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Warm pools – regions with sea surface temperature 
(SST) in excess of 28°C – in the ocean occupy a special 
place in tropical climate owing to their impact on 
tropical convection. The southeastern Arabian Sea pre-
sents SST in excess of 30°C for two to three months 
preceding the onset of the summer (southwest) mon-
soon over India. Recently, several attempts have been 
made to understand the processes that cause such high 
SSTs in the region. The literature is also strewn with 
observations and modelling of a ‘monsoon onset vortex’ 
forming over the warm pool. This paper is a review of 
our current understanding of the Arabian Sea mini 
warm pool and its possible role in the formation of the 
monsoon onset vortex. 
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TROPICAL atmospheric convection is highly sensitive to 
the sea surface temperature (SST) of the underlying ocean. 
Deep atmospheric convection in the tropics is found to 
increase sharply when SST exceeds a threshold of about 
27.5°C1,2. The convection is also sensitive to fluctuation 
in SST above 28°C3. Although SST above 28°C is not 
sufficient to produce organized deep convection in the 
tropical atmosphere, it is a necessary condition4–6. There-
fore, oceanic regions with SST above 28°C, known com-
monly as ‘warm pools’, occupy a significant place in 
tropical climate.  
 A huge warm pool occupies the western Pacific and the 
Indian Oceans7,8, where the SST is higher than anywhere 
else in the world oceans (Figure 1). 
 During the months preceding the summer monsoon, the 
SST within this warm pool generally exceeds 29°C (Fig-
ure 2). In the Indian Ocean, the warmest SSTs are found 
in three preferred locations: in the western equatorial In-
dian Ocean, in the southeastern Arabian Sea (SEAS), and 
in the eastern Bay of Bengal. The region in the SEAS 
where temperature exceeds 29°C during February–May 
has been called the Arabian Sea Mini Warm Pool 
(ASMWP, Figure 2); it is this ASMWP, which is identifi-

able even within the huge Indo-Pacific warm pool that 
forms the focus of this review.  
 The warming in the SEAS takes place in February–
March, well before the surrounding seas9,10, suggesting 
that the processes determining the SST response in the 
SEAS during this season are distinctly different from the 
rest of the North Indian Ocean, where the rise in SST fol-
lows the seasonal march of the sun. There is also specula-
tion that the warm SSTs in the SEAS affect monsoon 
onset over Kerala and lead to the formation of a monsoon 
onset vortex7–11. 
 Recently, a major field experiment, called the Arabian 
Sea Monsoon Experiment (ARMEX), was conducted un-
der the Indian Climate Research Program (ICRP) to in-
vestigate the role of high SST in the SEAS in the onset 
process of the Indian summer monsoon. The field ex-
periment, as well as the accompanying modelling studies, 
has generated new ideas regarding the warm SSTs in the 
SEAS. A synthesis of these studies is in order, to provide 
a consolidated account of what has been known and what 
should be the future direction. This need is the motivation 
for this review. 
 Recent reviews have synthesized our current knowl-
edge of the basin-scale monsoon circulation of the Indian 
Ocean12 and of the immediate results from the oceanic 
component of the ARMEX field programme10 and the 
ICRP field programmes like BOBMEX (Bay of Bengal 
Monsoon Experiment) and ARMEX13. Notwithstanding 
these reviews, the exponential increase in our understand-
ing of the oceanography of the SEAS and of the underly-
ing processes since the beginning of ARMEX, from both 
observational and modelling efforts, needs to be synthe-
sized. In this review, we synthesize all available observa-
tions and modelling studies that address different aspects 
of the ASMWP and attempt to arrive at a comprehensive 
picture of our present understanding and suggest some  
directions for future research.  

The Arabian Sea mini warm pool 

The existence of the ASMWP was first observed in data 
from the Monsoon Experiment (MONEX) of 1979; these 
data showed that a mini warm pool (SST > 30.5°C) 
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Figure 1. Climatological monthly mean SST during April, from World Ocean Atlas 2005 (WOA05) climato-
logy84. Contour interval is 1°C. Temperature higher than 28°C is shown in colour shading. 

 
 

 
 
Figure 2. Climatological monthly mean SST (°C) from WOA05 data 
set84 during February–May. Contour and shading interval is 0.5°C for 
values below 28°C and 0.25°C for values above. The box marked in 
panel (b) shows the SEAS. 

 
existed in the SEAS east of 65°E, a week before the 
genesis of the onset vortex of the Indian summer mon-
soon11. The ASMWP can be identified using the 29°C 
contour during February–April (Figure 2). This fails in 
May because the temperature rises to values above 29°C 
in the southern Arabian Sea. The SST in the SEAS still 
stands out as the highest in the region9. Interannual vari-
ability in SST also makes it difficult to define a threshold 
for delineating the ASMWP. In May, prior to the onset of 
the summer monsoon, the SEAS become the warmest region 
of the world ocean7. Interest in this warm pool was revi-
ved by the investigations of Shenoi et al.9 and Rao and 
Sivakumar14 who examined the processes that lead to the 
formation of the warm pool and implications of its existence.  

Observations 

The SEAS showcases several features in its hydrography 
and circulation, the combination of some being unique. 
These features include: 

• The presence of a well-defined warm pool during 
February–May. 

• Large amplitude in the annual cycle of sea surface 
salinity and the presence of high salinity water at 
subsurface depths throughout the year and low salinity 
water at the surface during November–April. 

• Formation of the Lakshadweep High, its subsequent 
westward propagation, and the upwelling and down-
welling circulations associated with gyres and eddies. 

• Presence of subsurface temperature inversions, parti-
cularly during November–February. 

• Presence of a barrier layer (the layer between the base 
of the mixed layer and the top of the thermocline) 
during November–May. 

 
 The oceanographic setting dictated by the above fea-
tures is crucial for the formation of the ASMWP and we 
review them below. 
 
Temperature: Early hydrographic surveys15,16 had shown 
that the temperature in the SEAS during March–April is 
higher than 29°C. The depth of the isothermal layer varied 
between 30 m17 and 100 m, depending on the location and 
month of observation. The thermocline, which was located 
below 75–100 m during November, was observed to shift 
to shallower depths during this period. Most of these sur-
veys also showed that the temperature is lower to the 
north of the SEAS, off the Indian coast, consistent with 
the recent identification of the ASMWP. With the onset 
of the summer monsoon, the SST decreases considerably, 
and as the season progresses, the SST near the coast de-
creases further owing to upwelling15,16. 
 Recent hydrographic surveys in the SEAS have made it 
possible to chronicle the evolution of the warming. After 
the withdrawal of the summer monsoon, during October–
November, the SEAS warms slightly and the SST reaches 
28.5°C18,19. There are indications that during December–
January, SST dips to 28°C17,18,20–22, although patches of 
higher SSTs (29°C) are seen in the Lakshadweep Sea dur-
ing this time19. During December–January, the region to 
the south of the tip of the Indian peninsula cools by more 
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than 1°C, SST dropping to around 27°C23, whereas SST 
in the SEAS remains higher than 28°C. During January, 
SSTs in the range 28–29°C have been observed in various 
parts of the SEAS24–26. Under the regime of strong, dry, 
northeasterly winds associated with the winter (northeast) 
monsoon, regions to the south of India cool extensively 
during January23, which sets up large SST gradients near 
6°N. The SEAS warms considerably from mid-February 
to March (Figure 3). SSTs in the range 29–30°C have 
been observed in the SEAS during March19,27,28. During 
the ARMEX observations in March 2003, SST was higher 
than 30°C in the eastern and southern part of the SEAS, 
while it was above 29°C to the north and west10. These 
observations illustrate that the SST in the SEAS reaches 
its peak well before the onset of the summer monsoon. 
 Conductivity, temperature, depth (CTD) observations 
during ARMEX29 have shown a warming of about 1°C 
from March to May in 2003. SST up to 32°C and above 
has been observed in localized areas within the SEAS 
during mid-April to mid–May, with the mean SST re-
maining above 30°C18,19,25,28,30–33. During late May and 
early June, SST falls below 29°C close to the coast34,35, 
but remains above 30°C in the offshore areas25,32,34,35. The 
isothermal layer in the SEAS during the winter monsoon 
is generally shallow (Figure 4) and there is no signature 
of its deepening from October till the end of spring. The 
thermocline, on the other hand, is pushed downward by 
the prevailing anticyclonic circulation and begins to rise 
during March–April.  
 
Temperature inversions: The SEAS hosts temperature 
inversions during October–April. Observations show that 
inversions are a stable seasonal feature and occur fre-
quently in the SEAS15,21,36. During December, the magni-
tude of inversion is about 0.5°C, and during its peak, the 
magnitude varies from 0.5°C to 1.2°C21,37. The thickness 
of the inversion layer varies in the range 20–80 m. Inver-
sions typically occur below 20–30 m depth10,24,38. Inver-
sions form at shallow depths (~20 m) in the northern part 
of the SEAS, but occur at deeper depths (80 m) in the 
southern parts10,39. The frequency of occurrence of tem- 
 
 

 
 
Figure 3. Evolution of SST (°C) over the SEAS (68°–77°E and 6°–
15°N) from TMI climatology for the period 2000–2006. The three-day 
mean TMI SST version ‘bmaps_v04’ has been obtained from SSMI 
(http://www.ssmi.com/tmi/tmi_browse.html). 

perature inversions is low during October–November, in-
creases dramatically during December, peaks during 
January–February, declines in March, and disappears 
subsequently37,38. XBT observations, in consonance with 
theory, also show an apparent westward propagation of 
temperature inversions38. 
 The formation of temperature inversions has been at-
tributed primarily to the intrusion of cooler low-salinity 
water from south21,37–39 and loss of penetrative radiation 
to the barrier layer38,39. Surface heat loss can also con-
tribute to its formation during the initial stages21 and on 
smaller timescales39. The shallow inversions observed 
during April have been attributed to night-time cooling38. 
Inversions in the SEAS are locally formed39 and near-
surface haline stratification is necessary to sustain the 
temperature inversions on seasonal timescales39,40. 
 
Sea level and currents: Hydrographic observations and 
altimeter sea-level data show that an anticyclonic eddy, 
known as the Lakshadweep High (LH), which has a diame-
ter of 500–800 km, forms in the SEAS during the winter 
monsoon41. The LH has been shown to be a part of a sea-
sonal cycle, which features a Lakshadweep Low (LL) during 
the summer monsoon42. Monthly maps of sea-level 
anomalies from TOPEX/Poseidon (Figure 5) elucidate 
this seasonal cycle clearly; the low during the summer 
monsoon is replaced by the high during winter monsoon, 
with the transition taking place in the intervening months. 
Averaged over the SEAS sea level begins to rise during 
October and reaches its peak during December–January, 
and then drops continuously till August. 
 The ocean circulation within the SEAS during the win-
ter monsoon is in a stage of continuous evolution, a char-
acteristic feature of the monsoon currents in the north 
Indian Ocean43. The westward flowing Winter Monsoon 
Current (WMC) flows westward to the south of India and  
 
 

 
 

Figure 4. Time–depth section of temperature over the SEAS (68°–
77°E and 6°–15°N) from WOA0584, during October–June. Contour in-
terval is 1° below 28°C and 0.5° above that. Temperature above 28°C 
is shaded in addition to contouring. The thick continuous line show the 
20°C isotherm and thick dashed line is the isothermal layer depth (de-
fined as in the depth at which temperature decreases 0.5°C from SST) 
and the thick dotted line is mixed layer depth (defined as the depth at 
which density increases from that at surface by an amount equal to de-
crease in temperature by 0.5°C from SST). 
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Sri Lanka. South of Sri Lanka, the WMC is fed by the 
East India Coastal Current (EICC), which carries low-
salinity water from the northern Bay of Bengal. In the 
SEAS, the WMC splits into two branches; one branch 
continues westward and the other flows around the LH, in 
geostrophic balance, feeding into the West India Coastal 
Current (WICC)43,44. The anticyclonic circulation sug-
gests that a major part of the water involved is likely to 
recirculate within the SEAS. The anticyclonic circulation 
associated with the LH pushes down the isotherms and 
isohalines, and thus actively modifies the SEAS hydro-
graphy45. This downwelling is clearly seen in model 
simulation39,46. 
 
Salinity: The connection of the open-ocean monsoon 
current, the WMC, with the coastal current, the EICC, 
enables the transport of low-salinity water from the Bay 
of Bengal into the SEAS. The supply of low-salinity  
water occurs during November–February (WOA05), and, 
as a result, the salinity in the SEAS drops by about 
1.5 psu from October to February (Figure 6). The low-
salinity water trapped within the anticyclonic circulation 
creates a fresh pool in the SEAS, causing strong stratifi-
cation in the near-surface layers; it is believed to be one 
of the reasons for the warming of the SEAS. 
 

 
 

Figure 5. Climatology of the annual cycle of sea level anomalies 
(cm) from AVISO merged product of satellite altimeters. 

 During October 1957, Darbyshire15 observed that sali-
nity decreased with depth and to the south off the west 
coast of India between 8.45°N and the southern tip of India 
in the upper 100 m. Salinity was lower close to the coast, 
which was attributed to the discharge of freshwater from 
the backwaters of Kerala during and after the summer 
monsoon. During January 1959, Banse16 observed salinity 
below 33 psu off the continental slope around 10°N. Ob-
servations during December 1987 also have shown low-
salinity waters near the coast, a salinity maximum below 
75 m, and negligible salinity stratification below 150 m20. 
During December 1985 to January 1986, salinity along 
the Indian coast was less than 33 ppt in the south and 
well above 35.5 ppt in the north47. While the low-salinity 
water lay over high-salinity water in the south, the water 
column was well-mixed in the north. Lack of systemati-
cally collected observations precludes the delineation of 
the pathways of this low-salinity water at the surface. 
Nevertheless, available observations indicate that the 
low-salinity water advects along the west coast of India 
as well as westward along with the WMC20,37,38. There 
seems to be considerable interannual variation in the sea 
surface salinity in the SEAS, particularly between good 
and bad monsoon years37. All available observations of 
salinity and currents suggest that the source region of the 
low-salinity water in the SEAS is the Bay of Bengal, the 
low-salinity water being carried equatorward along the 
Indian east coast by the EICC and then into the SEAS by 
the WMC and WICC15,20,47. The high-salinity water seen 
below the fresher surface layer originates from the north-
ern Arabian Sea. When the WICC flows southward along 
the Indian coast during summer, it carries the Arabian 
Sea High Salinity Water into the SEAS. This high-
salinity water appears as a salinity maximum during No-
vember–February. 
 
Barrier layer: The capping of the upper layer by low-
salinity water creates strong stratification in the upper 
layer. The mixed layer is much thinner than the isothermal 
layer, resulting in the formation of a barrier layer. ARMEX 
observations showed the existence of a 20 m thick barrier 
 
 

 
 
Figure 6. As in Figure 4, but for salinity from WOA0585. Contour in-
terval is 0.2 psu and salinity less than 35 psu is shaded in addition to 
contouring. 
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layer in the SEAS during March–April 2003. The barrier 
layer had formed earlier during December–January owing 
to a surface layer of low-salinity water advected from the 
Bay of Bengal48. Based on the analysis of in situ and sat-
ellite data, Shenoi et al.48 argued that the process of anni-
hilation of barrier layer starts in early April and is caused 
first by remotely forced upwelling and then in May by the 
advection of high-salinity surface water from the north 
into the SEAS.  
 The thermodynamic impact of the barrier layer on the 
SST is not simple. The mechanisms by which a barrier 
layer can induce a SST rise are twofold. First, the thinner 
mixed layer, in the presence of a barrier layer, is more re-
active to the incoming atmospheric heat fluxes. Second, 
in situations where the barrier layer also supports a tem-
perature inversion with warmer water than the surface 
layer, the SST can increase by mixing of the surface  
water with the underlying inversion layer45–49. The barrier 
layer, however, has also the potential to induce a drop in 
SST. This is typically the case when the ocean–atmosphere 
net heat flux is close to zero, and when the mixed layer is 
fairly shallow; under such conditions, a significant part of 
the incoming shortwave radiation can escape through the 
bottom of the mixed layer, thereby inducing a warming of 
the barrier layer water rather than of the surface layer39,49. 
All these effects are not exclusive. Hence, the overall im-
pact of the barrier layer on the SST is difficult to assess. 
Quantifying its net effect from the available observations 
is not feasible.  

Modelling 

Most of the earlier modelling efforts in the Indian Ocean 
were aimed at simulating the seasonal cycle of tempera-
ture and currents and little attention was paid to salinity. 
Recent modelling studies, however, have had consider-
able success in simulating the evolution of the ASMWP, 
in which the role of salinity has been emphasized by the 
observational studies, and the associated circulation; 
these modelling studies have also been successful in ana-
lysing the processes that are involved in the formation of 
the ASMWP. Most of these studies came in the wake of 
the ARMEX observations and these results have not been 
synthesized yet.  
 The first comprehensive analysis of the processes in-
volved in the upper–ocean thermodynamics of the Indian 
Ocean was the seminal work of McCreary et al.50, who 
used a two-and-half-layer reduced-gravity model that in-
corporated mixed-layer physics (but did not include sali-
nity). They did not focus on the ASMWP, but their 
simulations showed the formation of the LH (the feature 
was yet to be named thus) and a mini warm pool, with 
SST greater than 29°C, during the winter monsoon in the 
SEAS. The following year came the formal report of the 
LH (then called ‘Laccadive High’) in altimetry and his-

torical hydrography by Bruce et al.41, who also used a 
three-layer reduced-gravity model (which did not, how-
ever, include a mixed layer) to show that the LH could be 
simulated using climatological winds and was due to both 
local and remote forcing. Tracer experiments showed that 
the source region of low-salinity water in the SEAS is the 
northern Bay of Bengal; the bifurcation of the WMC east 
of the Maldives led to the intrusion of this low-salinity 
water into the LH. Simulations with the OPA OGCM51 
(Ocean General Circulation Model) with a resolution of 
0.5° confirmed this finding a decade later45. Lagrangian 
particles experiments showed that the low-salinity water 
reaches the SEAS via two different routes, one via the 
EICC and the other via the WMC south-east of Sri Lanka. 
Before entering the SEAS, these two branches merge 
with a third branch of higher salinity water that recircu-
lates within the SEAS45. 
 An analysis of the dynamics of the LH and LL with a 
reduced-gravity model and an analytic model showed that 
the LH and LL, which form part of the annual cycle of 
circulation in the SEAS, are a consequence of linear wave 
dynamics42. The analysis showed that these features are 
due to westward propagating Rossby waves that are radi-
ated by the coastal Kelvin waves propagating poleward 
along the west coast of India. The LH was forced primar-
ily by the winds blowing along the east coast of India 
(remote forcing), but the LL owed its existence to these 
winds (remote forcing) as well as the winds blowing along 
the southwest coast (local forcing)42,43.  
 Most numerical models have had rather limited success 
in bringing low-salinity water from the Bay of Bengal 
into the SEAS at the correct time. The surface salinity 
simulation in most of the models41,52–56

 
shows a weakness 

in the northward advection of low-salinity water along 
the west coast of India. Han and McCreary57 noted that 
the arrival of the low-salinity water in the SEAS was de-
layed by about a month if the Palk Strait was closed in 
their four-and-half-layer model, a result confirmed by 
OGCM simulations45. The OGCM simulations of Durand 
et al.45, which included a realistic representation of the 
climatological river discharge, also showed that inclusion 
of the runoff from the minor rivers scattered along the  
Indian coasts, which discharge freshwater to the Arabian 
Sea during the monsoonal and post-monsoonal months, 
but are generally not accounted for in the standard forc-
ing strategy of numerical models, curb to some extent the 
salty bias of the SEAS simulations.  
 The problem of simulating the arrival of low-salinity 
water into the SEAS is not trivial. The EICC reverses to 
flow poleward first in the north, where the source of 
freshwater lies, and then in the south off India. Off Sri 
Lanka, the EICC flows equatorward over most of the 
year58,59. Hence, for the low-salinity water to make its 
way into the SEAS, it is necessary that it reaches the east 
coast of Sri Lanka before the EICC reverses off India in 
December–January. It appears that three conditions have 
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to be satisfied by numerical models in order to simulate 
correctly the salinity in the SEAS and further north along 
the Indian west coast. First, the model wind forcing 
should have high temporal resolution. The strong interan-
nual variability seen in the salinity in the SEAS (with re-
spect to both timing and values)37

 
suggests that it is 

difficult to capture this intrusion with climatological wind 
forcing because climatological winds have a poor tempo-
ral resolution. Second, the need to get right speed of the 
EICC implies the need for a reasonably high model reso-
lution to resolve the coastally trapped current; else, the 
model EICC will be weaker, resulting in less freshwater 
making its way to the SEAS before the EICC reverses. 
Third, as shown by Durand et al.45, inclusion of the dis-
charge from minor rivers is important. Most of the model 
studies satisfy one of the three conditions. It is therefore 
necessary to carry out a complete set of sensitivity ex-
periments to decide what determines the salinity in the 
SEAS. A recent model simulation by Kurian and Vinaya-
chandran46, which met most of these conditions, showed 
considerable improvement (see below) in the simulation 
of arrival time of low salinity water into the SEAS.  
 Shenoi et al.9 and Rao and Sivakumar14 examined the 
processes that lead to the formation of the ASMWP using 
climatological data sets. The feature that distinguishes the 
SEAS most, from the surroundings, is the arrival of low-
salinity water and its trapping within the LH by the anti-
cyclonic circulation. The ensuing stratification causes the 
mixed layer to shoal due to the formation of barrier layer. 
Considering that the heat flux falling on the SEAS is not 
significantly different from the rest of the North Indian 
Ocean, they suggested that the difference in trapping of 
the radiation must be necessary for the higher warming of 
the SEAS. Stratification caused by the low-salinity cap 
was central to this hypothesis. 
 The availability of OGCMs with high enough resolu-
tion in the horizontal, and realistic enough vertical phys-
ics, has allowed this hypothesis to be tested. Durand et 
al.40

 
used a seasonal simulation of OPA OGCM at 0.5° 

resolution51. They found that the SST build-up in the 
SEAS during the pre-monsoonal season is primarily 
driven by subsurface heating from the inversion layer 
embedded in the barrier layer.  
 Recently, Kurian and Vinayachandran46 (hereafter KV07) 
used an Indian Ocean configuration of MOM4 (Modular 
Ocean Model Version 4)60 forced by (daily) climatological 
forcing to examine the dynamics and thermodynamics of 
the SEAS. The model had a high resolution (0.25°) in the 
horizontal and 40 levels in the vertical and included cli-
matological river discharge. This model simulation offered 
excellent comparison with the climatological distribution of 
salinity in the SEAS (see their figure 4). This model re-
produced the arrival of low-salinity water into the bay in 
a manner similar to that in climatology (Figure 7). In or-
der to test the hypothesis that salinity plays an important 
role in the formation of the ASMWP, KV07 carried out 

an experiment by prescribing and maintaining a uniform 
salinity of 35 psu over the entire model domain. Surpris-
ingly, in this experiment, the ASMWP formed just as in 
the control run (Figure 8), which included salinity varia-
tions, suggesting that factors other than salinity are re-
sponsible for the formation of the ASMWP. KV07 also 
evaluated the temperature equation in order to determine 
the role of subsurface warming on the SST. They found 
that the contribution from temperature inversions to the 
warming of the SEAS is negligibly small. KV07 re-
examined the role of surface fluxes and found that a low 
in latent-heat flux over the SEAS during the winter mon-
soon has implications for the warming of the SEAS during 
February–March. The winds over the SEAS are blocked 
by the Western Ghats (Figure 9), and consequently the latent-
heat loss over the SEAS is much lower than over its sur-
roundings. In their model, this process leads to the warming 
during February–March and the later warming in April–
May was due to local air sea fluxes.  
 To our knowledge, the only modelling study to specifi-
cally address the issue of the interannual variability of the 
ASMWP SST is that of de Boyer Montégut et al.61. They 
used a model very similar to that of Durand et al.40. They 
did not focus explicitly on the SEAS, but rather analysed 
the whole eastern Arabian Sea. The seasonal picture of 
their interannual simulation for 1992–2001 is consistent  
 
 

 
 
Figure 7. Currents (vectors) and salinity (shading and contour) in the 
SEAS during December–February from climatological model simula-
tion46. Surface salinity less than 35 psu is shaded. The contour shows 
35 psu isohaline. 
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Figure 8. SST from different experiments described in KV0746. Control is the standard experiment, with-
out any modification to the forcing fields and it has realistic freshwater forcing. In FS (fixed salinity)  
experiment, the salinity has been held constant at 35 psu everywhere in the model domain and the freshwater 
forcing has been switched off. NWG_March (no Western Ghats during March) is similar to the control run, 
except that the wind speed, specific humidity, air temperature, and wind stress over the SEAS have been  
replaced by average values over the region west of the SEAS during March in the sixth of the control run. 
For details, see KV07. 

 

 
 
Figure 9. November–February mean winds (vectors, m/s) from 
QuikSCAT climatology for the period 2000–2006. Colour shading over 
ocean represents wind speed with the key shown at the bottom and col-
our shading over land represents topography (m) with the key shown to 
the right of the plot. 

 
 
with that of Durand et al.40, with the ASMWP being 
caused by warming from the temperature inversions in 
the barrier layer. At interannual timescales, on the con-
trary, the picture is basically in line with the mechanism 
revealed by KV07 in the SEAS at seasonal timescales: 
the year-to-year variability of SST over the eastern Ara-
bian Sea is mostly driven by the year-to-year variability 
of ocean–atmosphere heat fluxes. Only over specific pe-
riods did the vertical oceanic physics act to modulate the 
atmospheric effect; one such example was the anoma-
lously cold winter of 1998. 
 Clearly, the state-of-the-art oceanic general circulation 
models have proved to be useful tools for exploring the 
processes responsible for the ASMWP thermal structure 
and variability. Nevertheless, those two models of the 
same class, that of Durand et al.40 and KV07, that yielded 
completely different results, open several issues in nu-
merical modelling. Although they used comparable forc-
ing strategies, the resolution of KV07, in both horizontal 
and vertical directions, is significantly higher than that in 
Durand et al.40. In order to settle these issues as well as to 

determine issues limiting the realism of the OGCM, care-
fully designed sensitivity experiments should be under-
taken. For example, the impact of the parameterizations 
that is inherent to any OGCM need to be ascertained. 
This can be done by running various models using the 
same resolution and the same forcing strategy. We must 
also assess the impact of the sub-grid scale physics ne-
glected in the previous studies. The method of incorporat-
ing air–sea heat flux in the model also requires careful 
evaluation. The circulation and thermohaline structure 
simulated by an OGCM changes a lot when the resolution 
is increased from mesoscale up to the kilometric scale 
(e.g. Lévy et al.62). How our understanding of the 
ASMWP behaviour will change once we are able to simu-
late explicitly the whole oceanic spectrum (including the 
sub-mesoscale turbulence) remains unknown. Given the 
explosion in computing capability, this challenge could 
be taken up soon. Finally, a major source of uncertainty 
in the realism of the models of the ASMWP lies in the 
air–sea boundary conditions that are specified at the 
ocean surface. At present, we have to rely on remotely 
sensed datasets to prescribe these conditions. The possi-
bility of validation of the satellite products (typically heat 
fluxes and atmospheric variables) by independent obser-
vations is severely limited by the scarcity of in situ data 
in the ASMWP. 

Monsoon onset vortex 

The Indian summer monsoon is a complex phenomenon 
that involves processes coupling the atmosphere, the ocean 
and the land. Though almost all aspects of the monsoon 
are fascinating (and present a formidable research chal-
lenge), perhaps the most dramatic feature of the monsoon 
is its spectacular onset. (See Frater63 for a popular de-
scription of the drama involved in a monsoon onset.)  
 The monsoon sets in over the Indian subcontinent over 
the southwestern state of Kerala. The normal date of mon-
soon onset over Kerala is 1 June (mean date is 30 May, 1 
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June being the mode and median date), the standard de-
viation being eight days64. Associated with the onset is a 
sharp increase in the sea-level-pressure difference be-
tween Thiruvananthapuram and Mumbai64. This pressure 
difference fluctuates around 0.5 mbar in the fortnight be-
fore the onset, but rises sharply to about 3 mbar around 
two days before the onset. It peaks at about 5–10 mbar 4–
8 days after onset. Ananthakrishnan et al.64 speculated 
that this increase in pressure gradient was associated with 
the low-pressure system or onset vortex that forms at 
around 10°N in the SEAS and moves northward as the 
monsoon advances along the Indian west coast65,66. The 
vortex, an intense cyclonic circulation, accelerates the 
northward advance of the monsoon over India67,68. It often 
deepens into a cyclonic storm, resulting in establishment 
of a region of convergence over the SEAS, which is fol-
lowed by the strengthening of monsoon westerlies. In 
turn, the westerlies lead to sustained rainfall over Kerala, 
heralding the onset of the summer monsoon67. An  
exhaustive description of the occurrence of the vortex 
since 1901 is available in Ananthakrishnan et al.65.  
 A typical example of the vortex is shown in Figure 10 
for 1998. Warm SST is seen in the SEAS prior to the 
monsoon onset over Kerala (the onset date over Kerala 
was 2 June in 1998). The OLR (outgoing longwave radia-
tion) map clearly shows low values, indicating deep con-
vection over the SEAS and winds indicate cyclonic 
circulation.  
 One such vortex was observed over the SEAS during 
MONEX-79 after the low-level westerly flow had intensi-
fied. This prompted Krishnamurti et al.69 to propose that 
barotropic instability due to horizontal shear leads to the 
formation of the vortex. Mak and Kao70 suggested, how-
ever, that vertical shear and stratification in the atmosphere 
are responsible for the genesis of the vortex. Though 
there have been several studies using atmospheric models 
(see Krishnamurti71 for a review of MONEX), successful 

prediction of the monsoon during its onset phase proved 
elusive (see, for example, Krishnamurti et al.72). 
 In an attempt to predict the onset date of the monsoon 
over Kerala, Kung and Sharif 73 found it necessary to in-
clude the SST in a 10° × 10° box in the southern Arabian 
Sea; excluding this SST from the multi-parameter regres-
sion led to a poorer prediction. This box was much larger 
than what we now call the mini warm pool, but SST data 
were sparser and less accurate in those days. Using 
MONEX data, Seetaramayya and Master11 showed that a 
mini warm pool (SST > 30.5°C) existed in the SEAS east 
of 65°E, a week before the genesis of the onset vortex. 
Kershaw74,75 used their SST analysis to demonstrate that 
predictability of the formation of the depression (vortex) 
on 11 June 1979, coinciding with monsoon onset over the 
Indian subcontinent, improved when he used SST anoma-
lies rather than the SST climatology. This study not only 
highlighted the relation between the SST in the SEAS and 
the onset of monsoon, but also pointed to the need for 
more accurate SSTs in the SEAS. Since interannual vari-
ability in this region’s SST is small, accurate SSTs and 
special temporal filters are needed to bring out a relation-
ship between Indian–Ocean SST and the monsoon76.  
 Joseph7, using better SST data than was available to 
Kung and Sharif 73, refined their 10° × 10° SST box to fo-
cus on the SEAS. He noted that the onset date and SST in 
the SEAS showed decadal variability, later onsets during 
the 1900s and 1970s and earlier onsets during the 1950s 
coinciding with lower and higher SSTs77, respectively. 
Joseph and Pillai78 had already suggested a link between 
the warm SEAS and the pre-monsoon rains in Kerala dur-
ing mid-April. 
 Following these studies, which primarily came in the 
wake of MONEX, interest in monsoon onset seemed to 
wane. Joseph7 had pointed to the need for studying the 
warm pool and its possible role in the Indian monsoon, 
but this did not happen for a decade, by when there was 

 
 

 
 

Figure 10. (a) SST for 25 May 1998, one week prior to monsoon onset over Kerala from TMI dataset, (b) NOAA 
interpolated Outgoing Longwave Radiation (OLR, W/m2) for 1 June 1998 and (c) 850 mbar winds (m/s) from 
NCEP reanalysis82 for 1 June 1998. In (b), contours correspond to 240 and 140 W/m2 and values less than 240 are 
shaded. In (c), wind speed above 6 m/s are contoured at an interval of 2 m/s and values above 10 m/s are high-
lighted by colour shading. The onset date for summer monsoon over Kerala in 1998 was 2 June.  
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much more data from ship surveys and data from satel-
lites that had created a revolution in meteorology and 
oceanography (see, for example, the review by Srinivasan 
and Joshi, this issue). Analysing the available historical 
data for 120 years (1877–1996), Rao and Sivakumar14 
concluded that the onset vortex forms either in the SEAS 
during May or in the eastern Arabian Sea during June 
(see their figure 9). They found a distinct correspondence 
between the maximum in the upper ocean heat content 
(with respect to 28°C isotherm) in May and June and the 
location of genesis of the vortex. They also found that the 
vortex mostly forms during late May in the SEAS, where 
the seasonal build up of thermal energy is largest. They 
opined that a great deal of thermal energy is then ex-
tracted from the SEAS during the genesis of the vortex, 
the vortex subsequently shifting its position in June to the 
north, where the available thermal energy is larger fol-
lowing the cooling of the SEAS (see Shenoi et al.48). 
 The other major development during the 1990s, coin-
ciding with and due to the massive increase in available 
data and computer technology, was a significant improve-
ment in our understanding of the dynamics of the north 
Indian Ocean on seasonal timescales. Numerical models 
of ocean circulation had improved to the point that they 
could be used to study processes. Application of the new 
knowledge to problems of air–sea interaction associated 
with the monsoon, including its onset, was a natural cor-
ollary. Following the demonstration of the importance of 
remote forcing from the Bay of Bengal for the circulation 
in the SEAS42,50, Shenoi et al.9 argued that the down-
welling associated with the LH played a role in keeping 
the SST higher in the SEAS as compared to the surround-
ing Arabian Sea. This core of high SST, evident as early 
as March, retained its identity within the larger Arabian 
Sea warm pool till the onset of the summer monsoon. As-
suming that the co-location of the LH, the SST high, and 
the onset vortex in the SEAS could not be a mere coinci-
dence, Shenoi et al.9 argued that the warm SST in the 
SEAS satisfies a condition necessary (but not sufficient) 
for the genesis of the onset vortex, and hypothesized a 
classical coupled ocean–atmosphere system work in the 
region. According to them: (1) the collapse of the sum-
mer monsoon winds in October and the onset of the win-
ter monsoon over the north Indian Ocean generates 
downwelling Kelvin waves at the equator and along the 
east coast of India; (2) the Kelvin waves from the bay en-
ter the Arabian Sea along the southwest coast of India, 
leading to downwelling and therefore to a stable surface 
layer in the SEAS, permitting warm SSTs there; (3) the 
ocean provides necessary/favourable conditions to trigger 
an event, the monsoon onset vortex, in the atmosphere 
(see the schematic in figure 7 in Shenoi et al.9). 
 The papers by Rao and Sivakumar14 and Shenoi et al.9 
formed the basis for the second phase of ARMEX (see 
Shenoi et al.10), the results of which have added consid-
erably to our understanding of the SEAS. 

 Following the observational and modelling studies based 
on ARMEX data, Masson et al.79 used a coupled general 
circulation model to examine the potential impact of the 
barrier layer in the SEAS on monsoon onset. Their 100-
year control simulation reproduced the observed climatic 
features of the region reasonably well. Then, in a sensi-
tivity experiment, they suppressed, but only in the SEAS, 
the impact of salinity stratification on the vertical mixing 
(as done by Vialard and Delecluse49). This localized per-
turbation of the model physics had a significant, but local, 
impact: the SEAS was cooler during April–May in the 
experimental run, the rainfall over the SEAS decreased 
by 1–3 mm/day, and the onset of the monsoon, inferred 
from the burst in rainfall, was delayed by 10–15 days. 
Thus, though the perturbation of the model physics in the 
SEAS had no impact on the rest of India, the impact on 
the monsoon onset in the region was significant. The 
resolution of the ocean model in this study was very low 
(2°); hence, in the light of earlier studies, the results of 
this coupled experiment need to be verified at higher 
resolutions.  
 Evidence from satellite data (Reynolds80 SST) and model 
reanalyses81 (850 hPa winds from NCEP/NCAR) also 
suggests a possible influence of the warm pool on the onset 
vortex82. This analysis, though restricted to six years, 
showed that the mini warm pool was important for the 
formation of the onset vortex, the onset vortex forming 
when the mini warm pool and low-level jet83 are present 
along the west coast and the cyclonic shear at 850 hPa 
along the northern flank of the jet overlies the mini warm 
pool. This study suggests a possible connection between 
the mini warm pool and the onset of the summer mon-
soon, but more data and model studies are necessary to 
test the hypothesis and refine it.  
 The definition of the mini warm pool used by Deepa et 
al.82 was different; the mini warm pool of Deepa et al. 
was the patch of highest SST in the Arabian Sea and it 
was not necessarily restricted to the SEAS. This study 
underscores the need to discriminate between the high 
SSTs in the SEAS and patches of high SST elsewhere in 
the Arabian Sea. Any patch of high SST can justifiably be 
called a mini warm pool, but what distinguishes the mini 
warm pool in the SEAS is its repeatability. As shown by 
Shenoi et al.9, this SST high in the SEAS can be dis-
cerned even in a climatology of Reynolds SST81 and is 
seen to appear, with some difference in timing, almost 
every year. This repeatability has to be clearly demon-
strated for other patches of high SST for them to be ana-
lysed similarly. Else, we are left with a confusing picture 
that becomes even more blurred when air–sea interaction 
and the onset vortex are part of it.  

Concluding remarks 

Oceanic observations illustrate that the SEAS is the 
warmest region in the North Indian Ocean prior to the 
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summer monsoon and this warming takes place earlier 
than over the surrounding seas. A significant enhancement 
in our knowledge of the ASMWP has taken place recently 
owing to ARMEX programme, one of the major observa-
tional programmes conducted under ICRP10,13. Most of 
this new information is derived from rather ‘patchy’ data 
collected during individual cruises. A systematically col-
lected time history of the evolution of the ASMWP is still 
lacking. An important point here concerns the arrival of 
low-salinity water into the SEAS. In particular, the 
ARMEX observations could not delineate the pathways 
of intrusion of low-salinity water into the SEAS.  
 Numerical experiments aimed at unravelling the proc-
esses that lead to the formation of the ASMWP have not 
given a conclusive answer on whether oceanic process 
dominate air–sea fluxes in warm pool formation. While 
KV07 suggest that the air–sea fluxes are the key factor, 
Durand et al.40

 
argue in favour of oceanic processes. An 

intercomparison of their models would be useful in order 
to shed light on the model dependency of these results. A 
pre-requisite for model studies to unravel the processes 
responsible for the formation of the ASMWP is their ca-
pability to reproduce the observed features of the SEAS 
and this demands a systematic set of observations. At 
present, it appears that our modelling ability is superior to 
the quality of available data. High-quality time-series 
measurements are needed to make unambiguous progress. 
 There is also considerable ambiguity as far as the onset 
vortex is concerned. While the ASMWP is a regular fea-
ture of the seasonal cycle in the SEAS, the onset vortex 
displays no such regularity. It is obvious that the mere ex-
istence of the ASMWP is not a sufficient condition to 
guarantee the existence of an onset vortex. More reliable 
data and better descriptions of the process of monsoon 
onset are needed. It is necessary, however, to ensure that 
such descriptions are based on atmospheric and oceanic 
data as well as data from land-based meteorological ob-
servatories, i.e. they look at the process of monsoon onset 
as a coupled air–sea–land process. In modelling such 
coupled phenomena, however, our modelling ability is 
still poor. The model resolutions are still too low to cap-
ture several of the processes that atmospheric and oceanic 
models suggest are important. 
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