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Open-ocean convection in the Japan (East) Sea

Yong-kyu CHOI"

Abstract: Based on the results of Marine Meteorological and Oceanographical Observations by
Japan Meteorological Agency during 1966-1987, the phenomenon of open—ocean convection is
found as a candidate for the formation of the Japan (East) Sea Proper Water (JSPW). The water
types in the mixed regions denoting the deep convection are similar to those of the JSPW such
as 0-1°C in potential temperature, 34.0-34.1 %, in salinity and 68-80 cl/t in potential thermosteric
anomaly from the sea surface to the deep layer. The static stabilities in the stations of the mixed
regions are unstable or neutral. The phenomena of open—ocean convection are commonly ob-
served in the area of the north of 40°N. This suggest that the deep water of JSPW is formed not
in a limited area but probably in the overall region of the northern open ocean. The formation
of the deep water may be mainly affected by the cooling of the sea surface because the tempera-
ture and salinity on the isoteric surface of about 76 cl/t in potential thermosteric anomaly are
cold and low. The JSPW sunken from the surface layer on the mixed region spreads out under
the Tsushima warm current area, following the isoteric surface of about 76 cl/t in potential

thermosteric anomaly.

1. Introduction

The Japan (East) Sea is called a mini ocean
because of the varieties of oceanological as-
pects due to the basins deeper than 2000 m
depth and the connectors with other seas
through narrow straits shallower than 150 m
depth. These characteristics hinder the ex-
change of deep waters and contains a peculiar
deep waters, the Japan (East) Sea Proper
Water. Many authors explained that there
must be exist the deep convection in the inter-
ior of the Japan (East) Sea (e.g., NITANI, 1972;
GAMO et al., 1986; SuDO, 1986).

The deep water is formed by two ways, the
open—ocean and near—boundary convections.
During the open—ocean convection, the homo-
geneous water column from the sea surface to
a deep layer, so called chimney, and the
cyclonic eddy had been observed in the Medi-
terranean (MEDOC group, 1970), Labrador
(CLARKE and GASCARD, 1983), Greenland
(JOHANNESSEN et al., 1991) and Weddell Seas
(GORDON, 1978).

MEDOC group (1970) suggested that the

* Kunsan Laboratory, National Fisheries Research
and Development Agency, Kunsan 573-030, Korea,

open—ocean convention takes three phases;
namely, the preconditioning phase, the violent
mixing phase, the sinking and spreading phase.
The chimney is formed in the second phase
and accompanied with cyclonic eddy and it
also affects the sinking and spreading phase
(GASCARD, 1991).

SENJYU and Supo (1993, 1994) inferred the
winter convection through the isopycnal
analysis and water characteristics in the Japan
(East) Sea. SEUNG and YooN (1995) showed
the deep convection in the Japan (East) Sea.
They explained that winter convection reach-
ing down to about 1000 m depth takes place
near Vladivostok, Russia. But the data for the
distributions of temperature or salinity are not
all occupied in every cruise, and the data was
checked and chosen. Of course, it does not
make a problem, but we want to know more
about the deep convection in the Japan (East)
Sea exactly.

Therefore, we set a question that ‘Does an
open—ocean convection really take place in the
Japan (East) Sea ?’ The purpose of this study
is to find out the evidence of open—ocean con-
vection in the Japan (East) Sea.
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2. Data and Approach

The comprehensive observations for the
Japan (East) Sea have been conducted by the
Japan Meteorological Agency systematically
and those data are available for studying the
water characteristics to a deep layer in the
Japan (East) Sea. So, the results of marine me-
teorological and oceanographical observations
by Japan Meteorological Agency were used
from 1966 to 1986 for about 22 years. But the ob-
servations were mostly occupied in the south-
east part of the Japan (East) Sea. In the
northwest part, the observations were scarce
and there were also areas of no observations.

To see the water properties, the vertical dis-
tributions of potential temperature, salinity
and potential thermosteric anomaly was pre-
sented for the lines shown in Fig. 1. These three
lines, PM, G, H were selected for detailed analy-
sis because these lines lie across the polar front
to the northern part. In Fig. 1, the dotted line

Bathymetry and studied lines.

indicates that the observation was carried out
during Coorperative Study of Kuroshio but is
not conducted at present. The number of sta-
tions and the distances between the stations in
lines of PM, G, H are somewhat different from
year to year.

Potential thermosteric anomaly (As) was
used instead of sigma-theta (o). The Japan
(East) Sea Proper Water is very homogeneous
in temperature and salinity. So, potential
thermosteric anomaly is more convenient to
distinguish the density difference than sigma—
theta because it does not need to express the
decimal point in density. With the potential
thermosteric anomaly, the static stability was
calculated in some hydrographic stations fol-
lowing POND and PickARD (1983) as

1 0A,

k= a oz

where a is the specific volume, As the poten-
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Fig. 2. Vertical distributions of potential temperature (right), salinity (middle) and potential
thermosteric anomaly (left) for line PM in 1966.

tial thermosteric anomaly and z the depth in-
terval. Also, horizontal distributions of poten-
tial temperature, salinity were presented for
the isosteric surface which is denoted the char-
acteristics of the Japan (East) Sea Proper
Water. The proper value of the potential
thermosteric anomaly on the isoteric surface
was chosen from the T—S plots during winter
from 1996 to 1987.

3. Results
3-1 Occurrence of Open—ocean Convection

Fig. 2 shows the vertical distributions of po-
tential temperature, salinity and potential
thermosteric anomaly in line PM on Febuary,
1966. The potential temperature and potential
thermosteric anomaly of station 11 are lower
than those of stations 10 and 12. In station 11,
from the sea surface to about 400 m depth, it
can be seen the nearly homogenous water col-
umn with below 1°C in potential temperature,
about 34.02-34.06 %, in salinity and below 80
cl/t in potential thermosteric anomaly. Salinity
becomes low from the south (34.20 %) to the
north (34.00 %) of station 11.

Fig. 3 is the vertical distributions of potential
temperature, salinity and potential thermo-

steric anomaly for line H in 1966. In station 26,
it shows the homogeneous water column
whose characteristics of water properties de-
notes the Japan (East) Sea Proper Water. It is
noteworthy that 72 ¢l /t in potential
thermosteric anomaly is distributed from the
sea surface to about 500 m depth in station 26.

Fig. 4 is the same one as the previous figures
except for line G in 1986. In station G8, we can
see the outcropping of isothermal line,
isohaline and isostere, which denote the char-
acteristics of the Japan (East) Sea Proper
Water below 1°C in potential temperature, 34.08
%o in salinity and 76 cl/t in potential thermo-
steric anomaly. Although we could not show
the complete shape of homogeneous water col-
umn embedded in more stratified waters due to
the limit of the measurement to the north, it
also may be shown the homogeneous water col-
umn if the observation was performed to the
northern part.

The vertical distributions of potential tem-
perature and potential thermosteric anomaly
are illustrated in Fig. 5, which shows the homo-
geneous water column and outcropping. The
homogeneous water column appeared in sta-
tion 21 on February in 1967. In station 39 in
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1969 and stations from 35 to 38 in 1970, the po-
tential thermosteric anomalies are lower than
74 cl/t, in particular, from the sea surface to
below 600 m depth.

In order to see the trace of the cyclonic eddy
in the stations of homogeneous water columns
and outcroppings, we plotted the dynamic
depth anomaly on 1966A, 1966B, 1967A, 1967B in
Fig. 6 because the complete shape of homoge-
neous water column were shown in these lines.

Arrows denote the centre of the homogeneous
water column. The values of dynamic depth
anomalies in the centre of the homogeneous
water columns are lower than those of the oth-
ers. We can deduce the existence of the
cyclonic-eddy vaguely.

Fig. 7 shows the positions of homogeneous
water column and outcropping during last 22
years. Solid circles denote the homogeneous
water column and open circles the outcrop-
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Vertical distributions of potential temperature for line PM in 1967, potential
thermosteric anomaly for line H in 1967, 1968, 1969, 1970, 1972 and 1974 and for line PM in

1975 and 1981, respectively.
ping. The homogeneous water column and out- unstable or neutral in the surface layer. Below
cropping occurs here and there in the northern 200 m depth, the static stabilities are neutral in
part. We know that these are not all. If the data all stations. With this figure, we know that the
covered the northern part, it would be able to deep convection will be take place in these sta-
find out the phenomenon of open—ocean con- tions.
vection in the area.

Fig. 8 represents the static stabilities of sta-
tions for the homogeneous water column and
outcropping. The static stabilities are generally

3-2 Spreading Features

In order to choose the proper value of the
isosteric surface and to see the distributions of
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the water properties on the isosteric surface,
we plotted T-S diagrams in winter during last
22 years in Fig. 9. All water types of the Japan
(East) Sea Proper Water are plotted between
about 70 cl/t to about 80 cl/t in potential
thermosteric anomaly. To see the horizontal
distributions of the water properties on the
isosteric surface, the value of 76 cl/t in poten-
tial thermosteric anomaly is the most proper.
So we drew the horizontal distributions of
depth, potential temperature and salinity on
the isosteric surface of 76 cl/t. Although it can
not be scrutinized the flowing path following
the isosteric surface, the shape of spreading
may be shown in those figures.

Fig. 10 shows the depth where potential
thermosteric anomly equals to 76 cl/t. The
isosteric surface of 76 cl/t come in contact with
the sea surface in 1996, 1967, 1969, 1970, 1981 and
1986. In the case of 1966, 1967 and 1969, the

isosteric surface contacted with the sea surface
looks like an eddy shape. The isoteric surface
of 76 cl/t becomes deep to the south below 400
m depth.

Fig. 11 and Fig. 12 show the potential tem-
perature and salinity where potential ther-
mosteric anomaly equals to 76 cl/t. Hatched
area denote the surface below 76 cl/t in those
figures. The potential temperature is below
about 0.4-0.8°C in the north. It becomes high to
the south about 0.8-1.0°C. On the sea surface the
salinity of the northern part is lower than those
of the southern part.

Fig. 13 shows some aspects of spreading. The
upper denote the positions of stations and ver-
tical distribution of potential thermosteric
anomaly in the case of 1967. The lower denotes
the T-S relation according to the sea surface
and the depth. Crosses denote the T-S relation
of the sea surface from the station 13 of the
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south to the station 21 of the north, circles the
T-S relation with the depth in the station 13. If
the water formed by the open—ocean convec-
tion in the northern part spreads out under the
Tsushima Warm Current area following the
isosteric surface, the water types between the
sea surface of the northern part and the deep
layer one of the southern part will agree with
each other. In this diagram, both the water type
of the sea surface of the station 21 and the
water type of about 600 m depth of the station
13 agree well with each other.

4. Discussion

MEDOC group (1970) explained the violent
mixing phase that narrow region of deeply
penetrative convection occurs in the centre of
the gyre. The central mixed region in the sec-
ond phase is so narrow that the horizontal
scale is merely about a few tens of kilometers
(MEDOC group, 1970 ; GASCARD, 1991).

The homogeneous water column from the
sea surface to a deep layer indicates the well
mixed water (c.f, Fig. 2) and may be regarded
as the deep water formation (Fig. 8, Fig. 13).
When the cooled surface water sinks it is re-
placed by warmer water from the sides. As
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Fig. 9. T-S diagrams (upper) and the enlarged T-S
plot for the Japan Sea Proper Water (lower) in
winter during 1966-1987.

cooling continues the entire water column is
gradually mixed with new water masses from
the surface (SANDVEN et al., 1991).

The homogeneous water columns embedded
in more stratified waters and outcroppings oc-
curred here and there of the area in the north
of 40°N (Fig. 7). This suggests that the deep
water of the Japan (East) Sea Proper Water is
formed not in a limited area but probably in
the overall region of the northern open ocean.
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VasILEV and MAKASHIN (1992) reproduced the
ventilation of the Japan Sea waters in winter
with their quasi—stationary friction model and
explained that bottom waters are periodically
replenished by shelf waters, sinking down
along the continental slope of Primorye. So,
both open-ocean and near-boundary convec-
tions can be taken place in the Japan (East)
Sea. Deep Waters are formed by the open-ocean
convection and bottom waters may be formed
by the near-boundary convection. The near-
boundary convection probably occurs in the
Siberian coast (NITANI, 1972; GAMO et al., 1986;
Supo, 1986; VASILEV and MAKASHIN, 1992).

The horizontal scales of mixed regions at the
sea surface are about 80 km (Fig. 2) and 300—
400 km (Fig. 3) with the value of 76 cl/t in
isostere. The horizontal view of mixed regions
seems to be an eddy shape (cf, Fig. 10). Upa
(1934) pointed out that there is (are) one or
two large-scale cyclonic gyre (gyres) and the
Japan (East) Sea Proper Water exists directly
under the surface layer in the northern Japan
(East) Sea. GaMo and HoriBe (1983) and GAMO
et al. (1986) stated that cold and oxygen-rich
surface water is supplied to the deep water fre-
quently and rapidly. Therefore, in the Japan
(East) Sea it may be suggest with care that the
primitive formation and the beginning aspect
of central mixed region in the open ocean are
somewhat different from other oceans in its
scales, etc.

KiLLwoRrTH (1979) explained that baroclinic
instability of the mean flow is capable of pro-
ducing cyclonic and anticyclonic eddies with
horizontal length scales of the same width as
the observed chimneys. At the centre of the
cyclonic eddies, the vertical stratification is
greatly reduced in the top 300 m, thus acting as
an efficient preselection mechanism at the
onset of winter cooling. According to GASCARD
(1991), these chimneys appear at the places
where overall stratification can be destabilized
and destroyed from the interior rather than
from the surface. And a much more efficient
way for mixing water over great depth is when
a subsurface layer is injected from below into
the surface layer by a baroclinic instability
process. As mentioned above, the Japan (East)
Sea has peculiar characteristics with one or

two gyre (gyres) and very thin surface layer in
the northern part. So, the open-ocean convec-
tion in the Japan (East) Sea may occur in
scales larger than those of other oceans.

Not only a study but also an observation on
the configuration of chimney is required for
the Japan (East) Sea in near future.
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Seasonal variation of residual flow in Suyoung Bay, Korea

Dong-Sun Kim***, Tetsuo YANAGI" and Kyu-Dae CHO"""

Abstract: In order to investigate the seasonal variation of residual flow in Suyoung Bay, Korea,
we develop a robust diagnostic numerical model. The seasonal variation of residual flow in the
upper layer at the inner bay is under the influence of the density-driven current by the fresh
water supply from Suyoung River, that is, the residual flow in August shows the strong south-
ward flow when the inflow of fresh water is large, but the residual flow is weak when the effect
of fresh water supply is small in February. The residual flow pattern in the upper layer was also
affected by the wind variation; the southwesterly wind in May and February generates the east-
ward flow, the northeasterly wind in August and the northwesterly wind in November generate
the south-westward and southward flow, respectively. The characteristic of the flow pattern in
the middle layer is the replenish flow, that is, the flow pattern in the middle layer is inflow when

the flow pattern in the upper layer is outflow.

1. Introduction

Suyoung Bay is situated at the coastal area
of Pusan, Korea. The oceanic condition of
Suyoung Bay is very complicated because of
the effects of the fresh water supply from
Suyoung River and the offshore water mass
from Korea-Tsushima Strait (Fig. 1).

Until now, many researchers have studied
about the oceanic condition of Suyoung Bay.
Particulary, the chemical study fo polluted ma-
terial was done by Won and Leg (1979) and
WoN et al. (1979). Physical research by Kiv and
HAN (1982) was carried out on the diffusion
phenomena in Suyoung Bay. KM et al. (1991)
studied the seasonal variation of oceanic condi-
tion in Suyoung Bay. However, the previous
studies are only on the flow and diffusion at
short period or the general characteristics of
oceanic conditions.

There has been no study on the seasonal
variation of residual flow which plays a very
important role in the material transport during
a long perid. The major components of the re-

*Department of Civil and Ocean Engineering,
Ehime University, Matsuyama, 790 Japan
“*Research Center for Ocean Industrial Develop-
ment (RCOID), Pukyong National University of
Pusan, Pusan, 608-011 Korea
***Department of Oceanography, Pukyong National
University of Pusan, Pusan, 608-737 Korea

sidual flow in the coastal sea are the tide-
induced residual current, the wind-driven cur-
rent and the density-driven current. In order to
investigate the seasonal variation of residual
flow in Suyoung Bay, we have developed a
three-dimensional robust diagnostic numerical
model which includes the effects of tide, wind
and buoyancy. One of advantageous points of
diagnostic numerical model is that three-
dimensional velocity field is obtained quantita-
tively at each grid point in the model (e.g.
BLUMBERG and MELLOR, 1987). The previous
studies of circulation with use of a robust diag-
nostic numerical model are as follows for ex-
ample; the diagnostic calculation of circula-
tions and water mass movements in the deep
Pacific Ocean (Fujio and IMasAToO, 1991) and
the seasonal variation of circulations in the
East China Sea and the Yellow Sea (YANAGI
and TAKAHASHI, 1993).

In this study, we try to make clear the sea-
sonal variation of residual flow in Suyoung
Bay with the use of three dimensional robust
diagnostic numerical model which includes the
tide-induced residual current, the wind-driven
current and the density-driven current.

2. Field observation
The horizontal and vertical distributions of
water temperature, salinity and density were
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Fig. 1. Location of observation points in Suyoung
Bay. The thick dotted line and the thin dotted
line represent the open boundary of the numeri-
cal model and the observation area, respectively.
Stn. C is the current observation station. Num-
bers show the depth in meter.

observed at 29 stations shown in Fig. 1 every
month from May, 1989 to April, 1990 (KiMm et
al., 1991). The observed area is divided horizon-
tally into 200mX200m mesh and vertically into
three layers (0-5m, 5m—20m and 20m-bottom)
and water temperature, salinity at every mesh
are objectively interpolated from observed
data with the use of a hyperbolic function
(YaNAGI and Icawa, 1992). The upper layer
(0-5m) expresses the mixed layer above the
seasonal pycnocline.

The horizontal distributions of water tem-
perature, salinity and density in spring (15
May, 1989), summer (17 August, 1989), autumn
(25 November, 1989) and winter (27 February,
1990) are shown in Fig. 2(a) to 2(d), respec-
tively. In spring, water temperature is high at
the inner and outer bay, and salinity is low at
the mouth of Suyoung River but high at the
outer bay. Density distribution is affected by
those of water temperature and salinity. In
summer, water temperature at the inner bay is

higher than that at the outer bay and salinity
at the inner bay is lower than that at the outer
bay. Density distribution is manily dependent
on the salinity distribution. The characteristic
of the distributions in autumn is that the differ-
ences of water temperature, salinity and den-
sity between the inner bay and the outer bay
are generally small. In winter, water tempera-
ture at the inner bay is lower than that at the
outer bay. Salinity and density distributions in
winter are similiar to those in spring.

Year-to-year variation in the precipitation at
Pusan is shown in Fig. 3. The precipitations in
these observations from May 1989 to February
1990 are near to the averaged value during 5
years. The wind speed is not so strong (about
3~4m s7") and its direction is variable through
out the year as shown later in Fig. 4; that is, the
monsoon wind does not prevail in Suyoung
Bay.

3. Numerical model

The horizontal grid size and the vertical divi-
sion of water column of this numerical model
are the same ones which are used for the inter-
polation of observed data. Depths used for this
model were taken from Korean hydrographic
chart No.201C. Using conventional notation,
the governing equations on the cartesian
coodinate are as follows (YANAGI and TAKA-
HASHAL 1993);

61; + (- th)eriJrﬁqu

0 0z
h u JFA 1 E, <1>
P=pg€&+ L p”ngdz, &))
mw%—w:o, ©)
T oT
o 4+ @-V)T+w p
0T
= K.ViT+K, e +T(T*— 1), ¢y
4S
6t +( V,,)S+waz
_ 0°S x
=KViT+K, o +T(S*~S), %)

where # is the horizontal velocity vector, w the
upward velocity, f (=2wsin ¢, w is angular
velocity of earth rotation and ¢ is latitude of
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Fig. 2(a). Horizontal distributions of water temperature (left), salinity (central) and density
(right) in three layers on 15 May, 1989. (@: observed stations)

35°05" N) the Coriolis parameter, k£ the vertical
unit vector, V, the horizontal gradient operator,
¢ the time, P the pressure, o the density, o0, the
refference density, g the graviational accelera-
tion (=980cm s7?), ¢ the sea level height
above the mean sea surface, T water tempera-

ture, and S salinity. The density p is calculated
from T and S with use of the usual nonlinear
state equation. The T term in Eqs(4) and (5) is
introduced by SARMIENTO and Bryan (1982) to
prevent calculated values T and S from deviat-
ing greatly from observed values 7> and S*.
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Fig. 2(b). Horizontal distributions of water temperature (left), salinity (central) and density
(right) in three layers on 17 August, 1989. (@: observed stations)

T is 05/A. (A,=30sec: time step of calcula- diffusivity are given as follows (YANAGI and
tion) in this calculation. A, and K, are the ver- Y AMAMOTO, 1993);
tical eddy viscosity and diffusivity, respecti- 0.3 . s

=5 X Usmp X 2y v X s
vely. A, and K, are the horizontal eddy i X T, Ay=107X A, (6)
viscosity and diffusivity, respectively. The 0.3

. . . . =—=X Uty X T2, ,=107°XK,,
horizontal and vertical eddy viscosity and K o X T, K,=107XK,, (D
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Fig. 2(c). Horizontal distributions of water temperature (left), salinity (central) and density
(right) in three layers on 25 November, 1989. (@: observed stations)

where U., and Tw denote the amplitude and

period of M. tidal current, respectively. A and

K, range from 2.1 X10°cm? s™ to 3.4 X 10° cm?®

s'and A, and K, from 0.02 cm® s™' to 34 cm?

s'in Suyoung Bay. The horizontal forces due
to tidal stress F.=(F., F4) is calculated as

follows (YANAGI and YAMAMOTO, 1993);

ou . oU
Fa= — (U 4V,
= oV
Fy= (Uax+Vay ,

®

)
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Fig. 2(d). Horizontal distributions of water temperature (left), salinity (central) and density
(right) in three layers on 27 February, 1990. (@: observed stations)

where U and V are the £ and y components of
M, tidal current, respectively and the overbar
denotes the average over one-tidal cycle. Tidal
current in Suyoung Bay is already calculated
and verified with the observational data (KM
and YANAGI, 1996).

The boundary condition for momentum is no
—slip condition at the lateral wall. Along the
open boundaries of numerical calculation,
which is shown by the thick dotted line in Fig.
1, the normal velocity to the boundary is as-
sumed to be zero. But the calculated results of
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residual flow in Suyoung Bay will be shown in
the observation area which is the inner part of
thin dotted line in Fig. 1. The bottom stress is
given at the sea bottom as follows;

o

AUFZ';T;)WW, )

Here T, (=0.0026) is the bottom drag coeffi-
cient.

The sea surface is assumed to be a free sur-
face, and the sea surface momentum flux is
given by 5

U
o0z

Ay = p.Cul WI W, 1D

Here p. (=0.0012g cm™®) is the air density,
C. (=0.0013) the sea surface drag coefficient
and W the wind vector. The boundary condi-
tion for water temperature and salinity is a no-

flux condition at the lateral wall, at the bottom,
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Fig. 4(a). Horizontal distribution of residual flow in three layers on 15 May, 1989. (thick vetor
in the upper layer: wind speed and direction)
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Fig. 4(b). Horizontal distribution of residual flow in three layers on 17 August, 1989. (thick

vetor in the upper layer: wind speed and direction)
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Fig. 4(c). Horizontal distribution of residual flow in three layers on 25 November, 1989. (thick
vetor in the upper layer: wind speed and direction)
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Fig. 4(d). Horizontal distribution of residual flow in three layers and the observed and calcu-
lated residual flows at Stn. C on 27 February, 1990. (thick vetor in the upper layer: wind

speed and direction)

and at the sea surface. Along the open bound-
ary, the horizontal gradient of water tempera-
ture and salinity are assumed to be zero. The
central difference scheme is adopted for the
advection term and the semi-implicit scheme is
used for the calculation of sea surface elevation
(BAckHAUS, 1983). Wind direction and speed
are observed every hour at Pusan (Meteoro-
logical Observation Data of Korea, 1989, 1990).
We used the daily averaged wind speed and di-
rection on each observation day in this

numerical model.

4. Results

The calculated flow patterns at three layers
in spring (15 May, 1989) are shown in Fig. 4(a).
The flow pattern in the upper layer is the east-
ward flow from the river mouth to the outer
bay. In the middle layer, the flow pattern
shows the northward current. In the lower
layer, the flow pattern shows westward flow.

Figure 4(b) shows the flow patterns in three
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layers during summer (17 August, 1989). The
flow pattern shows the south-westward flow
from the inner bay to the outer bay in the
upper layer. The flow pattern in the middle
layer at the inner bay shows the strong north-
ward flow but the flow pattern at the outer bay
shows the eastward flow. The flow pattern in
the lower layer is the northward flow.

The results in autumn (25 November, 1989)
are shown in Fig. 4(c). The flow pattern in the
upper layer shows the southward flow from
the inner bay to the outer bay. In the middle
layer, the flow pattern shows the inflow pat-
tern, that is, the flow direction is northward.
The flow in the lower layer is very weak. The
flow patterns in the upper layer during winter
(27 February, 1990) shown in Fig.4 (d) are
similar to those in spring, that is, the flow in
the upper layer is east-southward from the
inner bay to the outer bay.

In order to verify our calculated results, the
comparision of calculated and observed flows
is very important. The calculated and observed
residual flows at Stn. C (see Fig. 1) are shown
in Fig.4(d). The observation of current
measuement was carried out 3m below the sea
surface at Stn. C on 27 February (KM et al.,
1991). The coincidence of calculated and ob-
served flows is very good in speed and direc-
tion. Therefore, a robust diagnostic model used
in this study is well verified with the direct ob-
served result.

5. Discussion

To calculate the M. tide-induced residual
flow, we used the two-dimensional numerical
model of tidal current (KiM and YANAGI, 1996)
because M. tidal current is the dominant cur-
rent in this area from the report of the Pusan
city of Korea (1984). The tide-induced residual
flow at the inner bay is below 1 cm s~ and it is
very weak compared to the residual flow in the
upper layer (5-10 cm s™!) shown in Fig. 4. The
tide-induced residual current is stable through-
out the year because the tidal current is stable.
Accordingly, the seasonal variation of residual
flow shown in Fig. 4 is considered to be mainly
generated by the density—driven current and
/or the wind-driven current.

From Fig. 4, the residual flow shows the

conspicious seasonal variation with the degree
of density difference between the inner and
outer bay in the upper layer. They are about 2.0
g cm? in May, 6.0 g cm~® in August, 1.0 gcm™
in November and 2.0 g cm ™ in February (see
Fig. 2), respectively. The seasonal variation of
residual flow speed in the upper layer at the
inner bay is under the influence of the density-
driven current by the density difference be-
tween the inner and outer bay in the upper
layer. Such density differences are resulted
from the fresh water supply from Suyoung
River. The residual flow in August shows the
strong southward flow when the inflow of
fresh water supply is large, but the residual
flow is weak when the effect of fresh water is
small in November and February.

The pattern of residual flow in the upper
layer of Suyoung Bay seems to be also affected
by the wind condition. The seasonal variation
of flow pattern by wind conditions is as fol-
lows; In May and February, the flow pattern in
the upper layer is eastward by the southwest-
erly wind and that of August is south-
westward by the east-north-easterly wind. In
November, the north-west-northerly wind af-
fected the southward flow. Therefore, the wind
direction affected to the flow pattern in the
upper layer to some degree. Such phenomena
about the wind effect are well explained by the
study on the variability of residual flow in
Osaka Bay, Japan (YANAGI and TAKAHASHI,
1988).

The flow pattern in the middle layer gener-
ally shows the replenishment flow oppositing
to that in the upper layer, that is, when the
flow is outflow in the upper layer that is inflow
in the middle layer.

The effect of the density-driven current is
large by the inflow of fresh water from
Suyoung River at the inner bay and the resid-
ual flow pattern in the upper layer is also af-
fected by the wind-driven current. Therefore,
when we consider about the residual flow
fieled in Suyoung Bay, we have to take into ac-
count of not only the effect of tide but also the
effects of wind and density distribution.
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Oceanographic conditions in Pelabuhanratu Bay, west Java

Masaji MATSUYAMA *, Tomoharu SENJYU** and Nyuman N. M. NATIH"**

Abstract: In December 1994 and August 1995, field observations by STD were carried out from
sea surface to 200m depth in Pelabuhanratu Bay, which is a small bay located at the southern
coast of west Java, facing to the Indian Ocean. Remarkable difference between both months was
found in temperature and salinity profiles, that is, remarkable seasonal variations. Compared
with August, higher temperature and lower salinity water occupied near the sea surface in De-
cember. In subsurface layer, the temperature in December is 2 to 5 °C higher than that in August
through the water column of 200m, and the salinity in December is lower from the surface to
about 80m depth than that in August, but higher below about 80m depth. The density stratifica-
tion is affected by salinity near the sea surface, but below 80m depth by the temperature. In the
observations in August, the spatial variations of the thermocline depth existed along the section
of the bay axis, but it cannot be confirmed whether or not the internal waves occurred. In addi-
tion, the occurrence of coastal upwelling is not confirmed for the internal radius of deformation

larger than the bay length.

1. Introduction

Detailed observations in the western tropical
Pacific Ocean, especially Indonesian area, are
required to detect long-term variations in re-
lated to El-Nino Southern Oscillation (ENSO)
and/or Indonesian Throughflow (e.g., GORDON,
1986: BROECKER, 1991; YAMAGATA and
Masumoto, 1989; WEBSTER and Lukas, 1982;
LUKAS ef al., 1996). But, few observations have
been made in the Indonesian coastal regions.

Oceanographic observations were carried
out in Pelabuhanratu Bay as a cooperative
study between Tokyo University of Fisheries
and Bogor Agricultural University (called
IPB). Pelabuhanratu Bay is a small bay, located
at the southern coast of west Java, facing to the
Indian Ocean (Fig. 1), and the bay length and
width are about 20 km and 18 km, respectively.
The detailed bottom topography in the bay
cannot be taken. Field study was made in De-
cember 1994 and in August 1995 to clarify the
oceanographic condition, especially the stratifi-

*Department of Ocean Sciences, Tokyo University
of Fisheries, Konan 4-5-7, Minato-ku, Tokyo, 108,
Japan

**National Fisheries University, Nagatahonmachi 2

—7-1, Shimonoseki-City, Yamaguchi, 759-65, Japan

***Faculty of Fisheries, Bogor Agricultural Univer-
sity, Darmaga, Bogor, 16680, Indonesia

cation, in Pelabuhanratu Bay.

The oceanographic studies in Pelabuhanratu
Bay have been made by the IPB stuff
(ATMADIPOERA et al., 1994). They suggested
that the surface water circulation is influenced
by north west monsoon in summer in the
southern hemisphere and the water properties
at the sea surface near the coast are affected by
the river discharge. PURBA et al. (1993) tried to
analyze the coastal upwelling in south of west
Java waters induced by southeast monsoon
during the period from July to September,
using surface temperature image, BT and
hydrocast data obtained at standard depths.
They indicated less variations of physical prop-
erties from July to August, and found an evi-
dence of the upwelling in the subsurface layer
under the surface homogeneous layer in Sep-
tember.

Both studies suggest that (1) the oceano-
graphic condition in this area is significantly
affected by northwest or southeast monsoon,
and (2) the detailed vertical distributions of
temperature and salinity are required to fully
understand it. Then, we made a plan to meas-
ure temperature and salinity distributions by
using STD, produced by Allec Company
(ASTD).
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Fig. 1. Bottom topography of Pelabuhanratu Bay
and location of STD stations. Stations were made
in August 1995 except for Stns. P and Q in
December 1994.

2. Observations

The observations were made on December
22,1994, and during the period from August 12
to 14, 1995. The former was preliminary obser-
vation for the latter. The locations of ASTD
stations are shown in Fig. 1. In this study, tem-
perature and salinity data at each depth, digital
values by ASTD measurements, were obtained
in the range from the sea surface to 200m depth
at 0.2 m interval.

3. Results
3-1 Results in December, 1994

Figures 2a and 2b show vertical profiles of
temperature and salinity at Stns. P and Q (see
Fig. 1) in December 22, 1994. The vertical pro-
files at both stations are similar to each other.
The sea surface temperature is very high
(about 28.6°C). The temperature gradually de-
creases from the sea surface to 90 m depth with
weak gradient and the strong thermocline ex-
ists directly below this depth. Even at 90m
depth, the temperature is 27.5°C but fall to 12
°C at 200m depth, so the temperature difference
between 90 m and 200 m depths reaches 14.5°C.

TEMPERATURE ( °C)
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Fig. 2a. Temperature profiles observed in
December 1994.
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Fig. 2b. Same as Fig. 2a except salinity.

The salinity is very low (33.10 psu) at the sea
surface for rainy season, but abruptly increases
from the surface to 130 m depth (35.08 psu).
The salinity shows maximum between 130 m
and 160 m depths and tends to decrease below
the maximum.

3-2 Results of August, 1995

The observations were made by ASTD along
three lines, A to C (see Fig. 1) during the pe-
riod from August 12 to 14, 1995. The ASTD ob-
servations on Lines A and B crossing the bay
were carried out down to near bottom or to 100



Oceanographic conditions in Pelabuhanratu Bay 285

TEMPERATURE ( °C)
10 15 20 25 30

\
Tttt

DEPTH (m)
=
(@]
1

s
Tt

4

T «C2 AUG 1995
T xC6 AUG 1995
1 °C9 AUG 1995

200

Fig. 3. Temperature profiles observed
in August 1995.

m depth except Stn. B2 ; also the observation
along the bay axis, Line C was carried out from
the sea surface to 200 m depth except for Stn.
C1 with the bottom depth of 150 m.

Figure 3 shows typical vertical profiles of
temperature at three stations, C2, C6 and C9,
corresponding to the stations of the head, cen-
ter and mouth of the bay, respectively (see Fig.
1). The sea surface temperatures are almost the
same, about 27°C at three stations. The tem-
perature profiles are seen to be composed of
the weak and strong stratified layers. Thick-
ness of the upper layer with weak stratification
is about 60 m at Stn. C6, 80 m at Stn. C9, but 100
m at Stn. C2. The temperature difference be-
tween the top and bottom of the layer is only
1.0°C to 2.0°C. The strong stratified layer, ie.,
thermocline, is formed from the bottom of the
weak stratified layer to 190 m depth. This tem-
perature difference between the top and bot-
tom of the thermocline reaches about 14°C for
depth range of only 100 m. The thermocline
depth at Stn. C6 is shallower than that at Stn.
C2. Though temperatures at the thermocline
depths are slightly different among three sta-
tions, the temperature at 190 m depth is about
11.7°C, common to these stations. The strong
stratification and shallow thermocline is well
known as a typical thermal structure in tropi-
cal region (e.g., PICKARD and EMERY 1990).

The salinity at the sea surface is the lowest
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Fig. 4. Same as Fig. 3 except salinity.

in the vertical distributions and ranges from
34.2 to 34.3 psu (Fig. 4). The salinity gradually
increases with depth in the surface layer
(above about 100 m depth), corresponding to
the weak temperature gradient (Fig. 3). The sa-
linity in this layer is lower at Stn. C2, located
near the bay head, than at other stations. In the
thermocline, the salinity is less variable and
ranges between 34.6 and 34.7 psu. However,
such a high salinity as around 35.0 psu ob-
served in December 1994 (Fig. 2) is not found
in these profiles.

Figures 5 and 6 show the temperature and sa-
linity distributions along Lines A and B, trans-
verse sections of the bay (Fig. 1), respectively.
For the observation by a small boat, the maxi-
mum depth for measurement was restricted
within 100 m except Stn. B2. As speculated
from Figs. 3 and 4, the vertical variations of
temperature and salinity are very small above
100 m depth. Though the horizontal tempera-
ture and salinity gradients slightly exist, a re-
markable density currenf cannot be expected
for weak horizontal gradient. Near the sea sur-
face, i.e, above 10 m depth, Line A has higher
temperature and lower salinity than Line B.
Line A is nearer the bay head than Line B and
is more affected by the fresh water discharge
from rivers.

Figure 7 shows the vertical temperature dis-
tribution along Line C, the bay-axis (Fig. 1).
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Fig. 5. Temperature (left) and salinity (right) sections along Line A.
Units of temperature and salinity are °C and psu, respectively.
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Fig. 6. Same as Fig. 5 except Line B.

The maximum depth of the ASTD measure-
ments at every station was 200 m except Stn.
Cl. A strong vertical temperature gradient
such as shown in Fig. 3, exists between 80 m
and 190 m depths. A remarkable horizontal
variation of temperature, a temperature con-

tour rising, is found at Stn. Cl1 near the bay
head. Temperature are horizontally variable in
the thermocline, suggesting existence of small
scale phenomena.

The salinity variations are mostly limited
above 100 m depth unlike temperature (Fig. 8).
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Fig. 7. Temperature section along Line C. Unit is °C.

Then, there exists a continuously vertical den-
sity stratification due to salinity gradient in
the surface layer (above 80 m depth) and to
temperature variation in the thermocline. Also
isohalines rise near the bay head, as isotherms.
From only one station data, we cannot explain
whether or not this cold, saline surface water
near the bay head is due to the upwelling.

4. Discussion

The detailed temperature and salinity obser-
vations in Pelabuhanratu Bay indicated two in-
teresting features; (1) difference of the vertical
structure in between December 1994 and
August 1995, (2) such horizontal variations of
temperature and salinity as upwelling or small
scall internal waves.

Figure 9a shows the temperature profiles ob-
served at Stn. P in December 1994 and Stn. C4
in August 1995, nearly the same location at the
center of the bay. Throughout the sea surface
to 200 m, the temperature in August is lower
than that in December. The temperature de-
crease of 2 °C in the surface layer and the
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Fig. 8. Same as Fig. 7 except salinity. Unit is psu.
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Fig. 9a. Temperature profiles.

thermocline rise of 40 m show the large heat
loss during the period from December to
August. Figure 9b shows that the salinity in
August is higher above 80 m and lower below
this depth than that in December. The vertical
salinity variation in December is much larger
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Fig. 9c. Same as Fig. 9a except sigma-—t.
than that in August. The density in December
is lower than that in August, but near 200m
depth the difference disappears (Fig. 9c). The
density difference between December and
August is about 0.7 kg/m?® from 10m to 180m.
Figure 10 shows that the two T-S diagram of
Stns. P and C4 do not agree with each other.
The difference between both records may be
considered by the seasonal variation which ex-
ists, at least, in the range from the sea surface
to 200m depth.

We confirm whether or not the seasonal
variation of the subsurface temperature exists
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Fig. 10. T-S diagram at Stns. P (O) and C4 (@).

in the southern coast of Java. JEXAM (Japa-
nese Experiment on Asian Monsoon) reported
the monthly—mean maps of 100 m depth tem-
perature and 20 °C isotherm depth in the Indian
Ocean (JEXAM, 1994). Figure 11 shows the
temperature distributions at 100 m depth in De-
cember and August. The temperature at 100m
at the west Java coast is 20 to 21°C in August
and 23 to 24°C in December. The temperature
difference between August and December in
Pelabuhanratu Bay (Fig. 9a) agree with the
monthly-mean temperature at the southern
coast of Java (Fig. 11). Recently Bray et al
(1996) analysed the XBT data from the Tropi-
cal Ocean—Global Atmosphere (TOGA) for
study on the variation of the Indonesian
throughflow. They showed the thermocline
depth variation of about 10 m and the
shollowest during July to September at annual
period at the south coast of central Java. These
studies indicate the existence of seasonal varia-
tion in the subsurface temperature along the
south coast of Java. The seasonal variations of
temperature and salinity are mainly induced
through the sea surface by the air-sea heat and
water exchange. In addition, the seasonal varia-
tions of wind (Asian monsoon: Fig. 12) can be
considered to affect the vertical distributions
of temperature and salinity in surface and sub-
surface layers, especially coastal region. We
suppose the temperature decrease in the
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Fig. 11. Monthly-mean temperaturc at 100m depth in the Indian Ocean (after JEXAM, 1994).

Unit is °C.
surface layer from December to August to be
induced by the air-sea heat exchange, and the
thermocline rising to be related to the coastal
upwelling by southwest monsoon in August
(e.g. HELLERMAN and ROSENSTEIN, 1983; M1YAMA
et al., 1996).

Then, we consider the relation between the
thermocline rising in August and the coastal
upwelling in this region, i.e., the tropical region
in the southern hemisphere. The width of the
coastal upwelling is estimated as the internal
radius of deformation (YosHipa, 1955; GILL,
1982), a=c/f, where c is the phase velocity of
the first baroclinic mode and f the Corioris’

parameter (f=2w sin ¢ ; w is the angular ve-
locity of the earth and ¢ the latitude). Apply-
ing a typical value of ¢ to be 28 m/s, as a
typical value in the tropical region (WUNSCH
and GILL, 1976) and f=1.77X107%s!, the width
of upwelling is estimated as about 158 km. This
scale is much larger than the length of
Pelabuhanratu Bay (about 20km), so it sug-
gests that the thermocline rising occurs all the
bay by the coastal upwelling in August, but
the horizontal variations of thermocline depth
in the bay due to the coastal upwelling can be
less detected for the horizontally small differ-
ence.
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(after MiyaMa et al., 1996).

5. Summary

In December 1994 and August 1995, the field
observations by STD carried out from the sea
surface to 200m depth in Pelabuhanratu Bay,
which is a small bay located at the southern
coast of west Java, facing to the Indian Ocean.
Remarkable diferences in temperature and sa-
linity profiles between both months were sea-
sonal variations. Compared with August, the
high temperature and low salinity water occu-
pied near the sea surface in December. In sub-
surface layer, the temperature in December are
2 to 5 °C higher than that in August through
the water column of 200m, but the salinity in
December is lower from the surface to about
80m depth than that in August but higher
below the depth. The density stratification is
affected by the salinity near the sea surface,
but under 80m depth by the temperature. In
the observations in August, the spatial varia-
tions of the thermocline existed along the bay
axis, but it cannot be confirmed whether or not
the upwelling occurred.

We would like to continue the observation
for clarifying the seasonal change of the tem-
perature and salinity fields in Pelabuhanratu
Bay and its physical process, especially relat-
ing to the monsoon. In addition, the signal of
ENSO can be frequently detected even in this
region, so that the regular observation at every
interval (e.g., every month) is possible to catch
a important signal of the global climate-ocean
change.
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First Announcement and Call for Papers

French-Japanese Oceanographic Society
and
French Oceanographers Union
Invite you to the
International Symposium

COASTAL ZONE ASSESSEMENT AND FORECASTING
FROM MEDIUM TO LONG TERM

to be held
6-8 October 1997

at

Institute Oc€anographique
Paris, France

Aims and Scope

The coastal strip
Under natural and anthrophic pressurs, the coastal line is in a permanent moving. Process and

their monitoring (on the field and from the sky) will be presented.

Telluric inputs and Coastal pollution

From the drainage bassin down to the coast. How to improve the tracing of contaminants and
assessement of their combined impacts through monitoring systems in the different
compartments (water column, sediment, biota).

Biological indicators

Biological indicators are still in their infancy. From biomarkers to communities structure, how
can they be used significantly on the short and long run.

Socio-economic indicators

Human activities in the coastal zone need to be measured, too. A particular attention will be
given to socio-economic fluxes and their interactions.

Information management

Forecasting depends on the capacity of managing an information system. How to organize the
date collected (criteria, objectives, scales, indicators) and their delivery to customers (decision-
makers, stakeholders) through appropriate technology.




Language
The official languages will be French and English.

Publication

It is expected that the communications will be published in Journal de Recherche
Oceanographique

Accomodation

Preliminary reservations have been made at hotels of Paris. More detailes will be given in the
second announcement.

Deadlines

Replies with summaries of your communications should be mailed or faxed by the beginning of
December 1996, in order to send out the second announcement in March 1997. Summaries
should be 1-2 page double spaced.

Scientific Board
Dr. Amiard (Président UOF-Nantes)
Pr. Denis Bailly (UBO-Brest)
Dr. J.-M. Dewarumez (UOF-USTL-Wimereux)
Dr. Francois Galgani (IFREMER-Nant)
Dr. Bernard Gérard (BRGM-Orléans)
Pr. J.-C. Guary (UOF-SFIO-Intechmer-Cherbourg)
Dr. Yves Henocque (Président SFJO-La Seyne-sur-Mer)
Dr. Ueshima (AIST-MITI Japon)

Organaizing Commitee
Président Dr. Patrick Safran (SFJO)
Secretary Dr. J.-F. Pavillon (UFO)
Mme Akiko Nishikawa (SFJO)

Correspondance

Secretary

Dr. J.-F. Pavillon

195, rue Saint Jacques

Tel: 33144321084

Fax: 33140517316

c-mail: 100670.615@compuserve;com



REPLY FORM

Oui, je suis interessé par ce colloque-Envoyez moi les informations suivantes.
Yes, [ am interested in participationg in this symposium - Please send me firther informations

Nom/Name:
Address:
Tel: Fax:

e-mail:

Présentation orale/Oral presentation: Poster:

Droits d'inscription
Price of inscription to the symposium
- jusqu'en avril 1997: members SFIO et UOF: 500F
- until April 1997: members of SFJO or UOF: 500F or 100US $

non members/no members : 700F or 130US $
- aprés avril 1997/after April 1997: : 900F or 170US $
- étudiants/Students : 200F

Cheques a établir au de I'UOF
Evoyer ce bulletin a/Send this reply to

Dr. J.-F. Pavillon
195, rue Saint-Jaques, F75005, Paris, France
Tel. : 331 44 32 10 84; Fax/Telecopie: 3314051 7316
e-mail : 100670.615@compuserve.com
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