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A three-dimensional diagnostic model has been developed to compute the
monthly mean circulation and sea surface topography in the Western Tropical
Indian Ocean north of 20°S and west of 80°E. The diagnostic model equations
are the basic ocean hydrodynamic equations of momentum, hydrostatics, con-
tinuity and sea surface topography. There are total five equations in five un-
knowns. While the hydrodynamic equations of momentum, hydrostatics and
continuity are solved by a leap-frog numerical scheme, the sea surface topo-
graphy equation is solved by successive over-relaxation technique. Model has
18 levels in the vertical with a maximum depth of 900 meters, a resolution of
1° in the latitute and longitude directions and is forced by climatologically av-
eraged monthly mean winds temperature and salinity data (density anomaly)..

" Model computed results of sea surface topography for all the 12 months
and its associated circulation are analysed and presented in this paper. Model
reproduced realistically the sea surface topography for all 12 months. The
computed sea surface topography and its associated circulation were com-
pared with available observations on currents and both found to agree fairly
well. In the southern tropical Indian Ocean south of 10°S latitude, the comput-
ed sea surface topography patterns do not show much variability from month
to month due to the absence of seasonal variability in the wind field. However,
monthly variability of sea surface topography was noticed in the entire model

- area north of 10°S latitude.

Key Words: 3-Dimensional; Diagnostic Model; Leap-frog; Sea Surface Topo-
graphy; Circulation; T hermohaline Forcing

Introduction

The large scale air-sea interaction processes on monthly, seasonal and intra-sea-
sonal scales in the Arabian Sea are mainly controlled by basin scale 3-dimen-
sional circulation that generates temperature-and salinity inhomogeneities in the
Sea and modifies the heat budget parameters at the air-sea interface. One of the
unique oceanographic characteristics of Arabian Sea is its intense warming and
cooling during the premonsoon and monsoon seasons respectively, which have
a direct bearing on the monsoonal atmospheric circulation. To understand the
dynamics that control the temperature and salinity variability and to predict the
warming and cooling processes in the Arabian Sea, it is first essential to com-
pute mathematically the monthly mean 3-dimensional circulation which would
serve as initial conditions in prognostic models of ocean circulation.
Three-dimensional circulation on-basin scales is always computed from in-
" direct observations of oceanic properties, especially observations on tempera-
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ture and salinity. In the early 1950’s dynamic method was commonly used to
compute density driven circulation in the sea. This method has a number of
drawbacks: it computes only the relative currents under the assumption that
flow velocity is zero at some lower levels. In the real ocean, the vertical profile
of gradient flow may behave quite arbitrarily: at some depth, the flow direction
changes sign, while at some depth it decreases slowly or increases abruptly.
There is no zero velocity level in the real ocean that could be taken as refer-
ence level. In addition, the dynamic method does not take into account the di-
rect effect of tangential wind stress and bottom topography. The upper level
circulation in the ocean is mainly controlled by wind stress forcing and there-
fore it is necessary to develop alternate methods for the computation of 3-d cir-
culation that take into consideration wind stress, thermohaline forcing and bot-
tom topography. One of the methods normally used to study 3-d circulation in
the ocean, considering wind field and thermohaline forcing, is diagnostic meth-
od. In a diagnostic model, primitive equations of momentum, hydrostaiics and
continuity are integrated with appropriate boundary and initial conditions using
observed density and wind stress forcing parameters. Since density is directly
imposed on the model from observations of temperature and salinity, there is
no need to include the equation of state and turbulent diffusion equations of -
heat and salt in the diagnostic model. Equation of state is used to derive the
density field and the density is kept constant throughout the model integration
in diagnostic models. Pioneering works in the field of diagnostic modelling were
carried out by Sarkisyan and his co-workers in the erstwhile Soviet Union!-3,
There have been many studies on the modelling of circulation in the Arabian
Sea. Most of these studies were aimed at studying the dynamics of Somali cur-
rent that flows northeastward and scuthwestward along the coast of Somalia
during the southwest and northeast monsoons respectively®. The dynamlcs of
Somali current were explained theoretically using layer models of varymg com-
plexities. Several such layer models of Indian ocean circulation exist in ocea-
nographic literature’%. There is hardly any information on the monthly mean
climatological circulation in the subsurface layers of the Arabian Sea which is
mainly controlled by the vertical variation in the densnty field apart from wind
stress forcing. '
The main objective of this paper is to develop an 18 Ievel diagnostic mod-
el of circulation that will consider both wind stress and thermohaline forcing at
different levels to determine the large scale monthly mean circulation in the
Western tropical Indian ocean. Details of diagnostic model, its boundary and
initial conditions, numerical solution procedure, computational results of sea
surface topegraphy for all the 12 months and its associated circulation features
and a comparison of model results with available information on observed cur-
rents are presented in this paper : -

Model Equatlons .

For our model, the basxc hydrodynamical equatlons that govern- the large scale
3-dimensional flows in spherical co-ordinate system were taken from  Gill”*.
Scale analysis of the goyemmg equations shows that nonlmear and fnctlon
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terms have the same order of magnitude and both play a major role i the dy-
namics of circulation in the equatorial regions where geostrophy fails. The sign
convention used in this paper is different from the standard sign convention
used in oceanography. We use a coordinate system wherein the longitude (4),
the co-latitude (@), and vertical coordinate (z) increase towards east, south and
downward directions respectively. Assuming aproximations of Boussinesq,
hydrostatics and mcompress1b1hty, the final model equations are written as
follows:
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9  =colatitude=90— ¢, ¢is the latitude.

u, v, w=the velocity components along the east (4), south (6) and downward (2)

directions respectively. :

)/ = hydrostatic pressure.

o = density of sea water.

oo  =average density of sea water.

R =radius of the Earth.

l =28 cos 6.
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M. v—horizontal and vertical turbulent mixing coefficients respectively.

The density of sea water, o, can be written as the sum of the average denmty
p, and density anomaly p’(x, y,z). Integrating the hydrostatic eq. (3) in the
vertial from free surface to depth, the expression for hydrostatw pressure is
obtained as follows:

P=pogk+gl o dz, | .- (5)
0

where ‘€’ is the sea topography which is otherwise called sea level. The first
‘term on the right hand side of eq. (5) represents the hydrostatic pressure due to
free surface elevation. While integrating the hydrostatic eq. (3) in the vertical
from the surface to depth, the hydrostatic pressure due to average density p, is
neglected and only the hydrostatic pressure due to density anomaly resulting
from variations in temperature and salinity will be retained. In fact, the density
anomaly o’ and the actual density p as defined in eq. (3) are one and the same.
The mean density o, has been assigned a value equal to 1.0 gm/cm®. The
density anomaly was calculated using the formula recommended by UNESCO,
the details of which are given in the text book by Marchuk and Sarkisyan3. We
first calculated o, (sigma-f) from observations of temperature and salinity and
then density anomaly p’ was calculated using the standard relation that con-
nects sigma-¢ and density. The pressure gradient terms in the momentum equ-
ations (1)-and (2) are computed using eq. (5). The unknowns in the model equ-
ations are the velocity components (, v, w), pressure (p) and sea level (&)
There are five unknowns in four equations (egns 1, 2, 4 and 5). The density of
sea water which is imposed on the model from observations of temperature and
salinity is not a prognostic variable in diagnostic circulation models. It is neces-
sary to derive an expression for sea surface topography (sea level) to have a
closed system of five equations in five unknowns. A brief description of the
procedure to derive sea surface topography equation and the final sea surface
topography equation are given on Page Nos. 332-333.

Boundary Conditions

The model area lies between the latitudinal belt 30°N-20°S and longitudi-
nal belt 35°E-80°E (Fig. 1). The entire southern boundary and part of eastern
boundary of the model are open boundaries where appropriate open boundary
conditions for velocity or volume flux are to be specified. The western, nor-
‘thern and part of eastern boundaries of the model are closed boundaries.

At the surface (z=0), a rigid lid boundary condition for vertical velocity is
employed. Specification of rigid lid boundary condition at surface will eliminate
short period surface gravitational waves from the solution and will also enable
us to use larger time steps of integration. However, large scale waves such as
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Fig 1 Geometry of the model basin. The entire southern boundary along 20°S latitude and part
of eastern boundary along 80°E longitude are open boundaries.

Rossby and Kelvin are retained in the solution. The. resultant wind stress at the
sea surface is expressed in terms of the gradient of velocity in the vertical multi-
plied by the vertical turbulent mixing coefficient and mean density of sea water.
Thus, the boundary conditions at the surface are:

_ u
TTT PV

92 .. (6)

v \ 4
Po 9z

and
w’z-O = O ’

where 7; and 7, are the components of wind stress in the 4 and 6 directions re-
spectively. Since temperature and salinity equations are not included in the
model equations, there is no need of giving surface boundary conditions for
temperature and salinity.

At the bottom z= H(x, y), a nonslip boundary condition for velocity fields
was applied.

ie. u=v=w=0 : ... (7)
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Along the lateral rigid boundaries, the normal flux boundary condmon of
zero velocity is prescribed. v

—>

v,=0, I ... (8)
where ‘n’ is the normal to the boundary.

Open Boundary Conditions

If observed data on flow fields at few stations along the open boundaries
are available, those data could be interpolated to all grid poinis along the boun-
dary and such data are the best for the specification of open boundary condi-
tions. Since current meter observations along the southern and eastern open
boundaries were not available, it has become necessary to compute the flow
field across the boundaries by indirect method. There are a number of theoreti-
- cal method to compute the flow field in the ocean and it is essential that the
best method should be employed to obtain realistic values of current across the
open boundaries. The theoretical method to compute the velocity fields should
take into consideration the wind stress and thermohaline forcing. One of the
drawbacks of geostrophic computation is that it computes only one component
of the relative current that flows across the boundary. In addition, it also does
not . take into consideration the direct effect of wind stress which mainly con-
trols the surface circulation. In view of this, we decided to use a quasi-geostro-
phic model developed by Marchuk and Sarkxsyan3 to compute the velocity
components at various levels along the southern and eastern open sea bounda-
ries. This model takes into consideration wind stress, density field and sea level
for the computation of velocity components. The original quasi-geostrophic
model of Marchuk and Sarkisyan, written in cartesian co-ordinates, were con-
verted into spherical co-ordinate system as our model equations are in spherical
co-ordinate system. The modified quasi-geostrophic formulae for the computa-
tion of velocity components are:

gl1lan 1 zap e % ’ o
ETM L - z] ...(9
Uge= I[R a6 PoRI 20 dz 2poav-[(r‘i tp)cos az— (7t 74)sinaz] (9)

g 1 67] 1 Zap e % ‘
Vo= dz|+——{(7,t
e [R sin 6 aa oo R sm¢9I A 200 av(fo T;)co8 @z

— (7o T)sinaz], o | ... {(10)

where a=[(Qsing)/v]'/?, the Ekman parameter of the ocean. The sea ievel 7 is
computed by means of dynamic method. The sign (+ ) refers to northern hem-
isphere. To conserve volume/mass in multilevel, baroclinic, reglonal circulation
models, the open boundary conditions are prescribed either in terms of volume
fluxes or velocity fields. The normal sign convention used to balance the vo-
lume ﬂux/veloclty is that volume flux into the model area through the open
boundary is taken as positive. The volume flux out of the model area is taken
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-as nega!ive ‘Whatever may be the sign convention used in the model, these
changes in sign convention wﬂl have to be made while calculatlng volus e flux
balance

The zonal volume flux across the eastern open sea boundary is calculated
using the formula: '

6, H

Fg=—[[Ugdzde, , (1)
8,0 :

where 61 and 0, are the lautudmal extent of the open boundary and H is the
depth of the model area.

The meridional volume flux across the southern open. boundary is calculated
using the formula:

A H

Fs=—[ [ V,,sin0dzda, L (12)
A0 '

where 4, and 4, are the longitudinal extent of the open boundary.

The total volume flux, (F;= Fz+ Fg), across the eastern and southern bound-
aries must be balanced to -conserve volume in the model area. If the total vo-
lume flux across the southern and eastern boundaries are not balanced, we ap-
ply velocity fields as open boundary conditions, after making nhecessary correc-
tion to the velocity fields. It has been found that, while there is an approximate
balance between the incoming and outgoing volume fluxes across. the southern
open sea boundary, these are not balanced across the eastern boundary because
of the massive zonal fluxes into the model area from the system of zonal cur-
rents in the equatorial regions. In view of this, we applied corrected velocity
fields as open boundary conditions. Velocity correction, V,, to every point in
the open boundary cons1dermg total flux can be written as:

V.=F /A, where A is the lateral surface area of the open boundary. This
velocxty correction was added to the quasi-geostrophic velocities computed by
the formulae (9) and (10).

For the eastern boundary, the corrected u-component of quasi-geostrophic
velocity is:

Up=Ug* V. ... (13)

For the southern open boundary, the corrected V-component of quasi-geostro-
phic velocity is:

Voe=VQg+V. ' B : ... (14)
After having corrected the velocity at each grid point the balance of the normal

component of qua51-geostroph1c velocity (eqs 13 and 14) were again checked
for the conservation of volume and it has been found that a velocity balance of
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0.002 cm/sec was achieved across the open boundaries. The V-component of
quasi-geostrophic velocity as computed by eq. (10) and the corrected zonal
component of velocity as calculated by eq. (13) are applied at the eastern open
boundary. At the southern open sea boundary, the u-component of quasi-geo-
strophic velocity as computed by eq. (9) and the corrected component of veloc-
ity as calculated by eq. (14) are applied.

Initial conditions. An initial state of rest is prescnbed at time =0 ie
(% V)mp=0.

Derivation of Sea Surface Topography Equation

A detailed discussion on the various methods of derivation of sea surface to-
pography equation is given in the works of Demin and Ibraev's. In the present
paper, the equation for sea surface topography is derived in the following form:

The solution of eqs (1)-(4), considering equation for hydrostatic pressure
(5), is obtained with the help of leap-frog numerical scheme mentioned above.
By summing the equation of continuity along all levels taking into account the
boundary condition at the surface and bottom for vertical velocity (i.e., W=0),
the two dimensional integral continuity equation is obtained. The two-dimen-
sional integral continuity equation is the equation for sea surface topography at
the internal grid point. By applying the lateral boundary condition for velocity
field in the two-dimensional integral continuity equation, the equation for sea
surface topography at the solid boundary points (coastal) are also obtained. The
two-dimensional integral continuity equation for sea surface topography at the
internal grid points is written as foilows:

oo s ol
‘Rsin()[élu +69vsm0‘] 0 | ... (15)

where 8, and J 4 are the finite difference operators and @ and ¥ are the vertical-
ly integrated velocity components in the zonal and meridional directions re-

spectively. The finite difference operations J; and J, in the zonal and meridi-
onal direction respectively are defined as follows:

ol

and

o 2o

Substltutmg the values of # and v in the integral contmmty equation, we get the
expression for sea surface topography as follows: -
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It is clarified that the model computed sea level (eq. 16) and the sea level re-
quired for calculating the quasi-geostrophic velocities (eqs 9 and 10) are differ-
ent. The model computed sea level was not used for the calculation of sea sur-
face topography at the open boundaries as the application of the same at the
open boundaries will disturb the quasi-geostrophic balance maintained there.
For all multilevel ocean models that involves sea level as an integral function,
the above mentioned procedure has been used to conserve volume in the mod-
el area. The sea surface topography equations (eq. 16) has been solved by suc-
cessive over relaxation technique. In fact, eq. (16) can be solved by any one of
the iterative methods. While solving the above equatlon, the relaxation parame-
ter used was 1.0. By using a relaxation parameter equai to 1.0, the successive
over relaxation method will automatically convert itself to Gauss-Seidel itera-
tion method. The convergence of the iterative solution was determined by nu-
merical experiment and it has been found that the maximum residual, max
|E"~1—E"|=10~5 cm, where n is the iteration number, has been achieved after

100 iterations.
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Model Forcing Parameters and Numerical Solution Procedure

To calculate the monthly mean circulation and sea surface topography using the
above diagnostic model, monthly mean wind stress and monthly mean density
anomaly (density) at various levels are required. T he monthly mean wind data
used in the present study come from Hellerman and Rosenstein'” who prepared
the global wind stress field on a 2° X 2° square. These data were further interpo-
lated to 1° resolution, whicl is the spatial resolution of our model, by means of
a bilinear interpolation technique. The monthly mean temperature and salinity
.data (density anomaly) needed to drive the model come from Levitus'®. The
monthly mean temperature data were available for all the 12 months; however,
monthly mean salinity data were not available because salinity observations in
the sea are few orders less than temperature observations. On a monthly scale,
variationsrin salinity are observed in the second or third point only and such
variations do not affect the calculation of density anomaly or mean currents.
The diagnostic and semi-diagnostic circulation models are meant for the calcu-
lation of steady state circulation and it is not essential to mathematically inter-
polate the monthly mean salinity data from seasonal mean data for such mod-
els; however, in prognostic circulation models, which are intended for the study
of time-dependent circulation, it is essential to interpolate mathematically the
surface boundary condition for salinity at each time step of integration. Cox*

used annual mean salinity data as the surface boundary condition for all the 12
months without any mathematical interpolation, although the model was prog-
nostic. It is fully justified in taking the same seasonal mean salinity data as the’
monthly mean salinity data for all those months representing that particular sea-
son. In the present study, the monthly mean salinity data for all the 12 months
were obtained without interpolation from four season’s salinity data which were
compiled by Levitus,

Model eq. (1-4), considering eq. (5) were solved subject to boundary and
intial conditions mentioned above using a leap-frog numerical scheme. While
the coriolis term is treated in a semi-implicit fashion, the friction terms are cal-
culated at the backward time level. All the other terms in the equations are cal-
culated at the central time level. To inhibit time-splitting instability normally
encountered in leap-frog scheme, a Matsuno scheme, which averages solution at
two conservative time steps was employed at every 24 time steps. Equations are
integrated forward in time with a time step of 1 hour for approximately 25 days
to attain a steady state solution. Solutions are found on staggered grid, with the
variables defined in rectangular boxes of dimensions AX=A4Y=1 degree
(Fig. 2). The velocxty vector V is determined at the centre of the box. The mod-
el has 18 levels in the vertical at standard oceanogtaphlc depths. The horizontal
and vertical eddy viscosity coefficients used in the model are 10%cm?/sec and
10 cm?/sec respectively. To calculate the January mean circulation and sea sur-
face topography, the model is to be driven with January mean density anomaly
and January mean wind field as forcing parameters, and the corrected quasi-
geostrophic velocity as calculated by equations (13) and (14) for the month of
January as open boundary conditions. The steady state circulation, which is ob-
tained after 25 days of model integration, is the monthly mean circulation for
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Fig 2 A typical box in the finite-difference grid

the month of January. Using appropriate boundary conditions and model forc-
ing parameters for each month, the mean circulation and sea surface topogra-
phy for all the 12 months were computed by conducting 12 numerical experi-
ments. It is clarified that, for each month the corresponding open boundarv
conditions are to be specxfied

Results and Discussion

Variability of Monthly Mean Sea Swface Topography and Its Associated
Circulation

Sea surface topography is a dynamic variable mumately linked to the flow
fields in the upper mixed and thermocline layers. While the upper mixed layer
circulation is essentially controlled by the resultant of wind stress and sea
surface slope, the circulation in the thermocline is mainly determined by sea
surface topography (sea level). The slope of the sea surface affects the slope of
the thermocline which, in turn, affects the thermocline circulation. Both the sur-
face wind stress and interior flow fields are responsible for generating sea sur-
face slope. Oceanic motions occurring in the main thermocline and above on
spatial scales exceeding the Rossby radius of deformation will penetrate verti-
cally to the surface and generate pressure signals which are reflected in the
form of sea surface slope. The magnitude of sea surface slope depends on the
time and space scales of motions that are occurring within the oceanic thermoc-
line and above. Of all the strong components of time-averaged circulation, the
types of circulation that are indeterminate through sea surface topography are
the deep western boundary currents. Features such as gross thermocline shape,
powerful surface boundary currents and strong tropical circulation. patterns are
reflected in the sea surface topography. In the present paper, we discuss the
computed results of sea surface topography for all the 12 months and bring out
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the characteristics of surfce circulation associated with the sea surface topogra-
phy. Results of 3-dimensional circulation in relation to all the model forcing
parameters will be presented in our future papers.

(@) January Mean Sea Smface Topography

The topography of sea surface (SST) for the month of January calculated
with the help of eq. (16), is presented in Fig. 3¢. In the southern part of Tropi-
cal Indian Ocean between 20°S and 10°S latitude, a zonally oriented ridge with
‘steep equatorward downward slope that extends across the entire basin was ob-
served in January. There is strong packing of topography contours in the ridge
region, indicating that currents at this regxon would penetrate deeper into ther-
mocline and below. This ridge region is the domain of the south equatorial cur-
rent which does not vary much during different seasons. Few contours of sur-
face topographys from the south equatorial current turn toward north and nor-
theast on approaching the East African coast. These north and northeasterly
topographic contours along the East African coast represent the East African
Coastal Current (EACC) which flows northeast during the winter season. The
EACC of the southern hemisphere and the Somali current (SC) of the northern
hemisphere meet south of Equator and both jointly feed the Equatorial Coun-
ter Current (ECC). The topography contour gradients are relatively weak ac-
ross EACC and Mozambique Current (MZC). In the north western part of the
basin north of 15°N latitude and along the west coast of India, the flow field is
generally northerly consistent with ship drift climatology. The computed sea
surface topography fully agrees with the dynamic topography calculated by
Hastenrath and Greischar?®.

(b) February Mean Sea Surface Topography

The sea surface topography for the month of February is presented in
Fig. 3b. The sea surface topography pattern did not vary much as compared to
January month except that intensity of topography gradients decreased slightly
in February As in the month of January, the topography contours are well
packed ‘in SEC and North Madagaskar Current region (NMC). The topography
contours show the presence of SEC, NMC, MZC, ECC and EACC in the
southern tropical Indian Ocean. Another change noted is that flow field is on-
shore off northern Somali coast in February, compared to south westerly flow
observed during the preceding month. Northerly and northwesterly flows are
observed along the west coast of India and it is expected that this current may
penetrate deeper into the thermocline because of the comparatively high topo-
graphy gradient existing in this region. These results are consistent with the ship
drift chmatology compiled by Cutler and Swallow!®,

(¢) March Mean Sea Surface Topography

The sea surface _topography for the month of March is presented in
Fig. 3c. As in the prev:ous month, there are hard]y any changes in sea surface
topography pattern in the SEC region which is under the influence of southeast
trade winds throughout the year. The sea surface contours slope upwards
toward the coasts of Mozambique and East Africa due to the piling up of water
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under the influence of prevailing southeasterly trades. The Ekman wind-driven
current, resulting from the prevailing southeasterly trades, is primarliy directed
toward south of west and it results in the formation of a permanent ridge
throughout the year around 15°S latitude. The geostrophic surface current due
to the presence of this ridge is also directed.towards south of west, although it
is very much smaller than surface Ekman current. The SEC is, therefore, both
wind-driven and geostrophic. The ECC, observed in February, is still prevalent
between 10° and Equator across the entire basin. However, currents in the nor-
‘thern Indian Ocean is slightly modified in comparison with February month
pattern. The current direction off the northern Somali coast is reversed and the
Somali current flows in a northeasterly direction. The north equatorial current
is weakened, flows towards west only upto the central part of Arabian Sea and
then turns toward northeast. The flow field in the entire northwestern Arabian
Sea is toward northeast probably due to the collapse of northeasterly trade
winds during the month of March.

(d) April Mean Sea Surface Topography

The computed sea surface topography for the month of April is presented
in Fig. 3d. During April, northeasterly winds are very much weakened in the
northern Indian Ocean. The most dramatic circulation feature during April is
the appearance of an eastward flowing Equatorial Jet (EWJ) under the influence
of westerly winds. It has been found that the sea surface slopes upward toward
the eastern boundary of the model basin (Fig. 3d) under the influence of wes-
terly winds. The sea surface topography contours show the presence of a large
clockwise gyre in the southern Tropical Indian ocean, with south equatorial cur-
rent on the south, east African Coastal Current on the west and Equatorial jet
on the north. In the northern Arabian Sea, the flow field is northerly and nor-
theasterly. The simulated sea surface topography pattern during April is con-

sistent with observed surface circulation in the Tropical Indian Ocean during
the transition season. '

(e) Mean Sea Surface Topography for the Month of May

The computed sea surface topography for the month of May is presented in
Fig. 3e. During May, the southeast trades of the southern hemisphere become
stronger, approach the equator and become southwesterly over the Somali and
Arabian coasts. Under the influence of strong southerly and southwesterly
winds, waters are piled up against East African and Somali coasts, creating
strong northerly and northeasterly flows along its coasts. The sea surface topo-
graphy pattern, as calculated by the model, clearly shows the presence of strong
currents in these regions. The topography contours are highly packed in the
south equatorial current and East Madagaskar current regions as in the previ-
ous months. The meridional gradient in the sea surface topography that existed
in the southern tropical Indian Ocean in the previous month has further
deepinded with the strengthing of southeast trade winds. In addition, the south
equatorial current becomes very much broader in response to strong southeast
trade winds. The Somali current, which is the northward extension of the East
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African Current, is well established during the month of May. Consistent with .
the dynamics of the model the sea level is low along the Somali coast due to
strong offshore Ekman transport. Both the sea level slope and wind field are
favourable for the generation of strong current along the Somali coast.

(f) Mean Sea Surface Topography for the Month of June

During the month of June, the southwest monsoon is fully set over the en- -
tire tropical Indian Ocean. The sea surface topography contours (Fig. 3f) are
more packed along the coasts of Somalia, indicating that Somali current is fur-
ther strengthened with the onset of monsoon winds over the north Indian
Ocean as compared to the previous month. The sea surface topography con-
tours show northerly and northeasterly flows in the entire northern Indian
Ocean consistent with the observed flow pattern. A weak equatorial counter -
current is observed between the equator and 7° south latitude. In the southern
tropical Indian ocean, the meridional sea surface topography gradient found in
the SEC is. slightly weakened probably due to the weakening of southeast
trades. However, there is a strong packing of topography contours along the
eastern coast of Madagaskar. Another change noted in the southern tropical In-
dian Ocean is the presence of a southward flow along the coast of Mozam-
bique. In general, the calculated sea surface topography pattern is fully consist-
ent and comparable with the observed circulation features during summer sea-
son.

(8) July Mean Sea Surface Topography -

The computed sea surface topography pattern for the month of July
(Fig. 3g) not very mcuh different from that of June months simulation results
except that the zonal topography gradient found off Somali and Arabian coasts
are strengthened a little more. It shows that currents along the Somali and
Arabian coasts became still stronger in July. The southwest monsoon drift cur-
rent occupies the entire western Arabian sea. In addition, the flow along the
southwest coast of India has become more southerly consistent with observed
circulation features. The broad south equatorward current, north Madagaskar
current, East African Coastal Current and the Equatorial Counter Current ob-
served during the preceding month are found during the month of July also.

(h) Mean Sea Surface Topography for the Month of August and September

The sea surface topography for the months of August and September are
presented in Figs 3k and 3i respectively. All the current systems that are found
during the month of July are observed during August also. However, the inten-
sity of current is slightly weakened in the whole model area probably due to the
weakening of monsoon winds during August and September. The topography
contours and the flow field along the west coast of India have become more
southerly and southeasterly.

(i) Mean Sea Surface Topography for the Months of October and November
The computed sea surface topography for the months of October and
November are presented in Figs 3/ and 3k respectively. During these transition
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months, the circulation features are almost identical to that observed during the .
spring season. The most significant feature of circulation is the appearance of
eastward flowing equatorial jet near the Equator which is mainly fe:' by the
south equatorial current and Somali current. The eastward flowing equatorial
jet was observed in both the months of October and November. The Somali
current now flows southwestward all along the coasts and feeds the equatorial
jet. The flow pattern in the entire northern Arabian Sea is changed, with south-
ward and southwestward flows observed throughout the Arabian Sea. In the
southern Trupical Indian Ocean, there are hardly any changes in the circulation
pattern when compared to previous months. Currents such as SEC, EMC and
MZC are found during these transition months also.

(/) Mean Sea Surface Topography for the Month of December

The sea surface topography contours for the month of December (Fig. 3/)
are almost identical to that of January month’s topography. In December, which
is the representative month of winter season, northeast monsoon winds sweep
the northern Indian Ocean. In association with the northeast monsoon winds,
the flow field is southerly and southwesterly in the western Arabian Sea. The
sea surface topography pattern shows the presence of southward flowing Somali
current along the coast of Somalia. As in the month of January, the topographic
contours are almost parallel to the west coast of India and a fairly strong nor-
thward flowing coastal current is observed along the West Coast of India. The
north equatorial current which flows westeward between the equator and 8PN
latitude, can be identified from the sea surface topography pattern. In the
southern tropical Indian Ocean, sea surface topography. contours show the
presence of all the three major currents consistent with available observations.

Conclusions

(i) Diagnostic method has been found to be very effective for the calculation of
sea surface topography in the Western Tropical Indian Ocean. Since the density
is imposed on the model from observation of temperature and salinity, the spin
up time of the model is very fast as compared to prognostic ocean models and
the solution attains stationarity within 25 days of model integration.

(ii) Special care should be taken to prescribe the appropriate open boundary
conditions in regional 3-d circulation models. While prescribing the open
boundaries, it is to be ensured that either the normal volume flux or the normal
componerts of velocities are balanced to conserve volume in the model area.
As far as possible, meridional open boundaries should be avoided for the
Indian ocean models since zonal fluxes are very massive in the equatorial
regions of Indian Ocean.

(iii) The diagnostic model has been successful for the calculation of sea surface
topography for all the 12 months. The computed sea surface topography and its
associated circulation are consistent with available observations on currents in
the tropical Indian Ocean. In the southern tropical Indian Ocean south of 10°S
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latitude, the computed sea surface topography patterns do not show much var-
iability from month to month. This is mainly due to the absence of seasonal
vanablhty in the wind field. Monthly variability of sea surface topography was
noted in the entire model area north of 10°S latitude.

(iv) The computed sea surface topography showed the presence of all the major
permanent current systems in the model area for all the four seasons. However,
the transient features of circulation such as eddies and small gyres, which are
oberved along the African coast during summer season, could not be repro-
duced by this diagnostic model. To simulate such transient features of circula-
tion, it is essential to develop a.prognostic model with which the time-depend-
ent evolution of circulation in relation to time varying surface boundary forc-
ings are studied. In diagnostic models, only the stationary circulation in re-
sponse to constant local forcings of wind and density gradients were studied,
and such a model might not always be successful in reproducing all the major
and transient systems of currents in the Indian Ocean because of its time-de-
pendence. Diagnostic models are effective tools to understand the forcing func-
tions that control the dynamics of circulation and to determine the 3-dimen-
sional climatic (mean) circulation. One of the main drawbacks, of the diagnostic
model is that the observed input of density field at various levels is not hydro-
dynamically adjusted with the flow field, wind field and bottom topography; the
observed density field, which is not hydrodynamically adjusted, may generate
unrealistic geostrophic flows and such unrealistic flows are normally observed
in the equatorial region where geostrophy fails. By reducing the space scale of
the model near the equator and applying higher values of horizontal friction co-
efficients, realistic flow pattern can be obtained from diagnostic model.
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