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Abstract

A global Ocean General Circulation Model (OGCM) is used to investigate the mixed
layer heat budget of the Northern Indian Ocean (NIO). The model is validated against
observations and shows a fairly good agreement with mixed layer depth data in the NIO.
The NIO has been separated into three sub-basins: the western Arabian Sea (AS), the
eastern AS, and the Bay of Bengal (BoB). This study reveals strong differences between
the western and eastern AS heat budget, while the latter basin has similarities with the
BoB. Interesting new results on seasonal timescales are shown. Penetration of solar heat
flux needs to be taken into account for two reasons. First, an average of 28 W m~2 is
lost beneath the mixed layer over the year. Second, the penetration of solar heat flux
tends to reduce the effect of solar heat flux on the SST seasonal cycle in the AS because
seasons of strongest flux are also seasons of thin mixed layer. This enhances the control
of SST seasonal variability by latent heat flux. Impact of salinity on SST variability is
demonstrated. Salinity stratification plays a clear role in maintaining a high winter SST
in the BoB and eastern AS while not in the western AS. The presence of fresh water near
the surface allows to store heat below the surface layer that can later be recovered by
entrainment warming during winter cooling (with a winter contribution of +2.1°C in the
BoB). On interannual timescale, the eastern AS and BoB are strongly controlled by the
winds through the latent heat flux anomalies. In the western AS, vertical processes and
also horizontal advection contribute significantly to SST interannual variability and the
wind is not the only factor controlling the heat flux forcing.



1 Introduction

The Northern Indian Ocean (N10), forced by the seasonally reversing monsoon winds,
exhibits the two characteristics of the monsoon. First, it has a highly repetitive seasonal
cycle: this implies a strong climatology. The monsoon winds reverse twice a year, blow-
ing generally from southwest during the summer (June-September) and from the north-
east during the winter (November-February) (Figure 1); March-May and October are the
months of transition between the monsoons. Second, since no two monsoons are alike, in
no two years does the NIO behave the same way: there is considerable interannual vari-
ability (Webster et al., 1998). This is reflected in the variations of temperature, salinity,
and mixed layer processes, and in the heat and salt budgets. The interannual variability
of the heat budget of the upper ocean (or mixed layer) is of paramount interest for air-sea
coupling.

Several studies have examined the seasonal cycle of the mixed layer in the Arabian
Sea (AS) (Shetye, 1986; Molinari et al., 1986; McCreary and Kundu, 1989; McCreary et
al., 1993) and the heat budget of the upper ocean using data (Dling and Leetmaa, 1980;
Rao et al., 1989; Rao and Sivakumar, 2000; Shenoi et al., 2002, hereinafter SSS02) and
numerical models (Fischer, 2000; Prasad, 2004). Shenoi et al. (2005a) examined the heat
budget of the near surface layers of the NIO using a model output and found that the model
reproduces the surface heat content correctly, except during the spring warming (March-
April), when the surface heat content is overestimated. Using diversified data sets, Duing
and Leetmaa (1980) and SSS02 identified two mechanisms responsible for the summer
cooling of the AS: western boundary upwelling and the export of heat through meridional
overturning across the southern boundary of the AS. Such summer cooling is absent in
the Bay of Bengal (BoB) owing to weak upwelling and meridional overturning owing to
the weaker winds (Shenoi et al., 2005a).

The importance of salinity in the thermodynamics of the NIO, and its possible role
in air-sea coupling, have aroused interest. Owing to the lack of salinity data on a scale
comparable to temperature, especially sea surface temperature (SST), such studies have
been restricted to the southeastern AS (Durand et al., 2004; Shenoi et al., 2004, 2005b;
Shankar et al., 2004), the northern BoB (Vinayachandran et al., 2002), and a few other
regions (Rao et al., 1985); they highlighted the importance of upper ocean stratification,
caused by the fresh water fluxes, for the thermodynamics of the upper ocean. The stratifi-
cation due to salinity leads to the existence of a barrier layer similar to that in the western
tropical Pacific (see, for example, Vialard and Delecluse, 1998). Sengupta et al. (2002)
highlighted the importance of penetrative solar radiation in determining the upper layer
heat budget of the eastern AS. Both, the barrier layer, which often leads to subsurface
inversions (Shankar et al., 2004; Durand et al., 2004), and the resulting penetrative solar
radiation, play a crucial role in these regions.

The above studies were successful in describing the seasonal cycles, but the natural
extension to interannual variability has not been made owing to the paucity of salinity
data. It is this lacuna that numerical models can fill. Murtugudde and Busalacchi (1999,



hereinafter MB99) used an ocean general circulation model (OGCM) to show that the
interannual variability of SST in the AS and in the Somali Current depends not only
on variability in air-sea fluxes, but also on the wind forcing: in other words, oceanic
processes play an important role in regulating SST. Vinayachandran (2004) used data from
ARGO floats to show that length of the summer monsoon plays a key role in the summer
cooling. None of the studies on interannual variability, however, are as comprehensive as
those (cited above) on the seasonal cycle.

Hence, in this paper, we use an OGCM to investigate the interannual variability in the
heat budget of the upper layers of the NIO. In doing so, we also include the effects of
barrier layer and penetrative radiation. This investigation has several advantages over the
previous studies mentioned above. The heat budgets of Diing and Leetmaa (1980) and
Shenoi et al. (2002 and 2005a) estimated the budgets for fixed control volumes (50 m
thick in the latter). Here, we estimate the heat budget of the mixed layer rather than the
budget over a fixed layer because the mixed layer in the N1O (Figure 2) is often thinner
than 50 m, implying that using a fixed control volume allows processes below the mixed
layer to influence the SST. Following the suggestion of SSS02, we also estimate separately
the heat budgets for the western and eastern AS; the 65°E meridian separates these two
parts of the basin. The southern boundary of the regions of study, shown in Figure 1, is
at 6°N. The heat budgets are computed online in the model using the time-varying MLD.
The model computes air-sea fluxes internally, enabling a closed budget.

We begin by describing the model and the method used to estimate the budgets (Sec-
tion 2); then we investigate the seasonal cycle (Section 3) and the interannual variability
during 1993-2000 (Section 4). Section 5 summarises the paper.

2 Modd and data

2.1 Physics of the model

The OGCM used in this study is the OPA model (Madec et al., 1999; see
full documentation at http://www.lodyc.jussieu.fr/opa/), developped at the Laboratoire
d’Océanographie DYnamique et de Climatologie (LODYC). OPA solves the primitive
equations on an Arakawa C grid, with a second-order finite difference scheme. It as-
sumes the Boussinesq and hydrostatic approximations, the incompressibility hypothesis
and uses a free surface formulation (Roullet and Madec, 2000). The density is computed
from potential temperature, salinity and pressure using the Jacket and McDougall (1995)
equation of state. In its global configuration ORCAQS5, the horizontal mesh is based on a
0.5° by 0.5° Mercator grid, and following Murray (1996) two numerical inland poles have
been introduced in order to remove the North Pole singularity from the computational do-
main. The departure from the Mercator grid starts at 20°N, and is constructed using
a series of embedded ellipses using the semi-analytical method of Madec and Imbard
(1996). Realistic bottom topography and coastlines are derived from the study of Smith



and Sandwell (1997), complemented by the ETOPO5 dataset. The maximum depth of
5000 m is spanned by 30 z-levels ranging from 10 m in thickness in the upper 120 m to
500 m at the bottom. The ocean model is run with a time step of 2400 s.

Lateral tracer mixing is done along isopycnals. Eddy-induced tracer advection is pa-
rameterized following Gent and McWilliams (1990) with coefficients decreased in the
tropics between 20°N and 20°S. Momentum is mixed along horizontal surfaces using
coefficients varying with latitude, longitude and depth. Vertical eddy diffusivity and vis-
cosity coefficients are computed from a 1.5 level turbulent closure scheme based on a
prognostic equation for the turbulent kinetic energy (Blanke and Delecluse, 1993). Dou-
ble diffusive mixing (i.e. salt fingering and diffusive layering) is computed following
Merryfield et al. (1999). A penetrative solar radiation corresponding to a type | water
(Jerlov, 1968) is also used. The suitability of such a water type in the N1O will be dis-
cussed later in the paper.

2.2 Initialization and surface fluxes

The model run starts from an ocean at rest with January temperature and salinity fields
of Levitus (1998) climatology. It is spun up for a 3-year period using a climatology of
1992-2000 forcing fields before starting the interannual simulation from 1992 to 2000. In
the rest of the paper, we will study the 1993-2000 period.

The momentum surface boundary condition is given using the weekly ERS1-2 wind
stress daily interpolated with a cubic spline method. The solar, longwave radiation and
turbulent heat fluxes (and the evaporation) are computed from the semi-empirical or bulk
formulae (Timmermann et al., 2005), which relate the fluxes to the SST (computed by
the model) and to meteorological parameters (10 m wind speed, surface air temperature
and relative humidity, cloudiness). The daily wind speed is given by interpolation of
ERS1-2 weekly wind speed. The daily 2 m air temperature is extracted from the NCEP
re-analysis (Kalnay et al., 1996). Monthly climatologies of relative humidity (Trenberth
et al., 1989) and cloudiness (Berliand and Strokina, 1980) are used. We will discuss later
in the paper the limitations inherent to using climatological values for relative humidity
and cloudiness.

Fresh water fluxes from rain and river runoffs are important to maintain the Sea Sur-
face Salinity (SSS) structure in the N1O, where important salinity gradients exist. Precip-
itation data come from the Climate Prediction Center Merged Analysis of Precipitation
(CMAP) product (Xie and Arkin, 1996). This product has been shown to produce better
surface salinity fields than others in the Indian Ocean (Yu and McCreary, 2004). Major
river runoffs are also taken into account in our experiments, as they can have strong im-
pacts on the Bay of Bengal upper structure (Han et al., 2001). The monthly values of river
discharge (UNESCO, 1996) are introduced into the model by distributing the associated
fresh water input as a precipitation on the points surrounding the mouth of the rivers.
Figure 1 shows the location of the main river runoffs in the model.

A restoring term towards Levitus (1998) SSS is applied to the fresh water budget,
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with a relaxation time scale of two months for a 50 m thick layer. While there is no
physical justification for this feedback term as the atmosphere does not care about ocean
surface salinity, it avoids SSS drift arising from the error in the prescribed fresh water
budget. Simulating a proper SSS is indeed essential as it can have strong influences on the
thermodynamic structure of the mixed layer (e.g., Vialard and Delecluse, 1998; Durand
etal., 2004).

2.3 Mixed layer heat or salinity budget in the model

One of the main goals of this work is to understand how oceanic processes act to
balance the atmospheric forcing and regulate the SST in the NIO. To do so, a mixed
layer budget method (Vialard and Delecluse, 1998; Vialard et al., 2001) allows us to com-
pute the vertically averaged temperature (salinity) tendency terms within the time-varying
MLD. The depth of the mixed layer over which the diagnostic is applied, is computed us-
ing a density criterion. This depth is the bottom of the last model level from the surface,
where density is smaller than the sea surface density plus 0.01 kg m—3. Such a small
criterion allows the vertically averaged mixed layer temperature 7,,; to be a quite good
proxy of the SST. Therefore the final equation for 7}, reads:

1 0 1 0 1 0
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-

7

subsurface vertical processes (~ vertical mixing)

where h is the time-varying depth of model mixed layer; (u,v,w) are the components of
ocean currents; D,() is the model lateral mixing operator (eddy-induced tracer advection
will be grouped in the lateral processes term as a parameterization of the subgrid scale
lateral mixing); T, is the temperature at the base of the mixed layer; K, is the vertical
mixing coefficient for tracers; @,,s and @, are respectively the nonsolar and solar compo-
nents of the total heat flux; F_, is the fraction of solar shortwave radiation that penetrates
through the base of the mixed layer; p, is the seawater reference density; and C,, is the
seawater heat capacity. This equation clearly shows the importance of the MLD in the
tendency balance (1) and hence in the diagnostic of the mixed layer temperature. We
have the same equation for the salinity budget by replacing temperature 7" and T;,,; re-
spectively by salinity S and S,,,; and taking as the forcing term the following expression:
Fs = % SSS (E — P — R), with SSS the sea surface salinity, and E, P, R, respectively
the evaporation and precipitation fluxes and the river runoff.

In equation (1), the subsurface vertical processes term represents the heating rate due
to all oceanic vertical processes occuring at the base of the mixed layer. These are vertical



advection (—zw_p (Tr — T-4)), entrainment mixing (— 3 d;h (T — T-4)), and vertical
turbulent mixing (—% [K,0.T]_,). Following Vialard et al. (2001), those terms have been
grouped together due to the lagrangian nature of our diagnostics.

It is also important to note that horizontal advection (and lateral processes) term not
only represents an exchange within the mixed layer. It also represents an exchange be-
tween the mixed layer and the interior ocean in regions of high mixed layer depth gradient.
Therfore, in doing integrated budgets over the AS or the BB, the horizontal advection term
is not only what enters/exits at the boundary of the domain but also what enters/exits at
the mixed layer bottom.

3 Seasonal variability

3.1 Validation of the model

The time-varying depth of the mixed layer is a crucial parameter for the mixed layer
heat budget and hence the SST (e.g., Chen et al., 1994; Qiu et al., 2004). Modelling
properly the mixed layer physics and diagnosing a correct MLD is the first necessary step
to assess the surface temperature or salinity budgets.

The model MLD has been compared to a gridded MLD product, resulting from in-
terpolation of MLD estimated on more than 4 million individual profiles and gridded on
a 2° resolution grid (de Boyer Montégut et al., 2004). This product has recently been
upgraded to include ARGO floats which considerably improves the coverage in the In-
dian ocean, and to include estimates of the barrier layer thickness (de Boyer Montégut et
al., 2004; Mignot et al., 2006). Figure 2 shows the seasonal MLD from the model and
from observations. The method to compute the MLD is the same for both sources, being
based on the average of MLDs from instantaneous profiles. The model online heat budget
computation were performed with a 0.01 kg m~2 criterion for the MLD. Because of the
diurnal variability, a higher criterion (0.03 kg m~3) has to be taken in the data (de Boyer
Montégut et al., 2004). Nevertheless it has been checked that the MLD obtained from the
model with both criteria is almost identical (about 5 m maximum difference on annual
mean state over most of the region, not shown).

Seasonal MLDs from the model are in good agreement with observations, and the
main features are well reproduced. For example, the AS exhibits a MLD with a large
semi-annual cycle which is characteristic of that region in both data and model. It is
the consequence of the annual cycle in the surface forcing due to seasonnally reversing
monsoon winds (Schott and McCreary, 2001).

The summer and winter monsoon MLDs in Arabian Sea are on average about 10 m
deeper in the model than in the observations. However these differences are regionally
dependent. The model is systematically deeper than observations in regions of negative
Ekman pumping. For example during the summer monsoon, a deep bias is found in the
model southeast of the Findlater (1969) Jet axis (Figure 2). The model therefore seems




to enhance the effect of negative Ekman pumping on MLD deepening. Previous studies
actually showed that Ekman pumping does not dominate the upper-ocean response in the
AS but rather acts as a modulation of wind-driven entrainment in summer, and convective
overturning in winter (e.g., Lee et al., 2000; Fischer et al., 2002). In addition, McCreary
et al. (2001) also noted the same deep bias for their model in winter AS and suggested
that it could result from deficiencies in the parameterization of their mixed layer physics
based on a diagnostic production of turbulent kinetic energy.

In summer and fall, shallow MLDs are found in the model along the coast of India.
This shallow MLD in the model is fairly realistic and is likely linked to the advection of
the low salinity water along the coast by the East India Coastal Current after the summer
monsoon runoffs in the north of the Bay (Eigenheer and Quadfasel, 2000). That feature
is not found in the observed MLD but this might be due to poor observational coverage
close to the coast of India. The MLD climatology based on temperature only data has a
much better coverage. It does present shallow MLDs along the coast (de Boyer Montégut
et al., 2004) and the model MLD is indeed in good agreement with the climatology in that
area.

A region of particular interest is the southeastern Arabian Sea. Recent papers have
shown that thin mixed layer (less than 20 m) and thick barrier layer occuring in winter
have potential impact on SST maximum and onset of summer monsoon (e.g., Durand et
al., 2004; Masson et al., 2005). Such a feature is present in both data and model, and
barrier layer thickness is also in good agreement between data and model with maximum
values over 20 m in February (not shown).

Other validations (not shown) to observed seasonal cycle of SST (Reynolds
and Smith, 1994), gridded sea level (produced by CLS and available at
http://www.jason.oceanobs.com/), and sea surface salinity (Levitus, 1998) were per-
formed. The SST seasonal cycle is very well reproduced (with correlations above 0.8
almost everywhere). The sea level seasonal cycle is in good agreement in regions where
it is dominated by the large scale circulation and slightly underestimated in regions of
strong eddy activity. The large scale surface currents seasonal cycle is in good agree-
ments with the description made by Schott and McCreary (2001). The overall seasonal
upper ocean variability in the NI1O is hence reasonably reproduced by the model. We can
thus use the model to investigate the seasonal heat budget in the NIO.

3.2 The mixed layer heat budget

In this section, the model is used to evaluate the seasonal heat budget of the mixed
layer in the NIO. The previous most comprehensive study of this type, using observa-
tions, was the one from SSS02. In addition of using a model, the present study has a few
differences with SSS02. First, we integrate the heat budget over a time varying mixed
layer, rather than a fixed 50 m layer. Second, as suggested by SSS02 we chose to present
separatly the budget for eastern and western AS, delimited by the 65°N meridian to il-
lustrate the different behaviour of the western AS (where upwelling processes play an
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important role) and eastern AS. Third, we take the solar energy penetration into account
in this study: with the shallow mixed layer that sometimes occur in this region, this can
indeed result in a significant part of the incoming solar heat flux penetrating below the
mixed layer and heating deeper layers. In the overview below, we will brush the main
features of the three sub-basins and underline the new results in this study, compared to
SSS02 or MB99. We will then describe the seasonal heat budget in the three sub-basins
in more detail.

3.21 Oveview

The mean temperature over 0-50 m (T50) has been indicated on Figure 3, since SSS02
computed the heat budget over this fixed layer. It can be seen that there are important dif-
ferences that appear seasonally between T50 and mixed layer temperature. For example,
a difference of more than 1 °C can be observed in the western AS in May when mixed
layer is at its shallowest. This shows that a precise quantification of the processes that
affect SST require an integration over the time-varying mixed layer depth. SST is not
shown on Figure 3 as it is very similar to the mixed layer temperature, which means that
the latter is a quite good proxy of SST.

The observed and modeled MLDs are plotted on Figure 3 as MLD is an essential
parameter in these budgets. The basin scale agreement is fairly good except during winter
monsoon in western AS. The same comparison between data and model is done for barrier
layer thickness. No barrier layer occurs in the western AS. In the eastern AS and in the
BoB, barrier layer thickness is maximum in winter in both data and model.

The surface heat fluxes have globally the same behaviour in the three basins
(Figure 3). The semi-annual cycle of the net heat flux is essentially driven by latent heat
flux variations, with the solar heat flux playing a secondary role. Long wave radiation is
not negligeable ranging between 30 and 80 W m~2 but has a small variability, while the
sensible heat flux is nearly nul at any time. Table 1 shows the annual net heat flux for
the three sub-basins. It makes an annual net heat gain of 28.3 W m~2 for the AS, which
is in good agreement with the 24 W m~2 of Diiing and Leetmaa (1980). However, when
comparing our fluxes with the recent Southampton Oceanographic Center (SOC) clima-
tology (see SSS02, their figure 8), one realizes that we have a weaker shortwave gain in
all basins and a stronger latent heat loss in the AS during monsoons. That is also the case
for older climatologies and for NCEP or ECMWF heat fluxes (Weller et al., 1998). These
fluxes differences are addressed further in section 5.

Taking the penetrative solar heat flux (Qpen On Figure 3) into account is important,
especially in regions of thin mixed layer (Lewis et al., 1990; Anderson et al., 1996). It
is the case in the western Arabian Sea where up to 65 W m~2 can be lost beneath the
mixed layer in April when it reaches a minimum of 15 m. This represents roughly half of
the net heat flux into the ocean and neglect of Qpe, would increase the predicted SST by
3.5°C over the month of April. Table 1 shows the effective net heat flux into the surface
mixed layer (Q). In our case it turns the annual net heat gain at the surface in annual




net heat loss for the mixed layer in the eastern AS and the BoB. The penetration of solar
heat flux also contributes to damp significantly the solar heat flux variability in the mixed
layer (Table 1). Inter monsoon seasons indeed correspond to maximum net surface heat
flux and minimum mixed layer depth which results in a compensating effect for the net
heat flux received by the mixed layer. In the AS, this reduces the variability of the solar
heat flux by roughly 40 percent. In the BoB where the MLD is very shallow, reaching
maxima of only 35 m, heat loss under the mixed layer occurs all year long (Figure 3c).
Influence of the salinity on the mixed layer heat budget appears to be an important
factor to understand why the winter SST decrease is more important in the western than
in the eastern AS (Figure 3). Both sub-basins experiences an atmospheric heat loss of
2.3°C during winter (November through January). However, heat accumulated in the
barrier layer in the eastern AS warms the surface layer by 0.4°C (Table 2). Meanwhile,
no barrier layer developps in the western AS and vertical mixing cools the mixed layer by
-0.8°C. This can contribute to the winter SST difference between the two sub-basins. As
will be seen in the following subsection, the BoB also experiences a moderate heat loss
during winter in spite of high atmospheric heat loss. This is due to the warming effect
of the heat accumulated in the barrier layer in the previous seasons. Now that we have
brushed the common features to the three basins and emphasize some new results, let us
investigate in more detail the particularities of each basin. As processes are most often
linked together, we will now stick to a description of the heat budget season by season.

3.2.2 Western Arabian Sea

The western AS SST experiences two seasons of warming during intermonsoons
(March-April-May and September-October), and two seasons of cooling during both
monsoons (June-July-August and November through February). During intermonsoon
seasons, atmospheric forcing and subsurface vertical processes are the driving mecha-
nisms of the SST variability. In winter, the evolution of SST is driven by atmospheric
forcing alone. On the other hand, in summer all oceanic processes act to balance the SST
tendency (Figure 3a, middle panel). The summer heat budget in this region is strongly
dominated by the upwellings along Somali and Oman coasts as will be seen later in this
section. During this season, one can notice that the two curves corresponding respec-
tively to atmospheric forcing (Fr in equation (1)) and to @).s¢ can be quite different
(Figure 3a). This is due to the non linearity of the spatial averaging over the basin :

Qerr = poCpFrh = pyCy (F_T h+ FT’h’). In addition, during summer F and h are
strongly correlated spatially so that the non linear term is not negligible (A is small and
Fr is high in coastal zone, and vice versa elsewhere). We will therefore make a separate
heat budget for coastal and non coastal zone to show the differences between those two
regions during summer (Figure 4).

Spring is the first warming phase, with atmospheric forcing tendency increasing to
its maximum in April. Very low winds result in reduced heat losses. This is combined




with a very shallow mixed layer (~ 15 m) which is also an essential factor for increasing
the atmospheric heating rate. SST becomes homogeneous and very high all over the
AS. Consequently vertical temperature gradient with subsurface temperature increases
and the cooling effect is more marked. Beginning of upwellings in May also increases
the subsurface vertical processes cooling. Solar heat flux is maximum due to clear sky
conditions and penetrative solar radiation is also maximum during this period due to the
thin mixed layer (~ 50 W m~2). This contributes to reduce the surface layer heating and
to heat up the subsurface water underneath the mixed layer.

With the summer monsoon onset, oceanic processes become a strong contribution in
the heat budget and contribute to counterbalance the heat accumulated in the previous
months near the surface. As shown in other previous studies (e.g., McCreary and Kundu,
1989; SSS02), cooling by subsurface vertical processes is very important in western AS
in summer. During that season, mixed layer heat budget can be separated between coastal
zone (about 350 km wide, Figure 1) and central western AS (Figure 4). Western AS heat
budget features observed on Figure 3a (middle panel) are therefore mainly dominated by
strong oceanic processes occuring in the coastal upwelling areas (Figure 4a). On the other
hand, the central western AS closely resembles the eastern AS, without any influence of
barrier layer warming in winter (Figure 4b). In the upwelling regions, vertical advec-
tion maintains a shallow MLD (Figure 2a) and also enhances the stratification below the
mixed layer. The 20 °C isotherm lies at 40 m near the Oman coasts while reaching 160
m in the center of the basin (not shown). Vertical mixing between the mixed layer and
the cold upwelled water that lies below creates the greatest part of the cooling in the
western AS coastal zone (Figure 4a). In central western AS, both vertical processes and
horizontal advection contribute to cool the SST (Figure 4b). Following the eastward sum-
mer monsoon current across the Arabian Sea (Shankar et al., 2002), cold water from the
Oman and Somali upwelling regions is advected eastward towards the interior basin. It
contributes to a -0.85°C cooling integrated during summer months. This is lower than
what is found by MB99 in their Figure 7a for horizontal advection in a central AS basin
(equivalent to about -1.2°C cooling over summer). As upwelled surface waters are cold,
latent heat losses are reduced and can even reach zero near the coast. This results in
high atmospheric heating rate in upwelling areas, that partly balances subsurface cooling
(Figure 4a). Lateral processes also play a role in heating the mixed layer during summer
monsoon (Figure 4a). The latter are dominated by Gent and McWilliams (1990) eddy-
induced advection localised in the dynamically unstable upwelling areas of Oman and
Somali (not shown). One can also note that, depsite MLD is approching 50 m depth on
average over western AS in summer, T[ml] is quite different from T50. This is due to
upwelling areas where the thermocline (20°C isotherm) can reach shallow depths of 40 m
with a very rapid decrease of temperature underneath the mixed layer.

During fall intermonsoon (September-October), the mixed layer shoals and warms up
due to reduced winds and latent heat losses. It is however counterbalanced by subsurface
vertical processes cooling in the upwelling regions. Upwellings have indeed weakened
but the stratification at the base of the mixed layer is still well marked with a sharp and
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shallow thermocline in such areas. This results in a still significant cooling due to vertical
mixing in those areas.

In winter (November through February) the cooling of SST in the western AS is driven
by atmospheric forcing which contribute to a -2.3°C cooling. The heat losses are due to
two combined factors. The sustained winds of the northeast monsoon are cold and dry,
and lead to a strong evaporative cooling. This is combined to reduced insolation in winter,
especially in the northern part of the basin. The mild sustained wind induces a mixed
layer deepening mostly through a negative buoyancy flux at the air-sea interface (Lee et
al., 2000). Rochford et al. (2000) noted a heating contribution from northward horizontal
advection of warm water in the south of the western AS. Our estimation in this area is in
acceptable agreement with theirs but it is rather weak compared to atmospheric forcing
on the basin scale (0.6°C warming over the season).

3.2.3 Eastern Arabian Sea

As in the western part of the AS, two warming phases occur during intermonsoons,
and two cooling phases during both monsoons. However oceanic processes are very weak
and the SST tendency is mainly driven by atmospheric forcing all over the year (Figure 3b,
middle panel).

In spring, a strong atmospheric heating occurs and vertical mixing is cooling the basin
as in the western AS but to a smaller extent. At the end of spring, a continuous stratifi-
cation has formed in the upper 50 m (from about 28.5°C at 50 m to nearly 30°C at sea
surface), due to weak winds and strong penetrative solar heating (Sengupta et al., 2002).
In summer, net heat flux becomes markedly negative while it remains near zero in the
west. Latent heat flux is stronger because eastern AS stays warmer, above 28°C until
mid-August, which allows deep convection to occur. Latent heat flux is the main contrib-
utor to cooling during summer, while horizontal advection of cold water from the west
remain very weak (~ -0.1°C cooling). The cooling contribution to subsurface vertical
processes is also much smaller than in the west (only about 0.6°C cooling), because the
subsurface water may have been heated in the previous season by the penetrative solar
heating. As noted by Shetye (1986), a part of this accumulated heat may also be trans-
ported vertically through downwelling to deeper layers. The absence of cooling oceanic
processes in this basin in summer contribute to maintain a high SST during that period.

Fall intermonsoon in the east is analogous to what happens in the west, except that
nearly no oceanic processes act to counterbalance the atmospheric heating. Winter heat
fluxes act to cool down SST and deepen the mixed layer through a negative buoyancy flux
at the air-sea interface as in the western AS. Meanwhile, a barrier layer has developped
in eastern AS (Durand et al., this issue), as seen on Figure 3b, upper panel. The heat
accumulated in the barrier layer contribute to warm the deepening mixed layer through
subsurface vertical processes during winter (Figure 5). On the basin scale it represents a
total 0.4 °C heating throughout winter. This heating by subsurface vertical processes can
explain the higher winter SST in eastern AS than in the west (Table 2).
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3.2.4 Bay of Bengal

In the BoB, SST evolution is rather weak during summer and fall while in winter and
spring, SST changes are comparable to those in the AS (Figure 3c).

In spring, net heat flux warms up the surface layer as in the Arabian Sea. The result-
ing temperature stratification at the surface provocates the annihilation of the precedently
formed barrier layer. A contribution of subsurface cooling occurs as in Arabian Sea. Pen-
etrative solar radiation also reaches its maximum (~ 45 W m~2) and heats up subsurface
water creating a continuous vertical stratification in the upper 50 m.

In summer, the BoB experiences lower heat loss due to lower atmospheric forcing than
in the eastern AS. Solar heat flux is smaller because of high cloud cover (about 80 percent
in August) but latent heat flux is also weaker due to lower winds over the bay. Subsurface
vertical processes tendency is negative on the basin scale due to the weak upwelling along
east coast of India (Shetye et al., 1991; Shenoi et al., 2002), and to the Sri Lanka cold
dome (Vinayachandran and Yamagata, 1998). Contribution of the vertical processes is
however only a -1.0°C cooling from May to August, which is negligible compared to
the one in the western AS. This differs from results of SSS02 or MB99. SSS02 found
an important contribution of vertical processes (diffusion of heat through the bottom) in
the BoB. However this may be due to the fact that they compute this term on a 50 m
depth layer whereas the MLD in the BoB is always less than 35 m with a growing barrier
layer beneath it. Another reason for the difference may be because SSS02 used a constant
vertical diffusion coefficient. MB99 also pointed out marked entrainment cooling in the
BoB in June and July. They noticed that it should be viewed with caution since they do
not include some river discharges which can be responsible for barrier layer formation
and surface warming.

In fall, SST hardly warms up. Solar heat flux is weak compared to eastern AS due to
high cloud cover over the bay. Barrier layer continues to build up while fresh water from
precipitation and runoff is advected in the bay along the east coast of India. It reaches a
maximum value around 20 m on average in winter. During winter, relatively high cloud
cover combined with northeasterly cold dry winds result in a strong heat loss due to sur-
face fluxes over the bay (-4.9°C cooling in winter). Mixed layer deepens to its maximum
entraining warm subsurface water of the barrier layer (Figure 5). This water has been
heated in the preceding spring season through penetrative solar heating. This mechanism
could establish a potential link between winter SST and SST in the previous spring sea-
son. The quasi-biennial variability of the summer monsoon seems to be influenced by
Indian Ocean SST in the previous winter and spring seasons (Li et al., 2001), so penetra-
tive solar heat flux may play a role in such a variability. The contribution of subsurface
warming reaches 2.1°C over winter season (Table 2). This is a key process that inhibits
the Bay to loose heat during winter and keeps its winter SST higher than in the western
AS despite strong atmospheric cooling.

Results of the seasonal mixed layer heat budget are qualitatively in agreement with
previous studies, especially the one by SSS02, although there are quantitative differences
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due to the fact that SSS02 compute their budget on a fixed 50 m layer. Mixed layer salinity
budget was also investigated in the three basins and is consistent with previous studies
(e.g., Rao and Sivakumar, 2003). Horizontal advection play a dominant role to freshen
the western AS evaporation basin during both monsoons and to drive the variability of
SSS in the eastern AS (not shown). Additionnaly, some new important results have been
found. First, the separation between eastern AS and western AS shows that the two latter
are strongly different. The eastern AS basin can be considered as a transition between
western AS and BoB. That basin experiences strong summer monsoon winds as in the
western AS but no oceanic processes act to cool the SST in summer. It also experiences
high summer precipitation and the salinity effect which maintains its winter SST high
as in the BoB. Second, penetration of solar heat flux is a key feature of the forcing. It
causes an average of 28 W m~2 to be lost beneath the mixed layer over the year, turning
the atmospheric contribution of the eastern AS and BoB to a negative one (in our case).
Furthermore it tends to reduce the amplitude of the warm phase of the SST seasonal cycle
in the AS because seasons of strongest positive flux are also seasons of thinest mixed
layer. Another striking result is the important role of salinity in the seasonal heat budget
of the NIO. Salinity effects can explain why winter cooling is greater in the western than
in the eastern AS (Table 2). Heat accumulated in the barrier layer in the eastern AS warms
up the mixed layer in winter by 0.4°C while the western AS experiences a subsurface heat
loss of -0.8°C. SSS02 showed why the BoB remains warmer than the AS during summer.
Salinity effects contribute to enhance that SST difference in winter. The BoB experiences
a high barrier layer warming effect of 2.1°C in winter (Table 2) which counterbalances
the great atmospheric cooling (-4.9°C) and enables the Bay winter temperature to stay
above 27°C.

4 |Interannual variability of SST

At interannual timescales subsurface variability is not well sampled by observations.
Models offer a good alternative to investigate the regulating mechanisms of SST in the
NIO at those timescales. Furthermore, the good agreement between the results of the
previous section and other studies (e.g., SSS02; Rao and Sivakumar, 2003) gives some
confidence in the model. In this section, after an overview of the interannual variability
during the 1993-2000 period, we will investigate the heat budget in the model in more
detail in our three regions of interest.

4.1 Overview of the 1993-2000 period

Figure 6 shows the interannual anomaly of SST in the three regions, after filtering
the intraseasonal variability. Note that there is also a strong intraseasonal variability of
the SST and heat budgets at the basin scale, as noted in previous studies (e.g., Vecchi
and Harrison, 2002) but we will not investigate it here. The main climate anomalies
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reported elsewhere in literature in the Indian ocean for this period are the 1994 Indian
Ocean Dipole (10D) (Behera et al., 1999), a longer than usual monsoon in 1996 (Halpert
and Bell, 1997), the impacts of the 1997-98 EI Nifio and of the 1997 IOD (Webster et al.,
1999).

IOD events generally induce weak positive anomalies in the AS between July and Oc-
tober (Saji et al., 1999). Despite this, the 1994 event is rather associated to cool anomalies
peaking in the middle of the year. These anomalies are rather weak, however (less than
0.5°C), and not especially remarkable when compared, e.g., to the cold anomaly in 1999.

The end of 1996 is marked by a clear cooling in the AS (with cold anomalies up
to 0.7°C). Vinayachandran (2004) pointed out that a long summer monsoon can be a
decisive parameter for summer cooling in the AS, as it is observed in Reynolds SST but
not as much in the model (Figure 6). We can also note that enhanced deep convection
appeared over the AS during June, with an over 10 percent increase in NCEP cloud cover
over most of the western AS (Lander et al., 1999).

The cold anomaly was then followed by a clear warming of the three sub-basins from
mid 1997 to early 1999 with anomalies above 0.5°C lasting several months. This period
was associated to an El Nifio in the tropical Pacific, which is known to be associated
to a basin-scale warming in the Indian Ocean (Yu and Rienecker, 2000). The 10D that
happened in 1997 probably also contributes to the persistent warm anomalies in the NIO
(Saji et al., 1999). The warm anomalies are followed by cold anomalies peaking in the
middle of 1999 in the three basins. There were no clear anomalies in the BoB in 2000,
and the anomalies in the AS were quite similar to those of the previous year, with about
0.5°C cold anomalies peaking during the beginning of summer monsoon.

Figures 7 to 9 show various quantities averaged over the three sub-basins, including
the interannual anomalies of the heat budget. Before we go into the details of each sub-
basin in the following section, we will describe here some features common to the three
sub basins. Panel (a) shows the interannual anomalies of the mixed layer depth and of
the wind. It is worth noting that the wind strongly controls the mixed layer depth over
the three sub-basins. Stronger wind will indeed enhance vertical mixing both by creating
shear at the mixed layer bottom, but also by enhancing evaporative cooling and dimin-
ishing the vertical stability of the water column. Panel (c) of the three figures shows the
interannual anomalies of the net and latent heat flux for the three sub-basins. The net heat
flux interannual variability is dominated by latent heat flux, with other contributions from
solar, longwave and sensible heat flux playing a negligible role. Two other curves show
the latent heat flux recomputed from the Reynolds and Smith (1994) SST rather than the
model SST (we explain below the interest of this computation), taking into account or
neglecting the air-sea humidity gradient interannual anomalies in the computation (but
always taking into account wind interannual anomalies). The two curves are very close
most of the time over the three sub-basins, suggesting that wind interannual variability
is the main factor that drives the latent heat fluxes (and thus net heat fluxes) interannual
variability. Some local studies in the AS (Konda et al., 2002; Vecchi et al., 2004) suggest
that anomalies of air temperature and humidity sometimes can play a significant role in
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the latent heat flux, and this is indeed sometimes punctually the case (e.g. in the WAS in
late spring 2000). But overall, at the basin scale, the latent heat flux anomalies are mainly
driven by wind speed anomalies as it is usually the case in tropical regions (Cayan, 1992).

Figure 6 shows that the model reproduces generally fairly well the SST variability
over the three sub-basins, with however sometimes significant departures from observa-
tions. For example, in 1996, the model underestimates the cold anomaly in the western
AS, and also has a warm bias in the BoB. Since the heat fluxes are computed with bulk-
formulae using the model SST, this will affect the surface fluxes. To validate the surface
fluxes computed by the model, we have also recomputed the surface fluxes using Reynolds
and Smith (1994) SST. This provide some validation of the model interannual flux anoma-
lies. In most occasions, since the model SST is close to observations, the fluxes computed
from the model are consistent with those from observations. But in some cases, as in
1996, there can be important differences: the model latent heat flux anomaly is negative
while the one computed from observations is positive (Figure 7). In 1996, the model is
warmer than observations and thus warmer than the prescribed air temperature (which is
always close to the SST). This difference grows to large values creating an unrealistic
SST-air temperature gradient. This gradient becomes strong enough to exert a stronger
control over the latent heat flux anomaly than the wind. The difference between the model
latent heat flux and the one computed from Reynolds can be compared to the relaxation
term used in many other ocean modelling studies. When this terms becomes large, it sim-
ply means that missing processes in the model simulation (e.g. in our case, the absence of
interannual variability of the clouds and relative humidity or deficiencies in the simulated
upwelling) is compensated for by a flux anomaly. In the following subsections, we will
thus remain careful in attributing the SST variability to a specific process during periods
when this "hidden relaxation term" is strong.

4.2 \Western Arabian Sea

Figure 7 (middle panel) shows the various terms of the heat budget for the western AS.
Atmospheric forcing and vertical processes contribute significantly and alternatively drive
the total tendency. Vertical subsurface processes can contribute as a negative feedback to
the total tendency (e.g. during the 1996 cooling, or in 1999), but can drive the total
tendency in some occasion (1993, 1995, 1998). Horizontal advection is weaker than
vertical processes, but cannot be neglected. It generally acts as a negative feedback to
the atmospheric forcing (e.g. advection warms during the 1996 cooling and cools during
the 1997 warming). Lateral processes are dominated by Gent and McWilliams (1990)
advection and it is negatively correlated to subsurface vertical processes since its effect is
to counteract the enhancement of the frontal areas in upwelling. The atmospheric forcing
tendency depends both on the net heat flux interannual variations and on the depth of the
mixed layer (equation 1). It can be seen on Figure 7 that the interannual variations of
this term are largely driven by the latent heat flux. However, when comparing 1998-1999
winter (high MLD conditions) and 1999 fall (low MLD conditions), we can see that mixed
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layer depth seasonal variability modulates this term at the second order.

As noted previously, the 1996 cooling phase may correspond to the effect of a hidden
relaxation term acting to compensate for missing cooling processes in our model, such
as the influence of an increased cloud cover (a climatological cloud cover is used). The
model seems to fail in reproducing the cooling effect of a longer than usual summer mon-
soon. During that cooling phase, vertical mixing tendency anomaly is positive which is
consitent with a weaker upwelling due to weaker winds. Horizontal advection is usu-
ally associated with an influx of cold water through the sloping mixed layer around the
upwelling region. The weaker upwelling also leads to a positive tendency anomaly of
horizontal advection.

The following warming period, from December 1996 to May 1998 is characterised by
generally negative anomalies of the winds, except in december 1997. During this period
latent heat flux is rather driven by these winds anomalies which lead to the warming phase.
Vertical processes are again rather well correlated with wind (reduced wind in 1997 lead
to reduced cooling by vertical processes). Horizontal advection is here associated to a
significant cooling during summer, that resists the general warming tendency.

In summer 1998, a cooling phase begins until the next summer monsoon. The 1998
summer monsoon experiences positive winds anomaly and therefore an increased heat
loss from atmospheric forcing and vertical processes. Because of strong horizontal gra-
dients of temperature around the enhanced upwelling, lateral processes warm the mixed
layer at a higher rate than usual. The intense cooling then resumes in spring 1999, largely
driven by strong winds and increased evaporative cooling.

The end of 1999 is a good example of summer monsoon for which atmospheric forcing
and vertical processes are acting against each other as in 1996. The reasons are mainly
the same. As SST has been considerably cooled during pre monsoon, latent heat flux
anomaly in summer is partly driven by humidity at the sea surface which is anomalously
low (because of a low temperature) and result in a positive anomaly of the flux tendency.
Subsurface processes and horizontal advection are enhanced due to rather stronger winds.
As in MB99, we find that vertical oceanic processes have an important contribution to
SST anomalies in the western AS. Additionnally, the mixed layer heat budget showed us
that regulation of SST interannual anomaly in that area appears to be quite complicated,
without any simple relation between the different tendency terms and the total tendency
of SST.

4.3 Eastern Arabian Sea

In the eastern AS, the interannual temperature anomaly is primarily driven by atmo-
spheric forcing (Figure 8). MB99 found that variability in SST interannual anomaly in
the AS or BoB depends on both surface heat fluxes and wind forcing. Here, it is shown
that vertical mixing actually plays a secondary role and generally contributes as a weak
negative feedback. Oceanic processes thus play a lesser role than in the west, where more
marked dynamical structures exist.
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The wind variability exerts a strong control in this basin and may explain a large part
of the SST interannual variability. Net heat flux anomaly are almost entirely driven by la-
tent heat flux anomalies (lower pannel on Figure 8). These latent heat flux anomalies are
themselves quite correlated to wind anomalies (upper and lower pannel). Strong winds
(as, e.g., in late 1996) generallly lead to stronger evaporative cooling and to a negative
tendency of the forcing term. The wind also exerts a strong control over the mixed layer
(upper pannel) with strong wind deepening the mixed layer. In conditions of thin mixed
layer as in pre- and post-monsoon season, the effect of layer variations are pre-dominant
in the variations of vertical term (see equation 1). A deeper mixed layer (and enhanced
mixed layer heat capacity) lead to a weaker cooling (i.e. a positive interannual anomaly,
for example in fall 1998). This explains the weak negative feedback due to vertical pro-
Cesses.

However, in winter 1997/1998, the strong evaporative cooling is not driven by the
wind (which is near normal) but rather by the higher than usual SST leading to an in-
creased latent heat flux. Additionnaly, the interannual anomalies of the vertical processes
are not always due to mixed layer heat capacity variations. In winter 1998 the positive
anomaly of vertical processes is linked to a positive anomaly of the barrier layer thickness
which may be the source of heat for the mixed layer at that time.

4.4 Bay of Bengal

In the BoB, the total tendency anomaly is mainly driven by atmospheric forcing
(Figure 9). As in the eastern AS, vertical mixing acts as a negative feedback. The wind
is the essential driving factor of the interannual variability in the BoB. The latent heat
flux interannual anomalies (that dominate the net heat flux anomalies) are largely driven
by wind variability (even if other factors sometimes play a role). The resulting net heat
flux variations drive the SST warming or cooling over most of the basin. Other terms
can sometimes play a significant role (and even revert the tendency like in early 1998),
but the only one having a systematic phase relation with forcing is the vertical processes.
The negative feedback from the vertical processes is more difficult to explain here than
in the eastern AS, because of the reversing sign of the vertical processes during the sea-
sonal cycle (vertical processes warm the surface in october-january because of barrier
layer). However it seems that interannual barrier layer variations do have an impact on
the vertical processes, with thicker barrier layers leading to a positive anomaly.

5 Summary and discussion

In this paper, a global OGCM simulation of the 1993-2000 period is used to study
the mixed layer heat budget of the N10. Validations of the model mixed layer depth, sea
surface temperature, sea level and surface currents show a qualitative agreement between
the model and available observations. The NIO can be separated into three sub-basins. In
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the BoB and eastern AS (with a meridional separation at 65°E), the SST seasonal cycle is
very similar, and is essentially driven by atmospheric heat fluxes, with oceanic processes
playing a secondary role. In the western AS, surface forcing is still the dominant pro-
cess but with a large contribution from oceanic processes, especially during the summer
monsoon (vertical processes in the upwelling region and horizontal advection through the
sloping mixed layer). In the three sub-basins, however, the wind is a primary factor in
driving the SST seasonal cycle. Net heat flux seasonal cycle is indeed largely controlled
by latent heat flux variations, since the solar flux effect is damped by the effects of light
penetration (incoming solar heat flux is weaker during the monsoon because of clouds,
but the deeper mixed layer captures a larger fraction of the incoming flux). Penetrative
solar heat flux indeed represents an average of 28 W m~2 heat loss beneath the mixed
layer over the year, with a part of it that might be advected to deeper layers. This can
turn the atmospheric contribution of the eastern AS and the BoB into a negative one. The
latent heat flux seasonal cycle is largely tied to the winds. In the AS, the effect of oceanic
processes is also strongly tied to the wind with the largest cooling by the upwelling hap-
pening during the monsoon when the Findlater jet is strongest. The absence of upwelling
is the primary cause for higher SST in the BoB and eastern AS than in the western AS
during summer. During winter, the salinity stratification plays a clear role in maintaining
a high SST in the BoB and eastern AS. The presence of fresh water near the surface allows
the storage of heat below the surface that can later be recovered by entrainment during
winter (with a winter contribution of 0.4°C in the eastern AS and 2.1°C in the BoB).

At the interannual timescale, the eastern AS and BoB are strongly controlled by the
winds through the latent heat flux anomalies which dominate the net heat flux anomalies.
In the western AS, the interannual heat budget is dominated by processes associated to the
upwelling regions and most terms in the SST equation do contribute (with the heat forcing
and vertical processes being the main ones). The control of the interannual anomalies of
SST by the wind is more difficult to establish in this region.

Two potential problems of the model have been aroused during this work. First, the
model exhibits a 15 m deep MLD bias in regions of negative Ekman pumping, during win-
ter monsoon in western AS (Figure 3a, upper panel). Secondly, the net heat flux we use in
the model appears to be too small compared to recent climatologies such as Southampton
Oceanographic Center (SOC) climatology. It is however in reasonnable agreement with
NCEP or ECMWEF net heat flux in the region. We should note that accurate estimation
of heat flux forcings in the tropical Indian Ocean is an important issue that needs further
studies as we want to achieve some detailed investigation of SST variability in the region
(e.g., MB99, Schott and McCreary, 2001).

In the NIO the interannual variability of SST is weak but can have important climatic
impacts as it occurs around high SST of about 28°C. Our analyses suggest that the wind
variability plays a strong role in driving the eastern AS and BoB through its impact on
latent heat fluxes. It must be reminded, though, that our model does not include inter-
annual variability of the cloud cover and surface air humidity. In the western AS, the
mechanisms that drive that variability cannot be reduced to the winds (for example in
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1996). Air temperature and relative humidity may also play a role in interannual variabil-
ity. When SST is lower than air temperature (as in upwelling areas), variations in relative
air humidity can result in high variations in latent heat flux, and relative air humidity
might become an important parameter. Interannual cloud cover could also be a solution
to improve the model interannual simulation which shows some limits in the present con-
figuration. MB99 found a significant contribution from cloud cover and solar radiation in
SST anomalies in the northern Indian Ocean. However, sensitivity experiments have been
performed with our model on a 2°x2° horizontal resolution grid and showed a weak im-
pact of cloud cover and air humidity interannual variability (differences are about 0.1°C
or less on basin scale between the two experiments, not shown). In depth work on careful
specification of the surface boundary layer conditions is thus needed to better evaluate the
impact of various atmospheric factors on the upper layer heat budget. A coupled model
with a correct SST variability could also be a solution to further understand the processes
that regulate SST in the northern Indian Ocean.

The penetrative solar heating has been shown to be important. Even if we do not know
the part of it which remains in the deeper ocean, it can participate in the transfer of heat to
deeper layers as was suggested in Shetye (1986). In this study, we have a high penetrative
solar radiation flux due to the thin mixed layer in the NI1O. This may partly explain how the
NIO manage to regulate its SST by warming the layer beneath the surface. This warming
is indeed around 26 W m~2 on annual average in the NIO. In the BoB, it results in a
negative heat loss of about 10 W m~2 which is partly couter balanced by vertical processes
warming in winter. However, the penetrative solar radiation depends on the water turbidity
and especially on the chlorophyll concentration. In the AS, effects of biological activity
on SST have been shown in several studies (Sathyendranath et al., 1991; Nakamoto et
al., 2000). Further experiments including some bio-optical parameterizations may be
very usefull to assess the role of penetrative solar heat flux on the SST regulation and
the suitability of a type | water in the NIO. For example it could give some biological
explanation about the 1996 cooling phase. The latter occurs in the late summer monsoon
phase when biological activity has been shown to have the most important impact on SST
(Sathyendranath et al., 1991).

When plotting raw timeseries of our interannual diagnostics, a great variability is
found on intraseasonal timescales. It is taken into account but we did not investigate
it. Its potential impact on seasonal and interannual variability through scale interactions
has been shown in previous studies (e.g., Goswami and Mohan, 2001) and could also be
examined with our model in a future work.
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FIGURE CAPTIONSLIST :

Figure 1 : Map of the Northern Indian Ocean (NIO) along with the main rivers of
the region. River runoffs parameterized in the model are shown with dots whose size
increases with increasing mean annual discharge of the river. The NIO is divided by the
indian subcontinent into two semienclosed basins, the Arabian Sea (AS) and the Bay of
Bengal (BoB). The dashed meridional line located at 65°E separates between the western
AS and the eastern AS. The grey area corresponds to the western AS coastal zone (about
350 km away from the coast). The 6°N parallel indicates the southern limit of the basins
considered in this study.

Figure 2 : Seasonal maps of Mixed Layer Depth (MLD) for December-January-
February (DJF), March-April-May (MAM), June-July-August (JJA) and September-
October-November (SON). (a) MLD from the model, defined as the depth at which den-
sity is 0.01 kg m—3 greater than the sea surface density. (b) MLD from de Boyer Montégut
et al. (2004), defined with a Aoy = 0.03 kg m=3 from the density at 10 m depth. Further
comments are given in the text about the criterion difference between the data and the
model. The seasonal climatology for the model is computed over 1993-2000. The black
arrow in DJF and JJA seasons panels indicates the climatological axis of the winds, espe-
cially the Findlater (1969) Jet in JJA. Symbols also denotes positive (®) or negative (®)
Ekman pumping on each side of the winds axis. Contour interval is 5 m from 10 to 40 m,
and 10 m from 40 m to higher values.

Figure 3 : Mixed layer depth (MLD), mixed layer temperature (T[ml], a proxy for
SST), temperature integrated over 0-50 m (T50) and barrier layer thickness (BLT) com-
puted following de Boyer Montégut et al. (2004) (upper panel), SST seasonal tendencies
in the mixed layer (middle panel), and surface heat fluxes (positive into the ocean), effec-
tive net heat flux in the mixed layer (Qeff=Qnet-Qpen), net shortwave radiation flux in the
mixed layer (Qsw[ml]), net shortwave radiation flux at the surface (Qsw), latent heat flux
(Qlat), net longwave radiation flux (QIw), sensible heat flux (Qsens) and penetrative solar
heat flux (Qpen=Qsw-Qsw[ml]) (lower panel), in (a) Western Arabian Sea, (b) Eastern
Arabian Sea, and (c) Bay of Bengal.

Figure 4 : SST seasonal tendencies in the mixed layer for (a) western Arabian Sea
coastal zone (grey area in Figure 1), and (b) the rest of western Arabian Sea (central
western Arabian Sea). Note that the range in tendency is greater than the one used in
Figure 3.

Figure 5 : Map of climatological heating tendency rate computed over 1993-2000 for
subsurface vertical processes in winter (December-January-February). Contours are indi-
cated from -0.6 to 0.6 °C/month with a contour interval of 0.2 °C/month. Positive values,
indicating warming by the subsurface, are shaded with a greyscale every 0.2 °C/month.
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Figure 6 : SST interannual anomaly with respect to the 1993-2000 seasonal cycle in
(a) Western Arabian Sea, (b) Eastern Arabian Sea, and (c) Bay of Bengal. Data are filtered
with a 90-days running mean filter to remove any subseasonal high frequency variability.
December-January-February and June-July-August periods have been shaded to indicate
respectively the winter and summer monsoons.

Figure 7 : Interannual anomalies of model mixed layer depth (MLD) and wind speed
from ERS data (upper panel), interannual anomalies of SST tendencies (middle panel),
and interannual anomalies of net downward heat flux (Qnet), downward latent heat flux
computed with model SST (Qlat), downward latent heat flux computed with Reynolds
SST (Qlat[Reynolds]), downward latent heat flux computed with Reynolds SST and cli-
matological value of air-sea humidity gradient (Qlat[Reynolds/Winds]) (lower panel) in
the Western Arabian Sea. Anomalies are computed with respect to the 1993-2000 sea-
sonal cycle. Data are filtered with a 90-days running mean filter to remove any sub-
seasonal high frequency variability. December-January-February and June-July-August
periods have been shaded to indicate respectively the winter and summer monsoons.

Figure 8 : Same as Figure 7 for the Eastern Arabian Sea.

Figure 9 : Same as Figure 7 for the Bay of Bengal.
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Figure 1: Map of the Northern Indian Ocean (NIO) along with the main rivers of the
region. River runoffs parameterized in the model are shown with dots whose size in-
creases with increasing mean annual discharge of the river. The NIO is divided by the
indian subcontinent into two semienclosed basins, the Arabian Sea (AS) and the Bay of
Bengal (BoB). The dashed meridional line located at 65°E separates between the western
AS and the eastern AS. The grey area corresponds to the western AS coastal zone (about
350 km away from the coast). The 6°N parallel indicates the southern limit of the basins
considered in this study.
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(a) MLD from the model (m) (b) MLD from observations (m)

ONE G DJF

Figure 2: Seasonal maps of Mixed Layer Depth (MLD) for December-January-February
(DJF), March-April-May (MAM), June-July-August (JJA) and September-October-
November (SON). (a) MLD from the model, defined as the depth at which density is
0.01 kg m~2 greater than the sea surface density. (b) MLD from de Boyer Montégut et al.
(2004), defined with a Aoy = 0.03 kg m~=2 from the density at 10 m depth. Further com-
ments are given in the text about the criterion difference between the data and the model.
The seasonal climatology for the model is computed over 1993-2000. The black arrow
in DJF and JJA seasons panels indicates the climatological axis of the winds, especially
the Findlater (1969) Jet in JJA. Symbols also denotes positive (®) or negative (®) Ekman
pumping on each side of the winds axis. Contour interval is 5 m from 10 to 40 m, and 10
m from 40 m to higher values.
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(a) Western Arabian Sea (b) Eastern Arabian Sea
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Figure 3: Mixed layer depth (MLD), mixed layer temperature (T[ml], a proxy for SST),
temperature integrated over 0-50 m (T50) and barrier layer thickness (BLT) computed
following de Boyer Montégut et al. (2004) (upper panel), SST seasonal tendencies in the
mixed layer (middle panel), and surface hgat fluxes (positive into the ocean), effective
net heat flux in the mixed layer (Qeff=Qnet-Qpen), net shortwave radiation flux in the
mixed layer (Qsw[ml]), net shortwave radiation flux at the surface (Qsw), latent heat flux
(Qlat), net longwave radiation flux (QIw), sensible heat flux (Qsens) and penetrative solar

heat flux (Qpen=Qsw-Qsw[ml]) (lower panel), in (a) Western Arabian Sea, (b) Eastern
Arabian Sea, and (c) Bay of Bengal.
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zone (grey area in Figure 1), and (b) the rest of western Arabian Sea (central western

Arabian Sea). Note that the range in tendency is greater than the one used in Figure 3.

Figure 4: SST seasonal tendencies
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Figure 5: Map of climatological heating tendency rate computed over 1993-2000 for
subsurface vertical processes in winter (December-January-February). Contours are indi-
cated from -0.6 to 0.6 °C/month with a contour interval of 0.2 °C/month. Positive values,
indicating warming by the subsurface, are shaded with a greyscale every 0.2 °C/month.
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Figure 6: SST interannual anomaly with respect to the 1993-2000 seasonal cycle in (a)
Western Arabian Sea, (b) Eastern Arabian Sea, and (c) Bay of Bengal. Data are filtered
with a 90-days running mean filter to remove any subseasonal high frequency variability.
December-January-February and June-July-August periods have been shaded to indicate

respectively the winter and summer monsoons.
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Figure 7: Interannual anomalies of model mixed layer depth (MLD) and wind speed from
ERS data (upper panel), interannual anomalies of SST tendencies (middle panel), and
interannual anomalies of net downward heat flux (Qnet), downward latent heat flux com-
puted with model SST (Qlat), downward latent heat flux computed with Reynolds SST
(Qlat[Reynolds]), downward latent heat flux computed with Reynolds SST and climato-
logical value of air-sea humidity gradient (Qlat[Reynolds/Winds]) (lower panel) in the
Western Arabian Sea. Anomalies are computed with respect to the 1993-2000 seasonal
cycle. Data are filtered with a 90-days running mean filter to remove any subseasonal
high frequency variability. December-January-February and June-July-August periods
have been shaded to indicate respectively the winter and summer monsoons.
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Figure 8: Same as Figure 7 for the Eastern Arabian Sea.
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Bay of Bengal
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Figure 9: Same as Figure 7 for the Bay of Bengal.
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region Qnet Qpen Qeff QSW std dev stin mid std dev

west Arabian Sea 35.7 25.2 104 23.0 13.7
east Arabian Sea 17.8 269 -9.1 22.7 14.4
Bay of Bengal 179 283 -104 22.0 19.0

Table 1: Annual heat fluxes for the three regions of interest. Q¢ is the net downward heat
flux at the surface, Qpen is the penetrative solar heat flux and Qg is the effective heat flux
available to warm the mixed layer (Qet =Qne-Qpen). The standard deviation of the solar

heat flux (Qgy) and of the solar heat flux into the mixed layer (Qsyinmig) are also shown.
Fluxes are in W m~—2,
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region Tt Twiner AT  barrier layer warming

west Arabian Sea 28.2 25.7 -25 0.0
east ArabianSea 28.9 274 -15 0.4
Bay of Bengal 289 27.0 -19 2.1

Table 2: Influence of salinity stratification on mixed layer heat budget through barrier
layer warming effect during the winter monsoon cooling phase in the three regions of
interest. Temperatures are in °C.
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