Chapter 5

Annual Mean Seal evel

5.1 Obsewational Background

While concludingthe GreatTrigonometricalSurey of India, Colonel S. G. Burrard madethe
following obseration [quotedafter GhildyalandKumar,1984].

Whilst thereforethe levelling operations1858—190%ave proved thatthe mean
surfaceof the Arabian Seaandthe Bay of Bengalarevery nearlyat the sameeleva-
tion, they have alsogivenriseto a suspicionthatthe Bay of Bengalmaybe perhaps
slightly higherof thetwo. It is but a suspiciontheaccurag of thelevelling doesnot
warrantusin pronouncinghe divergenceto be proved. It will befor our successors
to shav by meansof future lines, whetherthe suspicionis well-founded,or whether
thedivergences aresultof levelling errors.

The Great TrigonometricalSurwey of India was carried out during 1858—-190%0 map the
surfacetopographyof theIndiansubcontinentandwas,in its time, the mostdetailedandaccurate
suney of its kind everundertakn. It is in the courseof this suney thatadifferenceof about30cm
wasnoticedbetweerthemeansealevel® in theBay of Bengalandthe ArabianSeaanobsenation
that was confirmedduring the Adjustmentof the First Level Net of India [Ghildyal and Kumar,
1984]. Theobserationsshav thatthemeansealevel at Vishakhapatnans 32 cm higherthanthat
at Mumbaiandthatthe meansealevel at Chennaiis 17 cm higherthanthatat Mangalore. The
permittederrorin levelling over 1080km, the distancealongthelevelling lines betweenChennai
andMangalorejs 9.8cm; thus,evenafteraccountingor possibleerrorsin levelling, themeansea

level alongthe eastcoastof India is higherthanthat alongthe westcoast[Ghildyal and Kumar,
1984].

lBy meansealevel, GhildyalandKumarmeanannualsealevel, whichis the sameasannualmeansealevel.
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5.2 Theoretical Background

The only study of this differencein meansealevel that we are acquaintedwith is the one by
Ghildyal and Kumar[1984]. They statethat “enoughlevelling datahave accumulatedo carry
forward the investigationfrom the stagewhere Colonel Burrard left it for usto complete. The
divergencein meansealevel is apparentindthis is not dueto errorsof levelling alonebut other
factorsalso” They computethedifferencein sealevel for several choicesof levelling linesbefore
reachingthis conclusion.Thedifferencein meansealevel betweenChennaiandMangaloreis at-
tributedto thelower surfacesalinity at Chennai6.7 cm) andhigherseasurfacetemperatur¢SST)
at Chennai(8 cm), with the lower atmospheri@ressureat Mangalorereducingthe differenceby
5 cm. Thesethreefactorstogetheraccountfor a differenceof about7 cm betweenChennaiand
Mangalore lessthanthe permissibleerror dueto levelling. Ghildyal and Kumar statethat the
apparentifferencein meansealevel betweenthe two coastscanbe accountedor by thesecor
rectionsand levelling errors,andthat this implies that the meansealevel is not differentalong
thesetwo coasts!The authorsaresuneyors, andtheir discomfortat the possibility of a variation
in meansealevel along the boundaryof the openseais evident. Hence,thoughGhildyal and
Kumarontheright trackasfar asdiscerningthe cause®f the obsened differenceareconcerned,
theiraimis to explain away the difference.

Thereis noreasorfor assuminghatsucha differencein meansealevel cannotexist between
the eastandwestcoastsof India. The obserationssuggesthatthereis a meanalongshoregra-
dientof sealevel alongthe coastof India. Hence we acceptthe obsenration of ColonelBurrard,
confirmedby Ghildyal andKumar and seewe candiscernthe causes.As we saw earlier both
wind-forcedcoastalcurrentsand salinity make a significantcontrikution to the seasonatycle of
sealevel alongthe coastof India. Of these salinity is invoked by Ghildyal andKumartoo, ex-
ceptthatthey useonly the surfacesalinity (andtemperature)Thisis not correctbecauselynamic
heightsare determinedwith respectto a level of no motion, and hencedependon the vertical
profile of temperatur@andsalinity betweerthis level andthe seasurface,asin thereduced-gnaty
model.

5.3 Effect of Wind-Forced CoastalCurr ents

Theeffect of wind-forcedcoastakurrentson the seasonatycle of coastakealevel wasexamined
in Sectiond.1 usingadynamicall%—layerreduced—gmity model. Theannualsealevel? from this
simulationis plottedfor the coastalstationsin Figure5.1. Thereis analongshoreggradientin sea
level, the annualsealevel at Vishakhapatnarmeinghigherthanthatat Mumbai by about15 cm

2Having describedhe backgroundor this chapterwe returnto our preferrecterminology
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Figure5.1Effectof wind-forcedcoastakurrentson annualsealevel n alongthe coast.Thefigure
shawvs annualsealevel (cm) for two simulationswith the 1%—Iayer model. Thefirst simulationis
with the wind-stressclimatology of HellermanandRosensteirj1983], asin the earlierchapters.
Thesecondimulationis for a“more vigorousmonsoortirculation”, thewind stresof Hellerman
andRosensteimaving beenmultiplied by 1.2. A strongemwind forcing amplifiesthe alongshore
sea-leel gradienttheannualsealevel behaeslike asee-s& alongthecoastwith its pivot atthe
southerrtip of Sri Lanka.
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andthe annualsealevel at Chennaibeinghigherthanthatat Mangaloreby about1l cm. These
values,thoughlower than the obsenrations, are of the sameorder The sealevel slopesdown

continuouslyalongthe coast,with highestsealevel at Paradip,in the northwesterrcornerof the
Bay of Bengal,andlowestsealevel at Mumbai,the northernmosstationalongthe westcoast.

In the above simulation,the modelwasforced by the wind-stressclimatology of Hellerman
andRosensteirf1983]. The climatologyis an averageof datacollectedover seseral years,and
hencerepresentanaverageor “normal”, monsoon.To seewhatamorevigorousmonsoorwould
do to the alongshoregradientin sealevel, we run a testcasewith the wind stressof Hellerman
andRosensteimultiplied by 1.2,implying a 10%increasen the strengthof thewind all overthe
basin. Theresultingannualsealevel is alsoplottedin Figure5.1. The sealevel is now higheron
theeastcoast but lower onthewestcoasttheincreasen thedifferencebetweervishakhapatnam
andMumbaibeingabout13%, andthatin the differencebetweenChennaiandMangalorebeing
about11%. The annualsealevel see-sas alongthe coast,with its pivot at the southerntip of
Sri Lanka. The see-s& goesup in the eastif the winds are uniformly strongerover the basin
throughouttheyear;it goesdown in theeastif thewindsarewealer.

Theobsenrationsof ColonelBurrardandGhildyal andKumardo notrepresena climatology
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unlike our simulation.The obsered differencein annualsealevel betweerthetwo coastds for a
particularyear but it still givesanideaof thealongshorevariability. The above simulationsshav
thatpurelywind-forcedcirculationaccountdor abouthalf the obsereddifference.

5.4 Effect of the Alongshore Gradient in Salinity

Variationsin temperatureas we sawv earlier have only a minor impacton the sealevel along
thelndiancoasthencewe ignoretheir effect on annualsealevel andexaminethe contritution of
salinityto thealongshorgyradientin annualsealevel. Theeffectof salinityis shavnin Figure5.2,
which shavs the annualsealevel alongthe coastbasedon the simulationwith the climatologies
of Levitus andBoyer [1994] andLevitus etal. [1994] (Section4.3.1)andthe simulationwith the
synthesizedlimatology(Sectiord.3.4). Thedifferencein annuakealevel betweerthetwo coasts

Figure 5.2 Effectof salinityontheannualkealevel n alongthecoast.Thefigureshavs annualsea
level (cm)for threesimulationswith the 1%-Iayermodel,al| forcedby thewind-stresslimatology
of HellermanandRosensteifi1983]. In thefirst simulation,densityis constanin theactive upper
layer In the secondtemperatureand salinity are prescribedrom the climatologiesof Levitus
andBoyer [1994] and Levitus et al. [1994]. The third simulationis identicalto the second but

the salinity field is modified along the coastfrom the northeasterrcornerof the Bay of Bengal
to Veraval on the westcoastof India, asdescribedn Section4.3.3. The alongshorggradientin

salinity forcesan alongshoregradientin annualsealevel. The alongshorevariationsin salinity
accountfor abouthalf thedifferencein annualsealevel betweerthe eastandwestcoastof India.

Constant salinity (density)

fffff Salinity from Levitus et al. - Synthesized salinity

n
w
HH\HH‘\\H\H\ﬁHHHH‘HHH\H

Paradip
Chennai
Colombo
Kochi
Mangalore
Marmagao

Vishakhapatnam

increasebecausef salinity; thereis amaginal decreasén sealevel alongthewestcoastecause
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of adecreasén the annualmeanl, but thereis a large increasealongthe eastcoastbecausef

alargeincreasdn theannualmeanl". Thedifferencein sealevel betweenVishakhapatnamnd
Mumbaiis now 25 cm andthatbetweenChennaiand Mangaloreis 18 cm, closerto the obsena-

tions. Thereis not muchdifferencebetweenthe simulationswith andwithout the modifications
in salinity alongthe coast. This is becaus¢he annualmeancoastalsalinity in the climatology of

Levitus et al. [1994] is not very differentfrom thatin the synthesizealimatology;it is only the
seasonatycle of monthly climatologythatdepartsonsiderablyfrom obsenrations.

In the presenceof horizontalvariationsin salinity, thereis a baroclinic contritution to the
averagepressuregradientin the upperlayer from the horizontaldensitygradientin the layet
Sincethepressurgradienthasto vanishin thedeepetayer, thepresencef thelow-salinity plume
alongthe eastcoastalsoreduceghe upperlayer thickness(Figure 5.3). The decreasén layer

Figure 5.3 Effect of salinity on the annualupperlayerthicknessH alongthe coast. The figure
shaws annualupperlayerthicknesgm) for two simulationswith the 1%-Iayermodel,bothforced
by thewind-stresglimatologyof HellermanandRosensteifil 983]. In thefirst simulation,density
is constantin the active upperlayer In the secondtemperatureandsalinity are prescribedrom

the climatologiesof Levitus and Boyer [1994] and Levitus et al. [1994], exceptalongthe coast
of the Indian subcontinenfrom the northeastermornerof the Bay of Bengalto Veraval on the
westcoastof India, whereit is modifiedasdescribedn Section4.3.3. Thealongshorevariationin

salinity changesiot only the alongshoregradientof annualsealevel, but alsothatof upperlayer
thickness.
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thicknessalongthe eastcoastreducedhe differencein layerthicknessetweenhe eastandwest
coastsof India. In the purely wind-forcedmodel,the upperlayeris muchthicker alongthe east

3SeeAppendixA.
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coast.Thepresenc®f thelow-salinity plumedecreases, but thelayerthicknesss still greaterin
thebaythanin theArabianSea.Sincethethicknesof theupperayeris ameasuref thethickness
of the mixedlayer, the higherthicknessn the bay contradictsobsenrations. This pointsto oneof
the limitations of the reduced-gnaty model. It is a discretemodel of a continuouslystratified
system.Thelarge horizontalgradientin salinity, andhencein density in the northIndian Ocean
implies thatthe vertical structureis coupledto the horizontalstructure;a simple decomposition
into discretevertical modes,asin the 1%-Iayer reduced-gnaty model, is not possible,and if
attempted)eadsto the errorsdescribedabore. The modelis incapableof simulatingthe higher
sealevel in the Bay of Bengalwithout simulatinga thicker upperlayer also. Thesesimulations
shaw thatthe lower salinity in the Bay of Bengal,especiallyin the coastalWwatersof India, is the
likely causeof the thinnermixedlayersobseredin thebay

In conclusionthe simulationssupportthe obseration of ColonelBurrard,subsequentlyeri-
fied by Ghildyal andKumar thatthe annualsealevel is higheron the eastcoastof India thanon
thewestcoast.Both wind-forcedcoastalkcurrentsandsalinity contritute to this alongshoreyradi-
entin sealevel. Theimpactof windsandsalinity on annualsealevel andthe couplingthatexists
betweernthe oceanthe atmosphereandlandimply thatvariability associateavith the monsoon
mustleadto sea-le@el variability atlower frequenciesthesdower frequenciesorm the subjectof
thefollowing chapter



Chapter 6

Interannual and Interdecadal
Variability

The sstriking aspecof the climateof the Indian subcontinents the monsoon.The word monsoon
is derivedfrom the Arabic word mausamwhich means'season”;it is usedto describetheregular
reversalof windswith seasornhatdeterminesheclimateof thesubcontinentTherearetwo facets
of the monsoon.First, the changein weatherwith seasoris regular For example,1 Juneis the
normal dateof onsetof the monsoonover southwestndia. The seasonatycle associatedvith
the monsoons soregularthata departureof morethana few daysfrom this meandateof onset
is sufiicient causefor concernin the country It is no differentwith the progressof the monsoon
acrosghesubcontinentthistoofollows adefinitepatternandis trackedin Indiaby theofficial her
ald, theIndia MeteorologicalDepartment.This regular, rhythmic changen windsis responsible
for the significantclimatologicalseasonatycle of sealevel alongthe coastof India (Chapter4).
Thus, regularity, borderingon predictability is onefacetof the monsoon.Secondthe monsoon
is fickle: it variesalot from oneyearto another Associatedwvith the seasonathangesn winds,
which definethe monsoonaklimate, are changesn atmospherigressureand, mostimportant,
rainfall. Sinceagricultureis the lifeblood of the subcontinentit is the variability of rainfall that
hasthe maximumimpactandit hasarousednterestfor along time, leadingto rainfall becoming
the bestdocumentedlimatic variablein the subcontinentThereis considerablenterannuabnd
interdecadavariability in therainfall recordssincerainfall directly affectssalinity in theoceanit
is inevitable thatthe interannualariability of the monsoorshouldleadto interannuabariability
in sealevel alongthecoastof India. Thereis evidencefor suchvariability in thetide-gaugeecord
atMumbai(Figurel.3). In this chapterwe describeheinterannuabndinterdecadavariationsin
the sealevel alongthe coastof India anddetermineheir possiblecauses.
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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 seasonatycle a major signalin the sea-leel records
alongthecoastof India. We begin our descriptionof interannualariability by examininghow the
seasonatycle variesfrom oneyearto another Onedifficulty in studyingsea-leel variability at
periodsgreaterthananyearis the shortlengthof severalrecords.Of the eighttide-gaugeecords
usedearlier only thoseat Vishakhapatnantb2 years),Chennai(43 years),Kochi (50 years),and
Mumbai (111 years)arelongerthan40 years. Therefore,we restrictour attentionjust to these
four stationd. The anomaliesof monthly sealevel, computedby subtractingthe meanof the
time seriesfrom the sealevel for eachmonth, are plottedin Figure 6.1, which also shawvs the
climatologicalseasonatycle. Thereis considerablescatteraboutthe climatology the anomalies

Figure 6.1 Anomaliesof uncorrectedmonthly sealevel, n, (cm). The continuousline is the

climatologicalseasonatycle. The dotsrepresenthe anomaliesof monthly sealevel, computed
by subtractinghemeanof thetime seriesfrom themonthlysealevel. Thereis considerablscatter
aboutthe climatology indicatingsignificantinterannualariability of sealevel alongthe coastof

India.
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1The40-yearcutof is arbitrary but, aswe shallsee gven40 yearsis not enough.
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of monthly sealevel being comparableo the rangeof the seasonatycle. Therefore,thereis

considerablenterannualariability in the sealevel alongthe coastof India. The sea-lgel data
usedin Figure 6.1 include the effect of atmospherigressurewhich hasa strongeffect on the
seasonatycle; for example,it changesheseaevel by aboutl0cmin Juneat Mumbai. We apply
thelnverse-BarometgiiB) approximationSection2.2.1)to correctfor this effect, usingmonthly
atmospheric-pressudatafrom the Global Historical Climate Network (GHCN); unfortunately
the GHCN dataalso have gapsandare not availablefor the entire spanof the sea-l&el records
(Table6.1), therebytruncatingthem. In applyingthe IB approximationwe assumehatthe av-

eragemonthly sea-l@el pressureover the world oceansdoesnot changefrom yearto year this

assumptiorbeingnecessargincewe have only climatologicaldata(from COADS) for the aver-

agepressure Theresultinganomaliesare plottedin Figure6.2; therestill is considerablescatter
aboutthe climatology

Table 6.1 Sea-leel pressurelatafrom the GlobalHistorical ClimateNetwork (GHCN). Ny, is the
numberof yearsof dataavailable.

Station Longitude Latitude Timespan Ny,
CE) CN)

Vishakhapatnam 83.23 17.72 1941-1988 48

ChennailMinambakkam)  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

Giventhattherearelarge changesn monthly sealevel from yearto year how robustis the
seasonatycle?In otherwords,is theinterannuabariability suchthatit warpsthe seasonatycle,
or doesthe seasonatycle repeatalmostevery year, with interannuakchangesnerelyperturbing
it? Oneway to determinethis is to checkthetiming of the extremaof the seasonatycle. His-
togramsof themonthof occurrencef theextremaof the seasonatycle of sedevel, notcorrected
for the effect of atmospherigressureare shavn in Figure 6.3. The histogramsshowv that the
seasonatycle is extremely robust on the eastcoast,therenot being muchvariationin the tim-
ing of the maximum;the maximumoccursmostly in Octoberor Novemberat Vishakhapatnam
andin Novemberat Chennai. The scatteris more for the minimum, but it occursmostly dur
ing February—April,whenthe antigyclonic gyre, with a polevard, upwelling-fvourablewestern

2For computationselatedto sealevel, theyearis definedfrom July of a givenyearto Juneof thefollowing yearin
the restof this chapter unlessotherwisestated. This is donebecausef the effect that salinity hason sealevel along
the coastof India. Sincethe changesn salinity arelinked to monsoorrainfall, it seemanorereasonabléo definethe
yearsuchthatthe monsoorrainsoccur“early in theyear”, ratherthanin the middle;with this definition, rainfall for a
given calendalyearhasan effect on sealevel throughoutthe “year”. Anotherpossibledefinitionwould startthe year
afterthemonsoorrains,sayin October Notethatthe calendaryearis still usedfor computationsnvolving rainfall.
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Figure 6.2 Anomaliesof correctedmonthly sealevel, n, (cm). The continuousline is the cli-

matologicalseasonatycle. The dotsrepresenthe anomaliesof monthly sealevel, computedoy

subtractinghe meanof the time seriesfrom the monthly sealevel. Thereis considerablescatter
aboutthe climatology indicatingsignificantinterannuabariability of sealevel alongthe coastof

India.
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boundarycurrent,formsin the Bay of Bengal. SinceChennailies closeto the southernimit of

the gyre andthe sizeof the gyre dependsn thewind field over the bay, the greaterscatterthere
is not surprising. Along the westcoast,however, thereis considerablezariationin thetiming of

the extrema,the scatterincreasingoolevard alongthe coastto Mumbai. At Kochi, the maximum
occursmostlyduringNovembe+Januarywhentheclimatologicalseasonatycle peakghere.The

minimumoccursmostlyin May, beforethe southwesmonsoonpr in Septembertowardstheend
of the southwestmonsoonihis reflectsthe existenceof a minor secondarymaximumduring the

southwestnonsoon At Mumbai, the extremaof the seasonatycle canoccurin almostary month
of theyear The maximumoccursduringwinter, or duringthe southwestmonsoonor in March,

reflectingthe multiple peaksof the seasonatycle beforeit is correctedfor the effect of atmo-
sphericpressurgFigure 4.1). The prominenceof the semiannuakignalis alsoreflectedin the
timing of the minimum, which usually occurseithertowardsthe end of the southwesmonsoon,
orin May.
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Figure 6.3 Histogramsof thetime of occurrenceof the extremaof the seasonatycle of uncor

rectedsealevel. The numberof occurrence®f the extremumin a given monthis plottedon the
ordinateandthe monthduring which the extremumoccursis plottedon the abscissaThe scatter
in thetiming of the extremais more on the westcoast,implying thatthe seasonatycle is more
robustalongthe eastcoastof India.
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Sincethe effect of atmospherigoressureon the seasonatycle is not small, it is necessary
to determinehow rohust the correctedseasonatycle is. The resultinghistogramsare shavn in
Figure6.4;for comparisonthehistogramgor theuncorrectedealevel arerepeatedn Figure6.5,
retainingonly thoseyearsthatcontributeto Figure6.4. Thesedfiguresshov thattheseasonatycle
is muchmorerobust when correctedfor atmospherigressure.Thereis a large decreasen the
scatterin the timing of the extrema, especiallyat Mumbai, wherethe correctedseasonatycle
peaksalmostalwaysin winter.

Therefore the seasonatycle of sealevel, whencorrectedfor the effect of atmospherigres-
sure,is robust andthe basicpatternof the seasonatycle doesnot shav significantinterannual
variations,reflectingthe regularity with which the monsoonwinds and salinity along the coast
of India change.Neverthelesstheremustbe interannuabariability in the annualsealevel along
the coastof India becauseghe anomaliesof monthly sealevel with respecto the climatological
seasonatycle arenot small(Figures6.1and6.2).
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Figure 6.4 Histogramsof thetime of occurrencef the extremaof the seasonatycle of corrected
sealevel. Thenumberof occurrencesf theextremumin a givenmonthis plottedon the ordinate
andthe month during which the extremumoccursis plotted on the abscissa.The scatterin the

timing of the extremais muchlesswhenthe sealevel is correctedfor the effect of atmospheric
pressureThecorrectedseasonatycle is morerobustthroughouthe coast.
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6.1.2 Variability of Annual Sealevel

Annualsealevel® atalocationis computedoy averagingmonthly sealevel over anyear Thesea-
level recordsat the four stationsarewith respecto a given datum,the RevisedLocal Reference
(RLR); hence,it is possibleto averagethe annualsealevel over the length of the recordand
computeanomaliesof annualsealevel. Theseanomalies)ike the monthly anomaliescanbe
comparedalongthe coast, but, sincethe referencedatumat eachstationis local to that station
andis notlinkedto thatatthe others,it is not possibleto computeabsolutesealevel at a station.
The anomaliesof annualsealevel are plottedin Figure 6.6; the monthly sealevel usedto
computethe annualsealevel for this figure are not correctedfor the effect of atmospheriqres-
sure.The annualsealevel alongthe coastexhibits significantinterannuabariability, the rangeof

3Annualsedevelis alsocalled“annualmean”,or just‘mean”, sedevel in this chapterthequalificationis necessary
attimesbecause¢he annualextremaarealsoconsideredilongwith theannualmean.Neverthelessannualsealevel”,
whenusedassuch,still refersto theannualmean.

4Thedifferencein thelengthof the sea-leel recordshowever, introducessomeerrors.
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Figure 6.5 Histogramsof thetime of occurrenceof the extremaof the seasonatycle of uncor
rectedsealevel, but for the sameperiod asin Figure 6.4. The numberof occurrence®f the
extremumis plottedon the ordinateandthe monthduring which the extremumoccursis plotted
ontheabscissaThisfigureis similarto Figure6.3,exceptthatthedatacover only thoseyearsthat
contritute to Figure6.4. The scatterin the timing of the extremais morethanfor the corrected
seasonatycle, especiallyat Mumbai, reflectingthe significantcontrikution madeby atmospheric
pressurdo the seasonatycle there.
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the variation being comparablego that of the climatologicalseasonatycle at eachstation. The
anomalieof annualsealevel arealsocoherentlongthe coast,andthis coherenceéemainswvhen
themonthly sealevel is correctedor atmospherigpressurdeforecomputingtheannualsealevel
(Figure6.7). This coherencés notjust visual; the anomaliesarealsostatisticallywell correlated
alongthe coast(Table6.2). The only exceptionseemdo be the tide gaugeat Kochi, wheresea
level risessharplyfrom the 1940sto 1960; the variation at the other stationsis not similar, and
this reduceghe correlationsfor Kochi. Annual sealevel at Kochiis bestcorrelatedwith that at
Chennaiput thisis owing to theabsencef dataat Chennaiduringthe 1940s.

This coherencealong the coastis also seenin the variation of the annualextrema (Fig-
ures6.8,6.9). Themaximumandminimumsealevel duringanyeararein phasewith theannual
mean;they increasgdecreaseyvhenthe meanincreasegdecreases)l'hecorrelationbetweerthe

5SeeAppendixC for themethodusedto computethe significancdevels.
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Table 6.2 Linearcorrelationstatisticsfor annualsealevel. n,,, n., n,, andn,, denotethesealevel
anomaliesat VishakhapatnamChennai,Kochi, and Mumbai; the subscript‘m” implies annual
meansealevel. r is thelinearcorrelationcoeficientbetweerthevariablesn thefirst two columns
(atzerolag). rs is the linear correlationat the P% significancelevel for the requirednumberof
degreesof freedom:;if thecolumnfor P is blank,thenrs is the correlationat the 90%significance
level, but thetwo variablesarenot correlatedeven at this level. A “C” in thelastcolumnimplies
thatthesea-leel dataarecorrectedor theeffectof atmospheripressurédefaultis nocorrection).
The correlationbetweenChennaiandKochifor correctedsealevel is not computedoecausenly
sevendeggreesof freedomareavailable.

Nvm Nem 0.779 0.561 99.0
Nym Nem 0.772 0575 99.0 C
Nvm Nem 0.572 0.449 99.0
Nym N, 0482 0444 950 C
Nvm Num 0.401 0.316 95.0
Nvm Num 0.474 0.436 99.0 C
New Nen 0.687 0.590 99.0
Nem Mum 0.593 0505 99.0
Newm Num 0.548 0.433 95.0 C
Nem Num 0.216 0.292

Nem  Num 0.398 0.390 90.0 C

annualmeanandthe annualextremais excellent (Table 6.3). It is not just the annualextrema
thatarein phasewith the annualmeansealevel; eventhe seasonadveragegfor February—April,
March—May andJuly—Septembealongboth coastsfor OctoberDecembemrlongthe eastcoast,
andfor NovemberJanuanalongthewestcoast)aresignificantlycorrelatedwvith theannualmean
(Table6.3). This impliesthatthe major changerom yearto yearis in the meansealevel, super
imposedonwhichis the seasonatycle. Theinterannuabariationsin this superimposedeasonal
cycle leadto differentialvariationsin the extremaandthe seasonatveragesof sealevel.

6.2 Interdecadal Variability of Sealevel Along the Coast

An implicationof theabove statisticds thatit is notnecessaryo correctfor atmospheripressure
whendeterminingthe annualextrema. This is importantbecauseapplyingthe correctionusing
the GHCN pressuralatatruncateghe lengthof the sea-l@el record. Not applyingthe correction
impliesthatthe sea-leel recordat Mumbaiextendsover 111 years(1878-1988)permittingusto
uselow-passfilters to examinethe variability at evenlower frequenciesThe next longestrecord,
at Vishakhapatnamis only 52 yearslong; hence,only the tide gaugeat Mumbai is useful for
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Figure 6.6 Anomaliesof uncorrectecannualsealevel (cm). The annualsealevel wascomputed
by averagingmonthly sealevel, not correctedor atmospheri@ressurepver anyear(July—June),
andthe meanof thetime serieswasremoved to obtainthe anomalies.The curve for Mumbaiis
superimposednthosefor theotherthreestations. Theanomalieof annualseaevel arecoherent
alongthecoastKochibeingtheonly exception. Thesharprisein annualsealevel at Kochiduring
1940-1960s not seemat the otherstations.
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Figure 6.7 Anomaliesof correctedannualsealevel (cm). The annualsealevel was computed
by averagingmonthly sealevel, correctedfor the effect of atmospherigoressurepver an year
(July—June)andthe meanof thetime serieswasremaovedto obtainthe anomaliesThe curve for

Mumbaiis superimposedn thosefor the otherthreestations. The correctedannualsealevel is

alsocoherentlongthe coast,Kochiagainbeingthe only exception.
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Figure 6.8 Anomaliesof the uncorrectecannualmean(middle curve), maximum(uppercune),
andminimum (lower curve) seaevel (cm). Theannualmeanseaevel wascomputeddy averaging
monthly sealevel, not correctedfor atmospherigpressurepver an year (July—June)the annual
maximum(minimum)is the maximum(minimum) sealevel during July—June.The meanof the
time seriesvasremovedto obtaintheanomaliesTheannualextremaarein phasewith theannual
mean;in generalwhenthe meansealevel increasessodo the maximumandthe minimum.
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Figure 6.9 Anomaliesof the correctecannualmean(middle curve), maximum(uppercurwe), and

minimum (lower curwe) sealevel (cm). The annualmeansealevel wascomputedby averaging
monthly sealevel, correctedor atmospherigressurepver anyear(July-June)the annualmax-

imum (minimum) is the maximum(minimum) sealevel during July-June.The meanof the time

seriesvasremovedto obtaintheanomaliesTheannualextremaof correctedsealevel arein phase
with theannualmean;in generalwhenthe meansealevel increasessodo the maximumandthe

minimum.
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Table 6.3 Linear correlationstatisticsfor annualmean,extrema, and seasonabveragesof sea
level. n,, n¢, Ny, andn,, denotethe sealevel anomaliesat VishakhapatnanChennaiKochi,and
Mumbai;thesubscriptsm”, “max”, and“min” imply annualmeanmaximum,andminimumsea
level, andthe subscriptsFMA”, “MAM”, “JAS”, “OND”, and“NDJ” imply averagesealevel for
February—April,March—May July—SeptembectoberDecemberandNovemberJanuaryr is
thelinear correlationcoeficient betweenthe variablesin thefirst two columns(at zerolag). rs is
thelinear correlationat the P% significancdevel for therequirednumberof degreesof freedom;
if the columnfor P is blank, thenrg is the correlationat the 90% significanceevel, but the two
variablesarenot correlatedeven atthis level. A “C” in thelastcolumnimpliesthatthe sea-leel

dataarecorrectedor the effect of atmospheripressurddefaultis no correction).

r ls P

Nvm Numm  0.789 0.388 99.0
Nym Numm 0.798 0.418 99.0 C
Nym Nym, 0.530 0.388 99.0
Nym Numn 0.530 0.418 99.0 C
Nyw Nyes 0.556 0.388 99.0
Nym Nuwee 0.586 0.388 99.0
Nym Nuge 0.746 0.388 99.0
Nm Nvowo 0.800 0.388 99.0
New  Nems  0-759 0.478 99.0
Nem  Mems  0-831 0515 99.0 C
New Nemn  0.752 0.478 99.0
Nem Nomn 0789 0515 99.0 C
New Noswa 0.606 0.478 99.0
New  Mowny 0-505 0.478 99.0
New Mems 0.523 0.478 99.0
Now Noony  0-850 0.478 99.0
Nem Nemy  0.796 0.402 99.0
Nem Mems 0821 0515 99.0 C
New Nemn 0-895 0.402 99.0
Nem Nemn 0893 0515 99.0 C
Nem Neen 0891 0.402 99.0
Nem Newwy  0-905 0.402 99.0
N NMws 0873 0.402 99.0
New Newny  0-875 0.402 99.0
Num Numy 0.879 0.247 99.0
Num Nuem 0.785 0.320 99.0 C
Num Numn  0-862 0.247 99.0
Num Nuan  0.828 0.320 99.0 C
Num Nuewa 0.887 0.247 99.0
Num  Numaw  0-907 0.247 99.0
' ' 0.845 0.247 99.0
0.863 0.247 99.0

NMum N M,JAS
Mum  Nwnos
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studyinginterdecadaVariability in sealevel. Sincethe annualmeanandextremaof sealevel are
coherentlongthe coast,it is reasonabléo assumehatthe interdecadaVariability at Mumbaiis
representate of thatalongthe coastof India.

6.2.1 Interdecadal Variability of Sealevel at Mumbai

To determinethe variability at periodshigherthanan year we low-pass-filterthe sea-leel data
at Mumbai (not correctedfor atmospherigressureith an N-yearrunningmean. The correla-
tions betweerthe filtered annualmeanandannualextremaremainstatisticallysignificantat the
lower frequenciesindthe coherencéetweertheannualmeanandextremaincreasegasfrequeng

decreaseélable6.4,Figure6.10).

Table 6.4 Linear correlationstatisticsfor low-pass-filterecsealevel at Mumbai. n,, denoteshe
anomalyof low-pass-filteredsealevel at Mumbai; the subscripts'm”, “max”, and“min” imply
mean,maximum,andminimum sealevel, respectiely. r is thelinear correlationcoeficient be-
tweenthevariablesn thefirst two columns.An N-yearrunningmeanis usedto filter thesea-lgel
databeforecomputingthecorrelationgN = 1 impliesnorunningmean).rsis thelinearcorrelation

atthe P% significancdevel for the requirednumberof degreesof freedom.

r rs P N

Num  Nume 0-879 0.247 99.0
Num Numn 0-862 0.247 99.0
Num Nume 0927 0.304 99.0
Num  Numn  0.917 0.304 99.0
' 0.974 0.450 99.0
Num  Nums 0.968 0.450 99.0
Num  Mune 0.990 0.609 99.0 10
Num  Numn 0.985 0.609 99.0 10

r]M,m r]M,max

GO NN PR

Thefiltereddatashaw thatsealevel wasgenerallylow during1870-1920it pealedin thelate
1950sdecreasinghereafter Therisein thefirst half of this centurywasaboutl1 cm, thefall after
thatbeingabout4.5 cm. This decreasafter 1960wasalsonotedby EmeryandAubrey [1989],
who computedhelineartrendsin sealevel alongthe coastof India. They consideredive stations
in their analysis,of which four — VishakhapatnanChennai,Kochi, andMumbai— shaved a
risein seadevel relative to landover thedurationof thetide-gaugeecord.At Mangalore however,
they noteda decreasén sealevel relative to land. Thetide-gaugerecordat Mangalorespanghe
period1952-197qTable2.1), duringwhich sealevel at Mumbai alsoshavs a decreasindrend.
The coherencén the low-frequeny variability of sealevel alongthe coastof India suggestsa
similar behaiour atMangaloreandalsoat the othertide-gaugestations.
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6.2.2 Significanceof the Tide Gaugeat Mumbai

This decreasén sealevel over a decadeor moreis puzzlingbecausat doesnot fit in with the
ideaof “global sea-l@el-rise”. Sealevel hasbeenrecognizedasan excellentmarker of climate
changeand“global” sealevel appeardo be rising relative to land at the rate of 1 mm year?;
thisis attributed,in part,to the warmingof the globedueto the greenhouseffect [Gornitz etal.,
1982]. Thewarmingis expectedto affect sealevel in two ways. First, it is expectedto raisethe
temperaturen the upperocean;secondjt is expectedto melt polarice caps,releasingthe large
quantitiesof freshwatertrappedin them. Both processesvould increasethe volume of waterin
theworld oceanstherebyraisingsealevel all over theglobe.

Theissue however, is morecomplicatedandit is difficult to obtaina singleglobalindex for
long-termsea-l@el changedBarnett,1984]. Thoughthereis an apparentncreasen sealevel
in most of the world oceansthereare regions that shav a differenttrend, southeas®sia for
example. Apart from this, thereis the problemof separatinghatural, low-frequenyg sea-leel
variability from thatcausedy anthropogenieffects;this callsfor long sea-l@el time-seriesand
suchrecordsare not mary. Moreover, the availablerecordsare not distributed uniformly, most
beingfrom Scandingia. Betweenthe tropicsof CancerandCapricorn,only threerecordsthose
atMumbai,Honolulu,andBalboa,go backatleastto the beginningof this century Of thesepnly
Mumbaiis in the Indian oceanandits tide gaugehasbeenconsideredepresentate of the low-
frequeny sea-le@el variability in thebasin[Gornitz etal., 1982;Barnett,1984]. Thecoherencén
theinterannuabariability of sealevel alongthe coastof India supportghis assumption.

6.3 MonsoonVariability and Sub-Annual Changesof Seal evel

Given that the oceanand the atmospherdorm a coupledsystem,it is unquestionablehat the
changesn sealevel mustreflectchangesn climate. Themajoraspecof theclimateof thelndian
subcontinentn particular andof Asia in general,is the monsoonwhich is linked to global cli-
mateby the planetary-scal@processe# the atmospherandthe ocean.Therefore theremustbe
arelationbetweerthe variability of the Indian monsoorandthe sub-annuathangesn sealevel
at Mumbai and other stationsalongthe Indian coast. The bestrecordof monsoornvariability is
containedin rainfall measurementat meteorologicaktationsscatterecover the Indian subcon-
tinent. Sincerainfall directly influencessalinity, which, in turn, influencescoastalsealevel, the
sub-annuavariability of sealevel alongthe coastof India mustberelatedto the sub-annuavari-
ability of rainfall overIndia. Hencewelook for for aconnectiorbetweerthevariability of rainfall
andthatof sealevel.
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6.3.1 Correlation BetweenLocal Rainfall and SealLevel

A connectionbetweensealevel at a location and the local rainfall was tentatvely established
by earlierstudiegVaradarajulietal., 1982;PrasacandReddy,1985; ShetyeandAlmeida, 1985].
Theseasonatycle of rainfall over southeasindia, includingVishakhapatnarandChennaidiffers
from thatover therestof India: southeasindiarecevesmorerain duringthe northeastnonsoon.
Therefore the seasonatyclesof bothlocal rainfall andsealevel peakin Novemberat Vishakha-
patnamand Chennai. This, however, is not true alongthe westcoastof India, or at Paradipin
the northernBay of Bengal. Giventhatthe seasonatycle of sealevel is cohereni@alongthe east
coast,is thereary connectiorbetweenlocal rainfall andsealevel at sub-annuatime scalesVe
examinethe possibility usingannualrainfall® asa measureof rainfall variability to avoid using
two indices,onefor the southwesmonsoorandanothetfor the northeastmonsoon.

Monthly rainfall datafor VishakhapatnamChennai,Kochi, and Mumbai are available from
GHCN (Table6.5). Annualrainfall for thesestationsis plottedalongwith the annualmeanand
extremaof sealevel in Figure6.11;the correspondingorrelationsarelistedin Table6.6. Local
rainfall is significantlycorrelatedwith annualsealevel only at Mumbai. At ChennaiandKochi,
local rainfall appeargo beunrelatedo annualsealevel.

Table 6.5Monthly local rainfall datafrom the GlobalHistorical ClimateNetwork (GHCN). Ny, is
the numberof yearsof dataavailable. The symbolin thelastcolumnis usedfor thelocal rainfall
atthesefour stations.

Station Longitude Latitude Timespan Ny, Symbol
(E) CN)

Vishakhapatnam 83.23 17.72 1866-1989 124 R,

ChennailMinambakkam)  80.18 13.00 1813-1990 178 R.

Kochi (Willingdon) 76.27 9.95 1842-1973 132 R

Mumbai(Colaba) 72.82 18.90 1817-1989 173 R,

Thelocalrainfall atthesefour stationsarecorrelatedamongsthemseles, but the correlation
is high only for VishakhapatnarandMumbai,thetwo stationsatwhichlocalrainfall andseaevel
yield a non-ngligible correlation.Sincethe connectiorbetweerrainfall andsealevel is through
salinity, this implies that salinity alongthe coastis not influencedsimply by the local rainfall,
except,perhapsin theneighbourhooaf Mumbai. The correlationat Mumbairemainssignificant
whentherainfall andsedevel arelow-pass-filteredTable6.6, Figure6.12).Like annualseaevel,

6Annualrainfall is definedasthe sumof monthly rainfall over a calendaryear As mentionedearlier we usethe
calendaryearfor computingrainfall, but computethe meanandextremaof sealevel during July—Junefor computing
correlationsdbetweerrainfall andsealevel, “zerolag” implies(say)rainfall for 1950is matchedagainsisealevel during
July 1950to Junel951.
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Table 6.6 Linear correlationstatisticsfor annuallocal rainfall andsealevel. R,, R., R, andR,

denotethe anomaliesof annuallocal rainfall at VishakhapatnantChennai,Kochi, and Mumbai,
andn, , andn, . the anomaliesof annualsealevel at Vishakhapatnanand Mumbai. r is the
linear correlationcoeficient betweenthe variablesin the first two columns(at zerolag). rs is
thelinear correlationat the P% significancdevel for therequirednumberof degreesof freedom;
if the columnfor P is blank, thenrs is the correlationat the 90% significanceevel, but the two
variablesarenot correlatedevenat this level. An N-yearrunningmeanhasbeenusedto filter the
databeforecomputingthecorrelationsN = 1 impliesnorunningmean.Correlationgor sealevel
at ChennaiandKochiarenotshavn because¢hey arenegligible.

r rs P N
R, nu. 0.183 0.272 1
R, Nun. 0492 0.247 99.0 1
R, Nu. 0.587 0.304 99.0 2
R, N.., 0.666 0450 99.0 5
R, Nuw. 0.752 0.609 99.0 10
R, Ry, 0.307 0.235 99.0 1
R. Ry 0.138 0.141 1
Re Ry 0.136 0.160 1
R. R 0.163 0.160 90.0 1

rainfall alsoincrease$rom alow earlythis centuryto apeakin the 1950sandthendecreasesr his
implies thattheremustbe a relationbetweerrainfall andsealevel, but this relationmay not be
local.

6.3.2 All-India Rainfall

Thelack of correlationbetweenocal rainfall andsealevel is not surprisingbecaus®f the strong
influencethatrunof from the Gangaandthe Brahmaputrdason the salinity alongthe eastcoast
of India (Section4.3.2). The decreasén salinity alongthe eastcoastis mainly dueto the runoff
from the Gangaandthe Brahmaputraandthatalongthe westcoastis dueto therunof from local
rivers during the southwestmonsoonand the adwection of freshwater from the bay during the
northeastmonsoon.Therefore the sub-annuaVariability of salinity alongthe eastcoastmustbe
determinedy thevariability of rainfall in the catchmentreasof the Gangaandthe Brahmaputra
(Figure 6.13), which mustalsohave an effect on the sub-annualariability of salinity alongthe
west coast;the rainfall alongthe westcoastis an additionalfactorin the variability of salinity
there.

Thereis considerablevariationin the rainfall over the Indian subcontinentn both spaceand
time. Neverthelessmeteorologistsisean area-weightedverage called“all-India rainfall’, asa
popularindex of monsoonvariability. This is often definedfor the southwesimonsoon(June—
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September)during which a large fraction of the subcontinenteceves over 75% of the annual
rainfall [Mishra andGadgil, 1996,andreferencesherein]. The major exceptionis southeastn-

dia, where70% of the rainfall is during OctoberDecember Sincethe rainfall during thesetwo

seasonss positively correlatedSingh, 1994; MishraandGadagil, 1996], annualall-India rainfall

is areasonableneasuref the variability of monsoorrainfall over India.

Thereis a strongbiennialcomponentn thevariationof all-India rainfall, with a good(poor)
monsoorfollowed by a poor (good)monsooriMishraandGadgil, 1996,andreferencesherein].
This interannualvariation is embeddedn a decadal-scaleariation: there have beendistinct
epochsn the monsoorrainfall over India andin its variability [Joseph1976]. Therewasa high
frequeng of droughtsand variability was large during the periods1899-1920and 1965-1987,
whereasvery few droughtsoccurredand the variability waslow during 1880-189%nd 1929—
1964; since1988, anotherepochwith a low frequeng of droughtsappeardo have commenced
[MishraandGadgil,1996].

Sinceall-Indiarainfall is aderved quantity estimatedasthe area-weightedverageof annual
rainfall at stationscovering 29 meteorologicakubdvisionsin India [Parthasarathyet al., 1993,
1995; Mishraand Gadgil, 1996], thereexists morethanoneestimate.We usetwo time seriesof
annualall-Indiarainfall, thefirst spanningl901-199QR ,,) andthe secondspanningl871-1994
(R). Theanomaliescomputedrom the two time seriesagreewell with eachother(Figure6.14),
but thereis adifferenceof 23 cmin thelong-termmeanrainfall, andhencejn totalannuakainfall;
themeanof R ; is 86.5cm, andthatof R is 109.1cm. In theabsencef ary reasorfor preferring
onetime seriesto theother we usebothfor studyingthelink betweerthe monsoorandsealevel
alongthe coastof India.

We have datafrom the 1871-1994time seriesfor 29 meteorologicalkubdvisionsin India
[Parthasaratht al., 1995]. Threeof these— Konkanand Goa, CoastalKarnatakaandKerala
(Figure6.15)— lie to the westof the SahyadriRangein a coastalstrip thatrecevesvery high
rainfall; Mumbailies in the subdvision Konkan-and-Goandis closeto the northernendof the
coastalstrip; Kochilies in Keralaandis closeto the southernendof the strip. We combinedata
from thesethreesubdvisions, usingan area-weighted@dverageto estimate"West-Coastainfall”
(Ryec), which hasa meanof 281 cm. Its anomalyis plottedalongwith thatof R, in Figure6.14.

It is moredifficult to estimataherainfall in the catchmentreasf the Gangaandthe Brahma-
putrabecausdhe catchmentareasof thesetwo riversandtheir tributariescovers a vast areaof
India and spansseveral meteorologicakubdvisions; it alsoincludesBangladeshfor which we
have no rainfall data. We pick eight of thesesubdvisions— North Assam,SouthAssam,Sub-
HimalayanWestBengal,GangeticWestBengal,Bihar PlateauBihar Plains,EastUttar Pradesh,
andWestUttar PradestPlains(Figure 6.15)— andcombinethe datafrom them,usingan area-
weightedaverageto estimate‘Ganga-Brahmaputreainfall” (R,;), which hasa meanof 147 cm.
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This givesanideaof therainfall andits variability in the catchmentareasof the Gangaandthe
Brahmaputrabut is lessaccurateghanWest-Coastainfall becausesomeof the tributariesof the
Gangaespeciallythoseflowing south—northarenot accountedor; alsoignoredin this estimate
arethecontrikutionsto runof from rainfall in the Himalayanfoothills andfrom snav-meltin Tibet
andthe Himalayaswherethe Gangathe Brahmaputraandsomeof their majortributariesorigi-
nate. Therainfall over hilly regionsis alsonotincludedin estimatef all-India rainfall because
of thedifficulty in usingstationrainfall datato computearea-weightedveragesthisis proneto
large errorsin hilly areaswherethe spatialvariationis large andrapid, unlike in the plains. The
anomalyof R, is plottedalongwith thatof R in Figure6.14.

Thoughthe variability of all-Indiarainfall is determinedprimarily by the variability in north-
westIndia becausehe coeficient of variationis largestthere(> 50%)[Mishra andGadgil, 1996,
andreferencesherein],all-India rainfall is significantlycorrelatedwith both West-Coastainfall
and Ganga-Brahmaputrainfall; sois thelocal rainfall at Mumbai and Kochi with West-Coast
rainfall (Table6.7). Theimplicationof thesecorrelationds thatall-Indiarainfall, from eithertime

Table 6.7 Linear correlationstatisticsfor annualrainfall. R andR ,, denotethe anomaliesof
all-India rainfall for the 1871-1994and 1901-199Qtime series,R,. andR,, the anomaliesof
West-Coastind Ganga-Brahmaputnainfall, andR,, R , andR,, the anomaliesof annuallocal
rainfall at VishakhapatnanMumbai,andKochi.r is thelinearcorrelationcoeficientbetweerthe
variablesin thefirst two columns(at zerolag). rs is thelinear correlationat the P% significance
level for the requirednumberof degreesof freedom;if the columnfor P is blank, thenrg is the
correlationatthe 90%significancdevel, but thetwo variablesarenot correlatedevenatthislevel.
Rainfall at Chennais notcorrelatedwith all-Indiarainfall, andhencethe correlationis notlisted.

r rs P
R R, 0.941 0.267 99.0
R R, 0.641 0.229 99.0
R R,; 0.587 0.229 99.0
R Ry 0.670 0.267 99.0
R Rss 0.378 0.267 99.0
R R, 0.384 0.239 99.0
R R, 0.199 0.194 95.0
R R, 0.478 0.235 99.0
R, R, 0265 0.213 99.0
R;w R, 0.195 0.198
R, R, 0549 0.272 99.0
R R, 0.177 0.175 95.0
R.. R, 0.557 0.235 99.0
R R¢ 0574 0.253 99.0

series,is a reasonableneasureof the rainfall over the westcoastof India andin the catchment



Interannual and Interdecadal Variability 141

areaf the Gangaandthe BrahmaputraTherefore jts variability mustinfluencethatof salinity,
andhence of sealevel alongthe coastof India.

6.3.3 Correlation BetweenAll-India Rainfall and Sealevel

Theanomalieof theannualmeanandextremaof sealevel arevisually correlatedvith R andR ,,
(Figures6.16,6.17,6.18,and6.19). Thecorrespondingorrelationsarelistedin Table6.8. Except
at Kochi, the annualmeansealevel is significantly correlatedwith R andR ,,. Thecorrelation
is bestfor Mumbai, which is significantly correlatedat the 99% significancelevel irrespectre
of the all-India-rain&ll time seriesused. At Vishakhapatnanand Chennai,the correlationsare
betterwhenR ,, is used,andwhenthecorrectionis appliedfor the effect of atmospheripressure.
The correlationsat thesetwo stationsimprove considerablywvhenthe sea-leel datafor 1961are
droppedthisyearbeinganoutlier. Theannualall-Indiarainfall during1961is thesecondhighest
for theseriesR |, andthefourth highestfor R . Despitethis, thelowestannualmeansealevel was
recordedn 1961 at Vishakhapatnamat Chennaithe annualmeanwasthe sixth lowestin 1961
(sealevel correctedfor atmospherigressure) We treatthis datapoint asan outlier 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 Kochi alsoarenot correlatedwith all-Indiarainfall. At Mumbai,boththe max-
imum and minimum are significantly correlatedwith bothR andR ,,. At Vishakhapatnarand
Chennaithe maximumis significantlycorrelatedwith all-Indiarainfall, the correlationbeingsig-
nificantatthe 99%significancdevel whenthesea-leel datafor 1961aredropped.Theminimum
atVishakhapatnans bettercorrelatedvith R ,, thanwith R ; at Chennaijn eithercasethecorre-
lationfallsjustshortof the 90%significancdevel. Thereforetheannualmeanandextremaof sea
level alongthe coastof India, Kochibeinganexception,aresignificantlycorrelatedwith all-India
rainfall, the correlationsbeinglower for the minimum; the bestcorrelationsare obtainedfor the
sealevel at Mumbai,which hasthelongesttide-gaugeecord.

The correlationsat Mumbai retaintheir significance(Table 6.9) whenthe dataarelow-pass-
filteredwith arunningmean(Figures6.20and6.21). Annualsealevel at Mumbaiis significantly
correlatedwith the all-India rainfall from the 1901-199(ata,R ,,. Thoughthe filtered rainfall
is noisierthanthefiltered sealevel, bothrainfall andsealevel werelow in thefirst two decades
of this century roseto a peakin the 1950s,anddeclinedthereafter Annualsealevel at Mumbai,
however, is notaswell correlatedwith the 1871-1994all-Indiarainfall, R . R wasabove normal
during 1871-189%nddroppedto a low during 1900-1915hut the annualsealevel at Mumbai
during 1878-1899vasjust 2 cm higherthanthatduring 1900-1920gliminatingthe dataduring
1871-1900mprovesthe correlation. Annual sealevel at Mumbaiis also correlatedwith West-
Coastrainfall R, but not with Ganga-Brahmaputreainfall R,;; eliminating the dataduring
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Figure 6.10Low-pass-filteredariability of sealevel (cm) at Mumbai. The annualmean(middle
cune), maximum(uppercurwe), and minimum (lower curve) are plotted after the dataare low-
pass-filteredvith a runningmean. Plotsare shavn for no runningmean,2-yearrunningmean,
5-yearrunningmean,and10-yearunningmean.Thecoherencéetweertheannualmeanandan-
nualextremaincreasessfrequeny decreaseslheinterdecadathangesn sealevel areapparent
evenfor a2-yearrunningmean but areclearerfor 5-yearand10-yearunningmeans Seaevel at
Mumbaiwasgenerallylow during1870-1920it pealedin thelate 1950s,decreasinghereafter
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Figure 6.11 Anomaliesof local annualrainfall andthe annualmeanand extremaof sealevel at
VishakhapatnanChennaiKochi,andMumbai. Anomaliesof sealevel (cm)andrainfall (cm)are
plottedon the ordinateandtime (year)is ontheabscissaThe dashedturwe is for rainfall andthe
solid curvesarefor the annualmean(middle curwe), annualmaximum (uppercurwe) andannual

min

imum (lower curwe) of sealevel.
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Figure6.12Low-pass-filteredrariability of localannualainfall andseaevel atMumbai. Anoma-
lies of sedevel (cm)andrainfall (cm) areplottedontheordinateandtime (year)is ontheabscissa.
Thedashedurweis for rainfall andthesolid curvesarefor theannuaimean(middlecurwe),annual
maximum(uppercurve) andannuaiminimum (lower curwe) of seaevel. Thedataarefilteredwith
arunningmean.Plotsareshovn for norunningmean 2-yearrunningmean 5-yearrunningmean,
and10-yearunningmean.Local annualrainfall andtheannualmeanandextremaof sealevel are
significantlycorrelatecat Mumbai, the correlationincreasingvhenthe dataarelow-pass-filtered.
Like annualsealevel, rainfall alsoincreasedrom alow early this centuryto a peakin the 1950s
andthendecreases.
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Figure 6.13 The major riversof India aremarked on the map;the dashedine shavs the 200 m
isobath. Most of the big riversflow into the Bay of Bengal. The highestrunof is that of the
GangaandBrahmaputraywhich togetheremptyabout7.2 x 10! m? into the northernbay during
June—OctoberMost of theserivers originateeitherin the Himalayasor in the Sahyadrirange
(WesternGhats),which is aboutl km high andrunsparallelto the westcoastof India. Smaller
swift streamdlow westward from the Sahyadrisnto the ArabianSea,andtheir combinedrunoff
is about30%thatof the Gangaandthe BrahmaputraTherunof into the ArabianSeais assumed
to be 80% of thetotal rainfall over the threemeteorologicakubdvisionsalongthe westcoastof
India; this coastalbelt stretchesrom the southerntip of India to just north of Mumbai andis
boundedn the eastby the Sahyadrirange. The abbreiationsusedin the figure are asfollows:
EICC, Eastindia CoastalCurrent;WICC, WestIndia CoastalCurrent;NMC, NortheastMonsoon
Current;LH, Lakshadweepligh; R.G.,River Ganga;R.B., River BrahmaputraThe currentsare
plottedfor Decemberwhenthe EICC flows equatorvard andthe WICC flows polevard. Together
they transporiow-salinity waterfrom the northernbayto the westcoastof India.
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Figure 6.14 Anomaliesof annualall-India, West-Coastand Ganga-Brahmaputreainfall. The
anomaliegcm), areplottedasafunctionof time (year). Thetwo seriesof all-Indiaannualrainfall
yield differentlong-termmeans;the meanof the 1871-1994(R) seriesis 109.1cm, and that
of the 1901-199Gseries(R ,,) is 86.5cm. Thoughthereis a differencein the total rainfall, the
anomaliesare comparablgtop panel). West-Coastainfall (R,.) is anarea-weightedverageof
annualkainfall overthreemeteorologicasubdvisionsalongthewestcoastof India— Konkanand
Goa, CoastalkarnatakaandKerala. Anomaliesof R, arecorrelatedwith thoseof R (middle
panel).Ganga-Brahmaputrainfall (R,;) is anarea-weightedverageof annuakainfall overeight
meteorologicasubdvisionsin India— North Assam SouthAssam Sub-HimalayawestBengal,
GangeticWestBengal,Bihar Plateau Bihar Plains,EastUttar Pradeshand WestUttar Pradesh
Plains.Anomaliesof R, arealsocorrelatedvith thoseof R (lower panel).
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Figure 6.15 The meteorologicakubdvisions of India referredto in the text. The abbreiations
usedin thefigureareasfollows: R.G.,River GangaR.B., River BrahmaputraNA, North Assam;
SA, South Assam; SHWB, Sub-HimalayariWest Bengal; GWB, GangeticWest Bengal; BPn,

Bihar Plains; BPu, Bihar Plateau;EUP, EastUttar PradeshWUPR WestUttar PradesHPlains;
KG, KonkanandGoa; CK, CoastalKarnatakaandK, Kerala. The abbreiations,apartfrom the
two for therivers,referto meteorologicabubdvisions of the India MeteorologicalDepartment.
The first eight of thesesubdvisions are usedto estimatethe rainfall in the catchmentareasof

the Gangaandthe Brahmaputraandthis estimateis called“Ganga-Brahmaputreainfall” (R;;).

Thelastthreesubdvisionsareusedto estimatethe rainfall alongthe westcoastof Indiatill just

northof Mumbaiandthis estimatds called“West-Coastainfall” (R,.). Boththeseestimatesire
significantlycorrelatedwith all-Indiarainfall (R andR ,,).
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Figure 6.16 Anomaliesof annualall-India rainfall (1871-1994R andthe annualmeanand ex-
tremaof uncorrectedsealevel at VishakhapatnamChennai,Kochi, and Mumbai. The dashed
curweis for rainfall andthesolid curvesarefor theannualmean(middlecurwe), annualmaximum
(uppercurwe) andannualminimum (lower curwe) of sealevel. Anomaliesof sealevel (cm) and
rainfall (cm) areplottedon the ordinateandtime (year)is onthe abscissa.
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Figure 6.17 Anomaliesof annualall-India rainfall (1901-1990)R ,, andthe annualmeanand
extremaof uncorrectedsealevel at VishakhapatnamChennaiKochi, andMumbai. The dashed
curweis for rainfall andthesolid curvesarefor theannualmean(middlecurwe), annualmaximum
(uppercurwe) andannualminimum (lower curwe) of sealevel. Anomaliesof sealevel (cm) and
rainfall (cm) areplottedon the ordinateandtime (year)is onthe abscissa.
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Figure 6.18 Anomaliesof annualall-Indiarainfall (1871-1994R, andthecorrectecannualmean
andextremaof sealevel, at VishakhapatnanChennaiKochi,andMumbai. Thedashecture is

for rainfall andthe solid curvesarefor the annualmean(middle curwe), annualmaximum(upper
curve) andannualminimum (lower curve) of sealevel. Anomaliesof sealevel (cm) andrainfall

(cm) areplottedon the ordinateandtime (year)is on theabscissa.
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Figure 6.19 Anomaliesof annualall-India rainfall (1901-1990)R ,, andthe correctedannual
meanand extremaof sealevel at VishakhapatnamChennai,Kochi, and Mumbai. The dashed
curwe s for rainfall andthethick solid arefor the annualmean(middle curwe), annualmaximum
(uppercurwe) andannualminimum (lower curwe) of sealevel. Anomaliesof sealevel (cm) and
rainfall (cm) areplottedon the ordinateandtime (year)is onthe abscissa.
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Table 6.8Linearcorrelationstatisticsfor annualall-Indiarainfall andsealevel. R andR ,, denote
theanomalief annuakll-Indiarainfall (1871-1994nd1901-199@ime series)andn,,, N¢, N,
andn,, theanomalie®f sedevel atVishakhapatnanChennaiKochi,andMumbai;thesubscripts
“m”, “max”, and“min” imply annualmean,maximum,andminimum.r, rg, andP areasbefore.
A “C” in the sixth columnimpliesthat the sea-leel dataare correctedior atmospherigressure
(default is no correction);an asterisk(x) in the last (sezenth) columnimplies that sea-leel data
for 1961 have beendroppedwhile computingthe correlations.The annualmeanandextremaof
sealevel atKochiarenot correlatedwith all-India rainfall, andhence notshavn.
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Ny, 0.352 0.329 950
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Nym, 0.182 0.287
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Ny, 0.356 0.320 99.0
Nume  0-393 0.320 99.0
Numn 0.241 0.211 90.0
Ny, 0.362 0.320 99.0
Nume 0-336 0.320 99.0
. 0.285 0.246 95.0

r]V,min

9 r]Vmax
,19 r]V,min

20000_0_0_0_0_0_0_0_0_0_0_X0 000000 T

[
©

r]C.min

N 00020

O0O0000 00000000000 O 00000000000 O

0000000

r] M,min




Interannual and Interdecadal Variability 153

Table6.9Linearcorrelationstatisticdor low-pass-filtereinnuakainfall andsedevel atMumbai.
R andR ,, denotethe anomaliesof annualall-India rainfall for the 1871-1994and 1901-1990
time series,R,. andR_, the anomaliesof annualWest-Coastind Ganga-Brahmaputreainfall,
andn,, ., the anomaliesof low-pass-filteredannualmeansealevel at Mumbai. r is the linear
correlationcoeficient betweerthe variablesin thefirst two columns(at zerolag). rs is thelinear
correlationat the P% significancelevel for the requirednumberof degreesof freedom;if the
columnfor P is blank,thenrg is thecorrelationatthe 90%significancdevel, but thetwo variables
arenot correlatedaven at this level. A “T” in the sixth columnimpliesthatthe rainfall andsea-
level datahave beentruncatedandonly the datafrom 1901 onwardshave beenusedto compute
the correlations.An N-yearrunningmeanhasbeenusedto filter the databeforecomputingthe
correlations)N = 1 implies no runningmean. The long tide-gaugerecordat Mumbai yields the
bestcorrelationshetweerall-India rainfall andsealevel. The correlationsat Mumbairetaintheir
significancewhenthedataarelow-pass-filteredn,, ., is significantlycorrelatedvith R ,,. Though
thefilteredrainfall is noisierthanthefiltered sealevel, bothrainfall andsealevel werelow in the
first two decade®f this century roseto a peakin the 1950s anddeclinedthereafteFigure6.21).
Nu.m: NOwever, is not aswell correlatedwith R. R wasabove normal during 1871-189%nd
droppedto alow during 1900-1915put the annualsealevel at Mumbai during 1878-1899wvas
just2 cmhigherthanthatduring1900-192qFigure6.20);eliminatingthedataduring1871-1900
improvesthe correlation.n,, ., is alsocorrelatedvith R, ., but notwith R_;; eliminatingthe data
during 1871-1900mprovesthis correlationalso. SinceR,, is significantly correlatedwith R, .,
R, andR ,, (Table6.7),andtheannualsealevel is well correlatedalongthe coast(Table6.2),this
impliesthatthereexists at leasta statisticalbasisfor a relationbetweerthe sub-annuavariability
of rainfall over India andthat of sealevel alongher coast. The physicalbasisfor sucha relation
is theinfluenceof salinity on the seasonatycle andalongshorevariationsof sealevel alongthe
coast.

r rs P N
R Num 0.321 0.247 99.0 1
R r]M;m 0.334 0.304 99.0 2
R Nu., 0.328 0.299 90.0 5
R Nun 0.464 0.424 90.0 10
R Nu., 0.437 0.278 99.0 1
RL'19 r]M_'m 0.501 0.344 99.0 2
Rm Num 0.556 0.506 99.0 5
R r]M;m 0.752 0.677 99.0 10
R r]M;m 0.416 0.278 990 T 1
R r]M;m 0.654 0557 95.0 T 10
Ry Nun 0.374 0.274 99.0 1
Ruc r]M;m 0.375 0.278 990 T 1
Re Ny, 0.091 0.161 1
Ras r]M.'m 0.195 0.182 900 T 1
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Figure 6.20 Low-pass-filteredariability of all-India annualrainfall (1871-1994R andthe an-
nualmeanandextremaof sealevel at Mumbai. Anomaliesof sealevel (cm) andrainfall (cm)are
plottedon the ordinateandtime (year)is on theabscissaThedashedturwe is for rainfall andthe
solid curvesarefor the annualmean(middle curwe), annualmaximum(uppercurve) andannual
minimum (lower curwe) of sealevel. The dataarefiltered with a runningmean.Plotsareshavn
for norunningmean 2-yearrunningmean 5-yearrunningmean,and10-yearunningmean.
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Figure 6.21 Low-pass-filteredvariability of all-India annualrainfall (1901-1990)R,,, andthe
annualmeanandextremaof sealevel at Mumbai. Anomaliesof sealevel (cm) andrainfall (cm)
are plotted on the ordinateandtime (year)is on the abscissa.The dashedcurwe is for rainfall
andthe solid curvesarefor the annualmean(middle curwe), annualmaximum(uppercurve) and
annualminimum (lower curwe) of sealevel. The dataarefiltered with a running mean. Plots
areshavn for no runningmean,2-yearrunningmean 5-yearrunningmean,and10-yearrunning
mean.
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1871-1900mprovesthis correlationalso.

SinceR, is significantlycorrelatedvith R, R, andR , (Table6.7),andtheannualsealevel
is well correlatechlongthecoast(Table6.2),thisimpliesthatthereexistsatleasta statisticabasis
for arelationbetweerthe sub-annuaVariability of rainfall over India andthat of sealevel along
hercoast. The physicalbasisfor sucha relationis the influenceof salinity on the seasonatycle
andalongshorevariationsof sealevel alongthe coast.

6.3.4 A HypothesisLinking MonsoonRainfall and Seal evel Along the Coast

Our hypothesisis that the seasonalnflow of the monsoonrainfall into the seasaroundindia
andthe dynamicsof currents(EICC and WICC) along her coastprovide the link betweenall-
India rainfall and coastalsealevel, with the coastalsalinity field playing an intermediaterole.
A simplemodelfor the seasonallyreversingElICC andWICC is an annualKelvin wave, which
favoursupwellingduringthe southwestmonsooranddowvnwelling duringthe northeastmonsoon
(Section3.4). Undertheinfluenceof suchawave, the currentsandsealevel atthecoastundego a
seasonatycle; acoastaturrentfavouringdownwelling (upwelling)impliesanincreasddecrease)
in coastalksealevel (Figure6.22a). The seasonatycle of currentsalone,however, cannotexplain
the link betweenall-India rainfall andthe sealevel at Mumbai on the interdecadatime scale
(Figures6.12,6.20 and 6.21), just as it could not explain the seasonatycle of sealevel; the
salinity alongthe coasthasa significanteffect on sealevel (Section4.3). The changesn coastal
salinity area consequencef the spreadingof river runoff alongthe coastby the seasonakEICC
andWICC. The resultof the spreadingand mixing of this low-salinity water is a gradientof
salinity normalto the coastthetime scaleassociateavith thetemporalvariability of this gradient
is muchlongerthana seasoror anyearbecausenixing is slow in the ocean.We proposehatit
is this cross-shorgradientof salinity thatdrivesa weak,quasi-steadgirculation(Figure6.22b),
providing the link betweenthe interdecadalariability of all-India rainfall andthat of sealevel
at Mumbai. In the next section,we put togethera simple dynamicalframework to justify this
proposition.

6.4 Mechanicsof Interdecadal Sea-Lesel ChangeAlong the Coastof
India

Our primary aim is to examinehow the currentsandsealevel associatedavith an annualcoastal
Kelvin wave, which is a gooddescriptionof the conditionsalongthe coastof India, are modified
by a cross-shore&ariationin density We begin with the Iinearizedl%—layermodeI(SectionA.l)
thathasproven usefulin understandinghe seasonatycle of circulationalongthe coastof India,
andthenconstrairit to reflecttheweak,quasi-steadforcing thatarisesbecaus®f thecross-shore
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Figure 6.22(a) Schematiof a sectionnormalto the coast shaving therelationbetweercurrents
andseadevel alongthecoastof India. Thecurrentshavn by “x” (“-”) within acircleis into (outof)
the planeof the paper Whenthereis dowvnwelling (upwelling) atthe coastthe currentflows with
the coastonits right (left), sealevel rises(falls) atthe coast,andthe pycnocline(thetop of which
is shawvn by theline markingthe bottomof the hatchedarea)slopesdown (up) towardsthe coast.
Along the westcoastof India, thereis downwelling (upwelling) during the northeas{southwest)
monsoon(b) Schemati¢o shav how, accordingto our hypothesisthe conditionsdepictedn (a)
aremodifiedwhensalinity nearthe coastis lower thanthatfartheroffshore.Wider spacingof the
hatchedinesindicateslower salinity. The salinity (hence density)gradientnormalto the coast
drivesa weak, quasi-steadguriacecurrentthat moveswith the coaston its right, introducinga
guasi-steadyisein sealevel atthecoast.
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ey

LNortheast monsoon Southwest monsoon— Northeast monsoon*LSouthwest monsoon—

salinity gradient. The densityof the active upperlayermayvary in space(becausef a variation
in salinity); it is not allowedto vary in time, implying thatthetime scaleassociatedavith density
changess muchlongerthanthetransientmotionssuchasKelvin wavesthataresupportedy the
model. This is becauseur interestis in the long-termeffects of changesn the coastalsalinity
field: how is theannualKelvin wave modifiedby a quasi-steadgross-shorsalinity gradient?

6.4.1 The 13-Layer Model

Considera coastalKelvin wave propagatingsouth—northalong a meridionaleasternboundary
The basicstateis one of no motion andconstantdensityin eachof the two modellayers. This
stateis perturbedoy prescribinga densitythatis a functionof spacealone;we solve theequations
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for a free Kelvin wave in this perturbedmedium. The relevant equationsare (A.13), with some
constraintsFirst, sincewe areconsideringa coastaKelvin wave, thereis no cross-shore&elocity,

i.e.,u= 0. Secondsincewe areinterestecnly in a Kelvin wave, it is not necessaryo solwe the
equationson a B-plane;hence the Coriolis parameterf is a constant. Third, sincesalinity and
densityvaryonly in spacey = y(x,y); henceg = 0. Fourth,sincewe areinterestedn afreewave,
= 1Y = 0. Then,droppingthe Rayleighfriction coeficient,i.e., settingr = 0, anddroppingthe
subscript'0” (whichindicatesthatthesearethe zeroth-ordeperturbatiorequations)we obtain

_ _dh gHoy

ov_ _oh gHoay

- oy 2oy (6.1b)
oh —ov
%= My (6.1c)
n = h+Hy. (6.1d)

H andT arethe upperlayer thicknessand the reduced-gnaty parameteiin the basicstateof
no motion, aboutwhich the systemis perturbed;v, h, n, andy arethe perturbationmeridional
(alongshoreyelocity, upperlayer thickness sealevel, andreduced-gréty parameterthe layer
thicknessandreduced-gnaty parameteareH =H +handlr =T + .

We definean“equivalentlayerthickness”(ELT)

H =H+H, (6.2a)
where
Y
+ (2F> ( )

is the “equivalent perturbationlayer thickness”(EPLT). Equations(6.1) and (6.2) yield the free
wave equation

o LN

52 =C EYA (6.3)

_ 1
wherec = (gFH) % is the speedbf thefirst-baroclinic-modeéelvin wave. The solutionto (6.3)is

W = Re/atiy-o, (6.4)
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wherefY is the “equivalent” amplitudeof the Kelvin wave at the coastanda = £ is theinternal
Rossbyradiusof deformation. Equations(6.1), (6.2), and(6.4) yield the requiredzeroth-order
solution

h= fred/atily-o) _ (%) , (6.52)
3

ve (%) Fe/atily-ot) (6.5b)

N =i e/atilly-ot) | (‘E’) H. (6.5¢)

In the absenceof spatialvariationin density(I" = I';y = 0), we obtainthe classicalKelvin
wave solution. Whendensityvariesin space(y # 0), the Kelvin wave amplitudeis modified (it
becomeghe “equivalent” amplitude),but thereis anotherchangethatis significantfor sealevel
at the coast. Whensalinity, andhencedensity decrease¢increasesjrom the openseatowards
the coast,i.e., when g—\x’ >0 (g—\x’ < 0), sealevel at the coastincreasegdecreases)This change
in sealevel dependsonly ony and,hence,is independentf time. Sincethe low-salinity water
is spreadalongthe coastby currentsthat decayexponentiallyaway from the coast,i.e., they are
coastally-trappedthe perturbationin salinity, andhencey, decaysexponentiallyaway from the
coast(y 0 &%, k > 0). Thereforethetime-independenthangen sealevel predictecby themodel
alsovariesexponentiallycross-shore.

TheKelvin wave is superimposeon the time-independenihcreasédn sealevel. In thelinear
systemdescribedby equationg6.1), we canignorethe Kelvin wave to look at the quasi-steady
state.It consistf anincreasdan sealevel andan upslopingof the pycnoclinetowardsthe coast
(Figure6.22b),i.e.,whenthereis no Kelvin wave anddensitydecreasesoastvard, sealevel rises
at the coast,the pycnoclineupslopesandthereis no currentin the layer This result, which is
intriguing because sloping surface and pycnoclineare normally associatedvith a geostrophic
alongshorecurrent,canbe understoody extendingthe modelto includeanotheractive layer

6.4.2 The 23-Layer Model

Considera 2%-Iayerreduced-gr\dty model (SectionA.2), but with no differencein densitybe-
tweenthetwo active layersin thebasicstatej.e., I, = T, =T; theperturbatiordensityin thetwo
layers,however, is different,i.e., I, # I',. Themodelnow supportsvelocity shearin the vertical,
permittingthe existenceof a “shearmode”. As with the 1%—Iayermode|,the perturbatiordensity
variesin the horizontalin the active layers;the interfacebetweenthe lower actve layerandthe
deepoceanis the modelpycnocline. A precisedefinition of the densityfield is requiredbecause
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this modeldiffersfrom the usualz%—layerreduced—gmity model,in which T, # T, implying the
existenceof two baroclinicmodes. Our interestis restrictedto understandingvhy the 1%-Iayer
modeldoesnotyield a quasi-steadyelocity alongwith the quasi-steadyisein sealevel, and,for
this, theintroductionof sheaiin theverticalis sufiicient; theassumptiorthatthereis nodifference
in unperturbediensitybetweerthetwo sheardayers(I', = T,) simplifiesthealgebra.

We definethereduced-gnaty parameterasfollows. Let p,, p,, andp, bethedensitiesof the
threemodellayers(p, < p, < p,). Then,by definition,

r1: pS:pl : r2: pa:pz’

Y

wherep is anaveragedensitythatis representate of the ocean.In thebasicstate,[, =T, =T.
Hencewehavel, =T +vy,; I, =T +v,. Let

= p3_612
M=——, 6.6a
5 (6.6a)
where
H.,p. +H,p
b, = (6.6b)
and
_ 1
p, = Z\//pldx dy, (6.6¢)
A
_ 1
p,=5 / p,dx dy. (6.6d)
A

H, andH, arethelayerthicknessesn the basicstateandA is the areaof the modeldomain.H,,
H,, andT definethe basicstateaboutwhich the systemis perturbed. Sincep, > p,, we have
p, > p,- Then,

ﬁ12_F)1 ﬁl_pl (H2> <§2_§1>
=-22 -0 T2y 2_1), 6.7a
A 5 5 = 5 (6.72)
F_)lz_pz ‘_)z_pZ (H]_) (‘_)2_‘_)1)
e o e () (24, 6.7b
Y. 5 5 = 5 (6.7b)

Thisyieldsy, —y, > 0, asexpected. This definition of the densityfield andreduced-gnaty pa-
rameterensureghatH, is ameaningfulquantity:it is the depthup to which salinity atthe coast
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is affectedby the runoff from rivers. A consequencef thedefinitionis thaty, # 0, but it maybe
constant.

Thezeroth-ordeninearizeoberturbatiorequationsforthisZ%-Iayermodel,equi/alentto equa-
tions(6.1) for the 1%—Iayermode|,fo|low from equationgA.20) and(A.21) on makingthe same
assumptiongsfor 1%—Iayermode|.

_ =0 gH, 0y, = Oy,
av, _0 gH,dy, — oy
—t=—gr—(h,+h)—-"2-"2—gH,=2 :
oh, —ov,
5 H, 3y (6.8¢c)
aretheequationdor thefirst layer, and
_ =0 gH, oy,
—fv, ——gra—x(h1+h2)—75, (6.92)
ov, _0 gH, oy
—2=—gF—(h,+h)—- =22 6.9b
oh, —_ov,
5 H, 3y (6.9¢)
arethe equationgor thesecondayer The perturbatiorsealevel is givenby
n :F(h1+h2)+ﬁ1y1 +ﬁ2y2- (6-10)
Let
h=h,+h,, (6.11a)
H=H,+H,, (6.11b)
v= Hlvlgszz, (6.11c)

whereH is the “cumulative layer thickness”in the basicstate,h is the “cumulative perturbation
layerthickness”andv is the meanvelocity. Then,equationg6.8), (6.9), and(6.11)yield thefree
wave equation

on' oK

a2 =Sy (6.12)
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where

=2 o =2
hI:h+ <H1y1+2H1H2y2+H2y2> (613)

2rH
_ .1
is the “equivalentcumulative perturbatioriayerthickness(ECLPT)andc = (gFH) 2. Thesolu-
tionto (6.12)is
h = Re/atly-ot) (6.14)

wherea= ¢. Thenequationg6.13)and(6.14)imply

72 T 72
h= F]Iex/a+l(|)’*01) _ Hlyl + 2H 1_|_Ey2 + H2y2 . (615)
2rH
Theperturbatiorsealevel is
2 — 2
= Fired/atiy-on | (Hlyl iU sz2> . (6.16)

Sincewe areinterestednly in the quasi-steadyartof the solution,we restrictour attentionto it.
It is the quasi-steadyesponséhat causeghe interdecadathangesn sealevel, the Kelvin wave
beingsuperimposednit. Thequasi-steadgomponenof his

=2 T =2
h—— (DALY Y, ) (6.172)
2rH
andthequasi-steadgealevel is
72 T =2
n.= HllerZH;;zyﬁszz- (6.17h)

Substituting(6.17a)in (6.8a)and(6.9a) we obtainthe quasi-steadgolutionsfor the alongshore
velocity in thetwo layers.Theseare

gH,\ 0 ,— _
Vis = (zfﬁz> & (Hlyl + szz) ’ (6.17¢c)
gH,\ 0 ,— _
Vos = (zfﬁl> a_)((H1y1+H2y2)- (6.17d)

The introductionof the “shearmode” permitsthe existenceof an undercurrentput thereis no
meanvelocity, i.e.,v, = 0, asin the 1%-Iayermode|,and
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Fromequationg6.17) we obtain

on, > oy, > oy,
I = 0 A4 I < tan6; I (6.18a)
oh, < oy, > oy,
aX ; 0 V & Z —taneh&, (618b)
> 0y, > oy,
Vi, 20V a—; = —tane\,a—;, (6.18c)
Ve S0 YV v, 20 (6.18d)
where
N 2 o\ —1
H 2H
tand, = (=2 14 =2 6.19
ané, (H1> ( +Hl>, (6.192a)
N 2 —
H 2H
tand, = (:) (1+ _z>, (6.19b)
Hl Hl
H,
Hl
with
B < 6y < 6. (6.19d)

Equationg6.18)and(6.19)imply thatthe velocitiesin thetwo actve layers,v, ; andv, ., andthe
cross-shorgradientsof n_ andh, dependon the layer thicknessesn the basicstate,H, andH,,

andonthe cross-shorgradientsof bothy, andy,. This is shavn graphicallyin Figure6.23. The
solutionshaws that thereexist conditionsunderwhich sealevel may rise at the coast;this need
not, however, be accompaniedby a rise of the pycnocline,or by a surfacecurrentthat flows with

the highersealevel on its right, unlike in the simpler solution obtainedfor the 1%-Iayer model.
For example,betweerthe solid anddashedinesin the secondquadrantn Figure6.23,sealevel

falls coastvard, but the surfacecurrentis still polewvard (for an easterrboundarylike the Indian
westcoast);betweerthe solid anddottedlinesin the fourth quadrantsealevel risestowardsthe
coast,but sodoesthe pycnocline. An extremecaseis thatof sealevel falling at the coastdespite
salinity decreasingoastvard;this canhapperif thedensityof thelowerlayerincreasesoastvard
atasuficiently rapidrate(theregionto theleft of the solid line in Figure6.23). Thus,thereexist

a numberof possiblesolutionsandit is the prevailing conditions,i.e., the thicknessof the layer
influencedby runoff (H,), thethicknessof thelayerbelov (H,), andthe cross-shorgradientsof

thereduced-gnaty parametersm thetwo layers(y, andy,), thatdeterminevhetherseaevel rises
atthecoastor not.
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Figure 6.23 A graphicalrepresentationf the quasi-steadygolutionto the 2%—Iayer modelequa-
tions. The possiblequasi-steadysolutions(the subscript‘s” is droppedin this figure for con-

venience)are shavn asa function of y,, (abscissapndy,, (ordinate);the subscriptx denotesa

partial dervative w.r.t x, the cross-shoreo-ordinate. The lines hy = 0 (dotted),nx = 0 (solid),

andv, = v, = 0 (dashed)mark the boundariesacrosswhich the cross-shorgradientsof h and
n, andthe velocitiesv, andv, changesign. To theright (left) of the respectie lines, ny andv,

arepositive (negative), andhy andv, arenegative (positve). Unlessthereis a suficiently large

negative gradientof y,, a coastvard decreasén the salinity of the upperactve layerat aneastern
boundary(y,, > 0) impliesarisein coastalsealevel, arise of the pycnoclinetowardsthe coast,
andasurfacecurrent(undercurrentjhatflows with the coastonits right (left).
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6.4.3 Application to the WestCoastof India

Despitetherelative compleity of theZ%—Iayersolution,it is similarto thatfor the 1%—Iayermode|
whenthereis a coastvard decreas®f salinity in bothlayers(but with y, > y,). Thetwo solutions
areshavn in Figure6.24.

Figure 6.24 Schematiaf a sectionnormalto the coast,shaving the effect of a decreasén the
salinity of coastalwaterson sealevel at an easterroceanboundaryin the northernhemisphere.
Thepanelontheleft shavstheresponsén a1%—Iayermodel,andthatontherighttheresponsdn a

2%—Iayermodel.Thecross—shorajme—independeruariationin salinity forcesarisein coastakea
level anda time-independengeostrophiairculationwith a surfacecurrentandan undercurrent.
Thesurfacecurrentflows with thelighterwateronits right andtheundercurrenin the oppositedi-
rection. The pycnocline(theinterfacebetweerthe undercurrenandthe motionlessleepeiocean)
slopesup towardsthe coast.Thetransportof thetwo currentscancelto yield azeronettransport.
The 1%—Iayer modelyields only the meanof the surfacecurrentandthe undercurrentandhence
predictsa zerocurrentassociateavith therise in sealevel andthe pycnoclineatthe coast.In the
figure, the currentshavn by “x” (“-”) within acircle is into (out of) the planeof the paper and
wider spacingof the hatchedinesindicatedower salinity.
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At Mumbai,sealevel roseby aboutl1 cm during 1900-195Gandfell by about4.5cm during
1950-1980By how muchdoesthe salinity at the coasthave to changeo forcethesenterdecadal
changesn sealevel? Our modeldomainhasan easterrboundaryandextendsto infinity towards
west. The changesn salinity dueto runoff from riversaffectsonly a layer of thicknessH, and
is restrictedto the vicinity of the coast,the slow mixing in the oceanactingover time to reduce
the cross-shorelensitygradient. This cross-shorgradientis quasi-steadpecausenixing in the
oceanis slow; the more rapid changedorced by seasonaKelvin waves are superimposean
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it. In the lower active layer of thicknessH,, density and hencey,, is assumedo be constant.
Differentiatingn, in (6.17b)theneliminatesthe contritution from densityvariationsin this layer

Integrating% over (—oo, 0] for anexponentialvariationof densityin x (y, O &, whereklisa
lengthscale)we obtain

—2 _
A+ 2H,H
r]slx:O = (%) y1|x:0' (620)

Forn,=5cmandH, = H, = 50m, weobtainy, = 0.0013.If weassumehatthechangen density
is entirelydueto a changen salinity, ignoringotherprocessefor example temperaturehanges
dueto “global warming”, meltingof ice caps etc.),this translateso adecreasef 1.07PSUin the

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

thedisplacemenof the pycnoclineatthecoast.

ﬁZ
hslx:o = (ﬁ) yl|x:0' (621)

For ' = 0.0035, the value usedin the constant-densityeduced-gnaty modelin Chapter3, we
obtainh, = —4.8 m at the coast.To computethe currentsassociateavith the cross-shorelensity
gradient,we needa measureof the length scalek—! associatedvith the mixing of saltin the
Arabian Sea. Horizontal eddy diffusivities in the Arabian Searangefrom 1.3 x 10° (zonal)to
3.1 x 10° cn? s~1 (meridional)[Somayajuluet al., 1996]. Assumingan averagevalue of 2 x
10° cn? s71, we obtain a length scaleof 400 km for a time scaleof 25 years,the period over
which sealevel at Mumbai dropsby 4.5 cm. Then(6.17c)impliesv,, = —v, = 0.8 cm s L
thus,the backgroundhermohalinecirculationforcedby the cross-shorelensitygradientis much
wealer thanthe seasonalWICC superimposednit.

To summarizeasuitablemodelto explainthelink betweersedevel andall-Indiarainfall isthe
following. The oceanrespondsasa two-layersystemto a cross-shoreariationin density When
densitydecreasesoastvardin asurfacelayer, sealevel risesatthe coast,andthisis accompanied
by a geostrophicsurfacecurrentthat flows with the lighter wateron its right; belowv the surface
currentis an undercurrent.The sumof the transportof the surfacecurrentandthe undercurrent
vanishes. Geostrophyrequiresthat the interface betweenthe undercurrentand the motionless
deepercean(the modelpycnocline)slopeup towardsthe coast(Figure 6.24). The slow mixing
in the oceanmakesthis responsejuasi-steady

Thus, a coastvard decreasdincrease)n salinity implies an increaseg(decreasein both the
annualmaximumandthe annualminimum of sealevel, andhence anincreasgdecreasein sea
level throughoutthe year as seenat Mumbai. This changein sealevel occurson interannual
andinterdecadatime scalesmuchslower thanthe changesssociateavith the annualandother
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Kelvin wavesthatare superimposedn it. Thoughit is the currentsassociateavith thesewaves
that spreadthe low-salinity water along the Indian coast,the long-termeffect of spreadinghis
wateris to setup aweak,quasi-steadgirculation.

6.4.4 Effect of Interannual Variability of Winds

The above hypothesidinks the sub-annuathangedn sealevel alongthe coastof India to the
variability of themonsoonywith the coastakalinity field playinganintermediateole. In building
this hypothesiswe have ignoredthe large-scalevinds over the basin,exceptfor theredistritution
of saltdueto the currentdorcedby them. This needssomejustificationbecaus@nincreasen the
intensityof themonsooris accompanietby anincreasen the strengthof thewinds;rainfall is not
the only measuresf monsoorintensity

An increasein the strengthof the winds will force strongerupwelling and strongerdown-
welling, implying anincreasean the maximumanda decreasén the minimum, the rangeof the
seasonatycle increasingasa consequenceilong the coastof India, theannualmeansealevel is
significantly correlatedwith the annualextremaandwith the seasonatveragef sealevel, and
the hypothesidinks theseto changesdn the salinity of coastalwaters(Figure6.22). Theincrease
in the maximumusuallyis higherthanthatin the minimum, but a decreasen the maximumis
not (Figures6.8and6.9); a decreasén the maximumis, attimes,accompaniedby anincreasen
the minimum. This may be becausef winds. Also, asshavn in Chapter5, a uniformincrease
in winds over the basinraisesannualmeansealevel alongthe eastcoast,but lowersit alongthe
westcoast. Sinceanincreasdn the intensity of the monsoonis accompaniedby anincreasdan
the strengthof the winds, thesetwo causesrainfall andwinds, force similar changesn sealevel
alongthe eastcoast,but opposingchangeslongthe westcoast. Thus,the interannuabariability
of the large-scalewinds associatedvith the monsoonis boundto affect the correlationbetween
all-Indiarainfall andsealevel.

Interannuakchangesn the large-scaleninds directly affect coastalsealevel by forcing inter
annualKelvin andRossbywaves. Clarke andLiu [1994] shavedthatfriction dueto the presence
of the continentalshelf[Clarke andvan Gorder,1994] allows Kelvin wavesat theseperiodsalso
to propagatealongthe coast;not all their enegy is lost to westward propagatingRossbywaves.
Suchinterannuakchangesn thewinds areboundto influencesealevel, especiallyalongthe east
coastof India, whichis affectedby Rossbywavesforcedby Ekmanpumpingin the openbayand
by radiationfrom Kelvin wavesforcedby windsin the equatorialndian Ocean.SinceChennais
to the southof Vishakhapatnangealevel therewill beaffectedmoreby theseRossbywaves.

Thatthe large-scalewinds do have an effect on the sub-annualariability of sealevel is ap-
parentfrom the low correlationbetweenall-India rainfall and sealevel at Vishakhapatnanand
Chennaithe correlationimproveswhenthe datafor 1961is dropped(Table6.8). The annualsea
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level for 1961is anoutlier anddistortsthe correlations.In 1961, rainfall wasamongthe highest,
but sealevel at Vishakhapatnamand Chennaiwere amongthe lowestobsered (Section6.3.3).
The deviation of monthly sealevel from the long-termmeanis plotted for 1956-1965n Fig-
ure6.25. Themonthly sealevelsfollow the usualseasonatycle duringthe decadeput thereis a
strikinganomalyin 1961. Therangeof theseasonatycle is anomalouslyow alongtheeastcoast;
atKochi, datafor somemonthsaremissingduring1961,andat Mumbai, the effectis not sostrik-
ing. Despitethe high rainfall, the annualmaximumdecreaseat VishakhapatnamChennai,and
Mumbai, asdid the annualmean;the annualminimum also decrease@t Chennaiand Mumbai,
but hardly changedat VishakhapatnanfFigures6.8 and6.9). This implies thatthe high rainfall
over India did not lower the salinity along the coast. This decreasén annualsealevel during
1961-1962s seenbetterin Figure6.26,which shavs the deviation of the monthly sealevel from
the climatology

Onecausaés therelatively low rainfall in the catchmengareaof the Gangaandthe Brahmapu-
traduring1961(Figure6.14);therainfall on thewestcoasthowever, wasin phasewith all-India
rainfall. Anotherimportantdifferencen 1961wastheanomalyin windsovertheequatorialndian
Ocean[Reverdinetal., 1986]. Theseanomalousvinds weredriven by a reversalin the gradient
of seasurfacetemperaturgSST)alongthe equator The SSTnormallyis higherin the eastand
coolerin the west,wherethe SomaliCurrentforcesstrongupwelling. In 1961,however, SSTin
the easterrequatoriallndian Oceandroppedbelow thatin the west,forcing easterlyanomaliesn
thewinds. Suchwind anomalieftenoccurduringanEl Nifio [Reverdinetal., 1986],whichalso
hasanimpacton monsoorrainfall [Mishra and Gadgil, 1996,andreferencegherein],but 1961
wasnotanEl-Nifio year

An anomalyin the winds over the equatorialindian Ocean,which are an importantforcing
mechanisnfor the EICC [Shankaret al., 1996;McCrearyet al., 1996],is likely to force anoma-
lies in the seasonatycle of the coastalcurrentsoff India. Anomalouseasterliesvould wealen
the eastvard equatorialjetsin May and November[Wyrtki, 1973; O'Brien and Hurlburt, 1974;
Jensen1993]. Thewealeningof the May jet would wealenthe equatorvard EICC thatformsin
thenorthernbayduringthe southwestmonsoongnablingthelocal Ekmanflow to pushtherunoff
offshoreinto the openbay The wealeningof the Novemberjet would wealen the equatorvard
EICC during OctoberJanuaryimplying wealer downwelling alongthe coast.This, coupledwith
thelowerrunoff dueto thedecreasen rainfall in thecatchmenareasf the GangaandtheBrahma-
putra(Figure6.14)andtheoffshoremovementof therunof, impliesadecrease theannuaimean
andextremaaccordingto the hypothesis.More of the runof is likely to reachVishakhapatnam
becausét lies north of Chennaithis is a possiblereasorfor the lack of a decreasén the annual
minimumthere.

Oninterdecadalime scaleshowever, the effect of windsis negligible in comparisorwith that
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Figure 6.25Deviation of correctednonthlysealevel (cm) during1956—1965rom thelong-term
meansealevel. Ontheabscissathelong andsmallticks markthe beginningandendof theyears
andmonths,respecirely. The monthly sealevelsduring July 1961to Junel962shav a different
behaiour in comparisorto the sealevel duringtherestof thedecadetheanomaloudehaiour is
maximumalongthe eastcoast,but is alsoseenmat Kochi. At Mumbai,howvever, theanomaliesare
notstriking. 1961wasanyearof anomalougasterlywindsovertheequatorialndianOcean.The
wind anomaliesveresimilar to thoseseenduringan El Nifio, but 1961wasnot an EI-Nifio year
Anotherpossiblecauseof theanomaliess thelower rainfall in 1961in the catchmentreasof the
Gangaandthe Brahmaputrathoughall-India and West-Coastainfall were higherthannormal,
Ganga-Brahmaputrainfall waslower thannormal.
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Figure 6.26Deviationof correctednonthlyseaevel (cm)during1956—1963rom theclimatology
of correctedmonthly sealevel. On the abscissathe long and small ticks mark the beginning
andendof the yearsandmonths,respectrely. The monthly sealevels during July 1961to June
1962shav adifferentbehaiour in comparisorto the sealevel duringtherestof the decadethe
anomaloushehaiour is maximumalongthe eastcoast,but is also seenat Kochi. At Mumbai,
however, theanomaliesarenot striking. 1961wasanyearof anomalousasterlywinds over the
equatoriallndian Ocean.The wind anomaliesvere similar to thoseseenduring an El Nifio, but
1961wasnot an EI-Nifio year Anotherpossiblecauseof the anomaliess the lower rainfall in
1961in the catchmentireasof the Gangaandthe Brahmaputrathoughall-India andWest-Coast
rainfall werehigherthannormal,Ganga-Brahmaputnainfall waslowerthannormal.
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of salinity The time scaleassociatedvith wind-forcedchangesdeterminedby the travel time

of long baroclinicKelvin andRossbywaves, is of the orderof a few monthsfor the ArabianSea
andthe Bay of Bengal[McCrearyetal., 1993;Clarke andLiu, 1994]. The effect of a changein

salinity surviveslongerbecausef thelongertime scaleassociatedavith the mixing of saltin the
oceanmeasuredaluesof horizontaleddydiffusivities[Somayajuluetal., 1996]indicatea mixing

time of abouttwo yearsfor a lengthscaleof 100 km. Therefore thoughmonsoorrainfall itself

is affectedby the monsoonwinds, the very low-frequeng changesn sealevel at Mumbai and
elsavherealongthe coastof India aremostly becaus®f changesn the salinity of coastawaters
causedy variability in monsoorrainfall. Apartfrom salinity andwinds, sealevel is affectedby

oceantemperatur@ndatmospheri@ressurethese however, varytoo little in thetropicsonthese
time scalego causechange®f the obserned magnitude.

6.5 Implications of the Hypothesis

We have shawn thattheinterdecadaVariability of sealevel alongthe coastof the Indiansubcon-
tinentis linked to the monsoonrainfall over the subcontinentthe coastalsalinity field playing
anintermediataole. The moststriking featureof this mechanisms the connectiorbetweenwo

vastly differenttime scalesthe seasonahndtheinterdecadalThebulk of therainfall overtheln-

diansubcontinenbccursduringJune—Septembeaandtherunof is carriedto theseasaroundindia
within aseasonTheequatorvard EICC andthepolevardWICC, whichtransporthis low-salinity

wateralongthe Indian coast,arealsoseasonallyarying currents.Theseseasonagbhenomenact
in concertwith the low-frequeng variability of monsoonrainfall andthe slov mixing of saltin

theoceando force sea-leel change®ninterdecadatime scales.

A changein the salinity of coastalwaterscausedby variationsin monsoonrainfall, and
hencein river runoff, createsa cross-shor@ensitygradient,to which the responses a two-layer
geostrophicirculationwith a suriacecurrentandan undercurrent.Thoughthis backgrounctir-
culation,on which the seasonatirculationis superimposeds weak,the associatednovements
of the seasurfaceandthe isopycnalsare obserable. When salinity decreasegincreasesat an
easterrocearboundanyik e theIndianwestcoast the currentatthe surfaceflows polevard (equa-
torward),thereis anopposingundercurrentsealevel rises(falls) at the coast,andthe pycnocline,
or the interface betweenthe undercurrentand the deeperocean,slopesup (dowvn) towardsthe
coast.Theinterdecadathangesn sealevel off thelndiancoastarethuslinkedto thedynamicsof
local coastalcurrentsandto thevariability in therainfall over the Indiansubcontinent.

In developingthis hypothesiswe wereforcedto correlatemonsoorrainfall directly with sea
level, bypassingsalinity. This wasunavoidablebecausehereis a dearthof dataon salinity in the
north Indian Ocean. Moreover, the available dataare sufiiciently scatteredn spaceto preclude
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Figure 6.27 Surfacesalinity alonga sectionnormalto the westcoastof India. Salinity S (PSU)
is plottedas a function of distanceD (km) from the coast. The sectionis off Marmagao,Goa
(verticalcross-section®or threecruisesalongthis sectionarepresentedn Figure4.15).
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the generatiorof a time seriesof salinity alongthe coastof India. Sincethe modelrequiresthat
salinity along the west coastof India changeby 1 PSU over a decadeandthis is not a small
changea naturalquestionis whethersuchchangesn salinity occuralongthe coastof India. The
only empiricalevidencewe have is from ahydrographicectionnormalto the coastoff Marmagao
in Goa. Hydrographicdatafor this sectionbasedon threecruiseswerepresentedn Figure4.15;
thesedataare for differentseasonandtwo arefrom the late 1980s,which mark the endof an
epochof low rainfall andhigh frequenyg of droughts[Mishra and Gadgil, 1996]. Somecruises
sincethenhave addeddata,and surfacesalinity from 10 cruisesalongthis sectionis plottedin
Figure6.27.Four of thesesectionsareduringJanuary Thereis adifferenceof aboutl PSUin the
salinity, with a highin 1988and1995,andalow in 1993and1998. This lendscredibility to the
hypothesis.

This hypothesiswhile linking interdecadathangesn sealevel to thosein the climate of the
region, differs from thoseusuallyinvoked in constructingscenariof long-termchangesn sea
level. Thesehypotheseslsolink interdecadakea-l&el variability to climate change[Gornitz
etal., 1982;Wyrtki, 1990], but invoke therise in temperaturen the upperoceanandthe melting
of polarice caps.It hasbeenspeculatedhowever, thatglobalclimatechanges acomple process
andwill manifestdifferentlyin differentregions;in thetropics,sinceoceanemperaturés already
high, it is expectedto changeevaporation,andhence changeatmospherienoisture cloud cover,
andrainfall [Wyrtki, 1990]. Therainfall andsea-leel obserationspresentedbove highlightthe
compl« relationshipamongthevariableshatdefineclimatechange They do not, however, allow
separatiorof natural,very low-frequeng variability of monsoorrainfall andsealevel from that
causedy globalwarmingdueto anthropogenieffects.



Chapter 7

Summary and Discussion

We have describedhe variability of sealevel alongthe coastof India on seasonathroughinter
decadatime scalesmappingoneendof the spectrumof sea-l@el variability, andhave proposed
hypothese$o explainthe obserations. Thereis significantvariability atall thesefrequenciesand
the variability is coherentalongthe coast,which impliesthatits causesarenot purely local; the
low-frequeng variability of sealevel alongthe coastof Indiais linkedto thelarge-scalgrocesses
in thenorthIndianOcean.

In Chapter3, we presented theoreticaframenork for describinghis large-scalecirculation.
Developedover the lastdecadethe frameavork invokes equatorialkelvin andRossbywavesand
coastaKelvin waves,which meige the Bay of Bengal,the ArabianSea,andthe equatorialindian
Oceaninto asingledynamicalentity, the northindian Oceanwhosedynamicsmustbe modelled
asawholeevento simulatethecirculationin its parts. Theframewvork wasappliedto thedynamics
of theLakshadweeligh andlow, a highandlow in sealevel thatform off southwestndiaduring
the northeastand southwestmonsoonsrespecirely, and propagatevestward. Numericaland
analyticexperimentswith a dynamicall%—layer reduced-gnaty modelshavedthatthe high and
low are explicable by linear dynamicson an equatorial-planeand do not owe their existence
to nonlinearity: the high andlow arethe resultof the radiationof westward propagatingRosshby
wavesfrom Kelvin wavespropagatingpolevard alongthe westcoastof India. The Kelvin waves
musthave a periodgreatethanabout50 daysto radiateRossbywavesandforcethehighandlow;
atlower periods,they aretrappedat the coast. The principal forcing mechanisnof the high and
low arethe winds alongthe eastcoastof India and Sri Lanka. The winds alongthe westcoast
amplify the low, but not the high; otherprocessedncludingequatoriaRossbyandKelvin waves,
amplify the high, but not the low. Thewinds alongthe coastsof India determinethe circulation
in the easternand northernArabian Sea,including the meanderingstructureof the Southwest
MonsoonCurrent(SMC) in the ArabianSea;elsavherein thebasin,otherprocessedominate.

Thoughthedynamicalreduced-gnaty modelis successfuin simulatingthe essentiafeatures



Summary and Discussion 175

of thecirculationin thenorthIindianOceanjncludingthe currentsalongthe coastof India, it fails
to simulatetheseasonatycle of coastakeaevel, whichwasdealtwith in Chapte#. Theseasonal
cycle,correctedor theeffectof atmospheripressuraisingthelnverse-Barometeapproximation,
is coherentalongthe coast,with arangeof 45 cm alongthe eastcoastand30 cm alongthe west
coast.Along the eastcoast the maximumsealevel occursin Novemberandthe minimumduring
March—April; alongthe westcoast,the maximumoccursin Decemberandthe minimum during
the southwesmonsoon.The wind-forcedmodelfails to simulatethe winter peakalongthe east
coast,andasaresult,forcesa higherrangeof the seasonatycle alongthe westcoastthanalong
the eastcoast.Simulationsin which temperature@ndsalinity vary in theactve modellayer, these
fieldsbeingprescribedrom a climatology shaw thatthedropin salinity alongthe eastcoastafter
the southwesmonsoorraisesstericsealevel andis the causeof the maximumin November This
low salinity is the resultof runoff from the Gangaandthe Brahmaputranto the northernBay of
Bengalduring the southwestmonsoon.Thus,threemechanisms— atmospheripressurewinds
on the scaleof the basin,and salinity — contritute to the seasonactycle of sealevel alongthe
coastof India.

A lower frequeng, the annualmeansealevel, wasthe subjectof Chapter5. Levelling ob-
senationsconductedduringthe GreatTrigonometricalSurney of India (1858-1909khaved that
the annualmeansealevel is higheralongthe eastcoastof India thanalongthe west, the differ-
encebetweenVishakhapatnanand Mumbai beingabout30 cm. Simulationswith the 1%—Iayer
reduced-gnaty modelshav thatpurelywind-forcedcirculationaccountdor half this difference,
the otherhalf beingdueto thegradientin salinity alongthe coast.

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

Our hypothesigs thatthe seasonainflow of the monsoorrainfall into the seasaroundindia
andthedynamicsof the EastandWestIndia CoastalCurrents EICC andWICC) provide thelink
betweemmonsoorrainfall andcoastalsealevel, the coastalsalinity field playing anintermediate
role. The seasonaEICC and WICC spreadthe runoff alongthe coast,creatinga cross-shore
gradientin salinity; thetime scaleassociatewvith thisgradients muchlongerthananyearbecause
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mixing is slow in theoceanwhich respondssatwo-layersystemnto this quasi-steadgross-shore
gradientin salinity Whensalinity, andhence density decreasesoastvardin theupperlayer, sea
level risesat the coast,andthisis accompaniedby a weak,geostrophicsuriacecurrentthatflows
with the lighter wateron its right; belaw it is anundercurrentGeostrophyalsorequiresthatthe
pycnoclineslopeup towardsthe coast.

Thus,therearetwo mainconclusionf thisthesis.

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

(a) Thelarge-scalevind-forcedcirculationof theupperocean.

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

(c) Atmosphericpressure.

Thefirst two causesreimportantat periodsrangingfrom a seasorio decadesatmospheric
pressureontrikutessignificantlyonly to theseasonatycle.

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

The hypothesigredictsthat sealevel rises(falls) alongthe coastof India whenrainfall over
India increasegdecreases);hangesn the oceantherebyreflectingthosein the atmosphere A
corollaryis thatanincreasédecreasein rainfall leadsto arise(fall) of thepycnoclineandthermo-
cline,implying a decreas¢increase)n thethicknessof the suriacemixedlayer Oneimplication
of this corollaryis thatcoastakealevel is nota goodproxy for the movementof thethermocline.
The secondmplicationis for ocean-atmospheupling. A solutionsimilar to thatobtainedfor
thequasi-steadyisein seaevel atacoastcanbeobtainedor theinterior ocearaway from coastal
boundariesawestward propagatingRossbywave replacingthe coastaKelvin wave thatis super
imposedon the quasi-steadyesponseThis impliesthata similar decreasén thethicknessof the
mixedlayerwill occurevenaway from the coastif salinity changeshere.This mechanisnoper
atesonlongtime scalesanddiffusionactsincessantlyo increaseheareaof theregion affectedby
thechangen salinity. It is inevitable thatthe resultinglow-frequeng variability in the thickness
of themixedlayershouldhave aneffect on atmospheriprocesses.

Thisis especiallytruein the Bay of Bengal,wherethe changesn salinity aremuchlargerthan
they arein the Arabian Sea.Changesn salinity in theinterior of the bay neednot be causecoy
diffusion alone; the NortheastMonsoonCurrent(NMC), which marksthe dynamicalboundary
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betweenthe equatorialindian Oceanandthe bay during the northeasmonsoon transportdow-
salinity waterfrom the AndamanSea forcing changesn salinity in themiddle of thebasin.Since
this processctson adwective time scales|ik e the seasonaledistritution of saltalongthe coastof
India by the EICC andthe WICC, animplicationis thatthe effect of monsoorrainfall over India
andMyanmar(Burma)will befelt within aseasorin the mixedlayerover alarge partof thebay

TheBay of Bengalis believedto play amajorrole in thedynamicsof themonsoon.The Trop-
ical CorvergenceZone(TCZ), which determineghe large-scalemonsoorrainfall, is maintained
by thegenesiof disturbancesverthewarmwatersof thebay[MishraandGadgil,1996]. Hence,
ary changen thestructureof themixedlayerin thebayis likely to befed backto theatmosphere.
The detailsof this couplingbetweenthe oceanandthe atmospherarenot clear but it mustbe
similar to the “barrier layer” in the westernPacific Ocean[Sprintall and Tomczak,1992; Vialard
andDelecluse1998a,b].Themajordifferencebetweerthe westernPacificandthe Bay of Bengal
is in the magnitudeof changesn salinity; the changesn the bayaremuchlarger. In thewestern
Pacific, salinity modifiesthe thermodynamicef the mixedlayer;in thebay, it probablycontrols
theprocess.

The importanceof salinity in the north Indian Oceanpointsto the needfor more measure-
ments,withoutwhich furthertheoreticaktudieswill bedifficult. The hypothesidinking monsoon
rainfall andsealevel alongthecoastof Indiarelieson statisticalandmechanistienodels.We have
assumedhatthechangesn monsoorrainfall leadto changesn salinity, producingthecross-shore
salinity gradientthatforceschangesn sealevel. How is this cross-shorealinity gradientsetup?
Whatis the sourceof the low-salinity wateralongthe westcoastof India? How importantis the
local rainfall over thewestcoastin relationto theinflow of freshwaterfrom the bay? To answer
thesequestionsye have to go beyondmechanistienodelsandtry to modelthesaltbalancegiven
thefluxesandtheriver runof; thisin turn, callsfor betterdataon runoff andsalinity in the north
IndianOceanin generalandalongthe coastof Indiain particular



Appendix A

The Reduced-Gravity Model

Sinceour aim in this thesisis to formulatea hypothesigo explain the obsered low-frequeng
variability of sealevel alongthe Indian coast,we simplify the problemto the extent possible,
makinguseof modelsthataremalleableenoughto permitsimplenumericalexperimentsand, at
times,yield analyticsolutions.The simplestrealisticmodelof the low-frequeng surfacecircula-
tion of theoceanis the 1%—Iayerreduced—gr\aty model,in which theoceanis atwo-layersystem,
thedensetower layerbeingmuchdeepethantherelatively shallov upperlayer Theassumption
thatthe pressuregradientin the lower layer is vanishinglysmall makesit motionless(isostatic)
andeliminatesthe fast-mwing barotropicmode;only thefirst baroclinicmodeis retainedin this
model. This is akin to the assumptiorof a “level of no motion” in computingdynamicheights
from hydrographiadata. Therefore the heightof the modelsurface,computedwith referenceo
themotionlesdayer, is equivalentto the dynamicheight,andis the modelequialentof sealevel.

Extensionof themodelto includehigherbaroclinicmodeds simple;anadditionalactive layer
resultsin aZ%—IayermodeI,andsoon. The% representshe lowest,motionlessmodellayer The
simplicity andruggednessf thesemodelsmakesthemmalleable;asaresult,they areamongthe
mostusedtools in oceanographyReduced-gngty modelshave enjoyed tremendousuccessn
oceanographgndhave playeda majorrole in the studyof El Nifio. In therestof this chapterwe
derie the equationdor the 1% and 2%—Iayer modelsand manipulatethemto obtainthe simpler
equationssolvedin thisthesis.

A.l1 The 13-Layer Model

A schematicvertical cross-sectiorof the 1%—Iayermode|is shavn in Figure A.1. The model
oceanhasa flat bottom and consistsof two incompressibldayers,the lower layer beingdenser
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Figure A.1 A schematiwertical cross-sectiomf the 1%—Iayerreduced—gmity model. Themodel
oceanhasa flat bottomand consistsof two incompressibldayers,the denserdower layer being
muchdeeperthanthe relatively shallaw upperlayer In the reduced-gréty modelsusedin this
thesis,thereis no mixing betweenthe layers. In the figure, the subscriptsl and 2 refer to the
two layers.H, is themean,or initial thicknessof the upperlayer, H; andp, aretheinstantaneous
thicknessand density of layer i, andn is the displacemenof the surface from the initial, or
undisturbed state. n, the modelsealevel, is equivalentto the dynamicheight computedfrom
hydrographiadata. The interface betweerthe layersis the modelpycnocline. H,, p,, andn are
functionsof spaceandtime; p, is constant.

z n x = (z,y)
— 7 S —

2 p2>p1
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thantheupperlayer Eachlayeris amateriallayer; i.e.,thereis nomixing betweerthelayers, and
is homogeneoum thevertical (in velocity, temperatureandsalinity). Theinterfacebetweerthe
layersrepresentshe modelpycnocline,which, in this model,coincideswith thethermoclineand
thehalocline. Thermohalinesffectsareincludedby permittinghorizontalgradientsn temperature
andsalinity in the actve layer, but verticalfluxesof heatandsaltacrosghe surface theinterface,
andthebottomarenegglected.

A.1.1 The Nonlinear Model

We bggin with the basicconseration equationsor zonal, meridional,and vertical momentum,
mass, heat, and salt on an equatorialp-plane; for an incompressibldluid, theseare given by
[Pedlosky, 1979;Gill, 1982]

% —fv= _%%Jr%aa_rzx + APy, (A.1a)
%+fu=—%g—5+%aa—j+p\lmzva (A.1b)
‘Z_FZ’ — _pg, (A.10)
%+g—;+%—vzvzo, (A.1d)

Oc'i_f — ACPT 4 Qr, (A.le)

%ts = AS%S+ Qs, (A.1f)
pP=p,[1+0,(T-T,)+0a,S-9)]. (A.19)

In (A.1),v = (u,v) isthehorizontalvelocity, w theverticalvelocity, p thepressureT thetempera-
ture,Sthesalinity, p thedensity T = (1*,1Y) thehorizontalshearstressQr andQs thesourcesand
sinksof heatandsalt, f = By the Coriolis parameterA’ the horizontaleddyviscositycoeficient,

1This assumptioris not necessary Therearemary reduced-graity modelsthatincorporateentrainmentnd de-
trainmentmixed-layermphysics surfacefluxes,etc.;amongthemis themodelof McCrearyetal. [1993].



The Reduced-Gravity Model 181

Arand Ag the horizontaleddy diffusivity coeficientsfor heatandsalt, a,andag the expansion
coeficients,p,, T,,andS§, determineareferencestateaboutwhich the systemis perturbedand

d = 9 + uii + vgj

dt ot ox oy’
wherei andj arethe unit vectorsin the zonalandmeridionaldirections.The verticalmomentum
equation(A.1c) reducedo the hydrostaticequatiorbecausave areinterestedn large-scaldlows.
EquationgA.1) areintegratedin the vertical over the depthof thelayer, from —(H, —n) ton, to
obtaintherequireddepth-aeragedequationdor the active layer.

Thepressuratadepthzin thetwo layersis givenby

pl = patm+plg(_z+ r])7 (A2a)

P, = P+ P,9H, +p,9[—2— (H, —n)], (A.2b)

wherep,,, is theatmospheripressurewhosehorizontalvariationsareignored. The assumption
thatthe pressurggradientvanishesn thelower layer, i.e., Op, = 0, thenimpliesthat

On=0(TH,). (A.3)

pz_pl
r=f2_h A.4
5 (A.4)

is the reduced-gnaty parametergl is the “reducedgravity”, andp is an averagedensitythat
is representate of the ocean(this is equivalentto the Boussinesgpproximation). This factor
I" reducesthe speedof the internal, or interfacial, wave in the model becausat multiplies g.
Averagingthe pressurgyradienttermover thelayergives

T gH?
Hlp_1Dp1 = ngm(rHl)_l_z—gDpl
gH?

2

2
gH;

2

= gH,O(TH,) — ar

— gTH,OH, +

or. (A.5)

pi Op, representa verticalaverageof the horizontalpressuregradientover thelayer
1

Using
_dn. _dn_dH,

W, dt’ W|*<Hrﬂ>_ d dt
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andassuminghat Laplacianfriction actson a columnof fluid the way it doeson a fluid parcel,
we obtaintherequiredgoverningequationsin vectorform, they are

(a;'tl\/) +0- (VH,v) + fk x (Hv) = —Hlpiﬂpl + % +AD? (H,v) =1 (H,v), (A.62)
1
M o), (A.6b)
ot
ar )
5 =V Or+ADT +Q, (A.6¢)

wherek is the unit vectorin the vertical and p—Dp1 is given by (A.5). Q combinesthe sources

andsinksof heatandsaltinto a source-cum-sinkerm for I, andt = (%, 1Y) now representshe
wind stressactingat the surface. The bottomfriction, or the friction betweenthe two layers,is
setto zero. Instead a friction term,r (H,v), is introduced;t is usedto definedampersiearopen
boundariesn numericakimulations. OftencalledRayleighfriction whenlinearizedjt is alsoused
to addfriction to analyticmodels.It maybethoughtof as“bottom friction”, but is notnecessarily
that. (A.6¢) combinesthe equationdor conseration of heatandsalt. This is donebecausave
do not solve the equationgor temperatureand salinity in this thesis;we do, however, needthis
equationbecauséemperaturandsalinity canvary in the horizontalwithin the actie layer
From (A.3), thesurfacedynamicheight,or modelsealevel, is

n=Th+Hy, (A7)

the constanbf integrationbeingsetto zero.

Thepressurgradientgivenby (A.5), hasonedepth-dependenérm. gl (TH,) = gOn is the
barotropiccomponentand % Op, is the barocliniccomponent. Despitethis, the velocity field
is independentf depthandthe wind stressprojectsas a body force on the upperlayer; this is
basedon the assumptiorthat the Reynolds stressesfw andvw have a vertical structuresuch
that their depth-dependergart cancelsthat of the pressuregradient. A necessarygonditionfor
this cancellatioris thatthe depth-dependemiartof the pressurgradients its averagevaluein the
layer, evaluatedby substitutingz = % in thebaroclinictern? [McCrearyandKundu,1988].

EquationgA.6), with ' =T, aconstantandr = X_, aresolvedin Section3.3; thisis adynam-
ical l%-layerreduced-gr\aty model,theonly dependenvariablesbeingu, v, andH, .

2For a detaileddiscussioron the consequencesf this assumptionseeRipa[1992,1995].
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A.1.2 The Linearized Model

Equations(A.6) arelinearizedby perturbingthe systemabouta basicstateof no motion with
thicknessH and“density” T in the upperlayer Let the perturbationdn H andl™ be h andy;,
respectiely, i.e.,

H=H+h, (A.82)

r=T+y. (A.8b)

To linearize we scalethevariables expandthemin powversof aninfinitesimal,g, andcollectterms
of thesameorderin g; this yieldstherequiredlinearized perturbatiorequations We first rewrite
themomentunmequatiorfor transport(A.6a), in termsof velocity, i.e., we use(A.6b) to eliminate
the factorH,. (Theonly termthatdoesnot yield directly to this simplificationis the Laplacian
friction becaus@& wasanadhocchangehatallowedusto write thefriction termfor thetransport.)
Theequationbecomes

ov 1 1

v+ fkxv=——0 AD?v —rv. A.
6t+v v+ fk x v . p1+§H1+ V—Trv (A.9)

Thevariablesarescaledasfollows.

(t,xy.uvQ,1,n) = (Tt LX, Ly, ud,uv,Qd, F1', Hn'), (A.10a)

H=F(1+8"); ©=F(1+3%). (A.10b)

Then,with thescalings

1 r A F

Tt A EE ! (A.11a)
1
U (U NV Q M s s, (A.11b)
BL? grH BLT H ’
% _ g2, (A11c)

wheree <« 1 and f = By, andwith theexpansion

0="0,+€0, +e207+---, (A.12)
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where8 is ary of thevariablesuy, v, h, y, T, n, or g, we obtainthefollowing zeroth-ordeperturba-
tion equations.

au, _oh, gHdy, T

E_Byvoz_grﬁ_TWJrﬁ_ﬁ_ru"; (A.139)
%-pﬁy%:—gf%—g%-l—g—gﬁ—rvo; (A.13b)
% - (%Jr%_‘;;); (A.13¢)

% _Q, (A.13d)

N, = [h, +Hy,. (A.13¢)

In (A.13d), Q, = Qg,. The subscript‘0” indicatesthat theseare the zeroth-ordeitermsin the
expansion(A.12).

Equations(A.13), with y, = 0, arethe linear equationssolved in Chapter3. The Laplacian
friction terms,however, areretainedn thelinearnumericalsimulationsto avoid numericalinsta-
bilities.

In theanalyticmodel,we seekwave solutionsof theform 8, O €“*; writing

|w:%+r:|o+r (A.14)
anddroppingthewind stressyieldsthefree wave equationg3.3) for the equatoria3-plane.

For a coastalKelvin wave propagatingalonga meridionalboundary u, = 0. Theresulting
equationsaresolvedin Section6.4.1onan f-plane(f = f,, wheref, is aconstant).

A.2 The 23-Layer Model

A 2%—Iayermode|hastwo active layers;thethird layeris muchdeepethantheseandis motionless
(FigureA.2). Theequationsaresimilarto thosefor the 1%-Iayermodel,exceptfor changesn the
pressureggradienttermsfor the layers. The wind stressprojectsasa body force on thefirst layer
andthe secondayeris drivenby theresultingchangesn thepressurdield.

As for the 1%—Iayer model, the conseration equationsare averagedover the depthof each
layer; the limits of integrationare —(H, —n) andn for the first layerand —(H, + H, —n) and
—(H, —n) for thesecondayer Thepressuratadepthzin thethreelayersis givenby

P, = Punt+ P, 9(=2+N), (A.15a)
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Figure A.2 A schematio/ertical cross-sectiomf theZ%—Iayerreduced—gmity model. Themodel
oceanhasa flat bottomandconsistsof threeincompressibldayers,the lowestlayer beingmuch
deeperthanthe relatively shallav layersabove. Thereis no mixing betweenthe layers. In the
figure, the subscriptsl, 2, and 3 refer to the threelayers. H, andH, arethe mean,or initial
thicknessespf the top two layers,H; andp, arethe instantaneouthicknessanddensityof layer
i, andn is the displacemenbf the surfacefrom the initial, or undisturbedstate. n, the model
sealevel, is equivalentto the dynamicheightcomputedfrom hydrographicdata. The interface
betweerthe secondandthird layersis the modelpycnocline.H,, H,, p,, p,, andn arefunctions
of spaceandtime; p, is constant.

z i X = (:’L',y)
——— —— <
o~ ¥ — ] o
H, Py H,
H2 p2 > pl Fz

3 p3>p2
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p, = patm+plgH1+p2g[_Z_ (Hl_n)]a (A'15b)

ps = patm + plng + ngHz + psg [_Z_ (Hl + Hz - fl)] ) (A-15C)

wherep,,, is theatmospheripressurewhosehorizontalvariationsareneglected. Theassumption
thatthe pressurggradientvanishesn thelowestlayer i.e., Op, = 0, thenimpliesthat

On=0(",H,+T,H,). (A.16)

r = %pl and =P P (A.17)

arethe “reduced-graity” parametergor the two layers,andp, asbefore,is an averagedensity
thatis representate of the ocean.Averagingthe pressurgyradienttermover eachlayergives

H iDp = gHO(H +T,H )+g—H12Dp
1p1 1 1 1t PAR) 20 1
H2
= gHID(rlHl-I_rZHZ)_ngDrl
H
= gH, (FIDH1+F2DH2+?1DI'1+H2DI'2), (A.18a)

1 H H
Hz_Dpz = gHzm[rz(Hl_}'Hz)]_"@(Hl"{_ 2) Dpz

P P 2
H
= gHzm[rz(H1+H2)]_gH2 <H1+?2) Drz
= gH, (F2DH1+F2DH2+%DI’2>. (A.18b)

1 1 . , :
p_ Op, and p_ Up, represena verticalaverageof the horizontalpressuregyradientover thelayers.
1 2

Therequiredgoverningequationgor theZ%-IayermodeI,solved numericallyin Chapte#d, are

(Ogi[w) + 0 (viHivi) + fk x (Hivi) = —HiéDpi +6%+ADZ(HM) —r(Hvi), (A.19a)
|
M __o. (Hiv), (A.19b)
ot
ar; X
— = Vi - 0N+ AOT 4+ Q;, (A.19¢)

ot
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wherethe subscript = 1, 2 refersto layeri and

1 ifi=1,
o =
0 ifi=2
Linearizationof (A.19) is doneasfor the 1%—Iayer model. The zeroth-ordelinearizedper

turbationequationdor the 2%—Iayer model, equvalentto (A.13) for the 1%—Iayer model,areas
follows.

% B l__gfl%_gfz%_g?ﬁl%—gﬁz%-l-;ﬁxl—rul, (A.20a)
%.ngul = _gﬁ%—g—zaa—r;;—g—jl%—gﬁz%—l-gﬁyl —rv,, (A.20Db)
% - (% N %) , (A.20c)
% —Q, (A.20d)
aretheequationdor thefirst layerand
% —Byv, = —grza(hlai ) _ ggz % —ru,, (A.21a)
% By = _grza(hla; h) ggz ‘2_\)/; v, (A.21Db)
% - (% n %) , (A.21¢)
% e (A.21d)

arethe equationdor the secondayer In (A.20) and(A.21), we have droppedthe subscript‘0”
for convenience.
Thesurfacedynamicheight,or modelsealevel, is givenby

n="r.h+T,h,+Hy, +H,y, (A.22)
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where
H,=H,+h, H,=H,+h, (A.23a)

F,=r+y, [L,=T,+Y,. (A.23b)

H,, H,, T, andrl, definethe basicstateaboutwhich the systemis perturbed.
Equations(A.20) and (A.21), with the definition (A.14) andt™ = ¥y = 0, aresolved in Sec-

tion 6.4.2for a coastaKelvin wave on an f-plane.



Appendix B

Linear Waveson an Equatorial 3-Plane

Theoreticalstudiesof the dynamicsof the north Indian Oceanduring the last decadehave used
freeandforcedlongbaroclinicwavesto describehecirculationin thebasin.For thedescriptiornof
low-frequeny dynamicsthe mostimportantof thesewavesarethe equatorially-trappg Rossby
andKelvin wavesandcoastally-trappe&elvin waves,all of which canexist in areduced-grety
modelat the low frequencieof interest. Here,we discussthe characteristicef thesewavesin
brief; thediscussioressentiallyfollows Gill [1982] andShetye[1998].

B.1 WavesTrapped at the Equator

The propertiesof the equatorially-trappd waves may be found by looking for solutionspropor
tional to €9 Whenthis expressionis usedin the linearizedequations(3.3), the resulting
dispersiorrelationis [Gill, 1982,p. 438]
0\2 o Pk _ B

<E) —K2-= = (2n+ 1), (B.1)
wherec is the baroclinicwave speed o the frequeng, andk the zonalwavenumber Forn > 1,
the waves subdvide into two classeqGill, 1982]. For the upperbranches% is small, andan
approximatelispersiorrelationis

0%~ (2n+1)Bc+ k3c?; (B.2)

. , 2 . . . .
thesearethe Poincaé waves. For the lower branchesg—2 is small,andanapproximatedispersion
relationis

o~ PR (B.3)
K2+ (2n+1)8
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thesearethe Rossbywaves.n = —1 yieldsthe Kelvin wave andn = 0 yieldsthe Yanai,or mixed
planetary-greity, wave. All thesedispersiorcurvesareshovn in FigureB.1. Sincethereis alarge
gapbetweerthe minimum Poincaé wave frequeng andthe maximumRossbywave frequeng, it
is easyto distinguishbetweerthem;only the Kelvin andYanaiwavesexist in this frequeng gap.
All thesewaves are trappednearthe equator andthe trappingscaleReq, calledthe “equatorial
radiusof deformation”[Gill andClarke,1974;Gill, 1982],is of the sameorderfor them.

c\?
Req= (2_B> . (B.4)
For c = 185cms1, the speedof the baroclinicwave in the linear modelsusedin this thesis,
Req~ 200km.
At the low frequenciesof interestin this thesis,Poincaé waves do not exist and the only
equatorially-trappgtwavesof consequencaretheKelvin andRossbywaves;atthesefrequencies,
the Yanaiwaveshave very shortwavelengthsandarequickly dissipated.

B.1.1 Equatorially-T rapped Kelvin Waves

Thephaseandgroupvelocities(c) of thesenon-dispersie wavesis eastvard. Theparticlevelocity
associatedvith the wavesis alongthe equator(v = 0) and canbe eastvard or westward. The
equatorialkelvin waves exist within the equatorialwaveguide, which extendsabout200 km on
eithersideof theequator

B.1.2 Equatorially-T rapped RossbyWaves

The equatorially-trappd Rossbywaves can have both eastvard and westward group velocity,
thoughtheir phasevelocity is alwayswestward. The eastvard propagatingvaves,however, have
a shortwavelength(FigureB.1) andaredissipatedquickly. Thereforethey arenotimportantfor
large-scaledynamicsgexceptin the neighbourhooaf awesternocearboundary Thephasespeed
of the non-dispersie westward propagatingrossbywave is approximatelyone-thirdthat of the
equatorialKelvin wave. The particlevelocity associatedvith this wave canhave both zonaland
meridionalcomponentsAway from the equatoya local dispersiorrelation

2

c.= % - —& (B.5)

canbewritten for thesewaves;this stateghatthelocal phasevelocity of the wave decreasewith

increasinglistancerom the equator They aretrappedequatorvard of a critical latitudegiven by
c

Ye = 25"

The equatoriaRossbywavescannotexist polevard of this latitude.

(B.6)
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Figure B.1 Dispersioncurvesfor linearwaveson anequatorial3-plane,obtainedoy usingdiffer-
entvaluesof nin (B.1). Ontheordinateis the non-dimensionalrequeny 6 = ( 9 - andonthe
2

Bo) 2

1
abscissis thenon-dimensionatonalwavenumbek = k 2—% 2.Thecurveslabelled—l(solid)and

0 (dashed)xorrespondo the equatorially-traped Kelvin and Yanai,or mixed planetary-graity,
waves,respectiely. The uppercurves(dashed)abelled1 and?2 arethefirst two Poincaé wave
modesandthe correspondindpwer curves(solid) arethefirst two Rossbywave modedthe curnes
for the Poincaé andRosshywavesarebasedon the approximateelations(B.2) and(B.3)]. The
zonalgroupvelocity of thesewavesis givenby ¢q = % andthe zonalphasevelocity by ¢ = .
The zonal group and phasevelocity of the Kelvin wave is eastvard. The zonal group velocity
of the Yanaiwave is eastvard; its zonal phasevelocity is eastvard (westward) at positve (nega-
tive) wavenumbers.A consequencef the approximation(B.2) is that the dispersioncurves for
Poincaé wavesare symmetricw.r.t. k; hence the waveswith eastvard (westward) zonalgroup
velocity alsohave eastvard (westward) zonalphasevelocity. At low (high) wavenumbersi.e., at
large (short)wavelengthsthezonalgroupvelocity of the Rossbywave is westward (eastvard); its
zonalphasevelocity, however, is alwayswestward. On the curve for the Rossbywave, the west-
ward(eastvard) propagatingvaveslie to theright (left) of themaximum.Sincethereis alargegap
betweerthe minimum Poincaé wave frequeng andthe maximumRossbywave frequeng, it is
easyto distinguishbetweerthem;only the Kelvin andYanaiwavesexist in thisfrequeng gap. At
positve wavenumbersthe Yanaiwave is almostindistinguishabldrom the Kelvin wave, the only
differencebeingits assymetryaboutthe equator;at high negatve wavenumbersijt behaeslike
the (short)Rossbywave. At thelow frequencie®f interest,Poincaé wavesdo not exist. At these
frequenciesthe eastvard propagatingrossbywavesandthe Yanaiwave have shortwavelengths
andarequickly dissipatedhencethey arenotimportantfor thelarge-scaledynamicsin the trop-
ics. Thereforeatthelow frequencie®f interestin thisthesis the only equatorially-trappdwaves
of consequencarethewestward propagatingRossbywavesandthe Kelvin wave (solid cures).
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B.2 WavesTrapped at a Coast

Sincethe modelsusedin this thesishave a flat bottomandignorethe effects of the continental
shelf, the only coastally-trappedvave of interestis the Kelvin wave, which propagateslonga
verticalwall.

B.2.1 Coastally-Trapped Kelvin Waves

Thesewavespropagatevith the coaston theirrightin the northernhemispheréGill, 1982]. They
arenon-dispersie andaretrappedat the coastwith a trappingscale,or “radius of deformation”,
givenby
Re= <. (B.7)

where f is the local Coriolis parameter The coastactsas a waveguide of variable width, R.
decreasingolewvard. For c = 185cm s 1, thetrappingscaleis about75 km at 10°N and150km
at5°N. Theparticlevelocity associatewvith thesewavescanbein eitherdirectionalongthecoast.

Equatorvard of the critical latitudey, given by (B.6), a coastalKelvin wave is not trapped
at the coast;it radiateswestward propagatingRossbywaves asit propagatesneridionally and
the coastalwaveguide turns “leaky” [Shetye,1998]. In this case,it is not possibleto separate
the Kelvin wave from the Rossbywave. Sincey, is 42°and 21°for the annualand semiannual
harmonicsthe coastawaveguidealongthe easterrboundaryof the Bay of Bengalandalongthe
westcoastof Indiais leaky for thesefrequenciegFigureB.2).

B.3 Observations of Rossbyand Kelvin Wavesin the Oceans

EquatorialRossbyandKelvin wavesandcoastaKelvin wavesarethe threewavesinvoked when
describinghelarge-scaleirculationin thenorthindianOcean.They appeaprominentlyin model
simulations,which tendto producea smoothemap of sealevel and currentsthan are actually
obsenred. All thesewaves,however, have beenobseredin theoceanseitherasoscillationsof the
seasurface,or asoscillationsof the thermoclineor pycnocline. In associatiorwith thesefields,
therearechangesn the currents. The sea-sudicetemperaturdSST)alsoshavs the influenceof
thesewaves,themovementof the modelinterface(the modelthermocline)oftenhaving beenused
asa proxy for SSTin modelstudiesof El Nifio.

A remarkablemanifestatiorof thesewaves wasreportedby Jacobset al. [1994], who used
Geosaultimetryandmodelsimulationsto trackthe positve sea-l&el anomalieggeneratedn the
easterrequatorialPacific by the 1982—83EI Nifio a decaddaterin the subtropicakcentralPacific.
The sea-l@el high in the easterrequatorialPacific wasgeneratedy the dovnwelling equatorial
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Figure B.2 A schematiof the“leaky” waveguidein thenorthIndian OceanShetye,1998]. The
horizontalhatchingindicatesgheequatorialvaveguide,which extendsabout200km on eitherside
of the equator;the vertical hatchingindicatesthe coastalwaveguide. The equatorialwaveguide
is connectedo the Bay of Bengalat its easterrboundary This link arisesasa consequencef
the reflectionof the equatorialKelvin wave at the easternboundaryof the basin; the reflected
wave is a summationover several meridionalmodesof the westward propagatingRossbywave,
thesebeing requiredto satisfy the condition of no normalflow at the boundary[Moore, 1968].
The highermeridionalmodesareequvalentto a coastalKelvin wave, which carriesa partof the
incidentenegy polevard alongthe coastin bothhemispheresThis Kelvin wave is trappedat the
coastpolewardof thecritical latitude;equatorvard of thislatitude , westwardradiationof enegy is
possibleandthecoastaKelvin waveis inseparablérom theRossbywave. Thesamephenomenon
is seeroff thelndianwestcoast.For theseasonatycle, it is theannualandsemiannuaharmonics
thataremostimportant. The critical latitudesfor theseperiodsare42° and21°, respectrely; the
formerlies polewvardof thenorthernboundaryof thebasin,andthelatteris closeto it. Hence both
annualand semiannuaKelvin waves areinseparabldrom westward propagatingRossbywaves
in the Bay of Bengalandthe Arabian Sea,and enegy leaksat theseperiodsfrom the eastern
boundaryinto the openocean. The arravs showv the directionin which enegy leaksout of the
coastalwaveguide.
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Kelvin wavestriggeredby a relaxationin the easterlytradewinds. The equatorialKelvin waves
generatedRossbywaveson reflectionat the easterrboundaryof the basin.Moore[1968] shaved
that the zonal velocity of the Kelvin wave cannotbe cancelledby a single meridionalmode of
the westward propagatingrosshywave; aninfinity of modesis neededo satisfy the boundary
condition. ThehigherordermodespropagatgolevardalongthecoastandMooreshavedthatthis
polevardpropagatiorwasequialentto a coastaKelvin wave. TheKelvin wave atthesdatitudes
cannotbe separatedrom the Rossbywave becausét is equatorvard of thecritical latitudefor the
sub-annuafrequencieghatcharacteris&l Nifio; hence a partof theenegy “peels” off thecoast
asa Rossbywave. Jacobsetal. shavedthatthe Rossbywave generatedby the strongEl Nifio of
1982-83wasstill propagatingacrosghe subtropicalPacific adecaddater, forcing changesn the
Kuroshioextension.The coastaKelvin wave generatedy thereflectionof the equatoriaKelvin
wave hasbeentracedasfar asthe CanadiarborderandAlaska[Enfield andAllen, 1980;Chelton
andDavis, 1982]. The strengthof the signalandthe improvementin the measuringnstruments
madeit possibleto track the effectsof the 1982—83EI Nifio, but the basicdynamicsof this event
wasno differentfrom thatof othermanifestation®f thephenomenon.

Thesewaveshave beendetectedn thelndianOceartoo. PerigaucandDeleclusg1992,1993]
detectedRossbywave signalsin the southindian Oceanin Geosatdata. KumarandUnnikrish-
nan[1995], Unnikrishnanet al. [1997], and Rao[1998] usedtemperaturelimatologiesto shav
evidencein thermoclineoscillationfor the existenceof Rossbywavesin the north Indian Ocean.
EquatoriaKelvin wavestoo areseenn thealtimeterdata.CoastaKelvin waves,however, aredif-
ficult to detectin thenorthindianOcearbecaus¢hewind forcingis strongalongmostof thecoast
anddistortsthe phaseof the propagatingvaves; the free andforced waves cannotbe separated,
makingit difficult to tracka signalalongthe coast.The discussioron forcing mechanismef the
Lakshadweepighandlow (Section3.5),however, hintsatthepossibilityof detectingsuchsignals
in daily sea-leel dataalongthe Indianwestcoastduring the northeastmonsoonwhenthelocal
windsarerelatvely weakandthe free waves,forcedby winds alongthe Indian eastcoast,domi-
nate.Unfortunatelytherearenotide-gaugalataalongthe easterrboundaryof the Bay of Bengal,
which appeargo bethe bestplaceto look for evidenceof free coastalKelvin wavesbecausehe
local winds blow into the coast,forcing a very weakKelvin wave (Section3.5.2). Therefore the
Kelvin wave signalheremustconsistof free wavesforced remotelyfrom the equatorialindian
Ocean.

We closethis discussiorhere referringthereadetto Gill [1982]andPedlosk [1979]for more
detailson thesewaves.



Appendix C

Estimating the Statistical Significanceof
Correlations

We saythata linearcorrelationbetweertwo variablesx andy is statisticallysignificantat a given
level, sayP%, whenthe probability of two seriesof randomnumbershaving the samecorrelation
is lessthan (100— P)%. For example,the correlationis significantat the 95% significancdevel
if thereis but a 5% chancethat the correlationbetweentwo seriesof randomnumbersfor the
samenumberof degreesof freedom(the numberof valid datapointsatthe givenlag) would equal
or exceedthe correlationbetweenx andy. Therefore,the statisticalsignificanceof the linear
correlationscomputedn Chaptel6 is estimatedasfollows.

Supposehenumberof degreesof freedomis M. Ns seriesof randomnumbersareconstructed
usingarandom-numbegeneratr, eachseriesconsistingof M terms. Correlationsarecomputed
for eachcombinationof theselNs seriestakentwo atatime; thisyieldsN. = W correlations.
The magnitudegabsolutevalue)of thesecorrelationsare sortedto obtaina monotonicsequence
C, of N terms,in which correlationsareorderedrom thelowestto the highestvalue. Then,Cp, is
therequiredcorrelationatthe P% significancdevel, where

_ PR
p= loo—l—l.

Thecorrelationscomputedhusmatchthosein Table7 in Crow etal. [1960].

The samemethodis usedto estimatethe significancelevels whenx andy arefiltered with
an N-yearrunningmean. The samefilter is appliedto the Ns seriesof randomnumbersandthe
correlationsaarecomputedor thesefilteredseries.Therestof the procedures asdescribedbove.
Applicationof thefilter decreasetherandomnessf the seriesthecorrelationsamongthefiltered
seriesarehigher andhencethe correlationat givensignificancdevel is higherthanbefore.

For the correlationscomputedn Chapter6, the random-numbeseriesweregeneratedising
function ran2 in Pressetal. [1989]; M dependon the variablesbeing correlatedoecause
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thetide-gaugesea-leel andrainfall recordsarenot of the samelength;Ns = 500; therefore N =
124750. ReducingNs to 150 decreased, to 11175, but thereis only a minor changein the
correlationat a given significancelevel. Changingthe randomnumberseedi seed alsodoes
not have aninfluenceon thesecorrelationsjmplying thattherandom-numbeseriesgeneratedby
functi on ran2 aresuficiently randomfor our purpose.



Appendix D

Sourcesof Data and Software

Theobserationspresentedn this thesiswereobtainedrom differentsourcesandprocessedhto
graphicalform usingseveral software packagesThe sourceof dataandsoftwarearelisted here.

D.1 Data

e The hourly anddaily sealevel at Mumbai (Figure 1.3) were obtainedfrom the Surwey of
India. Thesedatawere corvertedto electronicform by Matthev Dias and processedy
D. Sundar

¢ Monthly sealevel datafrom tide gaugesarethe major datausedin this thesis. Thesewere
obtainedfrom the PermanenServicefor Mean Sealevel (PSMSL)at the BidstonObser
vatory United Kingdom.

e The Comprehense Ocean-AtmospherBataSet(COADS) wasthe sourceof the climatol-
ogy of monthly sea-l@el atmospheri@ressuraisedto correctthe climatology of monthly
sealevel.

e Themonthlysea-leel atmospheric-pressudatausedto correctthetime seriesof monthly
sealevel in Chapter6 wereobtainedrrom the Global Historical ClimateNetwork (GHCN);
the GHCN wasalsothe sourceof monthlyrainfall datafor Mumbai, Kochi, Chennai,and
Vishakhapatnam.

¢ All hydrographicdata,exceptthe climatologiesof Levitus and Boyer [1994] and Levitus
etal.[1994] andthesalinity dataoff MarmagaqFigure6.27),wereobtainedrom thelndian
NationalOceanographi®ata Centre(INODC) at the NationalInstitute of Oceanography
Goa. A. Suryachandr&ao[Rao, 1998] put thesedatatogetherand checled their quality,
making possiblethe synthesisof the “coastalclimatology” presentedn Chapter4. The
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climatologiesof Levitus and Boyer [1994] and Levitus et al. [1994] were obtainedfrom
the National Oceanicand AtmosphericAdministration (NOAA), USA. The salinity data
off Marmagaoweremadeavailableby P. V. Narvekatr Nationallnstituteof Oceanography
Goa.

¢ All-India rainfall datawere madeavailablein electronicform by (late) AshaGuruprasad,
Sulochandsadgil,andSajaniSurendranindianinstituteof ScienceBangaloreThe1871—
1994 datawere synthesizedrom the rainfall datafor 306 stationsin 29 meteorological
subdvisionsin India by Parthasarathgtal. [1995].

¢ JulianMcCreary Kevin Kohler, andWeiging Han (Nova Southeasteriniversity Florida,
USA) madeavailable the resultsof the numericalsimulationsof McCrearyet al. [1993];
thesedatawere usedto computethe sealevel plottedin Figure4.4. The climatology of
winds,from HellermanandRosensteif1983], andthe climatologyof shipdrifts, from Rao
etal. [1989], werealsoobtainedfrom them.

D.2 Software

e Mostof thefiguresweremadewith GMT (GenericMappingTools) andFERRET, IATEX 2¢
wasusedto preparesomeof the schematicsGMT waswritten by Paul WesselandWalter
Smith [Wesseland Smith, 1991; Smith and Wessel,1990]. FERRETwas developedby
the ThermalModeling and Analysis Project(TMAP) at the Pacific Marine Ervironmental
Laboratory(PMEL) of NOAA, USA, it usesPlotPlus a packagedevelopedby Donald
Denbo.

e Both GMT andFERRETusenetCDF, a dataformatdevelopedat the University Centrefor
AtmosphericResearchUniversity of Boulder Colorado,USA.

e This thesiswastypesetusingATEX 2¢. The manuscripwastypedusingGNU Emacsand
AUCTEX on a pentiumrunning Debian GNU/Linux GNU wasalsothe sourceof several
otherpackageshatwereused;notableamongtheseareghostscriptgv, andghostviev.
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