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ABSTRACT. A non-divergent barotropic model has been formulated on the basis of splitting up method
and used to study the circulation in the north Indian Ocean (1-26° N, 46-59° E). The circulation was simulated

for summer and winter seasons separately.

It is found that the model simulated the summer and winter circu-

lations satisfactorily. It is also found that the meridional component of wind siress is dominant over the zonal

component in shaping the Somali current.
the importance of wind stress curl.

Some sensitivity studies were also carried out and the results indicate

Key words - Ocean circulation, Simulation, Splitting, Simple barotropic.

1. Introduction

Several mathematical modelling works were carried
out in 50’s and early 60’s using barotropic models
to study thz generalcifculation of oceans (Stommel 1958,
Munk 1950, Bryan |963). In the next two decades,
with increase in computational facilities and formula-
tion of numerical technigues more advanced three
dimensional models were attempted (Bryan 1969).
Duz to availability of sophisticated ocecan general
circulation models (OGCM) and ocean eddy resolving
general circulation models (OEGCM) the simple baro-
tropic modelling works werz partially abandoned in
the last decade. However, duz to complexity and compu-
tational expenses involved in OGCM and OEGCM
the simpler two dimensional modzls are being reconsi-
dered to study specific problems, e.g., the reduced
gravity transport model (Luther and O'Brien 1985,
Simmons ef al. 1988).

In the present study we have used splitting up method
to formulate a simple non-divergent barotropic model
that is used to simulate the major features of the north
Indian Ocean circulation. The circulations for the
summer and winter seasons are simulated starting
from a state of rest using the surface wind stress of
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each season as forcing. Some sensitivity studies were
also carried out with different idealised wind stress
of summer case.

2. The model

The model is based on the following differential
equations (under hydrostatic balance and rigid lid
approximation), considered on a two dimensional
bounded region 2 with a lateral surface . The model
ocean is homogeneous with respect to density and
assumed to be confined between two horizontal plates :
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The x-coordinate is positive eastwards and -
coordinatc is positive northwards. (ux. v) arz the
depth independ2nt (x,) componznts of velocity.
Ay is the horizontal cddy viscosity coefficient,
(7x:, 7y:) are the wind stress ( x, y) components
applied as body force, # is the depth of th: model
ocean, [ is the Coriolis parameter and p, (is the
sea watcr density) =1.028 gm/cm?® The other notations
carry their usual meanings. The boundary conditions
along the lateral boundarizs ¢ is no slip :

u=v=20 (2)
The cquations are linzarised over cach time step.

Then we can write the equations in operator form

B a—}:— + A = F withinitial data atr = 0,
:

B:= BQ (3)

where,
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We assume that the components (#/, v/) are known
over each time interval. They satisfy the continuity
equation and also satisfy the boundary condition :
-J
1y —0 onlateral surface o (3
-
where u, Is the normal component of velocity
vector and superscript j refers the time step.

Now it is taken that the solution of the Eqns. (3)
& (4) belongs to Hilbert subspace (Marchuk 1975).
We introduce the scalar product with the relation :

3
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So it can be verified that (4g. o) 0. The
model equations are solved using splitting of the main
problem into two simpler onzs based on physical
processes (Marchuk 1972, 1975) :

(i) Advection diffusion proczsses, and
(ii) Adaptation processes.

2.1. Splitting of the problem

We split the operator A4-—
physical processes.,

where,

A;+A4y on the basis of

PG 0 0] |0 —pof apax |
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|
00 o | 8fex gty 0 i
(6)
then it can bz verified that (440, ¢) =0,

(A, ) = 0 for all ¢ # 0 which is necessary for
stability of the scheme,

Let thz entire interval 0. ¢ <T bz broken up
into equal time intervals 7, <Xt <y and<y, <t
=tj-y of width t—; ; = Arand over every expanded
timz interval 1, ;< r<{ti+; we use the two cyclic
splitting up method for second order accuracy in
limz asonecyclic method gives only firstorder accuracy
in time for non-commutative opcrators.

Solution of Eqn. (3) in the entire tim= interval ¢,_, <t
<if,+ is obtained in three stages. The first and last
stages consist of advection-diffusion processes whereas
sccond stagz consists of adaptation processes.

Let ¢!

[,_]. i-l".. 1]

bz the initial valuz of Eqn. (3) at time
=g/ 1then in time interval f;_,<<t1<t;,

=1
we have
n'{q . R L.
B 3 i Ayg = F with initial condition
[
B3/l = Bgi—!

similarly in time interval 1., <t < 1., (two
consecutive steps are combined) we have

iﬂ‘;’ + Ay oy =0 with initial condition
2
Bgyi™1 = B'Pl'i
and in time step #; < ¢ <. #;., we have :
0C3 Sk e -
B i Ay wg — F with initial condition
C
By = Byy 1 (7N

We note that in Eqn. (3) /. v/ carry the same values
over the entire interval 7, <t < r. .

2.2. Difference approximation

The principal grid points in the horizontal domain
have integer indices (k,/) ie., x4, ); and the sub-
sidiary points, xpoy, e are  the mid  points
of the basic intervals.

2.2.1. Advection-diffusion problem

We now  consider wiy and v, satisfy
the differcnce analog of the continuity cquation :
w _u v/ = W

k+d. 0 k=Lt . k1) k-4 _ 0

3¢ ' Ay (8)
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and the operator G — \ G", is in the difference form,
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i=1
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where, _
G (9) = ( Wiyt phs1,0 — Whk=31 Gh—11 ) 20X
= Ap (G, 1 — 2080 F Gr—r,1) [ L X®

GaM(9) = (Vik, 141 Pk, 141 — Pk, 1=} Bk, 1—1 J2AY
— Ag (k001 — 2960+ ox, 11 ) AY? (9
pis w or v.

It may be noted G/ is approximated with second
order accuracy in spatial coordinates (for equal grid
length). If we introduce a scalar product in the Hilbert
space of grid functions (a’ b" ) ¢ G (£2, ) then

PR
z Za"x-rb"mr Ax Ay
k=k1=P
It can be verified (G o, n) == 0,

(ah,bh) =

i=1,2 (10

Taking into account Eqn. (9) thz system of differznce
equation approximating the first and last of Egn.
(7) take the following form in operator notation :

BEF_ +Aby@=F, i=1,2 (1)
o

It follows from the properties of the operator G;* that
(Ahli Dy ?);" .

Eqn. (11) issolved over each interval fi—<i<t; using
Crank-Nicholson scheme with adoption of the two
cyclic splitting method. As a result we arrive at simple
one dimensional problems which can be solved by
factorisation method. Similarly the third equati.n of
Eqn. (7) is solved over time interval 4; <1 < 61, after
obtaining the solution of the second equation of Eqn. @)
which is discussed in the following sub-section:

2.2.2. Adaptation problem

In this stage momentum equations in finite difference
form are obtained and pressure gradient term is eli-
minated after getting two simultancous equation in
term of ¥ and the tesultant equation is applied at
sub-point (k+1/2, I+41/2).

. To solve the second Egn. of Eqn. (7) we introduse the
following difference operators in place of 9/9x and 9/3y

Vit ok = UAX (@rtq— ¢k ),
it e = YAy (oren — 91)
Vi o = VAX ( gkt — 0k—3)s
T =AYy (@r+3—o—3.

The equation is solved using Crank-Nicholson scheme,
introducing stream function

uyi+1 Uyi ™1 - Vodi-1dap, i~ )
’L—;r"z—ﬁ =—V ¥ and = 2j3— =V~ ¥,

Tken the solution reduces to an equation for the
function

Vit Vi Wiy + Vit V™ Plgg +
+ At B Ak ey = @Y, 053 (12)

with the condition Wity rep=0o0n 8y,
where,

Ax VPikiry = 308x (W rrporry— ¥ oa—pirg)s
B=Vif

G g = Vot Ve iy — Vit 6 g

Eqr. (12) can be solved by relaxation method.
Wigye Ve are  defined in the  following
approximation :

wWiapt = (W g0 0 %30 )2,
Vi iy = (Wl pag + VY, 143 ) /2

and they satisfy Eqn. (8). The scheme described is abso-
lutely stable and enzrgetically balanced (Marchuk
1975, Marchuk and Kordzadze 1986).

3. Eesults

Many model studies of the Indian Ocean have ad-
dressed the Someii current system (Cox 1970, 1979,
1981, Hurlburt & Thompson 1976, Leetma et al. 1982,
Luther & O’Brien 1985, Simmons et al. 1988, Mc
Creory & Kundu 1988). A striking feature of Somali
currznt is that unlike other western boundary currents,
it reverses its direction seasonally in response 1o
change in the dirzction of prevailing winds over the
region. During northern summer the winds over north-
wectern Indian Ocean are southwesterly which drive
a strong poleward boundary current along the Somali
coast, In the winter, the direction of the winds change
to north easterly and a weak equatorward flowing
boundary current develops along the Somali coast.

In the Bay of Bengal the currents are more or less in
phase with the currents along the Africa coast but of
lesser magnitude (Rao er al. 1989). However, there are
not much attempts made to study the circulation in
Bay of Bengal (Unnikrishnan & Bahulayan 1991).

2.1, A case study

Ior model geometry we have considered the region
46°-99°E and 1°-26°N. Islands are not considered
in 1 his study. The model parameters used are 4, = 108
cm® s, H=6x 103cm, Ax =107 km, Ay=111km,
/i = 3 hrs. The ccasonal climatic wind stress
for summer and winter seasons [Figs. 1 (a&b)] are
used to force the model (the data has been obtained
under the Indo-USSR Integrated Long Term Programme
oi’ Cooperation in Science and Technology). The mocel
is integrated from an initial condition of rest in both
the cases. The depth parameter 60 m is chosen as with a
ree listic ocean dzpth the wind forcing as a body force
wi'l be unrealistically small and the 60 m depth represent
an average upper layer depth above thermocline.
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Figs. 1 (a & b). () Winter, and (b) Summer wind stress
(dynes/cm?)

In both the cases Somali current spun up quite
realistically flowing southward in winter and north-
ward in summer [Figs. 2(a & b)] which can be compared
with the observed surface circulation for January and
July (Rao™et al. 1989). The model reaches a quasi-
steady state in about 30 days. Hence all the results are
presented after 30 days of integration.

3.1.1. Winter circulation

The winter circulation [Fig. 2(2)] shows that the
current off the Somali coagt is flowing equatorward
starting from 20°N. Betwedd 18°N and 21°N the flow
is zonal (westward) and turns southward along the
boundary between 55°E and 60°E. The equatorward
flowing Somali current mects the eastward flowing
equatorial current between 2°N and 5°N. There
exists a cyclonic gyre due to the recirculated Somali
current at 7°N, 55°E. Another cyclonic gyre is seen
near 11°N, 57°E. The flow in the interior is basically
northwards through Svardrup balance. The circulation
is westward betwecn 5°-8°N and 60°-80° E. The
flow” near the cast coast of India is mainly southward
that meets the westward flowing current near the tip
of the Indian Peninsula. However, between 10°N & 15°N
the flow is poleward along the coast. The interior flow
is poleward through Sverdrup balance.

3.1.2. Summer circulation

During the summer monsoon the northward flowing
Somali  current starts from the southern boundary
with a high meridional component in between 50°FE and
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Figs. 2 (a & b). Ccmputed circulation for : (a) Winter. and
(b) Summer season

52°E [Fig. 2(b)]. The magnitude of the current en-
hances with the addition of the recirculated southward
flowing intcrior flow a part of which merges with Somali
Current between 5°N and 8°N. The other part of
the southward flowing interior flow merges with the
castward flowing cquatorial current. The poleward
flowing Somali current leaves the boundary effectively
between 18°N and 22°N. One branch of this zonal
flow recirculates southwards and merge with the in-
terior flow to complete an enormous clockwise cir-
culation, embedded in this circulation there are eddies—
one at 10° N and the other at 12° N. The general
flow between 2°N and 5°N is castward, but between
6°N and 8°N it is westward which does not agree
very well with obscrvation (Rao er al. 1989). South
of 7° N in the general flow there exists at least four
cyclonic eddies, the one between 70°E and 75°E is  quite
intense. The circulation in the Bay of Bengal is weaker
comparad to winter circulation. Along the east coast
of India the flow is poleward and the interior flow is
equatorward.

4. Discussion

4.1. Winter season

Due to the prevailing wind the Somali current
flows equatorwards along the western boundary. The
interior flow can be computed from a simple Sverdrup
balance [if we take the vorticity equation of Eqn. (1) and
neglect other terms the Sverdrup balancz is determined

1

Bv= “oon k.U < 7). Soitcan beseen from
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Figs. 3 (a-d). Computed circulation with m:ridional wind
stress forcing for summear season: (a) Som i
coast, (b) East coast of India, (c) Somali
coast, and (d) East coast of India same as
(a & b) but with zonal wind forcing

prevailing wind that the interior flow will bz poleward
Along the cast coast of India from 10°N to 15°N the
flow is against th: wostern boundary intensification
which may be attributed to the coastal configuration
and nzads further study.

4.2, Summer season

Duae to th: prevailing wind the Somali current flows
polewards along 'the western boundary. Magnitude of
the Somali current is found to be less as compated to
the observed values; may be due to the climatic seasonal
wind stress which is less intense as compared to the
mean monthly wind stress. Other numerical and observa-
tional studies (Schott & Quadfasel 1982, Anderson
& Moore 1979, Lin & Hurlburt 1981) indicate that
the Somali current leaves the boundary between 4° N
and 9° Nand recirculates back to form the great whirl.
However, in our case the Somali current leaves the
boundary far north, this may be due to the closed
boundary condition at the southern boundary. The
interior flow through Sverdrup balance flows equator-
ward and probably because of closed boundary to
maintain mass continuity merges with poleward flow-
ing Somali current to form a huge gyre. The eddy at
12° N matches with negative wind stress curl at that
position. To understand the influence of the zonal and
meridional components of the wind stress we have
integrated the model separately with zonal and meri-
dional components of the summer wind stress,

4.2.1. Meridional wind stress forcing

The circuiation features are almost similar to that
of the circulation obtained with the actual wind stress
forcing. For studying the western boundary currents
which show a marked response to change in wind stress
fields, we restrict our discussion to the two western
boundaries the Somali coast and the east coast of
India.

The circulation feature indicates that the meridional
component of wind stress is instrumental in shaping
the Somali current and its associated gyre system,
the magnitude of currents are higher than the currents
obtained from the actual wind forcing [Figs. 3 (a&b)).
The gyre is formed at nearly the same place in both
the cases with less spatial extent in the case of meridional
wind stress forcing.

The circulation obtained along east coast of India
[Figs. 3 (a&b)] suggests that the meridional component
of the wind stress also plays a dominant role in shaping
the western boundary current. However, the magnitudes
of the currents are more.

4.2.2. Zonal wind stress forcing

Unlike the meridional wind stress case the circulation
obtained with the zonal wind stress forcing is weak
and does not show the organised gyre system [Figs.
3 (c & d)I. Equatorward of 7° N the current is against
the Somali current that may be reducing the magnitude
of the current in actual wind forcing case. However,
the generalcurrentdirection poleward of 7° N is north-
ward. But the currents along east coast of India are
opposite to the currents obtained by meridional forcing,
This may be the reason why the currents along east
coast of India is not as strong as the currents along
Somali coast.

The circulation features obtained by actual wind
stress, the meridional component alone and the zonal
component alone [Fig. 2(b), Figs. 3 (a-d)] suggests
that the zonal component is dominant equatorward of
7° N and the meridional component is dominant pole-
ward of 7° N,

We have not addressed here specifically the influence
of local alongshore wind and the influence of offshore
remote forcing but with above experiments we assume
that the local wind stress is instrumental in shaping
the Somali current, which is enhanced by the remote

forcing away from the equator through refiected Rossby
waves.

4.2.3. Sensitivity studies with idealized wind stress
Sforcing

~ We have further investigated the influence of different
idealized wind stress forcings on the circulation of
the Arabian Sea.
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Figs. 4 (2-d). Cemputed circulation wih ideslized wind forcing : (#) Acturl summer wind stress up to approx 500 km
from the coast, (b) Curl free wind sirgss up 1o : pprox 560 km from the coast, (¢) Meridional wind
stress with linear zon | drop (solid linzs represent wind stress cusl in 107" dynes/cm®), and (d) Curl
free wind stress through out the b.sin

(i) Local alongshore wind stress forcing

In this experiment we have investigated the influence
of local wind by considering the forcing up to nezrly
500 km from the west coast. The results obtained with
actual wind stress forcing, i.e., without any uniformity
in the x and y directions, Fig. 4(a) shows two anticyclonic
gyres along the western boundary in place of one huge

- 20

gyre as in Figs. 3 (a & b). This may be due to the vnd Y
stress pattern we have chosen and the coastline. We ’
get two patches of strong western boundary currents — _/—;//
one along the Somali coast and the other along the 19

Arabian coast. The return flow is egually strong and
more concentrated than in Figs. 3 (a & b) which may be J
attributed to the strong curl [Fig. 5(a)] arising 300 s /-
km away from the coast which gives rise to strong -
interior flow through Sverdrup balance. The flow
eastward of 60 E is basically meridional which is possibly
excited due to the edge in the wind stress. In the next Figs. § {a & b). Wind stress curl in 10~ dynesjem’: (2) For the
experiment we have considered an idealized uniform N " wind stress of Fig. 4 {a), and (b For the wind
(wind 7, = 7,; = 2 dynes/cm® ) up to 500 km as stress of Fig. 4 (b) ,
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in the previous case. The circulation [Fig. 4(b)] in this
case also found to be similar to the previous case
but the magnitude of currents are stronger in the later
case. This is consistent with the input. In the previous
case wind stress is dominated by meridional component
and stronger near the coast but in the later case there
is a strong wind stress curl [Fig. 5(b)] after 500 km
and a ccmparable zonal component giving rise to
strong interior flow and hence a strong boundary
current exists, When we shift the off shore curl to about
1000 km the boundary currents along the Somali coast
weakens and the associated gyrc becomes weak, however,
the current along Arabian coast and the gyre are not
affected which may be due to the geometry of the basin
and coastline to the south of the gyre.

(ii) Meridional forcing with zonal linear drop

In this case we have used a meridional forcing of
2 dynes/cm? and linearly dropping it to zero at around
2000 km away from the coast. Note that, here the
stress is not uniform along y-direction and the drop is
rather smooth in x-direction and hence not so strong
curl exists in the vicinity of the boundary currents

and the gyres which resulted in a boundary current of
lesser magnitude [Fig. 4(c)] and less organised gyres.

(iiiy Curl free forcing

In this experiment we have consideied a curl free
uniform  southwesterly wind stress (r,.
dynes/cm?®) and the results [Fig. 4(d)] clearly show the
positive influence of the curl.

=7, =2

5. Conclusions

The non-divergent barotropic model formulated on
the basis of splitting up method is found to be working
satisfactorily in simulating the main features of the
north Indian Ocean.

The role of the wind stress component is studied.
The study indicate that the meridional component
plays a dominant role in shaping the Somali current.
The solution found to be affected by the strength of the
curl, coastal configuration and the position of the
curl from the coast. The performance of the model in
simulating the currents near southern boundary is
not satisfactory due to imposed artificial wall.

In our further studies, we will extend our southern
boundary to further south which will allow us to study
the southern hemispheric influence on Somali current
and the equatorial currents. We will also replace the
closed boundary conditions with suitable open boundary
conditions. The scheme can effectively be used to
formulate a three dimensional baroclinic ocean circula-
tion model.
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