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Abstract — A 2%-layer, thermodynamic numerical model is used to study the dynamics,
thermodynamics and mixed-layer physics of Indian Ocean circulation. A surface mixed layer of
temperature T_ is imbedded in the upper layer of the model, and entrainment and detrainment in the
mixed layer are determined by wind stirring and surface cooling. There is also detrainment w  through
the base of the upper layer that models subduction, Monthly climatological data, including air
temperature T, and specific humidity q,, are used to force the model, and model sea surface
temperature (SST), T , is used to determine the sensible and latent heat fluxes. With a few notable
exceptions, our main-run solution compares well with observed current and SST data; this is
particularly true for T_, which typically differs from observed SST by less than 0.5-1.0°C. Our
analyses focus on three topics: the relative importance of remote versus local forcing, the
thermodynamic processes that determine the model SST field, and the development of meridional
circulation cells.

There are anumber of examples of remotely forced circulations in our main run. During the spring
a northeastward countercurrent flows against the prevailing winds along the Somali coast north of
4°N, and from October through February a southwestward Somali Undercurrent is present from the
tip of Somalia to 3°N; both of these flows result in part from forcing during the previous Southwest
Monsoon. From March through May there is another southwestward Somali Undercurrent south of
7°N, generated primarily by the propagation of a Rossby wave from the west coast of India. The
currents along the west coast of India ate either strongly influenced or dominated by remote forcing
from the Bay of Bengal throughout the year, A northeastward flow is well established along the east
coast of India in March, long before the onset of the Southwest Monsoon; it is remotely forced either
by upwelling-favorable, alongshore winds elsewhere within the Bay of Bengal or by negative wind
curl in the western Bay. Finally, the Agulthas Current is strengthened considerably in a solution that
includes throughflow from the Pacific Ocean.

Toinvestigate the relative importance of thermodynamic processes, we carvied outa series of test
calculations with various terms dropped from the T_-equation. There is little effect on T  when the
sensible heat flux is set to zero, or when the solar radiation field is replaced by a spatially smoothed
version. When temperature advectionis deleted, T_ ismost strongly affected near western boundaries
since isotherms are no longer shifted there by the swift currents; the annual-mean, surface-heat-flux
field Q is also changed, with Q becoming more positive (negative) to compensate for the absence of
warm (cold) currents. Withoutentrainment cooling, T_never cools during the summer in the intense
upwelling regions in the northern ocean, and the annual-mean heat gain through the ocean surface
(the area integral of Q over the basin) reverses to become a net heat loss. In individual tests without
entrainment cooling, with T =T, and with q, set to 80% of its saturated value q,, model SST warms
near the northern and southern boundaries during their respective winters by about 1°C, indicating
that several processes contribute to wintertime cooling. The T field degradesconsiderably inasingle
test run with both T =T _ and q,=0.8q,, so that one or the other of these external forcing fields is
required to be able to simulate SST accurately.
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The annual-mean circulation has two meridional circulation cells. In the Tropical Cell, water
subducts in the southern ocean, flows equatorward in the lower layer of the western-boundary current,
and is entrained back into the upper layer in the open-ocean upwelling regions in the southern ocean,
In the Cross-Equatorial Cell, the subducted water crosses the equator near the western boundary,
where it is entrained in the regions of intense coastal upwelling in the northern ocean. The sirength
of the cells is directly related to the assumed magnitude of the subduction rate w , but their structure
is not sensitive to the particular parameterization of w, used,
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1. INTRODUCTION

The Indian Oceanis uniquein thatits northern boundary is located primarily in the tropics. One
consequence of this geography is that the northern ocean is forced by intense, annually reversing
monsoon winds. These strong winds force the ocean locally, and they excite propagating signals
(Kelvinand Rossby waves) that travel large distances to affect the ocean remotely (see forexample
LUYTEN and ROEMMICH, 1982; TSAI, O’BRIEN and LUTHER, 1992; PERIGAUD and DELECLUSE,
1992). The winds also act to cool sea surface temperature (SST) markedly, directly by heat loss
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through the ocean surface and indirectly by causing upwelling of cool subsurface water, making
the annual variation of SST in the Arabian Sea one of the largest in any ocean. Due to theupwelling,
there is an annual-thean heat flux into the northern ocean; hence, there must be a meridional
circulation cell that carries warm surface water out of, and cool subsurface water into, the region;
DUING and LEETMAA (1980) in fact remark that the determination of this circulation cell should
be amajor goal of Indian Ocean research, a goal that has not yet been attained. Thereis also a flow
of Pacific-Ocean water into the Indian Ocean through the Indonesian Archipelago, witha strength
estimated to be 10-20Sv (WYRTKI, 1961; FINE, 1985; FIEUX, personal communication), and the
influence ofthis throughflow isnotunderstood. Thus, theIndian Oceanis anideal “laboratory” for
studying a variety of phenomena, involving coastal, equatorial and subtropical ocean circulations,
and the interactions between them.

In this paper we investigate the dynamics and thermodynamics of these and other phenomena
using anumerical ocean model. Themodel is a 2'4-layer system with amixedlayerimbedded within
the upper layer, essentially a 2}4-layer version of the MCCREARY and KUNDU (1989) model. The
temperatures of the two active layers are allowed to vary, but effects due to salinity are neglected.
The system includes entrainment and detrainment processes allowing the exchange of mass,
momentum and heat between the various layers. Itis driven by climatological wind and net solar-
radiation fields, but develops its own fluxes of sensible and latent heat. As we shall see, our main-
run solution compares well with observed current and SST fields, except for a few prominent
discrepancies that point toward deficiencies in the model physics.

One focus of our study is to determine the relative importance of remote vs. local forcing in the
northern Indian Ocean, particularly with regard to the coastal currents along India and Somalia,
but we also comment on the remotely-forced circulation in the southern Indian Ocean generated
by the Pacific-Ocean throughflow. (Throughout the text we use the term “remote” in a temporal,
as well as spatial, sense. For example, there are instances in which circulations generated by winds
during the Southwest Monsoon are still present during the Northeast Monsoon, and we consider
these features to be remotely forced.) A second focus is to identify the thermodynamic processes
that maintain the model’s SST field. A third is to describe the meridional circulation cells that are-
present in solutions, and to determine the processes that establish them.

Several layer models of Indian-Ocean circulation similar to ours already exist. LUTHER and
O’BRIEN (1985), KINDLE and THOMPSON (1989), WOODBURY, LUTHER and O’BRIEN (1989},
PERIGAUD and DELECLUSE (1989) and KINDLE, HURLBURT, METZGER and WALLECRAFT (1989)
utilize 1%-layermodels, whereas POTEMRA, LUTHER and O’BRIEN (1991) and JENSEN(1991) use
a3Vs-layer system. A key dynamical difference between these systems and ours is the existence of
entrainment in ourmodel; as a consequence, the upper-layer thickness in our solutions is generally
shallower than in theirs, a difference that tends to enhance the importance of locally forced
processes. General circulation models (GCMs) have also been used in several Indian-Ocean
studies. The solution of PHILANDER {(unpublished research) has been discussed by SCHOTT (1986)
withregard to its cross-equatorial western-boundary currents. ANDERSON, CARRINGTON, CORRY
and GORDON (1991) contrastthe Somali Current eddies present in their GCM solutions with those
in the MCCREARY and KUNDU (1988) layer model, and ANDERSON and CARRINGTON (1993)
compare Indian-Ocean solutions forced by different wind products. GODFREY and WEAVER (1991)
and HIRST and GODFREY (1993) examine the influence of the Pacific-Ocean throughflow in their
GCM solutions. SEMTNER and CHERVIN (1992) describe the Indian-Ocean circulations present in
their global solution. We comment on relevant aspects of several of these studies at various places
in the text.
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2. THE MODEL OCEAN

The two possible vertical structures of the model ocean are schematically illustrated in Fig.1.
In its simpler form (Fig.1a), the surface layer is a single layer with a thickness h,, velocity v, and
temperature T,. In its more complex form (Fig.1b), the surface layer is split into two parts: a
turbulent, well-mixed layer of thickness h_ and temperature T_, and a nonturbulent “fossil layer”
of thickness h,and temperature T,. This splitisbased on observations which show thatnear-surface
temperature profiles have a well-mixed upper part and a staircase-like lower part, the latter being
formed during periods of detrainment when the mixed layer retreats due to low winds or surface
heating. The velocity field, v,, however, is still assumed to be slab-like, so that the shear between
themixed and fossil layers is always neglected. This omission isusually nota bad assumption, since
the fossil layer is present primarily in regions of low winds where the shear is weak (but see the
discussion in Section 5). In both cases, the lower layer of the model of thickness h, simulates the
average velocity v, and temperature T, in the depth range of the thermocline. The temperature of
the deep, inert ocean is T,

The mixed layer entrains (wy>0) or detrains (w, <0) water as in the KRAUS-TURNER (1967)
model, in which mixing is maintained by turbulence generated at the surface by wind stirring and
cooling. The fossil layerisisolated from the surface turbulence, butitcan be engulfed into the mixed
layer (Fig. 12) either during periods of strong entrainment by wy or in upwelling regions where h,
shallows significantly. Because there is considerable entrainment into the upper layer, there must
also be detrainment (w,<0) through the base of the upper layer to ensure that an upper-layer mass
balance can be attained; as we shall see, this process simulates the subduction of surface-layer water
into the thermocline (W00ODS and BARKMANN, 1986). It is worth noting here that the entrainment
velocities, wy and w, are defined to be positive upwards; thus, they tend to increase (decrease)
layer thicknesses when their values are positive (negative).

In writingthe governing equations itis convenientto utilize the Heaviside step function, defined  *
as O(x)=1if x>0 and 8(x)=0 if x<0. In addition, we introduce two symbols, dand ¢, defined by 8=1
ifh=0, 8=0ifh>0, and ¢=1-6. These two symbols distinguish the two physical situations in Fig.1:
&=1 and ¢=0 for the situation in Fig.1a, whereas 8=0 and ¢=1 for that in Fig.1b.

With these definitions, the total exchange of water across the base of the upper layer can be-
written as

w_=w, + 0w, 0(w,). (n
Note that w, contributes to w, only when 8=1, because only then does the bottom ofthemixedlayer
coincide with the bottom of the upper layer. Moreover, w, contributesto (1) only when itis positive,
since otherwise the mixed layer retreats to form a new fossil layer.

2.1 Dynamic equations
The equations of motion for the upper layer are
(hyv),+ V-(vhyv) +fkxhv+h(Vp)=1
+oV3i(h,v,) + v,w B(w) +v,wO(-w) - vhui, (22)
h, +V-(hyv)=KVh +w,
and for the lower layer are
(h,v,), + V-(v,h,v,) + fk x h,v, + h(Vp,) =
+uVihy,) - vuw q(w) - v, w 0(-w ) - Yhyu,i, (2b)
hy, + V-(hv,) =¥, V?h, -wtw,.
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In the above, v, h. and T, are instantaneous values of layer velocity, thickness and temperature,
respectively, {Vp,) is the depth-averaged pressure gradient in a layer, and the subscripti=1,2is
alayerindex. The surface wind stress is 7, the Coriolis parameter is £~2Q sinf, and i and k are unit
vectors in the zonal and vertical directions. There is Laplacian mixing of momentum, temperature
and layer thickness with coefficients v, i and K, respectively. The terms proportional to yact to
damp the u, fieldsnear the southern boundary (see Section2.4). The terms involving w_ensure that
momentum and mass are conserved when water moves between the two layers. Theterm w_isa
correction that keeps the total mass in the system fixed to its initial value (see Section 2.3).
The depth-averaged pressure gradients in each layer are:

{Vp)) = agV[h,(T,-T) + h,(T,-T )] - Y%agh VT,

(Vp,) = agV[(T,-T )(h,+h,)] - ag(h, +/5h VT, (2¢)

where g is the acceleration of gravity, T 4 1s the temperature of the deep ocean, and
T,=(h, T +hT)/h, (2d)

is the mean value of T_and T,. The coefficient of thermal expansion ¢ is assumed to have the
constant value 0.00025°C throughout the study. See McCreary and KUNDU (1988) for a
discussion of the pressure-gradient terms.

2.2 Thermodynamic equations
The thickness and temperature of the mixed layer are determined from
k +Vh v, =i Vh +ow + 8w tw), -
T, v, VI = V’T_+Qh,_, 3)
- $lwy B(w )(T,-T)/h ] - 8[w O(w )(T -T.)V/h_],
where Q is the heat gain at the ocean surface. Note that when h_=h, therate of movement of water
across the base of the mixed layer is w,+w,, which according to (1) equals w_only if w >0; it is
this difference from the h, equation in(2a) thatallows h_toseparate fromh, when w,<0. The terms
involving w, and w_in the T_ equation (and also the T,and T, equations !)elow) ensure that heat
is conserved- when mass is exchanged between layers.
The fossil layer exists only when h <h,. In that case, its thickness and temperature are given
by
hf = hl - hm’
Tt v, VI, =g VT, (4a)
+w B8(-w )(T-T _)/h,- w O(w ) (T-T )/h.
When h_=h , the fossil layer does not exist, and we set
h=0,
TFT . (4b)
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The temperature of the fluid entrained at the bottom of the upper layer is T , and it lies between
T,and T _(Fig.1). Thisisreasonable since T, represents the averagetemp erature inthe depthran ge
of the thermoc]me whereas T is 2 typlcal temperature at its top. Our parameterization of T  is
discussed in Section 2.5.

The lower-layer temperature is given by

T, + v, VT, =k V2T, + (T% - THA,
- w B(-w )(T T/, - w 8(w)(T,-T,)/h,, (5)

where T* is the initial temperature of T, and t, is a time scale. Note that T, should be replaced by
T in(5) when h_=h,,butthat sn:uatlon is taken care of by the second of equat:ons (4b). The term
proportlonal to (T T ) causes a cooling of the lower layer whenever there is entrainment of water
into the upper layer; ﬂllS cooling happens because warm water of temperature T >T, is removed
from the top of the lower layer by the entrainment, and heat conservationrequires that the average
temperature of the lower layer must decrease. The artificial heating term (T%-T,)/t,= Q,/h, is
required to ensure that the system can approach thermal equilibrium: Q, is needed to warm T in
regions of very strong entrainment (such as off the Somali coast during the Southwest Monsoon)
because of the cooling process just mentioned,; it is also needed to cool T, in the southern Indian
Ocean where there is significant detrainment (Section 3.2.3).

During periods of surface cooling (Q<0), the second of equations (3) allows the possibility that
T_<T,. If this occurs, T  and T are both set to T,, an adjustment that conserves heat by virtue of
(2d) Durmg periods of entramment the numerical integration of equations (3) allows h | to
increase from being less than h, to being greater than h, in one time step; in thateventh_is set to -
h,, and again T_ and T, are set to T,.

2.3 Entrainment and detrainment

Entrainment and detrainment due to wind stirring and cooling are determined in a manner
similar to that in the KRAUS-TURNER (1967) model, except for an adjustment that prevents h_
from becoming much less than a minimum value h_, . The net production of turbulent kinetic
energy in the layer is

P =mu’, - 20,gQh_, (6a)

where u, isthe friction velocity and mis an adjustable parameter. The unadjusted entrainment and
detrainment rates are then given by

P

T—E'—gaghm T P>0
W, = -
K hmo_hm P<O (6b)
—2ZAt ’

where h_ is the thickness of the mixed layer evaluated at the previous time level and h_ isthe
Monin-Obukhov depth,

mu?
— (60)
mo 3d4g
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determined by setting P=0 in (6a). According to (6b), detrainment occurs whenever P<0, and in
that case the thickness of the mixed layer rapidly adjusts toh__in one time step of the integration
At. In the Kraus-Turner model, AT is the temperature difference between T_ and the underlying
layer. Just as for T (y), it is impossible to specify AT precisely because the lower layer represents
the thermocline region. For this reason, here we simply set AT to a constant value of 4°C (see
Section 2.5).
The adjusted rate is then -
wk‘ b > hmin .
W, = -
K™ by by L (6d)
At min’

where the unadjusted mixed-layer thickness is h' =h+2Atw . Note that this adjustment does not
ensure thath_>h__; for example, even after the adjustment the solution of the first of equations
(3) will result in h_ being slightly less than h__ in upwelling regions, where the term V-(h_v ) is
positive. On the other hand, the adjustment preserves the essential properties of momentum and
heat conservation.

Our parameterization of detrainment s intended to simulate the subduction processhypothesized
by Woo0DS and BARKMANN (1986). In this scenario, the mixed layer deepens in the winter due to
entrainment caused by surface cooling; it shallows in the spring due to surface heating, and at that
time water in the deeper part of the layer subducts (detrains) into the thermocline. Accordingly,
we represent detrainment out of the upper layer by

_o(Q) Hg- by Q)
W, =- B(h, - H.),
d Q, o, (hy - Hy)

where t, is an arbitrary “detrainment” time scale, and Q, is a scaling parameter with a value of the 4
order of the mean heat flux into the ocean (so that the factor involving Q is order one). Thus, the
upper layer detrains wherever Q is positive andh, is thicker than a specified “detrainment depth”
H,. Although the physics parameterized in (7) are reasonable (NURSER and MARSHALL, 1991), they
are not well founded observationally. In Section 4.3 we report on several test calculations which
vary the strength and form of w .

Because the southern boundary is open (Section 2.4), the total mass in the system need not be
conserved, and thisis a potentially serious problem for the long integrations reported in this paper.
(Forexample, withoutany correction scheme, thenet volume of water in the ocean basinincreased
by 10%after 5 years of integration, equivalent to an average transport of about 6Sv into the basin.)
The change in volume at the end of each time step is

AV = [0, +h,)axdy - [Joa,+11 )axay, (8a)

where the integrals extend over the area A of the basin, and H, and H, are the initial values of h,
and h,, respectively. To ensure that mass is conserved, we add a “correction” volume Av = AV to
the lower layer. This volume is confined to a small rectangular region located at the southwestern
corner of the basin and is defined by the wedge-shaped thickness field

X—X - (8b)
ho(y) = Ah =2l I B1(x, - X)(31 - ¥,
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where x,=35°E,x,=37.5°E, ya---29° andy]—-24° The relation Ah=-4AV/[(x % )(¥,-¥,)], which
follows from the constraint Av = f i f h (x,y)dxdy = -AV, then determines b Accordingly,

after each time step h, is modified by the replacement

h, = h, +h(x,y), (8c)

a procedure equivalent to including the additional entrainment rate

w (%) = ﬁg h, (x,y) (8d)

in the second of equations (2b).

The effect of correction (8) is to establish a western-boundary current through the open
boundary that cancels any inflow (or outflow) in the interior ocean, a physically reasonable process
(see Section 3.1.7). An alternative procedure that we originally used was to remove water
uny’ormly from the lower layer, that is, h_ was taken to have the constant value -AV/A where A
is the area of the basin. The instantaneous ﬂow fields of solutions using one or the other of these
two correction schemes are quite similar. However, the weaker meridional circulation is badly
distorted when w_is taken to be uniform (the profile WC in Fig.4 extends throughout the basin),
which makes it difficult to define the meridional circulation cells that are present in solutions.

2.4 Basin and boundary conditions

The medel basin is shown in any of the panels that display the solution. The thick lines in the
panels all represent vertical walls. Withinthe basin, the ocean bottomis assumed to liseverywhere
beneath the bottom of the lower layer, so that topographic features not shown in the panels do not
affect model behaviour. (See WOODBURY et al, 1989, for a discussion of the effects of some of
these features.) -

With one exception, the conditions applied at the western, northern and eastern boundaries, as
well as around Madagascar, are

u=v=h,=h =T =T =T,=0 (9a)

where the subscript n indicates a partial derivative normal to the boundary. The exception is for
the solution that includes Pacific-Ocean throughflow which utilizes modified conditions on v,
(Section 4.4). The condition h_ =0 ensures that the horizontal mixing on h, does not allow mass to
diffuse across the boundary.

The southern boundary of the model does not coincide with any real boundary of the Indian
Ocean, and we apply the zero-gradient, open boundary conditions

u,=v,=h =, =T, =T,=T,~0 (b)

The condition uy“O allows the development of a large-scale instability along the open boundary,
and a damper is applied on v, to inhibit its growth; the damping coefficient Y(y) is set to zero at
distances greater than 300km from the boundary, increases linearly in the interval from 300km to
150km, and is then constant up to the boundary. There is no corresponding damper on v, and h,
and so fluid can pass freely across the open boundary.
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2.5 Forcing, parameter choices and initial conditions

Unless specified otherwise, the wind stress 7 forcing the model is the climatology of
HELLERMAN and ROSENSTEIN (1983). In all the solutions, the thermal forcing Q(=Q,+Q_+Q, ) is
calculated from the climatological fields of net solar radiation Q_(incoming shortwave radiation
minus outgoing longwave radiation), airtemperature T, specific humidity q_, and scalar wind V..
These fields were derived by RAO, MOLINARI and FESTA (1989, 1991) from the climatological
Comprehensive Oceanographic and Atmospheric Data Set (COADS). They were provided on a
2°x 2° grid for each month, and linearly interpolated.in space and time onto our numerical grid.
The sensible heat flux Q, and latentheat flux Q, areboth estimated from these fieldsusing standard
bulk formulae, with model surface temperature T, (rather than observed SST) used to calculate
Q,and Q;, asin MCCREARY and KUNDU (1989). The drag coefficients for each formula are listed
inTable 1. Tomodel the observed increase of C; with theair-seatemperature difference (BUNKER,
1976}, C, isassumed to vary linearly with (T _-T ) for IT,,-T,I<3°C, beyond whichrange it is fixed
to its maximum or minimum values of .002 and .001. To simulate the effect of small-scale air
turbulence, the scalar wind V_ is assumed to have a minimum value of 6m 5!,

TABLE 1. A list of parameters used in the main run.

Parameter Notation Value

Coefficient of thermal expansion o 0.00025°C"!
Maximum strength of damper Y 1 day™!
Coefficient of eddy viscosity v 5%107cms
Mixing coefficient for temperature Kp 5x107¢m?! -
Mixing coefficient for layer thickness X 1x107cm?s!

Initial depth of upper layer H, 65m

Initial depth of lower layer H, 250m

Minimum mixed-layer depth b . 35m

Detrainment depth H, 65m "
Detrainment time scale t; 180 days

Time scale for Q, t, 1440 days
Heat-flux scaling parameter Q, 40W m2
Wind-stirring coefficient m 1.0

Temperature difference in equation (6b) AT 4°C

Initial temperature of lower layer T 15°C
Temperature of deep ocean T, 0.0°C

Drag coefficient for Q, C, 001

Drag coefficient for Q, 0015 +.00033(T,-T,)
Mode-1 characteristic speed ¢ 347em s

Mode-2 characteristic speed ¢, 125cm s

Mode-2 Rossby-wave speed at 7.5°N ¢(7.5%) 9.9cms’!

Mode-2 Rossby-wave speed at 15°N c,(15%) 2.5cms!

Ratio of coupling coefficients F./F, 27

The“mainrun” of our study uses the parameter valueslisted in Table 1. They are either physically
realistic or numerically sensible choices. Although the listis long, solutions are not very sensitive
to most of them. Mixing of layer thicknesses is included to smooth h_, which otherwise develops
some small-scale noise; the value of ¥, is kept as small as possible to minimize its effect on the
annual-meanmass budget (Fig.5). Thereareno “correct” choices for the mixing parameters, mand
AT, in equation (6a). Our choice m=1 is a commonly used value, but in any case solutions are not
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sensitive tom because generally turbulence production P is more strongly influenced by the surface
heat flux Q than by mu?. The deepening of themixed layer during the winter is sensitiveto AT, and
the choice of AT=4°C ensures thath  deepens to realistic values in the southern Indian Ocean. See
MCCREARY and KUNDU (1989) for a further discussion of changes caused by varying mixed-layer
parameters. Likewise, there are no correct values for the detrainment parameters, Hyand t, in
equation (7). With H,=65m and t;=90 days, h; shallows in the southern Indian Gcean from
thicknesses ofthe order of 160min the southern-hemisphere winter to 90m in the summer, ensuring
that considerable subduction occurs there. Effects of varying H, and t  are discussed in Section 4.4.
The time scale t, for the artificial heating term Q, is set to 1440 days; this choice is large enough
to minimize the effects of Q, in the overall heat budget (Section 3.2.3), and yet small enough to
prevent T, from cooling too much in the intense upwelling region off Somalia.

The background stratification is characterized by the parameters H , H,, T; and T, and their
values in Table 1 are typical for the Indian Ocean. One important effect of these parameters is that
they determine the speeds of waves present in the model. The characteristic speeds ¢, for thetwo
baroclinic modes of a linear, 2%-iayer system are given by

‘@D~ [5(“‘11 +ag9) £illag) —ag)+ 4312321}%} (10)

Wllere 8y zﬁao/HJ(Pz/ pl)’ Y (ao/HZJ(Ap:n/ Apy).a,= -(a/H), 2, = ~(a/H,),2,= (84p,,)"s p;
=p-ogT, p=1gmcm™and Apij = p-p; (MCCREARY and Yu, 1992). For the parameter choices
in Table 1 and with T, =28°C, theirvaluesarec, =347cms" and¢,=125cm s, Forfuturereference,
the non-dispersive, propagation speed of amode-2 Rossby waveisc,, = Bo/f*; using theabove value
of c,, this speed decreases from 9.9cm s at 7.5°N to 2.7cm s at 15°N. The stratification also

- determines how efficiently each baroclinic mode couples to the wind, and the coupling coefficients «

arc

-
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= [1+ G| (11)
For the above parameter choices F,/F, =2.7, implying that the mode-2 response generally ismuch
stronger than the mode-1 response.

The parameterization of the entrainment temperature T, is influential through its effectonmodel
SST. One logical choice for T, is to set it equal to T,; however, in a test calculation with this
parameterization, T  became much colder than climatological SST in the upwelling region off
Somalia during the Southwest Monsoon (MCCREARY and KUNDU, 1989). To avoid this problem,
we prescribed T_ from climatological SST dataasfollows. We first determined the minimum value
of SST that occurs along each latitude line, thereby defining a profile SST, ; (y). Since upwelled
water is expected to have a temperature slightly colder than this minimum, we then set T (y) =
SST, . (y)-2°C.Notethat T, isafunction only of latitude; thus, this parameterization ensures that
T never gets much cooler than climatological SST, but it does not otherwise affect its horizontal
structure,

2.6 Numerical method

Solutions are found numerically on a staggered grid, with variables defined in rectangular grid
boxes of dimension Ax = Ay = 55km. The h, and T, points are located at the center of the boxes,
while u, and v, points are located on meridional and zonal edges of the boxes, respectively.
Equations are integrated forward in time, using the leap-frog scheme with atime step At=1hour.
Toinhibittime-splitting instability, the fields are averaged between successive time levelsevery 41
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time steps. Diffusiveterms are evaluated at the backward time level, and all other terms atthe central
timelevel.

The main run is spun up from a state of rest beginning on April 15, a time during the transition
between the monsoons when the winds are weak. To inhibit the excitation of inertial oscillations,
the wind stress driving the model is ramped up from zero to the appropriate level over 5 days. The
initial values of hm and h, are both H,, that of h, is H,, those for T, and T, are the observed April
SST field, and that of T, 1s T’,. The model is integrated forward in time for a period of 10 years by
which time it approaches stationarity, and all figures shown are taken from year 10. The test
calculations in Section 4 are all restarted from year 8 of the main run, integrated for several more
years, and results are shown from year 10, 16 and 12 for the solutions in Sections 4.2, 4.3 and 4.4,
respectively.

3. THE SOLUTION

In this section, we first describe the annual cycle of our main-run solution, and compare it with
climatological current and SST fields (HASTENRATH and LAMB, 1979; CUTLER and SWALLOW,
1984; RAO et al 1989, 1991) and other observations. Sections 3.1.1-3.1.6 provide a bimonthly
description of the highly variable circulations in the northern Indian Ocean beginning at the onset
of the Southwest Monsoon in May. Section 3.1.7 reports on the less variable flow field in the
southem Indian Ocean throughout the year. Then, in Section 3.2 we discuss the solution’s annual-
mean circulation, and among other things find that it contains a cross-equatorial, meridional
circulation cell that extends from the northern to the southern boundaries of the basin.

- 3.1 The annual cycle

Figures 2a-2fprovidean overview of both the maintun and observed fields, showing bimonthly
distributions of upper-layer thickness h , mixed-layer temperature T, and upper-layer currents v,
for the main run, as well as climatological wind 7, ship-drift v, and SST fields prepared by RAO
etal(1989,1991). Inaddition, Figs 2a'and 2d' show lower-layer currents v, forthesolutionin May
and November, and Figs 2b' and 2¢' show v,, mixed-layer thickness h_, entrainment velocity w,
and surface heat flux Q for the solution in July and January. The lower-layer temperature field T,
isnotshownbecause it remains almosteverywhere close to itsinitial value T;,thepn'mary exception
being the upwelling region off Somalia where T, drops to a minimum value of 8.2°C in J uly. Itis
also worthnoting that T, -T, neverbecomesnegative in the solution, its minimum valuebeing 0.2°C
in the southeastern ocean in September.

The current arrows in all the figures (and in all the current plots in Section 4 as well) are of the
vector field v'=v/|v|", which has the same direction as v but an amplitude of [v|"%; this modification
enhances the strength of weak flows relative to stronger ones, allowing them to be more visible in
each plot.

Throughout the discussion, we point out the dynamic and thermodynamic processes that
account for prominent features in the solution. The structure of h | is particularly useful in this
regard. First, regions of extremely shallow or deep h, are generally good indicators of a locally
forced response: regions of shallow h, suggest either coastal upwelling or Ekman suction by wind
curl in the interior ocean; regions of deep h | indicate either mixed-layer deepening by convective
overturning (Q<0) or Ekman pumping. Second, Vh, isameasure of the geostrophic shear between
theupperand lowerlayers; therefore, exceptin regions of strong wind where Ekman driftis stron 2,
upper-layer currents tend to flow to the right of -Vh, in the northern hemisphere, and lower-layer
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currents often flow to its left. Another useful indicator of dynamics is the vertical structure of the
flow field; well-organized features in which the currents are directed oppositely in the two layers
almost always indicate the presence of a remotely forced, mode-2 wave.

Although both mode-1 and mode-2 waves are always generated by the wind, there is little
indication of mode-1 waves in our solutions. The primary reason forthis is thatthe second baroclinic
mode couples much more efficiently to the wind, the ratio of coupling coefficients being F,/F, =
2.7 (Eq.11); hence, the mode-2 response tends to mask the weaker mode-1 waves. JENSEN(1991)
also notes the relatively weak amplitude of mode-1 waves in his solutions.

3.1.1. May: The winds in the Arabian Sea begin to blow from the southwest in May, and the
ocean responds quickly, particularly along basin boundaries. Consistent with the classical picture
ofthe coastal response toupwelling-favorable local winds, h, shallows along the coasts of Somalia
and Arabia, the model Somali Current reverses to form a swift northward jet, and a weaker
northward current develops offthe Arabian coast (compare the middle-left and upper-right panels
of Figs 2a and 2f). Similar changes take place in the ship-drift observations (lower-left panels of
Figs 2a and 2f). Synoptic observations suggest further that at this early stage of the Southwest
Monsoon the Somali Currentretrofiects just north of the equator, with partof the retroflected water
recirculating south of the equator to form a closed gyre, generally known as the “Southern Gyre”
(BRUCE, 1973; SWALLOW, MOLINARI, BRUCE, BROWN and EVANS, 1983), and that north of the
retroflection a second gyre, the “Great Whirl”, begins to form. There are indications of a southern
retroflection and the formation of the two gyres in both the solution and the ship-drift observations.

A southward Somali Undercurrent is present in the lower layer of the solution from about 5°N
to theequator (Fig.2a"). Itdevelops during Marchinresponse to forcing by winds within the Arabian
Sea, but by May it appears to be primarily remotely forced by the radiation of Rossby waves from
 the coast of India (see Section 4.1.1). A similar, springtime undercurrent was observed along the .
Somali coast in May, 1979, that deepened and weakened to the north; at 5°N its maximum speed
was 60cm s near a depth of 175m, whereas at 9°N the flow was northward near 175m with a
maximum southward current of only 10cm s™! at 350m (LEETMAA, QUADFASEL and WILSON,
1982). .
A striking development along the west coast of India is the appearance of a region of shallow
h,, an equatorward surface current, and a weak (5-10cm s'1) poleward coastal undercurrent
(Fig.2a"). Ship-drift observations show that a southward flow appears along the west coast in
March, reaches a peak strength in July and vanishes by October (lower-left panels of Figs 2a-2c;
SHETYE and SHENOL, 1988). JOHANNESSEN, SUBBARAIU and BLINDHEM (1981) reported that
isotherms tilt upward toward the coast from April until September, and ANTONY (1990) noted the
presence of downward-tilting isotherms at greater depths, a feature indicative of a northward
coastal undercurrent. SHETYE, GOUVEIA, SHENOI, SUNDAR, MICHAEL, ALMEIDA and SANTANAM
(1990) calculated the dynamic topography relative to 1000db at various locations along the coast,
finding that during the Southwest Monsoon there was an equatorward coastal current and a
poleward undercurrent with its core at 150m or below. The upwelling-favorable (equatorward)
component of the winds along the west coast strengthens in April, reaches a peak of 0.5dyncm™
in August and weakens in October (Figs 2a-2c, SHETYE, 1984; SHETYE and SHENOI, 198 8), and
for this reason SHETYE et a/ (1990) suggested the currents were locally forced by these winds. As
noted below and confirmed in Sections 4.1.1 and 4.1.2, a remote-forcing mechanism contributes
equally to their development in the model.

The model circulation in the western Bay of Bengal also begins to respond to the strengthened
winds. This response can be clearly seen in the structure of the h, field, which shallows along the
east coast of India from 10°N t0 20°N as a result of the upwelling-favorable winds there (contrast
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Fig.2a'. As in Fig.2a, except showing the lower-layer current v;. There is a southward Somal
Undercurrent from 7°N to the equator, northward and southward undercurrents along the west and
east coasts of India, and westward flow along the equator.

theupper-right panels of Figs 2a and 2f). Inaddition, thenorthward coastal current, already present
in March (see Section 3.1.6), strengthens to speeds of the order of 50cm s'1, and a southward coastal
undercurrent develops (Fig.2a"). Consistent with the model, ship-drift observations also show a
stronger, poleward coastal current in May (lower-left panels of Figs 2a and 2f). Moreover, SHETYE,*
SHENOI, GOUVELA, MICHAEL, SUNDAR and NAMPOOTHORI (1991b) report that after the onset of
the Southwest Monsoon of 1987, there were many indications of active upwelling along the east
coast, with near-surface isopycnalstilting upward within 40km of the coast, and deeperisopycnals
sloping downward suggestive of a southward undercurrent.

There is also a shallowing of h, in a band south of India that extends from about 65°E across
the southern Bay of Bengal. This shallowing results from Ekman pumping driven by positive wind
curl north of the axis of the wind maximum. This change is also reflected in the model flow field,
with the westward current just south of India in March being replaced by a southward Ekman drift
across the wind axis. Note that this shallow region is continuous with the one along the west coast
of India. This property suggests an alternate forcing mechanism for the west-coast upwelling:
remote forcing by winds in the Bay of Bengal and south of India via the northward propagation
of the raised thermocline along the west coast of India as a packet of Kelvin waves (see Sections
4.1.1 and 4.1.2).

There is an eastward current along the equator, the model’s springtime WYRTKI (1973) jet. It
has speeds approaching 80cm 5!, somewhat greater than the value of about 50cm s determined
from ship-drift observations and surface drifting-buoy data (MOLINARI, OLSON and REVERDIN,
1990). Thisjet, forced by the westerly component of the near-equatorial winds, appears first inthe
central and eastern ocean in April and expands westward in May, asin the observations (MOLINARI
etal, 1990). The westward expansion is no doubtpartly a locally forced response, since the forcing
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region itself (the region of westerly winds) also expands westward at this time; however, Rossby-
wave propagation likely contributes to the phenomenon as well.

The equatorial jet splits in the eastern ocean, forming poleward currents along the eastern
boundary that reverse the eastern-boundary currents present in March; in particular, northward
flow now exists everywhere along the eastern boundary of the Bay of Bengal. The flow field is
assoctated with a pattern of increased h, along the equator in the eastern ocean, where h, reaches
amaximum thickness greater than 110mas compared to only 75m in March, and the corresponding
lower-layer currents (Fig.2a") are directed oppositely to the upper-layer currents. All these
characteristics indicate that this response results from a downwelling, mode-2 equatorial Kelvin
wave, together with a packet of reflected coastal Kelvin waves and Rossby waves.

Model SSTisuniformly warmin thenorthern ocean, surface heating having eliminated all traces
of the wintertime cooling in the northern Arabian Sea and Bay of Bengal (contrast the middle-right
panels of Figs 2e, 2f and 2a). Isotherms at this time begin to bend northward along the Somali
coast. The w,_ field (not shown) is zero there, so this feature is not caused by upwelling which does
not begin until June. Rather, the bending results primarily from the alongshore advection of cool
water from the south by the Somali Current: it is absent in a testrun in which advection is dropped
from the T equation. The observed SST pattern is strikingly similar to model SST, showing a
similar northward bending along Somalia and little indication of significant upwelling (lower-
right panel of Fig.2a; HASTENRATH and LAMB, 1979).

3.1.2. July: The Southwest Monsoon reaches its peak strength in July. In response, the model
Somali Current strengthens to speeds approaching 300cm s°1, close to those observed during
synoptic cruises (SWALLOW et al, 1983), but somewhat larger than average speeds obtained from
ship-drift observations and buoy data (MOLINARI et al, 1990). Consistent with synoptic observations,
the Southern Gyre strengthens and is centered farther north near 4°N; however, the Great Whirl
near 9°N does not become well developed in the solution. We have not carried out any diagnostic
calculations to determine why there is no Great Whirl in this solution. It is known, however, that
details of the structure and time development of the highly nonlinear eddy field in the Somali Current
region are very sensitive to model parameters (MCCREARY and KUNDU, 1988; PERIGAUD and
DELECLUSE, 1989; ANDERSON et al, 1991), and in fact a Great Whirl does develop in one of our
test runs (see Section 4.3 and Fig.12).

The southward Somali Undercurrent has now vanished, being replaced by a northward flow
everywhere north of about 1°N (upper-left panel of Fig.2b"). This reversal is forced by the intense
coastal upwelling between 5°N and 10°N (lower-left panel of Fig.2b'), the system generating the
northward lower-layer current in order to provide a source for the upwelled water (MCCREARY
and KUNDU, 1989). Current-meter observations at 5°N indicate that, although the southward
Somali Undercurrent does vanish at this time, it doesnotreverse (QUADFASEL and SCHOTT, 1983).
Alikelyreason for this difference is that the reversal in our solution results from themodel’s limited
vertical resolution. The undercurrent might not reverse in a system with deeper layers unaffected
by the upwelling process (for example, as in the JENSEN, 1991, model).

Theupper-layer thickness h, increases markedly in the interior of the Arabian Sea to more than
120m, primarily because of Ekman convergence associated with the strong, negative wind curl
southeast of the wind axis. Similarly, h, shallows west of the wind axis (within 300-400km of the
Arabian coast) as a result of Ekman divergence. These changes in the depth of the pycnocline are
well known, and the role of Ekman pumping in their generation has been noted in several prior
modelling studies (SMITH and BOTTERO, 1977; LUTHER and O’BRIEN, 1985; MCCREARY and
KuUNDU, 1988, 1989; BAUER, HITCHCOCK and OLSON, 1991). Consistent with geostrophy, the
upper-layer currents circulate about the region of large h,, flowing to the east and south at speeds

-of the order of 25cm 57!,
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Theregion of shallowh, along the west coastof Indiahas intensified and broadened since May.
In fact, the front where h,; shallows markedly is no longer coastally trapped, but is propagating
offshore. A comparison of h, fields in subsequent months shows that this region continues to
propagate westward throughout the year, with a considerably faster speed in the south than in the
north; indeed, the relative minimumofh, inthe central Arabian Sea (near 65°E, 1 0°N) results from
the offshore propagation of the prev:ous year’s shallow region (compare successive h, panels of
Fig.2). Moreover, throughout the year the currents associated with thisband of lowh, tend to flow
in opposne directions in the two layers (Flgs 2a', 2b', 2d" and 2¢'; this property is actuaﬂy least
apparent in Fig.2b' because local forcing is so strong during. the Southwest Monsoon). These
features suggest that the band is a packet of mode-2, mid-latitude Rossby waves, and propagation
speeds estimated from the solutions are close to those for these Rossby waves (see Section 2.5 and
Table 1). In support of this propagation, ANTONY and UNNIKRISHNAN (1992) report the offshore
movement of the west-coast upwelling front from July to September, and ANTONY, SHENOI,
KRISHNA, MURTY, RAO, MURTY and SASTRY (1992) note the existence of reversing currentbands
in the Arabian Sea.

Changes that have occurred in the Bay of Bengal are most visible in the structure of by, which
shows further shallowing along the east coast of India and deepening along the eastern boundary
of the Bay. Interestingly, the regions of shallowing and deepening “meet” along the east coast of
India near 18°N, and geostrophically balanced coastal currents converge toward this point. This
convergence indicates a “competition” between two opposing, driving mechanisms: local forcing
by the winds, and remote forcing from the equator (see Section 4.1.3). A similar convergence was
presentin the observations reported by SHETYE et a/ (1991b), which indicated an abruptend of the
upwelling regime in the northern Bay: at the top of the Bay (near 20°N) there was little evidence
of upwelling, with isopycnals sloping downward toward the coast, indicative of southwestward~
flow throughout the upper 500m.

Theh, fieldnowtilts upward to the south along theeast coastof India, in contrastto the uniform
shaliomng presenttherein May. Thistiltindicates thatthere is a southward pressure-gradient force
in the upper layer which tends to balance the alongshore wind stress, a tilt that can only be-
established via the propagation of Kelvin waves along the coast. Note that the region of shallow
h, (the 40m contour) wraps completely around the tip of India, another indication that the
c1rculatlon on the west coast is to a large extent remotely forced. Like its shallow-h, counterpart
along the west coast of India, the deepening along the eastern boundary of the Bay of Bengal
propagates westward throughout the year at speeds consistent with those ofamode-2 Rossby wave
(compare successive h, panels of Figs 2a-2e). '

Thenear-equatorial circulation in the eastern Indian Ocean ismore complex than it was in May,
now consisting of three distinct currents. One of them is a strong, eastward jet just south of India
that extends east and somewhat north into the Bay of Bengal near 5°N, the model Indian Monsoon
Current, and a similar flow is also present in the ship-drift observations. The other two currents are
awestward flow near the equator and a second eastward current located near 5°S, but there islittle
indication in the ship-drift data to support their existence. Two physical processes, both of which
began in April and May, contribute to these near-equatorial changes. One is local forcing by wind
curl, a process which is strongest in the southwestern Bay of Bengal (Section 4.1.2). This forcing
causes h, to shallow north of the wind axis (as in May) and to deepen south of it; consistent with
geostrophy, an eastward current is generated in the region where h; <0, and a westward current
is produced along the southern portion of the region of deeper h, where h, >0. The other process
is the westward propagation of theregion of increasedh, as apacketof equatoriaily trapped Rossby
waves, which affects the currents more in the central and eastern Bay (Sections 4.1.2 and 4.1.3).



200 J.P. McCRreary et al,

Notethat the lower-layer currents associated with this signal are directed counter to theupper-layer
currents (Fig.2b"), identifying it to be a mode-2 wave. The leading edge of this feature is located
near85°E, 80°E, 75°E and 70°E in May, June, July and Augustrespectively, yieldinga propagation
speed of only 21cm s (compare successive v} panels of Figs 2a, 2b and 2c). This speed is
considerably slower than that of a mode-2, first-meridional mode, equatorially trapped Rossby
wave, namely ¢,/3=42cm s°!, probably because the disturbance is slowed by the westward
equatorial jet farther to the west. )

Equatorially trapped Rossby waves like the one just described are a common feature in Indian-
Oceanmodels, and there is observational support for theirexistence. Inhis analysis of current-meter
data from Gan Island at 73°E, McPHADEN (1982) concluded that phase associated with semi-
annual variations propagated u#pward, a certain indicator of the presence of a downward-
propagating free wave. LUYTEN and ROEMMICH (1982) reported both upward and westward phase
propagation along the equator in their equatorial current-meter array located from 47°E to 62°E,
and concluded thata downward-propagating, first-meridional-mode, Rossby wave was present in
their data. The equatorially trapped Rossby waves in our model donot exhibit vertical propagation
because the model’s vertical resolution is too limited; however, Rossby waves do begin to exhibit
this property inan Indian-Oceanmodel with an additional layer (JENSEN, personal communication).

The near-equatorial currents in the western Indian Ocean differ considerably from the
observations. In our solution, Arabian-Sea water flows across the equator to feed the Equatorial
Countercurrent located just south of the equator. (A similar flow field is present in the GCM
solution of ANDERSON et al, 1991; see their Fig.14.) In contrast, the ship-drift data indicates that |
this water flows eastward across the Arabian Sea near 5°N in the Indian Monsoon Current. Possible |
reasons for this discrepancy are discussed in Section 5. .

Model SSThascooledmarkedly off Somalia, Arabia and near the southern tip of India. The plots
ofh;,h  andw,(Figs2b and 2b") demonstrate that this cooling results from upwelling, in which h |
shallows to theminimumthicknessh ; =35mand generates entrainment w, viathe adjustment (6d). ,
Most of the upwelling occurs adjacent to the coast via coastal Ekman divergence, but some
happens in the open ocean west of the wind axis because of Ekman suction (SMITH and BOTTERO,
1977). Theregions of lowest SST do not appear in our climatological SST field (lower-right panel
of Fig.2b). However, these regions are present in the climatology of HASTENRATH and LAMB
(1979) apparently as aresult of their using a smaller averaging grid (1°x 1° rather than 2°x2°); they
also exist in synoptic data.

Interestingly, the surface heat flux Q (lower-right panel of Fig.2b") is large and positive in the
upwelling regions where T has lowered considerably, a property consistent with estimates of Q
using observed SST (RAO et al, 1989, 1991; HASTENRATH and LAME, 1979). One reason for this
pattern is that the saturation specific humidity at the sea surface q_ drops with decreasing SST,
thereby lowering the latent-heatloss Q, fromtheocean. The otherreason is that the solarradiation
1s intensified near the Arabian coast because of reduced cloudiness (RAO ef al, 1989, 1991).

The mixed-layer topography h__ is shallow along the boundaries of the Arabian Sea and in the
western Bay of Bengal; it is deep in the Arabian Sea south of the axis of maximum wind strength,
and in the southern Bay of Bengal near 2°N (upper-right panel of Fig.2b'). These large-scale
features of h compare favorably with the climatological data (RAO et al, 1989, 1991). There is
arelativeminimum ofh,  in the central Arabian Sea that results from Rossby-wave propagation of
the shallow-h, region from the Indian coast, as discussed above. Another relative minimum in the
western Arabian Sea (near 52.5°E, 6°N) results from the offshore advection of cool SST around
the flank of the Southern Gyre; asa consequence, Q is positive there and both wy and w,arencgative
(lower panels of Fig.2b'").
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3.1.3. September: The southwest Monsoon is weakening in September, but except for a few
notable differences the flow field is still much like the one in July. One obvious difference is that
SST warms off Somalia, Arabia and the southern tip of India because of weakened upwelling
(middle- and lower-right panels of Fig.2c). In the Arabian Sea, the model Southern Gyre moved
northward along the Somali coastduring August. In September, there is only arather poorly formed
gyre centered near 10°N, visible in both the h, and v, fields. Synopotic observations suggest that
this northward movement often occurs in the real ocean, and the Southern Gyre eventually
coalesces with the Great Whirl (EVANS and BROWN, 1981). ’

As in July, a strong eastward current south of India and Sri Lanka is present in both the model
and ship-drift observations, and this flow extends across the interior of the Bay of Bengal. In
addition, the solution still has southward flow in the southern Arabian Sea, whereas the
observations show the eastward-flowing Indian Monsoon Current. The northward current along
the east coast of India is now absent or reversed (south of about 12°N), and as a result the flow
in the western Bay appears more disorganized than it did in July (middle- and lower-left panels of
Fig.2¢; SHETYE and SHENOI, 1988). The disappearance of this current is reflected in the structure
ofh,, whichno longer shallows anywherc toward the east coast of India (isolines bend southward
toward the east coast in the shaded region north of Sri Lanka). The reason for this change since
Julyis that the alongshore wind has weakened roughly by a factor of 2, and hence theupward slope
of h, southward along the coast is less. As a consequence, the remotely forced signal from the
equator overwhelms the locally forced response (Section 4.1.3).

3.1.4. November: The Southwest Monsoon collapses in Gctober, and at that time the strongest
winds anywhere in the northern ocean are westerlies located near and justnorth of the equator from
about 60 to 90°E. In November northeasterly winds appear in the Arabian Sea and the Bay of
‘Bengal, marking the beginning of the Northeast Monsoon. The northeasterlies are not yet strong
enough, nor have they been blowing long enough, tomodify the circulation in any obvious manner.
Note, for example, thatnorth of 5°N both the model and observed Somali Currents have weakened
from their September strengths, butare still flowing northward directly into the wind. Much of the
Somali Current now bends offshore south of 5°N producing a circulation pattern like that.
associated with the Southern Gyre in May (middle- and lower-left panels of Fig.2d). SCHOTT and
FIEUX (1985) report a similar reformation based on synoptic observations.

Thereisnow asouthward Somali Undercurrent extending from the tip of Somaliadownto 3°N
that is fed by a westward flow across the interior of the northwestern Arabian Sea (Fig.2d"). This
flow appeared in October with the weakening of the Southwest Monsoon winds, and itlasts through
February Itis evident thatitis a geostrophically balanced current circulating about a band of deep
h, in a direction opposite to that of the upper-layer currents (a mode-2 response), and this close
relatlonshlp between v}, and h, holds throughout its existence. In fact, 2 measure of the strength of
theundercurrentisthe value of |Vh,|nearthe coast, whichis strongestin November and December,
buthas essentially disappeared by March (compare theupper-right panels of Figs 2c-2f). The band
ofhigh h; was generated by Ekman pumping during the Southwest Monsoon off the Somali coast,
and it propagated westward as a Rossby wave with the weakening of the winds. Thus, this fall
Somali Undercurrent is really a remnant from the previous summer. Local forcing by the
northeasterly winds does help to strengthen this flow in December and January, butnegative wind
curlnorth of the wind axis weakens the current in February and reverses itin March (Section 4.1.1).
Consistent with our solution, ANDERSON et a/(1991) noted that a Somali Undercurrent was present
in their solution during November, but they did not discuss its cause. Current-meter observations
at 5°N indicate that southwestward, subsurface flow reappears considerably earlier in August
(QUADFASEL and SCHOTT, 1983),a difference possibly resulting from our model’s limited vertical
resolution.
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Fig.2d'. AsinFig.2d, except showing the lower-layer current v, for the main run. There is asouthward
Somali Undercurrent from the tip of Somalia to 2.5°N, circulating about a band of high h, (upper-
right panel of Fig.2d). There is a southward undercurrent along the west coast of India.

Another remarkable change in the solution is that a northward surface current and a southward
undercurrent (Fig.2d") are now present along the west coast of India as farnorth as 20°N, and these
currents are obviously not forced by the local winds which are very weak. In addition, a southward
surface current now exists everywhere along the east coast of India, intensifying to the south. Both
of these changes result from the collapse of the winds in the Bay of Bengal as follows (also see
Section 4.1.2). The absence of upwelling-favorable alongshore winds leads to the tilt of h,
vanishing completely along the east coast of India via the propagation of coastal Kelvin waves.
Asaresult, h, deepens everywhere along the east coast to its value in the north, with h, increasing
at the tip of India from its September value of 35m to 85m. This deepening propagates poleward
along the west coast as a packet of coastal Kelvin waves, generating the geostrophically balanced,
northward, coastal flow.

Consistent with the solution, ship-drift observations along the east coast of India show
southward flow from September through January, reaching a peak strength in November and with
current speeds decreasing northward along the coast (Figs 2c-2e; SHETYE and SHENOI, 1988).
Along the west coast, ship drifts show a northward current from November through January
(SHETYE and SHENOI, 1988; RAO et al, 1989, 1991), and satellite images reveal that the current
develops first in the south and then spreads northward (SHENOI, GOUVEIA, SHETYE and RAO,
1992). Near-surface isotherms slope downward toward the west coast at this time (JOHANNESSEN
et al , 1981), and dynamic-height calculations indicate a poleward surface current and an
equatorward coastal undercurrent at 300db (SHETYE, GOUVEIA, SHENOI, MICHAEL, SUNDAR,
ALMEIDA and SANTANAM, 1991a). JOHANNESSEN et al (1981) suggested that salinity variations
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caused by river runoff were the driving mechanism forthese west-coast flows. SHETYE and SHENOI
(1988) and SHETYE et a/(1991a) proposed an alternate thermohaline process, suggesting that the
observed northward salinity increase across the interior of the Arabian Sea generates a poleward
sea-level drop that drives the coastal currents, a process illustrated in the theoretical study of
MCCREARY, SHETYE and KUNDU (1986). Our model demonstrates that remote forcing from the
east coast of India may be a more important mechanism for the west coast circulation.

The eastward current south of India in September, the model Indian Monsoon Current, now
flows to the northeast to intersect the tip of India. The reason for this change is also the deepening
ofh, atthe tip of India, which weakens (or reverses) the geosirophically balanced, eastward current.
A weakening, and even reversal, of the Indian Monsoon Current is also present in the ship-drift
observations, and there is a suggestion of a northeastward current into the west coast of India
(lower-left panel of Fig.2d).

In response to strengthened, near-equatorial westerlies, the westward equatorial current
present in the solution in September weakens in Gctober, but it does not reverse. By November
there is eastward flow along the equator, but it is mostly confined to the western ocean near 60°E.
This behavior contrasts with the ship-drift observations which show a strong eastward current
everywhere along the equator during both October and November, the fall Wyrtki jet (lower-left
panel of Fig.2d). This discrepancy is a major failing of the model, and possible reasons for it are
discussed in Section 5.

3.1.5. January: The Northeast Monsoon reaches its peak strength in January. In the Arabian
Sea the winds are strongest off Somalia near the equator, and in response a strong, southward
coastal current develops in the upper layer along most of the Somali coast across the equator to
2.5°8S, Interestingly, the western-boundary flow in the lower layer remains northward up to about
2.5°N, forming a cross-equatorial, coastal undercurrent that persists through February (upper-left
panel of Fig.2¢"). This feature is consistent with the current-meter data reported by SCHOTT(1986)
and SCHOTT, SWALLOW and FIEUX (1990), which also show that a northward undercurrent is
presentbelow about 100m during the winter, but in contrast to our solution the observed flow does
not weaken until April. Unfortunately, we have been unable to diagnose the cause of the model-
undercurrent. A plausible explanation is that it results from the inertial overshoot of the western-
boundary current, but a close look at the v, field (closer than allowed by Fig.2e") reveals that most
ofthe flowbends offshore justsouth of the equator. Moreover, the three test calculations in Section
4.1 that neglect the Arabian-Sea winds also provide few clues into its dynamics: the undercurrent
remains in all three tests, preventing a conclusion as to whether the flow is primarily remotely or
locally forced. It is likely that this undercurrent has more than a single cause in the model.

Aprominent feature of theh, fieldin the southern Arabian Seaisaband of shallowh, thatextends
across the basin atroughly 5°N. This band is partly aremnant of theregion of shallowh, generated
along the west coast of India during the Southwest Monsoon, which subsequently has propagated
westward as a Rossby wave (see Sections 3.1.1 and 4.1.1). Itis also being locally forced by Ekman
pumping, which tends to move water from southeast to northwest of the wind axis. The region of
lowh, centered near 53°E, 3°N, results primarily from thislatter process; note that theupper-layer
flow circulates about this region, and that there are suggestions of a similar circulation in the ship-
drift data. An indication of the strength of the Ekman suction in this low-h, band is the existence
ofentrainment, showing thath, hasshallowedtoh , (h,,h_and w panelsinFigs2eand2¢e'). Two
other features are a band of high h, located just north of the low-h, band, and a region of shallow
h, at the mouth of the Gulf of Aden (near 53°E, 12°N). Both of them are remnants from the
Southwest Monsoon (Section 4.1.1) that are deepening through Ekman convergence.
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of Somalia due to Ekman pumping, and the upper-layer current circulates cyclonically about this
feature. The northward current along the west coast of India is stronger and broader than in
November. There is a countercurrent along the east coast of India north of about 15°N. There is now

ip-drift

westward flow nearly everywhere along and north of the equator in both the model and shi

observations. SST is cool in the northern Arabian Sea and Bay of Bengal

, primarily as a result of

latent-heat loss through the ocean surface.
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There is a distinctive westward current across the interior of the Arabian Sea from about 7°N
to 10°N located between the bands of shallow and deep h, where h, >0, and a similar westward
flow is present in the ship-drift observations (lower-left panel of Fig.2e). This current reaches the
Somali Coast near 3°N, and most of it bends southward to provide part of the water for the
southward-flowing Somali Current; the rest circulates about the western edge of the high-h, band
to form a weak northward, coastal countercurrent. This countercurrent was already present in
November, a consequence of forcing during the Southwest Monsoon; it is now weaker because
of the strong northeasterly winds, but reappears in the spring (see Sections 3.1.5 and 4.1. 1).
ANDERSON et o (1991) report a similar countercurrent in their GCM solution (see their Fig.13a),
commenting that it is the last vestige of the Great Whirl that formed 6 months earlier.

The northward current and southward undercurrent along the west coast of India are both
stronger than they were in November. Note that the thickness of the upper layerhas now increased
to 110m or more along the west coast, even though the local alongshore winds are still very wealk,
supporting the notion that the coastal circulation is remotely forced by the corresponding increase
in h, along the east coast of India. Both currents are also broader than in November, especially to
the south, as a result of offshore propagation of mode-2 Rossby waves (the lower-layer flow is
directed oppositely to the surface current), and a similar broadening occurs in the observations
(SHETYE et al, 1991a).

Inthe Bay of Bengal, the wind axis has shifted southeastward to intersect Sri Lanka, and so there
is now negative wind curl throughout the western Bay. As a consequence, Ekman pumping acts
to deepen h, there, particularly in the region of shallow h, in the southwestern Bay (compare h,
panels of Figs 2d and 2e). North of 15°N the current along the east coast of India reverses to flow
northward into the wind, and there are indications of this countercurrent in the ship-drift data. The
countercurrent strengthens in the spring, and its possible causes are discussed in Sections 3.1.6,
4.1.2 and 4.1.3.

There are now westward surface flows nearly everywhere along and north of the equatorin the

solution, themodel North Equatorial Current, and similar currents are also presentin the ship-drift *

data. There is an eastward undercurrent centered on the equator that extends to the castern
boundary of the basin, where it divides to flow north and south (Fig.2e"). The existence of these
currents is reflected in the structure of h ;» which rises in a narrow band centered somewhat north
of the equator. These features are even more pronounced in February (not shown) and still occur
in March (Fig.2f). Three processes contribute to these changes. The most influential process in the
southern Bay of Bengal islocal forcing by Ekman pumping; it causesh  to shallow south ofthe wind
axis and to deepennorth of it so thathly>0, thereby generating a westward upper-layer current (see
Section 4.2). The important process in the southwestern Arabian Sea is the westward radiation of
downwelling, mode-2, Rossby waves from the west coast of India, which also generates a region
where h; >0 along its southern edge. The third process is remote forcing via an upwelling-
favorable, mode-2, equatorial Kelvin wave anditsreflection from the eastern boundary as apacket
of Rossby waves, although at this time the effects of this wave packet are most clearly identifiable
in the structure of the lower-layer flow field. This Kelvin wave is generated by the strengthened
easterly component of the winds in the western and central oceans: the system responds by piling
up upper-layer water in the western ocean, and the radiation of the Kelvin wave establishes 2
westward equatorial current that is the source for the additional upper-layer water.
Thenortheasterly winds carry cool, dry, continental air over the northern Arabian Sea and Bay
of Bengal, and hence there is a large latent-heat loss from the ocean in these regions (lower-right
panel of Fig.2¢'; Section 4.2). Inresponse, mixed-layer temperatures T, dropnearlyto theirlowest
seasonal values (whichoccurin February), reaching minima of about 23°C in the northern Arabian

—
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Sea and 25.5°C in the northern Bay of Bengal. Generally, model SST compares well with
climatological data in the Arabian Sea, butnot in the northern Bay of Bengal which actually cools
further to a minimum <24°C (lower-right panel of Fig.2e; HASTENRATH and LAMB 1979).
Another discrepancy is that the amplitude of the cooling in themodel Q field is considerably larger
than estimates of Q using climatological SST (HASTENRATH and LAMB, 1979; RAO et al, 1989,
1991). The implication is that SST is not cooling rapidly enough in the model, possibly for the
reason discussed next.

Also in response to the surface cooling, h  (and h,) deepens considerably in the northern
Arabian Sea and Bay of Bengal through entrainment caused by convective mixing (w,, h  and
Qpanelsin Fig.2e'). Consistent with the solution, the analysis of RAO etal (1989, 1991) also shows
wintertime, mixed-layer depths of the order of 100m there. There is, however, little indication of
such thick mixed layers in synoptic observations from the Bay of Bengal. Instead, there is a fresh,
surface layer caused by intense rainfall and river runoff from earlier in the year, and there can
be temperature inversions across this layer of the order of 2°C (SHETYE, personal communication;
SPRINTALL and TOMCZAK, 1992). (Apparently, these temperature inversions “trick” the algorithm
usedbyRAOezal, 1989, 1991, into estimating mixed-layer depths thatare too large.) Theresulting
large density difference across the base of the mixed layer inhibits entrainment, thereby
preventing the mixed layer from deepening rapidly. The fact that the mixed layer is too thick in
the solution may be the cause for the insufficient cooling noted in the previous paragraph (at least
in the northern Bay of Bengal): in a model that includes salinity, the mixed layer would be thinner
and T, would be able to cool more rapidly.

3.1.6. March: The Northeast Monsoon has weakened considerably by this time, and most of
the circulations in the northern ocean are remnants of flows that were generated earlier. There are
still northeasterly winds off Somalia and a southward flow extending from about 5°N across the
equator to 2.5°S. The bands of low and high h, are associated with the same westward current near
8°N as they were in January. The model North Equatorial Current is a second, and stronger,
westward flow across the Arabian Sea; consistent with the ship-drift observations, it is centered
near 3°N and splits at Africa to flow along the Somali Coast. This flow is primarily caused by the
propagation of aregion of deep h, from the coast of India via mode-2 Rossby waves (the second
of the three processes discussed in Section 3.1.5); as a consequence, there is now a region where
h, >0 along the southern edge of this region all across the Arabian Sea (compare the h, panels
of F igs 2e and 2f). The westward equatorial jet established by the propagation of the downwelling
Kelvin wave (the third process discussed in Section 3.1.5) also contributes, as evidenced by the
shallowing of h, in the eastern, equatorial ocean. Note that both of these processes have acted to
eliminate the region of low h, (near 53°E, 3°N) and the associated cyclonic circulation about it
that was present in January.

North of about 4°N the model Somali Current now flows northward directly into the wind. In
agreement with the model, LEETMAA et al, (1982) reported that during March and April of 1979
the Somali Current was flowing northeastwards north of 4°N. The existence of this countercurrent
is corroborated in the ship-drift observations (lower-left panel of Fig.2f). Moreover, a similar
countercurrent also developed in the ANDERSON et al (1991) solution (see their Fig.13c).
QUADFASEL and SCHOTT (1983) suggested that the observed countercurrent was forced by local
wind curl, and test calculations reported in Section 4.1.1 indicate that this process does contribute
to the model countercurrent. However, the tests also show that remote forcing from the previous
Southwest Monsoon is an important driving mechanism; thus, the countercurrent in March is in
part the same one that was present in November and January, stronger now because the retarding
winds of the Northeast Monsoon have weakened.
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The model flow field near the west coast of India is similar to, but weaker than, thatin January,
consisting of a northeastward current into the coast near 10°N that turns to flow primarily
northward. In contrast, the ship-drift currents have reversed from January to flow southward
along the coast, apparently in response to the upwelling-favorable local winds. Indeed, there are
indications of active upwelling along this coast as early as February and March (RAQ, CHERIAN,
VARMA and VARADACHARI, 1974; SHETYE, 1984). The reason for this discrepancy between
modelled and observed flows is unclear. A likely possibility is that at this time the upper layer
is too thick (>100m) to enable a shallow, locally forced coastal jet to be resolved.

Ekman pumping has led to the virtual disappearance of the region of low h, in the
southwestern corner of the Bay of Bengal (near 72.5°E, [ 1°N), as well as the cyclonic circulation
about it. Traces of the cyclonic circulation present in January persists, the weak northeastward
current through the center of the Bay being an example. A similar northeastward current was
present in the satellite images reported by LEGECKIS (1987). Both the solution and the ship-drift
observations indicate that a northward current extends all along the east coast of India, and this
flow lasts until August (Figs 2a, 2b and 2f; SHETYE and SHENOI, 1988; SHETYE, GOUVEIA,
SHENO!, SUNDAR, MICHAEL and NAMPOOTHORI, 1992). As discussed in Section 3.1.1, by May
this current is certainly influenced by the local, upwelling-favorable, alongshore winds. How-
ever, the fact that it first appears in January (Section 3.1.5) and is well established in March, long
before the onset of the Southwest Monsoon, indicates that remote forcing is responsible for its
initial development. The structure of the h, field, with a region of low h, extending from the
equator around the perimeter of the Bay, suggests that remote forcing from the equator is an
important process (see Section 3.1.5). SHETYE et al (1992) proposed the alternate idea that its
dynamics are those of a classical western-boundary current, in which the current is remotely
driven by negative wind curl in the western Bay via the westward propagation of Rossby waves.
“A third possibility is remote forcing by alongshore winds elsewhere in the Bay. In Sections4.1.2
and 4.1.3 we discuss the relative importance of these three processes, and demonstrate that the
first process does not account for the reversal.

As in January, there is still an eastward, lower-layer current along the equator (not shown).
Only in January, February and March does the soluation have a structure with surface westward™
flow and subsurface eastward flow, as in the “classical” Equatorial Undercurrent (EUC). lis
dynamics, however, are very different from those of the permanent undercurrents in the Pacific
and Atlantic Oceans, being a transient response associated with the propagation of mode-2,
equatorially trapped waves (see Section 3.1.5). Another indication of its different dynamics is
the absence of equatorial upwelling, a key property of the permanent undercurrents in the other
oceans. There is observational support for the existence of an Indian-Ocean EUC only during the
spring. Forinstance, SWALLOW (1967) reported the existence of a shallow EUC in March, 1964,
at 58°E and 67.5°N, but by April the surface-layer flow reversed (the springtime Wyrtki jet) and
the “classical” EUC vanished. Similarly, at Gan Island near 73°E KNOX(1976) reported an EUC
with westward surface flow only in March, 1973, butno such EUC occurred in the spring of 1974.

3.1.7. The southern Indian Ocean: Both the winds and the currents in the southern Indian
Ocean are much less variable than in the northern ocean, aconsequence of the absence of reversing
monsoon winds. Both the model and observed circulations consist of a basin-wide cyclonic gyre
(the Tropical Gyre) driven by wind curl over the interior ocean associated with the southern-
hemisphere trades (WOODBURY et al , 1989). The gyre is comprised of a broad southward flow
in the ocean interior, westward flow south of about 10°S (the South Equatorial Current),
northward western-boundary currents off Africa (the East African Coastal Current) and Mada-
gascar, and usually an eastward current justsouth of the equator (the Equatorial Countercurrent). A
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comparison of all the current panels of Fig.2 shows that, except for the Equatorial Countercurrent,
the structure of the Tropical Gyre does not vary much throughout the year, with its center (defined,
say, by the line where the zonal flow vanishes) shifting meridionally by only a few degrees. (See
WOODBURY et al, 1989, and PERIGAUD and DELECLUSE, 1992 for detailed discussions of the
variability that is present in the southern ocean.) The Equatorial Countercurrent is more variable
because the near-equatorial ocean also responds rapidly and intensely to the equatorial, zonal wind
field. The Equatorial Countercurrent is atways present in the solution, but it is absent in the ship-
driftand buoy (MOLINARI efal, 1990) data from July through September, at which time the Tropical
Gyre is closed north of the equator by the Indian Monsoon Current. Possible reasons for this
discrepancy are discussed in Section 5.

Consistent with the ship-drift climatology (Fig.2) and other observations (SWALLOW, FIEUX
and SCHOTT, 1988; SCHOTT, FIEUX, KINDLE, SWALLOW and ZANTOPP, 1988), the model South
Equatorial Current splits at the coast of Madagascarnear 18°S. South of 18°S the circulation forms
the anticyclonic Subtropical Gyre, only the northern portion of which is visible in the current plots.
Much of the southward-flowing branch of the Madagascar coastal current (the East Madagascar
Current) flows out of the basin through the open boundary, but some of it also flows to the African
Coast to leave the basin in the model Agulhas Current, the two flows being western-boundary
currents for the Subtropical Gyre. The model Agulhas Current tends to be weaker than observed
throughout the year, and it even reverses north of about 25°S from February through May (Figs
2aand 2f). As weshall seein Section 4.4, when Pacific-Ocean throughflow is included southward
flow is strengthened enough to overcome this deficiency, suggesting that the throughflow may in
fact be an important remote-forcing mechanism of the real Agulhas Current.

Itshould benoted that thereisno Leeuwin Current in our solution, and the reason forits absence
isunclear. One possibilityis that the solution hasno throughflow from the Pacific Ocean; however,
that hypothesis is not supported by our solution with throughflow which develops only a weak
Leeuwin Current (Section 4.4). A second possibility is the lack of salinity effects in the model. In

the MCCREARY ef al (1986) model, the Leeuwin Current is a thermohaline flow driven by the ~

poleward decrease in SST across the southern Indian Ocean: this decrease causes a poleward drop
in the near-surface dynamic height field (HASTENRATH and GREISCHAR, 1989; GODFREY and
RIDGWAY, 1985), which is associated with an eastward geostrophic flow that bends southward at
the Australian coast to form the Leeuwin Current. In the real ocean, the dynamic-height drop is
strengthened by a poleward increase in sea-surface salinity. A third possibility, if the MCCREARY
et al (1986) explanation is correct, is simply that our model domain does not extend far enough
south into the region where the dynamic-height field drops significantly.

Modelled and observed SST fields in the southern Indian Ocean are in remarkably good
agreement throughout the year, generally differing by less than 0.5-1.0°C. Because there are no
upwelling regions in the solution south of about 15°S, T _ is determined almost entirely by the
surface heat fluxes (lower-right panels of Figs 2b' and 2¢"), being warmest in February and coolest
in September. In contrast, there is a broad area of upwelling in the interior ocean from 2.5°8-14°S
forced bynegative wind curl, and h, shallowsto lessthan 40m there during everymonth ofthe year.
Thisupwelling is considerably weaker than the maximum off Somalia (with maximum values of the
order of 3 x 103cm 5! as compared to 46x10-3cm 5! off Somalia in July), and so it has a smaller
effect on T_, primarily acting to distort the isotherms away from climatological values (compare,
forexample, the middle- and lower-right panelsin Fig.2b). In agreement with the solution, aregion
of shallow h, does exist from 2.5°S to 14°S in climatological maps of the 20°-isotherm depth (RA0
etal, 1989,1991), butthereisno evidence in the climatological SST field of significantupwelling,

The mixed layer deepens rapidly as a result of entrainment induced by convective overturning

p—
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during the southern-hemisphere winter when Q<0 and wy in equations (6) is positive. An
indication of the strength of this entrainment isthath_=h, overmuch ofthe southern Indian Ocean
from June through August (see the h,, w, and h_ panels in Figs 2b and 2b'), so that the model is
in a state like that in Fig.1b. Another mdacatlon is that h, deepens markedly in the south at this
time, reaching a maximum thickness >180min September (upper-right panelin Fig.2c). A similar
deepeningalso occurs in the climatological observations, with the mixed layer attaining thickness
of 130-140m in August and September RAC ef al (1989, 1991).

The mixed layer shallows during the southern-hemisphere summer when Q>0 and w; <0, and
from November through February it is at its minimum thickness of 35m throughout most of the
southern Indian Ocean (contrast the h, and h_ panels in Figs 2e and 2¢'). According to (7), at this
time water detrains from the upper layer (see the w, panel of Fig.2¢'), and by February and March
h, hasshallowed toless than 100movermostof the southem Indian Ocean. Asdiscussed next, this
1s a crucial process in the model that allows the solution to develop meridional circulation cells.

3.2 The annual-mean circulation

3.2.1. Description of the annual-mean fields: Figures 3 and 3' show the annual-mean fields for
the main run. In the northern ocean the mean wind stress is dominated by the stronger forcing of
the Southwest Monsoon, and the upper-layer circulation reflects this property, with the currents
off Somalia and the east coast of India flowing northward. In the southern ocean the prominent flow
is the clockwise Tropical Gyre. Note that its northern branch (the Equatorial Countercurrent)
extendsnorth of the equator in the upper layer, particularly in the central ocean. Thisnorthern part
is driven by wind curl in the northern ocean, rather than by the southern-hemisphere trades, and
therefore dynamically is not really part of the Tropical Gyre. Note also that the Equatorial
Countercurrent is located farther to the south in the lower layer (compare the v; and v'z panels in
Figs 3 and 3"). In fact, it is dynamically interesting that there is any mean flow at all in the lower
layer: in a linear model without entrainment and detrainment processes, the mean circulation is
necessarily a Sverdrup flow confined to the upper layer. (See GODFREY, 1989, for a discussion,,
of the Sverdrup circulation in the Indian Ocean.) The importance of entrainment in generating the
lower-layer Equatorial Countercurrentis apparentin thatit exists only inaregion where w, islarge
(compare the upper- and lower-left panels in Fig.3").

The W, field is large and positive along the coasts of Somalia, Arabia and near the tip of India
because of summertime upwelling, weakly positivein thenorthern Arabian Seaand Bay of Bengal
as a result of wintertime convection, and negative near 10°N in the Arabian Sea because of the
deepening of h, during the Southwest Monsoon by Ekman pumping. (Curiously, there is little
indication in the T, h and h fields of the summertime upwelling events in the northern ocean,
apparently because of their relatlvely short duration.) The W, field is also positive in the interior
ocean from 2.5°S to 14°S where Ekman suctionraises h, to its minimum value of 35m thorughout
the year. It is negative nearly everywhere south of 15°S, so that entrainment during the southern-
hemisphere winter (Fig.2b") is more than compensated by summertime subduction (Fig.2¢').

Prominent features in the model’s annual-mean heat flux Q field are: intensified heating near
the coasts of Somalia, Arabia and India, a band of heating extending across the western ocean near
5°S, and cooling in the southeastern ocean. Similar features are also present in other numerical
solutions (SEMTNER and CHERVIN, 1992; HIRST and GODFREY, 1992) as well as in estimates of
Q that use observed SST (HASTENRATH and LAMB, 1979; ESBENSEN and KUSHMIR, 1981;
HSUING, 1985; OBERHUBER, 1988). In the other Q fields, however, the Q<0 region is confined
south of 10°S, it extends farther westward, and there is no heating adjacent to the west coast of

e



A
J.P, McCRrEARY et a
214
@Qg
'.E'g.%.
H3 8
259
<
SEx
~§§g
et Em-;
i EZg
= °=~«a
5 0
3 ot
= ai-t:ﬂ
o o
QQE
i 2%
& QT g
v
ﬂgg
"Uou
ig 853
8 . U5
SRR
B Eﬁg
2 §65
[+
0 wy
[Tl
g'ao
B o
17} w;_.n
[T+] o '
2B
s E-K-
2 e
e D e M
N 9.
‘533'_:
w .Eg_oﬂg
! o
8 g
T OBEES
E-cm.g
)
o o .9
2 -
T “:"85
[17] . g
:
§2%
d.):,g
2 0”",;
ﬂa&
Ll %-E%
1 -430
® Q
tl:‘q%ﬁ
85
o A
® BEY
'b:,'_'
ER-L™
8 [
@ ggs
s &8
‘-Hm_“
3 ‘" "
) E-Qg
581:.
o
5 “"%'g
: N q“t_;,
O) £ 83
o % |
i} m .Eog
= it
| 2E%
| DE B
e s
: ‘V“ﬂom
g i A
<




A numerical investigation of Indian Ocean processes

215

Annual average

45E

65E 75E 85E 95E 105E  1158E

55E

45E 55E BSE 75E 85E 95E 1058 115E 35E

35

central Arabian Sea and in the southern Indian Ocean south of 15°S. The surface heat flux Q is positive in upwelling regions where w >0, and positive

northwest of Madagascar as a result of advection; it is negative in the Agulhas and East Madagascar Currents because of advection, and negative along

10*cm s, and that for Q is 10W m2, The northern branch of the

Tropical Gyre does not extend as far north in the lower layer as it does in the upper layer. Entrainment is large in the upwelling region off Somalia where

W
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reaches a maximum value of 6,6x10%cm 571, along the west coast of India, and in a broad band from about 2.5°8 to 15°S. There is detzainment in the

¢

Fig.3'. Asin Fig.2b', except for the annual-mean fields. The contour interval for
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the southern boundary because of diffusion.
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Australia. In addition, only the numerical solutions have the band of heating near 5°S: in the
HASTENRATH and LAMB (1979), HSUING (1985) and OBERHUBER (1988) analyses, the band exists
but it lies on the equator; in the ESBENSEN and KUSHMIR (1981) study, there is no band at all,
Another property of the solution’s Q field is that negative regions are not sufficiently strong to
cancel the positive regions elsewhere and so there is a net heat gain of 3.2x10'#W over the entire
basin (an average heat flux of 8.6W m2), This netheatinput isreasonably close to values estimated
from satellite measurements (6x10'4W; HASTENRATH, 1982) and from hydrographic data along
32°S (5x10'W; TOOLE and RAYMER, 1985), but the uncertainties in these estimates are large.
What processes account for the horizontal structure of Q? Test calculations discussed at the
end of Section 4.2 answer this question. (Also see Section 4.4 for a discussion of how the Pacific
throughflow affects Q.) For the moment, we note that its structure is not similar to any of the
atmospheric forcing fields (RAO et al, 1989, 1991), and that there is an obvious close relationship
between Q and W, (Fig.3"), indicating the importance of entrainment cooling in determining Q.
3.2.2. Meridional circulation cells: Whatis the source of water for the upwelling in thenorthern
ocean? Where does the upwelled water go? To help answer these questions, Fig.4 shows plots of
spatially integrated terms from the continuity equations in (2) averaged over the tenth year of the
integration. Let q be any of the terms with q set to 0 over land, and x,, x,, and y =25°N be the
locations of the eastern, western and northern boundaries of the basin. Then, except for the profile

-WE,, the profiles are defined by Jf;, Yo j;{ Xw q dxdy=Q(y). The zonal integrations filter out the
e

strong horizontal gyres, allowing the weaker meridional circulations associated with the
movement of water between layers to be more evident. Profile WC is the correction for mass
imbalance and is zero except near the southern boundary. The horizontal diffusion terms,D, and
D,, are small throughout the domain, so basically the upwelling WE balances advection V. The
lower-layer transport V,(y) is not shown because it is very similar to two of the other curves

essentially V,(y) =-(V +WC) = WE except for small differences resulting from D, and D,. For _

. . Xe— 4 ) \
convenience, a scaled version of the profile —WEyE j;( e w, dx is also included to illustrate more
w

clearly thelocations ofupwelling and downwellingregions. (The profilesin Fig.4 are collectively
equivalent to a plot of the zonally integrated transport streamfunction that exists in continuously
stratified models, for example, as in Fig.10 of PHILANDER, HURLIN and SIEGEL, 1987).

Profile -WE_ indicates that there is a net upwelling in the northern ocean and in the southern
ocean from 2.5°S to 14°S; virtually all downwelling occurs south of 14°S, with only a very weak
detrainment region near the equator. The upper-layer transport V, becomes increasingly southward
(negative) away from the northern boundary (except in the weak downwelling region near the
equator) as the upper layer “absorbs” the entrained water in the northern ocean, reaching a peak
valueof 11Svnear 14°S. Farther to the south the magnitude of V, decreases because of detrainment
(subductlon) of water into the lower layer, consequently V, reverses sign at27°S. The fields V,,

V,(=-V,),and- \J\."Ey definetwo closed, meridional czrculatzon cellsthatextend fromthe northem
boundary ofthebasinto 27°S. The Tropical Cellis confined to the southern hemisphere from 2.5°S
t024°S and has a strength of WE(14°S) - WE(2.5°S)=6.5Sv. The Cross-Equatorial Cellis closed
by upwelling in the northern ocean and has a strength of WE(6°N) 5Sv.

The mean circulation pattern taken by water parcels in the solution is more complex than
suggested by the two-dimensional profiles of Fig.4. Consider again the w, » vy and v, panels in Figs
3 and 3'. Water subducted in the southern ocean moves westward in the South Equatorial Current
and northward in the East African Coastal Current. Just south of the equator, the part of
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Fig.4. Meridional profiles of spatially integrated terms from the continuity equations in (2a) and (2b)
averaged over the tenth year of the integration. The curves labelled WE, V|, D, and WC are area

integrals of the quantities W, V-h,v,, 1, V?h, and w_, respectively. The quantity V,(y) = j;{:w'ﬁ:ﬂ
dx is the total upper-layer transport across a latitude line. The profiles I, = j;(:w Khﬁ;y dx vanish
at 29°8 as a consequence of the boundary conditions on h, and h,. The profile »WE'Y =§(WE), =
'¢ J;(::W W, dx where ¢=10%cm is a scale factor. Integrals of h,,and Ez‘ are not shown because they

are negligible.

this lower-layer current that participates in the Tropical Cell bends offshore to flow eastward in the
Equatorial Countercurrent, where it is entrained back into the upper layer. The rest crosses the
equator near the western boundary to participate in the Cross-Equatorial Cell, and is eventually
upwelled off Somaliaand Arabia. There is also a westward equatorial flow west ofabout 65°E that
supplies some of the water for the Arabian-Sea upwelling. The upwelled water flows southward
in the interior Arabian Sea by a circuitous path to join the Equatorial Countercurrent, eventually
returning to the southern Indian Qcean in the Tropical Gyre. The source of water for the upwelling
off the tip India is less clear; the v) plot suggests that much of this upwelled water arises from a
westward lower-layer flow around the tip of India and that the source of this current is a weak
eastward current along the equator. [t is worth pointing out here that the actual time-dependent
trajectories taken by water particles can differ considerably from the paths suggested by the mean
flow; in thisregard, note that in July all the lower-layer water for the Somali upwelling comes from
aneastward Equatorial Undercurrent, and an additional source of fluid for theupwelling along India
is an eastward flow across the Arabian Sea near 6°N (Fig.2b').
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Finally, note that there is anetupper-layerinflow of V,(29°S)=1.8Sv across the open southern
boundary. The prominent cross-boundary flows in Fig.3 are the southward-flowing Agulhas and
EastMadagascar Currents, butevidently this outflow ismorethan compensated by aslower, nearly
uniform, inflow everywhere else along the boundary. This upper-layer inflow is not completely
balanced by lower-layer outflow [V,(29°8)= -0.7Sv], and so the entrainment correction term w,_
is required to remove the additional fluid fWC(29°S) = -1.1Sv]. Recall that in a test run without
w_mass was added to the upper layer at a rate of 6Sv, whereas with w_ water needs to be removed
atarate of only 1.1Sv; the likely reason for this improvement is the wedge shape of the correction
volume, which correctly tends to generate a geostrophically balanced flow out of the basin.

3.2.3. The heat budget. Asmnoted in Section 3.2.1, there is a net annual heat gain through the
ocean surface of 3.2x10'*W. How does the system get rid of this heat? We define the heat in each
layer to be h,T,, and it follows from the equations of motion that

(h,T,),+ V-(h,v,T) = Q+[w0(-w )T +w 8(w )T ]

+{xh V’T_+xhV*T, +xT Vh}, (12)
(h,T,) + Ve (hv,T)) = Qu[w 8(-w )T+ w 8(w )T + w.T,

+ {xh, V2T, + 1, T,V?h, }.

Figure 5 shows plots of annually averaged terms from equations (12) that are zonally and .
- meridionally integrated as forthe profilesin Fig.4. Not surprisingly, the upper-layer terms, VT, and
WET,,are similar in structure to their counterparts in Fig. 5, differing only because they include the
extra factor T in their integrands.

North of 10°S the profile QA increases monotonically southward, indicating that the upper .

layerisbeing heated along every latitude line in this region (that is, -QAly = _f;(:“’ Q dxis positive).

Entrainment introduces additional heat into the upper layer wherever -(WETl)y>O, namely, in the
northern ocean north of 6°N and the southern ocean from 3°8S to 14°S. In the northern ocean these
sources are balanced by a southward transport of heat VT, in the Cross-Equatorial Cell. Upper-
layer heat is removed via subduction south of 14°S where -(WET),<0. Note that at the southern
boundary QA,(29°S) = 3.2x10'*W, the total heat gain through the ocean surface, is primarily
balanced by the subduction term WET, (29°S) = 4.0x10W, rather than by southward advection
in the western-boundary currents as might be expected.

The lower-layer heat budget north of 10°S is primarily a balance between the heat loss caused
by entrainment WET, and northward advection VT,. Recall from the discussion after equations
(5) that Q, acts to warm T, in upwelling regions. This warming can be significant, reaching a
maximum of 72W mr?in the cold wedge off Somaliain July. The warming can be seen in the profile
QA,, which is slightly positive near 10°N; its effect on QA, is small because the area over which
Q,>01s small. South of 10°S the artificial heating term Q, becomes increasingly negative because
the subduction there adds upper-layer water to the lower layer with a temperature considerably
warmer than T,,. Indeed, the total amount of heat removed by Q, over the entire basin is QA,(29°S)
= -2.6x10'*W, an amount comparable to the heat gain through the ocean surface. Note that the
entrainment correction w_ also results in a significant heat loss of WCT(29°8) = -0.8x1014W.

This result, that most of the heat input through the ocean surface is removed by the artificial
terms Q, and w_T,, is an unpleasantaspect of themodel’s heat budget. It occurs because the model
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Fig.5. Meridional profiles of spatially integrated terms from the heat equations (12) averaged over
the tenth year of the integration. The profiles are area integrals of the terms, as defined in the text.
The curves labelled VT, QA,,QA,, WCT, WET; and DTj are integrals of the quantities V-(h,v;T),
Q, Q,, w_T,, the terms in square brackets in (12), and the terms in curly brackets, respectively. The

X
quantity VT, = j;(ew h,v,T, dx is the total heat transport across a latitude line, and WET,=-WET,.

basin does not extend far enough to the south. In a larger basin, detrainment could be
parameterized to occur in a region where the subducted water has a temperature close to T,, and
in that case the magnitude of Q, would be much smaller. Moreover, with detrainment located
farther south the Agulhas Current would carry warm waters farther southward where they would
be cooled through the surface, eventually ensuring that the net heat flux through the ocean surface
approaches zero.
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4. PROCESSES

In Section 3 we noted many of the important dynamic, thermodynamic and mixed-layer
processes at work in the main run. Here we report anumber of test calculations thathelped to isolate
these and other processes. Indeed, many of the conclusions reported in Section 3 were predicated
on results from these tests. Section 4.1 investigates the relative importance of local and remote
forcing in the northern Indian Ocean by modifying the wind field that forces the solution. Section
4.2 examinesthe processes that maintain themodel’s SST and surface heat-flux fields by eliminating
various terms from the equation for T, . Section 4.3 explores the sensitivity of solutions to alternate
parameterizations of the subductionrate w,. Finally, Section 4.4 reports on the circulation changes
that result from including the Pacific-Ocean throughflow.

4.1 Solutions for modified wind forcing

In this section we discuss solutions for which the wind stress 7is eliminated in each of the three
regions: the Arabian Sea defined to be the region y>0°, x<79°E, the Bay of Bengal in the region
y>0°,x>79°E, and the equatorial waveguide from 5°S<y<5°N. Edges of the wind regions (at 5°S,
5°N, 0° and 79°E) are smoothed by cosine tapers centered on the edges with widths of 5° in y and
2.5°inx. Truncation of the wind field in thismanner introduces erroneous wind curl near the edges
which can generate false currents; however, the effects of truncation are identifiable, and generally
they do not significantly influence the particular region of interest. Although 7is set to zero in the
various regions, the scalar wind V_and the friction velocity u, are not; thus, thermodynamic and
mixed-layer processes remain relatively unchanged in these tests.

4.1.1. Modified winds in the Arabian Sea: Figure 6a shows the upper-layer current and
thickness fields in July, when the Arabian-Sea winds are neglected throughout the year. As
expected, the circulations in the western and central portions of the Arabian Sea are very different
from those in the main run (Fig.2b), the most obvious difference being the lack of a northward
Somali Current in Fig.6a. In addition, the eastward and southeastward flows across the interior of
the Sea, as well as theregion of deep h, centered near 60°E, 10°N, are absent, confirming the cause
of these features to be forcing by the local winds, namely, offshore Ekman drift from the coast and
Ekman pumping in the interior ocean. Note that h, still deepens off Somalia in a region centered
near 53°N, 10°N, but only from 80m to 100m; h_=h, and w_>0 in this region, indicating that this
deepening results from entrainment induced by wind stirring (a process which is not much altered
from the main run since u, isnot set to zero in the test). In contrast, the main-run and test solutions
are strikingly similar near the west coast of India; as in the main run, h, is still shallow along the
west coast, and isolines still bend farther offshore in the south. This agreement demonstrates that
remote forcing by the winds in the Bay of Bengal is an influential process in the west-coast
upwelling, a conclusion supported further by the test calculation in Section 4.1.2. However, the
region of cool SST extends only to 12°N along the coast in the test run (not shown), whereas in
the main run it extends to 17°N, implying that forcing by the local winds does enhance the model
upwelling, consistent with the observations summarized in Section 3.1.1.

Figure 6b shows the January response when the Arabian-Sea winds areneglected. Asinthemain
run (Fig.2e), there are still regions of shallow and deep h, near the Indian Coast, confirming that
neither of these features are locally driven by the Arabian-Sea winds. Indeed, the shallow region
was remotely forced during the previous Southwest Monsoon by winds in the Bay of Bengal
(Fig.6a), and subsequently propagated offshore as a Rossby wave. In contrast, the main run and
test solutions differ considerably in the western Arabian Sea, for example, with h, beingnearly flat
north of 5°N in Fig.6b. As discussed next, these differences result from the lack of both the
Northeast and Southwest Monsoon winds in the test run.
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Fig.6. Horizontal distributions of upper-layer current v}, lower-layer current v, (lower-left panel),
and uppes-layer thickness h, fields when forcing by winds in the Arabian Sea (the region x <79°E,
y>0°) isneglected. The solution isshown during July (upper panels, Fig.6a), January (middle panels,
Fig.6b) and May (lower panels, Fig.6¢). The contour interval for h, is 10m, regions where h,<65m
are shaded, and current arrows are of the vector field v' = v/|v*, In Fig.6a, as in the main run (Fig.2b)
h, shallows along the west coast of India. In Fig.6b, regions of low and high h, inthe eastern Arabian
Sea are similar to those in the main run (Fig.2e). In Fig.6c, a band of high h; extends across the
Arabian Sea, and a southward Somali Undercurrent joins the westward and eastward currents on
either side of this band.
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To isolate effects forced during each monsoon season, we carried out two additional tests: one
with the Arabian-Sea winds deleted only during the Northeast Monsoon, and another when they
were dropped only during the Southwest Monsoon. Figures 72 and 7b show the January response
for the first and second cases, respectively. In Fig.7a there are still regions of shallow and deep h,
inthe western basin, whereas they are absent in Fig.6b. It follows that in the main run these features
are remnants generated by forcing 6 months earlier during the Southwest Monsoon. A closer
comparison of the solution in Fig.7a with the main run reveals differences that can only result from
the absence of Northeast-Monsoon winds. For example, in Fig, 7a the Somali Currentnorth of about
5°N flows strongly to the northeast, whereas in Fig.2e the countercurrent is weaker and located
only north of 8°N. Additionally, in Fig.7a the h, field is somewhat shallower in the region of low
h, at the mouth of the Gulf of Aden and much deeper offshore of Somalia (near 53°E, 3°N) than
in the main run. The solution in Fig.7b confirms that these differences are caused by local forcing
by the Northeast-Monsoon winds, withh, deepeningin the Gulfof Aden and shallowing off Somalia
asaresult of Ekman pumping by negative and positive wind curl, respectively. Note also in Fi g.7b
that there is cyclonic flow about the region of low h, off Somalia, and that no such flow is present
in Fig.7a, confirming that this circulation is locally forced in the main run.

Figure 7c shows v] (left panel) and v} (right panel) in March for the test run without Arabian-
Sea winds during the Southwest Monsoon. In contrast to the January flow fieldin Fig. 7b, the Somali
Current is absent or weakly northeastward in the upper layer north of 5°N. This change can only
be forced by negative wind curl north of the axis of the Northeast Monsoon winds, as suggested
by QUADFASEL and SCHOTT (1983). Recall that in the main run there is a strong, upper-layer
countercurrent north of 4°N at this time (Fig.2f). Its weakness in Fig.7c demonstrates that remote
forcing by Southwest-Monsoon winds is also a significant driving mechanism: essentially, the
- remotely forced January countercurrent in Fig, 7a is amajor contributor to the main-run countercurrent
in March. A similarreversal takes place in the lower-layer flow field in Fig. 7c, with the currentnorth
of 5°N flowing northeastward at speeds approaching 20cm s, In the main run, the fall Somali
Undercurrent (Figs 2d' and 2e") reverses in March, and we conclude from this test that thisreversal
is a locally forced response to negative wind curl. .

Fig.6c shows the May response for the test without Arabian-Sea winds throughout the year.
South of about 10°N the structure of the lower-layer flow field is much like that in the main run
(Fig.2a"). In particular, there is a southward Somali Undercutrent from 7°N to the equator. This
flow is clearly associated with a region of high h, that extends across the southern Arabian Sea,
a feature generated by the propagation of Rossby waves from the coast of India. This region is
visible during January both in the test calculation (Fig.6b) and in the main run (Fig.2e) when it
extends partially across the basin. By April it has propagated to the western boundary, and the
Somali Undercurrent is the flow that joins the westward and eastward branches to the north and
south of this band. Thus, this test indicates that remote forcing from the Bay of Bengal is an
important forcing mechanism of themodel’s springtime Somali Undercurrent. It should be noted,
however, that because the lower-layer current becomes southwestward in March {(in the main run,
as well as in the test calculation in Fig.7¢) before the arrival of the Rossby wave, the local
northeasterly winds must help to establish this flow.

4.1.2. No winds in the Bay of Bengal: Figure 8a shows the July response when the winds in the
Bay of Bengal are neglected throughout the year, The striking difference from the maintun (Fig.2b)
is that there are no regions of shallow h, adjacent to India. Indeed, throughout the Southwest
Monsoon h; never reaches h . = 35m anywhere along the Indian coasts, so that there is no
entrainment of cool water and T, remains warm. One reason for this difference is that there is no
upward tilt of h, toward the south along the east coast of India, in the absence of upwelling-
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Fig.7. Horizontal distributions of upper-layer current v}, lower-layer current v, (lower-right panel}
and upper-layer thickness h, fields for two test solutions: when Arabian-Sea winds areneglected only
from November through March (upper panels), and when they are neglected only from April through
October (middle and lower panels). The first solution is shown during January (Fig.7a), whereas the
second is shown during January (Fig.7b) and March (Fig.7¢). In Fig.7a, north of about 7°N there are
regions of low and high h, in the western Arabian Sea very similar to those in the main run (Fig.2e),

and there is a strong northward flow along the Somali coast north of 5°N. In Fig.7b, as in the main
run h, shallows markedly offshore of Somalia, and deepens near the coasts of Somalia and Arabia;

there is a strong cyclonic flow about the region of shallow h, off Somalia. In Fig.7c, the Somali

Current north of 5°N vanishes in the upper layer and reverses in the lower layer.
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favorable winds there. Another is the lack of positive wind curl southeast of India, so thatthere is
no shallow region east of Sri Lanka. The absence of shallow regions along the west coast and
southwest of India confirms that these features are primarily remotely forced from the Bay of
Bengal in the main run.

Thecirculation 1s similar to the main run elsewhere in the Bay. The deepening of h, intheeastern
Bay is still present, demonstrating that it is remotely forced from the equator via the reflection of
adownwelling-favorable equatorial Kelvin wave. Note, however, thath, doesnotdeepenasmuch
as it does in the main run; this weakening results from the truncation of westerly winds near the
equator in the eastern basin, so that the equatorial Kelvin wave has a somewhat smaller amplitude.
There s still an eastward current across the southern Bay associated with the Rossby-wave packet
reflected from the eastern boundary, but the strong eastward current south of India in the main run
isabsent in Fig.8a, demonstrating that this feature is generated primarily by local wind curl, rather
than by the reflected Rossby wave.

Fig.8b shows the January response without Bay-of-Bengal winds, and the circulation differs
considerably from the main run almost everywhere. In the southwestern region of the Bay, the
region of shallow h, and the associated cyclonic flow around it are weak or absent, indicating that
that circulation is driven by local Ekman pumping in the interior ocean and the alongshore wind
at the coast. [There is still a region of weakly shallow h, in Fig.8b in the southeastern Bay; this
feature was generated at the eastern boundary of the Bay during the previous March (Fig.8¢), and
subsequently propagated across the Bay as a Rossby wave (Fig.8a).] All across the southern Bay,
there is westward flow in Fig.8b centered near 2.5°N, whereas in the main run the currentis shifted
farther north to 5°N; this difference identifies the source of the main-run current to be Ekman
pumping by the local winds, rather than remote forcing by a reflected Rossby wave. .

Along the northeast boundary of the Bay there is a weak northwestward flow in Fi 2.8b, buta
southeastward coastal current in the main run, indicating that the latter current is forced by the
upwelling-favorable (northwesterly) component of the alongshore wind there. Similarly, in the
main run there are eastward and northeastward currents along the northern and northwestern
boundaries, respectively, which arenotpresentin Fig.8b. Since the windisnot upwelling favorable
in either region, it follows that these main-run currents are remotely forced by winds elsewhere in
the Bay. Their direct connection with the coastal current along the northeast boundary suggests
that remote forcing by the alongshore winds on the northeast coast via the propagation of coastal
Kelvin waves is an important process. An alternate possibility is forcing by negative wind curl in
the interior of the western Bay, as hypothesized by SHETYE ef af (1992); in this scenario, the
circulation adjusts toward a Sverdrup-balanced state consisting of southward flow in the interior
ofthe western Bay and a compensating, northward, western-boundary current along the east coast
of India (seetheir Fig.10). In supportof this idea, such an anticyclonic gyreis apparentin the lower-
layer flow field of the main run (Fig.2e") but it is absent in the test (not shown),

The two January solutions (Fig.8b and 2e) are similar in that both have a region of deep h, in
the northern ocean. In both solutions, w >0 and the mixed-layer thickness h m 18 equal to h,,
confirming that this deepening in the main run is a result of entrainment caused by convective
overturning (which still exists in the test run because V. #0). Note in Fig.8b that the region does
not shallow toward the northern coast as it does in the main run, consistent with the absence of the
eastward coastal current in the test run.

Figure 8c shows the model response in March without the Bay of Bengal winds. As in the main
run, h, isshallow along the eastern boundary of the Bay, demonstrating that this feature is remotely
forced by the reflection of an upwelling equatorial Kelvin wave; likewise, the current along the
northeast coast is southeastward in the test, indicating that equatorial forcing contributes to the

e
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Fig,.8. Horizontal distributions of upper-layer current v} and thickness h, fields when forcing by winds in
the Bay of Benga! (the region x >79°E, y>0°) is neglected. The solution is shown in July {upper panels,
Fig.8a), in January (middle panels, Fig.8b) and in March (lower panels, Fig.8¢). The contour interval for
h, is 10m, regions where h;<65m are shaded, and current arrows are of the vector field v'=v/|v"*. In Fig.8a,
unlike the main run (Fig.2b), h, does not shallow anywhere along the east coast of India, it is not nearly as
shallow along the west coast of India, and there is no longer a strong eastward current south of India. Asin
the main run, there still is aregion of deep h, in the eastern ocean extending northward around the perimeter
of the Bay. In Fig.8b, unlike the main run (Fig.2e) the region of shallow h, and the strong southward coastal
current in the southwestern corner of the Bay are absent. Likewise, there is no shallowing of k; along the
northernt and northeastern boundaries of the basin, and the currents there are westward and southwestward,
respectively. As in the main run, h; deepens in the northern Bay because of entrainment by convective
mixing. In Fig.8c, there is still a region of shallow h, in the eastern Bay, but unlike the main run (Fig.2c)
the current along the east coast of India is southwestward.
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main-run current there. In contrast, the current along the east coast of India has the same direction
that it had in January, whereas in the main run it reverses to flow strongly northward. It follows
that the reversal must arise from forcing within the Bay. As noted above for the J anuary situation,
one possible cause is the presence of upwelling-favorable winds elsewhere in the Bay, namely, on
the northeast boundary of the Bay throughout the Northeast Monsoon and along the northwest
boundary beginning in March (upper-left panel of Fig.2f). A second possibilityis forcingbynegative
wind curl in the interior of the western Bay (SHETYE et al, 1992).

4.1.3. Nowinds in the equatorial waveguide: Wehaveseenin F ig.2 thatthere are two prominent
events that affect h, in the eastern equatorial ocean. Both are generated by the reflection of
equatorial Kelvin waves from the eastern boundary of the ocean: a downwellin geventin Apriland
May, and an upwelling one in February and March. There is a third, weaker downwelling eventin
October and November. It is also apparent in Fig.2 that these events radiate into, and around the
perimeter of, the Bay of Bengal. POTEMRA e al (1991) and YU, O’BRIEN and YANG (1992) have
drawnattention to this process, suggesting thatitisan important forcingmechanismin theirmodels.
To test its importance in our model, we carried out a test calculation without the winds in the
equatorial waveguide. As expected, there are no surges of eastward flow along the equator in the
spring and fall, no significant westward flow in February and March, and hence the waves reflected
from the eastern boundary are weak or absent.

Figure 9a shows themodel response in July when there are no winds in the equatorial waveguide.
The primary change in the test calculation is that h, does not deepen in the eastern basin, as a result
ofthe absence of adownwelling, reflected Rossby wave. Elsewhere the structure of the currentand
upper-layer thickness fields are similar to those from the main run, verifying that much of the
circulation in the Bay is not remotely forced from the equator. One consequencealongthe eastcoast

- of India is that the region of shallow h, (£65m) extends farther north to 20°N, as compared to only
17°N in the main run, and this difference points toward the competition between local and
equatorial forcing along the east coast of India at this time. Note also that the upper-layer thickness
isnotas shallow southwest of India as in the main run, a distortion caused by the weakened positive
wind curl and Ekman suction south of India. West of 79°N, two prominent differences ffom the
main run are the existence of a westward current near 2.5°N and an eastward flow near 5°N; these
differences are an artifact of erroneous wind curl associated with the truncated wind field, butthey
do not influence the circulation in the Bay of Bengal.

Figure 9b shows the response in September without equatorial winds. In contrast to the main
run (Fig.2¢), the current along much of the east coast of India remains north ward, and, consistent
with geostrophy, isolines of h, shallow everywhere toward the coast. These differences confirm
that in the main run the September reversal is caused by remote forcing from the equator. By
November (not shown) both the east-coast and west-coast currents have stron gly reversed just as
in the main run, suggesting that the collapse of the southwesterly winds in the Bay of Bengal is the
dominant forcing mechanism at this time.

In January, the response of the test solution (not shown) is very similar to the main run in the
Bay of Bengal and Arabian Sea. This close similarity holds throughout most of the Northeast
Monsoon, indicating that the circulation isnot significantly affected by equatorial processes in this
season. Fig.9c shows the model response in March. As expected, h, is deeper in the eastern Bay
of Bengal than it is in the main run, because of the absence of equatorial forcing. Although there
is still a southeastward current along the northeast coast of the Bay it is weaker than in the main
run, showing that equatorial forcing does contribute to the main-run current at this time. Asinthe
main run, the current along the east coast of India reverses its direction from J anuary, confirming
that the reversal results from local forcing within the Bay and not from equatorial forcing,

—
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Fig.9. Horizontal distributions of upper-layer current v} and thickness h, fields when wind forcing
inthe equatorial waveguide (theregion 5°S<y<5°N) isneglected. The solution is shown in July (upper
panels, Fig.9a), in September (middle panels, Fig.9b), and in March (lower panels, Fig.9¢c). The
contour interval for b, is 10m, regions where h, <65t are shaded, and current arrows are of the vector
field v{=v,/]v,[*. In Fig,9a, unlike the main run (Fig.2b}, h, remains shallow in the eastern basin and
the region of shallow h, along the east coast of Indiaextends somewhat farther to the north, Likewise,
the region of shallow h, south of India is more coastally confined, and h, never reaches b, along
the west coast of India. In Fig,0b, the current remains northward along the east coast of India, and
isolines of h, continue to shallow toward the coast. In Fig.9c, h, does not shallow along the eastern
boundary of the Bay, whereas it does in the main run (Fig.2f). As in the main run, the current along
the east coast of India reverses from its direction in January.
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4.2 Effects of terms in the T -equation

As we have seen, model SST is remarkably similar to observed SST, generally differing by
less than 0.5-1°C. What processes contribute to the maintenance and accuracy of the T,, field?
To investigate this question, we carried out a series of test calculations with various terms in the
T ,-equation in (3) being modified or eliminated. Each change degrades T, in some manner,
allowing the influence of a particular process to be assessed.

In a test calculation without the advection term v,'VT_, significant differences from the main
run are all located near western-ocean boundaries, since isotherms are no longer being shifted by
the swift currents there. The most prominent change occurs in the Arabian Sea during the
Southwest Monsoon, where the 26°C isotherm, for example, located well offshore in the main run
(Fig.2b) remains within 300km of the Somali coast in the test. There are also slight shifis of
isothermsin the interior ocean, notatall obviousin the T field, thatnevertheless affect the annual-
mean surface heat flux into the ocean (see the discussion of Fig.11).

To investigate how T_ is influenced by the horizontal structure of the net solar-radiation field
caused by cloudiness, we replaced Q_ with a spatially smoothed version Q' as follows: first, the
zonal structure of Q_was eliminated by zonally averaging Q,(x,y,t) to obtain monthly meridional
profiles Q:(,t); then, its meridional structure was removed by replacing Q) withits best-fitstraight
line yielding the smooth, annually varying forcing Q' (y.t}=a(t)y+b(t). Surprisingly, model SST
in this test is changed by less than 0.5°C almost everywhere in the ocean, in spite of the fact that
Q, does exhibit considerable spatial structure (RAO ef al, 1989, 1991). This insensitivity
apparently occurs because other processes tend to compensate for the lack of structure in Q" for -
example, during the Southwest Monsoon Q,increases by 100W m2 from the eastern to the western
Arabian Sea (RAO et al, 1989, 1991), but at this time upwelling and offshore advection dominate
the thermodynamic balance.

Figure 10a shows T for four test cases in July at the peak of the Southwest Monsoon. Each
panel should be compared to the T, field from the main run in Fig.2b. Without the entrainment
cooling term w_6(w,) (upper-left panel), T_ remains warmin the intense upwelling regtons in the
northern ocean, and there is no distortion of isotherms in the southern ocean from 2.5°S to 14°S.
Moreover, at most locations south of about 20°S, SST is warmer by about 1°C than in the main
run, demonstrating the influence of entrainment cooling associated with the deepening of themixed
layer (upper-right and lower-left panels of Fig.2b").

The remaining panels in Fig.10a illustrate how the forcing fields, T, and g, affect T_. To
investigate the influence of T,, we set T,=T,, thereby eliminating Q_ as well as all influence of T,
on the size of the drag coefficient C, (see Section 2.5 and Table 1). To determine the effect of q,
on the latent heat flux Q; we set q,=0.8q_, where q,(T,,) 1s the saturation specific humidity at
temperature T, . (In a test calculation with just Q=0 the T , field wasnearly identical to that of the
main run. As expected, then, Q, has liitle influence in the overall thermodynamic balance.) In the
tests with T =T _ (upper-right panel) and with q,~0.8q, (lower-left panel), there islittle change from
the main run except that T, warms near the southern boundary by about 1°C, showing that in the
main run cool, dry wintertime air lowers model SST there by increasing C, and Q; . In contrast,
inatestwithboth T =T _andq,=0.8q, (lower-rightpanel), SST warms considerably in the southern
ocean by 3°C, and rises in the central equatorial ocean by 1°C. Itis interesting that the degradation
ofthe SST field is disproportionately larger when the forcing fields, T, and q,, are simultaneously
removed than when they are individually removed. The T, and q_ fields have very similar spatial
structures throughout the year, with warm air being associated with humid air and vice versa, and
both patterns also resemble that of SST (RAO et al, 1989, 1991 ). Apparently, the presence of one
of these forcing fields can compensate for the lack of the other, but at least one of them is required
to simulate SST accurately.
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Figure 10b shows T, for the four test cases of Fig.10a during January. Without entrainment
cooling (upper-left panel), SST is essentially unchanged throughout the southern ocean because
upwelling is weak and the mixed layer is shallow; however, it is warmer in the northern Arabian
Sea by 1.5°C and in the northern Bay of Bengal by 1°C, indicating the importance of wintertime
mixed-layer deepening in cooling these regions (upper-right and lower-left panels of Fig.2¢'). With
T,=T, (upper-rightpanel) and with q,=0.8q, (lower-left pan el) thereislittle change fromthemain
run, except that T warms near the northern boundary of the basin; in the test with ¢,=0.8q, there
is almostno cooling atall in the northern Bay of Bengal, indicating that the flow of dry continental
airoverthe Bayisthe dominant cooling process there during the Northeast Monsoon. When T =T,
and q,=0.8q, (lower-right panel), virtually all cooling in the northern ocean vanishes and SST
warms considerably in the southern ocean as well; as in July, the simultaneous neglect of both
processes has a much larger effect than when they are individually neglected.

A time average of the first of equations (12) shows clearly that the structure of Qisdetermined
by the oceanic processes of entrainment, advection and diffusion: withoutthese processes T must
adjust to a state of thermal equilibrium in which Q=0. Figure 11 shows Q without entrainment
cooling (upper panel) and without T _ advection (lower panel), and both panels should be compared
to the Q panel in Fig.3".

Without entrainment cooling, there no longer is strong warming in the upwelling regions in the
northern ocean and near 5°S, the cooling region in the southeastern ocean intensifies and broadens
westward, and the warming in the southeast corner of the basin vanishes. Interestingly, there isnow
aband of heating extending along the equator, rather like those inmost of the estimates of observed
Q. Finally, in this test the net integral of Q over the basin is negative (-3.0x1 0'4W), demonstrating
that the net heating in the main run (34.2x 10'*W) is a direct consequence of upwelling. Thus, the
Q field is very sensitive to the presence or absence of entrainment cooling. Itis therefore likely to
be sensitive to the model parameters that control the strength of this process (like AT and T ), but
we have not explored these dependencies in this study.

Without T | advection, regions of positive Q in the northern ocean are more confined to
upwelling regions. In the southern ocean, the patch of warming northeast of Madagascarin themain.,
run is absent in the test, because there is no advection of cool SST into the region by the strong
westward current. Likewise, there are no regions of intensified cooling southeast of Madagascar
and in the southwest corner of the basin because of the absence of southward advection of warm
SST by the East Madagascar and Agulhas Currents. There is also no cooling in the southeastern
ocean because there is no southward advection of warm SST in the Tropical Gyre. Finally, itis
noteworthy thatany cooling regions (where Qisnegative) remain in thistestatall. Since upwelling
can only produce anomalously cool SST and hence regions of positive Q, the cooling must result
entirely from diffusion. The cooling is particularly strong along the southern boundary; ithappens
because the boundary condition T =0 ensures that the mixing term ichme is large and positive,
which tends to warm SST thereby producing the intensified surface cooling there.

4.3 Dependence onw,

As noted in Section 2.3, there is no firm observational basis to support our specification of
detrainment. For this reason we carried out a sequence of test calculations to explore the sensitivity
of solutions to the strength and parameterization of w .

When detrainment is weakened, by increasing H, or t, in equation (7), h will adjust to anew
equilibrium state in which h, is thicker throughout the basin. As a consequence, there is less
entrainmentbecause itismore difficult forh, to shallow to theminimum thicknessh, ;. inupwelling
regions and for h_ to deepen to h, in entraining regions. The upper panels of Fig.12 show h, and
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Fig.11. Horizontal distributions of annual-mean, surface heat flux Q for two test cases: without

entrainment cooling (left panel) and without T advection (right panel). The contourinterval is 10W

m2 and regions of negative Q are shaded. In contrast to the main run (Fig.3"), without entrainment

cooling there isanet surface cooling over the basin. Without temperature advection there is no cooling

associated with the Agulhas and East Madagascar Currents or in the southeastern ocean, and there
is no warming northwest of Madagascar.
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w_ when H, is increased to 150m, and these tendencies are apparent (contrast the two panels to
their counterparts in Figs 3 and 3'). The w_ field shows that thereis stillaregion of strongupwelling
off Somalia, with a well-defined wedge shapenear 5°N. In contrast, there isno upwelling off India
because h, neverreachesh, , . Likewise, there is also no upwelling off Arabia, the weak positive
values of w_there resulting from wintertime entrainment. Figure 13 shows meridional profiles for
this test that are analogous tothosein Fig.4 Theshapeofthe profiles demonstrates thatthe Tropical
and Cross-Equatorial Cells still exist, but they are weaker by about a factor of 2. Similar changes
occur for other choices of H,, their magnitude being directly related to the increase in H.

To illustrate why w, in Fig.12 has such a distinctive wedge shape, the lower panels of Fig.12
show v; and T in July. In contrast to the main run (Fig.2b) and in better agreement with the
observations, the Southern Gyre is centered farther to the south near 1°N, the Great Whirl spins
up strongly and cold SST is confined to the coastal region between these two gyres. This double-
gyre system moves slowly northwestward throughout the Southwest Monsoon, with the cold
wedge located near 7°N in August, and it collapses in October. It is noteworihy that the strengih
of w has such a great influence on the dynamics of gyre formation and movement. Thissensitivity
probably occurs because of the effect of w, on the relative thicknesses of the two layers: with a
thicker upper layer, the northward propagation speed of the Southern Gyre along the Somali coast
is less, thereby allowing the Great Whirl more time to spin up.

We also obtained solutions for two alternate parameterizations of w,. One formulation is

(H d - h1)2
Wd=——-‘~'w6(hl —Hd), (133.)
just (7) without the factor Q8(Q)/Q,. With t,=180 days and H =65, the resulting solution is quite
-similar to the main run except that there is somewhat more detrainment in the eastern equatorial
ocean, a region where H; is thick (as in the Ei panel of Fig.3) and the magnitude of Q is small
throughout the year. [We note here that, although parameterization (13a) works well in this case,
it allows too much detrainment in the other equatorial oceans, which are forced by easterly trades

(McCreaRY and Yvu, 1992; McCreary and Lu, 1993).] The other parameterization is -
(Hf - hf)2

which states that there is detrainment only when the fossil layer is thicker than a specified amount
H,. This formulation is physically reasonable since we expect the bc 'tom of the upper layer to be
able to erode away only when there is a fossil layer that separates the bottom from active mixing.
It acts very much like w, in (7), since a thick fossil layer tends to be present wherever Q is
significantly positive. Indeed, with H=30m (so that Hi+h , =H =65m) the solution is virtually
unchanged from the main run.

4.4 The effect of throughflow

To explore the influence of the Pacific-Ocean throughflow, we specified a southward upper-
layer current across the Indonesian boundary segment, 109°E<x < 112°E, y=7.5°5, by replacing
the closed condition on v, with the open condition v =-V/(h,L), where V=10Sv and L=3°. Figures
14 and 14'illustrate the changes caused by the throughflow, showing annual-mean difference fields
between the test with thronghflow and the main run, Wenote here that they are remarkably similar
to analogous difference fields in the global GCM solutions of HIRST and GODFREY (1993, see their
Fig.14), and are also consistent with the linear solutions of KUNDU and MCCREARY (1986).

[
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Fig.13. As in Fig.4, except for a test case with H,=150m. The shapes of the profiles show that the
Tropical and Cross-Equatorial Cells still exist. Their strengths are about half of their values in the
main rus.

Thetotal transport difference field, A(]E-H?VZ)EAV (upper-left panel), shows thatnearly all
of the throughflow moves directly westward across the interior ocean, bends southward at the
African coast, and eventually leaves the basin in the Agulhas Current. To understand why this is
so, consider the steady-state version of equations (2) without the momentum-flux divergences®
V-(v.h.v)), the mixing terms k Vzht., and the artificial terms, w_and yhui. It follows that

111

BY,, - OV =D, (14)

where ¥ is the transport streamfunction defined by A(h v, +h,v,} =¥, and A(hu, + hyu ) =-¥ .
Solutions to this well-known equation are forced by the inflow condition, which specifies ‘i’
everywhere along the eastern boundary. In the interior ocean the balance is approximately ¥, =0
because the influence of mixing is weak, and hence the interior currents are necessarily primarily
zonal; the mixing acts to broaden the zonal jet to the west and to allow weak countercurrents on
either side. In the western-boundary region the structure of the flow field is a Munk (1950} layer.
The dynamics of the AV field in Fig.14 are clearly largely determined by (14).

There are also interesting shear-flow circulations for which AV=0, that are closely related to
the structure of Ah (which measures current shear). Because the throughflow adjusts to
gcostrophlc balance and is confined to the upper layer, Ah increases by almost 60m across the
inflow region. This increase spreads southward along the Australlan coast via Kelvin waves and
westward into the ocean interior via Rossby waves, and vanishes in the interior ocean as a result
of detrainment (note that Ah[ quickly approaches zero wherever w_<0 in Fig.3"). The upper-layer
shear flow circulates anticyclonically about the region of posmve Ah, \[flowing to the left of
-V(Ahl)] and the lower-layer shear flow circulates in the opposite sense. The westward interior
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throughflow run minus main run
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Fig.14'. AsinFig.14,except for the difference field AQ. The contour interval is 10W m2, The regions
'of intensified cooling near Indonesia, along Australia and in the Aguthas Current result from
anomalous advection. The cooling in the interior ocean results from weakened entrainment.

current shows the effects of this circulation, being shifted to the north in the upper layer and to
the south in the lower layer. The flow field along the coast of Australia is entirely a shear-flow
circulation, and does not appear in AV atall. Therather complicated Av, field in the western ocean
near5°S is a shear flow associated with theregion of low h ; justhow this low-h, regionis generated
by the throughflow is unclear.

Figure 14' shows the AQ field for thistest calculation. It shows that the throughflow strengthens
cooling along the Australian coast, across the interior ocean in a band centered about 12°S, and
along the western boundary south of 15°S. The magnitude of the cooling is significant, with the
netinput over the Indian Ocean decreasing to 1 5x1014W (as compared to 3.2x10'W for themain
run). Part of the cooling results from anomalous advection: the regions adjacent to Indonesia, in
themodel’s Agulhas Current and along Australia. In contrast, coolingin the interior band (and also
along Australia) is caused by the anomalous deepening of'h,: the deepening weakens cooling by
entrainment, thereby requiring a compensating increase in surface cooling.
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5, SUMMARY AND DISCUSSION

An important part of this research is to identify instances of remotely forced circulations in the
solution, and there are three such examples along the Somali coast. During the spring, the model
Somali Undercurrent flows southward from about 5°N to the equator (Fig.2b'), and it is largely
remotely forced from the Bay of Bengal by a Rossby wave radiating off the west coast of India
(Fig.6c). During the fall, a second southward Somali Undercurrent is present from 11°N to 3°N
that is predominantly forced by winds during the previous Southwest Monsoon (Figs 2d'and 2e");
it weakens in February and reverses in March in response to local forcing by negative wind curl
(Fig.7¢c). There is a surface countercurrent in November north of 5°N that flows northeastward
against the winds; itisthe western-boundary current associated with a band ofhi ghh, inthecentral
Arabian Sea that was generated during the Southwest Monsoon (Fig.2d). This countercurrent
weakens in January in response to the strengthened northeasterly winds (Fig.2e), butreappears in
March as the Northeast Monsoon weakens (Fig.2f), at which time it is also strengthened locally
by negative wind curl (Fig.7c). Another interesting flow in the region is a northward cross-
equatorial undercurrent present during January and February (Fig.2e"), but we were not able to
determine its cause,

The currents along the west coast of India are strongly affected by remote forcing from the Bay
of Bengal throughout the year. From April through October, h, is shallow along the coast, the
surface current is southward, and there is a northward coastal undercurrent (Figs 2a, 2a', 2b, 2b'
and 3¢). Thelocal, alongshore wind is upwelling favorable at this time and it does help to intensify
this circulation; however, the coastal currents still persist strongly in a test calculation without
Arabian-Sea winds (Fig.6a), and they are much weaker in a test without Bay-of-Bengal winds
(Fig.8a), demonstrating the dynamical imnportance of remote forcin gbythe Bay-of-Bengal winds.
From October through February, h, deepens along the west coast, the surface currentis north ward,
and there is a southward undercurrent (Figs 2d, 2d', 2e, 2¢' and 2f). Thelocal wind field is too weak
to force these changes, and Johannessen et al (1981) and SHETYE et al (1991a) proposed *
thermohaline driving mechanisms to account for them. In our solution, however, the reversal is
entirely remotely forced by the collapse of the Southwest-Monsoon winds in the Bay of Bengal,
as confirmed by the test calculations noted above (Figs 6b and 8b).

In contrast, the coastal currents in the Bay of Bengal appearto be predominantly forced by winds
within the Bay throughout the year. Remote forcing from the equator, a process emphasized by
POTEMRA ez al (1991) and YU et al (1992), doss influence the flow field in our solution, primarily
alongthe eastern boundary of the Bay during the spring (Figs 8cand 9¢), butonlymoderately along
the east coast of India during the Southwest Monsoon (see the discussion of Figs 9a and 9b). In
January, the surface current along the east coast of India north of 17°N begins to flow to the
northeast (Fig.2e), and by March there is northeastward flow everywhere along the east coast
(Fig.2f). Thelocal alongshore winds are just beginning to become southwesterly in March, and so
local forcing is not likely to be a dominant forcing mechanism at this time. One possible cause is
the effect of alongshore winds along the northeast and northwest boundaries of the Bay; another
possibility istemote forcing by negative wind curl in the western Bay. With the advent ofupwelling-
favorable winds during the Southwest Monsoon, h, develops anupward tilt toward the south along
the coast, and the northeastward current strengthens (Figs 2a and 2b). From September through
January, there is southward flow along the east coast with its peak strength in November, well
before the peak of the Northwest Monsoon. This current is generated by the collapse of the
Southwest-Monsoon winds; as a consequence, the upward tilt of h, vanishes, h, deepens
everywhere along the east coast via Kelvin-wave propagation, and a geostrophically balanced
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southward current develops (Figs 2¢ and 2d). This deepening also propagates around the tip of
India via Kelvin waves to generate the northward current along the west coast of India.

The zonal currents just north of the equator are affected by several processes. During the
Southwest Monsoon a strong eastward current develops south of India that flows across the
southern Bay of Bengal at 5°N, themodel Indian Monsoon Current (Figs 2band 2¢). South of India
the current is primarily locally forced by the wind-curl pattern which tends to shallow h, north of
4°N and to deepen it to the south (Section 3.1.1 and Fig.2a; Fig.8a). In the central Bay of Bengal
itis remotely forced from the equator by a packet of reflected Rossby waves (Fig.9a). During the
Northeast Monsoon there is an eastward flow nearly everywhere north of the equator, the model
North Equatorial Current (Figs 2 and 2f). This current is generated by local Ekman pumping in
the southern Bay of Bengal (Fig.8b), and by the radiation of a downwelling Rossby wave fromthe
tip of India into the Arabian Sea (Fig.2e). Itis also enhanced near the equator by the radiation of
an upwelling Kelvin wave (Figs 2e and 2¢).

There are two prominent surges of the equatorial currents in response to changes in the zonal
component of the wind stress there. During the Northeast Monsoon, the equatorial winds havean
easterly component that directly forces a westward surface equatorial current, and excites an
upwelling Kelvin wave that reflects from the eastern boundary as a packet of Rossby waves (Figs
2e, 2¢' and 2f; Fig.9¢). The equatorial winds reverse to have a westerly component during the
transition to the Southwest Monsoon, generating a swift eastward current (the spring Wyrtki jet),
as well as adownwelling equatorial Kelvin wave and reflected Rossby-wave packet(compare Figs
2fand 2a). The only significant instances in the Bay of Bengal of remote forcing from the equator
arise from the reflection of these two surges.

The circulation in the southern Indian Ocean is driven largely by wind curl over the interior
ocean. [t consists primarily of a Tropical Gyre that remains relatively unchanged throughout the
year, except forits northern branch (the Equatorial Countercurrent) whichis affected by the highly
variable, near-equatorial zonal wind field. This circulation is modified when throughflow fromthe
Pacific Ocean is included. The nettransport AV of the throughflow flows directly westward across
the interior ocean and southward out of the basin in the Agulhas Current (Fig.14). There are also
secondary, shear-flow circulations induced by the throughflow for which AV=0. One such
circulation is a poleward surface current and equatorward undercurrent along the Australian coast,
but these currents are too weak to provide an adequate explanation for the observed Leeuwin
Current system.

Although the surface currents present in the main run generally compare favorably with the
observations, there are several discrepancies that point toward deficiencies in the model physics.
The largest differences occur in the near-equatorial ocean. During the northern-hemisphere
summer, ship-drift observations show eastward flow everywhere across the basin near 5°N (the
Indian Monsoon Current) and weak flow on and just south of the equator; in contrast, themaintun
has southward flow across the equator in the central Arabian Sea, an eastward current south ofthe
equator in the eastern basin (the Equatorial Countercurrent), and a westward equatorial current
inthe western basin (Figs 2b and 2¢). During the fall, the mainrun failstoreproduce a strong Wyrtki
jet, particularly in the western basin (Fig.2d); italso fails to reproduce a summertime deepening of
the thermocline in the western tropical Indian Ocean (Fig.2¢), anecessary precondition for the fall
jet according to QUADFASEL (1982).

A possible cause for these differences is the lack of vertical shear between the mixed and fossil
layers, which may underestimate the importance of wind-drift flows confined to the mixed layer.
In support of this idea, HASTENRATH and GREISCHAR (1991) computed geostrophic currents
relative to 400db from historical data and Ekman currents from surface wind data for the tropical

P
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Indian Ocean. They concluded thatthe Equatorial Countercurrentismainly an eastward geostrophic
flow that during the summer is virtually eliminated by westward Ekman drift; similarly, the Indian
Monsoon Current in the Arabian Sea is primarily an eastward Ekman drift. Another possible cause
is the limited vertical resolution of the 2%-layer model, which does not allow sufficient vertical
propagation of Rossby waves; in a system with greater resolution, the first-meridional-mode,
equatorially trapped Rossby wave, so prominent in Figs 2b, 2c and 2d, should propagate downward
out of the surface layer (MCCREARY, 1984; MOORE and MCCREARY, 1990; JENSEN, 1991;
KESSLER and MCCREARY, 1992). A third possibility, external to themodel physics, is thatthenear-
equatorial wind field isincorrect. To explore this possibility, we carried out a test calculation using
the wind stress field obtained by applying a constant drag coefficient of .0028 to the monthly winds
of RAO ef al (1989, 1991). The resulting stresses were considerably stronger than those of
HELLERMAN and ROSENSTEIN (1983) off Somalia, but they were weaker near the equator by as
much as .1-.2dyn cm. As a consequence, there was no fall Wyrtki jet at all in the test solution,
with westward flow everywhere along the equator in October and November! Similar large
differences between solutions using different wind products have recently been reported in other
studies (REVERDIN and CANE, 1984; ANDERSON and CARRINGTON, 1993; KINDLE, personal
communication).

Modelled and observed SST compare well throughout the year. To explore why this is so, the
effects of various termsin the T ,-equation were isolated in aseries of testruns (Section 4.3). There
islittleeffecton T _intests with Q ~—~0 and when Q, is replaced by the spatially smoothed field Q.
In a test without temperature advection, the most obvious effect on T, occurs near western
boundaries because isotherms are not shifted by the swift currents there; the Qfieldisalsoaffected ,
in this test, with the lack of warm currents resulting in regions of more positive Q and vige versa
(compare the lower panel of Fig.11 with the lower-right panel of Fig.3"). Without entrainment
cooling, T, warms considerably in the strong upwelling regions (upper-left panel of Fig.10a); as
aconsequence, thenetheatinputinto the Indian Ocean is negative, whereasitis positivein themain
run (upper panel of Fig.11 and lower-right panel of Fig.3"), demonstrating that the net heating in
the main run is caused by upwelling. In the tests without entrainment cooling, with T, =T_sand with
q,=0.8q,, T  warms by about 1°C near the northern and southern boundaries of the basin in their
respective winters. It follows that three processes help to cool SST during the winter: mixed-layer
deepening driven by convective mixing, the increase of C, and Q; resulting from T, and the
increase of Q; caused by lower specific humidity q,- There is no cooling in the northern Bay of
Bengal in the test with q,=0.8q_, showing that the flow of dry air off the Asian continent duoring the
Northwest Monsoon is the primary cooling process there. Model SSTis degraded considerably in
the southern Indian Ocean in a test with both T,=T,,and q,=0.8q_, suggesting that one or the other
of the external forcing fields, T, and q,, must be included to simulate SST accurately.

The major thermodynamic limitation of the model is that the heat input through the surface is
removed primarily by the artificial cooling terms, Q, and w_T, (Figs 3'and 5), not by southward
advection of warmtropical waters. This deficiencyislikelya consequence of the basinnot extending
farenough to the south. Another limitationis that T,, doesnotcool sufficiently in the northern Bay
of Bengal during the winter (Fig.2e; Hastenrath and Lamb, 1979). A possible cause for this
discrepancyis thatthemixed layeristoo thick in the northern Bay, so thatitis difficultto cool. There
islittle indication of this deepening in the real Bay of Bengal, probably because there is a surface
layer of fresh water that inhibits entrainment,

The annual-mean circulation (Figs 3 and 3') has two meridional circulation cells (Fig.4).Inboth
cells nearly all of the water detrains from the upper layer (subducts) in the southern ocean south
0f 14°S, whereas in the Cross-Equatorial Cell itupwells in the northern ocean primarily along the
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coasts of Somalia, Arabia and India. The strength of the cells is directly related to the magnitude
of the subduction rate w, [equation (7)]. For example, when H, is increased to 150m, h, increases,
the magnitude of w_decreases, and the strength of the circulation cells weakens by a factor of two
(Figs 12 and 13). Interestingly, in this test the Southern Gyre moves northward more slowly, there
is a well-developed Great Whirl, and cold SST is confined to a wedge-shaped region between the
gyres; thus, the strength of detrainment has a large effect on Somali Current dynamics. The
structure of the cells is not particularly sensitive to the two alternate parameterizations of w4 in
equations (13a) and (13b). ’

In conclusion, we have developed a model of Indian-Ocean circulation that is sophisticated
enough to simulate the near-surface current and SST fields guite well throughout the year. Atthe
same time, the system is simple enough to be able to isolate the important processes at work init.
We have been able to determine the relative importance of local and remote forcing by the wind,
toinvestigate the thermodynamic processes that maintain model SST, and to study themixed-layer
processes that allow the existence of meridional circulation cells. Discrepancies between the
observed and modelled fields point toward several model deficiencies. These deficiencies are: the
lack of shear between the mixed and fossil layers, limited vertical resolution, Himited basin size, and
the absence of salinity effects. We plan to improve the model to overcome these limitations in the
next several years.
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A numerical investigation of dynamics, thermodynamics and mixed-layer processes in the
Indian Ocean

JULIAN P. McCREARY, JR., PuusH K. Kunpu and ROBERT L. MOLINARI

1. Page 187, equation (5): The symbol T; should be T,
2. Page 188, second line after equation (8a): The equation Av = AV should be Av = -AV

3. Page 191, second line after equation (10): The equation p; = p - (1-agT; should read
pi= p (1-aT))

4. Page 191, equation (11): The symbol ¢  in the numerator of the fraction should be cn2
5. Page 231, third paragraph, sixth line: The quantity 34.2 x 10!4W should be 3.2 x 10!4W

6. Pages 204, 209 and 219 should be replaced by the following pages.





