
5 Summary

We have describedtheclimatologicalseasonalcycle of surfacecirculationassoci-

atedwith theopen-oceanmonsooncurrentsin thenorthIndianOcean.BothEkman

drift, estimatedfrom climatologicalwind stress,andsurfacegeostrophiccurrents,

derived from hydrographyand TOPEX/Poseidonaltimetry, contribute to the net

surfacecurrent.Themonsooncurrentsextendover theentirebasin,but they donot

comeinto being,or decay, over this region at a given time. Dif ferentpartsof the

currentsform anddecayat differenttimes,andit is only in their maturephasethat

the monsooncurrentsexist ascontinuous,trans-basincurrents.Both Ekmandrift

andgeostrophymake significantcontributionsto themonsooncurrentsandto the

transportsassociatedwith them.

ObservationsandnumericalsimulationsusinganOGCM show that theWMC, in

its maturephaseduringDecember–March,is primarily a geostrophiccurrent,with

Ekmandrift modulatingit. It flows westward from the easternBay of Bengalto

Sri Lankaandbeyond.In theArabianSea,theWMC branches,onebranchflowing

westward,theotherturningaroundtheLakshadweephigh in thesouthernArabian

Seato flow eastward into thepolewardWICC. TheEkmandrift, in contrastto the

geostrophicflow, is unidirectional(westward);hence,at thesurface,it accentuates

thewestwardflow of theWMC to thesouthof theLakshadweephigh, andatten-

uatesthe eastward flow of the WMC to its north.The curving flow of the WMC

aroundthehigh is, therefore,clearonly below � 20m. Thisdefinitionof theWMC

differsfrom thatin earlierwork,whichconsideredonly thewestwardflow to bethe

WMC; wedonotdifferentiatebetweenthetwo partsof thiscontinuouscurrentbe-

causethey form thefront of thewestwardpropagatingRossbywave radiatedfrom

theIndianwestcoast,andare,therefore,dynamicallyindistinguishable.

In its maturephase,theSMC flows eastward,from thewesternArabianSeato the

easternBay of Bengal.Thestrongwindsduringthesummermonsoonensurethat

Ekmandrift dominatesat thesurface,with geostrophydominatingbelow � 20 m.

This leadsto a morecomplex verticalstructurethanis associatedwith theWMC.

Hence,the maturephaseextendsfrom May to Octoberat the surface,but endsa

month earlier in the depth-averagedflow over the top 50 m. At the surface,the

matureSMC in the ArabianSeaflows eastward andsoutheastward over mostof
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the basin,feedinginto the eastward SMC southof Sri Lanka; this currentflows

eastwardandnortheastwardinto thebay. ThegeostrophicSMC, which dominates

below � 20 m, is a continuationof theSomaliCurrent.A partof therecirculation

aroundtheeddiesoff Somaliamergeswith theflow to thewestof theLakshadweep

low off southwestIndia to form acurvingcurrentthatflowsinto theeastwardSMC

southof Sri Lanka; this flows northeastward into the bay. In our definition, the

matureSMC in theArabianSeais thebroad,basin-wide,east-southeastwardflow

whosesignatureis seenin bothsurfaceflow anddepth-averagedflow. Thecoreof

thiscurrentlies in thecentralArabianSea,wherethegeostrophicoutflow from the

eddiesoff SomaliaaccentuatestheEkmandrift. It is this corethatwasconsidered

theSMCin earlierwork. Wedonotdistinguishbetweenthecoreandtherestof the

flow becausebothareforcedby thesamesetof processes.Thematurephaseof the

monsooncurrents,asdefinedin thispaper, is summarisedin aschematic(Fig. 27).

Numericalsimulationswith a reduced-gravity modelshow that themonsooncur-

rentsarecomposedof severalparts,eachof which is forcedby oneor morepro-

cesses.In theBay of Bengal,themajorprocessesareEkmanpumpingandremote

forcing from theequatorialIndianOcean.Thecontinuityof theSMC southof Sri

Lanka is primarily due to remoteforcing by the winds along the eastcoastsof

India andSri Lanka,which force the Lakshadweephigh off southwestIndia and

contributesignificantlyto forcingthemonsooncurrentsin theeasternArabianSea.

In the restof theArabianSea,Ekmanpumpingcombineswith Rossbywavesra-

diatedfrom the westcoastof India to producethe curving flows associatedwith

thegeostrophicmonsooncurrents.Superimposedon thesegeostrophicflows is the

localEkmandrift. Thus,asimplelinearframework basedonthreelinear, baroclinic

waves— theequatorialKelvin wave, theequatorialRossbywave, andthecoastal

Kelvin wave — andthe Ekmandrift is sufficient to explain the seasonalcycle of

themonsooncurrents.

Thatthemonsooncurrents,despitetheircomplexity, areseenin climatologyis due

to theregularseasonalcycle associatedwith themonsoon.This — regularity, bor-

deringon predictability— is onefacetof themonsoon.Anotherfacetof themon-

soonis fickleness:themonsoonvariesa lot from oneyearto another. This results

in considerableinterannualvariability in the monsooncurrents(Fig. 28). There

are also variationson the sub-monthlytime scalesuperimposedon the seasonal
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monsoon,forcing sub-monthlyvariability in the monsooncurrents(Fig. 29). The

sea-level anomaliesand geostrophiccurrentsfrom eachTOPEX/Poseidoncycle

(Fig.29)show amuchricherstructurethandothemonthlyaveragesor climatology

(Fig. 28). Thoughstill identifiableascontinuoustrans-basinflows in these“snap-
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Fig.27.Schematicrepresentationof thecirculation,asdescribedin thispaper, in theIndian

OceanduringJanuary(winter monsoon)andJuly (summermonsoon).A comparisonwith

theschematicin Fig. 2 shows thedifferencesbetweenearlierdescriptionsof themonsoon

currentsand the descriptionin this paper. The abbreviations areas follows. 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, Lakshadweephigh;LL, Lakshadweeplow; andGW, GreatWhirl.
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shots,” thecurrentsmeandermuchmorein flowing pastthemany eddiesthatdom-

inatetheflow field. Theclimatologicalgeostrophicmonsooncurrentsaretherefore

theweakerensemblesof thesemeanderingcurrents.

Themultiplicity of eddiesin theTOPEX/Poseidonsea-level anomaliesis reminis-

centof theeddy-dominatedflow seenin thehydrographicdataof theIIOE (Düing,

Fig. 28. Monthly-meangeostrophiccurrent (cm s
� 1), derived from TOPEX/Poseidon

altimetry, for January(left panels)and July (right panels).The top panelsshow the

monthlyclimatology(1993–1997),asin Fig.5. Themiddlepanelsshow themonthly-mean

geostrophiccurrentsfor 1994(Januaryon left andJuly on right), andthe bottompanels

for 1997.Themonthlyaveragesfor theyears1994and1997differ from climatology, even

thoughthemonsooncurrentscanbetracedin boththeseyears.
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1970;Wyrtki, 1971).Thoseeddies,however, weredueto sparsityof data,which

preventedthe meancurrentsfrom standingout. The eddiesseenin altimetry are,

on theotherhand,dueto thebetterresolutionthat thesatellitedataafford in both

spaceandtime. The vastamountof such“near-synoptic” databeingmadeavail-

ableby satellitesrevealsmorecomplex structuresin the domainof the monsoon

currentsastheresolutionof thedatabecomesfiner in spaceandtime.Thateddies

arecommonin the north Indian Oceanis obvious from thesedata,which reveal

Fig. 29. Geostrophiccurrents(cm s
� 1) from TOPEX/Poseidonaltimetry for threecycles

eachduringJanuary(left panels)andJuly (right panels)of 1994.TheGWMC andGSMC

can be tracedeven in individual TOPEX/Poseidoncycles,even thoughthe currentsare

morenoisyandmeandermorethanin climatologyor in monthlyaverages(Fig. 28).
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a pictureof thesurfacecirculationthat is quitedifferentfrom thesmoothcurrents

seenin climatologyor monthlymeans,or in thesimulationsdescribedin thispaper.

It remainsto beseenif thelineartheoreticalframework describedhereinwill hold

even for theeddyingmotion evident at thesespatialandtemporalscales,or if its

applicabilityis restrictedto theensembleof theseeddiesthat is representedby the

seasonalcycle.

78



Acknowledgements

WethankSatishShetyefor initiating thiswork andfor sharinghis insightsinto the

physicaloceanographyof thenorthIndianOcean.Thealtimeterproductshavebeen

producedby theCLS (CollecteLocalisationSatellites)SpaceOceanographyDivi-

sion aspart of the EuropeanUnion’s EnvironmentandClimateprojectsAGORA

(ENV4-CT9560113)andDUACS(ENV4-CT96-0357),with financialsupportfrom

the CEO (Centrefor EarthObservations)programmeandMidi-Pyrén̆esregional

council. The ship-drift dataare from the OceanCurrentDrifter Data CDROMs

NODC-53 and NODC-54, which are due to the National OceanicData Center

(NODC), US Departmentof Commerce,NationalOceanicandAtmosphericAd-

ministration(NOAA), USA. We thankBeenaSarojini for helpingwith thesedata.

The figuresweremadeusingFerret, GMT, andXfig. This work wascarriedout

underprojectsfundedby theDepartmentof OceanDevelopment,New Delhi. The

simulationswith the OGCM werecarriedout whenP. N. Vinayachandranwasat

the Institute for Global ChangeResearch,Frontier ResearchSystemfor Global

Change,Tokyo,Japan.Thecommentsof theanonymousreviewershelpedimprove

themanuscript.This is NIO contribution3719.

79



References

Bauer, S.,Hitchcock,G. L., Olson,D. B., 1991.Influenceof monsoonally–forced

Ekmandynamicsuponsurfacelayerdepthandplanktonbiomassdistribution in

theArabianSea.Deep-SeaResearch38,531–553.
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