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Seasonal variation of three-dimensional circulations
in the Gulf of Thailand

Tetsuo YANAGI® and Toshiyuki TAKAO™"

Abstract: Seasonal variation of three-dimensional circulations in the Gulf of Thailand is in-
vestigated by diagnostic numerical calculation using the observed water temperature, salinity
and wind data during NAGA cruises from October 1959 to August 1960. The wind-driven cur-
rent dominated and the circulations were nearly barotropic in the Gulf of Thailand throughout
the year. The clockwise circulation developed at the central part of the Gulf of Thailand both

in the northeast and southwest monsoons.

1. Introduction
The Gulf of Thailand is situated in the
southwestern part of the South China Sea and
its averaged depth is about 40m (Fig. 1). The
NAGA cruises were carried out to investigate
the seasonal variation of water temperature
and salinity distributions in the whole area of
the Gulf of Thailand from October 1959 to
August 1960 (Fig. 2, WYRTKI, 1961). The observ-
ed results were analysed in detail and the char-
acteristics of seasonal variations in water tem-
perature, salinity and density fields have been
revealed (ROBINSON, 1961; WyRrTKI, 1961). How-
ever the seasonal variation of three-dimensinal
structure of water circulation in the Gulf of
Thailand has not been elucidated yet.
PoHLMAN (1987) conducted a three—dimen-
sional numerical experiment in the whole area
of the South China Sea including the Gulf of
Thailand with the horizontal mesh size of 50
X 50 km and vertical 12 layers. He showed that
the monsoon gave the largest effect to the sea-
sonal variation of circulation in the Gulf of
Thailand and a barotropic counterclockwise
circulation developed in the Gulf of Thailand
during boreal winter and a clockwise one dur-
ing boreal summer by the monsoon. Azmy et al.
(1991) calculated the horizontal two—dimen-
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sional wind—driven current in the Gulf of Thai-
land with fine mesh size of 20 km X 20 km
under the uniform sea surface wind and con-
cluded that a counterclockwise circulation
dominated at the head of the Gulf and a clock-
wise one at the central part of the Gulf during
boreal winter and a large clockwise one during
the boreal summer.

In this paper, we conduct a diagnostic three-
dimensional numerical calculation using the
observed water temperature, salinity and wind
data during the NAGA cruises from October
1959 to August 1960 in order to elucidate the
seasonal variation of three-dimensional water
circulation in the Gulf of Thailand.

2. Observed data

The observation stations of NAGA cruises
cover the whole area of the Gulf of Thailand
are shown in Fig. 2. The water temperature, sa-
linity and sea surface wind are objectively in-
terpolated on mesh points with the size of 10
km using the exponential function of Eq.(1)
with the effective length of L =100 km.

sos|-(1 )1

T(z,y) = — 2
ool (1]

where T ( z, y )denotes the interpolated value
at the point( x,y ), ¢ the observation station,
7: the length between the interpolated point(z,
y) and the observation station 7 and T: the
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The Gulf of Thailand. Numbers show the depth in meter

and Stn. D is the deepest point in the Gulf (water depth is 83m).

observed value at station .

The seasonal variation of interpolated hori-
zontal distributions of water temperature, sa-
linity and denstiy (sigma—t), which is calcu-
lated using the conventional nonlinear state
eqution, 5 m below the sea surface is shown in
Fig. 3. Surface water temperature is the highest
during March to April 1960 because the solar
radiation is the strongest in this season. Hori-
zontal gradient of water temperature is very
small except at the mouth of the Gulf during
March to April 1960. Low salinity water mass
spreads along the northeastern coast of the
Gulf of Thailand in October 1959 and during
June to August 1960. On the other hand, a re-
markable salinity front develops at the mouth
of the Gulf during December 1959 to January
1960 and during March to April 1960. The den-
sity field is similar to the salinity one and this
means that the density distribution is mainly
governed by the salinity distribution in the
Gulf of Thailand. This fact suggests the the

Gulf of Thailand has the characteristics of estu-
ary.

The seasonal variation in vertical distribu-
tions of water temperature, salinity and den-
sity at the deepest position(Stn. D in Fig. 1) in
the Gulf of Thailand is shown in Fig. 4. The
stratification develops during March to August
1960, in the southwest monsoon season, and the
water column is vertically well mixed during
Octover 1959 to January 1960, in the northeast
monsoon season.

The seasonal variation of the interpolated
sea surface wind observed by researching ves-
sels during the NAGA cruises is shown in Fig.
5. The northeast monsoon prevailed during Oc-
tober 1959 to January 1960 but the southwest
monsoon during March to August 1960.

3. Diagnostic numerical calculation

The horizontal mesh size of numerical model
is 10 km X 10 km and the water colum is verti-
cally divided into ten layers with the sigma-
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October, 1959

December — January, 1959

Station 01~35
October,19"™ ~October,30"

Station 01~05
December,12™ ~December,13™
Station 06~37
January,22™@ ~
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Station 06~39
April 23 ~May, 1™

June — August, 1960

Station 01~05
June,22™
Station 06~47
August,2™ ~
August, 13"

Fig. 2. Observation stations during the NAGA cruises.

coordinate. Using conventional notation, the
governing equations under the cartesian coor-
dinate are as follows
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Fig. 3. Seasonal variation in horizontal distributions of interpolated water temperature,
salinity and density 5 m below the sea surface in the Gulf of Thailand.
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Fig. 4. Seasonal variation in vertical distributions of interpolated water temperature, salinity
and density at the deepest position (Stn. D shown in Fig. 1) of the Gulf of Thailand.
_ is time, p is pressure, o is water density, o, is
B= Lo=l (5) the reference density, g is the gravitational ac-
Po celeration (=980cm?s™), A» (=5X10°cm? s™')
oU " oV L ow 0 ©) and K, (=5%X10°%cm?® s ') are horizontal eddy
or Oy 0z viscosity and diffusivity, respectively. A,
(=10cm®s™) and K, (=10cm? s™") is the verti-
‘17174 U7+ V£+ WQZ cal eddy viscosity and diffusivity, respectively.
ot oy 0z T. andT, denote r and ¥y components of the
P T 5 oT tidal stress. T is water temperature and S is
= Gix(Kh o ) oy (Kh oy ) @) salinity. The density is calculated from 7 and
S with use of the conventional nonlinear state
6 8T i equation.
6 (K ”F>+7<T -1 The last terms in Eqgs. (7) and (8) are called
v terms which are introduced by SARMIENT
6S oS 8S and Bryan (1982) to prevent calculated values
5i U or + V oy + Wﬁ T and S from deviating greatly from observed
values 7 and S*.In other words, if there is an
_ ( x 98 oS > < e oS > @) observed density that significantly deviates
oxr \ " "ox Gy ke oy frome a local advective—-diffusive balance, the
density is smoothed by the model to satisfy the
(K ﬁ) +7(S"—S) balance to some extent. The degree of modifica-
(9 0.

Here U, V and W are z (eastward), y (north-
ward) and z (upward) components of residual
flow, respectively, f is the Coriolis parameter, ¢

tion is represented by 7. For small 7, the
model is near to be independent of the data and
approaches prognostic models. For large 7, the
model is restricted by the data and approaches
purely diagnostic model(Fujio and IMASATO,
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Fig. 5. Seasonal variation in interpolated sea surface wind observed by researching
vessels during the NAGA cruises in the Gulf of Thailand.

1991). We prefer a larger v because we intend
to diagnose velocity field from hydrographic
data, not to predict it. As long as we use a
larger 7, the density deviates little from the
observed values. Hence the derived velocity
is almost independent of eddy diffusivity as
discussed later. In this case, we use y =1/12
hours. The change of 7 affected little to the

calculated results in this numerical experi-
ments.

T:and T express the effect of the tidal stress
to the residual flow field (averaged circulation
over the tidal cycle) and is calculated using the
following equations,
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Fig. 6. Tide-induced residual current generated by

4 major tidal constituents (M, S,, K, and O.) in

the Gulf of Thailand.

or oy
= {u%Jrv—%} )

Here u and v denote the tidal current compo-
nents in r and y direction, respectively and
{ } the average during one-tidal cycle. Tidal
currents of 4 major constituents (M., S,, K, and
0. are already calculated in the Gulf of Thai-
land (YaNacI and TAKAO, 1998) and the tide-in-
duced residual current generated only by the
tidal stress of 4 major constituents is shown in
Fig. 6. A clockwise residual circulation with the
speed of about 5 cm s7' is induced near the
head of the Gulf of Thailand and many eddies
are generated in the whole area of the Gulf.

The boundary condition for momentum is
no-slip condition at the lateral wall. The bot-
tom stress (77, té’ ) is given as follows,

U LAV
,oO(AL, LR )— (2, ) (10)

(rf,qf) = pOT,f(U\/UZ-i- VvEVvYUR+vE) (1D

where 7Z =0.0026) is the bottom drag coeffi-
cient.

The sea surface is assumed to be free—sur-
face, and the sea surface drag force( ¢}, 7, ) is
given by

ou v\ _ ..
.00<Av 5 Yo ) = (7, 7)) a2

(2.7 = 0, Cl WAWH W] WA W+ W, ) (13)

where p. (=0.0012 g cm ®) is the air density,
C. (=0.0013) the sea surface drag coefficient
and W.and W, the wind velocity in z and y di-
rections, respectively.

The boundary condition for water tempera-
ture and salinity is a no—flux condition at the
lateral wall, at the bottom, and at the sea sur-
face. We cannot give the approapriate inflow
and outflow conditions across the mouth of the
Gulf of Thailand because we have no observed
data on the water exchange between the Gulf
of Thailand and the South China Sea. There-
fore the radiation condition is adopted for the
sea surface gradient and velocity along the
open boundary of this model.

The leap—frog scheme with use of Dufort—
Frankel method is adopted for the temporal ac-
celeration term, viscosity term and diffusive
term and the Euler—Backward scheme is in-
serted every ten time steps (the time step is 120
seconds). The central difference scheme is
adopted for the advection term and the semi—
implicit scheme is used for the calculation of
water elevation (BACKHAUS, 1983).

We conducted several other numerical ex-
periments by changing the magnitude of hori-
zontal and vertical viscosity and diffusivity
but the calculated results did not change ex-
cept the small change of the speed of residual
flow.

4. Results

The calculated results on the seasonal varia-
tion in circulations at the three depths are
shown in Fig. 7. A clockwise circulation and a
counterclockwise one developed from the sur-
face to the bottom at the central part and at the
mouth of the Gulf of Thailand, respectively, in
October 1959. Such circulation pattern did not
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change except the weaker current speed dur-
ing December 1959 to January 1960. A clock-
wise circulation and a counterclockwise on
developed from the surface to the bottom in
the northern and southern parts of the Gulf, re-
spectively, during March to April 1960. Such
circulation pattern did not change except the
addition of a strong clockwise circulation at
the mouth of the Gulf during June to August
1960.

The observed data of residual flow (aver-
aged flow over tidal period) in the Gulf of Thai-
land are very limited. The cmparison of
observed residual flows at 7 stations in March
1961 (ROBINSON, 1974) and calculated ones at
the corresponding stations during March to
April 1960 are shown in Fig. 8. In current meas-
urements during March 1961, the Roberts Cur-
rent Meters was lowered on the hour, starting
just below the sea surface and continuing at
various intervals to the bottom at each station.
A complete lowering was made in an approxi-
mately twenty minutes. The observed values
were considered average for that hours and the
averaged value during 26 to 29 hours were
calculated to obtain the residual flow at each
station (ROBINSON, 1974). In Fig. 8, the thin full
lines show the observed residual flows at vari-
ous depths of each station and the thick full
line the averaged sea surface wind during the
current measrement. The broken lines in Fig.
8 show the calculated ones at the corre-
sponding stations in our calculation.

The observed residual flows in March 1961
shows principally the barotropic strcture ex-
cept Stas. 2 and 6 and such a characteristic of
observed residual flows is well reproduced by
our numerical experiment as shown in Fig. 8.
The dominance of barotropic structure of resid-
ual flows even in the most stratified season of
March, as shown in Fig. 4, suggests that the re-
sidual flows in the Gulf of Thailand show the
barotropic characteristic throughout the year
as shown in Fig. 7.

Roughly speaking, the calculated residual
flows and observed ones coincide at Sta. 1 ex-
cept a discrepancy of the current direction in
the deep part. The calculated residual flows at
Sta. 2 coincide with observed ones excpet a dis-
crepancy of current direction in the surface

layer. The calculated direction of residual flow
at Sta. 3 coincide with the observed one though
its speed is much smaller than that of observed
one. The calculated speed of residual flow at
Sta. 4 is much smaller than the observed one,
perhaps due to the weaker wind speed during
March to April 1961 than that in March 1960.
The calculated residual flows at Stas. b, 6 and 7
do not coincide with the observed ones, per-
haps due to the different wind direction and
speed in both periods.

5. Discussion

The circulation pattern in October 1959 and
that during December 1959 to January 1960 are
very similar as shown in Fig. 7 though the hori-
zontal density distributions in both periods are
different as shown in Fig. 3. On the other hand,
the sea surface wind patterns in both periods
are very similar as shown in Fig. 5, that is, the
northeast monsoon prevails. These facts sug-
gest that the main component of residual flow
in the Gulf of Thailand during the northeast
monsoon is the wind—driven current.

The residual flow patterns during March to
April 1960 and during June to August 1960 are
also similar except those at the mouth of the
Gulf as shown in Fig. 7. The southwest mon-
soon prevailed in the Gulf during both periods
but the sea surface wind patterns were differ-
ent only at the mouth of the Gulf as shown in
Fig. 5. These facts also suggest that the main
component of residual flow in the Gulf of Thai-
land during the southwest monsoon is the
wind—-driven current.

Uisng a baroclinic three-dimensional prog-
nostic model, PoHLMAN (1987) showed that the
dominance of barotropic circulations in the
Gulf of Thailand during both northeast and
southwest monsoons. However, a counterclock-
wise circulation developed during the north-
west monsoon and clockwise one during the
southwest monsoon from his calculated results.

It is very interesting to note that the similar
clockwise circulations are induced at the cen-
tral part of the Gulf under the opposite sea sur-
face wind patterns during the northeast and
southwest monsoons as shown in Figs. 5 and 7
by our calculation results. One of the reasons of
discrepancy between our results and those by
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PoHLMAN (1987) may be the difference of the results may be the difference of the sea surface
mesh size of the used numerical model, that is, wind patterns in both models. The horizontal
the horizontal mesh size of our numerical gradient of sea surface wind vectors is rather
model is 10km X 10km though that of PoHLMAN large in our model as shown in Fig. 5 because

(1987) is about 50km X 50km. Another reason they are snap shot results during the field ob-
of the discrepancy between both calculated servations though the horizontal gradient of
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sea surface wind vectors in PornLman (1987) is
very small because he used the climatological
mean of sea surface wind compiled by
HELLERMAN (1968).

We conduct other numerical experiments on
the residual flow in the uniform density field
using the same governing equations from Egs.
(2) to (13) including the tidal stress. The calcu-
lated wind—driven and tide-induced residual
current 5 m below the sea surface under the ob-
served sea surface wind shown in Fig. 5 during
December 1959 to January 1960 are shown in
Fig. 9 (a) and those during June to August in
Fig. 9 (b). Both results are similar to the calcu-
lated ones including the observed density field
shown in Fig. 7 except the weaker current
speed. This fact suggests that the basic pat-
terns of residual flow in the Gulf of Thailand is
determined by the monsoon and the tidal
stress. The density field strengths the current
speed of residual flow.

Lastly we conduct numerical experiments on
the residual flow in the uniform density field
using the same governing equations from
Egs.(2) to (13) including the tidal stress under
the uniform sea surface wind, which is ob-
tained by averaging the observed sea surface
wind over the Gulf of Thailand; the east-
northeast wind with the speed of 5.5m s™' dur-
ing December 1959 to January 1960 and the
westsouthwest wind with the speed of 5.1m
s 'during June to August 1960. The results are
shown in Fig. 9 (¢) and (d). The result shown
in Fig. 9 (d) during June to August 1960 is simi-
lar to that under the observed sea surface wind
field shown in Fig. 9 (b). However the residual
flow under the uniform sea surface wind dur-
ing December 1959 to January 1960 shown in
Fig. 9 (¢) is drastically changed from that
under the observed sea surface wind shown in
Fig. 9 (a), that is, the counterclockwise circula-
tion develops at the central part of the Gulf in
Fig. 9 (¢) instead of the clockwise circulation
in Fig. 9 (a). This fact suggests that the wind
stress curl is very important to the residual
flow field in the Gulf of Thailand, that is, the
clockwise circulation at the central part of the
Gulf during the northeast monsoon is gener-
ated by the negative vorticity of the sea sur-
face wind at this time.

The results of this study suggest that the sea
surface wind curl plays a very important role
in the determination of residual flow pattern in
the Gulf of Thailand. Therefore we have to elu-
cidate the detailed horizontal distribution of
sea surface wind over the Gulf of Thailand for
the study of water circulation in the Gulf.
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