5 Summary

We have describedhe climatologicalseasonatycle of surfacecirculationassoci-
atedwith theopen-oceamonsoorcurrentsn thenorthindianOceanBoth Ekman
drift, estimatedrom climatologicalwind stressandsurfacegeostrophicurrents,
derived from hydrographyand TOPEX/Poseidoraltimetry, contribute to the net
surfacecurrent.Themonsoorcurrentsextendover the entirebasin,but they do not
comeinto being,or decay over this region at a giventime. Differentpartsof the
currentsform anddecayat differenttimes,andit is only in their maturephasehat
the monsooncurrentsexist ascontinuoustrans-basircurrents.Both Ekmandrift

andgeostrophymake significantcontributionsto the monsooncurrentsandto the
transportsassociatedvith them.

Obsenationsand numericalsimulationsusingan OGCM show thatthe WMC, in
its maturephaseduring DecembefrMarch,is primarily a geostrophicurrent,with
Ekmandrift modulatingit. It flows westward from the easterrBay of Bengalto
Sri Lankaandbeyond.In the ArabianSeathe WMC branchespnebranchflowing
westward, the otherturningaroundthe Lakshadweeigh in the southerrArabian
Seato flow eastvardinto the polevard WICC. The Ekmandrift, in contrastto the
geostrophidlow, is unidirectional(westward); hence atthe surface,it accentuates
the westward flow of the WMC to the southof the Lakshadweefigh, andatten-
uatesthe eastvard flow of the WMC to its north. The curving flow of the WMC
aroundthehighis, thereforeclearonly belov ~ 20m. This definitionof the WMC
differsfrom thatin earlierwork, which considereanly thewestwardflow to bethe
WMC; we do not differentiatebetweerthetwo partsof this continuouscurrentbe-
causehey form thefront of the westward propagatindgRossbywave radiatedfrom
theIndianwestcoastandare,therefore dynamicallyindistinguishable.

In its maturephasethe SMC flows eastvard, from the westernArabianSeato the
easterrBay of Bengal.The strongwinds duringthe summermonsoorensurethat
Ekmandrift dominatesat the surface,with geostrophydominatingbelon ~ 20 m.
This leadsto a morecomple vertical structurethanis associateavith the WMC.
Hence,the maturephaseextendsfrom May to Octoberat the surface,but endsa
month earlierin the depth-aeragedflow over the top 50 m. At the surface,the
matureSMC in the Arabian Seaflows eastvard and southeastard over most of
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the basin,feedinginto the eastvard SMC southof Sri Lanka, this currentflows
eastvard andnortheastwrdinto the bay The geostrophicSMC, which dominates
below ~ 20 m, is a continuationof the SomaliCurrent.A partof therecirculation
aroundtheeddiesoff Somaliameigeswith theflow to thewestof theLakshadweep
low off southwestndiato form a curvingcurrentthatflows into the eastvard SMC
southof Sri Lanka; this flows northeastward into the bay In our definition, the
matureSMC in the ArabianSeais the broad,basin-wide gast-southeastawvd flow
whosesignaturds seenin bothsurfaceflow anddepth-aeragediow. The coreof
this currentliesin thecentralArabianSeawherethe geostrophioutflow from the
eddiesoff Somaliaaccentuatethe Ekmandrift. It is this corethatwasconsidered
the SMC in earlierwork. We do not distinguishbetweerthecoreandtherestof the
flow becausdothareforcedby the samesetof processeslhematurephaseof the
monsoorcurrentsasdefinedin this paperis summarisedn aschematicFig. 27).

Numericalsimulationswith a reduced-graity modelshow thatthe monsooncur-

rentsare composedf several parts,eachof which is forcedby oneor more pro-

cessesln the Bay of Bengal,the major processeare Ekmanpumpingandremote
forcing from the equatorialindian Ocean.The continuity of the SMC southof Sri

Lankais primarily dueto remoteforcing by the winds along the eastcoastsof

India and Sri Lanka, which force the Lakshadweehigh off southwestndia and
contribute significantlyto forcingthe monsoorcurrentsn theeasterrArabianSea.
In the restof the Arabian Sea,Ekmanpumpingcombineswith Rossbywavesra-

diatedfrom the westcoastof India to producethe curving flows associatedvith

the geostrophianonsoorcurrents Superimposedn thesegeostrophidlowsis the
local Ekmandrift. Thus,asimplelinearframevork basednthreelinear, baroclinic
waves— the equatorialKelvin wave, the equatorialRossbywave, andthe coastal
Kelvin wave — andthe Ekmandrift is sufficient to explain the seasonatycle of

themonsoorcurrents.

Thatthemonsoorcurrentsdespitetheir compleity, areseenin climatologyis due
to theregular seasonatycle associatedavith the monsoon.This — regularity, bor-
deringon predictability— is onefacetof the monsoon Anotherfacetof the mon-
soonis ficklenessthe monsoorvariesa lot from oneyearto another This results
in considerablaenterannualvariability in the monsooncurrents(Fig. 28). There
are also variationson the sub-monthlytime scalesuperimposean the seasonal
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monsoonforcing sub-monthlyvariability in the monsooncurrents(Fig. 29). The
sea-l@el anomaliesand geostrophiccurrentsfrom eachTOPEX/Poseidortycle
(Fig. 29) shav amuchricherstructurehandothemonthlyaverage®r climatology
(Fig. 28). Thoughstill identifiableascontinuougrans-basirflows in these*snap-

Schematic of circulation in the Indian Ocean
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Fig. 27.Schematicgepresentationf thecirculation,asdescribedn this paperin thelndian

Oceanduring January(winter monsoon)andJuly (summemonsoon)A comparisorwith

the schematian Fig. 2 shaws the differencedetweerearlierdescriptionf the monsoon
currentsand the descriptionin this paper The abbreiations are asfollows. SC, Somali
Current;EC, EquatorialCurrent;SMC, SummerMonsoonCurrent;WMC, Winter Mon-

soonCurrent;EICC, EastindiaCoastalCurrent;WICC, WestindiaCoastalCurrent;SECC,
SouthEquatorialCounterCurrent;EACC, EastAfrican CoastalCurrent;SEC,SouthEqua-
torial Current;LH, Lakshadweepigh; LL, Lakshadweefow; andGW, GreatWhirl.
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shots, thecurrentsmeandemuchmorein flowing pastthe mary eddieshatdom-
inatetheflow field. Theclimatologicalgeostrophianonsoorcurrentsaretherefore
thewealer ensemblesf thesemeanderingurrents.

Themultiplicity of eddiesin the TOPEX/Poseidomsea-le@el anomaliess reminis-
centof theeddy-dominatedlow seenin thehhydrographialataof the IOE (Duing,

Interannual variability in surface geostrophic flow

30°N

\i\a fom
Ko 75
VR

(s~ 17 r‘/i’\"u‘, -

40°E 50°E 60°E 70°E 80°E 90°E 100°E  40°E 50°E 60°E 70°E 80°E 90°E 100°E

b

—— 100. cm s~!

Fig. 28. Monthly-meangeostrophiccurrent (cm s™1), derived from TOPEX/Poseidon
altimetry for January(left panels)and July (right panels).The top panelsshav the
monthlyclimatology(1993-1997)asin Fig. 5. Themiddle panelsshav themonthly-mean
geostrophiccurrentsfor 1994 (Januaryon left and July on right), andthe bottom panels
for 1997.The monthly averagedor the years1994and1997differ from climatology even
thoughthe monsoorcurrentscanbetracedin boththeseyears.
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1970; Wyrtki, 1971). Thoseeddies however, weredueto sparsityof data,which
preventedthe meancurrentsfrom standingout. The eddiesseenin altimetry are,
on the otherhand,dueto the betterresolutionthatthe satellitedataafford in both
spaceandtime. The vastamountof such“nearsynoptic” databeing madeavail-
able by satellitesrevealsmore complec structuresn the domainof the monsoon
currentsasthe resolutionof the databecomediner in spaceandtime. Thateddies
arecommonin the north Indian Oceanis obvious from thesedata,which reveal

Surface geostrophic flow for 1994
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Fig. 29. Geostrophiccurrents(cm s™1) from TOPEX/Poseidoraltimetry for threecycles
eachduring January(left panels)andJuly (right panels)f 1994. The GWMC andGSMC
can be tracedeven in individual TOPEX/Poseidortycles, even thoughthe currentsare
morenoisyandmeandemorethanin climatologyor in monthly averagegFig. 28).
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a pictureof the surfacecirculationthatis quite differentfrom the smoothcurrents
seenn climatologyor monthlymeansopr in thesimulationsdescribedn thispaper
It remainsto be seenf thelineartheoreticaframewnork describechereinwill hold
evenfor the eddyingmotion evident at thesespatialandtemporalscalesor if its
applicabilityis restrictedto the ensemblef theseeddiesthatis representetyy the

seasonatycle.
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