3 Themonsoon currentsin an OGCM

Theobsenationsshow thatboth Ekmandrift andgeostrophycontributeto the sur
facecirculationin the north Indian Ocean.The former decaysapidly with depth,
but the latter is expectedto be significantevenin the subsuricelayers.We usea
multi-level OceanicGeneralCirculation Model (OGCM) to ascertairthe vertical
structureof the monsoorcurrentsandto estimateheir transports.

3.1 Numericalmodel

TheOGCMis basednthe ModularOcearModel (Pacanaevski, 1996). Themodel
domaincoversthetropicalIndianOcean(30°S—-30N, 30°-115E). Themodelhas
realistic coastlineandtopographybasedon the ETOPO5dataset. The horizontal
resolutionis 0.33° x 0.33° andthereare25levelsin thevertical,of which eightare
in thetop 100m. Horizontaleddyviscosityanddiffusivity are2 x 10’ cn? s~1 and
10’ cm? s~ 1 respectiely, andverticalmixing is parameterizedsingthe schemeof
Pacanavski andPhilander(1981). The modelis spunup for five yearsfrom a state
of restandclimatologicaltemperaturélLevitusandBoyer, 1994)andsalinity (Lev-
itus et al., 1994) using the wind-stressclimatology of Hellermanand Rosenstein
(1983).

The model reproduceghe monsooncirculation in the Indian Oceanreasonably
well. Vinayachandraret al. (1999a)comparedthe SMC along 6°N in a similar

modelwith TOPEX/Poseidomltimetry andgeostrophicurrents.They foundthat

themodelSMC nearSri Lankacomparesvell with thatderivedfrom TOPEX/Po-
seidonaltimetry, but the core of the SMC eastof Sri Lankawaswealer in the

modelcomparedo thatdervedfrom XBT data.Vinayachandraraji,andYama-

gata(1999b)usedthe modelto investigatehe unusualkonditionsin the equatorial
Indian Oceanin 1994 and notedthat the model EquatorialCurrentis consistent
with directcurrentmeasurement@®Reppinetal., 1999).
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3.2 Themodelcirculation

Theflow in thefirst 3 modellevelsis dominatedoy Ekmanflow, geostrophydom-

inating below this. At eachlevel, however, both contributeto the modelflow field.

Hence we presenthe modelcirculationat 5 m and35 m depths comparingthem
with the Ekmandrift and geostrophidlow. Thenwe presentthe depth-aeraged
flow in thetop 50 m, whichis morerepresentatie of the shallov monsoorcurrents
thanthe surfaceflow alone.

As the modelflow is a compositeof both Ekmanandgeostrophidlows, thereare
several additionalfeaturesin it at 5 m (Fig. 10) comparedto the estimatedEk-
man drift (Fig. 3). For example,the model flow at 5 m containsstrong coastal
currents,including the Somali Current, the coastalcurrentoff Oman,the EICC,
andthe WICC. TheEICC flows equatorvardduringNovemberandfeedsthe west-
wardWMC southof Sri Lanka,this flow standingoutfrom theeastvard Equatorial
Current(the fall Wyrtki jet). In the westernArabianSea,thereis a westward drift
at ~ 9°N; this is the relic SMC or the incipient WMC. The mature,trans-basin
WMC existsat the surfaceduringDecemberMarch.Most of the flow is westward
at ~ 5°N, but a branchof the WMC turnsto flow aroundthe Lakshadweenigh
in the southeasterirabian Sea;this branchof the WMC propagatesvestward.
Apart from the WMC, the outstandingfeatureduring the winter monsoonis the
antigyclonic gyrein thebay. Thus,duringthe winter monsoonwhenthewindsare
relatively weak,geostrophydominateseven at the surface,the Ekmandrift modu-
lating the geostrophicurrents.

The Ekmandrift dominategshe modelsurfaceflow during the summermonsoon.
Neverthelessthe coastalcurrents the intrusionof the SMC into the bay, andthe
flow aroundtheeddiesff Somaliawhicharedueto geostrophyareevidentevenat
5m. At thesurface thematurephaseof the SMC extendsfrom May to Octoberlike
theNF andthe SD. ThemodelSMC southof Sri Lankais fed by thesoutheastard
drift acrossthe ArabianSea;unlike in the NF, the contribution from the flow due
westis muchless.As in the NF, a currentbranche®ff from the SMC southof Sri
Lankato flow eastvard-southeastardandacrosghe equator

The model currentsat 35 m (Fig. 11) comparewell with the geostrophicflow

39



(Fig. 5). The genesisanddecayof the (G)WMC and (G)SMC follow the pattern
establishedrom satellitealtimetry. Theredoesnot, however, seemto be a clear
link betweenthe recirculationin the eddiesoff Somaliaand the SMC south of
Sri Lanka;the latter is fed more by the branchof the SMC that flows aroundthe
Lakshadweepow, andthis flow, in turn, is fed by the WICC andthe flow across
the centralArabian Sea.Therecirculationin the eddiesoff Somaliainsteadflows
mostlyinto the eastvardcurrentin the westernequatorialndian Ocean This east-
ward currentfeedsthe SMC southof Sri Lankain the SD (Fig. 9) andin the sim-
ulationsof McCrearyet al. (1993);it crosseshe equatoy however, in the OGCM

OGCM currents at 5 m
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Fig. 10. OGCM currents(cms™1) at 5 m. The modelflow at this depthis dominatedoy
Ekmandrift.
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simulationsandin the surface-drifterdata(Shenoietal., 1999a).

In the depth-aeragediow (DAF) in thetop 50 m (Fig. 12), the matureWMC is
asin theNF andappearsprimarily asa geostrophidlow modulatecby the Ekman
drift; the maturephaseof the depth-aeragedVMC alsoextendsfrom December
to March. A part of the DAF aroundthe eddiesoff Somaliafeedsthe eastvard
EquatorialCurrentin the westernindian Ocean but, unlike in the 35 m flow field,
mostof it megeswith the Ekmandrift to form abroad,basin-wide southeastard
flow acrosghe ArabianSea;this currentforms the broadwesternarm of the flow
aroundthe Lakshadweepow off southwestndia, andfeedsinto the SMC southof

OGCM currents at 35 m
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Fig. 11. OGCM currents(cms—1) at 35 m. The modelflow at this depthis dominatedoy
geostrophy
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SriLanka.In thebay, thenortheastwrd SMCis primarily geostrophicThemature
phaseof thedepth-aeragedSMC extendsfrom May to Septemberendingamonth
beforethatatthe surface;this is becaus¢he Ekmandrift is wealer in the DAF.

Westward propagationassociatedvith Rossbywavesforms an essentiacompo-
nentof the monsooncirculationin the north Indian Ocean(Fig. 13); this is best
seenin the flow at 35 m. In the bay, however, westward propagations seenat all
depthsover the entireyear indicatingthe dominanceof geostrophythere.During
the summermonsoon the dominanceof the Ekmandrift eliminatesthe Rossby
wave signalat5 m, but westward propagations seenat 35 m; this signal,however,
is weak,possiblybecausehe strongeastvard Ekmandrift slows down the Rossby

OGCM currents averaged over top 50 m
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Fig. 12. OGCM currents(cms™1) averagecdover thetop 50 m.
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waves(VinayachandraandYamagatal998).

The monsooncurrentsareshallav, unlike the deepcurrentsobsened off Somalia
duringthesummemonsoonSchottandMcCreary 2001).The shallovnessof the
monsoorcurrentan the OGCM, especiallythe SMC, is seenn thedepth-timeplot
of the zonalcurrentat 80.5°E (Fig. 14). The SMC wasshowvn by Vinayachandran
andYamagatgd1998)to betrappedcloseto thesurfacebecausef thedownwelling
Rossbywave propagatingwestward from the easternboundaryof the equatorial
Indian Ocean.This downwelling Rossbywave is associatedvith southwestwrd

OGCM meridional current at 8°N
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Fig. 13.Longitude-timeplotsof the OGCM meridionalcurrent(cms—1) at8°N. Southvard
flows areindicatedby dashectontoursandthe contourintenal is 5 cms™2.
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geostrophidlow. As it propagatesvestward,thewestwardgeostrophidlow domi-
natesthe eastvard Ekmancomponentcausingthe latterto shallon. This signature
of westwardflow is seenn thewestwardflow below the eastvard SMC duringthe
summermonsoon;upward (downward) propagationof phase(enengy) is evident

(Fig. 14),asin theobsenations(Schottetal., 1994;Reppinetal., 1999),indicating
the existenceof free propagatingvaves.

OGCM zonal current south of Sri Lanka
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Fig. 14. Depth-timeplots of the OGCM zonal current(cm s~1) at 80.5°E (southof Sri
Lanka).Thetop (bottom)panelshawvs the currentaveragedover 3°-6°N (0°-3°N). West-
wardflows areindicatedby dashectontoursandthe contourintenal is 5 cms ™.
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3.3 Transportestimates

Sincesubsuréceobsenationsof theseseasonalppen-ocearcurrentsare limited
(seeTable 2), numericalmodelsthat simulatewell the obsened surfacecircula-
tion areanimportantsourceof informationon thetransportsassociateavith them.
Giventhesignificantcontribution of Ekmanflow to the depth-aeragedlow in the
top 50 m, a comparisorbetweenthe modeltransportand estimatesasedon hy-
drographyis not meaningful.Hence,we chooseto comparethe modeltransports
with thoseestimatedrom directcurrentmeasurementsouthof Sri Lanka(Schott
etal., 1994).Giventhattheobsenationsarefrom aparticularyeat while themodel
represents climatology the comparisoris good(Table3).

Latitude-timeplots of the depth-intgratedzonal current(Fig. 15) showv that the
WMC is relatively narrov andstrongacrosghebasin.In contrastthe SMC stands
outonly southof Sri Lankaandin the bay, whereits eastvardflow is seento shift
polewvardwith time, markingthe westward propagatiorof the northeastard SMC
acrosghebay In the ArabianSeaat 65°E, the depth-intgratedSMC is weak, but
broad;theeastvardflow extendingfrom ~ 12°—-20°N duringthesummemonsoon,;
theweakwestwardflow betweerd°—-6°N andtheweakeastvardflow betweerD°—
4°N shav thecomplicatedspatialstructureof the geostrophidlow associateavith
the SMC (Fig. 11). The modeltransportsassociatedavith the SMC andWMC are
listedin Table4.
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Period Obsered Model

10Janto 15Feb -12.8 -10
10Janto 15 Fely -10.4 -10
1 Junto 5 Jul 8.4 9.1
10Julto 15Aug 4.1 6.2
1 Junto 15Aug 7.8 7.9
1 Nov to 30 Mar — -7.1
1 May to 30 Sep — 54

Table3

Obsenedandmodelzonaltransportgin Sv; 1 Sv= 10° m® s~1) in thetop 300m between
3°45N and5°52 N at80.5°E (southof Sri Lanka).Positve (negative) valuesindicateeast-
ward (westward) flow, and the valueslisted are averagesover the period indicated.All
obsenrations, except that marked (*), arefor 1991;the marked obsenration is for 1992.
The obsenred transportsarederived from the direct currentmeasurementsf Schottet al.
(1994).The modelwasforced by climatologicalwind stress(Hellermanand Rosenstein,
1983).Thelasttwo valuesare averagemodeltransportdor the winter andsummermon-
soonsfespecirely.
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OGCM zonal transport in top 100 m
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Fig. 15. Latitude-timeplots of the depth-intgratedzonalcurrent(m? s1) in the OGCM.

The currentis integratedover the top 100 m. Westward flows are indicatedby dashed
contoursandthe contourintenal is 10 m? s~2. In the Arabian Sea(65°E), the coreof the

westward (eastvard) partof the WMC is at4°N (8°N); in the bay (85°E) andsouthof Sri

Lanka(80.5°E), the coreof the westward WMC is at ~ 5°N. In contrastthe SMC hasa

morecomplicatedspatialstructureowing to the curvatureof the geostrophidlow.

a7



Current Location Period Transport

WMC 65°E, 2.5°—6°N  February -13.1
WMC  65°E,0°-6°N February -19.0
WMC  805°E,3*-6°’N  January -10.1
WMC  85°E,3°-7°N January -8.1
SMC 65°E,122-2CN  July 6.8
SMC 80.5°E, 3°-6°N  June—July 8.1
SMC 85°E, 4°-8&N June 15.3
SMC 85°E, 7°-11°N  August 7.4

Table4

OGCM zonaltransport(in Sv; 1 Sv= 10° m® s7) in thetop 100 m in the domainof the
monsoorcurrents Negative valuesindicatewestwardflows andthetransportareaverages
over theperiodsmentioned.
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