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Abstract 

Warmer (>28°C) Sea Surface Temperature (SST) occurs in the South Eastern Arabian Sea (SEAS, 
5°-13°N, 65°-76°E)   during March-April, and is known as the Arabian Sea Mini Warm Pool 
(ASMWP). In this study, we address the role of salinity and the upper layer heat and salt budgets in the 
formation and collapse of this ASMWP. An assessment of Level 3 Sea Surface Salinity (SSS) data from 
the Soil Moisture and Ocean Salinity (SMOS) satellite mission for the year 2010 shows that SMOS is 
able to capture the SSS variability in the SEAS. Analysis of temperature, salinity and currents from the 
HYbrid Coordinate Ocean Model (HYCOM) during 2003-06, and, in-situ temperature and salinity data 
from Argo floats during 2003-06 for the SEAS revealed that low salinity waters cap the top 60 m of the 
SEAS in January-February. This minimum salinity was concurrent with the formation of a barrier layer 
and with the time when the SEAS gained little net heat flux and the equatorward flowing East India 
Coastal Current (EICC) fed low saline waters into the SEAS. Subsequently, the net heat flux increased 
to a peak value under the increased salinity stratification, leading to the formation of the ASMWP in 
March-April. The ASMWP collapsed by May due to increase in SSS and the associated weakening of 
the salinity stratification. The monsoon onset vortex in May 2004 could be related to the minimum SSS 
that occurred in February 2004, followed by higher SST and heat content of the ASMWP in April 2004.  
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1. Introduction 

The oceanic regions  with the sea surface temperature (SST) exceeding 28°C (Figure 1) are known as 

warm pools and are associated with deep atmospheric convection, low wind speed, heavy precipitation 

and low sea surface salinity (SSS) [Gadgil et al., 1984; Delcroix and McPhaden, 2002; Huang and 

Mehta, 2004]. Small changes in SST lead to a significant response in the overlying atmosphere, resulting 

in global and regional climate changes through atmospheric teleconnections. The larger Indian Ocean 

Warm Pool (IOWP), extending from 20°S to 20°N (Figure 1), evolves independent of the smaller 

Arabian Sea Mini Warm Pool (ASMWP). The ASMWP, located in the South Eastern Arabian Sea 

(SEAS), attains its highest SST (~30°C) in April-May before the onset of the southwest monsoon 

leading to the belief that it plays an important role in the monsoon onset vortex formation 

[Vinayachandran et al., 2007] and monsoon dynamics [Vinayachandran and Shetye, 1991; Waliser, 

1996]. The ASMWP occurs with its core laying in the Lakshadweep Sea, the part of the SEAS between 

the Indian peninsula and the Lakshadweep islands to the west of the Indian mainland (Figure 1) [Rao 

and Sivakumar, 1999; Shenoi et al., 1999]. Prior to the formation of the ASMWP, low saline waters are 

transported from the Bay of Bengal thereby causing higher stratification that reduces surface water 

cooling as a result of entrainment and leads to higher SSTs than are observed in the surrounding areas 

[Shenoi et al., 2005; Murty et al., 2006]. While the role of temperature in the formation and dynamics of 

the ASMWP has been extensively studied [Rao and Sivakumar, 1999; Hareeshkumar et al., 2005; 

Shenoi et al., 2005], the effects of salinity are understudied.  

Studies on the seasonal and interannual variability of salinity in the ASMWP region are limited. 

Salinity effects complicate the air-sea interactions over the warm pool region, and there appears to be an 

important feedback between SST, precipitation, upper ocean salinity, and wind-induced mixing 

[Vinayachandran et al., 2007; Nisha et al., 2009]. In the warm pool region of the SEAS, the surface 

layer is characterized with lower salinity waters. This warm and low salinity region is in turn 

characterized with a shallow Mixed Layer Depth (MLD), which comes into contact with the overlying 

atmosphere and modifies the air-sea interaction processes [Krishna Kumar et al., 2005; Murty et al., 

2006]. Over this warm, low salinity, shallow mixed layer, intense convection takes place; thus this 

region contributes to both oceanic and atmospheric processes. Due to the paucity of salinity time-series 

measurements, our understanding of the critical influence of salinity at different time scales on the upper 
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ocean processes and their impact  on the atmospheric convection at a synoptic scale (e.g. monsoon 

depressions, tropical cyclones), and monsoon activity have been limited. The launch of the Soil 

Moisture and Ocean Salinity (SMOS) mission by the European Space Agency (ESA) in November 2009 

and Aquarius/SAC-D salinity mission by the US NASA and Space Agency of Argentina (Comision 

Nacional de Actividades Espaciales, CONAE) in June 2011 are expected to provide satellite-derived 

global measurements of SSS. One motivation for this study is to assess the ability of SMOS to capture 

the import of low saline waters into the SEAS region, a precursor for the ASMWP salinity-influenced 

dynamics.  Unlike SST, ocean salinity does not directly affect the atmosphere. However, in some 

regions salinity plays an important role in setting up upper ocean stratification, which, along with 

surface fluxes, controls SST variability. Ocean dynamics, which may contribute to the upper ocean heat 

budget, are also affected by salinity. In this paper, we examine the critical role of salinity in the 

formation and dynamics of the ASMWP.  

The rest of the paper is organized as follows: in section 2, we introduce the datasets used, and 

formulae and methods for computation of the salt and heat budgets. In section 3, we present results and 

discussion of near-surface patterns of SSS from SMOS, Argo and HYCOM, sub-surface variability of 

salinity and temperature from Argo and HYCOM, and variability of salt and heat budget terms. Finally, 

in section 4, we provide a summary of the results of this study.  

2. Data and Methods 

2.1. Data 

In this study, we used the available Level 3 SMOS SSS data for the year 2010 obtained from the 

Ocean Salinity Expertise Center (CECOS) of the CNES-IFREMER Centre Aval de Traitemenent des 

Donnees SMOS (CATDS), at IFREMER, Plouzane (France).  This data is available on a 0.5°×0.5° grid. 

The onboard SMOS passive microwave radiometer estimates salinity from the brightness temperature 

(TB) of the sea surface using the L-band (1400-1427 MHz) frequency [Font et al., 2004; Camps et al., 

2005; Font et al., 2010]. The Level 3 maps are computed using a simplified image reconstruction 

algorithm, spatial and temporal aggregation of TB and correction for instrument errors (calibration), foam 

cover, geophysical parameters (e.g. surface roughness, sun and moon glint) and radio frequency 



4 

 

interference-RFI [Font et al., 2004; Oliva et al., 2012]. At present, it is not possible to properly retrieve 

salinity within about 100 km from the coast. 

We used the gridded Argo salinity and temperature data obtained from Coriolis 

(http://www.coriolis.eu.org). This global data is produced in real time by optimal interpolation with 

spatial resolution of 0.5°×0.5°. The Argo floats are one of the main sources of in-situ salinity 

observations.  As of May 2012, there were about 770 of these floats in the Indian Ocean. The floats travel 

to about 2000 m depth and come up to the surface every 10 days to transmit data [Riser et al., 2008]. The 

floats are capable of measuring salinity up to a global accuracy of 0.01 psu [Wong et al., 2003]. A study 

by Kobayashi and Minato [2005] of the eastern tropical Indian Ocean shows that Argo accuracy was 

within ±0.01 psu even up to 1000 db.  Huang et al. [2008] reported that the least accuracy from Argo is 

observed in the eastern tropical Indian Ocean, thus the accuracy for the entire Indian Ocean can be 

considered to be within the expected global accuracy of 0.01 psu.  

In this study, we made use of the outputs from the high resolution HYbrid Coordinate Ocean Model 

(HYCOM) for the 2003-2006 period.  HYCOM is a 1/12° horizontal resolution (~7 km at mid-latitudes 

and 3.5 km at the North Pole) and 32 hybrid layers in the vertical, is isopycnal in the open stratified 

ocean, and makes a smooth transition to a terrain-following (σ) coordinate in coastal waters using the 

layered continuity equation [Bleck, 2002]. The model’s use of varying vertical coordinates allows it to 

effectively simulate the characteristics of ocean circulation as well as interior water mass distribution. 

These features are very important especially in the study of transport of ocean properties such as 

salinity, as the dynamics are strongly influenced by localized processes hence the use of a fixed depth 

will be inefficient [Chassignet et al., 1996]. HYCOM has the capability of selecting among several 

different vertical mixing sub-models; this version uses K-Profile Parameterization (KPP) [Large et al., 

1994]. This feature is essential for our study, as salinity distribution, especially in the surface ocean, is 

partly dependent on vertical mixing.   

This version of HYCOM was initialized using monthly mean temperature and salinity from the 1/4° 

Generalized Digital Environmental Model (GDEM4) climatology [Carnes et al., 2010] in January. This 

experiment was then run for 13 years using climatological monthly mean wind and thermal forcing 

constructed from the 0.3125° NCEP Climate Forecast System Reanalysis (CFSR) over the 1993-2009 

time frame. In addition, 6-hour variability from CFSR over the period January 2002-December 2003 
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was added to the climatological wind forcing (but not the thermal forcing) to add the higher frequency 

variability needed for realistic simulation of the surface mixed layer. In order to keep the evaporation 

minus precipitation budget on track, the model weakly relaxes to monthly mean SSS from the Polar 

Science Center Hydrographic Climatology (PHC) SSS. The actual SSS relaxation e-folding time 

depends on the MLD and is (30 days × 30 m/MLD m) days, i.e. it is more rapid when the MLD is 

shallow and less so when it is deep. This virtual salt flux is sufficient to avoid long-term drift in SSS, but 

not so strong as to inhibit SSS anomaly formation. The SSS relaxation is in addition to the evaporation-

precipitation budget.  

Once the model was determined to be equilibrated after being spun-up with climatological forcing, 

the simulation was then continued using 1 hourly NCEP CFSR, heat fluxes and precipitation fields for 

the period 1993–2010 as the forcing. Monthly varying discharge from 986 global rivers is included as a 

surface precipitation flux (but not as a volume flux). There is no assimilation of any ocean data, 

including SST, and no relaxation to any other data except SSS to keep the evaporation minus 

precipitation balance on track. Because we are using the global version of HYCOM, there is no sponge 

layer across the lateral boundaries. The model allows the Indonesian Throughflow (ITF) to flow into the 

Indian Ocean, enabling salt to be conserved in the steady state while potentially varying from year to 

year.  

We analyzed the solar radiation and heat fluxes using Objectively Analyzed air-sea Heat Fluxes 

(OAFlux) Version 3 data [Yu et al., 2007] available on a 1°×1° grid for the period 2003-2006. The 

OAFlux products are constructed from an optimal blending of satellite retrievals and three atmospheric 

reanalyzes. Daily fluxes are computed from the optimally estimated variables using the COARE bulk 

flux algorithm 3.0. OAFlux evaporation data was used in salt budget estimation. 

Precipitation data for this study was obtained from the Global Precipitation Climatology Project 

(GPCP) data set [Adler et al., 2003]. The GPCP dataset is produced from measurements from rain gauges 

and satellite infrared and microwave sensors and is available on a 2.5°×2.5° grid. 

We define and compute the MLD as the depth where the water density is higher by 0.2 kg.m-3 than the 

surface density [McPhaden et al., 2009]. Similarly, the isothermal layer depth (ILD) is defined as the 

depth at which the temperature changes by 1 °C from the temperature at the ocean surface.  
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For consistency, the datasets in this study were re-gridded onto a common grid (2.5°×2.5°) using 

linear interpolation.  

2.2. Methods 

Following Delcroix and Henin [1991], Rao and Sivakumar [2003] and Foltz and McPhaden [2008], 

the mixed layer salt budget can be written as: 
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where S is mixed layer salinity, h is the depth of the upper mixed layer, E is evaporation, P is  

precipitation, U is zonal component of velocity, V is meridional component of velocity, We is 

entrainment velocity, and Sz=h is the salinity just below the  MLD. The terms in equation (1) from left to 

right are the salinity tendency, sea surface freshwater flux, zonal salt advection, meridional salt 

advection, entrainment and residuals (R) which represents physical processes that are unaccounted for. 

We split the horizontal (zonal and meridional) advection into Ekman drift and geostrophic current 

components in order to understand their relative roles, magnitudes and effects in the salt balance of the 

SEAS region (white box in Figure 1). Geostrophic component of the horizontal salt advection was 

estimated from  

Ugs= Ug
∂S
∂x

 and Vgs= Vg
∂S
∂y

     (2) 

where Ug and Vg are the surface geostrophic current components computed respectively from  

Ug = −
g
f
∂ζ
∂y

 and Vg =
g
f
∂ζ
∂x

    (3) 

where ζ  is sea surface height (SSH) from TOPEX/Poseidon and Jason altimetry data, g is acceleration 

due to gravity (9.8 ms-2) and f is the Coriolis parameter (2Ωsinφ, where Ω is the angular velocity of the 

Earth).  

The Ekman wind drift components of the horizontal salt advection was estimated from  
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where Ue and Ve are the surface Ekman drift components computed respectively from    

 Ue =
τy

ρofh
 and Ve =

−τx

ρofh
    (5)  

where the surface wind stress τ = ρaCDψ  was computed using the 1° x1° gridded pseudostress (ψ) dataset 

with air density ρa  = 1.2041 kg m-3 and drag coefficient CD = 0.0015 [Bourassa et al., 2005] from the 

Florida State University’s  (FSU) Center for Ocean-Atmosphere Prediction Studies (COAPS). ρo is the 

water density (1023 kg m-3).  

 

We computed the entrainment velocity, We, following Stevenson and Niiler [1983], 

).( νh
t
hHWe ∇+
∂
∂

=     (6) 

where ν  is the horizontal velocity and H is the Heaviside unit function [= 0 if (We + dh/dt <0, = 1 if (We 

+ dh/dt >0]. By this, only the entrainment (positive) velocity is considered whiles the detrainment 

(negative) velocity is not considered. This is because the water that flows out from the bottom of the 

mixed layer has approximately the same characteristics as the water in the mixed layer and hence will 

not affect the salinity in the mixed layer [Ren and Riser, 2009].  

Following Swenson and Hansen [1999] and Kurian and Vinayachandran [2007], the mixed layer heat 

budget can be written as: 
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where T is the vertically averaged HYCOM temperature over the depth of upper mixed layer, h, Qs is the 

near-surface heat flux, Cp is the specific heat capacity of sea water (4.0 × 103 J kg-1 K-1), U is HYCOM 

zonal component of velocity, V is HYCOM meridional component of velocity,  ΔT is the difference 

between the vertically averaged temperature of the mixed layer and the temperature just below the 
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mixed layer, We is the entrainment velocity and D represents the residual term which includes processes 

which we could not estimate directly from the data such as diapycnal mixing and diffusion. In the first 

term of equation (7), we have not considered the penetrative solar radiation as suggested by Sengupta et 

al. [2008]. 

The heat content (H) of the upper 40 m layer in the SEAS was computed from HYCOM simulations 

using the following relation:  

                                     TdzCH po∫= ρ    (8) 

where T is mean temperature over depth interval of dz.   

In our estimations of the salt and heat budget (equations (1) and (7)), monthly averaged parameters 

were used. First, all terms were expanded as a time average plus a departure from the time average. For 

example, salinity was expanded as S S S ′= + (i.e. monthly average + departure from average). All the 

terms involving departures from the time average are then combined into the “residual” term, which 

represents the difference between the tendency terms (left hand side) and budget terms (right hand side) 

of equations (1) and (7).  

3. Results and Discussion 

 3.1. Comparison between SMOS, Argo and HYCOM Sea Surface Salinity 

We evaluate HYCOM SSS using Argo SSS. We additionally assess the ability of the SMOS satellite 

to capture the exchange of SSS between the Arabian Sea and the Bay of Bengal via the SEAS region. 

Recently, Subrahmanyam et al., [2012] discussed the general characteristics of Indian Ocean SMOS-

derived SSS on seasonal time scales. We present here the selected monthly SSS distributions in 2010 

derived from SMOS, Argo and HYCOM in the northern Indian Ocean (Figure 2a-h). The general 

characteristics of SSS are well captured in all three SSS products. In the northern Indian Ocean, the Bay 

of Bengal has lower SSS as a result of precipitation exceeding evaporation and the influx of river-runoff, 

whereas the Arabian Sea has higher SSS as a  result  of  evaporation  exceeding  precipitation [Prasad  

and  Ikeda,  2002b; Joseph  and  Freeland, 2005; Nyadjro et al., 2011].  Additionally,  the  Arabian Sea  

is  semi-enclosed,  bounded  on  three  sides  by  landmasses  with  connections to the highly saline 
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Persian Gulf and Red Sea. Salinity in the northern Indian Ocean is partly balanced by salt exchange 

between the Arabian Sea and Bay of Bengal via the monsoon-influenced seasonal reversing currents 

[Schott and McCreary, 2001; Rao and Sivakumar, 2003; Nyadjro et al., 2010]. The waters exchanged 

between these two basins pass through the SEAS region and affect the salt budget in the ASMWP. 

Although SMOS is not able to resolve the SSS along the coastal regions (Figure 2a, d, g and j), 

nevertheless, the arrival of low saline waters from the Bay of Bengal into the SEAS region is well 

captured (Figure 2g). The SMOS-observed SSS shows the occurrence of the lowest SSS in December - 

February in the SEAS region (Figures 2d and g). Bay of Bengal also contributes to the freshwater 

advection to the southern tropical Indian Ocean along the coast of Sumatra (Figure not shown). 

The HYCOM simulated current vectors are superimposed on the HYCOM SSS map (Figures 2c, f, i 

and l). During the winter (Figures 2a,b, c, d, e and f), less saline waters from the Bay of Bengal are 

advected by the southward flowing East India Coastal Current (EICC) into the West India Coastal 

Current (WICC) via the westward flowing Northeast Monsoon Current (NMC) [Vinayachandran et al., 

1999; Subrahmanyam et al., 2011]. These broader currents are depicted schematically in Figure 2b, e, h, 

k. The low saline waters imported into the SEAS region become noticeable in December (Figures 2d, e 

and f) and peaks by February (Figures 2g, h and i). It is worth mentioning that this is better captured by 

SMOS (Figure 2g) than Argo (Figure 2h) and HYCOM (Figure 2i). The differences between SMOS SSS 

and Argo SSS and HYCOM SSS are to be expected as SMOS measures salinity at the surface skin layer 

of the ocean as compared to SSS estimated at about 5 m below surface as is the case with HYCOM and 

Argo. By April (Figure 2j, k and l), the highly saline Arabian Sea Water mass spreads with the eastward 

flowing Southwest Monsoon Current (SMC) and advects salty water into the Bay of Bengal [Morrison, 

1997; Schott and McCreary, 2001].  

3.2. Near-surface SSS and SST variability in the SEAS from HYCOM and Argo 

Seasonal variations of SEAS box-averaged SSS and SST for 2003-2006 from HYCOM output show 

reasonable agreement with Argo in-situ data, although HYCOM SSS tends to be a little lower than Argo 

SSS (Figure 3a) and HYCOM SST tends to be a little higher than Argo SST (Figure 3b).  These 

combinations of SSS and SST in both datasets represent the same lesser density surface waters. The 

seasonal cycles of SSS show that the low salinity waters from the Bay of Bengal are advected into the 
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SEAS region by January-February, two months prior to the SST warming in April. This 2 months lag 

implies that the advection of low salinity waters is a precursor for the SST warming with the strong 

salinity stratification [Shenoi et al., 1999]. During the SW monsoon season, the SMC brings high saline 

waters from the northern Arabian Sea to the south and SEAS region through the equatorward flowing 

WICC. These high salinity waters (>35psu) continues to flow into the SEAS till the beginning of the 

northeast monsoon (winter monsoon). The seasonal cycles of SSS and SST further show that the 

minimum and maximum SSS values appear to increase from one year to the other, while the minimum 

and maximum SST tend to decrease during 2003-06 period in the SEAS region. This trend suggests that 

the stratification in the upper layer water column is weakened in the recent years in the SEAS region, 

which in turn would have an impact on the air-sea interaction processes (highlighted in the discussion 

below). This further highlights the extensive contribution of presence of low salinity waters in the SEAS 

on the variation of SST maximum. The occurrence of anomalously low SSS and anomalously high SST 

in 2004 can be attributed to the occurrence of a monsoon vortex in that year. This is further discussed in 

section 3.5.  

3.3. Sub-surface ocean salinity and temperature variability in the SEAS 

The depth-time sections of salinity and temperature constructed using HYCOM simulations (Figures 

4a-b) and Argo data (Figures 5a-b) are presented for the SEAS region for the 2003-2006 period.  

Comparison of the model and in-situ data shows general agreement in the salinity and temperature 

structures. The average depth of the warm pool is about 50 m. Low saline waters occupy the top 60 m 

layer between December and June with a peak of this freshwater occurring during February (Figures 4a 

and 5a). In HYCOM simulations, higher salinities (>36 psu) occur below 90 m between July and 

December with a high salinity core observed during September - October. In Argo data, higher salinities 

(>36 psu) occur in the 20-100 m layer during July – December. Two warm cores are observed (Figures 

4b and 5b); the primary warm core (>30 °C) occurs between April and May while the secondary warm 

core (~29 °C) is observed during October - December.  

Besides the significant seasonal variability that is observed in the vertical sections of salinity and 

temperature, there is interannual variability in the salinity and temperature structures in the upper 140 m 

(Figure 4 and 5). As an example, the HYCOM upper layer salinity is lowest in February 2003 and 

relatively higher in February 2006 (Figure 4). Correspondingly, one would see the warmest temperatures 
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in the upper 50 m in April 2004 and relatively lesser warm waters in April 2006. By June, there is an 

upward movement of the thermocline causing entrainment of colder waters into the mixed layer whereas 

the freshwaters penetrate to deeper depths due to mixing.  In these vertical sections, the time variation of 

MLD and ILD are also displayed.  The pattern of variations in MLD and ILD are similar in both 

HYCOM simulations and Argo data (Figures 4 and 5).  The MLD is shallow (~20-30 m depth) in the 

freshwater pool in winter months, whereas the ILD is deep (up to 60 m depth) resulting in the larger (40 

m thick) barrier layer thickness (the layer showing the depth difference between the ILD and MLD). At 

the time of development of the warm pool by April-May, the barrier layer thickness becomes small (~20 

m). Once again, by October, when the SSS reaches higher values, the barrier layer thickness reduced to 

around 10 m.  

Seasonal vertical profiles of temperature and salinity in February (winter), April (pre-SW monsoon) 

and October (post-monsoon) are shown for HYCOM simulations (left panel in Figures 6a-c) and Argo 

data (right panel in Figures 6e-f). There are differences between the HYCOM profiles and the Argo 

profiles. For example, the temperature at 140 m is about 24 °C in HYCOM whereas it is about 19 °C in 

Argo. Similarly whiles the HYCOM salinity in the entire layer varied between 34.2 and 35.7 in 

February, the variation was weak in Argo (between 34.7 and 35.8). Additionally, in the Argo profiles, 

subsurface salinity maximum occur at 100 m whereas this feature is absent in HYCOM salinity. The 

formation of a barrier layer occurs in winter (February) (Figure 6a) with the lowest surface salinity 

waters during the peak of advection of low saline waters by the EICC and the WICC. During April at the 

time of highest SST (>30.5 °C) in the SEAS, low salinity waters extend to about 40 m intensifying the 

stratification that reduces cooling as a result of entrainment (Figure 6b). During the post-monsoon 

(October), barrier layer is not present as significant change in temperature and salinity with depth begins 

to occur at about 60 m (Figure 6c). The SSS attains a higher value of 35.2 psu in October compared to 

the lowest SSS in February (Figure 6c and Figure 6a). This is consistent with the idea that barrier layer 

formation is essential for warm pool formation in the SEAS region. It is likely that low salinity water 

advected from the Bay of Bengal into the SEAS region reduces the mixed layer thickness here, and 

helps 'trap' heat due to solar radiation, amplifying surface heating. 

3.4. Salt budget of the SEAS 
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We have further analyzed the salt budget of the SEAS region for the 2003-06 (Figure 7) in order to 

examine the relative roles of Ekman salt advection and geostrophic salt advection in the dynamics of the 

ASMWP. The surface freshwater term, E-P (Figure 7a), also the local forcing, contributes the least to 

the salt budget while the horizontal advection terms (Figure 7b-c) contribute the most to the salt budget. 

Of the horizontal salt advection terms, the zonal Ekman component and meridional Ekman component 

have larger magnitudes and contribute to the advective forcing. In winter, the zonal Ekman component 

of the salt advection is large while in the summer the meridional Ekman component of the salt advection 

is large (Figure 7b-c). This emphasizes the important role of local surface wind forcing in the salt 

advection and salt budget of the SEAS region. The weaker northward meridional Ekman salt advection 

and larger westward zonal Ekman salt advection during winter period contribute to the advection of low 

salinity waters into the SEAS.   At the peak of the SW monsoon, the zonal Ekman salt advection is weak 

and westward (Figure 7b) and meridional Ekman salt advection is large and directed southward (Figure 

7c), contributing to the salt removal from the SEAS region. The contribution of entrainment (Figure 7d) 

to the salt budget is higher during the winter months and minimum during the SW monsoon. 

The sum of the salt budget terms (right hand side of equation 1), underestimates the mixed layer 

salinity tendency in most months of the study period by magnitudes of ±0.5 psu (Figure 7e). These 

residuals arise from unresolved physical processes such as turbulent mixing and eddy processes. 

Turbulent mixing, which includes turbulent entrainment and diffusion, could be important for salt 

balance in the mixed layer especially during the presence of thick barrier layers as the subsurface is a 

source of high salinity [Foltz and McPhaden, 2008]. In our study for example, we observed thicker 

barrier layers in the freshwater pool during winters. The residuals can also be attributed to errors in the 

data sets that we used to compute the salt budget terms especially in the estimation of horizontal 

advection, the largest contributor to the salt budget in the SEAS. For the horizontal advection 

estimations, we have computed the Ekman and geostrophic current components using the COAPS winds 

products and altimetry data respectively, rather than the HYCOM simulated current velocities. 

3.5. Heat budget of the SEAS 

To understand the role of the solar radiation, air-sea heat fluxes and net heat flux at sea surface on 

the formation of ASMWP in the SEAS, we analyzed the solar radiation and heat flux data (Figure 8) of 

the daily averaged OAFlux climatology [Yu et al., 2007]. The short wave radiation at the sea surface is 
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large (~280 W.m-2) in March-April (Figure 8a) and decreases to a lower value (~160 W.m-2) during SW 

monsoon (June-July) in association with the monsoon clouds. The latent heat flux is large (-60 to -75 

W.m-2) during winter (January-February) and gradually decreases to -30 W.m-2 during SW monsoon 

(Figure 8b).  The net heat flux (NHF) [=Qs-Qb-Qe-Qh, where Qs is shortwave radiation, Qb is net 

longwave radiation, Qe is latent heat flux, and Qh is sensible heat flux)] follows the seasonal pattern of 

the solar radiation flux. The NHF over the fresher warm pool in the SEAS is large (+70 to +130 W.m-2) 

during mid-March to mid-April (Figure 8c). This signifies large heat gain at the sea surface contributing 

greatly to the SST maximum and explains the role of the low saline waters trapping the heat for the 

ASMWP formation. The NHF is nearly zero during mid-November to December, when the freshwaters 

are advected into the SEAS during winter months.  The dominance of NHF among the other components 

of the mixed layer heat budget equation (Equation 7) is more demonstrated in Figure 9a wherein the 

temperature tendency (°C/month) is examined in all the components of the temperature equation. The 

NHF from the air-sea interaction processes (Figure 9a), contributes greatly to the increase of SST up to 

2°C per month in April, the peak ASMWP period and up to 1°C-1.5°C in October, the secondary 

warming period of the Arabian Sea. The meridional heat advection (Figure 9a) is large in September 

2005 (up to -0.5°C mon-1) and 2006 (up to -0.75°C mon-1).  

From Figure 9a, it is also seen that the entrainment advection is larger (up to 0.5°C mon-1) than the 

horizontal advection terms and contributes to the warming of the SST. This entrainment advection 

contribution appears to be overestimated. Further, it may be noted that only positive values are 

considered in the estimation of entrainment velocity as mentioned above.   There is a somewhat inverse 

relation between the sea surface heat flux and the entrainment advection. In the presence of a shallow 

mixed layer (due to salinity stratification) embedded in a deep isothermal layer (Figure 4), one can 

expect entrainment advection to contribute to the observed SST variation in the SEAS.  

The temperature tendency (left hand side of equation (7)), the sum of the heat budget terms of 

equation (7) and their differences are shown in Figure 9b. Owing to overestimation of entrainment 

advection, the sum of the heat budget terms dominates the temperature tendency in some years and the 

differences are large. These differences are largely negative and could be attributed to unaccounted 

physical processes (including the penetrative solar radiation) as well as errors in the datasets used 

especially the OAFlux products. Most areas with high OAFlux discrepancies correspond to those with 
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the biggest SST changes [Yu et al., 2007]. The large negative differences in February-March represent 

the occurrence of temperature inversions caused mainly by vertical salinity stratification [Nisha et al., 

2009]. The errors in the estimations of net heat flux that arise from the errors in the solar radiation and 

heat fluxes affect the first term of the right hand side of equation of equation (7). This term is also the 

largest contributor to the heat budget of the SEAS region.  

 An examination of the occurrences of weather disturbances in the Arabian Sea 

(http://www.imd.gov.in/section/nhac/dynamic/FREQ_CYC_PREMON_SEASSON) shows that a strong 

monsoon onset vortex originated in the SEAS on 5 May 2004 and moved northward parallel to the west 

coast of India. The interannual variations of SSS and SST (Figure 3a-b) also showed the minimum peak 

SSS in February 2004 and maximum peak SST in April-May 2004 when the weather disturbance 

occurred. In the other years examined here, there was no monsoon vortex in the SEAS.  Though the 

advection of low salinity waters from the Bay of Bengal into the SEAS takes place in the winter months 

in each year, the reversal of the EICC in February curtails the input of low salinity waters into the SEAS 

(Figure 2h). However, the westward NMC from the southern Bay flows into the SEAS and advects 

relatively higher salinity waters, thus increasing SSS in the SEAS from February onwards (Figure 3a). 

The reversal of the WICC towards the equator along the coast from April (Figure 2k) also advects the 

northern Arabian Sea high salinity waters into the SEAS, causing SSS to continuously increase to a peak 

value by October-November (Figure 3a). The variability in the time of occurrence of these high salinity 

waters affects the salinity stratification in the following winter months and thus affects the SST 

variation. Though the low salinity waters are advected into the SEAS by the winter months, the mixing 

of these low salinity waters with the ambient high salinity waters already present in the SEAS at the end 

of October-November of the previous year, weakens the salinity stratification and thus SST may not 

increase to the peak value (e. g., SST in May 2005 and May 2006 in Figures 3a-b), as expected in the 

presence of strong salinity stratification due to trapping of heat flux in the thin mixed layer. This causes 

interannual variability in SST in the SEAS and modulates the upper ocean heat content variability 

(Figure 10) in the salinity-stratified upper 40 m layer of the ASMWP in the SEAS. It also affects the 

year-to-year variability in the formation of the monsoon onset vortex, an essential feature of southwest 

monsoon.  A glance at Figure 10 shows the interesting feature of the building up of the  heat content in 

the upper 40 m layer (47×108 J.m-2) from January to April in 2004 that contributed to the monsoon onset 

vortex in May. Soon after the vortex was formed, the heat content decreased drastically to about 
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44.25×108 J.m-2. Similarly, the upper ocean heat content in the upper 40 m layer was lower in the 

subsequent years when there was no formation of monsoon onset vortex. It is more interesting to notice 

larger heat content of 47.25×108 J.m-2 in November 2006 which might be due to the early arrival of low 

salinity waters into the SEAS under the influence of the surface circulation variability and the advection 

of low salinity waters during the Indian Ocean Dipole Mode (IODM) event in 2006 [Subrahmanyam et 

al., 2011]. 

4. Conclusions 

We have addressed the warm pool temperature and salinity variability in the South Eastern Arabian 

Sea during 2003-06 at seasonal and interannual time scales using the high resolution HYCOM output 

and Argo data sets. We have also made use of the satellite derived Level 3 Sea Surface Salinity data 

from SMOS mission in the tropical Indian Ocean in the year 2010 and compared the SMOS SSS with 

that of HYCOM SSS and Argo SSS for the year 2010. The pattern of SSS variation from space agrees 

well with the HYCOM output SSS and Argo SSS. The HYCOM circulation and SSS together with 

SMOS SSS do agree with the earlier investigations on the warm pool variability in the SEAS [Shenoi et 

al., 1999, Shenoi et al., 2005, Vinayachandran et al., 2007]. We have examined the mixed layer heat 

budget and salt budget for 2003-2006 from HYCOM simulations and Argo data and identified the 

contributions of horizontal advection of low salinity waters into the SEAS during winter months 

(February) as a precursor to development of the intense warm pool after 2 months (April) due to 

dominant surface heat fluxes. The upper ocean heat content in the salinity-stratified layer contributes 

largely to the formation of the monsoon onset vertex and this is well evidenced in the case of monsoon 

onset vertex in May 2004. We have also presented the important result of this study showing that the 

interannual variability in the SSS in the SEAS impacts the magnitude of SST of the ASMWP. This 

impact on the SST in the ASMWP impacts the upper ocean heat content in the salinity-stratified layer, 

which then affects the variability of (formation or absence) of the monsoon onset vertex over the SEAS, 

prior to the southwest monsoon.     

This study supports the earlier investigations on the warm pool in the SEAS. Further research is  

needed  to  quantify  the  relationship  between  the  upper  layer  heat  content  and  the  monsoon onset 

vortex and the processes involved in the warm pool formation in the SEAS. 
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Figure Captions 

Figure 1.  Mean SST (°C) for March-April from Argo dataset showing the larger warm pool  

and ASMWP in the SEAS region (5°N-13°N, 65°-76°E, shown by white box).  

SST greater than 28°C is contoured. Contour interval is 0.5°C.    

Figure 2.  Selected monthly maps of sea surface salinity (SSS) for SMOS (left column; a, d,  

g and j), Argo (middle column; b, e, h and k) and HYCOM (right column; c, f, i  

and l; superimposed with HYCOM near-surface currents) for October, December,  

February, and April 2010. The white arrows (in the middle column figures) show  

a schematic of the pathways of the major currents in the region: EICC, the East  

India Coastal Current, WICC, the West India Coastal Current, NMC, the  

Northeast Monsoon Current and SMC, the Southwest Monsoon Current.  

Figure 3.  Seasonal variations of (a) SSS and (b) SST for the SEAS region from HYCOM  

(bold line) and Argo (dashed line). 

Figure 4.  Depth-time sections of SEAS box-averaged (a) HYCOM salinity and (b)  

HYCOM temperature during October 2003 – September 2006 for the SEAS  

region (see white box in Figure 1). The mixed layer depth (solid white line) and  

isothermal layer depth (dashed white line) are overlaid. Contour interval is 0.2 psu  

and 0.5°C respectively for salinity and temperature.  

Figure 5.  Depth-time sections of SEAS box-averaged (a) Argo salinity and (b) Argo  
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temperature during October 2003 - September 2006 for the SEAS region (see  

white box in Figure 1). The mixed layer depth (solid white line) and isothermal  

layer depth (dashed white line) are overlaid. Contour interval is 0.2 psu and 0.5°C  

respectively for salinity and temperature.  

Figure 6.  Vertical profiles of SEAS box-averaged salinity and temperature using HYCOM  

simulations (left panel) and Argo data (right panel) for the SEAS region (see  

white box in Figure 1) for (a,d) February (Winter), (b,e) April (pre-SW monsoon)  

and (c,f) October (post-monsoon). Large temperature and salinity changes are  

noticed in the thermocline (below 80 m depth) in the Argo data set compared to  

that of HYCOM simulations. 

Figure 7.     Seasonal variations of SEAS box-averaged salt budget terms in the SEAS region (refer to 

white box in Figure 1): (a) surface freshwater forcing term, (b) zonal advection, (c) 

meridional advection, (d) Entrainment, based on the HYCOM simulations and FSU-

COAPS generated pseudo-windstress data and (e) the salinity tendency( solid black line 

representing the left hand side of equation (1)), the sum of salt budget terms ( dashed 

black line representing the right hand side of equation (1)), the residual (difference 

between the salt tendency and the salt budget terms) of equation (1). 

Figure 8.  Annual variations  of (a) short wave radiation (SWR), (b) Latent heat flux  (LHF)  

and (c)   net heat flux (NHF) at the sea surface averaged for the SEAS region,  

based on the daily averages of OAFlux climatology. Positive (negative) NHF  

denotes heat gain (loss) at (from) the sea surface.  

Figure 9.     (a) Seasonal variation of box-averages of heat budget terms in the SEAS region (refer to 

white box in Figure 1). SHF is net surface heat flux, U represents zonal heat advection, V 

represents meridional heat advection and Z represents entrainment and (b) the heat 

tendency (solid black line representing the left hand side of equation (7)), the sum of heat 

budget terms (dashed black line representing the right hand side of equation (1)), the 

residual (difference between the heat tendency and the heat budget terms) equation (7). 

Figure 10.  Seasonal variation of upper ocean heat content in the salinity-stratified layer (top 40 m) 

of the SEAS region computed from HYCOM simulations. 
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Figure 1. Mean SST (°C) for March-April from Argo dataset showing the larger warm pool and 

ASMWP in the SEAS region (5°N-13°N, 65°-76°E, shown by white box). SST greater than 28°C is 

contoured. Contour interval is 0.5°C.    
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Figure 2. Selected monthly maps of sea surface salinity (SSS) for SMOS (left column; a, d, g and j), 

Argo (middle column; b, e, h and k) and HYCOM (right column; c, f, i and l; superimposed with 

HYCOM near-surface currents) for October, December, February, and April 2010. The white arrows (in 

the middle column figures) show a schematic of the pathways of the major currents in the region: EICC, 

the East India Coastal Current, WICC, the West India Coastal Current, NMC, the Northeast Monsoon 

Current and SMC, the Southwest Monsoon Current.  
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Figure 3. Seasonal variations of (a) SSS and (b) SST for the SEAS region from HYCOM (bold line) and 

Argo (dashed line). 
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Figure 4. Depth-time sections of SEAS box-averaged (a) HYCOM salinity and (b) HYCOM temperature 

during October 2003 – September 2006 for the SEAS region (see white box in Figure 1). The mixed 

layer depth (solid white line) and isothermal layer depth (dashed white line) are overlaid. Contour 

interval is 0.2 psu and 0.5°C respectively for salinity and temperature.  
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Figure 5. Depth-time sections of SEAS box-averaged (a) Argo salinity and (b) Argo temperature during 

October 2003 - September 2006 for the SEAS region (see white box in Figure 1). The mixed layer depth 

(solid white line) and isothermal layer depth (dashed white line) are overlaid. Contour interval is 0.2 psu 

and 0.5°C respectively for salinity and temperature.  
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Figure 6. Vertical profiles of SEAS box-averaged salinity and temperature using HYCOM simulations 

(left panel) and Argo data (right panel) for the SEAS region (see white box in Figure 1) for (a,d) 

February (Winter), (b,e) April (pre-SW monsoon) and (c,f) October (post-monsoon). Large temperature 

and salinity changes are noticed in the thermocline (below 80 m depth) in the Argo data set compared to 

that of HYCOM simulations. 
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Figure 7. Seasonal variations of SEAS box-averaged salt budget terms in the SEAS region (refer to 

white box in Figure 1): (a) surface freshwater forcing term, (b) zonal advection, (c) meridional 

advection, (d) Entrainment, based on the HYCOM simulations and FSU-COAPS generated pseudo-

windstress data and (e) the salinity tendency( solid black line representing the left hand side of equation 

(1)), the sum of salt budget terms ( dashed black line representing the right hand side of equation (1)), 

the residual (difference between the salt tendency and the salt budget terms) of equation (1). 
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Figure 8. Annual variations  of (a) short wave radiation (SWR), (b) Latent heat flux  (LHF) and (c)   net 

heat flux (NHF) at the sea surface averaged for the SEAS region, based on the daily averages of OAFlux 

climatology. Positive (negative) NHF denotes heat gain (loss) at (from) the sea surface. 
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Figure 9. (a) Seasonal variation of box-averages of heat budget terms in the SEAS region (refer to white 

box in Figure 1). SHF is net surface heat flux, U represents zonal heat advection, V represents 

meridional heat advection and Z represents entrainment and (b) the heat tendency (solid black line 

representing the left hand side of equation (7)), the sum of heat budget terms (dashed black line 

representing the right hand side of equation (1)), the residual (difference between the heat tendency and 

the heat budget terms) equation (7). 
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Figure 10. Seasonal variation of upper ocean heat content in the salinity-stratified layer (top 40 m) of the 

SEAS region computed from HYCOM simulations. 

 


