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ABSTRACT. A simple reduced gravity wind-driven ocean circulation model is used to study the
interannual variability in the upper layer of the Indian Ocean (24°S-23°N and 35°E-115"E). The monthly
mean wind stress for the period 1977-1986 are used as a forcing in the model. The model reproduces most of
the observed features of the annual cycle of the upper layer circulation in the Indian Ocean when was for-
ced with the ten-year average monthly mean wind. The circulation features and the model upper layer thick-
ness show considerable interannual variability in most part of the basin; in particular, the Somali Current,
the basin wide southern hemisphere gyre, the Equatorial Currents and the gyres in the Bay of Bengal. Six
consecutive years starting from 1978 to 1983 which include two bad monsoon years of 1979 and 1982 are
chasen to study the interannual variability. February circulation field shows stronger Equatorial Counter
Currents in bad monsoon years, whereas, the currents north of Madagascar flowing up to the African coast
are found to be stronger in good monsoon years. The southward return flow from the Southern Gyre in
August is strong and more to southemn latitudes in the bad monsoon years. The flow circulated eastward 10
form another eddy east of Southern Gyre. The basin wide gyre of the southern hemisphere (SH) shows less
variability in two consccutive normal years than in contrasting years.

Key words — Reduced gravity, Transport, Indian Ocean, Circulation, Interannual variability.

1. Introduction

Following the work of Cox (1970), in the last two
decades there have been considerable mathemati-
cal modelling work for the Indian Ocean, eg.,
Luther er al. (1985), Luther & O’ Brien (1989),
McCreary & Kundu (1988), Das er al. (1987) and
Jensen (1990). Cox (1970) used a three dimensional
oceanic general circulation model with seven levels
in vertical direction, whereas, most of the other
workers used layer models with assumption of one
or more active layers over an infinitely deep motion-
less layer. These layer models with less vertical
resolution and less prognostic equations require
relatively small computational resources compared
to oceanic general circulation models. These
models do not include prognostic thermohaline

equations, but due to their computational efficiency
they can be used for several numerical experiments
to study their sensitivity to various forcings, boun-
dary coaditions and geometries. These models can
also be modified to include additional physics, eg,
Zebiac and Cane (1987) added a mixed layer of con-
stant depth with thermodynamics on the top of the
upper layer and coupled the ocean model to a sim-
ple atmosphere model (Gill 1980) to study the
ENSO phenomenon.

Luther er al. (1985) using a one and half layer
model with two different wind forcings simulated
realistically the Somali Current and the associated
gyre system. Luther & O’ Brien (1989) using 23-year
mean monthly wind data (Cadet and Dichl 1984)
showed the interannual wvariability in Somali
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Fig. 1. The model geometry, considered in the present study. Hatched parts are land boundaries

Current and the Indian Ocean. Jensen (1990)

simulated the sub-surface circulations besides the.

surface circulation of the Indian Ocean using a
three and half layer model. Dube et al. (1990) inves-
tigated the relationship between the interannual
variability in model fields of central Arabian Sea
with the Indian monsoon rainfall.

In the present study, a simple one and half layer
reduced gravity transport model is used to study the
wind driven ocean circulation of the Indian Ocean
and to determine the interannual variability.

2. The model equations

The model used for this study has one active
layer, overlying a deep motion less inactive layer,
ie, zero pressure gradient in the lower layer which
effectively filters the fast barotropic modes. The
model equations are based on vertically integrated
shallow water equations over a layer, assuming no
vertical shear in horizontal fields.

The model equations in cartesian co-ordinate
are;

U, + (UU/H)x + (UV/H)y, — fV
+(g'/2)* (HY)y = AgVAU) + t/py (1)

Vi + (UVIH) + (VVIH)y + fU
+(g'/2)* (H2)y = Ay VXV + tyalpr (2)
Ho+ Uc+ V=0 3)

Where UU and V are zonal and meridional
components of vertically integrated upper layer
velocity components, f is the Coriolis parameter
(2Qsing). H is the upper layer thickness, g’ = g
(py — p))/py is the reduced gravity. Ay is the
horizontal eddy viscosity and (tys, t,;) are the
components of the wind stress applied as a
body force.

The model equations are solved numerically
on a finite difference mesh staggered in space
(Arakawa C grid) with a horizontal resolution of
~ 28 km. The equations are integrated over time
using leap-frog finite-difference scheme, with a
time step of 30 min. An Euler scheme is applied
at every 49th step to eliminate errors due to time-
splitting inherent in leap-frog scheme. The
parameters used in this study are Ay = 3000
m2~! g = .03 ms? and the initial upper layer
depth Hg =200 m.
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The model geometry considered in this study is
from 35°E to 115°E and from 24°S to 23°N (Fig.
1). Boundary conditions at land boundaries are no
slip (U = ¥V = 0) and modified radiation boundary
condition (Camerlengo and O’ Brien 1980, Jensen
1990) is applied at the open boundaries.

2.1. Model input

Mean wind pseudo-stress are made available
for the poriod 1977-86 from FSU which are based
on COADS and NCDC data and objectively
analysed (Legler er al. 1989). These pseudo-stress
components are converted to stress components
using a constant drag coefficient of 1.25 * 10-3 and
an air density of 1.2 kg m™3 and considered as a
forcing in the model. Since in the present study the
grid resolution is 28 km, a bi-cubic spline techni-
que is then used to interpolate the data to get the
input values at the model grid points. The input
wind stress and their curl for February and August
are shown in Fig. 2.

We assume that the monthly mean wind data
represents the value at the middle of the respective
month and then linearly interpolated between two
months to get the data at model time step. For
simplicity model calendar is considered to be of
360 days and each month' of 30 days.

3. Results and discussion

In an earlier experiment with a simple non-
divergent barotropic ocean model Behera er al
(1992) simulated the seasonal circulation of
the Arabian Sea and Bay of Bengal, while in the
present study, the model geometry is extended up
to 24°S, and mean monthly winds are used to
force the model. Further, free surface condition
and open boundary condition on open sea side are
used here against the rigid lid approximation and
closed boundary conditions as used in the
earlier study.

In this study three experiments were carried
out:

(?) simulation of seasonal circulation using
the average monthly mean wind
stress;

(i7) study of the inherent interannual varia-
bility because of the model physics and
dynamics, when forced with the same
average wind and

7—429 IMDAIS

(fii) simulation of circulation and upper
layer thickness using interannual wind
stress as a forcing.

In the first experiment, 10-year averages of
the monthly mean wind stress for the consi-
dered period used as a forcing (Fig. 2) and
model was spun up from a state of rest. After 9
years of model integration, the model solutions
reached a quasi steady state and results from the
tenth year of integration is discussed here and is
compared with the observational evidences and
other model results. The model fields shown in the
figures are the instantaneous snap shots of the
middle of the corresponding month (mid-night of
the 15th of each month which is considered as
16th day of the month). Since oceanic processes
are slow the differences between monthly averages
and the middle snap shots are insignificant
(actually verified).

3.1. Somali current and circulation in the Arabian
Sea

The model circulation features as seen from
Fig. 3 show the major current structure in the
Indian Ocean. During Northern Hemisphere winter
the winds are northeasterly in the northern Indian
Ocean and the Somali Current along the Somali
coast flows southwestward. This is evident from
the February circulation (Fig. 3a). From December
to early April, these currents flow southward, flow-
ing from 10°N to equator in December and upto
2°S during January-March. These currents are fed
by onshore flow around 10°N and there is a strong
offshore flow around 5°N. The southward flowing
Somali Current togetherwith the northward flow-
ing East African Coastal Current (EACC) forms
an anticyclonic gyre south of equator. These
model features are in qualitative agreement with
the observed climatological atlases of Duing
(1970), Wyrtki (1971), Hasternath & Greischar
(1989), Rao et al (1991) and the model results of
Luther & O’ Brien (1989) and Woodbery er al.
(1989). During the transition to southwest mon-
soon, the surface currents along the Somali coast
start flowing northward. The re-circulated water
from the EACC forms a cyclonic gyre south of
equator in April. This becomes stronger in May
and is present throughout the monsoon season.
The offshore flow south of this gyre is just around
equator. From May to August, winds become
stronger along the coast and coastal upwelling
starts along the African coast in response to the near-
shore positive wind stress curl (Fig. 2d). This is
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Fig. 4. Time-longitude plot along the equator of the model zonal
velocity component in mean wind case. Contour interval
is in § cm/s. The labels along the y-axis are in 6 days and
start from 16 January of 10th year

inferred from the model upper layer thickness
.(ULT) deviation (Fig. 3d). The decrease of ULT is
considered as an indicator of upwelling and
vice versa.

An anticyclonic gyre, which is known as Great
Whirl-forms around 5°N in late July and migrates
northward in August (Fig. 3b). Another eddy
called Socotra Eddy, east of Socotra Island forms
in late July and August. These circulation features
are in qualitative agreement with the observed
climatological atlases and other model studies
referred earlier. The formation and strengthening
of the Great Whirl is often related with the nega-
tive wind stress curl which through Ekman pump-
ing drives a geostrophic flow. The data used in the
model shows a negative wind stress curl to the east
of the gyre.

The circulation in the interior Arabian Sea are
in Sverdrup balance flowing southward in summer
and northward in winter. The circulation features
and the ULT deviation along the west coast of
India are in contrast to what is expected from the
wind field. The generation of highs in winter (Fig.
3c) is the opposite of what would be expected from
local upwelling. The change in ULT is more likely
1o be associated with coastal Kelvin waves
generated from the wind perturbation near Sri
Lanka.

A5 ah 105 s

3.2. Equatorial currents

The model-produced North Equatorial Current
(NEC) flows westward in winter and eastward in
summer which is more appropriately known as
Monsoon Current (MC) (Figs. 3a &b). During
transition months the flow merges with the
Equatorial Jet. These currents are also affected
by the train of equatorial Rossby waves, res-
tricting the eastward MC to a northern latitude
during summer monsoon as against the observed
broad currents near equator. This is mainly
because the reported observed currents are wind
driven surface currents whereas the model
currents are mean upper layer flow governed by
internal mode.

The model-produced Equatorial Counter
Current (ECC) remains south of equator between
1°S and 7°S and is affected by the reflected
equatorial Rossby waves propagating westward.
The time-longitude plots of zonal velocity compo-
nent along equator (Fig. 4) show clusters of wave
of westward phase and eastward group propaga-
tion with a periodicity of approximately 200 days
and are interpreted as Rossby waves. The coastal
Kelvin wave packets also can be seen at the
eastern coast. The flow is eastward in most part of
the year and togetherwith the South Equatorial
Current (SEC) forms the basin wide gyre in
Southern Hemisphere.

The model SEC flows westward between 10°S
and 20°S which is more to its north (east of 60°E)
during northern summer (Fig. 3b) and is in agree-
ment with observation. Since in this study islands
and shallow banks east of Madagascar are not
considered the SEC flows directly to the east coast
of Madagascar and then splits, one branch flowing
southward and goes out of the model domain,
whereas the other branch flows northward around
tip of the Madagascar. The latitude of this splitting
is consistent with the observed split at 17°S (Schott
et al. 1988) and the model results of Woodbery et
al. (1989). The northern branch that flows around
tip of Madagascar again splits at African coast,
one branch flows northward and feeds the EACC
and the other one flows southward as Mozambi-
que Current.

3.3. Circulaltion in Bay of Bengal

The model circulaltion for the Bay of Bengal
can be broadly divided into four stages. In the first
stage a large basin wide anticyclonic gyre (Fig. 3a)
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Figs. 5 (a & b). The model ULT standard deviation in percentage departure from mean from years 11th to 20th of
extended model integration using same 10-year average winds; (a) 16 February, (b) 16 August.
Contour interval is 0.3%; (c & d) The SD in percentage departure from mean of induced wind
forcing. Contour interval is 25%; (e & f) Same as Figs. 5 (a) & (b) but in case of interannual wind,
Contour interval is 6%
in winter months, i.e, December-March, dominates northward flow along the east coast of India north
the circulation in the Bay which is in agreement of 13°N as observed by Cutler and Swallow (1984)
with the climatological atlases and other model and inferred from satellite data by Legeckis (1987).

studies, eg, Potemra er al. (1991). The gyre has a During the transition months (April-May) the basin
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Figs. 6 (a-f). The model circulation field in case of the interannual winds for 16 February; (a) 1978, (b) 1979, (c) 1980,

(d) 1981, (e) 1982 and (f) 1983

is dominated by two gyres, an anticyclonic gyre to
the west and a wider cyclonic gyre to the east with
northward flow along both the boundaries. During
June-July the Bay is dominated by a single cyclonic
gyre which is replaced again by a two gyre system
during August-October (Fig. 3b, a cyclonic gyre to
west and an anticyclonic gyre to the east).

?

34. Interannual variability

In the second experiment, the model was
integrated for an extended period of 10 years, ie.
from 11th to 20th year with the same wind as used in
the first experiment, to study the interannual
variabilitv in the model fields. From these last
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Figs. 7 (a-f). The model ULT deviation in case of interannual wind for 16 February; (a) 1978, (b) 1979, (c) 1980,

(d) 1981, (e) 1982 and (f) 1983

10 years, we computed the mean and standard
deviation (SD) of the model ULT field for the 16th
of each month of the year at each grid point, eg,
16th January of all the years and so on. The SD
fields expressed as percentage of deviation from the
mean are thus an indicator of the inherent inter-
annual variability produced by the model physics
and dynamics, since the wind cycle is the same

repeating from year to year. The ULT standard
deviation (Figs. 5 a & b) is less than 0.6 percent from
mean (Im app.) in all over the basin indicating that
the model solution is a periodic response to the
seasonal winds.

When the same experiment was carried out with
real time interannual winds (1977-86) the model
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Figs. 8(a-f). The August induced wind stress anomaly; (a) 1978, (b) 1979, (c) 1980, (d) 1981, (e) 1982 and (f) 1983

fields show larger variability. The SD of model ULT
field for 16 February and 16 August, as depicted in
Figs. 5 (e-f) show everywnere atleast an order of
magnitude larger than the previous case, indicating
that the variability in model field is solely due to the
variability in wind field. The SD of the induced
wind velocity magnitude (Figs. 5 ¢ & d) for the cor-
responding months show higher variability in the
eastern equatorial Indian Ocean which is probably

because of smaller wind magnitude and larger
interannual variability. But the higher variability in
the model ULT field is near Madagascar coast
which indicates that the variability present in the
model fields are not directly forced. It seems that the

variability in the model fields near Madagascar

coast is because of the trapped energy from the
blocking of the westward propagating Rossby waves
which in turn might have been excited by the wind
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Fig. 9. Same as Fig. 6 but for August 16

variability in the region farther east of Madagascar.
Variability in model fields over other regions seems
also not to be directly forced. Highest and lowest
variabilities are found in the months of October and
May respectively. However, the months of August
and February are chosen for discussion as represen-
tative months of summer and winter seasons.
Further, the variability remains the same spatially,
except for the intensity.

34.1. A case study

In this sub-section we will discuss the interan-
nual variability present in model fields in the six
consecutive years starting from 1978 to 1983 which
include two bad monsoon years of 1979 and 1982.In
general there are differences found in the model
fields of all the years and wherever possible,
the contrasting features found in two consecutive
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contrasting monsoon years are compared with that
of two normal years.

The February circulation (Fig. 6) shows varia-
bility mostly in the equatorial region and the
region north of Madagascar near African coast.
The ECC is found to be stronger and is covering
up to 85°E in 1979 and 1982. Further, the Wyrtki
Jet (Wyrtki, 1973), which generally appears in the
eastern Indian Ocean in the month of April in
response to the zonal wind is found as early as in
February NECs in these years are restricted to a
narrow band as compared to other years. The
SECs north of Madagascar, flowing to the African
coast found to be weaker during the two bad years
and are found to be exactly repeating in the two
consecutive normal years of 1980 and 1981. These
variabilities are pronounced during two contrast-
ing years as compared to two normal years. As per
expectation the gradient in ULT field (Fig 7) is
maximum in the north of Madagascar in normal
years that suggests a higher transport of hot water
from summer hemisphere to equatorial region via
the western boundary. The anticyclonic flow
around 5°S, near the African coast is found to be
present in all the years except 1979 and 1980. The
model ULT deviations show maximum variability
in the upwelling region (negative deviation
associated with the basin wide southern
hemisphere gyre), north of Madagascar. The nega-
tive deviation is maximum in 1981 and is
minimum in 1979, however the deviation in 1982 is
comparable with 1981. The ULT deviation also
indicates a region of downwelling process in
southeast Arabian Sea (hence a warmer sea), but
this patch is particularly stronger in 1982 which
happened to be a bad monsoon year. The higher
ULT is a result of Rossby wave packets radiated
from the coastal Kelvin waves of the west coast of
India which in turn are radiated from Bay of
Bengal. The higher ULT togetherwith  the
associated anticyclonic circulation are supported
by a recent study of Bruce er al. (1994).

We then turn to the variability present in the
height of summer monsoon in response 0
anomalous wind (Fig. 8) as shown in August cir-
culation (Fig. 9). The two-gyre system (Southern
Gyre and Great Whirl) is found in all the years. A
northward migration of the Southern Gyre can be
seen in the model circulation fields of 1980.
In other yéars, eddies from the Southern Gyre
move northward to merge with the Great Whirl

as reported in observational studies and other
modelling studies (Swallow and Fieux 1982 and
Luther er al. 1985). The August circulation fields
show maximum variability in the recirculation
region of the EACC (between equator and 10°S off
Africa Coast) as a result of formation of eddies
east of this region and being reabsorbed into the
EACC. The formation of these eddies seems to be
in response to anomalous wind north of Madagas-
car (Fig. 8) that generates westward propagating
Rossby waves. In 1979 case, the recirculation of the
EACC has turned into such an eddy dismrbing
the shape of Southern Gyre. The position and
intensity of these eddies vary from year-to-year in
response to the changes in wind forcing. The basin
wide gyre of the Southern Hemisphere is near
identical in two consecutive normal years of 1980
and 1981 as compared to other years as a result of
less variability in wind stress curl of the region. In
the equatorial region, MCs are restricted to the tip
of Indian peninsula in all the years except for the
1978 case where these currents are found near
equator. Further, in the 1981 case a strong
westward current is found over the equatorial
region, inspite of the fact that both 1978 and 1981
had less variability in the wind forcing over the
region (Fig. 8). However, in both cases there are
anomalous zonal winds found in the central and
the eastern equatorial region during the previous
couple of months suggesting that the changes
are in response to the reflected Rossby waves
generated by anomalous wind. There are less
variability found in the Arabian Sea circulation,
although the forcing has a greater variability over
the region (Fig. 8) suggesting that the circulation
over the region is hfghly consistent seasonal cycle
and is not affected much by the changes in wind
forcing. The flow along the Yemen and Oman
coast shows interannual variability, being stronger
in the years having stronger wind and is par-
ticulardy very strong in 1982 in response to the
strong anomalous wind.

In the Bay of Bengal, the cyclonic eddy off the
coast of Madras is weaker in bad monsoon years
as well as in the good monsoon year 1980. Further,
although the winds in 1982 were anomalously
stronger over the region, the eddy is almost absent
indicating the influence of reflected downwelling
Rossby waves (at different phase of the westward
spreading of the northward flow found at the cen-
ter of the Bay) from Burma Coast in the circula-
tion of the Bay. The phase and amplitude of these
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waves give rise to the variability. There are no
similarity in the circulation field of the Bay during
two consecutive normal years.

4. Conclusion

The model has simulated realistically most of
the observed general circulation features of the
Indian Ocean when forced with a repeating
seasonal cycle of wind. The formation of Somali
Currents and the associated gyres over time and
space are realistic. The four stages in the circula-
tion pattern of the Bay of Bengal as reported by
other model studies is observed in the model
fields. The summer circulation of the Bay of
Bengal seems to be in response to the remote forc-
ing from equatorial Indian Ocean through the
downwelling reflected Rossby waves from the
coastal Kelvin waves propagating along the eas-
tern boundary.

In an extended integration for ten years with
the same ten-year averaged wind, model fields do
not show any spurious interannual variability
because of model physics and dynamics. When
forced with interannual wind, every year shows
general differences from the other years and there
are less similarities found in the model fields even
during two consecutive normal years. Reasoning
for such variability is beyond the scope of the pre-
sent paper. The variability in induced forcings and
the model outputs show less direct relationship. In
general, the ECC in February is found to be
stronger in bad monsoon years. Further the flow
field and the ULT deviation field indicate a
stronger westward flow north of Madagascar in
good monsoon years suggesting a higher transport
of hot water to the equatorial region from the
southern hemisphere. This particular aspect is
being investigated in detail for a possible link bet-
ween model ULT deviation in subsequent months
and the Indian summer monsoon rainfall. The
northward migration of the Southern Gyre during
August is found in the year 1980, In all other years
eddies from Southern Gyre move northward to
merge with the Great Whirl. The basin wide gyre
of the Southern Hemisphere shows less variability
in August during two consecutive normal years.
However, circulation in the Arabian Sea does not
show much interannual variability, suggesting a
consistent seasonal cycle irrespective of wind forc-
ing. The interannual variability in the model fields
of the Bay of Bengal are dependent on the phase
and amplitude of the reflected Rossby waves from
Burma coast. The model is now being modified to
include more active layers so that the under-
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currents can be simulated and also such a model
allows the vertical propagation of kinetic-energy.
The thermo-dynamic effect is also being included
in the model as in McCreary er al. (1993) to simu-
late the interannual SST field.
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