
Chapter 5

Annual Mean SeaLevel

5.1 Observational Background

While concludingthe GreatTrigonometricalSurvey of India, Colonel S. G. Burrard madethe

following observation[quotedafterGhildyalandKumar,1984].

Whilst thereforethe levelling operations1858–1909have proved that the mean

surfaceof theArabianSeaandtheBay of Bengalarevery nearlyat thesameeleva-

tion, they have alsogivenriseto a suspicion,that theBay of Bengalmaybeperhaps

slightly higherof thetwo. It is but a suspicion,theaccuracy of thelevelling doesnot

warrantus in pronouncingthedivergenceto beproved. It will befor our successors

to show by meansof future lines,whetherthesuspicionis well-founded,or whether

thedivergenceis a resultof levelling errors.

The GreatTrigonometricalSurvey of India was carriedout during 1858–1909to map the

surfacetopographyof theIndiansubcontinent,andwas,in its time,themostdetailedandaccurate

survey of its kind everundertaken. It is in thecourseof thissurvey thatadifferenceof about30cm

wasnoticedbetweenthemeansealevel1 in theBayof BengalandtheArabianSea,anobservation

thatwasconfirmedduring theAdjustmentof theFirst Level Net of India [Ghildyal andKumar,

1984].Theobservationsshow thatthemeansealevel atVishakhapatnamis 32cmhigherthanthat

at Mumbai andthat the meansealevel at Chennaiis 17 cm higherthanthatat Mangalore.The

permittederrorin levelling over 1080km, thedistancealongthelevelling linesbetweenChennai

andMangalore,is 9.8cm; thus,evenafteraccountingfor possibleerrorsin levelling, themeansea

level alongtheeastcoastof India is higherthanthatalongthewestcoast[Ghildyal andKumar,

1984].

1By meansealevel, GhildyalandKumarmeanannualsealevel, which is thesameasannualmeansealevel.
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5.2 Theoretical Background

The only study of this differencein meansealevel that we are acquaintedwith is the one by

Ghildyal andKumar [1984]. They statethat “enoughlevelling datahave accumulatedto carry

forward the investigationfrom the stagewhereColonelBurrard left it for us to complete. The

divergencein meansealevel is apparentandthis is not dueto errorsof levelling alonebut other

factorsalso.” They computethedifferencein sealevel for severalchoicesof levelling linesbefore

reachingthis conclusion.Thedifferencein meansealevel betweenChennaiandMangaloreis at-

tributedto thelowersurfacesalinityatChennai(6.7cm)andhigherseasurfacetemperature(SST)

at Chennai(8 cm), with the lower atmosphericpressureat Mangalorereducingthedifferenceby

5 cm. Thesethreefactorstogetheraccountfor a differenceof about7 cm betweenChennaiand

Mangalore,lessthanthe permissibleerror due to levelling. Ghildyal andKumarstatethat the

apparentdifferencein meansealevel betweenthetwo coastscanbeaccountedfor by thesecor-

rectionsandlevelling errors,andthat this implies that the meansealevel is not differentalong

thesetwo coasts!Theauthorsaresurveyors,andtheir discomfortat thepossibilityof a variation

in meansealevel along the boundaryof the openseais evident. Hence,thoughGhildyal and

Kumaron theright trackasfar asdiscerningthecausesof theobserveddifferenceareconcerned,

theiraim is to explainaway thedifference.

Thereis no reasonfor assumingthatsucha differencein meansealevel cannotexist between

theeastandwestcoastsof India. Theobservationssuggestthat thereis a meanalongshoregra-

dientof sealevel alongthecoastof India. Hence,we accepttheobservation of ColonelBurrard,

confirmedby Ghildyal andKumar, andseewe candiscernthe causes.As we saw earlier, both

wind-forcedcoastalcurrentsandsalinity make a significantcontribution to theseasonalcycle of

sealevel alongthecoastof India. Of these,salinity is invoked by Ghildyal andKumartoo, ex-

ceptthatthey useonly thesurfacesalinity (andtemperature).This is notcorrectbecausedynamic

heightsaredeterminedwith respectto a level of no motion, andhencedependon the vertical

profileof temperatureandsalinitybetweenthis level andtheseasurface,asin thereduced-gravity

model.

5.3 Effect of Wind-ForcedCoastalCurr ents

Theeffectof wind-forcedcoastalcurrentsontheseasonalcycleof coastalsealevel wasexamined

in Section4.1usingadynamical11
2-layerreduced-gravity model.Theannualsealevel2 from this

simulationis plottedfor thecoastalstationsin Figure5.1. Thereis analongshoregradientin sea

level, theannualsealevel at Vishakhapatnambeinghigherthanthatat Mumbai by about15 cm

2Having describedthebackgroundfor this chapter, we returnto ourpreferredterminology.
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Figure5.1Effectof wind-forcedcoastalcurrentsonannualsealevel η alongthecoast.Thefigure
shows annualsealevel (cm) for two simulationswith the11

2-layermodel. Thefirst simulationis
with thewind-stressclimatologyof HellermanandRosenstein[1983], asin theearlierchapters.
Thesecondsimulationis for a“morevigorousmonsooncirculation”,thewind stressof Hellerman
andRosensteinhaving beenmultiplied by 1.2. A strongerwind forcing amplifiesthealongshore
sea-level gradient;theannualsealevel behaveslike asee-saw alongthecoast,with its pivot at the
southerntip of Sri Lanka.
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andtheannualsealevel at Chennaibeinghigherthanthatat Mangaloreby about11 cm. These

values,thoughlower than the observations,areof the sameorder. The sealevel slopesdown

continuouslyalongthecoast,with highestsealevel at Paradip,in thenorthwesterncornerof the

Bayof Bengal,andlowestsealevel atMumbai,thenorthernmoststationalongthewestcoast.

In the above simulation,the modelwasforcedby the wind-stressclimatologyof Hellerman

andRosenstein[1983]. The climatologyis an averageof datacollectedover several years,and

hence,representsanaverage,or “normal”, monsoon.Toseewhatamorevigorousmonsoonwould

do to the alongshoregradientin sealevel, we run a testcasewith the wind stressof Hellerman

andRosensteinmultipliedby 1.2,implying a10%increasein thestrengthof thewind all over the

basin.Theresultingannualsealevel is alsoplottedin Figure5.1. Thesealevel is now higheron

theeastcoast,but loweron thewestcoast,theincreasein thedifferencebetweenVishakhapatnam

andMumbaibeingabout13%,andthat in thedifferencebetweenChennaiandMangalorebeing

about11%. The annualsealevel see-saws alongthe coast,with its pivot at the southerntip of

Sri Lanka. The see-saw goesup in the eastif the winds areuniformly strongerover the basin

throughouttheyear;it goesdown in theeastif thewindsareweaker.

Theobservationsof ColonelBurrardandGhildyalandKumardo not representaclimatology,



Annual Mean SeaLevel 119

unlike our simulation.Theobserveddifferencein annualsealevel betweenthetwo coastsis for a

particularyear, but it still givesanideaof thealongshorevariability. Theabove simulationsshow

thatpurelywind-forcedcirculationaccountsfor abouthalf theobserveddifference.

5.4 Effect of the AlongshoreGradient in Salinity

Variationsin temperature,as we saw earlier, have only a minor impact on the sealevel along

theIndiancoast;hence,we ignoretheireffectonannualsealevel andexaminethecontribution of

salinityto thealongshoregradientin annualsealevel. Theeffectof salinity is shown in Figure5.2,

which shows theannualsealevel alongthecoastbasedon thesimulationwith theclimatologies

of Levitus andBoyer [1994] andLevitus et al. [1994] (Section4.3.1)andthesimulationwith the

synthesizedclimatology(Section4.3.4).Thedifferencein annualsealevel betweenthetwo coasts

Figure5.2Effectof salinityontheannualsealevel η alongthecoast.Thefigureshowsannualsea
level (cm)for threesimulationswith the11

2-layermodel,all forcedby thewind-stressclimatology
of HellermanandRosenstein[1983]. In thefirst simulation,densityis constantin theactiveupper
layer. In the second,temperatureandsalinity areprescribedfrom the climatologiesof Levitus
andBoyer [1994] andLevitus et al. [1994]. The third simulationis identicalto the second,but
the salinity field is modifiedalongthe coastfrom the northeasterncornerof the Bay of Bengal
to Veraval on the westcoastof India, asdescribedin Section4.3.3. The alongshoregradientin
salinity forcesan alongshoregradientin annualsealevel. The alongshorevariationsin salinity
accountfor abouthalf thedifferencein annualsealevel betweentheeastandwestcoastsof India.
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increasesbecauseof salinity; thereis amarginaldecreasein sealevel alongthewestcoastbecause
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of a decreasein the annualmeanΓ, but thereis a large increasealongtheeastcoastbecauseof

a large increasein theannualmeanΓ. Thedifferencein sealevel betweenVishakhapatnamand

Mumbai is now 25 cm andthatbetweenChennaiandMangaloreis 18 cm, closerto theobserva-

tions. Thereis not muchdifferencebetweenthesimulationswith andwithout themodifications

in salinity alongthecoast.This is becausetheannualmeancoastalsalinity in theclimatologyof

Levitus et al. [1994] is not very differentfrom that in thesynthesizedclimatology; it is only the

seasonalcycleof monthlyclimatologythatdepartsconsiderablyfrom observations.

In the presenceof horizontalvariationsin salinity, thereis a baroclinic contribution to the

averagepressuregradientin the upperlayer3 from the horizontaldensitygradientin the layer.

Sincethepressuregradienthasto vanishin thedeeperlayer, thepresenceof thelow-salinityplume

along the eastcoastalso reducesthe upperlayer thickness(Figure5.3). The decreasein layer

Figure 5.3 Effect of salinity on the annualupperlayer thicknessH alongthe coast. The figure
shows annualupperlayerthickness(m) for two simulationswith the11

2-layermodel,bothforced
by thewind-stressclimatologyof HellermanandRosenstein[1983]. In thefirst simulation,density
is constantin theactive upperlayer. In thesecond,temperatureandsalinity areprescribedfrom
the climatologiesof Levitus andBoyer [1994] andLevitus et al. [1994], exceptalongthe coast
of the Indian subcontinentfrom the northeasterncornerof the Bay of Bengalto Veraval on the
westcoastof India,whereit is modifiedasdescribedin Section4.3.3.Thealongshorevariationin
salinity changesnot only thealongshoregradientof annualsealevel, but alsothatof upperlayer
thickness.
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thicknessalongtheeastcoastreducesthedifferencein layerthicknessbetweentheeastandwest

coastsof India. In thepurelywind-forcedmodel,theupperlayer is muchthicker alongtheeast

3SeeAppendixA.
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coast.Thepresenceof thelow-salinityplumedecreasesit, but thelayerthicknessis still greaterin

thebaythanin theArabianSea.Sincethethicknessof theupperlayeris ameasureof thethickness

of themixedlayer, thehigherthicknessin thebaycontradictsobservations.This pointsto oneof

the limitations of the reduced-gravity model. It is a discretemodelof a continuouslystratified

system.Thelargehorizontalgradientin salinity, andhencein density, in thenorthIndianOcean

implies that the vertical structureis coupledto the horizontalstructure;a simpledecomposition

into discretevertical modes,as in the 11
2-layer reduced-gravity model, is not possible,and if

attempted,leadsto the errorsdescribedabove. The modelis incapableof simulatingthehigher

sealevel in theBay of Bengalwithout simulatinga thicker upperlayer also. Thesesimulations

show that thelower salinity in theBay of Bengal,especiallyin thecoastalwatersof India, is the

likely causeof thethinnermixedlayersobservedin thebay.

In conclusion,thesimulationssupporttheobservationof ColonelBurrard,subsequentlyveri-

fied by Ghildyal andKumar, that theannualsealevel is higheron theeastcoastof India thanon

thewestcoast.Bothwind-forcedcoastalcurrentsandsalinity contribute to thisalongshoregradi-

ent in sealevel. Theimpactof windsandsalinity on annualsealevel andthecouplingthatexists

betweentheocean,theatmosphere,andland imply that variability associatedwith themonsoon

mustleadto sea-level variability at lower frequencies;theselower frequenciesform thesubjectof

thefollowing chapter.



Chapter 6

Interannual and Interdecadal

Variability

Thestriking aspectof theclimateof theIndiansubcontinentis themonsoon.Theword monsoon

is derivedfrom theArabicwordmausam, whichmeans“season”;it is usedto describetheregular

reversalof windswith seasonthatdeterminestheclimateof thesubcontinent.Therearetwo facets

of themonsoon.First, thechangein weatherwith seasonis regular. For example,1 Juneis the

normaldateof onsetof the monsoonover southwestIndia. The seasonalcycle associatedwith

themonsoonis soregular thata departureof morethana few daysfrom this meandateof onset

is sufficient causefor concernin thecountry. It is no differentwith theprogressof themonsoon

acrossthesubcontinent;thistoofollowsadefinitepatternandis trackedin Indiaby theofficial her-

ald, the India MeteorologicalDepartment.This regular, rhythmicchangein winds is responsible

for thesignificantclimatologicalseasonalcycle of sealevel alongthecoastof India (Chapter4).

Thus,regularity, borderingon predictability, is onefacetof themonsoon.Second,themonsoon

is fickle: it variesa lot from oneyearto another. Associatedwith theseasonalchangesin winds,

which definethe monsoonalclimate,arechangesin atmosphericpressureand,most important,

rainfall. Sinceagricultureis the lifeblood of thesubcontinent,it is thevariability of rainfall that

hasthemaximumimpactandit hasarousedinterestfor a long time, leadingto rainfall becoming

thebestdocumentedclimatic variablein thesubcontinent.Thereis considerableinterannualand

interdecadalvariability in therainfall records;sincerainfall directlyaffectssalinity in theocean,it

is inevitable that the interannualvariability of themonsoonshouldleadto interannualvariability

in sealevel alongthecoastof India. Thereis evidencefor suchvariability in thetide-gaugerecord

atMumbai(Figure1.3). In thischapter, wedescribetheinterannualandinterdecadalvariationsin

thesealevel alongthecoastof India anddeterminetheirpossiblecauses.
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6.1 Interannual Variability of SeaLevel Along the Coast

6.1.1 Variability of the SeasonalCycle

The regularity of the monsoonmakesthe seasonalcycle a major signal in the sea-level records

alongthecoastof India. Webegin ourdescriptionof interannualvariability by examininghow the

seasonalcycle variesfrom oneyearto another. Onedifficulty in studyingsea-level variability at

periodsgreaterthananyearis theshortlengthof severalrecords.Of theeighttide-gaugerecords

usedearlier, only thoseat Vishakhapatnam(52 years),Chennai(43 years),Kochi (50 years),and

Mumbai (111 years)are longer than40 years. Therefore,we restrictour attentionjust to these

four stations1. The anomaliesof monthly sealevel, computedby subtractingthe meanof the

time seriesfrom the sealevel for eachmonth,areplotted in Figure6.1, which alsoshows the

climatologicalseasonalcycle. Thereis considerablescatterabouttheclimatology, theanomalies

Figure 6.1 Anomaliesof uncorrectedmonthly sealevel, ηa (cm). The continuousline is the
climatologicalseasonalcycle. Thedotsrepresenttheanomaliesof monthly sealevel, computed
by subtractingthemeanof thetimeseriesfrom themonthlysealevel. Thereis considerablescatter
abouttheclimatology, indicatingsignificantinterannualvariability of sealevel alongthecoastof
India.
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1The40-yearcutoff is arbitrary, but, aswe shallsee,even40 yearsis not enough.
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of monthly sealevel being comparableto the rangeof the seasonalcycle. Therefore,thereis

considerableinterannualvariability in the sealevel alongthe coastof India. The sea-level data

usedin Figure6.1 includethe effect of atmosphericpressure,which hasa strongeffect on the

seasonalcycle; for example,it changesthesealevel by about10cmin JuneatMumbai.Weapply

theInverse-Barometer(IB) approximation(Section2.2.1)to correctfor thiseffect,usingmonthly

atmospheric-pressuredatafrom the Global Historical ClimateNetwork (GHCN); unfortunately,

the GHCN dataalsohave gapsandarenot availablefor the entirespanof the sea-level records

(Table6.1), therebytruncatingthem. In applyingthe IB approximation,we assumethat theav-

eragemonthly sea-level pressureover the world oceansdoesnot changefrom yearto year, this

assumptionbeingnecessarysincewe have only climatologicaldata(from COADS) for theaver-

agepressure.Theresultinganomaliesareplottedin Figure6.2; therestill is considerablescatter

abouttheclimatology.

Table6.1Sea-level pressuredatafrom theGlobalHistoricalClimateNetwork (GHCN).Nyr is the
numberof yearsof dataavailable.

Station Longitude Latitude Timespan Nyr
( w E) ( w N)

Vishakhapatnam 83.23 17.72 1941–1988 48
Chennai(Minambakkam) 80.18 13.00 1941–1988 48
Kochi (Fort Cochin) 76.20 10.00 1941–1973 33
Mumbai(Colaba) 72.82 18.90 1921–1988 68

Given that therearelarge changesin monthly sealevel from yearto year, how robust is the

seasonalcycle?In otherwords,is theinterannualvariability suchthatit warpstheseasonalcycle,

or doestheseasonalcycle repeatalmostevery year2, with interannualchangesmerelyperturbing

it? Oneway to determinethis is to checkthe timing of the extremaof the seasonalcycle. His-

togramsof themonthof occurrenceof theextremaof theseasonalcycleof sealevel, notcorrected

for the effect of atmosphericpressure,areshown in Figure6.3. The histogramsshow that the

seasonalcycle is extremelyrobust on the eastcoast,therenot beingmuchvariation in the tim-

ing of the maximum;the maximumoccursmostly in Octoberor Novemberat Vishakhapatnam

and in Novemberat Chennai. The scatteris more for the minimum, but it occursmostly dur-

ing February–April,whentheanticyclonic gyre,with a poleward,upwelling-favourablewestern

2For computationsrelatedto sealevel, theyearis definedfrom July of a givenyearto Juneof thefollowing yearin
therestof this chapter, unlessotherwisestated.This is donebecauseof theeffect thatsalinity hason sealevel along
thecoastof India. Sincethechangesin salinity arelinkedto monsoonrainfall, it seemsmorereasonableto definethe
yearsuchthatthemonsoonrainsoccur“early in theyear”, ratherthanin themiddle;with this definition,rainfall for a
givencalendaryearhasaneffect on sealevel throughoutthe“year”. Anotherpossibledefinitionwould starttheyear
afterthemonsoonrains,sayin October. Notethatthecalendaryearis still usedfor computationsinvolving rainfall.



Interannual and Interdecadal Variability 125

Figure 6.2 Anomaliesof correctedmonthly sealevel, ηa (cm). The continuousline is the cli-
matologicalseasonalcycle. Thedotsrepresenttheanomaliesof monthlysealevel, computedby
subtractingthemeanof thetime seriesfrom themonthlysealevel. Thereis considerablescatter
abouttheclimatology, indicatingsignificantinterannualvariability of sealevel alongthecoastof
India.
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boundarycurrent,forms in theBay of Bengal. SinceChennailies closeto thesouthernlimit of

thegyreandthesizeof thegyredependson thewind field over thebay, thegreaterscatterthere

is not surprising.Along thewestcoast,however, thereis considerablevariationin the timing of

theextrema,thescatterincreasingpolewardalongthecoastto Mumbai. At Kochi, themaximum

occursmostlyduringNovember–January, whentheclimatologicalseasonalcyclepeaksthere.The

minimumoccursmostlyin May, beforethesouthwestmonsoon,or in September, towardstheend

of thesouthwestmonsoon;this reflectstheexistenceof a minor secondarymaximumduring the

southwestmonsoon.At Mumbai,theextremaof theseasonalcyclecanoccurin almostany month

of theyear. Themaximumoccursduringwinter, or duringthesouthwestmonsoon,or in March,

reflectingthe multiple peaksof the seasonalcycle beforeit is correctedfor the effect of atmo-

sphericpressure(Figure4.1). The prominenceof the semiannualsignal is alsoreflectedin the

timing of theminimum,which usuallyoccurseithertowardstheendof thesouthwestmonsoon,

or in May.
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Figure 6.3 Histogramsof the time of occurrenceof the extremaof the seasonalcycle of uncor-
rectedsealevel. Thenumberof occurrencesof theextremumin a given monthis plottedon the
ordinateandthemonthduringwhich theextremumoccursis plottedon theabscissa.Thescatter
in the timing of theextremais moreon thewestcoast,implying that theseasonalcycle is more
robustalongtheeastcoastof India.
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Sincethe effect of atmosphericpressureon the seasonalcycle is not small, it is necessary

to determinehow robust the correctedseasonalcycle is. The resultinghistogramsareshown in

Figure6.4;for comparison,thehistogramsfor theuncorrectedsealevel arerepeatedin Figure6.5,

retainingonly thoseyearsthatcontributeto Figure6.4.Thesefiguresshow thattheseasonalcycle

is muchmorerobust whencorrectedfor atmosphericpressure.Thereis a large decreasein the

scatterin the timing of the extrema,especiallyat Mumbai, wherethe correctedseasonalcycle

peaksalmostalwaysin winter.

Therefore,theseasonalcycle of sealevel, whencorrectedfor theeffect of atmosphericpres-

sure,is robust andthe basicpatternof the seasonalcycle doesnot show significantinterannual

variations,reflectingthe regularity with which the monsoonwinds andsalinity along the coast

of India change.Nevertheless,theremustbe interannualvariability in theannualsealevel along

the coastof India becausethe anomaliesof monthly sealevel with respectto theclimatological

seasonalcyclearenot small(Figures6.1and6.2).
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Figure6.4Histogramsof thetimeof occurrenceof theextremaof theseasonalcycleof corrected
sealevel. Thenumberof occurrencesof theextremumin a givenmonthis plottedon theordinate
andthe monthduring which the extremumoccursis plottedon the abscissa.The scatterin the
timing of the extremais muchlesswhenthe sealevel is correctedfor the effect of atmospheric
pressure.Thecorrectedseasonalcycle is morerobustthroughoutthecoast.
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6.1.2 Variability of Annual SeaLevel

Annualsealevel3 ata locationis computedby averagingmonthlysealevel overanyear. Thesea-

level recordsat the four stationsarewith respectto a givendatum,theRevisedLocal Reference

(RLR); hence,it is possibleto averagethe annualsealevel over the length of the recordand

computeanomaliesof annualsealevel. Theseanomalies,like the monthly anomalies,canbe

comparedalongthe coast4, but, sincethe referencedatumat eachstationis local to that station

andis not linkedto thatat theothers,it is notpossibleto computeabsolutesealevel atastation.

The anomaliesof annualsealevel areplotted in Figure6.6; the monthly sealevel usedto

computetheannualsealevel for this figurearenot correctedfor the effect of atmosphericpres-

sure.Theannualsealevel alongthecoastexhibits significantinterannualvariability, therangeof

3Annualsealevel is alsocalled“annualmean”,or just“mean”,sealevel in thischapter;thequalificationis necessary
at timesbecausetheannualextremaarealsoconsideredalongwith theannualmean.Nevertheless,“annualsealevel”,
whenusedassuch,still refersto theannualmean.

4Thedifferencein thelengthof thesea-level records,however, introducessomeerrors.



Interannual and Interdecadal Variability 128

Figure 6.5 Histogramsof the time of occurrenceof the extremaof the seasonalcycle of uncor-
rectedsealevel, but for the sameperiod as in Figure 6.4. The numberof occurrencesof the
extremumis plottedon theordinateandthemonthduringwhich theextremumoccursis plotted
ontheabscissa.Thisfigureis similar to Figure6.3,exceptthatthedatacoveronly thoseyearsthat
contribute to Figure6.4. Thescatterin the timing of theextremais morethanfor thecorrected
seasonalcycle,especiallyat Mumbai,reflectingthesignificantcontribution madeby atmospheric
pressureto theseasonalcycle there.
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the variationbeingcomparableto that of the climatologicalseasonalcycle at eachstation. The

anomaliesof annualsealevel arealsocoherentalongthecoast,andthis coherenceremainswhen

themonthlysealevel is correctedfor atmosphericpressurebeforecomputingtheannualsealevel

(Figure6.7). Thiscoherenceis not just visual;theanomaliesarealsostatisticallywell correlated5

alongthecoast(Table6.2). The only exceptionseemsto be the tide gaugeat Kochi, wheresea

level risessharplyfrom the 1940sto 1960; the variationat the otherstationsis not similar, and

this reducesthecorrelationsfor Kochi. Annual sealevel at Kochi is bestcorrelatedwith that at

Chennai,but this is owing to theabsenceof dataatChennaiduringthe1940s.

This coherencealong the coast is also seenin the variation of the annualextrema (Fig-

ures6.8,6.9). Themaximumandminimumsealevel duringanyeararein phasewith theannual

mean;they increase(decrease)whenthemeanincreases(decreases).Thecorrelationbetweenthe

5SeeAppendixC for themethodusedto computethesignificancelevels.
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Table6.2Linearcorrelationstatisticsfor annualsealevel. ηV , ηC, ηK , andηM denotethesealevel
anomaliesat Vishakhapatnam,Chennai,Kochi, andMumbai; the subscript“m” implies annual
meansealevel. r is thelinearcorrelationcoefficientbetweenthevariablesin thefirst two columns
(at zerolag). rs is the linear correlationat theP% significancelevel for the requirednumberof
degreesof freedom;if thecolumnfor P is blank,thenrs is thecorrelationat the90%significance
level, but thetwo variablesarenot correlatedevenat this level. A “C” in thelastcolumnimplies
thatthesea-level dataarecorrectedfor theeffectof atmosphericpressure(default is nocorrection).
ThecorrelationbetweenChennaiandKochi for correctedsealevel is not computedbecauseonly
sevendegreesof freedomareavailable.

r rs P

ηV �m ηC �m 0.779 0.561 99.0
ηV �m ηC �m 0.772 0.575 99.0 C
ηV �m ηK �m 0.572 0.449 99.0
ηV �m ηK �m 0.482 0.444 95.0 C
ηV �m ηM �m 0.401 0.316 95.0
ηV �m ηM �m 0.474 0.436 99.0 C
ηC �m ηK �m 0.687 0.590 99.0
ηC �m ηM �m 0.593 0.505 99.0
ηC �m ηM �m 0.548 0.433 95.0 C
ηK �m ηM �m 0.216 0.292
ηK �m ηM �m 0.398 0.390 90.0 C

annualmeanandthe annualextremais excellent (Table6.3). It is not just the annualextrema

thatarein phasewith theannualmeansealevel; eventheseasonalaverages(for February–April,

March–May, andJuly–Septemberalongbothcoasts,for October–Decemberalongtheeastcoast,

andfor November–Januaryalongthewestcoast)aresignificantlycorrelatedwith theannualmean

(Table6.3). This impliesthat themajorchangefrom yearto yearis in themeansealevel, super-

imposedon which is theseasonalcycle. Theinterannualvariationsin thissuperimposedseasonal

cycle leadto differentialvariationsin theextremaandtheseasonalaveragesof sealevel.

6.2 Interdecadal Variability of SeaLevel Along the Coast

An implicationof theabove statisticsis thatit is notnecessaryto correctfor atmosphericpressure

whendeterminingthe annualextrema. This is importantbecauseapplyingthe correctionusing

theGHCN pressuredatatruncatesthelengthof thesea-level record.Not applyingthecorrection

impliesthatthesea-level recordatMumbaiextendsover111years(1878–1988),permittingusto

uselow-passfilters to examinethevariability at evenlower frequencies.Thenext longestrecord,

at Vishakhapatnam,is only 52 yearslong; hence,only the tide gaugeat Mumbai is useful for
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Figure 6.6 Anomaliesof uncorrectedannualsealevel (cm). Theannualsealevel wascomputed
by averagingmonthlysealevel, not correctedfor atmosphericpressure,over anyear(July–June),
andthemeanof the time serieswasremoved to obtaintheanomalies.Thecurve for Mumbai is
superimposedon thosefor theotherthreestations.Theanomaliesof annualsealevel arecoherent
alongthecoast,Kochibeingtheonly exception.Thesharprisein annualsealevel atKochiduring
1940–1960is not seenat theotherstations.
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Figure 6.7 Anomaliesof correctedannualsealevel (cm). The annualsealevel wascomputed
by averagingmonthly sealevel, correctedfor the effect of atmosphericpressure,over an year
(July–June),andthemeanof thetime serieswasremovedto obtaintheanomalies.Thecurve for
Mumbai is superimposedon thosefor theotherthreestations.Thecorrectedannualsealevel is
alsocoherentalongthecoast,Kochiagainbeingtheonly exception.
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Figure 6.8 Anomaliesof theuncorrectedannualmean(middlecurve), maximum(uppercurve),
andminimum(lowercurve)sealevel (cm). Theannualmeansealevel wascomputedby averaging
monthly sealevel, not correctedfor atmosphericpressure,over an year(July–June);the annual
maximum(minimum) is themaximum(minimum) sealevel duringJuly–June.Themeanof the
timeserieswasremovedto obtaintheanomalies.Theannualextremaarein phasewith theannual
mean;in general,whenthemeansealevel increases,sodo themaximumandtheminimum.
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Figure6.9Anomaliesof thecorrectedannualmean(middlecurve),maximum(uppercurve),and
minimum (lower curve) sealevel (cm). The annualmeansealevel wascomputedby averaging
monthlysealevel, correctedfor atmosphericpressure,over anyear(July-June);theannualmax-
imum (minimum) is themaximum(minimum)sealevel duringJuly-June.Themeanof the time
serieswasremovedto obtaintheanomalies.Theannualextremaof correctedsealevel arein phase
with theannualmean;in general,whenthemeansealevel increases,sodo themaximumandthe
minimum.
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Table 6.3 Linear correlationstatisticsfor annualmean,extrema,and seasonalaveragesof sea
level. ηV , ηC, ηK , andηM denotethesealevel anomaliesatVishakhapatnam,Chennai,Kochi,and
Mumbai;thesubscripts“m”, “max”, and“min” imply annualmean,maximum,andminimumsea
level, andthesubscripts“FMA”, “MAM”, “JAS”, “OND”, and“NDJ” imply averagesealevel for
February–April,March–May, July–September, October–December, andNovember–January. r is
thelinearcorrelationcoefficient betweenthevariablesin thefirst two columns(at zerolag). rs is
thelinearcorrelationat theP% significancelevel for therequirednumberof degreesof freedom;
if thecolumnfor P is blank, thenrs is the correlationat the90% significancelevel, but the two
variablesarenot correlatedevenat this level. A “C” in thelastcolumnimplies that thesea-level
dataarecorrectedfor theeffect of atmosphericpressure(default is nocorrection).

r rs P

ηV �m ηV �max 0.789 0.388 99.0
ηV �m ηV �max 0.798 0.418 99.0 C
ηV �m ηV �min 0.530 0.388 99.0
ηV �m ηV �min 0.530 0.418 99.0 C
ηV �m ηV � FMA 0.556 0.388 99.0
ηV �m ηV �MAM 0.586 0.388 99.0
ηV �m ηV � JAS 0.746 0.388 99.0
ηV �m ηV �OND 0.800 0.388 99.0
ηC �m ηC �max 0.759 0.478 99.0
ηC �m ηC �max 0.831 0.515 99.0 C
ηC �m ηC �min 0.752 0.478 99.0
ηC �m ηC �min 0.789 0.515 99.0 C
ηC �m ηC � FMA 0.606 0.478 99.0
ηC �m ηC �MAM 0.505 0.478 99.0
ηC �m ηC � JAS 0.523 0.478 99.0
ηC �m ηC �OND 0.850 0.478 99.0
ηK �m ηK �max 0.796 0.402 99.0
ηK �m ηK �max 0.821 0.515 99.0 C
ηK �m ηK �min 0.895 0.402 99.0
ηK �m ηK �min 0.893 0.515 99.0 C
ηK �m ηK � FMA 0.891 0.402 99.0
ηK �m ηK �MAM 0.905 0.402 99.0
ηK �m ηK � JAS 0.873 0.402 99.0
ηK �m ηK �NDJ 0.875 0.402 99.0
ηM �m ηM �max 0.879 0.247 99.0
ηM �m ηM �max 0.785 0.320 99.0 C
ηM �m ηM �min 0.862 0.247 99.0
ηM �m ηM �min 0.828 0.320 99.0 C
ηM �m ηM � FMA 0.887 0.247 99.0
ηM �m ηM �MAM 0.907 0.247 99.0
ηM �m ηM � JAS 0.845 0.247 99.0
ηM �m ηM � NDJ 0.863 0.247 99.0
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studyinginterdecadalvariability in sealevel. Sincetheannualmeanandextremaof sealevel are

coherentalongthecoast,it is reasonableto assumethat theinterdecadalvariability at Mumbai is

representative of thatalongthecoastof India.

6.2.1 Interdecadal Variability of SeaLevel at Mumbai

To determinethe variability at periodshigherthanan year, we low-pass-filterthe sea-level data

at Mumbai (not correctedfor atmosphericpressure)with anN-yearrunningmean.Thecorrela-

tions betweenthe filtered annualmeanandannualextremaremainstatisticallysignificantat the

lower frequenciesandthecoherencebetweentheannualmeanandextremaincreasesasfrequency

decreases(Table6.4,Figure6.10).

Table 6.4 Linearcorrelationstatisticsfor low-pass-filteredsealevel at Mumbai. ηM denotesthe
anomalyof low-pass-filteredsealevel at Mumbai; the subscripts“m”, “max”, and“min” imply
mean,maximum,andminimumsealevel, respectively. r is the linearcorrelationcoefficient be-
tweenthevariablesin thefirst two columns.An N-yearrunningmeanis usedto filter thesea-level
databeforecomputingthecorrelations(N ~ 1 impliesnorunningmean).rs is thelinearcorrelation
at theP% significancelevel for therequirednumberof degreesof freedom.

r rs P N

ηM �m ηM �max 0.879 0.247 99.0 1
ηM �m ηM �min 0.862 0.247 99.0 1
ηM �m ηM �max 0.927 0.304 99.0 2
ηM �m ηM �min 0.917 0.304 99.0 2
ηM �m ηM �max 0.974 0.450 99.0 5
ηM �m ηM �min 0.968 0.450 99.0 5
ηM �m ηM �max 0.990 0.609 99.0 10
ηM �m ηM �min 0.985 0.609 99.0 10

Thefiltereddatashow thatsealevel wasgenerallylow during1870–1920;it peakedin thelate

1950s,decreasingthereafter. Therisein thefirst half of thiscenturywasabout11cm,thefall after

thatbeingabout4.5 cm. This decreaseafter1960wasalsonotedby EmeryandAubrey [1989],

whocomputedthelineartrendsin sealevel alongthecoastof India. They consideredfivestations

in their analysis,of which four — Vishakhapatnam,Chennai,Kochi, andMumbai — showed a

risein sealevel relative to landover thedurationof thetide-gaugerecord.At Mangalore,however,

they noteda decreasein sealevel relative to land. The tide-gaugerecordat Mangalorespansthe

period1952–1976(Table2.1),duringwhich sealevel at Mumbaialsoshows a decreasingtrend.

The coherencein the low-frequency variability of sealevel along the coastof India suggestsa

similarbehaviour atMangaloreandalsoat theothertide-gaugestations.
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6.2.2 Significanceof the Tide Gaugeat Mumbai

This decreasein sealevel over a decadeor moreis puzzlingbecauseit doesnot fit in with the

ideaof “global sea-level-rise”. Sealevel hasbeenrecognizedasan excellentmarker of climate

changeand“global” sealevel appearsto be rising relative to land at the rateof 1 mm yearz 1;

this is attributed,in part,to thewarmingof theglobedueto thegreenhouseeffect [Gornitz et al.,

1982]. Thewarmingis expectedto affect sealevel in two ways. First, it is expectedto raisethe

temperaturein theupperocean;second,it is expectedto melt polar ice caps,releasingthe large

quantitiesof freshwatertrappedin them. Both processeswould increasethevolumeof waterin

theworld oceans,therebyraisingsealevel all over theglobe.

Theissue,however, is morecomplicated,andit is difficult to obtaina singleglobal index for

long-termsea-level changes[Barnett,1984]. Thoughthereis an apparentincreasein sealevel

in most of the world oceans,thereare regions that show a different trend, southeastAsia for

example. Apart from this, there is the problemof separatingnatural, low-frequency sea-level

variability from thatcausedby anthropogeniceffects;this callsfor longsea-level time-series,and

suchrecordsarenot many. Moreover, the availablerecordsarenot distributeduniformly, most

beingfrom Scandinavia. Betweenthetropicsof CancerandCapricorn,only threerecords,those

atMumbai,Honolulu,andBalboa,gobackat leastto thebeginningof thiscentury. Of these,only

Mumbai is in theIndianocean,andits tide gaugehasbeenconsideredrepresentative of the low-

frequency sea-level variability in thebasin[Gornitzetal., 1982;Barnett,1984].Thecoherencein

theinterannualvariability of sealevel alongthecoastof India supportsthisassumption.

6.3 MonsoonVariability and Sub-Annual Changesof SeaLevel

Given that the oceanand the atmosphereform a coupledsystem,it is unquestionablethat the

changesin sealevel mustreflectchangesin climate.Themajoraspectof theclimateof theIndian

subcontinentin particular, andof Asia in general,is themonsoon,which is linked to global cli-

mateby theplanetary-scaleprocessesin theatmosphereandtheocean.Therefore,theremustbe

a relationbetweenthevariability of the Indianmonsoonandthesub-annualchangesin sealevel

at Mumbai andotherstationsalongthe Indian coast. The bestrecordof monsoonvariability is

containedin rainfall measurementsat meteorologicalstationsscatteredover the Indian subcon-

tinent. Sincerainfall directly influencessalinity, which, in turn, influencescoastalsealevel, the

sub-annualvariability of sealevel alongthecoastof India mustberelatedto thesub-annualvari-

ability of rainfall overIndia. Hence,welook for for aconnectionbetweenthevariability of rainfall

andthatof sealevel.
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6.3.1 Corr elation BetweenLocal Rainfall and SeaLevel

A connectionbetweensealevel at a location and the local rainfall was tentatively established

by earlierstudies[Varadarajuluetal.,1982;PrasadandReddy,1985;ShetyeandAlmeida,1985].

Theseasonalcycleof rainfall oversoutheastIndia,includingVishakhapatnamandChennai,differs

from thatover therestof India: southeastIndia receivesmorerain duringthenortheastmonsoon.

Therefore,theseasonalcyclesof bothlocal rainfall andsealevel peakin Novemberat Vishakha-

patnamandChennai. This, however, is not true alongthe westcoastof India, or at Paradipin

thenorthernBay of Bengal.Giventhat theseasonalcycle of sealevel is coherentalongtheeast

coast,is thereany connectionbetweenlocal rainfall andsealevel at sub-annualtime scales?We

examinethepossibility, usingannualrainfall6 asa measureof rainfall variability to avoid using

two indices,onefor thesouthwestmonsoonandanotherfor thenortheastmonsoon.

Monthly rainfall datafor Vishakhapatnam,Chennai,Kochi, andMumbai areavailablefrom

GHCN (Table6.5). Annual rainfall for thesestationsis plottedalongwith theannualmeanand

extremaof sealevel in Figure6.11; thecorrespondingcorrelationsarelisted in Table6.6. Local

rainfall is significantlycorrelatedwith annualsealevel only at Mumbai. At ChennaiandKochi,

local rainfall appearsto beunrelatedto annualsealevel.

Table6.5Monthly local rainfall datafrom theGlobalHistoricalClimateNetwork (GHCN).Nyr is
thenumberof yearsof dataavailable.Thesymbolin thelastcolumnis usedfor thelocal rainfall
at thesefour stations.

Station Longitude Latitude Timespan Nyr Symbol
( w E) ( w N)

Vishakhapatnam 83.23 17.72 1866–1989 124 RV

Chennai(Minambakkam) 80.18 13.00 1813–1990 178 RC

Kochi (Willingdon) 76.27 9.95 1842–1973 132 RK

Mumbai(Colaba) 72.82 18.90 1817–1989 173 RM

Thelocal rainfall at thesefour stationsarecorrelatedamongstthemselves,but thecorrelation

is highonly for VishakhapatnamandMumbai,thetwo stationsatwhichlocalrainfall andsealevel

yield a non-negligible correlation.Sincetheconnectionbetweenrainfall andsealevel is through

salinity, this implies that salinity along the coastis not influencedsimply by the local rainfall,

except,perhaps,in theneighbourhoodof Mumbai.ThecorrelationatMumbairemainssignificant

whentherainfall andsealevel arelow-pass-filtered(Table6.6,Figure6.12).Likeannualsealevel,

6Annual rainfall is definedasthesumof monthly rainfall over a calendaryear. As mentionedearlier, we usethe
calendaryearfor computingrainfall, but computethemeanandextremaof sealevel duringJuly–June;for computing
correlationsbetweenrainfall andsealevel, “zero lag” implies(say)rainfall for 1950is matchedagainstsealevel during
July1950to June1951.
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Table 6.6 Linearcorrelationstatisticsfor annuallocal rainfall andsealevel. RV , RC, RK , andRM

denotethe anomaliesof annuallocal rainfall at Vishakhapatnam,Chennai,Kochi, andMumbai,
andηV �m and ηM �m the anomaliesof annualsealevel at VishakhapatnamandMumbai. r is the
linear correlationcoefficient betweenthe variablesin the first two columns(at zero lag). rs is
thelinearcorrelationat theP% significancelevel for therequirednumberof degreesof freedom;
if thecolumnfor P is blank, thenrs is the correlationat the90% significancelevel, but the two
variablesarenot correlatedevenat this level. An N-yearrunningmeanhasbeenusedto filter the
databeforecomputingthecorrelations;N ~ 1 impliesnorunningmean.Correlationsfor sealevel
atChennaiandKochiarenotshown becausethey arenegligible.

r rs P N

RV ηV �m 0.183 0.272 1
RM ηM �m 0.492 0.247 99.0 1
RM ηM �m 0.587 0.304 99.0 2
RM ηM �m 0.666 0.450 99.0 5
RM ηM �m 0.752 0.609 99.0 10
RV RM 0.307 0.235 99.0 1
RC RM 0.138 0.141 1
RK RM 0.136 0.160 1
RC RK 0.163 0.160 90.0 1

rainfall alsoincreasesfrom alow earlythiscenturyto apeakin the1950sandthendecreases.This

implies that theremustbe a relationbetweenrainfall andsealevel, but this relationmay not be

local.

6.3.2 All-India Rainfall

Thelack of correlationbetweenlocal rainfall andsealevel is not surprisingbecauseof thestrong

influencethatrunoff from theGangaandtheBrahmaputrahason thesalinity alongtheeastcoast

of India (Section4.3.2). Thedecreasein salinity alongtheeastcoastis mainly dueto therunoff

from theGangaandtheBrahmaputra,andthatalongthewestcoastis dueto therunoff from local

rivers during the southwestmonsoonand the advection of freshwater from the bay during the

northeastmonsoon.Therefore,thesub-annualvariability of salinity alongtheeastcoastmustbe

determinedby thevariability of rainfall in thecatchmentareasof theGangaandtheBrahmaputra

(Figure6.13),which mustalsohave an effect on thesub-annualvariability of salinity alongthe

westcoast;the rainfall alongthe westcoastis an additionalfactor in the variability of salinity

there.

Thereis considerablevariationin the rainfall over the Indiansubcontinentin bothspaceand

time. Nevertheless,meteorologistsuseanarea-weightedaverage,called“all-India rainfall”, asa

popularindex of monsoonvariability. This is often definedfor the southwestmonsoon(June–
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September),during which a large fraction of the subcontinentreceivesover 75% of the annual

rainfall [Mishra andGadgil,1996,andreferencestherein]. Themajorexceptionis southeastIn-

dia, where70%of the rainfall is during October–December. Sincethe rainfall during thesetwo

seasonsis positively correlated[Singh,1994;MishraandGadgil,1996],annualall-India rainfall

is a reasonablemeasureof thevariability of monsoonrainfall over India.

Thereis a strongbiennialcomponentin thevariationof all-India rainfall, with a good(poor)

monsoonfollowedby a poor(good)monsoon[Mishra andGadgil,1996,andreferencestherein].

This interannualvariation is embeddedin a decadal-scalevariation: there have beendistinct

epochsin themonsoonrainfall over India andin its variability [Joseph,1976]. Therewasa high

frequency of droughtsandvariability was large during the periods1899–1920and1965–1987,

whereasvery few droughtsoccurredand the variability was low during 1880–1899and1929–

1964;since1988,anotherepochwith a low frequency of droughtsappearsto have commenced

[Mishra andGadgil,1996].

Sinceall-India rainfall is aderivedquantity, estimatedasthearea-weightedaverageof annual

rainfall at stationscovering 29 meteorologicalsubdivisions in India [Parthasarathyet al., 1993,

1995;MishraandGadgil,1996], thereexistsmorethanoneestimate.We usetwo time seriesof

annualall-India rainfall, thefirst spanning1901–1990(RI � 19) andthesecondspanning1871–1994

(RI ). Theanomaliescomputedfrom thetwo time seriesagreewell with eachother(Figure6.14),

but thereis adifferenceof 23cmin thelong-termmeanrainfall, andhence,in totalannualrainfall;

themeanof RI � 19 is 86.5cm,andthatof RI is 109.1cm. In theabsenceof any reasonfor preferring

onetime seriesto theother, we usebothfor studyingthelink betweenthemonsoonandsealevel

alongthecoastof India.

We have datafrom the 1871–1994time seriesfor 29 meteorologicalsubdivisions in India

[Parthasarathyet al., 1995]. Threeof these— KonkanandGoa,CoastalKarnataka,andKerala

(Figure6.15) — lie to the westof the SahyadriRangein a coastalstrip that receivesvery high

rainfall; Mumbai lies in thesubdivision Konkan-and-Goaandis closeto thenorthernendof the

coastalstrip; Kochi lies in Keralaandis closeto thesouthernendof thestrip. We combinedata

from thesethreesubdivisions,usingan area-weightedaverageto estimate“West-Coastrainfall”

(RWC), whichhasameanof 281cm. Its anomalyis plottedalongwith thatof RI in Figure6.14.

It is moredifficult to estimatetherainfall in thecatchmentareasof theGangaandtheBrahma-

putrabecausethe catchmentareasof thesetwo riversandtheir tributariescoversa vastareaof

India andspansseveral meteorologicalsubdivisions; it alsoincludesBangladesh,for which we

have no rainfall data. We pick eight of thesesubdivisions— North Assam,SouthAssam,Sub-

HimalayanWestBengal,GangeticWestBengal,Bihar Plateau,Bihar Plains,EastUttar Pradesh,

andWestUttar PradeshPlains(Figure6.15)— andcombinethedatafrom them,usinganarea-

weightedaverageto estimate“Ganga-Brahmaputrarainfall” (RGB), which hasa meanof 147cm.
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This givesan ideaof the rainfall andits variability in the catchmentareasof theGangaandthe

Brahmaputra,but is lessaccuratethanWest-Coastrainfall becausesomeof the tributariesof the

Ganga,especiallythoseflowing south–north,arenot accountedfor; alsoignoredin this estimate

arethecontributionsto runoff from rainfall in theHimalayanfoothills andfrom snow-melt in Tibet

andtheHimalayas,wheretheGanga,theBrahmaputra,andsomeof their majortributariesorigi-

nate.Therainfall over hilly regionsis alsonot includedin estimatesof all-India rainfall because

of thedifficulty in usingstationrainfall datato computearea-weightedaverages;this is proneto

largeerrorsin hilly areas,wherethespatialvariationis largeandrapid,unlike in theplains. The

anomalyof RGB is plottedalongwith thatof RI in Figure6.14.

Thoughthevariability of all-India rainfall is determinedprimarily by thevariability in north-

westIndia becausethecoefficient of variationis largestthere( � 50%)[Mishra andGadgil,1996,

andreferencestherein],all-India rainfall is significantlycorrelatedwith bothWest-Coastrainfall

andGanga-Brahmaputrarainfall; so is the local rainfall at Mumbai andKochi with West-Coast

rainfall (Table6.7).Theimplicationof thesecorrelationsis thatall-Indiarainfall, from eithertime

Table 6.7 Linear correlationstatisticsfor annualrainfall. RI andRI � 19 denotethe anomaliesof
all-India rainfall for the 1871–1994and1901–1990time series,RWC andRGB the anomaliesof
West-CoastandGanga-Brahmaputrarainfall, andRV , RK , andRM the anomaliesof annuallocal
rainfall atVishakhapatnam,Mumbai,andKochi. r is thelinearcorrelationcoefficientbetweenthe
variablesin thefirst two columns(at zerolag). rs is the linearcorrelationat theP% significance
level for the requirednumberof degreesof freedom;if thecolumnfor P is blank, thenrs is the
correlationat the90%significancelevel, but thetwo variablesarenotcorrelatedevenat this level.
Rainfall atChennaiis notcorrelatedwith all-Indiarainfall, andhence,thecorrelationis not listed.

r rs P

RI RI � 19 0.941 0.267 99.0
RI RWC 0.641 0.229 99.0
RI RGB 0.587 0.229 99.0
RI � 19 RWC 0.670 0.267 99.0
RI � 19 RGB 0.378 0.267 99.0
RI RV 0.384 0.239 99.0
RI RK 0.199 0.194 95.0
RI RM 0.478 0.235 99.0
RI � 19 RV 0.265 0.213 99.0
RI � 19 RK 0.195 0.198
RI � 19 RM 0.549 0.272 99.0
RWC RGB 0.177 0.175 95.0
RWC RM 0.557 0.235 99.0
RWC RK 0.574 0.253 99.0

series,is a reasonablemeasureof the rainfall over the westcoastof India andin the catchment
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areasof theGangaandtheBrahmaputra.Therefore,its variability mustinfluencethatof salinity,

andhence,of sealevel alongthecoastof India.

6.3.3 Corr elation BetweenAll-India Rainfall and SeaLevel

Theanomaliesof theannualmeanandextremaof sealevel arevisuallycorrelatedwith RI andRI � 19

(Figures6.16,6.17,6.18,and6.19).Thecorrespondingcorrelationsarelistedin Table6.8.Except

at Kochi, the annualmeansealevel is significantlycorrelatedwith RI andRI � 19. Thecorrelation

is bestfor Mumbai, which is significantlycorrelatedat the 99% significancelevel irrespective

of the all-India-rainfall time seriesused. At VishakhapatnamandChennai,the correlationsare

betterwhenRI � 19 is used,andwhenthecorrectionis appliedfor theeffectof atmosphericpressure.

Thecorrelationsat thesetwo stationsimprove considerablywhenthesea-level datafor 1961are

dropped,thisyearbeinganoutlier. Theannualall-India rainfall during1961is thesecondhighest

for theseriesRI � 19 andthefourthhighestfor RI . Despitethis, thelowestannualmeansealevel was

recordedin 1961at Vishakhapatnam;at Chennai,theannualmeanwasthesixth lowestin 1961

(sealevel correctedfor atmosphericpressure).We treatthis datapoint asanoutlier for the time

being,but returnto it in Section6.4.4.

Table 6.8 also lists the correlationsbetweenall-India rainfall and the annualextrema; the

annualextremaat Kochialsoarenot correlatedwith all-India rainfall. At Mumbai,boththemax-

imum andminimum aresignificantlycorrelatedwith both RI andRI � 19. At Vishakhapatnamand

Chennai,themaximumis significantlycorrelatedwith all-India rainfall, thecorrelationbeingsig-

nificantat the99%significancelevel whenthesea-level datafor 1961aredropped.Theminimum

atVishakhapatnamis bettercorrelatedwith RI � 19 thanwith RI ; atChennai,in eithercase,thecorre-

lation falls justshortof the90%significancelevel. Therefore,theannualmeanandextremaof sea

level alongthecoastof India,Kochibeinganexception,aresignificantlycorrelatedwith all-India

rainfall, thecorrelationsbeinglower for theminimum; thebestcorrelationsareobtainedfor the

sealevel atMumbai,whichhasthelongesttide-gaugerecord.

Thecorrelationsat Mumbai retaintheir significance(Table6.9) whenthedataarelow-pass-

filteredwith a runningmean(Figures6.20and6.21).Annualsealevel at Mumbai is significantly

correlatedwith theall-India rainfall from the1901–1990data,RI � 19. Thoughthe filtered rainfall

is noisierthanthefilteredsealevel, both rainfall andsealevel werelow in thefirst two decades

of this century, roseto a peakin the1950s,anddeclinedthereafter. Annualsealevel at Mumbai,

however, is not aswell correlatedwith the1871–1994all-India rainfall, RI . RI wasabove normal

during1871–1899anddroppedto a low during 1900–1915,but theannualsealevel at Mumbai

during1878–1899wasjust 2 cm higherthanthatduring1900–1920;eliminatingthedataduring

1871–1900improvesthe correlation. Annual sealevel at Mumbai is alsocorrelatedwith West-

Coastrainfall RWC, but not with Ganga-Brahmaputrarainfall RGB; eliminating the dataduring
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Figure 6.10Low-pass-filteredvariability of sealevel (cm) at Mumbai. Theannualmean(middle
curve), maximum(uppercurve), andminimum (lower curve) areplottedafter the dataarelow-
pass-filteredwith a runningmean. Plotsareshown for no runningmean,2-yearrunningmean,
5-yearrunningmean,and10-yearrunningmean.Thecoherencebetweentheannualmeanandan-
nualextremaincreasesasfrequency decreases.Theinterdecadalchangesin sealevel areapparent
evenfor a2-yearrunningmean,but areclearerfor 5-yearand10-yearrunningmeans.Sealevel at
Mumbaiwasgenerallylow during1870–1920;it peakedin thelate1950s,decreasingthereafter.
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Figure 6.11Anomaliesof local annualrainfall andtheannualmeanandextremaof sealevel at
Vishakhapatnam,Chennai,Kochi,andMumbai.Anomaliesof sealevel (cm)andrainfall (cm)are
plottedon theordinateandtime (year)is on theabscissa.Thedashedcurve is for rainfall andthe
solid curvesarefor theannualmean(middlecurve), annualmaximum(uppercurve) andannual
minimum(lower curve) of sealevel.
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Figure6.12Low-pass-filteredvariability of localannualrainfall andsealevel atMumbai.Anoma-
liesof sealevel (cm)andrainfall (cm)areplottedontheordinateandtime(year)is ontheabscissa.
Thedashedcurve is for rainfall andthesolidcurvesarefor theannualmean(middlecurve),annual
maximum(uppercurve)andannualminimum(lowercurve)of sealevel. Thedataarefilteredwith
arunningmean.Plotsareshown for norunningmean,2-yearrunningmean,5-yearrunningmean,
and10-yearrunningmean.Localannualrainfall andtheannualmeanandextremaof sealevel are
significantlycorrelatedat Mumbai,thecorrelationincreasingwhenthedataarelow-pass-filtered.
Like annualsealevel, rainfall alsoincreasesfrom a low early this centuryto a peakin the1950s
andthendecreases.
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Figure 6.13Themajor riversof India aremarked on themap; thedashedline shows the200m
isobath. Most of the big rivers flow into the Bay of Bengal. The highestrunoff is that of the
GangaandBrahmaputra,which togetheremptyabout7 � 2 x 1011 m3 into thenorthernbayduring
June–October. Most of theserivers originateeither in the Himalayasor in the Sahyadrirange
(WesternGhats),which is about1 km high andrunsparallelto thewestcoastof India. Smaller,
swift streamsflow westwardfrom theSahyadrisinto theArabianSea,andtheir combinedrunoff
is about30%thatof theGangaandtheBrahmaputra.Therunoff into theArabianSeais assumed
to be80%of thetotal rainfall over the threemeteorologicalsubdivisionsalongthewestcoastof
India; this coastalbelt stretchesfrom the southerntip of India to just north of Mumbai and is
boundedin the eastby the Sahyadrirange. The abbreviationsusedin the figure areasfollows:
EICC,EastIndiaCoastalCurrent;WICC, WestIndiaCoastalCurrent;NMC, NortheastMonsoon
Current;LH, LakshadweepHigh; R.G.,River Ganga;R.B.,River Brahmaputra.Thecurrentsare
plottedfor December, whentheEICCflowsequatorwardandtheWICC flowspoleward.Together,
they transportlow-salinity waterfrom thenorthernbayto thewestcoastof India.

60oE 70oE 80oE 90oE 100oE

0o

10oN

20oN

30oN

R. G.
R. B.

Arabian
Sea

Bay
of

Bengal

S
ahyadri

R
ange

India

Indian Ocean

V

V

V

V

V

V

NMC

E
IC

C

W
IC

C

LH

Maldive Islands

Lakshadweep Islands

The Himalayas



Interannual and Interdecadal Variability 146

Figure 6.14 Anomaliesof annualall-India, West-Coast,andGanga-Brahmaputrarainfall. The
anomalies(cm),areplottedasafunctionof time(year).Thetwo seriesof all-Indiaannualrainfall
yield different long-termmeans;the meanof the 1871–1994(RI ) seriesis 109.1cm, and that
of the 1901–1990series(RI � 19) is 86.5cm. Thoughthereis a differencein the total rainfall, the
anomaliesarecomparable(top panel). West-Coastrainfall (RWC) is anarea-weightedaverageof
annualrainfall overthreemeteorologicalsubdivisionsalongthewestcoastof India— Konkanand
Goa,CoastalKarnataka,andKerala. Anomaliesof RWC arecorrelatedwith thoseof RI (middle
panel).Ganga-Brahmaputrarainfall (RGB) is anarea-weightedaverageof annualrainfall overeight
meteorologicalsubdivisionsin India— NorthAssam,SouthAssam,Sub-HimalayanWestBengal,
GangeticWestBengal,Bihar Plateau,Bihar Plains,EastUttar Pradesh,andWestUttar Pradesh
Plains.Anomaliesof RGB arealsocorrelatedwith thoseof RI (lowerpanel).

1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990

40

20

0

-20

-40

R
I

30

15

0

-15

-30

R
G

B
RI RGB

40

20

0

-20

-40

R
I

100

50

0

-50

-100

R
W

C

RI RWC

40

20

0

-20

-40

R
I

40

20

0

-20

-40

R
I,1

9

RI RI,19



Interannual and Interdecadal Variability 147

Figure 6.15The meteorologicalsubdivisionsof India referredto in the text. The abbreviations
usedin thefigureareasfollows: R.G.,RiverGanga;R.B.,RiverBrahmaputra;NA, NorthAssam;
SA, SouthAssam;SHWB, Sub-HimalayanWest Bengal; GWB, GangeticWest Bengal; BPn,
Bihar Plains;BPu, Bihar Plateau;EUP, EastUttar Pradesh;WUPP, WestUttar PradeshPlains;
KG, KonkanandGoa;CK, CoastalKarnataka;andK, Kerala.Theabbreviations,apartfrom the
two for the rivers,refer to meteorologicalsubdivisionsof the India MeteorologicalDepartment.
The first eight of thesesubdivisions areusedto estimatethe rainfall in the catchmentareasof
theGangaandtheBrahmaputraandthis estimateis called“Ganga-Brahmaputrarainfall” (RGB).
The last threesubdivisionsareusedto estimatethe rainfall alongthewestcoastof India till just
northof Mumbaiandthisestimateis called“West-Coastrainfall” (RWC). Both theseestimatesare
significantlycorrelatedwith all-India rainfall (RI andRI � 19).
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Figure 6.16Anomaliesof annualall-India rainfall (1871–1994)RI andtheannualmeanandex-
tremaof uncorrectedsealevel at Vishakhapatnam,Chennai,Kochi, andMumbai. The dashed
curve is for rainfall andthesolidcurvesarefor theannualmean(middlecurve),annualmaximum
(uppercurve) andannualminimum(lower curve) of sealevel. Anomaliesof sealevel (cm) and
rainfall (cm) areplottedon theordinateandtime (year)is on theabscissa.
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Figure 6.17 Anomaliesof annualall-India rainfall (1901–1990)RI � 19 and the annualmeanand
extremaof uncorrectedsealevel at Vishakhapatnam,Chennai,Kochi, andMumbai. Thedashed
curve is for rainfall andthesolidcurvesarefor theannualmean(middlecurve),annualmaximum
(uppercurve) andannualminimum(lower curve) of sealevel. Anomaliesof sealevel (cm) and
rainfall (cm) areplottedon theordinateandtime (year)is on theabscissa.
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Figure6.18Anomaliesof annualall-India rainfall (1871–1994)RI andthecorrectedannualmean
andextremaof sealevel, at Vishakhapatnam,Chennai,Kochi,andMumbai. Thedashedcurve is
for rainfall andthesolid curvesarefor theannualmean(middlecurve), annualmaximum(upper
curve) andannualminimum(lower curve) of sealevel. Anomaliesof sealevel (cm) andrainfall
(cm)areplottedon theordinateandtime (year)is on theabscissa.
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Figure 6.19 Anomaliesof annualall-India rainfall (1901–1990)RI � 19 and the correctedannual
meanandextremaof sealevel at Vishakhapatnam,Chennai,Kochi, andMumbai. The dashed
curve is for rainfall andthethick solid arefor theannualmean(middlecurve), annualmaximum
(uppercurve) andannualminimum(lower curve) of sealevel. Anomaliesof sealevel (cm) and
rainfall (cm) areplottedon theordinateandtime (year)is on theabscissa.
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Table6.8Linearcorrelationstatisticsfor annualall-Indiarainfall andsealevel. RI andRI � 19 denote
theanomaliesof annualall-Indiarainfall (1871–1994and1901–1990timeseries),andηV , ηC, ηK ,
andηM theanomaliesof sealevel atVishakhapatnam,Chennai,Kochi,andMumbai;thesubscripts
“m”, “max”, and“min” imply annualmean,maximum,andminimum. r, rs, andP areasbefore.
A “C” in thesixth columnimplies that thesea-level dataarecorrectedfor atmosphericpressure
(default is no correction);an asterisk( � ) in the last (seventh)columnimplies that sea-level data
for 1961have beendroppedwhile computingthecorrelations.Theannualmeanandextremaof
sealevel atKochiarenot correlatedwith all-India rainfall, andhence,not shown.

r rs P

RI ηV �m 0.186 0.260
RI ηV �m 0.211 0.283 C
RI ηV �m 0.297 0.264 90.0 �
RI ηV �m 0.352 0.329 95.0 C �
RI ηV �max 0.394 0.325 95.0 C
RI ηV �max 0.550 0.424 99.0 C �
RI ηV �min 0.169 0.283 C
RI ηV �min 0.182 0.287 C �
RI � 19 ηV �m 0.241 0.283 C
RI � 19 ηV �m 0.393 0.329 95.0 C �
RI � 19 ηV �max 0.372 0.325 95.0 C
RI � 19 ηV �max 0.534 0.424 99.0 C �
RI � 19 ηV �min 0.275 0.283 C
RI � 19 ηV �min 0.296 0.287 90.0 C �
RI ηC �m 0.308 0.329
RI ηC �m 0.387 0.361 90.0 C
RI ηC �m 0.384 0.344 90.0 �
RI ηC �m 0.520 0.423 95.0 C �
RI ηC �max 0.387 0.361 90.0 C
RI ηC �max 0.545 0.537 99.0 C �
RI ηC �min 0.129 0.361 C
RI ηC �min 0.357 0.379 C �
RI � 19 ηC �m 0.410 0.404 95.0 C
RI � 19 ηC �m 0.564 0.537 99.0 C �
RI � 19 ηC �max 0.405 0.404 95.0 C
RI � 19 ηC �max 0.578 0.537 99.0 C �
RI � 19 ηC �min 0.086 0.361 C
RI � 19 ηC �min 0.325 0.379 C �
RI ηM �m 0.321 0.247 99.0
RI ηM �m 0.356 0.320 99.0 C
RI ηM �max 0.393 0.320 99.0 C
RI ηM �min 0.241 0.211 90.0 C
RI � 19 ηM �m 0.362 0.320 99.0 C
RI � 19 ηM �max 0.336 0.320 99.0 C
RI � 19 ηM �min 0.285 0.246 95.0 C
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Table6.9Linearcorrelationstatisticsfor low-pass-filteredannualrainfall andsealevel atMumbai.
RI andRI � 19 denotethe anomaliesof annualall-India rainfall for the 1871–1994and1901–1990
time series,RWC andRGB the anomaliesof annualWest-CoastandGanga-Brahmaputrarainfall,
and ηM �m the anomaliesof low-pass-filteredannualmeansealevel at Mumbai. r is the linear
correlationcoefficient betweenthevariablesin thefirst two columns(at zerolag). rs is thelinear
correlationat the P% significancelevel for the requirednumberof degreesof freedom;if the
columnfor P is blank,thenrs is thecorrelationat the90%significancelevel, but thetwo variables
arenot correlatedevenat this level. A “T” in thesixth columnimplies that the rainfall andsea-
level datahave beentruncatedandonly thedatafrom 1901onwardshave beenusedto compute
thecorrelations.An N-yearrunningmeanhasbeenusedto filter thedatabeforecomputingthe
correlations;N ~ 1 impliesno runningmean.The long tide-gaugerecordat Mumbai yields the
bestcorrelationsbetweenall-India rainfall andsealevel. Thecorrelationsat Mumbairetaintheir
significancewhenthedataarelow-pass-filtered.ηM �m is significantlycorrelatedwith RI � 19. Though
thefilteredrainfall is noisierthanthefilteredsealevel, bothrainfall andsealevel werelow in the
first two decadesof thiscentury, roseto apeakin the1950s,anddeclinedthereafter(Figure6.21).
ηM �m, however, is not as well correlatedwith RI . RI was above normal during 1871–1899and
droppedto a low during1900–1915,but theannualsealevel at Mumbaiduring1878–1899was
just2 cmhigherthanthatduring1900–1920(Figure6.20);eliminatingthedataduring1871–1900
improvesthecorrelation.ηM �m is alsocorrelatedwith RWC, but not with RGB; eliminatingthedata
during 1871–1900improvesthis correlationalso. SinceRM is significantlycorrelatedwith RWC,
RI , andRI � 19 (Table6.7),andtheannualsealevel is well correlatedalongthecoast(Table6.2),this
impliesthatthereexistsat leastastatisticalbasisfor a relationbetweenthesub-annualvariability
of rainfall over India andthatof sealevel alonghercoast.Thephysicalbasisfor sucha relation
is the influenceof salinity on theseasonalcycle andalongshorevariationsof sealevel alongthe
coast.

r rs P N

RI ηM �m 0.321 0.247 99.0 1
RI ηM �m 0.334 0.304 99.0 2
RI ηM �m 0.328 0.299 90.0 5
RI ηM �m 0.464 0.424 90.0 10
RI � 19 ηM �m 0.437 0.278 99.0 1
RI � 19 ηM �m 0.501 0.344 99.0 2
RI � 19 ηM �m 0.556 0.506 99.0 5
RI � 19 ηM �m 0.752 0.677 99.0 10
RI ηM �m 0.416 0.278 99.0 T 1
RI ηM �m 0.654 0.557 95.0 T 10
RWC ηM �m 0.374 0.274 99.0 1
RWC ηM �m 0.375 0.278 99.0 T 1
RGB ηM �m 0.091 0.161 1
RGB ηM �m 0.195 0.182 90.0 T 1
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Figure 6.20Low-pass-filteredvariability of all-India annualrainfall (1871–1994)RI andthean-
nualmeanandextremaof sealevel at Mumbai.Anomaliesof sealevel (cm)andrainfall (cm)are
plottedon theordinateandtime (year)is on theabscissa.Thedashedcurve is for rainfall andthe
solid curvesarefor theannualmean(middlecurve), annualmaximum(uppercurve) andannual
minimum(lower curve) of sealevel. Thedataarefilteredwith a runningmean.Plotsareshown
for no runningmean,2-yearrunningmean,5-yearrunningmean,and10-yearrunningmean.
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Figure 6.21 Low-pass-filteredvariability of all-India annualrainfall (1901–1990)RI � 19 and the
annualmeanandextremaof sealevel at Mumbai. Anomaliesof sealevel (cm) andrainfall (cm)
areplottedon the ordinateand time (year) is on the abscissa.The dashedcurve is for rainfall
andthesolid curvesarefor theannualmean(middlecurve), annualmaximum(uppercurve) and
annualminimum (lower curve) of sealevel. The dataarefiltered with a running mean. Plots
areshown for no runningmean,2-yearrunningmean,5-yearrunningmean,and10-yearrunning
mean.
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1871–1900improvesthiscorrelationalso.

SinceRM is significantlycorrelatedwith RWC, RI , andRI � 19 (Table6.7),andtheannualsealevel

is well correlatedalongthecoast(Table6.2),this impliesthatthereexistsat leastastatisticalbasis

for a relationbetweenthesub-annualvariability of rainfall over India andthatof sealevel along

hercoast.Thephysicalbasisfor sucha relationis the influenceof salinity on theseasonalcycle

andalongshorevariationsof sealevel alongthecoast.

6.3.4 A HypothesisLinking MonsoonRainfall and SeaLevel Along the Coast

Our hypothesisis that the seasonalinflow of the monsoonrainfall into the seasaroundIndia

and the dynamicsof currents(EICC andWICC) alongher coastprovide the link betweenall-

India rainfall andcoastalsealevel, with the coastalsalinity field playing an intermediaterole.

A simplemodelfor the seasonallyreversingEICC andWICC is an annualKelvin wave, which

favoursupwellingduringthesouthwestmonsoonanddownwelling duringthenortheastmonsoon

(Section3.4).Undertheinfluenceof suchawave,thecurrentsandsealevel at thecoastundergo a

seasonalcycle;acoastalcurrentfavouringdownwelling(upwelling)impliesanincrease(decrease)

in coastalsealevel (Figure6.22a).Theseasonalcycle of currentsalone,however, cannotexplain

the link betweenall-India rainfall and the sealevel at Mumbai on the interdecadaltime scale

(Figures6.12, 6.20 and 6.21), just as it could not explain the seasonalcycle of sealevel; the

salinity alongthecoasthasa significanteffect on sealevel (Section4.3). Thechangesin coastal

salinity area consequenceof thespreadingof river runoff alongthecoastby theseasonalEICC

and WICC. The result of the spreadingand mixing of this low-salinity water is a gradientof

salinitynormalto thecoast;thetimescaleassociatedwith thetemporalvariability of thisgradient

is muchlongerthana seasonor anyearbecausemixing is slow in theocean.We proposethat it

is this cross-shoregradientof salinity thatdrivesa weak,quasi-steadycirculation(Figure6.22b),

providing the link betweenthe interdecadalvariability of all-India rainfall andthat of sealevel

at Mumbai. In the next section,we put togethera simpledynamicalframework to justify this

proposition.

6.4 Mechanicsof Interdecadal Sea-Level ChangeAlong the Coastof

India

Our primary aim is to examinehow thecurrentsandsealevel associatedwith an annualcoastal

Kelvin wave,which is a gooddescriptionof theconditionsalongthecoastof India,aremodified

by a cross-shorevariationin density. We begin with the linearized11
2-layermodel(SectionA.1)

thathasprovenusefulin understandingtheseasonalcycle of circulationalongthecoastof India,

andthenconstrainit to reflecttheweak,quasi-steadyforcingthatarisesbecauseof thecross-shore
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Figure6.22(a) Schematicof asectionnormalto thecoast,showing therelationbetweencurrents
andsealevel alongthecoastof India. Thecurrentshown by “x” (“ � ”) within acircleis into (outof)
theplaneof thepaper. Whenthereis downwelling (upwelling)at thecoast,thecurrentflowswith
thecoaston its right (left), sealevel rises(falls) at thecoast,andthepycnocline(thetopof which
is shown by theline markingthebottomof thehatchedarea)slopesdown (up) towardsthecoast.
Along thewestcoastof India, thereis downwelling (upwelling)duringthenortheast(southwest)
monsoon.(b) Schematicto show how, accordingto ourhypothesis,theconditionsdepictedin (a)
aremodifiedwhensalinity nearthecoastis lower thanthatfartheroffshore.Wider spacingof the
hatchedlines indicateslower salinity. Thesalinity (hence,density)gradientnormalto thecoast
drivesa weak,quasi-steadysurfacecurrentthat moveswith the coaston its right, introducinga
quasi-steadyrisein sealevel at thecoast.
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salinity gradient.Thedensityof theactive upperlayermayvary in space(becauseof a variation

in salinity); it is not allowedto vary in time, implying that thetime scaleassociatedwith density

changesis muchlongerthanthetransientmotionssuchasKelvin wavesthataresupportedby the

model. This is becauseour interestis in the long-termeffectsof changesin the coastalsalinity

field: how is theannualKelvin wave modifiedby aquasi-steadycross-shoresalinity gradient?

6.4.1 The 11
2-Layer Model

Considera coastalKelvin wave propagatingsouth–northalonga meridionaleasternboundary.

The basicstateis oneof no motion andconstantdensityin eachof the two model layers. This

stateis perturbedby prescribingadensitythatis a functionof spacealone;wesolve theequations
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for a free Kelvin wave in this perturbedmedium. The relevant equationsare(A.13), with some

constraints.First,sinceweareconsideringacoastalKelvin wave,thereis nocross-shorevelocity,

i.e.,u ~ 0. Second,sincewe areinterestedonly in a Kelvin wave, it is not necessaryto solve the

equationson a β-plane;hence,the Coriolis parameterf is a constant.Third, sincesalinity and

densityvaryonly in space,γ ~ γ | x Ì y} ; hence,q ~ 0. Fourth,sinceweareinterestedin afreewave,

τx ~ τy ~ 0. Then,droppingtheRayleighfriction coefficient, i.e.,settingr ~ 0, anddroppingthe

subscript“0” (which indicatesthatthesearethezeroth-orderperturbationequations),we obtainÍ f v ~ Í gΓ
∂h
∂x

Í gH
2

∂γ
∂x
Ì (6.1a)

∂v
∂t

~ Í gΓ
∂h
∂y

Í gH
2

∂γ
∂y
Ì (6.1b)

∂h
∂t

~ Í H
∂v
∂y
Ì (6.1c)

η ~ Γh Î Hγ � (6.1d)

H and Γ are the upperlayer thicknessand the reduced-gravity parameterin the basicstateof

no motion, aboutwhich the systemis perturbed;v, h, η, and γ are the perturbationmeridional

(alongshore)velocity, upperlayer thickness,sealevel, andreduced-gravity parameter;the layer

thicknessandreduced-gravity parameterareH ~ H Î h andΓ ~ Γ Î γ.
Wedefinean“equivalentlayerthickness”(ELT)

H ÏÐ~ H Î hÏµÌ (6.2a)

where

hÏ ~ h ÎÒÑ γ
2Γ Ó (6.2b)

is the “equivalentperturbationlayer thickness”(EPLT). Equations(6.1) and(6.2) yield the free

waveequation

∂hÏ
∂t2 ~ c2 ∂hÏ

∂y2 Ì (6.3)

wherec ~ÕÔ gΓH Ö 1
2 is thespeedof thefirst-baroclinic-modeKelvin wave. Thesolutionto (6.3) is

hÏ×~ h̃Ï exØ aÙ ı Ú lyz σt Û Ì (6.4)
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whereh̃Ï is the “equivalent” amplitudeof theKelvin wave at thecoastanda ~ c
f is the internal

Rossbyradiusof deformation. Equations(6.1), (6.2), and(6.4) yield the requiredzeroth-order

solution

h ~ h̃Ï exØ aÙ ı Ú ly z σt Û Í Ñ γ
2Γ Ó Ì (6.5a)

v ~ÜÑ gΓ
H Ó 1

2

h̃Ï exØ aÙ ı Ú ly z σt Û Ì (6.5b)

η ~ Γh̃Ï exØ aÙ ı Ú lyz σt Û ÎaÝ γ
2 Þ H � (6.5c)

In the absenceof spatialvariation in density(Γ ~ Γ;γ ~ 0), we obtain the classicalKelvin

wave solution. Whendensityvariesin space(γ ß~ 0), the Kelvin wave amplitudeis modified(it

becomesthe “equivalent” amplitude),but thereis anotherchangethat is significantfor sealevel

at the coast. Whensalinity, andhencedensity, decreases(increases)from the openseatowards

the coast,i.e., when ∂γ
∂x � 0 ( ∂γ

∂x à 0), sealevel at the coastincreases(decreases).This change

in sealevel dependsonly on γ and,hence,is independentof time. Sincethe low-salinity water

is spreadalongthecoastby currentsthatdecayexponentiallyaway from thecoast,i.e., they are

coastally-trapped,the perturbationin salinity, andhenceγ, decaysexponentiallyaway from the

coast(γ ∝ ekx Ì k � 0). Therefore,thetime-independentchangein sealevel predictedby themodel

alsovariesexponentiallycross-shore.

TheKelvin wave is superimposedon thetime-independentincreasein sealevel. In thelinear

systemdescribedby equations(6.1), we canignorethe Kelvin wave to look at the quasi-steady

state.It consistsof anincreasein sealevel andanupslopingof thepycnoclinetowardsthecoast

(Figure6.22b),i.e.,whenthereis noKelvin waveanddensitydecreasescoastward,sealevel rises

at the coast,the pycnoclineupslopes,andthereis no currentin the layer. This result,which is

intriguing becausea slopingsurfaceandpycnoclinearenormally associatedwith a geostrophic

alongshorecurrent,canbeunderstoodby extendingthemodelto includeanotheractive layer.

6.4.2 The 21
2-Layer Model

Considera 21
2-layer reduced-gravity model(SectionA.2), but with no differencein densitybe-

tweenthetwo active layersin thebasicstate,i.e.,Γ1 ~ Γ2 ~ Γ; theperturbationdensityin thetwo

layers,however, is different,i.e.,Γ1 ß~ Γ2. Themodelnow supportsvelocity shearin thevertical,

permittingtheexistenceof a “shearmode”. As with the11
2-layermodel,theperturbationdensity

variesin the horizontalin theactive layers;the interfacebetweenthe lower active layer andthe

deepoceanis themodelpycnocline.A precisedefinitionof thedensityfield is requiredbecause
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thismodeldiffersfrom theusual21
2-layerreduced-gravity model,in which Γ1 ß~ Γ2, implying the

existenceof two baroclinicmodes.Our interestis restrictedto understandingwhy the 11
2-layer

modeldoesnot yield aquasi-steadyvelocity alongwith thequasi-steadyrisein sealevel, and,for

this,theintroductionof shearin theverticalis sufficient; theassumptionthatthereis nodifference

in unperturbeddensitybetweenthetwo shearlayers(Γ1 ~ Γ2) simplifiesthealgebra.

Wedefinethereduced-gravity parametersasfollows. Let ρ1, ρ2, andρ3 bethedensitiesof the

threemodellayers(ρ1 à ρ2 à ρ3). Then,by definition,

Γ1 ~ ρ3
Í ρ1

ρ
; Γ2 ~ ρ3

Í ρ2

ρ
Ì

whereρ is anaveragedensitythat is representative of theocean.In thebasicstate,Γ1 ~ Γ2 ~ Γ.

Hence,wehave Γ1 ~ Γ Î γ1; Γ2 ~ Γ Î γ2. Let

Γ ~ ρ3
Í ρ

1 � 2
ρ

Ì (6.6a)

where

ρ
1 � 2 ~ H1ρ

1
Î H2ρ

2

H
Ì (6.6b)

and

ρ
1
~ 1

A á�á
A

ρ1dx dyÌ (6.6c)

ρ
2
~ 1

A á
á
A

ρ2dx dy� (6.6d)

H1 andH2 arethelayerthicknessesin thebasicstateandA is theareaof themodeldomain.H1,

H2, andΓ definethe basicstateaboutwhich the systemis perturbed.Sinceρ2 � ρ1, we have

ρ
2
� ρ

1
. Then,

γ1 ~ ρ
1 � 2 Í ρ1

ρ
~ ρ

1
Í ρ1

ρ
ÎÒÑ H2

H Ó Ñ ρ
2
Í ρ

1

ρ Ó Ì (6.7a)

γ2 ~ ρ
1 � 2 Í ρ2

ρ
~ ρ

2
Í ρ2

ρ
Í Ñ H1

H Ó Ñ ρ
2
Í ρ

1

ρ Ó � (6.7b)

This yields γ1
Í γ2 � 0, asexpected.This definitionof thedensityfield andreduced-gravity pa-

rametersensuresthatH1 is a meaningfulquantity: it is thedepthup to which salinity at thecoast
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is affectedby therunoff from rivers.A consequenceof thedefinitionis thatγ2 ß~ 0, but it maybe

constant.

Thezeroth-order, linearizedperturbationequationsfor this21
2-layermodel,equivalenttoequa-

tions(6.1) for the11
2-layermodel,follow from equations(A.20) and(A.21) on makingthesame

assumptionsasfor 11
2-layermodel.Í f v1 ~ Í gΓ

∂
∂x

| h1 Î h2 } Í gH1

2
∂γ1

∂x
Í gH2

∂γ2

∂x
Ì (6.8a)

∂v1

∂t
~ Í gΓ

∂
∂y

| h1 Î h2 } Í gH1

2
∂γ1

∂y
Í gH2

∂γ2

∂y
Ì (6.8b)

∂h1

∂t
~ Í H1

∂v1

∂y
(6.8c)

aretheequationsfor thefirst layer, andÍ f v2 ~ Í gΓ
∂
∂x

| h1 Î h2 } Í gH2

2
∂γ2

∂x
Ì (6.9a)

∂v2

∂t
~ Í gΓ

∂
∂y

| h1 Î h2 } Í gH2

2
∂γ2

∂y
Ì (6.9b)

∂h2

∂t
~ Í H2

∂v2

∂y
(6.9c)

aretheequationsfor thesecondlayer. Theperturbationsealevel is givenby

η ~ Γ | h1 Î h2 }�Î H1γ1 Î H2γ2 � (6.10)

Let

h ~ h1 Î h2 Ì (6.11a)

H ~ H1 Î H2 Ì (6.11b)

v ~ H1v1 Î H2v2

H
Ì (6.11c)

whereH is the “cumulative layer thickness”in thebasicstate,h is the “cumulative perturbation

layerthickness”,andv is themeanvelocity. Then,equations(6.8), (6.9), and(6.11)yield thefree

waveequation

∂hÏ
∂t2 ~ c2 ∂hÏ

∂y2 Ì (6.12)
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where

hÏ×~ h Îãâ H
2
1
γ1 Î 2H1H2γ2 Î H

2
2
γ2

2ΓH ä (6.13)

is the“equivalentcumulative perturbationlayer thickness”(ECLPT)andc ~ Ô gΓH Ö 1
2 . Thesolu-

tion to (6.12)is

hÏ ~ h̃Ï exØ aÙ ı Ú lyz σt Û Ì (6.14)

wherea ~ c
f . Thenequations(6.13)and(6.14)imply

h ~ h̃Ï exØ aÙ ı Ú lyz σt Û Í â H
2
1
γ1 Î 2H1H2γ2 Î H

2
2
γ2

2ΓH ä � (6.15)

Theperturbationsealevel is

η ~ Γh̃Ï exØ aÙ ı Ú lyz σt Û Î â H
2
1
γ1 Î 2H1H2γ1 Î H

2
2
γ2

2H ä � (6.16)

Sincewe areinterestedonly in thequasi-steadypartof thesolution,werestrictourattentionto it.

It is thequasi-steadyresponsethatcausesthe interdecadalchangesin sealevel, theKelvin wave

beingsuperimposedon it. Thequasi-steadycomponentof h is

hs ~ Í â H
2
1
γ1 Î 2H1H2γ2 Î H

2
2
γ2

2ΓH ä Ì (6.17a)

andthequasi-steadysealevel is

ηs ~ H
2
1
γ1 Î 2H1H2γ1 Î H

2
2
γ2

2H
� (6.17b)

Substituting(6.17a)in (6.8a)and(6.9a), we obtainthequasi-steadysolutionsfor thealongshore

velocity in thetwo layers.Theseare

v1 � s ~åÑ gH2

2 f H Ó ∂
∂x

Ô H1γ1 Î H2γ2 Ö?Ì (6.17c)

v2 � s ~ Í Ñ gH1

2 f H Ó ∂
∂x

Ô H1γ1 Î H2γ2 ÖC� (6.17d)

The introductionof the “shearmode” permitsthe existenceof an undercurrent,but thereis no

meanvelocity, i.e.,vs ~ 0, asin the11
2-layermodel,and

v1 � s
v2 � s ~ Í H2

H1

�
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Fromequations(6.17), we obtain

∂ηs

∂x æ 0 ç ∂γ1

∂x æ Í tanθη
∂γ2

∂x
Ì (6.18a)

∂hs

∂x è 0 ç ∂γ1

∂x æ Í tanθh
∂γ2

∂x
Ì (6.18b)

v1 � s æ 0 ç ∂γ1

∂x æ Í tanθv
∂γ2

∂x
Ì (6.18c)

v2 � s è 0 ç v1 � s æ 0 Ì (6.18d)

where

tanθη ~ Ñ H2

H1 Ó 2 Ñ 1 Î 2H2

H1 Ó z 1Ì (6.19a)

tanθh ~ Ñ H2

H1 Ó 2 Ñ 1 Î 2H2

H1 Ó Ì (6.19b)

tanθv ~ H2

H1

Ì (6.19c)

with

θη à θv à θh � (6.19d)

Equations(6.18)and(6.19)imply that thevelocitiesin thetwo active layers,v1 � s andv2 � s, andthe

cross-shoregradientsof ηs andhs dependon the layer thicknessesin thebasicstate,H1 andH2,

andon thecross-shoregradientsof bothγ1 andγ2. This is shown graphicallyin Figure6.23. The

solutionshows that thereexist conditionsunderwhich sealevel may rise at thecoast;this need

not, however, beaccompaniedby a riseof thepycnocline,or by a surfacecurrentthatflows with

the highersealevel on its right, unlike in the simplersolutionobtainedfor the 11
2-layer model.

For example,betweenthesolid anddashedlines in thesecondquadrantin Figure6.23,sealevel

falls coastward, but thesurfacecurrentis still poleward (for aneasternboundarylike the Indian

westcoast);betweenthesolid anddottedlines in thefourth quadrant,sealevel risestowardsthe

coast,but sodoesthepycnocline.An extremecaseis thatof sealevel falling at thecoastdespite

salinitydecreasingcoastward;thiscanhappenif thedensityof thelower layerincreasescoastward

at a sufficiently rapidrate(theregion to theleft of thesolid line in Figure6.23).Thus,thereexist

a numberof possiblesolutionsandit is the prevailing conditions,i.e., the thicknessof the layer

influencedby runoff (H1), thethicknessof thelayerbelow (H2), andthecross-shoregradientsof

thereduced-gravity parametersin thetwo layers(γ1 andγ2), thatdeterminewhethersealevel rises

at thecoastor not.
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Figure 6.23A graphicalrepresentationof thequasi-steadysolutionto the21
2-layermodelequa-

tions. The possiblequasi-steadysolutions(the subscript“s” is droppedin this figure for con-
venience)areshown asa function of γ1x (abscissa)andγ2x (ordinate);the subscriptx denotesa
partial derivative w.r.t x, the cross-shoreco-ordinate.The lines hx ~ 0 (dotted),ηx ~ 0 (solid),
andv1 ~ v2 ~ 0 (dashed)mark the boundariesacrosswhich the cross-shoregradientsof h and
η, andthe velocitiesv1 andv2 changesign. To the right (left) of the respective lines, ηx andv1

arepositive (negative), andhx andv2 arenegative (positive). Unlessthereis a sufficiently large
negative gradientof γ2, a coastwarddecreasein thesalinity of theupperactive layerat aneastern
boundary | γ1x � 0} impliesa rise in coastalsealevel, a riseof thepycnoclinetowardsthecoast,
andasurfacecurrent(undercurrent)thatflows with thecoaston its right (left).
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6.4.3 Application to the WestCoastof India

Despitetherelativecomplexity of the21
2-layersolution,it is similar to thatfor the11

2-layermodel

whenthereis acoastwarddecreaseof salinity in bothlayers(but with γ1 � γ2). Thetwo solutions

areshown in Figure6.24.

Figure 6.24Schematicof a sectionnormalto the coast,showing the effect of a decreasein the
salinity of coastalwaterson sealevel at an easternoceanboundaryin the northernhemisphere.
Thepanelontheleft showstheresponsein a11

2-layermodel,andthatontheright theresponsein a
21

2-layermodel.Thecross-shore,time-independentvariationin salinity forcesarisein coastalsea
level anda time-independentgeostrophiccirculationwith a surfacecurrentandanundercurrent.
Thesurfacecurrentflowswith thelighterwateronits right andtheundercurrentin theoppositedi-
rection.Thepycnocline(theinterfacebetweentheundercurrentandthemotionlessdeeperocean)
slopesup towardsthecoast.Thetransportsof thetwo currentscancelto yield azeronettransport.
The11

2-layermodelyieldsonly themeanof thesurfacecurrentandtheundercurrent,andhence
predictsa zerocurrentassociatedwith therisein sealevel andthepycnoclineat thecoast.In the
figure, thecurrentshown by “x” (“ � ”) within a circle is into (out of) the planeof the paper, and
wider spacingof thehatchedlinesindicateslower salinity.
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At Mumbai,sealevel roseby about11 cm during1900–1950andfell by about4.5cm during

1950–1980.By how muchdoesthesalinityat thecoasthave to changeto forcetheseinterdecadal

changesin sealevel? Our modeldomainhasaneasternboundaryandextendsto infinity towards

west. Thechangesin salinity dueto runoff from riversaffectsonly a layer of thicknessH1 and

is restrictedto thevicinity of thecoast,theslow mixing in theoceanactingover time to reduce

thecross-shoredensitygradient.This cross-shoregradientis quasi-steadybecausemixing in the

oceanis slow; the more rapid changesforced by seasonalKelvin waves are superimposedon
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it. In the lower active layer of thicknessH2, density, andhenceγ2, is assumedto be constant.

Differentiatingηs in (6.17b)theneliminatesthecontribution from densityvariationsin this layer.

Integrating ∂ηs
∂x over K Í ∞ Ì 0L for anexponentialvariationof densityin x (γ1 ∝ ekx, wherek M 1 is a

lengthscale),we obtain

ηs N xO 0 P â H
2
1 Q 2H1H2

2H ä γ1 N xO 0 R (6.20)

For ηs P 5cmandH1 P H2 P 50m,weobtainγ1 P 0 R 0013.If weassumethatthechangein density

is entirelydueto achangein salinity, ignoringotherprocesses(for example,temperaturechanges

dueto “global warming”,meltingof icecaps,etc.),this translatesto adecreaseof 1.07PSUin the

salinity averagedover the top 50 m. A similar approach,using(6.17a)insteadof (6.17b), gives

thedisplacementof thepycnoclineat thecoast.

hs N xO 0 P Í â H
2
1

2ΓH ä γ1 N xO 0 R (6.21)

For Γ P 0 R 0035,the valueusedin the constant-densityreduced-gravity model in Chapter3, we

obtainhs P Í 4 R 8 m at thecoast.To computethecurrentsassociatedwith thecross-shoredensity

gradient,we needa measureof the length scalek M 1 associatedwith the mixing of salt in the

ArabianSea. Horizontaleddydiffusivities in the ArabianSearangefrom 1 R 3 S 106 (zonal) to

3 R 1 S 106 cm2 sM 1 (meridional)[Somayajuluet al., 1996]. Assumingan averagevalue of 2 S
106 cm2 sM 1, we obtaina lengthscaleof 400 km for a time scaleof 25 years,the periodover

which sealevel at Mumbai dropsby 4.5 cm. Then (6.17c) implies v1 T s PVU v2 T s P 0 R 8 cm sM 1;

thus,thebackgroundthermohalinecirculationforcedby thecross-shoredensitygradientis much

weaker thantheseasonalWICC superimposedon it.

Tosummarize,asuitablemodeltoexplainthelink betweensealevelandall-Indiarainfall is the

following. Theoceanrespondsasa two-layersystemto a cross-shorevariationin density. When

densitydecreasescoastwardin asurfacelayer, sealevel risesat thecoast,andthis is accompanied

by a geostrophicsurfacecurrentthat flows with the lighter wateron its right; below the surface

currentis an undercurrent.The sumof the transportof thesurfacecurrentandtheundercurrent

vanishes. Geostrophyrequiresthat the interfacebetweenthe undercurrentand the motionless

deeperocean(themodelpycnocline)slopeup towardsthecoast(Figure6.24). Theslow mixing

in theoceanmakesthis responsequasi-steady.

Thus,a coastward decrease(increase)in salinity implies an increase(decrease)in both the

annualmaximumandtheannualminimumof sealevel, andhence,an increase(decrease)in sea

level throughoutthe year, as seenat Mumbai. This changein sealevel occurson interannual

andinterdecadaltime scales,muchslower thanthechangesassociatedwith theannualandother



Interannual and Interdecadal Variability 167

Kelvin wavesthataresuperimposedon it. Thoughit is thecurrentsassociatedwith thesewaves

that spreadthe low-salinity wateralongthe Indian coast,the long-termeffect of spreadingthis

wateris to setup aweak,quasi-steadycirculation.

6.4.4 Effect of Interannual Variability of Winds

The above hypothesislinks the sub-annualchangesin sealevel along the coastof India to the

variability of themonsoon,with thecoastalsalinityfield playinganintermediaterole. In building

thishypothesis,wehave ignoredthelarge-scalewindsover thebasin,exceptfor theredistribution

of saltdueto thecurrentsforcedby them.Thisneedssomejustificationbecauseanincreasein the

intensityof themonsoonis accompaniedby anincreasein thestrengthof thewinds;rainfall is not

theonly measureof monsoonintensity.

An increasein the strengthof the winds will force strongerupwelling andstrongerdown-

welling, implying an increasein themaximumanda decreasein theminimum, the rangeof the

seasonalcycle increasingasaconsequence.Along thecoastof India,theannualmeansealevel is

significantlycorrelatedwith theannualextremaandwith theseasonalaveragesof sealevel, and

thehypothesislinks theseto changesin thesalinity of coastalwaters(Figure6.22). Theincrease

in the maximumusually is higherthanthat in the minimum, but a decreasein the maximumis

not (Figures6.8and6.9);a decreasein themaximumis, at times,accompaniedby anincreasein

theminimum. This maybe becauseof winds. Also, asshown in Chapter5, a uniform increase

in windsover thebasinraisesannualmeansealevel alongtheeastcoast,but lowersit alongthe

westcoast. Sincean increasein the intensityof the monsoonis accompaniedby an increasein

thestrengthof thewinds,thesetwo causes,rainfall andwinds,forcesimilar changesin sealevel

alongtheeastcoast,but opposingchangesalongthewestcoast.Thus,theinterannualvariability

of the large-scalewindsassociatedwith the monsoonis boundto affect thecorrelationbetween

all-India rainfall andsealevel.

Interannualchangesin the large-scalewindsdirectly affect coastalsealevel by forcing inter-

annualKelvin andRossbywaves.Clarke andLiu [1994] showedthatfriction dueto thepresence

of thecontinentalshelf [Clarke andvanGorder,1994]allows Kelvin wavesat theseperiodsalso

to propagatealongthecoast;not all their energy is lost to westwardpropagatingRossbywaves.

Suchinterannualchangesin thewindsareboundto influencesealevel, especiallyalongtheeast

coastof India,which is affectedby Rossbywavesforcedby Ekmanpumpingin theopenbayand

by radiationfrom Kelvin wavesforcedby windsin theequatorialIndianOcean.SinceChennaiis

to thesouthof Vishakhapatnam,sealevel therewill beaffectedmoreby theseRossbywaves.

That the large-scalewindsdo have an effect on thesub-annualvariability of sealevel is ap-

parentfrom the low correlationbetweenall-India rainfall andsealevel at Vishakhapatnamand

Chennai;thecorrelationimproveswhenthedatafor 1961is dropped(Table6.8). Theannualsea
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level for 1961is anoutlier anddistortsthecorrelations.In 1961,rainfall wasamongthehighest,

but sealevel at VishakhapatnamandChennaiwereamongthe lowestobserved (Section6.3.3).

The deviation of monthly sealevel from the long-termmeanis plotted for 1956–1965in Fig-

ure6.25. Themonthlysealevelsfollow theusualseasonalcycle duringthedecade,but thereis a

strikinganomalyin 1961.Therangeof theseasonalcycle is anomalouslylow alongtheeastcoast;

atKochi,datafor somemonthsaremissingduring1961,andatMumbai,theeffect is notsostrik-

ing. Despitethehigh rainfall, theannualmaximumdecreasedat Vishakhapatnam,Chennai,and

Mumbai, asdid the annualmean;the annualminimum alsodecreasedat ChennaiandMumbai,

but hardly changedat Vishakhapatnam(Figures6.8 and6.9). This implies that thehigh rainfall

over India did not lower the salinity along the coast. This decreasein annualsealevel during

1961–1962is seenbetterin Figure6.26,whichshows thedeviationof themonthlysealevel from

theclimatology.

Onecauseis therelatively low rainfall in thecatchmentareasof theGangaandtheBrahmapu-

tra during1961(Figure6.14);therainfall on thewestcoast,however, wasin phasewith all-India

rainfall. Anotherimportantdifferencein 1961wastheanomalyin windsovertheequatorialIndian

Ocean[Reverdinet al., 1986]. Theseanomalouswindsweredriven by a reversalin thegradient

of seasurfacetemperature(SST)alongtheequator. TheSSTnormally is higherin theeastand

coolerin thewest,wheretheSomaliCurrentforcesstrongupwelling. In 1961,however, SSTin

theeasternequatorialIndianOceandroppedbelow thatin thewest,forcing easterlyanomaliesin

thewinds.Suchwind anomaliesoftenoccurduringanEl Niño [Reverdinetal.,1986],whichalso

hasan impacton monsoonrainfall [Mishra andGadgil,1996,andreferencestherein],but 1961

wasnotanEl-Niñoyear.

An anomalyin the winds over the equatorialIndian Ocean,which arean importantforcing

mechanismfor theEICC [Shankaret al., 1996;McCrearyet al., 1996], is likely to forceanoma-

lies in the seasonalcycle of the coastalcurrentsoff India. Anomalouseasterlieswould weaken

the eastward equatorialjets in May andNovember[Wyrtki, 1973;O’Brien andHurlburt, 1974;

Jensen,1993]. Theweakeningof theMay jet would weakentheequatorwardEICC thatformsin

thenorthernbayduringthesouthwestmonsoon,enablingthelocalEkmanflow to pushtherunoff

offshoreinto theopenbay. Theweakeningof theNovemberjet would weaken theequatorward

EICCduringOctober–January, implying weakerdownwelling alongthecoast.This,coupledwith

thelowerrunoff dueto thedecreasein rainfall in thecatchmentareasof theGangaandtheBrahma-

putra(Figure6.14)andtheoffshoremovementof therunoff, impliesadecreasein theannualmean

andextremaaccordingto the hypothesis.More of the runoff is likely to reachVishakhapatnam

becauseit lies northof Chennai;this is a possiblereasonfor the lack of a decreasein theannual

minimumthere.

Oninterdecadaltimescales,however, theeffectof windsis negligible in comparisonwith that
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Figure 6.25Deviation of correctedmonthlysealevel (cm) during1956–1965from thelong-term
meansealevel. On theabscissa,thelongandsmallticks markthebeginningandendof theyears
andmonths,respectively. ThemonthlysealevelsduringJuly 1961to June1962show a different
behaviour in comparisonto thesealevel duringtherestof thedecade;theanomalousbehaviour is
maximumalongtheeastcoast,but is alsoseenat Kochi. At Mumbai,however, theanomaliesare
notstriking. 1961wasanyearof anomalouseasterlywindsover theequatorialIndianOcean.The
wind anomaliesweresimilar to thoseseenduringanEl Niño, but 1961wasnot anEl-Niño year.
Anotherpossiblecauseof theanomaliesis thelower rainfall in 1961in thecatchmentareasof the
GangaandtheBrahmaputra;thoughall-India andWest-Coastrainfall werehigherthannormal,
Ganga-Brahmaputrarainfall waslower thannormal.
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Figure6.26Deviationof correctedmonthlysealevel (cm)during1956–1965from theclimatology
of correctedmonthly sealevel. On the abscissa,the long and small ticks mark the beginning
andendof theyearsandmonths,respectively. ThemonthlysealevelsduringJuly 1961to June
1962show a differentbehaviour in comparisonto thesealevel duringtherestof thedecade;the
anomalousbehaviour is maximumalongthe eastcoast,but is alsoseenat Kochi. At Mumbai,
however, theanomaliesarenot striking. 1961wasanyearof anomalouseasterlywindsover the
equatorialIndianOcean.Thewind anomaliesweresimilar to thoseseenduringanEl Niño, but
1961wasnot an El-Niño year. Anotherpossiblecauseof the anomaliesis the lower rainfall in
1961in thecatchmentareasof theGangaandtheBrahmaputra;thoughall-India andWest-Coast
rainfall werehigherthannormal,Ganga-Brahmaputrarainfall waslower thannormal.
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of salinity. The time scaleassociatedwith wind-forcedchanges,determinedby the travel time

of long baroclinicKelvin andRossbywaves,is of theorderof a few monthsfor theArabianSea

andtheBay of Bengal[McCrearyet al., 1993;Clarke andLiu, 1994]. Theeffect of a changein

salinity surviveslongerbecauseof thelongertime scaleassociatedwith themixing of salt in the

ocean;measuredvaluesof horizontaleddydiffusivities[Somayajuluetal.,1996]indicateamixing

time of abouttwo yearsfor a lengthscaleof 100km. Therefore,thoughmonsoonrainfall itself

is affectedby the monsoonwinds, the very low-frequency changesin sealevel at Mumbai and

elsewherealongthecoastof India aremostlybecauseof changesin thesalinity of coastalwaters

causedby variability in monsoonrainfall. Apart from salinity andwinds,sealevel is affectedby

oceantemperatureandatmosphericpressure;these,however, vary too little in thetropicsonthese

timescalesto causechangesof theobservedmagnitude.

6.5 Implications of the Hypothesis

We have shown thattheinterdecadalvariability of sealevel alongthecoastof theIndiansubcon-

tinent is linked to the monsoonrainfall over the subcontinent,the coastalsalinity field playing

anintermediaterole. Themoststriking featureof this mechanismis theconnectionbetweentwo

vastlydifferenttimescales,theseasonalandtheinterdecadal.Thebulk of therainfall over theIn-

diansubcontinentoccursduringJune–September, andtherunoff is carriedto theseasaroundIndia

within aseason.TheequatorwardEICCandthepolewardWICC,whichtransportthislow-salinity

wateralongtheIndiancoast,arealsoseasonallyvaryingcurrents.Theseseasonalphenomenaact

in concertwith the low-frequency variability of monsoonrainfall andtheslow mixing of salt in

theoceansto forcesea-level changeson interdecadaltime scales.

A changein the salinity of coastalwaterscausedby variationsin monsoonrainfall, and

hencein river runoff, createsa cross-shoredensitygradient,to which theresponseis a two-layer,

geostrophiccirculationwith a surfacecurrentandanundercurrent.Thoughthis backgroundcir-

culation,on which theseasonalcirculationis superimposed,is weak,theassociatedmovements

of the seasurfaceandthe isopycnalsareobservable. Whensalinity decreases(increases)at an

easternoceanboundarylike theIndianwestcoast,thecurrentat thesurfaceflowspoleward(equa-

torward),thereis anopposingundercurrent,sealevel rises(falls) at thecoast,andthepycnocline,

or the interfacebetweenthe undercurrentand the deeperocean,slopesup (down) towardsthe

coast.Theinterdecadalchangesin sealevel off theIndiancoastarethuslinkedto thedynamicsof

local coastalcurrentsandto thevariability in therainfall over theIndiansubcontinent.

In developingthis hypothesis,we wereforcedto correlatemonsoonrainfall directly with sea

level, bypassingsalinity. This wasunavoidablebecausethereis a dearthof dataon salinity in the

north Indian Ocean.Moreover, the availabledataaresufficiently scatteredin spaceto preclude
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Figure 6.27Surfacesalinity alonga sectionnormalto thewestcoastof India. Salinity S (PSU)
is plottedasa function of distanceD (km) from the coast. The sectionis off Marmagao,Goa
(verticalcross-sectionsfor threecruisesalongthissectionarepresentedin Figure4.15).
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thegenerationof a time seriesof salinity alongthecoastof India. Sincethemodelrequiresthat

salinity along the west coastof India changeby 1 PSU over a decade,and this is not a small

change,a naturalquestionis whethersuchchangesin salinity occuralongthecoastof India. The

only empiricalevidencewehaveis from ahydrographicsectionnormalto thecoastoff Marmagao

in Goa. Hydrographicdatafor this sectionbasedon threecruiseswerepresentedin Figure4.15;

thesedataare for differentseasonsandtwo arefrom the late 1980s,which mark the endof an

epochof low rainfall andhigh frequency of droughts[Mishra andGadgil,1996]. Somecruises

sincethenhave addeddata,andsurfacesalinity from 10 cruisesalongthis sectionis plotted in

Figure6.27.Fourof thesesectionsareduringJanuary. Thereis adifferenceof about1 PSUin the

salinity, with a high in 1988and1995,anda low in 1993and1998. This lendscredibility to the

hypothesis.

This hypothesis,while linking interdecadalchangesin sealevel to thosein theclimateof the

region, differs from thoseusuallyinvoked in constructingscenariosof long-termchangesin sea

level. Thesehypothesesalso link interdecadalsea-level variability to climate change[Gornitz

et al., 1982;Wyrtki, 1990],but invoke therise in temperaturein theupperoceanandthemelting

of polaricecaps.It hasbeenspeculated,however, thatglobalclimatechangeis acomplex process

andwill manifestdifferentlyin differentregions;in thetropics,sinceoceantemperatureis already

high, it is expectedto changeevaporation,andhence,changeatmosphericmoisture,cloudcover,

andrainfall [Wyrtki, 1990]. Therainfall andsea-level observationspresentedabove highlight the

complex relationshipamongthevariablesthatdefineclimatechange.They donot,however, allow

separationof natural,very low-frequency variability of monsoonrainfall andsealevel from that

causedby globalwarmingdueto anthropogeniceffects.



Chapter 7

Summary and Discussion

We have describedthevariability of sealevel alongthecoastof India on seasonalthroughinter-

decadaltime scales,mappingoneendof thespectrumof sea-level variability, andhave proposed

hypothesesto explain theobservations.Thereis significantvariability atall thesefrequenciesand

thevariability is coherentalongthecoast,which implies that its causesarenot purely local; the

low-frequency variability of sealevel alongthecoastof India is linkedto thelarge-scaleprocesses

in thenorthIndianOcean.

In Chapter3, we presenteda theoreticalframework for describingthis large-scalecirculation.

Developedover the lastdecade,theframework invokesequatorialKelvin andRossbywavesand

coastalKelvin waves,whichmergetheBay of Bengal,theArabianSea,andtheequatorialIndian

Oceaninto a singledynamicalentity, thenorthIndianOcean,whosedynamicsmustbemodelled

asawholeevento simulatethecirculationin its parts.Theframework wasappliedto thedynamics

of theLakshadweephighandlow, ahighandlow in sealevel thatform off southwestIndiaduring

the northeastand southwestmonsoons,respectively, and propagatewestward. Numericaland

analyticexperimentswith a dynamical11
2-layerreduced-gravity modelshowedthat thehigh and

low areexplicableby linear dynamicson an equatorialβ-planeanddo not owe their existence

to nonlinearity: thehigh andlow arethe resultof the radiationof westwardpropagatingRossby

wavesfrom Kelvin wavespropagatingpolewardalongthewestcoastof India. TheKelvin waves

musthaveaperiodgreaterthanabout50daysto radiateRossbywavesandforcethehighandlow;

at lower periods,they aretrappedat thecoast.Theprincipal forcing mechanismof thehigh and

low arethe winds alongthe eastcoastof India andSri Lanka. The winds alongthe westcoast

amplify thelow, but not thehigh; otherprocesses,includingequatorialRossbyandKelvin waves,

amplify thehigh, but not the low. Thewindsalongthecoastsof India determinethecirculation

in the easternand northernArabian Sea,including the meanderingstructureof the Southwest

MonsoonCurrent(SMC) in theArabianSea;elsewherein thebasin,otherprocessesdominate.

Thoughthedynamicalreduced-gravity modelis successfulin simulatingtheessentialfeatures
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of thecirculationin thenorthIndianOcean,includingthecurrentsalongthecoastof India, it fails

to simulatetheseasonalcycleof coastalsealevel, whichwasdealtwith in Chapter4. Theseasonal

cycle,correctedfor theeffectof atmosphericpressureusingtheInverse-Barometerapproximation,

is coherentalongthecoast,with a rangeof 45 cm alongtheeastcoastand30 cm alongthewest

coast.Along theeastcoast,themaximumsealevel occursin Novemberandtheminimumduring

March–April; alongthewestcoast,themaximumoccursin Decemberandtheminimumduring

thesouthwestmonsoon.Thewind-forcedmodelfails to simulatethewinter peakalongtheeast

coast,andasa result,forcesa higherrangeof theseasonalcycle alongthewestcoastthanalong

theeastcoast.Simulationsin which temperatureandsalinity vary in theactive modellayer, these

fieldsbeingprescribedfrom aclimatology, show thatthedropin salinityalongtheeastcoastafter

thesouthwestmonsoonraisesstericsealevel andis thecauseof themaximumin November. This

low salinity is theresultof runoff from theGangaandtheBrahmaputrainto thenorthernBay of

Bengalduring thesouthwestmonsoon.Thus,threemechanisms— atmosphericpressure,winds

on the scaleof the basin,andsalinity — contribute to the seasonalcycle of sealevel alongthe

coastof India.

A lower frequency, the annualmeansealevel, wasthe subjectof Chapter5. Levelling ob-

servationsconductedduringtheGreatTrigonometricalSurvey of India (1858–1909)showedthat

theannualmeansealevel is higheralongtheeastcoastof India thanalongthewest,thediffer-

encebetweenVishakhapatnamandMumbai beingabout30 cm. Simulationswith the 11
2-layer

reduced-gravity modelshow thatpurelywind-forcedcirculationaccountsfor half this difference,

theotherhalf beingdueto thegradientin salinityalongthecoast.

Thevariability of annualsealevel on interannualandinterdecadaltime scaleswasdealtwith

in 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

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

gradientin salinity; thetimescaleassociatedwith thisgradientismuchlongerthananyearbecause
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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.

Thus,therearetwo mainconclusionsof this thesis.

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.

Thehypothesispredictsthatsealevel rises(falls) alongthecoastof India whenrainfall over

India increases(decreases),changesin the oceantherebyreflectingthosein the atmosphere.A

corollaryis thatanincrease(decrease)in rainfall leadsto arise(fall) of thepycnoclineandthermo-

cline, implying a decrease(increase)in thethicknessof thesurfacemixedlayer. Oneimplication

of this corollaryis thatcoastalsealevel is nota goodproxy for themovementof thethermocline.

Thesecondimplicationis for ocean-atmospherecoupling.A solutionsimilar to thatobtainedfor

thequasi-steadyrisein sealevel atacoastcanbeobtainedfor theinterioroceanawayfrom coastal

boundaries,awestwardpropagatingRossbywavereplacingthecoastalKelvin wave thatis super-

imposedon thequasi-steadyresponse.This impliesthata similar decreasein thethicknessof the

mixedlayerwill occurevenaway from thecoastif salinity changesthere.This mechanismoper-

atesonlongtimescalesanddiffusionactsincessantlyto increasetheareaof theregionaffectedby

thechangein salinity. It is inevitable that theresultinglow-frequency variability in thethickness

of themixedlayershouldhave aneffect onatmosphericprocesses.

This is especiallytruein theBayof Bengal,wherethechangesin salinityaremuchlargerthan

they arein theArabianSea.Changesin salinity in the interior of thebayneednot becausedby

diffusion alone;the NortheastMonsoonCurrent(NMC), which marksthe dynamicalboundary
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betweentheequatorialIndianOceanandthebay during thenortheastmonsoon,transportslow-

salinitywaterfrom theAndamanSea,forcingchangesin salinity in themiddleof thebasin.Since

thisprocessactsonadvective timescales,like theseasonalredistribution of saltalongthecoastof

India by theEICC andtheWICC, animplicationis thattheeffect of monsoonrainfall over India

andMyanmar(Burma)will befelt within aseasonin themixedlayerover a largepartof thebay.

TheBayof Bengalis believedto playamajorrole in thedynamicsof themonsoon.TheTrop-

ical ConvergenceZone(TCZ), which determinesthe large-scalemonsoonrainfall, is maintained

by thegenesisof disturbancesover thewarmwatersof thebay[MishraandGadgil,1996].Hence,

any changein thestructureof themixedlayerin thebayis likely to befedbackto theatmosphere.

The detailsof this couplingbetweenthe oceanandthe atmospherearenot clear, but it mustbe

similar to the“barrier layer” in thewesternPacific Ocean[Sprintall andTomczak,1992;Vialard

andDelecluse,1998a,b].ThemajordifferencebetweenthewesternPacificandtheBayof Bengal

is in themagnitudeof changesin salinity; thechangesin thebayaremuchlarger. In thewestern

Pacific, salinity modifiesthethermodynamicsof themixedlayer; in thebay, it probablycontrols

theprocess.

The importanceof salinity in the north Indian Oceanpoints to the needfor moremeasure-

ments,withoutwhichfurthertheoreticalstudieswill bedifficult. Thehypothesislinking monsoon

rainfall andsealevel alongthecoastof Indiareliesonstatisticalandmechanisticmodels.Wehave

assumedthatthechangesin monsoonrainfall leadto changesin salinity, producingthecross-shore

salinity gradientthat forceschangesin sealevel. How is this cross-shoresalinity gradientsetup?

What is thesourceof the low-salinity wateralongthewestcoastof India? How importantis the

local rainfall over thewestcoastin relationto the inflow of freshwaterfrom thebay?To answer

thesequestions,wehave to gobeyondmechanisticmodelsandtry to modelthesaltbalance,given

thefluxesandtheriver runoff; this in turn, callsfor betterdataon runoff andsalinity in thenorth

IndianOceanin general,andalongthecoastof India in particular.



Appendix A

The Reduced-Gravity Model

Sinceour aim in this thesisis to formulatea hypothesisto explain the observed low-frequency

variability of sealevel along the Indian coast,we simplify the problemto the extent possible,

makinguseof modelsthataremalleableenoughto permitsimplenumericalexperimentsand,at

times,yield analyticsolutions.Thesimplestrealisticmodelof thelow-frequency surfacecircula-

tion of theoceanis the11
2-layerreduced-gravity model,in which theoceanis a two-layersystem,

thedenserlower layerbeingmuchdeeperthantherelatively shallow upperlayer. Theassumption

that the pressuregradientin the lower layer is vanishinglysmall makesit motionless(isostatic)

andeliminatesthefast-moving barotropicmode;only thefirst baroclinicmodeis retainedin this

model. This is akin to the assumptionof a “level of no motion” in computingdynamicheights

from hydrographicdata.Therefore,theheightof themodelsurface,computedwith referenceto

themotionlesslayer, is equivalentto thedynamicheight,andis themodelequivalentof sealevel.

Extensionof themodelto includehigherbaroclinicmodesis simple;anadditionalactive layer

resultsin a 21
2-layermodel,andsoon. The 1

2 representsthelowest,motionlessmodellayer. The

simplicity andruggednessof thesemodelsmakesthemmalleable;asa result,they areamongthe

mostusedtools in oceanography. Reduced-gravity modelshave enjoyed tremendoussuccessin

oceanographyandhave playedamajorrole in thestudyof El Niño. In therestof this chapter, we

derive the equationsfor the 11
2 and21

2-layer modelsandmanipulatethemto obtainthe simpler

equationssolvedin this thesis.

A.1 The 11
2-Layer Model

A schematicvertical cross-sectionof the 11
2-layer model is shown in FigureA.1. The model

oceanhasa flat bottomandconsistsof two incompressiblelayers,the lower layer beingdenser
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Figure A.1 A schematicverticalcross-sectionof the11
2-layerreduced-gravity model.Themodel

oceanhasa flat bottomandconsistsof two incompressiblelayers,the denserlower layer being
muchdeeperthanthe relatively shallow upperlayer. In the reduced-gravity modelsusedin this
thesis,thereis no mixing betweenthe layers. In the figure, the subscripts1 and2 refer to the
two layers.H1 is themean,or initial thicknessof theupperlayer, Hi andρi aretheinstantaneous
thicknessand densityof layer i, and η is the displacementof the surface from the initial, or
undisturbed,state. η, the modelsealevel, is equivalent to the dynamicheight computedfrom
hydrographicdata. The interfacebetweenthe layersis themodelpycnocline. H1, ρ1, andη are
functionsof spaceandtime; ρ2 is constant.WX YZ\[V]�^F_a`�bWc d W
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thantheupperlayer. Eachlayeris amateriallayer, i.e.,thereis nomixing betweenthelayers1, and

is homogeneousin thevertical (in velocity, temperature,andsalinity). The interfacebetweenthe

layersrepresentsthemodelpycnocline,which, in this model,coincideswith thethermoclineand

thehalocline.Thermohalineeffectsareincludedby permittinghorizontalgradientsin temperature

andsalinity in theactive layer, but verticalfluxesof heatandsaltacrossthesurface,theinterface,

andthebottomareneglected.

A.1.1 The Nonlinear Model

We begin with the basicconservation equationsfor zonal,meridional,andvertical momentum,

mass,heat,and salt on an equatorialβ-plane; for an incompressiblefluid, theseare given by

[Pedlosky, 1979;Gill, 1982]

du
dt U f v PmU 1

ρ
∂p
∂x Q 1

ρ
∂τx

∂z Q An ∇2u o (A.1a)

dv
dt Q f u PmU 1

ρ
∂p
∂y Q 1

ρ
∂τy

∂z Q An ∇2vo (A.1b)

∂p
∂z PmU ρgo (A.1c)

∂u
∂x Q ∂v

∂y Q ∂w
∂z P 0 o (A.1d)

dT
dt P AnT∇2T Q QT o (A.1e)

dS
dt P AnS∇2S Q QSo (A.1f)

ρ P ρ0 p 1 Q αT K T U T0 q Q αS K S U S0 q L R (A.1g)

In (A.1), v P K u o vq is thehorizontalvelocity, w theverticalvelocity, p thepressure,T thetempera-

ture,Sthesalinity, ρ thedensity, τ P K τx o τy q thehorizontalshearstress,QT andQS thesourcesand

sinksof heatandsalt, f P βy theCoriolis parameter, An thehorizontaleddyviscositycoefficient,

1This assumptionis not necessary. Therearemany reduced-gravity modelsthat incorporateentrainmentandde-
trainment,mixed-layerphysics,surfacefluxes,etc.;amongthemis themodelof McCrearyetal. [1993].
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AnTandAnS the horizontaleddydiffusivity coefficients for heatandsalt, αT andαS the expansion

coefficients,ρ0 o T0 o andS0 determinea referencestateaboutwhich thesystemis perturbed,and

d
dt P ∂

∂t Q u
∂
∂x

i Q v
∂
∂y

j o
wherei andj aretheunit vectorsin thezonalandmeridionaldirections.Theverticalmomentum

equation(A.1c) reducesto thehydrostaticequationbecauseweareinterestedin large-scaleflows.

Equations(A.1) areintegratedin theverticalover thedepthof thelayer, from U K H1 U η q to η, to

obtaintherequireddepth-averagedequationsfor theactive layer.

Thepressureatadepthz in thetwo layersis givenby

p1 P patm Q ρ1g K U z Q η q o (A.2a)

p2 P patm Q ρ1gH1 Q ρ2g p�U z U K H1 U η q L3o (A.2b)

wherepatm is theatmosphericpressure,whosehorizontalvariationsareignored.Theassumption

thatthepressuregradientvanishesin thelower layer, i.e.,∇p2 P 0, thenimpliesthat

∇η P ∇ K ΓH1 qBR (A.3)

Γ P ρ2 U ρ1

ρ
(A.4)

is the reduced-gravity parameter, gΓ is the “reducedgravity”, and ρ is an averagedensitythat

is representative of the ocean(this is equivalent to the Boussinesqapproximation).This factor

Γ reducesthe speedof the internal, or interfacial, wave in the model becauseit multiplies g.

Averagingthepressuregradienttermover thelayergives

H1

1
ρ1

∇p1 P gH1∇ K ΓH1 q Q gH2
1

2ρ
∇ρ1P gH1∇ K ΓH1 qrU gH2

1

2
∇ΓP gΓH1∇H1 Q gH2

1

2
∇Γ R (A.5)

1
ρ1

∇p1 representsaverticalaverageof thehorizontalpressuregradientover thelayer.

Using

w N η P dη
dt

; w N s$t H1 s η u P dη
dt U dH1

dt
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andassumingthatLaplacianfriction actson a columnof fluid theway it doeson a fluid parcel,

we obtaintherequiredgoverningequations.In vectorform, they areK ∂H1v q
∂t Q ∇ v7K vH1v q Q f k SwK H1v qDPmU H1

1
ρ1

∇p1 Q τ
ρ Q A∇2 K H1v q�U r K H1v q o (A.6a)

∂H1

∂t PmU ∇ v7K H1v q o (A.6b)

∂Γ
∂t P v v ∇Γ Q Aγ∇2Γ Q Q o (A.6c)

wherek is theunit vectorin thevertical and
1
ρ1

∇p1 is given by (A.5). Q combinesthe sources

andsinksof heatandsalt into a source-cum-sinktermfor Γ, andτ P K τx o τy q now representsthe

wind stressactingat the surface. The bottomfriction, or the friction betweenthe two layers,is

setto zero. Instead,a friction term,r K H1v q , is introduced;it is usedto definedampersnearopen

boundariesin numericalsimulations.OftencalledRayleighfriction whenlinearized,it is alsoused

to addfriction to analyticmodels.It maybethoughtof as“bottomfriction”, but is notnecessarily

that. (A.6c) combinesthe equationsfor conservation of heatandsalt. This is donebecausewe

do not solve the equationsfor temperatureandsalinity in this thesis;we do, however, needthis

equationbecausetemperatureandsalinity canvary in thehorizontalwithin theactive layer.

From(A.3), thesurfacedynamicheight,or modelsealevel, is

η P Γh Q Hγ o (A.7)

theconstantof integrationbeingsetto zero.

Thepressuregradient,givenby (A.5), hasonedepth-dependentterm. g∇ K ΓH1 qxP g∇η is the

barotropiccomponentand
gH1
2ρ ∇ρ1 is the barocliniccomponent.Despitethis, the velocity field

is independentof depthandthe wind stressprojectsasa body force on the upperlayer; this is

basedon the assumptionthat the Reynoldsstressesun wn andvn wn have a vertical structuresuch

that their depth-dependentpart cancelsthat of the pressuregradient. A necessaryconditionfor

thiscancellationis thatthedepth-dependentpartof thepressuregradientis its averagevaluein the

layer, evaluatedby substitutingz P H1
2 in thebaroclinicterm2 [McCrearyandKundu,1988].

Equations(A.6), with Γ P Γ, aconstant,andr P χs, aresolvedin Section3.3;this is adynam-

ical 11
2-layerreduced-gravity model,theonly dependentvariablesbeingu, v, andH1.

2For a detaileddiscussionon theconsequencesof thisassumption,seeRipa[1992,1995].
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A.1.2 The Linearized Model

Equations(A.6) are linearizedby perturbingthe systemabouta basicstateof no motion with

thicknessH and “density” Γ in the upperlayer. Let the perturbationsin H and Γ be h and γ,
respectively, i.e.,

H P H Q h o (A.8a)

Γ P Γ Q γ R (A.8b)

To linearize,wescalethevariables,expandthemin powersof aninfinitesimal,ε, andcollectterms

of thesameorderin ε; this yieldstherequiredlinearized,perturbationequations.We first rewrite

themomentumequationfor transport,(A.6a), in termsof velocity, i.e.,weuse(A.6b) to eliminate

the factorH1. (The only term that doesnot yield directly to this simplificationis the Laplacian

friction becauseit wasanadhocchangethatallowedusto write thefriction termfor thetransport.)

Theequationbecomes

∂v
∂t Q v v ∇v Q f k S v PmU 1

ρ1

∇p1 Q τ
ρH1

Q A∇2v U rv R (A.9)

Thevariablesarescaledasfollows.K t o x o yo u o vo Q o τ o η qAPVyaz t n1o { xn�o { yn o�| un o�| vn�o�} qn o�~ τ n1o � η n��Do (A.10a)

H P H � 1 Q δhhn�� ; Γ P Γ y 1 Q δγγ n � R (A.10b)

Then,with thescalings

1
β{ z P r

β{ P Aγ

A P ~
β{�| P 1 o (A.11a)

U
β{ 2 P�� U

gΓH � 1
2 P }

β{ Γ P �
H P δh P δγ P ε o (A.11b)

A
β{ 3 P ε2 o (A.11c)

whereε � 1 and f P βy, andwith theexpansion

θ P θ0 Q εθ1 Q ε2θ2
2 Q vavav�o (A.12)
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whereθ is any of thevariablesu, v, h, γ, τ, η, or q, we obtainthefollowing zeroth-orderperturba-

tion equations.

∂u0

∂t U βyv0 PmU gΓ
∂h0

∂x U gH
2

∂γ0

∂x Q τx
0

ρH U ru0; (A.13a)

∂v0

∂t Q βyu0 PmU gΓ
∂h0

∂y U gH
2

∂γ0

∂y Q τy
0

ρH U rv0; (A.13b)

∂h0

∂t PmU H � ∂u0

∂x Q ∂v0

∂y � ; (A.13c)

∂γ0

∂t P Q0 o (A.13d)

η0 P Γh0 Q Hγ0 R (A.13e)

In (A.13d), Q0 P } q0. The subscript“0” indicatesthat theseare the zeroth-ordertermsin the

expansion(A.12).

Equations(A.13), with γ0 P 0, are the linear equationssolved in Chapter3. The Laplacian

friction terms,however, areretainedin thelinearnumericalsimulationsto avoid numericalinsta-

bilities.

In theanalyticmodel,weseekwavesolutionsof theform θ0 ∝ eıωt ; writing

ıω P ∂
∂t Q r P ıσ Q r (A.14)

anddroppingthewind stressyieldsthefreewaveequations(3.3) for theequatorialβ-plane.

For a coastalKelvin wave propagatingalonga meridionalboundary, u0 P 0. The resulting

equationsaresolvedin Section6.4.1on an f -plane( f P f0, where f0 is aconstant).

A.2 The 21
2-Layer Model

A 21
2-layermodelhastwo active layers;thethird layeris muchdeeperthantheseandis motionless

(FigureA.2). Theequationsaresimilar to thosefor the11
2-layermodel,exceptfor changesin the

pressuregradienttermsfor the layers.Thewind stressprojectsasa bodyforceon thefirst layer

andthesecondlayeris drivenby theresultingchangesin thepressurefield.

As for the 11
2-layer model, the conservation equationsareaveragedover the depthof each

layer; the limits of integrationare U K H1 U η q andη for the first layer and U K H1 Q H2 U η q andU K H1 U η q for thesecondlayer. Thepressureat adepthz in thethreelayersis givenby

p1 P patm Q ρ1g K U z Q η q o (A.15a)
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Figure A.2 A schematicverticalcross-sectionof the21
2-layerreduced-gravity model.Themodel

oceanhasa flat bottomandconsistsof threeincompressiblelayers,the lowestlayerbeingmuch
deeperthanthe relatively shallow layersabove. Thereis no mixing betweenthe layers. In the
figure, the subscripts1, 2, and3 refer to the threelayers. H1 and H2 are the mean,or initial
thicknesses,of the top two layers,Hi andρi arethe instantaneousthicknessanddensityof layer
i, andη is the displacementof the surfacefrom the initial, or undisturbed,state. η, the model
sealevel, is equivalent to the dynamicheightcomputedfrom hydrographicdata. The interface
betweenthesecondandthird layersis themodelpycnocline.H1, H2, ρ1, ρ2, andη arefunctions
of spaceandtime; ρ3 is constant.�� ��\�V���F�a������� �

��g��

�
���

�
�� ��

�
�j�

�

�

�;�

� �

� �9� � �

� � � � �



The Reduced-Gravity Model 186

p2 P patm Q ρ1gH1 Q ρ2g p�U z U K H1 U η q L3o (A.15b)

p3 P patm Q ρ1gH1 Q ρ2gH2 Q ρ3g p�U z U K H1 Q H2 U η q LHo (A.15c)

wherepatm is theatmosphericpressure,whosehorizontalvariationsareneglected.Theassumption

thatthepressuregradientvanishesin thelowestlayer, i.e.,∇p3 P 0, thenimpliesthat

∇η P ∇ K Γ1H1 Q Γ2H2 q=R (A.16)

Γ1 P ρ3 U ρ1

ρ
and Γ2 P ρ3 U ρ2

ρ
(A.17)

arethe “reduced-gravity” parametersfor the two layers,andρ, asbefore,is an averagedensity

thatis representative of theocean.Averagingthepressuregradienttermover eachlayergives

H1

1
ρ1

∇p1 P gH1∇ K Γ1H1 Q Γ2H2 q Q gH2
1

2ρ
∇ρ1P gH1∇ K Γ1H1 Q Γ2H2 q�U gH2

1

2
∇Γ1P gH1 � Γ1∇H1 Q Γ2∇H2 Q H1

2
∇Γ1 Q H2∇Γ2 � o (A.18a)

H2

1
ρ2

∇p2 P gH2∇ p Γ2 K H1 Q H2 q L Q gH2

ρ � H1 Q H2

2 � ∇ρ2P gH2∇ p Γ2 K H1 Q H2 q L U gH2 � H1 Q H2

2 � ∇Γ2P gH2 � Γ2∇H1 Q Γ2∇H2 Q H2

2
∇Γ2 � R (A.18b)

1
ρ1

∇p1 and
1
ρ2

∇p2 representaverticalaverageof thehorizontalpressuregradientover thelayers.

Therequiredgoverningequationsfor the21
2-layermodel,solvednumericallyin Chapter4,are

K ∂Hivi q
∂t Q ∇ v7K viHivi q Q f k SwK Hivi qDP�U Hi

1
ρi

∇pi Q δi
τ
ρ Q A∇2 K Hivi qrU r K Hivi q o (A.19a)

∂Hi

∂t PmU ∇ v7K Hiv q o (A.19b)

∂Γi

∂t P vi v ∇Γi Q Aγ∇2Γi Q Qi o (A.19c)
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wherethesubscripti P 1 o 2 refersto layer i and

δi P¡ ¢�£ 1 if i P 1 o
0 if i P 2 R

Linearizationof (A.19) is doneas for the 11
2-layer model. The zeroth-orderlinearizedper-

turbationequationsfor the 21
2-layer model,equivalent to (A.13) for the 11

2-layer model,areas

follows.

∂u1

∂t U βyv1 P�U gΓ1

∂h1

∂x U gΓ2

∂h2

∂x U gH1

2
∂γ1

∂x U gH2

∂γ2

∂x Q τx

ρH1
U ru1 o (A.20a)

∂v1

∂t Q βyu1 P�U gΓ1

∂h1

∂y U gΓ2

∂h2

∂y U gH1

2
∂γ1

∂y U gH2

∂γ2

∂y Q τy

ρH1
U rv1 o (A.20b)

∂h1

∂t P�U H1 � ∂u1

∂x Q ∂v1

∂y � o (A.20c)

∂γ1

∂t P Q1 (A.20d)

aretheequationsfor thefirst layerand

∂u2

∂t U βyv2 P¤U gΓ2

∂ K h1 Q h2 q
∂x U gH2

2
∂γ2

∂x U ru2 o (A.21a)

∂v2

∂t Q βyu2 P�U gΓ2

∂ K h1 Q h2 q
∂y U gH2

2
∂γ2

∂y U rv2 o (A.21b)

∂h2

∂t P�U H2 � ∂u2

∂x Q ∂v2

∂y � o (A.21c)

∂γ2

∂t P Q2 (A.21d)

aretheequationsfor thesecondlayer. In (A.20) and(A.21), we have droppedthesubscript“0”

for convenience.

Thesurfacedynamicheight,or modelsealevel, is givenby

η P Γ1h1 Q Γ2h2 Q H1γ1 Q H2γ2 o (A.22)
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where

H1 P H1 Q h1 o H2 P H2 Q h2 o (A.23a)

Γ1 P Γ1 Q γ1 o Γ2 P Γ2 Q γ2 R (A.23b)

H1, H2, Γ1, andΓ2 definethebasicstateaboutwhich thesystemis perturbed.

Equations(A.20) and(A.21), with the definition (A.14) andτx P τy P 0, aresolved in Sec-

tion 6.4.2for a coastalKelvin waveon an f -plane.



Appendix B

Linear Waveson an Equatorial β-Plane

Theoreticalstudiesof the dynamicsof the north Indian Oceanduring the last decadehave used

freeandforcedlongbaroclinicwavesto describethecirculationin thebasin.For thedescriptionof

low-frequency dynamics,themostimportantof thesewavesaretheequatorially-trapped Rossby

andKelvin wavesandcoastally-trappedKelvin waves,all of whichcanexist in a reduced-gravity

modelat the low frequenciesof interest. Here,we discussthe characteristicsof thesewavesin

brief; thediscussionessentiallyfollows Gill [1982]andShetye[1998].

B.1 WavesTrapped at the Equator

Thepropertiesof theequatorially-trapped wavesmaybe foundby looking for solutionspropor-

tional to eı ¥ kxM σt ¦ . When this expressionis usedin the linearizedequations(3.3), the resulting

dispersionrelationis [Gill, 1982,p. 438]� σ
c

� 2 U k2 U βk
σ P K 2n Q 1q β

c
o (B.1)

wherec is thebaroclinicwave speed,σ the frequency, andk thezonalwavenumber. For n § 1,

the wavessubdivide into two classes[Gill, 1982]. For the upperbranches,βk
σ is small, andan

approximatedispersionrelationis

σ2 ¨ K 2n Q 1q βc Q k2c2; (B.2)

thesearethePoincaŕe waves.For thelower branches,σ
2

c2 is small,andanapproximatedispersion

relationis

σ ¨ U βk

k2 Q K 2n Q 1q β
c

; (B.3)
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thesearetheRossbywaves.n P©U 1 yieldstheKelvin wave andn P 0 yieldstheYanai,or mixed

planetary-gravity, wave. All thesedispersioncurvesareshown in FigureB.1. Sincethereis alarge

gapbetweentheminimumPoincaŕe wave frequency andthemaximumRossbywave frequency, it

is easyto distinguishbetweenthem;only theKelvin andYanaiwavesexist in this frequency gap.

All thesewavesare trappednearthe equator, andthe trappingscaleReq, called the “equatorial

radiusof deformation”[Gill andClarke,1974;Gill, 1982],is of thesameorderfor them.

Req P � c
2β � 1

2 R (B.4)

For c P 185 cm sM 1, the speedof the baroclinic wave in the linear modelsusedin this thesis,

Req
¨ 200km.

At the low frequenciesof interestin this thesis,Poincaŕe waves do not exist and the only

equatorially-trapped wavesof consequencearetheKelvin andRossbywaves;at thesefrequencies,

theYanaiwaveshave veryshortwavelengthsandarequickly dissipated.

B.1.1 Equatorially-T rapped Kelvin Waves

Thephaseandgroupvelocities(c) of thesenon-dispersive wavesis eastward.Theparticlevelocity

associatedwith the waves is along the equator(v P 0) andcanbe eastward or westward. The

equatorialKelvin wavesexist within the equatorialwaveguide,which extendsabout200 km on

eithersideof theequator.

B.1.2 Equatorially-T rapped RossbyWaves

The equatorially-trapped Rossbywaves can have both eastward and westward group velocity,

thoughtheir phasevelocity is alwayswestward. Theeastwardpropagatingwaves,however, have

a shortwavelength(FigureB.1) andaredissipatedquickly. Therefore,they arenot importantfor

large-scaledynamics,exceptin theneighbourhoodof awesternoceanboundary. Thephasespeed

of thenon-dispersive westward propagatingRossbywave is approximatelyone-thirdthat of the

equatorialKelvin wave. Theparticlevelocity associatedwith this wave canhave bothzonaland

meridionalcomponents.Awayfrom theequator, a local dispersionrelation

cR P σ
k PmU c2

βy2 (B.5)

canbewritten for thesewaves;this statesthatthelocal phasevelocity of thewavedecreaseswith

increasingdistancefrom theequator. They aretrappedequatorwardof acritical latitudegivenby

yc P c
2σ R (B.6)

TheequatorialRossbywavescannotexist polewardof this latitude.
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Figure B.1 Dispersioncurvesfor linearwaveson anequatorialβ-plane,obtainedby usingdiffer-
entvaluesof n in (B.1). On theordinateis thenon-dimensionalfrequency σ̂ P σ¥ 2βc¦ 1

2
andon the

abscissais thenon-dimensionalzonalwavenumber̂k P k � c
2β � 1

2
. Thecurveslabelled-1 (solid)and

0 (dashed)correspondto theequatorially-trapped Kelvin andYanai,or mixed planetary-gravity,
waves,respectively. Theuppercurves(dashed)labelled1 and2 arethefirst two Poincaŕe wave
modesandthecorrespondinglowercurves(solid)arethefirst two Rossbywavemodes[thecurves
for thePoincaŕe andRossbywavesarebasedon theapproximaterelations(B.2) and(B.3)]. The
zonalgroupvelocity of thesewavesis given by cg P dσ

dk andthezonalphasevelocity by c P σ
k .

The zonalgroupandphasevelocity of the Kelvin wave is eastward. The zonalgroupvelocity
of theYanaiwave is eastward; its zonalphasevelocity is eastward (westward)at positive (nega-
tive) wavenumbers.A consequenceof the approximation(B.2) is that the dispersioncurvesfor
Poincaŕe wavesaresymmetricw.r.t. k̂; hence,the waveswith eastward (westward) zonalgroup
velocity alsohave eastward(westward)zonalphasevelocity. At low (high) wavenumbers,i.e., at
large(short)wavelengths,thezonalgroupvelocityof theRossbywaveis westward(eastward);its
zonalphasevelocity, however, is alwayswestward. On thecurve for theRossbywave, thewest-
ward(eastward)propagatingwaveslie to theright (left) of themaximum.Sincethereis alargegap
betweentheminimumPoincaŕe wave frequency andthemaximumRossbywave frequency, it is
easyto distinguishbetweenthem;only theKelvin andYanaiwavesexist in this frequency gap.At
positive wavenumbers,theYanaiwave is almostindistinguishablefrom theKelvin wave,theonly
differencebeingits assymetryaboutthe equator;at high negative wavenumbers,it behaves like
the(short)Rossbywave. At thelow frequenciesof interest,Poincaŕe wavesdonotexist. At these
frequencies,theeastwardpropagatingRossbywavesandtheYanaiwave have shortwavelengths
andarequickly dissipated;hence,they arenot importantfor thelarge-scaledynamicsin thetrop-
ics. Therefore,at thelow frequenciesof interestin this thesis,theonly equatorially-trapped waves
of consequencearethewestwardpropagatingRossbywavesandtheKelvin wave (solid curves).
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B.2 WavesTrapped at a Coast

Sincethe modelsusedin this thesishave a flat bottomandignorethe effectsof the continental

shelf, the only coastally-trappedwave of interestis the Kelvin wave, which propagatesalonga

verticalwall.

B.2.1 Coastally-Trapped Kelvin Waves

Thesewavespropagatewith thecoaston their right in thenorthernhemisphere[Gill, 1982].They

arenon-dispersive andaretrappedat thecoastwith a trappingscale,or “radiusof deformation”,

givenby

Rc P c
f
o (B.7)

where f is the local Coriolis parameter. The coastactsas a waveguide of variablewidth, Rc

decreasingpoleward. For c P 185cm sM 1, thetrappingscaleis about75 km at 10ª N and150km

at5ª N. Theparticlevelocityassociatedwith thesewavescanbein eitherdirectionalongthecoast.

Equatorward of the critical latitudeyc, given by (B.6), a coastalKelvin wave is not trapped

at the coast;it radiateswestward propagatingRossbywaves as it propagatesmeridionally and

the coastalwaveguide turns “leaky” [Shetye,1998]. In this case,it is not possibleto separate

the Kelvin wave from the Rossbywave. Sinceyc is 42ª and21ª for the annualandsemiannual

harmonics,thecoastalwaveguidealongtheeasternboundaryof theBay of Bengalandalongthe

westcoastof India is leaky for thesefrequencies(FigureB.2).

B.3 Observationsof Rossbyand Kelvin Wavesin the Oceans

EquatorialRossbyandKelvin wavesandcoastalKelvin wavesarethethreewavesinvokedwhen

describingthelarge-scalecirculationin thenorthIndianOcean.They appearprominentlyin model

simulations,which tendto producea smoothermapof sealevel andcurrentsthanareactually

observed.All thesewaves,however, havebeenobservedin theoceans,eitherasoscillationsof the

seasurface,or asoscillationsof the thermoclineor pycnocline. In associationwith thesefields,

therearechangesin thecurrents.Thesea-surfacetemperature(SST)alsoshows the influenceof

thesewaves,themovementof themodelinterface(themodelthermocline)oftenhaving beenused

asa proxy for SSTin modelstudiesof El Niño.

A remarkablemanifestationof thesewaveswasreportedby Jacobset al. [1994], who used

Geosataltimetryandmodelsimulationsto trackthepositive sea-level anomaliesgeneratedin the

easternequatorialPacificby the1982–83El Niño adecadelaterin thesubtropicalcentralPacific.

Thesea-level high in theeasternequatorialPacific wasgeneratedby thedownwelling equatorial
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Figure B.2 A schematicof the“leaky” waveguidein thenorthIndianOcean[Shetye,1998]. The
horizontalhatchingindicatestheequatorialwaveguide,whichextendsabout200km oneitherside
of the equator;the vertical hatchingindicatesthe coastalwaveguide. The equatorialwaveguide
is connectedto the Bay of Bengalat its easternboundary. This link arisesasa consequenceof
the reflectionof the equatorialKelvin wave at the easternboundaryof the basin; the reflected
wave is a summationover several meridionalmodesof thewestwardpropagatingRossbywave,
thesebeingrequiredto satisfy the conditionof no normalflow at the boundary[Moore, 1968].
Thehighermeridionalmodesareequivalentto a coastalKelvin wave, which carriesa partof the
incidentenergy polewardalongthecoastin bothhemispheres.This Kelvin wave is trappedat the
coastpolewardof thecritical latitude;equatorwardof this latitude,westwardradiationof energy is
possible,andthecoastalKelvinwaveis inseparablefromtheRossbywave. Thesamephenomenon
is seenoff theIndianwestcoast.For theseasonalcycle, it is theannualandsemiannualharmonics
thataremostimportant.Thecritical latitudesfor theseperiodsare42ª and21ª , respectively; the
formerliespolewardof thenorthernboundaryof thebasin,andthelatteris closeto it. Hence,both
annualandsemiannualKelvin wavesareinseparablefrom westward propagatingRossbywaves
in the Bay of Bengaland the ArabianSea,andenergy leaksat theseperiodsfrom the eastern
boundaryinto the openocean.The arrows show the directionin which energy leaksout of the
coastalwaveguide.
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Kelvin wavestriggeredby a relaxationin theeasterlytradewinds. TheequatorialKelvin waves

generatedRossbywaveson reflectionat theeasternboundaryof thebasin.Moore[1968]showed

that the zonalvelocity of the Kelvin wave cannotbe cancelledby a singlemeridionalmodeof

the westward propagatingRossbywave; an infinity of modesis neededto satisfy the boundary

condition.ThehigherordermodespropagatepolewardalongthecoastandMooreshowedthatthis

polewardpropagationwasequivalentto acoastalKelvin wave. TheKelvin waveat theselatitudes

cannotbeseparatedfrom theRossbywavebecauseit is equatorwardof thecritical latitudefor the

sub-annualfrequenciesthatcharacteriseEl Niño; hence,a partof theenergy “peels” off thecoast

asa Rossbywave. Jacobset al. showedthat theRossbywave generatedby thestrongEl Niño of

1982–83wasstill propagatingacrossthesubtropicalPacificadecadelater, forcingchangesin the

Kuroshioextension.ThecoastalKelvin wave generatedby thereflectionof theequatorialKelvin

wave hasbeentracedasfar astheCanadianborderandAlaska[Enfield andAllen, 1980;Chelton

andDavis, 1982]. Thestrengthof thesignalandthe improvementin themeasuringinstruments

madeit possibleto tracktheeffectsof the1982–83El Niño, but thebasicdynamicsof this event

wasno differentfrom thatof othermanifestationsof thephenomenon.

Thesewaveshavebeendetectedin theIndianOceantoo. PerigaudandDelecluse[1992,1993]

detectedRossbywave signalsin the southIndian Oceanin Geosatdata. KumarandUnnikrish-

nan[1995], Unnikrishnanet al. [1997], andRao[1998] usedtemperatureclimatologiesto show

evidencein thermoclineoscillationfor theexistenceof Rossbywavesin thenorth IndianOcean.

EquatorialKelvin wavestooareseenin thealtimeterdata.CoastalKelvin waves,however, aredif-

ficult to detectin thenorthIndianOceanbecausethewind forcingis strongalongmostof thecoast

anddistortsthephaseof thepropagatingwaves; the freeandforcedwavescannotbe separated,

makingit difficult to tracka signalalongthecoast.Thediscussionon forcing mechanismsof the

Lakshadweephighandlow (Section3.5),however, hintsatthepossibilityof detectingsuchsignals

in daily sea-level dataalongthe Indianwestcoastduring thenortheastmonsoon,whenthe local

windsarerelatively weakandthefreewaves,forcedby windsalongtheIndianeastcoast,domi-

nate.Unfortunately, therearenotide-gaugedataalongtheeasternboundaryof theBayof Bengal,

which appearsto bethebestplaceto look for evidenceof freecoastalKelvin wavesbecausethe

local windsblow into thecoast,forcing a very weakKelvin wave (Section3.5.2).Therefore,the

Kelvin wave signalheremustconsistof free wavesforcedremotelyfrom the equatorialIndian

Ocean.

Weclosethisdiscussionhere,referringthereaderto Gill [1982]andPedlosky [1979] for more

detailson thesewaves.



Appendix C

Estimating the Statistical Significanceof

Corr elations

Wesaythata linearcorrelationbetweentwo variablesx andy is statisticallysignificantat agiven

level, sayP%, whentheprobabilityof two seriesof randomnumbershaving thesamecorrelation

is lessthan K 100 U Pq %. For example,thecorrelationis significantat the95%significancelevel

if thereis but a 5% chancethat the correlationbetweentwo seriesof randomnumbersfor the

samenumberof degreesof freedom(thenumberof valid datapointsat thegivenlag)wouldequal

or exceedthe correlationbetweenx and y. Therefore,the statisticalsignificanceof the linear

correlationscomputedin Chapter6 is estimatedasfollows.

Supposethenumberof degreesof freedomis M. Ns seriesof randomnumbersareconstructed

usinga random-number-generator, eachseriesconsistingof M terms.Correlationsarecomputed

for eachcombinationof theseNs series,takentwo ata time; thisyieldsNc P Ns ¥ Ns M 1¦
2 correlations.

Themagnitudes(absolutevalue)of thesecorrelationsaresortedto obtaina monotonicsequence

Cn of Nc terms,in whichcorrelationsareorderedfrom thelowestto thehighestvalue.Then,Cp is

therequiredcorrelationat theP% significancelevel, where

p P PNc

100 Q 1 R
Thecorrelationscomputedthusmatchthosein Table7 in Crow etal. [1960].

The samemethodis usedto estimatethe significancelevels whenx andy arefiltered with

an N-yearrunningmean.Thesamefilter is appliedto theNs seriesof randomnumbersandthe

correlationsarecomputedfor thesefilteredseries.Therestof theprocedureis asdescribedabove.

Applicationof thefilter decreasestherandomnessof theseries;thecorrelationsamongthefiltered

seriesarehigher, andhence,thecorrelationat givensignificancelevel is higherthanbefore.

For thecorrelationscomputedin Chapter6, the random-numberseriesweregeneratedusing

function ran2 in Presset al. [1989]; M dependson the variablesbeingcorrelatedbecause
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thetide-gaugesea-level andrainfall recordsarenotof thesamelength;Ns P 500;therefore,Nc P
124750. ReducingNs to 150 decreasesNc to 11175,but thereis only a minor changein the

correlationat a given significancelevel. Changingthe randomnumberseediseed alsodoes

nothave aninfluenceon thesecorrelations,implying thattherandom-numberseriesgeneratedby

function ran2 aresufficiently randomfor ourpurpose.



Appendix D

Sourcesof Data and Software

Theobservationspresentedin this thesiswereobtainedfrom differentsourcesandprocessedinto

graphicalform usingseveralsoftwarepackages.Thesourcesof dataandsoftwarearelistedhere.

D.1 Data« The hourly anddaily sealevel at Mumbai (Figure1.3) wereobtainedfrom the Survey of

India. Thesedatawereconvertedto electronicform by Matthew Dias andprocessedby

D. Sundar.« Monthly sealevel datafrom tide gaugesarethemajordatausedin this thesis.Thesewere

obtainedfrom thePermanentServicefor MeanSeaLevel (PSMSL)at theBidstonObser-

vatory, UnitedKingdom.« TheComprehensive Ocean-AtmosphereDataSet(COADS) wasthesourceof theclimatol-

ogy of monthlysea-level atmosphericpressureusedto correcttheclimatologyof monthly

sealevel.« Themonthlysea-level atmospheric-pressuredatausedto correctthetime seriesof monthly

sealevel in Chapter6 wereobtainedfrom theGlobalHistoricalClimateNetwork (GHCN);

theGHCN wasalsothesourceof monthly rainfall datafor Mumbai,Kochi, Chennai,and

Vishakhapatnam.« All hydrographicdata,except the climatologiesof Levitus andBoyer [1994] andLevitus

etal. [1994]andthesalinitydataoff Marmagao(Figure6.27),wereobtainedfrom theIndian

NationalOceanographicDataCentre(INODC) at theNationalInstituteof Oceanography,

Goa. A. SuryachandraRao[Rao,1998]put thesedatatogetherandchecked their quality,

making possiblethe synthesisof the “coastalclimatology” presentedin Chapter4. The
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climatologiesof Levitus andBoyer [1994] andLevitus et al. [1994] wereobtainedfrom

the NationalOceanicandAtmosphericAdministration(NOAA), USA. The salinity data

off Marmagaoweremadeavailableby P. V. Narvekar, NationalInstituteof Oceanography,

Goa.« All-India rainfall dataweremadeavailablein electronicform by (late) AshaGuruprasad,

SulochanaGadgil,andSajaniSurendran,IndianInstituteof Science,Bangalore.The1871–

1994 datawere synthesizedfrom the rainfall datafor 306 stationsin 29 meteorological

subdivisionsin Indiaby Parthasarathyetal. [1995].« JulianMcCreary, Kevin Kohler, andWeiqingHan(Nova SoutheasternUniversity, Florida,

USA) madeavailable the resultsof the numericalsimulationsof McCrearyet al. [1993];

thesedatawereusedto computethe sealevel plotted in Figure4.4. The climatologyof

winds,from HellermanandRosenstein[1983],andtheclimatologyof shipdrifts, from Rao

et al. [1989],werealsoobtainedfrom them.

D.2 Software« Mostof thefiguresweremadewith GMT (GenericMappingTools) andFERRET; LATEX 2ε
wasusedto preparesomeof theschematics.GMT waswritten by Paul WesselandWalter

Smith [Wesseland Smith, 1991; Smith and Wessel,1990]. FERRETwas developedby

theThermalModelingandAnalysisProject(TMAP) at thePacific MarineEnvironmental

Laboratory(PMEL) of NOAA, USA; it usesPlotPlus, a packagedevelopedby Donald

Denbo.« Both GMT andFERRETusenetCDF, adataformatdevelopedat theUniversityCentrefor

AtmosphericResearch,Universityof Boulder, Colorado,USA.« This thesiswastypesetusingLATEX 2ε. ThemanuscriptwastypedusingGNU Emacsand

AUCTEX on a pentiumrunningDebianGNU/Linux. GNU wasalsothe sourceof several

otherpackagesthatwereused;notableamongtheseareghostscript, gv, andghostview.
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