clarify dispersal
and depositional patterns of terrigenous materials, observations for concentration of suspended
materials, analyses of sediment grain size and of coarse fraction compositions of sediments, and
of seismic records were carried out. As the result, most of terrigenous fine materials had been
transported through bottom nepheloid layers and deposited in shelf-slope area off Akita. Based
on spatial distribution of plant debris, biotite and pumice in coarse fraction, terrigenous mate-
rials derived from Omono River had been transported westward and then southward.

Because concentration area of plant debris was well-concordant with the area of silt distribu-
tion, sand-sized plant debris was thought to be a useful tracer of terrigenous fine silt. Deposition
of terrigenous organic materials in silty sediments formed high C/N ratio sediments along the
outer shelf to slope area. High rate of organic material supply resulted in low oxidation-
reduction potential. Total 1.56 million tons of fine grained materials had been deposited in shelf-
slope-slope basin area in a year.

Compared with annual mean discharge from major rivers around this area, almost of all ma-
terials supplied from Omono and Koyoshi Rivers and 40-50% of annual discharge from Mogami
and Aka-gawa-shin-kawa Rivers had been deposited in this area. On the basis of annual mean
volume of sediment accumulation and organic carbon content of surface sediments in several
basins of Japan Sea, shelf-slope mud is very important for consideration of material cycles in

Japan Sea.

1. Introduction

Dispersal and depositional patterns of
terrigenous materials are a big problem on ma-
rine sedimentology as well as material trans-
port and cycle in marine environments.
Therefore, sedimentological studies have been
carried out on the shelves near the river
mouths (MILLIMAN et al., 1987: ALEXANDER et
al., 1991; Pujos and JAVELAUD, 1991; LESUEUR
and TASTET, 1994; Diaz et al., 1996). MILLIMAN
and SyviTski (1992) and MILLIMAN (1995) indi-
cated the importance of geomorphic and tec-
tonic control for sediment discharge to the
ocean. Japan is a typical example of tec-
tonically active area in the world, where high
mountains are located near the shores. Then, it
is important to clarify sediment budget around
the Japanese islands and to compare it with

* Marine Geology Department, Geological Sur-
vey of Japan, Tsukuba, Ibaraki, 305 Japan

those from the other tectonic or geomorphic
settings.

Bottom sediments have recorded the long-
term, averaged history of deposition and ero-
sion, and of dispersal pattern of materials,
which is difficult to detect by usual oceano-
graphic measurements, because sediments are
final state of transported materials. As materi-
als derived from rivers have been transported
according to water circulation, it is possible to
infer the water circulation pattern in an area
from sedimentological data. Therefore, sedi-
ment analysis is an imortant tool to clarify
transport of materials and water circulation
pattern, in particular, in an area where current
measurement data are very limited (IKEHARA,
1992, 1993).

Akita shelf is a typical muddy shelf around
the Japanese Islands. There are two slope ba-
sins (Tobishima and Oga Basins) which are
isolated from offshore deep-sea trough
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(Mogami Trough) by a north-south trended
topographic high. Under these topographic
conditions, almost of all terrigenous fine
grained materials have been deposited on shelf-
slope-slope basin setting. Therefore, it is a pref-
erable area to consider material transport from
land to coastal sea. To clarify the above men-
tioned problems, we would like to reexamine
our sedimentological data. As the result, we
clarified dispersal and depositional pattern of
terrigenous fine particles, origin of high C/N
ratio sediments at the outer shelf to upper
slope, oceanographically controlled sedimenta-
tion, which was highly influenced by land and
submarine topography, and sediment budget in
this area.

2. Physiography and oceanography of study
area

There are three large coastal plains in the
study area (Fig. 1A). That is, Akita Plain at the
north, Honjo Plain at the central, and Shonai
Plain at the south. Major rivers in each plain
are Omono river (annual mean water dischar-
ge; 243.50 m®/sec) at Akita Plain, Koyoshi River
(72.77m?*/sec) at Honjo Plain and Mogami River
(358.50m?*/sec) and Aka-gawa-shin-kawa River
(74.40m?®/sec) at Shonai Plain. Water discharge
from these rivers showed seasonal variability
and higher in early spring when snow was
melted and in rainy season (late spring to early
summer). These rivers and the other small riv-
ers have transported sand and mud to the
plains.

The major submarine topographic features
in the study area are the north-south trended
topographic highs from Tobishima Island at
the south to Oga-muko-se Bank at the north,
two slope basins (Tobishima Basin and Oga
Basin) and wide shelf at the south of Oga Pen-
insula and the Mogami Trough (Fig. 1A). Shelf
in the study area is wider in the northern
(around Oga Peninsula) and the southern
(Yamagata) area than in the central area (off
Honjo to Mt. Chokai-san). There are two slope
basins, Tobishima (447 m at the deepest posi-
tion) and Oga Basins (537 m), between shelf
and the topographic highs from Tobishima Is-
land through Shin-guri Bank (135 m at the
shallowest position) to Oga-muko-se Bank (96
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Fig. 1. Sampling stations of bottom sediments
(solid circles) and of suspended particles
(solid triangles) with bathymetry (A) and
seismic survey lines (B).

m). They are separated by a small topographic
high with NE-SW trend from Tobishima Island.
Mogami Trough is the north-south trended
trough with the water depth deeper than 800
m.

The Japan Sea water is divided into the sur-
face and deep waters at the water depth of
around 100-200 m. Surface water with high
temperature, high salinity and low oxygen
concentration originated from the Tsushima
Current. The Tsushima Current inflows
through the Tsushima Strait and flows north-
east to northward in the region of the present
study. Current velocities are higher in summer
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(0.1-0.9 knots in vector mean velocity) and in
the north of Oga Peninsula (0.5 knots) than in
winter (0-0.6 knots) and in the southern area
(0.1-0.3 knots) (Japan Oceanographic Data
Center, 1979, 1991). Temperature and salinity of
surface water change seasonally (YAMAMOTO
and ImaAl 1990). Surface temperature becomes
higher, and salinity becomes lower landward.
Remarkable decrease of surface water salinity
is found in spring corresponded to large input
of snow melt fresh water. Deep water, which
called the Japan Sea Proper Water (JSPW), has
low temperatures (0-1°C), rather low salinities
(34.0-34.1 PSU) and high oxygen concentration
(5.0 to more than 7.0 ml/1) (Suba, 1932; NITANI,
1972).

3. Materials and methods

Total 130 of surface sediment samples from
Akita area and 39 samples from Niigata-
Yamagata area, both of which included more
offshore area such as Mogami Trough and
Sado Ridge, were collected by a Kinoshita-type
grab sampler (Fig. 1A) during the cruises of
GHS89-2 (May-July, 1989), GH90 (June-July,
1990) and GH91 (June-July, 1991) of R/V
Hakurei-Maru by the Geological Survey of
Japan. Sediment grain size of surface sediments
was determined by sieve analysis for sand frac-
tion (coarser than 45¢ (44 xm) and hydrome-
ter analysis for mud fraction (finer than 4.5¢).
Composition of coarse fraction (1.75 ¢ (0.3
mm) —2¢ (0.25 mm) and 0.75¢ (0.6 mm) — 1.0
¢ (0.5 mm) fraction) were counted under a
binocular. More than 200 grains were counted
for each sample.

Seismic reflection survey by using high fre-
quency (3.5 kHz) sub-bottom profiler was con-
ducted along the 1.7 mile intervaled NW-SE
and the 3 mile intervaled NE-SW survey lines
(Fig. 1B). Acoustic facies analysis was con-
ducted for the records and thickness of the up-
permost sediment layer was measured.

Temperature and salinity of surface and bot-
tom (1.5 m above the sea bottom) water was
measured by using a thermometer and
bathythermograph and digital salinometer
(Tsurumiseiki E-202) at the same time and sta-
tion of sediment sampling to understand
oceanographic background of sedimentation.

Turbidity (light transmission values) was
measured by using a Sea Tech transmisso-
meter (ST025-D) along two survey lines in
June-July, 1992 during the cruise of GH92 (Fig.
2). Compositions of suspended particles col-
lected at four stations (solid triangles in Fig.
1A) were observed by using scanning electron
microscopy. Oxidation-reduction potential
(ORP) of surface sediments has also measured
at all stations of sediment sampling by using a
digital pH meter (Denki-kagaku Co. HPH-22)
with an ORP elctrode.

4. Results
4-1 Oceanographic and environmental aspects of
study area

Salinity and temperature of surface water be-
came lower in coastal area than in offshore
area. Distribution of surface and bottom water
salinity showed wide cover of low salinity
coastal water on the inner and mid shelf, espe-
cially at the northern part, indicating the influ-
ence of riverine fresh water from the Omono
River. On the basis of sea bottom photography,
suspended particles were higher content in
coastal area. Profiles of light transmission val-
ues across shelf indicated higher concentration
of suspended particles in coastal water than in
offshore water (Fig. 2). Profiles also indicated
the occurrence of three layers of high sus-
pended particle concentration. The first one is
a surficial layer mainly found in the inner to
mid shelf. Second one is an intermediate layer
located at the water depth of 60-80 m. Third
one is found at the just above the sea floor. On
the basis of preliminary observations of grain
compositions of each layer by using electron
microscopy, grains in surficial and intermedi-
ate layers were mainly composed by biogenic
grains but those in bottom layer were com-
posed by mineral grains.

Oxidation-reduction potential (ORP) of sur-
face sediments became lower values in muddy
sediments than in sandy sediments and
showed minus values, indicating reduction
conditions, in muddy basin sediments in
Tobishima Basin. Also, ORP was higher in
deeper trough, because of the influence of the
Japan Sea Proper Water (JSPW) cointaining
higher concentration of oxygen.
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4-2 Sediment grain size and compositions
Spatial distribution of sediment grain size
(Fig. 3) indicated that Akita shelf was a typical
graded-shelf where sediment grain size became
finer offshoreward with increasing water
depth. That is, well-sorted fine sand indicating
wave effects distributed at the water depth
shallower than 40 m. Coarser medium sand and
gravels and rock exposures were found along
the southern coast of Oga Peninsula and on a
north-south trended topographic high from
Tobishima Island to Oga-muko-se Bank. Grain
size became finer offshoreward, and very fine
sand and silt widely covered the mid-outer
shelf. Finer clay was deposited in Tobishima
and Oga Basins and Mogami Trough. Only the
exception of graded-shelf in this area was
found on the outer shelf at the south to south-
west of Oga Peninsula, where very fine-fine
sand was distributed. This sand contained high

percentage of mud and was poorly sorted.

Surface sediments of Yamagata shelf just
south of Akita shelf were mainly composed of
sandy sediments. That is, well-sorted fine sand
distributed in coastal area and fine-medium
sand widely covered the mid-outer shelf. Fine
grained sediments such as very fine sand and
silt were only found at the mid shelf off
Kisakata and at just offshore of Mogami River
mouth.

Compositions of coarse fraction of sediments
indicated that quartz, lithic fragments, pumice
and biotite were dominant in sandy coastal
sediments. Glauconite pellets (TRIPLEHORN,
1966) were commonly found in sandy sedi-
ments on the outer shelf off Akita. Silty sedi-
ments at the outer shelf to upper slope
contained a large number of plant debris and
pumice. Sand grains were very few and its
compositions showed very wide diversity in
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clayey sediments.

4-3 Acoustic facies and sediment thickness

Three acoustic (seismic) facies in high fre-
quency (3.5kHz) sub-bottom profiler records
were recognized in the study area. The charac-
teristics of acoustic facies were influenced by
grain size and degree of consolidation of sedi-
ment layers, and by morphology of sea bottom
and boundaries between sediment layers
(NARDIN et al.,1979). Also, some acoustic facies
were formed by a specific sedimentation proc-
ess such as slope failure. Therefore, distribu-
tion of acoustic facies gives us good infor-
mation on sedimentation.

Acoustic characteristics and spatial distribu-

tion of each acoustic facies were described
below. On the shelf, distinct (Facies 1), which
showed strong bottom return, and transparent
facies (Facies 3) were found. Facies 1 was
correnponded to sandy or gravelly or rocky
bottoms. This facies was found in the inner
shelf and at the outer shelf of the south to
southwest of Oga Peninsula and on the topo-
graphic highs from Tobishima Island to Oga-
muko-se Bank. Stratified facies (Facies 2) was
commonly found in basins and trough where
hemipelagic muddy sediments and some
turbidites were deposited. The other acoustic
facies was transparent facies (Facies 3), which
had no or very poor internal reflectors and
with weak bottom return. This facies was
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widely recognized in shelf to slope areas.

An acoustically transparent layer on the
shelf (Fig. 4A) could be traced to the upper-
most sediment layer in Tobishima Basin (Fig.
4B). The uppermost sediment layer showed
acoustically transparent facies and overlaid the
sediment layer with well stratified or pro-
longed acoustic facies indicating occurrence of
coarser sediments. Spatial distribution of the
thickness of transparent layer was shown in
Fig. 5. The map showed a thickly deposited
sediment belt from the west of Akita to the
northern part of Tobishima Basin and thicker
deposition on the outer shelf at the west of
Akita (thickness; more than 40 m). Western
end of the belt was limited by a NNE-SSW
trended topographic high, but some of sedi-
ments flowed over the high and deposited
more westward. Seismic records (Fig. 4A)
clearly indicated that the layer covered the
older and inclined sediment layer at the shelf
and the older layer exposed sea floor at the
outer shelf of the southwest of Oga Peninsula.
Thickness became thinner at the outer shelf to
upper slope area off Honjo (Fig. 5). Thickest
distribution was found at the eastern foot of
slope area of the southern Tobishima Basin
(thickness; more than 50m).

5. Discussions
5-1 Mode of transport of terrigenous fine grained
materials to offshore

Profiles of light transmission values across
the Akita shelf (Fig. 2) clearly indicated the oc-
currence of three high suspended particle con-
centration layers. Because higher concentra-
tion is found coastal area than in offshore area,
source of suspended materials was located
coastal side. Grain compositions of each layer
suggested that terrigenous fine materials had
been transported through the high concentra-
tion layer just above the sea floor (bottom
nepheloid layer).

Bottom nepheloid layer sometimes burti-
ficate or detached from sea floor near the in-
flection points of bathymetry (water depth
was around 150 m; Fig. 2). Major thermocline,
which was boundary between surface water
and deep water (the Japan Sea Proper Water),
located almost the same water depth. As

salinity of bottom water was not changed
largely between the water mass boundary, the
thermocline formed density boundary. A part
of bottom nepheloid layer detached from sea
floor and flowed offshoreward along the sur-
face of the density boundary.

Suspended material concentration and thick-
ness of high concentrated layer was higher in
Tobishima and Oga Basins than in Mogami
Trough (Fig. 2). Therefore, most of terrigenous
fine grained particles were trapped and depos-
ited in two basins.

5-2 Dispersal pattern of terrigenous fine grained
materials from Omono River

Larger grains with lower specific gravities
than mineral grains such as plant debris were
transported with smaller mineral grains. Also,
easier transported particles such as biotite
were transported with smaller grains, because
of their specific morphologies (IKEHARA et al.,
1988). Therefore, concentration of these grains
indicated the depositional areas and transport
directions of smaller mineral grains. Especially,
plant debris was a clearly land source compo-
nent (IKEHARA et al., 1988; IKEHARA, 1991). Then,
there is a possibility that the distributions of
each component showed the transport paths of
sediment particles from land to offshore.

On the basis of relation between spatial dis-
tributions of composition of coarse fraction
and sediment grain size, some of sand-sized
components were used for tracers of transport
of finer grains. For example, plant debris was
concentrated in silt (Fig. 6), then plant debris
was used for a tracer of terrigenous silt grains.
Similar concentration of plant debris in silty
sediments was also found at the sediments of
Niigata shelf (IKEHARA et al., 1994a). HOSHINO
(1958) showed that plant debris was concen-
trated along the boundary of water masses. But
at the offshore of Akita, there was no relation
between water mass boundary shown in salin-
ity distribution and concentration of plant de-
bris. On the other hand, biotite grains were
dominant in very fine sand-coarse silt, espe-
cially at the west of older Omono River mouth
(Fig. 6). Biotite has nearly the same specific
gravity (2.7-3.3) as quartz (2.65). Biotite, how-
ever, is easily transported by currents, because
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Fig. 6. Spatial distribution of concentrated areas of plant debris, biotite and pumice in coarse
fraction (0.25-0.3mm in diameter). 1; plant debris (higher than 30% in composition of
coarse fraction), 2; biotite (higher than 10%), 3; pumice (higher than 30%).
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of their specific morphology (planar shape).
And there are some reports on relation be-
tween biotite concentration and current sys-
tems (IKEHARA, 1991). Boundary in grain size
between suspended load and traction load in
state of sediment transport was found in very
fine sand. Therefore, biotite concentration was
a tool for tracing the transport path of the
coarsest suspended particles. Concentration of
pumice grains of the same size fraction were
higher in very fine to fine sand, and very low in
finer than very fine sand (Fig. 6). Distribution
of pumice indicated that the grains were not
supplied through the air (air fall pumice), but
through the rivers or coastal erosion.

Judging from distribution patterns of coarse
fraction of these three components (Fig. 6),
sediment particles discharged from Omono
River were transported westward and then
southward. As mentioned earlier, terrigenous
fine grained materials were transported
offshoreward through the bottom nepheloid
layers. Because directions of particle transport
were controlled by those of bottom currents
and sediments recorded the long-term aver-
aged oceanographic conditions which were
difficult to observe by normal oceanographic
observations (IKEHARA, 1992), sediment trans-
port paths showed the long-term averaged
directions of bottom currents in this area.

Reported values of C/N ratio of surface sedi-
ments in this area (NOMURA, 1992) indicated
high ratio (around 12 in weight ratio) for silty
sediments at the outer shelf to upper slope.
That means higher supply of terrigenous or-
ganic matter to the outer shelf-upper slope. As
shown in Fig. 6, plant debris was dominant in
coarse fraction in this area. Combined with
above mentioned sediment transport path,
terrigenous organic matters from Omono River
and surrounding areas were transported and
deposited at the outer shelf to upper slope and
formed the sediments with high C/N ratio.
Oxidation-reduction potential indicated minus
values in this area showing reductional condi-
tions. Decomposition of terrigenous organic
matter supplied to the area used oxygen in bot-
tom water and made a reductional condition.

5-3 Oceanographic control of modern sedimenta-
tion

Sediment grain size was affected by the
oceanographic conditions such as currents,
waves and water mass distribution (HOSHINO,
1958; IKEHARA, 1993). Although deposition of
muddy sediments was controlled by the
amount of supply and of removal to and from
an area, muddy sediments were generally dis-
tributed under lower energy environments. On
the contrary, sandy sediments were distributed
along the current path (IKEHARA, 1992, 1993).
Because muddy sediments were predominant
at the offshore of Akita except of the outer
shelf at the southwest-west of Oga Peninsula
(Fig. 8), Akita area is thought to be under low
energy environments. On the other hand,
sandy sediments widely covered Yamagata
shelf just south of Akita shelf. There are some
large rivers in Akita (Omono and Koyoshi
River) and Yamagata (Mogami and Akagawa-
shinkawa River) areas. Annual mean dis-
charges of suspended materials from these
rivers in Akita area were smaller than those in
Yamagata area. Then, it is difficult to explain
the difference in shelf sediment types by the
difference in the supply of fine grained materi-
als to the shelves. Currents and waves were
major factors for sediment reworking. That is,
strong currents and waves agitated sea bottom
and reworked fine grained sediments to down-
stream or offshore direction. Therefore, there is
a possibility that difference of sediment types
between two areas has been controlled by the
intensity of currents and/or waves.

Two topographic effects controlling current
and wave conditions are thought to be oc-
curred in these areas. First effect is the occur-
rence of offshore topographic highs. There is a
north-south trended topographic high from
Oga-muko-se Bank to Tobishima Island off
Akita shore, but no topographic high at the
outer shelf off Yamagata shore. The topo-
graphic high will play a barrier to intrude cur-
rents and large waves from offshore and make
a low energy and stagnant condition at the
back of the barrier. Under such condition,
riverine fresh water easier extended and
formed low salinity coastal water in the inner
shelf. Because coastal water, as mentioned
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earlier, contained higher amount of suspended
materials, muddy sediments were deposited.

Shoreline morphology was another topo-
graphic effect (IKEHARA, 1993). That is a large
projection, Oga Peninsula, is located just north
of Akita and forms an open bay (Akita Bay)
between the Peninsula and Akita coast. Isobath
contours curved into eastward. The
bathymetric condition prevents the direct in-
vasion of the currents to the bay and forms
preferable condition to develop coastal water.
The condition was corresponded to type A-1 or
A-2 of modern mud deposition (effects of topo-
graphic barrier) of IKEHARA (1993). Occurrence
of bedforms such as ripples, and of well-sorted
sandy sediments and lack of modern muddy
sediments was indexes for occurrence of bot-
tom current along the shelf edge of San’in coast
(IKEHARA, 1992). Although there were no rip-
ples and well-sorted sediments on Yamagata
shelf, surface sediments with low mud contents
along the outer shelf off Yamagata indicated
the occurrence of currents removing fine
grained particles throughout the Yamagata
shelf. On the other hand, lack of the uppermost
sediment layer was found along the shelf edge
of Akita coast (Fig. 4A). Glauconite pellets,
which were autochthonous minerals and indi-
cated non-deposition or very low sedimenta-
tion rates, were found in this zone. These facts
indicated that the currents flowed over
Yamagata shelf and along the outer shelf off
Akita.

Major current system in Yamagata and
AKkita areas is thought to be the Tsushima Cur-
rent. The Tsushima Current has flowed north-
ward along the shelf edge. Therefore, fine
grained particles, which did not deposit on
Yamagata shelf and on the outer shelf off
AKkita, might be transported northward. A con-
centrated area of plant debris in surface sedi-
ments occurred along the west coast of Oga
Peninsula. Thick mud deposition also found in
this area. Because of no large source of plant
debris and fine grained materials in Oga Penin-
sula, there is a possibility that some of
terrigenous materials from Omono River have
been transported northward through Akita
shelf along the southern coast of Oga Penin-
sula.

5—4 Sediment accumulation and budget

On the basis of thickness distribution of the
uppermost sediment layer (Fig. 5), volume of
deposited sediments was calculated to be 15.6
billion tons. Judging from age estimation of un-
derlined sediments of the uppermost sediment
layer in Tobishima Basin (WATANABE, 1994)
and depositional pattern in seismic records, the
uppermost sediment layer was thought to be
deposited after the last glacial maximum and
during latest Pleistocene-Holocene ages. To cal-
culate annual volume of sediment deposition,
we used 10,000 years for duration of sediment
formation. Therefore, 1.56 million tons of sedi-
ments per year were deposited in the survey
area.

By the way, there was a higher sea level
stage at 5,500-6,000 years before present (the
Jomon Transgression), when the sea level was
2-6 m higher than the present level (OtA et al.,
1982). At the Akita Plain, the shoreline re-
treated 3.5 km from the present shoreline at
5,500 years before (MORIWAK]I, 1982). During the
higher sea level stage, location of river mouths
retreated to landward and terrigenous muddy
sediments deposited at more inshore area
(below the present coastal plains) (MORIWAK],
1982; Geological Research Group of Akita Uni-
versity on the Nihonkai Chubu Earthquake
1983, 1986). In this study, because of lack of
enough data for calculation of sediment vol-
ume deposited under modern coastal plain, we
can know only the volume of sediments depos-
ited offshore area. Therefore, true volume of de-
posited sediments was larger than the value
mentioned above.

Values of annual mean water discharges and
suspended sediment content of each major
river in the study area during 1969-1973 were
edited by Japan Rivers Association (1974). By
using these data, total amount of suspended
sediment supply to this area was considered to
be 0.78 million tons/year from Omono River
and 0.05 million tons/year from Koyoshi River.
Including with discharge from small rivers and
coastal erosion, suspended sediments of around
0.8-0.9 million tons/year had been transported
to this area and deposited. Because of the oc-
currence of topographic highs from Tobishima
Island to Oga-muko-se Bank and of slope
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Table 1 Sediment and Organic Carbon Accumulation in the Japan Sea
Area SedRae Acuml Sefolume Sediment organicc OrCMass Ormanic
(x10%m?) ( ff(]ti (X10°m? Volume %‘?Vrtltggt (X105 Weight
(em/10°y) /cm?/y% /y)  (X10°t/y) -0 Jem¥y)  (X10't/y)
Tsushima Basin 3.8 14.7 5.88 5.66 2.26 1-2 5.88-11.8 2.26-4.52
SW Yamato Basin 447 12.8 5.76 5.72 2.57 1-2 5.76-11.5 2.57-5.14
Oki Trough 0.88 16.7 6.68 1.46 0.58 2 134 1.16
Toyama Deep-sea Fan 1.22 12 6 1.46 0.73 1-2 6-12 0.73-1.46
Marginal Terrace (10-45) (8.6-38.7) 0.99 0.85 2 (17.2-77.4) 1.7
(off Tottori)
Toyama Bay 0.6 > 30 > 15 > 18 > 0.9 1-2 > 1.8-36 > 09-1.8
(35-40) (17.5-20) (2.1-24) (1.05-1.2) (2.1-4.8) (1.05-2.4)
Sado Basin 0.1 > 30 > 17 > 03 > 017 1.7 > 05 > 0.29
(140-200) (77-110) (14-20) (1.7-1.1) (1.3-1.9) (13-18.1)
Niigata Shelf 1.56 1.33 15 1.99
Off Akita (shelf-basin) 0.4 2.6 1.56 1.5-2 2.34-3.12

basins, almost of all terrigenous materials have
been trapped to shelf to basin area. Then,
around 0.7 million tons of sediments have been
transported from the other area. There are two
large sources near the study area; one is
Noshiro River, which have supplied 0.6 million
tons of sediments per year, located at the north
of the study area, and another is Mogami River,
which have supplied 2.4 million tons of sedi-
ments per year, located at the south of the
study area. Major current system around the
study area is controlled by the Tsushima Cur-
rent, of which flow direction is northward.
Then, it is hardly to transport fine grained ma-
terials southward from Noshiro River against
the major current system. Therefore, most
probable major source of terrigenous materials
is Mogami River. Judging from the annual
mean sediment discharge from Mogami River
and the remain between sediment deposition
and supply from Akita area, 40-50% of sus-
pended sediments from Mogami River have
been transported northward and deposited in
the southern part of Tobishima Basin.

5-5 Significance of shelf-basin area in sediment

budget of Japan Sea

Sedimentation rates in offshore basins of
Japan Sea such as Tsushima and Yamato Ba-
sins and Oki and Mogami Troughs were con-
sidered to be 10-25 cm/1000 years (MASUZAWA,
1987; IKEHARA et al., 1994b), and became higher
landward (IKEHARA et al., 1994b). Although
eolian input has been an important factor for

sedimentation rates in Japan Sea (MASUZAWA,
1991), spatial difference in sedimentation rates
was influenced by supply of terrigenous mate-
rials. By using the sedimentation rates and
areas of each basin, annual accumulation of
sediments was calculated in Table 1. On the
other hand, IKEHARA ef al. (1994a) inferred an-
nual accumulation on Niigata shelf, which is
another muddy shelf in Japan Sea, as 1.33 mil-
lion tons per year from the thickness distribu-
tion of shelf sediments. Estimated value of
sediment accumulation in AKkita area was the
same order as those of Niigata shelf and of
large offshore basins such as Tsushima and
Yamato Basins and a little larger than those of
small offshore basins such as Oki Trough. That
means high rate of material supply to the
shelves and adjacent basins from land sup-
ported higher sedimentation rates and most of
terrigenous fine particles were thought to be
deposited in this area.

Reported values of organic carbon content in
shelf-slope sediments (1.5-2 wt. %) were a little
higher than those in offshore basin sediments
(0.8-2 wt.%; HamacuchHl and Orta, 1953;
HAMAGUCHI et al., 1954; NoMURA, 1992). By
using accumulated sediment volume and or-
ganic carbon content, 20-30 thousand tons of
organic carbon had been deposited in an off-
shore large basin and on a muddy shelf-slope
area in a year. Because of higher sedimentation
rates, larger volume of organic carbon was
deposited in shelf-slope mud is very important
to consider material (carbon) cycles in Japan
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Sea.

6. Conclusions

Profiles of concentration of suspended mate-
rials, spatial distributions of sediment grain
size and of sediment compositions, and thick-
ness distribution of the uppermost sediment
layer suggested the following remarks.
1) Most of terrigenous fine grained materials
had been transported through bottom
nepheloid layer and deposited in shelf-slope
area off Akita.
2) Concentration area of plant debris of 0.25—
0.3 mm in diameter was well-concordant with
silt distribution. Therefore, sand-sized plant de-
bris was thought to be a useful tracer of
terrigenous silt.
3) Deposition of terrigenous organic materials
in silty sediments formed high C/N ratio sedi-
ments along the outer shelf to slope area. High
rate of organic material supply resulted in low
oxidation-reduction potential (reductional con-
dition).
4) Land and submarine topography might be
influenced to current systems and caused the
difference in distributions of bottom sediment
types between Akita and Yamagata shelves.
The Tsushima Current, which flows along the
shelf edge off Akita, has prevented mud deposi-
tion on Yamagata shelf and on the outer shelf
at the southwest of Oga Peninsula.
5) Total 1.56 million tons of muddy sediments
had been deposited in this area in a year. Com-
pared with annual mean discharge from major
rivers around this area, almost of materials
supplied from Omono and Koyoshi Rivers and
40-509% from Mogami River had been deposited
in this area.
6) Judging from annual mean volume of sedi-
ment accumulation and organic carbon content
of surface sediments in several basins of Japan
Sea, shelf-slope mud is very important for con-
sideration of material cycles in Japan Sea.
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Separation of the Tsushima Current from the Kuroshio:

A numerical study with an idealized geometry

Soo Yong NAM™*, Moon-Sik SuK ¥, Inkweon BANG*, Kyung-I CANG*
and Young-Ho SEUNG™"

Abstract: The dynamics on the separation of the Tsushima Current from the Kuroshio is stud-
ied using a three dimensional primitive equation model with an idealized domain which con-
sists of a continental shelf and a marginal sea in the north and a deep ocean in the south with
a stepwise topographic change between them. The model ocean is vertically stratified initially
and a sinusoidal wind stress is applied only over the deep ocean to establish an anticyclonic
circulation. For a weakly inertial case with a zonally oriented shelf break, a part of the western
boundary current is separated in the eastern part of the continental shelf, the western rim of
an island which the marginal sea ane enters the marginal sea, which differs from a barotropic
model result predicting the separation along the western wall of the continental shelf. Numeri-
cal experiments show that the branching position is controlled by the orientation of the shelf
break and the nonlinearity of the western boundary current. On the other hand, the volome
transport of the inflow into a marginal sea is little affected by the nonlinearity of the WBC, the
orientation of the shelf break and the specific topographic features of the shelf break, but by
the transport of the western boundary current and the depth ratio beween the marginal sea
and the deep ocean as other studies suggested.

1. Introduction

The Kuroshio flows northeastward along the
continental shope of the East China Sea (ECS
henceforth) and part of it overruns the shelf
break to form the Tsushima Current (TC
henceforth) which enters the East Sea (or Sea
of Japan, ES henceforth) through the Korea
Strait. Its volome transport through the Korea
Strait is estimated to be less than 4.0 Sy
(MoRIYASU, 1972; Y1, 1966; Mirta and OGAWA,
1984) That is only 10% of the Kuroshio Trans-
port in the ESC (IcHIKAWA and BEARDSLEY,
1993).

There seems to be two different views about
the origin of the TC; one suggests that the TC
originates from the northeastern area of Tai-
wan and/or the Taiwan Strait (BEARDSLEY et
al., 1985; GUAN, 1986; Hsurn, 1986; Crao, 1991)
and the others show that it comes from the
west of Kyushu Island (Guo et al., 1990; LiE and

" KORDI, Ansan P. O. Box 29, Seoul 425-600, Korea
"* Dept. of Oceanography, INHA University, In-
cheon 402-751, Korea

CHO, 1994; LIE et al., 1993; LiM, 1971) by analyz-
ing the hydrographic and satellite-tracked
drifter data observed in the local area west of
Kyushu Island. Barotoropic model results show
that all of the TC water comes from the north-
east of Taiwan and/or the Taiwan Strait as the
Kuroshio impinges on the sloping topography
(CHANG, 1993; SEunG and NaMm, 1992), which
seems to suport the former view. A similar
penetration of the Kuroshio takes place in a
primitive equation model of the North Pacific
(TakANO and Misumy, 1990), which has 1° X 1°
resolution in the horizontal and 6 levels in the
vertical.

The penetrative flux into a marginal sea (MS
henceforth) from the western boundary cur-
rent (WBC henceforth) has been shown to be
dependent on various factors. MiNATO and K
IMURA (1980) first quantified the flux in an ide-
alized domain analytically using a linear fric-
tional model. SEUNG and Nam (1992) examined
the factors affecting the volume transport of
the TC using a barotropic numerical model.
The influx to a MS is dependent on the
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transport of the WBC, depth ratio between a
MS and a deep ocean and frictional
parameterization but little affected by local
winds over the continental shelf according to
the above studies. CiaNG (1993) pointed out
that the changes in the wind stress over the
deep ocean also influence the amount of influx
using a barotropic model. Nor (1992) further
showed analytically that the flux is a function
of the latitude of the inflowing gap, the separa-
tion latitude of the Kuroshio and the stratifica-
tion in the Pacific using a inviscid, inertial
reduced-gravity model. No attempt has been
made to investigate factors affecting the influx
under a continuously stratified condition. The
topographic and baroclinic influences play an
important role in increasing the transport of
the WBC (HoLLAND, 1973), hence likely affect
the generation and the volume transport of the
TC.

Although a primitive equation model
(TakaNO and Misumi, 1990) includes the ECS
and the ES in its model domain the model reso-
lution is not enough to examine the circulation
in the above areas in detail. This study aims to
examine the factors affecting the branching
area of the WBC and the influx to a MS under
a continuously stratified condition using a
three dimensional numerical model. The model
domain is simplified and thus made feasible to
parameter studies. Model description and
details of numerical experiments are described
in Chapetr 2. Results of the each experiment
are discussed in Chapters 3 and 4 focusing on
the branching of the WBC and factors affecting
the transport into a MS in Chapter 4 respec-
tively. Chapter 5 provides a summary and dis-
cussions.

2. Model description

The numerical model used for the study is a
primitive equation model by Cox (1984). The
governing equations are given by the continu-
ity and conservation of momentum and den-
sity. The rigid-lid, hydrostatic and Boussinesq
approximations are used for the foumulation of
the equations. Under the Boussinesq approxi-
mation, variations in density are ignored where
©0 appears as a coefficient but is takeninto ac-
count in the gravitational buoyancy force.

High speed external gravity waves are filtered
out due to the rigid-lid approximation. The
model uses the B-grid configuration and the fi-
nite differencing is such that mass, heat, salt,
variances of temperature, salinity and total en-
ergy are conserved in the model domain. Under
the rigid-lid approximation, the external mode
of momentum may be represented by a volume
stream function ¢. A prognostic equation for
¢ can be obtained by the vertical average of
the momentum equations. This vorticity ten-
dency equation is solved by successive-over-
relaxation mothod and stream function over
islands are obtained using the Hole Relaxation
Method (TAKANO, 1974). Other detailed descrip-
tions about the model are referred to Cox
(1984). where t* is the zonal wind stress, 7
the meridional wind stress, 7. the maximum
wind stress, L the meridional distance of the
model domain, and [, the distance between the
southern boundary and the separation latitude
of the WBC.

The model ocean consists of a deep ocean in
the south and a continental shelf and a MS in
the north as shown in Fig. 1. The model domain
covers 15°N-42°N, 120°E-150°E. The MS is con-
nected with the deep ocean to the north and
with the shelf to the south through two 100 km
(north) and 200km (south) wide straits
resepctively. The bottom of both the continen-
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Fig. 1. Model domain. A and B denote areas

where the branching of the WBC occurs de-

pending on some parameters. The dashed

line shows the location of step-like shelf
break.
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tal shelf and deep ocean is flat and the depths
of both regions are 100m and 500m respec-
tively. The depth of the MS is set to be the
same as the depth of the continental shelf and
there is no topographic irregularity within the
MS, since a detailed circulation feature within
the MS is beyond the scope of this study. How-
ever, the depth of the deep octan is taken vari-
able to examine the effect of depth difference
between the two regions. The depth change be-
tween the deep ocean and the continental shelf
takes place over one grid spacing so that it has
a step-like character. The shelf break is placed
in the east-west direction unless otherwise
stated. Shaded parts in Fig. 1 on the continen-
tal shelf denote the areas where the branching
of the WBC occurs depending on some parame-
ters and will be referred to as an area A and
area B respectively. Horizontally, the model do-
main is divided into 0.5° X0.5° grids, and there
are 13 levels in the vertical as shown in Table
1. Salinity is held constant throughout the inte-
gration in all experiments and water density is
calculated using a Knudsen’s formula. The ini-
tial temperature profile increases linearly from
8°C at the bottom to 20°C at the surface of the
deep ocean as shown in Table 1. Higher surface
temperature (26°C) is imposed along the south-
ern boundary of the model during time integra-
tion in order to maintain the vertical
stratification. Without the supply of high tem-
perature surface water, the stratification weak-
ens and the model ocean is gradually cooled
during time integration due to the advection
and diffusion of upwelled cold water along the
boundaries.

The values of lateral viscosity (Am) and
diffusivity (Ah) are taken as 1 X 10* cm?/sec
and 5X 107 cm?/sec respectively, unless stated
otherwise, and we use constant values of verti-
cal viscosity and diffusivity of 1 cm?/sec. The
model domain is closed and no slip condition is
imposed along all solid boundaries. The normal
gradients of T and S are set to zero on the side
of walls, at the surface and at the ocean bottom
so that there are no heat and salt fluxes across
these boundaries. The bottom stress is
parameterized by the quadratic drag law with
a drag coefficient of 0.0015. A simple type of
wind-stress is applied only over the deep ocean

Table 1. Level thicknesses and initial tempera-
tures and salinities

No. Thickness | Temperature| Salinity
of Level (m) ) (psu)
1 10 20.0 34.5
2 10 ! 19.7 345
3 10 19.0 34.5
4 20 18.3 345
5 25 175 345
6 25 | 16.7 345
7 25 16.0 345
8 25 15.0 345
9 50 14.0 345
10 50 ! 13.0 345
11 50 12.0 345
12 100 10.0 345
13 100 8.0 34.5
120+
N
@ 100
@2
o
g 80
3 60
2
w40 -
L ]
£ 207
X
0 T T T T T
0 1 2 3 4 5
Time (Year)

Fig. 2. Time series of total kinetic energy

to establish an asymmetric double gyres (e.g.
subtropical and subpolar gyre), ie.,
z(y—1)
I
Elven numerical experiments are conducted
to study the variation of the branching area of
the WBC and the transport of an inflow into
the MS as listed in Table 2. Additionally,
barotropic versions of EXP 8 are carried out to
identify the role of stratification. For these
barotropic versions the wind stress is applied
in a depth-independent manner like a body
force so the flow is two-dimensional. Fig. 2
shows an example of a time series of total ki-
netic energy averaged over the whole volume.
The kinetic energy changes little after one year
though it slightly decreases afterwards. In all
experiments, numerical integrations are car-
ried out for five years and the results of year
five are presented since we are only interested

5= ToCOS( ),ry:O,where 0<y<L
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Table 2. Description of numerical experiments

To D AA

(dyne/cm?® (m) (cm?*/sec) )
EXP 1 2 500
EXP 2 1
EXP 3 4
EXP 4 deep trough in area A
EXP 5 deep trough in area A
EXP 6
EXP 7
EXP 8 30
EXP 9 250
EXP 10 700
EXP 11 1000

* D denotes the depth of the deep ocean and AA the angle of the shelf
break measured in the anticlockwise direction from the east.

in the steady solution.

EXP 1 is a nonlinear standard experiment, in
which the shelf break is oriented in a purely
zonal direction. The maximum wind stress ap-
plied over the deep ocean is halved (EXP 2) or
doubled (EXP 3) in order to decrease or in-
crease the volume transport of the WBC, re-
spectively, and to examine the resultant
changes in the branching position of the WBC
and the transport of the inflow into the MS. A
rectangular deep trough is introduced in area B
(EXP 4) in Fig. 1 as like the deep trough west
of Kyushu and in area A (EXP 5) to see
whether it affects the branching of the WBC.
Ory and CHEN (1991) suggests that the deep
trough west of Kyushu Island contibutes to the
variability of the TC. In EXP 6 and EXP 7, the
nonlinearity of the WBC is made to increase by
decreasing the horizontal eddy viscosity coeffi-
cient. The orientation of the continental shelf
break northeast of Taiwan is not zonal but
tilted in the northeast direction, hence the
Kuroshio is incident on a sloping shelf break
northeast of Taiwan. The influence of the slop-
ing topography on the penetration of the WBC
is examined in EXP 8. Effects of the depth ratio
between the deep ocean and the shelf are inves-
tigated in EXP 9 to EXP 11.

3. Separation of the Tsushima Current
Figure 3 shows streamlines of EXP 1 and its
baropropic version. An anticyclonic gyre is es-
tablished south of the grid point 40 in the deep
ocean and a much weaker cyclonic subpolar
gyre north of it. The separation latitude of the

10 20 30 40 50 60
X-Grid

Fig. 3. Contours of streamfunction in Sv( X 10°
m®/s) unit for a) EXP 1 and b) the barot-
ropic version with all parameters the same
as in EXP 1. The contour intervals are 0.5 Sv
between 4 Sv to 4 Sv and 2 Sv elsewhere.
The dashed lines denote the negative values

of streamfunction.
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tal shelf region, ¢) the vertical profile of temperature along i=10 in Fig. 1 and d) the hori-
zontal distribution of temperature for EXP 1. The dashed line denotes the shelf break.

WBC coincides with the zero wind curl lati-
tude. The WBC the subtropical gyre due to the
planetary S -effect is formed in the deep ocean,
the maximum volume transport of which is
about 40 Sv in EXP 1 and is about 36 Sv in the
barotropic version respectively. The stratifica-
tion acts to increase the transport of the WBC.
The WBC in the standard experiment is weakly
inertial with the Reynolds number, R.=VW
/A.=9, whele V=60cm/sec is the maximum
northward velocity along the western wall of
the deep ocean (Fig. 4a), and W =150 km, half-
width of the WBC. Most of the WBC flows east-
ward along a zonally-oriented shelf break in
both EXP 1 and the barotropic version.
Remarkable changes in the penetration of
the WBC and the circulation on the shelf can be
seen in both experiments. For a stratified case

of EXP 1, part of the WBC is separated in area
B (Fig. 3a) and enters the MS, and a weak and
isolated cyclonic circulation cell is induced on
the continental shelf just north of the shelf
break. On the other hand for the barotropic
version, the separation takes place in area A
and most of the WBC which penetrates onto
the shelf enters the MS after turning anticy-
clonically in the shelf, while part of it rejoins
the WBC. The cyclonic circulation cell on the
shelf is located farther to the north in the
barotropic experiment than in the baroclinic
one. The cyclonic circulation on the shelf
seems to result from the diffusion of the posi-
tive vorticity along the inshore part of the
WBC. The volume transport into the MS is 1.86
Sv in EXP 1 and 2.8 Sv in the barotropic ver-
sion, hence the stratification reduces the
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Fig. 5. Contours of streamfunction in Sv (X10°m?®/s) unit for a) EXP 4 and b) EXP 5. Here the
retangular-shaped deep trough is introduced in area A (EXP 4) and are B (EXP 5). Lower
panels are enlarged currents in the continental shelf region. The dashed line denotes the

shelf break.

transport into the MS while it acts to increase
the transport of the WBC.

The horizontal temperature distribution in
Fig. 4d shows much the same large scale fea-
tures as the streamfunction plot. High tempera-
ture core is located just offshore of the WBC
where the local recirculation gyre appears, and
temperature is low in the subpolar region and
along the southern boundary due to the
upwelling of the cold water from the lower
layer. A thermal front is formed along the shelf
break and the intrusion of warm water to the
MS can be seen in area B. Vertical profile of
temperature along a meridional section also
shows the shelf break frontal structure (Fig.
4¢). The shelf water becomes vertically homo-
geneous despite the initial stratification. The

computed vertical profile of temperature is
similar to published observations in the ECS in
winter.

A rectangular-shaped deep trough is intro-
duced in area A (EXP 4) and area B (EXP 5).
Although the deep trough acts to guide part of
the WBC onto the shelf in area A in EXP 4, the
inflow into the MS originates from the area B
as in the standard experiment (Fig. 5b). When
the trough is located in area B like the trough
west of Kyushu Island, the separation mainly
takes place along the left flank of the trough
and the flow inside the trough is weak and di-
rected to the north (Fig. 5a). Recent ARGOS
drifter trajectories clearly showed that the TC
branches off the western flank of the deep
trough west of Kyushu Island (Lig and CHo,
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larged currents in the continental shelf region. The dashed line denotes the shelf break.

1994). This study, however, suggests that the
existence of the deep trough west of Kyushu Is-
land does not result in the branching from the
Kuroshio, but acts to shift the separation posi-
tion to the west of the trough.

To investigate any changes in the separation
position of the WBC as the WBC becomes more
inertial, the horizontal eddy viscosity is re-
duced in EXP 6 and EXP 7 to an half and one
tenth the standard value, respectively, with
other conditions the same as in EXP 1. As the
inertial effect increases the recirculating sub-
gyre in the northwestern corner of the deep
ocean is intensified and moves further to the
north. For a highly inertial case of EXP 7, two
sub-gyres emerge south of the shelf break in
the deep ocean as in Fig. 6b. The WBC becomes

stronger and narrower and its transport is
larger than the results of the standard experi-
ment. The penetration of the WBC in EXP 6
takes place in area B nearly the same position
as that in the standard experiment but in two
areas in EXP 7; the area A and B. As the WBC
becomes more inertial, the meridional scale of
penetration of the WBC onto the shelf in-
creases and the WBC reaches further to the
north along the western wall of the shelf. This
branch sharply turns anticyclonically over the
shelf and part of it enters the MS while part of
it returns to the WBC. The branching of the
WBC also occurs in area B, hence the inflowing
water into the MS comes from two areas in
EXP 7. Observations show that part of the
Kuroshio overruns the shelf break northeast of
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Fig. 7. Contours of streamfunction in Sv (X 10°m*
/s) unit for a) EXP 8 and b) the barotropic ver-
sion with all parameters the same as in EXP 8.
The contour intervals are 0.5 Sv between -4 Sv to
4 Sv and 2 Sv elsewhere. The dashed lines denote
the negative values of streamfunction.

Taiwan and turns anticyclonically as it im-
pinges upon the continental slope (e.g. Guo and
LiN, 1987), which is similar to the result of EXP
7. The result of EXP 7 is similar to that of the
barotropic version of EXP 1 in that the penetra-
tion of the WBC onto the shelf takes place in
area A. However, two different features also
emerge; the penetration of a part of the WBC
also takes place in area B and there exists a
cyclonic circulation between area A and B.
Within the parameter range in Table 2 (EXP
2,3,9,11) the separation position of the WBC is
not affected by the maximum wind stress in
the deep ocean and the depth ratios between
the deep ocean and the shelf (not shown), it
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Fig.8. Plots of currents at 75 m in EXP 8. Lower pan-
els are enlarged currents in the continental shelf
region. The dashed line denotes the shelf break.

takes place in area B the same as the result of
EXP 1. However, it should be noted that the
separation position would be changed as the
wind stress in the deep ocean further increases
since the nonlinearity of the WBC depends on
the wind stress applied as well as the eddy vis-
cosity.

When the orientation of the shelf break is
horizontally inclined (EXP 8), the stream line
penetrates onto the continental shelf along the
western boundary (area A). Part of it returns
to the WBC and others flows into the MS. We
can find the stream line which joins with the
WBC and separates at the southwestern tip of
the island again in Fig. 7 and the northward
flow along the western boundary of the island
(area B) in Fig. 8. The separation from the
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WRBC takes place both in area A and area B as
shown in Fig. 8, which is markedly different
from the result of the standard experiment
with a zonally oriented shelf break. The flow
pattern on the shelf is more or less similar to
the result of a highly inertial case of EXP 5 and
the inflow into the MS comes from both area A
snd area B except that the cyclonic recircula-
tion between area A and B cannot be seen in
Exp 8 (Fig. Ta).

The stratification acts to decrease the influx
to the MS the same as in the zonally-oriented
shelf break case. The flow on the shelf has a
broad feature for the stratified case, while the
streamlines are more closely spaced for the ho-
mogeneous case.

4. Volume transport of the inflow into the

MS

The transport of the WBC is increased by the
vertical stratification of the WBC, but the
transport into the MS is inversly decreased as
mentioned previously. The volume transports
of the WBC in EXP 1 and its barotropic version
about 40 Sv and 36 Sv, respectively. The vol-
ume transports into the MS in EXP 1 and its
barotropic version are about 1.86 Sv and 2.8 Sv,
about 4.7% and 7.8% of the volume transport of
the WBC respectively.

Figure 9 shows the dependence of the influx
into the MS on some factors. Numerical experi-
ments indicate that the influx is little sensitive
to the orientation of the shelf break and the ex-
istence of the deep trough west of the MS. In-
stead, it is sensitive to the maximum wind
stress in the deep ocean (or the volume trans-
port of the WBC) and the depth ratio between
the deep ocean and the shelf. The influx into
the MS increases linearly as the transport of
the WBC increases and the depth ratio de-
creases as shown in Fig. 9a and 9¢, whch has
been also shown in previous barotropic model
results (MINATO and KIMURA, 1980; SEUNG and
NawM, 1992; CHANG, 1993). As the nonlinear ef-
fect of the WBC increases, the WBC becomes
narrower and stronger as can be seen in Fig. 6.
The influx into the MS, however, changes only
a little as the nonlinearity of the WBC in-
creases. As the eddy viscosity decreases the in-
flux slightly increases as shown in Fig. 9b.
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Fig. 9. Dependences of transport into the MS on
a) the maximum wind stress applied over
the deep ocean, b) the eddy viscosity coeffi-
cient, and c) the depth of the deep ocean.

5. Summury and Discussion

This study attempts to investigate the circu-
lation of a continental shelf and a marginal sea
driven by the WBC and highlights the variabil-
ity of their circulation depending on the strati-
fication, nonlinearity of the western boundary
current and the orientation of the shelf break.
The major circultion feature is such that part
of the western boundary penetrates onto the
shelf and enters the marginal sea while most of
it follows the shelf break. The resulting shelf
circulation and the influx to the marginal sea
are dependent on various factors

For a zonally oriented shelf break, the sepa-
ration from the WBC takes place in the eastern
part of the shelf (area B) and the circulation on
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the continental shelf is characterized by a weak
cyclonic circulation, which differs from the re-
sult of the barotropic version of the standard
experiment where the branching occurs in the
western part of the shelf and the shelf circula-
tion is anticyclonic. The separation, however,
takes place along the western wall of the conti-
nental shelf even for the stratified case when
the western boundary current becomes highly
inertial, similar to the barotropic case. The
branching position is also changed by the ori-
entation of the shelf break. When the shelf
break is oriented in the northeast direction, the
separation occurs at two positions; one is area
A and the other is area B. The definite dynam-
ics for the alteration of the separation position
of the western boundary current is left unex-
plained.

The amount of the inflow into the marginal
sea is about 2 Sv, approximately 5% of the total
volume transport of the western boundary cur-
rent. It has been shown that the total volume
transport of the western boundary current in-
creases when the stratiFlcation is taken into
account. On the other hand, the stratification
acts to decrease the amount of the inflow to the
marginal sea. According to the result of the
standard experiment, an anticyclonic circula-
tion and a weak cyclonic circulation are
estabilished in the deep ocean and the conti-
nental shelf respectively with the thermal front
in between them. The thermal front and strati-
fication seem to play a role in blocking the
penetration of the deep ocean water onto the
shelf and the marginal sea in area A.

Numerical experiments show that the
amount of the inflow to the marginal sea in-
creases as the transport of the western bound-
ary current increases and the depth ratio
between the deep ocean and the shelf decreases
as other studies suggested (SEUNG and NAM,
1992; MINATO and KIMURA, 1980; CHANG, 1993).
The influx is only a little affected by the eddy
viscosity. The orientation of the shelf break
and specific topographic features of the shelf
beak like the deep trough west of Kyushu do
not affect the influx to the marginal sea.

It can be suggested from the present study
that the branching of the Tsushima Current in
the East China Sea can take place in the two

regions; the western region of Kyushu and the
northeastern region of Taiwan since the shelf
break in the East China Sea is oriented in the
northeast direction and the Kuroshio is likely
to be inertial.
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Time variations of the current northwest of Tsushima

Takashige SHINOZAKI", Akimasa TASHIRO", Tomoki NAGAHAMA ",
Hideo IsHIr*, Kouichi OMURA **, Yasunori OUCHI" ",
Yoshio HASHIMOTO " and Kazuo KAWATATE"

Abstract: We measured current and temperature northwest of Tsushima. On the basis of
records obtained from July 1991 to March 1995 we confirmed that in shallow and middle depth,
all year round, the current goes northeast and the temperature is higher than 10°C; in deep
depth, in spring, summer, and autumn, the current goes southwest and the temperature is about
5°C, in winter, however, the current northeast and the temperature higher than 10°C.

1. Introduction

It has drawn attentions of researchers in
ocean that bottom water intrudes from north
to south at a basin northwest of Tsushima.

Nisupa (1927) reported, in northwest of
Tsushima, existence of southward flowing phe-
nomenon of the Japan Sea bottom cold water.
CHANG and Upa (1968) also wrote about intru-
sion of the Japan Sea cold bottom water into
the Strait of Korea. Lim and Cuancg (1969) dis-
cussed water mass structure and proposed 10
°C as an index number of the cold water. MIITA
(1976) made Eulerian measurements of the cur-
rent for about ten days. Ocawa (1983) ana-
lyzed observation data along a line between
Kawajiri and Ulsan. He pointed out that it is
difficult to recognize the cold water clearly in
winter. NAGATA (1985) wrote about forming of
the cold water mass region along the Korean
and the Japan shore lines. IsoBe (1993) dis-
cussed a relation between the cold water and
the Tsushima current.

On the basis of these pioneering works, we
made a plan to measure the current northwest
of Tsushima and carried it out. Until now we
showed data obtained in summer of 1991
(OMURA and KAWATATE, 1994).

" Research Institute for Applied Mechanics,
Kyushu University, Kasuga, 816 Japan

** Chikuzenkai Laboratory, Fukuoka Fisheries
and Marine Technology Research Center,
Imazu, Fukuoka, 819-01 Japan

2. Method

We have used three kinds of lines: 173, 40,
and 25 m long. We show them schematically in
Fig. 1, where a signal buoy, current meters (de-
noted by CM), floats, and an acoustic releaser
(denoted by AR), a sinker, and an anchor are il-
lustrated. The line of 173 m long is equipped
with two current meters. We have used an iron
sinker of 240 kgf in air. Each of the shorter two
lines has one current meter and a sinker of 120
kgf.

We set mooring lines in a circle of a point 5
nautical miles (nm) radius with a center at 340
degrees (° ) from north and 9.5 nm away from
Mitsushima lighthouse, the northern extreme
of Tsushima. Depth is about 220 m there. We
show measuring stations in Fig. 2. We deployed
eight lines, among which we retrieved five
lines and lost three shown by solid circles.

We show items of lines used in Table 1,
which includes mooring terms, measure inter-
val, and positions. In 1991 the line was recov-
ered safely. In 1992 we lost one short line with
one current meter. A cluster of top floats was
recovered in January 1993 at Murakami city on
the coast of the Japan Sea, Niigata, Japan. In
1993 we lost one long line with two current me-
ters. We had no news of this line until now. In
1994 we put two short lines. In February 1995
we found that one line was lost. In June we
went the site to retrieve the remaining line.
During three months and half, from February
to June, the line was disappeared. We lost all
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Fig. 1. Schematic mooring lines used northwest of Tsushima.

two lines at the measuring station. In May,
however, a fisherman caught one line at
Okinoshima in the Japan Sea, Shimane, Japan
with one current meter, data of which will be
shown later. As for the other one line we had
no news until now.

In total we deployed eight lines. We lost
three lines with four corrent meters. We re-
trieved five lines with six current meters.

3. Results

We show the current vector after taking 24
hours running average in Fig. 3 with an inter-
val of 3 hours. Data obtained from six current
meters are presented. We outline results in the
following. In summer of 1991 at deep depth the
current goes southwest. In summer of 1992 at
shallow and middle depth the current goes
northeast. In deep depth from the middle of
May to the end of December 1993 the current
goes southwest. From January to April 1994 the
current goes northeast. From May to December
1994, it goes southwest again. Exceptionally we
see northeastward currents in September and
October 1994, which seem to be caused by pass-
ing of typhoons. From January to March 1995

the current goes northeast as in 1994.

Temperature records are shown in Fig. 4. In
summer, in deep depth the temperature is low,
5°C or less; in middle and shallow depth the
temperature is higher than 10°C. Turning to
deep depth, we see as follows. From June to De-
cember the temperature is low, about 5°C. From
January to April it is 10°C or higher. In May
and June it is about 8°C. From July to January
it is about 5°C. In February and March the tem-
perature becomes higher.

Hereafter we examine the current and the
temperature at deep depth. We calculated ve-
locity components of northeast-southwest (NE-
SE) and southeast-northwest (SE-NW). We
show temporal variations of velocity (NE-SW)
component and temperature from May 1993 to
March 1995 with 1 hour interval in Fig. 5. Man-
ners of both variations are different from each
other. The velocity change is fast and the tem-
perature slow. Examining data of May and
June 1993, for example, we see that the current
went southwest and the temperature was still
higher than 10°C (more specific 13.6°C) at the
end of May, for about 3 weeks the temperature
decreased, then the temperature became the
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Table 1. Items of lines used northwest of Tsushima.
Terms Bottom Line Current Measure Site
No. From To (day) Depth Length  Meters Interval Latitude Longitude
’ Y (m)  (m) Number (minute) (7~ N) " E
A 11 Jul 1991 03 Oct 1991 85 221 40 1 30 34°51.73 129°22.93
B 07 Jul 1992 13 Nov 1992 130 219 173 2 20 34°52.604" 129°23.159
Cc 07 Jul 1992 Lost 222 40 1 34°51.870"  129°22.460
D 19 May 1993 05 Aug 1993 79 222 25 1 30 34°52.086" 129°22.687
E 05 Aug 1993 Lost 220 173 2 34°52.434  129°23.091
F 05 Aug 1993 08 Jun 1994 308 223 25 1 60 34°52.034° 129°22.681"
G 08 Jun 1994 31 Mar 1995 297 219 25 1 60 34°52.568"  129°22.965
H 08 Jun 1994 Los 222 25 1 34°52.097"  129°22.744’
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Fig. 5. Velocity component (NE-SW) and temperature, from May 1993 to March 1995.

minimum less than 5°C (3.2°C) in the middle of
June. To explain the above, we use a primitive
conjecture. Characteristics of current must re-
flect the properties of upstream. At steady
state a property of downstream is the same as
that of the upstream. At an instance when the
current direction changes, the downstream
turns to a new upstream, of which property re-
mains as before. It needs time for the new up-
stream to get a new property. To confirm the
conjecture or determine an extent of current
source, such as area, depth, and duration, we
need measurements in wider range and longer
terms. It also attracts our attention to seek
what is a mechanism of changing the current
direction.

We took monthly averages of velocity com-
ponents of NE-SW with SE-NW and tempera-
ture. Values of SE-NW components were at
maximum 1/3 or less of NE-SW components.
We show changes of the velocity of NE-SW
components and the temperature of 1991, 1993.
1994, and 1995 in Fig. 6. From the upper draw-
ing we know that the both average values
change from year to year. The yearly differ-
ences are large from February to June and they
are small from July to December and January.

From the lower drawing we see as follows.
When the current goes northeast, the tempera-
ture is higher than 10°C, the warm water; when
the current goes southwest, the temperature
becomes less than 10°C, the cold water. Three
exceptions are pointed out: 1) in May 1993, the
SW current velocity was 7.4 cm/s, the tempera-
ture was still 12.3°C, indicating the cold water
intrusion delayed; 2) in February 1995, the SW
current 1.9 cm/s, already the temperature 11.5
°C; and 3) in March 1995, the SW current 4.5
cm/s, already the temperature 10.6°C, showing
that supply of the cold water already stopped.
The exceptions are related to problems of tran-
sition process: from warm to cold and vice
versa. To explain the first exception we used
the primitive conjecture before. To cope with
the second and third exceptions we perhaps
need another conjecture, in which we assume
an extent of source and an influence of sur-
rounding environments. To polish and prove
the conjecture we again need another measure-
ments.

We made spectral analysis, by use of the fast
Fourier transform (FFT) method and the
auto-regression (AR) method. Both methods
were applied under conditions: number of data
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N is 1,024 and sampling interval AT is 1 hour.
Thus, a fundamental frequency fo=1/(NAT) =
0.000977 cycles per hour (1/h) and the Nyquist
limit fn:=1/QAT)=05/h. We sought linear
trends for data by use of the least square
method, subtracted them from the original
data, and obtained series of data for analysis.
On applying the AR method, we express a
datum by a linear combination of the past M
and the future M data. We choose M that
makes Akaike’s final prediction error {(N+
2M)/(N—2M)}?X P minimum, where P is an
auto-correlation of difference between the
original and the auto-regressed data. We took
data from 00: 00 on 6 August 1993 to 15: 00 on
17 September 1993. Both FFT and AR methods
give similar results on the whole. Power spec-
trum becomes almost zero as the frequency
goes high. We present results from 0 to 0.1/h in
Fig. 7, where values obtained by the FFT
method are shown by thin lines and those of

94 -%«% 95 f——]

Average values of velocity component (NE-SW) and temperature, in 1991, 1993, 1994, and 1995.

the AR method by bold lines. On applying the
AR method we used M=60 for the velocity
(NE-SW) component and M=30 for the tem-
perature. The maximum appears in each spec-
trum at 0.000977/h (period 1,024 hours, which
coincides with the length of data). It has no
physical significance, probably being brought
by a leakage effect of data truncation other
than multiple of the period. For the velocity,
we see local peaks at 0.0127/h (3.28 days),
0.0244/h (1.71 days), 0.0420/h (23.8 h), 0.061/h
(16,5 h), and 0.0830/h (12.0 h). Shape of spec-
trum is round except around 0.0830/h. Through
a visual inspection of Fig. b, we may predict ex-
istence of the peak at a period of about 3 days.
Most energy is recognized in low frequency
range. For the temperature, we see no apprecia-
ble peaks. Shape of spectrum is almost monoto-
nous. These may also be expected by
examining Fig. 5. Energy is contained in lower
frequency range.
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4. Conclusion

We have surveyed time variations of the cur-
rents northwest of Tsushima, in particular,
relating to intrusion of the cold water. As seen
in the above we learn that times for beginning,
continuation, and stopping of the intrusion of
the cold water change year by year.

After examining data obtained we have con-
firmed the following in outline. Where the
depth is shallow or middle, all year round, the
current goes northeast and the temperature is
higher than 10°C. Where the depth is deep, in
spring, summer, and autumn, the current goes

southwest and the temperature is about 5°C; in
winter, however, the current northeast and the
temperature about 10°C.
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Seasonal variation of the East Korea Warm Current and
its relation with the cold water

Yang-Ki CHO* and Kuh KimM**

Abstract: Hydrographic data and satellite images show the structure of the East Korea Warm
Current (EKWC) and its seasonal variation. Satellite images taken in April with concurrent
hydrographic data provide evidence of the branching of the Tsushima Current. However there
is no evidence of branching in February. The EKWC flows north in summer when the cold
water in the lower layer become thicker in the Korea Strait. Observed results and calculation
of vorticity change suggest a possibility that the presence of the cold water, which can provide
the negative relative vorticity for the EKWC, is more important than the planetary beta effect

in the formation of the EKWC.

1. Introduction

The Tsushima Current (henceforth TC) car-
ries heat and salt from the East China Sea to
the East Sea throughout the year and deter-
mines the major hydrography in the East Sea
(SVERDRUP, et al. 1942, p.734.)

Upa (1934) suggested that the TC leaving
the Korea Strait splits into two branches (Fig.
1); one flows along the Japanese coast and the
other along the Korean coast which is called
the East Korea Warm Current (henceforth
EKWC). Numerical experiments (YooN, 1982 g,
b, ¢; KAWABE, 1982b) simulated the EKWC as a
permanent feature due to the planetary beta ef-
fect and the branch along the Japanese coast
due to the topographic effect.

Recently a couple of reports indicated the ab-
sence of the EKWC sometime. Firstly, based on
satellite images and hydrographic surveys Kim
and LEGEcKis (1986) showed that the EKWC
was not formed in spring 1981 and suggested
that the southward movement of the cold
water was closely related with the branching
of the TC. This suggestion is important, be-

* Researech Institute for Basic Sciences, Seoul Na-
tional University, Seoul, 151-742, Korea

* Present address: Faculty of Earth Systems and En-
vironmental Sciences, Chonnam National Univer-
sity, Kwnagju, 500-757, Korea
e-mail: ykcho@chonnam. chonnam. ac. kr

** Department of Oceanography, Seoul National Uni-

versity, Seoul, 151-742, Korea

cause in previous numerical models the cold
water was assumed at rest as far as the branch-
ing was concerned.

Secondly, according to Isopa and Sarrou
(1993) observation, the warm and saline water
in the EKWC region is due to the seasonal epi-
sodic supply of the warm and saline waters
through the northward intruding eddy process
rather than the result of the persistent branch-
ing of the TC and they suggested the absence
of the EKWC in winter. However they exam-
ined the data for only one year taken in 1987.
Therefore it would be useful to examine the
data for other years in order to understand
whether the formation of the EKWC is indeed
seasonal.

Most historical data were taken with bottle
casts, so the depths of measurement were not
accurate and it was often difficult to reveal the
vertical structure of the EKWC. Moreover the
meridional structure along the Korean coast
was known poorly, because of inadequate spac-
ing between stations.

The primary objective of this study is to un-
derstand the structure of the EKWC and its
seasonal variation from recent CTD,
hydrographic and satellite data.

2. Data

To understand the physical characteristics in
the Korea Strait and neighbouring sea and
their temporal variation, surveys were



East Korea Warm Current 173

39N

Ve 4M??;3MNW)L/
{

%
1000m2000m
{ m Cﬁt?

129°E
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conducted in April, June, August and October
of 1991 and 1992 respectively, taking 60 CTD
stations each time (Fig. 2). The stations are
spaced every 10 miles approximately in the
strait and CTD was lowered to near bottom at
stations shallower than 500 m and about 500 m
at stations deeper than 500 m. At each station
SBE 19 profiler of Ser-Bird Electronics Inc. was
lowered at a speed of 60 m/min approximately,
taking two samples of temperature, conductiv-
ity and pressure in one second, which gives a
vertical resolution of about 50 ¢m. Final data
for analysis were obtained by averaging tem-
perature and salinity data over two decibars.
To cover the eastern part of the strait, we
used Japanese CTD data which were taken by
Yamaguchi Prefectural Open-Sea Fisheries Ex-
perimental Station (A marks in Fig. 2). The
routine hydrographic data taken by the Ko-
rean Fisheries Research and Development
Agency in February of 1991 and 1992 were also
used. Satellite infrared image data from the

131'E 133°E

Advanced Very High Resolution Radiometer
on NOAA-9, NOAA-10 and NOAA-11 were proc-
essed at the Research Institute of Oceanogra-
phy, Seoul National University to examine the
branching of the TC.

3. Branching of the Tsushima Current

Since the sill depth of the Korea Strait is less
than 150 m, the warm water flowing through
the Korea Strait is limited to the upper layer as
it spreads into the East Sea. Therefore, the
major vertical and horizontal variation of tem-
perature is also confined in the upper 200 m,
which makes sea surface temperature (hence-
forth SST) particularly useful in investigating
the branching. The path of the Tsushima
Warm Water (henceforth TWW) is clear in
winter and spring, because a thermal front is
formed as the TWW meets the resident cold
water. In summer and autumn, it is difficult to
detect the path of the TWW by SST, because
the surface front is not so clear due to the
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Fig. 2. CTD stations taken in April, June August, Octover, 1991 and 1992. Thick solid line rep-
resent the selected stations for vertical section. Depths are in meters. A marks represent

Japanese stations.

seasonal heating. Therefore satellite images of
SST are useful in winter and spring only, illus-
trating nearly instantaneous distribution of the
SST.

On February 25 1991, the SST was almost
constant at 13°C over a wide area, including the
western and eastern channels of the Korea
Strait (Fig. 3a). This uniformly warm water
and the cold water to the north make a distinct
thermal boundary in the east-west direction at
35°30" N. Across this boundary temperature
dropped to the north by 3~5°C in several kilo-
meters. Similar front was reported previously
by Kim and LEGEcKIs (1986).

A partially cloud-free image taken on April
30 shows that warm inflow of 13~14°C through
the Korea Strait splits into two parts as it left
the strait (Fig. 3b). The branch along the

Japanese coast was similar to that observed in
February. The other branch, the EKWC, flowed
northward on separation, and part of it turned
eastward at 38°N toward Ulleung Island.

On February 26 1992, the SST along the Ko-
rean coast was warmer than that on February
25 1991 (Fig. 3¢). There is also thermal front in
the east-west direction around 35°30’ N.

The last image (Fig. 3d) taken on April 27,
1992 shows that the warm inflow of 13~14°C
through the Korea Strait clearly splits into two
parts, developing two branches. The branch
along the Japanese coast was similar to that ob-
served in February 1992. The EKWC flowed
northward on separation as in April 1991, and
at 37°N most of it turned sharply eastward to-
ward Ulleung Island and small part of it flowed
northward along the coast.
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Fig.3. SST images taken by satellite in (a) February 1991, (b) April 1991, (¢) February 1992
and (d) April 1992.
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Development of branching can be found also
at 50 m depth in hydrographic data taken on
February 2~7, 1991 and February 17-23, 1992
by the Korean Fisheries Research and Develop-
ment Agency. Hydrographic surveys were re-
peated on April 9~27, 1991 and from 8 April to
4 May 1992.

In February, the water warmer than 12°C in
1991 and 14°C in 1992, passing the Korea Strait,
was not observed north 36° N along the Korean
coast (Fig. 4a, ¢). Although the survey was not
conducted at the same time, it provided invalu-
able data to confirm the presence of the front
in the east-west direction around 36° N which
implies the absence of the EKWC. The forma-
tion of the EKWC was clear (Fig. 4b, d). The
water warmer than 14°C in 1991 and 15°C in
1992 splits clearly into two parts as leaves the
strait. One of it flowed north 36° N along the
Korean coast, the other was along the Japanese

coast as shown in SST (Fig. 3).

4. Vertical section along the Korean Coast
The section along the 2nd stations of each
line was taken to examine seasonal variation of
the EKWC (See Fig. 2 for stations). The most
southern one is station A2 which is located at
the deep trough of the Korea Strait. Those from
B2 to D2 are on the sill whose depths are about
150 m (Fig. 5). Station E2 and 12 are on the
southern slope and the bank respectively. The
depth of the stations G2 and J2 is about 500m.
The cold water less than 5°C which is con-
sisted of the East Sea Proper Water and the sa-
linity minimum layer water (CHo and Kim,
1994) is shaded and the saline water more than
343 psu which represents the TWW are
hatched. The strong permanent thermocline
with 5~10°C in temperature between the
TWW and the water colder than 5°C, deepens
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towards the Korea Strait during entire period
except February. In February, a mixed water
with 8~10°C in temperature is well developed,
separating the TWW and the cold water. The
thermal front between the mixed and the
TWW around station E2 suggests the absence
of the EKWC north of the continental slope in
February. The saline water more than 34.3 psu,
which can be used as another criteria for the
TWW, is not observed north of station G2.

In April, the depth of 5°C isotherm becomes
shallow about 100 m in the Ulleung Basin, as
the cold water expands into the Ulleung Basin
from north. The isotherm of 12°C moved near
station J2 and the saline waters greater than
34.3 psu are observed at all stations. This indi-
cates the formation of the EKWC along the Ko-
rean coast. The TWW whose thickness is about
140 m in the Korea Strait becomes thinner (less
60 m) around station 12, which is about 150 km
apart from the strait. In June, the isotherm of
5°C becomes further shallow and the cold water
less than 5°C appears on the sill. The surface
water less than 34.3 psu in salinity appears at
the surface. Therefore the saline TWW is pre-
sent in the middle layer. The TWW becomes
thinner to north as in April. The slope of the
10°C isotherm is about 100 m/150 km from sta-
tion C2 to 12.

The cold water moves further south in
August. However the 5°C isotherm becomes
deeper in the northern area, which reduces the
slope of the 10°C isotherm. The temperature
and salinity of the surface water is highest and
lowest respectively during entire period. In Oc-
tober, the cold water on the sill retreats to
slope, which increases the slope of the 10°C iso-
therm. The slope is about 70 m/150 km. How-
ever the cold water less than 8°C remains at
station A2. The surface mixed layer is well de-
veloped, which makes the TWW deeper than in
August. Although the surface layer becomes
thicker than in August, it becomes colder and
saline. Therefore the density increases com-
pared with that in August. Salinity sections
show that the EKWC which can be traced with
the saline water more than 34.3 psu persists
continuously except in February.

The same section in 1992 shows similar sea-
sonal variation of the cold water and the

TWW, although it is not shown here. The cold
water becomes thicker in the strait in summer
and thinner in winter. The TWW is not ob-
served north of station G2 in winter but ap-
pears in other seasons.

Although we examine only one section, the
fact that the temperature at 200 m depth in the
Ulleung Basin for 1931-1940 is lower in August
than in February (KANG, 1992), indicates that
the lower layer in the Ulleung Basin and the
Korea Strait is colder in summer than in winter
generally. The sea water gets heat from the at-
mosphere in summer in this area (KANG, 1984).
Therefore the decrease of the temperature can
be explained only by the southward flow of the
cold water from the East Sea which is the only
place where the cold water lower than 10°C is
found. Directly measured results (ISOBE et al.,
1991; OMURA and KAWATATE, 1994) all show
consistently southward flows of the cold water
in the Korea Strait in summer.

5. Conclusion and Discussion

Satellite images taken in April of 1991 and
1992 with concurrent hydrographic data pro-
vide an evidence of branching of the TC. The
distribution of SST clearly shows that the
warm water flowing into the East Sea splits
into two branches as it leaves the Korea Strait.
One branch flows eastward along west coast of
the Japan and the other one northward along
the east coast of Korea, forming the EKWC.
Contrast with April, non-branching were ob-
served in February of 1991 and 1992.

Isopa and Sarron (1993) suggests that the
branching is not persistent, but episodic and
the warm and saline waters are supplied by the
northward intruding eddy process in spring
and summer not in winter and autumn. Tem-
perature distribution at surface in February of
the 1989 and 1990 also show the absence of the
EKWC (Fig. 6). Considering non-branching in
February from 1989 to 1992 and the result of
Isopa and SAIToH (1993) in 1987, it is believed
that the absence of the EKWC is a permanent
feature in winter.

Figure 7 shows schematically vertical distri-
bution of the cold water (shadow area) and the
TWW (hatched area) in each season. The cold
water is defined by temperature lower than
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Fig. 6. Distribution of SST from hydrographic survey in (a) February 1989, (b) April 1989, (c)
February 1990 and (d) April 1990.

5°C, the mixed water between 5°C and 10°C and
the TWW higher than 34.3 psu and the surface
water less than 34.3 psu. The cold water be-
comes thicker in the strait in summer when the
density of the TWW decreases and retreats in

129 131

winter when it increases. Further studies are
necessary to reveal that the southward exten-
sion of the cold water is related with the den-
sity of the TWW or not. This study shows that
the EKWC is formed when the cold water
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the surface water less than 34.3 psu.

becomes thicker in the strait and it is absent
when the cold water is located at a deeper
depth in the basin.

The absence of the EKWC bears an excep-
tional importance in terms of not only the
branching mechanism but also the circulation
in the East Sea. YOON (19824, b, ¢) and KAWABE

(1982b) treated the branching of the TC as dy-
namics of a warm current which is forced
through a shallow strait into a deep basin of
motionless cold water and reproduce the per-
manent branching numerically. However the
absence of the EKWC in winter implies that the
motion of the cold water is interlocked with
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the branching.

Concerning the formation of the EKWC, the
planetary beta effect has been recognized as
the cause of it. However simple calculation
shows that the change of potential vorticity
due to the shrinking of the TWW along the Ko-
rean coast is greater than the planetary beta ef-
fect. Neglecting external forcing and friction,
we can show that quasi-geostrophic motion of
uniform upper layer conserves the potential
vorticity such as

% = %<1+%y-%y> = constant.
Here B is the beta-effect, a¢ is the slope of
the bottom and H, is the mean thickness of the
upper layer. In this case, let’s assume the per-
manent thermocline as a bottom for the upper
layer, because the upper TWW shrinks due to

the presence of the lower cold water along the

Korean coast. Locally B 107*cm ™! (Kim et al.,

S

1991) and %21.3’”5.3X10’80m" as the per-
0

manent thermocline changes 20~100 m over
about 150 km as shown in along-strait section
(Fig. 5). When the TWW experience shrinking
due to the presence of the lower layer, it takes
the negative relative vorticity which can in-
duce the northward flow along the Korean
coast. However the cold water which locates at
deep depth in winter could not induce the
negative vorticity. This simple calculation indi-
cates that the effect of the cold water on the
formation of the EKWC is important. Con-
cerned with the effect of the cold water, Isobe
(1994) argued that the Jebar effect in the Korea
Strait which is mainly caused by the cold
water along the Korean coast in summer, sup-
plies the negative vorticity. His result in which
the bottom cold water could supply the nega-
tive vorticity, is consistent with this study.
However his interest is on the seasonal varia-
tion of the main axis of the TC in the strait. Our
recent study to investigate the branching of
the TC in the Korea Strait by the hydraulic
model with two active layer, showed quantita-
tively the effect of the cold water in the forma-
tion of the EKWC (CHo, 1995).
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The stratification variations during spring and neap
tidal periods in Deukryang Bay, Korea

Byung-Gul LEE", Tetsuo YANAGI™ ", Hidetaka TAKEOKA **
and Kyu-Dae CHO™**

Abstract: The stratification-destratification (SD) phenomenon in Deukryang Bay, Korea was
studied based on the data of wind speed, heat flux through the sea surface and tidal current
amplitude. To find out the main factors causing SD, we introduce the rate of energy balance of
the surface heat flux, tidal and wind stirring proposed by Simpson and HuNTer (1974). The cal-
culated energy of three terms are compared, in which energy of wind stirrin effect was one
order smaller than that of heat flux and the tidal stirring. Using the results, we implement time
integration of the potential energy with the several e values (tidal mixing efficiency) of
0.010~0.014 at interval 0.001 and with wind speeds of 1.5 and 2.0 times larger than observed val-
ues at land. It shows that the variation of SD phenomeenon in the bay mainly depends on tidal

stirring and sea surface heating in summer.

1. Imtroduction

Many oceanographers have studied stratifi-
cation-destratification (SD) phenomenon dur-
ing spring-neap tidal cycle (GRIFFIN and
LEBLOND, 1990; MACKAY et al., 1990; LARGIER and
TALJAARD, 1991) since SiMpsON and HUNTER
(1974) proposed the governing equation on the
balance between the time rate of change of the
potential energy in a unit water columm.

Most of the study area, however, was con-
fined in a coastal zone and estuaries associated
with fresh river water discharge or high salin-
ity area. Basically they tried to explain thee
temporal variation of a front formed by the
horizontal juxtaposition of two distinct water
masses and the interaction between the differ-
ent water masses.

SAMARASINGHE (1989) pointed out temporal
changes of salt-wedge movement of the whole
domain during spring-neap tidal cycle at the
Shark Bay in the Australian Bight, and ex-
plained such phenomena based on a density

* Department of Civil Ocean Engineering, Cheju
National University, Cheju 690-756, Korea
** Department of Civil and Ocean Engineering,
Ehime University, Bunkyo 3, Matsuyama 790,
Japan
*** RCOID, National Fisheries University of Pusan,
Pusan 608-737, Korea

current effect. However, he did not show the
critical changes of stratification during spring
and neap tidal periods in the day and did not
estimate the relationship of other environ-
mental factors.

In Korea, there are so many bays in the
southern part of the country and their sizes are
mostly less than 1000 km? where tidal current
is predominant and affects oceanic phenomena
in the whole domain of the bays. The
Deukryang Bay, one of such bays is a semi-
enclosed bay with three open channels. The
area is approximately 374.4 km® and the aver-
age depth 7.5 m (Fig. 1). The eastern part of the
bay dips steeply about 30 m while depth de-
creases slowly on the western part less than
5m depth.

Tidal elevation ranges in the bay are less
than 2 m and the tidal current amplitude from
0.2 m/sec in neap tide to 0.6 m/sec in spring
tide in which semi-diurnal components are
dominant (LEE, 1992).

The objectives of this paper are firstly to
show the drastic changes of SD phenomena
during short periods between spring-neap tidal
cycle, and second we check the magnitudes
and variations of wind speed, sea surface heat
flux and tidal current amplitude. Finally, we es-
timate the budget of potential energy from
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Fig. 1. Location of the Deukryang Bay and obervation points in 1-2 July and 23 July, 1992. S
denoted solar radiation station, R and W are current mooring and wind speed stations.

observed data, in addition to prediction the be-
ginning and the ending time of SD phenome-
non in summer.

2. Observation results during spring and

neap tidal periods

We observed temperature and salinity twice
in 1-2 July (spring) and 23 July (neap), 1992,
respectively. Three selected stations were
shown in Fig. 1 in which the first observation
points were 27 and the second were extended
to 37 for more detail observation so that the
station positions between the first and the sec-
ond were different except transect C. The
mooring station of current meter was R and
the wind speed was W, and the solar radiation
S was observed at Kwangju City located for
from the study area about 100 km since there is
no meteorological observation center including
the solar radiation data near the study area.

Figure 2 presents T-S diagrams for the obser-
vation data at all stations of surface and bot-
tom during the spring and the neap tidal
periods. In the figure, the salinity variations
were less than 1 PSU at twice observations and
appeared to be insignificant compared to the
temperature ones. The temperature in spring
tide, ranged from 19 to 25°C and the character
of water mass in bottom and surface layers is
almost the same while in neap tide the tem-
perature from 20 to 27°C, water masses are
separated into two parts. The intensities of the
surface and bottom temperature gradients
were so much different between neap and
spring tidal periods.

Figure 3 was constructed to present vertical
temperature, salinity and density distributions,
along section C. The data indicated the drastic
changes of vertical structures between two ob-
servation periods. From the figure, the vertical
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Fig. 2. The variations of temperature and salinity from bottom to surface (T-S diagram) dur-

ing spring and neap tidal cycle.

temperature and density gradients in neap tide
showed strong stratification while in spring
tide vertically well mixed. The temperature
variations at spring and neap tides are larger
than the salinity ones so that the temperature
is more effective to form vertical stratification
in the periods. Although the partially mixed
form at Cl1, C2, and C3 appeared during neap
tide, it looks like local phenomenon since it oc-
curred only in shallow region limited less than
5 m depth. Regarding this, SD characteristics in
the bay can be mainly controlled by the the
heat flux through the sea surface, tidal and
wind stirring effects.

3. Heat Flux, Wind and Current Variations
during Spring and Neap Tidal Periods
Oceanographical and meteorological data

were compared for estimating the variability of

SD phenomenon during spring-neap tidal

cycle. Wind speed, surface heat flux, and tidal

current variations are shown in Fig. 4.

The heat flux was calculated based on the
method of YaNacI (1982) and GiLL (1984), and
daily mean variation of sea surface water tem-
perature was calculated from linear interpola-
tion and extrapolation methods using two
times observation on 1-2 July and 23 July. In
Fig. 4, the wind speed ranges approximately
from 1 to 2 m/sec, the heat flux from 0 to 200
Watt/m? the tidal current amplitude from 0.1
to 0.6 m/sec. Wind speed from 21 June to 23
July are not strong and not changed comparing
to other factors. Moreover, the wind in the pe-
riod of strong stratification was stronger than
that of vertically well mixed condition. It gives
an account of that the wind stirring effect for
the stratification may be not the main factor in
the bay.

The fluctuation of the heat flux was very
large in spite of monthly average of 124 Watt
/m? sometimes zero values happened because
of a lot of cloud that prohibits the solar heating
through the sea surface.
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Fig. 3. hydrographic profile during spring and neap tidal cycle at typical central part of the

Deukryang Bay along Section-C.

The stick current velocity diagram in the fig-
ure shows the manifest fluctuations of tidal
current amplitude, particularly M. tidal current
was dominated. The current amplitude was the
largest in the first observation time while in
the second the velocity was the lowest. From
13 to 20 July, the current was relatively weaker
than that during the former spring period so
that presumably comparatively low tidal mix-
ing occurred at this period.

4. The budget of potential energy during
spring and neap tidal periods

It was clear that the SD phenomenon during
spring-neap tidal cycle existed in Deukryang
Bay from previous results. We showed that is
phenomenon as related to mostly the heat flux
and the tidal current amplitude from data
analysis.

To estimate the variation of stratification
due to three factors, we used basically the sim-
ple potential energy arguments given by
Simpson and HUNTER (1974), ErrioTT (1991),
and TAKEOKA ef al. (1993) who studied at
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European Shelf and at Bungo Channel in
Japan.

If we assume that the total rate of change in
potential energy of a water column is only
influenced by the wind and the tidal stirring
and the sea surface heating, the daily mean
rate of change in the energy will be given by
(ELLIOTT, 1991)

4aE _ ga o o 3_ S
i 2C, QrH—eCrpW°—eCpowlU (D

Here, E is the potential energy of a water col-
umn. The first term in the right hand of

equation (1) is the loss of potential energy by
the surface heating, the second and the third
are the gain of potential energy by the wind
and tidal current, where g is gravitational ac-
celeration, @ is thermal expansion coefficient,
0a and pw are air and water density, e and €
are efficiencies of surface and bottom mixing
process, Ca and Cp represent the surface and
bottom drag coefficients. W is wind speed, U is
the absolute tidal current speed. H is water
depth (10 m). If the right side of equation (1) is
positive, stratification is intensified, and if it is
negative, the stratification is weakened.
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In calculation procedure of above equation,
we used tentatively 0.015 & value proposed by
YANAGI and TAMARU (1990) because they suc-
cessfully applied this value to Bungo Channel,
Japan. Cp and C, are given as 0.0025 and
0.000065 by SivpsoN and Bowers (1981). The
tidal energy values from 20 to 30 June are ex-
trapolated assuming that tidal change pattern
from 20 to 30 June is the same as the pattern
from 1 to 10 July because of the symmetric
characteristics of tidal current amplitude in
time.

The calculated results are shown in Fig. 5. As
we expected previously, the wind stirring ef-
fect is approximately one order of magnitude
smaller than the surface heating and the tidal
stirring ones. As considering the rate of poten-
tial energy derived by wind stress, we argue
that the wind effect in summer can be omitted
for analyzing SD phenomenon during the ob-
servation period. Comparing the energy of the
tidal stirring to the surface heating, during the
first spring tidal period approximately from 27
June to 5 July, the tidal energy was larger than
the heating energy while in the second spring
tide of middle of July, the tidal energy was
similar to the heating one in which it seems to
be impossibel to destroy the stratification al-
ready made by sea surface heating. Therefore,
the stratification of the first neap tide from 7 to
13 July may also be weaker than that of second
neap tide. Possibly, destratification sustained
from end of June to early of July, and stratifica-
tion became to be formed from early July if the
surface heating was continually stable.

5. Discussion

Our hydrographic data of Deukryang Bay
showed critical changes of vertical structure of
temperature, salinity and density between
spring and neap tidal periods. As we analyzed
meteorological and oceanographical data using
three energy equation, it was found that the
tidal stirring and the sea surface heating
played important roles for the stratifying and
mixing processes while wind stirring effect
was one order smaller than the previous two
factors. However, for more accurate estimates
of the effects of sea surface heating and wind
and tidal stirring in the bay, we tried to

undertake integrate of the rate of potential en-
ergy variation between spring-neap tidal cycle,
and then estimate the stratification intensity
quantitatively.

The integral equation of (1) can be pre-
sented as following equation,

t2
E.= f (L 0rH—eCupaW3—eCppwl?]dt
t1 ZCD

where tl is ths start time of observation, 1
July, and ¢2 is the end time of observation, 23,
July. E. is the calculated potential energy
anomaly. In order to find out an optimal & val-
ues for the Deukryang Bay, equation (2) fol-
lowing several ¢ values of 0.010~0.014 at 0.001
interval was calculated and its results were
compared with the observed value in Table 1.

To compare the calculated result to the ob-
served one, the potential energy anomaly E, of
observation data was calculated by the follow-
ing equation (Bowden, 1984) :

Eo = ﬁi[p_ﬁ]gz Qzeeeeerrereesisasiinnnnines (3)

10
where p = }Tfpdz
h

o is a density at a depth z, ¢ is averaged den-
sity of a total water column. In the calculation,
the data of section C located at the nearest sta-
tions from the current meter mooring were av-
eraged.

We also showed, in Table 1, the potential en-
ergy variations according to the several wind
speed conditions, because following YANAGI
(1980) and ImANUKI, the wind speed at the sea
surface is larger than that at land by about 1.5
or 2 times due to surface roughness differences.
In Table 1, Wy is the ratio of an presumed wind
velocity at the sea (Ws) and an observed wind
velocity at the land (War). In the table, the cal-
culated potential energy was very simliar to
the observed one in the cases where Wr=1.0
and € =0.014, Wr=15b and & =0.012, and Wy
=2.0 and & =0.010.

Figure 6 indicates the potential energy varia-
tion selected in the case of € =0.014. The start
time tl was 1 July. From the figure, we know
that the heating energy was larger than the
wind and tidal energy from 5 July. The figure
also shows that the stratification gradually
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Table 1.
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The Potential Energy Anomaly Changes for the Coefficients of Tidal Efficiency

and Wind Speed (Wu is observation wind at land, Ws is assumed wind at sea)

Unit : kg sec”
Model Obser.
e Value
— 0.010 0.011 0.012 0.013 0.014 0.015
Wi(=Ws/Ww)
1.0 262.66 241.84 221.73 201.62 181.51 162.60 194.56
1.5 238.02 21791 197.80 177.69 157.58 139.18
2.0 191.43 171.32 151.21 131.10 111.11 93.56
kg/sec mixed pattern and it might be less than one
eek based on th te of ener riations.
soo Wind (1.0) W a n the rate ergy variations
Mixing Zone Wind (1.5) Acknowledgements
This work was supported by Research Cen-
150 ] ter for Ocean Industrial Development, National
Wind (2.0) Fisheries Univ. of Pusan designated by KOSEF,
in 1992.
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Tidal energy in Suyoung Bay, Korea

Dong-Sun KiM™ and Tetsuo YANAGI®

Abstract: To investigate the characteristic of M, tide, tidal current and tidal energy in
Suyoung Bay of Korea, we developed two-dimensional numerical model under the cartesian
co-ordinate. The maximum speed of M, tidal current is about 30cm s~ ' at the north-eastern and
south-western part of the bay. M, tidal energy flux in Suyoung directs from the north-east to
the sout-west. The maximum values of M, tidal energy flux are seen at the south-eastern and
north-eastern part of the bay and M., tidal energy loss by bottom friction at unit area in

1 2

Suyoung Bay is 34 ergss ' cm ™%

1. Introduction

Suyoung Bay is situated at the south-eastern
coastal area of Korea where the topography
gradually widens and deepens from the mouth
of Suyoung River to off-shore. It is a coastal
plain type estuary whose shape is nearly trian-
gle. The inner bay water mass is directly sub-
jected to the intrusion of the off-shore water
mass (Fig. 1).

By the report of the Pusan City of Korea
(1984), the semi-diurnal tidal component is dis-
tinguished and the tidal form number (K,+0.
/M:+S,) is 0.11~0.17 in Suyoung Bay. The av-
erage tidal range is about 10lcm, 36cm in
spring and neap tide, respectively. The ampli-
tude of M. tide is 34.3cm and that of S. tide is
16.4cm.

Until now, the studies about tide and tidal
current have been carried out by Kim and HaN
(1982), JunG and Yoa (1992), Kim and LEE
(1991, 1992) and HwanG (1993) but there has
been no study on the tidal energy in Suyoung
Bay. Therefore, in this study, we try to make
clear the characteristic of M. tide, tidal current
and to inquire about the M. tidal energy in
Suyoung Bay.

2. Numerical model of tide & tidal current
The equations used in this numerical simula-

* Department of Civil and Ocean Engineering,
Ehime University, Matsuyama 790, Japan

tion are the horizontal two-dimensional mo-
mentum and continuity equations for tide and
tidal current in the homogeneous fluid under
the cartesian co-ordinate which are as follows
(YANAGI and OKAMOTO, 1985),

LI ENERPI

ot
= ~gV77*l§i‘[Z+uV2ﬂ €Y
Iy (CH+mE) =0 )

where # is the depth-averaged velocity vector,
t the time, V the horizontal differential opera-
tor, f (=2Qsin® : Q=727X10"%ec 'and ®=
35°07'N) the Coriolis parameter, K the locally
vertical unit vector, g (=980 cm sec™?) the
gravitational acceleration, n the surface eleva-
tion above the mean sea level, 7§ (=26X107%)
the bottom frictional coefficient, H the local
depth, v (=5.0X10°cm? ") the horizontal eddy
viscosity.

Equations (1) and (2) are approximated by
finite-differences and are solved by the primi-
tive method (YANAGI ef al., 1983). Depths used
for this model were taken from Korean
hydrographic chart No. 201C. The maximum
depth is 54 m and the calculation grid size is
0.2 km X 0.2 km. For the computational stability
of numerical calculation, the time interval ac-
cording to Courant-Friedrichs-Lewy criterion
(MESINGER and ARAKAWA, 1976) is 5 sec in this
study.
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Fig. 1. Map of the study area where Stn. C is the current observation station. Broken line
shows the open-boundary of numerical model. Numbers show the depth in meter.

Along the eastern open-boundary (129° 12’E),
the M. tidal amplitude decreases from 34cm
to 32cm toward the north and the phase de-
creases from 235° to 233°in the same direction.
The phase at the southern open-boundary
(85°06’' N) is 236°. As for the amplitude along
the southern open-boundary, it decreases from
35cm to 34cm toward the east (ODAMAKI, 1989).
M. tidal wave propagates from the north-
eastern part to the south-western part of
Suyoung Bay.

The quasi-steady state is obtained four tidal
cycles after the beginning of the calculation
and the harmonic analysis of sea surface eleva-
tion and current field is carried out at the 5th
tidal cycle.

09 12912

3. Results

The calculated results of amplitude and
phase of M, tide and tidal current are shown in
Fig. 2. The amplitude and phase of M, tide is
about 34cm and 234° at the mouth of river,
respectively. The amplitude of M. tital current
is about 40cm s 'at the outer bay and about 1
cm s~ ' at the mouth of river. The phase of M.
tidal current is 330° at the southern part of the
bay and about 270° at the mouth of river. From
this figure, we can understand that M, tidal
wave behaves like a standing wave at the cen-
tral part of Suyoung Bay because the phase dif-
ference between tide and tidal current is near
90°. The comparision of calculated M., tidal cur-
rent ellipse and observed one (KM ef al., 1991)
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Fig. 2. Calculated amplitude (left) and phase (right) of M. tide (upper) and M, tidal current
(lower). Phase is reffered to the transit of Moon at 135°E.

at Stn. C (see Fig. 1) is shown in Fig. 3. The dot- slower than that at the outer bay. Generally,

ted circle shows the observed result 3 m below the flow pattern of M. tidal current at the maxi-
the surface of Stn. C, and the full circle the cal- mum ebb is opposite to that of maximum flood.
culated one. The calculated M, tidal current el- The calculated tide-induced residual current
lipse by our model well reproduces the by M. tidal current, which is obtained by aver-
observed one in speed and direction. aging calculated tidal current over one-tidal

The flow patterns of M, tidal current at the cycle, is shown in Fig. 5. Tide-induced residual
times of maximum flood and ebb at the central current by M. tidal current makes two
part of the bay are shown in Fig. 4. The M. tidal circulations in the bay, that is, one is the east-
current at the maximum flood flows from the ward flow at the north-eastern part and the
north-east toward the south-west. The tidal other is the southward flow at the south-
current at the inner bay flows parallel to the western part.

coastal line and the speed at the inner bay is
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15 CM/S
Fig. 3. Observed (full line) and calculated (dot-
ted line) of tidal current ellipses at Stn. C.

4. Tidal Energy
The tidal energy flux through the n-th grid is
estimated as follows (YANAGI et al., 1982),

E% V,H, cos ®Y ©)

where V» is the amplitude of tidal volume
transport through the n-th grid, A» the tidal
amplitude at the n-th grid, and ®»" the phase
difference between the tidal volume transport
and the tidal elevation.

The vector average of tidal energy flux
through each grid gives an indication of the di-
rection and magnitude of tidal energy flow as-
sociated with M, tidal component. These
vectors are shown in Fig. 6 (a). There is a no-
ticeable reduction in tidal energy flux near the

M2 TIDAL CURRENT

195

shallower area. It is shown that M, tidal energy
in Suyoung Bay is from the north-eastern part
toward the south-western part and this is the
same as the tidal wave propagation. Fig. 6 (b)
shows the tidal energy flux which is
intergrated at the eastern and southern
boundaries. The tidal energy flux through the
eastern boundary and that through the south-
ern boundary are 4.69 X 10"%ergs s, 3.11 X 10"?

ergs s ', respectively. Therefore the tidal en-
ergy of 1.58 X 10" ergs s™' is lost in Suyoung
Bay.

On the other hand, the M., tidal energy dissi-
pation can be directly estimated by the follow-
ing formula (TAYLOR, 1919),

3

EF:3—47[><7,,2><S><<%> (&)

Here 7§ is the bottom frictional coefficient (=
2.6X10%), S the surface area of each grid, A the
cross sectional area of each grid, V the ampli-
tude of tidal volume transport across each grid.
The application of this formula to the Irish sea
(TAYLOR, 1919) demonstrated that the tidal en-
ergy flow from the ocean tides into a partially
enclosed body of water was principally dissi-
pated by the bottom friction. The distribution
of M, tidal energy dissipation due to bottom
friction in Suyoung Bay is shown in Fig. 7. The
maximum values of M, tidal energy dissipation
are seen around the south-eastern and the

M2 TIDAL CURRENT
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M2 TIDE-INDUCED RESIDUAL FLOW
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Fig. 5. Calculated tide-induced residual current
by M, tidal current.

north-eastern part of the bay. The total M. tidal
energy dissipation due to bottom friction is
1.03X 10" ergs s~' in Suyoung Bay. The differ-
ence of M, tidal energy flux between the east-
ern and the southern boundaries (1.58 X
10" ergs s~') is nearly the same as the calcu-
lated result (=1.03x 10" ergs s™') by Eq. (4).
This fact shows the propriety of the M, tidal
energy calculation of Eq. (8).

5. Discussion

We developed two-dimensional numerical
model under the cartesian co-ordinate in
Suyoung Bay of Korea, compared its results
with that of field observation and calculated
the M. tidal energy. The calculated M, tidal
current by our model well reproduces the ob-
served one in speed and direction. The tide-
induced residual current, generated by the M.
tidal current, is eastward and southward flow
around the north-eastern and south-western
part, respectively.

The comparision of M. tidal energy in
Suyoung Bay, Korea and the Seto Inland Sea,
Japan (YANAGI et al., 1982) is shown in Table 1.
The maximum values of M, tidal energy flux in
Suyoung Bay are seen around the south-
eastern and north-eastern part. The M- tidal en-
ergy flux in Suyoung Bay directs from the
north-east to the south-west. On the other
hand, local maximum values of M, tidal energy
flux in the Seto Inland Sea are seen around the
Sea of Iyo and Akashi Strait (YANAGI et al.,
1982). The topography of Suyoung Bay is mo-
notonous that is gradually widens and deepens
from the mouth of Suyoung River to off-shore
(see Fig. 1). On the other hand, the topography
of the Seto Inland Sea is very complicated (see
Fig. 8) and that causes very strong tidal cur-
rent, especially near the straits. The maximum
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Fig. 6. M, tidal energy flux vectors (a) and the M, tidal energy flux at the eastern and the

southern boundaries (b).
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Table 1. M, tidal energy loss per unit area (E), M, tidal energy flux (£ ), Mtidal energy dis-
sipation due to friction (£*), amplitude of tidal volume transport (V), and cross sectional
area (4) in the Suyoung Bay and Seto Inland Sea.

E E° E’* V A
ergss 'cm™? ergss”’ ergs s™! cm®s™! km?
4.69x10" 3.26x10° 0.17
Suyoung (East Bound.) ' (East Bound.) (East Bound.)
\ 03X
Bay 34 3.11x10" 1.03x10 3.17x10° 0.16
(South Bound.) (South Bound.) (South Bound.)
37.4x10" 15x10" 12.5
Seto Inland (Bungo Ch.) (Bungo Ch.) (Bungo Ch.)
>< 15
Sea 189 9.5%x10" 416x10 2X10" 3.1
(Kii Ch.) (kii Ch.) (Kii Ch.)

*Surface Area : Suyoung Bay (30km?), Seto Inland Sea (22,000km?)
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Fig. 7. Distribution of M, tidal energy dissipation
due to bottom friction.
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amplitude of M., tidal current in Suyoung Bay
is about 40cm s~' and that in the Seto Inland
Sea is about 500 cm s~' at Naruto Strait. The
cross sectional area in Suyoung Bay is about 87
times smaller than that of the Seto Inland Sea.
Hence the amplitude of tidal volume transport
in Suyoung Bay is about 3 order of magnitude
smaller than that of the Seto Inland Sea. The
M. tidal energy loss per unit area is about 34
ergs s 'cm ?in Suyoung Bay and 189 ergss™’
cm ? in the Seto Inland Sea; the value of
Suyoung Bay is about 5.5 times smaller than
that of the Seto Inland Sea. The dissipation rate
of tidal energy by bottom friction, which

represents the rate of work per unit area made
by the flowing water column against bottom
friction, is large at the limited area like straits.
That is to say, the tidal energy loss per unit
area near the starits, where a strong tidal cur-
rent exists, is larger than elsewhere. In the Seto
Inland Sea, the tidal energy loss per unit area is
about 400 ergss'cm™ at the vicinity of
Tsurushima Strait, about 411 ergs s~ 'cm™® at
the southern area of Naruto Strait and about
532 ergs s~ 'cm™? at the western part of Akashi
Strait, especially a local maximum value about
17,021 ergss™'cm * around the Kurushima
Strait (YANAGI et al., 1982). These values are
about 2~90 times larger than the average M.
tidal energy dissipation per unit area in the
Seto Inland Sea.

Therefore, we consider that the difference of
M, tidal energy loss per unit area due to bottom
friction in Suyoung Bay and the Seto Inland
Sea is produced by the interaction of tidal cur-
rent with horizontal and bottom topography.
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Introduction

Numericaling modelling on atmospheric circulations
over the eastern mountainous coastal seas of Korea

Hyo CHor"

Abstract: By one way double-nested non-hydrostatic numerical model, wind fields in the high
mountainous coastal region of Korea were three-dimensionally simulated from March 27 to
March 28, 1994. Strong synoptic scale westerly winds blowing over the large steep mountains
in the coastal region caused localized downslope wind storms and enhanced development of
easterward internal gravity waves in the lee-side of mountain.

During the day a meso scale sea breeze circulation induced by thermal forcing due to
temeprature contrast of air over between land and sea progresses from sea toward inland. But
it is impeded by eastward propagation of internal gravity waves and confines to the offshore
side of the coast. Thus, two kinds of atmospheric circulations consist of an interna gravity
wave circulation (westerly) and a sea breeze circulation (both easterly near the sea surface
and westerly in the upper level). Air in the lowest atmospheric layer at Kangnung coastal site
should be trapped by two opposite circulations and surface winds near the coastal seas are rela-
tively weaker than those in the open sea or the inland sites, even if the upper level wind speeds
were very strong. On the other hand, a nighttime land breeze from the inland toward the
coastal sea could enhance development of existed eastward downslope wind storm and down-
ward transport of momentum from the upper atmosphere toward the coastal surface due to
disappearance of vertical thermal convection also makes a contribution to more intensification
of westerly winds in the coastal region, increasing the surface wind speeds. Consequently,
under the severe downslope wind storms induced by strong synoplic scale winds over the
mountain toward the coastal sea, the surface wind speeds became much higher at night than
in the daytime and caused much unstable sea states generated by the strong surface winds.

the simulation of Galveston Bay in Texas due

In recent years, DURRAN and KrLemp (1987),
KLEMP and DURRAN (1983), PELTIER and CLARK
(1979) made numerical simulations on down-
slope winds, lee-side waves and up-stream
blocking resulted from orographic effects in
the inland mountain region. BoER et al. (1984),
Davis (1987), LILLY et al. (1982), PALMER et al.
(1986), SmrtH (1978, 1989) and WMO (1986) car-
ried out the thoretical and numerical studies on
the surface pressure drag and wave momen-
tum flux in the mountain ranges.

RAYNOR et al. (1979) and SETHURAMAN (1982)
described boundary wind structure near land-
sea interface and McPHERSON (1970) mentioned
distortion of sea breze convergence zone from

*Dept artment of Atmospheric Sciences,
Kangnung National University, Kangnung,
Kangwondo, 210-702 korea

to the effect of irregularly shaped coastlines on
predicted wind fields. SEGAL et al. (1982) identi-
fied calm wind zones in conjunction with sea
breeze convergence front formed between
nearly parallel coastlines through a three-
dimensional simulation of sea breeze circula-
tion. LANGLAND et al. (1987) demonstrated the
result of numerical simulation on a satellite-
observed calm zone over the curved coastline
of Monterey Bay by using a meso scale marine
boundary layer model, which is no-hydrostatic
and anelastic without considering the effects of
complex terrain.

In the mountainous coastal region, it is
known that the patterns of atmospheric
circulations are very complicated and are still
unsolved problem (CHol and CHoi, 1994 ; CHOI
and CHol, 1995 ; FRIEHE and WINANT, 1982 ; Hsy,
1980, 1988; PrLATE, 1971; SATOMURA and
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BOUGEAULT, 1992 ; SETHRAMAN, 1982). Along the
coastal sea with high and steep mountains
atmospheric circulations, which make a great
influence upon waves and circulations, should
be affected by sea-land breeze circulation and
propagation of internal gravity waves in the
lee-side of mountain (CuHor et al., 1996; LEE,
1982; SmiTH, 1989; SMOLARKIEWICZ and
ROTUNNO, 1989)

In spring we often find that synoptic scale
westerly winds with high wind speeds pre-
vailed in north-eastern Asia and become en-
forced localized wind storms by Taegwallyang
mountain near Kangnung city in the eastern
coastal edge of Korea. When internal gravity
waves with hydraulic jump motions, under
downslope wind storms are rapidly developed
in the lee-side of the coastal mountain, unusual
high winds should be generated over coastal
seas and resulted in high sea waves.

The purpose of this study is to explain
atmospheic circulatins by wusing a three-
dimensional numerical model, which will have
a great influence upon the formation of wind
driven currents and wind waves and to find
out mountain effects on forecasting coastal
wind fields and sea states, when both
downslope wind storms and sea breeze process
exist.

2. Numerical method and data analysis

As shown in Fig. 1 and 2, the study area is
located in the eastern coastal region of korea
(adjacent to Japan sea) with high and steep
mountains, which lies from south to north par-
allel to coastal lines and consists of a complex
terrain with sand, soil and forest in a high
mountain called Mt. Taegwallyang near Mt.
Whangbyung (1407m) (Chor and Cxol, 1995).
For investigating atmospheric circula-tions
due to the rapid development of violent inter-
nal gravity waves and sea-land breeze
circulation in Kangnung coastal region from
March 26 through 29, 1994, a non-hydrostatic
grid point model was adopted with some modi-
fication and one way double-nesting technique
was used for precise simulation on coastal
wind aspects.

We chose horizontal resolutions of the model
as 20km in the coarse-mesh model and Tkm in
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Fig. 1. Calculated wind sppeds (m/s) at 10m
height over the ground surrounding the
Korean peninsula at 12 LST, march 27, 19954
in the coarse domain by using Global Analy-
sis Data.

the fine-mesh for double nesting with the num-
ber of 34 X 34 grids. This model consists of 15
vertical levels from 10m to 6km over the
ground such as 10, 45, 120, 235, 350, 500, 700, 900,
1100, 1400, 1800, 2400, 3200, 4200 and 5400m in
z* coordinate called a complex terrain-
following coordinate, and the lowest model
level is set at 10m, representing the depth of
the surface layer.

In the coarse-mesh model, 12 hourly G-ANL
(global analysis) data reanalyzed by Japan
Meteorological Agency (JMA) are provided as
initial data for lateral boundary of the model
domain. The coarse-mesh model calculates me-
teorological variables at each grid point and
predicted values on each variable were used
again as lateral boundary data in the fine-mesh
model. Through horizontal and vertical inter-
polations of the same global analysis data such
as winds, potential temperature, specific hu-
midity, modified data are provided as initial
fields for all two models with different resolu-
tions in this work. During the model experi-
ment we found that horizontal gradient of sea
surface temperatures on the coastal sea could
also much affect the generation of coastal ther-
mal winds comparable to horizontal gradient
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Fig. 2. Schematic profiles of air flows over the
eastern mountainous coastal regions for day
and night.

of air temperatures over land and sea surfaces.
In order to consider effects of sea surface tem-
perature on the coastal winds, initial tempera-
tures of sea surface water were obtained from
sea surface temperature data acquired by
NOAA (National Oceanic Atmospheric Ad-
ministration) satellite, which were analyzed by
National Fisheries Research and Development
Agency of Korea (Cxor and CHol, 1995; 1995;
NFRDA, 1994 ; RoLL, 1965).

A 30 hour numerical prediction experiment
was carried out from an initial time, 09 LST
(Local Standard Time=9h + Greenwith Mean
Time), March 27 to the next day at 12 LST,
March 28 by using HITACH super computer
establishied at Meteorological Research Insti-
tute, JMA. After completing our numerical
simulation for forecasting winds fields over the
mountainous coastal seas, the simulated winds
under the strong downslope wind storms were
compared with observation ones measured by
a pival balloon launched from Korean Air
Force Base of Kangnung city at 09 LST, every
day from March 27 through 29, 1994.

3. Numerical model

a. Governing equations
In the model formulae, the governing

equations consist of a terrain-following coordi-
nate system called z* coordinate with the as-
sumption of Boussinesq and anelastic
approximations (KIMURA, 1983 and KIMURA and
TAKAHASHI, 1991). For the generalized vertical
coordinate transformation (z,y,z*) from the
cartesian svstem (z, v, 2), the equations of mo-
tion can be derived as

d;thfthh@)GzH +06 (ZT“Z*) 0z2c0:11

+Z7‘2/haz<Kmazu) (1)
dihu=—fhv—h0O8 yII + 0 (zr—2*) 0yz:0:11
+ZT2haz(KmazU) (2)
dihw*=—2:00:11+gh6/0 (3
and

I1 = (P/Poo) */e»

C) :T(P/PO())RW/C”

z"=z1(z—2zc) /h @
h:ZT_ZG

dt:6t+uax+ﬂay+w*az

hw*=zrw+ (2" —2z1) (8zzcu+ 0y Z6v)

Here, 4, v and w* are velocity compoments in
the x, ¥y and z directions in the z* coordinate
and g is gravity (m/s?). ©, T, z, zr, 2c and Kn
are potential temperature (K), air temperature
at a given height, actual height, height of upper
boundary with its change for time and place in
a model domein, height of topography and ver-
tical diffusion coefficient for momentum (m?
/s), respectively. P, Py, R, Rqa and Cp are atmos-
pheric pressure, atmospheric pressure at refer-
ence level, universal gas constant, gas constant
for dry air and specific heat at constant pres-
sure.

The first terms on the right hand side of egs.
(1) and (2) are Coriolis forces (f; Coriolis pa-
rameter, f=2Qsin ¢, Q ; angular velocity of the
earth rotation, ¢ ; latitude), and the second,
third and fourth terms are pressure gradient
forces, adjusted terms on topography and verti-
cal diffusion. The second and third terms of eq.
(3) present vertical pressure gradient force and
buoyancy.

Considering the thermodynamic equation
and conservation of water vapor following
equations are given by

dih© :ZTZ/h az(&az@) +hQr (5)
dthq:ZTz/h (%(K;: azq> (6)
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where @, and ¢ are Newtonian cooling due to
long wave radiation and specific humidity of
water vapor. Thus, the second term of eq. (5)
implies radiative heating process. For the sim-
plicity of our model, condensation processes
such as microphysics of water are not consid-
ered. The continuity equation yields to

Ozhu+ ayhU+ 0zhw* =0 (7)

Euler-backward scheme is adopted for the
time integration of egs. (1), (2), (5), and (6)
and for the vertical direction Crank-Nicholson
scheme, respectively. zc; and zr mean the
ground surface level and top boundary level
with a material surface in the model atmos-
phere (6000m), which can absorb gravity-wave
energy generated in the lower layers and the
radiation condition suggested by KLEMP and
DuURREN (1983) was adopted for upper bound-
ary condition.

In general, horizontal scale of the phenomena
is one order greater than vertical scale, and eq.
(3) can be converted into the following equa-
tion for hydrostatic equilibrium as

0:ll=h/zr+g/0%+ 0 (®

Considering that the hydrostatic equilibrium
can not exist, the pressure equation for non-
hydrostatic state can be given by

Ozz 1l + ayyH + {<ZT/(ZT’“ZG))2
+ (" —z7) /h)*((0z26)°+ (0y2e) )} 0= 1
+2<Z* _Zr/harZGasz +2<Z* —ZT>/hayZGayzH
+ {(Z* _ZT) /h(6m25+ aych)
+2(z* ~21) /R*((8r26)*+ (8y20) D} 0-11

=r(zyz")/(Oh) )
where r is the residual term and

D=7z —7xn am

O:mu=gh 8 /(©%1) an

r(zyz*)=0:ADVX+0,ADVY
+21/h0ADVZ+1/h 0:260:(z* —2r)ADVX
+1/h 0yz2c0:(z2* —z21)ADVY 12)

and

ADVX=— 0zhuu— 0yhuv— 0zhuw”
+/hv—Ohdzme— O (2* —2r) 8z2c02 71
+ZT2/h az(Kmazu)

ADVY=—0zhuv— 0yhvv— 0 hvw* —fhu
—Ohdyrn— O @* —z7) 0y260. TH

+ZT2/h az(Kmaz U) (13)
ADVZ=— 0z huw — 0yhvw — 0 hww*

In the simulation processes of the model, the
open boundary condition developed by
ORLANSKI (1976) for 4, v, 8 and ¢ was modified
for the lateral boundary condition of the model
domain.

b. Model formula in turbulent process

As suggested by Yamapa (1983) in the sur-
face boundary layer the turbulent closure
level-2 model is adopted for calculating turbu-
lent diffusion coeficients, K» and K» for mo-
mentum and heat of eq.(1) through eq. (6) by

Kn=Smee-*/{
Kn=Sn+e-? (14)

where ¢ and e?imply turbulent length deter-
mined by diagnostic approaches and turbulent
kinetic energy (m?/s? as

2 =kz/(1+ fo/kz)
£0=0.1/ ez dz// edz (15)

and the semi-empirical formulae between Sm
Sk and flux Richardson number, R, in the sur-
face boundary layer can be also evaluated by

Sm=1.76 (0.1912—Ry) (0.2341—Rp/
{(1—Ry (0.2231—Ry} =0.085

for Ry > 0.16
Sr=1.318 (0.2231—Ry)/(0.2341 —Rs)Sm
=0.095 for Ry > 0.16 (16)

Ry can be derived by the function of bulk
Richardson number, R; at each grid point
(KiMURA, 1983; MELLOR and YAMADA, 1974;
YAMADA and MELLOR, 1973) as

Rr=0.6588{R:+0.1776 — (R*—0.3221R,
+0.03156) 2} for Ri<0.19
Ri=g/0. A 6. Az/AU? an

From the balance between production of tur-
bulent energy due to both shear and buoancy
and dissipation of turbulent energy, turbulent
velocity, e= (e?)"/? can be evaluated by

62:31 Ez{Sm(ZT/h«>2 {(azu>2+(azv>2}
—g/ ©Sk(zr/h) 0.0}
B.=16.6 18
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¢. Radiation process

Long wave radiations are absorbed by water
vapor and carbon dioxide in the lower atmos-
phere. Considering that flux from the ground
surface toward the upper levels is regarded as
positive, total net flux of long wave radiation,
R, yields to

Rg: ag Tc‘4 T 1:+ g (Tooé_Tf) Tf(Uoo)
+2X0 (T14-T1+14> TfﬂUiD
T.=220K (19

In the above, o is Stefan-Boltzman’s constant,
and T., Ts and T; are critical temperature, tem-
perature at the top of model atmosphere and
temperature at the i-th level, respectively. Here,
transmission function, zris derived asfollows :

Tr= T uz®* T co2

T 20— (]. + 1.746U*0'423) B

7 00:=0.93—0.066LOG 10(U + co2) (20)
T.=(1+3.0U.2") "' T con
U.=1/9/q@p/po " dp

Uicor= (pozqu/poz

where 7wz, T co» and 7. are the transmission
functions for H:0, CO; and critical temperature
(=220K). U., q, po and p are effective vapour
amount, specific humidity (g/cm?), pressure
(mb) at the surface and at the arbitary levels.

In this model, considering the absorption of
solar radiation by water vapor due to Rayleigh
scattering and the solar radiation toward the
earth surface as a positive flux, total net solar
radiation at the ground is given by

Se=U—as) Ses(l—a/(l—asas)
+Sos(1—-A (X))}

Sos=0.651 Sy cos é’ (21)

S0a=0.349 S() COSC

and

cos{ =cos ¢ cos § cosh+sin ¢ sin &
a,=0.085—0.247LOG (p/po sec ¢ ) (22)
A(z) =0.273x%%

rz=U.rsec

where So, Sos and Sea are solar constant, scatter-
ing part of solar radiation (wave length; 2 <C
0.9 #) and absorption one (A1 >09 ). ¢ is
solar zenth angle, which is a function of latitu
de(¢), declination(d) and time angle(s). A (x)
is an absorbing function of solar radiation, and

asand aa are albedos of atmosphere and earth
surface, respectively.

@, which is the heating rate of atmosphere
can be approximated by the following Newto-
nian cooling due to long wave radiation as

Q.=107°(T,—T) for T>T, (23)
Q.=0 for T<T, (24)

where T and 7, are air temperature and soil
temperature at the ground level.

d. Similarity theory in the surface layer

Assuming that the lowest level of the model
set at 10m in the surfece layer is a constant flux
layer and similarity theory can be applied to
parameterize vertical turbulence. Considering
energy balance near the surface momentum
flux, 7, sensible heat flux H and latent heat
flux, £ are

t/o=—W)"=—ku/¢ .

H/(Cop)=— 0=~k ul(0:— 6,)/(dunr)
(25)

E/Lp)=—qu.=—kul(gi—gd/(dndpn)

0,4q+, u« and k are the air density, the water
vapor scale, friction velocity, @ . the potential
temperature scale and the Von Karman con-
stant. The subscription 1 and g mean the low-
est and ground level of the model domain.

BusiNGger (1973), Hsu (1988), MonIin (1970),
PANOFsSKY and DUTTON (1984), PauLsoN (1970)
and WiLLIAMS (1980) describe various kinds of
formulae on the integrated universal functions,
¢ » for momentum and ¢, for heat and we use
the following formula suggested by KIMURA
and TAKAHASHI (1991)

=SS0,/ Al
(bh:f@h/f af (26)

here { =z/L, { v=2.L and L is Monin-Obukhov
length scale defined as

L=0C,0u.*/kgH @27
Under unstable condition

On=01-16¢)
Q,=0-16¢) for ¢ <0 (28)
Under stable condition, two classifications
for momentum and heat are given by

O.=1+7¢
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Z=147¢ for 0<<¢ < ¢ (29)
and
Or=14+7¢, for ¢ (30)
where
Co=20/L=0.714
{=Ridpw’/ dn 3D

Ri:g/®(91— Qg) Az / lul?

For the prediction of earth surface tempera-
ture in the case of bare ground condition, a
force restore method suggested by Deardorff
(1978) are derived as

0 t Qg: (Sg*RngfE)/le ( egf 9 0)/CZ
(32)

where 64 and 6, are ground surface potential
temperature and underground temperature. C,
and C; can be evaluated by diurnal period, 74
(=24"), heat capacity of underground soil, Cy
(cal/cm?/K) and heat conductivity, k¢(cal/cm
/k/sec) as

C1:O5( TngKg/z YA ) vz
C.=14/27 (33)

and 7 is pi.

If evaporation coefficient, By at the ground is
treated as constant, specific humidity at the
ground surface, gg yields to

qo=hBy QS(TQ) +A _BQ)Q1
a9=as(Ty)

for gs(Ty) >q:
for gs(Ty)<<g:
(34)

wetness of bare ground, wyg(=0.2cal/cm?®/k),
which is defined as the ratio of available water
content to maximum available water content
has different value depending upon season. In
this study wy is treated as 0.2 for the spring
time as Cuor and CHor (1995) and can be pre-
dicted as

ko= (0.386+0.15w4)10 2 (35)
By=min(1, 2wg)

4. Result of numerical simulation

a. Horizontal surface winds
The model forecasting of the wind in the

mountainous coastal region is of primary inter-
est in explaining atmospheric circulations over
the eastern coastal seas of Korea. In the case of
prevailing strong synoptic scale westerly
winds blowing over the north-eastern Asian
counties such as China, Korea and Japan from
March 26 through 28, 1994. we three-
dimensionally simulated coastal wind fields by
using a non-hydrostatic numerical model. On
March 26, that is, one day before carring out
numerical simulation the surface winds were
generally moderate and the wind fields had
typical wind patterns like sea and land breeze
in the Kangnung coastal region.

At 12 LST on March 27, 1994 strong westerly
winds penetrate into Korean peninsula and
pass by eastern coastal mountain regions (Fig.
1). At the same time strongly enforced local
winds are detected near Kangnung coastal re-
gions (Fig. 3-a). In Fig. 3a the surface winds at
12 LST, March 27, 1994 in the eastern mountain-
ous coastal region of Kangnung city, adjacent
to East Sea (The Sea of Japan) consist of two
different kinds of coastal winds such as synop-
tic scale westerly and meso scale easterly.
Along the coastal line, which lies from south to
north-west, strong westerly winds with a speed
more than 18m/s blow over the inland high
mountains (Mt. Taegwallyang) toward East
Sea, but easterly winds with a speed of 7Tm/s in
the coastal sea also approach to inland of the
coast. Since these two different kinds of winds
in the opposite directions are in the confront
each other, and the surface winds at 10m
height are very weak, especially 2m/s near the
surface at the edge of lee side of Taegwallyang
mountain, but the surface wind speeds with
easterly in the Kangnung city are in the range
of 3m/s to 5m/s. These westerly winds were
modified from orginal synoptic scale winds,
which were enforced by flowing over the large
steep mountains (Mt. Taegwallyang or Mt.
Whangbang) like a wind storm. On the other
hands, the easterly winds are caused by a sea-
breeze due to the meso-scale thermal forcing
from the difference between the air tempera-
ture over the ground and that over the sea sur-
face in the daytime.

At 15 LST, as daytime goes on, the sea breeze
was more intensified and the easterly wind
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Fig. 3. Suface winds (m/s) at 10m height over topography near Kangnung coastal regions of
Korea (——means coast line) at 12 (a), 15 (b), 18 (¢) and 21 (d) LST, March 27, 1994.

speeds became slightly higher than that of 12
LST (Fig. 3b). At the same time, as the synop-
tic scale inland westerly winds in front of the
mountains became stronger and stronger, they
could be downslope wind storms along the
eastern slope of the mountains. Under this
situation the surface winds in the Kangnung
area between lee side of the mountain and
coastal sea became weaker and weaker, and
reached to 2m/s.

Similar to 15 LST, the sea breeze cycle at 18
LST, just before sunset became smaller and
shallower, and the surface wind patterns still
show easterly with the more wide area of weak
winds over the coastal sea surface in offshore
sides of Kangnung city (Fig. 3-c). This feature
is attributed to the intrusion of more intensi-
fied westerly winds toward the coastal sea, as
the sea breeze was weaken with a shortage of
solar radiation. In the simulation, a zone of the



206 L.a mer 34, 1996

minimum wind speed appears near the shore-
line.

After sunset such as 21 and 00 LST, there
was no sea breeze near the coast and the meso-
scale forcing in the opposite direction due to
surface cooling of ground could induce a land
breeze from inland toward sea (Fig. 3-d, 4-a).
The existed westerly winds in the inland sides
was associated with the land breeze and could
be more intensified with a higher speed at
night. Especially, from 03 through 09 LST,
March 28, strong weaterly surface winds with
speeds of 18m/s can stretch out to 200km off
coast and from those points to open sea sides,
the westerly surface winds could not be af-
fected by orographic features. So the surface
winds near Kangnung were not over the limit
of 5m/s.

In the present work, a localized wind gener-
ated a circulation was detected with width of
110km (east-west) and 80km (north-south) in
the coastal sea near Kangnung and rotated in
an cyclonic direction (counter-clockwise).
These circulations over the coastal sea surface,
which tend to be smaller and smaller, exist
until next day morning 09 LST (Fig. 4-b, 4-c, 4-
d). These localized wind circulations over the
sea surface may considerably affect formations
of coastal oceanic circulations.

At 09 LST the surface winds continue to be
eastward over both inland and sea surfaces. In
the lee-side of mountains the strong downslope
wind storms continuously prevail throghout
the coastal region and the extension of local-
ized westerly winds remains in the coastal sea
(Fig. 4-d). In the open sea, the relatively weak
surface winds induced by land breeze have the
same eastward direction, because the surface
cooling on the inland ground continues to
exist. After 09 LST the surface wind pattern be-
comes similar to 12 LST, March 27. On March
29 the winds near Kangnung mountainous
coastal region become moderate again with the
similar structure of wind on March 26.

b. Vertical profiles of winds

Vertical profiles of wind vectors with speed
and direction on 15 levels over the east-west
straight cutting line from Kangnung (east) to
Mt. Taegwallyang (west) (A—B line in Fig. 3-

a) in the fine-mesh model domain (Fig. 5~Fig.
8). As the synoptic scale westerly winds in the
eastern coastal region rapidly flow over the
large steep mountains, they can be localized to
be strong downslope winds and changed to be
internal gravity waves generated in the lee-
side of mountain and over coastal seas. Hence,
from the vertical profiles of horizontal wind
speed at each level of 15 levels, the downslope
winds get hydraulic jump motions with bound-
ing forward, and the enhancement of
downslope winds could produce wind storms
along the east slope of the mountain, which
move toward the eastern coastal sea (Fig. 2).

At 12 and LST, March 27 during the daytime
a sea breeze circulation takes a place from sea
toward inland sites, but the sea breeze circula-
tion can stretch out to just coastal site due to
the eastward propagation of internal gravity
waves (Fig. ba and 5b). It is not easy to find an
upslope wind in the eastern side of coastal
mountains, which can be often observed under
the easterly synoptic wind or meso-scale sea
breeze. It means that the sea breeze could not
penetrate into the top of the mountain and be
limited to the inland coast. As the westerly
downslope winds confront the easterly sea
breeze in Kangnung city, the some amount of
air should be isolated, but the others move up-
ward, blowing toward the sea side. Thus, the
surface winds at inland coastal sites were rela-
tively weaker than those in the open sea or the
further inland sites from the coast.

Through the our numerical simulation, two
different kinds of atmospheric circulations
(two eddies) in the lee side of the mountain
were detected such as an internal gravity wave
circulation with westerly wind and a sea breeze
circulation with both easterly wind near the
sea surface and westerly in the upper level
such as a circular flow pattern (Fig. 7a and 7b).
Under the existance of two kinds of atmos-
pheric circulations, the air near Kangnung
coastal region should be trapped by the two
circulations in the opposite directions, and the
horizontal surface wind speed of the
downslope wind near coast should be reduced
to be about 2.0 m/s, that is, relatively weak by
the intrusion of sea breeze. Fig. 7a and 7b show
that as the westerly wind storms can drive out
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Fig. 4. As shown in Fig. 3 expect for 00 (a), 03 (b), 06 (¢) and 09 (d) LST March 28, 1994.

the meso scale easterly winds such as sea
breeze to the coast, the positions of minimum
wind speed lie in lower and lower levels along
the eastern slope of the mountain and eventu-
ally moves to the coastal sea. Of course, the
wind at Kangnung city are easterly with 3
m/s under the influence of the sea breeze circu-
lation.

At 18 LST, near sunset the wind pattern was
similar to that at both 12 LST and 15 LST, but

the depth of the sea breeze circulation became
shallower and shallower with weak wind
speeds (Fig. 5¢, 7c). As the nighttime went on,
that is, from 21 LST, March 27 through 06 LST,
March 28, the vertical convection of air from
the earth surface should be suppressed due to
the disappearance of solar radiation, and then,
the momentum could be transported from the
strong upper level winds toward the surface,
enhancing the existed daytime downslope
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and 21 (d) LST, March 27, 1994.

wind storms to be more intensified at night
than in the daytime (Fig. 5d, 6a, 6b). As men-
tioned above, in Fig. 7d, 8a, 8b and 8c the cen-
ters of wind storms with maximum wind
speeds over 28m/s take positions lower and
lower toward the ground surface and come

down to the height of 200m over the ground at
06 LST just before sunrise.

Furthermore, during the night the air over
the inland surface was much cooler than that
over sea surface, due to the cooling of ground
surface and then, the meso-scale temperature
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contrast between air over the ground and that level winds toward the ground surface, after
over the sea surface occurs, resulting in gener- sunset, can be associated with the land breeze
ating a land breeze from inland toward sea. blowing from inland toward sea, they produce
Thus, the surface winds near the Kangnung one atmospheric circulation (one cell) in the
city became strong. So, since the westerly coastal region and enhance the surface winds
downslope wind storms intensified by both near the Kangnung city to be stronger and
orographic feature with a sharp inclination and stronger (7d and 8a).

momentum transfer from the strong upper At 06 Ist on the next day morning, that is,
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Fig. 7. Vertical profiles of horizontal wind speeds (m/s) on 15 levels over the east-west
straight cutting line from Kangnung near to Taegwallyang Mt. (A-B line in Fig. 3a) at 12
(a), 15 (b), 18 (c) and 21 (d) LST, March 27, 1994.

sunrise time, as the center of the wind storm
was located in the lowest level near the surface,
due to both maximum momentum transfer
from the upper layer and maximum effect of
land breeze, the surface winds induced by the
strong downslope wind storms were still west-
erly. Because it takes more time to excite air by
solar radiation and sea breeze can just start to
be generated at this time (Fig. 6¢ and 8c). The

center of the wind storm at 09 LST was located
at the slightly heigher position than at 06 LST,
as the sea breeze started, and the strong west-
erly winds could suppress the easterly sea
breeze, showing the resultant westerly surface
winds near Kangnung city (Fig. 6d and 8d).
During the day, on March 28, the wind pat-
terns were very similar to those on March 27.
After 09 LST March 28, especially under the
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strong development of downslope wind storms
along the east slope of the mountain and in the
lower layer over the coastal region, two kinds
of circulations induced by both internal grav-
ity waves and sea breeze should be produced
again at Kangnung city and the surface wind
speed was 18 m/s. The wind patterns in the
coastal region on March 28 was similiar to the
previous daytime case. On March 29, the winds
became moderate again and a typical wind

pattern controlled by only sea-land breeze was
observed in the coastal region of Kangnung.

c. Comparision of stmulated winds to measured
ones
Under the severe downslope wind storms in
the mountainous coastal region of Kangnung,
the comparision of simulated winds to the ob-
served one was made by using a pival balloon
launched from Korean Air Force Base of
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Kangnung city at 09 LST, every day from
March 27 through 29, 1994. The measured
height were 10m, 1000m, 2000m, 3000m and
4000m (Fig. 9). On March 27, the simulated
wind speed and directions (measured wind
speed and directions) at 10m height over the
ground of Kangnung Air Force Base was 13m
/s, 2565° (14m/s, 260°) at 10m, 22.5m/s, 230° (21
m/s, 245%) at 1000m ; 18m/s, 256°(18m/s, 255°)
at 2000m, 18m/s, 275° (18m/s, 285°) at 3000m
and 24.1m/s, 278° (24m/s, 305°) at 4000m, re-
spectively. At 09 LST on the next day morning,
March 28, they are 17.5m/s, 250° (18m/s, 240°) at
10m, 20m/s, 225° (21m/s, 240°) at 1000m, 20m/s,
220° (19m/s, 250°) at 2000m, 15.6m/s, 230° (19
m/s, 270°) at 3000m, 18.5m/s and 280° (24m/s,
265°) at 4000m under the existence of wind
storms. Even if there were, in part, a little dif-
ferences between the simulated winds and the
observed ones, they well agreed each other.
Thus, when the severe downslope wind storm
and sea-land breeze occur over complex terrain
near the coast, the numerical forecasting for at-
mospheric circulations can be expected to play
a significant role in prediction of wind driven
currents and wind waves on the mountainous
coastal seas and it is very useful to operate a
non-hydrostatic numerical model for the pre-
diction of coastal sea states.

5. Summary

Numerical experiments of atmospheric

circulations were performed under the
downslope wind storms generated in the lee-
side of mountainous coastal region. In the day-
time we have two different kinds of
atmospheric circulations, which consist of an
internal gravity wave circulation with west-
erly wind and a sea breeze circulation with
both easterly wind near the sea surface and
westerly in the upper layer. The internal grav-
ity waves toward sea and the sea breeze circu-
lation toward inland caused an isolation of air
at Kangnung coastal site. Thus, surface winds
near the coastal seas were relatively weaker
than those in the open sea or inland.

On the other hand, at night under the intensi-
fication of westerly downslope wind storms as-
sociated with land breeze toward sea and the
momentum transfer from the upeer level to-
ward the coastal surface, the surface winds be-
came much stronger at night than during the
day in the coastal region. Consequently, when
the downslope wind storms were strongly de-
veloped, the surface wind speeds at Kangnung
city also became higher and it might excite the
severe sea states in the coastal regions.

Acknowledgements

For the successful execution of this coastal
experiment, the author would like to express
much thanks to Mr. S. TakaHASHL Dr. T. Y
osHIKAWA and Dr. T. HANAFUSA of Meteorologi-
cal Research Institute, Japan Meteorological
Agency for using computer facility and techni-
cal assistance with helpful discussions. He is
also grateful for oceangraphical data provided
by Korea Oceanographic Data Center, National
Fisheries Research and Development Agency.
This paper was supported in part by NON DI-
RECTED RESEARCH FUND, Korea Research
Foundation, Ministry of Education in 1995,
under grant for “Variation of atmospheric pol-
lution concentrations due to the development
of internal gravity waves in Kangwondo
coastal regions”. Another financial aid was pro-
vided by Ministry of Environment and Minis-
try of Science & Technology in 1995 for
“Regional climate modelling-research and de-
velopment on technology for global environ-
mental monitoring and change prediction”.



Modelling on atmospherec circuiations 213

References

BOER, G. J., N. A. McFaRLANE and R. Laprisg, (1984) :
The climatology of Canadian climate center gen-
eral circulation model as obtained from a five-
year simulation. Atmos. Ocean, 22, 430-473.

BUSINGER, J. A. (1973) : Turbulence transfer in the at-
mospheric surface layer, In Workshop on
Micrometeorology, Haugen, D. A. (ed). Amer.
Meteor. Soc., 67~100.

Cuoy, H. and J. Cuor (1994) : Characteristics of onshore
winds in the coastal thermal internal boundary
layer. J. Korean Meteor. Soc,, 30, 1~11.

Cuol, H. and J. CHor (1995) : Atmospheric pollutant
concentrations under the influence of internal
gravity wave and sea-land breeze circulations in
the mountainous coastal regions. Korean J.
Geophys. Res,, 23, 18-33.

Cuol, H, J. CHoi, S. TakanasHl and T. YOSHIKAWA
(1996) : Three dimensional numerical modelling
on the growth of coastal thermal internal bound-
ary layers in the Cheju island of Korea. J. Korean
Meteor. Soc., 32, 1-16.

Davis, H. C. (1987) : Observational studies and inter-
pretation of the mountain pressure drag during
ALPEX, in observation, theory and modelling of
orographic effects, ECMWF. Reading. 113, 136pp.

DurraN, D. R. and J. B. KLEmp (1987) : Another look at
downslope wind storms, Part II : Non linear
aplication beneath wave overturning layers. J.
Atmos. Sci, 44, 3402-3412.

Dearporr, J. W. (1978): Efficient prediction of
ground surface temperature and moisture with
inclusion of a layer of vegetation. J. Geophys.
Res., 38, 659-661.

FrIenE, C. A. and C. D. WinanT (1982) : Observation of
wind and sea surface temperature structure off
of the northern California coast. 1st International
Conference on Meteorology and Air/Sea Interac-
tion of the Coastal Zone, Hague, Amer. Meteor.
Soc., 209-214.

Hsu, S. A. (1980) : Research in the coastal metcorol-
ogy: basic and applied. 2nd Conference on
Coastal Metcorology, Los Angles, Amer. Meteor.
Soc., 1-7.

Hsu, S.A. (1988) : Coastal Meteorology. Academic
Press. 260pp.

KiMURra, F. (1983) : A numerical simulation of local
winds and photochemical air pollution (1) :two
dimensional land and sea breeze. J. Meteor. Soc.
Japan, 61, 862-878.

Kimura, F. and S. Takaiiasur (1991) : The effects of
land—use and anthropogenic heating on the sur-
face temperature in the Tokyo metropolitan
area : numerical experiment. Atmos. Environ., 25,
155-164.

KLEMP, J. B. and D. R. DurraN (1983) : An upper condi-
tion permitting internal gravity wave radiation
in numerical mesoscale models. Mon. Wea. Rev.
111, 430—-440.

LancLanp, R.H, P. M,, Tac and R. W. Fert (1987) :
Numerical simulation of a satellite —observed
calm zone in Monterey Bay, California. Mon.
Wea. Rev., 2, 261-268.

Leg, Y. (1982) : The prediction of thermal internal
boundary layer growth and fumigation. 1st In-
ternational Conference on Meteorology and Air
/Sea Interaction of the Coastal Zone, Hague,
Amer. Meteor. Soc., 83-86.

Livry, D. K, J. M. NicaoLLs, R. M. CHervIN, P. J. K
ENNEDY and J. B. KLEMp (1982) : Aircraft measure-
ments of wave momentum flux over the Colo-
rado Rocky mountains. Q. J. R. Meteor. Soc., 108,
625-642.

MCcPHERSON, R. D. (1970) : A numerical study of the ef-
fect of a coastal irregularity on the sea breeze. J.
of App. Meteor., 9, 767-777.

MELLOR, G. L. and T. Yamapa (1974) : A hierachy of
turbulence closure models of planetary bound-
ary layers. J. Atmos. Sci., 31, 1791-1805.

MOoNIN, A. S. (1970) : The atmospheric boundary layer.
Annual Review of Fluid Mechanics, 2, 225-250.

NFRDA. (1994) : Analyzed NOAA satellite pictures
on the sea surface temepratures in the East Sea
(Japan Sea). National Fisheries Research and De-
velopment Agency.

OrLANSK], I (1976) : A simple boundary condition for
unbounded hyperbolic flows. J. Comp. Phys.,, 21,
251-269.

PALMER, T. N., G. J. SmiTH and R. SwinBank (1986) : Al-
leviation of a systematic westerly bias in general
circulation and NWP models for trough and
orographic gravity wave drag parameterization
Q. J. R. Meteor. Soc., 112, 1001-1039.

Panorsky, H. A. and J. A. Durton (1984) : Atmos-
pheric Turbulence. John & Wiley, New York, 1-
100.

PauLSoN, C. A. (1970) : The mathematical representa-
tion of wind speed and temperature profiles in
the unstable atmospheric surface layer. J. App.
Meteor., 9, 857-861.

PELTIER, W. R. and T. L. CLark (1979) : The evolution
and  stability of finite amplitude mountain
waves. Part 1I : Surface wave drag and severe
downslope windstorms. J. Atmos. Sci., 36, 1498—
1529.

PLATE, E. J. (1971) : Aerodynamic characteristics of
atmospheric boundary layers. U. S. Atmospheric
Energy Commission, 190pp.

RaAYNOR, G. S, S. SETHURAMAN and R. M. BrowN
(1979) : Formation and characteristics of coastal



214 La mer 34, 1996

internal boundary layer during onshore flows.
Boundary Layer Meteor., 16, 487-514.

RoLL, H. V. (1965) : Physics of the marine atmosphere.
Academic press, New York, 426pp.

SATOMURA, T. and P. BougeauLt (1992) : Orographic
wave drag during PYREX experiment. In Spring
Meeting of the Meteorological Society of Japan,
Tsukuba, 282pp.

SEGAL, M, R. T. McNIpER, R. A. PiIELKE and D. S.
McDoucaL (1982) : A numerical model simula-
tion of the regional air pollution meteorology of
the greater Chesapeake Bay area—summer day
case study. Atmos. Environ., 16, 1381-1397.

SETHURAMAN, S. (1982) : Observation of the bounadry
layer wind structure near land-sea interface. 1st
International Conference on Meteorology and A
ir/Sea Interaction of the Coastal Zone, Hague,
Amer. Meteor. Soc., 4-7.

Smitd, R. B. (1978) : A measurement of mountain
drag. J. Atmos. Sci,, 35, 1644-1654.

SmiTH, R. B. (1989) : Hydrostatic airflow over moun-
tains. Adv. Geophys,, 31, 1-41.

SMOLARKIEWICZ, P. K. and R. Rotunno (1989) : Low
Froude number flow past three dimensional ob-
stacles. Part 1 : Baroclinically generated lee
vorties. J. Atmos. Sci., 46, 1154-1164.

WiILLIARMS, R. G. (1980) : A procedure for wind field
construction from measured data which utilizes
local surface roughness. 2nd Corference on
Coastal Metcorology, Los Angles, Amer. Meteor.
Soc., 307pp.

WMO. (1986) : Scientific results of the Alpine experi-
ment. GARP pubilication series, 27, WMO,
Geneva.

Y amapa, T. (1983) : Simulation of nocturnal drainage
flows by a g®-1 turbulence closure model. J.
Atmos. Sci., 40, 91-106.

YaMmapa, T. and G. L. MELLor (1973) : A numerical
simulation of the BOMEX data using a turbu-
lence closure model coupled with ensemble cloud
relations. Q. J. R. Meteor. Soc., 105, 95-944.

Received January 4, 1996
Accepted March 18, 1996



La mer 34: 215-225, 1996
Societe franco-japonaise d’oceanographie, Tokyo

ERS-1 SAR observations of dynamic features in the
southern East-China Sea

L. M. MITNIK"? M. -K. Hsu' and C. -T. L1v®

Abstract : ERS-1 SAR images covering the southern East-China Sea near Taiwan are analyzed
together with relevant remote and in situ data to interpret the variations of their brightness
(NRCS). A wealth of the oceanic and atmospheric phenomena of different scales were revealed
on the SAR images : packets of internal waves, eddies and mushroom-like structures north and
east of Taiwan, western Kuroshio front, natural and artificial slicks, island wakes, surface
manifestations of bottom topography, cell and roll convection, atmospheric gravity waves, ets.
Part of them had never been studied near Taiwan.

1. Introduction

The features of bottom topography in the
southern part of the East-China Sea, vicinity of
the vast Asia continent with full-flowing
rivers, influence of Kuroshio, tide driven flows,
indented coast line and coastal mountains dis-
turbing wind field predetermine the compli-
cated space-time structure of oceanic and
atmospheric processes. Remote and in situ tech-
niques, field and computer simulations are
used to investigate these processes.

In spite of numerous efforts both the oceanic
and atmospheric phenomena and processes are
still not well known. This is particularly evi-
dent, when new devices and techniques are ap-
plied to study them. The primary attention in
our research was concentrated on analysis of
data obtained by a Synthetic Aperture Radar
(SAR) from European ERS-1 satellite. Ground
receiving station of the Center for Space and
Remote Sensing Research at National Central
University receives and processes the ERS-1
SAR images since October, 1993.

The active (different kinds of radars) and
passive (radiometer) microwave techniques
allow us to collect information about the ocean
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surface parameters and phenomena under
cloud conditions. It is a great advantage for the
areas where the probability of cloudiness is
high. Radar images provide better resolution in
comparison with microwave radiometric data.
It allowed us to study the fine details of the
oceanic phenomena. They manifest themselves
as anomalous states of the sea surface as oppo-
site to “normal” states when roughness is deter-
mined by surface wind only. Appearance of
these states results from modulation of small
scale wind waves by the variable currents di-
rectly and/or indirectly, for example, through
redistribution of surface filmes. The atmos-
pheric mesoscale phenomena (roll vortices, cell
convection, gravity waves, wind shadows, etc.)
are also imprinted in the surface roughness
field due to modulation of horizontal surface
wind.

The objective of this study is to interpret the
brightness patterns observed on the ERS-1
SAR images collected over the southern East-
China Sea to extract qualitative and quantita-
tive information about phenomena in the
ocean-atmosphere system. Processing of the
SAR images and geographical distribution of
the ERS-1 SAR-observed oceanic and atmos-
pheric phenomena are described in section 2.
Imprints of the roll vortices and the atmos-
pheric gravity waves on the SAR images are
considered in section 3. Surface manifestations
of the Kuroshio front, upwelling, internal
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waves and other oceanic features are discussed
in section 4.

2. Processing of SAR data. Map of dynamical
phenomena

In image mode the SAR obtains strips of
high resolution imagery approximately 100 km
in width, 250 km to the right of the sub-satellite
track. A spatial resolution is 26 m in range
(across track) and between 6 m to 30 m in azi-
muth (along track) (Vass and BATTRICK, 1992).
A SAR maps the surface roughness through
Bragg scattering from the short gravity waves
with a wavelength of A = A /(2sin 6 ), where
A is the wavelength of radar and 6 is local in-
cidence angle. ERS-1 SAR (A =566 c¢cm, 6 =
195-26.6°, VV polarization) is sensivite to
waves of about 8.3-6.5 cm long. For surface
waves with crest at an angle ¢ to the radar
line-of-sight, the Bragg scattering criterion is:
A’= A sin ¢. The differences in sea surface
roughness are visible on the SAR images as
tonal changes, with the light areas correspond-
ing to stronger backscattering signals( to large
values of normalized radar cross-section-
NRCS). Backscatter increases with the increase
of wind speed (stress) and depends on
azimuthal angle (angle between wind vector
and a plane of radar signal propagation). The
threshold wind-speed value umin needed to
form the resonant Bragg waves depends on
radar frequency and sea surface temperature
and for ERS-1 SAR the umin=3.2m/s at a height
of 10 m above the surface (DONELAN and
PIERSON, 1987).

Each SAR frame covers an area of about 100
km by 100 km. The SAR data are in binary
form. The digital SAR image had 8002 pixels in
column and more than 8000 pixels in row. To
enhance the features on a SAR image, decrease
noise and achieve a convenient size, at first the
size of the data was reduced by an 8 X8 averag-
ing box. A surface resolution of about 100 m re-
sulting from this averaging was adequate for
our study. Then the histogram of gray level
was calculated and displayed. The upper and
lower bounds of gray level were determined
manually to provide the best visibility of the
details. Image file was obtained by conversion
of the binary file. Finally, the images ware

printed by a laser printer using commercial
image process package.

We analyzed about 150 ERS-1 SAR images
obtained over southern part of the East-China
Sea since October, 1993. These were both the in-
dividual images and strips of several images.
Most of them covered the waters surrounding
Taiwan between 21-27°N and 119-123°E. The
images were obtained at different seasons and
at different weather conditions. The NOAA
AVHRR images, weather maps of the Japan
Meteorological Agency (JMA) and the Central
Weather Bureau, wave analysis map of the
JMA and other relevant data were used to
interpret the brightness variations on the
SAR images and separate the oceanic phenom-
ena.

Our analysis revealed, in particular, that the
SAR images with the mesoscale (over a range
several hundreds meters to several kilometers)
wave-like variations of the surface roughness
are wide spread and common. They can be
caused by both the oceanic and atmospheric
phenomena and can confuse an oceanographic
interpretation of the SAR imagery. For in-
stance, horizontal roll vortices, open and closed
convective cells and gravity waves in the at-
mospheric planetary boundary layer produce
the quasiperiodic surface-wind-speed (surface
roughness) fluctuations. To detect an atomos-
pheric nature of the observed organized NRCS
variations, correlation of cloud patterns on the
visible and/or NOAA images and brightness
distribution on the SAR images was used. Fur-
thermore, SAR images of oceanic internal
waves which also produce the mesoscale modu-
lation of the NRCS, look different from SAR
images of wind rolls and atmospheric gravity
waves (see below 4.3, as well as ALPERS and
BrRUMMER, 1993; MiTNIK and VIKTOROV, 1990;
VACHON, et al., 1994, 1995).

We marked the areas where the surface
manifestations of the following phenomena
were observed: the changes of bottom topogra-
phy (BT), coastal fronts (CF), eddies (E), in-
ternal waves (IW), island wakes (IsW),
Kuroshio front (KF), mushroom-like struc-
tures (MS), slicks (s), unusual ship wakes
(SW), upwelling (U) as well as the surface im-
prints of cellular convection (CC), roll
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Fig. 1. Location of the features of sea surface roughness on the ERS-1 SAR images caused by
the following oceanic and atmospheric phenomena near Taiwan: The changes of bottom
topography (BT), coastal fronts (CF), eddies (E), internal waves (IW), island wakes
(IsW), Kuroshio front (KF), mushroom-like structures (MS), slicks (S), unusual ship
wakes (SW), upwelling (U), cellular convection (CC), roll convection (RC) and lee waves
(LW). The dotted rectangles A, B, C and D show the locations of the SAR images used in

the paper.
convection (RC) and lee waves (LW) (Figure China Sea and internal waves in the Luzon
1). Several SAR strips were continued beyond Strait and in the northern South-China Sea
the area under consideration. The mixed zone were registered on them.

between Yangtze waters and waters of the East
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Fig. 2. ERS-1 SAR image of the Taiwan Strait, acquired on February 20, 1995, at 14 : 27 UTC
(the original SAR image data is copyright ESA 1995). The image area is about 95 km x 100
km. Arrow shows mean wind direction derived from SAR image

3. Atmospheric phenomena

The oceanic phenomena can be detected
with a SAR over a range of wind speed u from
Umin=~3.2 m/s to 8-10 m/s only. At u>10 m/s
the brightness variations on a SAR image are
mainly due to the sea surface wind variability.
Figure 2 depicts a section of an SAR image

teken over the Taiwan Strait near the Penghu
(area A in Figure 1). From the weather maps of
the JMA for 00:00 UTC on February 20 and 21,
gale northeastern winds (prevailing during
winter monsoon) and waves with a height of
3—4 m were observed at the time of the SAR
pass. The increased brightness in the vicinity
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of the Penghu was due to intensive wave
breaking over shallow waters. It starts at a dis-
tance of about 8 km off northeastern coast. The
boundaries of this area correlate well with
isobaths and the results of Landasat image.

On the SAR image the alternating light and
gray bands are surface expression of roll vor-
tices in the marine boundary layer of the
atmosphere. The surface waves that led to this
streak-like pattern are formed primarily in re-
sponse to variations in the surface wind caused
by the rolls (ETLING and BROWN, 1993; ALPERS
and BRUMMER, 1993). The streak-like pattern
has a mean orientation aligned with the north-
northeastern wind (Figure 2). The distance
between adjacent light lines determines a
wavelenght of the roll vortices. It varies be-
tween about 1.5 and 2.5 km. The difference of
the NRCS values of light and gray bands de-
pends on wind speed of the base flow, ampli-
tude of mesoscale circulation, azimuthal angle
and incidence angle (MITNIK et al., 1994).

Additionally to the roll vortices, the
quasiperiodic variations of the NRCS can be re-
sulted from atmospheric gravity waves. They
are internal waves for which gravity is the
restoring force (MiTNIK and VIKTOROV, 1990; V
ACHON, et al., 1994; 1995). They modulate the
horizontal surface wind speed and thus the sur-
face roughness. A group of atmospheric grav-
ity waves is seen in the upper right angle in
Figure 2. Their wavelength is about 3.5 km and
the wave crests are directed at a right angle to
the bands, formed by the roll vortices.

At wind speed in the range of 3-10m/s the
variations of the sea surface roughness
(NRCS) are due to both the oceanic and atmos-
pheric factors. A strip of two SAR images cov-
ering the East-China Sea east of China coast
(Figure 3, area B in Figure 1) shows three sys-
tems of the surface imprints of the lee waves.
In the system 1 20 well-defined wave crests of
2.7-km wavelength, in the system 2 9 crests of
4.3-km wavelength and in the system 3 8 crests
of about 2.0 km wavelength are readily appar-
ent in Figure 3. They are oriented near parallel
to the coastal mountain ridges and extend up
40-50 km offshore. Modulation of the surface
wind was enough to decrease u below a thresh-
old value umin needed to generate small gravity

1185 ' 120

0 20 40km
S S W E——

Fig. 3. ERS-1 SAR images of atmospheric lee
waves east off China coast, acquired on De-
cember 8, 1994, at 14 : 26 UTC (the original
SAR image data is copyright ESA 1994). The
image area is about 100 km X 160 km.

resonance waves with a wavelength of A. Am-
plitude of the modulation can be estimated
with the CMOD IFR2 wind retrieval model for
scatterometer (QUILFEN, 1995). From the model,
it follows that the radar contrasts caused by
the lee waves increase with the decrease of av-
erage wind speed.

A narrow contrast band 4 crossing part of
the strip and ending by a cyclonic eddy 5 with
size of about 10 km indicates, probably, a fron-
tal boundary between the low-salinity China
Coastal Current and the Taiwan Warm Current
(GuaN, 1994).



220 La mer 34, 1996

4. Oceanic features
4.1 Kuroshio front

In the east Asia, the Kuroshio Current plays
an important role in the local fishery, naviga-
tion and circulation. The season variations of
the Kuroshio characteristics, such as location
of axis, velocity, along-track width, flow sepa-
ration, interaction with shelf of the East-China
Sea, eddy formation, etc. are pronounced, espe-
cially northeast of Taiwan. These characteris-
tics are studied with ships, drifters, NOAA
AVHRR images, satellite altimeter data and
computer simulation. The short time variabil-
ity of the Kuroshio was explored to a signifi-
cantly lesser degree. Only NOAA AVHRR
images can cover the Kuroshio and surronding
waters, as opposite to altimeter and in situ
measurements. However, a high probability of
cloudiness coupled with thermal contrasts of
the Kuroshio waters against a background in
the area under consideration do not allow to
use the IR images which proved to be a very ef-
fective in Kuroshio study east of Japan. The
possibility of imaging radars to detect the dy-
namic phenomena can help us to understand
better behavior of the Kuroshio front and, in
particular, to clarify the main causes of its vari-
ability.

A strip of five SAR images obtained on April
23, 1995 covers a region approximately 100 km
by 500 km off the east coast of Taiwan (Figure
4a, area C in Figure 1). The individual frames
are marked by digits 1-5; the dotted lines show
boundaries between them (Figure 4b). The
SAR images of the same Kuroshio area were
also acquired on November 26, 1993; May 28,
July 2 and August 6, 1995. The coastal moun-
tains and valleys are seen along the left-hand
boundary of the strip. The strip is essentially
an instant pattern showing surface expressions
of interaction of northward Kuro-shio flow
with bottom topography and islands east of
Taiwan coast. The complicated structure of the
Kuroshio front is clear visible on the strip. The
bright and dark bands of varying width repre-
sent the frontal boundary of the Kuroshio (Fig-
ure 4b). They are aligned parallel to the coast
about 4050 km away from it. It is suggested
that the increased values of the NRCS (bright
bands) are due to short gravity-wave/current

interaction along shear and/or convergence
zones within the front. The reduced valued of
the NRCS (dark bands) are due to increased
concentration of natural surface films aligned
along frontal boundary (MARMORINO et al., 1994;
NiLssoN and TILDESLEY, 1995; VESECKY and
STEWART, 1982).

Cold front was north of Taiwan at approxi-
mately 27°N. It shifted to the south at the time
of the SAR pass. Southerly winds of about 5-7
m/s and air temperature of 27-28°C were
recorded by the coastal station at 24°20° N,
123°45" E (the JMA surface analysis at 00: 00
and 00: 06 UTC) and the JMA wave analysis
map at 00: 00 UTC (2.5 h before the SAR pass).
Northward wind wave height was 1 m and
westward swell height was 2 m and northward
wind of 5 m/s were reported by ship at 24°N,
128°30" E. In accordance with ten-day mean sea
surface temperature (SST) of the JMA, the
SST was 27°C south of 24°N. It decreased to 25
°C near 26°N. In the NOAA-12 IR image for
April 24 processed by the Fishery Research In-
stitute, Keelung, the SST decreases from 29°C
south of Taiwan to 27°C at about 23-24°N. Lack
of in situ observation of atmospheric parame-
ters hinders, however, the estimate of influence
of the wind stress variations induced by the
changes of atmosphere stability on radar con-
trast.

Eddy-like and wave-like disturbances of the
boundary are caused by interaction of
Kuroshio with islands, underwater ridges and
mountains. Island wake was formed behind
Lutao (frame 4). A shape of the individual ed-
dies downstream Lutao was perturbed by cur-
rent shift. Further north, an underwater
mountain at about 23°30", 121°48” is a cause of
the increased surface roughness (frame 3). The
area over another bottom raising near 24° 40",
122° 20" is also characterized by increased
backs-catter (frame 2). North of this area the
Kuroshio waters turn northeast. The small-
scale linear striations north of the raising and
around the right side of the boundary between
the 1st and the 2nd frames are, probably, the
surface effects of the adjustment of the bottom
boundary layer to the changes in the interior
flow. The similar SAR signatures were ob-
served in the eastward deflection zone of the
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(a) (b) 1227 o

121°E 122°0

Fig. 4. SAR strip of five frames from ERS-1 on April 23, 1995, at 02 : 37 UTC (the original SAR image data is
copyright ESA 1995) (a) and free-hand drawing of the contrast features (b), showing Kuroshio front, eddy-
like structures along the front, packets of internal waves and surface manifestations of bottom topography.
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Gulf Stream (Fu and Hovt, 1982). Interaction
of Kuroshio and tidal currents with shelf break
causes generation of internal wave (IW) propa-
gating both offshore and onshore (frame 1).

On the SAR images of Kuroshio acquired on
other dates, several eddy-like structures behing
Lanyu and Lutao as well as spiral eddies be-
tween these islands and over the underwater
mountain at 23°30’, 121°48" were observed. The
possibility of eddy formation for currents flow-
ing over topographic features was investigated
theoretically by HUPPERT and Bryan (1976). In-
tensive packets of the IW were observed in the
area of frame 1 and further northeast. Their
crests were directed approximately parallel to
isobaths.

4.2 Upwelling

The region northeast of Taiwan is a region of
the interaction between the Kuroshio and the
East-China Sea waters. Satellite and ship obser-
vations were used to study upwelling (cold
eddy) and the change of the western Kuroshio
boundary in this area (CHEN, 1994; LiN, 1992).
The upwelling was detected on Almaz-1 and
ERS-1 SAR images as the area of reduced
backscatter since 1992 (Liu et al., 1992; Hsu et
al., 1995).

Outlines of a large dark patch and the
smaller dark features north of it on the SAR
images (Figure 5, area D in Figure 1) agree
with cold waters determined by NOAA-11
AVHRR (HsvU et al., 1995). The decrease of the
SST was about 1-4°C. The cold waters are the
upwelled subsurface nutrient-rich Kuroshio
waters which impinge on the shelf break north-
east off Taiwan. Damping of small scale rough-
ness in this area may be caused by an increased
surface film concentration and viscosity of
slick-covered waters and by the more stable
boundary layer of the atmosphere. Ship data
collected during the Kuroshio Edge Exchange
Program confirm both the SST decrease and
the increased concentration of phytoplankton
in the area of upwelling.

The scale, configuration, SST contrast and
concentration of films vary here with time.
Usage of SAR data can improve monitoring of
upwelling. From the sequence of 23 SAR
passes, collected in 1992-1995, evidence of

upwelling expressions assumed to be caused
by the increased film concentration were
cleary identified in 14 scenes out of 20 implying
a capture rate of about 60%. During these 14
SAR overpasses the wind speed was between 2
-3 and 10 m/s. The SAR images (Fig. 5) were
taken at wind speed of 2-5 m/s. Swell with a
wavelength of about 290 m from the strong
tropical storm Walt with the center at 29.8°N,
133°E (1200km northeast of Taiwan) is cleary
visible on the image.

4.3 Internal waves and eddies

Numerous packets of internal waves resulted
from interaction of tidal current with the shelf
break north of Taiwan were detected on the
SAR images (Figure 1). Surface manifestations
of several groups of the IW propagating to the
east (at an almost right angle to swell) can be
distinguished in Figure 5 a. The crest lines are
curved and their lenghts decrease from the
front to the rear. Their wavelenghts decreased
too due to the decrease of the amplitudes of the
successive waves. The leading wave of a
packet crossing the northeastern boundary of
the dark patch has a large intensity: it is visible
in the slick area due to surface wave breaking.

28 SAR images were collected in the south-
ern East-China Sea. The packets of the IW
propagating both offshore and onshore with an
average group velocity of about 0.3-0.7 m/s
were detected on 19 frames obtained at various
environmental and tide conditions. A high
probability of the IW detection denotes that
the IW are a common phenomenum in the con-
sidered area. (The estimates of group velocity
were obtained by measurements of the dis-
tance between packets of the IW identified in a
particular SAR image. Analysis of the shape
and the location of the packets allowed us to
suggest that the packets were generated in the
same sources by successive semidiurnal tidal
cycles).

Eddies usually show up in SAR images as a
result of wave/current interaction, which out-
lines the curved shape of the eddy, or are re-
vealed indirectly through the presence of
natural film trapped within spiraling lines as-
sociated with the eddy’s orbital motion. The
eddy having a large thermal contrast against a



ERS-1 SAR observations of dynamic features in the southern East-China Sea

(a)]

A

Fig. 5. SAR strip of two frames from ERS-1 on July 23, 1994, at 02 : 26 UTC (the original SAR image data
is copyright ESA 1995) (a) and free-hand drawing (b), showing the location of upwelling (U), internal
waves (IW), eddies (E1, E2), slicks (S), filamentaly slicks (FS), surface manifestation of bottom topog-

ship wake; 1-5-ships.

background can also be expressed by the
change in wind stress across the temperature
front (LICHY et al., 1981; MITNIK and LoBANOV,
1991).

Mesoscale eddies E1 and E2 are made appar-
ent in the SAR images by embedded narrow
natural slicks (Figures 5a and 5b). These
filamentary slicks (FS) aligned in spiral con-
figuration reveal the E1 eddy. The spiral lines
suggest convergence towards the eddy center.
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Concentration of natural surfactants is higher
in the area of the E2 eddy. The decreased SST
(about 1-3°C) identifies this area in the IR
image (Hsu et al., 1995).

The variations of backscatter near Taiwan
coast result from interaction of tidal current
with the features of bottom topography (BT).
A small-scale spiral eddy is seen north of Cape
Pitou. An island wake (IsW) west of Keelung
Island indicates the direction of the tidal
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current (Figures 5).

5. Conclusion

This study has shown that under moderate
(83-10 m/s) and strong (10 m/s) winds the
SAR can detect the imprints of the organized
mesoscale structures in a field of horizontal sea
surface wind caused by the wave phenomena
in the boundary layer of the atmosphere: roll
vortices, atmospheric gravity waves, etc. At
high sea states the increased wave breaking
(and thus, the increased values of the NRCS)
marks the boundaries of the shallow waters.

Various oceanic phenomena manifest them-
selves under moderate winds only. These mani-
festations can have both positive and negative
radar contrasts relative to the background. The
narrow curved bright features sometimes in
conjunction with the stretched slick bands and
filamentary slicks allow to detect Kuroshio
front, eddies of different sizes, mushroom-like
currents, packets of internal waves, coastal
fronts, etc. The upwelling north of Taiwan
looks dark, likely, due to the increased concen-
tration of natural surface films damping short
gravity waves. The bright features arranging
themselves into wave-like or eddy-like struc-
tures are also resulted from interaction of cur-
rents with underwater relief, islands and
headlands.

These preliminary results demonstrated the
potential of a satellite SAR for detecting and
studying dynamical phenomena both in the at-
mosphere and in the ocean. With regular access
to SAR observations, understanding of com-
plex processes in air/sea system will be im-
proved, especially in coastal region.
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Variability of suspended particle concentration due to

tidal influences in the shelf sea north of Taiwan

Cheng-Han TsAI" and I-Jiunn CHENG™ "

Abstract : This study investigated the time variation of the concentration of suspended parti-
cles in the shelf sea north of Taiwan due to tidal current. Waters from five tidal-cycle stations
located on the shelf and the shelfbreak were sampled at various depths at a time interval of 2
hours. Suspended particle concentrations were determined, and currents were measured by a
vessel mounted ADCP. It was found that for stations at the continental margin, the variation
of particle concentration did not correlated well with the magnitude of the tidal current, but
can change with the flow direction. Concentration was higher when the current flowed toward
one direction and lower toward the other, which reflected the spatial variation of particle con-
centration. At the shelf stations, the concentration of the bottom layers increased with the flow
velocity regardless of its direction, which may be due to the bottom resuspension and deposi-
tion or the convection of particle clouds caused by the tidal current, which in turn maintained
a bottom nepheloid layer. The results also showed that the depth average of the ratio of maxi-
mum to minimum concentration in a tidal cycle ranged from 1.6 to 2.8, depending on the loca-
tion, with a mean value of 2.3. That is, there is a factor of two’s variation in concentration in a
tidal cycle. It was also found that the time and depth mean concentration in the shelf sea was
about 0.5 to 2 mg/1 while in the shelfbreak region was 0.2 mg/1. The time mean concentration
for shelf break station was constant along the depth, while that for shelf stations increased ex-
ponentially with depth. By analyzing the disaggregated suspended particles found at a shelf
station it was found that 98% of the particle was less than 64 ¢ m with a median diameter
about 6 x m. That is, only the fine particles on the sediment surface were involved in the

resuspension and deposition cycle.

1. Introduction

Suspended particles consist of terrigeneous
minerals and biogeneous particles, which are
quite small in size and are light enough to
move with the current. To study the transport
of suspended particles or geochemical proc-
esses associated with particles in water envi-
ronments, suspended particle concentration
(or suspended particulate matter) needs to be
investigated. This parameter can be easily
measured by sampling the water and then de-
termined gravimetrically or measured elec-
tronically using transmissometers or nepheno-
meters. Suspended particle concentration,
much like any other marine parameters, varies
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according to several time sales, such as daily,
tidal, seasonal etc. (KRANCK, 1980). Among
them, tidal variation has received careful atten-
tion for studies carried out in coastal waters
such as estuary, bay and inlet (e. g. POsTMA,
1965; KRrRANCK, 1980; KRANCK and MILLIGAN,
1992), since in these places the resuspension
and deposition of the sediment due ot tidal cur-
rent are prominent. However, for related stud-
ies in the shelf, the tidal influences on the
suspended particle concentration are often ne-
glected. Particularly, during a survey of conti-
nental shelf, stations along one or more
transects are often visited sequentially regard-
less of the tidal phase when the stations are vis-
ited. Due to large distance that has to be
covered, the mapping of suspended particle by
this method can be different from the real syn-
optic suspended particle distribution. The rea-
sons for this are twofold. One, tidal current on
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the shelf, which are the strongest current in the
shelf sea, often traces out a tidal ellipse. Hence,
the water sampled at a given location at differ-
ent time can be different. Moreover, if there is
a spatial variation of the particle concentra-
tion, the concentration will change with the
current direction. Two, at places where depths
are shallow enough and where bottom sedi-
ments are available for resuspension, the sus-
pended matter would definitely vary with the
tidal phase. Hence there is a need to establish
the variability of this parameter due to tidal in-
fluences.

The objectives of this study are to measure
the tidal variation of suspended particle con-
centration at various stations from the mid-
shelf to the shelf edge north of Taiwan. These
stations were occupied for 12 hours and current
velocity and particle concentration were meas-
ured. The current velocity was used to deter-
mine the tidal phase. From results of this
study, the maximum variability of particle con-
centration in a tidal cycle in this region was es-
tablished. It is to note here that although some
explanations on the temporal variation of the
particle concentration are offered, they may be
contested. Further investigation is necessary to
clarify the reasons for variations.

2. Sampling locations and methods

The shelf sea north of Taiwan (Fig. 1) is a
part of the marginal sea east of Chinese conti-
nent. Current field in this region includes Chi-
nese continent coastal water, monsoon driven
current, and Kuroshio, and they vary accord-
ing to the summer and winter seasons (NuNO
and EMERY, 1961). Along the coast of Chinese
continent, the coastal water flows southward
and enter Taiwan Strait in the winter when the
northeasterly monsoon prevails. In the sum-
mer, the coastal water does not enter the Tai-
wan Strait, due to the opposing southwesterly
monsoon, and turns eastward (THOMAS and
PERRY, 1968). In the area north of Taiwan strait
(or mid-shelf), the current is mostly monsoon-
driven current. In the summer, the wind driven
current combines with a branching Kuroshio
in the strait flows northward. While in the win-
ter, the current flows southward due to the
northeast monsoon. At the lower shelf near the

26
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Fig. 1. Stations locations.

continental margin a complicated exchange
process between the shelf water and Kuroshio
exists (LIuU et al., 1992). Here, Kuroshio, skirting
along the east coast of Taiwan, turns toward
northeast as it encounters the continental edge
located north of Taiwan, following the topogra-
phy of the edge. Intrusion of Kuroshio water
onto the shelf north of Taiwan has been re-
ported by several researchers (e. g. Liu and
Pa1, 1987; CHERN and W ANG, 1989).

Tidal current in the shelf sea north of Tai-
wan runs in the general direction of WNW and
ESE, following the direction of the north coast
of Taiwan. During the flood tide, tidal current
flows from the offshore area toward the WNW
direction and branches into Taiwan Strait. The
current direction reverses during the ebb
phase. The maximum speed of the current is
one to three konts.

The bottom sediment on the shelf in this re-
gion has one of the typical distribution pat-
terns on continental shelves as described by
McCavE (1972). Investigation conducted by
BoGas et al. (1974) indicated that close to the
Chinese continental coast, the bottom are
mainly fine-grained clay and silt particles de-
posits with traces of sand. This mud belt was
suggested to be related to the input of the fine
sediments from Chinese rivers (NmNo and
EMERY, 1961). The percentage of fine particle
deposits decreases and that of sand increases as
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Table 1. Locations and depths of sampling stations and the time of sampling.

Station Latitude Longitude Depth(m) Cruise Time
5 26° 121°10 83 389 4-5/6/94
7 25°50 121°30 78 352b 22/4/93
8 25°45' 120° 40 115 386 6/5/94
C 25°30 122° 120 365 29-30/8/93
22 25°5 122°10 205 352b 24/4/93

the distance from the continent increases.
From the mid-shelf to lower-shelf, seabed
changes from sandy mud to mostly sand and
shell fragments. Sandy sediments in this area
are of relic origin (N1uNoO and EMERY, 1961). On
the continental slope fine-grained particles re-
appear with its size distribution closely resem-
ble that found near the continental coast. The
fine particle distribution pattern in this region
seems to conform to the notion that sediment
particles are transported from the continental
coast toward the offshore water, and deposited
on the slope and beyond, passing over the
lower shelf (McCAVE, 1972).

Five tidal-cycle stations (Fig. 1) were occu-
pied in four different cruises (Table 1) during
spring and summer seasons. Since the purpose
of this study is to look at the changes in the
time scale of a tidal cycle, it does not matter
whether experiments are conducted in various
or in one cruise. Station 5, which has a depth of
83 m, was located at mid-shelf, while stations 7
and 8 at lower mid-shelf with depths of 78 m
and 115 m respectively, and stations C and 22
were near the shelf edge with dephs of 120 m
and 205 m respectively. Each station was occu-
pied for 12 hours. Since the research vessel was
not anchored, it drifted with the tides. Hence,
the vessel was always returned to the original
position at the sampling time. Water samples
from four to five levels, including one from the
surface and one from the near bottom were col-
lected every two hours by Go-Flo water bottles
on a rosette sampler attached to a CTD. Four to
eight liters of water, depending on the concen-
tration, were filtered through preweighted
Nuclepore polycarbonate filters for particle
concentration determination. Multiple tests
showed that the concentration measurements
had a coefficient of variation about 10%.

In order to correlate the measured suspended
particle concentration with the tidal current,

concurrent current data were obtained. The
currents were measured by a vessel mounted
Acoustic Doppler Current Profiler (from RD In-
struments). The ADCP had a frequency of 150
kHz. Ten-minute-average of the ADCP data
were obtained. Only the data corresponding to
the time when water samples were collected
were selected. Due to the limitation of the in-
strument, the topmost velocity was measured
at 12m deep and the lowest layer measured was
about 25% of the water depth above the sea
bed. Hence, the bottom shear stress created by
the current can not determined. The phenome-
non of bottom resuspension is often discussed
in terms of bottom shear stress. However, in
this study only the current velocity is dicussed.
This is not really a problem, since this study
does not investigate the quantitative relation-
ship between the bottom resuspension and the
bed shear stress.

Size distributions of disaggregated bottom
sediment and suspended particles were also
measured for some stations. Bottom sediments
were obtained by a box core and pretreated by
sodium hexametaphosphate (GALEHOUSE, 1971)
for peptization. Wet sieving was used to sepa-
rate sands and shells from silts and clays by a
64 1 m sieve. Particles larger than 64 um were
then dry-sieved and silts and clays, mixed in DI
water suspension, were analyzed by a laser
based particle sizer (CIS-1 by Galai). This in-
strument determines particle size by scanning
individual particles with a fine, rotating laser
beam. Size information was determined by the
time length of light obscuration by the scanned
particle (AHARONSON ¢t al., 1986; Tsal and RAU,
1992). Suspended particles were obtained from
the filters used for concentration determina-
tion by immersing them in DI water and in an
ultrasonic bath. Their sizes were also measured
by the CIS-1.
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3. Results and discussion
3.1 Particle concentration and current velocity

For brevity, two examples are presented
here: stations 7 and 22. At the lower-mid shelf
station, the tidal current was uniform over the
depth and was highly semidiurnal (Fig. 2). In
the first half of the observation period, the cur-
rent was in the direction of WNW and then
turned ESE in the later half. The U component
was not entirely symmetric between the flood
and ebb phases though. The maximum east-
ward flow was over 100 cm/s while the west-
ward current was only 70cm/s. The north-
south component of the current was, on the
other hand, quite symmetric but only reached
a maximum speed of 25 cm/sec.

The concentration at the upper layers (4 m
and 30 m) was less than 2 mg/l and showed

6
Time (hr)
Fig. 2. Temroral variation of current velocity and concentration for the station 7 (U : east-
west component and V : north-south component).

slight increase when the tidal current was in
the maximum flood and ebb stages. Since this
station was only 78 m deep and the bottom cur-
rent was quite strong, one would expect that
bottom resuspension at the maximum current
is important. This phenomenon can be seen
from the suspended particle concentration. At
75 m the concentration increased from 2.6 mg/1
to 6 mg/1 as the current picked up from the
slack tide at the hour 0 to maximum flood at
the hour 4. At the hour 6 the tide slacked again.
The concentration at the bottm decreased to 4.2
mg/], and then increased to 7.2mg/1 at the
hour 8 as the current turned east and acceler-
ated. Then the bottom turbidity dropped
sharply to 2.6 mg/1 at the 10th hour; equal to its
corresponding concentration at hour 0. At the
60 m level, the sediment concentration only
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increased slightly during the flood tide and
then increased significantly as the current
turned southeastward when the tide was
strong enough to diffuse the particles upward
to this level. The asymmetry in the flood and
ebb velocity caused the maximum suspended
concentration to be higher during the ebb
phase than at the flood phase. This and the dip
in the bottom concentration at the slack period
seem to indicate that the bottom resuspension
and deposition were responsible for the fluc-
tuation in the particle concentration. However,
the sharp decrease during the peak ebb current
at hour 10 contradicts this explanation. This
dip may be due to a possible depletion of a lim-
ited amount of bottom sediments which the
flows are capable to resuspend. The whole tem-
poral fluctuation of concentration may even be
attributed to the movement of particle clouds

Time (hr)

Fig. 3. Temporal variation of current velocity and concentration for the station 22.

carried by the tidal current, and the sharp de-
crease of concentration at hour 10 can be ex-
plained by the departure of the cloud; or due to
both particle clouds and bottom resuspension.
Despite this fluctuation, there existed a bottom
nepheloid layer at all time with a particle con-
centration of at least 2 mg/1.

Figure 3 is the current and concentration
data obtained from the station 22. The current
changed with depth rather significantly at this
station. As can be seen from the figure, the
magnitude of the surface current was often less
than the bottom current, In the surface layer
the current flowed towards E and turned to-
wards W and then NE, while in the lower layer
the V component exhibited a well defined
semidiurnal variation. The east-west compo-
nent at the 160 m level only showed a eastward
flow in the first 6 hours and then it almost
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Table 2. Coefficient of variation (CV) and ratio of maximum to minimum values
(Cmax,/Cmin) for suspended particle concentration for all stations.

Stn b Stn 7 Stn 8 Stn C Stn 22

Depth CV Cmax/ Depth CV Cmax/ Depth CV Cmax/ Depth CV Cmax/ Depth CV Cmax/
(m) (%) Cmin (m) (%) Cmin (n) (%) Cmin (M) (%) Cmin (m) (%) Cmin
4 25 2.0 4 31 2.5 4 31 2.4 4 33 2.2 4 26 2.0
30 19 1.8 30 31 2.3 40 29 2.2 40 43 3.2 40 11 14
55 15 1.7 60 47 3.2 80 30 2.1 90 35 2.6 125 14 1.5
70 34 3.1 75 46 35 110 30 2.6 115 17 1.7 200 28 2.1

80 12 14

vanished in the second. Clearly, the current 3.2 Range of variation of particle concentration
pattern deviates considerably from that of tidal Since the suspended particle concentration
current found at the previous station. By com- varied with time, one can examine its range of
paring the velocities of the upper and lower variation within a tidal cycle. Listed in Table 2
levels, one can see that there was large dispar- are the statistics of the particle concentration
ity in the flow velocity between the two levels, for each depth level for all stations. The table
showing baroclinic effects. This phenomenon includes : the coefficients of variation (CV),
may be attributed to the effect of internal tide, computed by dividing the standard deviation
generated by the interaction of surface tide and of concentration by the time mean concentra-
the abrupt change in bottom topography, such tion, and the ratios of maximum to minimum
as a continental edge (BAINEs, 1982). MAEDA concentration measured in the tidal period.
(1979) also suggested that internal tide is The CV value represents the variability rela-
prevalent in the south East China Sea. The sus- tive to the time mean value, while the ratio
pended particle concentrations were all quite stands for the maximum variability within the
low, between 0.35 to 0.15 mg/l. At each level, tidal cycle. Among all stations, the coefficient
the suspended concentrations also showed of variation ranged from 11% to 479%; all are
variation with time. Noticeably, one can see larger than the variation due to the measure-
that during southeastward (ebb) flow, the con- ment itself. The ratio of maximum to minimum
centration were higher, and as the flow turned concentration varied between 1.4 and 3.5. As
westward, the particle concentration de- can be seen, these two parameters also varies
creased, despite the peaking of the bottom flow with depth at each station. At the station 7, the
speed. CV and Cmax/Cmin increased towards the bot-
It is clear that there was no discernible bot- tom, as there was large concentration variabil-
tom resuspension observed at the station near ity due to resuspension and deposition. The
the shelf edge. Although there is no definite in- variability for stations 5, C, and 22 also differed
crease of concentration as the flow speed significantly with the depth, while that for sta-
reached its peaks, there are indications that tion 8 was uniform with depth. Figure 4 plotted
suspended particle concentration varies with the envelopes of minimum and maximum con-
the flow direction. Hence this phenomenon centration for all stations. The envelopes repre-
showed a spatial variation of particle concen- sent the band within which the concentration
tration. That is the temporal variation of con- in the tidal cycle fall. By integrating the CV
centration may de due to convection. In order and the maximum to minimum concentration
to clarify the mechanisms which caused the ratio with depth, their depth mean values for
temporal fluctuation of particle concentration, each station were obtained (Table 3). Among
more investigations are warranted. Self- these five places, the depth mean CV changed
recording transmissometers and current me- from 17% to 37% and maximum to minimum
ters tethered on a mooring line or fixed on a ratio was in the interval of 1.6 to 2.8. As can be
tripod for a longer term measurement can be seen from the table, station 7 has the largest

an option. variability with station C the second, while
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Table 3. Comparison of depth mean value of CV and the ratio of maximum to minimum value
of particle concentration with that of water temperature and salinity.

Stn 5 Stn 7 Stn 8 Stn C Stn 22 Mean
Cv max/ CV max/ (% max,/ (A% maX/ CcVv max/ CV max,/
(%) min (%) min (%) min 9% min (%) min (%) min
Conc. 21 2.0 37 2.8 30 2.3 35 2.6 17 1.6 28 2.3
Temp. 0.61 1.02 5,66 1.19 2.78 1.07 7.28 1.23 7.16  1.21 4,68 1.14
Sal. 0.03 1.001 1.04 1.031 0.04 1.001 0.38 1.011 0.07 1,002 0.31 1.009

station 22 has the least. On average, the CV
value for all stations was 28% and the ratio of
maximum to minimum concentration was 2.3.
The latter value is significant; It indicates that
the maximum variability of particle concentra-
tion in a tidal cycles is at least 2.

It is well known that the suspended particle
concentration is independent of the tempera-
ture and salinity of the water. However, for the
purpose of comparison, the variability of the
latter two parameters within a tidal cycle was
investigated. Also listed in the Table 3 are
depth mean of CV and maximum to minimum
ratio for water temperature and salinity. It
shows that their variability was quite small
compared with that for the particle concentra-
tion. The highest variability for temperature
was 7.3% and 1.23 for CV and maximum to
minimum ratio, respectively, which occurred at
the station C. The average among stations was
4.7% for CV and 1.14 for maximum to minimum
ratio. Correspondingly, the largest variability
for salinity occurred at the station 7 with a
1.04% for CV value and 1.03 for maximum to
minimum ratio. The variability for salinity av-
eraged among stations was only 0.31% for CV
and 1.009 for maximum to minimum ratio.

3.3 Particle concentration profile

Also plotted in Fig. 4 are the time mean con-
centration profiles for all stations. As can be
seen, the time mean surface concentrations
were very close for all stations (between 0.2
and 0.3 mg/1) except at station 7, whose value
was 0.9 mg/1. For stations on the shelf (5,7 and
8), where there existed a bottom nepheloid
layer, their time mean concentration exhibited
an increasing trend towards the bottom. On the
other hand, there was no definite trend for time
mean concentration change over depth for sta-
tions C and 22, where there was no bottom

resus-pension. Their profiles of time mean con-
centration can be approximated by a constant
value. The depth averages of the time mean
values were 0.5 mg/1 for stations 5 and 8, 2 mg
/1 for station 7 and 0.2 mg/1 for shelf edge sta-
tions C and 22. For the former three stations,
their mean concentration correlate with their
maximum tidal current speed, which is 70 cm
/s for stations 5 and 8 and 100 cm/s for station
7. The low concentration for stations C and 22
can be attributed to no resuspension and their
proximity to the deep ocean.

Sediment resuspended by the tidal current
will diffuse upward by turbulence while the
gravity will pull them downward. The net re-
sults is an exponential increase of sediment
concentration toward the bottom (MCcCAVE,
1972). This type of concentration profile has
been demonstrated by many measurements.
For example, the temporal variation of particle
concentration measured by Postma (1965) in
the Guerrero Negro lagoon, Baja California,
which is about 10 m deep, fits the exponential
distribution very well. Lick ef al. (1992) also
showed this by solving the conservation of
mass equation for vertical particle transport
for steady state solution. The equation is

0 0 oC
awo=o(ag) o

where z is the vertical distance measured from
the water surface. C the concentration, ws the
settling velocity and A, the eddy diffusivity.
For an idealized case, assuming that ws and Av
are independent of z, then the concentration C
has the form

C=Coexp(202) +F/ws @

where C, is a reference concentration, zo=ws/
Ay, and F an integration constant correspond-
ing to the flux wsC specified at a large negative
z distance. If the flux is set zero, the concentra-
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tion profile bercame
C=Coexp(zoz) 3

Which is an exponential function with C,repre-
sents the surface concentration, and z, is an co-
efficient indicating the degree of increase of
the concentration with respect to depth.

Figure 4 shows that the time mean concen-
tration profiles fit equation (3) well. Regres-
sion analysis showed the profiles fit exponen-
tial functions with correlation coefficient (R2)
better than 88%. A more closer examination
also showed that the concentration profile for
station 7 at each time step also fits the expo-
nential profile well (Table 4). It is to note that
the changes of C, value with time correspond
well with the time variation of measured
surface concentration. The z, value also varies
in-step with resuspension activities.

3.4 Particle size distributions

Suspended particles exist in water as a floc-
culated particles, and they continue to aggre-
gate and disaggregate due to particle collision
and shear. In order to investigate the size of
constituent particle (or so called primary parti-
cle) of these suspended particles, they have to
be disaggregated. The size distributions of
disaggregeted suspended particles from the
station 7 were analyzed, since this station ex-
hibited the most active bottom resuspension.
Shown in Fig. 5 are four suspended samples
from various depth at different tidal phases.
The figure indicates that these distributions
are almost identical ; although the largest me-
dian size is 6.2 u m obtained at the 75 meter
depth during the highest resuspending activity
and the smallest median diameter is 5.4 ¢ m for
the surface sample at hour 12. It can also be
seen that 95% of the particles are fine-grained.
This indicates that only the fine-grained por-
tion of the sediments are being resupended and
deposited by the tidal current.

The stations on the shelf showed possible oc-
currence of resuspension, while the continental
edge stations did not. The resuspension of bot-
tom sediment depends on the magnitude of the
current and the availability of sediment. Thus,
it is of interest to determine the type of the sea
bed. Shown in Fig. 6 are the sizes of sediments

from stations 5, 7 and 22. As can be seen, at sta-
tion 5 (in mid-shelf), its bottom sediment con-
tains about 30% mud and 70% of sand. The
median size at this place is 90 # m. Further out-
ward, the median size at station 7 is 190 gy m and
only 1% is fine-grained. Although there was
more mud found at station 5 than at station 7,
since the maximum tidal current for the former
station was 30% smaller than the latter, the for-
mer location had less suspended particles than
the latter. The sediment at the station 22, lo-
cated on the shelf edge, is coarser than that of
stations 5 and 7. Its bottom sediment had a me-
dian diameter of 210 x m and contained a large
percentage (about 30%) of particle larger than
500 £ m, which was observed to be shell frag-
ments, while there was only 3% for the sedi-
ment found at the station 7. In general this size
analysis conforms to the distribution of bottom
sediment reported by BoGes et al. (1974)

4. Summary

Water samples were obtained from five sta-
tions on the shelf and near the shelfbreak north
of Taiwan. The particle concentrations were
measured from various levels and their varia-
tion with time in a tidal cycle was examined.
The current velocity ws also measured concur-
rently. It was found that on the shelf particle
concentrations were influenced by the speed of
the current through bottom resuspension or
convection of particle clouds, while near the
continental margin the concentration was gen-
erally insensitive to the current speed, but can
vary with the direction of the flow. This is an
evidence that there is a spatial variation of par-
ticle concentration, and this causes the changes
of concentration due to the tidal current.
Within a tidal cycle, the highest particle con-
centration was 1.4 to 3.5 times as large as the
lowest concentration, depending on the depth
and location. In the bottom layer of the shelf
station, where bottom resuspension was signifi-
cant, the maximum to minimum concentration
ratio was the highest. Taking average on this
ratio over the water depth, it varied from 1.6 to
2.8 for various stations. On average, it can be
said that the suspended particle concentration
in a tidal cycle varied with a factor of no less
than two. This is the error that can be expected



234 La mer 34, 1996

AVERAGE CONCENTRATION (mg/l)

00 04 08 12 16 0 2 4 6 8
O I I , T | ] I I l 0 e . | T T I
- . LY Cruise 352b
’.' S stn7
20 — | / C=0.105exp(0.0312) 20 L\
/ 2 \ C=0.755exp(0.022z)
i R=0.96 L2
/g \ - \ R =0.99
- 40— * Depth mean C=0.5 mg/l
%_ ) 40 [— Depth mean C= 2 mg/!
8 sl ]
— \~\~~‘\ 60 _ \\\\
80 (— Crui‘_)se389\“ ‘ - o
stn
80
00 04 08 12 186 0.1 0.2 03 04 0.5
L L A O U
= - “ Cruise 365
20 || | C=0.156exp(0.0182) 20 | \Stn C
i\l R%=088 |
= 40 (—@\.. Depth mean C=05 mg/ 40
Z 6 O | \“ 60 -_‘\“ ‘\\‘
§' I . \ Depth mean’,
80 L — 80 |— C=0.25 mg/,
100 — 100 |— !
_ Cruise 386 I
120 L_Stn8 120 hd
0.1 0.2 0.3 04
O \I ,\ I ! I [
50 | Il' > "I
3 / Cruise 352b
%_ 100 — ;ostn22
o) / H
- o Depth mean
150 |— *.£=0.22 mg/|
200 ‘ \ k&

Fig. 4. Time averaged depth profiles of particle concentation (including the minimum and
maximum envelopes) for all stations.
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Table 4. Parameters of the concentration profile, C=C,exp(z,z), and correlation coefficient
R’ for the station 7 at various sampling times.

Oh 2H 4h 6h 8h 10h 12h

Co(mg/D 1.00 1. 07 0. 46 0. 49 0. 64 0.76 0. 54
zo(1/m) 0.012 0.018 0. 031 0. 029 0. 033 0. 020 0. 020
R’ 0.75 0.90 0. 82 0.98 0.95 0.90 0.93
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Fig.b. Size distributions for disaggregated suspended particles obtained at various depths and
times at the station 7 (in log-normal probability).
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in this region if the tidal phase is ignored when
studying suspended particle distribution.

On the shelf the time mean (over a tidal pe-
riod) concentration increased exponentially
with depth. The depth mean value of the time
mean concentration varied from 0.5mg/1 to 2
mg/1, depending on the magnitude of tidal cur-
rent. At two locations close to the continental
margin no bottom resuspension was observed.
Their depth profile of the time mean concentra-
tion can be approximated by a constant value
of 0.2 mg/l. Particle size analysis perfomed on
the resuspended particles revealed that the pri-
mary suspended particles were predominantly
fine-grained particles with a median diameter
of 6 xm. This means that only the fine-grained
particles are continuously being resuspended
and settled on the shelf. Some of the
resuspended particles are then transported to
the deep ocean.
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A paleoenvironmental record during 7~21 Ka BP in
the sediments off northeastern Taiwan

Jiann-Yuh Lou* and Chen-Tung Arthur CHEN"

Abstract: A sediment core collected from the western slope of the South Okinawa Trough off
northeastern Taiwan recorded the last glacial/postglacial changes of paleoenvironments. The
sediments that had higher content of biogenic material (CaCO; and opal), lower terrigenous
/biogenic ratio and higher salinity in the last glacial period suggested lower river water input
to the East China Sea shelf. On the contrary, the sediments in the postglacial period contained
higher terrigenous detritus and organic matter, and might reflect the warmer and more humid

climate or higher river discharge.

1. Introduction

The abundance of chemical elements in re-
cent pelagic clays has been measured by many
investigators in order to study their geoche-
mical cycles and processes in the marine envi-
ronment (GOLDBERG and ARRHENIUS, 1958;
KRISHNASWAMI, 1976). The temporal changes of
chemical compositions in the sediment are
partly due to the diagenesis and partly due to
the change in the source functions (e. g,
terrigenous detritus, calcium carbonate, hy-
drogenous ferromanganese oxide, biogenic sil-
ica) and are considered to be an useful
indicator of the paleo-depositional environ-
ment (GOLDBERG, 1961).

The western slope of the South Okinawa
Trough off northeastern Taiwan is the transi-
tion zone between the shallow East China Sea
shelf and the deep Okinawa Trough (Fig. 1).
After turning northeastward here, the main
current of the Kuroshio flows along the
Okinawa Trough. UE ef al. (1991) proposed
that the main course of the present (post-
glacial) Kuroshio was similar to that of the in-
terglacial period, but the Kuroshio moved to
the east of the Ryukyu Island Arc during the
last glacial period. Thus, the mineral and
chemical compositions of the sediments on the
slope may change with flow patterns or the

" Institute of Marine Geology and Chemistry, Na-
tional Sun Yat-sen University, Taiwan, ROC

input of the source material.

The purpose of the present study is to obtain
the paleoenvironmental information concern-
ing the glacial/postglacial changes based on
the variations of chemical elements in the sedi-
ments.

2. Material and methods

A piston core was collected from the lower
part (water depth: 1480 m; Lat. 25°00' N; Long.
122°42"E; Fig. 1) of the trough slope by R/V
Ocean Researcher I on cruise 120 in 1987. The
upper 370 cm segment of the core is the target
of this study. Sampling was made at approxi-
mately 10 cm intervals.

The grain size distribution of the sediment
was measured with a Coulter LS-100 Counter.
The sediments were prepared for chemical
analysis by washing three times with distilled
water and then drying for several days at 50
°C. The desalted sediments were ground into
powder in an agate mortar and the total carbon
and total nitrogen (TN) contents were meas-
ured using an element analyser (LECO-CHN
932) calibrated with the NIST standard mate-
rial (SRM-2704, C: 3.348 wt% and S: 0.397 wt%)
and the LECO standard (EDTA, C: 41.1 wt%
and N: 959 wt%). Dried samples were com-
busted at 450°C for 3 hours to remove the or-
ganic carbon and the inorganic carbon
contents measured by the element analyser.
The inorganic carbon was then subtracted
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from the total carbon to obtain the total or-
ganic carbon (TOC).

For X-ray fluorescence (XRF) analysis, the
sediment powder was palletized at 20 tons/
30mm dia. to form a cake with cellulose as
backing. The contents of 27 elements were
measured using the Rigaku RIX- 2000 XRF ma-
chine. Eight standard samples, including MAG-
1, NIES (no.2), NIST (1646), NIST (2704), BCSS
(BD001), MESS (MD001), PACS (PD004) and
GBW (07314) were used for calibration. The
precisions were within + 5% for Na, Mg, Al, Si,
P, S, CL K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Br,
RD, Sr, Zr and Pb; £ 10% for C, N, Ga, Cd and
Ba; = 30% for Ce and As. The carbon- 14 dat-
ing of bulk organic matter was done by both
the AMS (accelerator mass spectrometry)
method at the Institute of Geological & Nu-
clear Sciences in New Zealand and by the con-
ventional method at the National Taiwan

123°

Location map of the sampling site (@). (modified from Yu and Hong, 1992)

University. The samples were sieved and
treated consecutively with hot solution of acid,
alkali, and acid before measurement. A conven-
tional radiocarbon age implies correction for
isotope fractionation through the normaliza-
tion on &®C (PDB) value of-25%,. We sub-
tracted the reservoir correction of 400 years
(BARD, 1988) from the conventional radiocar-
bon age, and then the age was transformed to
the calibrated age with the formula of STUIVER
and REMER (1993). The quartz contents were
measured using the SIEMENS D5000 X-ray dif-
fraction with a Cu target tube at 40kV, 30mA.

3. Results and discussion

3.1 Chronology and organic matter stratigraphy
The core was dated as between 7 and 21 Ka

BP (Fig. 2a), thus the last glacial/ postglacial

changes could be identified. Piston coring often

loses the uppermost loose sediments because of
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Fig. 2. The profiles of (a) C-14 dates, “@” denotes those measured by the AMS method and
“A” denotes the one measured by the conventional method; (b) sand, silt and clay con-
tents; (¢) mean grain diameters (M,); (d) sorting coefficients (g,); (e) TOC (total or-
ganic carbon) contents, and (f) atomic TOC/TN (total organic carbon/total nitrogen)
ratios. The dashes lines show the mean values and the broken lines show the trends.

wrong setting of corer. But CHUNG and CHANG
(1995) studied some box cores and suggested
that the surface sediments on the upper and
middle slopes were too old to detect the excess
20Ph activities. SHIEH (1993) also found that the
age of the coretop sediments was about 5 Ka
BP and the sedimentation rates varied in the
ranges of 10~46 cm/Ka since 10 Ka BP from
another core on the slope. It is possible that
there is no recent sediments that cover the
study area because of the erosion of bottom
currents. If the sedimentation rate was con-
stant in each segment, the rate of the upper 150
cm segment (140cm/Ka) would be about 8
times higher than that below (16.8 cm/Ka).
The sedimentation rate of the upper segment is
very high and the possibility of deposit by
slumping could not be ruled out.

There is little fluctuation in the grain size
distribution of the sediments throughout the
core. The sediments contain about 55% silt,
309% clay and 15% sand (Fig. 2b). The mean di-
ameter (Mo) is in the range of 5.6~7.1 ® (phi)

and belongs to the fine silt class (Fig. 2c). The
sorting coefficients ( 0o) calculated with the
formula of Folk and Ward (1957) are in the
ranges of 1.3~1.8, and suggest that all sedi-
ments are poorly sorted (Fig. 2d). The coarser
sediments show poorer sorting than the finer
ones.

The TOC contents and the atomic TOC/TN
ratios seem to have slightly higher values in
the upper segment than the lower one (Figs. 2e
and 2f). Usually, older sediments lose more or-
ganic matter because of consumption by oxida-
tion or decomposition by the microbials. Our
TOC results (Fig. 2e) are consistent with this
trend. The gradual diagenetic decomposition of
sedimentary organic matter with preferential
loss of nitrogen (RaisweLL and TAN, 1985) also
should have resulted in a gradual increase in
the C/N ratios with depth in the Recent sedi-
ments but Fig. 2f shows a reverse trend. The
reason is as follows:

The C/N ratios of the marine phytoplankton
are about 6. The TOC/TN ratios of the
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Table.1 The elemental composition of the sediments

element range average [@D) @) element range average [€)) (2

TC(%) 1.28-1.67 1.41 1.82 3.94 Mn (ppm) 377-471 434 520 2020
TOC(%) 0.22-0.79 0.55 0.61 0.97 Fe(%) 2.88-4.51 3.72 3.15 3
TN(ppm)  510-1100 870 615 1130 | Ni(ppm) 38-50 42 25 36
Na(%) 1.19-1.76 1.43 1.33 1.93 Cu(ppm) 3052 41 14 26
Mg (%) 1.37-1.52 147 1.07 1.15 Zn(ppm) 77-111 99 66 82
A1(%) 6.83-8.21 791 5.31 5.93 Ga(ppm) 1521 18 13 14
Si(9%) 26.7-28.5 273 29.2 19.2 As(ppm) nd*-14 7 8 9
P(ppm) 500-563 525 500 630 Br(ppm) 12-44 26 13 39
S(ppm) 748-1394 1051 472 730 Rb(ppm) 101-143 127 93 87
Cl(ppm) 600-7400 2800 3000 5700 Sr(ppm) 160-208 180 269 415
K(%) 2.11-2.59 247 1.82 1.83 Zr(ppm) 178-397 220 180 120
Ca(%) 2.42-3.80 2.87 4.15 114 Cd(ppm) nd -4 2 0.07 0.16
Ti(ppm) 3800-4200 4000 3500 3100 Ce(ppm) 56-101 79 63 46
V(ppm) 90-121 107 71 78 Ba(ppm) 391-557 472 396 440
Cr(ppm) 70-95 81 61 58 || Pb(ppm) 46-87 58 21 27

(1) Taken from Zhao (1983) for the East China Sea

(2) Taken from Zhao and Yan (1994) for the Okinawa Trough

nd £ 1 ppm

sediments in the core are mostly between 5~9,
similar to those of the marine phytoplankton
(KNAUER et al., 1979; CHEN et al., 1996). How-
ever, the trend of the TOC/TN ratios, decreas-
ing with depth rather than increasing (Fig. 2f),
is opposite to the effects of early diagenesis
and seems to indicate the change of organic
matter sources. The higher TOC/TN ratios in
the upper segment of the core may reflect the
slight increase of the terrigenous organic mat-
ter input in the postglacial period. MULLER
(1977) found that in the case of most of conti-
nental margin sediments with 1~4% organic
carbon, clay-bound nitrogen substances includ-
ing inorganic ammonium does not signifi-
cantly affect the C/N ratios. But in some deep
sea sediments containing little organic matter
as in our case, the effect of inorganic nitrogen
on the total nitrogen is drastic and cannot be
neglected as inorganic ammonium may repre-
sent 20~459% of the total nitrogen. Because the
end product of the TOC decomposition may be
lost to the overlaying water, yet the end prod-
uct of decomposing organic nitrogen is bound
to the clay particles, the TOC/TN ratios may
decrease to below 6 (Fig. 2f).

3.2 Distribution of elements

The sediments deposited on the south East
China Sea shelf are characterized as coarse-
grained, mud-free, with high carbonate

contents and shell fragments. Quartz and feld-
spars are abundant in the shelf sand which are
primarily discharged from mainland China
(CHEN et al., 1992). The terrigenous material of
the muddy sediments in the South Okinawa
Trough is also mainly derived from mainland
China through the shelf but partly from
Taiwan and the Ryukyu Island Arc (LN and
CHEN, 1983). These terrigenous and local
biogenic material may control the elemental
composition in the sediments.

Table 1 shows the abundance of the chemical
elements in the core, and in the surface sedi-
ments of the East China Sea shelf (ZHA0, 1983)
and the Okinawa Trough (ZHao and YAN,
1994). The contents of most elements in the
core are similar to those on the East China Sea
shelf and in the Okinawa Trough. The major
chemical components in the sediments are
Si0: (59%), Al:Os (15%), CaCO; (7%), Fe.0s
(5%), K0 (8%), MgO (2.5%), Na.O (2%), total
organic matter (1.5%) and TiO. (0.7%).

The correlation coefficients of elements are
shown in Table 2. Aluminum is a typical ele-
ment from the aluminosilicate minerals and is
considered as of terrigenous origin. Mg, K, Ti,
V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, Br, Rb and Ba all
show strong positive correlation with Al, sug-
gesting that they are essentially of terrigenous
origin. Calcium and Sr are mainly from
biogenic origin in the East China Sea (ZHAO
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and YAN, 1994) thus Sr has a high correlation
coefficient (0.91) with Ca, and both have strong
negative correlation with the terrigenous ele-
ments. Although Si is largely from the
aluminosilicate minerals, it has strong positive
correlation with the biogenic elements (Ca and
Sr) and has negative correlation with the
terrigenous elements. The likely explanation is
that the variation in the biogenic silica content
is larger than the differences in the terrigenous
silicate. As a result, the fluctuation of Si be-
haves as a biogenic element.

The TOC, TOC/TN ratio as well as the
terrigenous elements have strong negative cor-
relation with the biogenic elements such as Ca
and Sr (Tab. 2). It may indicate that higher
TOC amount was supplied by the land plants.
The Al content decreases with depth, but the
ratios of Sr, Ca and Si to Al increase with depth
(Figs. 3a and 3b). It seems to reveal a higher
detritus input and lower biogenic content in
the postglacial period compared with the last
glacial period.

Total silica is composed of a minerogenic/
aluminosilicate component and a biogenic com-
ponent. The large variation in the Si/Al ratios
of the sediments seems to indicate the changes
of these components or their sources. ZHAO
(1983) proposed that the high Si/Al ratios were
induced by the high quartz contents in the
coarse sediments of the East China Sea. The
input of volcanic glasses or eolian dust with
high quartz content may also increase the Si
/Al ratio. However, there are less than 5 wt%
changes in quartz, equaling abut 26 wt%
changes in Si in the sediments. In addition, the
higher Si/Al ratio in the lower segment of the
core is not associated with the coarser material
or higher quartz content (Figs. 2¢c and 3c), thus
the higher ratio may be a result of an increase
in the biogenic opal input during the last gla-
cial period. Diatoms are the major source of
biogenic opal in the marine sediments thus
biogenic opal can be a proxy of local surface
water productivity because its content in the
sediments is an indicator of surface nutrients.
Therefore, local paleoproductivity can be re-
constructed with biogenic opal content in the
sediments (BROECKER and PENG, 1982; CHARLES
et al, 1991). The portion of biogenic silica

(opal) was determined on the basis of the as-
sumption that the Si/Al ratio in the alumi-
nosilicate fraction of the sediments is about 3
(LEINEN, 1977). Thus we subtracted three times
of Al content from the total Si and obtained the
biogenic Si content. The contents of biogenic
silica were calculated as between 5 and 17 wt9%,
higher during the last glacial period (Fig. 3d).

Assuming that Ca is mainly from the calcium
carbonate, the content of CaCQs, ranging be-
tween 7 and 10 wt% (Fig. 3d), is very close to
the result from the measurement of inorganic
carbon. The content of the total inorganic
biogenic material (opal and calcium carbonate
combined) ranges between 11 and 26 wt% and
increases with depth (Fig. 3d). The T/B (terri
genous/biogenic) ratio rises gradually from
around 4 at the bottom to ca. 8 at the surface
(Fig. 3e).

3.3 Paleoceanographic significance

During the last glacial period, a growth of
the continental ice sheets caused a global drop
in sea level by 100~120m (FAIRBANKS, 1989). As
a result, large parts of the modern East China
Sea shelf were exposed, when the main course
of the Kuroshio moved to the east of the
Ryukyu Island Arc (UJiE et al., 1991; AHAGON et
al., 1993). But Surex and CHEN (1995) suggested
that the Kuroshio did not change its path flow-
ing into the Okinawa Trough until about 7.5 Ka
BP during the Holocene period. Nevertheless,
these authors all agreed that the Kuroshio
moved away from the current path during the
last glacial period. The change of current pat-
terns would affect the characteristics of the
sediments.

The C/N ratios can assist in defining the na-
ture of the organic matter. Although the TOC
/TN ratios of the sediments are similar to those
of the marine phytoplankton, the close rela-
tionships between the contents of TOC,
terrigenous elements and the TOC/TN ratio in
this core reflect the importance of terrigenous
organic material input. If the sedimentation
rate was indeed higher in the postglacial pe-
riod, the higher values of these parameters pre-
sented seem to indicate higher terrigenous det-
ritus/organic material inputs because of higher
river discharge. We can not decide reliable flux
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of biogenic materials without reasonable sedi-
mentation rates. The organic carbon and the
biogenic opal contents are directly related to
the surface productivity (HEBBELN and
BERNER, 1993). But the organic carbon in this
core is partly mixed with the terrestrial or-
ganic material thus is not suitable for calculat-
ing the productivity. Higher productivity in
the glacial time was found in the northwestern
margin of the Pacific (YAN et al., 1991; AHAGON
et al., 1993), in the Northeast Pacific (KARLIN et
al., 1992), and in the Equatorial Pacific (REA et
al., 1991), and was discussed in detail by HoNDA
(1994). AHAGON et al. (1993) considered that
there was greater amount of particles and nu-
trients supplied from the more exposed land-
areas in addition to increased production in the
Okinawa Trough at that time. During the
posiglacial period, the sampling site was near

La mer 34, 1996

the main course of the Kuroshio which was
characterized by its deficiency in nutrient and
by the low primary productivity, thus contrib-
uting little biogenic material content. Mean-
while, the warmer/wetter climate triggers off
higher river runoff, therefore more terrigenous
organic/inorganic detritus is supplied to the
ocean. On the other hand, the Kuroshio moved
away during the last glacial period and the
more eutrophic near-shore water enhanced the
primary productivity which resulted in higher
opal and CaCOs; contents, and also lowered the
T/B ratio in the sediments (Fig. 3e).

The concentration of Mg in the sediments
may reflect the salinity of water in the sedi-
mentary environment. The contents of Mg ion
and Mg-containing substances increase with
salinity in water (ZHANG, 1992). The Mg/ Al
ratio averaged 0.183 in the upper segment and

Table. 2 The correlation coefficients among the elements.

TOC TN TOC/TN Na Mg Al Si P S Cl K Ca Ti \4 Cr
TN 0.74  1.00
TOC/TN  0.83 0.26 1.00

Na 0.16 —0.08 0.28  1.00
Mg 061 0.73 033 -0.01 1.00

Al 0.76  0.76 049 011 080 1.00

Si -0.75 -074 -048 -0.21 -082 -0.89 1.00

p 0.04 -0.17 003 023 —030 -026 0.09 1.00

S 002 021 -009 -017 016 012 -003 -031 1.00

Cl 038 0.15 040 090 020 035 -048 023 -029 100

K 073 077 045 007 085 097 -091 -034 008 033 1.00

Ca -0.75 -0.72 052 -0.09 -081 -089 085 027 001 -035 -093 1.00

Ti 047 041 034 016 055 0.74 -063 -014 -0.06 028 070 -0.68 1.00

A 058 0.8 035 -004 065 078 -071 053 -0.09 017 084 -080 066 1.00

Cr 064 058 045 014 060 075 -0.72 -0.02 -017 042 073 -0.78 052 060 1.00
Mn 047 042 033 014 045 055 -061 029 -010 036 051 -045 037 026 054
Fe 064 071 037 -010 083 075 -081 -030 000 017 08 -091 051 073 062
Ni 065 054 046 037 044 065 070 019 -016 058 062 -059 037 045 0.74
Cu 0.56  0.58 030 -015 053 065 —-057 -031 000 015 066 -053 028 061 054
Zn 0.78 0.75 052 017 075 092 -087 -020 003 040 092 -088 066 079 0.77
Ga 0.53 048 038 018 070 079 -0.71 -024 007 031 080 -074 058 072 060
As 010 023 -005 -013 -0.01 009 -004 -036 038 -009 010 008 -017 0.01 -0.13
Br 069 0.55 053 063 053 068 —081 013 -012 081 068 -070 054 048 065
Rb 067 0.77 037 002 067 081 -065 —050 035 016 081 -0.72 051 069 048
Sr -059 -056 -041 -004 -075 -0.74 077 014 015 -031 -080 091 -059 -0.71 -0.75
Zr -059 -057 -041 001 057 -056 057 024 001 -021 -062 061 -002 -049 -056
Cd -0.01 -0.11 008 -0.07 -014 -024 018 032 -009 -002 -024 015 -025 -036 0.02
Ce 022 0.08 023 022 032 015 -026 -006 007 020 017 -011 0.04 023 -0.03
Ba 0.58  0.64 033 006 060 063 -056 -020 030 005 061 -054 036 050 040
Pb 032 037 014 -025 024 037 -034 -006 013 002 036 -026 000 023 040
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0.188 in the lower segment (Fig. 3f), suggesting
higher salinity during the glacial than during
the postglacial period. The average Mg/ Al
raito was 2.7% with a maximum of 109 higher
during the glacial period (Fig. 3f). It means
that the salinity of the water column might be
on the average 1 unit and with a maximum of
3.4 units higher than the postglacial period.
SHieH (1993) suggested that the salinity of sur-
face seawater was as high as 37.8 during the
last glacial maximum period because of the low
precipitation on land and the low river runoff.
The surface salinity of the study site is pres-
ently at about 34.5. An increase of 1 to 3 would
result in a good agreement with Shieh’s data
for the last glacial period.

Further, the salinity of the global seawater
also increased during the last glacial period
when fresh water was extracted from the ocean

and was locked up in the form of ice sheets.
The present ocean has a mean depth of 3800
meters and a mean salinity of 34.7. The removal
of a 120 meter thick layer of water would in-
crease the salinity by about 1.1, in good agree-
ment with our Mg data. The fluctuation of the
river discharge might also influence the salin-
ity of surface water. Although the sampling
site was closer to the shore during the last gla-
cial period, there was relatively lower fresh
water input. As mentioned above, there was
higher river discharge during the postglacial
period, but the Kuroshio controlled the salin-
ity. According to the distribution of the Mg/Al
ratio, we conclude that the variations in the sa-
linity in the South Okinawa Trough was
mainly controlled by the global sea-level fluc-
tuations during the glacial/postglacial period.

Table. 2 (continued)

Mn Fe Ni Cu Zn Ga

Br Rb Sr Zr Cd Ce Ba

TN
TOC/TN

Na

Mg

Al

Si

})

S

Cl

K

Ca

Ti

v

Cr

Mn 1.00

Fe 0.42 1.00

Ni 0.56 0.45 1.00

Cu 0.41 048  0.54 1.00

Zn 0.51 075 074 0.66 1.00

Ga 0.45 0.61 0.57 048  0.75 1.00
As -0.08 -0.03 ~0.15 0.41 0.00 -0.15
Br 0.58 058  0.77 032 0.73 0.59
Rb 0.27 0.61 0.37 0.61 0.75 0.65
Sr -042 -0.88 -060 -044 -0.79 -0.66
Zr -021 -060 -050 058 -0.59 -0.56
Cd 002 -017 002 -005 -0.19 -023
Ce 0.06 014 0.14 018 019 0.31
Ba 0.18 049 038 047  0.63 0.55
Pb 0.35 024 035 076 037  0.07

1.00

-0.12 100

038 046  1.00

033 -063 -043 100

-0.15 039 -056 053  1.00

-0.06 -0.10 -028 0.08 005 100

-007 020 018 -11 -021 -032 1.00

0.12 033 068 -039 -051 -023 020 100
052 008 033 -019 -036 014 -003 0.19
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Fig. 3. The profiles of (a) Al ; (b) ratios of Sr/Al Si/Al and Ca/Al ; (¢) quartz ; (d) biogenic
material (opal and CaCOs,) ; (e) T/B (terrigenous/biogenic) ratio ; and (e) Mg/Al ratio.
The broken lines are average values for each segment.

4. Conclusions

The sediment core collected from the South
Okinawa Trough revealed the last glacial/
postglacial changes. The change in the relative
abundance of the terrigenous and biogenic in-
puts was the major factor that controlled the
distribution of these elements. There were
about 74~89 wt% terrigenous and 11~26 wt%
biogenic materials (including CaCO; and
biogenic silica) in the sediments. The content
of biogenic material in the glacial period was
about 10 wt% higher than that in the
postglacial period.

These data suggest higher terrigenous detri
tus/organic material input or higher river dis-
charge in the postglacial period. The Mg/ Al
ratio indicated that the salinity of the seawater
was related to the global sea-level fluctuation,
and was on the average 1 unit higher in the last
glacial period.
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Some aspects on the circulation in
the northern South China Sea

Joe WANG* and Ching-Sheng CHERN”

Abstract: The circulation pattern of the northern South China Sea (SCS) had long been a con-
troversial topic for the regional oceanography. The results from recent multi-vessel surveys,
over the northern and central SCS, show that the surface layer of the region to the northwest
or west of north Luzon is mainly occupied by cyclonic flows during spring and summer ; this
is quite discordant with our past knowledges on the circulation pattern of the northern SCS.
Moreover, these cyclonic flows are composed principally of SCS water masses, and in summer
they could extend further northwards to the areas from the west of the Luzon Strait to the
southwest of Taiwan. However, the aforementioned areas are flowed principally by Kuroshio
intrusion waters and associated with anti-cyclonic flows in winter. Details of the seasonal alter-
nation of such flow fields could be inferred from the differences of the monthly mean sea levels
between Kao-Hsiung and Port Irene and between Kao-Hsiung and San Jose (A {xs). The former
is dominated by annual variations, low in summer and high in winter. The latter is principally
biannual, whose two peaks, occurring in March to May and in August to September respec-
tively, correspond likely to the sequential occurrences of anti-cyclonic and cyclonic flows in
the Luzon Strait. Transitions of flow patterns may occur respectively in June to July and in
October to November when A {xs is low. These particular periods, corresponding closely to the
timings of alternation or onset of the regional monsoon, imply the significance of wind stress
on the evolution of current fields in the SCS.

1. Introduction

For years, current fields in the northern
South China Sea (SCS) had darwn a number of
attentions; Wyrtki (1961) compiled bimon-
thly surface current charts of the SCS and his
study enlightened the monsoon-driven behav-
ior of the main flow of the SCS; others, like the
CSK works of CHu (1970, 1972) and NITANI
(1970), also posteriorly hydrographic surveys
of FAN (1982) and SHaw (1989) in the Luzon
Strait and nearby areas, Cuan (1970), QIu,
YANG and Guo (1984) and WaNG and CHERN
(1987a) in the northern and the central SCS,
etc, had improved or extended WYRTKI'S
(1961) results of the northern SCS because
over wihch his data base is rather sparse and
crude from a modern viewpoint. Several obscu-
rities were illuminated by these later surveys
indeed, however, more controversies had been

" Institute of Oceanography, National Taiwan Uni-
versity, Taipei, Taiwan, Republic of China

drawn by them too. For example, L1 and Wu
(1989), based on Nrranrs (1970) data, consid-
ered that the Kuroshio would form a loop cur-
rent in the northeastern SCS, they also
suggested that this is likely a typical pattern
for summer. Their point of view, obviously,
contravenes with what reported by Cuu (1972)
and Fan (1982), ie., the southwesterly mon-
soon in summer drives the SCS surface waters
flowing outward through the Luzon Strait to
the Pacific. Moreover, Wang and CHERN (1987a)
had reported that the northern SCS was occu-
pied by anti-cyclonic flow systems during their
spring survey, which they attributed to the in-
trusion of Kuroshio waters (WANG and CHERN,
1987b). Obviously, the anti-cyclonic pattern is
absent in WyYRTKI's (1961) current chart, so
Suaw (1989) repelled it and he suggested the
intrusion waters have to follow a cyclonic
pathway. In our opinion, all of these controver-
sies are simply the continuation of a long-
standing question, i.e. the obscure behavior of
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Fig. 1.

Hydrographic stations of the joint SCS surverys ; (a) cruise 311, from March 8 to 27,

1992 ; where o signs denote (CTD) stations of ORI and + that of R/V SY3 (upper panel) ;
(b) cruise 399, from August 28 to September 10, 1994 ; where [ ] CTD stations of ORI, A\
ORS3, X YP2, and+XYH14, respectively (lower panel).

the so-called SCS branch of Kuroshio (Wuy,
1982). We are still lacking of enough observa-
tions in constructing a more comprehensive
model capable of covering all of these disputes.

Recently, two larger-scale, multi-vessel sur-
veys had been conducted in the northern and
central SCS. The first was performed jointly by
R/V Ocean Researcher 1 (ORI, managed by In-
stitute of Oceanography, National Taiwan Uni-
versity) and by R/V Shi-Yan 3 (SY3, by South

China Sea Institute of Oceanology, Academia
Sinica, SCSIOAS) from March 8 to 27, 1992
(Fig. 1a); the second, by four ships, i.e. ORI, R
/V Ocean Researcher 3 (OR3, by National Sun
Yat-Sen University), R/V Xian-Yang-Hong 14
(XYH14, by State Oceanic Administration) and
R/V Yeng-Ping 2 (YP2, by Fujian Institute of
Oceanography), was carried out from August
28 to September 10, 1994 (Fig. 1b). One of the
purposes of these surveys is to present
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Table 1. CTD data used.

Cruise # Duration Survey area Note
283 1991 5/23-5/28 LS, NE SCS ORI only
311 1992 3/ 8-3/27 LS, N SCS With SY3
391 1994 6/14-6/20 LS, E Taiwan ORI only
399 1994 8/28-9/10 LS, NE SCS With OR3, XYH14, YP2
415 1995 4/ 4-4/13 LS, E Taiwan ORI only

synoptic views of the distributions of water
masses and current fields in the northern SCS
under different seasons, which may fill in some
of blanks in our past studies. In terms of this
data base, we may identify several active flow-
systems which are dynamically significant to
the circulation pattern of the northern SCS.
The evolution of such systems, however, could
be inferred from the time series of Monthly
Mean Sea Levels (MMSLs) of nearby tide sta-
tions. These, probably enlightening some of the
aforementioned obscurities, are reported in the
following sections.

2. Data base
Two kinds of data are used for the inspection

on the seasonal behavior of large scale current

fields of the northern SCS. The first is CTD
data collected by ORI solely or by ORI and
other research vessels' jointly, from which the
spatial distribution of water masses and
dynamic-height anomalies, thereby large scale
motions, could be inferred. For later rerference,
informations of cruise number (of ORI only),
duration and coverage of cruises are briefed in

Table 1, where the abbreviation LS denotes the

Luzon Strait, N northern, S southern, E eastern

and NE northeastern, respectively. The second

is the MMSL data of three tide stations, i.e. San

' For the purpose of cross checking the quality of
CTD data collected by different vessels, several
common stations had been arranged during cruis-
es; comparisons of T-S curves of common stations
show no great deviations between each other (Xu
and Su, 1993 ; Hu, 1995).

* The former two were retrieved via the anonymous
ftp from the archives of British Oceanographic
Data Centre (BODC), and the third one is provided
by the Central Weather Bureau of the Republic of
China (CWB). The location of San Jose (121°5’E,
12°20°N) is out of the range of Fig. la, so is not
shown.

Jose, Port Irene and Kao-Hsiung (Fig. la; from
January 1989 to December 1993)? from which
the time series of the differences of MMSLs be-
tween any two of them, i.e. AL (¢), where t de-
notes time, is obtained readily. By geostrophy,
A¢ () is associated with the volume fluxes
through the section between two stations, it is
therefore an useful clue for reconstructing the
temporal behavior of flow fields from few spa-
tial snapshots by CTD surveys.

3. Spatial distribution of water masses

The SCS is a semi-enclosed ocean basin,
whose exchanges of mass and salt with the
western Philippine Sea are mainly by virtue of
the flows in the Luzon Strait. WyrTKI (1961)
had reported the seasonal behavior of the con-
veyance of high salinity North Subtropical
Lower Water (LW) and less saline North Pa-
cific Intermediate Water (IW) into the SCS.
During the northeasterly monsoon, LW and
waters above it flow into the SCS while IW
flushes out in lower layers. However, it is in the
reverse order during the southwesterly mon-
soon. The Kuroshio, being the major current
system in the western Philippine Sea, is the
principal conveyer for these waters. A massive
part of sub-surface waters in the main stream
of the Kuroshio belongs to the more saline LW,
whose salinity maximum, Swmaz, is about 34.9psu
(or higher) to the east of Luzon, while the
salinity minimum, Smi, of IW is about 34.20 —
34.30psu in the same region. In the SCS, how-
ever, usually Smaz~34.60psu and Swmin~34.40psu
(NITANI, 1970). It is these differences making
Smaez and Smin to be handy indexes for discrimi-
nating waters circulated in the SCS from that
immigrated with the Kuroshio stream (CHu,
1972).

For the sake of later illustrations, spatial dis-
tributions of Smer in spring (ORI-311) and sum-
mer (ORI-399) are shown in Figs. 2 and 3,
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Fig. 2. The distribution of Smax (in psu) during ORI 311 from March 8 to 27, 1992.

respec-tively. A common feature, ie. the
tongue-like pattern of isohalines in the Luzon
Strait, is clear in these figures. If the isohaline
which is the closest to the Kuroshio front is
chosen as the outer boundary of the intrusion
water®, then we may infer that waters immi-
grated directly with the Kuroshio could reach
to 1187°E in spring of 1992 but merely to
119.8° E in summer of 1994. Along the rim of
these tongues (in the SCS side) are circulating
waters whose salinity is in between waters in
the Kuroshio and that in the central SCS.
Moreover, the orientation of isohalines in the
Luzon Strait south of 21° N is worth noticing
too; they are nearly meridional in summer, but
mainly latitudinal during spring. This feature,
associated closely with the variation of the
path of the Kuroshio stream, is discussed next.

4. Spatial distribution of current fields
Horizontal distributions of dynamic height

o

Such as the Smax 34.8 psu and 34.9 psu for the cruise
of ORI-311 and ORI-399, respectively, cf. Figs. 2 to
5.

It could extend vertically from the surface down to
deeper layers, say more than 600 db.

The cyclonic flow in the northern SCS possesses a
cold-cored structure, whose circulation sense could
extend vertically to a much deeper layer, say more
than 1500 db (Wang 1986).

o

anomaly, AD, (in dynamic meter)in spring and
summer on 20 db (relative to 800 db), likely
representing geostrophic streamlines in the
surface layer, are shown in Figs. 4 and 5 respec-
tively. The distribution of AD on 150 or 200 db
(likely corresponding to the layer of Smaz in the
SCS) is quite analogous to the surface one in ei-
ther season, so for the sake of brevity it is not
shown. Apparently, there are several common
as well as contrary features between both sea-
sons, a brief of them is reported hereinafter.

The most striking feature is perhaps the
cyclonic flows in the central to northern SCS
(Figs. 4 and 5). The region south or southeast
of Tung-Sha Tao (Pratas Islands) and west of
northern Luzon, over which A D is always
lower than its surroundings, no matter in
spring or summer. This implies the region is oc-
cupied by a nearly-persistent cyclonic system.
Though the feature is absent in WYRTKI's
(1961) flow chart of summer, but consistent
with that reported by SCSIOAS (1985). On the
other hand, the flow pattern northeast of this
region varies greatly with seasons. During the
spring cruise a consistently-northwestward
flow* emerged (Fig. 4) while in summer a pair
of cyclonic® and anti-cyclonic eddies were
found (Fig. 5); these, especially the summer
case, are not in accordance with WYRTKI'S
(1961) charts.
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Fig.4. The distribution of AD (in dyn.m) of 20 db with relative to 800 db, during ORI 311, from

March 8 to 27, 1992.

In addition to the features in the SCS, the
flows east of the Luzon Strait are worth special
noticing too. The summer survey shows
streamlines converging along the 121°E merid-
ian (Fig. 5). The convergence zone, whose posi-
tion well matches with that of the salinity front
(Fig. 3), thus marks the main stream of the
Kuroshio in the Luzon Strait. Obviously, this is
a branch of the northward currents flowing

along the east coast of Luzon, i.e. the Kuroshio
in its beginning region (NiTani, 1970). After
passing the Balintang Channel north of Luzon
the branch enters into the Luzon Strait, in
which it interacts with the SCS flows. Are
cyclonic eddies west of the Kuroshio branch
(Fig. 5) the products of the interaction process,
or of whatever, deserve for our studies. Addi-
tionally, another important feature has been
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Fig.5. The distribution of AD (in dyn.m) of 20 db with relative to 800 db, during ORI 399, from

August 28 to September 10, 1994.

revealed by the summer survey too, i.e., the re-
gion east of 122°E and north of 21°N in which
appears the second convergence zone of
streamlines (Fig. 5). Vertical sections of
geostrophic currents along several latitudinal
transects east of Taiwan show that the current
field frequently possesses a multiple core struc-
ture. This particular feature, had been noticed
by CHu (1970), is likely caused by the conflu-
ence of different branches of the Kuroshio and
outflows from the SCS, as suggested in Fig. 5.
The way how the flow pattern shown in Fig.
4 evolves into that in Fig. 5 is an interesting
topic for the SCS regional oceanography.
Hydrographic data collected from ORI cruises
283, 391 and 415 (Table 1) may illuminate some
of ambiguities on the inter-seasonal transition
process. Figs. 6 to 8 present the spatial distribu-
tions of AD on 20 db® as well as Sna.x in the
northeastern SCS in April, May and June, re-
spectively; from which an acute reader may
notice the retrocession sequence of the high sa-
linity Kuroshio intrusion waters from the SCS
to the Pacific since March (cf. Figs. 2, 6, 7a, 8a
and 3). The evolution of the pattern of AD

® The depth of reference level used in Figs. 6 to 8 is
dependent on the maximum depth of CTD casts,
which was not unified during these cruises.

shows that the Kuroshio intrusion waters,
which are associated with the northwestwards
flows on the upper-right portion of Fig. 4, may
be disintegrated into two parts. The eastern
one is a loop-like current pattern which recedes
and returns to the Pacific side of the Luzon
Strait since spring (Figs. 6 and 7), the other
may stay at the region east ¢f Tung-Sha Tao
and south of the Formosa Banks (Fig. 5).
Meanwhile, cyclonic eddies penetrate into the
middle area from the south (Figs. 5 and 7).

5. Implications of sea surface slope

The differences of MMSLs between two op-
posite stations across a stream, A{, had lond
been used for the inference of volume trans-
ports of currents in between (e. g., CHU 1976,
among others). There are two tide stations in
or near the Luzon Strait, i.e. Kao-Hsiung and
Port Irene, their data are appropriate for our
discussions. Additionally, the MMSLs at San
Jose, likely representing the variation of the
sea-level along the eastern coast of the central
SCS, are cited too. Fig. 9 shows the time series
of A¢ between Kao-Hsiung and San Jose (Kao-
Hsiung minus San Jose, A{xs), and that
between Kao-Hsiung and Port Irene (Axs).
However, for unknown reasons, the MMSLs of
1991 summer are unusually higher at Kao-
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Hsiung and lower at San Jose than other years,
also there were many missing data in Port
Irene during 1991, so discussions are restricted
on the 1992 and 1993 time series only.

Several factors, e. g. the variation of atmos-
pheric pressure, the bench mark of tide sta-
tions, longshore wind stress and the large scale
currrents, etc, are influential to the magnitude
of MMSL (CHu, 1976). In the Luzon Strait area,
however, the barometric effect may provide a

minor contribution to A{. On the other hand,
the uncertainty of the bench mark of tide sta-
tions can induce only a constant offset which
is irrelevant to the annual variation of A{l.
Therefore, what we present in Fig. 9 are caused
mainly by the joint effects of geostrophy and
wind stress. The time series of A{ «» reveals a
regular annual cycle; it is high from October to
February and low from May to September and
the annual range is about 25~30cm’ (Fig. 9).
However, A{xs possesses an entirely different
structure; it is biannual with both peaks occur
in March to May and in August to September
and with contiguous troughs in June to July
and in October to November, respectively. The
annual range of A{ks is relatively small and
its magnitude merely about 15 cm (Fig. 9). The
annual variation of A{k»is consistent with our
previous knowledges, i.e., water flows are out-
ward from the SCS to the Pacific during sum-
mer and reverse in winter (WYRTK1, 1961; CHU,
1972 : Fan, 1982), but Al«s is rather curious be-
cause of its biannual behavior really beyond
our intuition.

To conceive the causation of the biannual
cycle, we have to inspect the original time se-
ries carefully. The MMSLs of San Jose in 1992
and 1993 are, on the average, lower than those
of the other two stations in August and/or Sep-
tember, but higher in October and/or Novem-
ber, respectively. However, the highest MMSL
shifts to Kao-Hsiung in March to May, and to
Port Irene in June and July. What effects cause
this variation ? Beforehand any speculations,
perhaps we could use the method of empirical
orthogonal decomposition for exploring modal
structures embedded in the time series; for de-
tails one should refer to Kunpu, ALLEN and
SmrtH (1975). Table 2 gives the eigenvalue 2,
the explained variance A»/X A.(in percentage
of total variance) and the three components of
the eigenfunction ¢».(xs) resolved, where the
subscript # denotes mode number, n=1, 3, ¢»
(x:) the normalized eigenfunction of mode 7
and xz; three different tide stations, i.e., x. repre-
sents Kao-Hsiung, z. San Jose and z; Port Irene,
respectively. The time series of amplitudes of
three empirical modes, E»(¢), acquired from the
decompositon is shown in Fig. 10. By definition,
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we have

Li(t) = 23— \E.($)¢,(z:) and
En(t) = 213':]:Ii(t)¢n(‘ri>’

where {z(#) denotes the MMSLs of the tide
station x; (KUNDU et al., 1975).

Obviously, both of modes 1 and 2 are domi-
nated by the annual cycle, only mode 3 is prin-
cipally biannual (Fig. 10). By simple mani-
pulation on the above equations, we have

Mis = X Ea(0)($0(x) ~ dula));

from Table 2, (¢n(x)) — ¢ulx2)) is 0.13, —0.12
and 1.40 for modes 1, 2 and 3, respectively.
Though the energy density of mode 1,ie. 4, is
about 9 and 37 times to that of mode 2 ( A,) and
mode 3 ( 13), after taking square root this pro-
portion (of E,) becomes 1 : 0.33 : 0.16. So their
contribution to Alxs is 1 : —031 : 1.57 for
modes 1, 2 and 3, respectively, which confirms
that AAxs is mainly induced by modes 3 and 1
fluctuations. Similarly, A Axs is caused princi-
pally by modes 2 and 1. Comparing the flow
patterns presented in the last section with the
time series plot of £ in Fig. 10, we may suggest
that the hump of E; in March, 1992 is due to the
fact that Kao-Hsiung was located on the right-
hand side of the northwestward Kuroshio in-
trusion currents, thereby surface elevation of
Kao-Hsiung is relatively higher (Fig. 4). The
other hump, occurred in August or September,
however, was likely due to the geostrophy of

" The magnitude exceeds WYRTKI's (1961) result a
lot.
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the northward currents along the southwest
coast of Taiwan as well as the southeastward
flows from the central SCS into the Sulu Sea
(WYRTKI, 1961) ; both may induce a similar ef-
fect on Aks (Fig. 5).

In addition to the peaks of E,(#), the troughs,
appeared in June and in October, November or
January respectively, are worth noticing too.
The prior one is likely associated with the en-
tirely eastward movement of waters from the
SCS to the Pacific, either by the retrocession of
the Kuroshio intrusion waters in the northern
Luzon Strait® or by the northward extension of
the above-mentioned cyclonic-flow system
from the central SCS to the southern Luzon
Strait (Figs. 6 to 8), the latter is likely associ-
ated with the cessation of winter monsoon and
the later inception and augmentation of sum-
mer monsoon. The posterior one may corre-
spond to the net outward flows from the SCS to
the Pacific through the northern reach of the
Luzon Strait, which is in compensation with
the intrusion of Kuroshio waters on its south.
Recent observations of CHUANG (personal com-
munication) from a moored current meter’
may partially support the latter speculation.
Another interesting point is that the timing of
the occurrence of these troughs matches quite
well with the onset of southwesterly or north-
easterly monsoon respectively. This can not at-
tribute simply to coincidences but might imply

Amplitude of eigen modes of MMSL
for Mode 1to 3

Amplitudes (cm)

12 18 24
Month (from Jan 1992 to Dec 1993)

Fig.10. The time series plot of E,(¢) for all three
eigen modes resolved, from January 1992 to
December 1993.

Table 2. Empirical eigenfunctions for MMSLs
of Kao-Hsiung, San Jose and Port Irene.

Items Mode 1 Mode 2 Mode 3
An(cm?®) 263.3 28.4 7.1

An/Z An 88.1% 9.5% 24%
dn(x) 0.50 0.50 0.71
dn(z) 0.37 0.62 -0.69
dn(zs) 0.79 -0.61 -0.12

the significance of the monsoon driven effects
on the SCS circulations.

6. Discussion and summary

Foregoing investigations reveal quite a com-
plicated flow pattern occurred in the northern
SCS, which is in general not in accordance with
our previous knowledges. Nevertheless, from
them we have identified several dynamically-
active systems, i.e., firstly, the system with
cyclonic flows in the central SCS, which is a
common feature for both the spring and sum-
mer surveys; secondly, the Luzon Strait branch
of Kuroshio and its intrusion motions; and
thirdly, the anti-cyclonic gyre south of For-
mosa Banks as well as its neighbors, the
cyclonic eddies west of the Luzon Strait, found
during the summer cruise. The synoptic-scale
variation of the northern SCS is basically gov-
erned by these systems.

The cyclonic-circulation system is likely a
permanent feature of the central SCS. The
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report of SCSIOAS (1985) had documented the
finding of a seemingly persistent structure, i.e.,
a cold eddy appears at southwest of Tung-Sha
Tao almost all the year round. Based on Fig. 5,
we may suggest that the foregoing two are ac-
tually the same thing. However, not all obser-
vations support this view point; e.g., in the
central SCS, though a cyclonic gyre does pre-
sent in WYRTKr's (1961) current chart of winter
but the position deviates a lot, also it is absent
in other seasons'. L1t and Su (1992) had sug-
gested a nonlinear adevection mechanism, i.e.,
the cyclonic system colud be induced by the
fluxes of positive vorticity from the west flank
of the Kuroshio through the Luzon Strait to the
central SCS. However, during summer the
thermocline in the northeastern SCS is usually
much steeper and shallower than that in the
Kuroshio (cf. N1TaN, 1970). These might imply
upwelling motions are more energetic in the
SCS basin. Could the cyclonic syetem be sim-
ply a manifestation of the latter activity ? This
is an interesting topic deserving for further
studies.

The behavior of the Luzon Strait branch of
Kuroshio (Fig. 5) is of significance to the inter-
action of the South China and western Philip-
pine Seas. Extended southward from the
southern tip of Taiwan is the Heng-Chun
Ridge, a steeply-raised submarine topography.
Geostrophic currents calculated, along meri-
dional transects across the Luzon Strait!!, show
the segment in between 20.5 and 21°N is seem-
ingly a major pathway for surface waters
flushing into or out of the SCS, where the latter
latitude is just near the southernmost sill of the
foregoing ridge. This suggests the importance
of flow-topography interaction on the dynam-
ics of the SCS. With a favorable flow direction,
the Kuroshio branch may interact with the
ridge; inevitably, this will induce many inter-
esting features, e.g, branching of inflows in
front of the ridge (cf. WHITEHEAD 1985) and

* Perhaps in the form of a loop current, as suggested
by L1 and Wu (1989).

* Which shows persistently eastward to southeast-
ward flows occurred from late October of 1994 to
February of 1995, where the location of the current
matter is in the northern Luzon Strait (CHUANG,
1995).

also its influences on the downstream.

The anti-cyclonic eddy south of Formosa
Banks and its counterparts, the cyclonic ones
west of the Luzon Strait (Fig. 5), are unknown
features that have never been well-documented
in literatures hitherto. WanG (1986) had re-
ported the lower layer structure of the cold
eddy southwest of Taiwan, whose cyclonic mo-
tions could extend from the surface down to
1500 db and even below. However, the connec-
tions between this eddy and the cyclonic flows
in the central SCS were unknown during that
time. Now, from Fig. 5, clearly the former is
likely an extension of the latter, but how and
why the latter evolves into a series of eddies re-
mains to be studied.

The circulation of the SCS is governed prin-
cipally by the alternative exertion of northeast-
erly and southwesterly monsoons as well as
the influence from the Kuroshio east of the
Luzon Strait; the latter is also a major provider
of salt, mass, heat and vorticity to the SCS.
This nature has been illuminated by a number
of numerical experiments (e. g. SHAW and CHAO
1994; CHAO, SHAW and WU 1996, among others).
So, intuitively, we may suggest that the evolu-
tion of above-mentioned dynamically-active
systems is driven by these factors too. How-
ever, the flow pattern in the northern SCS, as
emerged from our observations, is far more
complicated than that had ever been derived
from numerical models. This might be attrib-
uted to the coarse resolution or the false usage
of open boundary conditions, especially across
the Luzon Strait, in the numerical calculation.
Recently, a scientific plan on the monitoring of
currents in the Luzon Strait has been shaped
and granted in Taiwan; which anticipates to in-
stall several arrays of current-meters and to
make repeated CTD surveys, in and across the
Luzon Strait, in the following two years. Only
through these efforts can details of the forego-
ing processes be clarified.

In summary, in terms of field hydrographic

' Neither found in numerical model results derived
from climatological data, e.g. SHAW and CHaO
(1994).

" For those cruises shown in Table 1, as well as oth-
ers not cited.
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surveys and the MMSLs of coastal tide sta-
tions, we may suggest that the flow pattern of
the northeastern SCS is governed basically by
aforementioned dynamical systems. The less
variant one is likely the cyclonic system lo-
cated at the northern central SCS basin to the
northwest of north Luzon, in which is the cen-
ter of the monsoon-driven cyclonic gyre in win-
ter, but the stem of a series of cyclonic eddies
in summer; the latter then separates the
Kuroshio east of the Luzon Strait and the anti-
cyclonic eddy south of Formosa Banks. After
the onset of winter monsoon, the northern ex-
tension of the cyclonic system withdraws
southwards, meanwhile the Luzon Strait
branch of the Kuroshio penetrates into the
northeastern SCS and the intruded waters, as
well as circulating waters, may develop anti-
cyclonic gyres or eddies in the northern SCS
during winter and spring (WANG and CHERN,
1987a). As the cessation of winter monsoon in
spring, the intruded Kuroshio waters retreat
eastwards and northwards; some of them are
flushed out through the Taiwan Strait by the
northward currents along the west coast of
Taiwan (the Kuroshio branch in the Taiwan
Strait, WANG and CHERN, 1988), the remainder
may form a loop-like flow pattern in the north-
eastern SCS. As time goes by, the aforemen-
tioned cyclonic system, stimulated further by
the inception and augmentation of summer
monsoon, extends northwards continuously.
So, the anti-cyclonic gyre at the northern SCS
breaks; one of it, the loop pattern, migrates to
the Pacific side of the Luzon Strait gradually
(Figs. 6-8), the rest, still in the form of anti-
cyclonic motions but having a much reduced
size, resides at the south of Formosa Banks in
summer; the space left is then replaced by
cyclonic eddies penetrated from the central
SCS (Fig. 5). Obviously, the scenario is quite
different from that presented by WYRTKI'S
(1961) flow chart; so far many aspects are pre-
liminary and some of them still obscure, all of
these deserve for further studies in the future.
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