- ISSN 0252-1075
Rescarch Report No. RR-072

: Contributions from
Indian Institute of Tropical Meteorology

DEVELOPMENT OF SIMPLE REDUCED
GRAVITY OCEAN MODEL FOR THE

STUDY OF UPPERNORTH , . . "\
INDIAN OCEAN / L
o S \

- _ "_E - : 4
S.K.BEHERA Xy A AR e /
and N AL o " =" - ) -
P.S.SALVEKAR

PUNE - 411 008
INDIA

NOVEMBER 1996



Contents

Abstract
1) Introduction
2) Model Formulation
2.1) Basic equations
2.2) Formulation of the physical model
2.3) The reduced gravity assumption
2.4) Numerical formulation
2.5) Boundary and initial conditions
3) Results & Discussion
3.1) Model input
3.2) Upper layer circulation
3.3) Shallow initial depth case

3.4) Circulation around Indian Coasts
3.5) Interannual variability

4) Inclusion of Thermodynamics

4.1) Temperature diffusion equation
4.2) Discussion of SST simulation

5) Conclusion

References

Page No.

11
11
14
15
15

17

17
18

19

20



Development of simple reduced gravity ocean model
for the study of upper North Indian Ocean.

S.K. Behera & P.S. Salvekar
Indian Institute of Tropical Meteorology, Pune-8, India

Abstract

A simple reduced gravity ocean model is formulated to simulate the upper layer
circulation of north Indian Ocean. Complete numerical formulation of the model is presented. The
model geometry includes the entire north Indian Ocean north of 258. Radiation boundary condition is
employed at open sca sides. Monthly mean wind stress derived from FSU pscudo-stress data for the
period 1977-1986 is used to force the model. The model is able to produce most of the observed
features of the seasonal upper layer circulation of the Indian Ocean with an initial depth of 200 meter
and the ten ycars averaged mean monthly wind stress. However, some inconsistency is noticed in the
simulated summer circulation in the Bay of Bengal. In order to overcome this model deficiency initial
depth is reduced to 100 meter. This resulted in a slower initial baroclinic mode. The simulated
circulation in the later case is found more realistic through out the year and over most part of the basin.

Many sensitivity experiments are carried out. Interannual variability in the wind forcing
produces interannual variability in model circulation features near the Somali Coast, in the Bay of
Bengal and east of Madagascar. Longitude time cross sections of upper layer thickness anomalies show,
in general, eastward propagation in northern Indian Ocean during bad monsoon years which were
happen to be EINino years.

An attempt is made to include thermodynamics in the model. The simulated SSTs are
quite close to the observed SST in the interior Arabian Sea and Bay of Bengal but not near coastal
region and in the southern Indian Ocean.



1. Introduction

Land locked from three sides, and dynamically rich in response to the reversing
monsoon winds, north Indian Ocean has been providing an excellent opportunity for ocean studies. The
strong monsoon winds influence the ocean locally and these local changes in the upper ocean in turn
excite propagating signals through ocean waves that travel large distances to influence other parts of the
ocean, remotely. Extensive observational and modelling studies have been attempted relating to the
problems of northwestern sector and the equatorial region of the Indian Ocean but relatively less
effortOs have been made so far to understand the physical and dynamical processes of the Bay of Bengal
and coastal region around India.

Following the work of Cox (1970), in the last two decades there have been considerable
mathematical modelling work for the Indian Ocean, e.g. Luther et al. (1985), Luther & O' Brien (1989),
McCreary & Kundu (1988), Das et al (1987), Jensen (1990). Cox (1970) used a three dimensional
oceanic general circulation model with seven levels in vertical direction, where as most of the other
workers used layer models with assumption of one or more active layers over an infinitely deep
motionless 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, boundary conditions
and geometries. These models can also be modified to include additional physics, e.g. Zebiac and Cane
(1987) added a mixed layer of constant depth with thermodynamics on the top of the upper layer and
coupled the ocean model to a simple atmosphere model ~ (Gill 1980) to study the ENSO phenomenon.

Luther et al. (1985) using two different wind forcing, simulated realistically the Somali
Current and the associated gyre system, Luther & O' Brien (1989), using 23 year mean monthly wind
data (Cadet and Diehl 1984) showed the interannual variability in Somali Current and the Indian Ocean.
Jensen (1990) simulated the subsurface circulations besides the surface circulation of the Indian Ocean
using a three and half layer model. Dube et al. (1990) investigated the relationship between the
interannual variability in model fields and the Indian monsoon rainfall. In the present study, a simple one
and half layer reduced gravity transport model is formulated and used to study the wind driven ocean
circulation of the upper north Indian Ocean and also used to determine the interannual variability.

It seems that the coastal circulation plays an important role in the linking process
between Arabian Sea and Bay of Bengal. Ship drift observations (Rao et al. 1991), satellite derived
inferences (Legeckis 1987) and model results (Potemra et al. 1991 and McCreary et al. 1993, hereafter
MKM) indicate a southward boundary current along east coast of India during winter months. The
observed surface currents are northward along the west coast during that period (Shetye and Shenoi,
1988 hereafter SS). These coastal currents together with the North Equatorial Current south of Sri
Lanka provide a basis for a linking mechanism between the two basins. The northward currents along
west coast during northeast monsoon discard the direct forcing mechanism by the along shore winds.
But reverse phenomena occurs during summer months and the currents from west coast (southward) to
east coast (northward) complete the circulation.



Remote forcing mechanisms play an important role in determining the circulation
features around the Indian coast. The model results of Potemra et al. 1991 and Yu et al. 1991 have
shown that Rossby waves originated from coastal Kelvin waves from eastern rim of the Bay of Bengal,
determine to a large extent the circulation features in Bay of Bengal and currents along east coast of
India. The modelling study of MKM suggest the more dominating role of local wind forcing on the
circulation along east coast of India and dominating influence of remote forcing from the Bay of Bengal
on the west coast circulation all through the year by propagating coastal Kelvin waves.



2.Model Formulation

2.1 Basic Equations
The following basic governing equations for momentum and mass conservation in
Cartesian coordinate are used to formulate the model equations. The x, y and z coordinates are positive

eastward, northward and downward respectively. z=0 is the surface of the ocean at rest.

The two momentum equations are
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Here, the total derivative is defined as
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v is the horizontal velocity vector and , v are the components of the vector, f = 2 Q2sin @ is the
Coriolis parameter, 4;; and 4, are the horizontal and vertical eddy viscosity coefficients. The vertical
velocity is neglected in these two equations, assuming that the horizontal scale of motion is larger than
the vertical. ;

Considering constant density in the layer i.e.

dp

dt @
the mass conservation equation can be written as
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2.2 Formulation of the Physical Model

The model ocean consists of several layers of uniform density as shown in Fig. 1 with
vertically uniform horizontal velocity in each layer. It is also assumed that all the layers have a positive
thickness everywhere over entire time period i.e. the first layers is not allowed to surface and other
layers are not allowed to merge. However, a simpler 1.5 layer version of the model is actually used in
this study as it represents the dominant mode of Indian Ocean.



In order to derive the model equation in transport form, the terms in the basic equations
(1,2 & 5) are depth integrated in each layer. For example the zonal volume transport in a layer j is

defined as

Zy
U, = [udz=u,H, (©)
Zy
where H; = Z,-Z, is the layer thickness.
Similarly meridional volume transport
V- H, @
So, on vertically integrating the mass conservation equation (5) we get
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similarly the two momentum equations (1 & 2) become
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by considering p AV =t asthe wind stress. The superscript x and y stand for zonal and
meridional components and ¢ and b stand for top and bottom. The bottom stress is neglected in the
model equations.

The pressure gradient term p is derived from hydrostatic relation, e.g. the hydrostatic
pressure in the upper most layer in Fig 1 can be given by

Pi(Z) = p,-8p,Z (11)

where p, is the atmospheric pressure (which can be neglected compared to oceanic pressure) and Z
coordinate is negative in the ocean and zero at the surface n(x,y). For deeper layers the layer top can be
defined as



i=l (12)
so that
Pi(Z) = P, (Zy) - 8P, (Z-Zy)

where the pressure at the top of layer j considered to be equal to the pressure at the bottom of layer j-1,
hence,
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neglecting the atmospheric pressure p,.. So the pressure gradient can be given as
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considering VZ = -Vn= - VZD + H, ; D isthe total depth (15)
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The pressure gradient term (14) can be integrated vertically by multiplying with /,, the layer depth.
2:3 The Reduced Gravity Assumption :

Different numerical models have different methods to deal with the barotropic gravity
wave of large phase speed, that limits the model time step. In this model, pressure gradient in the lowest
layer is assumed to be vanishingly small, resulting in a motionless condition in the layer. This assumption
removes the barotropic mode. So, from Eq. 14, we get ( for j=N )
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where N is the total number of layers in the model. For example N=4 and N=2 gives a 3.5 layer model
and a 1.5 layer model respectively. The lower inactive layer is considered as half layer in these models.
We only use the 1.5 layer model results in most of the discussions of the following sections. In the 1.5
layer model the pressure gradient term becomes

/
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is the reduced gravity. The modification in acceleration due to gravity in the model provides buoyancy
to the layer. Since wind stress projects 20 times strongly on the first baroclinic mode as compared to the
barotropic mode (Lighthill, 1969) the elimination of barotropic mode in the model is justified. Also the
time scales of first baroclinic mode near equatorial region is much small (weeks) as compared to that of

mid-latitudes (years).
24 Numerical Formulation

The model transport equations (8,9,10) are solved numerically using central differences
both in space. The spatial grid is staggered (Arawaka C grid) as in Fig.2. For time integration of the
model equations Euler scheme is used at first time step and Leapfrog scheme is used for subsequent
time steps. Euler scheme is used every 49th time step to eliminate the computational mode arising due
to time splitting.

The parameters U,V and H are defined at the grid points (X, ¥,) located at longitudes,

(Xe)y = 2(K-1)AX + X,
(Xx)v = (Xx) v - AX
(XK)H=(XX)V ; K=1,2...KMAX (18)

and at latitudes

(Yi)y= 2L-1) AY + ¥,
(YL)V = (YL)U « NE
(¥i)uw = Y1)y i L=12..1MAX (19)

The terms in the equation (8,9 & 10) can be written in discretised form as follows :

i) Local Term

ot o At (20)

where m =n-1 and At = 2At for leap-frog scheme and m=n and At" = At for Euler scheme,
used at Ist step and at every 49th time step.

Similarly,
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ii) Divergence term
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iii) Advection term
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iv) Coriolis term
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vi) Diffusion term
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e T Ll (%
P P (28)
Y .
R
P P
Hence equations 8,9 and 10 can be written as the following, in view of the above discretisation,
He™' = Hgl" - ACHDV )
Ukl = Ux" - AC[(UAD)"-(UCR)"+ (UPR)" -(UDF )" -(UFR )" ] (29)

V™' = Ve - AC[(VAD)'+(VCR)"+ (VPR )" -(VDF )" -(VFR)"]

The laplacian friction terms are evaluated at n-1 time level as central differencing with respect to time is
unconditionally unstable for that term.

2.5 Boundary and Initial Conditions

The model geometry considered in this study covers the Indian Ocean north of 24S
(Fig.3). All along the land boundaries, no slip boundary condition is applied i.e. both the components of
transport vanishes (/=F=0) and along the open sea side of the southern boundary and along some part
of the eastern boundary Camerlengo and O'Brien (1980) open boundary condition is used. Sri Lanka
and Socotra islands are only considered in model geometry. One sided differences for space differentials
are considered for the immediate grid points near to boundarics, if not resolved by no slip boundary
condition,

At the open boundaries along the southern and eastern boundaries, a Sommerfeld
radiation condition is applied to U, ¥ and H fields (say ¢ ) ;
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where ¢ can be any of the grid variables and Cj is a phase speed. Hence, the values at the boundaries
can be given as

¢Bn+l - ¢Bn ) C‘\ < 0
= (!'Cé’)¢s"+cd‘¢;-:v Cyg = 0 (3D

where Cyp = min(C,%-;-. 1)

and Cy is computed numerically from (30).

However, the boundary condition does not ensure a complete non-reflection along the
open boundaries. Hence the model fields are smoothed at these boundary points using a Hanning filter,
Le
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The filter is applied to the two rows or columns of the model fields nearest to the open boundaries. For
the boundary points a one sided smoothing is applied perpendicular to the boundary. The filter is applied
at each 6th time step. Initial state of rest with a constant layer thickness of 4, =200 m is considered as
initial condition. The density difference between the active layer and the underlying inert lower layer is
kept constant throughout the model integration. The parameter values used in the model are given in the
following table.

Table 1: Parameters used in the model

Parameters Symbol Value
Reduced gravity g 0.03 ms”
Eddy viscosity coefficient | Ay 2250 m’s”
Grid length AXand AY |28 Km
Time step At 30 min
Density (air) [} 1.2 Kgm™
Density (water) Pw 1026 Kg m™
Drag coeflicient Cp 1.25%10°

The present 1.5 layer version of the model requires about 1 hour CPU time in
HP9000/735 workstation for one year of model integration. The model code is written in FORTRAN-
77 and requires 300KDb of hard disk memory.
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3. Results and Discussion
3.1 Model Input

The wind stress forcing used in the model is the | degree resolution monthly mean wind
pseudo stress obtained from Florida State University which is based on COADS and NCDC data and
objectively analyzed (Legler et al. 1989). Psceudo stress components are converted Lo stress components
using a constant drag coeflicient Cp and air density p, for the period 1977-1986. Since in the present
study the grid resolution is 28Km, a bicubic spline technique is then used to interpolate the data to get
the input values at the model grid points. Figs. 4 and 5 show the 10 year averages of the considered
period monthly mean wind stress and its curl respectively at bimonthly interval i.e starting from the
month of January. The northeasterly wind dominate the model region north of equator during the
months from November to March with the maximum wind stress in January. The more intense
southwesterly wind dominate during the months from May through September and its maximum
intensity is found during July-August. South of equator the wind stress is northward throughout the
year with its maximum in July. The wind stress curl is negative over north-western scctor of Arabian
Sea in January. The extent of the negative curl increases spatially to cover whole basin in July. The
maximum negative curl is also found during July. The negative curl over the basin is replaced by a
positive curl in November. Most part of the Bay of Bengal is covered by the negative curl during
January and the horizontal extent of the curl decreases in the succeeding months. A positive wind stress
curl is seen over whole part of the basin in September. Throughout the year, negative curl is seen over
most of the model region south of equator,

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

3.2 Upper Layer Circulation

In the first experiment, the 10 year averages of the monthly mean wind stress for the
considered period used as a forcing to spin up the model circulation from a state of rest. Initially the
wind stress field is exponentially increased from zero to it's present value over 20 days (in order to avoid
the excessive generation of internal waves) by multiplying the following factor;

{ 1-EXP( t/ty )}

where t, =20 days and t is time. After approximately 7 to 9 years of model time integration, the model
solutions reached a quasi-steady state. Therefore all the results from the tenth year of integration are
discussed and are compared with the observational evidences and other model results. The current
arrows in the figures are plotted from vector v = ¥/ ¥|/** which has the same direction of current

v vector with an amplitude of | ¥|"%. This modification enhances the weak flows compared to strong
ones. The model fields shown in figures are the snapshots from middle of the respective months,
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3.2.1 Somali Current and circulation in the Arabian Sea

The circulation features (Fig. 6) show the simulated annual upper layer current
structure in the Indian Ocean. During Northern Hemisphere winter the winds are northeasterly in
the north Indian Ocean and Somali Current along the Somali Coast flows southwestward. This is
evident from the model January circulation (Fig. 6a). Model circulation fields show southward flow
from December to early April. The flow is from 10N to equator in December and then flows up to 28
during Jan-Mar. The southward flowing Somali Current together with the northward flowing East
African Coastal Current (EACC) form an anticyclonic gyre south of equator which is seen in January
circulation (Fig. 6a). These model features are in qualitative agreement with the observed
climatological atlases Duing (1970), Wyrtki (1971), Hasternath & Greischar (1989), Rao et al. (1991)
and the model results of Luther & O' Brien (1989) and Woodbery et al. (1989).During the transition
to southwest monsoon, the surface currents along the Somali Coast start flowing northward. Model
results suggest a northward flow north of 5N fed by an onshore flow around 5N by late March (Fig.
6b) and northward all along the coast in April (not shown). This is in agreement with the
climatological charts and as reported by Schott and Quadfasel (1982). The northward flow, north of
5N in March is reported to be in response to a local negative wind stress curl. However, the
northward flow in model fields seems to be radiated from the west coast of India through the westward
propagating downwelling Rossby waves (MKM). As the southward flowing Somali Current disappears
in April and winds start blowing from southwest, the EACC reaches equator. The recirculated water
from the EACC forms a cyclonic gyre south of equator in April. This becomes stronger in May (Fig.
6¢) and is present through out the monsoon season. The offshore flow north of this gyre is just around
equator against the observational evidence of 3N. Winds become stronger from May to August along
the coast and coastal upwelling starts along the coasts in response to the nearshore positive wind stress
curl which can be inferred from the model upper layer thickness (ULT) deviation (Fig. 7 c&d). 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 SN in late July (Fig.
6d) and migrates northward in August. Another eddy called Socotra Eddy is found east of Socotra
Island (55E,13N) in late July and August. These circulation features are in qualitative agreement
with the earlier referred climatological atlases and as well as model studies. The formation and
strengthening of the Great Whirl is often related with the negative wind stress curl which through
Ekman pumping drives a similar circulation feature through geostrophic flow. The wind data used in
the model shows negative wind stress curl to the east of the gyre (Fig. 5d). Observational evidences
(Swallow & Fieux 1982) suggest a northward migration of the Southern Gyre and its subsequent
merging with the Great Whirl in late August and early September which is also shown by the modelling
study of Luther et al. (1985). In the present study northward migration of the Southern Gyre is
not seen in model circulation but eddies from the gyre migrate northward and merged with Great
Whirl. Luther & O' Brien (1989) suggested a blocking event north of Southern Gyre that prevented
northward migration of the gyre in 7 of the 23 years of their model simulation. In this study there
appears to be blocking event in both north and south of equator i.e. around 5N and 5S. The position
and intensity of these eddies vary from year to year as these eddies arise in response to the signal
in wind stress of the central equatorial region and propagated by Rossby waves.
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In September the magnitude of southwesterly wind decreases but the circulation
features are not far from the July features, except for the weakening of the Southern Gyre and
northward migration of the Great Whirl (Fig. 6e). The ULT deviation fields suggest the westward
propagation of upwelling Rossby wave from west coast ol India (Fig 7c¢.d&e). In November, the
northeast monsoon arrives, but a northward coastal current (remnant of summer Somali Current) still
found north of 7N (Fig, 6f) as indicated by observations, The anticyclonic eddies north of equator have
disappeared, but the Southern Gyre is still present with an offshore flow around 2N. A basin wide
cyclonic gyre is scen in the model circulation ficld over northwest Arabian Sea which is in agreement
with observations. The gyre has developed in response to a low ULT field at the center of the basin that
has been propagated from west coast of India.

The circulation in the interior Arabian Sea arc mostly in Sverdrup balance throughout
the year i.e. 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
changes in ULT are more likely to be associated with the propagation of coastal Kelvin waves that are
being gencrated by the wind perturbation near Sri Lanka.

3.2.2 South Equatorial Current (SEC)

Climatological charts suggest a broad westward flowing SEC between 8S and 20S in
most part of the year. The model produced flows indicate a meandering westward current between 10S
and 20S (Fig. 6). The climatological atlases also suggest a seasonal variability in SEC. In boreal
summer it is broader and more to the north of its mean position whereas in corresponding winter it is
narrow and to its south, which is found in the model circulation field (Fig. 6, i.e. the SEC east of 60E).
This variability is generated by the annual cycle of the wind stress curl further east, which gives rise to
westward propagating Rossby waves (Woodbery 1989).

The model SEC flows directly to the east coast of Madagascar as the model geometry
does not include small islands east of Madagascar. It splits near Madagascar coast around 17S which is
in agreement with observation (Schott et al. 1988). One branch of it flows south and goes out of model
domain. The other branch flows around northern tip of Madagascar and again splits at African coast.
One branch after splitting flows northward and feeds in to the EACC the other one flows southward as
Mozambique Current. The basin wide southern hemisphere gyre is flanked by the SEC to south, the
ECC to north , the EACC to west and the poleward flow from ECC to SEC at the lee of the minima
of model ULT (Figs. 6 and 7) This is in response to the annual cycle in the wind licld (the negative curl
Fig. 5 ). The model produced ECC remains around cquator between 3N and 7S and is aflected by the
westward propagating equatorial Rossby waves. The llow is eastward in most part of the year and
together with the SEC forms the basin wide gyre in southern hemisphere. During transition months of
the monsoon winds i.e Mar-Apr and Oct-Nov, model circulation shows a stronger ECC flowing around
equator which is comparable to the observed Equatorial Jet (EJ). However observational evidences
suggest a strong EJ covering whole of the equatorial belt during May and November (Wyrtki, 1973).
The model produced EJ is seen earlier i.e. in March and October.
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3.2.3 North Equatorial Current (NEC)

The model produced NEC changes direction four times in a year, flowing eastward
during southwest monsoon. The eastward Monsoon Current(MC) generally observed in summer
months is sometimes found to be shifted to north, being pushed northward by the westward propagating
Rossby waves. This is mainly because the reported observed currents are wind driven surface currents
where as the model currents are mean upper layer flow (from a depth of 200 m) governed by internal
mode.

3.2.4 Circulation in Bay of Bengal

The model circulation for the Bay of Bengal can be broadly divided into four stages. In
the first stage a large basin wide anticyclonic gyre (Fig. 6a) in winter months i.e. Dec-Mar dominates the
circulation in the Bay which is in agreement with the climatological atlases and other model studies e.g.
Potemra et al. (1991). The gyre has a northward flow along the east coast of India north of 13N in
January as observed by Cutler and Swallow (1984) and inferred from satellite data by Legeckis (1987)
and all along the cast coast in subsequent four months (Fig. 6b&c). During the transition months 1.¢ late
March to early May the basin is devided by two gyres, a dominant anticyclonic gyre to the west and a
weak cyclonic gyre to the east with northward flow along both the boundaries (Fig. 6b&c). The
northward flow along the castern rim of the bay is in response to the coastaly trapped Kelvin waves
originated from reflected equatorial Kelvin waves at the eastern boundary. This wave in turn radiates
downwelling westward Rossby wave that determines mostly the Bay circulation in subsequent months.

During late May and June the bay is dominated by a single cyclonic gyre which is
replaced again by a weak two gyre system during Jul-Nov (Fig 6d,e&f). The flow during this stage is
southward along both the boundaries (Fig. 6d,e&f), with a cyclonic gyre to west and an anticyclonic
gyre to the east. The model produced southward flow during summer months along the east coast of
India is not in agreement with the ship drift observations which suggest a northward flow during that
period. The reason for such disagreement is mostly because the ship drift observed currents are from the
upper few meters of the ocean where as the model currents are depth averaged flow of a layer which
has an initial depth of 200m. The model behavior to a shallow initial depth of 100m is discussed in the
next section.

3.3 Shallow initial depth case ( ;=100 m)

The model simulated circulation features discussed in the previous section show general
disagreement with observational evidences in some part of the model region and during some period of
the year. The model simulated EJ appears earlier than that suggested by observations. Great Whirl has a
lesser spatial extent and is less intense. The southward flowing East Indian Coastal Current (EICC)
during summer months are opposite to that suggested by ship drift observations. Most of the above
discussed model deficiencies may be attributed to the fact that observational evidences compared in this
study are mostly restricted to the upper few meters of the ocean where as the model produced
circulation fields are depth averaged of the model upper layer which has an initial depth of 200 meter. In
order to simulate such near surface features as discussed above, a 100 meter initial model layer thickness
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is considered in this case. This change of model parameter will give rise to a slower initial internal mode
e (g’H)'"? =173 ms' as compared to a faster initial mode of 2.45 ms” in the previous case. The
model simulated annual cycle of circulation and ULT deviations from the changed initial depth model
simulation are shown in Figs. 8 & 9 respectively.

The strong EJ covering the whole equatorial belt is found in May and November in this
case and is in good agreement with observations. The Great Whirl is clearly seen in this case (Fig. 8d)
with a horizontal extent comparable to that suggested by observations. Also, the Southern Gyre found
to move northward in this case in September. The EICC flows southward, south of 18N in January
(Fig. 8a) in agreement with the ship drift observations. However, the July current chart (Fig. 8d) does
not show a prominent northward flow as suggested by observations but current charts of June and
August (not shown) suggest a northward flowing EICC. The SEC in this case found south of 158
throughout the year which is not in agreement with climatological atlases. This suggest the circulation
over that region is dominated by a faster internal mode like the one discussed in the previous section. In
general the model features with shallow initial depth show a greater degree of agreement with
observations in the north Indian Occan.

The variation in the model circulation in the two above discussed model simulations is
obviously because of the chosen internal modes. Most of the agreement of the model circulation in the
later case with that of the observations seems to be due to the slower propagation of Rossby waves in
Arabian Sea and the Bay Bengal. Also a shallower layer is more prone to the Ekman forcing than a
deeper layer. Hence, consideration of a shallower upper layer in such reduced gravity models will be
more appropriate for simulation of the upper layer features of the north Indian Ocean.

3.4 Circulation around Indian Coasts

Since the model simulations from 100 meter initial depth case are closer to observations,
the discussion in this section will be based on the results from the 100 meter case. The currents along
west coast of India are mostly northward from November to March (Fig. 8) flowing into the weak
northeasterly winds (Fig. 4). This indicates the less dominating role of direct wind forcing on the coastal
circulation during this period. From April to October, the currents along west coast are mostly
southward (Fig. 8). Since the local winds are generally southeastward (Fig. 4) and stronger than
previous months, the local wind may be playing a dominant role in determining the circulation. Along
east coast of India , the currents are generally southward [rom September to January (Fig. 8). The local
winds are southwesterlies in September and October which become northeasterlies from November.
This suggest a less important role of local wind on the initial development of the southward currents.
Northward currents are generally found in model fields from February to August ( a brief southward
flow is also seen in July). Since the local winds become northward and  stronger only from May, the
initial establishment of the northward currents may not be because of the local winds.

3.5 Interannual Vaniability

In the second experiment, the model was integrated for an extended period of 10 years
i.e from I1th to 20th year with the same wind as used in the first experiment, to study the
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interannual variability in the model fields. From thesc last 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, e.g. 16th January of all the years and so on. The SD ficlds expressed as percentage of
deviation from the mean are thus a indicator of the inherent interannual variability produced by the
model physics and dynamics( since the wind cycle is the same repeating from year to year). The
standard deviation of ULT fields are found to be less than 0.6% of the mean depth (I m appx.) all over
the basin. .

When the same experiment was carried out with real time interannual winds
(1977-86) the model fields show larger variability. The SD of the induced wind velocity magnitude for
January and July months (Fig. 10a,b) shows higher variability in the equatorial Indian Ocean which
is probably because of smaller wind magnitude and larger interannual variability. The SD of
model ULT field for January 16th and July 16th as depicted in fig. 10(c,d) show everywhere at least
an order of magnitude larger than the previous case, indicating that the variability in the model
field is solely due to the variability in wind field. The higher variability in the model ULT field is
near Madagascar and Somali Coast which indicates that the variability present in the model fields arc
not directly forced by local winds. It seems that the variability in the model ficlds ncar 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 variability in the region farther east of
Madagascar. Variability in model fields near Somali Coast seems also not to be directly forced by the
prevailing local winds and are brought on from other regions by the seasonal currents. Highest and
lowest variabilities are found in the months of October and May respectively. However, the months of
January and July are chosen for discussion as representative months of winter and summer seasons.

The longitude-time cross section of ULT anomalies from 10 year average ULT are
shown in figures 11, 12 & 13. The average anomaly in a 5 degree band between 7N and 12N shows
general westward propagation of positive and negative phases ol the anomalics in both Arabian Sea and
Bay of Bengal (Fig. 11). However, in years 1981-82 and 1985-86, the anomalies also show an eastward
propagation. These years are happen to be bad monsoon years in terms of the summer monsoon rainfall
over India and also are EINino years. In the other bad monsoon year of 1979 which was not an EINino
year, model ULT anomalies do not show eastward propagation. In the southern hemisphere in the
corresponding latitude bands of 7S-12S, the anomalies are found to be stronger (Fig. 12). The
anomalies generally show westward propagation and like northern hemisphere eastward propagation is
found in 1985-86 but eastward propagation is not found in 1981-82. The phase of the annual cycle is
relatively stationary in both the western and eastern section of the equatorial band (Fig. 13). In the
central equatorial ocean again the signals are found to be propagating westward. However, eastward
propagation of the anomalies are found in 1979, 1981-82 and 1985-86. The model ULT anomalies for
the month of April i.e., one month prior to the onset of Indian summer monsoon in all the ten years are
shown in fig 14. The positive anomaly is considered to be representative of warm anomaly and vice-
versa. The model produced anomalies do not show any specific correspondence with the performance
of Indian summer monsoon. The strong negative anomalies in the southern Indian Ocean in 1979 may
be considered as a signal for a bad monsoon year. However, in other bad monsoon year like 1982 and
1985, the model ULT anomalies do not show similar features as seen in 1979. On the contrary the
highest negative anomalies are seen in 1984 which was not a bad monsoon year.
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4.Inclusion of Thermodynamics

The reduced gravity transport model described in section 3 is modified to include a
temperature equation. It is assumed that the velocity fields and the height field affect the model upper
layer temperature. However, the reverse interaction i.e. temperature affecting the other model variables
is not considered. The model upper layer thickness is considered as the depth of mixed layer and the
temperature thus produced is assumed to be a representative of SST. For the experiment in this section,
the initial upper layer thickness is considered as /= 100 m.

4.1 Temperature Diffusion Equation

The considered temperature diffusion equation is

or. . ar _ar 48 -
SEpe T gt Y= -W. AT)+(T,-T)/ 1, 33
v V= K+V (pC We AT)+(T,-T)/ 1 (33)

P

where 7'is the upper layer temperature, (1,v) are the velocity components, Ky is the thermal diffusion
coefficient, // is the model upper layer thickness, (J is the nel solar radiative flux at the surface of the
model ocean, C,, is the specific heat capacity at constant pressure, . is the entrainment velocity. 7, is
the initial model upper layer temperature and ¢ is the adjustment time. The last term is an artificial
heating term is kept to avoid considerable cooling in the model temperature ficld in strong wind stress
forcing regions like near Somali Coast.

The entrainment I, is parameterised as

| e e
hl-m. R')AT
W, = |
{0 P>0 (34)
i
where P = e - H Y
ag PC,

is the net production of turbulent kinetic energy and  is the efficiency of generation. A constant value
of AT = 4°C is considered in the entrainment term, the Richardson number is given as
Ri=ag . AT/ Aul? | m,is the efficiency of vertical current shear and u- is the air frictional velocity which

is proportional to wind speed i.e. us = (7./p)"~.

Since , in this study we have only considered a one active layer model, the vertical shear
in the currents which is maximum near equatorial region is parameterised as,

m m Y

“H = ‘—Al/? = hE -—[—j 35

3 AT U =h xp/2 R / (35)
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where 4, = 18 m is the maximum depth of upwelling, ¥ is meridional distance from equtor in kilometer
and R =300 km is the decay distance.

The temperature dillerence between upper active layer and lower inert layer is dillicult
to prescribe in a 1.5 layer model and hence parameterised in a simpler way as in MKM.
Taigll < K
AT = (36)
1] 7=

where T, (y) is computed from the climatic SST values of the model region;

Jc[n:.'r-Sh"!' = 220
x (37)

’[?J:[
X2-Xi

so that this term ensures that the model SST will not cool beyond 7.(y) . The other parameter values are
Kr=2250m*s",,=720days, m=1and a=2x 10" k"

4.2 Discussion on SST simulation

The temperature equation like the ather model equations are solved numerically keeping
temperature values at the H grid points. The model equations are again time integrated for 9 years and
the simulated SST fields from 10th ycar of integration are discussed. The same 10 year averaged (1977-
86) monthly mean wind stress and surface net heat flux derived from COADS data are used as forcing
in this experiment.

In January, the model simulated SST is relatively higher than the observed SST in
extreme northern part of Arabian Sea and Bay of Bengal. In other region, the simulated SST is more
closer to the observed SST. In July, the model simulated SST fields are more closer to observation in
Arabian Sea and Bay of Bengal but are higher in eastern equatorial Indian Ocean and southern Indian
Ocean. The model deficiency in producing realistic SST over some region is obviously due to the strong
influence of wind in the parametrisation of vertical velocity component in the temperature equation. The
parametrisation is being improved to produce more realistic SST.
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5. Conclusion

The simple wind driven ocean circulation with only one active layer has simulated
realistically most of the observed general circulation features of the Indian Ocean when forced with a
repeating scasonal cycle of wind. The formation of Somali Currents and the associated gyres over time
and space were realistic. The four stages in the circulation pattern of the Bay of Bengal as reported in
the litrature was obtained by more sophisticated models, whereas the same realistic results are produced
in this study with simpler 1.5 layer reduced gravity model. By reduction of initial model upper layer
depth from 200 meter to 100 meter, the simulated circulation fields in the north Indian Ocean are found
to be more realistic. The summer circulation of the Bay of Bengal is dominantly influenced by the
response to the remote forcing from equatorial Indian Ocean through the downwelling Rossby waves
originated from the coastally trapped Kelvin waves, propagating along the eastern boundary. The less
agreement between observed currents and the model simulated currents along the east coast of India
during mid summer months is due to the obvious differences between the shallow near surface real time
currents and the model depth averaged currents [rom a relatively deeper layer. Longitude-time cross
section of ULT anomalies show in general west ward propagation. However in bad monsoon ycars
which arc happen to be EINino years, the ULT anomalies in the northern hemisphere show castward
propagation. The model produced ULT anomalies in the month of April i.e. one month prior to the
monsoon onset over India, do not show any spccilic relationship with the performance of monsoon
rainfall.
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Bigs k81 Same as [ig. 6 bul from the model simulatbion in case of
100 m initial depth case.
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77—-86 AV MNLY MN FSU WIND FORCING ULTD CINT=10M
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same as fig. 7 but from the model simulabtion in case of
100 m initial depth case.
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Fig.10 : The standard deviation of induced wind velocity
magnitude shown in percentage departure from mean ; (a)
January & (b) July. The contour intexrval is 5%. (c & d)
same as (a) & (b) but for model ULTD. Contour interval
15 5%.



LONG—TIME PLOT ULT AN
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40E

Fig.1l1

M _7N—12N Cl 10M

45E  50E 55é 60E 65E T7OE 75E BOE 85E 90E 95 100E

Longitude-time cross section of ULT anomaly (taken from
10 year average value) averaged for the 5 degree
latitudinal band between 7N and 12N. Negative Contours
are shaded. Time axis starts with 16th January, 1977.
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Eig 12« fgme as fig. 11 but for latitudinal band between 7S5 and
&
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Fag.-13 ggme as fig. 11 but for latitudinal band between 3N &
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APRIL ULT. ANOMALY Cl=20M
1977 ‘

Fig.14

The Lten years model ULT anomaly (take:
average value) for the month of April.
Ls 20 m and negalbive conlbours are shaded.
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