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A 3-dimensional, semi-diagnostic model with 33 levels in the vertical has been used for
the computation of climatic circulation in the western tropical Indian ocean. Madel
is driven with the seasonal mean data on wind stress, temperature and salinity data.
Results of numerical cxperimcnts for winter season ai selected levels are analysed and
presented in this paper. The broad features of circulation during winter season such
as the westward NEC and SEC, eastward ECC and southward Somali Current is
computed successfully by the model The SEC, NMC and MZC can be seen inull the
levels 20, 50, 150 and 300 m depths. Model results show a southward undercurrent at
50 m depth along west coast of India, a southward subsurface current off Somali near
5 N at 150 and 300 m depths. Computed circulation features at the surface and
subsequent levels showed fairly good agreement with the observations,

Key Words: Semi-diagnostic model; 3-Dimensional; Leap-frog Circulation; Ther-
mohaline forcing

Introduction

Indian ocean, especially one of its marginal seas Arabian Sea, plays a very significant
role in regulating the monsoons over the Indian subcontinent. The large scale air-sea
interaction processes on monthly, seasonal and intra-seasonal time scales in the
Arabian Sea are mainly controlled by basin scale 3-dimensional circulation which
generates temperature and salinity inhomogeneities in the sea and modifics the heat
budget parameters at the air-sea interface. 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 model the 3-dimensional climatic
circulation which would serve as initial conditions in prognostic models of ocean
circulation. '

Semi-diagnostic ocean circulation models are effective tools to compute the
climatological mean circulation and to understand the role of local forces in driving
the circulation. The concept and basic approach to semi-diagnostic modelling were
first developed by Marchuk and Sarkisyan.' A few simplified semi-diagnostic models
have been developed for the circulation of large scale circulation in the world

oceans®?,

In the present study, a 3-D semi-diagnostic circulation model is used to study the
climatic circulation in the western tropical Indian Ocean during winter season.
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Model Equations

The model (20°S-30°N and 35°E-80°E) used for this study has 33 levels in the vertical,
a resolution of 1° in the zonal and meridional directions. The model equations are
based on the basic hydrothermodynamic equations in spherical co-ordinate system
governing the large scale 3-dimensional circulation in the eccan given by Gill.* These
equations are then modified in terms of colatitude of the place and particular sign
convention used in the model wherein the longitude (1) increases towards east, the
colatitude (6)increases towardssouthand vertical co-ordinate (z) increases downwards.
The final model equations assuming approx1matlons of Boussinesq, hydrostatics and
incompressibility of sea water arc :
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9 - co-latitude = 90-¢, ¢ is the latitude.

- the velocity components along the east (1), south(6) and
downward(z) directions respectively

) - hydrostatic pressure

p - density of sea water

) - constant density

R - radius of the Earth

i -2Q cosf

o) - angular velocity of Earth's rotation

du, Av - advective acceleration terms

PP - friction terms in the momentum equations
I, - horizontal and vertical turbulent mixing

coefficients respectively

B, - horizontal and vertical turbulent diffusion
coefficients of heat and salt

T - temperature
and
) - salinity
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Boundary Conditions

At the ocean surface (z=0), the following boundary conditions were used. |
o . |
v %=—Tx,ppv—-=—f9',“-1;=n = 0;T‘;=(}=’I“;S:=[)=S ) (8)
oz &

where 7, and 7, are the components of wind stress in the zonal and meridional
dlrectlons respectwely u,vare the velocity componentsand T and S are the observed
temperature and salinity data at the surface.

Non-slip boundary condition for velocity fields is applied at the bottom z=H(4,6)

e, u=v=w=0 | . (9)
B .(10)
&

The normal flux boundary conditions of zero velocity is prescribed at the lateral
boundaries,

ic,V =0 (1)
and

aT_&_, ..(12)
o o

where ‘n’ is the normal to the boundary.

At the open sea boundaries, the velocity components computed with the help of
quasi-geostrophic model of Marchuk and Sarkisyan' were used.

The temperature and salinity at the open sea boundaries were given as :
T/, = T;8/, =78, | ..(13)
where 7" and § are climatic temperature and salinity data.

Initial Conditions

Arrinitial state of rest is prescribed at ime t= 0.
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0,0 1.0= B ATS.,= (T, ) ..(14)

By wrmng the densxty of sea water 'p’ as the sum of the average density * p,” and the
density anomaly p' (4,6,2) and integrating the hydrostatic eq. (3) in the vemcal from
free surface to depth z the hydrostatic pressure at depth z becomes :

P.=pogl+8 J Pz, ..(15)

where ‘¢’ is the sea surface topography or sea level. An additional equation for sea
surface topography (sea level) has to be derived to have a closed system of 8 model
equations in 8 unknown variables.

Sea Surface Topography Equation

Egs. (1)-(5) are solved by means of a leap-frog numerical scheme. By adding the
equation of continuity along all levels after considering the boundary condition at the

-surface and bottom for vertical velocity (i.e., w=0), the two-dimensional integral
continuity equation which is the equation for sea surface topography at the internal
grid points is obtained. By applying the lateral boundary condition for velocity field
in the two-dimensional integral continuity equation, the sea level equation at the
boundary points are also obtained. The sea level equation at the internal grid point
is : -

Auf + &v sin 64 =0, ...(16)
[ ]

R siné@

where 8, and &, are the finite difference operators and u and vare the vertically in-
tegrated velocity components in the zonal and meridional direction respectively.
Substituting the values of u and v in the integral continuity equation, the final ex-
pression for sea surface topography is written as follows:

-6 =A -4 ~
[al(aa;g +b &L+ Bo@del - b T%me]:;es, ..(17)
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356 C SHA_]I el al,

Ry=—1 [&EB+¢%@sin6)]’

Rsin®
AHR,
RA=Ru_ Lz"-"
1+4E L
4 11
A+lp
R9=Rv+ ‘L’)_
4 ’
n '|
Ry=un-!+Ar -M;—l -|— g-p.-dz—A“‘COteu_v +FH
- ppRsin@f di k !
and
ip- . n
szvn—l.{_A[ _dun-l ) 8 ap'dZ—Av—COIBE +(F9)"—l s
'L 2 PR | 30 R :

where At is the time step and n is the time step number.

The sea surface topography eq. (17) is solved by successive overrelaxation
technique.

Numerical Experiments and Results

In the semi-diagnostic method, the steady state solution of model equations is
obtained in two stages on a 46x51 staggered grid. In the first stage, all the equations
except turbulent diffusion equations of heat and salt are solved subject to proper
boundary and initial conditions mentioned above. The integration of the equations
is continued for approximately 20 days to obtain a quasi-steady solution for velocity
field. The density is kept constant in this stage. In the second stage, the diagnostic
equations together with the turbulent diffusion equations of heat and salt are again
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solved using the velocityfield obtained during the first stage and original temperature
and salinity fields as initial conditions. The integration of the complete set of model
equationsisagain continued foranother 20 days to achieve asteadystate solution. The
total period of integration for both the stages is 40 days. A value of 5x10* cm?sec is
used for the horizontal eddy viscosity ()t) and eddy diffusivity (1) coefficients in the
model, whereas the vertical eddy viscosity (V) and eddy diffusivity (v) coefficients
consider a value of 10 cm? sec’.

Model Input

The model is driven with the wind stress at the sea surface and thermohaline field at
various levels. The wind stress data for the winter (average of December, January and
February months) season used in the present study is obtained from Hellerman and
Rosenstein®. Since the model resolution is 1°in the zonal and meridional directions,
the original wind data compiled by Hellerman (2'x2°) have been interpolated to I’
resolution by means of a bilinear interpolation technique for the model area (20°S-
30°N and 35 E-80°E). In order to provide thermohaline forcing, the temperature and
salinity data is obtained form the climatology of Levitus®.

Results and Discussion

Results of numerical experiments at 20, 50, 150 and 300 metres depths in the upper
levels of the ocean is discussed here. Fig. 1 shows the distribution of resultant wind
field in the study area during winter season. Arabian sea north of the equator is
covered mainly by northeasterly winds. In the doldrums region near the equator, the
wind field is very weak except off Somali and African coasts. Southeasterly winds with
magnitudes greater than 1 dynes cm™ are observed in the Southern Hemisphere
between 10° S and 20° S latitude.

Figs. 2(a-d) represent the ¢ fieldsat 20,50, 150 and 300 metres depths. A120m and
50m depths, o fields decreases gradually from north to south. Low dense water is
found off the south west coast of India at these depths. At 150m and 300m depths, high
dense water is found in the northern Arabian Sea and these high dense waters can be
seen between 5° S and 10°S latitude, The ¢ lines are more or less oriented in a zonal
direction between 10° S and 20° S latitude at these depths.

Computed Circulation and Sea Surface Topography

Figs. 3 (a-d) represent the model computed currents at 20, 50, 150 and 300 metres
depths. Model computed sea surface topography is presented in Fig. 4. There is very
weak southwesterly flow in the Arabian Sea north of 15° N due to the combined effect
of wind stress and thermohaline forcing. The westward flowing North Equatorial
Current (NEC) ranges between the equator and 10" N latitude. At the northern tip
of Somali, NEC branches into two; one flowing north and the other flowing as the
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Fig 1 Observed incan resultant wind stress (dynes cm®) during winter

southward Somali Curent (Sc) all along the Somali coast. The Southward Somali
Curent attains a maximum velocity of 75 cm Sec'. South Equatorial Current (SEC)
is observed approximately between 10°S and 20° S latitudes. The intensity of SEC is
diminished from south to north. The eastward Equatorial Counter Current (ECC),
jointly fed by the southward SC and SEC is found in the Southern Hemisphere
between 3°S and 8’ S east of 50° E. The SEC wrns southward at the northern tip of
Madagascar to form the broad southward flowing western boundary current namely
the Mozambique Current (MZC). The sea surface topography contours are well
packed in the SEC and North Madagascar Current (NMC) region (Fig 4). The
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WINTER SEA SURFACE TOPOGRAPHY (CM)
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Fig 4 Computed sea surface topography (cm) during winter season

topography contours show the presence of SEC, NMC, MZC, ECC and EACC in the
southern tropical Indian Ocean at the surface level. These results are consistent with
the ship drift climatology compiled by Cutler and Swallow’.

The circulation pattern at 50m depth (Fig 3b) has changed in the Northern
Hemisphere except off Somali and Indian coasts. There is no remarkable change of
flow in the Southern Hemisphere where SEC, NMC, MZC and East African Coastal
Current (EACC) is still persisting. An eastward Equatorial Under Current (EUC) is
found in the Southern Hemisphere between 2°S and 7°S, east of 45°E longitude. The
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model results shows a weak southward undercurrent at 50 m depth along southwes;
coastof India, in consistentwith the southward undercurrentreported by Shetye et a/ ¥
in their hydrographic survey. The southeastern sector of the Arabian Sea is covered
by an anticyclonic gyre circulation.

At 150 m and 300 m depths (Fig.3(c-d)), the flow direction has changed along the
African coasts; the northward flowing EACC penetrated more towards north and
reached upto the southern Somalia coast. The SEC, NMCand MZCisalso seen at their
respective locations in these depths. There is outflow of high saline waters from the
Red Sea towards Cenral Arabian Sea and along the Arabian coasts at 150m and 300
m depths, which is significant from the high g values observed in these regions. The
anticyclonic gyre observed at 50m depth in the south central Arabian Sea is seen at
150m and 300 m depths also. The current measurements of Quadfasel and Schot
reported a southward flowing subsurface current off Somali near 5" N. The same flow
is seen in the model results also at these depths.
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