Chapter 3

The LakshadweepHigh and Low

3.1 Obserwational Background

ThemonsoorwindsthatsweepacrosghenorthindianOcearforceconsiderablseasonathanges
in surfacecirculation. Themostprominentandthebestdocumentedf thesds seeroff thecoasiof
SomaligSchott,1986]. TheSomaliCurrent(Figure3.1),whichflows alongthecoastjs polevard
duringthe southwesmonsoon(June—Septembeandequatorvard duringthe northeastnonsoon
(Novembe+March). Othercurrentstoo, thoughnot asenegetic, reverseseasonallyfor example,
the SouthwesMonsoonCurrent(SMC!) andthe NortheastMonsoonCurrent(NMC) southof Sri
Lanka,theequatoriajet alongtheequatofWyrtki, 1973],andthecurrentsaalongtheeastandwest
coastof India[Shetyeetal., 1990,19914a,b,1993,1996]. Associatedvith the changesn surface
currentsarevariationsin patternsof sea-suicetopographywhich appearstrengthenandeither
decayor propagateway from theregion of genesiyearafteryear Thebeststudiedamongsthese
is the GreatWhirl, anantigyclonic gyre,with ahighin surfacetopographythatformsbetweerb®
and10°N off Somaliawith the onsetof the southwesimonsoonin June[Bruce, 1968]. It peaks
during July—Augustanddecaysin SeptemberThe occurrenceof anothersuchhigh, thoughnot
asenegetic,wasdiscoreredby Bruceet al. [1994]; usinghydrographiaatacollectedduring the
IIOE, they shawved that a high forms off southwestndia during the northeasmonsoon.A low
formsin the sameregion duringthe southwesmonsoon(Figure3.1). It wasmentionedby Bruce
[1968] andBruceetal. [1994] andis seenn mapsof geopotentiatopographyWyrtki, 1971].
Thoughthe occurrenceof the high andlow off southwestndia wasestablishedisingtradi-
tional hydrographialata,its annualcycle in relationto the annualcycle of sea-l&el perturbations
in the rest of the Indian Oceanwas appreciatedoetteronly after datafrom satellite altimetry

1The SouthwesMonsoonCurrentis often, perhapsisually referredto asthelndianMonsoonCurrent(IMC). SMC
appeardo be a betteracrorym, given thatits counterpariduring the northeastmonsoonis called NMC (Northeast
MonsoonCurrent).
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Figure 3.1 A schematiof the surfacecirculationin the north Indian Oceanduring Januaryand
July. Abbreviationsareasfollows: LH, Lakshadweepigh; LL: Lakshadweepow; GW, Great
Whirl; SH, Socotrahigh; EICC, Eastindia CoastalCurrent;WICC, WestIndia CoastalCurrent;
SC,SomaliCurrent;NMC, NortheastMonsoonCurrent,andSMC, SouthwestMonsoonCurrent.
In Januarythe equatorvard EICC andpolevard WICC areconnectedy theNMC. In July, there
is no apparentconnectionbetweenthe EICC, which flows polevard along the coastof India,
andthe equatorvard WICC becausehe EICC is equatorvard off Sri Lanka[Vinayachandraand
Yamagatal998]. The WICC flowsinto the eastvard SMC; the WICC in July is oftenconsidered
partof the SMC becausehis is a continuouscurrentflowing acrosghe ArabianSeainto the Bay
of Bengal. Consisteng, however, requiresthatthe currentbe called WICC whenit flows along
thewestcoastof India.
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becameavailable. Bruce et al. [1994] usedGeosataltimetry to supportinferencesdravn from
hydrography;Perigaudand Deleclus€1992] alsousedGeosatlatato describethe annualcycle
of sealevel in thelndianOcean.

Thehighandlow off southwestndiaareseenn TOPEX/POSEIDOMiltimetry[Tapley etal.,
1994;Neremetal., 1994]. The altimeterdatashav thatsealevel startsrising off southwestndia
during Decemberwhen the EastIndia CoastalCurrent(EICC?) is equatonvard [Shetyeet al.,
1996]. TheEICCflowsinto theNMC, whichturnsaroundthesoutherrtip of SriLanka[Raoetal.,
1989; Cutler and Swallow, 1984] and joins the polevard West India CoastalCurrent (WICC?)
[Shetyeet al., 1991a]. By early Januarythe positve anomaliesof sealevel spreadoffshoreand
northward alongthewestcoastof India, anda circular high formsto the eastof the Lakshadweep
islands.By Februarythehighis nolongercircular: it hasstretchedvestward. By April, positve
anomaliesn sealevel areseenall over the Arabian Sea. The evolution of the low proceedsn a
similar fashion.First, sealevel dropsoff southwestndiain June whenthe WICC is equatorvard
[Shetyeet al., 1990]; the WICC turnsaroundSri Lankaandjoins the eastvard SMC. The EICC
is poleward off the Indian coastat this time [Shetyeet al., 1991b],but it is equatorvard off Sri
Lanka[Rao et al., 1989; Cutlerand Swallow, 1984;McCrearyet al., 1996; Vinayachandraand
Yamagata1998]. Second,the negatve anomaliesspreadoffshore and along the coast,and a
circular low forms to the eastof the Lakshadweepslandsduring July—August. Third, the low
stretcheswestward, and by the end of October negatve anomaliesin sealevel occurall over
the Arabian Sea. This seriesof eventsis alsoseenin altimetersealevel for otheryears. These
obserationssuggesthatthe formationof the high (low) off southwestndia duringthe northeast
(southwestimonsoonis one manifestatiorof an annualcycle of eventsthatarelinked not only
to the coastalcurrentsaroundindia, but alsoto the circulationin the southernArabian Seaasa
whole.

3.2 Theoretical Background

A tropicalocearrespondsapidly to achangen winds;Lighthill [1969]shavedthattheequatorial
Rossbywavesexcited by the onsetof the southwestnonsoorreachthe African coastin lessthan
a month. Therestof the north Indian Oceanrespondssimilarly to the monsoonwinds: Rossby

2TheEICCis thecurrentalongthe eastcoastof IndiaandSri Lanka;the nameremainsthe sameirrespectie of the
seasorandthedirectionof thecurrent. The EICC alsoflows alongtheeastcoastof Sri Lanka,andits directionalongthe
Lankancoastis oftendifferentfrom thatalongthe Indian coastfarthernorth[McCrearyetal., 1996;Vinayachandran
andYamagatal998].

3The WICC is the west-coastounterparbf the EICC; the nameremainsthe sameirrespectve of the seasorand
thedirectionof the current. The existenceof the Lakshadweegigh andlow leadto the WICC beingpolevard over a
partof the coastandequatorvard over anotherpart of the coast. Thereis someambiguity aboutthe nameduring the
southwesmonsoonihe equatorvard WICC in July is often consideregart of the SMC becausehis is a continuous
currentflowing acrossthe Arabian Seainto the Bay of Bengal(Figure3.1). Consisteny, howvever, requiresthatthe
currentbe calledWICC whenit flows alongthe westcoastof India.
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waves and equatorialand coastalKelvin waves have a profoundeffect on its dynamics,forcing
changesotonly locally in theregion of generationbut alsoremotely Investigationsoverthelast
decadehave shavn thatthesewaveslink the circulationin the Bay of Bengal,the Arabian Sea,
andthe equatorialindian Ocean[Potemraet al., 1991; Yu et al., 1991; Perigaudand Delecluse,
1992; McCrearyet al., 1993; Shankaret al., 1996; McCrearyet al., 1996; Shankarand Shetye,
1997;Vinayachandrari, 995;Vinayachandraetal., 1996;VinayachandraandYamagatal 998].

Yu etal. [1991] shaved thatanannualequatoriaKelvin wave, on reflectionfrom the eastern
boundarypropagateslongtheperimeterof the Bay of Bengalasa coastaKelvin wave, radiating
westward propagatingRossbywavesin the processandforceschangesn the EICC. McCreary
et al. [1993] shaved that the winds alongthe easterrboundaryof the bay alsosetup a similar
Kelvin wave. They concludedhat theseKelvin waves, besidescontrituting to the dynamicsof
the EICC [McCreary et al., 1996], bendaroundSri Lankato propagatealongthe Indian west
coastforcing changesn the WICC. Their simulationsproducethe highin Januaryandthelow in
October Theidealizedsimulationsof Yu etal. [1991] alsoproducethe high andlow, indicating
anannualcycle. Bruceetal. [1994] notedthatthe high of Yu et al. appeardo be a consequence
of Rossbywave radiationby coastalKelvin waves off southwestindia. They also pointedout
anothempossiblemechanisnior the high: a patchof antig/clonic wind-stressurl off thesouthern
tip of India during the northeastmonsoon.The wind-strescurl is cyclonic in this region during
thesouthwestmonsoon.

In the remainderof this chapter we study the dynamicsof the high and low, specifically
addressinghefollowing issues.

1. Many highsandlows thatform in the world ocean,particularlythosethat have beende-
scribedaseddies(the Gulf Streameddiesthe GreatWhirl, etc.),arenonlinearin character
It is the nonlinearityin their dynamicsthat spinsoff thesesystems.Are the Lakshadweep
high andlow too of a similar kind?

2. How arethey linkedto the coastalcurrentsoff India? Are they forcedprimarily by winds
localto theregion, or is remoteforcing significant?

Our primarytool in this studyis a dynamicall%—layer reduced-gnaty model,whichis the sim-
plestrealisticmodelof the surfacecirculationin the ocean.Experimentswith both nonlinearand
linear versionsof the modelindicatethat nonlinearityin the momentumbalances not essential
to simulatethe high andthe low, allowing usto simplify the problem. Simulationswith alinear
reduced-gnaty model,shornof the complity inherentin the wind forcing, shov thata Kelvin
wave propagatingalongthe Indian eastcoastcanleadto the high andlow. Thenwe simplify the
dynamicsfurther and obtainan analytic solution, shaving thatthe dynamicsof linear waveson
an equatorialp-plane cansimulatethe high andlow. This leadsto a discussionon the forcing
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mechanismsyherewe examinethe effectsof local andremoteforcing. We concludethe chapter
with a discussioron theimplicationsof the Lakshadweegigh andlow.

3.3 Numerical Simulation of the LakshadweepHigh and Low

3.3.1 The Numerical Model

We usea dynamicall%—layer reduced-gnaty modelto simulatethe seasonatycle of circulation
in the southeasterArabianSea. The densityof the modellayersdoesnot vary in spaceor time.
Theequationdor theactive upperlayer, are

(HV)¢ + 0 (VHV) + fk x (HV) +gTHOH = 1/p, + VOI2(Hv) —Xi - (HV) (3.1a)
H; + O- (Hv) = kO?H (3.1b)

n=r(H-H) (3.1¢)

whereH is theinstantaneoukayerthicknessH theinitial layerthicknessy = (u,v) thevelocity,
f = By the Coriolis parametert = (1%, 1Y) thewind stressg the acceleratiordueto gravity, and
I = Ap/p the reduced-gnaty parameterwith Ap = p, —p,. P is an averagedensitythat is
representate of the ocean. v andk arethe Laplacianmixing coeficients for momentumand
thicknessthelatterbeingincludedto dampthesmall-scalenoisein theH field, andy is aRayleigh
friction coeficient. n is the deviation of model dynamicheight, computedwith respectto the
motionlessdeepocean;from theinitial state.In the discussiorthatfollows, we referto n asthe
modelsealevel ratherthanasdynamicheight. The modelparametersrelistedin Table3.1.
Equationg3.1) areintegratednumericallyon a staggeredirakava-C grid usingthe leapfrog
schemediffusive termsareevaluatedat the backwardtime level andall othertermsat the central
time level. To inhibit time-splittinginstability, the fields are averagedbetweensuccessie time
levels every 41 time steps. The model domain,shavn in Figure 3.2, is asin McCrearyet al.
[1993]. The upperlayer thicknessis not allowed to shallaov beyond 10 m or deepenbeyond
190 m. The no-slip conditionis appliedat continentalboundariesand the gradientboundary
condition[Chapman1985]is appliedatthe opensoutherrboundaryat 29°S. The openboundary
conditionandtherestrictionson upperlayerthicknesgorcechangesn thetotal massn the basin;
to consere mass,a uniform correctionis appliedto the upperlayer thicknessafter eachtime-
step. A lineardamper(Rayleighfriction) is appliedon the zonalvelocity field nearthe southern
boundary;it is requiredto inhibit the developmentof large-scaleinstability alongthe boundary

4Theseequationsarederivedin AppendixA.
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Table 3.1 Model parametersor the 1%—Iayerreduced—gmity model.

Parametefunits) Symbol Value
Laplacianmixing coeficientfor momentum(cn? s 1) v 5x 10

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

Thermalexpansioncoeficient (°C~1) o, —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™2) Cq 12.2
Grid size(km) AX, Ay 55
Time step(minutes) At 72

causedy theapplicationof thegradienthoundaryconditiononu. Thedampelis presenbnly near
theboundarywith x = 1 day~* within 150km of the boundaryanddecreasingo zerolinearlyin
theintenal from 150 km to 300km. Thereis no correspondinglamperonv andH, sothatfluid
canpasdreely throughthe boundary

Theforcingis derived from thewind-streslimatologyof HellermanandRosensteif1983],
theirwind stresseinginterpolatedinearly to themodelgrid andthensmoothedMcCrearyetal.,
1993]. Monthly plots of the wind stressn the north Indian Oceanareshawvn in Figure3.3. The
modelis spunup from a stateof rest,thewindsbeingrampedup from zeroto theappropriatdevel
overfive daysto dampinertial oscillations.Resultsdiscussedelov arefrom thetenthyearof the
simulation,by whenthethe modelapproachestationarity

3.3.2 Roleof Nonlinearity

Annual sea-leel® deviation and velocity over the domainare shavn in Figure 3.4 andmonthly
plots of n andv areshown in Figure3.5. The circulationin the easternArabian Seashaws a

5By annualsealevel, we actuallymeanannual(mean)sealevel. It is the meanof monthly sealevel over anyear
In the model,monthly sealevel is computedn two ways. In thefiguresthatshav sea-l@el deviation overthedomain,
or over the north Indian Oceanmonthly sealevel is just theinstantaneousealevel in the middle of the modelmonth
(day 15). In the figuresthat shav “line-plots” of coastalsealevel, it is the meanof daily sealevel over a model
month (30 days);daily sealevel is just the instantaneousealevel at the endof a modelday (24 hours). Similarly, by
annualvelocity, we meanannualmeanvelocity, the meanof monthly velocity over anyear Monthly velocity is just
the instantaneouselocity in the middle of a modelmonth. Note the differencebetweenn,, which is plottedin the
line-plots,andn, whichis plottedin thefiguresthatcover thedomainor thenorthIndianOcean.n, is thedeviation, or
anomaly of the monthly valuefrom the local annualmean;n is the deviation from theinitial surface. Therefore the
meanof n, overanyearis zeroatary location,but thatof n is notnecessarilyso.
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Figure 3.2 Thedomainof thereduced-gréty modelfor the IndianOcean.The modeldomainis
identicalto thatin McCrearyetal. [1993]. In somesubsequergimulationsthe Lakshadweepnd
Maldive islandsareincludedtoo; therestof thedomainremainsunchangedhroughall themodel
resultspresentedh this thesis.
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seasonabscillationin the interface(the modelpycnocline),andhencein sealevel; asequencef
highsandlowsis generatedff thewestcoasif Indiaandthe highsandlows propagatevestward,
asin thealtimeterdata[Tapley etal., 1994].

In Decemberthe EICC s equatorvard; it flows into thewestward NMC, which turnsaround
Sri Lankato join the polevard WICC. In Januarya high forms off southwesindia. The NMC
flows aroundthe high, joining the coastalcurrent,the WICC, at about12’N. The WICC is pole-
ward north of 12°N andequatorvard to the south;the equatonard coastalflow implies coastal
downwelling. The high thenstretchesvestward, andthe NMC andthe high extend acrossthe
southernArabianSeaby March.

By May, theWICC is equatorvard all alongthe coast;it flowsinto theeastvard equatoriajet,
which bifurcatesnearthe easterrboundaryof the basin.A low formsoff southwestndia by July.
The WICC is equatorvard only northof 12°N, whereit movesoffshoreto flow asthe Southwest
MonsoonCurrent(SMC) aroundthe westernslopeof the low; the SMC continuesasaneastvard
currenton the southernflank of the low andflows into the Bay of Bengal. Southof 12°N, the
WICC is polewvard, implying coastaldownwelling. The low too stretchesvestward, extending
acrosghesouthernArabianSeaby November

The solutiondescribedabore reproducewirtually all the significantobsered featuresof the
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Figure 3.3 Seasonatycle of wind stresgdynecm ?2) in thenorthIndianOcean.Thewind stress
is derived from the climatology of Hellermanand Rosensteij1983]. Januarymarksthe end of

the northeastmonsoonin the Bay of Bengal,wherethe winds are weakduring February—April,
thesemonthsmarkingthe transitionbetweenhe northeaseind southwesimonsoons.The winds
wealenovertheeasterrArabianSeatoo, but they continueto blow from the northeasin thewest.
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Figure 3.3 (continued)Seasonatycle of wind stresgdynecm~2) in thenorthIndianOcean.The
wind stressis derived from the climatology of Hellermanand Rosensteirf1983]. In April, the
windsareattheirwealestover thenorthIndianOcean.They strengthernn May, blowing from the
southwesbver the basin,exceptalongthe Indianwestcoastwherethey blow from the northwest.
The winds are strongesialong the eastcoastof Africa andthe central Arabian Sea,wherethe
Findlaterjet forms.
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Figure 3.3 (continued)Seasonatycle of wind stresgdynecm2) in thenorthIindianOcean.The
wind stresds derived from the climatology of HellermanandRosensteirf1983]. The southwest
monsoonis at its peakin July, with strongwinds blowing all over the north Indian Ocean. The
windsblow from the southwesbver thewesternArabianSeaandover the bay, andfrom thewest
or northwestbver the easterrArabianSea.They wealen after July, andOctoberis againa month
of transition,with weakwindsall overthebasin.
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Figure 3.3 (continued)Seasonatycle of wind stresgdynecm 2) in thenorthIindianOcean.The
wind stressis derived from the climatology of Hellermanand Rosensteirf1983]. Octoberis a
monthof transitionbetweenthe southwestind northeasmonsoons.The winds reverseto blow
from the northeasin Novembey peakinga monthlater The northeasmonsoonis muchwealer
thanthe southwestresultingin a strongmeanwind field over thenorthIndianOcean.
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Figure 3.4Annualsea-leel deviationn (cm)andvelocityv (cms—1) overthemodeldomain.The
level of theundisturbedeasurfaceis removedto obtainthe sea-leel deviation. Thisn is different
fromthen, thatis plottedin theline-plotsin Chapter®2 and4. ), is the deviation, or anomaly of
the monthly valuefrom thelocal annualmean. Therefore the meanof n, over anyearis zeroat
ary location,but thatof n is not necessarilyso. The solutionshavs oneof the limitations of this
model. In the tropical gyre thatforms between5°S and 15°S, the upperlayer thicknesss at the
minimumvalue,H,_ ., overalargearea.This distortsthemomenturrbalancen theregion because
the pressure-gradierforce, which requiresa gradientin H, vanishesjmplying a breakdevn in
the geostrophidalancehatshouldapplyin theregion andleadingto the currentsflowing across
the contoursof H, asin an Ekmanbalance.A similar distortionoccursin the antigyclonic gyre
in the southindian Oceanwherethe upperlayerthicknesss at its maximumvalue,H__ , overa
large region. Seasonatlistortionsof this kind occurin the north Indian Oceantoo, especiallyin
the strongupwelling regimesoff Somaliaand Arabia. Thesedistortionsare not crucial because
their effectsareeasilyseenput, alongwith theabsencef theIndonesiarmThroughflav, they make
the simulatedflow-field differentfrom thatobsered over a large part of the southindian Ocean.
Hence purfocusin thisthesisis onthenorthindianOceanwherethemodel,despitdts simplicity,
performsremarkablywell; subsequerfigurescaver only this partof the basin.
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Figure 3.5 Seasonatycle of surface circulation: nonlinearsimulation. Sea-leel deviation n
(cm) andvelocity v (cms™1) areshavn. In Januarythe NMC flows aroundthe westernflank
of the Lakshadweefmigh off southwestndia, joining the polevard WICC at 12°N; the WICC is
equatorvard to the south,closingthe geostrophicirculationaroundthe high. The high stretches
westward, extendingacrosshe southernArabianSeaby April. The EICC flows polevard during
February—Mayformingthewesterrboundarycurrentof abasin-wideantig/clonic gyrein theBay
of Bengal.
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Figure 3.5 (continued)Seasonatycle of surfacecirculation: nonlinearsimulation. Sea-leel de-
viationn (cm) andvelocity v (cms—1) areshavn. In April, the equatornard WICC off southwest
Indiaexpandspolevard. By June theWICC is equatornvardnorthof 12°N, whereit flows offshore
into the SMC, which flows aroundalow in sealevel off southwestndia. An eastvardjet formsat
the equatorduring April-May. The EICC wealensafter April andthe antig/clonic gyrevanishes.
A weakEICC flows polewvard duringthe southwestmonsoonpff Sri Lankaandtowardsthenorth
of the coasthowever, the EICC flows equatonard.
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Figure 3.5(continued)Seasonatycle of surfacecirculation: nonlinearsimulation.Sea-leel devi-
ationn (cm)andvelocityv (cms—1) areshavn. DuringthesouthwesmonsoontheLakshadweep
low forms off southwestndia andpropagatesvestward. The mostvigorouscirculationis in the
westernArabian Sea,wherethe GreatWhirl forms by July. Another antig/clonic high in sea
level, the Socotrahigh, forms to the north of the GreatWhirl. The circulationin the bay lacks
organizationduring the southwesimonsoon.The EICC is weak;it is polevardin the southand
equatonardin thenorthandoff SriLanka.
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Figure 3.5 (continued)Seasonatycle of surface circulation: nonlinearsimulation. Sea-leel
deviationn (cm) andvelocity v (cms™1) areshovn. With the collapseof the southwestmonsoon
in Septemberthe EICC reversedo flow equatorvard. It flows into the NMC, which turnsaround
Sri Lankato join the polevard WICC. In Decemberthe incipientLakshadweepigh is seenoff
southwestndia. Anothereastvard jet forms at the equatorin Novembey but the modeljet does
not extendto the easterrboundary
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Figure 3.6 Seasonatycle of surfacecirculation:linearsimulation.Sea-leel deviationn (cm)and
velocity v (cms™1) areshavn. Thelinearsolutionis virtually identicalto the nonlinearsolution.
Linearizationonly distortsthe highsandlows, stretchingthemout. The phasespeeds constant
andthe highsandlows propagatet the samespeed.
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Figure 3.6 (continued)Seasonatycle of surfacecirculation: linear simulation. Sea-leel devi-
ationn (cm) andvelocity v (cms™1) areshavn. Thelinear solutionis virtually identicalto the
nonlinearsolution. Linearizationonly distortsthe highsandlows, stretchingghemout. The phase
speeds constanfandthe highsandlows propagatet the samespeed.
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Figure 3.6 (continued)Seasonatycle of surfacecirculation: linear simulation. Sea-leel devi-
ationn (cm) andvelocity v (cms™1) areshavn. The linear solutionis virtually identicalto the
nonlinearsolution,with onemajorexception. The GreatWhirl doesnotform off Somaliaduring
the southwestmonsoon.The two antig/clonic circulationsin theregion, the GreatWhirl andthe
Socotrahigh, meigeto form asinglehigh in sealevel. The SomaliCurrentis also“smoother”in
theabsencef nonlinearity
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Figure 3.6 (continued)Seasonatycle of surfacecirculation: linear simulation. Sea-leel devi-
ationn (cm) andvelocity v (cms™1) areshavn. Thelinear solutionis virtually identicalto the
nonlinearsolution. Linearizationonly distortsthe highsandlows, stretchingghemout. The phase
speeds constanfandthe highsandlows propagatet the samespeed.
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seasonatycle of the high andlow andof the surfacecirculationin the vicinity of India. To what
extentdo thesefeaturesdependon the nonlinearityin the momentumequations?To answerthis
questionwe linearizemodelequation®. The linear simulationreproduceshe seasonatycle of
the Lakshadweephigh andlow andof the circulationin their vicinity (Figure 3.6). In fact, the
linear solutionis virtually identicalto the nonlinearsolution, with one notableexception: the
GreatWhirl doesnotform’.

This impliesthatnonlinearityis crucialto the dynamicsof the GreatWhirl, but not to that of
the Lakshadweefmigh andlow. In its absencethey could be generatedby the following causes,
eitherindividually or in conjunctionwith the others:Ekmanpumpingoff thesoutherrtip of India,
locally forcedcoastaKelvin wavesor Rossbywaves,andKelvin wavesthatreachthe westcoast
of Indiaaftermakingtheirway aroundSri Lanka.McCrearyetal. [1993] shavedthelastof these
to be particularlyimportantto the circulationoff the Indian westcoast. Hence,in the following
section,we shallstudythe circulationoff southwestndia in the presencef only theseremotely
triggeredwaves. Beforedoing so, however, we examinethe possibleeffectsof the Lakshadweep
andMaldive? islandson the high andlow.

3.3.3 RoleofIsland Chains

We repeathelinearsimulationof Section3.3.2,with but onemodification:the Lakshadweeand
Maldive islandchainsarerepresentedsrectangulablocksandtheno-slipconditionis appliedat

theirboundarieswhich correspondoughlyto anidealizationof the200m isobath.Monthly plots

of n andv areshavn in Figure3.7. Theislandchainsslow down thewestwardprogres®f thehigh

andlow. Thereis alsosomedistortionof theflow-field to theeastof theMaldive islandswhichare
sufiiciently longto reflectthewestwardpropagatindRossbywaves;this forcesawesterrboundary
currentalongtheeastcoastof theMaldives,andthepolevardreflectedcurrentstrengthentheflow

aroundthe high. The Lakshadweefslands howvever, aresmallerthanthe meridionalwavelength
of theRossbywaves,which passround,or “through”, theseslands.Otherthanthesethereareno

significantdifferencedntroducedby the islandchains.They do modify the high andlow, but are
not, by themseles,responsibldor their existence.

6seeAppendixA, equationgA.13).

"Linearization,however, doeshave othersubtleeffects. For example,it increaseghe length scalesof highsand
lows, stretchingthemout. It alsodistortsthe phasespeed®f the Kelvin andRossbywaves;the highspropagateslover
thanthey doin anonlinearsimulation,andthe lows propagatéaster

8Like Laccadie, “Maldive” is a distortionof “Maladweep” literally a “garlandof islands”. The Maldive govern-
ment,howvever, usesheanglicizedform — atleastin English— andwe seenoreasorto do otherwise.
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Figure 3.7 Effectof the LakshadweepndMaldiveislandsontheLakshadweepighandlow. The
simulationis linear andidenticalto thatin Figure 3.6, but for the inclusionof theislandchains
in the ArabianSea. Plots of sea-leel deviation nj (cm) andvelocity v (cms™t) areshavn. The
presencef theislandchainsslovs down thewestwardpropagatiorof the Lakshadweepigh. The
NMC reflectsoff the Maldivesandthe currentbifurcates the northernbranchflowing poleward,
strengtheningheflow aroundthe high. Thesoutherrbranchbendsaroundthe Maldivesandflows
westwardalongthe equatorthe axis of the NMC is displacedsouthvard.
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Figure 3.7 (continued)Effect of the LakshadweeandMaldive islandson the Lakshadweehigh
andlow. Thesimulationis linearandidenticalto thatin Figure3.6, but for the inclusionof the
islandchainsin the ArabianSea.Plotsof sea-leel deviation n (cm) andvelocity v (cms—1) are
shavn. TheLakshadweefslandsaresmallerthanthemeridionalwavelengthof theRossbywaves,
which passround, or “through”, theseislands. The islandsmerely displacethe high northward.
The Rossbywavesin the easterrequatorialindian Oceanforce the SMC in the Bay of Bengal
[VinayachandraandYamagatal998]. Thesewavesalsoreflectat the eastcoastof the Maldives,
forcing awesternboundarycurrentthatis a continuationof the equatorvard WICC.
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Figure 3.7 (continued)Effect of the LakshadweegndMaldive islandson the Lakshadweehigh
andlow. Thesimulationis linearandidenticalto thatin Figure3.6, but for the inclusionof the
islandchainsin the ArabianSea.Plotsof sea-leel deviation n (cm) andvelocity v (cms™1) are
shavn. The presencef the islandsdistortsthe SMC; it flows aroundthe Lakshadweepow and
turnseastvardin thechannebetweerthetwo islandchains.Thelow propagate$asterthanin the
nonlinearsimulation,but is sloved down by the Lakshadweejslands.
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Figure 3.7 (continued)Effect of the LakshadweeandMaldive islandson the Lakshadweegigh
andlow. Thesimulationis linearandidenticalto thatin Figure3.6, but for the inclusionof the
islandchainsin the ArabianSea.Plotsof sea-leel deviation n (cm) andvelocity v (cms™1) are
shavn. Only a vestigeof the SMC remainsin October The NMC begins forming in December
andis deflectedby the Maldives;the polevardflow strengthenghe Lakshadweejighin January
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3.4 Roleof RemotelyForcedKelvin Waves

CoastalKelvin wavesin the Bay of Bengalareforced primarily by alongshorewvindsin the bay
or by windsin the equatorialwaveguide[McCrearyet al., 1993,1996; Shankaret al., 1996; Yu
etal., 1991]. Thesewindsalsogeneratd&Rossbywaves. Our objectie in this sectionis to examine
the consequencef a coastalKelvin wave thatreacheghe southerrtip of India after makingits
way aroundSri Lanka;hencewe usethelinearizedreduced-gnaty modelandeliminateall other
forcing mechanism®y prescribingan oscillatory boundaryforcing. First, we obtainnumerical
solutionsfor a realisticbasingeometry but now without ary forcing by winds; instead we gen-
eratea coastalKelvin wave alongthe eastcoastof India by prescribinga velocity atthe northern
boundaryof thebay Secondwe obtainananalyticsolutionfor arectangulabasin,in which the
arrival of aKelvin wave atthe southerrtip of Indiais mimickedby anoscillatingzonalcurrent.

3.4.1 Numerical Experiments

We generatea Kelvin wave alongthe eastcoastof India by prescribinga periodiccurrentnormal
to thenorthernboundaryof the Bay of Bengalin thelinearizedversionof themodel. At 2C°N, the
northernboundaryof the bay, theslip-flow conditionis usedfor the zonalvelocity, anda periodic
meridional(normal)velocity is prescribedasfollows:

V(x,20°,t) = —0.4v, cogat) | x— 90 |, 87.5° <x< 90, (3.2)

wherex s in degreedongitude,o = 2rtyear !, andv, = 40cms™1. Thereis flow into (outof) the
bay during OctoberMarch (April-September)generatinga coastalKelvin wave of periodT =
2ro~! alongthe eastcoastof India; this wave bendsaroundSri Lankaand propagatepolevard
alongthewestcoast radiatinga Rossbywave in the processThe patternseeroff thewestcoastof
Indiais theresultof thecoastaKelvin wave andtheRossbywave. Thecurrentassociateavith the
Kelvin wave alongthe eastcoast,the modelEICC, is connectedo the currentalongthe western
edgeof theRossbywave.

Monthly plots of n andv for OctoberMarchfrom thefifth yearof the simulationareshavn
in Figure 3.8, which depictsone half of an annualcycle of eventsthat resultsin the formation
of a high off southwestindia. Inflow into the northernbay startson 1 October beginning the
downwelling phaseof the Kelvin wave at the eastcoast. By mid-Octobey thereis equatorvard
flow in the northernhalf of the eastcoast,but the currentis still polewvardin the south. This is
the continuationof a currentalongthe westernedgeof a low in the Arabian Sea,which formed
off southwestndiain July andmoved offshore. This currentbifurcatesat the southerrtip of Sri
Lanka,partof theflow beingdeflectedpolevardalongthe westcoastandtherestbendingaround
Sri Lankato flow polevardalongthe eastcoast.By mid-Novembeythedownwelling phaseof the
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Figure 3.8 Therole of remotelyforced Kelvin waves. Sea-leel deviation n (cm) andvelocity
v (cms 1) areshawvn for the linear simulationforced by an oscillatory currentat the northern
boundaryof the Bay of Bengal. The boundaryforcing setsup a Kelvin wave alongthe eastcoast
of India. The downwelling phasebeagins on 1 Octobey forcing an equatornard EICC. Off Sri

Lanka,the EICC is polewvard; it is the continuationof a currentthatflows alongthe westernedge
of alow off southwestndia. The low propagatesvestward andthe polevard WICC alongits

easterrflank extendsall alongthe coastby December
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Figure 3.8 (continued)The role of remotelyforced Kelvin waves. Sea-l&el deviation n (cm)

andvelocity v (cms 1) areshavn for the linearsimulationforcedby anoscillatorycurrentat the
northernboundaryof the Bay of Bengal. The Kelvin wave alongthe eastcoastbendsaroundSri

Lankato propagatgolevard alongthewestcoast radiatingwestward propagatingRossbywaves
in theprocessThehighoff southwestndiais theresultof thecoastaKelvin wave andthe Rossby
waves. It drifts westward togethemwith the Rossbywavesthat constituteit, spreadingacrosshe
southermArabianSeaby March.
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Kelvin wave manifestsall alongthe coastlineandthe equatorvard EICC bendsaroundSri Lanka
to flow on asa polevard WICC. Radiationof Rossbywaveswealensthe WICC off southwest
Indiaevenastheequatorvard EICC peakg1 January) By Februarythereis aweakequatornard,
upwelling-favourabk currentoff southwestndia, closingthecirculationaroundahigh. Thiscycle
of eventscomesto a closeby March, whenthe high drifts westward togetherwith the Rossby
wavesthat constituteit, spreadingacrossthe southernArabian Sea;the Rossbywave signature
now appearsn theform of awestward currentin thevicinity of 5°N andnortheastwrd velocities
to thenorthof thislatitude. By theendof March,theinflow in the northernbayvanishesputflow
startson 1 April, beginningthe seconcdhalf of the annualcycle. This leadsto a low off southwest
Indiain August.

Thus,in theseaxperimentsaKelvin wave alongtheeastcoastof India,themodelEICC, leads
to asymphow of highsandlows off southwestndia, thesepatternghenpropagatingffshoreas
Rossbywaves.

3.4.2 Analytic Solution

We now obtainasimpleanalyticsolutionto shav thatall the crucialelement®f theobseredhigh

andlow andthe associatedurrentsalongthe westcoastof India arecontainedn coastalKelvin

andequatoriaRossbywaves,both of which arisefrom linear dynamicson anequatorial3-plane.
We usethe linearizedreduced-gnaty modelwithout wind stressforcing andreplacelLaplacian
friction by Rayleighfriction. Theequationsderivedin AppendixA, are

lwu— fv+grhy =0, (3.3a)
lowv+ fu+grhy =0, (3.3b)
lwh+H (ux+w) =0, (3.3¢c)

n="rh, (3.3d)

whereH = H+h, c= (gTH)? is the speedf the Kelvin wave, and

0
|co_a+r_|0+r. (3.4)

r is the Rayleighfriction coeficient and hasunits of s7%; it is equivalentto Ac;? in McCreary
[1981] andShankamandShetye1997].
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The boundaryconditionin the meridionaldirectionis thatthereare no sourcesof enegy at
high latitudes:no enegy is broughtinto the oceanby a high-latitudesourceof Kelvin waves. At
the easterrboundarywe imposethe condition

u(0,y,t) = O [uoefél(zfzo)z“‘*’t : (3.5)

whereZ = a,y, a2 = B/c,andd, > 0.

For sufiiciently large 8, (3.5) represents narrav zonalflow into or out of the domain,the
zonalvelocity beingnearlyzeroa shortdistancenorth or southof the axis of symmetryy,. The
u= 0 conditionto thenorthof theflow mimicsaclosedeasterrboundaryandrepresentthelndian
westcoasttheu =~ 0 conditionto the southof the flow mimicsanopenboundarywith neggligible
flow andrepresentthe openoceano the southof Sri Lanka(seeFigure3.9).

Figure 3.9 The easterrboundaryconditionfor the analyticsolution,shaving u(0,y,0) (cms™?)
for the Gaussiarprofile in (3.5) (solid curve) andfor periodsT = 360 days(dashedcurve) and
T = 30 days(dottedcurwe). 7500meridionalmodesweresummedover to obtainthe dashecand
dottedcurves, which mege in the region wherevelocity is not negligible, indicating the degree
of accurag achiered in satisfyingthe easterrboundarycondition. At the easterrboundarythe
dashedortionis openandtherestis closed.
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The homogeneousolutionto (3.3), subjectto the condition (3.5), is given by [McCreary,
1980,1981]

Um = B [Kimn-1 — @m—a] €00 (3.6a)
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Vin = Br (ﬁ%) (Ckm — (1‘)) G | ), (3.6b)
(m/2)2
hm—Bm(g )[Km(ﬂnﬂ‘i‘(ﬂn ] ghnte), (3.6¢)

wherem=1,2,3,...; X, representshe easterrboundary
3
Ko — Cknm—w) /Mm+1
™\ ki + @ m ’

B 2 (, o\
kmao(l[lsz(“mcz)] )

andam = d,(2m+ 1). The @y, arethenormalizedHermitefunctions,givenby [McCreary,1981]

() = %ezz/zﬁe‘zz. (3.7)
(2mmir?)z  dC7

m= —1 andm = 0 representhe equatorialKelvin and Yanaiwavesin the terminologyusedby
McCreary[1981]; bothpropagateeastvardandhenceB_; = B, = 0. Thecoeficientswith m> 1
representvestward propagatingRossbywaveswith complex wavenumbelky,. Since

u(0,y,t) = [zu e"*”] (3.8)

andthe @, areorthogonafunctions,we multiply bothsidesof (3.5) and(3.8) by ¢y, andintegrate
over { = (—o, ) to obtaintherelation

Brn = Kin 2Bim-2 — Uy (213,)° (1 28,)" @035 gy 4(2,,), (3.9)
where
1
5, = ————,
©2(8,+3)
ZOOZ 26162(0 )

1
(1-25,)2
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andwe have usedGradshtgn andRyzhik, 1965,p. 838]

o -=4y)? 1 m
/ e " Hm(Q)dZ = (21,) % (1—25,) * Hm [Ll] (3.10a)
- (1-23,)°
where(, = 2%,9,(, and
2 dm 2
— (—1)Mgl —C
Hm(Q) = (—1)M¢ dZme . (3.10b)

Therecursiorrelation[McCreary,1981]
3
(@ = (T52) s+ (3) wa@ (3.100)
and(3.9) areusedto estimatethe complex coeficients By, which whensubstitutedn (3.6) give
therequiredsolution.

We computethe solutionfor theparameter$l = 100m andl” = 0.0035,whichimply ¢ = 185
cms™ 1, andr = 2.1x 10~2 s~1. The solutionis not sensitve to the choiceof r. To prescribethe
easterrboundarycondition(3.5), we choosed, = 20,y, = 5°N, andu, = —40cms~1. Accurate
reproductionof the Gaussiarvelocity profile requiresa large value of M in (3.8), the degreeof
accurag achiezedin satisfyingthe boundaryconditionusingM = 7500is shavn in Figure3.9.

The solutionfor azonalcurrentoscillatingwith a period T = 2ro—! = 360daysis shavn in
Figure3.10. In the solution,t = 0 corresponds$o 1 Januarywhenthe flow into the basin,the
modelEICC?, peaks.Figure3.10depictshow n andv evolve during onehalf of anannualcycle.
The closeresemblancef the analytic solutionto the evolution depictedin Figure 3.8 implies
thatit captureshe essentiaklementsof the dynamics. As in the numericalexperimentwith a
boundaryforcingin lieu of wind stressthe currentat the coastreversego flow equatorvard and
a highformsby 1 Januarywhentheinflow into the basinpeaks.The changesn currentandsea
level propagaténto theopensea.A low formsin like fashionduringthe seconchalf of thecycle.

The solutionfor a zonal currentof period 60 daysis shavn in Figure3.11. The patternof
evolution is virtually identicalto thatfor the annualharmonic. Figure 3.11, however, illustrates
two aspectof the dynamicsnot evidentin Figure3.10. First, the time scaleassociateavith the
evolution is a sixth that for the annualharmonic;consequent|ythe zonallength scale(equalto
the productof T andthe Rosshywave speed)of patternsseenin the solutionis much smaller
Therefore,a seriesof highs andlows are spreadzonally one high andonelow forming at the
easterrboundaryduringonecycle of periodT andthenmigratingwestward. Secondthe Rossby
wavesaretrappedsouthof acritical latitude

Nl

_c
20’

9Strictly, it is the NMC or the SMC thatthe zonalcurrentrepresents.

Ye (3.11)
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PropagatingRossbywaves cannotexist polevard of the critical latitude'®, whichis 7° for T =
60 days. Thecritical latitudefor T = 360daysis 42°, well to the north of the northernboundary
of the ArabianSeajtherefore thewavesarenottrappedn Figures3.8and3.10.

An extreme caseof trappingis shovn in Figure 3.12, which depictsthe solutionfor T =
30days. Thecritical latitudefor this periodis 3.5°, to the southof the axis of the zonalcurrent
attheeasterrboundary Therefore Rossbywave radiationis impossible andthe high andlow do
notform; the zonalflow is deflectechorthandpropagateasa coastaKelvin wave.

Rossby-vave trappingimplies that the locationof the southerrtip of Sri Lankais crucialin
determiningthe period of oscillationsthatwill migratewestward into the Arabian Seafrom the
west coastof the India. At the southerntip of Sri Lanka, 6°N, the critical periodis 52 days.
Only thosedisturbance$rom the Bay of Bengalthathave alarger periodcangeneratevestward
propagatingRossbywaves and contrikute to the high andlow; thosewith smallerperiodswill
remaintrappedat the westcoastof Sri LankaandIndia. This critical period,however, depends
ontheKelvin wave speedc, which dependon stratificationand,hencejs afunctionof time and
spacél. Thereforethe partitionbetweerdisturbanceshataretrappedat the coastandthosethat
propagateffshorewill notbe definedassharplyasin this simplemodel.

Thelocationof the southerrtip of Sri Lanka,atabout6°N, is crucialfor anotherreasornoo.
Theinternalradiusof deformatioratthis latitudeis about200km; theradiusof deformatioratthe
equatorthe e-folding lengthscaleof the equatoriaKelvin wave, is about300km. Thereforethe
coastalWwaveguidein which the Kelvin wave propagatess distinctfrom the equatorialvaveguide.
This permitsthe Kelvin wavesfrom the Bay of Bengalto passunhinderednto the ArabianSea,
linking the dynamicsof thetwo basins.

Theequatorialaveguideis connectedo the bayat its easterrboundary Thislink arisesasa
consequencef thereflectionof the equatorialKelvin wave at the easterrboundaryof the basin;
the reflectedwave is a summationover several meridionalmodesof the westward propagating
Rossbywave, thesebeing requiredto satisfy the condition of no normal flow at the boundary
[Moore, 1968]. The highermeridionalmodeswereshavn by Mooreto be equvalentto a coastal
Kelvin wave, which carriesa part of theincidentenegy polevard alongthe coastin both hemi-
spheresThis Kelvin wave is trappedat the coastpolevard of the critical latitude;equatorvard of
this latitude,westwardradiationof enegy is possible andthe coastaKelvin wave is inseparable
from the Rossbywave. The samephenomenoiis seenoff the Indianwestcoast.For the seasonal
cycle, it is the annualand semiannuaharmonicsthat are mostimportant. The critical latitudes
for theseperiodsare42’ and21°, respectiely; theformerlies polevard of the northernboundary

10Thecritical latitudeis actuallysmaller(farthersouth)for the Indianwestcoasthecausehe boundaryis not merid-
ional[Clarke andShi, 1991]. Thecritical latitudefor anon-meridionaboundaryis yc = Ccz%ﬁ, wheref is thedeviation
of the coastfrom themeridian.For the Indianwestcoast,0 ~ 18, which givesa factorof 0.95.

11ShankarandShetye[1997] obtaineddifferentvaluesfor thecritical latitudeandperiodbecausehey useda higher
valueof ¢ (250cms™1).
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Figure 3.10 Analytic solutionfor T = 360 days(annualharmonic). Sea-leel deviation n (cm)
andvelocity v (cms™1) areplottedfor half the annualcycle. As in Figure3.8, the currentat the
coastreversego flow equatornvard anda highformsby 1 Januarywhenthe inflow into the basin
peaks. The changesdn currentand sealevel propagateanto the opensea. A low formsin like
fashionduringthe secondhalf of thecycle.
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Figure 3.11 Analytic solutionfor T = 60 days;timet = 0 and 30 (1 Januaryand 1 February).
Sea-leel deviationn (cm) andvelocity v (cms™1) areplotted. A seriesof highsandlows form at
theeasterrboundaryandpropagatavestwardasRossbywaves;thewavesaretrappedatthe coast
northof 7°N.

Figure 3.12 Analytic solutionfor T = 30 days;timet = 0 and15 (1 and16 January).Sea-l@el
deviationn (cm) andvelocity v (cms™?) areplotted. For a periodof 30 days,the critical latitude
is 3.5°, to the southof the axis of the zonal currentat the easterrboundary Therefore,Rossby
wave radiationis impossibleandthe high andlow do not form.
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of the basin,andthe latter is closeto it. Hence,both annualand semiannuaKelvin wavesare
inseparablédrom westward propagatindRossbywavesin the Bay of Bengalandthe ArabianSea,
andenepy leaksat theseperiodsfrom the easterrboundaryinto the openocean?.

3.5 Forcing Mechanisms

Theleaky waveguidein the northIndian Oceanmalesthe Kelvin wave off the eastcoastof India
more comple thanthe onediscussedn Section3.4; it is the resultof Kelvin wavesof different
frequenciesand phasedorced by several mechanisms.McCrearyet al. [1996] identified three
suchmechanismstocal alongshorevinds (LA) adjacento theeastcoastof IndiaandSriLanka,
remotealongshorevinds (RA) adjacento the easternrand northernboundarief the bay [Mc-
Crearyetal., 1993],andremoteforcing from theequatorialvaveguide(EQ) [Potemraetal., 1991;
Yu etal., 1991]. TheresultanKelvin wave, on reachinghewestcoastof India, is modifiedby the
local alongshoravindsthere(WLA), andthe Rossbywavesradiatedfrom the coastaremodified
by Ekmanpumping[Bruce et al., 1994,1998]. In addition,theinteractionof equatorialRossby
waves with the southerntip of India canalso force Kelvin waves along the Indian west coast
[Bruceetal., 1998]. All theseprocessesontrituteto the formationof the Lakshadweepighand
low.

Toisolatetheeffectof theprocessesnthelLakshadweepighandlow andthe WICC, two sets
of boundaryconditionsareappliedalongcontinentaboundarie§Shankaret al., 1996;McCreary
etal., 1996]. Onesetis the usualno-slip condition

u=v=_0. (38.12a)

Theotherset,

U:n-v:—n-kx%, G=kxn-v, (3.12b)

is appliedto theboundarie®f theBay of Bengalandthewestcoastof IndiaandSri Lankain three
of thetestsolutions.In (3.12b) k is a unit vectordirectedout of the 3-planeandn is a unit vector
normalto theboundarythatpointsinto the bay (offshore)alongits westernandnorthernmaigins,
out of the bay (inshore)alongits northeastermndeasterrmaigins, and out of the sea(inshore)
alongthe southerrboundarie®f IndiaandSri Lankaandalongtheirwestcoasty = (0, V), where
0 andV arethe velocity componentsiormalto and along the boundary;andt = (1%, 1Y) is the
wind stress. Conditions(3.12b)allow Ekmanflows to passthroughboundariesandtherefore
circulationsdrivenby coastaEkmanpumpingarefiltered out of the solutions.

125eeAppendixB, FigureB.2.
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The solutionsfor the processes A, RA, andWLA arefound analogoudo McCrearyet al.
[1996]. The main, or control, run is the linear solutiondescribedn Section3.3.3 (Figure 3.7),
for which the condition(3.12a)is appliedat continentalboundaries.The modificationsmadeto
obtainthe processsolutionsaredescribedelow.

3.5.1 Winds Along the East Coastof India and Sri Lanka (Procesd.A)

To isolatethe effect of the strongwindsthatblow alongthe eastcoastof IndiaandSri Lanka,we
apply conditions(3.12b)alongthis coast(from 87°E, 20°N to 82°E, 6.5°N), therebyeliminating
the effect of the alongshorevinds there. The differencebetweernthe mainrun andthis run gives
the processsolutionforcedby LA (Figure3.13).

The winds along the eastcoastare southwesterlyduring the southwesimonsoonand north-
easterlyduringthe northeastmonsoon.The southwest—northeaatignmentof thecoastmakesthe
wind vectorvirtually parallelto the coastandthesewindsgeneratestrongKelvin waves;the EICC
closelyfollows thewind field. Northeasterlywvinds, which force coastaldovnwelling, setin with
thewithdrawal of the southwesmonsoorandthe EICC reversedo flow equatorvard. TheKelvin
wave thatforcesthis downwelling EICC alsoforcesa dowvnwelling WICC in November The sub-
sequentadiationof Rossbywavesgenerates high off southwestndiain Januaryasin the main
run, but the high forcedby LA is muchstronger The wealeningof the northeasmonsoonafter
Januaryforcescoastalupwelling alongthe eastcoast;the upwelling intensifieswith the onsetof
the southwestnonsoorin May. This upwellingKelvin wave generates low off southwestndia,
but it is wealer thanin the mainrun. Thus,the winds alongthe westernboundaryof the Bay of
Bengalcanforce both the high andthe low. Thesewinds have a strongerimpacton the WICC
thanthey have onthe EICC; by themseles,they cannotforcethe seasonatycle of the EICC, but
they canforcethe seasonatycle of circulationoff southwestndia.

3.5.2 WindsAlong the Eastem and Northern Boundariesof the Bay of Bengal(Pro-
cessRA)

Toisolatethe effect of thewindsthatblow alongtheeasterrandnorthernboundarie®f the Bay of
Bengalwe applyconditions(3.12b)alongthesecoastgfrom 97°E, 2.5°N to 87°E, 20°N), thereby
eliminatingthe effect of thealongshorevindsthere. Thedifferencebetweerthemainrun andthis
run givesthe processolutionforcedby RA (Figure3.14).

Thesewinds also force Kelvin waves, which propagatealong the rim of the bay, radiating
Rossbywavesfrom the easterrboundaryin the processThe Kelvin wavesforcedby thesewinds
make aweakcontritution to the EICC, forcing coastaupwellingduring February—Septemband
downwelling during OctoberJanuary Their effect on the high andlow is alsoweak. Though
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Figure 3.13Effectof windsalongthe eastcoastof IndiaandSri Lanka(Procesd.A). Plotsof sea-
level deviation n (cm) andvelocity v (cms™t) areshavn. Proces4. A forcesa high off southwest
India in Januaryithe high propagatesvestward, asin the mainrun. Thelow thatformedduring

thesouthwesmonsooris alsoseenin thecentralArabianSea.lts reflectionat the coastof Arabia

forcesanupwelling-favourable currentthere.
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Figure 3.13(continued)Effect of windsalongthe eastcoastof IndiaandSri Lanka(Procesd A).
Plots of sea-leel deviation nj (cm) andvelocity v (cms~1) areshavn. The Lakshadweepigh
propagatesvestward; in April, it is locatedto the westof the Lakshadweepslands. An equa-
torward WICC formsin May, andby June the incipientLakshadweepow is seenoff southwest
India. The Rossbywavesthatconstitutethe Lakshadweepigh andlow alsohave aneffectonthe
circulationin the northwesterrArabianSea.
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Figure 3.13 (continued)Effect of winds along the eastcoastof India and Sri Lanka (Process
LA). Plotsof sea-leel deviationn (cm) andvelocity v (cms™1) areshavn. During the southwest
monsoonprocess A forcesapolevardEICC alongthe coastof IndiaandSri Lanka. This current
is the continuationof the SMC, whosemeanderingtructurein the ArabianSeais associatedvith
the Lakshadweebigh andlow.
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Figure 3.13 (continued)Effect of winds along the eastcoastof India and Sri Lanka (Process
LA). Plotsof sea-leel deviationn (cm)andvelocity v (cms™t) areshovn. Thewindsalongthe

eastcoastof India andSri Lankareverseafterthe collapseof the southwesmonsoonforcing an

equatonvard EICC. The EICC flows aroundSri Lankainto the polevard WICC. By December
theincipientLakshadweeigh is seenoff southwestndia.
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Figure 3.14 Effect of winds along the easternand northernboundariesof the Bay of Bengal
(ProcesRA). Bimonthly plots of sea-leel deviation n (cm) andvelocity v (cms™1) areshown.

Thoughthe winds alongthe easterrand northernboundarief the bay arecomparabldo those
alongits westerrboundarytheresponséo themis weakbecaus¢hesewindsblow almostnormal
to thecoast forcing aweakKelvin wave.
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Figure 3.14 (continued)Effect of winds alongthe easterrandnorthernboundarieof the Bay of

Bengal(ProcesRRA). Bimonthly plots of sea-leel deviation ) (cm) andvelocity v (cms™1) are
shavn. During the southwesmonsoonprocesRA forcesaweak,polevard EICC, complement-
ing procesd.A; theKelvin wavesthatforcethis EICC alsoforceaweak,equatorvard WICC.
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the effect of processRA is muchwealer thanthat of LA, the windsin the easterrbay are not
significantlywealer thanthosein the westernbay; it is thealignmentof the coast,almostnormal
to thewind vector thatresultsin aweakalongshoreeomponentandhencejn aweakresponse.

3.5.3 Winds Along the WestCoastof Sri Lanka and India (ProcessNLA)

To isolatethe effect of thewindsthatblow alongthewestcoastof Sri Lankaandindia, we apply
conditions(3.12b)alongthis coast(from 82 E, 6.5°N to 67.5E, 25°N), therebyeliminatingthe
effect of the alongshorevindsthere. The differencebetweernthe mainrun andthis run givesthe
processsolutionforcedby WLA (Figure3.15).

Along this coast,the winds blow equatorvard throughoutthe year the winds alongthe west
coastof Sri Lankabeingthe exception;here,the windsaresimilar to thosealongthe Indian east
coast.During thesouthwesmonsoonthesouthwesterliesverthe ArabianSeaturn aroundin the
centralArabianSeato blow from the northwestalongthe Indian westcoast. Thesewinds favour
coastalupwellingandarestrongeithanthe equatornardwindsduringthenortheastnonsoonThe
alignmentof the coastalsoensureghat the winds during the northeasimonsoongeneratebut a
weakKelvin wave. Therefore thoughthewindsalongthe easterrboundaryof the ArabianSeado
not contrikute significantlyto the high, they force alow off southwestindia anddrive the strong
upwellingoff westernandnorthwesterrindia duringthe southwestmonsoon.

3.5.4 Other Processe¢Processe®©P)

The threeprocesssolutionsdescribedabore shav that Kelvin waves forced by winds blowing
alongthe eastandwestcoastsof India and Sri Lankacanforce the Lakshadweeigh andlow.

To examinethe contrikution of otherprocessesye apply conditions(3.12b)from (97°E, 2.5°N)

to (67.5E, 25°N), filtering outprocessekA, RA, andWLA. Theresultingmodelresponsés due
to all otherprocessegheseincludeequatorialKelvin andRossbywaves, Ekmanpumpingin the
Lakshadweesea,andthe interactionof equatorialRossbywaveswith the southerrtip of India
(Figure3.16). Thedifferencebetweerthe mainrun andthis run givesthe combinedeffect of LA,

RA, andWLA (Figure3.17).

Whenthe effect of the winds alongthe coastsof India and Sri Lankais filtered out of the
responsethe most striking discrepancie®ccurin the easternand northernArabian Sea. The
otherprocesse$orce but a weak“high” off southwesindia. The low doesnot form during the
southwestonsoondowvnwelling occurringalongmostof thewestcoastnstead.This distortsthe
circulationin the easterncentral,andnorthernArabianSea,with the SMC virtually disappearing
to the westof Sri Lanka. This implies that the curiousmeanderingstructureof the SMC in the
centralArabianSeais aconsequencef theLakshadweepigh andlow andis forcedby thewinds
alongthecoastof IndiaandSri Lanka(Figure3.17). To theeastof Sri Lanka,however, the SMC
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Figure 3.15 Effect of winds alongthe westcoastof Sri Lankaand India (ProcessWVLA). Plots
of sea-leel deviation n (cm) andvelocity v (cms™1) areshavn. The winds duringthe northeast
monsoorblow normalto the westcoastof India andforce a weakKelvin wave; hence process
WLA forcesaweakhigh off southwestndia. It hasa strongereffectonthelow, andthereflection
of thelow atthe coastof Arabiaforcesanupwelling-fvourabk currenttherethroughoutheyear
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Figure 3.15 (continued)Effect of winds along the westcoastof Sri Lankaand India (Process
WLA). Plotsof sea-leel deviation n (cm) andvelocity v (cms™1) areshavn. The effect of the
low forcedby processNVLA andits reflectionat the westernboundaryof the ArabianSeais felt
evenin April andMay, whenproces3NLA forcesa polevard currentalongthe coastof Somalia.
This currentforcesupwellingin the northernpartof the Somalicoastevenbeforethe onsetof the
southwestmonsoon.
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Figure 3.15 (continued)Effect of winds along the westcoastof Sri Lanka and India (Process
WLA). Plotsof sea-leel deviation n (cm) andvelocity v (cms™) areshavn. Thewindsalong
thewestcoastof India and Sri Lankaforce a low off southwestndia by July. The WICC flows
equatonard into the SMC. ThoughprocessWLA, like LA, canforce the SMC, the relatively
weakhigh forcedduringthe northeastmonsoornwealensthe SMC in the centralArabianSea.
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Figure 3.15 (continued)Effect of winds alongthe west coastof Sri Lankaand India (Process
WLA). Plotsof sea-leel deviation nj (cm) andvelocity v (cms™1) areshavn. By October the
low is locatedto the westof the Lakshadweepslands. The upwelling Kelvin wave forced by
processVLA duringthesouthwestonsoorpropagateslongtherim of the ArabianSeaforcing
upwellingoff ArabiaandSomaliain winter, opposinghe downwelling forcedby thelocalwinds.
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Figure 3.16Effect of otherprocessegProcesse®P). Theeffect of processesA, WLA, andRA
hasbeenfiltered out of the responsePlotsof sea-leel deviation ) (cm) andvelocity v (cms™1)
areshavn. Eliminating the Kelvin wavesforcedby the alongshorevindsin the Bay of Bengal
andtheeasterrArabianSeawealensthehigh off southwestndia. Insteada strongerantig/clonic
circulation,with ahighin sealevel, is seenn thenorthernArabianSea.Theseprocessedovever,
are responsiblefor forcing the circulationin the Bay of Bengalthroughoutthe year; the only
exceptionis the EICC, whichis alsoaffectedby procesd. A.
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Figure 3.16(continuedEffectof otherprocessefOP).Theeffectof processekA, WLA, andRA
hasbeenfiltered out of the responsePlotsof sea-leel deviation n (cm) andvelocity v (cms™1)
areshavn. Theabsencef the alongshorevindsis felt moststronglyin the easterncentral,and
northernArabianSea. The NMC doesnot wealenin the Arabian Seaandthe eastvard SMC is
restrictedto theeastof Sri Lanka. Theupwellingcurrentoff Arabiais wealerthanin themainrun
andthe EICC flows equatorvard during the southwesimonsoonbecausef Ekmanpumpingin
theinterior bayandremoteforcing from theequatofShankaretal., 1996;McCrearyetal., 1996].
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Figure 3.16 (continued)Effect of other processegProcesse®©P). The effect of processes A,
WLA, and RA hasbeenfiltered out of the response.Plots of sea-le@el deviation n (cm) and
velocity v (cms 1) areshavn. Processe®P force awestward “SMC” to the westof Sri Lanka.
This currentflows throughthe gapbetweenthe Lakshadweemnd Maldive islandsandjoins the
returnflow aroundthe antigyclonic highsin thewesternArabianSea.Processe®P, howvever, are
theprincipal cause®f the circulationin thewesternArabianSea.
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Figure 3.16 (continued)Effect of other processegProcesse®©P). The effect of processes A,
WLA, and RA have beenfiltered out of the response.Plots of sea-leel deviation n (cm) and
velocity v (cms™1) are shavn. The major distortion during OctoberDecemberccursin the
ArabianSeaandoff theeastcoastbof Sri Lanka,whereaweakEICC flows polevardin theabsence
of localwinds. In thenorthernandcentralArabianSeatheabsencef alow duringthesouthwest
monsoorresultsin ahighin sealevel. In therestof the basin,however, it is the processe®Pthat
determinghecirculation.
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Figure 3.17 Effect of processe&A, RA, andWLA. Only thesethreeprocesseareretainedin
this solution. Plotsof sea-leel deviation n (cm) andvelocity v (cms™1) areshavn. Thewinds
blowing alongthe coastsof India and Sri Lankaarethe principal cause®f the circulationin the
easterncentral,andnorthernArabianSea.Elsavhere,exceptfor the effect of procesd A onthe
EICC, theirimpactis small.
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Figure 3.17 (continued)Effect of processet A, RA, andWLA. Only thesethreeprocessesre

retainedn this solution. Plotsof sea-leel deviationn (cm)andvelocityv (cm s™1) areshavn. The

Lakshadweepighis forcedprincipally by procesd. A, with smallercontributionsfrom WLA and

OP. Thehigh stretchesvestwardacrosghesoutherrArabianSeaby May; its slower propagation
in themainrunis becaus®f processe®©P
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Figure 3.17 (continued)Effect of processesA, RA, andWLA. Only thesethreeprocessesre
retainedin this solution. Plotsof sea-leel deviation n (cm) andvelocity v (cms™t) areshawn.
Processe®VLA andLA force strongupwelling off the westcoastof India and Sri Lankaduring
the southwestmonsoon. The upwelling signal propagatess a Kelvin wave and complements
the local windsthat force upwelling off Arabia. The SMC to the westof Sri Lankais forcedby
processes A andWLA,; otherprocessegOP) force a westward currentand wealen the SMC
forcedby LA andWLA. Theseotherprocessediowever, arethe causeof the SMC to the eastof
SriLanka[VinayachandraandYamagatal998].
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Figure 3.17 (continued)Effect of processesA, RA, andWLA. Only thesethreeprocessesre
retainedin this solution. Plotsof sea-leel deviation n (cm) andvelocity v (cms™t) areshawn.
Thelow forcedby processet A andWLA propagatesvestward during OctoberDecembeand
an incipient high forms off southwestindia in December The absenceof the local winds off
Somaliaandthe forcing from the equatorwealensthe flow alongthe westernflank of the low.
This flow is enhancedn the mainrun by the formationof the GreatWhirl andthe Socotrahigh;
thewestwardpropagatiorof theLakshadweepigh, whichis forcedmainly by LA, makesaminor
contritution to thesehighsin SeptembeandOctober.
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is forced by the equatorialwaves and Ekmanpumpingin the interior bay [Vinayachandramand
Yamagatal998]. Theresultof processe©P is a bizarreSMC.: it is eastvard to the eastof Sri
Lanka,westwardto its west.

Theseprocesssolutionsshav that the winds alongthe coastsof India and Sri Lankahave a
strongeffect on the circulationin the ArabianSea;in the Bay of Bengal,their effect is restricted
to the eastcoastof India and Sri Lanka. Thesewinds are the principal mechanismsesponsible
for the Lakshadweephigh andlow andthe seasonatycle of circulationin the easternArabian
Sea.TheKelvin wavesforcedby thesewinds alsoaffect the Somalicurrent,but notto the same
magnitude.They force anupwelling currentoff Somaliaalmostthroughoutthe year wealening
theequatorvard Somalicurrentin its northernreache$eforethe dramaticeffect of theequatorial
wavesandlocal windscanbefelt therewith the onsetof the southwesmonsoon.

Thus,the effect of the processeshatleadto the Lakshadweefnigh andlow canbe felt over
large partsof the ArabianSea. Sincethey areforcedby the monsoorwindsthatblow yearafter
year the high andlow mustform yearafteryear andthe variability associatedavith the monsoon
mustforcevariationsin the high andlow over arangeof time scales.Suchastrongseasonatycle
in the oceanandthe variability associatedvith it musthave someeffect beyond modifying the
circulationof the upperoceanin theregion. We concludethis chaptemwith a brief discussioron
someimplicationsof the Lakshadweemigh andlow.

3.6 Implications of the LakshadweepHigh and Low

ThelLakshadweepigh raisessealevel andlowersthepycnoclinein the Lakshadwee®eaduring
Januaryto April. Thisimpliesathick, stableupperlayerthatcanwarmmoreeasily This stability
is enhancedy low-salinity waterfrom the Bay of Bengal,broughtin by the equatorvard EICC
andthe NMC. Shenoietal. [1999] arguethatthe high sea-sudcetemperature$SSTs)thatoccur
thereasearlyasMarch,well beforethethermalequatomovesover theregion, andthe monsoon
onsetvortex that forms therelater and heraldsthe onsetof the southwesimonsoonover India,
areintimately connectedo the high. Their hypothesisasall the elementsf a classicalcoupled
ocean-atmosphemystem.First, anatmospherieventwell separatedrom the eventualregion of
intenseactity triggerseventsin the ocean.(The collapseof the southwesmonsoonin October
andthe onsetof the northeasimonsoongenerateKelvin wavesin the Bay of Bengal.) Second,
responsentirely within the oceanproducesspecialconditionsat a locationremotefrom the at-
mosphericevent. (The Kelvin wavesfrom the bay leadto dovnwelling andto a stablesurface
layeroff southwestndia, resultingin higherSSTsthere.)Third, theoceartriggersaneventin the
atmosphere(High SSTsleadto the monsooronsetvortex.)

ThelLakshadweepighis alsoimportantfor thefisheryof India. Upwellingalongthis coaste-
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ginssometimean FebruaryfLonghurstandWooster,1990],well beforetheonsetof theupwelling-
favourablesouthwestmonsoornwinds. As seenin Figures3.8 and3.10,a consequencef there-
motely forced Kelvin wave is the formationof a weak, but upwelling-favourablecoastalcurrent
off southwesitndia, this currentbeingintegral to the dynamicsof the high. The early upwelling
is thereforeonemanifestatiorof the procesdiscussedbove. This upwelling currentstrengthens
and leadsto the low during the southwesimonsoon. The resultis an intenseupwelling regime
in the Lakshadweeseaandfarthernorthalongthe Indianwestcoast,with consequence®r the
marinechemistryof the region. Upwelling bringsup the nutrient-richdeepemwater leadingto a
growth of phytoplanktonandto the depletionof oxygenin the surfacewatersdueto their mixing
with theanoxicdeepemwaters. Thesechangesn the chemistryandprimary productvity have an
impacton thefisheryof theregion [Banse,1968;Naqvietal., 1998].

Thus, apartfrom the physicaloceanographwyf the Arabian Sea,the Lakshadweeigh and
low have cascadingffectson theatmospherabore, andon the marinechemistryandbiology of
the easterrArabianSea.Theimplicationsof the high andlow arestill beingunravelled andform
anareaof active researchOurinterestis in thevariability of sealevel alongthe Indiancoastand,
having describedhe theoreticaframenork for studyingthe dynamicsof the northindianOcean,
it is to the seasonatycle of coastalsealevel that we turn our attention. It is obvious that the
dynamicsassociateavith the high andlow musthave a bearingon the seasonatycle of sealevel
alongthe westcoastof India. Most significantis theimportanceof remoteforcing, especiallyof
the high, which appeargo beforcedprimarily by thewindsblowing alongthe eastcoastof India
andSri Lanka. This bearsout our tentative conclusion,dravn earlieron the basisof Figure2.8,
thatthewindsatalocationalongthelndiancoastarenotasuficientcauseof thesea-leel changes
there;thenorthindianOceammustbeconsideregsawholeto modeltheobseredvariability. The
1%—Iayerreduced—gmity modelis successfuin simulatingthe essentiafeaturesof thecirculation
in thebasin,includingthelarge-scalecoastakurrents.n thefollowing chapterwe applyit to the
studyof the seasonatycle of sealevel alongthe coastof India.





