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Synopsis

Coastakealevel is oneof the betterdocumente@ceanicvariablestherebeingsereraltide-gauge
recordsof hourly sealevel that stretchbackto the lastcentury This, togetherwith the factthat
geostrophiclow-frequeng coastalcurrentsleave their signaturesn sealevel, makestide-gauge
dataan excellentsourceof informationfor the study of coastalcirculation over a vastrangeof
sub-inertialfrequencies.Low-frequeng variability of sealevel alongthe coastof India forms
the subjectof this thesis. “Low” is definedto exclude frequencieshigherthanthosedescribed
by monthly sealevel. The seasonatycle is the highestfrequeng studiedin this thesis,which
examineghevariability of sealevel alongthe coastof Indiaon seasonahroughinterdecadalime
scalesanddetermineshe cause®f the obseredvariability.

After theintroductionin Chapterl of thethesis the obserationalandtheoreticabackground
is presentedn Chapter2. The focusis on the literature on the seasonatycle. The seasonal
cycle of sealevel, correctedfor the effect of atmospherigressurausingthe Inverse-Barometer
approximationjs coherentlongthe coast;its rangeis 45 cm on the eastcoastand30 cm on the
westcoast. Along the eastcoast,the maximumsealevel occursin Novemberandthe minimum
during March—April; alongthe westcoast,the maximumoccursin Decembefndthe minimum
during the southwesimonsoon. The seasonatycle of correctedsealevel is in goodagreement
with that of the obsered alongshoreship drifts, implying a link betweenthe large-scalecoastal
circulationandcoastalsealevel. It doesnot, hovever, matchthatof the local alongshorevinds,
shawving thatthe circulationalongthe coastof Indiais influencedconsiderablyoy remoteforcing.
This inability to modelthe circulation along the coastof India by invoking purely local causes
leadsto a theoreticalframenork, developedover the last decade for describingthe large-scale
circulationin thenorthIndianOcean.

Thistheoreticaframavork mergesthe Bay of Bengal the ArabianSea,andthe equatorialn-
dianOcearinto asingledynamicalentity, which mustbemodelledasawholeevento simulatethe
circulationin its parts.It is appliedin Chapter3 to the Lakshadweepigh andlow, a highandlow
in sealevel thatform off southwestindia during the northeasand southwesimonsoonsrespec-
tively, andpropagatevestward. Thedynamicsof the high andlow is modelledusinga dynamical
1%-Iayer reduced-gnaty model. The simulationsshav thatthe high andlow are explicable by
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linear theoryand do not owe their existenceto nonlinearity Simple numericalandanalytic so-
lutions shav that a Kelvin wave propagatingalongthe eastcoastof India cangeneratehe high
andlow, implying thatthe essentiaklementof the high andlow arecontainedn coastaKelvin
andequatoriaRossbywaves,both of which arisefrom linear dynamicson anequatorial3-plane.
They areforcedby theradiationof Rossbywavesfrom Kelvin wavespropagatingpolevardalong
thewestcoastof India. TheKelvin wavesmusthave a periodgreateithanabout50 daysto radiate
Rossbywavesandforcethe high andlow; atlower periodsthey aretrappedat the coast.Among
the mechanisméorcing theseKelvin wavesalongthe westcoastof India, mostimportantarethe
winds alongthe eastcoastof India and Sri Lanka, which by themseles canforce the high and
low. Thewindsalongthewestcoastof IndiaandSri Lanka,especiallyalongthe southerrmamgin
of the Indian subcontinentcontrikute to the formationof thelow, but cannotforce a high. Other
processesontribute mamginally to the Lakshadweehigh, but they force a westward Southwest
MonsoonCurrentduringthe southwesmonsoonandthelow doesnotform.

Thoughthedynamicalreduced-gnéty modelis successfuin simulatingtheessentiafeatures
of thecirculationin thenorthIindianOceanjncludingthe currentsalongthe coastof India, it fails
to simulatetheseasonatycle of coastakedevel; thisis thesubjectof Chapted. Thewind-forced
modelfailsto simulatethewinter peakalongtheeastcoastandasaresult,forcesahigherrangeof
theseasonatycle alongthewestcoasthanalongtheeastcoast.Simulationsgn whichtemperature
andsalinity vary in the actve modellayer, thesefields beingprescribedrom a climatology shav
thatthedropin salinity alongthe eastcoastafterthe southwestnonsoorraisesstericseaevel and
is the causeof themaximumin November This low salinityis theresultof runof from the Ganga
andthe Brahmaputranto the northernBay of Bengalduringthe southwestmonsoon.Thus,three
mechanisms— atmospherigressurewinds on the scaleof the basin,andsalinity — contritute
to the seasonatycle of sealevel alongthe coastof India.

A lower frequeng, theannualmeansealevel, is the subjectof Chapter5. Levelling obsenra-
tions conductedduring the GreatTrigonometricalSuney of India (1858-1909khaved that the
annualmeansedevel is higheralongthe eastcoastof Indiathanalongthewest,thedifferencebe-
tweenVishakhapatnarandMumbai (Bombay)beingabout30 cm. Simulationswith the 1%—Iayer
reduced-gnaty modelshav thatpurelywind-forcedcirculationaccountdor half this difference,
the otherhalf beingdueto thegradientin salinity alongthe coast.

The variability of annualsealevel on interannualandinterdecadatime scaless the subject
of Chapter6. Annual meansealevel alongthe coastis significantly correlatedwith the annual
extremaandseasona#verages.Cross-correlationsf annualmeansealevel at the stationsalong
the coastare statistically significant,shaving that thesechangesare coherentand are part of a
basin-scaleesponseTheannuaimeanandextremaof sedevel arealsocorrelatedvith annuakll-
Indiarainfall, asis thelocalrainfall at Mumbaiwith theannualsealevel there. Thesecorrelations
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retaintheir significancevhentherainfall andsea-l@el dataaredecimatedvith a 10-yeamrunning
mean.Theinterdecadathangesn monsoorrainfall arereflectedn sea-leel changestMumbai,
which hasthe only century-longtide-gaugeecordin the Indian Ocean;bothincreaseérom alow
in thefirst quarterof this centuryto ahighin the 1950sanddecreas¢hereafter

Our hypothesigs thatthe seasonainflow of the monsoorrainfall into the seasaroundindia
andthedynamicsof the EastandWestIndia CoastalCurrents EICC andWICC) provide thelink
betweemmonsoorrainfall andcoastalsealevel, the coastalsalinity field playing anintermediate
role. The seasonaEICC and WICC spreadthe runoff alongthe coast,creatinga cross-shore
salinity gradient;the time scaleassociateavith this gradientis muchlongerthananyearbecause
mixing is slow in theoceanwhich responds&satwo-layersystemnto this quasi-steadgross-shore
gradientin salinity Whensalinity, andhence density decreasesoastvardin theupperlayer, sea
level risesatthe coast,andthisis accompaniethy a weak,geostrophicsurfacecurrentthatflows
with the lighter wateronits right; below it is anundercurrent.Geostrophyalsorequiresthatthe
pycnoclineslopeup towardsthe coast.

Therearetwo mainconclusion®f thisthesiswhichis summarizedn Chapter7.

1. Therearethreecause®f thelow-frequeny variability of sealevel alongthe coastof India.

(a) Thelarge-scalevind-forcedcirculationof theupperocean.

(b) Thelarge changesn salinity thatarea resultof the high rainfall over the Indian sub-
continentandthe surroundingseas.

(c) Atmosphericpressure.

Thefirst two causesreimportantat periodsrangingfrom a seasorio decadesatmospheric
pressureontritutessignificantlyonly to the seasonatycle.

2. We proposeahypothesiconnectingheinterdecadathangesn seaevel alongthe coastof
India to the variability of the monsoonthe majoraspecbf the climate of theregion. This
hypothesiss differentfrom thosegenerallyproposedo link sealevel to climate change;
thesehypothesesnvoke the increasein volume due to the changein temperatureof the
upperoceamandthe additionof freshwaterbecausef the meltingof polarice caps.
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Chapter 1

Intr oduction

Thesurfaceof the seadeformscontinuouslyundervariousinfluenceslts level, measuredelatve

to anarbitrarydatum,is calledsealevel, which changeswith time andis the grossestand most
obvious,indicatorof changen the oceansChangesn sealevel aregreaterin the shallov waters
in the vicinity of a coastthanthey arein the opensea,andsincea large fraction of the human
populationresidesin coastalareas,yvariationsin sealevel have arousednterestfor a long time.

A reasonabhaccuratepredictionof sealevel wasalsonecessaryor safenavigation of boatsand

shipsin harbours.This, andthe relatve easeof measuringsealevel ascomparedo measuring,
say temperaturer currents,hasled to it beingoneof the betterdocumentedceanicvariables.
Hourly measurementef sealevel are available at several placesover the globe, someof the

recordsstretchingbackto thelastcentury

A tide gaugemeasuresealevel relative to land; anincreasen sealevel may eitherbe dueto
anabsoluterisein sealevel, or dueto a sinking of land. Thelargestchangesvidentin atypical
sea-leel recordarethosedueto astronomicatides. Theseregular, periodicpatternsaremodified
by the effectsof theweatherexchangeof enegy betweertheatmospherandthe oceanoccursat
all spaceandtime scalesfrom the generatiorof short-periodvind-wavesto the slow transferof
enegy, over acentury from thetropicsto the polesby the globalocearcirculation. The sea-leel
recordalsoincludesthe effect of secularchangesn sealevel, forcedby changesn the volumeof
ice lockedin majorice capsandglaciers.

India, with its long coastlineliesin thelndianOcean(Figurel.1),whichis muchsmallerthan
the Pacific or the north Atlantic. Unlike thesetwo basinsijt is boundedn the north by Asia; this
makesit atropicalbasin.This hasprofoundconsequencdsr the meteorologyandoceanography
of thisregion: the land-ocearcontrastforcesseasonallyeversingwinds, the monsoonsgpver the
northindianOcean(Figurel.2),unlike in the north Atlantic or the northPacific. The northindian
Oceanrespondgo this forcing, resultingin the significantseasonatycle of sealevel seenin the
tide-gaugeaecordsalongthe coastof India.
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Figure 1.1 The geographyof the Indian Ocean. The zonal extent of the Indian Oceanis much
lessthanthatof the Pacific or the north Atlantic. Its southerrboundaryis arbitrary but is chosen
to distinguishit from the Antarctic, or southernOcean.Unlike the Pacific andthe Atlantic, the
Indian Oceanis boundedn the north by Asia; this malkesit a tropical basin. This hasprofound
consequencdsr themeteorologyandoceanographgf thisregion: theland-oceartontrasforces
seasonallyeversingwinds,themonsoonspverthenorthindianOceanunlikein thenorthAtlantic
or the north Pacific. The north Indian Oceanrespondgo this forcing, resultingin the significant
seasonatycle of sealevel seenin thetide-gaugeecordsalongthe coastof India.

Mumbai, on the west coastof India (Figure 1.2), hasthe longesttide-gaugerecordin the
IndianOcean Lik e tide-gaugeecordselsevherein theworld, thatat Mumbaiexhibits variability
over a rangeof frequencieqFigure 1.3). The changein sealevel dueto tidesis muchgreater
thanthoserelatedto the weatherthe latter areobtainedby filtering the hourly sealevel with a 3-
daylow-passdfilter [Doodson,1921]. Tidal andnon-tidalsea-l&el oscillationsareusuallystudied
separatelbecausef the vastly differentwaysin which they areforced. We ignoretidesin this
thesis focussingnsteadon weatheirelatedsea-leel changeat “low” frequenciesThoughthese
aremuchsmallerthanthetides,the relatedmovementof the thermoclineis important. Defining
“low” to excludeall frequenciesigherthanseasonalywe studythe variability of sealevel along
the coastof India on seasonathroughinterdecadatime scalesmappingoneendof the spectrum
of sea-leel variability. For this, it is necessaryo filter the tidesandhigh-frequeng oscillations
relatedto the weatherout of the sea-leel data. This is mosteasily achiered by averagingthe
hourly sealevel over a monthto obtain monthly sealevel'; this doesalmostas good a job at

1Throughoutthis thesis,the term “monthly sealevel” is usedto denotethe meanof hourly sealevel over a given
calendamonth. Likewise, “annual sealevel” is usedto denotethe meanof monthly sealevel over a calendaryear
What we call monthly and annualsealevel are often called monthly meanand annualmeansealevel; we drop the
“mean”, usingit only whenits absenceanleadto ambiguity
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Figure 1.2 The geographyof the north Indian Ocean. The north Indian Oceanis split by the
Indianpeninsulanto two parts the Bay of Bengalin theeastandthe ArabianSeain thewest. The
equatoriallndian Ocean the Bay of Bengal,andthe Arabian Seaare contiguousbasinsbecause
the southerrtip of the Indiansubcontinenties well north of theequator Togetherthey form one
dynamicalentity, thenorthIndianOcean.
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filtering out the higherfrequenciesgespeciallythe tides, asdo more comple techniquegPugh,
1987]. In this thesis,we usemonthly sealevel to studythe low-frequeng variability of sealevel
alongthe coastof India.

Thetide gaugeslongthe coastof mainlandindia areimportantfor estimatingow-frequenyg
changesecausdhey represenhalf of thosefor the entire Indian Ocean[Emery and Aubrey,
1989]. A brief descriptionof this network of tide gaugeds givenin Chapter2, which presents
theobsenrationalandtheoreticabackgroundor thisthesis.At thelow frequencie®f interestthe
sealevel alongthe coastis relatedto alongshorecurrents,which areforcedby winds actingon
thescaleof thebasin.Thisleadsto atheoreticaframenork, developedduringthis decadefor the
wind-forcedcirculationin the north Indian Ocean.The frameawvork is appliedin Chapter3 to the
dynamicsof the Lakshadweepigh andlow, a high andlow in sealevel thatform off southwest
India. The next threechaptersaredevotedto thelow-frequeng variability of coastakealevel, of
which the seasonatycle is the highestfrequeng. Sinceit is the mostprominentof the regular
oscillationsrelatedto the weather it is seeneven in a climatology of monthly sealevel; this
climatologicalseasonatycle is studiedin Chapter4. A lower frequeny is describedoy annual
sedevel, themeanof monthlysealevel overanyear Thealongshorevariationof annualsealevel
is the subjectof Chapter5. Departuregrom climatologyand sub-annuathangesare studiedin
Chapter6. Chapter7 summarizesndconcludeghethesis.
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Figure 1.3 Sealevel variability at Mumbai on the westcoastof India. Hourly, daily, monthly,
ualsealevel (cm) areplottedasa functionof time to reveal the variability over a rangeof
ciesthe mean,definedover the durationfor which the sealevel is plotted,is subtracted
lotting eachcurve. (a) Hourly sealevel (dashedcurve) anddaily sealevel (solid curve)
6 May to 15 June,1976. Daily sealevel, which is mostlyrelatedto weatheris computed
by de-tidingthe hourly sealevel with a 3-daylow-passfilter. (b) Daily sealevel, asin (a), but
with anincreasean the scaleof the ordinate. (c) Daily sealevel (dashecturve) andmonthly sea
level (solid curve) for 1976. Monthly sealevel, obtainedby averagingthe hourly sealevel over a
month,essentiallydescribesheseasonatycle. (d) Annualseaevel (dashedturwe)is theaverage
hly sealevel over anyear Filtering annualsealevel with a 10-yearrunningmean(solid
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Chapter 2

Observational and Theoretical
Background

In this chapter we examinethe obserational and theoreticalbackgroundor this thesis. Most
of the literatureon the low-frequeng variability of sealevel alongthe coastof India dealswith
the seasonatycle, the outstandingow-frequeng signalin the sea-l@el records;hence,before
suneying the literature,we describethe obsered seasonatycle of sealevel, beginning with a
descriptionof the tide-gaugenetwork alongthe coastof India.

2.1 The Tide-GaugeNetwork Along the Coastof India

The Geodeticand ResearctBranchof the Surwey of India monitorsthe network of tide gauges
alongthe coastof mainlandindia andata few offshoreislandstationgRoy, 1994]. Themeasure-
mentsare madeusing a float-typeautomaticmechanicatide gaugewith anaccurag! of 1 cm;
sincethe oscillationsstudiedin this thesisareatleastanorderof magnitudegreaterthis accurag
is sufficient for our purpose.The measuredealevel is recordedby a styluson charts,which are
later digitisedinto hourly valuesof sealevel. Monthly sealevel is computedirom thesehourly
valuesby averagingover a month,andannualsealevel is obtainedby averagingthe monthly sea
levels over anyear Thesemonthly andannualsea-leel dataare suppliedby the Suney of In-
dia to the PermanenBervicefor Mean Sealevel (PSMSL)alongwith the datumto which the
measuremeris referred. Sincethe datumhistoryis known for the tide gaugesof India, a homo-
geneousseriesof levels canbe prepared.Theselevels are adjustedby the PSMSL to a Revised

1Althoughthe hourly sealevel maybeaccurateonly to 1 cm, the meanof severalhourly valuesis potentiallymuch
more accurate provided that the error in eachreadinghasa randomprobability distribution. If this distribution is
statisticallynormal,the meanof n independenteadingss moreaccuratehana singlereadingby a factorof n™ 3.0n
this basis,100readingsvould reducethe errorfrom 1 cmto 1 mm [Pugh,1987].
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Local ReferencdRLR) datum,which is definedrelatve to the tide-gaugebenchmarksothatthe
meansealevel in a specifiedyear is approximately7 m. Defining sealevelsrelative to the tide-
gaugebenchmarkhasthe advantageof separatinghe oceanographiandthe geodeticaspectf
the problemof sea-leel trends[Pugh,1987].

Thetraditionallndiantide-gaugenetwork hasbeenusedprimarily for establishinghe datum
for vertical control network of India andto determinevarioustidal constituentdor tide tables
[Roy, 1994]. As aresult,mary of therecordsareshort,andonly 12[EmeryandAubrey, 1989]are
acceptabldor estimatingsea-leel variability on seasonaandhighertime scales.Someof these,
however, aresituatedon the banksof majorrivers,or in narrav gulfs, makingthemunsuitableor
the study of low-frequeng variability on the scaleof a basin. Five of thesegaugesverefound
by EmeryandAubrey to have acceptableonfidencdevels; thesegaugesarelocatedat Mumbai
(Bombay),Mangalore andKochi (Cochin)on the Indianwestcoast,andat Vishakhapatnarand
Chennai(Madras)on the Indian eastcoast(Figure2.1, Table2.1). In addition,we usedatafrom
Marmagad on the westcoastandParadig on the eastcoast. Apart from the Indiantide gauges,
thatat Colomboin Sri Lankais consideredecaussdt lies closeto the southerrtip of the Indian
subcontinentthejunctionbetweerthe Bay of Bengalandthe ArabianSea.

Table2.1Tide-gaugestationsalongthecoasiof thelndiansubcontinentNy, is thenumberof years
of dataavailable. Themonthly meansea-l&el datafor all stationsarewith respecto the Revised
LocalReferencei.e.,all thesea-le@el datausedn thisthesisareRLR data. ThePermanen&ervice
for MeanSealevel (PSMSL)is the sourcefor the monthly sea-leel data.

Station Longitude Latitude Timespan Ny
CE) CN)
Paradip 86.70 20.26  1966-1988 22

Vishakhapatnam 83.28 17.68 1937-1989 52
ChennailMadras) 80.30 13.10 1916-1989 43

Colombo 79.85 6.95 1953-1965 13
Kochi(Cochin) 76.26 9.96 1939-1989 50
Mangalore 74.80 12.92 1952-1976 23
Marmagao 73.80 1542 1969-1989 15

Mumbai(Bombay)  72.83 18.92 1878-1988 111

2Henceforthyve referto suchsea-leel dataas*RLR data”.
3TherecordatMarmagaawvasconsideredoo shortby EmeryandAubrey, but moredatahassincebecomeavailable.
4For reasonsiot known, Paradipwasignoredby EmeryandAubrey.
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Figure 2.1 Tide-gaugestationsalongthe coastof the Indian subcontinent:Indian subcontinent”
impliesindiaandsomeneighbouringcountriesjncluding Sri Lanka. In thefigure, thesolidline is
the200m isobath which usuallymarksthe shelf-breakandthedashedine is the 1000m isobath.
Theshelfis narrav alongthe eastcoastof the Indian subcontinentexceptin the northernBay of
Bengal;it is wider alongthe westcoast,especiallyoff Mumbai.
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2.2 The Climatological SeasonalCycle of Seal evel

The dominantfrequeng of the wind-stressforcing over the north Indian Oceanis the annual
harmonic[Rao, 1998], a consequencef the seasonallyreversingmonsoorwinds. Theselarge-
scalewinds force a pronouncedseasonatycle of circulationin the basin,andhence,a seasonal
cycle of sealevel alongthe coastof India®. Theseasonatycle is thehighestfrequeng adequately
resohed by monthlysealevel. A climatologyis obtainedrom monthlysealevel by averagingthe
datafor a particularmonth,sayJanuaryover all the yearsof the record. A monthly climatology
of anomaliess thenobtainedby remaving the annualmeanfrom the monthly climatology
Therearethreecauseof the seasonatycle of sealevel at a coast: astronomictides, atmo-

5strictly, we shouldsay“coastof the Indiansubcontinentbecauséhe coastof Sri Lankaformspartof it. With due
apologiedo the Sri Lankanswe use“coastof India” in therestof this thesis.
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sphericpressure and “steric oscillations” [Patullo et al., 1955]. Steric oscillationsare due to
changesn specificvolume; the stericsealevel is low (high) whenthe wateris cold (warm), or
hashigh (low) salinity Changesn steric sealevel areforced by surfacefluxesand horizontal
andverticaladwectionof heatandsalt. Evenin the absencef horizontaladwectionandof fluxes
acrossthe boundarief the ocean,coastalcurrentsforced by winds causechangesn the local
massfield by forcing coastalupwelling or dovnwelling, therebyinfluencingthe steric sealevel
(Figure2.2). We distinguishbetweerthis andthe changesn stericsealevel causeddy horizon-

Figure 2.2 Effect of winds and coastalcurrentson stericsealevel. This schematioof a section
normalto thecoastshavs therelationbetweerwinds,coastakurrentsandsealevel. Theoceans
consideredh two-layersystemthe denselower layer beingmuchdeepetthanthe shallav upper
layer Theinterfacebetweenthetwo layersrepresentshe pycnocline,the density-equialent of
thethermocline.In the northernhemispherewind blowing with the coastonits right (left) forces
Ekmanflow into (out of) thecoast,causingcoastadowvnwelling (upwelling); seaevel rises(falls)
at the coastandthe pycnoclineslopesdown (up) towardsthe coast. This setsup a cross-shore
pressurgyradientthatdrivesa geostrophi@longshoreurrent.In thefigure, the currentshavn by
“x” (*-”) within acircle is into (out of) the planeof the paper Thus,whenthereis downwelling
(upwelling) at the coastthe currentflows with the coaston its right (left), sealevel rises(falls) at
the coast,andthe pycnoclineslopesdown (up) towardsthe coast.Thechangen sealevel is given
byn=- (%) h, whereh is the changen the thicknessof the upperlayerfrom the mean,

2
or undisturbedstate.

o
T T
® ©O)

p y

Downwelling & Upwelling “

tal adwection of heatand salt and by the exchangeof heatandsalt acrossthe boundarieof the
ocean;the former areconsideredhe effect of wind-forcedcoastalcurrents,andthe latter that of
thermohalindorcing. Therefore therearefour cause®f changesn monthly sealevel at a coast:
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astronomictides, atmospherigressurewind-forcedcoastalcurrents,and thermohalineeffects.
Of these the astronomididescontritute aroundl cm, which is an orderof magnitudelessthan
themeteorologicaéffects[Patulloetal., 1955;ShetyeandAlmeida,1985];hencewe ignoretheir
effect.

2.2.1 The Inverse-Baiometer Effect

At thelow frequencief interest the effect of atmospheric-pressurariationsin thetropicscan
be“corrected”by usingthe Inverse-Baromete(iB) approximation.Following Ponte[1993], the
correctedsealevel is givenby

nc:no+p_1g](patm—l_3atm)a (2.1)

wheren, andn_ aretheobseredandcorrectedsealevels. p = 1026kg m~2 is theoceanicsurface
density g theacceleratiordueto gravity, paim thelocal atmospheripressureandp,,,, the spatial
averageof theatmospheripressurevertheglobalocean.Sincep,,, is afunctionof time because
of ashiftin air masgowardsSiberiain winter[Patullo etal., 1955],thelB approximatiorninvolves
anadjustmentf sealevel to bothlocal andnonlocalpressurdluctuationgPonte,1993]. 1t is iso-
static,i.e., it doesnotleadto pressurehangesn thedeepencean.ThelB effect,computedising
climatologicalmonthly atmospheriqressuredatafrom the Comprehense Ocean-Atmosphere
DataSet(COADS), is more pronouncedowardsthe north of the basinandalongthe eastcoast
of India (Figure2.3). Seasonatea-l@el changegueto variationsof atmospherigressurevary
from about3 cm at Colomboto 13 cm at Paradip. The correctedsealevel is lower (higher)than
the obsered sealevel during the southwest(northeastmonsoofi, whenthe local atmospheric
pressuras low (high). The seasonathangesbsered in the correctedsealevel are causedy
the two remainingprocesseswind-forcedcoastalcurrentsand thermohalineeffects. It is these
changeswhich arelinked to the basin-scalelynamicsof the north Indian Ocean thatform the
subjectof this thesis.

2.2.2 Major Featuresof the SeasonalCycle of Seal evel

The climatologicalseasonatycle of sealevel, correctedfor the effect of atmospherigpressurg,
is visually coherentalong the eastand west coastsof India and shavs the following features
(Figure2.3).

6The southwesmonsooriastsfrom Juneto Septembetthe northeastnonsoorfrom Novemberto JanuaryOctober
andFebruary—Mayarethetransitionmonths whenthewindsareweakover the northIndian Ocean.

"Hereafterseaevel correctedor the effect of atmospheripressurés referredto as“correctedsealevel”; whenthe
correctionis notapplied,it is called“obsened sealevel”, or “uncorrectedsealevel”, or just“sealevel”.

8n thisfigure,asin all subsequerftguresof this kind, thevariableslottedaremonthlyanomaliesThelocalannual
meanis subtractedrom the monthlyvaluesto computetheanomalies Therefore theanomaliesat onestationmaybe
comparedvith thoseat another
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Figure 2.3 The climatologicalseasonatycle of sealevel (cm) alongthe coastof India. The

stationson theright (exceptColombo)areon the eastcoast,andthoseon theleft areonthewest
coast. The figure shavs the monthly anomaliesof obsered and correctedsealevel; the local

annualmeanhasbeensubtractedrom the monthly climatologyto computetheseanomaliesThe

correctionfor atmospheripressuravasappliedusingthe Inverse-Barometesipproximation.The

effect of atmospheripressuren sealevel variesfrom 3 cmat Colomboto 13 cm at Paradip.The

seasonatycle of correctedsealevel is coherentalongthe coast. Its rangeis greateralongthe

eastcoast(45 cm) thanalongthe westcoast(30 cm). Along the east(west)coast,the corrected
sedlevel is maximumin NovembenDecemberandminimumduringMarch—April (thesouthwest
monsoon).
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1. Therangeis greateralongthe eastcoast(45 cm) thanalongthe westcoast(30 cm). The
drop in the rangefrom Chennaito Kochi is becauseof a decreasen the maximum;the
minimum doesnot changeasmuchfrom the eastto thewestcoast.

2. Alongtheeastcoasttherearetwo maxima,aminor peakduringthesouthwesmonsoorand
a major peakduring November;the winter peakis broad(in time) at Paradipand narrovs
equatonvard alongthe coast.The minimumoccursduring April.

3. Along thewestcoast,sealevel peaksduring Decemberthe peakbeingbroaderthanalong
the eastcoast,makingthe seasonatycle moresymmetric;thereis alsoa minor secondary
peakatKochiandMumbaiduringthe southwestmonsoonwhenthe minimumoccursalong
thewestcoast.

Somehypothesesiave beenprofferedto explain the seasonaandlower frequencieseenin
the sea-leel recordsalongthe Indian coast;the availableliteratureis sureyed in the following
section.

2.3 A Brief Survey of the Literatur e

The first study of the seasonatycle of sealevel along the Indian coastwas by Patullo et al.
[1955], who examinedthe climatologicalseasonatycle of sealevel measuredy tide gaugesall
overtheworld andcomparedhemto the heightof the seasuriacearisingfrom seasonabariations
in specificvolume;thesewere computedusing datafrom bathythermogramand Nansenbottle
casts.Therewasa goodcorrelationbetweerthe tide-gaugesealevel andthe stericoscillationsat
low andtemperatdatitudes. The sea-l&el anomaliesvere nearlyequalto the sumof the steric
anomaliesandthe atmospheric-pressuedfect, implying thata pressuresensoiin the deepocean
would shav very small seasonalluctuations;this conditionwastermed‘isostasy”. Patullo et al.
also notedthat actualcurrentmeasurementsllied well with currentscomputedfrom dynamic
topography(or steric heights),implying a link betweenthe large-scalecoastalcurrentsand sea
level measuredby coastatide gauges.

Varadarajuliet al. [1982] usedtide-gaugedatafor 10 years(1966—1975xat Paradipandcon-
cludedthatthe variationsin monthly sealevels wererelatedto variationsin heatingandcooling
duringsummerandwinter, respectiely, in additionto the influenceof rainfall andthe seasonally
reversingmonsoonwinds. Prasadand Reddy[1985] usedthe samemethodto study sea-leel
variability over 10 years(1970-1979pt Chennai.They too linked the obsered variability to the
physicalpropertiesof seawaterand the climatein the neighbourhoodf Chennai. Both these
studiesrelatedsea-l@el changepurelyto local causes.
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ShetyeandAlmeida[1985] comparedhe seasonatycle of sealevel at several stationsalong
the coastof India with thoseof local rainfall andthe large-scalecoastalcurrentin the vicinity of
thegauge.The seasonatycle of correctedsealevel andthatof thealongshoreurrentfolloweda
similar patternat moststationsMumbaibeinganexception;Das[1979] alsonotedtheconnection
betweertheseasonatycle of sedevel andthatof thealongshoreurrentatMarmagao.Therefore,
while not ruling out the possibleinfluenceof runoff on the sealevel alongthe eastcoast,Shetye
andAlmeida concludedhat coastalsealevel may be a goodtool for monitoringthe large-scale,
wind-forcedgeostrophicurrentsalongthe coast.

Emery and Aubrey [1989] notedthat the monthly sealevel at different stationsalong the
IndiancoastrevealscloserelationshipsThey attributedthe maximain theseasonatycleto storm
suigesandto monsoonafloods,or river runof. Their mainfocus,hovever, wasonthelong-term
changesn sealevel. Five stations— Mumbai, Kochi, Mangalore ChennaiandVishakhapatnam
— were found to be reliable indicatorsof long-termchanges. Of these,Mangaloreshaved a
decreasén relative sealevel (1.3 mm year 1), while the othersshaved anincreasen sealevel
relative to land, the rate varying from 0.36 mm year ! at Chennaito 2.1 mm year* at Kochi.
This indicateseither maiginal subsidencef land, or a slow rise in sealevel. Theseresultsare
similar to thoseobtainedfor Australia[Aubrey andEmery,1986], whereeightacceptablestation
recordsaveraged2.2 mm year ! of land subsidencer sea-leel rise. This similarity is striking
becaus&\ustraliais known for its tectonicstability andIndia for its nearnesso a belt of tectonic
instability Othercoastakegionsof theworld exhibit moreerraticandlocal changesscribablgo
tectonicsassociateavith folding, faulting, meltingof ice capsvolcanicactvity, anddeltagrowth,
only the last of which canbe importantalongthe westernand southeastergoastsof India and
Australia.Hence EmeryandAubrey concludedhatthesetwo regionsmay bethe bestindicators
of long-term relative sea-leel change.

TsimplisandWoodworth[1994]updatedhework of Patulloetal. [1955],usingthreetimesthe
guantityof datausedin the earlierwork. They decomposethe climatologicalseasonatycle into
annualand semiannuaharmonics presentinghe worldwide distribution of the amplitudesand
phaseof both. Thereis a differencein annualphasebetweenthe eastandwestcoastsof India;
the annualphaseprogressiely increasesgrom the eastto the westcoast. The annualamplitude
is muchlargerthanthe semiannuabmplitude. A large semiannuabmplitude,however, may not
imply arealisticsemiannuabscillation,but canbethe resultof irregularitiesin the annualcycle,
causedfor example,by the sudderonsetof themonsoon.

Clarke andLiu [1994] usedmonthly sealevel alongthe Indiancoastto studyinterannuabari-
ability. They found a significantcorrelationbetweenthe sealevel at Vishakhapatnanand that
at Chennai,Kochi, and Mumbai. The correlationis maximumat non-zerolags, hinting at the
possibility of wave propagationalongthe coast. Basedon a model study they concludedthat
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an interannualsea-leel signal occursalong more than 8000 km of the Indian Oceancoastline,
extendingfrom southernJava to Mumbai, andis generatedemotelyby zonalinterannualwinds
alongtheequator Clarke andLiu [1993] usedthe samemodelto studythe annualandsemiannual
sealevels alongthe easterrboundaryof the equatorialindian Ocean.They concludedhatatmo-
sphericpressurelocal alongshoravinds,andremoteforcing by equatoriaKelvin waveswerethe
cause®f theobseredoscillations.

Thus,thesestudiesshav thatthe sealevels at differentstationsalongthe Indian coastreveal
closerelationships.However, the cause®f the obsered variability, seasonabr interannualare
not clear Atmosphericpressuréhasan effect on sealevel, but this is easilyaccountedor by the
Inverse-Barometeapproximation. Thereis also somesimilarity betweenthe seasonatycle of
localrainfall, andhenceof riverrunof, andthatof sealevel. Mostcrucial,however, is thestriking
resemblancef the seasonatycle of coastalcurrentsto that of sealevel alongthe Indian coast.
This, andthesignificantcorrelationbetweerinterannuavariationsin seaevel at Vishakhapatnam
andatotherstations suggestshatthelow-frequeny variability of sealevel alongtheIndiancoast
is linkedto thelarge-scalecirculationin the north Indian Ocean.This is not surprising,giventhat
asimilar relationshiphasbeennotedelsaevheretoo [Patullo etal., 1955].

2.4 The Lar ge-ScaleCir culation Along the Coastof India

Oceanographeinsave traditionally relied on hydrographicdatato estimatecurrentsin the ocean
[PickardandEmery,1982]. The first major hydrographicsuney of the north Indian Oceanwas
madeduring the Internationalindian OceanExpedition(IIOE) in the late 1960s[Wyrtki, 1971].
Several hydrographicsuneys have beencarriedout in the north Indian Oceansincethen,anda
coherenpictureof thelarge-scaleoastakirculationaroundindiaemegedduringthe 19908. We

usethe datacollectedduring six hydrographicsuneys during 1987-1994n the Exclusive Eco-
nomicZone(EEZ) of India, in conjunctionwith shipdrifts, to describehelarge-scalecirculation
off the Indian coast. Eachof thesemethodshasits own dravbacks. Dynamictopographiegon-
structedfrom hydrographicdataassumea level of no motion,typically 1000m, andaretherefore
unreliablein the vicinity of a coast. Ship drifts, on the otherhand,are influencedby wind and
usuallyaretoo noisy to yield a coherentpicture of the basin-scalecirculation. Neverthelessjn

theabsencef directcurrent-metemeasurementthesearethe only meanf estimatingcurrents
alongthelndiancoast.

9An extensive bibliographyfor the Bay of Bengalis givenby Varkey etal.[1996].
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2.4.1 Hydrography of the CoastalWaters of India

Three cruisessuneyed the coastalwatersoff the Indian west coastduring June—AugustL987
[Shetyeet al., 1990], Decembeil987-Januarl988 [Shetyeet al., 1991a], and March—-April
1994,andthreecruisessuneyed the coastalwatersoff the Indian eastcoastduring July—August
1989[Shetyeet al., 1991b], March—April 1991 [Shetyeet al., 1993], and NovemberDecember
1991 [Shetyeet al., 1996]. Thesecruises® followed nearidentical tracks, measurementseing
madealongsectiongalsocalledlegs) normalto the coastor to the shelf-break.

Thedynamictopographywith respecto 1000dbarfor thesesix cruiseds shavn in Figure2.4.
Thedynamicheightfield is a measuref the geostrophidransportin thetop 1000m of thewater
column;thesmallerthespacingoetweerthe contoursof dynamicheight,thelargeris thetransport
of theassociatedurrent,which,in the northernhemisphereflows with the higherdynamicheight
onits right. Thedynamictopographiesn Figure2.4 arebut snapshotsepresentate of thelarge-
scalecirculationduringthe periodof the survey, but they provide the only coherentiydrographic
obsenrationsin theregion. Theschematidn Figure2.5shavs thetransportsassociatedavith these
coastalcurrentsover the top 1000m of the watercolumn. Interannuablvariability is expectedto
causechangesn the transportof thesecurrentsystemsput they still provide a roughpicture of
the climatologicalseasonatycle of the coastalkcurrentsaroundindia.

The currentsalongthe coastof India changedirectionwith season.From Novemberto Jan-
uary the currentalongthe eastcoast,the Eastindia CoastalCurrent(EICC), is equatorvard all
alongthe coast[Shetyeet al., 1996]. It bendsaroundSri Lankato flow alongthe Indian west
coast[Shetyeetal., 1991a]asa polevard WestIndia CoastalCurrent(WICC). Off southwestn-
dia, the polevardflow is alongthe westernflank of anantig/clonic high thatformsin theregion;
a geostrophiaccurrentcompleteghe circulationaroundthe high, forcing an equatorvard WICC
off southwestndia'!. The EICC reversesn Februaryandit flows polewvard duringMarch—-May
forming thewesternrboundarycurrentof abasin-wideantig/clonic gyre[Shetyeetal., 1993]. The
antigyclonic high off southwestndiapersistshroughMarch—April, wealeningthereaftemandgiv-
ing way to a cyclonic low during the southwesimonsoon(June—-Septemberdiuring this period,
the WICC flows equatorvard alongmostof the IndianwestcoastShetyeetal., 1990]. TheEICC
is weakduringthe southwesmonsoonit is polevardin the south,but is equatorvardin thenorth
[Shetyeetal., 1991b].

Sincethe dynamicheightsdo not represent climatology we refrain from comparingthem
with tide-gaugesealevel; this hasbeendoneelsavhere, and the agreementound to be good

10Hereafter we referto thesesix cruisesasthe “EEZ cruises"because¢hey suneyedthe Exclusive EconomicZone
(EEZ) of mainlandindia. A summaryof theseobsenationsis availablein ShetyeandGouwia[1998].

11shetyeetal. [1990,1991a]do notdefinethe WICC thewaywe do; they computethetransporby integratingacross
the high. Therefore the transportestimategiven herearedifferent. So arethe currentwidths; for example,Shetye
etal. describea coastakurrentthatis 400km wide off southwestndia. We definethe EICC andWICC moreprecisely
in thenext chapter
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[Patulloetal., 1955]. A bettercomparisons affordedby shipdrifts becaus¢hefarlargernumber
of obsenrations,spreadover several years,makesit possibleto definea climatology This was
doneby Shetyeand Almeida[1985] andwe repeatthe exercise,but with a moreextensve ship-
drift dataset.

2.4.2 CoastalSealevel, CoastalCurr ents,and Local Alongshore Winds

We usetheship-driftclimatologycompiledby Raoetal. [1989], whichwasnotavailableto Shetye
andAlmeida[1985], to computethe alongshoreoastakurrent.Sincethe shipdrifts areaveraged
over 2° x 2° bins, the alongshorecoastalcurrentscomputedirom themrepresenthe large-scale
coastakirculation. The climatologicalseasonatycle of correctedsealevel andthatof thealong-
shorecoastalcurrentcomputedrom shipdrifts areshavn in Figure2.6. The agreemenbetween
thetwo is excellent,exceptat Colombo.Theonly majordiscrepang is thatthealongshoreurrent
peaksa monthbeforethe sealevel doeson thewestcoast. The seasonatycle of surfacecircula-
tion in the northIndian Oceanasrevealedby shipdrifts (Figure2.7), alsoagreedairly well with
the currentsystemsoutlinedin Figure2.5.

Sincethelocal alongshoreoastakurrentsmatchtide-gaugesealevel very well, it is possible
thatthe local winds, which mustplay arole in forcing thesecurrents,alsoplay a role in forcing
the seasonatycle of sealevel. The seasonatycle of correctedsealevel is comparedwith that
of thelocal alongshorevind stresscomputedrom the climatologyof HellermanandRosenstein
[1983],in Figure2.8. Theannuaimeanof thewind stressateachlocationis removedto obtainthe
monthlyanomalieghatareplottedin thefigure;thisis donebecaus¢he sea-leel dataplottedare
alsoanomaliesThemeanwind-stresdgield, whichis notnegligible, cansetup asteadyalongshore
sea-leel gradient,but it cannotforcetime-dependenthangesn sealevel.

Thelocal alongshorevindsandcorrectedsealevel arein phasealongmostof thewestcoast,
but arein phaseonly duringwinter alongthe eastcoastwherethe strongestipwelling-favourabie
windsblow duringthesouthwesmonsoonput sedevel is lowestearlierin theyear Thesea-leel
rangealongthe eastcoastis abouttwice that alongthe westcoast,but the rangeof alongshore
wind stressalongthe eastcoastis abouts—6timesthatalongthewestcoast.Along thewestcoast,
therangeof sealevel doesnot changesignificantlyfrom Colomboin the southto Mumbaiin the
north, but thereis alarge changen thewind stressgspeciallyfrom Colomboto Kochi. Thewind
stressat Colombomatcheghatalongthe Indian eastcoast,but the sealevel cycle at Colombois
moreakin to thatalongthe Indian westcoast;the ship drifts at Colomboareinfluencedmoreby
the stronglocal winds thanby the currentsleadingto the mismatchbetweenship drifts andsea
level there(Figure2.6). Thesediscrepanciesmply thatthe seasonatycle of sealevel alongthe
coastof Indiais notforcedmerelyby localwinds. Thecoherencén theseasonatycle of seaevel
andshipdrifts alongthe coastpointsto organizationon the scaleof the basin;it alsosuggestshat
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Figure 2.4 Dynamictopographyin the coastalWwatersof India, basedon six cruisesin the Indian
EEZ during1987—-1994 The contourintenval is 5 cn?s~2. The minimumandmaximumdynamic
heightfor eachcruisearelistedin thefigure. The“+” indicatethe locationsat which the hydro-
graphicprofileswereobtained. The time of the cruisesare mentionedn additionto the months
they areconsideredepresentatke of.
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Figure 2.5 A schemati®f the currentsystemsalongthe coastof India. The numberagainsteach
currentindicatesthe transport(in Sv; 1 Sv = 10° m® s1) associatedvith it in the top 21000m

of the watercolumn. Theseestimatesbasedon the six EEZ cruises,provide but anideaof the
coastalcirculationoff India; interannuablvariability will changethe magnitudeof thesecurrents,
andin the caseof theweakcurrentsgventhedirection.
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Figure 2.6 Seasonatycle of correctedsealevel (cm) andalongshoreship drifts (cms~1) along
the coastof India. The ship drifts arefrom the climatologyof Raoet al. [1989]. Thesedataare
not availableat MumbaiandParadip.The annualmeanof the shipdrift ateachlocationhasbeen
removedto obtainthemonthlyanomalieghatareplotted;this wasdonebecaus¢he sealevel data
plottedarealsomonthlyanomaliesDownwelling- (upwelling-)favourableanomaliesarepositve
(negative); thesecurrentsflow with the coaston their right (left) in the northernhemisphereThe
shipdrifts matchthe sealevel at the coast,exceptat Colombo,wherethe stronglocal winds (see
Figure2.8)influencethe shipdrifts morethanthe currentsdo.
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Figure 2.7 Seasonatycle of surfacecirculationin the north Indian Ocean,as revealedby ship

drifts [Rao et al., 1989]. The currents(cm s~1) wereinterpolatedo the grid usedby the numet

ical model(seeChapter3) from the original 2° x 2° bins. In Januarythe EICC is weak;during

February—Mayit flows polewvard andforms the westernboundarycurrentof a basin-wideanti-

cyclonic gyre. The WICC is poleward during January—April,exceptoff southwestndia, where
it flows equatorvard to closethe geostrophicirculationarounda high. The westward Northeast
MonsoonCurrent(NMC) connectghe EICC andthe WICC.
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Figure 2.7 (continued)Seasonatycle of surfacecirculationin thenorthIndianOceanasrevealed
by shipdrifts [Rao et al., 1989]. The currents(cm s~1) wereinterpolatecdo the grid usedby the
numericalmodel(seeChapter3) from the original 2° x 2° bins. During February—Maythe EICC
flows poleward,forming thewesterrboundarycurrentof abasin-wideantig/clonic gyre. Thegyre
breaksup in May andthe EICC wealens,but it continuesto flow polewardtill SeptemberThe
WICC reversesto flow equatonvard during the southwesimonsoon. The monsoonwinds bring
aboutdramaticchangesforcing an eastvard jet at the equatorduring April-May anda strong,
polevard currentoff SomaliaduringMay—September
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Figure 2.7 (continued)Seasonatycle of surfacecirculationin thenorthIndianOceanasrevealed
by ship drifts [Raoetal., 1989]. The currents(cm s—1) wereinterpolatedto the grid usedby the

numericalmodel(seeChapter3) from the original 2° x 2° bins. During the southwestmonsoon,
thestrong,polevard SomaliCurrentfeedsinto thethe SouthwesMonsoonCurrent(SMC), which

spansthe basin,flowing acrossthe Arabian Seaandthe southernBay of Bengal. In the Bay of

Bengal,a weak EICC flows polewvard, but the Ekmandrift dominatesthe ship-drift data. The

WICC flows equatorvard.
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Figure 2.7 (continued)Seasonatycle of surfacecirculationin thenorthIndianOceanasrevealed
by ship drifts [Raoetal., 1989]. The currents(cm s—1) wereinterpolatedto the grid usedby the
numericalmodel (seeChapter3) from the original 2° x 2° bins. With the collapseof the south-
westmonsoonwindsin Septembeithemajorcurrentsn thenorthindianOcearreversedirection.
The EICC reversego flow equatorvard, the WICC reversesto flow polevard. The SomaliCur

rent wealensand reversesin Novembey when an eastvard jet forms againat the equator By

Decemberthe NMC appearsn the southerrbay
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Figure 2.8 Seasonalcycle of correctedsea level (cm) and local alongshorewind stress
(dynecm~2). Thewind-stresslataarefrom HellermanandRosensteif1983]. Theannualmean
of the wind stressat eachlocation hasbeenremoved to obtainthe monthly anomalieshat are
plotted; this hasbeendonebecausehe sea-lgel dataplotted are also monthly anomalies. The
meanwind-stresdield, whichis not negligible, cansetup a steadyalongshoresea-l&el gradient,
but it cannotforce time-dependenthangesn sealevel. Downwelling- (upwelling-) favourable
anomaliesare positive (negative); looking downwind, thesewinds blow with the coaston their
right (left) in the northernhemisphere.The lack of agreemenbetweenthe local winds andsea
level impliesthatremoteforcingis importantfor theseasonatycle of sealevel andcurrentsalong
the coastof India.
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thecirculationalongthe coastof Indiais, atleastin part,forcedremotely

2.5 Basin-ScaleDynamicsof the North Indian Ocean

Theneedto explainthe seasonatycle of circulationoff the Indiancoastied, duringthe 1990s to
thedevelopmentof a framework involving long baroclinicwaves,which hadbeeninvoked earlier
to explain the sea-leel variability alongthe westcoastof the Americancontinent. Anomaliesof
monthly sealevel alongthe easterrboundaryof the Pacific arevisually coherentandstatistically
well-correlatedrom Valparaisan Chile to the Canadiarborder[Enfield andAllen, 1980;Chelton
andDavis, 1982],the anomaliegpropagatingpolevardin bothhemispheresTheseanomaliesare
linkedto El Nifio,whosedomainextendsacrossheequatoriaPacific Ocean.Thelink is provided
by equatoriaKelvin andRossbywavesandcoastaKelvin waves,which propagatéongdistances,
carryinginformation acrossthe equatorialPacific and forcing changesn locationsfar removed
from thewindsthatforcethesechangesn the ocean.

Thesucces®f thistheoryin the Pacific Oceamappearso have promptedits applicationin the
IndianOceanthis developmentwassynchronousvith thehydrographicurneys describedearlier
Sincethesewaves communicatechangesn sealevel or currentsforced by windsin oneregion
to remotelocations,they meige the equatorialindian Ocean the Bay of Bengalandthe Arabian
Seainto a single dynamicalentity, the north Indian Ocean,whosedynamicsmustbe modelled
asawhole evento simulatethe circulationin its parts. The numericalmodelsdevelopedin the
1990shave beenfairly successfuln simulatingthe basicfeaturesof the obsered circulationin
the north Indian Ocean;their successmpliesthatthe circulationalongthe Indian coastmust, at
leastin part,beremotelyforced. Thoughthereare somestudiesusingOceanGeneralCirculation
Models(OGCMs),mosthave usedreduced-gnéty modeld?, which hadbeenusedwith success
in studyingthe EI-Nifio phenomenoin the Pacific Ocean.

In the following chapter we usea reduced-gngty modelto simulatethe circulationin the
northindian Ocean We focusour attentionon the high andlow thatform off southwestndia (see
Section2.4.1) becausahesecannotbe explainedwithout invoking the long baroclinic waves-
andthe connectiorthey establistbetweerthe Bay of Bengal,the ArabianSea,andthe equatorial
IndianOcean Calledthe Lakshadweepigh andlow aftertheislandsin whosevicinity they form
(Figurel.2),they alsohave the benefitof novelty, having beendiscoreredrecentlyby Bruceetal.
[1994]4. ShankamandShetye[1997] studiedthe dynamicsof the Lakshadweejpigh andlow, and
thefollowing chapteiis basedargely on their work.

12Thereduced-greity modelis describedn AppendixA.
13seeAppendixB for abrief descriptionof thesewaves.

14Bruceetal. usedthe name“Laccadie”, ananglicizedform of “Lakshadweep”which literally means‘a hundred
thousandslands”.Lakshadwee|ts the official nameof this groupof islands.





