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almost cancelled by the warming caused by a downwelling 
vertical velocity field. Therefore, the SST changes very lit-
tle during December–February even as the ML shallows 
dramatically in the southern NEAS. These deep MLs of 
the NEAS also preclude a strong intraseasonal response to 
the intraseasonal variability in the fluxes. This role of hori-
zontal advection implies that the ML depth in the NEAS is 
determined by an interplay of physical processes that are 
forced differently. The convective mixing depends on pro-
cesses that are local to the region, but the advection is due 
to the WICC, whose seasonal cycle is primarily forced by 
remote winds. By inhibiting the formation of deep MLs in 
the southern NEAS, the WICC limits the region of forma-
tion of the high-salinity water masses of this region. Since 
the deep MLs in the NEAS have been linked to the high 
chlorophyll concentration there, our results imply that the 
conventional approach of averaging over boxes for study-
ing the impact of physics on biogeochemistry can mask 
important details that are due to advection because it is the 
advective component of any budget that is most affected by 
the averaging process.

Keywords  Mixed layer · Ocean dynamics · Turbulent 
mixing · Eastern boundary current · Indian Ocean · 
Chlorophyll · Monsoon · Biogeochemistry

1  Introduction

The seasonally reversing winds over the north Indian Ocean 
(NIO; north of 5◦S) drive a seasonally reversing circula-
tion. This seasonality of the physical forcing leads to two 
phytoplankton growing seasons, one each during the sum-
mer monsoon (June–September; also called “southwest” 
monsoon) and winter monsoon (November–February; also 

Abstract  Though the deep mixed layers (MLs) that form 
in the northeastern Arabian Sea (NEAS) during the winter 
monsoon (November–February) have been attributed to 
convective mixing driven by dry, cool northeasterly winds 
from the Indian subcontinent, data show that the deep-
est MLs occur in the northern NEAS and the maxima of 
latent-heat and net heat fluxes in the southern NEAS. We 
use an oceanic general circulation model to show that the 
deep MLs in the NEAS extend up to ~20°N till the end of 
December, but are restricted poleward of ~22°N (~23°N) in 
January (February). This progressive restriction of the deep 
mixed layers within the NEAS is due to poleward advection 
of water of lower salinity by the West India Coastal Current 
(WICC). The deep MLs are sustained till February in the 
northern NEAS because convective mixing deepens the ML 
before the waters of lower salinity reach this region and the 
wind stirring and convective overturning generate sufficient 
turbulent energy for the ML to maintain the depth attained 
in January. Though the atmospheric fluxes tend to cool the 
ML in the southern NEAS, this cooling is countered by the 
warming due to horizontal advection. Likewise, the cooling 
due to entrainment, which continues in the southern NEAS 
even as the ML shallows during January–February, is 
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called “northeast” monsoon) Banse 1987. The link between 
the physical forcing and phytoplankton blooms has been 
the subject of several observational and modelling stud-
ies in the Arabian Sea, the western arm of the NIO (see, 
for example, Banse 1968, 1984, 1987; Madhupratap et al. 
1996; McCreary et  al. 1996, 2001, 2009; Wiggert et  al. 
2000, 2002, 2005, 2006, 2009; Lévy et  al. 2007; Koné 
et  al. 2009; Hood et  al. 2009; Gomes et  al. 2014). There 
exist significant regional differences, as noted by several 
authors, in the timing and extent of these blooms, but the 
importance of the physical forcing has been highlighted by 
all (Banse 1987; Naqvi 1991; Naqvi et al. 2006; Lévy et al. 
2007; McCreary et  al. 2009; Wiggert et  al. 2009; Koné 
et al. 2009).

Observations and models show that in the eastern 
Arabian Sea (EAS) (Fig.  1), there is a difference in the 

phytoplankton blooms between the southern and north-
ern parts (Fig. 2). Off the southern part of the Indian west 
coast, a bloom occurs only during the summer monsoon, 
when the mixed layer (ML) shallows as a consequence 
of upwelling; in contrast, the northeastern Arabian Sea 
(NEAS) shows two distinct blooms, one each during the 
summer and winter monsoons (Banse 1987; Lévy et  al. 
2007; McCreary et al. 2009; Koné et al. 2009). The summer 
bloom in the NEAS has also been attributed to upwelling 
(Banse 1968, 1987; Lévy et  al. 2007; McCreary et  al. 
2009; Koné et al. 2009). The EAS is one of the three major 
upwelling regimes of the Arabian Sea, the other two occur-
ring off Somalia and Oman (see, for example, Banse 1968, 
1984; McCreary et al. 1993; Schott and McCreary 2001).

The productivity of the NEAS during winter was ten-
tatively attributed initially to upwelling because of the 

Fig. 1   Map showing the region of interest. Ocean bathymetry 
(metres) and land topography (metres) are shown in all three panels. 
The shelf break is denoted by the 200 m isobath. Several figures in 
this paper show the variation in the NEAS along the 1000 m isobath, 
which is also shown; the model grid cells used for these figures are 
marked by filled red squares. The top left panel shows the large-scale 
map of the region of the region; the Arabian Sea is the western arm 

of the north Indian Ocean (NIO). The box marks the eastern Arabian 
Sea (EAS), which is shown in the top right panel. The topography 
in these two panels is based on the ETOPO20 data set. The box in 
the top right panel marks the northeastern Arabian Sea (NEAS), for 
which most of the spatial maps are plotted; the NEAS is shown in the 
bottom panel, which is based on the ETOPO5 data set as modified by 
Sindhu et al. (2007)
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existence of a cross-shore temperature gradient with the 
warmer waters occurring offshore (Carruthers et al. 1959), 
but Banse (1968) noted the absence of regular upwelling in 
the region during November–February. It is Banse (1968) 
who first pointed to the possibility of the lower sea surface 
temperatures (SSTs) observed in the NEAS during winter 
being a consequence of wind-driven surface cooling. The 
tide-gauge sea-level data in the EAS show a climatological 
maximum during winter (Banse 1984; Shetye and Almeida 
1985), suggesting a poleward geostrophic boundary cur-
rent that cannot favour upwelling during this season off the 
Indian west coast (Banse 1968, 1984; Sharma 1968; Pan-
kajakshan and Ramaraju 1987; Shetye and Shenoi 1988). 
It was realised by this time that the large-scale boundary 
current in the EAS, the West India Coastal Current (WICC) 
(Shetye et al. 1990, 1991a; McCreary et al. 1993; Shankar 
and Shetye 1997; Shetye and Gouveia 1998; Schott and 
McCreary 2001; Shankar et al. 2002) flowed poleward into 
the local alongshore wind during winter (see Amol et  al. 
2014, for a brief history of the WICC literature), prompting 
Banse (1984) to suggest a role for the large-scale circula-
tion in the forcing of the winter WICC.

All studies that we are aware of attribute the higher pro-
ductivity and phytoplankton bloom in the NEAS during 

winter to this convective mixing that entrains nutrients into 
the surface ML as it deepens (Banse 1968, 1984, 1987; 
Madhupratap et al. 1996; Lévy et al. 2007; McCreary et al. 
2009; Koné et al. 2009; Gomes et al. 2014), and available 
data suggest that this proposed link between the deep ML 
(Chatterjee et  al. 2012) and the chlorophyll concentration 
(Lévy et  al. 2006) is viable, with the higher chlorophyll 
concentration tending to be co-located with the deeper ML 
during winter (Fig.  3). The chlorophyll bloom peaks in 
February (Lévy et al. 2007), following the peak in the ML 
depth (MLD) (Fig. 3).

The dry, cool northeasterly winds blowing onto the sea 
from land are expected to cool the surface of the NEAS. All 
these studies (Banse 1968, 1984, 1987; Shetye et al. 1992; 
McCreary et  al. 1993, 2009; Prasannakumar and Prasad 
1996, 1999; Madhupratap et  al. 1996; Lévy et  al. 2007; 
Koné et al. 2009; Gomes et al. 2014) invoke the increase in 
latent-heat flux, a consequence of the northeasterly winds 
being both strong and dry, and the decrease in incoming 
shortwave flux during winter as the cause of the deep MLs. 
The increased evaporation is expected to lead to a decrease 
in surface temperature and an increase in the surface salin-
ity and density, leading to convective mixing and the for-
mation of one of the three high-salinity water masses of 
the NIO (Rochford 1964; Banse 1968, 1984; Wyrtki 1971; 
Shetye et al. 1992; Shenoi et al. 1993; Prasannakumar and 
Prasad 1999). This high-salinity water mass is character-
istic of the northern Arabian Sea and has been called the 
Arabian Sea High-Salinity Water (ASHSW) mass (Roch-
ford 1964). Modelling studies have validated this hypoth-
esis of water-mass formation by deep convective mixing 
(McCreary et al. 1993; Han 1999; Han et al. 2001; Prasad 
and Ikeda 2002b, a; Lévy et al. 2007; Koné et al. 2009) and 
suggest that it forms over a broad region. The hydrographic 
data show that salinity decreases below the ML (Rochford 
1964; Wyrtki 1971; Varma et al. 1980; Shetye et al. 1992; 
Shenoi et al. 1993); this intermediate layer of lower salin-
ity, which would imply an unstable water column if it were 
not for a sharp decrease in temperature at the base of the 
ML to counter the haline effect, has been called the Ara-
bian Sea Salinity Minimum (Shenoi et al. 1993).

While all these studies invoke deep convective mixing as 
the cause of the deep MLs, their spatial focus has been con-
strained by the availability of data. Much of the literature 
even for the northern Arabian Sea is therefore restricted to 
the region sampled by the international and Indian JGOFS 
(Joint Global Ocean Flux Study) programmes of the mid-
1990s (Prasannakumar and Prasad 1996; Madhupratap 
et  al. 1996; Wiggert et  al. 2000, 2002, 2005). None of 
these JGOFS cruises sampled the region of deep MLs in 
the northernmost Arabian Sea (Fig. 3), for which most of 
the data available are from the International Indian Ocean 
Expedition (IIOE) of the 1960s (Wyrtki 1971; Levitus 

Fig. 2   Climatological chlorophyll concentration (mg m−3) in the 
EAS during February (top) and August (bottom); the data are from 
Lévy et al. (2006). Note that the colour scale is not uniform. There is 
no bloom in the southern EAS during February. The 200 and 1000 m 
isobaths are marked
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1982; Locarnini et al. 2010; Antonov et al. 2010; Chatterjee 
et al. 2012) and two cruises during the 1970s (Varma et al. 
1980; Banse and Postel 2009). The more recent data are 
largely due to Argo floats and an examination of the distri-
bution of hydrographic profiles shows an extremely sparse 
distribution of data in the northern NEAS (see Figures 1, 
20, and 21 in Chatterjee et al. 2012), which accounts for the 
deepest mixed layers. The ASHSW forming in this region 
sinks to a depth greater than does the ASHSW formed far-
ther south in the NEAS (Naqvi et al. 2006) and was there-
fore distinguished as the Northern Arabian Sea High-Salin-
ity Water (NASHSW) mass by Banse and Postel (2009).

Curiously, however, observations show that the regimes 
of the deepest MLs (Varma et  al. 1980; Banse and Postel 
2009; Chatterjee et  al. 2012) and the highest latent-heat 

flux (Praveenkumar et  al. 2012) do not coincide (Fig.  4): 
the deepest MLs are in the northernmost part of the NEAS, 
where the NASHSW forms, but the highest latent-heat flux 
occurs farther to the south, where the winds are stronger, 
but the ML is thinner and the water mass that forms is the 
ASHSW. The sensible-heat flux [all fluxes in Fig.  4 are 
from Praveenkumar et  al. (2012)] is higher in the north, 
but this flux is almost an order of magnitude smaller than 
the latent-heat flux. The net longwave flux varies more 
cross-shore than alongshore. The net shortwave flux into 
the ocean is less in the northern NEAS, complementing 
the latent-heat flux, but the net flux out of the ocean during 
January is still higher in the southern NEAS. A similar dis-
crepancy between the fluxes and deep MLs is seen during 
February.

Fig. 3   Observed monthly climatologies of MLD (metres; top pan-
els), based on the monthly temperature and salinity climatologies of 
Chatterjee et al. (2012) (NIOA: North Indian Ocean Atlas), and chlo-
rophyll concentration (mg m−3; middle panels), based on the weekly 
climatology of Lévy et  al. (2006), in the NEAS during December–
February (left to right). Note that the colour scale for chlorophyll is 

not uniform. The 200 and 1000 m isobaths are marked. The two pan-
els in the bottom row show the annual cycle of MLD (left) and chlo-
rophyll concentration (right) for the three boxes marked in the con-
tour maps. Both MLD and chlorophyll concentration increase from 
south to north during the winter monsoon (November–February)
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That the deepest MLs do not coincide with the highest 
latent-heat flux and that the spatial differences in MLD are 
not matched by similar gradients in the net flux out of the 
ocean suggests that processes other than convective mix-
ing driven by local winds are also important. Though Naqvi 
et al. (2006) state that “the lower salinity and higher tem-
perature of the water derived from the south do not permit 
sufficient densification to trigger convective mixing, except 
in the most northern parts”, a quantitative study of the 

impact of advection has not been carried out. The simula-
tions of Han et al. (2001) suggest that evaporation affects 
the MLD in the NEAS and that the effect is not uniform 
in space, but their study dealt with the entire Indian Ocean 
and therefore did not quantify the processes specifically for 
the NEAS.

In this paper, we use an oceanic general circulation 
model (OGCM) to investigate the factors that determine 
the MLD during winter in the NEAS, which we define as 

Fig. 4   Climatological monthly latent heat flux (top left), sensible 
heat flux (top right), net shortwave flux (middle left), net longwave 
flux (middle right), and net heat flux (bottom left) during January in 
the NEAS. Superimposed on these five maps are the MLD contours 
(metres) for January; the MLD for January is plotted in the bottom 
right panel. All the fluxes are in Wm−2, with positive values imply-

ing a flux out of the ocean; note that the colour scale is different for 
each panel. The flux climatologies were computed using data for 
1979–2013. Superimposed on the flux and MLD maps are the wind-
stress vectors (dyne cm−2). The wind stress and fluxes are from 
Praveenkumar et al. (2012) and the MLD is based on Chatterjee et al. 
(2012). The 200 and 1000 m isobaths are marked
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the region east of 64◦E and north of 18°N (Fig. 1). Though 
the high chlorophyll concentration in the NEAS provides 
the motivation for this study, our focus in this paper is 
restricted to the physical processes determining the spa-
tio-temporal variation of MLD within the NEAS during 
the winter monsoon. We show that the deep MLs in the 
NEAS extend up to ~20°N till the end of December, but are 
restricted poleward of ~22°N (~23°N) in January (Febru-
ary). This progressive restriction of the deep mixed layers 
within the NEAS is due to poleward advection of water of 
lower salinity by the boundary current, the WICC. We also 
show that the decrease in MLD in the southern NEAS, par-
ticularly large in February, is not matched by a correspond-
ing change in the SST. The paper is organised as follows. 
In Sect. 2, we present the model details. The evolution of 
the model ML in the NEAS during winter is presented in 
Sect.  3 and the role of advection is analysed in Sect.  4. 
Section 5 concludes the paper.

2 � The model

Our OGCM is version MOM4p1 of MOM (Modular Ocean 
Model) (Griffies 2009), configured for the Indian Ocean 
as in Kurian and Vinayachandran (2007), Vinayachan-
dran et al. (2007), and Chatterjee et al. (2013). A detailed 
description of the model setup is given in Chatterjee et al. 
(2013) and we provide but an overview here.

MOM has a free surface and uses the hydrostatic 
approximation. The horizontal resolution in our setup is 
0.25◦ × 0.25◦ and there are 40 vertical levels, with 25 lev-
els in the top 200 m and a 5-m resolution in the top 60 m. 
The model domain extends over the Indian Ocean (30◦

–120◦E, 30◦S–30◦N). Bottom topography is based on a 
modified ETOPO2 bathymetry (Sindhu et  al. 2007), with 
the minimum ocean depth set to 15  m and isolated land 
points (i. e., single cells) removed. The Palk Strait between 
India and Sri Lanka is closed, and the outflow regions of 
the Red Sea and Persian Gulf are broadened and deepened 
to ensure smooth flow between these narrow channels and 
the Arabian Sea. At land boundaries, a no-flux condition is 
imposed for tracers and no-slip and no-normal-flow condi-
tions are imposed for velocity. Sponge layers of width 3.5◦ 
are applied to the open southern (30◦S) and eastern (120◦E) 
boundaries, where tracer fields are relaxed to climatological 
values (Chatterjee et al. 2012) with a time scale of 30 days; 
no restoration is applied to the tracer fields elsewhere in 
the model domain. The Chatterjee et  al. (2012) climatol-
ogy adds data within the Indian Exclusive Economic Zone 
(EEZ) from Indian sources to the data set that was used to 
prepare the temperature and salinity climatologies of the 
World Ocean Atlas (Locarnini et  al. 2010; Antonov et  al. 
2010); inclusion of these Indian data leads to significant 
improvement in the climatology within the Indian EEZ by 
presenting more stable climatological values. The model 
physics and parameterisation choices are listed in Table 1.

Sources for the model forcing are listed in Table  2. 
River discharge, based on the data set of Vörösmarty et al. 
(1996), is specified in the top two layers of the vertical 
grid; the discharge for the Ganga and Brahmaputra, which 
have the highest discharge into the NIO, is, however, based 
on the more recent data set from Papa et al. (2010). Most of 
the forcing is from the OMIP (Ocean Model Inter-compar-
ison Project) (Röske 2001) data set. The OMIP data, which 
constitute a daily climatology, are derived from ECMWF 
(European Centre for Medium-range Weather Forecasting) 

Table 1   Model physics, including coordinate systems and parameterisations used

Physics Remarks References/source

Coordinate system Generalised orthogonal coordinates horizontally and quasi-hori-
zontal, rescaled height coordinate vertically

Stacey et al. (1995)

Adcroft and Campin (2004)

Bottom topography Modified ETOPO2 bathymetry Sindhu et al. (2007)

Initial temperature and salinity fields 
(also used for relaxation at open 
boundaries)

Adds data from the Indian EEZ (Exclusive Economic Zone) to the 
World Ocean Atlas of Locarnini et al. (2010) and Antonov et al. 
(2010)

Chatterjee et al. (2012)

Equation of state Nonlinear formulation Jackett et al. (2006)

Tracer advection Multi-dimensional, piecewise parabolic method (MDPPM) http://mitgcm.org/

Vertical mixing K-profile parameterisation, with a pre-specified vertical-diffusivity 
profile (Bryan and Lewis 1979) and a critical bulk Richardson 
number of 0.3 (local mixing due to double diffusion not included 
to avoid enhanced mixing within the stratified water column)

Large et al. (1994)

Horizontal friction Combination of biharmonic and Laplacian mixing, with Smagor-
insky mixing coefficients of 0.01 (velocity scale 0.04 m s−1) and 
0.1 (velocity scale 0.005 m s−1), respectively

Griffies and Hallberg (2000)

Penetrative shortwave heating In upper 100 m, calculated using a Chl-a based scheme Morel and Antoine (1994)

http://mitgcm.org/
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Reanalysis for 1979–1993 (Gibson et al. 1997) and provide 
a consistent forcing set that has been used for inter-com-
parison of model forecasts. The model ocean was spun up 
from a state of rest for 14 years and the results presented 
are for the 15th year.

The model simulation has been validated earlier for the 
NIO (Kurian and Vinayachandran 2007; Vinayachandran 
et  al. 2007) and equatorial IO (Chatterjee et  al. 2013) and 
we restrict our model validation to monthly climatologies of 
MLD, SST, and sea-surface salinity (SSS). (Unless other-
wise stated, SST and SSS refer to the temperature and salin-
ity, respectively, of the ML.) Climatological observed MLD 
is calculated from the Chatterjee et al. (2012) data set using 
a density criterion: the MLD is defined as the depth at which 
the density increase from the surface surface corresponds to 
a 0.5 ◦C decrease in temperature (Shenoi et al. 2004). The 
model MLD is defined as the depth at which the buoy-
ancy difference with respect to the surface level is equal to 
0.0003 m s−2 (Kurian and Vinayachandran 2007). (Comput-
ing the model MLD with the criterion used by Chatterjee 
et al. (2012) leads to a difference of but a few metres, which 
is inconsequential for the results of this paper. Hence, we 
stick to the more commonly used MLD criterion for MOM.)

The model simulation compares well with the observa-
tions (Fig.  5). As noted by Kurian and Vinayachandran 
(2007), the model WICC matches that observed (Mariano 
et  al. 1995). For validating SST, we compare the model 
simulation with TMI (TRMM Microwave Imager; TRMM: 
Tropical Rainfall Measuring Mission). The model SST is 
within 0.5 ◦C of the observations throughout the year over 
the model domain even without flux correction (Kurian and 
Vinayachandran 2007), but the model is cooler in the NEAS 
throughout the winter monsoon. For salinity, the only data 
set available is based on hydrography and one must remem-
ber that the salinity data are extremely sparse in the NEAS 
(Chatterjee et al. 2012). The model simulates a lower salin-
ity than observed, but the alongshore salinity variation, 

important for this analysis, is simulated fairly well. Without 
any artificial methods like salinity relaxation, the southeast-
ern Arabian Sea (SEAS) freshens at the same time as in the 
observations and the poleward advection of low-salinity 
waters off the Indian west coast is more striking than in the 
observations (Kurian and Vinayachandran 2007). This role 
of advection in determining the spatial variation of SSS is 
evident in the model, whose finer resolution (0.25◦ × 0.25◦ 
compared to 1◦ × 1◦ for the observed climatology) makes 
it possible to see clearly the low-salinity tongue, due to 
the WICC, separating the higher-salinity waters on the 
shelf from the higher-salinity waters offshore of the WICC 
(Fig.  5). In the NEAS, the model simulates a deeper ML 
than observed and the deep MLs extend farther south in the 
model than in the observations, but the spatio-temporal vari-
ation of MLD within the NEAS is evident in both observa-
tions and model. The correlations between the modelled and 
observed MLD, SST, and SSS for the NEAS are 0.78, 0.92, 
and 0.65, respectively (0.83, 0.89, and 0.64, respectively) 
during October–March (full year); all these correlations are 
significant at the 99 % level. (The SST correlations are for 
the model and TMI; the MLD and SSS correlations are for 
the model and the climatology of Chatterjee et al. (2012).

3 � Evolution of the mixed layer in the NEAS 
during winter

3.1 � Evolution of the mixed layer and air‑sea fluxes

The annual range of SST (model ML temperature) in the 
NEAS is ∼6 ◦C. SST falls below 26.5 ◦C in the northern 
NEAS (north of 23°N) during November and the 26 ◦C 
contour extends equatorward to 19.5°N along the conti-
nental slope (marked by the 1000 m isobath) in December 
(Fig. 5). SST decreases inshore and the coolest waters are 
near the coast, as noted earlier (Carruthers et al. 1959). SST 

Table 2   List of data sets used 
to force the MOM4p1 model

From left to right, the table columns list the data type, source, frequency, and a reference that describes the 
data

Field (units) Data source Frequency References

Wind stress (Nm−2) OMIP Daily Röske (2001)

Wind speed (m s−1) OMIP Daily Röske (2001)

Downward shortwave radiation (Wm−2) OMIP Daily Röske (2001)

Downward longwave radiation (Wm−2) OMIP Daily Röske (2001)

Air temperature (K) OMIP Daily Röske (2001)

Specific humidity (kg kg−1) OMIP Daily Röske (2001)

Precipitation (m s−1) CMAP Daily Xie and Arkin (1997)

River runoff (m s−1) SAGE (UNESCO) Monthly Vörösmarty et al. (1996)

Papa et al. (2010)

Chlorophyll (mg m−3) SeaWiFS Monthly Sweeney et al. (2005)



1056 D. Shankar et al.

1 3



1057Inhibition of mixed-layer deepening during winter in the northeastern Arabian Sea by the West…

1 3

decreases in the NEAS till February, but the difference at 
22°N from December–February is just ∼1.5 ◦C. The warm-
ing of the NEAS starts in March.

SSS (model ML salinity) is expected to increase dur-
ing winter as a consequence of the evaporative cooling, 
but remains almost constant during October–November. 
SSS remains practically constant—its value hovers around 
36.4 psu (practical salinity unit)—during November–Janu-
ary in the north and offshore, away from the regime of 
the narrow WICC (Fig.  5). Farther south, however, SSS 
at 22°N on the 1000  m isobath decreases from 36.3 to 
35.9 psu from November to February.

The model ML starts deepening after October, but the 
MLD in the NEAS on the continental slope is still of the 
order of 30  m in November. It is during this transition 
period that the WICC reverses direction (Shetye and She-
noi 1988; McCreary et al. 1993; Shetye and Gouveia 1998; 
Schott and McCreary 2001) (Fig. 5). In December, the ML 
deepens beyond 80  m in patches on the continental shelf 
and deepens to ∼90 m on the continental slope (just off-
shore of the 1000 m isobath); the deepening of the ML in 
December is almost uniform all along the continental slope 
poleward of ~20°N (Fig. 5). In this regime of the NEAS, the 
ML continues to deepen through January, but the deepen-
ing is much greater north of ~22°N (∼140 m) than between 
20 and 22°N (∼90 m). In February, the ML shallows in the 
southern NEAS to ∼60 m and the regime of shallow MLs 
extends up to ~23°N; poleward of ~23°N, the region of deep 
MLs extends farther offshore than in January. In March (fig-
ure not shown), the ML shallows all over the NEAS.

Though the deeper MLs occur north of 22–23◦N (Fig. 5), 
the net heat flux out of the ocean is less north of 23◦N (Fig. 6), 
implying weaker convective mixing. As may be expected, the 
longwave and sensible-heat fluxes do not vary significantly 
with latitude in the NEAS, and the north-south difference in 
net heat flux is essentially determined by the latent-heat and 
shortwave fluxes (Fig.  6). Throughout this paper, positive 
values imply fluxes out of the ocean. Though the shortwave 
flux into the ocean decreases poleward, the latent-heat flux is 
less poleward of ∼23◦N, i.e., in the northern NEAS, during 
December–January. As a consequence of this distribution of 
the air-sea fluxes on the continental slope, the net heat flux 

during December is ∼20 W m2 higher at 21◦N compared to 
24◦N, implying stronger convective mixing in the southern 
NEAS. In February, the shortwave flux increases all over the 
NEAS, but the difference in net heat flux between the north-
ern and southern NEAS changes sign, with the outgoing flux 
at 24◦N exceeding that at 21◦N by ∼20 W m2.

3.2 � The questions

The evolution of the ML during winter in the NEAS leads 
to three questions. First, substantial deepening of the ML is 
highly localised even within the NEAS and does not coin-
cide with the high latent-heat or net heat fluxes out of the 
ocean. Therefore, the question is why the ML shallows in the 
southern NEAS even as it continues to deepen in the north 
after December? The second question is a corollary of the 
first question: what sustains the deep ML in the northern 
NEAS during February? Third, even as the MLD undergoes 
large changes in the southern NEAS during January–Febru-
ary, the SST barely changes. Naqvi et al. (2006) suggested 
that the relatively shallower ML in the southern NEAS is due 
to the poleward advection of fresher and warmer water by 
the WICC. Since the SST does increase from north to south 
(Fig. 5), implying that the WICC will advect warmer waters 
poleward, and the net heat flux out of the ocean decreases 
all over the NEAS from January to February (Fig. 6), why 
does the SST not increase at least in the southern NEAS? 
The analysis carried out in the rest of this paper is aimed at 
answering these three questions. We begin by analysing the 
contribution of the winds (momentum fluxes) and buoyancy 
fluxes to the spatio-temporal variation in the MLD.

3.3 � Mixed‑layer physics

When the ML shallows, the Monin–Obukhov depth (Monin 
and Obukhov 1954) is often used to describe the balance 
between the turbulent kinetic energy (TKE) input by the 
momentum fluxes due to the wind and the buoyancy fluxes in 
the ML. The idea is that if the TKE input by the wind is not 
sufficient to maintain the MLD when the buoyancy fluxes 
are negative (equivalent to a heat gain at the ocean surface 
according to the sign convention used in this paper), then 
the ML shallows to the Monin–Obukhov depth, HMO (Kraus 
and Turner 1967; Qiu and Kelly 1993; McCreary et al. 1996; 
Han et al. 2001; Rao et al. 2002). Production of TKE is given 
by (following Han et al. 2001; Rao et al. 2002)

where ρ is the density of sea water (1026 kg m−3), κ = 0.42 

is the von Kärmän constant (Rao et al. 2002), u∗ =

√

τ
ρ

 is  

the friction velocity (with τ the magnitude of the wind 
stress), g is the acceleration due to gravity, and

(1)PTKE = ρu3
∗
+ ρκHMOB0,

Fig. 5   Monthly climatologies of observed MLD (first row), model 
MLD (second row), observed SST (third row), model SST (fourth 
row), observed SSS (fifth row), and model SSS (sixth row) during 
November–February (from left to right) for the NEAS. The units are 
metres for MLD, ◦C for SST, and psu (practical salinity unit) for SSS. 
The SST climatology is based on TMI data for 2000–2008 (ftp://ftp.
ssmi.com/tmi/bmaps_v04/) and the SSS and MLD climatologies are 
based on Chatterjee et al. (2012). Overlaid on all panels are the sur-
face currents (cm s−1). The observed currents, overlaid in the obser-
vation panels, are from Mariano et al. (1995); the model surface cur-
rents are overlaid in the model panels. The 200 and 1000 m isobaths 
are marked

◂

ftp://ftp.ssmi.com/tmi/bmaps_v04/
ftp://ftp.ssmi.com/tmi/bmaps_v04/
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(2)B0 = 0.5g

[

−
αQ0

ρCp

+ β(E − P)S0

] is the depth-averaged buoyancy flux (unit m2 s−3) (Han 
et al. 2001; Cronin and Sprintall 2001). Note that the buoy-
ancy flux of the ML is given by B0H, where H is the MLD. 

Fig. 6   Monthly climatologies of the model air-sea flux fields. The 
daily model fluxes were averaged over the month to obtain these 
monthly climatologies and the sign convention is that a positive value 
indicates flux out of the ocean. The variables plotted for November–
February (from left to right) are latent-heat flux (first row), sensible-
heat flux (second row), net longwave flux (third row), net shortwave 

flux (fourth row), and net heat flux (fifth row). The model MLD and 
OMIP wind-stress vectors are superimposed on all the maps; the con-
tour interval for MLD is 20 m. The units are Wm−2 for the fluxes, 
metres for MLD, and dyne cm−2 for the wind stress. The 200 and 
1000 m isobaths are marked
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In Eq. (2), Cp is the specific heat constant (at constant pres-
sure) for sea water, Q0 is the net heat flux out of the marine 
boundary layer (positive out of the ocean, so that a positive 
Q0 will tend to deepen the ML), E is the evaporation rate, 
P is the precipitation rate, S0 is the salinity of the ML, and 
α = −0.00025 K−1 and β = 0.00785 psu−1 are the thermal 
expansion coefficient and haline contraction coefficient, 
respectively. Note that Q0 = Qnet − Qd, where Qnet is the 
net heat flux at the ocean surface and Qd is the shortwave 
heat flux lost at the bottom of the mixed layer (the penetra-
tive heat flux), and that this description of the heat budget 
does not include advection, which, as we shall see, makes a 
significant contribution to the heat budget of the ML in the 
NEAS.

The first term on the RHS of Eq. (1) represents the pro-
duction of TKE by wind stirring and the second term the 
sum of thermal and haline buoyancy fluxes. The wind-stir-
ring term, by definition, cannot be negative; hence, a bal-
ance between the two terms, leading to PTKE = 0 and a 
physically realistic or positive HMO, is possible only when 
the buoyancy flux is negative, implying a net heat gain by 
the ocean and/or an excess of precipitation over evapora-
tion. When this balance holds,

In the NEAS, evaporation exceeds precipitation 
throughout the winter monsoon, implying a positive 
buoyancy flux due to the haline component. Therefore, a 
change of sign in the buoyancy flux can only come from 
the thermal buoyancy component. The thermal buoyancy 
flux in this region is an order of magnitude greater than the 
term representing turbulent energy generated by the winds 
(Fig.  7). The shallowing of the ML from February to 
March is due to a negative thermal buoyancy flux, a con-
sequence of the increase in solar radiation leading to a net 
heat flux into the ocean. This negative thermal buoyancy 
flux overwhelms the smaller haline buoyancy flux, leading 
to a physically sensible, i. e., positive, HMO at the end of 
the winter monsoon.

In contrast, the shallowing of the ML in the southern 
NEAS from January to February is not associated with a 
negative thermal buoyancy flux (Fig.  7). Indeed, the net 
heat flux is out of the ocean over almost the entire NEAS 
during February (Fig.  6), leading to a positive thermal 
buoyancy flux. Therefore, the buoyancy flux (Fig. 7) sup-
ports convective overturning throughout the winter mon-
soon and implies a negative (physically meaningless) 
HMO . Comparison of the pattern of MLD and buoyancy 
fluxes (thermal, haline, and total) during January–Febru-
ary shows an almost perfect match, suggesting a close rela-
tion between the two variables. Since the buoyancy fluxes 
include MLD [i. e., the buoyancy flux is the product of B0 

(3)HMO = −
u3
∗

κB0
.

and the MLD in Eq.  (1)], this match is not surprising. A 
plot of the depth-averaged buoyancy fluxes (i. e., B0) shows 
that the spatial scale over which these quantities (or even 
the surface buoyancy fluxes) vary is much larger (Fig. 8), 
as may be expected from the similar spatial scales for the 
net heat flux from January to February (Fig. 6).

This striking difference between the large-scale changes 
in the depth-averaged buoyancy fluxes and the much more 
slope-trapped pattern of the buoyancy fluxes implies that 
there is more to the spatial and temporal variation of the 
MLD in the NEAS than merely the convective mixing 
invoked in the literature. The wedge-shaped intrusion, from 
south to north, of fresher water along the continental slope 
separates waters of higher salinity on the shelf and farther 
offshore of this wedge created by the WICC (Fig. 5); this 
role of the WICC has been suggested earlier (Prasannaku-
mar and Prasad 1999; Han et al. 2001; Naqvi et al. 2006), 
and we analyse it in the following section.

4 � Role of advection

To quantify the role of advection, it is necessary to recog-
nise that the WICC hugs the continental slope (Shetye et al. 
1991a) (Fig. 5). This boundary current propagates offshore 
as a Rossby wave on seasonal time scales (McCreary et al. 
1993; Shankar and Shetye 1997; Shankar et al. 2002, 2010), 
but it narrows poleward (Shetye et al. 1991a) because the 
phase speed of the westward propagating Rossby wave 
decreases as the square of the distance from the equator. 
Even at 10◦N, the theoretical and observed Rossby-wave 
speed for the first baroclinic mode is ∼10 cm s−1 (Shankar 
et al. 2004), implying a speed of ∼2 cm s−1 in the NEAS. 
Hence, the WICC propagates offshore slowly enough in 
the NEAS to permit an analysis of the role of advection 
by considering the spatio-temporal variability along the 
1000 m isobath; the model grid cells used in these figures 
are shown in Fig. 1.

A plot of the model variables along the 1000 m isobath 
(henceforth referred to as alongshore variation) shows 
that the WICC reverses at the end of October and the ML 
deepens uniformly poleward of ∼19.5◦N during November 
(Fig. 9). This situation persists through December, except 
for the extreme north of the NEAS, i. e., on the continen-
tal slope off the southern coast of Pakistan, where the ML 
deepens more than in the rest of the NEAS. In January, 
the distinction between the northern and southern NEAS 
becomes more striking, with the ML deepening to over 
130 m (less than 100 m) north (south) of ~22°N. The distin-
guishing latitude shifts poleward to ∼23◦N and the along-
shore gradient of MLD increases in February, when the 
ML shallows (deepens) to ∼60 m (∼140 m) in the south-
ern (northern) NEAS. This north-south difference in MLD 
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disappears in the second half of March as the ML shal-
lows to almost 40  m all over the NEAS. This shallowing 
in March is a consequence of the increase in net shortwave 
flux (into the ocean), which overwhelms the latent-heat and 
longwave fluxes, leading to a classical detrainment (Kraus 
and Turner 1967; McCreary et al. 1996, 2009) situation.

The latitudinal dependence of SST becomes evident 
in December (Fig.  9). Note that the SST contours in the 

figure are almost flat from mid-December (mid-January) 
to the end of February in the southern (northern) NEAS, 
implying that SST barely changes even as the ML shallows 
(deepens) in February in the southern (northern) NEAS. 
The variation of SSS is in contrast to that of SST: except 
for the regime north of ∼24◦N, where the SSS is relatively 
constant through November–March, it decreases almost 
monotonically through December–February and the lower 

Fig. 7   Monthly climatologies of the model turbulent kinetic energy 
due to the wind (first row), haline buoyancy flux (second row), ther-
mal buoyancy flux (third row), and the total buoyancy flux (sum of 
haline and thermal buoyancy fluxes; fourth row) during Novem-
ber–February (from left to right). All these fields have units of 
10−7 m3 s−3 (the values have been multiplied by 107 before plotting). 
The daily buoyancy flux was averaged over the month to obtain the 

monthly climatology. Note that a positive buoyancy flux supports 
convective mixing and is therefore associated with a net heat flux out 
of the ocean (for thermal buoyancy flux) and an excess of evaporation 
over precipitation (for haline buoyancy flux). Overlaid on all panels 
is the MLD (m); the contour interval for MLD is 20 m. The 200 and 
1000 m isobaths are marked
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salinities extend farther poleward with time. There is a 
striking match between the variation of MLD (100–110 m 
contours) and SSS (36.10 psu contour), suggesting that it is 
the decrease in SSS, rather than a change in SST, that leads 
to the rapid shallowing of the ML south of ∼23◦N during 
February.

The role of the WICC in decreasing the salinity along 
the continental slope is evident in an analysis of the salt 
budget for the ML (Fig.  10). Atmospheric forcing tends 
to increase salinity because evaporation exceeds precipi-
tation, but it is more than compensated by the freshening 
due to the advection of waters of lower salinity from the 
south. Except for a few bursts (these intraseasonal bursts 
have a time scale of the order of a week) during Novem-
ber and February–March, the sub-surface processes 
(essentially entrainment and vertical advection; figure not 

shown) make but a meagre contribution to the salt budget 
of the ML. Hence, the ML shallows in the southern NEAS 
owing to the inflow of lower-salinity waters from the 
south.

A similar analysis of the heat budget of the ML (Fig. 11) 
shows a dominance of atmospheric forcing, with the signifi-
cant contribution of horizontal advection restricted equator-
ward of 19◦N till the end of January. The shortwave flux is 
dominated by a seasonal cycle, but the latent-heat and long-
wave fluxes exhibit intraseasonal bursts (Fig. 12). As with 
the salt budget, the sub-surface processes have a small effect 
on the ML temperature because the contributions of vertical 
advection and entrainment mixing tend to cancel through-
out the winter monsoon (Fig. 13). Vertical advection tends 
to warm, rather than cool, the mixed layer because the ver-
tical velocity is negative, i.e., downwelling-favourable. An 

Fig. 8   Monthly climatologies of the model depth-averaged buoyancy 
fluxes (10−9 m2 s−3; all values have been multiplied by 109 before 
plotting). Haline buoyancy flux (top row), depth-averaged thermal 
buoyancy flux (middle row), and the sum of these two depth-averaged 
buoyancy fluxes (bottom row) are shown for November–February 
(from left to right). The daily buoyancy flux was averaged over the 
month to obtain the monthly climatology. Overlaid on all panels is 

the MLD (m); the contour interval for MLD is 20 m. Note the strik-
ing difference between the patterns of these depth-averaged buoyancy 
fluxes and the buoyancy fluxes shown in Fig. 7: the depth-averaged 
fluxes change over a broader region, reflecting the larger scale associ-
ated with the changes due to the march of the season, and their pat-
tern does not match that of the MLD. The 200 and 1000 m isobaths 
are marked
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exception is a relatively strong warming burst due to vertical 
advection at the end of October.

Though the WICC advects low-salinity waters pole-
ward into the northern NEAS as well, the ML remains deep 
till the end of February because it deepens to over 100 m 
before the inflow of low-salinity water can decrease the 
ML salinity (Fig. 9). The buoyancy fluxes and the TKE due 
to the wind are sufficient (Fig.  14) to maintain the MLD 
at over 100 m until the shortwave radiation increases and 
latent-heat flux decreases in March (Fig. 12), enabling the 
ML to detrain and shallow to a depth of ∼40 m by the end 
of the month (Fig. 9).

The role of vertical advection, which tends to warm the 
ML because of downwelling, has largely been ignored in the 
literature. The downwelling in the NEAS, primarily forced 
by remote winds through the poleward propagation of Kel-
vin waves that lower the thermocline and raise sea level along 
the west coast of India during the winter monsoon (McCreary 
et al. 1993; Shankar and Shetye 1997; Shankar 1998, 2000; 
Shankar et  al. 2002), counters the cooling due to entrain-
ment of cooler, sub-surface waters. A consequence of these 
contrasting influences is that SST, or the ML temperature, is 
almost constant through January–February even as the ML 
shallows owing to the poleward advection of low-salinity 

Fig. 9   Variation during October–March of the model MLD (m, top 
panel), SST (◦C, second panel), SSS (psu, third panel), and along-
shore current (cm s−1, bottom panel; positive poleward) along the 
1000 m isobath. The model grid cells used for these plots are marked 
in Fig. 1. The abscissa is time and the ordinate gives the distance (in 

hundreds of kilometres) poleward along the 1000  m isobath from 
18°N. The latitude and longitude are marked by horizontal lines. SSS 
contours are overlaid on the MLD panel and MLD contours are over-
laid on the other three panels
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waters by the WICC. The inflow of low-salinity water at the 
surface increases the vertical salinity gradient at the base of 
the mixed layer (Fig. 15): the gradient, which was negative 
because of the Arabian Sea Salinity Minimum underlying the 
ASHSW in the ML (Shenoi et  al. 1993) before November, 
turns positive as the ML shallows south of 23◦N in January–
February. As a result of this intrusion of low-salinity water at 
the surface, a weak barrier layer (Lukas and Lindström 1991; 
Vialard and Delecluse 1998) forms and the vertical tempera-
ture gradient weakens to near-zero values at the base of the 
mixed layer (Fig. 15). Therefore, the SST does not decrease 
in the southern NEAS in spite of the net heat flux being out of 

the ocean (Fig. 6) and the positive buoyancy fluxes (Fig. 14) 
therefore tending to deepen the ML. That the flux is still out 
of the ocean in February permits a balance between the cool-
ing by air-sea fluxes and the warming due to the inflow of 
warmer water. Therefore, the SST remains almost constant 
even as the ML shallows by ∼50 m from January to February.

5 � Discussion

In summary, we have used an OGCM to investigate the cli-
matological spatio-temporal variability of the depth of the 

Fig. 10   The ML salt budget during October–March. The tendency 
term (top panel) and the contributions of atmospheric forcing (sec-
ond panel), sub-surface processes (third panel), and horizontal advec-
tion (bottom panel) are plotted along the 1000 m isobath. The unit is 
psu month−1 and the model grid cells used for these plots are marked 

in Fig.  1. The sub-surface processes comprise vertical advection, 
entrainment, and turbulent processes (Vialard and Delecluse 1998; 
Kurian and Vinayachandran 2007). The abscissa is time and the ordi-
nate gives the distance (in hundreds of kilometres) poleward from 
18°N; the latitude and longitude are marked by horizontal lines
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mixed layer in the NEAS during the winter monsoon. A 
description of this variability led to three questions.

The first question was the cause of the shallowing of the 
ML during January–February in the southern NEAS even 
as it continued to deepen in the north (Figs.  5, 9). Earlier 
hypotheses suggested that this difference between the north-
ern and southern NEAS was due to the poleward advection 
of warmer, fresher waters by the WICC (Naqvi et al. 2006). 
Our simulations show that it is the salinity that is important: 
the alongshore salinity gradient in the eastern Arabian Sea, 
a consequence of the freshening in the south and excess of 
evaporation over precipitation in the north (Shetye et  al. 

1991a; Levitus 1982; Han et al. 2001; Antonov et al. 2010; 
Chatterjee et al. 2012) implies that the poleward WICC sta-
bilises the water column (Fig. 15). In contrast to this freshen-
ing of the ML, its temperature, or the SST, barely changes 
during December–February, ruling out a similar impact due 
to the advection of warmer waters from the south.

The second question concerned the processes that led to 
the ML remaining deep in the northern NEAS in spite of the 
poleward advection of the low-salinity waters (Fig.  9). The 
simulations show that convective mixing deepens the ML in 
the northern NEAS before the waters of lower salinity reach 
this region. This fresher water from the south mixes with 

Fig. 11   The ML heat budget during October–March. The tendency 
term (top panel) and the contributions of atmospheric forcing (sec-
ond panel), sub-surface processes (third panel), and horizontal advec-
tion (bottom panel) are plotted along the 1000 m isobath. The unit is 
◦C month−1 and the model grid cells used for these plots are marked 

in Fig.  1. The sub-surface processes comprise vertical advection, 
entrainment, and turbulent processes (Vialard and Delecluse 1998; 
Kurian and Vinayachandran 2007). The abscissa is time and the ordi-
nate gives the distance (in hundreds of kilometres) poleward from 
18°N; the latitude and longitude are marked by horizontal lines
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the high-salinity NASHSW to ensure that salinity does not 
increase in this part of the NEAS in spite of the evaporation. 
The deep mixed layer survives in the northern NEAS as the 

wind stirring and convective overturning generate sufficient 
turbulent energy for the ML to maintain the depth attained in 
January.

Fig. 12   Contribution of components of the atmospheric-forcing 
term to the ML heat budget during October–March. The latent-heat 
flux (top panel), sensible-heat flux (second panel), net longwave 
flux (third panel), net shortwave flux (fourth panel), and net heat 
flux (bottom panel) are plotted along the 1000 m isobath. The unit is 

◦C month−1 and the model grid cells used for these plots are marked 
in Fig.  1. Note that the colour scale is different for each term. The 
abscissa is time and the ordinate gives the distance (in hundreds of 
kilometres) poleward from 18°N; the latitude and longitude are 
marked by horizontal lines
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The third question concerned the SST: why is it almost 
constant even though the MLD changes by over 50 m during 
December–February in the southern NEAS (Fig. 9)? Our sim-
ulations show that the atmospheric fluxes tend to cool the ML, 
but this cooling is countered by the warming due to horizon-
tal advection (Fig. 11). An important process is downwelling, 
which tends to warm the ML, almost cancelling the cooling 
due to entrainment mixing that continues even as the ML shal-
lows in the southern NEAS (Fig. 13). This balance leads to the 
formation of a weak barrier layer below the ML in the south-
ern NEAS (Fig. 15), precluding cooling by entrainment.

This spatio-temporal difference in the evolution of SST 
and MLD in the NEAS implies that the former, which is 
measurable from space, cannot be used as a proxy for the 
latter, for which one has to rely on the sparse and spo-
radic data available from Argo floats. It is now possible to 
measure salinity from space, but the variation in salinity 
in the NEAS is of the order of 0.5 psu, currently beyond 
the measurement accuracy (∼2 psu) of the Aquarius salin-
ity sensor (Tsontos 2014) and of the same order as that 
of the SMOS (Soil Moisture and Ocean Salinity) sensor 
(∼0.36 psu; Ratheesh et  al. 2012; Subrahmanyam et  al. 

Fig. 13   Contribution of components of the sub-surface processes 
to the ML heat budget during October–March. The sub-surface pro-
cesses term (top panel) is plotted along the 1000  m isobath along 
with its components: vertical advection (second panel), entrainment 
(third panel), and turbulent processes (bottom panel). The unit is 

◦C month−1 and the model grid cells used for these plots are marked 
in Fig. 1. The abscissa is time and the ordinate gives the distance (in 
hundreds of kilometres) poleward from 18°N; the latitude and longi-
tude are marked by horizontal lines
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2013), ruling out the use of these sensors in this region until 
accuracies improve. The spatio-temporal changes in salin-
ity in the NEAS during winter are much smaller than the 
changes seen in the northern Bay of Bengal (Wyrtki 1971; 
Shetye et al. 1991b, 1993, 1996; Chatterjee et al. 2012), but 
the physical processes, including the formation of a barrier 
layer, are the same. Even the much weaker salinity gradi-
ents in the NEAS play an important role in determining the 
MLD in the region.

The simulations show that SST and MLD in the NEAS 
respond but weakly to the intraseasonal bursts evident in 

the winds and air-sea radiative and heat fluxes (Figs. 9, 11, 
12). More TKE is needed to sustain the deep MLs of the 
NEAS than for the much shallower MLs of the northern 
Bay of Bengal (Shetye et  al. 1991b, 1996). These deeper 
MLs are less susceptible to the weaker intraseasonal per-
turbations in the winds, precluding a strong intraseasonal 
response of SST and MLD in the NEAS to the intrasea-
sonal variability in the fluxes. This relative lack of intra-
seasonal variability in the SST and MLD in the NEAS is 
in striking contrast to what happens in the northern Bay 
of Bengal (Premkumar et al. 2000; Sengupta et al. 2001), 

Fig. 14   The turbulent kinetic energy input by the wind (top panel), 
haline buoyancy flux (second panel), thermal buoyancy flux (third 
panel), and the sum of thermal and haline buoyancy fluxes (bottom 
panel) along the 1000 m isobath during October–March. The unit is 
10−7 m3 s−3 (the values have been multiplied by 107 before plotting) 
and the model grid cells used for these plots are marked in Fig. 1. The 

thermal and haline buoyancy fluxes were smoothed with a 15-day 
running mean to damp the noise in the daily fields. The abscissa is 
time and the ordinate gives the distance (in hundreds of kilometres) 
poleward from 18°N; the latitude and longitude are marked by hori-
zontal lines



1068 D. Shankar et al.

1 3

where the shallow ML can respond rapidly to perturbations 
in the winds or air-sea heat and radiative fluxes.

The MLD in the NEAS is determined by an interplay of 
two very different physical processes. The convective mix-
ing depends on the winds, radiative fluxes, SST, air tem-
perature, and specific humidity, all of which are local to 
the region. For example, the relative weakness of the winds 
in the northern NEAS (Figs. 4, 6) can be attributed to the 
Makran Range that rises to a height of over 1000  m just 
north of the southern coast of Pakistan (Fig.  1). Farther 
south in the NEAS, the winds blow in from the flatter ter-
rain of the plains of India and Pakistan (Fig. 1); these north-
easterly winds are therefore stronger and lead to a higher 
latent-heat flux (Fig. 4). The other key process is advection 
by the WICC, whose seasonal cycle is not locally forced [as 
realised by Banse (1984) and Shetye and Shenoi (1988)], 
but has been shown to be primarily forced remotely from 
the east coast of India (McCreary et al. 1993; Shankar and 
Shetye 1997; Shankar et  al. 2002), with the alongshore 
winds off southwest India also playing a role (Shetye et al. 
2008; Amol et al. 2012, 2014). These two processes are not 
necessarily correlated, implying the possibility of consider-
able interannual variability in the evolution and extent of 
these deep mixed layers in the NEAS.

This role of horizontal advection in determining the 
spatio-temporal variability of the MLD in the NEAS dur-
ing winter has implications for water-mass formation in the 
region. Two of the high-salinity water masses of the Ara-
bian Sea, the Persian Gulf Water (PGW) mass and Red Sea 
Water (RSW) mass (Rochford 1964; Bower et  al. 2000; 

Schott and McCreary 2001), form in semi-enclosed basins 
(the Persian Gulf and the Red Sea, respectively), and their 
region of formation is therefore limited. By inhibiting the 
formation of deep MLs in the southern NEAS, the WICC 
limits the region of formation of the ASHSW (Rochford 
1964) and NASHSW (Banse and Postel 2009). Hence, even 
though these water masses form in the open ocean, their 
region of formation is also highly restricted. The poleward 
WICC also constrains the movement of the water upwelled 
off the Oman coast during the previous summer monsoon, 
forcing it to spread southward via the central Arabian Sea 
(Valsala 2009).

In conclusion, we have shown that advection by the 
WICC, and therefore ocean dynamics at the basin scale, 
plays a significant role in determining the MLD, and, by 
extension, the chlorophyll concentration and ecosystem 
dynamics, in the NEAS. Our results imply that the con-
ventional approach of averaging over boxes (see Fig. 3 for 
an example of such averaging) for studying the impact of 
physics on biogeochemistry can mask important details 
that are due to advection because it is the advective com-
ponent of any budget that is most affected by the averag-
ing process. Changes in air-sea fluxes, in contrast, tend to 
occur over larger spatial scales and are less affected by the 
averaging.

Recent data from high-resolution CTD (conductiv-
ity–temperature–depth) sections across fronts and fila-
ments in the NEAS show considerable variation in the 
chlorophyll and pigment concentration across these short-
scale features (Vipin et  al. 2015; Roy et  al. 2015), which 

Fig. 15   Temperature gradient (◦C m−1, top panel) and salinity gradi-
ent (psu m−1, bottom panel) at the base of the ML along the 1000 m 
isobath during October–March. The model grid cells used for these 
plots are marked in Fig. 1. The abscissa is time and the ordinate gives 

the distance (in hundreds of kilometres) poleward from 18°N; the lat-
itude and longitude are marked by horizontal lines. The zero contour 
is shown (blue curve) and the MLD (m) contours (black curves) are 
overlaid
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too are a consequence of dynamics. These data suggest 
that the response of the ecosystem to the physical forcing 
may depend on when the front or filament forms during 
the winter monsoon, there being a difference between the 
fronts that form in November, when the convective mixing 
starts to deepen the ML in the NEAS, and the fronts that 
form in late January, when the ML reaches its maximum 
depth (Roy and Anil 2015). Therefore, the seasonal evolu-
tion of the ML in the NEAS during the winter monsoon has 
an impact even on processes that occur on a much smaller 
spatial scale and over a much shorter temporal scale. Our 
results show that this variation of the ML in the NEAS, 
which is a small, but productive, part of the Arabian Sea, 
is the result of a more complex interplay of physical pro-
cesses than hitherto believed.

These results, which highlight the role of advection and 
salinity in determining the MLD and SST in the NEAS, 
have implications for the Indian summer monsoon as well 
(Raghu Murtugudde, personal communication 2015). Cou-
pled-model studies show that the chlorophyll concentration 
during late spring (March) in the northern Arabian Sea has 
an impact on the model MLD, which, in turn, has an impact 
on the summer-monsoon precipitation (Turner et al. 2012). 
Coupled models also tend to exhibit a cold bias in the SST 
in the northern Arabian Sea and this cold bias tends to 
decrease the summer-monsoon precipitation (Levine and 
Turner 2011; Marathayil et  al. 2013; Levine et  al. 2013; 
Sandeep and Ajayamohan 2014). Our results suggest that it 
is important for the coupled models to simulate the salinity 
correctly because it has a significant influence on the spring 
MLD even though the variations in SSS in the NEAS are 
an order of magnitude smaller than in the northern Bay of 
Bengal, where the role of the surface low-salinity surface 
layer in keeping the bay warmer during the summer mon-
soon is better documented (see, for example, Shenoi et al. 
2002).
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