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On the seasurfacetemperature high in the LakshadweepSea
before the onsetof the southwestmonsoon

S.S.C. ShenoiD. ShankarandS. R. Shetye

Nationallnstituteof OceanographyGoa,India

Abstract. ThenorthIndian Oceanbecomeshewarmestareaof theworld oceans
prior to the onsetof southwestmonsoonin June.During this perioda zonalband
of high seasurfacetemperatur¢SST),the “thermal equator”’(TE), movesover
this region concurrentlywith the IntertropicalCorvergenceZone(ITCZ). Usinga
weekly SSTdataset,we showv thatanotherSSThigh developsoff southwestndia
in theLakshadwee®eain March,well beforethe TE movesin to theareaandthat
it continuedo retainits identity until the onsetof monsoon.The SSThigh hasits
genesisabouté monthsearlierin the Bay of Bengal. The collapseof the southwest
monsoonn Octoberandthe onsetof the northeasmonsoortriggerdownwelling
coastalKelvin wavesthat propagatealongthe peripheryof the Bay of Bengal,
forcing an equatorvard Eastindia CoastalCurrent,which brings low-salinity
waterfrom the bayto the southeasterArabianSeaduringthe northeasmonsoon
(NovemberJanuary).As the Kelvin waves propagatepolevard alongthe west
coastof India afterturning aroundSri Lanka, they radiatedownwelling Rossby
wavesthatproducea“high” in sealevel off southwestndia. Thedownwellingand
the surfacelayerof low-salinity waterprovide a breedinggroundfor the formation
of aSSThighin JanuaryBy March,with theincreasen solarinsolationdueto the
northward marchof the Sunandthe deepstablesurfacelayer, the highreachesa
maturephaseclearly evidentin the Lakshadwee[®ea.By May, whenthethermal
equatorand ITCZ move over the region, the high canbe seenembeddedn the
TE. We speculatdghatat this time the high helpsin producingconditionsthatare

conducve for genesiof the monsooronsetvortex.

1. Intr oduction

Prior to the onsetof the southwestmonsoon,a pool of
warmwatercoversalargeareain thetropicalIndianOcean.
Joseph [1990] calledit the IndianOceanwarmpool because
it is the warmestareaof the world oceansduring April and
May. Thewarmpoolformsapartof anapproximatelyzonal
bandof high seasurfacetemperature§SSTs)that we refer
to asthe thermalequator(TE). The TE is locatednearthe
equatoiin earlyFebruarytheband,alongwith thelntertrop-
ical CorvergenceZone(ITCZ), movesnorthwarduntil June
[Hastenrath and Lamb, 1979a;Rao et al., 1989], following
movementof the Sun. The TE andthe ITCZ form a sig-
nificantcomponenbf a systemthatcausesnoisturecorver-
gence,which in turn leadsto deepcorvectionand clouds,
heatingof the troposphericcolumnabove, strengtheningf
lower tropospheriavinds, etc.,all of which area partof the
monsooronsethatoccursoverthesoutheasterArabianSea
andsouthwesterndia during the lastweekof May or first
weekof June.

TheTE hasits corein theLakshadwee@ea(to theeastof
the Lakshadweeppslandsoff southwestndia, in the south-
easternArabian Sea),with temperaturegreaterthan 30°C
in thelastweekof May. This coreforms off southwestndia
in February—Marchwell beforethe TE andthe ITCZ move
overtheregion. In thisarticlewe (1) shov thatthe SSThigh
off southwestndia hasanidentity thatis distinctfrom the
TE and (2) examinethe reasondor formation of the high
SSTsin the Lakshadwee(Sea.

Our hypothesigs thatthehigh SSTsin the Lakshadweep
Seahave their genesisabout6 monthsearlierin the Bay of
Bengal. The hypothesigs motivatedby two recentfindings.
Thefirst is the discovery by Bruce et al. [1994] of a “high”
in sealevel that formsin the Lakshadweeseaduring the
northeastmonsoonDecemberMarch).Using hydrography
andaltimetry, they describedhehigh, whichmanifestedasa
large,anticyclonic eddyoff southwestndiaataround10°N.
We referto this asthe Lakshadweepigh. The secondind-
ing is by Shankar and Shetye [1997]. They shavedthat(1)
the high is a part of the annualcycle of eventsoff south-
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west India, which includesthe formation of the sealevel
high during the northeastmonsoonandof a low during the
southwestmonsoonand(2) the high andlow arearesultof
Rossbywave radiationby coastalKelvin wavesthat reach
thewestcoastof Indiafrom theBay of Bengalandtheequa-
torial Indian ocean. The Kelvin wavesthat leadto the for-
mation of the Lakshadweephigh have their originsin the
withdrawal and collapseof the southwestmonsoonduring
August-October

In the next sectionwe examinethe evolution of SSTs
in the north Indian Oceanusing the weekly SST fields for
1982-1995compiledby Reynolds and Smith [1994]. The
evolution of SSTduring January—Junbasa patternsimilar
tothatof theevolutionof theLakshadweepigh. In section3
we examinethe reasondor this similarity andconcludethat
the Lakshadweefseaprovidesa favorablegeographicset-
ting for therapidincreaseof SST.In section4 we speculate
ontherole thatthe SSThigh mightbe playingin theforma-
tion of themonsooronsetvortex off southwestndia.

2. Evolution of SSTin the LakshadweepSea
During January—June

Reynolds and Smith [1994] constructedan optimally in-
terpolatedveekly SSTdatasetfor 1982—1993subsequently
extendedto 1995)on a 1° x 1° grid over the globe. In this
study we have usedtheir SSTsover the Indian Ocean. As
suggestedy Reynoldsand Smith, a 1/4-1/2—1/4binomial
filter in time wasappliedto the SSTsbheforeusingthemin
our analysis.

A seriesof weekly SSTfields during January—Jun&989
is shawvn in Platel to describethe evolution of SSTin the
Indian Oceannorth of 20°S. The mostconspicuoudeature
seenin thefirst panel,for the weekcenteredon Januaryl,
1989, is the bandof high SST the TE. The TE reflectsthe
positionof the Sunandhenceof theregion of maximumso-
lar insolation. The ITCZ is associatedvith this region. The
next panelin Platel, for the weekcenteredon January22,
1989,shanvsthe TE aszonalpatche®f high SST.By theend
of Februarythe TE appearsastwo zonalbandsof high SST,
onearound15°S andthe otherfarthernorth around5°S. In
early March 1989a blob of high SST, distinctfrom the TE,
startsforming in the Lakshadweeseaoff southwestndia.
With time the blob grows towardwest-southwesind,by the
endof March, extendsacrosghe southerrArabianSea. Si-
multaneouslythe bandof high SSTassociatedvith the TE,
now azonalbelt 10°-15 latitudewide, migratesnorthward.
In early April (aroundApril 10, this year) the zonal band
runsover the blob of high SST, but eventhen,thehigh SST
blob retainsits identity, maintaininga temperaturef about
0.5°C higherthanthe surroundings.

We chosethe periodJanuary—Jun&989becausé demo-
nstratesestthe patternof evolution of SSTthatwe wantto
emphasize.Thereare two importantcharacteristicef this
pattern. First, the rate of warmingin the Lakshadweesea
is morethanthatin thesurroundingareas Secondandmore
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importantthiswarmingis notrelatedto themovemenif the
TE becausehe blob of high temperaturedescribedabove
canbe seenwell separatedrom the TE. The evolution of

SSTsin theregiondoesnotalwaysfollow the patternshovn

in Plate1l. However, the two characteristicof the evolu-

tion canusually be seen;this is evidentin Plate2, which
shaws the evolution of SSTin the climatologybasedon the
14-yeardata. The SSThighis not seenasclearlyin thecli-

matologybecaus®f the averaging,but it doesappeaisome
distanceoffshorein Marchandasa broadermpatchin April—

May. Table1 lists the approximatedatesof formationand
disappearancef the blob of high SST during this 14-year
period.

To examinefurtherthewarmingin the Lakshadwee[Sea
and its association,or lack of it, with the TE, we com-
putedthe amplitudeand phaseof the annualharmonicof
SSTin thenorthindianOcean(Figurel). Theoverall struc-
ture of the amplitudeand phaseis similar to that computed
by Rao et al. [1989], who usedthe Comprehensie Ocean-
AtmosphereData Set (COADS). The SST field associated
with themovemenbf the TE dominatesheannuaharmonic
in thenorthindianOcean.Thegraduakhangen phasdrom
south(around15°S in April) to north (around2C°N in late
August)indicateshe marchof the SSTfield associateavith
theTE. In theLakshadweeeatheannuakignalpeakdur-
ing late April or earlyMay, whereadartherwest,in thecen-
tral Arabian Sea,the annualsignal peaksonly in late June.
Overthe samdatitudesin the Bay of Bengalalso,the phase
lagsthatin the Lakshadweegea.Thatthe phasan the Lak-
shadweefseadeadsthatoverthesurroundingareasndicates
thatthe SSTin theLakshadwee$eaincreasesapidly much

Table 1. ApproximateDatesof Formationof the SeaSur
faceTemperaturddigh, its Merger With the ThermalEqua-
tor, and Its Dissipationoff Southwestndia During 1982—
1995. The SSThigh doesnot appearasa “blob” off south-
westIndia in 1983, and henceno datesare given for this
yeat

Year Dateof Formation Merger Dissipation
1982 February28 April 11 June6
1983
1984 March25 April 29 May 27
1985 March3 April 7 May 26
1986 March2 April 13 Junel
1987 March1 April 26 Junel4d
1988 Januany24 April 3 May 29
1989 March5 April 9 May 28
1990 Februaryll April 8 May 27
1991 March3 April 14 June9
1992 March8 April 19  Junel8
1993 March14 April 25 Juneb
1994 March20 April 10 Juneb5
1995 February26 April 9 Junell
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Plate 1. Evolution of weekly seasurfacetemperaturgSST) during January—Jun&989. The SST high first appearsoff
southwestndiain early Marchandretainsits identity until the endof May, eventhoughit memgeswith thethermalequator
by theendof April.
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Plate 2. Evolution of climatologicalweekly SSTduring January—JuneThoughthe SSThigh doesnot appearasclearlyas
in Platel becaus®f the averagingdoneover 14 years,a blob is seensomedistanceoffshorein Marchanda broadempatch
is seenduring April-May.
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Figure 1. Amplitude and phaseof the annualharmonicof
the SSTfield. Contourinterval is 0.25°C; phasemeasured
anticlockwisefrom the east,is zeroon Januaryl, and 360°
coversl1 year The gradualchangein phasefrom southto
north marksthe progressof the thermalequator(TE). The
phaseoff southwestindia, however, leadsthe surrounding
region andpeaksin April, beforethe arrival of the TE over
thesoutheasterArabianSeain late May.

beforeit doeselsavherein the ArabianSea.This opensthe
possibilitythatthe processethatdrive the evolution of SST
here are different from thosethat control the evolution of
SSTin theregion of the TE.

3. LakshadweepSeaDuring the Northeast
Monsoon

What might be the processeshat make the evolution of
SSTin the LakshadweeBeadifferent from the evolution
of SSTin the surroundingareaduring January—JuneTwo
processesan be held responsibldor the local warmingin
the LakshadweeSea. First, thelocalizedeffectsof air-sea
fluxes,suchaslow latentheatflux, high solarradiation,etc.;
secondthe nearsurfacecirculationandstratificationin the
region during the northeastmonsoon.In this sectionwe ex-
aminebothprocesses.

3.1. Air -SeaFluxes

To examine the distribution of air-seafluxes, we have
constructedhe mapsof latentheatflux and net shortwave
radiationat the seasurface using National Centerfor En-
vironmental Prediction/ National Centerfor Atmospheric
ResearciNCEP/NCAR)reanalysisclimatology for 1982—
1993[Kalnay et al., 1996]. If latentheatflux andnetshort-
wave radiationareresponsibldor the warmingin the Lak-
shadweefSea,thenthe distribution of thesefluxes should
shav alow or high in the Lakshadweefsea,which should
be distinctfrom otherareas.Figures2 and3 shav the dis-

tribution of latentheatflux andnetshortwave radiation,re-
spectvely, for 1989. During the northeasimonsoon Jatent
heatflux is high over northwesterrArabianSeaandthe Bay
of Bengal;it is low over southeasterArabian Seabecause
of weakwinds. During January—Februarg patchof low la-
tentheatflux extendstowardthe equatorfrom the southwest
coastof India; it, however, startsdisintggratingin March.
By April the southeasterirabian Sea,including the Lak-
shdweeSeaexperiencesigherlatentheatflux. A compar
ison of the patchof low latentheatflux in the southeastern
Arabian Seaand the blob of high SST, shawvn in Plate1,
suggestsaa mismatchin the time of occurrence.The patch
of low latentheatoccursin the southeasterArabianSeain
January—Februanyut the blob of high SST appearghere
in early March, whenthe patchof low latentheatflux has
starteddisintegrating. The blob of high SSTstrengthenand
continuesto exist at the samelocationduring April, while
the latentheatflux increases.Henceit is unlikely thatthe
localizedeffect of latentheatflux causeshe high SSTob-
senedin theLakshadweesea.

Similarly, Figure 3 shows that the net shortwave radia-
tion is high off the Indian westcoastin February but this
highis spreadoveramuchlargerareaandis not confinedto
the Lakshadweefsea.During March-April, too, thereis no
localizedhigh in the net shortwave radiationin the region;
henceit appearshatthe netshortwave radiationalsocannot
bethe causeof the SSThighin the LakshadweeSea.

In the NCEP/NCAR data set the latent heat flux and
shortwave radiationareclassifiedastype C variableswhich
meanghatthein situ obsenationshave verylittle influence
on their distribution. Hence,to confirm the above conclu-
sions,the monthly climatology mapsof latentheatflux and
netshortwave radiation(on 1° x 1° grid) presentedy Has-
tenrath and Lamb [1979b] were examined. They alsodo
not shav the pocketsof low latentheatflux or of high net
shortwave radiationoverthe Lakshadweesea.Thereforeit
appearghatthe air-seafluxesare not the primary causeof
the SSThighin theLakshadwee|Sea.

3.2. Near-SurfaceCir culation and Stratification

Satellitealtimetry shovs thata high in sealevel formsin
theLakshadwee®eaduringthenortheastnonsoorandthat
a low forms during the southwestmonsoon[Nerem et al.,
1994; Tapley et al., 1994]. In hydrography[Bruce et al.,
1994; Wyrtki, 1971] the high manifestsas an antigyclonic
eddy A geostrophiccurrentflows antigyclonically around
the high; it bifurcatesat the Indian coast,one branchflow-
ing polewardandthe otherturningequatorvardto complete
the circulationaroundthe high. This currentis a continua-
tion of the EastIndia CoastalCurrent(EICC), which flows
equatorvardfrom OctoberJanuarfMcCreary et al., 1993;
Shetye et al., 1996]. The presencef the Lakshadweepigh
splits the WestIndia CoastalCurrent(WICC), which flows
polewardin the north andequatorvard in the south. These
currentstransport,from the Bay of Bengalto the Arabian
Sea,thelow-salinity watersthatform a layer at the surface.
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Figure 2. Distribution of latentheatflux (W m~2) on a 2.5° x 2.5° grid basedon the monthly meanof National Center
for EnvironmentalPrediction/NationalCenterfor AtmosphericResearciNCEP/NCAR)reanalysiglataset[Kalnay et al.,

1996].

Salinity, in fact,is a usefultracerto mark this current(Fig-
ured).

It turnsoutthatthe EICC, thestructureof the WICC, and
the Lakshadweephigh and low are all dynamicallylinked
and areresponsibldor determiningthe oceanicconditions
in the southeasterArabianSea.Shankar and Shetye [1997]
examinedthe dynamicsof circulationin this region using
an analyticalmodelandwith numericalsimulationswith a
one-and-half-layedynamicalreduced-greity model. The
modeloceanwith anintial active layerthicknessof 100m,
wasforcedby the monthly meanwind stressclimatologyof
Hellerman and Rosenstein [1983] (seeShankar and Shetye
[1997]for modeldetails).It wasfoundthatthedownwelling
(upwelling) Rossbywavesthatareradiatedby downwelling
(upwelling) coastalKelvin waves propagatingpoleward al-
ongtheIndianwestcoastareinstrumentain generatinghe
high (low) obsenedin the Lakshadweefsea;a high forms
shortlyafterDecemberandalow formsin July. Only Kelvin

waveswith aperiodgreaterthanabout40 dayscontributeto
the formation of the high andlow. The Kelvin waveshave
adownwelling peakin Decembemlndan upwelling peakin
July. Downwelling (upwelling) pushesdown (up) the ther
mocline, causingdeepeningshoaling)of the upperlayer;
increase(decrease)n upperlayer thicknessimplies higher
(lower) sealevel. Figure5 shows thevariationsin thethick-
nessof the modelupperlayer; it is over 110 m thick in the
LakshadweeBea. The simulationwhoseresultsare pre-
sentedn Figure5 differs from that of Shankar and Shetye
[1997]in only onerespectnamelythatit includesthe Lak-
shadweemndMaldive islandchains.Theinclusionof these
island chainsslows the westward progressof the high and
low. Otherthanthis, thereareno appreciableehangedrom
theresultsof ShankamandShetye.

The Kelvin waves that radiate the Rossby waves off
southwestndiacaneitherbegeneratedy localwindsblow-
ing alongthe Indian westcoastor be forcedremotely The
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Figure 3. Distribution of netshortwave radiation(W m~2) atthe surfaceon a 2.5° x 2.5° grid basedon the monthly mean
of NCEP/NCARreanalysiglataset[Kalnay et al., 1996].

remotelyforcedwavesare generatedy windsin the equa-
torial IndianOceanYu et al., 1991]andby windsalongthe
L boundarieof theBay()f BengaI[MCCrearyet a]., 1993]
February Theseremotely generatedKelvin waves affect the EICC
[McCreary et al., 1996]and,afterbendingaroundthe south-
erntip of Sri Lanka,force changesn the WICC [McCreary
et al., 1993; Shankar and Shetye, 1997]. Ekmanpumping
in the LakshadweeBseamay alsoforce the Rossbywaves
that form the Lakshadweegigh. Model studiesby Bruce
et al. [1994,1998]suggesthatthe negative wind stresscurl
in theregion canalsogenerat®r enhancahe Lakshadweep
0" —FrTTTTT T T high. While all thesemechanismsglay a role in determin-
60°E 80°E 100°E ing the circulation off southwestindia, remoteforcing is
more significant, given that the winds off southwestindia
aremuchwealer thanthosein the bay or the equatorialln-
dian Ocean;also, the polevard WICC during the northeast
Figure 4. Horizontal distribution of surface salinity in  monsoonflows againstthe prevailing winds [Shetye et al.,
Februarybasednthemonthlymeanclimatologyof Levitus  1991]. The modelstudiesby McCreary et al. [1993] also
et al. [1994]. Thelow salinity off southwestndiais aresult supportthe conclusionthat remoteforcing is more signifi-
of inflow from theBay of BengalduringNovemberJanuary cantin determiningthe circulation off southwestindia. In
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Figure 5. Upperlayerthicknessfrom a one-and-half-layedynamicalreduced-greity modelforcedby the monthly mean
wind stressclimatologyof Hellerman and Rosenstein [1983]. Contourinterval is 10 m. Thicker upperlayerimpliesdown-
welling andahighin sealevel. Downwelling Kelvin wavesalongthe eastcoastof IndiaturnaroundSri Lankaandpropagate
alongthe westcoastof India (seeplot for Decemberl5). They radiatewestward propagatingRossbywaves,andthe Lak-
shadweemigh forms off southwestndiain Januaryijt grows with time andmoveswestward. The high canstill be seenin

thevicinity of the Lakshadweefslandsin May.

a test calculationwithout Arabian Seawinds, the currents
alongthewestcoastof Indiawerestill strong,but they were
wealer without Bay of Bengalwinds.

The equatorvard EICC andthe polevard WICC arealso
instrumentalin bringing the low-salinity watersof the bay
into the southernArabian Sea. During the northeasimon-
soonthesalinity in the ArabianSeais above 34.5while that
in the Bay of Bengalis well belov 34.0. The EICC trans-
portsabout7 x 10° m® s~1 of waterinto the southernAra-
bian Sea,and at the sametime, the Kelvin wave radiates
Rossbywaves, spreadingthe low-salinity watersmore to-

ward the westthantoward the north, leadingto the forma-
tion of a low-salinity pool off southwesindia. The surface
salinity distribution shavn in Figure4 clearly demonstrates
thewestward penetratiorof low-salinity waterfrom the Bay
of Bengalinto the ArabianSea.This canalsobe seenin the
surfacesalinity distributionspresentedy Wyrtki [1971] for
January—FebruaryAs a consequencef downwelling, the
low-salinity waterformsasurfacelayerapproximatelysO m
thick (Figure6); below this layer, salinity increasesharply
creatinga highly stablehalocline.

The deepthermoclineandthe low-salinity layer lead to
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Figure 6. Vertical sectionof salinity during March—April
1994 along a leg that runs cross-shorgeast-northeasto
west-southwestrom around10°N atthe Indianwestcoast.
Cross-shorédistancdrom thecoastis shovn ontheabscissa,
andthe crossesnark the standarddepthsusedfor contour
ing. Thelow-salinity surfacelayerandthe sharpincreasean
salinity below it createa stablehalocline.

stablenearsurfacestratificationandtherebyprovide anideal
breedinggroundfor high SSTs. Giventhe closenes®f the
Lakshadweeseato the equatoy solarradiationat the sur
faceis neverlow; by the endof Januarywith the Sunhav-
ing commencedts northward march, insolation begins to
increaseandthe deepandstableupperlayerpermitsa rapid
increasen termperature.Hencethe SST high in the Lak-
shadweeseaformsevenbeforethe TE andthe ITCZ move
overtheregion.

With time the circular region of the thicker upperlayer
growsin sizeandmoveswestward (Figure5) asdid the SST
high describedearlier In April the thicknessof the layer
dropsto 80 m justto theeastof thehigh. Theshoalingof the
upperlayer on the easterrside indicatesupwelling (dueto
thearrival of Kelvin waveswith upwellingphasegndshoal-
ing of thethermoclinewhich bring up the coolersubsurace

waters,resultingin cooler SST nearthe coast. The juxta-
positionof warm SSTsover the region of dawnwelling and
coolerSSTsovertheregion of upwellingcreatesharpSST
gradienton the easterrflanksof the SSThigh.

In summary the following is the chronologyof events
leadingto formation of the high in SST in March—April.
The collapseof the southwestmonsoorwindstriggerdown-
welling coastaKelvin wavesthatpropagatelongtheperim-
eter of the Bay of Bengal. The Kelvin waves, on reach-
ing the westernboundaryof the bay, force an equatorvard
EICC, which turnsaroundSri Lankaand, on reachingthe
west coastof the Indian subcontinentflows asa polevard
WICC. The EICC andthe WICC carry low-salinity waters
from the bay to the LakshadweeBeaduring December
February The Kelvin waves along the west coastradiate
downwelling Rossbywaves,formingtheLakshadweepigh.
The downwelling andthe low-salinity surfacelayer provide
an ideal breedinggroundfor high SSTs(SSTshigherthan
29°C) in the Lakshadweebeaasearly as March. Toward
the endof April the TE runsover this high, furtherenhanc-
ing its temperatureby theendof May theSSThighbecomes
thecoreof awarmpooloverthe ArabianSeaandtherebythe
warmestspotin theregion.

4. MonsoonOnsetVortex

The southwestmonsoonis a complex phenomenoror-
chastratedby mary processesExpectedo playarolein the
phenomenorare unequalwarming of land and ocean,dy-
namicsandthermodynamicef thelTCZ, snav coverin the
Himalayas,atmospheridluctuationsthat girdle the tropical
belt, the influenceof El Nifio andthe SouthernOscillation,
etc. Onsetof the southwestmonsoorrainsover Indiais gen-
erally aspectaculaevent,very oftenprecededy theforma-
tion of anonsetvortex. Thevortex, anareaof low pressure,
forms around1CN in the southeasterrabian Sea. The
low deepengo form a cyclonic storm, which resultsin es-
tablishmenbf aregion of corvergenceoverthesoutheastern
ArabianSea followedby the strengtheningf the monsoon
westerlies. This leadsto sustainedrainfall over southwest
Indiaandheraldgheonsetof the southwesmonsoonhence
the name“monsoononsetvortex.” With the advanceof the
monsoorover India, the vortex alsomovesnorthwardalong
the Indian west coastto about20°N and then veerswest-
northwestvard. An exhaustve descriptionof theoccurrence
of thevortex since1901is givenby Ananthakrishnan et al.
[1968], a summaryof which is provided by Krishnamurti
et al. [1981].

During the MonsoonExperiment((MONEX) in 1979the
vortex wasobsenedto form afterthelow-level westerlyflow
hadintensified. This promptedKrishnamurti et al. [1981]
to proposethatbarotropicinstability dueto horizontalshear
leadsto formationof the vortex. Mak and Kao [1979] have
suggestedhat vertical shearand stratificationin the atmo-
spherearealsoresponsibldor genesiof the vortex. How-
ever, Douglas [1992] suggestghat the onsetvortex forma-
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S The thermal equator and ITCZ move
over the SST high by May-end,
enhancing SST and causing large-sci
moisture convergence. The high SST
provide a necessary condition for the

genesis of the monsoon onset vortex.

4 High SSTs in April probabl
trigger pre-monsoon rainfall,
but ho onset because of in-
sufficient moisture. The
thermal equator is still
to the south.

Lakshadweep Sea

India
Sri Lanka

1 As the southwest monsoon collaps
in October and the northeast mon-
soon strengthens, a downwelling
Kelvin wave appears as an equatol
ward EICC. As the thermal equator
moves south over the equator in
November, a downwelling Kelvin
wave at the equator forces an east
ward jet.

/
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\\n
X
-

3 stable stratification and downwellin:

provide favourable conditions for

surface warming, and increased sol

insolation leads to a blob of high
SST by March.

2 By January, a region of hig
séa level and low surface
salinity forms in the
Lakshadweep Sea.

Figure 7. Schematicsummarizingthe processhatleadsto the formation of the premonsoorSST high and, perhapsthe

monsooronsetvortex.

tion is a regional-scaleresponsédo a synopticcyclonic cir-
culationratherthanthe barotropicinstability developedon
the planetary-scalsouthwesterlynonsoonafflow. Joseph
[1990] hasarguedthatthe vortex is linkedto thewarm pool
in the southeasterrabian Sea. Doesthis meanthat the
SST high off southwestndia causeghe regional-scalere-
sponse?Thereis no unequivocalanswerto this question at
present.However, it is likely thatthe existenceof all three,
the Lakshadweephigh, the SST high, andthe onsetvortex,
in thesameregionis morethanamerecoincidence.

What makesthis possibility intriguing is thatit seemso
containthe elementsof a classicalcoupledocean-atmosph-
eresystemasfollows: (1) An atmospherie@ventwell sep-
aratedfrom the eventualregion of intenseactuity triggers
eventsin the ocean;the collapseof the southwesimonsoon
in Octoberandthe onsetof the northeasmonsoongenerate
Kelvin wavesin the Bay of Bengal. (2) Responsentirely
within the oceanproducesspecialconditionsat a location

remotefrom the atmospherievent; the Kelvin wavesfrom
thebayleadto downwelling andto a stablesurfacelayerin
the Lakshadweesea,permittinghigh SSTsthere. (3) The
oceanprovidesnecessary#izorableconditionsto triggeran
eventin theatmospherethe high SSTsof the Lakshadweep
Seainfluenceformation of the onsetvortex. This seriesof
eventsis summarizedn Figure?.

It appearghatin additionto playing a possiblerole in
triggeringtheonsetof the southwestmonsoonthe SSThigh
in the Lakshadweeseahasotherimplications. Joseph and
Pillai [1988]shavedthatin mid-April, abouté weeksbefore
the monsooronsetin late May or early June the southwest
coastof India experiencesa spell of premonsoorrainfall.
This eventhasall the signature®f a monsoomnsetexcept
thatit fizzles out quickly. Our speculation(basedon per
sonalcommunication(1997) from P. V. Joseph)is that the
high SSTsin the Lakshadweeseaplay arole in this, too.
However, sustainegrecipitationis not possibleat this time
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becausehereis not enoughmoistureavailable; thereis a
competingsourceof high SSTandlow surfacepressurere-
atedby the TE andthe ITCZ farthersouth.By late May the
TE andthelTCZ move overthe Lakshadweesea forming
the Indian Oceanwarm pool andlowering surfacepressure
off southwestindia. This favors large-scalecorvergence,
and moisturebecomesavailable, creatingconditionsfavor-
able for the formation of the monsoononsetvortex. This
suggesthatthe Lakshadwee®SThigh probablyprovidesa
necessarybut not sufficient conditionfor the genesif the
monsooronsetvortex.
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