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Two-dimensional vertically integrated model has been used to simulate depth-mean wind-driven circula-
tion during premonsoon and postmonsoon seasons in the upper layers of the Bay of Bengal and Andaman
Sea. The model is integrated for 365 d, forced by monthly mean wind stress. The model simulation results
show the presence of a large anticyclonic gyre covering the entire Bay of Bengal and a small anticyclonic eddy
around Andaman Sea during premonsoon season (March). However, during April, this gyreis seen only in

the central and northern parts of the Bay of Bengal.

Two anticyclonic gyres are observed in the central and

southern parts of the Bay of Bengal during September. During October, the simulated currents are variablein

their directions and have low magnitudes.

Circulation in the upper layers of the Bay of Bengal
and Andaman Sea (BBAS), is mainly controlled by
the prevailing monsoon winds. Previous studies’
have shown that enormous amount of freshwater dis-
charge from various rivers from the Indian, Bangla-
desh and Burmese coasts also affect the circulation in
the upper layes of the BBAS. There have been some
studies pertaining to the modelling of tides and storm
surges?3 in the BBAS. Cox* has developed a numeri-
cal mode! of the Indian Ocean including its marginal
seas. Bahulayan and Varadachari® have developed a
depth-averaged model to simulate wind-driven circu-
lation in the BBAS, forced by winds of constant speed
and direction. Later, Bahulayan and Unnikrishnan®
have used the same model to simulate the wind-driven
circulation in the BBAS, during southwest and north-
east monsoon seasons, generated by the observed
monthly mean winds.

In this paper; features of simulated wind-driven
circulation in the BBAS during premonsoon and pos-
tmonsoon seasons using the hydrodynamic model*®
are discussed. Monthly mean wind fields’, compiled
over 60 y period have been used to drive the model,
which is integrated for a period of 365d to study the
seasonal evolution of circulation in the BBAS.

Methods

Computation of depth of wind-driven layer and wind
stress—Hydrodynamic model used in the present
study may be used in shallow coastal regions and ho-
mogeneous water bodies, where vertical variations in
density are assumed to be negligible. However, here

only the upper homogeneous layer is considered,
which is affected by wind, for the simulation of the
depth-mean circulation. The thickness of the upper
homogeneous wind-driven Ekman layer, Dg, to a first
approximation, is a function of wind speed and latit-
ude of the region and can be expressed® as

D=43W//sin ¢ ..{1)
where W is the wind speed in m.sec ™! and ¢ is the
latitude of the region.

Since the model resolution is 3™ of a degree in x and
y directions, monthly mean wind field was linealy in-
terpolated in space to 1™ of a degree. The depth of
wind-driven layer at each grid point for each month
was computed using Eq. 1. If the actual depth ata grid
point is less than the computed depth of the wind-dri-
ven layer, then the actual depth was taken for the
numerical simulation. The monthly mean wind stress
components computed from monthly mean wind fie-
1d are the forcings in the model. The resultant wind
stress | T| was first computed using the relation

1l = Cppuel VI .(2)

where pair is the density of air and Vis the monthly
mean resultant wind speed. The drag coefficient Cp
was computed following the relation®

CD=(03+0.065|V1)19“’ ..(3)

Monthly mean wind stress components t, and 7, were
calculated using the relation

..(4)
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where a is the mean wind direction. The wind stress
components, taken + ve to the east and north respec-
tively, were computed for each month using Eq. 4.

Premonsoon  season  (March-April}—During
March, southerly and southwesterly winds prevail
over the northern part of the BBAS, whereas northe-
rly and northeasterly winds prevail over the southern
part of the Bay of Bengal. The magmitude of the winds
is of the order of 1-2 m.sec ™ !. The computed wind
stress values (Fig. 1A, B) are generally low in the
whole domain and the maximum value observed is
0.009 N.m~2. During April, the winter monsoon
wind pattern gets changed into that characteristic of
Asian summer monsoon’. Winds with a southerly
component approach the western and northern parts
of the BBAS, while the eastern part is characterised by
northerly and northeasterly winds. The maximum
value of the wind stress is of the order of 0.03 N.m 2,
which is noticed in the northern part of the Bay of
Bengal (Fig. 1C, D).

Postmonsoon season (September-Octobery—Mon-
thly mean winds during September are generally sou-
thwesterly. Fig. 1E, F show that maxinfum intensities
of wind stress components are found in the southern
and central parts of the BBAS (0.05 N.m ~?). During
October, transition from the southwest monsoon to
the northeast monsoon takes place and the intensity
of winds is very less compared to other months, There
is a gradual decrease in the intensity of x and y compo-
nents of wind stress from the southern side to the nort-
hern part of the Bay of Bengal (Fig. 1G and H).

Model equations and numerical procedure—The
noh-linear vertically integrated equations, used in the
present model and their finite difference approxima-
tions are given in an earlier work®. The model area
extends betwen long. 80°E and 98°E and lat. 6°N and
22°30'N. Andaman and Nicobar islands are represe-
nted in the model resolution. This is done between lat.
11°20" and 13°40’N and long 92°20’ and 93°E. Since a
staggered grid is used, it is necessary to have two grids
in the longitude direction to prescribe appropriate
boundary conditions. It is justified in view of the very
shallow depths observed around the islands. The sou-
thern boundary along 6°N is an open boundary. The
western, northern and eastern boundaries of the mo-
del domain are closed and a zero normat flux condi-
tion of u=v=0is applied depending on the orienta-
tion of stair step line segements. Thus, v =0 s applied
on those straight line segments that are parallel to
x-axis and u=0is applied on those straight line seg-
ments that are parallel to y-axis. For the southern
open sea boundary, the sea surface elevation of n =0
is applied. In purely wind-driven flow, the clamped
boundary condition of =0can be applied, if the sea
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surface is contiguous with deep ocean'®. Few nume-
rical experiments have been made with this model
using a radiation type boundary condition and s cla-
mped type, as mentioned above. It is found that the
application of the latter is better near the open bound-
ary. Accordingly, boundary condition of =0 has
been chosen for the simulation of seasonal circulati-
on. The initial condition is a state of rest i.e.,
u=v=n=0att=0,

The hydrodynamic equations aresolved numeric-
ally subjected to the above mentioned boundary and
initial conditions on a 55 x 50 finite difference mesh
by means of explicit scheme. The grid resolution is
33.5and 36.5 kmin the x and y directions respectively.
The hydrodynamic model, forced with the mean wind
stress for January, is integrated from rest at 0000 hrs
on Ist January. A time step of 600 sec is chosen for the
numerical integration, which satisfied the Courant-
Fredrich-Lewy stability criterion given by
At <(Ax, Ay) (2gh)™ %, where Ax and Ay are space steps
in x and y directions and h is the maximum depth of
wind-driven layer. The model fields spin up very fast
and a steady state circulation is attained after appro-
ximately 15 d of numerical integration. Keeping the
wind stress components for January constant, integr-
ation is continued for one month. The simulated mo-
del fields at the end of January (31st day) are taken as
initial condition for February and the model is integr-
ated till the end of February (28th day), using the
mean wind stress components for February as forc-
ing. The sudden change of wind field at the beginning
of February has generated initial transients in the so-
lution, which are completely dissipated through frict-
ion after about 15 d of integration. By replacing the
wind forcing at the beginning of each month with the
corresponding monthly mean wind stress compon-
ents and using the solution obtained at the end of the
previous month as initial condition for the subsequ-
ent months, integration of model equations is contin-
ued till the end of December to study the complete
seasonal variability of circulation in the BBAS. In this
paper, depth-mean circulation during some selected
months only is discussed.

Resalts and Discussion

There are hardly any observational or modelling
studies on circulation covering the entire BBAS over
the complete seasonal cycle for comparison with the
present model results. The best existing compilation
of Indian Ocean surface currents is contained in the
Atlas, prepared by Cutler and Swallow!! (hereafter
referred to as CS charts) in the form of 10d averaged
values on 1° squares and the charts of surface currents
of KNMI*2, . '
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Fig. 2—Simulated depth-mean currents for 31 March (A) and
30 April (B)

Premonsoon circulation—Figs 2A and B show the
simulated current field at the end of March and April
respctively. During March, a large anticyclonic gyre,
covering the entire Bay of Bengal, and a small anticyc-
lonic eddy around the Andaman and Nicobar Islands
are observed. In the southern part of the model area,
which is the area of the north equatorial current dur-
ing the premonsoon season, the currents are generally
westward. The westward flow in the southern part of
the Bay of Bengal turns northwards on reaching the
coast of Sri Lanka and then moves in a north, northea-
sterly direction along the entire east coast of India, as
a strong western boundary current. This current
flows towards east on reaching the head of the Bay of
Bengal, moves southwards along the Burmese coast
and then joins with the westerly flow in the sotheast-
ern part of the Bay of Bengal. Thus a large anticyclo-
nic gyre is formed covering the entire Bay of Bengal.
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By 30 April (Fig. 2B), the western boundary curr-
ent along the east coast of India, which is a part of the
large anticyclonic gyre formed in the Bay of Bengal, is
considerably weakened due to reduction of wind spe-
eds in the central and the southern parts of the model
area. The size of this large anticyclonic gyre is also
considerably decreased and it is shifted towards
north. In general, the intensity of currents in the sou-
thern part of the Bay of Bengal is reduced towards the
end of April. .

The charts of surface currents'? for the second half
of March and April also show a clockwise circulation
in the entire Bay of Bengal. The KNMI charts of curr-
ents for the second half of March and April also show
a large anticyclonic circulation in the entire Bay of
Bengal. A strong northward flowing western bound-
ary current, which is a part of the above mentioned
anticyclonic gyre, is observed along the east coast of
India during March. The magnitude of this western
boundary current exceeds 50 cm.sec ™! in the north-
ern part of the Bay of Bengal. The model simulation
results for the 30th March (Fig. 2A) also show the
existence of a large anticyclonic gyre covering the ent-
ire Bay of Bengal. The strong northward flowing wes-
tern boundary current along the east coast of India is
reproduced in the present model simulation. Howev-
er, by 30 April (Fig. 2B), the anticyclonic gyre gets
shifted towards the northern part of the Bay of
Bengal.

Postmonsoon circulation—¥Figs 3A and B show si-
mulated circulation towards the end of September
and October respectively. During September, the
monthly mean winds over the area continue to be
southwesterly. Two anticyclonic gyres found in the
central and southern parts of the Bay of Bengal during
southwest monsoons® are still present. However, the
intensities of currents are lower than those during
southwest monsoon. The simulated currents during
the transition month of October are variable in direct-
ion and their magnitudes are very low. Along the east
coast of India, the currents are directed southward
during October.

The CS charts for the 3rd part of September show,
in general, an eastward drift in the central part of the
Bay of Bengal. The monsoon drift current is still prev-
alent in the equatorial region between 3°-7°N and al-
ong the east coast of India, currents are southward. In
general, the magnitudes of currents are of 10
cm.sec™ ! or less except near the Sri Lanka, where they
are of the order of 50 cm.sec ™. The charts of surface
currents’? for September show a cyclonic circulation
in the northern part of the Bay of Bengal. During
October, 2 cyclonic gyres are observed in the northern
and southwestern parts of the Bay of Bengal.
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In the simulated circulation for the 30 September

circulation such as the eastward drift in the central
(Fig. 3A), the above mentioned observed features of o " latior

part of the Bay of Bengal, cyclonic type of circulation
in the northern part, etc. can be noticed. However, in
the simulated results, the southward flow along the
east coast of India is clearly seen in October only. In
October, the simulated currents are very weak. In
fact, monthly mean wind speeds are very low during
this period.
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