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Abstract. A 4l/2-layer model with active thermodynamics and mixed layer
physics is used to examine how salinity distributions forced by precipitation P
minus evaporation £ and by river runoff in the Bay of Bengal affect dynamics,
thermodynamics, and mixed layer physics in the upper Indian Ocean. Each of the
four active layers represents a distinct water mass type: the surface mixed layer,
the seasonal thermocline (barrier layer in the tropics), the thermocline, and upper
intermediate water. Waters are allowed to transfer between layers by interfacial
velocities wq, we, and ws. Velocity w; parameterizes entrainment and detrainment
from the surface mixed layer, and it is determined largely by Kraus and Turner
[1967] physics. Velocity wp is primarily a parameterization of subduction. In
regions where precipitation is strong enough for P — £ > 0, forcing by P — €
thins the surface mixed layer (layer 1) because of decreased entrainment, and thus
thickens the seasonal thermocline (layer 2, a barrier layer). Additionally, surface
currents generally strengthen, 75 warms considerably, and sea surface temperature
(SST) increases somewhat, resulting in temperature inversions at some locations
in the southern bay and eastern equatorial ocean. This forcing also causes large
temperature changes in the thermocline (layer 3), primarily because of heating or
cooling by anomalous subduction. During the Southwest Monsoon, forcing by inflow
from Bay of Bengal rivers increases SST by 0.5°-1°C along the northeast coast of
India. This is because coastal Kelvin waves driven by the Ganges-Brahmaputra

~ River inflow suppress coastal upwelling there. During the Northeast Monsoon,
fresh river water is carried southward by the East India Coastal Current (EICC),
raising sea level along the coast and strengthening the EICC by 10 cms™!. The
river water decreases entrainment around the perimeter of the bay during winter,
thereby thinning the surface mixed layer, increasing 75, and resulting in temperature
inversions in the northwestern bay. River inflow also causes significant temperature
anomalies in layer 3 by affecting subduction.

1. Introduction

Salinity variations influence the stratification of the
ocean and therefore its mixed layer physics, dynam-
ics, and thermodynamics. Three major processes deter-
mine salinity distributions in the upper Indian Ocean:
precipitation P and evaporation &£, river runoff in the
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Bay of Bengal, and fresher waters from the Indone-
sian Throughflow. Effects due to the throughflow have
been investigated in several previous studies [Godfrey
and Golding, 1981; Kundu and McCreary, 1986; Hirst
and Godfrey, 1993; McCreary et al., 1993, hereinafter
referred to as MKM; Murtugudde et al., 1998; Schiller
et al., 1998; Han and McCreary, 2001]. Here then we
focus on discussing effects forced by P — £ and river
runoff.

To date, there are few modeling studies that inves-
tigate effects due to P — & in the Indian Ocean. A
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number of studies include P — £ as part of the model
forcing [Anderson et al., 1991; Godfrey and Weaver,
1991; Semtner and Chervin, 1992; Anderson and Car-
rington, 1993; Vinayachandran, 1995; Vinayachandran
et al., 1999], but the specific effects that result from
P — £ are not explicitly examined in any of them. Mur-
tugudde and Busalacchi [1998] discuss how precipitation
and the resulting salinity distributions affect sea sur-
face temperature (SST) and mixed layer processes in
the tropical Atlantic, Pacific, and Indo-Pacific regions.
Han et al. [1999] (hereinafter referred to as HMAM)
noted the strong influence that precipitation has on the
eastward flowing equatorial surface current in the In-
dian Ocean during the fall (the fall Wyrtki Jet). In
the Pacific Ocean, Vialard and Delecluse [1998] stud-
ied barrier layer formation and variability, and Yang et
al. [1999] tested the sensitivity of the tropical Pacific
Ocean to precipitation-induced freshwater flux.

Shetye et al. [1996] suggested that the thin surface
mixed layer present in the northern bay throughout
the year results from freshwater influx by rivers. This
layer cools rapidly in winter, resulting in near-surface
temperature inversions at about two thirds of the sta-
tions taken during December. They also hypothesized
that runoff from the Ganges-Brahmaputra river system
significantly strengthens the West India Coastal Cur-
rent (WICC) during the Northeast Monsoon by causing
an across-shelf salinity gradient along the coast. Mec-
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Creary et al. [1997] theoretically investigated coastal
circulations driven by river outflow in general. Mod-
eling studies that specifically investigate the influences
of the Ganges-Brahmaputra and any other Bay of Ben-
gal rivers have not yet been carried out.

In this study we use an ocean model to investigate
how salinity variations caused by P — & and rivers af-
fect the upper Indian Ocean. The model is a nonlinear,
41/>-layer, reduced gravity system. It is essentially a
general circulation model (GCM) of intermediate com-
plexity, differing from the most sophisticated GCMs in
use today in that it has a limited vertical resolution
(only 4 degrees of freedom). The model’s simplicity is
an advantage in that it is computationally efficient and
hence easier to isolate basic processes. At the same time
the model is sophisticated enough to develop solutions
that compare well with observations, often remarkably
so. In a companion paper, Han and McCreary [2001]
describe effects of five different salinity forcings, includ-
ing P — £ and the Bay of Bengal rivers. It is helpful,
but not essential, to read this paper first.

The rest of the paper is organized as follows. Section
2 provides a detailed description of the 41/2-layer model.
Section 3 describes a solution without any salinity forc-
ing, pointing out deficiencies due to this lack. Section
4 examines effects due to P — £ forcing, and section 5
assesses influences caused by the Bay of Bengal rivers.
Finally, section 6 provides a summary and conclusions.
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A schematic diagram illustrating the layer structure of the 41/>-layer model.
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2. Model Ocean

The model is discussed in detail by Han [1999] and
Han et al. [1999]. Here we discuss only those aspects
necessary for understanding how salinity affects ocean
processes.

2.1. Structure

Figure 1 illustrates the model’s structure. It consists
of four active layers with thicknesses h; (i = 1-4 is a
layer index), temperatures T;, salinities S;, and veloci-
ties v;= (uj,v;), overlying a deep, quiescent ocean with
temperature Ty and salinity S; where pressure gradients
are assumed to vanish (the “half” layer). The density of
layer i and of the deep ocean (with subscript i replaced
by d) is

pi = po(l -+ atTi + assi)’ (1)

where pp = 1 gm cm™3, oy = —2.5 x 107* °C™,
and o, = 8 x 107* psu~!. The w; fields are veloc-
ities at the bases of layers 1-3 that specify how wa-
ter transfers across the interfaces between the layers.
They contain terms that represent physical processes,
wg, ws (both defined below) and w,. Velocity w, mod-
els mixing caused by strong shear between the upper
layers; it acts to increase hy until it is thick enough for
the bulk Richardson number of layer 1 to be greater
than or equal to 0.4. In addition, the w; fields also
contain “correction” velocities w;. that prevent layers
from becoming thinner than prescribed minimum val-
ues, Pimin = Aomin = 10 m and Agpin = 50 m. Typi-
cally, wy. is active in upwelling regions where dynamical
processes drive a divergent flow, and ws, is active where
entrainment thickens layer 1 significantly.

The T; and S; fields are allowed to vary in response
to both surface fluxes and across-layer transfer by the
w; fields, so that the layers are not isopycnal ones. It
is more appropriate rather, to interpret them as cor-
responding to distinct oceanic regions or water mass
types, namely, the surface mixed layer, seasonal thermo-
cline or barrier layer, thermocline, and upper intermedi-
ate water in layers 1-4, respectively. Outside the tropics
the region between the mixed layer and the thermocline
is known as the seasonal thermocline (layer 2) because
it develops in the spring when the mixed layer thins.
In the tropics it is referred to as the “barrier” layer be-
cause it blocks direct exchange between the mixed layer
and the thermocline [Lukas and Lindstrom, 1991].

2.2. Processes

2.2.1. Across-interface velocities. Salinity forc-
ings strongly affect the model through their influence
on w; = wg + w1 +wr, largely by altering wy. Velocity
wy, is determined by Kraus and Turner [1967] physics
according to

P
—_— P>0
_1_ hA ,7 b
Wk = Zg ! Z__ (2&)
mo 1 p<
2At <0,
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where

P= Pomui - %ghlpo [_at & + as(P - E)S;
PoCp
(2b)

is the production of turbulent kinetic energy, hm, is
the Monin-Obukhov depth obtained by solving (2b) for
h; when P = 0, g = 980 cms~2 is the acceleration of
gravity, and Ap’ is the density jump at the base of the
mixed layer. In equations (2a) and (2b) hy is the layer
1 thickness at the previous time level, At = 0.8 hours
is the miodel time step, u. is the oceanic friction veloc-
ity, m = 1 is the wind-stirring coefficient, and Cp = 1
calgm™! °C~! is the specific heat of water. According
to (2a), layer 1 entrains water from layer 2 when P > 0
and detrains instantly (i.e., in one time step of the inte-
gration) to the Monin-Obukhov depth h,,, when P < 0.
Salinity influences wy by altering Ap' and through the
P — & term in P.

Velocity we has two forms. It is given by wy + wa.
when ho = homin, & situation when layer 2 essentially
vanishes or, equivalently, becomes part of layer 3. It is
equal to ws when hs > homin and the layer exists. In
this case, ws parameterizes the rate at which layer 2
water subducts into the thermocline layer. It is

w. = — @10(@Q1) (b1 + hs — ha)?
’ Qo tahq
X @(h1 + ha — hq) 6(|y| — 5°),

(3)

where t4 = 180 days is the subduction time scale, hg =
65 m is the subduction reference depth, Qo = 40 Wm™2
is a scaling parameter, and @ is a step function. Salinity
influences w, indirectly by changing h; + hz, as will be
discussed next.

2.2.2. Layer thicknesses and temperatures.
Equations for layer thickness and temperature are

hit+ V- (h,-vi) -— K,hv2h,' + I€4V4hi

= W; — W;—1 +5i1(’P—g), (43)
and
Tyt + vi-VT; — £, V2T + k4 VAR = Qi
pOCphz‘
wi w;_
+ 55 (T = To) = == (Ti = T)
2 T
+ 52’3£(T4 -T3) + 51’4&(7“3 — 2Ty + Ty)
hs hy
wi wi
+ 6122 (To — T3) — 63— (Te — T3), (4b)
ho h3
where £, = 107 cm?s™!, k; = 5 x 107 cm?s™!, and
Kha = K = 10?! cm®s™! are Laplacian and bihar-

monic mixing coefficients, w} = max(w;,0) and w; =
min(w;,0) are the positive and negative parts of w;;,
v = 3.3 x 107* mday~! is a diffusion coefficient, Q; is
the heating in layer ¢, d;; is a Kronecker delta symbol
(0i5 is 1if 4 = j and is O otherwise), and wo = w4 = 0.
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Temperature T, is the temperature of the water that
is entrained from layer 3 into layer 2. Because it is
taken from the top of the thermocline layer, it is typi-
cally warmer than the average temperature of the ther-
mocline, T3, itself. It is defined by

T. = max [SSTmin(y) — 3°C, T3], (5)

where SSTmin(y) is the minimum value of observed SST
along any latitude line y (see MKM, p. 187). A conse-
quence of this specification is that layer 3 is cooled when
its water is entrained into layer 2 since water warmer
than T3 is removed from the layer, and the last term in
(4b) describes this cooling process. Specifying Te > T3
in this way is necessary to ensure that SST does not
become too cold in strong upwelling regions (such as off
Somalia).

According to (4a), changes of layer thickness are
caused by convergence and divergence of mass, horizon-
tal mixing, entrainment, and detrainment. The h; field
is also affected by mass gain or loss through the ocean
surface due to P — &, but that amount is negligible.
Temperature variations (equation (4b)) are forced by
heat fluxes (Q; term) and affected by horizontal advec-
tion and mixing, entrainment from the underlying layer
(wj terms), detrainment (subduction) from the over-
lying layer (w;", terms), and vertical mixing between
layers (7 terms). In both (4a) and (4b), horizontal mix-
ing and diffusion terms are small in comparison to the
other terms.

2.2.3. Currents and sea level. Salinity variations
influence surface currents by changing h; and the depth-
averaged pressure gradient force in layer 1, namely,

) _ (Vd+ -}Lv/n) , (6)
Po Po
where
1 o
d=—=> (pa — pi)hi )
Po i3

is the model sea level. Specifically, salinity forcing can
enhance (weaken) the surface Ekman drift

7Y el
= —, v = -,
fpohi o froht

by decreasing (increasing) hq, and it can alter the geos-
trophic current,

(8)

Uek

D1y D1z
Uy = ——=, Vg = , 9
g pof 7 pof ©)

through its influence on (Vpy).

2.3. Forcing and Numerics

The wind stress 7 = po,Cp|V|V used to force the
model is the Florida State University (FSU) monthly
mean pseudostress |V|V averaged from 1970 to 1996
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[Legler et al., 1989], with p, = 0.001175 gmcm ™2 and
Cp = 0.0015. Precipitation P is provided by Legates
and Willmott [1990; see Han and McCreary, 2001, Fig-
ure 2]. The thermal forcing is calculated from climato-
logical fields of incoming short-wave radiation @ s, out-
going long-wave radiation Q,,, air temperature T, spe-
cific humidity g,, and scalar wind w,. prepared by Rao
et al. [1989, 1991]. Sensible and latent heat fluxes (Qsen
and @) are then determined from these fields using
standard bulk formulae and model SST, T; [McCreary
and Kundu, 1989; MKM]. The incoming radiation Qs
is represented as the sum of penetrating and nonpene-
trating parts, with the former given by ¢Q,,e*?, where
¢ =0.237and k = 0.067 m~!. Heating Q; of subsurface
layers results from this process.

The model basin resembles the actual Indian Ocean
north of 29°S, and it is shown in most of the panels that
display the solution. Boundary conditions are described
in detail by Han and McCreary [2001] and Han et al.
[1999]. Solutions are obtained on a grid of dimension
Az = Ay = 55 km and are integrated forward in time
for a period of 60 years, by which time solutions ap-
proach equilibrium. Figures 2-13 and plates 1-4 shown
in later sections are from year 60 of their integrations.

3. Solution Without Salinity Forcing

In this section we discuss a solution without any ex-
ternal forcing of salinity. It serves as a reference point
for understanding the influences of salinity forcing dis-
cussed in later sections, and we refer to it as the back-
ground run (solution BR). It is obtained by setting
P — & =0in (2b) and in the equation for S; [see Han
and McCreary, 2001]. Here we compare solution BR
with observations, focusing on its deficiencies, particu-
larly those that are diminished when salinity forcings
are added. The upper layer circulations in solution BR
are, in fact, very similar to those in the MKM solution,
which also lacked salinity forcing. Interested readers
can consult MKM for additional details.

3.1. Thicknesses

Figure 2 (left) shows mixed layer thickness from so-
lution BR (h;) and Figure 2 (right) shows mixed layer
thickness calculated from the Levitus and Boyer [1994]
and Levitus et al. [1994] data set (h,,) during January,
April, July, and October. Thickness h,, is defined to
be the first depth where density is 2.5 x 10~ gm cm—3
greater than the surface density, an amount equivalent
to the density change caused by a temperature decrease
of 1°C.

In the Arabian Sea, h; varies semiannually, thicken-
ing to more than 100 m during the peaks of the North-
east and Southwest Monsoons and thinning to 10-40 m
during spring and fall, consistent with h,,. In the Bay of
Bengal, however, h; is much thicker than h,, during the
winter, being > 100 m in the western bay during Jan-
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Figure 2. (left) Thickness hy from solution BR and (right) mixed layer thickness h,, calculated
from Levitus and Boyer [1994] and Levitus et al. [1994] data for January, April, July, and October.
The contour interval is 20 m. Values > 80 m are shaded.
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uary when Ay, is only 10-20 m. Similarly, in the central
and eastern equatorial ocean, hy is much thicker than
hm during late spring, summer, and fall. In the latter
case, h; thickens because equatorial westerlies during
spring and fall cause convergence at the equator and
push the thermocline downward. This signal propa-
gates via Kelvin waves along the eastern boundary into
the Bay of Bengal [see McCreary et al., 1996; MKM].
South of 10°S, the annual cycle of h; compares reason-
ably well with the observations, except that it tends to
be somewhat too thick during the austral winter. Note
that h; is noisy along the equator during January when
it is thin and u, is westward and strong (Figure 4). The
reason for this noise is entrainment due to w, at loca-
tions where current shear between the first two layers is
sufficiently strong. (The Ah; and Ahs fields in Plates
1 and 3 below are also noisy along the equator during
January for a similar reason.)

Typically, the hs field mirrors the h; field. In partic-
ular, at locations where h; is thick, hs is thin and often
attains its minimum value hsmin. Thus in solution BR
there is little or no barrier layer in the eastern tropical
ocean, a property that contrasts with the observations
(P. Webster et al., The Joint Air-Sea Monsoon Interac-
tion Experiment (JASMINE), 2, Results from the field
phase, manuscript in preparation, 2001, hereinafter re-
ferred to as P. Webster et al., manuscript in preparation,
2001).

3.2. Temperatures

Figure 3 (left) shows SST from solution BR (T})
and Figure 3 (right) shows SST from Comprehensive
Ocean-Atmosphere Data Set (COADS) data (T,) dur-
ing January, April, July, and October. Except for a
few locations, T: generally agrees well with T, with
an error < 0.5°C. Along the Somali and Omani coasts,
however, T} is more than 2°C colder than the observa-
tions during the Southwest Monsoon and is somewhat
too warm outside the coastal zone (unshaded regions in
the western Arabian Sea in the July panel). These dif-
ferences are certainly due in part to the COADS data
being too smoothed, thereby spreading the narrow up-
welling regions offshore. They are also likely due to the
large interannual variability, which is not included in
our solution forced by the climatological winds. In the
northwestern Bay of Bengal T is 1.5°C warmer than
Ty, during winter and 0.5°-1°C colder during summer.
East of the Maldives (near 80°E), T is 0.5°-1°C colder
than Tj, in January. Finally, the cool water present
along the southwest coast of India during the South-
west Monsoon in T, does not appear in T7. This differ-
ence is likely due to inaccuracies in the FSU winds that
force the model since the corresponding solution forced
by European Centre for Medium-Range Weather Fore-
casts (ECMWF) winds (averaged from 1980 to 1988)
does have colder water there.
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In solution BR, 75 is always less than T7, so that there
are no temperature inversions anywhere in the ocean.
This lack is contrary to the observations, which do ex-
hibit strong temperature inversions in the northern and
western Bay of Bengal, especially during winter [Shetye
et al., 1996).

3.3. Currents

Figure 4 (left) shows surface currents from solution
BR (v1) and Figure 4 (right) shows surface currents
from the Mariano et al. [1995] ship drift data set (v,,)
during January, May, July, and November. The solu-
tion reproduces all the major currents present in the
ship drift observations, but in many instances they are
considerably weaker than in the observations, as is visu-
ally apparent from the larger sizes of the shaded regions
in Figure 4 (right). Some, but not all, of these discrep-
ancies are improved when salinity forcings are included.

The zonal currents south of India and Sri Lanka
but north of the equator, the westward flowing North-
east Monsoon Current (NMC) and the eastward flow-
ing Southwest Monsoon Current (SMC), are impor-
tant links between the northeast and northwest Indian
Ocean (Figure 4, January and July panels). Both are
weak in solution BR, with the NMC being 20-35 cm s !
weaker than the ship drift observatories in the southern
bay and south of Sri Lanka (also see Figure 6a, top and
middle panels).

In the Bay of Bengal and Arabian Sea the annual vari-
ability of the model currents compare favorably with
the observations, but current speeds tend to be rela-
tively weak. In the Bay of Bengal, for example, both v
and vy, exhibit an anticyclonic gyre during the spring
and a cyclonic circulation during the fall. Consistent
with McCreary et al. [1996], the solution’s East India
Coastal Current (EICC) generally agrees well with that
of the ship drift data, except during late fall and winter
when the model EICC is significantly weaker (Figures 7
and 12 below). Likewise, the solution’s WICC is 10-20
cms~! weaker than the observations during the sum-
mer (Figure 8). Currents throughout much of the inte-
rior Bay of Bengal and Arabian Sea are also relatively
weak throughout most of the year, especially during
the Southwest Monsoon, when the winds are strongest.
This model/data discrepancy is not improved by salin-
ity forcing, possibly because the model lacks a suffi-
ciently thin surface Ekman layer (as conjectured by
MKM) or because the ship drift data have a windage
€rror.

Surface currents in the equatorial Indian Ocean re-
verse direction four times a year, flowing eastward dur-
ing spring and fall and westward during winter and sum-
mer. The eastward currents are commonly referred to as
Wyrtki Jets (WJs). In solution BR the fall WJ is con-
siderably weaker than the observed one in the eastern
equatorial ocean. This deficiency is explored in detail
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Figure 4. Surface currents (left) from solution
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by HMAM, who find that a large part of it results from
the lack of precipitation in solution BR.

In solution BR the westward flowing South Equato-
rial Current (SEC), located at 10-20°S, is also quite
weak, especially in the eastern ocean where its speed
varies from 0 to 20 cms™! in comparison to ship drift
values of 20-50 cms~!. As in the Arabian Sea, this
error is not improved by salinity forcing. It is also
not corrected by including the Indonesian Throughflow:
In that case, the SEC is increased by 10-15 cms™! in
the eastern ocean and 5-10 cms™! in the central and
western ocean [see Han, 1999, Figure 26a], considerably
stronger but still weaker than the ship drift currents.
Possible causes of this error again are the model’s lack
of a sufficiently thin Ekman layer or windage error in
the ship drift data.

4. Solution Forced by P — &

In this section we describe the solution that includes
P — £ forcing by retaining the P — £ terms in (2b) and
in the S; equation. This solution is referred to as test
run 1 (TR1). The difference solution, TR1 — BR, then
measures the influence of P — £.

4.1. Thicknesses

Forcing by P — £ generates low salinity in the cen-
tral and eastern ocean north of 15°S and high salinity
in the Arabian Sea and southern tropical ocean [Han
and McCreary, 2001, Plate 2]. These salinity patterns
change the mixed layer thickness by affecting wy.

Plate 1 (left) shows h; differences, Ahq, from solution
TR1 — BR during January, April, July, and October.
The most striking feature is that h; thins (Ah; < 0)
by 10-100 m in a broad region of the central and east-
ern equatorial ocean (east of 70°E, 7.5°S-7.5°N) during
the fall and winter (October and January panels). In
addition, h; thins by 10-50 m in the eastern bay and
by 10-30 m along the west coast of India during July.
This thinning is generated by the strong precipitation
during summer and fall, which reduces or even reverses
the production of turbulent energy P in the mixed layer
(equation (2b)) and increases the density jump Ap’ at
its bottom (equation (2a)). Both of these effects act to
decrease wy, thereby slowing or reversing entrainment
into layer 1.

In contrast, h; thickens by 10-30 m in some regions of
the northern Arabian Sea during winter (Plate 1 (left),
January panel) and by 10-40 m in a large region of
the southern tropical ocean and a small region north of
Madagascar during July (Plate 1 (left)). This increase
results from high evaporation (P — £ < 0), which raises
S1, increases P, and decreases Ap', and hence strength-
ens Wg.

Patterns of Ahy (Plate 1 (right)) tend to mirror those
of Ah;, with Ahs being thicker (thinner) wherever Ah,
is thinner (thicker). The increase can be large, up to
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70 m during October in regions where h; is thick and he
is close t0 hamin in solution BR, whereas h; shrinks to
himin in solution TR1. The resulting h, field compares
much better with observed estimates of barrier layer
thickness (P. Webster et al., manuscript in preparation,
2001).

4.2. Temperatures

4.2.1. Mixed layer. Plate 2 (left) shows the
AT, field from TR1 — BR. In the interior ocean, re-
gions of significant T increase (AT; > 0.1°C) occur
in the central and eastern equatorial ocean during win-
ter, in the equatorial ocean during spring, and to the
west of Sumatra during summer. In coastal regions, T}
increases along the west coast of India during spring,
along the west coast of Australia during winter and
spring, and in the Gulf of Aden in July. Regions of sig-
nificant T; decrease (AT; < —0.1°C) include the large
area south of the Maldives during fall, the northern Ara-
bian Sea and the eastern ocean near 5°S during winter,
and the area north of Madagascar and near the south-
ern boundary during summer. Layer 1 temperatures
decrease by more than 1°C along the east African coast
in January and near the west coast of Sumatra in Oc-
tober.

According to (4b), changes of T} are determined pri-
marily by three processes: entrainment cooling (Er; =
w} (Ty — T2)/h1), surface heating (Q1/h1), and advec-
tion (A71 = —v1-VT}). Salinity effects forced by P — &
can alter any of these processes, but most of the afore-
mentioned changes result from changes in entrainment
cooling, AET;.

In the interior ocean, significantly warmer T} results
primarily from decreased entrainment cooling E7; due
to the “barrier layer effect.” Specifically, lower S; due
to strong precipitation decreases h; and thickens ho and
thereby increases T markedly (Plate 2 (right); section
4.2.2). The resulting decrease in T; — T» weakens Er;.

Along coasts, T increases are also caused by de-
creased E7; but directly through a decrease in wy, (and
hence w") rather than through a decrease in T} — T.
Along the west coast of India, for example, h; is thicker
during winter in solution TR1 (Plate 1 (left), January
panel) because of increased wy. As aresult, h; does not
approach its minimum value Ajpi, in March and April
as it does in solution BR. Thus upwelling of cooler wa-
ter from layer 2 does not occur in TR1, whereas it does
occur in BR in order to keep h; = himijn. Layer 1 tem-
peratures increase in other coastal regions for the same
reason.

The cooling south of the Maldives during October
and along the east coast of Africa during January results
from increased Er; because of increased upwelling of
cool layer 2 water in solution TR1. There is upwelling in
both regions, driven by negative wind curl in the former
case (see MKM) and by alongshore winds in the latter.
In solution BR, h; never thins to himiy in either region.
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In solution TR1, however, precipitation increases Ap'
and decreases wg, so that upwelling favorable winds are
able to thin h; to himin; therefore colder layer 2 water
must be upwelled into layer 1 to keep A1 = Aimin.

Although Ty changes are dominated by AET;, they
are also affected by other processes. The surface heat-
ing anomaly A(Q1/h1) caused by P — & (not shown)
generally has a structure like that of AT, but with an
opposite sign. This inverse relationship happens be-
cause T is the only variable that can alter the surface
heat flux Q; when all other atmospheric variables are
kept fixed (as is the case in our model): Lower (higher)
T; decreases (increases) the latent heat flux Q. so as to
increase (decrease) @1, and this process almost always
determines A(Q1/h1). An exception is along the west
coast of India in July, where AQ; > 0 and ATy < 0 as
expected but A(Q1/h1) is, nevertheless, negative. This
happens because 1 < 0 in both solutions but h; is con-
siderably thinner in solution TR1; therefore A(Q1/h1)
is negative even though AQ; is positive. (In all the
solutions in this study, changes in the amount of pene-
trating radiation due to Ah; also affect A(Q1/h1), but
this process is of secondary importance, weaker by an
order of magnitude than the ones noted above.) Advec-
tion helps to spread the anomalous temperature regions
somewhat, particularly the region of cold T7 south of
the Maldives during October.

4.2.2. Barrier layer. Temperature changes in layer
2 can be much larger than in layer 1, with 75 varying
by as much as 5°C in magnitude (Plate 2 (right)). The
large changes are “artificial,” however, in the sense that
they occur when hy = homin in one solution (in which
case, layer 2 essentially vanishes and is better regarded
as part of layer 3) but not in the other. For example,
hs = hamin in solution BR in the central and eastern
equatorial ocean, so that the barrier layer does not exist
in this solution; however, in solution TR1 hs > hg min,
representing the formation of barrier layer due to the
strong precipitation. Changes in T, result from three
major processes (equation (4b)): entrainment cooling
when hy = homin (Er2 = wi (Te — T¢) /h2), detrain-
ment heating (D2 = wy (T2 — T1) /he), and advection
(Ar2 = —va - VT3), and they are mostly determined by
AETs.

Temperature T5 warms most strongly at places where
hi thins and hp becomes thicker than homin (compare
Plate 1 and Plate 2 (right)). In these regions, T is close
to T, because of entrainment from layer 3 in solution
BR. In solution TR1, however, there is a barrier layer
(h2 > hamin), layer 2 no longer entrains cooler water
from layer 3, and Er9 = 0.

Conversely, T> cools primarily in areas where P —
£ > 0, which increases P and decreases Ap’' in wy,
thickens h; until he = homin, allows layer 2 to entrain
cool water from layer 3, and hence makes Ers > 0.
Prominent regions where this cooling process occurs are
the Arabian Sea during January and July, the southern
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Figure 5. Temperature difference AT; from solution
TR1 - BR during January and July. The contour in-
terval is 0.5°C. Positive values are also shaded with the
same interval.

tropical ocean during July, and the southwestern Bay
of Bengal during July.

Anomalous detrainment of warmer layer 1 water into
layer 2 (AD79 > 0 ) also helps to increase T in re-
gions where high precipitation causes P and w; to re-
verse sign from positive to negative, so that h; thins
and more warm upper layer water detrains into layer 2.
An example is the region of warm AT, east of the Mal-
dives just north of the equator in July. Advection helps
to spread anomalous T regions, an example being the
westward stretching of the region of positive AT, from
the southwest coast of India during January.
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Temperature inversions (T> > T1) can occur in solu-
tion TR1 in regions where a barrier layer forms. Re-
gions with temperature inversions are the eastern Bay
of Bengal during both Northeast and Southwest Mon-
soons and the equatorial ocean near 80°E during the
Northeast Monsoon (see the discussion of Figure 11 be-
low). These inversions are not present in the Levitus
and Boyer [1994] data (as measured by T50m — F10m and
Tsom — Thom fields), but the data may be too sparse and
highly averaged to resolve them.

4.2.3. Thermocline layer. Interestingly, although
P — & is a surface forcing, it can generate large tem-
perature changes in layer 3 (Figure 5). For exam-
ple, T3 is 0.5°-2°C warmer in the northern Arabian
Sea, 0.5°-2.5°C colder in the Bay of Bengal and near
the Lombok Straits, and 0.5°-1.5°C colder north of
Madagascar during July. According to (4b), T3 is in-
fluenced by three major processes: subduction heat-
ing (Sts = —w; (T2 — T3)/hs), cooling due to the
entrainment of warmer upper thermocline waters into
layer 2 (Elpy = wi (Te —T3)/hs3), and advection (Ars =
—V3 - VT3)

In the Arabian Sea, warming of T3 results mostly
from increased subduction of warmer layer 2 water
(ASt3 > 0). During the winter, h; (and h; +hs because
h2 = homin) is thicker in solution TR1 in the northern
Arabian Sea because of strengthened entrainment wy
(Plate 1 (left), January panel). Consequently, the sub-
duction rate w, = w; is larger during the spring, and
Sts increases. The warming northeast of Madagascar
in January and the relatively weak warming through-
out the southern tropical ocean also result from this
process.

In contrast, cooling of T3 in the Bay of Bengal and in
the southeastern ocean near 5°-20°S is due primarily to
decreased subduction in TR1 (ASrs < 0). In the nor-
thern bay, for example, the reduction happens because
hi (and hy + hs) thickens much less during the winter
in solution TR1 (Plate 1 (left), January panel), so that
w; is weaker during the spring.

The band of negative AT3 north of Madagascar dur-
ing July is the most prominent region cooled by Er5. In
this region the excess of evaporation over precipitation
increases wy, and thickens h; (Plate 1 (left), October
panel). Because ha = homin in TR1, the waters that
entrain into layer 1 originate from layer 3, and hence
AE%, is large. For a similar reason a negative ATj
forms in a small region north of Madagascar during Jan-
uary.

Advection helps to spread the T3 anomalies. This
process is especially active north of Madagascar (Figure
5, July), where currents are relatively strong [see Han,
1999, Figure 8c].

4.3. Currents

The largest surface current change caused by P — £ is
for the fall WJ, which is strengthened by 10-30 cms™!.
The processes that influence the WJs are studied by
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Ship-drift data

Figure 6a. Longitude-time plots of zonal surface cur-
rents averaged from 4.5° to 5.5°N determined from
(top) ship drift data U (prepared by Mariano et al.
[1995]), (middle) solution BR w;, and (bottom) solution
TR1 u;. Westward currents are shaded, and eastward
currents are contoured, with an interval of 10 cms™!.

HMAM. Here then we discuss the other major currents
that are influenced by P — £, namely, the NMC, the
EICC, and the WICC.

Figure 6a shows longitude-time plots of the zonal sur-
face currents averaged from 4.5° to 5.5°N for (top) the
ship drift data, (middle) solution BR, and (bottom)
solution TR1. By including P — £ forcing the NMC
strengthens by 10-15 cms™! from November to Jan-
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Figure 6b. Longitude-time plots of (top left) zonal Ekman drift (Auex) and (top right) zonal
geostrophic current (Aug), and (bottom) z-y plots of sea level during December and March (Ad)
from the difference solution TR1 — BR. Negative values are shaded, and positive values are
contoured. The contour interval for currents is 5 cms~! and that for sea level is 2 cm.

uary, in better agreement with the observations. To il-
lustrate the causes of this improvement, Figure 6b plots
velocity differences from TR1 — BR, showing changes
in (top left) zonal Ekman drift u.s (equation (8)) and
(top right) zonal geostrophic current u, (equation (9))
and (bottom) sea level d (equation (7)) during Decem-
ber and March.

The strengthened NMC in the southeastern bay (east
of 80°E) from December to January results from the in-
creased Ekman drift, which has an amplitude of about
10 cms™! (Figure 6b (top left)). This stronger Ekman
drift is caused by the thinning of h; in TR1 due to the
strong precipitation during summer and fall (see sec-
tion 4.1). Near the southern tip of India (75°-80°E) the
strengthened NMC is due to the increased geostrophic
current (Figure 6b (top right)), which is generated by
the anomalous sea level gradient there (Figure 6b (bot-
tom)). In solution TR1, strong precipitation in the nor-
thern and eastern bay reduces S; and S, increasing the
density differences pg — p1 and pg — po and therefore d;
conversely, strong evaporation in the Arabian Sea gen-
erates salty water, decreasing d (Figure 6b (bottom)).
Fresher Bay of Bengal water associated with higher sea
level is carried to the southern tip of India by the south-
ward EICC during fall and winter, and saltier Arabian

Sea Water (ASW) associated with low sea level flows to
the eastern ocean via the SMC and the fall WJ. These
two water masses meet near the southern tip of India,
intensifying the southward meridional pressure gradient
force (Figure 6b (bottom left)).

Figure 7 (top) shows EICC velocities at 8°N from
the ship drift data (thin curve), solutions BR and TR1
(medium and thick curves), and Ekman drift and geos-
trophic contributions from solution TR1 — BR (thin
and thick dashed curves). Each is the average along-
shore current from the Sri Lankan coast to 1.5° offshore.
Figure 7 (bottom) shows the sea level anomaly from the
difference solution TR1 — BR during September, when
the EICC is most strongly affected by P — £. Forc-
ing by P — £ causes more than a 10 cms™! change in
the EICC along the Sri Lankan coast during summer
and fall, making it agree well with the ship drift data.
This improvement results primarily from an increased
southward geostrophic current (Figure 7 (top), thick
dashed curve); it is caused by the region of low sea level
anomaly off the east coast of Sri Lanka increasing the
eastward pressure gradient force near the Sri Lankan
coast (Figure 7 (bottom)), and this anomalous low sea
level results from salty ASW being advected into the
bay by the SMC.
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Figure 7. (top) Line plots of the EICC (alongshore
surface flow averaged from the coast 1.5° offshore) at
8°N (cms™!) from ship drift data (thin curve), solu-
tion BR (medium curve), solution TR1 (thick curve),
and the anomalous geostrophic current as well as Ek-
man drift from TR1 — BR (thick and thin dashed
curves). (bottom) An z-y plot of sea level differences
from TR1 — BR during September (cm), when the
EICC is affected the most by P —&. Contour labels
are the same as those in Figure 6b for Ad.

In solution BR the southward WICC is considerably
weaker than the ship drift data during summer, whereas
in TR1 it is stronger by 10-20 cms~! along most parts
of the west Indian coast, in much better agreement with
the observations (Figure 8 (top) and Figure 8 (mid-
dle)). This striking improvement is generated by en-
hanced Ekman drift (dashed curve) because of h; being
shallower in TR1 (see section 4.1). Along the southwest
coast of India at 8°N (Figure 8 (bottom)), however, the
WICC is strongly southward in the data but weak in
both solutions. This large discrepancy likely happens
because there are insufficient ship drift observations in
the region. As a result, the ship drift data (Figure 4)
completely miss the Lakshadweep Low, a cyclonic circu-

6907

lation that exists off the southwest coast of India during
this season [Shankar and Shetye, 1997], resulting in an
unrealistically strong southward current at this latitude.

5. Solution Forced by P — £ and River
Inflow

In this section we describe a solution that includes
forcing by both P — £ and river inflow in the Bay of
Bengal (solution TR2C). The rivers include the Ganges-
Brahmaputra in the northern bay, the Irrawaddy in
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Figure 8. Line plots of the WICC (alongshore surface
flow averaged from the coast 1.5° offshore) at (top) 16°,
(middle) 12°, and (bottom) 8°N from ship drift data
(thin curves), solution BR (medium curves), solution
TR1 (thick curves), and Ekman drift difference from
TR1 — BR (dashed curves).
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the northeastern bay, and a number of smaller rivers
along the east coast of India. The rivers are included
in the model as exchange flows across basin boundaries
within layers 1 and 2, and layer-1 flow is allowed to pass
through the shallow channel between Sri Lanka and In-
dia [Han, 1999; Han and McCreary, 2001]. To help
isolate river effects, we also recalculated solution' TR1
with an open India-Sri Lanka separation in layer 1 (so-
lution TR1’). The difference solution, TR2C — TR1’,
then measures effects due only to the rivers.

5.1. Thicknesses

5.1.1. Mixed layer. Plate 3 (left) shows h; changes
(Ahq) from the difference solution TR2C — TR1' dur-
ing January and July. The most striking changes occur
in the northern and western bay during January and in
the southern bay and west of the Maldives during July,
where h; thins by 10-50 m. The thinner h; field dur-
ing January (Plate 3 (top left)) result from decreased
entrainment by wy owing to the decrease in Ap' caused
by the fresher river water being advected into these re-
gions. The decreases in h; during July, as well as the
narrow band of thinning along the east coast of India,
are also caused by this process (Plate 3 (bottom left)).

Curiously, h; increases by 10-40 m in the southern
bay during January (Plate 3 (top left)). This h; in-
crease is produced by an increase in wy due to decreased
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Ap'. Fresher water is carried down to 5°N in layer 2 by
the southward current in the eastern bay during Decem-
ber and January, but it is confined north of 5°N by the
NMC in layer 1 (Figure 4). Thus layer 2 freshens more
than layer 1 does south of 5°N, decreasing Ap’ there.

The h; field thickens somewhat near the northeast
coast of India beginning in July (Plate 3 (bottom left)),
and it thickens by more than 10 m there in Septem-
ber (not shown). This h; increase is a dynamical ad-
justment to the mass transport of the exchange flow
across the mouth of the Ganges-Brahmaputra River.
Specifically, coastal Kelvin waves propagate across the
river mouth, adjust the across-boundary flow field to
geostrophic balance, and thicken h; west of the river
mouth. Because the boundary exchange is confined to
layers 1 and 2, the excited Kelvin waves are primar-
ily mode-4 waves, which involve upper ocean motions
essentially restricted to vertical displacements of h; in
which h; + hy ~ 0 [Han, 1999; HMAM]. These waves
cannot propagate very far southwestward along the In-
dian coast because they are quickly damped by entrain-
ment and detrainment processes. As we shall see below,
however, this region of thicker h; suppresses coastal up-
welling and increases local SST.

The h; field of solution TR2C is now much improved
over that of solution BR: It shallows markedly dur-
ing summer and fall in the equatorial ocean because
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Figure 9. Thickness h; from solution TR2C for January, April, July, and October. The contour

interval is 20 m. Values > 80 m are shaded.
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Plate 1. Thickness differences for layers 1 and 2, (left) Ah; and (right) Ahs, from solution
TR1 — BR for January, April, July, and October. The unit of the color scale is meters.
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Figure 10. Temperature T} from solution TR2C for January, April, July, and October. Labels

are the same as those in Figure 3.

of P — £ and during winter in the northern and west-
ern bay because of the rivers (compare Figures 9 and
2). Note, however, that h; is still considerably thicker
than h,, in the northern Bay of Bengal during winter
and in the southern tropical ocean during austral win-
ter, suggesting that our model tends to thicken h; too
much during wintertime entrainment.

5.1.2. Barrier layer. As for the difference solu-
tion TR1 — BR, there are regions where Ah, tends to
mirror Ah;. Prominent examples are in the southern
Bay of Bengal and along the east coast of India dur-
ing the Southwest Monsoon, where a barrier layer is
formed or strengthened (Plate 3 (bottom)). In the nor-
thern bay, however, only one or the other of h; and hs
is significantly affected: During January hs stays almost
unchanged but h; thins by 10-40 m, whereas at other
times of the year hs is thinner by about 10-30 m and
hy changes by < 10 m (Plate 3 (top)). This different re-
sponse happens because hy attains its minimum value
homin OWIng to entrainment in both TR2C and TR1'
during the winter, so that Ahs is relatively small; con-
versely, during other seasons, h; shrinks to its minimum
value Aimin and so Ah, is small.

5.2. Temperatures

5.2.1. Mixed layer. Plate 4 (left) shows T} differ-
ences AT from solution TR2C - TR1’ during January
and July. The most significant T change caused by
the rivers occurs in the northwestern bay, where T} in-
creases by nearly 1°C during the Southwest -Monsoon.
This warming results from h; being thicker along the
northeast Indian coast owing to the mass transport of
the Ganges-Brahmaputra, which suppresses coastal up-
welling and hence reduces entrainment cooling (AEr; <
0). Advection and mixing spread the warmer water
somewhat offshore.

During the winter the northern Bay of Bengal is
cooled by surface fluxes (Q; < 0), largely by increased
Qe due to cool dry air blowing off the continent. Sur-
prisingly, then, although h; thins by 10-50 m around
the perimeter of the bay during the Northeast Monsoon
(Plate 3 (top left)), 71 does not decrease much despite
the significant increase in surface cooling rate Q1/h;.
The reason it does not is because entrainment cooling
Er; is weaker since wy, is much less. The decrease in
Er; almost compensates for the Q1/h; increase.
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In comparison to solution BR, the T; field in solu-
tion TR2C agrees better with the COADS data in sev-
eral regions (compare Figures 3 and 10). Regions that
are improved by P — & forcing are located east of the
Maldives in January, along the west coast of India in
April, and near and south of the Maldives (near 2°S).
The northward push of relatively cold water southeast
of the Maldives, however, is somewhat too cold in solu-
tion TR2C in comparison with the data. The prominent
region improved by river inflow is along the northeast
coast of India, where T} is warmer by nearly 1°C.

In the northern bay, however, T7 in solution TR2C
is still 1°C warmer than the observations during win-
ter. This model/data discrepancy suggests that cooling
processes, not properly represented in our model, are
important for cooling SST in the northern bay. The
most likely problem is that Q. is not strong enough in
the model, because of high-frequency variability that is
not resolved by the monthly mean forcing winds. To
model this effect, we allowed the scalar wind to have a
minimum speed of 6 ms™! in a test solution (solution
TR2D). As expected, T} dropped by 1°C during Jan-
uary in the northern bay, bringing 77 into reasonable
agreement with the observations. In most of the interior
tropical ocean, however, T} is 0.5°-1°C colder than the
data, suggesting that specifying a constant minimum
wind speed for the entire basin is not appropriate.

5.2.2. Barrier and thermocline layers. As for
P — £ forcing (Plate 2), rivers generate large-amplitude
T> changes due to decreased entrainment cooling (A Ere
<0), with T, warming by 0.5°-4°C in the northern
and western bay throughout the year and in the south-
ern bay and the equatorial ocean during the Southwest
Monsoon (Plate 4 (right)).

There are also small-scale regions where T» decreases
significantly (AT> < —1°C), such as in the southeastern
bay during winter and in the eastern equatorial ocean
during summer. The first cooling is caused by an in-
crease in wy that thins he to homin (Plate 3 (top left)),
making layer 2 entrain colder water T, from layer 3 and
increasing E72. The latter is caused by weakened de-
trainment heating D7y caused either by w; switching
from detrainment in TR1' (w; < 0) to entrainment in
TR2C (w1 > 0) or by the Monin-Obukhov depth A,
being thicker in solution TR2C because S is lower at
locations where P < 0, resulting in less detrainment.

Because of the considerably warmer T» and some-
what colder T; in solution TR2C near the northwestern
boundary of the Bay of Bengal during the Northeast
Monsoon, temperature inversions form near the Indian
coast in the northwestern bay (Figure 11), consistent
with the observations (Shetye et al. [1996] and T30, —
T1om from Levitus and Boyer [1994]). This inversion re-
gion does not exist in solution TR1', which has no river
influences. Even in solution TR2C, however, tempera-
ture inversions occur only during winter in the north-
western bay, whereas they happen almost throughout
the year in the observations [Shetye et al., 1996]. This
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Figure 11. Temperature difference T» — T3 from solu-
tion TR2C during December, illustrating temperature
inversions due to rivers. The shading interval is 0.2°C.

discrepancy may be because our model describes layer-
averaged temperatures so that only the strongest win-
tertime inversions can be resolved. The inversions in
most other regions (central and eastern bay and at some
locations in the eastern equatorial ocean) also exist in
solution TR1’ and so are due to P — £ forcing. The
rivers strengthen and broaden them, especially in the
southern bay. Similar to the P — &, the Bay of Bengal
rivers cause appreciable T3 changes (figure not shown)
in the Bay of Bengal and along the west coast of India
because of decreased subduction heating (ASt3 < 0).

5.3. Currents

The most significant current change caused by the
rivers is for the EICC during the Northeast Monsoon,
which is strengthened by nearly 10 cms™! (Figure 12
(top) and Figure 12 (middle)). The wintertime south-
ward EICC [Shankar et al., 1996; McCreary et al., 1996)
carries the fresher river water southward along the east
coast of India as a coastal plume, increasing coastal sea
level and strengthening the across-shelf pressure gradi-
ent (Figure 12 (bottom)). As a result, a strip of south-
westward geostrophic current is generated (dashed lines
of Figures 12 (top) and 12 (middle)). For a similar rea-
son the rivers increase the NMC by 5-10 cms™! near
7°N in the bay during March (not shown).

In contrast, the WICC is not appreciably strength-
ened by the flow of fresh water up the west coast of
India, in contradiction to the hypothesis of Shetye et
al. [1996]. This is because the across-shelf sea level gra-
dient along the west coast of India is not increased as
much as it is along the east Indian coast.

5.4. Sea Level

Figure 13 shows the annual cycle of sea level (rela-
tive to the corresponding annual mean) from solution
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Figure 12. Line plots of the EICC (alongshore sur-
face flow averaged from the coast 1.5° offshore) at (top)
16°N and (middle) 12°N from solution TR2C (thick
curve), TR1' (medium curve), ship drift data (thin
curve), and the anomalous geostrophic current caused
by the rivers (TR2C — TR1'; dashed curve). (bottom)
The sea level anomaly (Ad) during November from dif-
ference solution TR2C — TR1'. The contour interval is
2 cm.

TR2C (thick curve), solution TR1 (medium curve), and
the observed climatology (thin curve) [after Shetye and
Almeida, 1985] at Vishakhapatnam (17°N) and Madras
(12.5°N). At Vishakhapatnam, fresher river water in-
creases sea level by more than 10 cm during fall and
winter and decreases it by more than 5 cm in April (Fig-
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ure 13 (top)). In a similar way but to a lesser extent,
rivers affect sea level at Madras (Figure 13 (bottom)).
These changes bring sea level in solution TR2C into
much better agreement with the observations.

The reasons for the improvement are as follows. Fre-
sher water from the Ganges-Brahmaputra flows along
the east coast of India as a coastal plume during the
Northeast Monsoon, and pushes southward in the nor-
thern bay during the Southwest Monsoon (Han and Mc-
Creary, 2001, Plate 3a). It significantly increases pg—p1
and pg — p2 because of its low salinity, resulting in in-
creased sea level, especially during the Northeast Mon-
soon (Figure 13). From February to May the western
branch of the basin-wide anticyclonic gyre (Figure 4)
brings saltier water from the southern bay northward,
and sea level is affected the least by rivers during this
season. As a consequence of all these effects, the ampli-
tude of the annual sea level oscillation (thick curves) is
increased, the large negative signal during April occur-
ring because a larger annual mean has been removed.
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Figure 13. Line plots of sea level from solution TR2C
(thick curve), solution TR1’ (medium curve), and cli-
matology (thin curve) [Shetye and Almeida, 1985] at
stations (top) Vishakhapatnam (17°N) and (bottom)
Madras (12.5°N) near the east Indian coast. The plot-

ted curves are total sea level minus their respective an-
nual means.
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6. Summary and Conclusions

In this paper, a 4!/>-layer model is used to examine
effects of P — £ and the Bay of Bengal rivers on mixed
layer physics, dynamics, and thermodynamics in the
Indian Ocean. Forcing by P — £ is introduced in the
equation for S; [Han and McCreary, 2001, equation (1)]
and in the wj equation (2a), and rivers are added by
specifying boundary fluxes at corresponding locations
[see Han and McCreary, 2001].

In regions where P — & > 0 and S; is low, such as the
central and eastern equatorial ocean during the summer
and fall and the west coast of India during the South-
west Monsoon, h; shallows and hs thickens because of
decreased entrainment by wy, forming a barrier layer
(Plate 1). As a result, both T} and T5 increase be-
cause entrainment cooling in both layers is weakened
(Plate 2), and surface currents increase because h; is
thinner and so momentum is more surface concentrated
(Figures 6a, 6b, and 8). Conversely, in regions where
P — & <0 and S; is high, such as the northern Arabian
Sea and a broad region of the southern tropical ocean,
h; thickens and hs thins because of increased entrain-
ment by wy, resulting in colder 7> and 7;. Anomalous
sea level gradients, which are generated where fresher
Bay of Bengal water with high sea level meets saltier
ASW with low sea level, enhance the southward EICC
east of Sri Lanka and the NMC (Figures 6a, 6b, and
7). In layer 3, T3 warms in the northern Arabian Sea
and cools in the Bay of Bengal as well as southwest
of Sumatra because of increased and decreased subduc-
tion, respectively (Figure 5).

In regions where significant amounts of river wa-
ter are present, such as the southern bay during the
Southwest Monsoon and near the northern and western
boundaries of the bay during the Northeast Monsoon,
hy thins and hg thickens by 10-50 m because of de-
creased entrainment by wy, and a barrier layer is either
formed or strengthened (Plate 3). As a result of this
shallowing, entrainment into both layers decreases, and
T increases considerably. In the latter case (northern
bay), however, T; does not increase because of weak-
ened entrainment cooling, as might be expected, but
rather cools somewhat because the thinner h; enhances
surface cooling (Plate 4). The warm T> and somewhat
colder Ty generate temperature inversions in the above
regions, especially in the northwestern bay in December
(Figure 11). In the northwestern bay, T} increases by
1°C during the Southwest Monsoon, when the trans-
port of river Ganges-Brahmaputra approaches its max-
imum; this significant mass influx forces coastal Kelvin
waves associated with a thicker h, suppressing coastal
upwelling thereby increasing 77. The freshwater plume
during the Northeast Monsoon increases sea level along
the east coast of India (Figures 12 and 13), strength-
ening the southward EICC by 10 cms™! during winter
(Figure 12). For a similar reason the NMC is enhanced
by 5-10 cms™! during March. In layer 3, fresh water
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from the rivers decreases T3 by as much as 1°C in the
bay because of decreased subduction.

In conclusion, we have isolated the separate influ-
ences of forcing by P — £ and river inflow on mixed layer
thicknesses, temperatures, and surface currents in the
Indian Ocean. These influences can be large. For exam-
ple, they cause the mixed layer to thin markedly in the
eastern tropical ocean, a change that alters the upper
ocean heat content in the region and is therefore likely
to be important in climate dynamics. Furthermore, so-
lutions are able to simulate observed fields quite well,
and aspects are improved as various salinity forcings are
added. There are discrepancies between observed and
modeled fields, but they are not severe and tend to be
a matter of degree rather than a fundamental misrepre-
sentation. This success is encouraging, suggesting that
our model adequately represents the primary physical
processes at work in the region.
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