Chapter 4

The SeasonalCycle of Seal evel Along
the Coast

Therearefour cause®f the climatologicalseasonatycle of coastalsealevel (Section2.2). Of
thesefour, low-frequenyg astronomictides are ignoredbecausehey force an oscillationwith a
rangelessthanl cm, muchlessthanthe obsered variability, andthe effect of atmospherigres-
sureis removed usingthe Inverse-BarometgiB) approximation.The seasonatycle of obsered
and correctedsealevel® is plottedin Figure4.1. The correctedseasonatycle mustbe forced
by the two remainingprocesseswhich togetherforce changesn steric sealevel: wind-forced
coastalcurrentsandthermohalineeffects dueto surfacefluxesandhorizontaladwectionof heat
andsalt. In this chapterwe examinethe effect of thesetwo processeswvithin the framewvork of a
reduced-gnaty model.

4.1 Effect of Wind-ForcedCoastalCurr ents

The 1%-Iayerreduced-gr\dty modelusedin Chapter3 is successfuin simulatingthe major ob-
senedfeaturesf the basin-scaleirculationin the north Indian Ocean.It is alsoableto simulate
the seasonatycle of coastalcurrentsoff India (Figure4.2). Exceptat Colombo,wherethe ship
drifts areaffectedmoreby thestronglocal windsthanby current$, themodelalongshoreurrents
arein excellentagreemenwith the obserations. This leadsusto believe thatthe modelshould
be ableto capturethe effect of theselarge-scalecoastakurrents,oneof thetwo processeteft on
eliminatingastronomididesandatmospheri@ressurepn sealevel alongthe coastof India.
The model sealevel is comparedwith correctedsealevel in Figure 4.3; thereis a striking

10bsered sealevel is the measuredealevel; correctedsealevel is the sealevel correctedor the effect of atmo-
sphericpressure.

2SeeFigures2.6and2.8.



The SeasonalCycle of Seal evel Along the Coast

Figure 4.1 Theclimatologicalseasonatycle of sealevel (cm) alongthecoastof India. Thefigure
shaws the obsered and correctedsealevel; the local annualmeanhasbeensubtractedrom the
monthly climatologyto computetheseanomalies.The correctionfor atmospherigressurevas
appliedusingthe Inverse-Barometeapproximation. The effect of atmospheriqressureon sea
level variesfrom 3 cm at Colomboto 13 cm at Paradip. The seasonatycle of correctedsealevel

is coherentalongthe coast. Its rangeis greateralongthe eastcoast(45 cm) thanalongthe west
coast(30 cm). Along the east(west) coast,the correctedsealevel is maximumin November

(DecemberpndminimumduringMarch—April (the southwestnonsoon).
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Figure 4.2 The climatologicalseasonatycle of alongshoreship drifts, compiledby Raoet al.
[1989] (cms™1), andalongshoreurrentscm s™1), simulatecby the dynamicall%-layerreduced-
gravity model. Ship-drift dataarenot availableat ParadipandMumbai. All variablesplottedare
monthly anomaliesthe annualmeanhasbeenremoved. Downwelling- (upwelling-) favourable
anomaliesare positve (negative); thesecurrentsflow with the coaston their right (left) in the
northernhemisphere.The modelalongshorecurrentsmatchthe ship drifts, exceptat Colombo,
wherethe shipdrifts areaffectedmoreby the stronglocal windsthanby currentgseeFigure2.8).
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Figure 4.3 Effectof wind-forcedcoastakurrentsonthe seasonatycle of sealevel (cm). Monthly
anomalief correctedsealevel areplottedalongwith thatof the sealevel from the l%-layerand

2%-Iayermodels.The dynamicalreduced-gnaty modelis successfuin simulatingthe seasonal
cycle of currentsalongthe coastof India, but it fails to simulatethatof sealevel. The modelfails
to simulatethe winter peakalongthe eastcoast;asa consequencéhe simulatedseasonatycle of
sealevel hasa higherrangealongthe westcoast.
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mismatchbetweerthe two, especiallyalongthe eastcoast. First, the modelis unableto capture
the winter peakalongthe eastcoast. Secondasa consequencef this, the rangeof the seasonal
cycle alongthe eastcoastis muchlessthanthatalongthewestcoast.

This failure implies that the modellacksthe physicsrequiredto simulatethe seasonatycle
of coastalsealevel. Could this be dueto the absenceof a secondactive layer? The available
literaturesuggestshatthe secondaroclinicmodeis importantin the Indian Oceangspeciallyin
the equatorialaveguide[McCrearyetal., 1993;Jensen1993]. To examineits effect on coastal
sealevel, we add an extra active layer to the model, makingit a 2%—Iayer modef. The model
parametersarelistedin Table4.1. Densityis constanin eachlayer andthe modelis forced by
the wind-stressclimatologyof Hellermanand Rosensteinj1983]. The modelsealevel plottedin
Figure4.3is from thetenthyearof the simulation.

Table 4.1 Model parametersor the 2%-Iayerreduced-grwity model.

Paramete(units) Symbol  Value
Laplacianmixing coeficientfor momentum(cn? s™%) v 5x 107

Laplacianmixing coeficient for thicknesgcn? s %)  « 1x 10’

Reduced-gndty parametefor thefirst layer r, 0.0035
Reduced-gndty parametefor the secondayer T, 0.0020
Initial thicknessof thefirst layer(m) H, 70
Initial thicknesghe secondayer(m) H, 250
Minimum thicknessof thefirst layer (m) H, i 10
Maximumthicknessof thefirst layer (m) H, 140
Minimum thicknessof the secondayer(m) H, i 50
Maximumthicknessof the secondayer(m) H, 450
Grid size(km) AX, Ay 55
Time step(minutes) At 72

The 2%—Iayer model also fails to capturethe obsered variability, doing no betterthanthe
1%—Iayermode|in simulatingthewinter peakalongtheeastcoast.This failure of the purelywind-
forcedreduced-gnaty modelsto simulatethe seasonatycle of correctedsealevel, eventhough
they areableto simulatethat of the alongshoreurrentsjmpliesthata critical elements missing
in thesedynamicalmodels.We exploreif thermohalineeffectsconstitutethis critical element.

3Theequationsrederivedin AppendixA; seeSectionA.2.
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Figure 4.4 Effect of temperaturen the seasonatycle of sealevel (cm). Monthly anomaliesof
correctedsedevel areplottedalongwith thatof thesedevel from theZ%—IayermodeIof McCreary
etal.[1993]. Likethedynamicalreduced-gnaty modelsthistoofailsto simulatethewinter peak
alongthe eastcoast. Sincethe modeldoesfairly well in simulatingthe temperaturén the upper
oceanthisfailureimpliesthatseasonabariationsin temperaturdnave a minor effect on sealevel
alongthe coastof India.
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4.2 Effect of Variations in Temperature

In their numericalstudy of the dynamicsand thermodynamic®f the Indian Ocean,McCreary
et al. [1993] useda 2%-Iayer reduced-gnaty modelwith a mixed layer embeddedn the upper
layer Themodel,forcedby thewind-stresslimatologyof HellermanandRosensteii1983]and
obsenred surfacefluxesof heat,simulatesthe major featuresof the obsered circulationandsea
surfacetemperaturdSST)fairly well. Hence we expectit to accountor the effect of temperature
on coastalksealevel. It, however, faresno betterthanthe purelywind-forcedmodels(Figure4.4),
implying that temperaturechangesplay but a minor role in forcing seasonakea-leel changes
alongthe Indiancoast.

This result,whichis not surprisingbecauseseasonabariationsin temperatur@aresmallin the
tropics[Clarke andLiu, 1993], leaves us with salinity asthe possiblecauseof the winter peak
in sealevel alongthe eastcoastof India. Sincethe haline contractioncoeficient is roughly five
timesthe thermalexpansioncoeficient (Table3.1), a salinity changeof 1 PSUis equialentto a
temperaturehangenf 5°C. Thougha5°C changen temperaturés notcommornin thenorthindian
Ocean,a 1 PSUchangein salinity is. The annualmeantemperatureandsalinity, averagedover
thetop 100m of thewatercolumn,andT, areplottedin Figures4.5,4.6,and4.7. Thealongshore
changesn temperatur@resmall,but thereis alarge alongshoresalinity gradient.Hence salinity
may be a significantcauseof the seasonatycle of sealevel alongthe coastof India.

Figure 4.5 Annualmeantemperaturg®C), averagedover the top 100 m of the watercolumn,in
thenorthIndianOcean.Thetemperaturdield is from theannuaklimatologyof LevitusandBoyer
[1994] andhasbeeninterpolatedo the modelgrid.
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Figure 4.6 Annualmeansalinity (PSU),averagedover thetop 100 m of thewatercolumn,in the
northIndian Ocean.The salinity field is from the annualclimatologyof Levitus etal. [1994]and
hasbeeninterpolatedo themodelgrid.

Figure 4.7 Annual meanreduced-gréity parametel” = 251 in the north Indian Ocean. p is
an averagedensityrepresentate of the ocean(seeAppendixA). Thetemperaturdield is from
the annualclimatology of Levitus andBoyer [1994], the salinity field from thatof Levitus et al.
[1994].

20°N

10°N

0°

40°E 60°E 80°E 100°E

0.003 0.004 0.005 0.006 0.007 0.008 0.009




The SeasonalCycle of Sealevel Along the Coast 91

4.3 Effect of Variations in Salinity

The heavy rainfall over the Indian subcontinenteadsto a large runoff from riversinto the seas
aroundindia, particularlythe Bay of Bengal. Togethemwith therainfall over the oceanthefresh-
waterinflow from riverslowerssalinity in the bay, especiallyalongthe coastof India. The low

salinity is boundto raisethe stericsealevel alongthe coast.

4.3.1 Simulations With the Salinity Climatology of Levitus et al. [1994]

To examinethe impactof salinity on the seasonatycle of sealevel alongthe Indian coast,we

have to permittemperaturendsalinity to vary in the active upperlayer of the 1%—Iayer model.
We do not solve the conseration equationgor heatandsalt; instead temperatureind salinity

are prescribedfrom the monthly climatologiesof Levitus and Boyer [1994] and Levitus et al.

[1994]. Thesemonthlyfieldsareaveragedver thetop 100m andtheninterpolatedinearly to the

modelgrid at eachtime-step.The densityin the upperlayeris still lessthanthatof the constant-
densitylower layer, but it is now a function of spaceandtime. The resultingseasonatycle of

the reduced-gnraty parameterl, is plottedin Figures4.8 and4.9. The seasonatycle of I is

determinedgrimarily by thechangesn salinityin the Bay of Bengal;variationsin temperaturare
importantonly in the northernArabianSeawherecooling by the cold continentawinds blowing

from the northeasin winter forcesa dropin temperaturen the upperoceanBanse,1984,1994;

Madhupratagetal., 1996],andalongthe westcoastof India duringthe southwesmonsoonwhen

" decreaseswing to a decreasén the averagetemperaturef the upperlayer dueto upwelling

associateavith the Lakshadweejow.

Themodelis forcedby the wind-stressclimatologyof HellermanandRosensteirj1983] and
the resultingsea-leel deviation, n, and velocity, v, are shavn in Figure 4.10. The variations
in densitydo not perturbthe basin-scaleirculationmuch. The alongshorecurrentsalsodo not
changemuch (Figure 4.11). The rangeof the seasonatycle of sealevel increasesat Paradip
(Figure 4.12), but the maximumoccursin June;at Vishakhapatnanand Chennaithereis little
changein sealevel. This is dueto the seasonatycle of I' (Figure 4.9), which hasa troughin
Novemberalongthe eastcoastbecausehe coastalsalinity in the climatologyof Levitus etal. is
minimum in Septemberndincreaseshereafter This dropin I' lowerssealevel at the coastin
Novembereventhoughthe EICC favours downwelling, the effect of the wind-forcedrise in sea
level beingnullified by therisein salinity.

The monthly climatologiesof Levitus and Boyer and Levitus et al. are derived from their
seasonatlimatologiesby interpolation. The sparsedistribution of the datain the north Indian
Oceanmakesit difficult to preparea monthly climatology Anotherproblemis the absenceof

4The equationdor this variable-densityeduced-greity modelarederivedin AppendixA.
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Figure 4.8 Theseasonatycle of thereduced-gréty parametef in thenorthindianOcean.l is
computedrom the monthly climatologiesof Levitus andBoyer[1994] andLevitus etal. [1994].
Thereis alarge differencen densitybetweerthenorthernBay of BengalandthenorthernArabian
Sea.This differenceis determinednainly by the differencein salinity [Shetye, 1984],therebeing
acontinuoudncreasddecreasein salinity (I') from thebayto the ArabianSea.
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Figure 4.8 (continued)The seasonatycle of thereduced-gnaty parametef in the northindian
Ocean. T is computedfrom the monthly climatologiesof Levitus and Boyer [1994] and Levi-
tusetal. [1994]. ' doesnot changemuchduring January—May It dropsduring the southwest
monsoonalong the west coastof India becauseof a decreasen temperaturedueto upwelling
associatedvith the Lakshadweefpow. In June,it startsincreasingn the northernBay of Bengal
becausef adecreasén salinity.
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Figure 4.8 (continued)The seasonatycle of thereduced-gnaty parametef in the northindian
Ocean.l is computedrom the monthly climatologiesof Levitus andBoyer [1994] and Levitus
etal. [1994]. The southwesmonsoorbringsabouta large changen I', especiallyin the Bay of
Bengal. The largestincreasgdecreasein I' (density)is alongthe eastcoastof India, andalong
thewestcoastof Myanmar(Burma),which formsthe easterrboundaryof the northernbay. The
tongueof low-salinity water(high I") in the equatoriallndian Ocearalsostretchesvestvward.
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Figure 4.8 (continued)The seasonatycle of thereduced-gnaty parametef in the northindian
Ocean.l is computedrom the monthly climatologiesof Levitus andBoyer [1994] and Levitus
etal. [1994]. With the collapseof the southwesmonsoonsalinity increaseslongthe eastcoast
of India and Sri Lankain the monthly climatology of Levitus et al., leadingto anincreasen T.
I", hawever, increaseslongthewestcoastof India, especiallyin the south,owing to aninflow of
low-salinity waterfrom the bayandthe decreas@n temperaturelueto the cessatiorof upwelling.
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Figure 4.9 The seasonatycle of I' alongthe coastof India. The densityof the upperlayeris
computedrom the monthly climatologiesof Levitus andBoyer [1994] andLevitus etal. [1994].
Thefigureshawvs ', I';, andlg; ', and[l ¢ arethe contritutions of temperatureand salinity to
I". Along the westcoast bothtemperatur@ndsalinity areimportant,the decreasén temperature
becaus®f upwellingassociateavith the Lakshadweefow causingadropin I' duringthe south-
westmonsoon.After the southwesmonsoon[ increasedecausef the cessatiorof upwelling
andaninflow of low-salinity waterfrom the Bay of Bengal. Along the eastcoast temperatures
unimportant;it is salinity thatcontrolsthe densityin the upperlayer In the monthly climatology
of Levitus et al., salinity is minimum, andhence," is maximum,in Septemberl is minimum
duringNovemberandDecember
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Figure 4.10 Effect of variabledensityon the seasonatycle of surfacecirculationin the north
Indian Ocean;apartfrom the densityvariationin the upperlayer, the simulationis identical to
the nonlinearsimulationin Section3.3.2(Figure3.5). Sea-leel deviation n (cm) andvelocity v
(cms~1) areshawn. Thevariationsin densitybarelyperturbthe circulation,but thereis a change
in sealevel; for example,sealevel is higherin the antigclonic high in the bay during February—
May.
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Figure 4.10 (continued)Effect of variabledensityon the seasonatycle of surfacecirculation
in the north Indian Ocean;apartfrom the densityvariationin the upperlayer, the simulationis
identicalto the nonlinearsimulationin Section3.3.2(Figure3.5). Sea-leel deviationn (cm)and
velocityv (cms™1) areshavn. Sealevel risesin thenorthernbayandthe easterrequatorialndian
Ocean,andit decreases the northernandwesternArabian Sea,the four regions mostaffected
by thevariationsin density
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Figure 4.10 (continued)Effect of variabledensityon the seasonatycle of surfacecirculation
in the north Indian Ocean;apartfrom the densityvariationin the upperlayer, the simulationis
identical to the nonlinearsimulationin Section3.3.2 (Figure 3.5). Sea-leel deviation n (cm)
andvelocity v (cms™1) areshavn. The increasein densityin the westernArabian Seahasan
effect on the sealevel andthe circulationoff the Somalicoast;the GreatWhirl is wealer thanin
the constant-densitgimulation. This is the only occasiorwhenthe variationsin densityhave an
impactonthecirculation.
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Figure 4.10 (continued)Effect of variabledensityon the seasonatycle of surfacecirculation
in the north Indian Ocean;apartfrom the densityvariationin the upperlayer, the simulationis

identicalto the nonlinearsimulationin Section3.3.2(Figure3.5). Sea-leel deviationn (cm)and
velocity v (cms™1) areshavn. The aftereffectsof the southwesmonsoorpersistin the western
ArabianSeatill Decemberthesealevel thereis lower thanin the constant-densitgimulationand
thecurrentsarealittle wealer.
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Figure 4.11 Effect of salinity on the seasonatycle of modelalongshorecurrents. Alongshore
shipdrifts (cms™1), from the climatologyof Raoet al. [1989], areplottedalongwith the along-
shorecurrents(cm s1) from the simulationswith constanupperlayerdensityandwith variable
upperlayer densityin a 1%—Iayerreduced—gmity model. The densityof the upperlayerin the
variable-densitynodelis computedrom the monthly climatologiesof Levitus andBoyer [1994]
andLevitusetal.[1994]. All variablesplottedareanomaliestheannualmeanhasbeenremoved.
Thevariationsin densityforce minor changesn the currentalongthe coastof India; theincrease

in velocity, however, necessitatea changdan the scaleof the ordinate(seeFigure4.2).
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Figure 4.12Effect of salinity on the seasonatycle of sealevel. Monthly anomaliesf corrected
sealevel (cm) areplottedalongwith thosefrom the simulationswith constanendvariableupper
layerdensityin a 1%—Iayer reduced-gnaty model. Theincreasen ' alongthe eastcoasthasan

effect on sealevel only at Paradipin the northernbay wherethe densitychangesaresignificant,
but thisincreasas restrictedo the southwesmonsoon.The effect of adecreasén salinity during

Septembeis offsetby upwellingforcedby the EICC. During Novembeywhenthe EICC favours

downwelling, salinity increasesn themonthly climatologyof Levitus etal.. Thereforethemodel

still fails to simulatethe maximumalongthe eastcoast.
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datain the coastawatersof India® [Rao, 1998]; this is especiallytrue of salinity. The absencef

datain the coastalatersof India makesit necessaryo extrapolatefrom thedatain the openbay,

which too aresparse.Hence,the monthly climatologiesof Levitus and Boyer andLevitus et al.

are not reliablein the vicinity of the coast;a comparisorwith the hydrographicdatacollected
duringthesix EEZ cruiseg(Section2.4) [Shetyeetal., 1990,19914a,b,1993,1996] shavs thatthe
climatologyof Levitus etal. doesnot capturethe seasonatycle of salinity correctly

4.3.2 MonsoonRainfall and the SeasonalCycle of Salinity

Thereis considerablespatialandtemporalvariationin rainfall over the Indian subcontinentand

the surroundingocean,and this leadsto the large differencesin salinity alongthe coast. The

Indianwestcoastrecevesvery highrainfall, about200cmyear*, almost90%of whichis during

the southwestmonsoon(June—SeptemberThehighrainfall is becausef the Sahyadrrange(or

WesternGhats)runningparallelto the coastabout100km inland (Figure4.13);this rangeblocks

themoisture-richmonsoorwinds. Theresultingrunof is carriedto the ArabianSeaby numerous
swift, seasonastreams Over therestof the subcontinentthereis considerablepatialvariability

in the amountof rainfall, but about80%is receved during the southwestmonsoon.Most of this

rain falls in the catchmentareasof eastvard-flaving rivers (Figure 4.13), whoseinflow into the

Bay of Bengalpeaksin August,a month after the peakin rainfall. About 70% of this inflow

comesfrom the Gangaand the Brahmaputrawhich dischage about7.2 x 10 m3, the fourth

largestdischage in the world, into the northernbay during June—OctobefMartin et al., 1981,

Shetye, 1993]. Therefore the quantumof freshwaterinflow from the riversinto the seasaround
Indiais highly seasonal.

Equally seasonahre the coastalcurrentsaroundindig®. The wealening of the southwest
monsoorwinds after July, coupledwith remoteforcing from the easterrBay of Bengalandthe
equatorialindian ocean forcesan equatorvard EICC in the northernbay; the EICC is polevard
alongtherestof the Indian eastcoast.Togetherthesecurrentstrapthe runof in the northernbay
As the southwesmonsoonwithdravs andthe northeasmonsoonrsetsin, the equatorvard EICC
expandssouthward, forcing coastaldowvnwelling andadwectingtheriverineinflow asa coastally-
trappedlow-salinity plume that is nearly 60 m deep[Shetyeet al., 1996]. By Novembey the
EICC is equatorvard all alongthe eastcoastandthereis a sharpdrop in the salinity alongthe
coast. The EICC flows into the westward NMC, which bendsaroundSri Lankaandflows along
the westernflank of the Lakshadweepigh into the polevard WICC; theriverineinflow into the
Bay of Bengalis thustransportednto the ArabianSea.This inflow is spreadalongthe westcoast

SThis is dueto the restrictionsput by India on the useof data,hydrographicor otherwise collectedin the Indian
Exclusive EconomicZone(EEZ).
6SeeChapters and3.
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Figure 4.13The majorriversof India; the dashedine shavs the 200 m isobath.Maost of the big
riversflow eastvardinto the Bay of Bengal. The highestrunof is thatof the GangaandBrahma-
putra,whichtogetheremptyabout7.2 x 10t m? into the northernbayduringJune—OctobeMost
of theseriversoriginateeitherin the Himalayasor in the Sahyadrrange(WesternGhats) whichis
aboutl km highandrunsparallelto thewestcoastof India. Smaller swift streamdlow westward
from the Sahyadrisnto the ArabianSeaandtheir combinedrunof is about30%thatof the Ganga
andthe BrahmaputraThisrunof is assumedo be 80% of thetotal rainfall in the coastabeltthat
stretchedgrom the southerrtip of Indiato just north of Mumbaiandis boundedn the eastby the
Sahyadrrange.Theabbreiationsusedin thefigureareasfollows: EICC, Eastindia CoastalCur-
rent; WICC, WestIndia CoastalCurrent;NMC, NortheastMonsoonCurrent;LH, Lakshadweep
high; R.G.,River Ganga;R.B., River BrahmaputraThe currentsareplottedfor Decemberwhen
the EICC flows equatorvard andthe WICC flows poleward. Togetherthey transporiow-salinity
waterfrom the northernbayto the westcoastof India.
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of India by the WICC andis spreadoffshorein the southernpart of the coastby the westward
propagatindrossbywavesthatconstitutethe Lakshadweepigh. By Februarythe EICC reverses
to flow polevard,forcing coastalupwellingandraisingsalinity alongthe eastcoast{Shetyeetal.,
1993]. The WICC alongthe northernpartof the westcoasthowever, continuego flow polevard
till March, spreadinghe low-salinity waterfrom the bay aswell asthe inflow from local rivers
duringthe southwesmonsoonalongthewestcoast.

Duringthesouthwesmonsoonwhenthefreshwateractuallyenterghelndiancoastaregime,
the EICC andWICC favour upwelling,andhence the low-salinity wateris trappedat the surface
and pushedoffshoreby the Ekmanflow, exceptin the northernbay wherethe remotely-forced
equatonard EICC trapsthe river runof. It is only after the southwestmonsoon,whenthese
currentgeverse thatthelow-salinity wateris pushedowards,andadwectedalong,thecoast.Even
alongthewestcoastthelowestsalinitiesatthe surfaceareduringthe southwestmonsoonput the
dropin salinity is restrictedto a shallav surfacelayer As alongthe eastcoast,it is during the
northeasmonsoonwhenthe WICC favoursdovnwelling andthereis inflow of freshwaterfrom
the Bay of Bengal,thatthe low-salinity layer deepensthis beingmore pronouncedff southwest
India wherethe low-salinity waterspreadoffshorebecaus®f the Lakshadweejhigh.

Theseasonatycle of salinity alongthecoasiwf Indiais shavnin Figures4.14and4.15,which
arebasedon the six EEZ cruises. Thesedatarepresenbut a snapshoandwere collectedover a
few years.Interannuabariability is expectedo causechangedn thesdields,but they nevertheless
provide aroughpictureof theseasonatycle of salinityin thecoastalatersof India. Unlike in the
dataof Levitus etal. [1994], salinity, averagedover thetop 100 m, is lowestalongthe eastcoast
after the southwesmonsoon.The errorin the monthly climatologyof Levitus etal. is owing to
the linearinterpolationfrom their seasonatlimatologyandthe lack of datain the coastalwaters
of India. Thereforeto examinethe effect of salinity on the seasonatycle of sealevel alongthe
eastcoastof India, we synthesizea seasonatycle of the coastalsalinity field from the available
data. We cannot,however, usethe datafrom thesesix cruisesandinterpolateto synthesizehe
seasonatycle becausef the rapid changesn the coastalcurrentsoff India andthe associated
rapid changesn the coastalkalinity andtemperaturdields dueto upwellinganddownwelling. A
betterapproachis to useall the available salinity datain the vicinity of the coastto constructa
climatologyof coastalsalinity, which canbe usedin conjunctionwith the salinity climatologyof
Levitusetal. [1994]in the simulations.

4.3.3 Synthesisof a Climatology of Temperature and Salinity Along the Coast

To constructthe “coastalclimatology”, we usehydrographicdataavailableat the Indian National
Oceanographi©ataCentre(INODC). Thesedatawerecollectedover seseral cruisesthe earlier
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Figure 4.14 Seasonatycle of surfacesalinity (PSU)in the coastalwatersof India, basedon the

six EEZ cruises.The“+" indicatethelocationsat which the hydrographigrofileswereobtained.
Thetime of thecruisesarementionedn additionto the monthsthey areconsideredepresentate

of. Theminimumandmaximumsalinity andthe contourintenal (Cl) arelistedfor eachcruise.
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Figure 4.15 Vertical cross-sectionsf salinity (PSU)off Vishakhapatnanfright) andMarmagao
(left). Thedistancefrom the coast(km) is plottedon the abscissanddepth(m) on the ordinate.
Thecross-sectionarebasedn thesix EEZ cruises.
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cruisesusingNanserbottlesandthe later cruisesusingCTDs' to obtaina vertical profile of tem-
peratureandsalinity. The dataareavailableatthe standarddepth§. We bin the datain a 1° x 1°
box aroundParadip, VishakhapatnamChennai,Kochi, Mangalore Marmagao,and Mumbai to
constructa climatologyfor theseboxes,andthenuselinear interpolationto obtaina continuous
distribution of temperatur@ndsalinity alongthe coast this processeingbeingrepeatedor each
montl?. This methodworkswell andyields a bettersynthesishanis possibleusingjust the six
EEZ cruises.Theonly caveatis thatdataarenot availablefor somemonthsat someof theseseven
stations,the dataat Paradiphaving the maximumnumberof gaps. Given the descriptionof the
seasonatycle of the currentsandthe availabledata,it is possibleto interpolateto fill thesegaps.
Thedifficult month,however, is Novembey for which no salinity dataareavailablealongthe east
coast! The deeplow-salinity plume alongthe eastcoastwas suneyed in Decembelby Shetye
et al. [1996]; hence the lowestsalinity reportedalongthe eastcoastis for that month. Linear
interpolationis ruled out, given the rapid changesn salinity thattake placeafter the collapseof
the southwestmonsoon. To get over this problem,we usethe valuesfor Decembersa guide,
andassumehatthe salinity in Novemberis lower thanin December Therearetwo reasongor
makingthis assumptionFirst, the equatorvard EICC manifestsalongthe coastafterthe collapse
of the southwesimonsoon,appearindfirst in the northernbay The Kelvin wave that forcesit
propagategquatorvard alongthe coastandthe EICC reversesall alongthe eastcoastin October
Sincethe currentspeeds of theorderof 25 km day~! [Shetyeetal., 1996],it would take abouta
monthto transporthe low-salinity waterdown the coastto Chennaihence we expectthe salinity
to be lowestin late Octoberor in early November Secondthe equatorvard EICC is strongest
in November;it wealensin Decemberandbeginsreversingin Januaryforcing coastalupwelling
andraisingsalinity all alongthe eastcoasthencewe expectthe salinity to belowerin November
thanin December

We choosesalinitiessuficiently low to producehesharppeakin seadevel obseredin Novem-
ber Then,if thesevaluesarenotunreasonableye would have ahypothesigo explaintheseasonal
cycle of sealevel alongthe coastof India. The synthesizedeasonatycles of temperaturend
salinity, averagedover the top 100 m of the watercolumn, are shavn in Figures4.16 and4.17
for the stationsalongthe coast;the seasonatycle of theresultingreduced-gnaty parametef is
shovn in Figure4.18.

’Conductvity-Temperature-Depth.

8The standarcdepths(m) are0, 10, 20, 30, 50, 75, 100, 125, 150, 200, 250, 300, 400, 500, 600, 700, 800, 900,
1000,1100,1200,1300,1400,1500,1750,2000,2500,3000,3500,4000,4500,5000,and5500.

9We interpolatelinearly betweenthe climatologiesof Levitus and Boyer [1994] and Levitus et al. [1994] at the
northeastericornerof the Bay of Bengalandthe“new” climatologyat Paradip,andbetweerthe“new” climatologyat
Mumbaiandthe climatologiesof Levitus andBoyer andLevitus et al. at Veraval (seeFigure2.1) to obtaina smooth
transitionalongthe coast. Therestill remainsa sharpdensityjump offshore,but this is not of major consequencéor
our problem.
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Figure 4.16 The seasonatycle of temperaturg®°C), averagedover the top 100 m of the water
column,alongthecoast.Thesynthesizedeasonatycle is plottedalongwith thatfrom the clima-
tology of Levitus andBoyer [1994]. The methodusedto synthesizehe climatologicalseasonal
cycle is describedn Section4.3.3. The synthesizedlimatologyof temperaturés similar to that
of Levitus andBoyer; the maximumdifferencein temperatures lessthan2°C.
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Figure 4.17 The seasonatycle of salinity (PSU),averagedover the top 100m, alongthe coast.
The synthesizedeasonatycle is plottedalongwith that from the climatology of Levitus et al.

[1994]. The methodusedto synthesizethe climatologicalseasonatycle is describedn Sec-
tion 4.3.3. Thesynthesizedalinity matcheghatof Levitus etal., exceptalongthe eastcoastafter
thesouthwesmonsoon Theinflow of freshwaterduringthe southwesmonsoorandits adwection
alongthe coastby the equatorvard EICC after Septemberesultin a sharpdropin salinity along
thecoast.

Synthesized climatology =~ - Levitus et al. [1994]
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Figure 4.18 The seasonatycle of I' alongthe coastof India. The densityof the upperlayer
is computedfrom the synthesizednonthly climatology of temperatureand salinity; the method
of synthesiss describedn Section4.3.3. Thefigureshaws ', ', andlg; ', andTlg arethe
contributions of temperaturandsalinity to I'. T increasesapidly alongthe eastcoastafterthe
southwestmonsoonas the salinity and densitydecrease.The major contritution to " is from
variationsin salinity.
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Figure 4.19Effect of the synthesizedalinity on the seasonatycle of sealevel. Monthly anoma-
lies of correctedsealevel (cm) areplottedalongwith thoseof sealevel (cm) from the simulations
with constantandvariableupperlayer densityin a 1%—Iayer reduced-gnaty model. The density
of the upperlayeris computedrom the monthly climatologiesof Levitus andBoyer [1994] and
Levitus etal. [1994], exceptalongthe coastof India, wherethe modifiedclimatologyis used.The

lower salinity alongthe eastcoastin the synthesizectlimatology enableshe modelto simulate
the sealevel maximumin November;the seasonatycle of modelsealevel now resembleshat of

correctedsealevel.
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4.3.4 Simulations With the SynthesizedClimatology

Thesynthesizedlimatologyyieldsalongshordemperatur@ndsalinity fieldsfrom the northeast-
ern cornerof the Bay of Bengalto Veraval on the westcoastof India. Theseareusedto replace
the coastaltemperatureand salinity datain the climatologiesof Levitus and Boyer [1994] and
Levitus etal. [1994], andthis new climatologyis usedto determind for the l%-layermodeI.The
resultingsealevel is shavn in Figure4.19. Thesynthesizedoastakalinityimprovesthemodels
ability to simulatethe seasonatycle of sealevel alongthe eastcoast. The changesnadeto the
coastakalinity field have almostnoimpactonthewestcoast but they raiseseaevel in November
alongthe eastcoast,the seasonatycle of modelsealevel now beingsimilar to that of corrected
sealevel. The modelsealevel is still somavhatlower, implying thatthe salinity, averagedover
100 m, may be even lower thanthat assumedWe do not, however, have arny datato supportor
dery this possibility

In the absencef salinity dataalongthe coast,it is difficult to go fartherthanthis. Our aim
hasbeento diagnosdhe cause®f theseasonatycle of correctedsealevel alongthe Indiancoast,
andthe somevhat ad hoc modificationsmadeto the coastalsalinity arejustifiedin this context.
A more acceptableapproachwould be to try to model the salinity, given the rainfall and the
river runof. This, however, is a muchmorecomple task,onethatwe leave to the future. The
simulationshowever, aresufiicientto warranttheinferencethatbothwind-forcedcoastakturrents
andvariationsin coastakalinity aresignificantcause®f the seasonatycle of correctedsealevel
alongthecoasbf India, thedecreasé salinityalongtheeastcoastin Novembetbeingresponsible
for the peakin sealevel there.This decreasén salinity is dueto the adwectionof theriver runof
alongthecoastby the EICC. Advectionis anonlinearprocesslinearizationof advectiondemands
the existenceof a well-definedmean. Sincethe variability of the currentsandsalinity alongthe
coastof India s at leastaslarge asthe mean,this processannotbe linearized,unlike the wind-
forcedmodelof Chapter3. Thevariationsin salinity anddensity however, have a comparatrely
minor impacton thealongshoreurrentsithisimpliesthatlinear modelsaresuficient to describe
theseasonatycle of large-scalecoastakturrentsput notthatof sealevel, especiallyalongtheeast
coastof India.

4.4 Effect of Bathymetry: The Continental Shelf

Oneaspectof the reduced-gnaty modelthat needssomediscussioris the neglect of the conti-
nentalshelf. The modelassumeshatthe oceanhasa flat bottomandthatthe continentalbound-
ariesareverticalwalls. This simplificationfilters out thosecontinentakhelfwavesandcoastally-
trappedwaves that dependon shelf-bathymetryfor their existence,with coastalKelvin waves
replacingthem. In the ocean the coastalKelvin wavesforcedby the large-scalewind field are
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modifiedin the vicinity of a coast,takingtheform of continentalshelfwaveson the shelfin the
absencef stratification,andthatof coastally-trappe@vavesin the presencef stratification[Gill
andClarke, 1974;Mysak, 1980]. The Kelvin wave propagatesvith the shelf-breakasthe bound-
ary, the continentalslopeactingasthe vertical wall for the Kelvin wave, which thereforehasits
maximumamplitudeat the shelf-break the amplitudedecayingexponentiallyoffshore. Gill and
Clarke [1974] shaved that the movementof the thermoclinedueto the large-scalecirculation
was correlatedwith the changesn sealevel at the coast. Therefore,a simple, heuristicidea of
the effect of the shelfis the following. If the upperlayerthicknessis lessthanthe depthof the
continentakhelfat the shelf-breakwhich usuallyis assumedo coincidewith the 200m isobath,
the amplitudeof the wave decaysnshoretoo with ane-folding lengthscalegiven by theinternal
Rossbyradiusof deformation,R. If, onthe otherhand,the upperlayerthicknesss greaterthan
the depthof the continentalshelf at the shelf-breakthe amplitudeof the wave decaysinshore
with ane-folding lengthscalegiven by the externalRossbyradiusof deformationRe. SinceR; is
proportionalto the speedof thefirst baroclinicmodeandRe to the speedof the barotropicmode,
R < Re, andthe amplitudedecaysfasterinshorewhenthe depthof the upperlayeris lessthan
200m. This descriptionmay not be valid at higherfrequenciesbhut is reasonablat the seasonal
andlower frequencie®f interestto us.

Theabove effect of the continentakhelfmaybe modifiedundercertaincircumstancegswo of
whichareof interesto us. First,thestrengttof thecouplingbetweertheKelvin wave andtheshelf
waveis of O(A), whereh = %, L beingtheshelfwidth [Allen, 1975;Mysak,1980]. Off Mumbai,
wheretheshelfis wide, thisimpliesthatthe couplingis weak,andthereforethe circulationon the
shelfmay beindependenbf thatoffshore. This, however, is unlikely becausehe seasonatycle
of sealevel at Mumbaiis similar to thatat otherstationsalongthe Indian westcoast,implying a
link betweencoastalsealevel andthe large-scalecirculation. The increasedriction on the wide
shelf, however, will alter the momentumbalanceanda likely consequencés a dropin the sea
level at the coast. This would accountfor the modelsealevel beinghigherthanthe correctedsea
level at Mumbai. Secondjf thereis a strongcross-shoresalinity (or temperatureyjradienton the
shelf,asalongthe coastof India afterthe southwestmonsoonthe decayin the amplitudeinshore
will bearrestedy the low salinities,andthe amplitudemay evenincreaseowardsthe coast. At
thelow frequencief interest,this modificationwill be geostrophicforcing a coastalcurrentin
the samedirectionasthe large-scalecoastalcurrent. This would accountfor the modelsealevel
beinglowerthanthe correctedsealevel alongthe eastcoast.Thisdiscussioronthe possibleeffect
of the continentalshelf on coastalsealevel, however, is heuristic,andneedsto be confirmedby
obserationsanddetailedmodelstudies.

In conclusionthe presencef the continentalshelfis not of major consequencéor the sea-
sonalcycle of sealevel alongthecoastof India. Thecause®f this cycle areatmospheripressure,
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thewind-forcedcoastalcurrents andthelarge changesn salinity, especiallyalongthe eastcoast.
Thedifferencein salinity betweerthe eastandwestcoastf Indiaresultsin alargerrangeof the
seasonatycle alongthe eastcoast. This alongshoreradientin salinity alsohasimplicationsfor
thealongshorgyradientin annualsealevel, which formsthe subjectof the following chapter





