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ABSTRACT

Based on the Princeton Ocean Model (POM), the seasonal thermohaline feature and the ocean circulation
in the Gulf of Thailand (GoT), situated between 6◦N to 14◦N latitude and 99◦E to 105◦E longitude, were
studied numerically with 37 × 97 orthogonal curvilinear grid and 10 vertical sigma levels conforming to a
realistic bottom topography. A spin-up phase of the first model run was executed using wind stress calculated
from climatological monthly mean wind, restoring-type surface heat and salt, and climatological monthly
mean fresh water flux data. In this paper, the temperature and salinity fields taken from Levitus94 data sets
and the calculated temperature and salinity from the model run for 12-month mean and for each season are
presented where the winter, summer, rainy, and end of the rainy seasons of Thailand are represented by the
months January, April, July, and October, respectively. The simulated circulations are also described. The
results show that the temperature in the GoT is warmer than the temperature of the other parts connected
to the South China Sea (SCS). At any depth of inflow from SCS into the GoT, the salinity is high, but in
the outflow from the GoT at the surface, the salinity is low. The strong circulations are clockwise during
summer and the rainy seasons of Thailand, which are the East Asian monsoon periods, northeasterly and
southwesterly during summer. They occur near Pattani and Narathiwat provinces during summer and in the
central GoT during the rainy seasons. Sensitivity experiments were designed to investigate the effects of wind
forcing and open boundary conditions. Wind forcing is shown to be the important factor for generating the
circulation in the GoT. The lateral velocity at the open boundaries is of considerable importance to current
circulation for the rainy and end of the rainy seasons, with insignificant effect for the winter and summer
seasons of Thailand.
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1. Introduction

The Gulf of Thailand (GoT) is located in South-
east Asia immediately to the west of the South China
Sea (SCS). The Gulf is a semi-enclosed sea that mea-
sures approximately 400-km by 800-km, covering an
area of about 320000 km2. Its location in the global
map is between 6◦–14◦N and 99◦–105◦E surrounded

by the Kingdom of Cambodia, Malaysia, the King-
dom of Thailand and the Socialist Republic of Vietnam
(Fig. 1). It is a part of the Sunda Shelf, which is a sub-
merged connection between Southeast Asia, Malaysia,
Sumatra, Java, and Borneo, and is relatively shallow.
The mean and maximum depths in the central part in
the GoT are about 45 m and 80 m, respectively. The
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Fig. 1. Geography and bathymetry (m) of the Gulf of
Thailand.

Pakong rivers enter the Gulf near its heads; there are
also many rivers that flow along the coast. The living
and non-living resources of the Gulf are great value
to the people of the four littoral countries. The ba-
sic oceanography of the GoT must be well understood
for natural resource management. A knowledge of the
circulation over the continental shelf is very useful to
manage fisheries, oil and gas resource development,
marine scientific research and forecasting, marine en-
vironmental protection, sea disaster mitigation, and
ocean coastal engineering.

According to scientific data about the GoT over
the past few years, biological, physical, chemical, and
socio-economical research could not be accomplished
well. Much of the existing knowledge on the circu-
lation and transport phenomena in the GoT is de-
rived from data collected during the Joint Thailand-
Vietnam-U.S. NAGA (Government of the United
States of American) expedition in 1959 to 1960. Since
that expedition, even though some parts of the Gulf
were surveyed repeatedly, it is difficult to extrapolate
the observed results for the region outside the survey
area because the horizontal and vertical distribution

patterns of oceanographic variables in the GoT are
not simple. And although there have been consider-
able efforts made to collect oceanographic data in the
region, preliminary work through some of those data
revealed that most of them are restricted to small ge-
ographical areas and the quality controls of some data
sets are not compliant with international standards.
Faughn (1974) reported from the NAGA expedition
that the GoT is a two layered shallow water estuary.
The low level salinity water of the Gulf is diluted from
rain and the fresh water runoff that flows out of the
Gulf at the surface. The high salinity, cool water flows
into the Gulf from the SCS at the mouth. Monsoons,
tidal currents, and precipitation create circulation of
those waters, which influences the salinity and turbid-
ity of the Gulf. Monsoons also influence the surface
currents, being clockwise during the southwest mon-
soon and counterclockwise during the northeast mon-
soon. Stansfield and Garrett (1997) investigated the
salt and heat budgets of the GoT by using the hy-
drographic data from the NAGA expedition. They
suggested that the Mekong River appears to be a vital
source of fresh water to the Gulf.

The numerical ocean modeling technologies have
been developed in many countries. The general ocean
models have become an important tool to study the
state of the ocean. Zhang and Liang (1989) and Zeng
et al. (1987, 1989) at the Institute of Atmospheric
Physics (IAP) developed some ocean models which
have been used during the past years for simulating the
annual mean circulation of the world’s oceans and the
seasonal cycle of the circulation in the Pacific Ocean
and the China Seas. The Princeton Ocean Model
(POM) developed by Blumberg and Mellor (1987) is
one of the widely used ocean models. The POM model
is a free surface model described in a rectangular co-
ordinate system. Killworth et al. (1989, 1991) had de-
scribed the details of the Cox (1989) numerical ocean
circulation model which is adapted to include a free
surface. Zhang and Endoh (1992) described an explicit
model developed at IAP. This model uses the splitting
method to isolate the barotropic gravity wave terms
from baroclinic terms. Li et al. (2002) developed a new
vertical coordinate, called eta coordinate, by adopting
the three dimensional free surface IAP model. Li’s
model (2002) is used for studying the circulation of
the SCS.

Chu et al. (1998) used POM to simulate the circu-
lation and thermohaline variability for the SCS cover-
ing the GoT. They verified that the wind effect is the
key factor for the generation of the SCS deep basin
warm/cool eddy and that lateral boundary forcing is
the major factor for the formation of the strong west-
ern boundary currents. Afterwards, Chu et al. (1999)
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simulated the SCS thermohaline structure, as well as
the circulation, and investigated physical processes
causing seasonal variability by using POM. They re-
vealed that the POM model has the capability for sim-
ulating seasonal variations of the SCS circulation and
thermohaline structure. The simulated SCS surface
circulation is generally clockwise during the summer
and counterclockwise during the winter monsoon pe-
riod with the strong western boundary currents. Mori-
moto et al. (2000) determined the temporal and spatial
variations of sea surface circulation in the SCS by using
altimetric data provided by TOPEX/Poseidon (To-
pography Experiment for Ocean Circulation/Centre
National d’Etudes Spatiales’s radar altimeter), and
also estimated distribution of sea surface dynamic
heights. The root mean square (RMS) variability of
sea surface dynamic height is high in the central part
of the SCS, the Gulf of Tongking, the Sunda Shelf and
the GoT. The circulations are dominant in the cen-
tral part of the SCS during southwest and northeast
monsoon periods.

This paper focuses on simulating the thermoha-
line feature and the ocean circulation from the spin-
up phase of the first model run by modifying the POM
model for the GoT. We attempt to determine the ther-
mohaline feature and the circulation every season. The
resulting thermohaline feature is compared with clima-
tology, which results in the Levitus94 data sets.

2. The Numerical Ocean Model

2.1 Model Description

POM model is the time-dependent, primitive equa-
tion model on a three-dimensional grid in Cartesian
coordinates and vertical sigma coordinate, which have
all been modified to simulate the circulation and to in-
vestigate the temperature and salinity in the GoT. The
model includes hydrostatic and Boussinesq approxima-
tions, realistic topography, a second-order turbulence
closure model (Mellor and Yamada, 1982), horizon-
tal diffusivity coefficients calculated by the Smagorin-
sky parameterization (Smagorinsky, 1963) and split-
ting modes. But the model did not include tidal forc-
ing and river outflow.

For the model grid, the rectangular horizontal grid
was replaced by an orthogonal curvilinear grid to im-
prove coastline representations with 37×97 horizontal
grid points, as shown in Fig. 2. The horizontal grid
spacing has ranged from 2 km near the head of the
GoT to 55 km at its eastern boundary. The vertical
sigma coordinate has 10 levels. Aschariyaphotha et al.
(2004) has described the techniques that generate the
model grid and interpolate the initial data by using

Fig. 2. The curvilinear model grid.

cubic spline and bilinear interpolations.

2.2 Atmospheric Forcing Fields

Upper surface boundary conditions are required to
drive the current. These include the stress acting on
the ocean due to the wind and the heat flux, salt flux,
and fresh water through the air-sea interface.

The wind forcing at sea surface taken from Mellor
(2004) is described by

ρ0Amv

(
∂u

∂z
,
∂v

∂z

)
= (τ0x, τ0y) (1)

where ρ0 is a reference density for the ocean, Amv

is the coefficient of vertical eddy viscosity, and (u, v)
and (τ0x, τ0y) are the components of the current and
wind stress vector along the x and y curvilinear co-
ordinates where x and y are eastward and northward
directions respectively. Wind stress is calculated from
monthly mean wind, which has been taken from the
European Centre for Medium-Range Weather Fore-
casts (ECMWF). For the spin-up run of the model,
the wind was the monthly average ECMWF wind from
the years 1985 to 1994, inclusive. The wind stress ob-
tained from Mellor (2004) is specified by

(τ0x, τ0y) = ρaCD|V a − V l|(Ua − Ul, Va − Vl)
≈ ρaCD|V a|(Ua, Va) , (2)

where ρa is sea level air density, (Ua, Va) is wind ve-
locity component measured from 10 m above the sea
surface, (Ul, Vl) represents the surface layer ocean cur-
rent velocity component and CD is the drag coefficient,
which varies from about 0.001 to 0.0025 depending on
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Fig. 3. The interpolated current circulation (m s−1) from You’s results (You et al., 2001,
2002; Li and You, 2003) at surface level for (a) January, (b) April, (c) July, and (d) October.

the wind speed itself. The CD taken from Matthias
and Godfrey (1994) is calculated by

CD = Min{0.001 + 0.00007|V a| , 0.0025} . (3)

The wind data is supplied on a 2.5◦ grid, and then
it was interpolated to the model grid by using the cu-
bic spline method for the boundary grid points and
the bilinear method for the interior grid points.

The restoring-type surface heat and salt fluxes are
adopted for the temperature and salinity equations.
The thermal forcing at surface described by Li et al.
(2002) is depicted by

Ahv
∂T

∂z
= µ1(Tobs − T ) , (4)

Ahv
∂S

∂z
= Qs + µ2(Sobs − S) , (5)

where Ahv is the coefficient of the vertical eddy dif-
fusivity, Qs is surface net salinity flux, µ1 and µ2 are
the relaxation factors for temperature and salinity, and
Tobs and Sobs are the observed surface potential tem-
perature and salinity, respectively. The restoring-type
forcing called Haney-type surface boundary condition

(Haney, 1971) was obtained under the assumption that
the ocean is in contact with an atmospheric equilib-
rium state. Net flux of salinity at the surface obtained
from Mellor (2004) is specified by

Qs = (Ė − Ṗ )Sobs , (6)

where (Ė − Ṗ ) is the net evaporation minus precipi-
tation fresh water surface mass flux rate. These data
come from the ECMWF climatological monthly data
sets with 2.5◦×2.5◦ longitude-latitude grid resolution,
and then they were interpolated to the model grid us-
ing the same schemes as were used for wind.

However, if there is to be surface throughflow of
fresh water, the vertical advection velocity at the sea
surface taken from Mellor (2004) is obtained by

wI =
Ė − Ṗ

ρ0
. (7)

2.3 Bottom Boundary Forcing

On the bottom of the Gulf, the normal gradients of
T and S are zero, therefore there are no heat fluxes and
salt fluxes across this boundary. Nevertheless there is
an additional bottom friction force depending on the
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Fig. 4. The time-series of total energy (N m) for (a) January, (b) April, (c) July, and (d)
October of the spin-up phase of the first main model run.

velocity adjacent to the boundary. The bottom friction
condition obtained from Mellor (2004) is described by

ρ0Amv

(
∂u

∂z
,
∂v

∂z

)
= (τbx, τby) , (8)

where (τbx, τby) are components of the bottom stress
described by Li et al. (2002) parameterized as the fol-
lowing expression

(τbx, τby) = ρ0Cz|V b|(Vbx, Vby) , (9)

where (Vbx, Vby) is the horizontal component of the
nearest bottom velocity. The coefficient Cz taken from
Mellor (2004) is calculated by

Cz =Max





κ2

[
ln

(
(1 + σkb−1)H

z0

)]2 , 0.0025





, (10)

where κ is the von Kraman constant, H is the bottom
topography, and z0 is the bottom roughness. In this
study, κ is taken to be 0.4, while z0 = 0.01 m is used,
as suggested by Weatherly and Martin (1978).

The vertical mixing coefficients, Amv and Ahv, are
obtained by using a second order turbulence closure
scheme, as described by Mellor and Yamada (1982).

2.4 Lateral boundary forcing

Open lateral boundary conditions are doubtful
since one must parameterize the environmental exte-
rior to the relevant domain. The motion of fluid is
free even though the numerical grid is bounded. It is
difficult to produce marginal ocean modeling at the
open boundary. There exist two types of open bound-
aries, which are inflow and outflow. Whenever the
inflow occurs at the boundary of the model domain,
temperatures and salinities at the open boundary are
prescribed from climatological data. The upstream ad-
vection boundary condition allowing the advection of
the climatological temperatures and salinities into the
model domain under inflow condition mellor is applied
as follows

∂

∂t
(T, S) + u

∂

∂x
(T, S) = 0 , (11)

∂

∂t
(T, S) + v

∂

∂y
(T, S) = 0 . (12)

Eq. (11) is used for eastern and western boundaries,
while the Eq. (12) is used for northern and southern
boundaries.

The velocities at the open lateral boundary when
inflow occur are calculated from the radiation condi-
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Fig. 5. Comparison of the vertical profiles of simulated 12-month mean temperature and
salinity at point (8.745◦N, 102.058◦E) from (a) Levitus94, and (b) model simulation.
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Fig. 6. The simulated 12-month mean current circula-
tion (m s−1) at (a) surface, (b) mid-depth, and (c) bot-
tom levels.

tion for u−component and v−component (Mellor,
2004) as follows

∂u

∂t
± ci

∂u

∂x
= 0 , (13)

∂v

∂t
± ci

∂v

∂y
= 0 , (14)

where ci is the baroclinic phase speed.
While outflow occurs at the boundary of the do-

main, the radiation condition obtained from Blumberg
and Mellor (1987) is applied as follows:

∂Θ
∂t

+ Un
∂Θ
∂n

= 0 , (15)

where Θ can be taken to be T, S, u or v, and the sub-
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Fig. 7. The observed temperature (◦C) at surface level for (a) January, (b) April, (c) July,
and (d) October. The contour interval is 0.4◦C.

script n is the direction normal to the boundary. For
the velocities normal to land, the lateral boundary con-
ditions are set to zero.

For sea surface elevations, it is not a primary
boundary condition. The velocities and elevations at
the open lateral boundary may be taken from observa-
tions if observed current and elevation data are avail-
able.

In the case where there are no available observed
data, the lateral boundary conditions will be obtained
from the other ocean model’s results. In this paper,
You’s model outputs (You et al., 2001, 2002; Li and
You, 2003) are used as the value at the open boundary
for the velocity and sea surface elevation. His model
was run for simulating the circulation in the SCS cov-
ering the GoT with model resolution 1.125◦ × 1.125◦

and z−coordinate in the vertical. These data have
been interpolated to the model grid. The model do-
main has two open boundaries, i.e. eastern bound-
ary and southern boundary. At the eastern bound-
ary the u−component of the velocities was calculated
from the radiation condition, and the v−component
was prescribed from You’s results (You et al., 2001,

2002; Li and You, 2003), while at the southern bound-
ary the u−component of the velocities was prescribed
from You’s results (You et al., 2001, 2002; Li and You,
2003), and the v−component was calculated from the
radiation condition. The lateral boundary values of
velocity and elevation taken from You’s results (You
et al., 2001, 2002; Li and You, 2003) are gradually in-
creased from zero to the full values over the first 1/3
of a spin-up runtime.

The western boundary and northern boundary of
the model domain are close boundaries bordered by
land. Close boundaries were defined using a no-slip
condition for velocity and a zero gradient for tempera-
ture and salinity. No advective or diffusive heat, salt,
or velocity fluxes occur through these boundaries.

2.5 Initial conditions and initialization

The numerical model integration was divided into
spin-up and simulation phases. In the spin-up phase of
the model run, the model was integrated with all three
components of velocity initially set to zero, and tem-
perature and salinity were indicated by interpolating
climatological monthly mean fields from Levitus94
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Fig. 8. The simulated temperature (◦C) at surface level for (a) January, (b) April, (c) July,
and (d) October. The contour interval is 0.4◦C.

(Levitus and Boyer, 1994, Levitus et al., 1994) to
the model grid. In addition, wind stress was cal-
culated from ECMWF climatological monthly mean
wind, restoring-type surface salt fluxes and heat fluxes,
and lateral boundary conditions were prescribed from
You’s model outputs (You et al., 2001, 2002, Li and
You, 2003) and the radiation condition. It was run
until all variables were stable, and then this paper’s
results, assumed to be the climatological values, will
be used as initial data for future simulations.

The interpolated You’s velocities (You et al., 2001,
2002, Li and You, 2003) at surface level for January,
April, July, and October are shown in Fig. 3. It can be
seen that for January there are inflows with a speed of
0.5 m s−1 flow from SCS into the GoT at the east-
ern boundary, and then split to two branches; one
branch flows northward, and another branch flows out
the southern boundary. The weaker inflows occurring
in April with a speed around 0.12 m s−1 flow into the
GoT at the eastern boundary, and then move along
the eastern coast of the GoT to the north. For July,
the strong currents around 0.5 m s−1 from the upper
GoT flow downward along the eastern coast encoun-

tering with the currents from the southern boundary,
and then moving out to the SCS. The currents for Oc-
tober are much weaker; the maximum speed is only
0.05 m s−1 of the current flowing into the GoT at the
southern boundary

2.6 Mode Splitting Technique

To save computational time, the mode splitting
technique (Blumberg and Mellor, 1987) is used to
separate out barotropic mode from baroclinic mode
with a barotropic time step of 30 seconds based on
the Courant-Friederichs-Levy computational stability
(CFL) condition and the external wave speed. A baro-
clinic time step of 900 seconds is based on the CFL con-
dition and the internal wave speed (Oey et al., 1985).

2.7 Experiment Design

The model was run in spin-up phase until an ocean
model reached an equilibrium state, or in other words,
the time series of total kinetic energy (EK), total po-
tential energy (EA) and total surface potential energy
(EAS) reached a steady state under the applied force.
The total energies (Zhang and Zeng, 1993) are moni-
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Fig. 9. The cross section of simulated temperature (◦C) when J = 20 for (a) January, (b)
April, (c) July, and (d) October. The contour interval is 0.1◦C.

tored by the following:

EK =
1
2

∫ ∫ ∫
ρ0(u2 + v2)dxdydz , (16)

EA = −1
2

∫ ∫ ∫
(ρ− ρ̃)2

g
dρ̃

dz

dxdydz , (17)

EAS =
1
2

∫ ∫
ρ0g(η)2dxdy , (18)

where η is the sea surface elevation, and ρ̃ is the mean
density of the model domain calculated from the UN-
ESCO (1981) equation of state, ρ̃(x, y, z) ≡ ρ(T̃ , S̃, z);
T̃ and S̃ are observed temperature and observed salin-
ity from Levitus94.

The model was re-initialized every month by tem-
perature and salinity data from the Levitus94 clima-
tology, with sea surface elevation and velocity at zero.
Surface forcing includes the monthly climatological sea
surface temperature and salinity, also obtained from
Levitus94, and monthly climatological wind field and
freshwater flux obtained from the ECMWF. Velocity
at the lateral boundary was prescribed from You’s re-
sults (You et al., 2001, 2002, Li and You, 2003) and
the radiation condition. It was found that 350, 400,
350, and 480 days were sufficient for the model energy
to reach quasi-steady state under the imposed condi-

tions in January, April, July, and October, respectively
(Fig. 4).

Three numerical experiments were carried out, one
control run and two sensitivity runs. All runs were
completed for four seasons of Thailand. Run 1 was
the control run, and the sensitivity runs were Run 2:
no winds, and Run 3: zero lateral velocity. Other
initial conditions remain the same. The difference be-
tween the control and the sensitivity runs at each grid
point should then isolate the wind forcing effects and
effects of lateral boundary conditions, enabling inde-
pendent examination of each. The circulation patterns
and thermohaline variability will be identified from the
control run for subsequent camparative analysis.

3. Results

3.1 Annual mean temperature and salinity
field

The interpolated 12-month mean temperature
from Levitus94 exposes those northeast-southwest di-
rect isotherms, with temperature decreasing from
28.6◦C near the northern boundary to 28◦C near the
eastern boundary. The temperature decreases from
surface to bottom. The low temperature of about 26◦C
appears in the central part of the bottom level. By



498 SIMULATION OF SEASONAL CIRCULATION AND THERMOHALINE VARIABILITIES IN GOT VOL. 25

January

31
.8 31.4

31
.8

32
.2

32
.6

33

33
.4

31.8

98E 100E 102E 104E 106E

6N

7N 

8N

9N 

10N

11N

12N

13N (a)

April

31
.8

31.4

31.8

32
.2

32
.6

33

33
.4

31.8

98E 100E 102E 104E 106E

6N

7N 

8N 

9N 

10N

11N

12N

13N (b)

July

32.2
32.6

32
.6

32.6

32.2

32.6

33

98E 100E 102E 104E 106E

6N

7N 

8N 

9N 

10N

11N

12N

13N (c)

October

28.2

29.8
30.2

30.6

31

31.4

31.8

32.2

32.6

31

98E 100E 102E 104E 106E

6N

7N 

8N 

9N 

10N

11N

12N

13N (d)

Fig. 10. The observed salinity (psu, 1 psu≈10−3) at surface level for (a) January, (b) April,
(c) July, and (d) October. The contour interval is 0.4 psu.

using the restoring-type sea surface temperature, the
simulated 12-month mean temperature field at the sur-
face level calculated from the spin-up run is closed
to observation. The temperature in the eastern open
boundary is cooler than the interior part due to the
strong wind stress over this portion. Consequently,
the annual mean temperature field is quite sensitive
to wind forcing, especially the part connected to the
SCS.

The interpolated 12-month mean salinity from Lev-
itus94 reveals that the isohalines in the lower GoT
(south of 9◦N) are in the direction of northeast-
southwest where the salinity increases from 31.8 psu in
the central region to 33 psu near the eastern boundary.
The isohalines in the upper GoT (north of 9◦N) were
oriented in the opposite direction where the salinity
is between 31.4 psu and 31.8 psu. The salinity in-
creases from the surface down to the bottom. The
highest salinity of about 33.5 psu appears in the cen-
tral part of the bottom level. The simulated 12-month
mean salinities from the spin-up run at the upper and
middle levels from the spin-up run are similar to the
observation, but at the same time the salinity in the
lower level is less than the observation.

It can be clearly seen that in the eastern Gulf the
waters are cold and saline due to the inflow and dif-
fusion of high salinity water from the SCS. In the up-
per GoT the waters are warmer and fresher. Wyrtki
(1961) stated about the SCS, including the GoT, that
the mixed layer depths vary from 30 to 40 m during
southwest monsoon, May to October, and 70 to 90
m during the northeast monsoon, November to April,
with variation due to both wind and current. The
comparison of the vertical profiles of the Levitus data
and simulated 12-month mean temperature (◦C) and
salinity (psu) at point (8.745◦N, 102.058◦E) are shown
in Fig. 5. The salinity sharply increases in the deep
water, while the temperature decreases. The profile
shapes of observation and simulation are quite simi-
lar, although the temperature gradients from simula-
tion (∼ 0.7◦C) are weaker than from the observation
(∼ 3.4◦C). The stratification of the interface between
the warm upper layer and the colder water is strongest
over 40 m depth.

3.2 Annual mean of circulations

Due to the limit of current data, there are no avail-
able observed currents, therefore the spin-up results
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Fig. 11. The simulated salinity (psu) at surface level for (a) January, (b) April, (c) July,
and (d) October. The contour interval is 0.4 psu.

cannot be compared with observations. The simulated
12-month mean circulations from the spin-up run at
surface, mid-depth and bottom levels are shown in Fig.
6.

The surface level inflows from the southern bound-
ary produce the strong current near the coast of
Narathiwat province with the maximum current speed
of about 0.13 m s−1, and then the currents flow to-
wards the central portion leading to weak clockwise
circulation in the central GoT. The circulation pat-
terns at mid-depth and bottom levels are similar to
the surface level, even though their current speeds are
weaker than at the surface level.

3.3 Seasonal variation of temperature and
salinity field

In this paper, the months January, April, July, and
October represent the winter, summer, rainy, and end
of the rainy seasons of Thailand, respectively.

The interpolated monthly climatological mean
temperature and salinity in which data are taken from
Levitus94 for January, April, July, and October at the
surface level, are shown in Fig. 7 and Fig. 8, respec-

tively. The simulated temperature and salinity at the
same levels and the same months are shown in Fig. 9
and Fig. 10, respectively.

The isotherms of the simulated temperature and
salinity from the spin-up phase of the first model run
for winter and summer are directed similar to the an-
nual isotherms where the low temperature and cool
water flow from the SCS into the GoT. The tempera-
ture field in winter is between 26◦C and 27.6◦C, and
between 28.8◦C and 30◦C in summer. For the rainy
season and end of the rainy season, the low tempera-
ture is about 28.4◦C near the head of the GoT. The
temperature in the GoT is between 28.4◦C and 29.2◦C.
By using the restoring-type sea surface temperature,
the simulated temperature for these four months at
the upper level are quite similar to the observations.

At the upper level the low salinity occurs around
the head of the GoT due to throughflow of fresh wa-
ter while the high salinity and cool water occurs at
the mouth of the GoT due to inflow from the SCS.
For winter and summer the salinity levels are between
31.4 psu and 33.4 psu; the less saline water occurs in
the upper GoT, while the more saline water occurs in
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Fig. 12. The cross section of simulated salinity (psu) when J = 20 for (a) January, (b)
April, (c) July, and (d) October. The contour interval is 0.1 psu.

the lower GoT. The salinity for the rainy season in
the Gulf is not very much different; the value expands
from low salinity of about 32.2 psu along the eastern
coastal GoT to the high salinity of about 33 psu near
the southern boundary. For the end of the rainy sea-
son, the horizontal isohaline is oriented with salinity,
which increases from 28.2 psu at the head of the GoT
to 32.6 psu near the southern boundary. There are
four major rivers at the head of the GoT, so the wa-
ters in this region are fresher than other parts during
the end of rainy season.

The section across the entire Gulf from point
(7.317◦N, 100.354◦E) passing through (10.441◦N,
104.592◦E) was used to estimate temperature and
salinity shown in Fig. 11 and Fig. 12. This section is
about 470 km long and has a maximum depth of about
73 m. It has a gentler slope on both sides. Highest
temperatures are found during April on the western
side of the section. Surface temperatures remain rel-
atively high in July and October and are associated
with low near-surface salinities. During January and
April, salinity increases with depth much less so than
in the other two months. Note that salinities on the
bottom of this section for January and April are only
as high as the near-surface. Salinities are higher at the
bottom during July and October than at the bottom
during January and April. Deep isotherms and isoha-

lines slope upwards during January and April, while
during July and October the isohalines are nearly hor-
izontal from east to west.

3.4 Seasonal circulations

The model simulates seasonal circulation for the
GoT quite well compared to the results from Chu et
al. (1999). Chu et al. (1999) simulated the circula-
tions of SCS including the GoT for March, May, July,
September, October, and December. The circulations
from observations by Wyrtki (1961) are also consid-
ered. Since the GoT is a small area and shallow region,
the circulations from Wyrtki for the GoT can not be
clearly seen. Wyrtki stated about the current circula-
tion in the GoT that very few observations have been
made in the GoT, but from available data water move-
ments seem always to be weak. During the southern
monsoon, from May to September, they are clockwise
and during the northeast monsoon, from October to
January, they are counterclockwise. From February to
April, movement from the Gulf seems to prevail.

Figure 13 shows the interpolated wind fields ap-
plied to the model for January, April, July, and Octo-
ber. In January the monsoon is fully developed. Over
the whole GoT the northeast monsoon blows, and
continues towards the Andaman Sea as the northeast
trades. In the GoT wind speed of nearly 7.5 m s−1
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Fig. 13. The wind velocities distribution (m s−1) measured from 10 m above sea surface for
(a) January, (b) April, (c) July, and (d) October.

is often exceeded. The winds for April and July are in
the opposite direction, that is southeasterly for April
and southwesterly for July. In April the southeast
trades of the SCS extend further northwards and east-
wards. They move quickly to the north with the wind
speed around 3.6 m s−1. July brings southwesterly
winds, and the winds become stronger, reaching speeds
of 5 m s−1 and move over the GoT. In October a
weakening of the northerly winds occur. The winds
move rapidly southward of maximum wind speed only
1 m s−1. The northeast monsoon has intensified in the
end of this month. This variation of the wind circu-
lation finds its parallel in a corresponding variation of
the oceanic circulation.

3.4.1 Control run
The simulated current circulations from the spin-

up phase of the first model run at the surface for Jan-
uary, April, July, and October are shown in Fig. 14.
The velocities for four periods at the upper level are
stronger than at the lower level due to the wind influ-
ences. During the northeast monsoon period, Novem-
ber to March, the high pressure system brings strong

winds from the northeast. At the time of the strong
northeast monsoon over the GoT the currents are also
strong and off the shore of Vietnam they often exceed
0.25 m s−1. The westward intensification is strong
when a deflection of the current occurs to the east
caused by wind. The winds driving a clockwise current
in the southeastern part of the GoT near the coast of
Songkla, Pattani, and Narathiwat provinces of Thai-
land, around the area 6.5◦–8.5◦N and 101◦–103◦E, is
found with current speed exceeding 0.3 m s−1 and lies
from the central Gulf further to the north; afterward
the current splits to west and east; the bifurcation
point is at 10◦N. An inflow of water occurring from
the SCS augments current patterns. A very weak flow
occurs near the head of the Gulf. The current pat-
tern for January agrees well with Chu et al. (1999) for
December, which is in the same season, but it contra-
dicts Wyrtki in which the current circulation is coun-
terclockwise due to the northeast monsoon. For April,
which is the summer period, the whole current system
of the northeast monsoon has decreased. The main
current pattern is almost the same as in January, but
these are soon turned eastward, approximately located
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Fig. 14. The simulated current circulation (m s−1) by Run 1: control run at surface level
for (a) January, (b) April, (c) July, and (d) October.

7◦–8◦N and 102◦–103◦E with the weaker speed of
around 0.2 m s−1. A weaker current also flows to the
north near the head of the GoT, and there are also
inflows from SCS and eastern winds into the GoT.

During the rainy season, July, winds blow out from
the southwest to SCS and the GoT surface circula-
tion generally follows clockwise in the central GoT,
and then flows southward along the eastern coast of
the GoT. An outflow is through the SCS at the east-
ern boundary. The water movements are considerably
stronger. The main current shows the westward in-
tensification and a fully clockwise current circulation
is developed, reaching a speed of 0.27 m s−1 within
the central GoT over about latitude 9◦N, and then
flowing southward along the coast of Vietnam. An
outflow of water occurs through the SCS at the east-
ern boundary with current speed over 0.3 m s−1. The
main circulation for this month agrees with Wyrtki
(1961) and Chu et al. (1999) where the observed cir-
culations from Wyrtki (1961) showed that the circula-
tion in the GoT is clockwise with the surface current
speed between 0.12 m s−1 and 0.25 m s−1, and Chu et
al. (1999) pointed out that the southwesterly monsoon

winds drive a clockwise circulation in the GoT. In Oc-
tober, the end of the rainy season, there are no strong
currents in the central and southern parts of the GoT,
but the strong current occurs near the head of the Gulf
with the maximum current speed of 0.13 m s−1 due to
the less saline water. The current is counterclockwise
in the central GoT with a speed less than 0.1 m s−1

flowing northward and immediately southwestward to
the coast of Nakhon Si Thammarat province, and flow-
ing southward along the coast toward Pattani province
of Thailand, with this pattern agreeing with Chu et al.
(1999) and Wyrtki (1961). During the transitions of
the monsoon periods, April and October, the winds
are weak which affect the weak currents.

At mid-depth level the circulation patterns are also
similar to the surface level. The average current speeds
at this level for January, April, July and October are
about 0.053, 0.034, 0.046 and 0.019 m s−1 respectively,
which are weaker than the averages of 0.070, 0.051,
0.083 and 0.025 m s−1 for the same months at the
surface level.

There are no circulation patterns for four months
at the bottom level. The average current speed for the
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Fig. 15. The simulated current circulation (m s−1) by Run 2: no-wind run at surface level
for (a) January, (b) April, (c) July, and (d) October.

same months at this level are 0.034, 0.017, 0.022 and
0.013 m s−1 respectively.

3.4.2 Effects of wind forcing
The current circulation patterns from the spin-up

run, which is used as the control run and two sensi-
tivity runs, are described for studying the effects of
wind forcing and lateral velocity. In the first sensi-
tivity study the model was run without wind forcing.
Otherwise the same parameters as for the control run
were used. The surface current velocities for April
and October (Fig. 15b and Fig. 15d) illustrate sim-
ilar current patterns to the control run results (Fig.
14b and Fig. 14d), which indicates that the wind forc-
ing does not change the general circulation pattern for
this two months, which is the transition of the mon-
soon seasons. However, the difference between control
run and no-wind run shows the wind effects on the
GoT surface circulation for January and July, which
are the northeast and southwest monsoon periods re-
spectively. The main current for January by the no-
wind run (Fig. 15a) flows westward from the central
GoT and southward at 8.5◦N along the coast of Thai-

land near 7◦N then eastward and immediately south-
ward around an area 6.5◦–8◦N and 102◦–104◦E, which
is in contrast to the control run (Fig. 14a). There are
no fully clockwise circulations in July by the no-wind
run (Fig. 15c), and the current speed is weaker than in
the control run (Fig. 14c). When winds are removed
from the forcing, the model results show a reduction
of surface current speed. The maximum surface cur-
rent speeds are reduced to 0.12, 0.12, 0.14 and 0.09
m s−1 for January, April, July, and October, respec-
tively. The surface current speed of these four months
by the no-wind run are close to each other, while the
control run causes the significant difference. During
January and July the surface current circulations by
the no-wind run are different to the control run. It can
be clearly concluded that wind forcing affects the cir-
culation pattern during January and July, influenced
by monsoon, and it also affects the current speed.

3.4.3 Effects of lateral boundary conditions
The second sensitivity study used zero velocity and

zero gradient for temperature and salinity at all lateral
boundaries. The results for lateral boundary velocity
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Fig. 16. The simulated current circulation (m s−1) by Run 3: run with zero lateral boundary
velocity at surface level for (a) January, (b) April, (c) July, and (d) October.

for January and April (Fig. 16a and Fig. 16b) re-
tain the currents patterns as same as the control run
results. There are still semi-clockwise circulation for
January and April that means the lateral boundary
conditions insignificantly affect the circulation pat-
tern for January and April, which are the northeast
monsoon period and the transition of the northeast-
southwest monsoon period, respectively. Figure 16c
shows the current circulations by the second sensitiv-
ity run for July. It can be seen that there are no fully
clockwise current circulations in the central GoT as
shown in Fig. 14c, but the strong clockwise circulation
occurs in the southwestern part of the Gulf with speed
of 0.14 m s−1. Hence the lateral boundary conditions
at the open boundaries are the major factor for form-
ing a fully clockwise circulation collocated with that
force by the southwest wind. The current circulation
for July changes when the lateral boundary velocity
is removed. The surface current velocity for Octo-
ber (Fig. 16d) flows northward in the central GoT,
but the counterclockwise circulation does not occur.
The lateral boundary velocity at the open boundaries
produces the quite counterclockwise circulation in the
central Gulf during October, which is the transition of

southwest-northeast monsoon period.
Table 1 shows the average temperature (◦C) and

salinity (psu) from a climatological data set, Levi-
tus94, compared with the results from two sensitivity
runs and the average current speed for four months.
There is more RMS variation of temperature in April
by the control run and zero lateral velocity run, while
there is more RMS variation of temperature in January
by a no-wind run. More RMS variation of salinity oc-
curs in October for all of the model runs. The strong
current speed occurs during January and July. The
weak current speeds occur during April and October
due to the weak winds since these two months are the
transitions of the two monsoon periods. The current
speed was weakened when wind forcing was removed.
The zero lateral boundary velocity in July decreases
the average current velocity in the GoT from the con-
trol run, while it increases in October.

4. Conclusions

The circulation in the Gulf of Thailand was simu-
lated by modifying POM. The model was run in the
spin-up phase under the climatological forcing. During
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Table 1. The average temperature (◦C) and salinity (psu) from Levitus94, Run 1: control run, Run 2: no-wind run and
Run 3: run, with zero lateral velocity at the open boundaries, and the current speed (m s−1) from control run and three
sensitivity runs.

January April July October Annual

Levitus94 temperature 27.552 29.123 28.706 28.507 28.432
Run 1 temperature 27.440 29.636 28.757 28.539 28.593
RMS variation of 0.2613 0.5383 0.1990 0.1969 0.2267
Run 1 temperature

Run 2 temperature 27.106 29.298 28.689 28.528 28.405
RMS variation of 0.5096 0.3187 0.1838 0.2174 0.2655
Run 2 temperature

Run 3 temperature 27.496 29.729 28.844 28.655 28.681
RMS variation of 0.2307 0.6244 0.1988 0.2403 0.3168
Run 3 temperature

Levitus94 salinity 32.209 32.159 32.603 31.780 32.180
Run 1 salinity 32.184 31.969 32.686 31.039 31.969
RMS variation of 0.2267 0.2299 0.2020 0.7528 0.2202
Run 1 salinity

Run 2 salinity 32.499 32.165 32.554 31.215 32.108
RMS variation of 0.3804 0.2097 0.1330 0.5676 0.2130
Run 2 salinity

Run 3 salinity 32.181 31.942 32.353 30.985 31.865
RMS variation of 0.2246 0.2503 0.2590 0.7986 0.3604
Run 3 salinity

Run 1 current speed 0.0544 0.0344 0.0505 0.0195 0.0243
Run 2 current speed 0.0336 0.0297 0.0227 0.0215 0.0171
Run 3 current speed 0.0505 0.0336 0.0379 0.0260 0.0226

the winter season of Thailand, January, the GoT sur-
face current circulation is generally clockwise with a
strong current at the southwest Gulf, Songkla and Pat-
tani provinces’ coasts, with a width of approximately
100 km influenced by inflow and surface winds from the
SCS. During the summer season of Thailand, April,
the weak winds drive a weak clockwise current near
Pattani and Narathiwat provinces coasts. The POM
model successfully simulates a clockwise eddy in the
central GoT with maximum swirl velocity of 0.27 m
s−1 during July or the rainy season of Thailand. The
weak current occurs during the end of the rainy sea-
son of Thailand, October, with the maximum speed
of only 0.13 m s−1 near the head of the GoT. Since
April and October are the transitions of two mon-
soon periods, when April and October are northeast-
southwest transition and southwest-northeast transi-
tion, respectively, the winds for these two months are
much weaker, dominating the weak surface circulation
in the GoT. The main current circulations for these
four seasons agree quite well with Chu et al. (1999)
and Wyrtki (1961) except in January. By the sensi-
tivity run, no wind forcing, the GoT surface current
circulations during January and July are in contrast
to the control run. It can be concluded that the mon-
soon effect to the current circulations in the GoT, and
the wind forcing, is the major factor for producing

the strong currents. The lateral velocity at the open
boundaries is also a factor for producing circulation
pattern in the GoT for July and October, which means
that the lateral boundary conditions are the factor for
the formation of the current patterns. The simulated
12-month mean temperature field shows that the Gulf
is a warm pool. The low temperature and high salin-
ity flow was from the SCS into the GoT at the eastern
boundary. The less saline waters are near the head of
the GoT since there are four major rivers, i.e. Mae
Klong, Tha Chin, Chao Phraya, and Bang Pakong, at
the head of the GoT. The waters in this area are fresh-
est during the end of the rainy season, and effect to
the current speed, which is stronger than in the other
parts.
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