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Areinterdecadal sealevel changesalongthe Indian coast
influencedby variability of monsoonrainfall?

D. ShankamndS.R. Shetye

PhysicalOceanographiivision, Nationallnstituteof OceanographyGoa,India.

Abstract. The Mumbai(Bombay)tide gaugedata,the only century-longrecord
in the Indian Ocean,show thatinterdecadathangesn sealevel mimic thosein
rainfall over the Indian subcontinentWe proposethatthe link betweenrainfall
and sealevel arisesfrom changedn salinity in coastalwaters. Riversfed by
southwestmonsoon(June—Septemberainfall bring a large fraction of the runoff
to the Bay of Bengal,from whereit is transportedo the west coastof India

by an equatorvard Eastindia CoastalCurrent,which is triggeredpartly by the
withdrawal of the southwesmonsoon.The WestIndia CoastalCurrentcarriesthe
low-salinity waterfrom the bay aswell astherunoff from local riversnorthward.
Theadwectionof theriverineinflow to Mumbaioccurswithin aseasonbut theslow
mixing in the oceanforceschangesn the cross-shorelensitygradienton longer
timescalesThis densitygradientforcesa two-layergeostrophicirculation,with a
surfacecurrentwhichflowswith thelighter wateronits right, andanundercurrent.
Lower (higher)salinity at the coastimplies higher (lower) coastalsealevel anda
rise (fall) of the pycnoclineat the coast. Thusthe interdecadalariability of sea
level alongthelIndiancoastcanbelinkeddirectly to thevariability of themonsoon,
themajoraspecbf the climateof theregion, but by a mechanisnthatis different
from thosegenerallyproposedo link sealevel to climatechangethesehypotheses
usuallyinvoke a changan volumebecaus®f globalwarming.

1. Intr oduction

Sealevel hasbeenrecognizedasan excellentmarker of
climatechange."Global” sealevel appeargo berisingrela-
tiveto landattherateof 1 mmyr—1, andthisis attributed,in
part, to the warming of the globe dueto the greenhousef-
fect[Gornitzetal., 1982]. Thewarmingis expectedo affect
sealevel in two ways. First, it is expectedto raisethe tem-
peraturein the upperocean;second,it is expectedto melt
polarice capsreleasinghelarge quantitiesof watertrapped
in them. Both processesvould increasethe volume of wa-
terin theworld oceanstherebyraisingsealevel all overthe
globe.

Theissue,however, is more complicatedandit is diffi-
cult to obtaina single global index for long-termsealevel
changegBarnett 1984]. While thereis an apparentin-
creasein sealevel in most of the world oceansthereare
regionsthat show a differenttrend, southeastsia, for ex-
ample. Apart from this, thereis the problemof separating
natural,low-frequeng sealevel variability from thatcaused
by anthropogeni@ffects; this calls for long sealevel time
seriesandsuchrecordsare not mary. Moreover, the avail-
ablerecordsare not distributed uniformly, mostbeingfrom

Scandingia. Betweenthetropicsof Cancerand Capricorn,
only threerecords,thoseat Mumbai (Bombay), Honolulu,
andBalboa,go backatleastto the beginningof this century
Of these,only Mumbaiis in the Indian Ocean(Figure 1),
andits tide gaugehasbeenconsideredo be representatie
of thelow-frequeng sealevel variability in the basin[Gor-
nitz etal., 1982;Barnett 1984].

Giventhatthe oceanandthe atmospheréorm a coupled
systemit isunquestionabléhatchangesn sedevel mustre-
flectchangesn climate. A majoraspecbf theclimateof the
Indiansubcontinentin particular andof Asia,in generaljs
themonsoonwhichis linkedto globalclimateby planetary-
scaleprocessedn the atmospherendthe ocean. What is
the relation betweenthe variability of the Indian monsoon
andtheinterdecadathangesn sealevel at Mumbaion the
Indian westcoast? This questionforms the subjectof this
paper

2. Observations

We usemonthly sealevel datafrom the archivesof the
Permanengervicefor MeanSealevel (PSMSL).Thetime
seriesof annualmeanandextremaof sealevel overayearat
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Figure 1. The geographyof the Indian subcontinent.The major riversare marked on the map; the dottedline marksthe
200-misobath. The abbreviationsare asfollows: EICC, EastIndia CoastalCurrent; WICC, WestIndia CoastalCurrent;
NMC, NortheastMonsoonCurrent;LH, Lakshadweepigh; R.G., River Ganga;and R.B., River Brahmaputra.Most of
the majorriversof the subcontinenbriginatein the Himalayasandflow into the Bay of Bengal. Someof themoriginatein
the SahyadriRange(WesternGhats)andflow eastvard into the bay; smallerriversflow westward from the Sahyadrignto
the ArabianSea. The EICC flows equatorvard during OctoberJanuaryandthe WICC flows polewvard during November
March. Togethey thesetwo coastalcurrentstransportthe runoff into the northernbay to the Arabian Seaand spreacthis
freshwater, aswell astherunoff into the ArabianSea alongthe westcoastof India.

Mumbaiare shavn in Figure 2, which alsoshows the low-
frequeng variability, obtainedby subjectingthe datato a
low-pasdilter with a10-yearunningmean.In generalpoth
the maximumandminimum sealevel over theyear, aswell
astheseasonadveragesrtiseandfall in tunewith theannual
mean;this is particularlytrue on the interdecadatimescale
(Table1). Annual meansealevel at Mumbai exhibits con-
siderableinterannualndinterdecadalariability. Sealevel
was generallylow through1880-1920yising thereafter;it
pealedin the late 1950s,falling thereafter This changein

thetrendin meanseaevel atMumbaiduringthesecondhalf
of this centuryhasbeennotedbefore [Emeryand Aubrey,
1989]. Therisein thefirst half of this centurywas~11 cm,
thefall afterthatbeingabout~4.5cm.

Figure2 alsoshavsthevariationin all-Indiaannualrain-
fall [Parthasamthy et al., 1993, 1995; Shankar 1998], a
popularindex for monsoonvariability. Annual sealevel at
Mumbai is correlatedwith all-India andlocal annualrain-
fall. Thecorrelationis significantevenwhentherainfall and
sealevel arelow-pasdfiltered;it increasesvhenthe dataare
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truncatedo the post-190Qperiod(Table1). Thoughthefil-
teredrainfall is noisierthanthefiltered sealevel, it alsoun-
demoeslow-frequeng, interdecadabscillations,increasing
from alow earlythis centuryto a peakin the 1950s falling
thereafter Thelower correlationbetweerthe completetime
seriesis becausesealevel in the late 18th centurywasjust
2 cmhigherthanin theearly 19thcentury but rainfall during
thelate 18thcenturywasashigh asduringthe 1950s.

3. Hypothesis

Our hypothesisis that the seasonalinflow of the mon-
soonrainfall into the seasaroundindia andthe dynamicsof
currentsalongthe Indian coastprovide the link betweerthe
rainfall over the Indian subcontinenandthe sealevel along
thecoastof India, with coastakalinity playinganintermedi-
aterole. Thereis considerablspatialandtemporalvariation
in rainfall over the Indian subcontinenandthe surrounding
oceanandthis leadsto large variationsin salinity alongthe
coast. The Indian west coast,including Mumbai, receves
very highrainfall, ~200cmyear 1, almost90% of which is
duringthe southwestmonsoonJune—SeptemberT.he high
rainfall is becausef the Sahyadrirange(or WesternGhats)
runningparallelto the coast~100km inland (Figurel); this
rangeblocksthe moisture-richmonsoorwinds. Theresult-
ing runoff is carriedto the Arabian Seaby numerousswift,
seasonabtreams. Over the rest of the subcontinentthere
is considerablespatialvariability in the amountof rainfall,
but about~80%is recevedduring the southwestnonsoon.
Most of this rain falls in the catchmentareasof eastvard
flowing rivers(Figurel), whoseinflow into the Bay of Ben-
galpeaksn August,amonthafterthepeakin rainfall. About
70% of this inflow comesfrom the Gangaandthe Brahma-
putra, which dischage ~ 7.2 x 1011 m3, the fourth largest
dischage in the world, into the northernbay during June—
October[Martin etal., 1981;Shetye1993]. Assumingthat
80% of the rainfall over the westcoastof India reacheghe
ArabianSeatherunoff into the Indianwestcoastis abouta
third of that of the Gangaand the Brahmaputrgd Shankar
1998]. Thus the quantumof freshwater inflow from the
riversinto the seasaroundindiais highly seasonal.

Equally seasonahre the coastalcurrentsaroundindia.
The wealeningof the southwestmonsoonwinds after July,
coupledwith remoteforcing from theeasterrBay of Bengal
andtheequatorialndianOceanforcesanequatorvard East
India CoastalCurrent(EICC) in the northernbay;the EICC
is poleward along the rest of the Indian eastcoast[Shetye
etal., 1991a;McCrearyetal., 1993,1996]. Togetheythese
currentstrap the runoff in the northernbay. As the south-
westmonsoonwithdraws andthe northeasmonsoorsetsin,
the equatorvard EICC expandssouthwvard, forcing coastal
downwelling andadwectingtheriverineinflow asacoastally
trappedow-salinity plumethatis nearly60-mdeep[Shetye
et al.,, 1996]. By Novemberthe EICC is equatorvard all
alongthe eastcoast,andthereis a sharpdropin the salinity
alongthecoast.TheEICCflowsinto thewestwardNortheast
Monsoon Current(NMC), which bendsaroundSri Lanka

andflows alongthe westernflank of the Lakshadweefhigh
[Shankarand Shetye 1997] into the polewvard West India
CoastalCurrent(WICC); theriverineinflow into the Bay of
Bengalis thus transportednto the Arabian Sea. This in-
flow is spreadalong the west coastof India by the WICC
andis spreadoffshoreoff southwesindia by the westward
propagatingRossbywavesthat constitutethe Lakshadweep
high[Shenoktal., 1999]. By Februarythe EICC reversego
flow poleward,forcing coastaupwellingandraisingsalinity
alongthe eastcoast[Shetyeet al., 1993]. The WICC along
the northernpart of the coast,however, continuesto flow
polewardtill March, spreadinghe low-salinity waterfrom
the bay, aswell asthe inflow from local riversduring the
southwestmonsoonalongthewestcoast.

During the southwestmonsoonwhenthe freshwaterac-
tually entersthe Indian coastaregime,the EICC andWICC
favor upwelling,andhencethe low-salinity wateris trapped
at the surfaceand pushedoffshoreby the Ekmanflow, ex-
ceptin the northernbay, wherethe remotelyforced equa-
torward EICC trapsthe river runoff. It is only after the
southwestmonsoon,when thesecurrentsreverse,that the
low-salinity wateris pushedoward,andadwectedalong,the
coast.Evenalongthe westcoast the lowestsalinitiesat the
surfaceare during the southwestmonsoon but the drop in
salinity is restrictedto a shallon surfacelayer[Shetyeetal.,
1990]. As alongthe eastcoast,it is during the northeast
monsoonwhenthe WICC favors downwelling andthereis
inflow of freshwaterfrom the Bay of Bengal,that the low-
salinity layerdeepengShetyeetal., 1991b],thisbeingmore
pronouncedff southwestndia wherethe low-salinity wa-
ter spreadoffshorebecausef the Lakshadweegnigh. The
EICC andWICC, forced by the low-frequeng, large-scale
winds over the north and equatorialindian Ocean,have a
speedf 25km day ! [Shetyeetal., 1991b,1996]; therefore
the low-salinity waterfrom the bay is adwectedto Mumbai
by Decemberwhenthe climatologicalseasonatycle of sea
level peakgthere[Shankar 1998].

A simple model for the seasonallyreversingEICC and
WICC is an annually forced Kelvin wave [Shankarand
Shetye1997],whichis upwellingfavorableduringthesouth-
westmonsooranddownwelling favorableduring the north-
eastmonsoon.Thecurrentandsedevel associatedvith such
awaveareshovnin Figure3a. Undertheinfluenceof sucha
wavethecurrentandsedevel atthecoastundegoaseasonal
cycle; a downwelling (upwelling) favorablecoastalcurrent
impliesanincreasgdecreasein coastalsealevel. The cur-
rentsassociatedvith this cycle distribute theriverineinflow
alongthecoast.

Theseasonatycle of currentsalone however, cannotex-
plain thelink betweenall-India rainfall andthe sealevel at
Mumbai on the much longer, interdecadatimescale(Fig-
ure 2). Our contentionis that this link arisesas a conse-
guenceof thespreadingf theriverrunoff alongthe coasthy
the seasonaEICC andWICC. The resultof the spreading
andmixing of theselow-salinity watersis a salinity gradient
normalto the coast;the timescaleassociatedvith the tem-
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Figure 2. (a) Anomaliesof annualall-Indiarainfall (centimetersdottedline) andof theannualmaximum(uppersolidline),
mean(middle solid line), andminimum (lower solid line) sealevel (centimetersat Mumbai (the meanrainfall andsealevel
have beenremovedfrom thetime series).For sealevel theyearis definedfrom July to June;for rainfall, theyearis defined
from from Januaryto December(b) As in Figure2a,but low-pasdfilteredwith a 10-yearunningmean.

poralvariability of this gradientis muchlongerthanayear

We proposethatit is this gradientthatdrivesa weak,quasi-
steadycirculation (Figure 3b), providing the link between
all-Indiarainfall andsealevel at Mumbai.

In section4 we put togethera simple dynamicalframe-
work to justify theabove proposition.We begin with amodel
thathasbeenfoundusefulin understandinghe seasonaty-
cle of wind-forcedcurrentaaroundindiaandthenconstrairit
to reflectthe weak, quasi-steadyorcing that arisesbecause
of the cross-shoresalinity gradient. The predictedcircula-
tion hasa surfacecurrentandan undercurrentandthe sea
level variationis consistentvith thatdepictedn Figure2.

4. Mechanicsof Interdecadal Sealevel
ChangeAlong the Coastof India

ToagoodapproximatiortheEICCandtheWICC, aswell
asthewind-forcedcirculationin thenorthIndianOceangcan
be simulatedwith reducedgravity models. Most of these
modelshave a constantdensityin the active modellayer(s)
[Yu et al., 1991; Potema et al., 1991; Bruce et al., 1994;

Shankarand Shetye 1997]. The 2%—Iayer model of Mc-

Creary et al. [1993] allows horizontalvariationof temper

aturewithin a layer; Han et al. (Unpublishedmanuscript,
1998)alsoallow horizontalvariationof salinity. In models
thatallow densityto vary horizontallywithin alayerthever

tical averageof the pressurdorce in eachlayeris usedto

computethe horizontalaccelerationsthis ensureghatthere
is no variationin the vertical, within alayer, of the density
andof the horizontalcurrent[Ripa 1992,1995]. In thefol-

lowing discussionwe usereducedgravity modelsto shov

how a cross-shor@ensitygradientaffectscoastalsealevel.

Ourprimaryaimis to examinehow thecurrentsandsealevel

associateavith anannualcoastalkelvin wave aremodified
by across-shoreariationin density;asnotedearlier anan-
nual Kelvin wave is a good descriptionof the conditions
along the coastof India. We do not, however, model the
processethatleadto this cross-shorgradientin salinity.

4.1. The 13-Layer Model

Considera 1%—Iayer, variabledensityreducedyravity mo-
del. The densitybeingprescribedn the active upperlayer
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Table 1. Linear correlations. R andn denoterainfall and sealevel; the subscripts'l”, “V”, and“M” denoteall-India,
Mumbai,andVishakhapatnantm”, “min”, and“max” denoteannualmean minimum,andmaximum,and“MAM”, “JAS”,
and“NDJ” denoteseasonabveragesfor March—May July—Septemberand NovembesJanuary Nyr implies an N-year
runningmeanhasbeenusedto filter the data. (N = 1 impliesno runningmean.) The superscriptT” impliesthatthe data
have beentruncatedpnly the post-1900dataareincluded.r is thelinear correlationcoeficientbetweerthe variablesin the
first two columns;rs is the correlationat the P% significancelevel. For sealevel, the yearis definedfrom July—Junefor
rainfall from January—DecembefFor computingthe correlationbetweerall-India rainfall andsealevel at Vishakhapatnam,
thedatafor 1961 have beendropped.The methodof computingcorrelationgollows Shankar{1998].

Nyr r rs P

Num Numa 15,10  0.879,0.974,0.990 0.247,0.450,0.609 99,99,99
Num Numn 15,10 0.862,0.968,0.985 0.247,0.450,0.609 99,99,99
M Mieam 1 0.907 0.247 99
Num  Nuss 1 0.845 0.247 99
Num  Nunos 1 0.863 0.247 99
R Num 1,5,10 0.321,0.328,0.464 0.247,0.299,0.424 99,95,90
R Nunm 17,10 0.416,0.654 0.278,0.557 99,95
Ry Num 1,5,10 0.492,0.6660.752 0.247,0.450,0.609 99,99,99
Nvm  Mum 1 0.401 0.316 95
R Num 1 0.297 0.264 90

of the modelmay vary in space(becauseof a variationin
salinity); it is not allowed to evolve in time, implying that
thetimescaleassociatewvith densitychangess muchlonger
thanthetransienimotionssuchasKelvin wavesthataresup-
portedby the model. This is becauseour interestis in the
long-termeffectsof changesn coastalsalinity: how is the
annualKelvin wave modifiedby a quasi-steadygross-shore
salinity gradient®\Ve solve for afree Kelvin wave propagat-
ing polewvardalonga north-southcoaston an f plane;since
thereis no cross-shorenotionfor a Kelvin wave, thereis no
zonalvelocity (u= 0).

We scalethe variablesand usea perturbationexpansion
to obtainthe zeroth-orderlinearizedperturbatiorequations;
thesearegivenby

_ —oh gHoy
ov —oh gHady
oh — 0oV
i —H 3y’ (1c)
n=Th+Hy, (1d)

whereH andT arethe upperlayer thicknessand reduced
gravity parameterin the basic state of no motion, about
whichthesystenis perturbedH andrl” areconstantsy, h, n,
andy arethe perturbatiormeridional(alongshoreyelocity,
upperlayerthicknesssealevel, andreducedyravity param-
eter;andy is not a function of time t. The layer thickness

andreducedyravity parameteareH = H+handlr =T +v.
r= Lp‘)l, wherep is the densityandthe subscriptsl and
2 referto thetwo layers;p is anaveragedensitythatis rep-
resentatie of theoceanyg is theacceleratiordueto gravity;
andf istheCoriolis parameter

We definean“equivalentlayerthickness as

H =H+H,

W =h l_>
+(2r

is the “equivalentperturbationlayer thickness”. Equations
(1a)-(1d)and(2a)-(2b)yield the free wave equation
o _ pot
otz 7 ay?’

(2a)
where

(2b)

®3)

__ 1
wherec = (gr'H) ? is the speedbf thefirst-baroclinic-mode
Kelvin wave. Thesolutionto (3) and(1a)is

H = ﬁ/ex/a-o-l(ly—ot)’ (4)
wherel is the equivalentamplitudeof the Kelvin wave at
the coastanda = ¢ is the internal Rossbyradiusof defor
mation. Equations(la)-(1d), (2a)-(2b), and (4) yield the
requiredzeroth-ordesolution

h— Fred/atilly—o) _ (2_Vr> , (5a)
ar 5
V= (ﬁ) h/e)</a+l(|y—()'t)7 (5b)
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Figure 3. (a) Schematiof a sectionnormalto the coastshawving therelationbetweercurrentsandsealevel alongthe coast
of India. The currentshovn by x (dot) within a circle is into (out of) the planeof the paper Whenthereis downwelling
(upwelling)atthecoastthecurrentflowswith thecoaspnits right (left), seaevelrises(falls) atthecoastandthepycnocline
(thetopof whichis shavn by theline markingthebottomof thehatchedarea)slopesdown (up) towardthecoast. At Mumbai,
thereis downwelling (upwelling) during the northeas{southwestmonsoon.(b) Schematid¢o shav how, accordingto our
hypothesisthe conditionsdepictedn Figure3aaremodifiedwhensalinity nearthe coastis lower thanthatfartheroffshore.
Wider spacingof the hatchedinesindicatedower salinity. We proposehatthe salinity (hencedensity)gradientnormalto
thecoastdrivesaweak,quasi-steadgurfacecurrentthatmoveswith the coastonits right, introducinga quasi-steadyisein

sealevel atthecoast.

n=THe/-o 4 (). (5¢)

In the absencef spatialvariationin density(lr =T,y =
0), we obtaintheclassicaKelvin wave solution.Whenden-
sity variesin space(y # 0), the Kelvin wave amplitudeis
modified (it becomeghe equivalentamplitude),but thereis
anotherchangethatis significantfor sealevel at the coast.
Whensalinity, andhencedensity decreasefncreasesjrom
theopenseatowardthecoast,i.e.,wheng—z >0 (g—z < 0),sea
level at the coastincreasegdecreases)This changein sea
level dependsonly on y and henceis independenbf time.
Sincethelow-salinity wateris spreadalongthe coastby cur-
rentsthatdecayexponentiallyaway from the coast,.e., they
arecoastallytrapped the perturbatiorin salinity, andhence
y, decaysexponentiallyaway from the coast(y 0 €%, k > 0).
Thereforeghetime-independerthangen seaevel predicted
by the modelalsovariesexponentiallycrossshore.

TheKelvinwaveis superimposednthetime-independent

increasen sealevel. In thelinearsystemdescribedy (1a)-
(1d), we canignorethe Kelvin wave to look at the steady
state. It consistsof anincreasein sealevel andan upslop-
ing of the pycnoclinetoward the coast(Figure 3b); thatis,
whenthereis no Kelvin wave anddensitydecreasesoast-
ward, sealevel risesat the coast,the pycnoclineupslopes,
andthereis no currentin thelayer This is so becausehe

cross-shor@ressurgyradientat the middle of the layervan-
ishes. More insightinto suchsystemsanbe gainedby ex-
tendingthe modelto includeanotheractive layer.

4.2. The 23-Layer Model

Considera 2%—Iayerreducedgra/ity model, but with no
differencedn densitybetweerthetwo active layersin theba-
sic state,i.e., [, = [, = T; the perturbationdensityin the
two layers,however, is different,i.e., ', # I',. The model
now supportsvelocity shearin the vertical, permitting the
existenceof a “shearmode’ As with the 1%—Iayer model,
the perturbatiordensityvariesin the horizontalin the active
layers;the interfacebetweenthe lower active layer andthe
deepoceanis the modelpycnocline. A precisedefinition of
the densityfield is requiredbecausehis modeldiffersfrom
theusual23-layerreducedyravity model,in whichT, #T,,
implying theexistenceof two baroclinicmodes.Ourinterest
is restrictedto understandingvhy the 1%-Iayer modeldoes
notyield aquasi-steadyelocity alongwith the quasi-steady
risein sealevel, andfor this theintroductionof sheairin the
verticalis sufficient; the assumptiorthatthereis no differ-
encein unperturbeddensity betweenthe two shearlayers
(T, =T,) simplifiesthealgebra.

We definethereducedgravity parameterasfollows. Let
P, P, andp, bethedensitiewf thethreemodellayers(p, <
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P, < p;). Then,by definition,

r= pa_p17

! p

rz — Ps : P2
p
wherep is an averagedensitythatis representatie of the

ocean.n thebasicstate[", =T, =T. Hencewe have ", =
F+y, andl, =T +v,. Let

?

N=—-——= 6a
. (62)
where

_ _Hp +H,p

Po=— (6b)
— 1
b, =5 /[ puxay. (6)
A

(60)

_ 1
p,= Z//pzdxdy.
A

H, andH, arethe layer thicknessesn the basicstateand
A is the areaof the modeldomain. H,, H,, andT define
the basicstateaboutwhich the systemis perturbed. Since
p, > p,, wehavep, >p, . Then

ﬁ12_p1 El_pl (ﬁ2> (52_§1>
Y, b b = 5 (7a)

ﬁlz_pZ ﬁz_pz (ﬁ]_) (§2_§1)
= > — = — —_ e — . 7b
Y 5 5 = 5 (7b)

Thisyieldsy, —y, > 0, asexpected. This definition of the
densityfield andreducedyravity parameterensureshatH,

is a meaningfulquantity: it is the depthup to which salinity
at the coastis affectedby the runoff from rivers. A conse-

guenceof thedefinitionis thaty, # 0, butit maybeconstant.

The zeroth-order linearized perturbationequationsfor
this 23-layer model, equivalentto (1a)-(1d) for the 13-
layermodel,make the sameassumptionasfor the 1%-Iayer
model.

_ — _2 _ gﬁ1 ay1 _ag ayz
fv, = grax(h1+h2) 5 ax Mg (8a)
M _ g9 _gH g
oh, — 0V,
oy (8¢)

aretheequationdor thefirst layer, and

- _gH, 0y,
» _ 9 _gH, oy,
oh, - ov,
EREY Y (c)

arethe equationdor the secondayer. The perturbatiorsea
level is givenby

n=r(h,+h)+H,y, +H,byY,. (10)
Let
h=h, +h,, (11a)
H=H,+H,, (11b)
v::EEYL%;iiﬁ, (11¢)

whereH is the “cumulative layer thickness”in the basic
state h is the“cumulative perturbatioriayerthickness, and
v isthemeanvelocity. Then(8a)-(8c), (9a)-(9c), and(11a)-
(11c)yield thefreewave equation

on'  ,on
where
A%y, + 20 Ay, + A
W=ho (CAT LY T 1LY, (13)
oTH

is the “equivalentcumulative perturbationlayer thickness”

1
andc = (gr'H)2. Thesolutionis
W = Re/ariy=a, (14)

wherea = £. Then(13)and(14) imply

72 . 72
h = ffe¥/a+illy-ot) _ <H1y1 + 2H21ri|-|2y2 + H2y2> . (15)

Theperturbatiorsealevel is

2 S =2
n = THevatiy-o) (Hlyl + 2H;;2y1 + H2y2> . (16)

Sincewe areinterestedonly in the quasi-steadyart of the
solution,we restrictour attentionto it. It is thequasi-steady
responsdhat causeghe interdecadathangesn sealevel,
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theKelvin wave beingsuperimposednit. Thequasi-steady
componenbdf his

2 T LT
h =— <H1y1+2H1H2y2+H2V2> : (17a)

s 2r'H
andthe quasi-steadgealevel is
72 7T 72
Hly, +2HHy, +Hy,
2H '

Substituting(17a) into (8a) and (9a), we obtainthe quasi-
steadysolutionsfor thealongshoreelocityin thetwo layers.
Theseare

(17b)

Ns =

gH,\ 0 ,— _

Vig = <2fﬁ2> ax (Ma¥a +H2Y,) (17¢)
gH,\ 0 ,— _

Vos = — (Zfﬁl> ax (Hlyl + szz) : (17d)

The introductionof the shearmodepermitsthe existenceof
anundercurrentbut thereis nomeanvelocity, i.e.,v, = 0,as
in the 13-layermodel,and

From(17a)-(17d)we obtain

on oy, oy,
I >0 A% X > —tanen&, (18a)
oh, oy, oy,
aX S O V & Z —taneh&, (18b)
N o tane, e
vig >0 ™ > —tanB, I (18¢)
v,, <0 Vi, >0, (18d)
where
o N 2 o\ -1
tan6, = (i (1+2) , (19a)
1 Hl
o\ —1
tang, = (1+ @), (19b)
Hl
H
tang, = ﬁ—i, (19¢c)
with

Equationg18a}-(18d)and(19a}-(19d)imply thattheveloc-
itiesin thetwo actie layers,v, ; andv, ;, andthecross-shore
gradientsof n, and h, dependon the layer thicknessesn
thebasicstate,H, andH,, andon the cross-shorgradients
of bothy, andy,. This is shovn graphicallyin Figure 4.
The solutionshaws that thereexist conditionsunderwhich

sealevel may rise at the coast;this neednot, however, be
accompanietby ariseof thepycnoclineor by asurfacecur-
rentthat flows with the highersealevel on its right, unlike
in the simplersolutionobtainedfor the 1%-Iayermode|. For
example,betweenthe solid and dashedines in the second
guadrantn Figure4, sealevel falls coastvard, but the sur
facecurrentis still poleward (for an easternboundarylike
the Indian west coast); betweenthe solid and dottedlines
in the fourth quadrant,sealevel risestoward the coastbut
sodoesthe pycnocline. An extremecaseis thatof sealevel
falling atthecoastdespitesalinity decreasingoastvard;this
canhappenif thedensityof thelower layerincreasegoast-
ward at a sufficiently rapid rate (theregion to theleft of the
solidline in Figure4). Thusthereexist anumberof possible
solutions,andit is the prevailing conditions,i.e., the thick-
nessof the layerinfluencedoy runoff (H, ), thethicknessof
thelayerbelow (H,), andthecross-shorgradientof there-
ducedgravity parametersn the two layers(y, andy,) that
determinewhethersealevel risesat the coastor not.

Despitetherelative complexity of thez%-layersolutionit
is similar to the 1%—Iayer modelwhenthereis a coastvard
decreasef salinity above the pycnocline. Whenthis hap-
pens(first quadrantn Figure4), sealevel hasto rise at the
coast.Thesel%-Iayerandz%-Iayersolutionsaredepictedn
Figure5. As shown in Figure4, unlessthereis a suficiently
large coastvard increasan densityin the secondayer, sea
level hasto rise at the coastwhensalinity decreasesoast-
wardin theupperlayer.

4.3. Application to the WestCoastof India

At Mumbai,sealevel roseby ~11 cmduring1900-1950
andfell by ~4.5cm during 1950-1980By how muchdoes
the salinity at the coasthave to changeto force theseinter-
decadalchangesn sealevel? Our model domainhasan
easternboundaryand extendsto infinity toward the west.
The changesn salinity dueto runoff from riversaffect only
a layer of thickness,H,, and are restrictedto the vicinity
of the coast,the slow mixing in the oceanactingover time
to reducethe cross-shor@ensitygradient. This cross-shore
gradientis quasisteadybecausenixing in theocearnis slow;
themorerapidchangegorcedby seasonaKelvin wavesare
superimposean it. In the lower active layer of thickness,
H,, density andhencey,, is assumedo be constantDiffer-
entiatingn, in (17b) then eliminatesthe contribution from
densityvariationsin this layer. Integrating a(;]—; over (—,0]
for anexponentialvariationof densityin x (y, O & where
k~1is alengthscale) we obtain

) _
H +2H H
ns'x:o = (%) y1|x:0'

Forn,=5cmandH, = H, = 50 m we obtainy, = 0.0013.
If we assumethat the changein densityis entirely due to
a changein salinity, ignoring otherprocessegfor example,
temperaturechangesdue to “global warming; melting of
ice caps,etc.),this translateso a decreasef 1.07 practical

(20)
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h.r_:O v;,0, =0 17y =0

By >0 "

72 T

71$
v, K\0 Ul> 0
0 v,<0
\
Nz Nz > O\
\
Nz =0 v,0,=0 hy=0

Figure 4. A graphicalrepresentatiomf the quasi-steadyolutionto the 2%-Iayer model equations. The possiblequasi-
steadysolutions(the subscripts is droppedfor corveniencerreshovn asa functionof y,, (abscissaandy,, (ordinate);the
subscriptx denotes partialderivative with respecto x, thecross-shoreoordinate Thelineshy = 0 (dotted),nyx = 0 (solid),
andv, = v, = 0 (dashed)narkthe boundariesicrosswvhich the cross-shorgradientsof h andn andthevelocitiesv, andv,

changesign. To theright (left) of therespectielines,ny andv, arepositive (negative),andhy andv, arenegative (positive).
Unlessthereis a sufiiciently largecoastvarddecreasén y, (y,, < 0), acoastvarddecreasén the salinity of theupperactive
layer at an easterrboundary(y,, > 0) implies arise in coastalsealevel, a rise of the pycnoclinetoward the coast,anda
surfacecurrent(undercurrentjhatflows with the coastonits right (left).

salinity units(psu)in thesalinity averagedverthetop50 m.
A similar approachpsing (17a) insteadof (17b), givesthe
displacemenof the pycnoclineat the coast.

" A,
slx:O__ ﬁ y1|x:0'

ForT = 0.0035[ShankarandShetye1997;Shankar 1998],
we obtainh, = —4.8 m at the coast. To computethe cur-
rents associatedvith the cross-shoradensity gradient,we
needa measureof the lengthscalek—! associateavith the
mixing of saltin the Arabian Sea. Horizontal eddy diffu-
sivities in the Arabian Searangefrom 1.3 x 10° (zonal)to
3.1 x 10° cn? s~1 (meridional)[Somayajuluet al., 1996].
Assuminganaveragevalueof 2 x 10° cn? s™1, we obtaina
lengthscaleof 400 km for a timescaleof 25 years,the pe-
riod over which sealevel at Mumbaidropsby 4.5cm. Then

(21)

(17c)impliesv, , = —v, = 0.8 cms™!; thusthebackground
thermohalinecirculation forced by the cross-shorelensity
gradientis muchwealer thanthe seasonalVICC superim-
posedonit.

To summarizea suitablemodelto explain the link be-
tweensealevel and all-India rainfall is the following. An
increasen rainfall over India leadsto a decreasén salinity
alongthe coast,resultingin a cross-shoralensitygradient
to which the oceanrespondsas a two-layer system. When
densitydecreasesoastvard in the surfacelayer, sealevel
risesat the coast,andthis is accompaniedby a geostrophic
surfacecurrentthatflows with the lighter wateroniits right;
belon the surfacecurrentis an undercurrent. The sum of
thetransporof thesurfacecurrentandtheundercurrentvan-
ishes.Boththesurfacecurrentandtheundercurrenareweak
comparedo the seasonasurfacecurrentandundercurrent.
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Sea level rises —>
I oy

(a) Sea level rises 7r (b)

=T T

\

A A

| ™
- [

e

Lower salinity

Lower salinity

Pycnocline rises Pycnocline rises

Figure 5. Schematicof a sectionnormalto the coastshaving the effect of a decreaseén the salinity of coastalwaters
on sealevel at an easterroceanboundaryin the NorthernHemisphere:(a) The responsen a 1%-Iayer modeland(b) the

responsen a 2%-Iayer model. The cross-shor¢ime-independentariationin salinity forcesa risein coastalsealevel and
atime-independengeostrophiairculationwith a surfacecurrentandan undercurrent.The surfacecurrentflows with the
lighter wateron its right, andthe undercurrenflows in the oppositedirection. The pycnocline(the interfacebetweenthe
undercurrenaindthe motionlessdeepeiocean)slopesup towardthe coast. Thetransportof thetwo currentscancelto yield

azeronettransport.The 1%—Iayermodelyieldsonly themeanof thesurfacecurrentandtheundercurrentandhencepredicts
a zerocurrentassociateavith therisein sealevel andthe pycnoclineat the coast. The currentshovn by x (dot) within a

circleis into (out of) the planeof the paperandwider spacingof the hatchedinesindicatedower salinity.

Geostrophyequireghattheinterfacebetweertheundercur
rentandthemotionlesgdeepenceanthemodelpycnocline)
slopeup towardthe coast(Figure5). Theslow mixing in the
oceanmmakesthis responsejuasisteady

Thusa coastvard decreasdincrease)n salinity implies
anincreasgdecreasein boththe annualmaximumandthe
annualminimum of sealevel and hencean increase(de-
crease)in sealevel throughoutthe year, as seenat Mum-
bai. Thischangen sealevel occursoninterannuabndinter-
decadatimescalesmuchslowverthanthechangesissociated
with theannuaktimescaleandotherKelvin wavesthataresu-
perimposecdn it. Thoughit is the currentsassociateavith
thesewavesthatspreadhe low-salinity wateralongthe In-
dian coast,thelong-termeffect of spreadinghis wateris to
setup aweak,quasi-steadgirculation.

5. Effect of Interannual Variability of Winds

Oneimplicationof theabovefindingis thatsimilarchang-
esin sedevel mustoccuralongthelndianeastcoastbecause
alargefractionof thefreshwatercomesrom theBay of Ben-
gal,andthesalinity changesremuchgreateralongthe east
coast. We find supportfor this contentionin the sealevel
at Vishakhapatnan@Figure 6), which, however, hasa much
shorterecord(1937-1988jhandoesMumbai(1878-1988).

It is correlatedwith sealevel at Mumbaiandwith all-India
rainfall (Table1); the shortrecord,however, makesit diffi-
cult to usea low-passfilter to look at interdecadathanges
in sealevel.

In computingthe correlationbetweenall-India rainfall
andsealevel at Vishakhapatnamve have droppedonedata
point, the year 1961, from the 52-yeardataset. This data
point wastreatedasan outlier becausesealevel anomalies
for 1961 are the lowestrecordedthoughthe rainfall is the
secondhighestrecordedduring the 52 years. This anoma-
lousbehaior, hawever, suggestshatinterannuabariability
associateavith winds alsoforcessignificantchangesn sea
level, especiallyat Vishakhapatnant961wasayearof un-
usualwindsin theIndianOceanReverdin etal., 1986].

Both salinity andthe large-scalevinds overthe north In-
dian Oceanareimportantforcing mechanismsor the sea-
sonalcycle of sealevel alongthe coastof Indiaaswell asfor
thealongshorevariationsin annualmeansealevel [ Shankar
1998]. Numericalexperimentswvith areducedyravity model
shav thata uniform increasein winds over the entirenorth
Indian Oceanraisesannualmeansealevel along the east
coastof Indiabut lowersit alongthewestcoastthesealevel
behaing like a see-sw with its pivot at the southerrtip of
the Indian subcontinenfShankar 1998]. Sinceanincrease
in monsoorrainfall reflectsanincreasén monsoorintensity
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Figure 6. Anomalies of annual all-India rainfall (cen-
tiemters; dotted line) and of the annualmaximum (upper
solid line), mean(middle solid line), and minimum (lower
solid line) sealevel (centimeters)at Vishakhapatnangthe
meanrainfall andseaevel have beenremovedfrom thetime
series).For sealevel the yearis definedfrom July to June;
for rainfall, theyearis definedfrom Januarnjto December

which is accompaniedby anincreasen the strengthof the
winds, this implies thatwinds and salinity actin concertto
raiseor lower sealevel at Vishakhapatnarbut opposeeach
otherat Mumbai. Thuswinds counterthe effect of salinity
(andmonsoorrainfall) onthecorrelationbetweersealevels
at Vishakhapatnanand Mumbai; winds are alsothe likely
causeof the lower correlationbetweerall-India rainfall and
sealevel at Vishakhapatnam.

Themonsoonhowever, is acomplex phenomenorgnda
strongmonsooris notnecessarilaccompanietly auniform
strengtheningf winds over the basin. The linear model of
Clarke and Liu [1994], which is forced by winds blowing
overtheequatorialndian Ocean shaws thattheinterannual
variability of seaevel alongtheperipheryof thenorthindian
Oceanis coherenttherebeinga similarity in the obsened
and simulatedvariability at several stationsfrom southern
Javato Mumbai. Thoughthe dataof Clarke andLiu [1994]
arenot sufficient to permitanalysisat decadatimescalesit
is possiblethat interdecadakthangesn winds, either over
the equatorialindian Oceanor over the northIndianOcean,
alsoforceinterdecadathangesn sealevel alongthe coast
of India. Apartfrom salinity andwinds,sealevel is affected
by oceantemperaturendatmospheripressurethese how-
ever, varytoolittle in thetropicsonthesdimescale$o cause
change®f theobsenedmagnitude.

6. Discussion

We have shown that the interdecadalvariability of sea
level alongthecoastof thelndiansubcontinentanbelinked
to the monsoorrainfall over the subcontinentcoastalsalin-
ity playinganintermediataole. The moststriking featureof

this mechanisnis the connectiorbetweertwo vastly differ-
enttimescalesthe seasonaandthe interdecadal.The bulk
of the rainfall over the Indian subcontinentoccursduring
June-Septembgandtherunoff is carriedto the seasaround
India within the sameseason.The equatorvard EICC and
the poleward WICC, which transportthis low-salinity wa-
ter alongthe Indian coast,are also seasonallyarying cur-
rents. Theseseasonaphenomenaactin concertwith the
low-frequeng variability of monsoonrainfall andthe slow
mixing of saltin the oceansto force sealevel changeson
interdecadatimescales.

A changen thesalinity of coastalaterscausedy varia-
tionsin monsoorrainfall, andhencen riverrunoff, creates
cross-shorelensitygradientto which the responses a two-
layer geostrophiccirculation with a surfacecurrentand an
undercurrentThoughthis backgrouncirculation,onwhich
the seasonatirculationis superimposeds very weak,the
associateanovementsof the seasurfaceandtheisopycnals
are obsenable. When salinity decreasegincreaseshat an
easterroceanboundarylik e the Indian west coast,the cur-
rentatthe surfaceflows poleward (equatorvard), thereis an
opposingundercurrentseaevel atthecoastrises(falls),and
thepycnocline or theinterfacebetweertheundercurrenand
the deeperocean,slopesup (down) toward the coast. Thus
theinterdecadathangesn sealevel off theIndiancoastcan
belinkedto thedynamicof local coastakurrentsandto the
variability in therainfall overtheIndiansubcontinent.

This hypothesis,while linking interdecadalkchangesin
sealevel to thosein the climate of the region, differs from
thoseusuallyinvokedin constructingscenario®f long-term
changesn sealevel. Thesealsolink interdecadatsealevel
variability to climate change[Gornitz et al., 1982; Wyrtki,
1990] but invoke therise in temperaturen the upperocean
andthe melting of polarice caps. It hasbeenspeculated,
however, that global climate changeis a complex process
andwill manifestdifferentlyin differentregions;in thetrop-
ics, sinceoceartemperaturés alreadyhigh, it is expectedo
changesvaporatiorandhencechangeatmospherienoisture,
cloudcover, andrainfall [Wyrtki, 1990]. Therainfall andsea
level obsenationspresentedbove highlightthecomplex re-
lationshipamongthe variablesthat define climate change.
They donot, however, allow separatiorof natural,very low-
frequeng variability of monsoorrainfall andsealevel from
that causedby other effects, including the warming of the
globedueto anthropogenieffects.

However, theabsencef areliabledataseton spatialand
temporalvariability of salinity in the coastalregion of In-
dia makesit difficult to verify the hypothesis.It is this that
forcesusto correlatenonsoorrainfall overindia,ratherthan
coastakalinity, with coastalkealevel.
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