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lkj & vkjesDl ¼vjc lkxj ekulwu iz;ksx½ foKku ;kstuk esa crk, x, iwoZorhZ vuqeku dh nf{k.kh iwohZ 
vjc lkxj esa m".k tydqaM ds dksj dh mRifŸk esa egklkxj dh vR;ar egRoiw.kZ fdarq fuf"Ø; Hkwfedk gksrh gS( 
bldh tk¡p vkjesDl ds nwljs pj.k ds nkSjku ,df=r fd, x, u, vk¡dM+ksa ds ifjisz{; esa dh xbZ gS A bl 
’kks/k&Ik= esa la{ksi ;g crk;k x;k gS fd bu vk¡dM+ksa ds vk/kkj ij izkIr gq, ifj.kkeksa ls ;g irk pyrk gS fd 
u dsoy nf{k.kh iwohZ vjc lkxj esa m".k tydqaM dh mRifŸk ds le; esa cfYd m".k tydqaM dks de djus esa 
Hkh vizR;{k #Ik ls izcy egklkxjh; xfrdksa dh lfØ;] u fd fuf"Ø;] Hkwfedk jgrh gS A 

 
ABSTRACT.  The earlier hypothesis, stated in the ARMEX (Arabian Sea Monsoon Experiment) Science Plan, 

that the ocean plays an important, but passive, role in the genesis of the core of warm pool in the southeastern Arabian 
Sea (SEAS) is examined in the light of new data collected during Phase II of ARMEX. The new evidence confirms that 
the ocean plays an important role.  This paper summarises the results based on these data, which show that the remotely 
forced ocean dynamics plays an active, not passive, role not only in the genesis of the core of the warm pool in the SEAS, 
but also triggers the collapse of the warm pool. 
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1. Introduction 
 

The North Indian Ocean (NIO) becomes the warmest 
amongst the world oceans prior to the onset of summer 
monsoon (Joseph, 1990). The extent of this region, known 
as 'Indian Ocean Warm Pool' (IOWP), increases from 14 
million km2 in February to 24 million km2 in April and 
then decreases to 8 million km2 in September 
(Vinayachandran and Shetye, 1991). In the Arabian Sea, 
the core of this warm pool lies in the Lakshadweep Sea, 
the part of the southeastern Arabian Sea (SEAS) between 
the Indian peninsula and the Lakshadweep islands to the 
west of the Indian mainland. Rao and Sivakumar (1999) 
called the warm area in the SEAS a ‘mini-warm pool’ 
(MWP). Shenoi et al., (1999) called the core MWP ‘Sea 
surface temperature (SST) High’ (SSTH), and showed that 
it develops in the Lakshadweep Sea in February-March, 
well before the large-scale warming that occurs in the 
NIO. They argued that the SSTH is intimately connected 
to the sea-level high, called Lakshadweep high (LH) 
(Bruce et al., 1994, 1998; Shankar and Shetye, 1997) that 
forms in the SEAS during December.  

Rao and Sivakumar (1999) also underlined the role 
played by the ocean in the formation of the MWP in the 
SEAS. They concluded that the near-surface stratification 
due to the arrival of low-salinity water from the Bay of 
Bengal during winter (November-February) is important 
for the formation of warm pool in the SEAS. 
Subsequently, in March-April, under clear sky and light-
wind conditions, the radiative heat input overwhelms the 
turbulent heat loss at the air-sea interface and the net 
surplus heat energy is absorbed in a shallow, low-salinity, 
stratified near-surface layer, resulting in the formation of 
the MWP. During March-April, the mixed layer in the 
IOWP warms quickly, in response to positive net surface 
flux and penetrative solar radiation (Sengupta et al., 
2002). 
 

Shenoi et al., (1999) also highlighted the 
requirement of low-salinity water in the SEAS for the 
formation of the SSTH in February-March, well before the 
general warming that takes place all over the NIO. They 
argued that the SSTH has its genesis in events that occur 
about   6  months  earlier  in  the  Bay of Bengal, when the  
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Fig. 1.  Schematic summarizing the process that leads to the formation of the pre-monsoon SST high 
and, perhaps, the monsoon onset vortex. Reproduced from Shenoi et al., (1999) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figs. 2 (a&b).   (a) The tracks of two cruises undertaken on board ORV Sagar Kanya in the SEAS during 14 March – 10 April 2003 (solid 
line) and 15 May – 19 June 2003 (broken line). TSL indicates the time-series location occupied during both cruises for           
2 hourly CTD measurements. The triangles indicate the position of short-duration time-series measurements occupied during 
June 2003. The black dots along the track indicate the CTD station locations and (b) The region of XBT surveys during May 
2002 to April 2004 in the Lakshadweep Sea. The feeder ships for the islands in the Lakshadweep chain were used for the 
XBT surveys. The black dots mark the location of XBT profiles and surface water samples collected for salinity analysis. The 
two circles, EC and WC, indicate the location of XBT profiles used for Fig. 12 and the locations of surface salinity used in 
Fig. 8. The shaded band indicates the location of stations that constitute the best sampled section; data from this section were 
used for Fig. 12 
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(b) 



 
 
                        SHENOI et al. : GENESIS AND ANNIHILATION OF CORE OF WARM POOL       149 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.  3.  Evolution of weekly SST (°C), based on the data of Reynolds and Smith (1994) in the north Indian Ocean 
during November 2002 - June 2003. The SST high (SSTH) first appears in the SEAS in early March; it 
retains its identity even within the warm pool that engulfs the Arabian Sea in May. In May, the SSTH acts 
as the core of IOWP. Cooling is also seen first in the SEAS late in May, when most of the Arabian Sea is 
still warm 

 
 
 
summer monsoon collapses and the winds reverse 
direction. The wind reversal generates a down welling 
coastal Kelvin wave along the periphery of the Bay               
of Bengal, which ultimately propagates into the SEAS.  
On its arrival in the SEAS, the down welling Kelvin        
wave radiates down welling Rossby waves, which 
propagate westward, leading to the generation of a high in 
sea level, the LH, in the region (Shankar and Shetye, 
1997). The down welling Kelvin wave along the east  
coast of India also forces an equator ward East India 
Coastal Current (EICC) (Shankar et al., 1996; McCreary 
et al., 1996; Vinayachandran et al., 1996; Shankar et al., 
2002), which brings low-salinity water from the Bay to 
the SEAS (Shetye et al., 1996; Shankar, 2000; Han               

and McCreary, 2001; Shankar et al., 2002). The LH, 
together with the low-salinity water, ensures that the 
ocean does nothing to kill an increase in SST, and the 
ocean thereby provides the necessary breeding ground         
for the formation of the SSTH.  In February-March, when 
there is an increase in solar insolation, the SEAS warms 
faster than the rest of the basin, leading to the formation of 
the MWP with the SSTH forming its core in the 
Lakshadweep Sea. Later in May, prior to the onset of 
summer monsoon, the entire basin warms (Shenoi et al., 
2002). Even then, the SSTH retains its identity, 
maintaining a temperature of about 0.5° C higher than the 
surroundings, which constitute the IOWP in the Arabian 
Sea. 
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Fig.  4.  Interannual variability of SST (°C; solid line) and sea level anomaly (SLA, cm; broken line) in the Lakshadweep Sea (8-10° N; 

74-76° E) during the last decade (1994-2003). The data source for SST is same as in Fig. 3, and SLA data are from the 
TOPEX/Poseidon altimeter. Note the lag between SST and SLA peaks 

 
 
 
The interest in the MWP and SSTH grew due to their 

possible link with the monsoon ‘onset vortex’ that often, 
but not always, heralds the onset of the summer monsoon 
over the Indian mainland (Shenoi et al., 1999; Rao and 
Sivakumar, 1999). The monsoon onset vortex has a 
tendency to form over the SEAS (Krishnamurti et al., 
1981). The possibility of a connection between the warm 
pool and the onset vortex, summarised in the schematic in 
Fig. 1 (after Shenoi et al., 1999), was the basis for the 
design of the implementation plan for Phase II of the 
Arabian Sea Monsoon Experiment (ARMEX-II). 
ARMEX-II was designed to understand the events that led 
to the existence of the MWP in the SEAS, particularly the 
SSTH in the Lakshadweep Sea, and to investigate the 
possible coupling between the warm SSTs and the process 
of monsoon onset. Accordingly, two cruises were planned 
and carried out on board ORV Sagar Kanya to measure 
the oceanic and atmospheric parameters during the 
growing and mature phases of the warm pool; the first 
cruise was during 14 March to 10 April 2003 and the 
second was during 15 May to 19 June 2003 [Fig. 2(a) for 
the cruise tracks]. In addition to these observations, twice-
monthly Expendable Bathy Thermograph (XBT) surveys 
were conducted during May 2002 to April 2004 using 
feeder ships plying between Kochi on the mainland and 
the Lakshadweep Islands [Fig. 2(b)]. Several moored 
buoys equipped with sensors for SST, salinity, air 
temperature, etc. were also available in the vicinity of 
Lakshadweep Sea. The findings from this experiment, 
published recently, confirm the crucial role played by the 
ocean in the formation and decay of the core of warm pool 
in the SEAS. In this paper, we review these results and 
concatenate various processes to show that ocean 
dynamics plays an active role in the life cycle of the warm 
pool. 

2. Evolution of SST and sea level in the Arabian Sea 
during 2002-2003 

 
A series of weekly SST fields during November 

2002 to June 2003 is shown in Fig. 3. For the week 
centered on 6 November 2002 SST is higher than 28° C in 
the SEAS as well as in a band extending from 10° S to  
10° N. In the week centered 11 December 2002, the band 
of warm SST shrank considerably. SST exceeding 28° C 
during November-December in the NIO is unusual, and is 
due to the unusually weak monsoon of 2002 (Gadgil et al., 
2002), which left behind a warm NIO. In late January 
2003, SST in the SEAS was below 28° C.  The band of 
high SST, seen only in the south (around 10° S), reflects 
the position of the Sun, and hence, of the region of 
maximum solar insolation. The TCZ (Tropical 
Convergence Zone) roughly corresponds to this band of 
high SST. Subsequent Figures for January-February show 
the northward migration of this band associated with the 
northward movement of the Sun. Later, for the week 
centered 26 March, a blob of high SST, distinct from the 
warm SST band associated with the TCZ, forms in the 
Lakshadweep Sea; this is the SSTH described by Shenoi 
et al., (1999). With time, the blob grows toward west-
southwest, and by mid-April, it extends across the 
southern Arabian Sea; this is the MWP described by Rao 
and Sivakumar (1999). Simultaneously, the band of high 
SST located south also migrates towards north; it extends 
till 15° N in the week centered 26 March. In mid-April 
(around 16 April 2003), the zonal band of high SST runs 
over the SSTH, but even then the SSTH  retains               
its identity within the IOWP, its temperature being      
about  0.5 °C higher than that in the rest of the IOWP.         
In the week centered 11 June, the SEAS starts cooling, 
and  the  SSTH vanishes, giving way to a blob of low SST  
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Fig.  5.  Evolution of climatological weekly SST (°C) during November-June. SSTH in the Lakshadweep Sea is still seen though not 
as sharp as in Fig. 3 because of averaging done over 14 years 

 
 
 
(SST < 28° C).  Note that the SEAS warms as well as 
cools earlier than the region to its west; the cooling of the 
SEAS is not related to the cooling off Somalia. 
 

The pattern of SST evolution is not very different for 
other years too, though the inter-annual variability is 
considerable (Fig. 4). Fig. 5 shows the evolution of SST in 
the climatology based on 14 years of data (1982-95). The 
SSTH in the Lakshadweep Sea is still visible, but it is not 
as conspicuous as in Fig. 3 because of averaging. The 
amplitude and phase of seasonal cycle of SST also suggest 
that the SSTH precedes the warming of the surroundings 

due to the northward movement of the band of warm SST 
(Fig. 1 in Shenoi et al., 1999). 
 

The sea level anomalies (SLA) obtained from the 
TOPEX/Poseidon satellite altimeter shows high sea level 
in the SEAS during November (Fig. 6). In December, sea 
level rises further indicating the formation of the LH in 
the SEAS. In the week centered 25 December 2002, it 
spreads over a larger area and moves westward. In 
January the core of high sea level moves farther west (10-
day cycle centered 15 and 29 January 2003). In February, 
that core moves westward leaving a series of eddies in  the  
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Fig.  6.  Evolution of sea level anomaly (SLA, cm) in the SEAS during November 2002 – June 2003. The anomalies in the 
Lakshadweep Sea are positive during November-April and negative during May-June. The red patches, reflecting high sea 
level, first form near the coast off southwest India, before they move away towards west. These positive (negative) anomalies in 
sea level were called Lakshadweep high (Lakshadweep Low) by Shankar and Shetye (1997)  

 
 
region.  In May, sea level is low in the SEAS; the core of 
low sea level also propagates westward (10-day cycle 
centered on 14 and 31 May). In early June (7 June), sea 
level falls below 12 cm. In summary, the SLA is positive 

in the SEAS during November-April and negative during 
May-October; both (high and low SLA) propagate 
westward. Shankar and Shetye (1997) identified the high 
and low SLA as a manifestation of the annual cycle of sea 
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Fig.  7.  Evolution of climatic surface salinity (PSU, Levitus et 
al., 1994) in the north Indian Ocean. Low-salinity water 
(33.5 PSU) from the Bay of Bengal enters the SEAS in 
November 

 
 
 
level in the SEAS (the low in sea level was called 
Lakshadweep Low), and associated them with the annual 
cycle of Kelvin and Rossby waves in the NIO. 
 

The evolution of SST and SSH in the SEAS and the 
surroundings imply the following. (i) The Lakshadweep 
Sea begins to warm much before the rest of the SEAS,        
(ii) the warming in the Lakshadweep Sea is not related to 
the movement of the band of warm SST that closely 
follows the movement of the Sun, (iii) a high in sea level 
in the Lakshadweep Sea (LH) precedes the formation of 
the SSTH, (iv) both the LH as well as the SSTH first 
appear on the eastern side of the Lakshadweep Sea and 
then spread towards south-southwest, and (v) SST 
collapses below  28° C in the SEAS before it does so in 
the region to its west and this cooling is independent of 
that off Somalia. 
 
3. Evolution of salinity in the SEAS 
 

The currents along the coast of India are seasonal 
and they reverse direction (Shetye et al., 1990, 1991a & b, 
1993 and 1996). Off the west coast of India the West India 
Coastal Current (WICC) flows northward during the 
winter (November-February) and southward during 
summer (May-September) monsoons. Along the east coast  

 
 
 

 
 
 
 

Fig.  8.  Evolution of surface salinity (PSU) observed for eastern 
(red line) and western (blue line) circles in Fig. 2(b). 
Note that the salinity drops sharply in end-November in 
the eastern circle and in end-December in the western 
circle 

 
 
 
the EICC flows southward in winter and transports low-
salinity water down south. The EICC joins the Winter 
Monsoon Current (WMC) that flows westward south of 
Sri Lanka and ultimately feeds the WICC flowing towards 
north (McCreary et al., 1993, Shankar, 2000; Han and 
McCreary, 2001, Schott and McCreary, 2001, Shankar et 
al., 2002; also see the schematic in Fig. 1). The 
transportation of low-salinity water from the Bay of 
Bengal into the SEAS in November-December is evident 
in the climatology of Levitus et al., (1994) (Fig. 7). 
 

The surface salinity measurements during the XBT 
surveys in the Lakshadweep Sea (May 2002 – April 2003) 
support this contention (Fig. 8); the surface salinity drops 
suddenly by ~1 PSU in end-November 2002 
corresponding to the influx of Bay of Bengal water, and it 
continues to remain low through February before 
increasing slowly in March. The drop in salinity first 
occurs in the east and later in the west (end-December), 
indicating that the low-salinity water first appears in the 
east and then spreads westward. In February 2003, surface 
salinity everywhere in the Lakshadweep Sea was below 
35 PSU. The numerical simulations of Durand et al., 
(2004) reproduced the westward spread of low-salinity 
water and attributed it to the westward shift of the current 
associated with the Rossby waves radiated from the west 
coast of India. 
 

The arrival of low-salinity water in the SEAS 
enhances the stratification and hence the stability of the 
water column. Though no measurement of the stability of 
the water column was made in November-December, the 
measurements in March-April and May-June 2003 
indicated higher stability for the water column in March-
April than in May-June. 
 
4. Temperature inversions in the SEAS 
 

An immediate consequence of the enhanced 
stratification due to the influx of low-salinity water is the 
formation  of  a  barrier  layer  (BL),  a  layer  between the  
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Fig.  9.  Net surface flux (sum of shortwave radiation, long 
wave radiation and sensible and latent heat fluxes, 
Wm-2) over the Arabian Sea and Bay of Bengal during 
November-February based on the climatology of Josey 
et al., (1996). Note that the net flux over Bay of 
Bengal and southern tip of India is negative, which 
indicates heat lost from the ocean 

 
 
 
 
mixed layer and the thermocline.  A BL is formed because 
the isothermal layer (IL) (say, the layer in which 
temperature is not more than 1° C less than SST) is 
thicker than the mixed layer (ML) (say, the layer in which 
density does not exceed that at the surface by a specified 
amount).  In such a situation, the incoming shortwave 
radiation is not absorbed entirely within the ML; some 
part of it penetrates below the ML, resulting in the IL 
being thicker than the ML, giving rise to a BL (Vialard 
and Delecluse, 1998).  The BL is called so because it acts 
as a barrier to entrainment cooling of the surface ML. 
Climatological data from SEAS (Sprintall and Tomczak, 
1992; Rao and Sivakumar, 2003) and the data from 
ARGO profiling floats (Ravichandran et al., 2004) have 
shown the existence of a BL below the low-salinity 
surface mixed layer during winter.  XBT data from the 
SEAS have also shown the presence of inversions in the 
temperature profile (Thadathil  and Gosh, 1992).  These 
inversions occur in the BL, one reason for their existence 
being the penetration of solar heat flux below the ML. 
 

Transportation of cool low-salinity water over a 
warmer saline region also can generate inversions. The 
low-salinity  water  that  was  brought into the SEAS from  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.  10.  Temperature profiles obtained using XBTs from the 
Lakshadweep Sea in winter. Note that the subsurface 
inversions are of the order of 0.5° C 

 
 
 
 
the Bay of Bengal is cooled at the surface en-route to the 
Lakshadweep Sea owing to net heat flux out of the ocean. 
The cooling of surface waters occurs at two locations, first 
in the southern Bay of Bengal during November-
December owing to a sharp decrease in the net shortwave 
radiation (Hastenrath and Lamb, 1979) and again off the 
southern tip of India (Hastenrath and Lamb, 1979; Luis 
and Kawamura, 2000), where the latent heat flux increases 
sharply in January (Fig. 9). The BL thermodynamic effect, 
together with the cooler low-salinity surface water from 
the Bay of Bengal, leads to the formation of inversions in 
the SEAS (Shankar et al., 2004). This was an important 
observation that emerged from the XBT surveys. The 
XBT observations made during May 2002 to May 2003 
(Shankar et al., 2004) clearly showed the formation of 
inversions in December 2002 (Fig. 10). By early February 
2003, 85% of the XBT profiles in the Lakshadweep Sea 
showed strong inversions, up from just 10% in November-
December 2002. During the XBT survey of 15-19 
November 2003, they had already formed and spread 
towards southwest. Similarly, they appeared all over the 
Lakshadweep Sea in December 2003 itself, when the SST 
started increasing due to increased solar insolation. They 
were observed till end-February and disappeared in March 
2004 (Fig. 11). The differences in the formation and 
spread of inversions during 2002-03 and 2003-04 show 
that interannual variability is considerable in the amount 
of freshwater in the SEAS and the timing of its arrival in 
the  region.  This  was  a  new  finding during ARMEX-II: 
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Fig.  11.  Spatial and temporal distribution of temperature 
inversions in the Lakshadweep Sea observed using 
XBTs. The dots indicate the locations of temperature 
profiles with no inversions and the crosses indicate the 
locations of profiles with inversions. Note that the 
inversions first formed in the east in November 2002 
before they spread all over in February 2003. 
Inversions disappeared in March. The pattern is similar 
during November 2003 to March 2004, though some 
differences in timing of formations are noticeable 

 
 
 
though temperature inversions in the SEAS during winter 
were also reported earlier (Thadathil and Gosh, 1992), 
their importance and spread were not known till more 
XBT data became available from this region under the 
aegis of ARMEX II.   
 

Shankar et al., (2004) showed that the inversions 
first formed on the eastern side of the Lakshadweep Sea, 
then spread towards west, and filled the entire region by 
February 2002 (Figs. 11 & 12). The westward propagation 
is clearly shown in the model simulations of Durand et al., 
(2004) and Shankar et al., (2004) (Fig. 12).  The estimated 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figs. 12(a-c).  Evolution of temperature inversions in the 
Lakshadweep Sea (after Shankar et al.,, 2004). (a) 
Time-longitude plot of temperature inversion (°C) 
along 10.44° N from climatological model 
simulation of Durand et al., (2004). The colour 
gives the magnitude of temperature inversion; 
absence of colour indicates absence of inversion. 
The crosses superimposed on the model filed mark 
the locations where temperature inversions occur 
in the XBT data along the best-sampled track 
between Kochi and northwestern Lakshadweep 
Sea; the model section bisects this track [Fig. 
2(b)], (b) Time-depth plot of XBT temperature, 
smoothed with a 5-point running mean, for eastern 
circle in the Lakshadweep Sea [Fig. 2(b)], (c) as in 
(b) but for western circle 

 
 
 
speed of propagation of inversions is  10 cm s-1 at 10° N 
(Shankar et al., 2004), which is comparable to the speed 
of annual Rossby waves estimated from altimeter and 
hydrographic observations close to this area (Brandt et al., 
2002). In the model, the Rossby wave appears as a second 
baroclinic mode. Capturing this westward spread of 
salinity and temperature inversions in data was possible 
because of the fortnightly sampling of the SEAS under the 
XBT programme.  
 
 
5. Impact of temperature inversions on SST 
 

The numerical simulations of Durand et al., (2004) 
showed that the temperature inversions contribute to 
increasing SST in the initial stages of the formation of the 
SSTH. Durand et al., (2004) used the OPA OGCM 
(Madec et al., 1998), which has a horizontal resolution of 
0.5° and a vertical resolution of 10 m in the upper 120 m.  
It  resolves  a  state-of-the-art  vertical  physics  based on a  
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Fig.  13.  Time series during 22 March - 7 April (left) and 23 May - 7 June 2003 (right) at 74°     
30' E, 9° 13' N in the SEAS of temperature (°C, top), salinity (PSU, middle), and 
isothermal-layer depth (ILD), mixed-layer depth (MLD), and barrier layer thickness 
(BLT) (bottom). The measurements were made every two hours and have been filtered 
with a 25-hour running mean. This Fig. has been reproduced from Shenoi et al., (2004). 

 
 
 
 
prognostic equation for turbulent kinetic energy (Blanke 
and Delecluse, 1993). The atmospheric boundary 
conditions include surface fluxes of momentum, heat, and 
freshwater. Extensive validation of the simulation 
revealed that it could successfully reproduce the observed 
patterns of monsoon circulation as well as basin-scale 
thermohaline structure of the NIO (Durand et al., 2004). 
The simulated SST matched very well with the weekly 
SST of Reynolds and Smith (1994) (Fig. 1 in Durand et 
al., 2004), and the simulated salinity field matched well 
with the surface salinity observed along IX-10 XBT line 
that cuts across the SEAS. 
 

The heat budget of the SEAS estimated from the 
model simulations showed that during November-March, 
the ML gains heat from the BL below it; inversions exist 
in this BL, making it an ‘inversion layer’.  The integrated 
effect (during December-February) of the heating of the 
ML by the inversion layer was 1.1° C, while the 
contribution from the surface forcing was -0.3° C (Durand 
et al., 2004); the negative sign indicates cooling. 
 

Shenoi et al., (1999) had hypothesised a connection 
between the dynamics and thermodynamics of the SEAS.  

Shankar et al., (2004) and Durand et al., (2004) showed 
that the hypothesis was correct.  Shenoi et al., (1999) had 
suggested that down welling and a low-salinity cap 
ensured that entrainment cooling of the surface was not 
possible. According to them, therefore, the ocean did 
nothing to decrease SST, thereby playing a passive role in 
the evolution of the SSTH.  The numerical results of 
Durand et al., (2004), however, suggest that the ocean 
plays instead an active role in the formation of the SSTH, 
with the presence of inversions, which are a consequence 
of ocean dynamics and thermodynamics, contributing 
significantly to heating the surface.  This is one of the key 
results of the oceanic component of ARMEX-II. 
 
6. Evolution of the barrier layer in the SEAS 
 

Shenoi et al., (2004) described the evolution of the 
BL in the SEAS using time-series measurements of 
temperature-salinity profiles obtained every two hours 
using a CTD; the time-series location (TSL) was in the 
core of the SSTH [Fig. 2(a)]. The time-series 
measurements (Fig. 13) during the two cruises in March-
April and May-June 2003 clearly showed the evolution of 
the   BL,   which   was   responsible  for  the  formation  of  
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Figs. 14(a&b).  Satellite-based observations during February-
June 2003. (a) Altimeter sea level anomaly 
(SLA, cm) at the coast and at time series 
location (74° 30' E, 9° 13' N) in the SEAS, and 
dynamic height (cm) computed from the time 
series data. (b) QuikScat winds (ms-1) at the 
coast and at the ARMEX-II TSL, and the 
Ekman pumping velocity (m day-1) at TSL. This 
Fig. has been reproduced from Shenoi et al., 
(2004) 

 
 

inversions during winter. With the increase in solar 
insolation in March, the inversions had disappeared by the 
time of the March-April time series. The BL, however, 
survived till late May. The BL is thicker during March-
April (20 m on an average) than during May-June (< 5 m) 
(Fig. 13, bottom panel). The depth of the IL (ILD) showed 
a decreasing trend during March-April owing to 
upwelling, which is evident in the temperature profiles. 
However, no such trend is evident in the depth of the ML 
(MLD). Both ILD and MLD showed some deepening and 
shallowing corresponding to bursts of low-salinity water 
on a couple of occasions, resulting in thickening and 
thinning of the BL. 
 

The most important inference that emerges from  
Fig. 13 is that the thickness of the BL (BLT) gradually 
reduced in response to the upwelling, and that the changes 
in the MLD played a minor role in thinning the BL. The 
BL collapsed from a thickness of 23 m early on 3 April to 
7 m late on 6 April in response to the spurt in upwelling. 
Based on the corresponding changes in ILD and MLD, 
Shenoi et al., (2004) estimated that 75% of the decrease in 
BLT came from the decrease of ILD. The correlations 
between the rates of change of BLT and ILD are much 
higher (0.741, significant at 99.99%) than between the 
rates of change of MLD and BLT (0.432, significant at 
95%), confirming that the BLT is affected primarily by 
changes in ILD during March-April. 
 

During May-June, there were changes in three 
factors compared to March-April. (i) The winds 
strengthened [Fig. 14(b)], (ii) solar radiation increased, 

and (iii) surface salinity increased (Fig. 13, middle panel). 
Responding to these changes, the MLD also thickened 
during May-June. Upwelling continued during May-June 
and so did the decreasing trend in ILD. On 28 May, the 
MLD increased rapidly owing to an influx of high-salinity 
water and the BLT collapsed below 5 m on 29 May. 
Thereafter the BL never recovered owing to the continued 
presence of high-salinity water. During this period, the 
changes in ILD and MLD affected the BLT equally: the 
correlation between the rates of change of ILD and        
BLT (MLD and BLT) is 0.426 (0.450), both significant         
at 95%. 
 

This was the second key result of the ARMEX-II 
oceanic observations.  The ocean, whose dynamics is 
responsible for upwelling and, through the changes in 
current direction, for the inflow of high-salinity water, 
plays an active role in the annihilation of the BL, in whose 
genesis too it played an active role. 
 
7. What caused the upwelling? 
 

It is clear that upwelling caused the thinning of the 
BL. Later, the influx of high-salinity water speeded up the 
process of annihilation of the BL.  Two questions now 
arise.  (i) What caused the upwelling, local winds or 
remote forcing, and (ii) what caused the advection of high 
salinity water into the SEAS in late May? 

 
The upwelling seen in the temperature structure 

during March-April and May-June appears to have started 
much earlier in February. The altimeter SLA shows a 
gradual fall since February [Fig. 14(a)]. The altimeter data 
compare well (in general) with the dynamic heights 
computed from the time series of temperature-salinity 
profiles (though the upwelling burst in early April is much 
weaker in the altimeter data). On an average, the winds 
measured by QuikScat near the coast as well as at the TSL 
(which is about 200 km offshore) were weak (~ 4 ms-1) 
[Fig. 14(b)] during March-April. They strengthened 
slightly (average ~ 6 ms-1) during May-June. These 
satellite measurements are in good agreement with the 
winds measured on board using automatic weather 
stations. The winds do not show appreciable change 
before the upwelling burst during 3-7 April. The Ekman 
pumping velocities computed from the winds are shown in 
Fig. 14(b); the time integrals of Ekman pumping velocities 
during 23 March to 7 April show that it forces down 
welling (sinking; ~ 3 m) rather than upwelling. On the 
contrary, the 25° C isotherm shows an upliftment of 25 m 
(Fig. 13, left upper panel). During 23-28 May also, Ekman 
pumping does not force upwelling; it forces down  
welling, but the magnitude is negligible (~ 0. 2 m). This 
implies that the upwelling observed at the TSL during 
March-April,   as   well  as  till  28  May,  was  not  forced  
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Fig.  15.  Schematic showing the evolution of circulation in the SEAS during November-June. The acronyms are as follows: EICC, East 
India Coastal Current; WMC, Winter Monsoon Current; WICC, West India Coastal Current; LH, Lakshadweep (sea level) high 
and LL, Lakshadweep (sea level) low. In November, the EICC feeds into the WICC through the westward WMC south of India. 
The westward radiation of Rossby waves, depicted by the wiggly arrow, leads to the formation of the LH by January. The 
WICC flows equatorward off the southwest coast of India, forcing upwelling in a narrow band hugging the coast, but it flows 
poleward along rest of the west coast. By March, the LH, now slightly displaced offshore, spreads farther westward and the 
SSTH forms over the LH. In May, the WICC reverses its direction all along the west coast of India and flow equatorward 
bringing high-salinity water from the northern Arabian Sea. The upwelling that appeared near the coast in January spreads 
farther west and results in the formation of the LL. The LL and the influx of high salinity water from the north hasten the 
annihilation of barrier layer leading to the collapse of the SSTH and MWP early in June. The shaded regions show the areas of 
net surface flux loss by the ocean 

 
 
by local winds in the SEAS, either through the local 
generation of coastal Kelvin waves, or through Ekman 
pumping. After 28 May, the Ekman pumping velocities 
are positive and lift the isotherm by 7 m; the observed 
upliftment of the isotherm is 15 m.  This implies that after 
28 May, the local winds were also important in forcing 
upwelling, but were ineffective before that. If the 
upwelling before 28 May is not forced locally, then the 
only possible cause is remote forcing. 
 

Numerical simulations have shown that the LH and 
the associated early upwelling off southwest India are 
forced remotely by the winds that blow along the east 
coast of India (McCreary et al., 1993; Shankar and 
Shetye, 1997; Shankar et al., 2002). Local forcing of 
upwelling starts much later in May (Shankar et al., 2002, 
their Figs. 19 and 20); during 2003, local forcing of 
upwelling starts after 28 May. Along the Indian west 
coast, salinity increases northward at the surface (Shenoi 
et al., 1993). The poleward-flowing WICC in winter 
(Shetye et al., 1991a) reverses direction in summer 
(Shetye et al., 1990). Remote forcing drives the equator 
ward WICC during May (Shankar et al., 2002); this brings 
high-salinity water from the north into the SEAS. Hence, 
both processes that contribute to the annihilation of the BL 
in the SEAS, upwelling as well as the influx of high 
salinity water into the SEAS, are forced remotely. 
 
 
8. Summary and discussion 
 

ARMEX-II was designed to test the hypothesis that 
the ocean plays a major role in the evolution of the SSTH 
in the Lakshadweep Sea, and to investigate the role of the 

SSTH and the MWP, in which the SSTH is embedded, in 
the formation of the monsoon onset vortex over the SEAS.  
Shenoi et al., (1999) had hypothesised that the down 
welling associated with the LH and the cap of low-salinity 
water ensure that the ocean prevents entrainment cooling, 
the ocean thereby playing a passive role in the formation 
of the SSTH.  Rao and Sivakumar (1999) had also 
concluded that the near-surface stratification provided by 
the low-salinity water  is important for the formation of 
the MWP in the SEAS. In March-April, the radiative heat 
input overwhelms the turbulent heat loss at the air-sea 
interface, leading to the formation of the MWP.  
 

The XBT observations show temperature inversions 
occurring in the Lakshadweep Sea on the arrival of low-
salinity water from the Bay of Bengal in November 2002.  
The inversions are seen initially in the eastern 
Lakshadweep Sea, but gradually spread westward along 
with the low-salinity water.  By February, inversions are 
observed all over the Lakshadweep Sea, with 85% of the 
XBT profiles showing a temperature inversion, up from 
just 10% in November.  Model simulations also show the 
existence and westward spread of temperature inversions 
in conjunction with the low-salinity water and the LH, 
providing the required link between ocean dynamics and 
thermodynamics. The inversions exist in a BL, which is 
one of the two possible causes of the inversions.  The 
second cause is cooling due to a decrease in shortwave 
radiation in the southern Bay of Bengal during November-
January and an increase in latent heat flux near the 
southern tip of India during January.  The inversions heat 
the mixed layer above, implying an active role for the 
ocean in the formation of the SSTH unlike the passive role 
hypothesised earlier. 
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The inversions disappear by March, when SST 
increases owing to the increase in solar insolation, but the 
CTD observations on board ORV Sagar Kanya show that 
the BL continues to exist till late May, when it is finally 
annihilated.  The CTD time-series observations in the 
Lakshadweep Sea, in conjunction with satellite data and 
numerical simulations, show that the thinning of the BL is 
initiated by remotely forced upwelling during March-
April.  Upwelling persists in thinning the BL even in May, 
but its final annihilation is due to the advection of high-
salinity water from the north by an equator ward WICC, 
this reversal in current also being forced remotely.  The 
annihilation of the BL paves the way for the subsequent 
collapse of the SSTH and the MWP.  Thus, the ocean also 
plays an active role in the annihilation of the SSTH. 
 

This sequence of events is summarised in the 
schematic in Fig. 15.  Thus, the ARMEX-II observations 
show that oceanic processes play an active role in both the 
genesis and annihilation of the SSTH and the MWP in the 
SEAS.  In addition, remote forcing of ocean dynamics in 
the region is a key player in the thermodynamics of the 
SEAS. 
 

Thus, as described in this paper, the oceanic 
component of ARMEX-II has been successful in fulfilling 
the first of two ARMEX-II objectives, investigating the 
role of oceanic processes in the life cycle of the SSTH in 
the Lakshadweep Sea. The second objective, to investigate 
the possible connection between the SSTH or MWP and 
the monsoon onset vortex, calls for an integration of the 
results of the oceanic and atmospheric components of 
ARMEX-II and for focused modelling studies.  
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