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Synopsis

Coastalsealevel is oneof thebetterdocumentedoceanicvariables,therebeingseveraltide-gauge

recordsof hourly sealevel that stretchbackto the last century. This, togetherwith the fact that

geostrophic,low-frequency coastalcurrentsleave their signatureson sealevel, makestide-gauge

dataan excellentsourceof informationfor the studyof coastalcirculationover a vastrangeof

sub-inertialfrequencies.Low-frequency variability of sealevel along the coastof India forms

the subjectof this thesis. “Low” is definedto exclude frequencieshigher than thosedescribed

by monthly sealevel. The seasonalcycle is the highestfrequency studiedin this thesis,which

examinesthevariability of sealevel alongthecoastof Indiaonseasonalthroughinterdecadaltime

scalesanddeterminesthecausesof theobservedvariability.

After theintroductionin Chapter1 of thethesis,theobservationalandtheoreticalbackground

is presentedin Chapter2. The focus is on the literatureon the seasonalcycle. The seasonal

cycle of sealevel, correctedfor the effect of atmosphericpressureusingthe Inverse-Barometer

approximation,is coherentalongthecoast;its rangeis 45 cm on theeastcoastand30 cm on the

westcoast.Along theeastcoast,themaximumsealevel occursin Novemberandtheminimum

duringMarch–April; alongthewestcoast,themaximumoccursin Decemberandtheminimum

during the southwestmonsoon.The seasonalcycle of correctedsealevel is in goodagreement

with that of theobserved alongshoreship drifts, implying a link betweenthe large-scalecoastal

circulationandcoastalsealevel. It doesnot, however, matchthatof the local alongshorewinds,

showing thatthecirculationalongthecoastof India is influencedconsiderablyby remoteforcing.

This inability to model the circulationalongthe coastof India by invoking purely local causes

leadsto a theoreticalframework, developedover the last decade,for describingthe large-scale

circulationin thenorthIndianOcean.

This theoreticalframework mergestheBay of Bengal,theArabianSea,andtheequatorialIn-

dianOceaninto asingledynamicalentity, whichmustbemodelledasawholeevento simulatethe

circulationin its parts.It is appliedin Chapter3 to theLakshadweephighandlow, ahighandlow

in sealevel that form off southwestIndia during thenortheastandsouthwestmonsoons,respec-

tively, andpropagatewestward.Thedynamicsof thehighandlow is modelledusingadynamical

11
2-layer reduced-gravity model. The simulationsshow that the high andlow areexplicableby
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linear theoryanddo not owe their existenceto nonlinearity. Simplenumericalandanalyticso-

lutions show thata Kelvin wave propagatingalongtheeastcoastof India cangeneratethe high

andlow, implying that theessentialelementsof thehigh andlow arecontainedin coastalKelvin

andequatorialRossbywaves,bothof which arisefrom lineardynamicson anequatorialβ-plane.

They areforcedby theradiationof Rossbywavesfrom Kelvin wavespropagatingpolewardalong

thewestcoastof India. TheKelvin wavesmusthaveaperiodgreaterthanabout50daysto radiate

Rossbywavesandforcethehigh andlow; at lower periods,they aretrappedat thecoast.Among

themechanismsforcing theseKelvin wavesalongthewestcoastof India,mostimportantarethe

winds alongthe eastcoastof India andSri Lanka,which by themselvescanforce the high and

low. Thewindsalongthewestcoastof IndiaandSri Lanka,especiallyalongthesouthernmargin

of theIndiansubcontinent,contribute to theformationof thelow, but cannotforcea high. Other

processescontribute marginally to the Lakshadweephigh, but they force a westward Southwest

MonsoonCurrentduringthesouthwestmonsoon,andthelow doesnot form.

Thoughthedynamicalreduced-gravity modelis successfulin simulatingtheessentialfeatures

of thecirculationin thenorthIndianOcean,includingthecurrentsalongthecoastof India, it fails

to simulatetheseasonalcycleof coastalsealevel; this is thesubjectof Chapter4. Thewind-forced

modelfailsto simulatethewinterpeakalongtheeastcoast,andasaresult,forcesahigherrangeof

theseasonalcyclealongthewestcoastthanalongtheeastcoast.Simulationsin whichtemperature

andsalinityvary in theactive modellayer, thesefieldsbeingprescribedfrom aclimatology, show

thatthedropin salinityalongtheeastcoastafterthesouthwestmonsoonraisesstericsealevel and

is thecauseof themaximumin November. This low salinity is theresultof runoff from theGanga

andtheBrahmaputrainto thenorthernBay of Bengalduringthesouthwestmonsoon.Thus,three

mechanisms— atmosphericpressure,windson thescaleof thebasin,andsalinity — contribute

to theseasonalcycleof sealevel alongthecoastof India.

A lower frequency, theannualmeansealevel, is thesubjectof Chapter5. Levelling observa-

tions conductedduring the GreatTrigonometricalSurvey of India (1858–1909)showed that the

annualmeansealevel is higheralongtheeastcoastof Indiathanalongthewest,thedifferencebe-

tweenVishakhapatnamandMumbai(Bombay)beingabout30cm. Simulationswith the11
2-layer

reduced-gravity modelshow thatpurelywind-forcedcirculationaccountsfor half this difference,

theotherhalf beingdueto thegradientin salinityalongthecoast.

The variability of annualsealevel on interannualandinterdecadaltime scalesis the subject

of Chapter6. Annual meansealevel alongthe coastis significantlycorrelatedwith the annual

extremaandseasonalaverages.Cross-correlationsof annualmeansealevel at thestationsalong

the coastarestatisticallysignificant,showing that thesechangesarecoherentandarepart of a

basin-scaleresponse.Theannualmeanandextremaof sealevel arealsocorrelatedwith annualall-

India rainfall, asis thelocal rainfall atMumbaiwith theannualsealevel there.Thesecorrelations
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retaintheir significancewhentherainfall andsea-level dataaredecimatedwith a10-yearrunning

mean.Theinterdecadalchangesin monsoonrainfall arereflectedin sea-level changesatMumbai,

which hastheonly century-longtide-gaugerecordin theIndianOcean;bothincreasefrom a low

in thefirst quarterof this centuryto ahigh in the1950sanddecreasethereafter.

Our hypothesisis that theseasonalinflow of themonsoonrainfall into theseasaroundIndia

andthedynamicsof theEastandWestIndia CoastalCurrents(EICCandWICC) provide thelink

betweenmonsoonrainfall andcoastalsealevel, thecoastalsalinity field playingan intermediate

role. The seasonalEICC and WICC spreadthe runoff along the coast,creatinga cross-shore

salinity gradient;thetime scaleassociatedwith this gradientis muchlongerthananyearbecause

mixing is slow in theocean,whichrespondsasatwo-layersystemto thisquasi-steadycross-shore

gradientin salinity. Whensalinity, andhence,density, decreasescoastwardin theupperlayer, sea

level risesat thecoast,andthis is accompaniedby a weak,geostrophic,surfacecurrentthatflows

with the lighter wateron its right; below it is anundercurrent.Geostrophyalsorequiresthat the

pycnoclineslopeup towardsthecoast.

Therearetwo mainconclusionsof this thesis,which is summarizedin Chapter7.

1. Therearethreecausesof thelow-frequency variability of sealevel alongthecoastof India.

(a) Thelarge-scalewind-forcedcirculationof theupperocean.

(b) Thelargechangesin salinity thatarea resultof thehigh rainfall over theIndiansub-

continentandthesurroundingseas.

(c) Atmosphericpressure.

Thefirst two causesareimportantatperiodsrangingfrom aseasonto decades;atmospheric

pressurecontributessignificantlyonly to theseasonalcycle.

2. Weproposeahypothesisconnectingtheinterdecadalchangesin sealevel alongthecoastof

India to thevariability of themonsoon,themajoraspectof theclimateof theregion. This

hypothesisis different from thosegenerallyproposedto link sealevel to climatechange;

thesehypothesesinvoke the increasein volume due to the changein temperatureof the

upperoceanandtheadditionof freshwaterbecauseof themeltingof polarice caps.



Contents

Statement iii

Certificate iv

Vita v

Acknowledgements vii

Synopsis ix

List of Tables xv

List of Figures xvi

1 Intr oduction 1

2 Observational and Theoretical Background 5

2.1 TheTide-GaugeNetwork Along theCoastof India . . . . . . . . . . . . . . . . 5

2.2 TheClimatologicalSeasonalCycleof SeaLevel . . . . . . . . . . . . . . . . . . 7

2.2.1 TheInverse-BarometerEffect . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.2 Major Featuresof theSeasonalCycleof SeaLevel . . . . . . . . . . . . 9

2.3 A Brief Survey of theLiterature . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.4 TheLarge-ScaleCirculationAlong theCoastof India . . . . . . . . . . . . . . . 13

2.4.1 Hydrographyof theCoastalWatersof India . . . . . . . . . . . . . . . . 14

2.4.2 CoastalSeaLevel, CoastalCurrents,andLocalAlongshoreWinds . . . . 15

2.5 Basin-ScaleDynamicsof theNorth IndianOcean . . . . . . . . . . . . . . . . . 24

3 The LakshadweepHigh and Low 25

3.1 ObservationalBackground . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.2 TheoreticalBackground. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27



Contents xiii

3.3 NumericalSimulationof theLakshadweepHigh andLow . . . . . . . . . . . . . 29

3.3.1 TheNumericalModel . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.3.2 Roleof Nonlinearity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.3.3 Roleof IslandChains. . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.4 Roleof RemotelyForcedKelvin Waves . . . . . . . . . . . . . . . . . . . . . . 50

3.4.1 NumericalExperiments . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.4.2 Analytic Solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.5 ForcingMechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.5.1 WindsAlong theEastCoastof India andSri Lanka(ProcessLA) . . . . 61

3.5.2 WindsAlong theEasternandNorthernBoundariesof theBay of Bengal

(ProcessRA) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.5.3 WindsAlong theWestCoastof Sri LankaandIndia (ProcessWLA) . . . 68

3.5.4 OtherProcesses(ProcessesOP) . . . . . . . . . . . . . . . . . . . . . . 68

3.6 Implicationsof theLakshadweepHigh andLow . . . . . . . . . . . . . . . . . . 81

4 The SeasonalCycle of SeaLevel Along the Coast 83

4.1 Effectof Wind-ForcedCoastalCurrents . . . . . . . . . . . . . . . . . . . . . . 83

4.2 Effectof Variationsin Temperature. . . . . . . . . . . . . . . . . . . . . . . . . 89

4.3 Effectof Variationsin Salinity . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.3.1 SimulationsWith theSalinity Climatologyof Levitusetal. [1994] . . . . 91

4.3.2 MonsoonRainfall andtheSeasonalCycleof Salinity . . . . . . . . . . . 103

4.3.3 Synthesisof aClimatologyof TemperatureandSalinityAlong theCoast 105

4.3.4 SimulationsWith theSynthesizedClimatology . . . . . . . . . . . . . . 113

4.4 Effectof Bathymetry:TheContinentalShelf . . . . . . . . . . . . . . . . . . . . 113

5 Annual Mean SeaLevel 116

5.1 ObservationalBackground . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.2 TheoreticalBackground. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.3 Effectof Wind-ForcedCoastalCurrents . . . . . . . . . . . . . . . . . . . . . . 117

5.4 Effectof theAlongshoreGradientin Salinity . . . . . . . . . . . . . . . . . . . 119

6 Interannual and Interdecadal Variability 122

6.1 InterannualVariability of SeaLevel Along theCoast . . . . . . . . . . . . . . . 123

6.1.1 Variability of theSeasonalCycle . . . . . . . . . . . . . . . . . . . . . . 123

6.1.2 Variability of AnnualSeaLevel . . . . . . . . . . . . . . . . . . . . . . 127

6.2 InterdecadalVariability of SeaLevel Along theCoast . . . . . . . . . . . . . . . 129

6.2.1 InterdecadalVariability of SeaLevel at Mumbai . . . . . . . . . . . . . 135



Contents xiv

6.2.2 Significanceof theTideGaugeatMumbai . . . . . . . . . . . . . . . . 136

6.3 MonsoonVariability andSub-AnnualChangesof SeaLevel . . . . . . . . . . . 136

6.3.1 CorrelationBetweenLocal Rainfall andSeaLevel . . . . . . . . . . . . 137

6.3.2 All-India Rainfall . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

6.3.3 CorrelationBetweenAll-India Rainfall andSeaLevel . . . . . . . . . . 141

6.3.4 A HypothesisLinking MonsoonRainfall andSeaLevel Along theCoast 156

6.4 Mechanicsof InterdecadalSea-Level ChangeAlong theCoastof India . . . . . . 156

6.4.1 The11
2-LayerModel . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

6.4.2 The21
2-LayerModel . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

6.4.3 Applicationto theWestCoastof India . . . . . . . . . . . . . . . . . . . 165

6.4.4 Effectof InterannualVariability of Winds . . . . . . . . . . . . . . . . . 167

6.5 Implicationsof theHypothesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

7 Summary and Discussion 174

A The Reduced-Gravity Model 178

A.1 The11
2-LayerModel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

A.1.1 TheNonlinearModel . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180

A.1.2 TheLinearizedModel . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

A.2 The21
2-LayerModel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

B Linear Waveson an Equatorial β-Plane 189

B.1 WavesTrappedat theEquator . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

B.1.1 Equatorially-TrappedKelvin Waves . . . . . . . . . . . . . . . . . . . . 190

B.1.2 Equatorially-TrappedRossbyWaves . . . . . . . . . . . . . . . . . . . . 190

B.2 WavesTrappedataCoast. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

B.2.1 Coastally-TrappedKelvin Waves. . . . . . . . . . . . . . . . . . . . . . 192

B.3 Observationsof RossbyandKelvin Wavesin theOceans . . . . . . . . . . . . . 192

C Estimating the Statistical Significanceof Correlations 195

D Sourcesof Data and Software 197

D.1 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197

D.2 Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198

Bibliography 199



List of Tables

2.1 Tide-gaugestationsalongthecoastof theIndiansubcontinent.. . . . . . . . . . 6

3.1 Model parametersfor the11
2-layerreduced-gravity model. . . . . . . . . . . . . 30

4.1 Model parametersfor the21
2-layerreduced-gravity model. . . . . . . . . . . . . 87

6.1 Sea-level pressuredatafrom GHCN. . . . . . . . . . . . . . . . . . . . . . . . . 124

6.2 Linearcorrelationstatisticsfor annualsealevel. . . . . . . . . . . . . . . . . . . 129

6.3 Linear correlationstatisticsfor annualmean,extrema,andseasonalaveragesof

sealevel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

6.4 Linearcorrelationstatisticsfor low-pass-filteredsealevel atMumbai. . . . . . . 135

6.5 Monthly local rainfall datafrom GHCN. . . . . . . . . . . . . . . . . . . . . . . 137

6.6 Linearcorrelationstatisticsfor annuallocal rainfall andsealevel. . . . . . . . . . 138

6.7 Linearcorrelationstatisticsfor annualrainfall. . . . . . . . . . . . . . . . . . . . 140

6.8 Linearcorrelationstatisticsfor annualall-India rainfall andsealevel. . . . . . . . 152

6.9 Linear correlationstatisticsfor low-pass-filteredannualrainfall andsealevel at

Mumbai. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153



List of Figures

1.1 Thegeographyof theIndianOcean. . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Thegeographyof thenorthIndianOcean. . . . . . . . . . . . . . . . . . . . . . 3

1.3 Sealevel variability at Mumbaion thewestcoastof India. . . . . . . . . . . . . 4

2.1 Tide-gaugestationsalongthecoastof theIndiansubcontinent.. . . . . . . . . . 7

2.2 Effectof windsandcoastalcurrentson stericsealevel. . . . . . . . . . . . . . . 8

2.3 Theclimatologicalseasonalcycleof sealevel alongthecoast. . . . . . . . . . . 10

2.4 Dynamictopographyin thecoastalwatersof India. . . . . . . . . . . . . . . . . 16

2.5 A schematicof thecurrentsystemsalongthecoastof India. . . . . . . . . . . . . 17

2.6 Seasonalcycle of correctedsealevel andalongshoreshipdrifts. . . . . . . . . . 18

2.7 Surfacecirculationin thenorthIndianOcean,asrevealedby shipdrifts. . . . . . 19

2.7 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.7 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.7 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.8 Seasonalcycle of correctedsealevel andlocalalongshorewind stress. . . . . . . 23

3.1 A schematicof thesurfacecirculationin thenorthIndianOcean. . . . . . . . . . 26

3.2 Thedomainof thereduced-gravity modelfor theIndianOcean.. . . . . . . . . . 31

3.3 Seasonalcycle of wind stressin thenorthIndianOcean.. . . . . . . . . . . . . . 32

3.3 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.3 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.3 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.4 Annualsea-level deviation andvelocityover themodeldomain. . . . . . . . . . 36

3.5 Seasonalcycle of surfacecirculation:nonlinearsimulation. . . . . . . . . . . . . 37

3.5 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.5 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.5 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.6 Seasonalcycle of surfacecirculation: linearsimulation. . . . . . . . . . . . . . . 41



List of Figures xvii

3.6 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.6 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.6 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.7 Effectof theLakshadweepandMaldive islandson thehighandlow. . . . . . . . 46

3.7 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.7 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.7 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.8 Roleof remotelyforcedKelvin waves: linearsimulationwithout wind stress. . . 51

3.8 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.9 Theeasternboundaryconditionfor theanalyticsolution. . . . . . . . . . . . . . 54

3.10 Analytic solutionfor T � 360days. . . . . . . . . . . . . . . . . . . . . . . . . 58

3.11 Analytic solutionfor T � 60days. . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.12 Analytic solutionfor T � 30days. . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.13 Effectof windsalongtheeastcoastof India andSri Lanka(ProcessLA). . . . . 62

3.13 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.13 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.13 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.14 Effect of winds alongthe easternandnorthernboundariesof the Bay of Bengal

(ProcessRA). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.14 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.15 Effectof windsalongthewestcoastof Sri LankaandIndia (ProcessWLA). . . . 69

3.15 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.15 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.15 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

3.16 Effectof otherprocesses(ProcessesOP). . . . . . . . . . . . . . . . . . . . . . 73

3.16 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.16 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.16 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

3.17 Effectof processesLA, RA, andWLA. . . . . . . . . . . . . . . . . . . . . . . 77

3.17 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.17 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

3.17 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.1 Theclimatologicalseasonalcycleof sealevel alongthecoast. . . . . . . . . . . 84

4.2 Theclimatologicalseasonalcycle of alongshoreshipdrifts andmodelalongshore

currents.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.3 Effectof wind-forcedcoastalcurrentson theseasonalcycle of sealevel. . . . . . 86



List of Figures xviii

4.4 Effectof temperatureon theseasonalcycleof sealevel. . . . . . . . . . . . . . . 88

4.5 Annualmeantemperature,averagedover thetop100m. . . . . . . . . . . . . . 89

4.6 Annualmeansalinity, averagedover thetop100m. . . . . . . . . . . . . . . . . 90

4.7 Annualmeanreduced-gravity parameterΓ. . . . . . . . . . . . . . . . . . . . . 90

4.8 Theseasonalcycleof thereduced-gravity parameterΓ. . . . . . . . . . . . . . . 92

4.8 (continued). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.8 (continued). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.8 (continued). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.9 Theseasonalcycle of Γ, basedon theclimatologiesof Levitus andBoyer [1994]

andLevitus etal. [1994],alongthecoast. . . . . . . . . . . . . . . . . . . . . . 96

4.10 Effectof variabledensityon theseasonalcycleof surfacecirculation. . . . . . . 97

4.10 (continued). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

4.10 (continued). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.10 (continued). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

4.11 Effectof salinity on theseasonalcycleof modelalongshorecurrents.. . . . . . . 101

4.12 Effectof salinity on theseasonalcycleof sealevel. . . . . . . . . . . . . . . . . 102

4.13 Themajorriversof India. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4.14 Seasonalcycle of surfacesalinity in thecoastalwatersof India. . . . . . . . . . . 106

4.15 Verticalcross-sectionsof salinity off VishakhapatnamandMarmagao. . . . . . . 107

4.16 Theseasonalcycle of temperature,averagedover thetop 100m of thewatercol-

umn,alongthecoast. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

4.17 Theseasonalcycle of salinity, averagedover thetop 100m of thewatercolumn,

alongthecoast. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

4.18 Theseasonalcycleof Γ, basedon thesynthesizedclimatology, alongthecoast. . 111

4.19 Effectof thesynthesizedsalinity on theseasonalcycleof sealevel. . . . . . . . . 112

5.1 Effectof wind-forcedcoastalcurrentson annualsealevel alongthecoast. . . . . 118

5.2 Effectof salinity on theannualsealevel alongthecoast. . . . . . . . . . . . . . 119

5.3 Effectof salinity on theannualupperlayerthicknessalongthecoast.. . . . . . . 120

6.1 Anomaliesof uncorrectedmonthlysealevel. . . . . . . . . . . . . . . . . . . . . 123

6.2 Anomaliesof correctedmonthlysealevel. . . . . . . . . . . . . . . . . . . . . . 125

6.3 Histogramsof thetime of occurrenceof theextremaof theseasonalcycle of un-

correctedsealevel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

6.4 Histogramsof thetime of occurrenceof theextremaof theseasonalcycle of cor-

rectedsealevel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127



List of Figures xix

6.5 Histogramsof thetime of occurrenceof theextremaof theseasonalcycle of un-

correctedsealevel, but for thesameperiodasin Figure6.4. . . . . . . . . . . . . 128

6.6 Anomaliesof uncorrectedannualsealevel. . . . . . . . . . . . . . . . . . . . . 130

6.7 Anomaliesof correctedannualsealevel. . . . . . . . . . . . . . . . . . . . . . . 131

6.8 Anomaliesof theuncorrectedannualmeanandextremaof sealevel. . . . . . . . 132

6.9 Anomaliesof thecorrectedannualmeanandextremaof sealevel. . . . . . . . . 133

6.10 Low-pass-filteredvariability of sealevel at Mumbai. . . . . . . . . . . . . . . . 142

6.11 Anomaliesof localannualrainfall andsealevel. . . . . . . . . . . . . . . . . . . 143

6.12 Low-pass-filteredvariability of localannualrainfall andsealevel at Mumbai. . . 144

6.13 Themajorriversof India. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

6.14 Anomaliesof annualall-India,West-Coast,andGanga-Brahmaputrarainfall. . . 146

6.15 Themeteorologicalsubdivisionsof India referredto in thetext. . . . . . . . . . . 147

6.16 Anomaliesof annualall-India rainfall (1871–1994)anduncorrectedsealevel. . . 148

6.17 Anomaliesof annualall-India rainfall (1901–1990)anduncorrectedsealevel. . . 149

6.18 Anomaliesof annualall-India rainfall (1871–1994)andcorrectedsealevel. . . . 150

6.19 Anomaliesof annualall-India rainfall (1901–1990)andcorrectedsealevel. . . . 151

6.20 Low-pass-filteredvariability of all-Indiaannualrainfall (1871–1994)andsealevel

at Mumbai. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

6.21 Low-pass-filteredvariability of all-Indiaannualrainfall (1901–1990)andsealevel

at Mumbai. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

6.22 Effectof a decreasein salinity in a11
2-layerreduced-gravity model. . . . . . . . 157

6.23 A graphicalrepresentationof thequasi-steadysolution. . . . . . . . . . . . . . . 164

6.24 Effect of a decreasein salinity at the coastin 11
2 and21

2-layer reduced-gravity

models. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

6.25 Deviation of correctedmonthly sealevel during 1956–1965from the long-term

mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

6.26 Deviation of correctedmonthlysealevel during1956–1965from theclimatology

of correctedmonthlysealevel. . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

6.27 Surfacesalinityalongasectionnormalto thewestcoastof India. . . . . . . . . . 172

A.1 A schematicverticalcross-sectionof the11
2-layerreduced-gravity model. . . . . 179

A.2 A schematicverticalcross-sectionof the21
2-layerreduced-gravity model. . . . . 185

B.1 Dispersioncurvesfor linearwaveson anequatorialβ-plane. . . . . . . . . . . . 191

B.2 A schematicof the“leaky” waveguidein thenorthIndianOcean.. . . . . . . . . 193



Chapter 1

Intr oduction

Thesurfaceof theseadeformscontinuouslyundervariousinfluences.Its level, measuredrelative

to anarbitrarydatum,is calledsealevel, which changeswith time andis thegrossest,andmost

obvious,indicatorof changein theoceans.Changesin sealevel aregreaterin theshallow waters

in the vicinity of a coastthanthey arein the opensea,andsincea large fraction of the human

populationresidesin coastalareas,variationsin sealevel have arousedinterestfor a long time.

A reasonablyaccuratepredictionof sealevel wasalsonecessaryfor safenavigationof boatsand

shipsin harbours.This, andthe relative easeof measuringsealevel ascomparedto measuring,

say, temperatureor currents,hasled to it beingoneof the betterdocumentedoceanicvariables.

Hourly measurementsof sealevel are available at several placesover the globe, someof the

recordsstretchingbackto thelastcentury.

A tide gaugemeasuressealevel relative to land;anincreasein sealevel mayeitherbedueto

anabsoluterise in sealevel, or dueto a sinkingof land. Thelargestchangesevident in a typical

sea-level recordarethosedueto astronomicaltides.Theseregular, periodicpatternsaremodified

by theeffectsof theweather;exchangeof energy betweentheatmosphereandtheoceanoccursat

all spaceandtime scales,from thegenerationof short-periodwind-wavesto theslow transferof

energy, over acentury, from thetropicsto thepolesby theglobaloceancirculation.Thesea-level

recordalsoincludestheeffect of secularchangesin sealevel, forcedby changesin thevolumeof

ice lockedin majorice capsandglaciers.

India,with its longcoastline,lies in theIndianOcean(Figure1.1),whichis muchsmallerthan

thePacific or thenorthAtlantic. Unlike thesetwo basins,it is boundedin thenorthby Asia; this

makesit a tropicalbasin.Thishasprofoundconsequencesfor themeteorologyandoceanography

of this region: theland-oceancontrastforcesseasonallyreversingwinds,themonsoons,over the

northIndianOcean(Figure1.2),unlike in thenorthAtlantic or thenorthPacific. ThenorthIndian

Oceanrespondsto this forcing, resultingin thesignificantseasonalcycle of sealevel seenin the

tide-gaugerecordsalongthecoastof India.
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Figure 1.1 The geographyof the Indian Ocean.The zonalextent of the Indian Oceanis much
lessthanthatof thePacific or thenorthAtlantic. Its southernboundaryis arbitrary, but is chosen
to distinguishit from theAntarctic,or southern,Ocean.Unlike thePacific andtheAtlantic, the
IndianOceanis boundedin thenorth by Asia; this makesit a tropical basin. This hasprofound
consequencesfor themeteorologyandoceanographyof thisregion: theland-oceancontrastforces
seasonallyreversingwinds,themonsoons,overthenorthIndianOcean,unlikein thenorthAtlantic
or thenorthPacific. Thenorth IndianOceanrespondsto this forcing, resultingin thesignificant
seasonalcycleof sealevel seenin thetide-gaugerecordsalongthecoastof India.

Indian ocean

Atlantic
ocean Pacific ocean

Mumbai, on the west coastof India (Figure 1.2), hasthe longesttide-gaugerecordin the

IndianOcean.Like tide-gaugerecordselsewherein theworld, thatatMumbaiexhibitsvariability

over a rangeof frequencies(Figure1.3). The changein sealevel due to tides is muchgreater

thanthoserelatedto theweather;thelatterareobtainedby filtering thehourly sealevel with a 3-

daylow-passfilter [Doodson,1921].Tidal andnon-tidalsea-level oscillationsareusuallystudied

separatelybecauseof thevastlydifferentwaysin which they areforced. We ignoretidesin this

thesis,focussinginsteadonweather-relatedsea-level changesat “low” frequencies.Thoughthese

aremuchsmallerthanthe tides,therelatedmovementof the thermoclineis important.Defining

“low” to excludeall frequencieshigherthanseasonal,we studythevariability of sealevel along

thecoastof India on seasonalthroughinterdecadaltime scales,mappingoneendof thespectrum

of sea-level variability. For this, it is necessaryto filter the tidesandhigh-frequency oscillations

relatedto the weatherout of the sea-level data. This is mosteasilyachieved by averagingthe

hourly sealevel over a month to obtain monthly sealevel1; this doesalmostas good a job at

1Throughoutthis thesis,the term “monthly sealevel” is usedto denotethe meanof hourly sealevel over a given
calendarmonth. Likewise, “annualsealevel” is usedto denotethe meanof monthly sealevel over a calendaryear.
What we call monthly andannualsealevel areoften calledmonthly meanandannualmeansealevel; we drop the
“mean”,usingit only whenits absencecanleadto ambiguity.
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Figure 1.2 The geographyof the north Indian Ocean. The north Indian Oceanis split by the
Indianpeninsulainto two parts,theBayof Bengalin theeastandtheArabianSeain thewest.The
equatorialIndianOcean,theBay of Bengal,andtheArabianSeaarecontiguousbasinsbecause
thesoutherntip of theIndiansubcontinentlies well northof theequator. Together, they form one
dynamicalentity, thenorthIndianOcean.
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filtering out the higherfrequencies,especiallythe tides,asdo morecomplex techniques[Pugh,

1987]. In this thesis,we usemonthlysealevel to studythe low-frequency variability of sealevel

alongthecoastof India.

Thetidegaugesalongthecoastof mainlandIndiaareimportantfor estimatinglow-frequency

changesbecausethey representhalf of thosefor the entire Indian Ocean[Emery and Aubrey,

1989]. A brief descriptionof this network of tide gaugesis given in Chapter2, which presents

theobservationalandtheoreticalbackgroundfor this thesis.At thelow frequenciesof interest,the

sealevel alongthe coastis relatedto alongshorecurrents,which areforcedby winds actingon

thescaleof thebasin.This leadsto a theoreticalframework, developedduringthisdecade,for the

wind-forcedcirculationin thenorth IndianOcean.Theframework is appliedin Chapter3 to the

dynamicsof theLakshadweephigh andlow, a high andlow in sealevel that form off southwest

India. Thenext threechaptersaredevotedto thelow-frequency variability of coastalsealevel, of

which the seasonalcycle is the highestfrequency. Sinceit is the mostprominentof the regular

oscillationsrelatedto the weather, it is seeneven in a climatology of monthly sealevel; this

climatologicalseasonalcycle is studiedin Chapter4. A lower frequency is describedby annual

sealevel, themeanof monthlysealevel overanyear. Thealongshorevariationof annualsealevel

is thesubjectof Chapter5. Departuresfrom climatologyandsub-annualchangesarestudiedin

Chapter6. Chapter7 summarizesandconcludesthethesis.
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Figure 1.3 Sealevel variability at Mumbai on the westcoastof India. Hourly, daily, monthly,
andannualsealevel (cm)areplottedasa functionof time to revealthevariability over a rangeof
frequencies;the mean,definedover thedurationfor which thesealevel is plotted,is subtracted
beforeplotting eachcurve. (a) Hourly sealevel (dashedcurve) anddaily sealevel (solid curve)
during16 May to 15 June,1976.Daily sealevel, which is mostlyrelatedto weather, is computed
by de-tidingthe hourly sealevel with a 3-daylow-passfilter. (b) Daily sealevel, asin (a), but
with an increasein thescaleof theordinate.(c) Daily sealevel (dashedcurve) andmonthlysea
level (solid curve) for 1976.Monthly sealevel, obtainedby averagingthehourly sealevel over a
month,essentiallydescribestheseasonalcycle. (d) Annualsealevel (dashedcurve) is theaverage
of monthlysealevel over anyear. Filtering annualsealevel with a 10-yearrunningmean(solid
curve) revealsinterdecadalchanges.
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Chapter 2

Observational and Theoretical

Background

In this chapter, we examinethe observational and theoreticalbackgroundfor this thesis. Most

of the literatureon the low-frequency variability of sealevel alongthecoastof India dealswith

the seasonalcycle, the outstandinglow-frequency signal in the sea-level records;hence,before

surveying the literature,we describethe observed seasonalcycle of sealevel, beginning with a

descriptionof thetide-gaugenetwork alongthecoastof India.

2.1 The Tide-GaugeNetwork Along the Coastof India

The GeodeticandResearchBranchof the Survey of India monitorsthe network of tide gauges

alongthecoastof mainlandIndiaandata few offshoreislandstations[Roy, 1994].Themeasure-

mentsaremadeusinga float-typeautomaticmechanicaltide gaugewith an accuracy1 of 1 cm;

sincetheoscillationsstudiedin this thesisareat leastanorderof magnitudegreater, thisaccuracy

is sufficient for our purpose.Themeasuredsealevel is recordedby a styluson charts,which are

later digitisedinto hourly valuesof sealevel. Monthly sealevel is computedfrom thesehourly

valuesby averagingover a month,andannualsealevel is obtainedby averagingthemonthlysea

levels over an year. Thesemonthly andannualsea-level dataaresuppliedby the Survey of In-

dia to the PermanentServicefor MeanSeaLevel (PSMSL)alongwith the datumto which the

measurementis referred.Sincethedatumhistory is known for thetide gaugesof India, a homo-

geneousseriesof levels canbe prepared.Theselevels areadjustedby the PSMSLto a Revised

1Althoughthehourly sealevel maybeaccurateonly to 1 cm, themeanof severalhourly valuesis potentiallymuch
more accurate,provided that the error in eachreadinghasa randomprobability distribution. If this distribution is
statisticallynormal,themeanof n independentreadingsis moreaccuratethana singlereadingby a factorof n

� 1
2 . On

this basis,100readingswould reducetheerrorfrom 1 cm to 1 mm [Pugh,1987].
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Local Reference(RLR) datum,which is definedrelative to thetide-gaugebenchmarkso that the

meansealevel in a specifiedyear2 is approximately7 m. Definingsealevels relative to thetide-

gaugebenchmarkhastheadvantageof separatingtheoceanographicandthegeodeticaspectsof

theproblemof sea-level trends[Pugh,1987].

ThetraditionalIndiantide-gaugenetwork hasbeenusedprimarily for establishingthedatum

for vertical control network of India and to determinevarioustidal constituentsfor tide tables

[Roy, 1994].As aresult,many of therecordsareshort,andonly 12[EmeryandAubrey, 1989]are

acceptablefor estimatingsea-level variability on seasonalandhighertime scales.Someof these,

however, aresituatedon thebanksof majorrivers,or in narrow gulfs,makingthemunsuitablefor

the studyof low-frequency variability on the scaleof a basin. Five of thesegaugeswerefound

by EmeryandAubrey to have acceptableconfidencelevels; thesegaugesarelocatedat Mumbai

(Bombay),Mangalore,andKochi (Cochin)on theIndianwestcoast,andat Vishakhapatnamand

Chennai(Madras)on theIndianeastcoast(Figure2.1,Table2.1). In addition,we usedatafrom

Marmagao3 on thewestcoastandParadip4 on theeastcoast.Apart from theIndiantide gauges,

thatat Colomboin Sri Lankais consideredbecauseit lies closeto thesoutherntip of the Indian

subcontinent,thejunctionbetweentheBayof BengalandtheArabianSea.

Table2.1Tide-gaugestationsalongthecoastof theIndiansubcontinent.Nyr is thenumberof years
of dataavailable.Themonthlymeansea-level datafor all stationsarewith respectto theRevised
LocalReference,i.e.,all thesea-level datausedin thisthesisareRLR data.ThePermanentService
for MeanSeaLevel (PSMSL)is thesourcefor themonthlysea-level data.

Station Longitude Latitude Timespan Nyr
(
�
E) (

�
N)

Paradip 86.70 20.26 1966–1988 22
Vishakhapatnam 83.28 17.68 1937–1989 52
Chennai(Madras) 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 15.42 1969–1989 15
Mumbai(Bombay) 72.83 18.92 1878–1988 111

2Henceforth,we referto suchsea-level dataas“RLR data”.
3TherecordatMarmagaowasconsideredtooshortby EmeryandAubrey, but moredatahassincebecomeavailable.
4For reasonsnotknown, Paradipwasignoredby EmeryandAubrey.
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Figure 2.1Tide-gaugestationsalongthecoastof theIndiansubcontinent.“Indian subcontinent”
impliesIndiaandsomeneighbouringcountries,includingSri Lanka.In thefigure,thesolid line is
the200m isobath,whichusuallymarkstheshelf-break,andthedashedline is the1000m isobath.
Theshelf is narrow alongtheeastcoastof theIndiansubcontinent,exceptin thenorthernBay of
Bengal;it is wideralongthewestcoast,especiallyoff Mumbai.
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2.2 The Climatological SeasonalCycleof SeaLevel

The dominantfrequency of the wind-stressforcing over the north Indian Oceanis the annual

harmonic[Rao,1998],a consequenceof the seasonallyreversingmonsoonwinds. Theselarge-

scalewinds forcea pronouncedseasonalcycle of circulationin thebasin,andhence,a seasonal

cycleof sealevel alongthecoastof India5. Theseasonalcycle is thehighestfrequency adequately

resolvedby monthlysealevel. A climatologyis obtainedfrom monthlysealevel by averagingthe

datafor a particularmonth,sayJanuary, over all theyearsof therecord.A monthlyclimatology

of anomaliesis thenobtainedby removing theannualmeanfrom themonthlyclimatology.

Therearethreecausesof the seasonalcycle of sealevel at a coast:astronomictides,atmo-

5Strictly, weshouldsay“coastof theIndiansubcontinent”becausethecoastof Sri Lankaformspartof it. With due
apologiesto theSri Lankans,we use“coastof India” in therestof this thesis.
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sphericpressure,and “steric oscillations” [Patullo et al., 1955]. Steric oscillationsare due to

changesin specificvolume; the stericsealevel is low (high) whenthe wateris cold (warm), or

hashigh (low) salinity. Changesin stericsealevel are forcedby surfacefluxesandhorizontal

andverticaladvectionof heatandsalt. Evenin theabsenceof horizontaladvectionandof fluxes

acrossthe boundariesof the ocean,coastalcurrentsforcedby winds causechangesin the local

massfield by forcing coastalupwelling or downwelling, therebyinfluencingthe stericsealevel

(Figure2.2). We distinguishbetweenthis andthechangesin stericsealevel causedby horizon-

Figure 2.2 Effect of winds andcoastalcurrentson stericsealevel. This schematicof a section
normalto thecoastshows therelationbetweenwinds,coastalcurrents,andsealevel. Theoceanis
considereda two-layersystem,thedenserlower layerbeingmuchdeeperthantheshallow upper
layer. The interfacebetweenthe two layersrepresentsthe pycnocline,the density-equivalent of
thethermocline.In thenorthernhemisphere,wind blowing with thecoaston its right (left) forces
Ekmanflow into (outof) thecoast,causingcoastaldownwelling(upwelling);sealevel rises(falls)
at the coastandthe pycnoclineslopesdown (up) towardsthe coast. This setsup a cross-shore
pressuregradientthatdrivesageostrophicalongshorecurrent.In thefigure,thecurrentshown by
“x” (“ � ”) within a circle is into (out of) theplaneof thepaper. Thus,whenthereis downwelling
(upwelling)at thecoast,thecurrentflows with thecoaston its right (left), sealevel rises(falls) at
thecoast,andthepycnoclineslopesdown (up) towardsthecoast.Thechangein sealevel is given

by η ��� �
ρ2 � ρ1

ρ2 � h, whereh is thechangein thethicknessof theupperlayer from themean,

or undisturbed,state.
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tal advectionof heatandsalt andby the exchangeof heatandsalt acrossthe boundariesof the

ocean;the formerareconsideredtheeffect of wind-forcedcoastalcurrents,andthe latter thatof

thermohalineforcing. Therefore,therearefour causesof changesin monthlysealevel at a coast:
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astronomictides,atmosphericpressure,wind-forcedcoastalcurrents,andthermohalineeffects.

Of these,theastronomictidescontribute around1 cm, which is anorderof magnitudelessthan

themeteorologicaleffects[Patulloetal.,1955;ShetyeandAlmeida,1985];hence,weignoretheir

effect.

2.2.1 The Inverse-Barometer Effect

At thelow frequenciesof interest,theeffect of atmospheric-pressurevariationsin thetropicscan

be“corrected”by usingtheInverse-Barometer(IB) approximation.Following Ponte[1993], the

correctedsealevel is givenby

ηc � ηo ( 1
ρg ) patm � patm*,+ (2.1)

whereηo andηc aretheobservedandcorrectedsealevels.ρ � 1026kg m- 3 is theoceanicsurface

density, g theaccelerationdueto gravity, patm thelocal atmosphericpressure,andpatm thespatial

averageof theatmosphericpressureovertheglobalocean.Sincepatm is afunctionof timebecause

of ashift in air masstowardsSiberiain winter [Patulloetal.,1955],theIB approximationinvolves

anadjustmentof sealevel to bothlocalandnonlocalpressurefluctuations[Ponte,1993]. It is iso-

static,i.e., it doesnot leadto pressurechangesin thedeeperocean.TheIB effect,computedusing

climatologicalmonthly atmosphericpressuredatafrom the Comprehensive Ocean-Atmosphere

DataSet(COADS), is morepronouncedtowardsthenorth of the basinandalongtheeastcoast

of India (Figure2.3). Seasonalsea-level changesdueto variationsof atmosphericpressurevary

from about3 cm at Colomboto 13 cm at Paradip.Thecorrectedsealevel is lower (higher)than

the observed sealevel during the southwest(northeast)monsoon6, when the local atmospheric

pressureis low (high). The seasonalchangesobserved in the correctedsealevel arecausedby

the two remainingprocesses:wind-forcedcoastalcurrentsandthermohalineeffects. It is these

changes,which arelinked to the basin-scaledynamicsof the north Indian Ocean,that form the

subjectof this thesis.

2.2.2 Major Featuresof the SeasonalCycleof SeaLevel

Theclimatologicalseasonalcycle of sealevel, correctedfor theeffect of atmosphericpressure7,

is visually coherentalong the eastand west coastsof India and shows the following features

(Figure2.38).

6Thesouthwestmonsoonlastsfrom Juneto September, thenortheastmonsoonfrom Novemberto January. October
andFebruary–Mayarethetransitionmonths,whenthewindsareweakover thenorthIndianOcean.

7Hereafter, sealevel correctedfor theeffectof atmosphericpressureis referredto as“correctedsealevel”; whenthe
correctionis notapplied,it is called“observedsealevel”, or “uncorrectedsealevel”, or just “sealevel”.

8In thisfigure,asin all subsequentfiguresof thiskind, thevariablesplottedaremonthlyanomalies.Thelocalannual
meanis subtractedfrom themonthlyvaluesto computetheanomalies.Therefore,theanomaliesat onestationmaybe
comparedwith thoseat another.
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Figure 2.3 The climatologicalseasonalcycle of sealevel (cm) along the coastof India. The
stationson theright (exceptColombo)areon theeastcoast,andthoseon theleft areon thewest
coast. The figure shows the monthly anomaliesof observed andcorrectedsealevel; the local
annualmeanhasbeensubtractedfrom themonthlyclimatologyto computetheseanomalies.The
correctionfor atmosphericpressurewasappliedusingtheInverse-Barometerapproximation.The
effectof atmosphericpressureonsealevel variesfrom 3 cmatColomboto 13cmatParadip.The
seasonalcycle of correctedsealevel is coherentalongthe coast. Its rangeis greateralongthe
eastcoast(45 cm) thanalongthewestcoast(30 cm). Along theeast(west)coast,thecorrected
sealevel is maximumin November(December)andminimumduringMarch–April (thesouthwest
monsoon).
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1. The rangeis greateralongthe eastcoast(45 cm) thanalongthe westcoast(30 cm). The

drop in the rangefrom Chennaito Kochi is becauseof a decreasein the maximum; the

minimumdoesnot changeasmuchfrom theeastto thewestcoast.

2. Along theeastcoast,therearetwo maxima,aminorpeakduringthesouthwestmonsoonand

a majorpeakduringNovember;thewinter peakis broad(in time) at Paradipandnarrows

equatorwardalongthecoast.TheminimumoccursduringApril.

3. Along thewestcoast,sealevel peaksduringDecember, thepeakbeingbroaderthanalong

theeastcoast,makingtheseasonalcycle moresymmetric;thereis alsoa minor secondary

peakatKochiandMumbaiduringthesouthwestmonsoon,whentheminimumoccursalong

thewestcoast.

Somehypotheseshave beenprofferedto explain the seasonalandlower frequenciesseenin

the sea-level recordsalongthe Indian coast;theavailableliteratureis surveyed in the following

section.

2.3 A Brief Survey of the Literatur e

The first study of the seasonalcycle of sealevel along the Indian coastwas by Patullo et al.

[1955], who examinedtheclimatologicalseasonalcycle of sealevel measuredby tide gaugesall

over theworld andcomparedthemto theheightof theseasurfacearisingfrom seasonalvariations

in specificvolume; thesewerecomputedusingdatafrom bathythermogramsandNansenbottle

casts.Therewasa goodcorrelationbetweenthetide-gaugesealevel andthestericoscillationsat

low andtemperatelatitudes.Thesea-level anomalieswerenearlyequalto thesumof thesteric

anomaliesandtheatmospheric-pressureeffect, implying thata pressuresensorin thedeepocean

would show very smallseasonalfluctuations;this conditionwastermed“isostasy”. Patullo et al.

alsonotedthat actualcurrentmeasurementstallied well with currentscomputedfrom dynamic

topography(or stericheights),implying a link betweenthe large-scalecoastalcurrentsandsea

level measuredby coastaltidegauges.

Varadarajuluet al. [1982] usedtide-gaugedatafor 10 years(1966–1975)at Paradipandcon-

cludedthat thevariationsin monthlysealevels wererelatedto variationsin heatingandcooling

duringsummerandwinter, respectively, in additionto theinfluenceof rainfall andtheseasonally

reversingmonsoonwinds. Prasadand Reddy[1985] usedthe samemethodto study sea-level

variability over 10 years(1970–1979)at Chennai.They too linkedtheobservedvariability to the

physicalpropertiesof seawaterand the climate in the neighbourhoodof Chennai. Both these

studiesrelatedsea-level changespurelyto local causes.
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ShetyeandAlmeida[1985] comparedtheseasonalcycle of sealevel at severalstationsalong

thecoastof India with thoseof local rainfall andthelarge-scalecoastalcurrentin thevicinity of

thegauge.Theseasonalcycle of correctedsealevel andthatof thealongshorecurrentfolloweda

similarpatternatmoststations,Mumbaibeinganexception;Das[1979]alsonotedtheconnection

betweentheseasonalcycleof sealevel andthatof thealongshorecurrentatMarmagao.Therefore,

while not ruling out thepossibleinfluenceof runoff on thesealevel alongtheeastcoast,Shetye

andAlmeidaconcludedthatcoastalsealevel maybea goodtool for monitoringthe large-scale,

wind-forcedgeostrophiccurrentsalongthecoast.

Emery and Aubrey [1989] notedthat the monthly sealevel at different stationsalong the

Indiancoastrevealscloserelationships.They attributedthemaximain theseasonalcycle to storm

surgesandto monsoonalfloods,or river runoff. Their mainfocus,however, wason thelong-term

changesin sealevel. Fivestations— Mumbai,Kochi,Mangalore,Chennai,andVishakhapatnam

— were found to be reliable indicatorsof long-termchanges.Of these,Mangaloreshowed a

decreasein relative sealevel (1.3 mm year- 1), while the othersshowed an increasein sealevel

relative to land, the ratevarying from 0.36 mm year- 1 at Chennaito 2.1 mm year- 1 at Kochi.

This indicateseithermarginal subsidenceof land, or a slow rise in sealevel. Theseresultsare

similar to thoseobtainedfor Australia[Aubrey andEmery,1986],whereeightacceptablestation

recordsaveraged2.2 mm year- 1 of land subsidenceor sea-level rise. This similarity is striking

becauseAustraliais known for its tectonicstability andIndia for its nearnessto a belt of tectonic

instability. Othercoastalregionsof theworld exhibit moreerraticandlocal changesascribableto

tectonicsassociatedwith folding, faulting,meltingof icecaps,volcanicactivity, anddeltagrowth,

only the last of which canbe importantalongthe westernandsoutheasterncoastsof India and

Australia.Hence,EmeryandAubrey concludedthatthesetwo regionsmaybethebestindicators

of long-term,relative sea-level change.

TsimplisandWoodworth[1994]updatedtheworkof Patulloetal. [1955],usingthreetimesthe

quantityof datausedin theearlierwork. They decomposedtheclimatologicalseasonalcycle into

annualandsemiannualharmonics,presentingthe worldwide distribution of the amplitudesand

phasesof both. Thereis a differencein annualphasebetweentheeastandwestcoastsof India;

the annualphaseprogressively increasesfrom the eastto the westcoast. The annualamplitude

is muchlarger thanthesemiannualamplitude.A large semiannualamplitude,however, maynot

imply a realisticsemiannualoscillation,but canbetheresultof irregularitiesin theannualcycle,

caused,for example,by thesuddenonsetof themonsoon.

ClarkeandLiu [1994]usedmonthlysealevel alongtheIndiancoastto studyinterannualvari-

ability. They found a significantcorrelationbetweenthe sealevel at Vishakhapatnamandthat

at Chennai,Kochi, andMumbai. The correlationis maximumat non-zerolags,hinting at the

possibility of wave propagationalong the coast. Basedon a model study, they concludedthat
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an interannualsea-level signaloccursalongmore than8000km of the Indian Oceancoastline,

extendingfrom southernJava to Mumbai,andis generatedremotelyby zonalinterannualwinds

alongtheequator. ClarkeandLiu [1993]usedthesamemodelto studytheannualandsemiannual

sealevelsalongtheeasternboundaryof theequatorialIndianOcean.They concludedthatatmo-

sphericpressure,localalongshorewinds,andremoteforcingby equatorialKelvin waveswerethe

causesof theobservedoscillations.

Thus,thesestudiesshow that thesealevelsat differentstationsalongthe Indiancoastreveal

closerelationships.However, thecausesof theobserved variability, seasonalor interannual,are

not clear. Atmosphericpressurehasaneffect on sealevel, but this is easilyaccountedfor by the

Inverse-Barometerapproximation.Thereis alsosomesimilarity betweenthe seasonalcycle of

local rainfall, andhenceof river runoff, andthatof sealevel. Mostcrucial,however, is thestriking

resemblanceof the seasonalcycle of coastalcurrentsto that of sealevel alongthe Indian coast.

This,andthesignificantcorrelationbetweeninterannualvariationsin sealevel atVishakhapatnam

andatotherstations,suggeststhatthelow-frequency variability of sealevel alongtheIndiancoast

is linkedto thelarge-scalecirculationin thenorthIndianOcean.This is not surprising,giventhat

asimilar relationshiphasbeennotedelsewheretoo [Patulloet al., 1955].

2.4 The Lar ge-ScaleCir culation Along the Coastof India

Oceanographershave traditionally relied on hydrographicdatato estimatecurrentsin the ocean

[PickardandEmery,1982]. Thefirst major hydrographicsurvey of thenorth IndianOceanwas

madeduring the InternationalIndianOceanExpedition(IIOE) in the late1960s[Wyrtki, 1971].

Several hydrographicsurveys have beencarriedout in the north Indian Oceansincethen,anda

coherentpictureof thelarge-scalecoastalcirculationaroundIndiaemergedduringthe1990s9. We

usethe datacollectedduring six hydrographicsurveys during 1987–1994in the Exclusive Eco-

nomicZone(EEZ) of India, in conjunctionwith shipdrifts, to describethelarge-scalecirculation

off the Indiancoast.Eachof thesemethodshasits own drawbacks.Dynamictopographiescon-

structedfrom hydrographicdataassumea level of no motion,typically 1000m, andaretherefore

unreliablein the vicinity of a coast. Ship drifts, on the otherhand,areinfluencedby wind and

usuallyaretoo noisy to yield a coherentpictureof the basin-scalecirculation. Nevertheless,in

theabsenceof directcurrent-metermeasurements,thesearetheonly meansof estimatingcurrents

alongtheIndiancoast.

9An extensive bibliographyfor theBayof Bengalis givenby Varkey et al. [1996].



Observational and Theoretical Background 14

2.4.1 Hydr ography of the CoastalWatersof India

Threecruisessurveyed the coastalwatersoff the Indian west coastduring June–August1987

[Shetyeet al., 1990], December-1987–January-1988 [Shetyeet al., 1991a], and March–April

1994,andthreecruisessurveyed thecoastalwatersoff the IndianeastcoastduringJuly–August

1989[Shetyeet al., 1991b],March–April 1991[Shetyeet al., 1993], andNovember–December

1991[Shetyeet al., 1996]. Thesecruises10 followed near-identical tracks,measurementsbeing

madealongsections(alsocalledlegs)normalto thecoastor to theshelf-break.

Thedynamictopographywith respectto 1000dbarfor thesesix cruisesis shown in Figure2.4.

Thedynamicheightfield is a measureof thegeostrophictransportin thetop 1000m of thewater

column;thesmallerthespacingbetweenthecontoursof dynamicheight,thelargeris thetransport

of theassociatedcurrent,which,in thenorthernhemisphere,flowswith thehigherdynamicheight

on its right. Thedynamictopographiesin Figure2.4arebut snapshots,representative of thelarge-

scalecirculationduringtheperiodof thesurvey, but they provide theonly coherenthydrographic

observationsin theregion. Theschematicin Figure2.5shows thetransportsassociatedwith these

coastalcurrentsover the top 1000m of the watercolumn. Interannualvariability is expectedto

causechangesin thetransportsof thesecurrentsystems,but they still provide a roughpictureof

theclimatologicalseasonalcycle of thecoastalcurrentsaroundIndia.

Thecurrentsalongthecoastof India changedirectionwith season.FromNovemberto Jan-

uary, the currentalongthe eastcoast,the EastIndia CoastalCurrent(EICC), is equatorward all

along the coast[Shetyeet al., 1996]. It bendsaroundSri Lanka to flow alongthe Indian west

coast[Shetyeet al., 1991a]asa polewardWestIndia CoastalCurrent(WICC). Off southwestIn-

dia, thepolewardflow is alongthewesternflank of ananticyclonic high thatformsin theregion;

a geostrophiccurrentcompletesthe circulationaroundthe high, forcing an equatorward WICC

off southwestIndia11. TheEICC reversesin February, andit flows polewardduringMarch–May,

formingthewesternboundarycurrentof abasin-wideanticyclonicgyre[Shetyeetal.,1993].The

anticyclonichighoff southwestIndiapersiststhroughMarch–April,weakeningthereafterandgiv-

ing way to a cyclonic low during thesouthwestmonsoon(June–September);during this period,

theWICC flowsequatorwardalongmostof theIndianwestcoast[Shetyeetal., 1990].TheEICC

is weakduringthesouthwestmonsoon;it is polewardin thesouth,but is equatorwardin thenorth

[Shetyeet al., 1991b].

Sincethe dynamicheightsdo not representa climatology, we refrain from comparingthem

with tide-gaugesealevel; this hasbeendoneelsewhere,and the agreementfound to be good

10Hereafter, we referto thesesix cruisesasthe“EEZ cruises”becausethey surveyedtheExclusive EconomicZone
(EEZ)of mainlandIndia. A summaryof theseobservationsis availablein ShetyeandGouveia[1998].

11Shetyeetal. [1990,1991a]donotdefinetheWICC thewaywedo; they computethetransportby integratingacross
the high. Therefore,the transportestimatesgiven herearedifferent. So arethe currentwidths; for example,Shetye
etal. describeacoastalcurrentthatis 400km wideoff southwestIndia. WedefinetheEICCandWICC moreprecisely
in thenext chapter.
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[Patulloetal., 1955].A bettercomparisonis affordedby shipdrifts becausethefar largernumber

of observations,spreadover several years,makes it possibleto definea climatology. This was

doneby ShetyeandAlmeida[1985] andwe repeattheexercise,but with a moreextensive ship-

drift dataset.

2.4.2 CoastalSeaLevel, CoastalCurr ents,and Local AlongshoreWinds

Weusetheship-driftclimatologycompiledby Raoetal. [1989],whichwasnotavailableto Shetye

andAlmeida[1985], to computethealongshorecoastalcurrent.Sincetheshipdrifts areaveraged

over 2
�/.

2
�

bins, thealongshorecoastalcurrentscomputedfrom themrepresentthe large-scale

coastalcirculation.Theclimatologicalseasonalcycle of correctedsealevel andthatof thealong-

shorecoastalcurrentcomputedfrom shipdrifts areshown in Figure2.6. Theagreementbetween

thetwo is excellent,exceptatColombo.Theonly majordiscrepancy is thatthealongshorecurrent

peaksa monthbeforethesealevel doeson thewestcoast.Theseasonalcycle of surfacecircula-

tion in thenorthIndianOcean,asrevealedby shipdrifts (Figure2.7),alsoagreesfairly well with

thecurrentsystemsoutlinedin Figure2.5.

Sincethelocal alongshorecoastalcurrentsmatchtide-gaugesealevel very well, it is possible

that the local winds,which mustplay a role in forcing thesecurrents,alsoplay a role in forcing

the seasonalcycle of sealevel. The seasonalcycle of correctedsealevel is comparedwith that

of thelocal alongshorewind stress,computedfrom theclimatologyof HellermanandRosenstein

[1983],in Figure2.8. Theannualmeanof thewind stressateachlocationis removedto obtainthe

monthlyanomaliesthatareplottedin thefigure;this is donebecausethesea-level dataplottedare

alsoanomalies.Themeanwind-stressfield,whichis notnegligible,cansetupasteadyalongshore

sea-level gradient,but it cannotforcetime-dependentchangesin sealevel.

Thelocal alongshorewindsandcorrectedsealevel arein phasealongmostof thewestcoast,

but arein phaseonly duringwinteralongtheeastcoast,wherethestrongestupwelling-favourable

windsblow duringthesouthwestmonsoon,but sealevel is lowestearlierin theyear. Thesea-level

rangealongthe eastcoastis abouttwice that alongthe westcoast,but the rangeof alongshore

wind stressalongtheeastcoastis about5–6timesthatalongthewestcoast.Along thewestcoast,

therangeof sealevel doesnot changesignificantlyfrom Colomboin thesouthto Mumbai in the

north,but thereis a largechangein thewind stress,especiallyfrom Colomboto Kochi. Thewind

stressat ColombomatchesthatalongtheIndianeastcoast,but thesealevel cycle at Colombois

moreakin to thatalongtheIndianwestcoast;theshipdrifts at Colomboareinfluencedmoreby

thestronglocal winds thanby thecurrents,leadingto themismatchbetweenshipdrifts andsea

level there(Figure2.6). Thesediscrepanciesimply that theseasonalcycle of sealevel alongthe

coastof India is not forcedmerelyby localwinds.Thecoherencein theseasonalcycleof sealevel

andshipdrifts alongthecoastpointsto organizationon thescaleof thebasin;it alsosuggeststhat
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Figure 2.4Dynamictopographyin thecoastalwatersof India, basedon six cruisesin theIndian
EEZduring1987–1994.Thecontourinterval is 5 cm2s- 2. Theminimumandmaximumdynamic
heightfor eachcruisearelisted in thefigure. The“+” indicatethe locationsat which thehydro-
graphicprofileswereobtained.The time of thecruisesarementionedin additionto themonths
they areconsideredrepresentative of.
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Figure 2.5A schematicof thecurrentsystemsalongthecoastof India. Thenumberagainsteach
currentindicatesthe transport(in Sv; 1 Sv = 106 m3 s- 1) associatedwith it in the top 1000m
of thewatercolumn. Theseestimates,basedon the six EEZ cruises,provide but an ideaof the
coastalcirculationoff India; interannualvariability will changethemagnitudeof thesecurrents,
andin thecaseof theweakcurrents,eventhedirection.
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Figure 2.6 Seasonalcycle of correctedsealevel (cm) andalongshoreship drifts (cms- 1) along
thecoastof India. Theshipdrifts arefrom theclimatologyof Raoet al. [1989]. Thesedataare
not availableat MumbaiandParadip.Theannualmeanof theshipdrift at eachlocationhasbeen
removedto obtainthemonthlyanomaliesthatareplotted;thiswasdonebecausethesealevel data
plottedarealsomonthlyanomalies.Downwelling-(upwelling-)favourableanomaliesarepositive
(negative); thesecurrentsflow with thecoaston their right (left) in thenorthernhemisphere.The
shipdrifts matchthesealevel at thecoast,exceptat Colombo,wherethestronglocal winds(see
Figure2.8) influencetheshipdrifts morethanthecurrentsdo.
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Figure 2.7 Seasonalcycle of surfacecirculation in the north Indian Ocean,asrevealedby ship
drifts [Raoet al., 1989]. Thecurrents(cms- 1) wereinterpolatedto thegrid usedby thenumer-
ical model(seeChapter3) from theoriginal 2

�0.
2
�

bins. In January, theEICC is weak;during
February–May, it flows poleward andforms the westernboundarycurrentof a basin-wideanti-
cyclonic gyre. The WICC is poleward during January–April,exceptoff southwestIndia, where
it flows equatorward to closethegeostrophiccirculationarounda high. ThewestwardNortheast
MonsoonCurrent(NMC) connectstheEICCandtheWICC.
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Figure2.7(continued)Seasonalcycleof surfacecirculationin thenorthIndianOcean,asrevealed
by shipdrifts [Raoet al., 1989]. Thecurrents(cms- 1) wereinterpolatedto thegrid usedby the
numericalmodel(seeChapter3) from theoriginal2

� .
2
�

bins.DuringFebruary–May, theEICC
flowspoleward,formingthewesternboundarycurrentof abasin-wideanticyclonicgyre.Thegyre
breaksup in May andtheEICC weakens,but it continuesto flow poleward till September. The
WICC reversesto flow equatorward during the southwestmonsoon.The monsoonwinds bring
aboutdramaticchanges,forcing an eastward jet at the equatorduring April–May anda strong,
polewardcurrentoff SomaliaduringMay–September.
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Figure2.7(continued)Seasonalcycleof surfacecirculationin thenorthIndianOcean,asrevealed
by shipdrifts [Raoet al., 1989]. Thecurrents(cms- 1) wereinterpolatedto thegrid usedby the
numericalmodel(seeChapter3) from theoriginal 2

� .
2
�

bins. During thesouthwestmonsoon,
thestrong,polewardSomaliCurrentfeedsinto thetheSouthwestMonsoonCurrent(SMC),which
spansthe basin,flowing acrossthe ArabianSeaandthe southernBay of Bengal. In the Bay of
Bengal,a weak EICC flows poleward, but the Ekmandrift dominatesthe ship-drift data. The
WICC flows equatorward.
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Figure2.7(continued)Seasonalcycleof surfacecirculationin thenorthIndianOcean,asrevealed
by shipdrifts [Raoet al., 1989]. Thecurrents(cms- 1) wereinterpolatedto thegrid usedby the
numericalmodel(seeChapter3) from theoriginal 2

� .
2
�

bins. With thecollapseof thesouth-
westmonsoonwindsin September, themajorcurrentsin thenorthIndianOceanreversedirection.
TheEICC reversesto flow equatorward, theWICC reversesto flow poleward. TheSomaliCur-
rent weakensandreversesin November, whenan eastward jet forms againat the equator. By
December, theNMC appearsin thesouthernbay.
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Figure 2.8 Seasonalcycle of corrected sea level (cm) and local alongshorewind stress
(dynecm- 2). Thewind-stressdataarefrom HellermanandRosenstein[1983]. Theannualmean
of the wind stressat eachlocationhasbeenremoved to obtain the monthly anomaliesthat are
plotted; this hasbeendonebecausethe sea-level dataplottedarealsomonthly anomalies.The
meanwind-stressfield, which is not negligible, cansetup a steadyalongshoresea-level gradient,
but it cannotforce time-dependentchangesin sealevel. Downwelling- (upwelling-) favourable
anomaliesarepositive (negative); looking downwind, thesewinds blow with the coaston their
right (left) in the northernhemisphere.The lack of agreementbetweenthe local winds andsea
level impliesthatremoteforcing is importantfor theseasonalcycleof sealevel andcurrentsalong
thecoastof India.
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thecirculationalongthecoastof India is, at leastin part,forcedremotely.

2.5 Basin-ScaleDynamicsof the North Indian Ocean

Theneedto explain theseasonalcycleof circulationoff theIndiancoastled,duringthe1990s,to

thedevelopmentof a framework involving longbaroclinicwaves,whichhadbeeninvokedearlier

to explain thesea-level variability alongthewestcoastof theAmericancontinent.Anomaliesof

monthlysealevel alongtheeasternboundaryof thePacific arevisually coherentandstatistically

well-correlatedfrom Valparaisoin Chile to theCanadianborder[EnfieldandAllen, 1980;Chelton

andDavis, 1982],theanomaliespropagatingpolewardin bothhemispheres.Theseanomaliesare

linkedto El Niño,whosedomainextendsacrosstheequatorialPacificOcean.Thelink is provided

by equatorialKelvin andRossbywavesandcoastalKelvin waves,whichpropagatelongdistances,

carryinginformationacrossthe equatorialPacific andforcing changesin locationsfar removed

from thewindsthatforcethesechangesin theocean.

Thesuccessof this theoryin thePacificOceanappearsto havepromptedits applicationin the

IndianOcean;thisdevelopmentwassynchronouswith thehydrographicsurveysdescribedearlier.

Sincethesewavescommunicatechangesin sealevel or currentsforcedby winds in oneregion

to remotelocations,they merge theequatorialIndianOcean,theBay of BengalandtheArabian

Seainto a singledynamicalentity, the north Indian Ocean,whosedynamicsmustbe modelled

asa whole even to simulatethe circulationin its parts. The numericalmodelsdevelopedin the

1990shave beenfairly successfulin simulatingthe basicfeaturesof theobserved circulationin

thenorth IndianOcean;their successimplies that thecirculationalongthe Indiancoastmust,at

leastin part,beremotelyforced.ThoughtherearesomestudiesusingOceanGeneralCirculation

Models(OGCMs),mosthave usedreduced-gravity models12, which hadbeenusedwith success

in studyingtheEl-Niño phenomenonin thePacificOcean.

In the following chapter, we usea reduced-gravity model to simulatethe circulation in the

northIndianOcean.Wefocusourattentiononthehighandlow thatform off southwestIndia (see

Section2.4.1)becausethesecannotbe explainedwithout invoking the long baroclinicwaves13

andtheconnectionthey establishbetweentheBay of Bengal,theArabianSea,andtheequatorial

IndianOcean.CalledtheLakshadweephighandlow aftertheislandsin whosevicinity they form

(Figure1.2),they alsohave thebenefitof novelty, having beendiscoveredrecentlyby Bruceetal.

[1994]14. ShankarandShetye[1997]studiedthedynamicsof theLakshadweephighandlow, and

thefollowing chapteris basedlargely on their work.

12Thereduced-gravity modelis describedin AppendixA.
13SeeAppendixB for a brief descriptionof thesewaves.
14Bruceet al. usedthename“Laccadive”, ananglicizedform of “Lakshadweep”,which literally means“a hundred

thousandislands”.Lakshadweepis theofficial nameof this groupof islands.




