4 Forcing mechanisms

4.1 Thenumericalmodelandthe control run

Thoughthe OGCM simulationscomparewell with the obsenations,the OGCMis

toocomplex toyield insightinto thedynamicsunderlyingthemonsoon-currergys-
tem.Toisolatetheprocessesesponsibldor forcingthemonsoorcurrentswe need
amodelthathasonly theminimumphysicsrequiredfor simulatingthewind-forced
circulationin the upperocean.For this, we usea dynamicall%-layer reduced-
gravity model,in which the densityof the modellayersdoesnot vary in spaceor

time. Theactve upperlayeris muchshalloverthantheinfinitely deepmotionless,
lower layer. Theequationdor the upperlayerare(Shankar,1998)

(HV)¢+0- (VHV) + fk x (HV) +gTHOH =1/p, +VO2(Hv) —Xi- (Hv), (2a)

He+0- (Hv) = KO?H, (2b)

n=r(H-H), (2¢)
whereH = H + his theinstantaneoukayerthicknessH theinitial layerthickness,
h the deviation of the layerthicknessdrom theinitial value,v = (u,v) thevelocity,
f = By the Coriolis parametert = (1%, 1Y) thewind stressg the acceleratiordue
to gravity, andT™ = Ap/p the reduced-greity parameterpp = p, —p,, andp is
an averagedensitythat is representatie of the ocean;v andk arethe Laplacian
mixing coeficientsfor momentumandthicknessthelatterbeingincludedto damp
the small-scalenoisein the H field, and is a Rayleighfriction coeficient; n is
the deviation of modeldynamicheight,computedwith respecto the motionless
deepocean,from theinitial state.In the discussiorthatfollows, we referto n as
themodelsealevel ratherthanasdynamicheight. Themodelparametersrelisted
in Table5.

Egns. (2) are integratednumerically on an Arakava C-grid using the leapfrog
schemedgiffusivetermsareevaluatedatthebackwardtime level andall otherterms
atthecentraltime level. To inhibit time-splittinginstability, thefieldsareaveraged
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betweersuccessietime levelsevery 41 time steps.Themodeldomainis asin Mc-
Crearyet al. (1993). The upperlayer thicknessis not allowed to shallov beyond
10 m, or deepenbeyond 190 m. The no-slip conditionis appliedat continental
boundariesandthe zero-gradientonditionis appliedat the opensoutherrbound-
ary at 29°S. A linear damper(Rayleighfriction) is appliedon the zonal velocity
field nearthe southerrboundaryit is requiredto inhibit the developmentof large-
scaleinstability alongthe boundarycausedy the applicationof the zero-gradient
conditionon u. The damperis presenionly nearthe boundarywith x = 1 day !

Paramete(units) Symbol Value

Laplacianmixing coeficient for momentum(cn? s™%) v 5x 10

Laplacianmixing coeficient for thicknesgcn? s™1)  « 1x 10

Thermalexpansioncoeficient (°C~1) a, —0.00025
Haline contractioncoeficient (PSU™1) o, 0.00125
Reduced-gndty parameter r 0.0035
Initial upperlayerthicknesgm) H 100
Minimum upperlayerthicknesgm) H.. 10
Maximumupperlayerthicknesgm) H,.. 190
LinearKelvin wave speedor H = 100m (cms™1) c 185
Rossbywave speedat 10°N (cms™1) Cq 12.2
Grid size(km) AX, Ay 55
Time step(minutes) At 72

Table5
Parametergor thereduced-graty model.
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within 150km of theboundaryanddecreasindinearly to zeroin theinterval from
150km to 300km. Thereis no correspondinglamperonv andH, sothatfluid can
pasdreely throughthe boundary

Theforcing is derived from the wind-streslimatologyof HellermanandRosen-
stein(1983)(Fig. 1), theirwind stressbeinginterpolatedinearly to the modelgrid

andthensmoothedMcCrearyetal., 1993;ShankaandShetye 1997). Themodel
is spunup from a stateof rest,the windsbeingrampedup from zeroto the appro-
priatelevel overfive daysto dampinertial oscillations Resultsdiscussedbelov are
from thetenthyearof the simulation,by whenthesolutionapproachestationarity

The solution (Fig. 16) emphasizeshe geostrophiccontrikution to the flow. The
contribution of the Ekmandrift is weak, exceptin the westernArabian Sea,be-
causethe currentsareaveragedver the modelupperlayer. Westward propagation
of sea-l@el anomaliedss evidentin the solution, especiallyin the easterrBay of
BengalandsoutheasterArabian Sea(Fig. 17). This solutioncomparesvell with
the DAF of the OGCM (Fig. 12), exceptthat the recirculationin the eddiesoff
Somaliadoesnot crossthe equatoy the eastvard flow in the westernequatorial
Indian Oceaninsteadfeedingthe SMC southof Sri Lanka,asin the simulations
of McCrearyetal. (1993).The obsenationsarealsonot clearin this regard,there
beingdifferenceshetweenthe flow in the ship drifts (Fig. 9) and surfacedrifters
(Shenoietal., 1999a). Thoughthereis lessdetailin the solutioncomparedo the
geostrophidlow estimatedirom TOPEX/Poseidoraltimetry (Fig. 5), the model
doescapturethe essentiafeaturesof the monsooncurrentson the seasonatime
scale.

To examineto what extenttheseareattributableto nonlineareffects, we linearize
themodelequationgo obtain(Shankar,1998)

T

Vi + fk x v+ groh= H—kazv—)(i-v, (3a)
1

h+0-v =K?h, (3b)

n=rh. (3c)

The solutionto theselinear equationgFig. 18) reproducesll the featuresseenin
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the nonlinearsimulation;the one major exceptionis the GreatWhirl off Somalia,
which owesits existenceto nonlineardynamics(Shankarand Shetye,1997) and
appeardn the linear solution as part of a large anticyclonic gyre in the western
ArabianSeaNotwithstandinghis discrepany, thelinearsolutionshovsthestrong
polevard SomaliCurrent,its recirculationin the gyresoffshore,andthe continuity
of this currentacrosghe ArabianSeato the southerrtip of Sri Lanka.

Nonlinear simulation with reduced—gravity model
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Fig. 16. Sea-leel deviation from theinitial surlace(cm, left panelslandupperlayerveloc-
ity (cms™1, right panels)for the nonlinearsimulation.Negative sealevel is indicatedby
dashedcontoursandthe contourintenal is 5 cm.
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4.2 Processsolutions

That a linear systemis capableof describingthe seasonalppen-oceamonsoon
currentsmpliesthatwe cansplit the solutioninto componentsorcedby different
processesthe sumof thesepartsthen being equalto the whole, the linear solu-
tion, which we call the controlrun. To isolatethe effect of individual processesn
themonsoorcurrentswe applytwo setsof boundaryconditionsalongcontinental
boundariegMcCrearyet al., 1996; Shankar,1998). One setis the usualno-slip

Nonlinear simulation with reduced—gravity model
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Fig. 16. (continued)
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condition

Theotherset,

a

Sea—level anomalies: Reduced—gravity model

At 10°N

T
=n-v=-n-kKx—
f7

V=kxn-v,

(4a)

(4b)
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Fig. 17. Longitude-timeplots of sea-l@el anomalieqcm) from thereduced-graty model
(nonlinearsimulation)at10°N (top panel),8°N (middlepanel),and5.75°N (bottompanel).
Theannualmeansealevel hasbeenremoredto obtaintheanomaliesNegative sealevel is
indicatedby dashedcontoursandthe contourintenal is 5 cm.

54



is appliedto theboundarie®f theBay of Bengalandthe ArabianSean someof the
processsolutions.In Egn.(4b), k is aunit vectordirectedout of the 3-planeandn

is aunit vectornormalto theboundaryn pointsout of the Bay of Bengal(inshore)
alongits easterrandnortheastermargins,into thebay(offshore)alongits northern
andwesterrmaigins,outof thesea(inshore)alongthesoutherrboundariesf India
and Sri Lanka and along their west coast,and into the sea(offshore)along the
northernandwesternboundarie®f the ArabianSea;v = (0, V), wherel andV are
the velocity componentsiormalto andalongthe boundary;andt = (1%, 7) is the

Linear simulation (control run)
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Fig. 18. Sea-leel deviation from theinitial surlace(cm, left panelslandupperlayerveloc-
ity (cms™1, right panels)or thelinearsimulation.Negative sealevel is indicatedoy dashed
contoursandthe contourintenal is 5 cm.
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wind stress.Conditions(4b) allow Ekmanflows to passthroughthe boundaries,
filtering circulationsdriven by coastalEkmanpumpingout of the solutions;this
implies that coastalKelvin waves are not generatedalong the coastswherethis
conditionis applied.Condition (4a) is appliedat continentalboundariedor the
controlrun. The modificationsmadeto obtainthe processsolutionsaredescribed
below. Theacrorymsusedfor the processearelistedin Table6.

To isolatethe effect of the windsthatblow alongthe easterrandnorthernbound-
ariesof the Bay of Bengal(proces<€B here,procesRA in McCrearyetal. (1996)
andShankaK1998)),we applyconditiong4b)alongthesecoastsfrom 2.5°N atthe

Linear simulation (control run)
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Fig. 18. (continued)
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easterrboundaryto (87°E, 20°N), therebyeliminatingthe effect of the alongshore
windsthere.The differencebetweernthe controlrun andthis run givesthe process

solutionforcedby EB (notshawvn). Thesewindsforce coastaKelvin waves,which

propagateanticlockwisealong the perimeterof the bay, radiating Rossbywaves

from the easterrboundaryin the processThoughthe windsin the easterrbayare

not significantlywealer thanthosein the westernbay (Fig. 1), the Kelvin waves

forcedby thesewinds areweak;it is the alignmentof the coast,almostnormalto

thewind vector thatresultsin aweakalongshore&omponentandhencejn aweak

response.
Acronym Process
EB Effect of windsalongthe easterrandnorthernboundarie®f the
Bay of Bengal(coast=f Thailand,Myanmar andBangladesh).
wB Effect of windsalongthe westernboundaryof the Bay of Bengal
(eastcoastof IndiaandSri Lanka).
EA Effect of windsalongthe easterrboundaryof the ArabianSea
(westcoastf Sri Lankaandindia).
WA Effectof windsalongthenorthernandwesternboundarie®f the
ArabianSea(exceptthe coastof Somalia).
SA Effect of windsalongthe coastof Somalia.
AW Effectof alongshoravinds,i.e.,thewindsalongtheboundaries
of the Bay of Bengalandthe ArabianSea(sumof processe&B,
WB, EA, WA, andSA).
OP Otherprocesses— effect of filtering outthealongshoravinds
(procesAW) in thenorthIndian Ocean This solutionincludes
Ekmanpumpingin theinterior of the basinandthe effect of
windsin theequatorialndianOcean.
Table6

Acronymsusedfor the processsolutions.
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To isolatethe effect of the strongwinds that blow alongthe westernboundaryof
the bay, or the eastcoastof India and Sri Lanka (processWB here,processLA
in McCrearyet al. (1996) and Shankar(1998)), we apply conditions(4b) along
this coast(from 87°E, 20°N to 82°E, 6.5°N), therebyeliminatingthe effect of the
alongshoravindsthere.The differencebetweenthe control run andthis run gives
theprocessolutionforcedby WB (Fig. 19). Thewindsalongthewesterrboundary
of thebayaresouthwesterlyuringthe summemonsoorandnortheasterlyuring
the winter monsoon.The southwest—northeasilignmentof the coastmakes the
wind vector parallelto the coastand thesewinds generatestrong coastalKelvin
waves; the EICC closely follows the wind field. Sincethe coastalKelvin waves
propagatewith the coaston their right in the northernhemisphereprocesswB
affectsonly the EICC andhasno effect on the circulationelsavherein the bay It
does,however, have a strongeffect on the circulationin the southeasterirabian
Sea(McCrearyetal., 1993; Shankarand Shetye, 1997; Shankar,1998).By itself,
it canforcethe Lakshadweehigh andlow, the WICC, andthe partsof the GWMC
and GSMC associateavith them.The Lakshadweehigh forcedby processwB,
however, is muchstrongerthanthatforcedin the controlrun.

To isolatethe effect of thewindsthatblow alongthe easterrboundaryof the Ara-
bian Sea,or the southandwestcoastsof Sri LankaandIndia (processEA here,
procesdVLA in Shankar1998)),we apply conditions(4b) alongthis coast(from
82°E, 6.5°N to 67.5°E, 25°N), therebyeliminating the effect of the alongshore
windsthere.The differencebetweernthe controlrun andthis run givesthe process
solutionforced by EA (Fig. 20). Along this coast,the winds blow equatorvard
throughoutthe year the winds alongthe westcoastof Sri Lankabeingthe excep-
tion; here,in the Gulf of Mannar the winds are similar to thosealongthe Indian
eastcoast(Shankar1998;Luis andKawamura,2000).Thealongshoravindsgen-
eratecoastalKelvin wavesthat propagateolewvard alongthe easterrboundaryof
the Arabian Sea,radiatingwestward propagatingRossbywavesinto the interior
in the processDuring the summemonsoonthe southwesterliesver the Arabian
Seaturn aroundin the centralArabian Seato blow from the northwestalongthe
Indianwestcoast.Thesewindsfavour coastalupwellingandarestrongerthanthe
equatorvardwindsduringthewinter monsoonThealignmentof thecoastalsoen-
sureghatthewindsduringthewinter monsoorgeneratéut aweakcoastaKelvin
wave. Therefore thoughthe winds alongthe easterrboundaryof the ArabianSea
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do notcontributesignificantlyto the Lakshadweepigh, they contrituteto the Lak-
shadweepow andforce strongupwellingin the easterrandnorthernArabianSea
duringthesummemonsoonHence proces€EA contritutesto the curvingflow of
the GSMCin the easterrandcentralArabianSea.

The effect of the winds along the northernand westernboundariesof the Ara-
bian Seais evaluatedn two parts.First, we considerthe effect of windsalongthe

Process WB
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Fig. 19. Effect of winds alongthe westernboundaryof the Bay of Bengal(processA/B).
Sea-leel deviation (cm, left panels)and uppetlayer velocity (cms—1, right panels)are
shavn. Negative sealevel is indicatedby dashedcontoursandthe contourintenal is 5 cm.
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boundaryfrom thenortheastercornerof themodelArabianSea(67.5°E, 25°N) to
the northerntip of Somalia(processnVA), applyingconditions(4b) only over this
part of the continentalboundary;the differencebetweenthe control run andthis
run givesthe effect of processWA. Secondwe considerthe effect of the winds
alongthe coastof Somalia,from the northerntip of Somaliato 2.5°N (process
SA), applyingconditions(4b) only over this partof the continentalboundaryithe
differencebetweerthe controlrun andthis run givesthe effect of processSA.

ProcesaWA hasonly alocal effect (Fig. 21). Thewindsforcethelocal coastalur-
rent,with someof the enegy propagatingequatorvard alongthe coastvia coastal

Process WB
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Fig. 19. (continued)
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Kelvin wavesto the Somalicoast.

ProcessSA is the major forcing mechanismfor the strong Somali Current, but
its effect is alsofelt in the equatoriallndian Oceanvia Kelvin wave propagation,
andin the Bay of Bengal(Fig. 22). The winds off Somaliaforce stronglocal up-
welling during the summermmonsoonandthis signalis carriedinto the equatorial
Indian Ocean forcing a westward, upwelling-favourableEquatorialCurrent.This,
togethemwith the effect of the Rossbywave reflectedfrom the coastof Sumatran

Process EA
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Fig. 20. Effect of winds along the easternboundaryof the Arabian Sea(processEA).
Sea-leel deviation (cm, left panels)and uppetlayer velocity (cm s—1, right panels)are
shavn. Negative sealevel is indicatedby dashedcontoursandthe contourintenal is 5 cm.
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May, ensureswestward EquatorialCurrentduring June—Septembaén the eastern
equatorialindian Oceanandwealensthe eastvard currentin the westernequato-
rial IndianOcean.This separatethe eastvard GSMC southof Sri Lankafrom the

westwardflow atthe equator

Applying condition (4b) alongall the continentalboundariesof the north Indian
Ocean(from 2.5°N in the easterrbayto 2.5°N in the westernArabianSea)elim-
inatesthe effect of thesecoastalwinds, filtering out the effect of coastalKelvin
waves generatedy them; this leavesthe effect of windsin the equatorialindian
Oceamandof Ekmanpumpingin theinterior of the basin(procesOP). Thediffer-

Process EA
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Fig. 20. (continued)
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encebetweerthe control run andthis run givesthe effect of the alongshoravinds
in the northIndian Ocean(processAW); therefore processAW is the sumof pro-
cesseEB, WB, EA, WA, andSA.

Proces®\W contritutessignificantlyto thecirculation(Fig. 23) throughthe excita-
tion of coastaKelvin wavesandthewestwardpropagatindRossbywavesthatthese
Kelvin wavesradiatewhenpropagatingpolevardalonganeasterrocearboundary
Most importantfor the monsooncurrentsare the winds alongthe coastsof India
and Sri Lanka (processe®VB and EA) becausaet is the forcing by thesewinds

Process WA
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Fig. 21. Effect of winds alongthe northernand westernboundariesof the Arabian Sea,
exceptthe Somalicoast(processWVA). Upperlayervelocity (cms™) is shavn.
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that forcesthe GSMC and GWMC southof Sri Lankaandin the easternAra-

bian Sea linking the circulationbetweerthetwo basins. The GWMC andGSMC,

however, do not form in the Bay of Bengalin the absencef otherprocessesThe

GSMCforcedby procesAW alsoflowstoo farnorthin the ArabianSeaduringthe

summermonsoorbeforeturning to flow into the WICC, which, in turn, feedsthe

GSMC aroundthe Lakshadweepow. In the absencef forcing by interior Ekman
pumping,the sea-leel highin thewesternArabianSeais weakandstretchedut,

andthe GSMCthatflowsto its southandeastdoesnotturnto flow eastvardacross
thesoutherrArabianSea.

Process SA
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Fig. 22. Effectof windsalongthe Somalicoast(processSA). Upperlayervelocity (cms™1)
is shavn.
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Proces®OR in contrast,s importantfor the monsooncurrentsin the Bay of Ben-
gal, wherethe currentsforced by the alongshorevinds (processAW) opposethe
SMC andWMC, andin the westernand central Arabian Sea(Bauer Hitchcock,
andOlson,1991),whereit forcesthe sea-l&el highsandthe recirculationaround
themduringthesummemonsoor(Fig. 24).1t is alsothe only processolutionthat
containsthe Ekmandrift. The WMC andSMC in the bay arethe resultof Ekman
pumpingin thesoutherrbay, especiallyin thesouthwestandof thewestwardprop-
agatingRossbywave radiatedfrom the easterrboundaryowing to the reflection

Process AW
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Fig. 23.Effectof alongshorevindsin thenorthindianOcean(processAW). Sea-leel devi-
ation(cm, left panelsjanduppetlayervelocity (cms™1, right panels)areshovn. Negative
sealevel is indicatedby dashedcontoursandthe contourinterval is 5 cm.
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of the equatorialKelvin wave off Sumatra(Vinayachandramand Yamagata1998;
Vinayachandraetal., 1999a;McCrearyetal., 1993).Not only arethesecurrents
forcedby Rossbywaves,their eliminationin theeasterrbayandpropagatioro the
westis alsodueto Rossbywaves, but of the oppositesign (Vinayachandramand
Yamagatal998;Vinayachandraetal., 1999a).During the summemmonsoonthe
SMCforcedby proces©OPflowswestwardin thesoutheasterArabianSea preak-
ing the connectionbetweenthe SMC in the two basins.This is dueto the strong
cyclonic Ekmanpumpingin the vicinity of Sri Lanka(Fig. 25). The continuity of

the matureSMC southof Sri Lankais dueto processe®VB andEA. This abrupt
switchin the mechanismgorcing the SMC southof Sri Lanka(from OP aloneto

Process AW
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Fig. 23. (continued)
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OR WB, andEA) resultsin the phaseshift therein the sea-l#el anomaliesn both
obsenations(Fig. 6) andmodelsimulationgFig. 17).

Proces®©Pincludesthe effect of interior Ekmanpumpingandthatof thewindsin
theequatorialndianOceanlt is difficult to separat¢hesetwo processesApplying
a damper(McCrearyet al., 1996) distortsthe reflectedRossbywave; forcing the

Process OP
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Fig. 24. Effect of filtering out forcing by alongshoravindsin the north Indian Ocean(pro-

cessOP).Sea-leel deviation (cm, left panels)andupperlayervelocity (cms™2, right pan-
els)areshavn. Negative sealevel is indicatedby dashedcontoursandthe contourintenal

is 5cm. Proces©Pincludesforcing by interior Ekmanpumpingandthewindsin theequa-
torial IndianOceanlt is the only processsolutionthatincludesthe modelEkmandrift.
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modelwith only the equatorialwinds (McCrearyet al., 1993) distortsthe forcing
towardsthe northernand southernedgesof the equatorialwaveguide becausehe
winds have to be rampedto zeroaway from it, introducingan additionalforcing
from the resultingwind-stresscurl. Hence,we make no attemptin this paperto
breakproces€OPinto its constituenprocesses.

Theequatorialinds, however, have beenshovn to beanimportantforcing mech-
anismfor the EICC andthe WICC (Yu etal., 1991;McCrearyetal., 1993,1996),
andthe GWMC andGSMC in the Bay of Bengal(McCrearyetal., 1993;Vinay-
achandraretal., 1999a).Theforcing from the equatoriallndian Oceanconsistsof

Process OP
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Fig. 24. (continued)
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two parts.First, thereis the effect of directforcing, or the generatiorof equatorial
KelvinandRossbywaves.Secondthereis theeffectof thereflectionof thesewvaves

atthe easterrandwesternboundariesBoth processearecrucialto thecirculation

in thenorthIndian Oceanthereflectionandresultingresonancéeingresponsible
for thelarge semiannuaharmonicatthe equator(Figs.8 and14) (Jensen1993).

Climatology of Ekman pumping
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Fig. 25. Ekmanpumping(m day 1), derived from the wind-stressclimatology of Heller-
manandRosensteir{1983).Negative (downward) Ekmanvelocity is indicatedby dashed
contoursandthe contourintenal is 0.4 units.
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4.3 Dynamicsof thenorth Indian Ocean

Thenumericalexperimentsdescribecabove shov thatthe GSMCandGWMC are
comple currents forced by sereral processesThe effect of the processesaries
in time andspace gachprocesseingimportantat sometime andin somepart of

thenorthIndianOceanThe continuity of the GSMCandGWMC acrosghenorth
Indian Oceanis dueto the way theseprocessesnteract,connectingthe various
strand=of thesecurrentsinto a continuoudrans-basircurrent.In spiteof this com-
plexity, however, the dynamicsof the monsooncurrentsis explicableby a simple
lineartheoreticalframenork, which canbe summarizedy the “leaky waveguide”
(Shetye 1998;Shankar1998)depictedn theschematidn Fig. 26. Theframework

depictechereinvokestheequatoriaKelvin wave (which propagatesastvardalong
the equatorwith a speedof ~ 2 m s~ andis trappedwithin ~ 2.5° of the equa-
tor), the equatorialRossbywave (which propagatesvestward with a speedthat
decreasewith increasindatitude,thespeedattheequatobeing~ 0.5 ms1), and
thecoastaKelvin wave (which propagatewith thecoastonits rightin thenorthern
hemispheravith a speedf ~ 2 m s™1, andhasan offshoree-folding lengthscale
of ~ 100km). Thesethreewaves meige the equatorialindian Oceanthe Bay of

Bengal,andthe ArabianSeainto asingledynamicalentity, thenorthindianOcean,
which mustbe modelledasa whole evento simulatethe circulationin its parts.

The processsolutionsshav thatthe Kelvin wavesforced by the winds alongthe
eastandwestcoastof IndiaandSri Lanka(processe8VB andEA) arecrucialfor
maintainingthe continuity of themonsoorcurrentssouthof Sri Lanka.The coastal
Kelvin wavesforcedby the winds alongthe eastcoast(processNB) bendaround
Sri Lankato propagatepolevard along the west coast.This is possiblebecause
the sum of the e-folding scalesof the coastalKelvin waves southof Sri Lanka
(~ 2.25°) andtheequatoriaKelvin waves(~ 2.5°) is lessthanthedistancebetween
the southerntip of Sri Lankaandthe equator(~ 6°), forcing a separatiorbetween
the equatorialandcoastalwaveguides.This allows the Kelvin wavesfrom the Bay
of Bengalto passunhinderednto the Arabian Sea,makingthe easterrboundary
of the ArabianSeaa continuationof a westernboundarythatof the bay Westward
propagatingRosshywaves,however, arenotrestrictedto the equatorialvaveguide
atsemiannuahndannualperiods.Hence they caninteractwith the coastaKelvin
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Fig. 26. Schematidllustrating the dynamicsof the north Indian Ocean.The linear theo-
reticalframavork depictedhereinvokesthe equatoriaKelvin wave, the equatoriaRossby
wave, andthe coastaKelvin wave. Thesethreewavesmeige the equatoriallndian Ocean,
the Bay of Bengal,and the Arabian Seainto a single dynamicalentity. The horizontal
hatchingindicateshe equatorialaveguide,which extendsabout2.5’ on eithersideof the
equator;the vertical hatchingindicatesthe coastalwaveguide. The coastalKelvin wave is
trappedatthecoasipolevardof acritical latitude;equatorvardof thislatitude westwardra-
diationof enegy is possible andthe coastaKelvin wave is inseparablérom thewestward
propagatingRossbywave. The critical latitudesfor Rossbywavesat annual(semiannual)
periodis ~ 42° (~ 21°); hence annualandsemiannuaKelvin wavesareinseparablérom
westward propagatingRossbywavesin the north Indian Ocean.andenepgy leaksat these
periodsfrom theeasterboundaryinto theopenocean(shavn by arrovs pointingoutof the
coastalwaveguide).Shetyg1998)andShankaK1998)calledthis the“leaky waveguide” of
thenorthindianOceanEnegy is alsogeneratedby Ekmanpumping(shavn by theclosed
circles)in theinterior of the basin this signalalsopropagatingvestwardasRossbywaves.

waves forced by processWB, and influencethe monsooncurrentssouth of Sri
Lanka.

The two waveguidesoverlap at the westernand easternboundarieof the equa-
torial Indian Ocean.Enegy from the coastalwaveguide leaksinto the equatorial
waveguideat the westernboundaryvia coastaKelvin waves,andenegy from the
equatoriawaveguideleaksinto the coastalwaveguideat the easterrboundaryvia
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thereflectionof equatoriaKelvin waves.Thisreflectionattheeasterrboundaryre-
sultsin apartof theenegy propagatingpolevardalongtheeasterrboundaryof the
basinascoastaKelvin waves(Moore,1968;Yu etal., 1991). ThesecoastaKelvin
wavesareinseparablérom thewestwardpropagatindRossbywavesalmostall over
thenorthIndianOceanatthe semiannuaandannualperiods(Fig. 26). Enegy also
leaksout of the coastawaveguidefrom the easterrboundariesnto the interior of
the basinvia radiationof westward propagatingRossbywaves. Westward propa-
gatingRossbywavesarealsogeneratedhn theinterior by Ekmanpumping.

Thus, comple circulation patternscan be generatedeven by the simple linear
framework describedabove, which seemso be remarkablygoodat describingthe
wind-forced,seasonatirculationin the northIndian Ocean.
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