
Chapter 4

The SeasonalCycleof SeaLevel Along

the Coast

Therearefour causesof theclimatologicalseasonalcycle of coastalsealevel (Section2.2). Of

thesefour, low-frequency astronomictidesare ignoredbecausethey force an oscillationwith a

rangelessthan1 cm,muchlessthantheobservedvariability, andtheeffect of atmosphericpres-

sureis removedusingtheInverse-Barometer(IB) approximation.Theseasonalcycle of observed

andcorrectedsealevel1 is plotted in Figure4.1. The correctedseasonalcycle must be forced

by the two remainingprocesses,which togetherforce changesin stericsealevel: wind-forced

coastalcurrentsandthermohalineeffectsdueto surfacefluxesandhorizontaladvectionof heat

andsalt. In this chapter, we examinetheeffect of thesetwo processeswithin theframework of a

reduced-gravity model.

4.1 Effect of Wind-ForcedCoastalCurr ents

The11
2-layer reduced-gravity modelusedin Chapter3 is successfulin simulatingthemajor ob-

servedfeaturesof thebasin-scalecirculationin thenorthIndianOcean.It is alsoableto simulate

theseasonalcycle of coastalcurrentsoff India (Figure4.2). Exceptat Colombo,wheretheship

drifts areaffectedmoreby thestronglocalwindsthanby currents2, themodelalongshorecurrents

arein excellentagreementwith theobservations. This leadsus to believe that themodelshould

beableto capturetheeffect of theselarge-scalecoastalcurrents,oneof thetwo processesleft on

eliminatingastronomictidesandatmosphericpressure,onsealevel alongthecoastof India.

The model sealevel is comparedwith correctedsealevel in Figure4.3; thereis a striking

1Observed sealevel is themeasuredsealevel; correctedsealevel is thesealevel correctedfor theeffect of atmo-
sphericpressure.

2SeeFigures2.6and2.8.
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Figure4.1Theclimatologicalseasonalcycleof sealevel (cm)alongthecoastof India. Thefigure
shows theobserved andcorrectedsealevel; the local annualmeanhasbeensubtractedfrom the
monthly climatologyto computetheseanomalies.The correctionfor atmosphericpressurewas
appliedusingthe Inverse-Barometerapproximation.The effect of atmosphericpressureon sea
level variesfrom 3 cm at Colomboto 13 cm at Paradip.Theseasonalcycle of correctedsealevel
is coherentalongthecoast. Its rangeis greateralongtheeastcoast(45 cm) thanalongthewest
coast(30 cm). Along the east(west) coast,the correctedsealevel is maximumin November
(December)andminimumduringMarch–April (thesouthwestmonsoon).
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Figure 4.2 The climatologicalseasonalcycle of alongshoreship drifts, compiledby Raoet al.
[1989] (cm s= 1), andalongshorecurrents(cms= 1), simulatedby thedynamical11

2-layerreduced-
gravity model.Ship-drift dataarenot availableat ParadipandMumbai. All variablesplottedare
monthly anomalies;theannualmeanhasbeenremoved. Downwelling- (upwelling-) favourable
anomaliesarepositive (negative); thesecurrentsflow with the coaston their right (left) in the
northernhemisphere.The modelalongshorecurrentsmatchthe ship drifts, exceptat Colombo,
wheretheshipdrifts areaffectedmoreby thestronglocalwindsthanby currents(seeFigure2.8).
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Figure4.3Effectof wind-forcedcoastalcurrentsontheseasonalcycleof sealevel (cm). Monthly
anomaliesof correctedsealevel areplottedalongwith thatof thesealevel from the11

2-layerand
21

2-layermodels.Thedynamicalreduced-gravity modelis successfulin simulatingtheseasonal
cycle of currentsalongthecoastof India,but it fails to simulatethatof sealevel. Themodelfails
to simulatethewinterpeakalongtheeastcoast;asaconsequence,thesimulatedseasonalcycleof
sealevel hasahigherrangealongthewestcoast.
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mismatchbetweenthe two, especiallyalongtheeastcoast.First, themodelis unableto capture

thewinter peakalongtheeastcoast.Second,asa consequenceof this, the rangeof theseasonal

cyclealongtheeastcoastis muchlessthanthatalongthewestcoast.

This failure implies that themodellacksthephysicsrequiredto simulatetheseasonalcycle

of coastalsealevel. Could this be due to the absenceof a secondactive layer? The available

literaturesuggeststhatthesecondbaroclinicmodeis importantin theIndianOcean,especiallyin

theequatorialwaveguide[McCrearyet al., 1993;Jensen,1993]. To examineits effect on coastal

sealevel, we addan extra active layer to the model,making it a 21
2-layer model3. The model

parametersarelisted in Table4.1. Densityis constantin eachlayer andthe model is forcedby

thewind-stressclimatologyof HellermanandRosenstein[1983]. Themodelsealevel plottedin

Figure4.3 is from thetenthyearof thesimulation.

Table4.1Modelparametersfor the21
2-layerreduced-gravity model.

Parameter(units) Symbol Value

Laplacianmixing coefficient for momentum(cm2 s= 1) ν 5 5 107

Laplacianmixing coefficient for thickness(cm2 s= 1) κ 1 5 107

Reduced-gravity parameterfor thefirst layer Γ1 0.0035
Reduced-gravity parameterfor thesecondlayer Γ2 0.0020
Initial thicknessof thefirst layer(m) H1 70
Initial thicknessthesecondlayer(m) H2 250
Minimum thicknessof thefirst layer(m) H1 umin 10
Maximumthicknessof thefirst layer(m) H1 umax 140
Minimum thicknessof thesecondlayer(m) H2 umin 50
Maximumthicknessof thesecondlayer(m) H2 umax 450
Grid size(km) ∆x < ∆y 55
Timestep(minutes) ∆t 72

The 21
2-layer model also fails to capturethe observed variability, doing no betterthan the

11
2-layermodelin simulatingthewinterpeakalongtheeastcoast.This failureof thepurelywind-

forcedreduced-gravity modelsto simulatetheseasonalcycle of correctedsealevel, eventhough

they areableto simulatethatof thealongshorecurrents,impliesthata critical elementis missing

in thesedynamicalmodels.Weexploreif thermohalineeffectsconstitutethiscritical element.

3Theequationsarederivedin AppendixA; seeSectionA.2.
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Figure 4.4 Effect of temperatureon theseasonalcycle of sealevel (cm). Monthly anomaliesof
correctedsealevel areplottedalongwith thatof thesealevel from the21

2-layermodelof McCreary
etal. [1993]. Like thedynamicalreduced-gravity models,this toofails to simulatethewinterpeak
alongtheeastcoast.Sincethemodeldoesfairly well in simulatingthetemperaturein theupper
ocean,this failureimpliesthatseasonalvariationsin temperaturehave a minor effect on sealevel
alongthecoastof India.
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4.2 Effect of Variations in Temperature

In their numericalstudy of the dynamicsand thermodynamicsof the Indian Ocean,McCreary

et al. [1993] useda 21
2-layer reduced-gravity modelwith a mixed layer embeddedin the upper

layer. Themodel,forcedby thewind-stressclimatologyof HellermanandRosenstein[1983]and

observed surfacefluxesof heat,simulatesthemajor featuresof theobserved circulationandsea

surfacetemperature(SST)fairly well. Hence,weexpectit to accountfor theeffectof temperature

on coastalsealevel. It, however, faresno betterthanthepurelywind-forcedmodels(Figure4.4),

implying that temperaturechangesplay but a minor role in forcing seasonalsea-level changes

alongtheIndiancoast.

This result,which is notsurprisingbecauseseasonalvariationsin temperaturearesmallin the

tropics [Clarke andLiu, 1993], leavesus with salinity as the possiblecauseof the winter peak

in sealevel alongtheeastcoastof India. Sincethehalinecontractioncoefficient is roughly five

timesthethermalexpansioncoefficient (Table3.1),a salinity changeof 1 PSUis equivalentto a

temperaturechangeof 5v C.Thougha5v C changein temperatureis notcommonin thenorthIndian

Ocean,a 1 PSUchangein salinity is. The annualmeantemperatureandsalinity, averagedover

thetop100m of thewatercolumn,andΓ, areplottedin Figures4.5,4.6,and4.7. Thealongshore

changesin temperaturearesmall,but thereis a largealongshoresalinity gradient.Hence,salinity

maybeasignificantcauseof theseasonalcycleof sealevel alongthecoastof India.

Figure 4.5 Annualmeantemperature( v C), averagedover thetop 100m of thewatercolumn,in
thenorthIndianOcean.Thetemperaturefield is from theannualclimatologyof LevitusandBoyer
[1994]andhasbeeninterpolatedto themodelgrid.
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Figure 4.6Annualmeansalinity (PSU),averagedover thetop 100m of thewatercolumn,in the
northIndianOcean.Thesalinity field is from theannualclimatologyof Levitus et al. [1994] and
hasbeeninterpolatedto themodelgrid.

Figure 4.7 Annual meanreduced-gravity parameterΓ 6 ρ2 = ρ1
ρ in the north Indian Ocean. ρ is

an averagedensityrepresentative of the ocean(seeAppendixA). The temperaturefield is from
theannualclimatologyof Levitus andBoyer [1994], thesalinity field from thatof Levitus et al.
[1994].
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4.3 Effect of Variations in Salinity

The heavy rainfall over the Indian subcontinentleadsto a large runoff from riversinto the seas

aroundIndia,particularlytheBay of Bengal.Togetherwith therainfall over theocean,thefresh-

waterinflow from riverslowerssalinity in thebay, especiallyalongthecoastof India. The low

salinity is boundto raisethestericsealevel alongthecoast.

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

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

have to permit temperatureandsalinity to vary in the active upperlayer of the 11
2-layer model.

We do not solve the conservation equationsfor heatandsalt4; instead,temperatureandsalinity

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

[1994]. Thesemonthlyfieldsareaveragedover thetop100m andtheninterpolatedlinearly to the

modelgrid at eachtime-step.Thedensityin theupperlayer is still lessthanthatof theconstant-

densitylower layer, but it is now a function of spaceandtime. The resultingseasonalcycle of

the reduced-gravity parameter, Γ, is plotted in Figures4.8 and4.9. The seasonalcycle of Γ is

determinedprimarily by thechangesin salinity in theBayof Bengal;variationsin temperatureare

importantonly in thenorthernArabianSea,wherecoolingby thecold continentalwindsblowing

from thenortheastin winter forcesa dropin temperaturein theupperocean[Banse,1984,1994;

Madhupratapetal., 1996],andalongthewestcoastof Indiaduringthesouthwestmonsoon,when

Γ decreasesowing to a decreasein theaveragetemperatureof theupperlayer dueto upwelling

associatedwith theLakshadweeplow.

Themodelis forcedby thewind-stressclimatologyof HellermanandRosenstein[1983] and

the resultingsea-level deviation, η, and velocity, v, are shown in Figure 4.10. The variations

in densitydo not perturbthe basin-scalecirculationmuch. The alongshorecurrentsalsodo not

changemuch (Figure 4.11). The rangeof the seasonalcycle of sealevel increasesat Paradip

(Figure4.12),but the maximumoccursin June;at VishakhapatnamandChennai,thereis little

changein sealevel. This is due to the seasonalcycle of Γ (Figure4.9), which hasa trough in

Novemberalongtheeastcoastbecausethecoastalsalinity in theclimatologyof Levitus et al. is

minimum in Septemberandincreasesthereafter. This drop in Γ lowerssealevel at the coastin

Novembereven thoughtheEICC favoursdownwelling, the effect of the wind-forcedrise in sea

level beingnullified by therisein salinity.

The monthly climatologiesof Levitus and Boyer andLevitus et al. arederived from their

seasonalclimatologiesby interpolation. The sparsedistribution of the datain the north Indian

Oceanmakes it difficult to preparea monthly climatology. Anotherproblemis the absenceof

4Theequationsfor this variable-densityreduced-gravity modelarederivedin AppendixA.
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Figure 4.8Theseasonalcycle of thereduced-gravity parameterΓ in thenorthIndianOcean.Γ is
computedfrom themonthlyclimatologiesof Levitus andBoyer [1994] andLevitus et al. [1994].
Thereis alargedifferencein densitybetweenthenorthernBayof BengalandthenorthernArabian
Sea.Thisdifferenceis determinedmainlyby thedifferencein salinity [Shetye,1984],therebeing
acontinuousincrease(decrease)in salinity (Γ) from thebayto theArabianSea.
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Figure 4.8 (continued)Theseasonalcycle of thereduced-gravity parameterΓ in thenorthIndian
Ocean. Γ is computedfrom the monthly climatologiesof Levitus andBoyer [1994] andLevi-
tus et al. [1994]. Γ doesnot changemuchduring January–May. It dropsduring the southwest
monsoonalong the west coastof India becauseof a decreasein temperaturedue to upwelling
associatedwith theLakshadweeplow. In June,it startsincreasingin thenorthernBay of Bengal
becauseof adecreasein salinity.
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Figure 4.8 (continued)Theseasonalcycle of thereduced-gravity parameterΓ in thenorthIndian
Ocean.Γ is computedfrom themonthlyclimatologiesof Levitus andBoyer [1994] andLevitus
et al. [1994]. Thesouthwestmonsoonbringsabouta largechangein Γ, especiallyin theBay of
Bengal.The largestincrease(decrease)in Γ (density)is alongtheeastcoastof India, andalong
thewestcoastof Myanmar(Burma),which formstheeasternboundaryof thenorthernbay. The
tongueof low-salinitywater(high Γ) in theequatorialIndianOceanalsostretcheswestward.
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Figure 4.8 (continued)Theseasonalcycle of thereduced-gravity parameterΓ in thenorthIndian
Ocean.Γ is computedfrom themonthlyclimatologiesof Levitus andBoyer [1994] andLevitus
et al. [1994]. With thecollapseof thesouthwestmonsoon,salinity increasesalongtheeastcoast
of India andSri Lankain themonthly climatologyof Levitus et al., leadingto an increasein Γ.
Γ, however, increasesalongthewestcoastof India,especiallyin thesouth,owing to aninflow of
low-salinitywaterfrom thebayandthedecreasein temperaturedueto thecessationof upwelling.
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Figure 4.9 The seasonalcycle of Γ alongthe coastof India. The densityof the upperlayer is
computedfrom themonthlyclimatologiesof Levitus andBoyer [1994] andLevitus et al. [1994].
The figure shows Γ, ΓT , andΓS; ΓT andΓS arethe contributions of temperatureandsalinity to
Γ. Along thewestcoast,bothtemperatureandsalinity areimportant,thedecreasein temperature
becauseof upwellingassociatedwith theLakshadweeplow causinga dropin Γ duringthesouth-
westmonsoon.After thesouthwestmonsoon,Γ increasesbecauseof thecessationof upwelling
andaninflow of low-salinity waterfrom theBay of Bengal.Along theeastcoast,temperatureis
unimportant;it is salinity thatcontrolsthedensityin theupperlayer. In themonthlyclimatology
of Levitus et al., salinity is minimum, andhence,Γ is maximum,in September. Γ is minimum
duringNovemberandDecember.
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Figure 4.10 Effect of variabledensityon the seasonalcycle of surfacecirculation in the north
Indian Ocean;apartfrom the densityvariation in the upperlayer, the simulationis identical to
thenonlinearsimulationin Section3.3.2(Figure3.5). Sea-level deviation η (cm) andvelocity v
(cms= 1) areshown. Thevariationsin densitybarelyperturbthecirculation,but thereis a change
in sealevel; for example,sealevel is higherin theanticyclonic high in thebayduringFebruary–
May.
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Figure 4.10 (continued)Effect of variabledensityon the seasonalcycle of surfacecirculation
in the north Indian Ocean;apartfrom the densityvariation in the upperlayer, the simulationis
identicalto thenonlinearsimulationin Section3.3.2(Figure3.5). Sea-level deviation η (cm) and
velocityv (cms= 1) areshown. Sealevel risesin thenorthernbayandtheeasternequatorialIndian
Ocean,andit decreasesin thenorthernandwesternArabianSea,the four regionsmostaffected
by thevariationsin density.
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Figure 4.10 (continued)Effect of variabledensityon the seasonalcycle of surfacecirculation
in the north Indian Ocean;apartfrom the densityvariation in the upperlayer, the simulationis
identical to the nonlinearsimulationin Section3.3.2 (Figure 3.5). Sea-level deviation η (cm)
andvelocity v (cms= 1) areshown. The increasein densityin the westernArabianSeahasan
effect on thesealevel andthecirculationoff theSomalicoast;theGreatWhirl is weaker thanin
theconstant-densitysimulation.This is theonly occasionwhenthevariationsin densityhave an
impacton thecirculation.
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Figure 4.10 (continued)Effect of variabledensityon the seasonalcycle of surfacecirculation
in the north Indian Ocean;apartfrom the densityvariation in the upperlayer, the simulationis
identicalto thenonlinearsimulationin Section3.3.2(Figure3.5). Sea-level deviation η (cm) and
velocity v (cms= 1) areshown. Theafter-effectsof thesouthwestmonsoonpersistin thewestern
ArabianSeatill December;thesealevel thereis lower thanin theconstant-densitysimulationand
thecurrentsarea little weaker.
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Figure 4.11 Effect of salinity on the seasonalcycle of modelalongshorecurrents. Alongshore
shipdrifts (cms= 1), from theclimatologyof Raoet al. [1989], areplottedalongwith thealong-
shorecurrents(cms= 1) from thesimulationswith constantupperlayerdensityandwith variable
upperlayer densityin a 11

2-layer reduced-gravity model. The densityof the upperlayer in the
variable-densitymodelis computedfrom themonthlyclimatologiesof Levitus andBoyer [1994]
andLevitusetal. [1994]. All variablesplottedareanomalies;theannualmeanhasbeenremoved.
Thevariationsin densityforceminor changesin thecurrentalongthecoastof India; theincrease
in velocity, however, necessitatesachangein thescaleof theordinate(seeFigure4.2).
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Figure 4.12Effect of salinity on theseasonalcycle of sealevel. Monthly anomaliesof corrected
sealevel (cm) areplottedalongwith thosefrom thesimulationswith constantandvariableupper
layerdensityin a 11

2-layer reduced-gravity model. The increasein Γ alongtheeastcoasthasan
effect on sealevel only at Paradipin thenorthernbay, wherethedensitychangesaresignificant,
but this increaseis restrictedto thesouthwestmonsoon.Theeffectof adecreasein salinityduring
Septemberis offsetby upwellingforcedby theEICC. During November, whentheEICC favours
downwelling,salinity increasesin themonthlyclimatologyof Levitusetal.. Therefore,themodel
still fails to simulatethemaximumalongtheeastcoast.
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datain thecoastalwatersof India5 [Rao,1998]; this is especiallytrueof salinity. Theabsenceof

datain thecoastalwatersof Indiamakesit necessaryto extrapolatefrom thedatain theopenbay,

which too aresparse.Hence,themonthly climatologiesof Levitus andBoyer andLevitus et al.

arenot reliable in the vicinity of the coast;a comparisonwith the hydrographicdatacollected

duringthesix EEZ cruises(Section2.4) [Shetyeetal., 1990,1991a,b,1993,1996]shows thatthe

climatologyof Levitusetal. doesnot capturetheseasonalcycleof salinity correctly.

4.3.2 MonsoonRainfall and the SeasonalCycle of Salinity

Thereis considerablespatialandtemporalvariationin rainfall over the Indiansubcontinentand

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

Indianwestcoastreceivesveryhighrainfall, about200cmyear= 1, almost90%of which is during

thesouthwestmonsoon(June–September).Thehigh rainfall is becauseof theSahyadrirange(or

WesternGhats)runningparallelto thecoastabout100km inland(Figure4.13);this rangeblocks

themoisture-richmonsoonwinds.Theresultingrunoff is carriedto theArabianSeaby numerous

swift, seasonalstreams.Over therestof thesubcontinent,thereis considerablespatialvariability

in theamountof rainfall, but about80%is receivedduringthesouthwestmonsoon.Most of this

rain falls in thecatchmentareasof eastward-flowing rivers(Figure4.13),whoseinflow into the

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

comesfrom the Gangaand the Brahmaputra,which discharge about7 > 2 5 1011 m3, the fourth

largestdischarge in the world, into the northernbay during June–October[Martin et al., 1981;

Shetye,1993]. Therefore,thequantumof freshwaterinflow from theriversinto theseasaround

India is highly seasonal.

Equally seasonalare the coastalcurrentsaroundIndia6. The weakening of the southwest

monsoonwindsafter July, coupledwith remoteforcing from the easternBay of Bengalandthe

equatorialIndianocean,forcesanequatorward EICC in thenorthernbay; theEICC is poleward

alongtherestof theIndianeastcoast.Together, thesecurrentstraptherunoff in thenorthernbay.

As thesouthwestmonsoonwithdraws andthenortheastmonsoonsetsin, theequatorward EICC

expandssouthward,forcing coastaldownwelling andadvectingtheriverineinflow asa coastally-

trappedlow-salinity plume that is nearly 60 m deep[Shetyeet al., 1996]. By November, the

EICC is equatorward all alongthe eastcoastandthereis a sharpdrop in the salinity alongthe

coast.TheEICC flows into thewestwardNMC, which bendsaroundSri Lankaandflows along

thewesternflank of theLakshadweephigh into thepolewardWICC; theriverineinflow into the

Bayof Bengalis thustransportedinto theArabianSea.This inflow is spreadalongthewestcoast

5This is dueto the restrictionsput by India on theuseof data,hydrographicor otherwise,collectedin the Indian
Exclusive EconomicZone(EEZ).

6SeeChapters2 and3.
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Figure 4.13Themajorriversof India; thedashedline shows the200m isobath.Most of thebig
riversflow eastwardinto theBayof Bengal.Thehighestrunoff is thatof theGangaandBrahma-
putra,whichtogetheremptyabout7 > 2 5 1011 m3 into thenorthernbayduringJune–October. Most
of theseriversoriginateeitherin theHimalayasor in theSahyadrirange(WesternGhats),which is
about1 km highandrunsparallelto thewestcoastof India. Smaller, swift streamsflow westward
from theSahyadrisinto theArabianSea,andtheircombinedrunoff is about30%thatof theGanga
andtheBrahmaputra.This runoff is assumedto be80%of thetotal rainfall in thecoastalbelt that
stretchesfrom thesoutherntip of India to just northof Mumbaiandis boundedin theeastby the
Sahyadrirange.Theabbreviationsusedin thefigureareasfollows: EICC,EastIndiaCoastalCur-
rent; WICC, WestIndia CoastalCurrent;NMC, NortheastMonsoonCurrent;LH, Lakshadweep
high; R.G.,River Ganga;R.B.,River Brahmaputra.Thecurrentsareplottedfor December, when
theEICC flows equatorwardandtheWICC flows poleward. Together, they transportlow-salinity
waterfrom thenorthernbayto thewestcoastof India.
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of India by the WICC andis spreadoffshorein the southernpart of the coastby the westward

propagatingRossbywavesthatconstitutetheLakshadweephigh. By February, theEICCreverses

to flow poleward,forcingcoastalupwellingandraisingsalinityalongtheeastcoast[Shetyeetal.,

1993]. TheWICC alongthenorthernpartof thewestcoast,however, continuesto flow poleward

till March,spreadingthe low-salinity waterfrom thebay, aswell asthe inflow from local rivers

duringthesouthwestmonsoon,alongthewestcoast.

Duringthesouthwestmonsoon,whenthefreshwateractuallyenterstheIndiancoastalregime,

theEICC andWICC favour upwelling,andhence,thelow-salinity wateris trappedat thesurface

andpushedoffshoreby the Ekmanflow, except in the northernbay, wherethe remotely-forced

equatorward EICC trapsthe river runoff. It is only after the southwestmonsoon,when these

currentsreverse,thatthelow-salinitywateris pushedtowards,andadvectedalong,thecoast.Even

alongthewestcoast,thelowestsalinitiesat thesurfaceareduringthesouthwestmonsoon,but the

drop in salinity is restrictedto a shallow surfacelayer. As alongthe eastcoast,it is during the

northeastmonsoon,whentheWICC favoursdownwelling andthereis inflow of freshwaterfrom

theBay of Bengal,that thelow-salinity layerdeepens,this beingmorepronouncedoff southwest

India wherethelow-salinity waterspreadsoffshorebecauseof theLakshadweephigh.

Theseasonalcycleof salinityalongthecoastof Indiais shown in Figures4.14and4.15,which

arebasedon thesix EEZ cruises.Thesedatarepresentbut a snapshotandwerecollectedover a

few years.Interannualvariability is expectedto causechangesin thesefields,but they nevertheless

providearoughpictureof theseasonalcycleof salinityin thecoastalwatersof India. Unlike in the

dataof Levitus et al. [1994], salinity, averagedover thetop 100m, is lowestalongtheeastcoast

after thesouthwestmonsoon.Theerror in themonthlyclimatologyof Levitus et al. is owing to

the linear interpolationfrom their seasonalclimatologyandthe lack of datain thecoastalwaters

of India. Therefore,to examinetheeffect of salinity on theseasonalcycle of sealevel alongthe

eastcoastof India, we synthesizea seasonalcycle of thecoastalsalinity field from theavailable

data. We cannot,however, usethe datafrom thesesix cruisesandinterpolateto synthesizethe

seasonalcycle becauseof the rapid changesin the coastalcurrentsoff India andthe associated

rapidchangesin thecoastalsalinity andtemperaturefieldsdueto upwellinganddownwelling. A

betterapproachis to useall the availablesalinity datain the vicinity of the coastto constructa

climatologyof coastalsalinity, which canbeusedin conjunctionwith thesalinity climatologyof

Levituset al. [1994] in thesimulations.

4.3.3 Synthesisof a Climatology of Temperature and Salinity Along the Coast

To constructthe“coastalclimatology”,we usehydrographicdataavailableat theIndianNational

OceanographicDataCentre(INODC). Thesedatawerecollectedover severalcruises,theearlier
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Figure 4.14Seasonalcycle of surfacesalinity (PSU)in thecoastalwatersof India, basedon the
six EEZ cruises.The“+” indicatethelocationsatwhich thehydrographicprofileswereobtained.
Thetimeof thecruisesarementionedin additionto themonthsthey areconsideredrepresentative
of. Theminimumandmaximumsalinityandthecontourinterval (CI) arelistedfor eachcruise.
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Figure 4.15Verticalcross-sectionsof salinity (PSU)off Vishakhapatnam(right) andMarmagao
(left). Thedistancefrom thecoast(km) is plottedon theabscissaanddepth(m) on theordinate.
Thecross-sectionsarebasedon thesix EEZcruises.
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cruisesusingNansenbottlesandthelatercruisesusingCTDs7 to obtaina verticalprofile of tem-

peratureandsalinity. Thedataareavailableat thestandarddepths8. We bin thedatain a 1wyx 1w
box aroundParadip,Vishakhapatnam,Chennai,Kochi, Mangalore,Marmagao,andMumbai to

constructa climatologyfor theseboxes,andthenuselinear interpolationto obtaina continuous

distribution of temperatureandsalinityalongthecoast,thisprocessbeingbeingrepeatedfor each

month9. This methodworkswell andyieldsa bettersynthesisthanis possibleusingjust thesix

EEZcruises.Theonly caveatis thatdataarenotavailablefor somemonthsatsomeof theseseven

stations,the dataat Paradiphaving themaximumnumberof gaps.Given the descriptionof the

seasonalcycle of thecurrentsandtheavailabledata,it is possibleto interpolateto fill thesegaps.

Thedifficult month,however, is November, for whichno salinity dataareavailablealongtheeast

coast! The deeplow-salinity plumealongthe eastcoastwassurveyed in Decemberby Shetye

et al. [1996]; hence,the lowestsalinity reportedalongthe eastcoastis for that month. Linear

interpolationis ruledout, given the rapidchangesin salinity that take placeafter thecollapseof

the southwestmonsoon.To get over this problem,we usethe valuesfor Decemberasa guide,

andassumethat thesalinity in Novemberis lower thanin December. Therearetwo reasonsfor

makingthis assumption.First, theequatorwardEICC manifestsalongthecoastafter thecollapse

of the southwestmonsoon,appearingfirst in the northernbay. The Kelvin wave that forcesit

propagatesequatorwardalongthecoastandtheEICCreversesall alongtheeastcoastin October.

Sincethecurrentspeedis of theorderof 25 km dayz 1 [Shetyeet al., 1996],it would take abouta

monthto transportthelow-salinitywaterdown thecoastto Chennai;hence,weexpectthesalinity

to be lowest in late Octoberor in early November. Second,the equatorward EICC is strongest

in November;it weakensin Decemberandbeginsreversingin January, forcing coastalupwelling

andraisingsalinityall alongtheeastcoast;hence,weexpectthesalinity to belower in November

thanin December.

Wechoosesalinitiessufficiently low to producethesharppeakin sealevel observedin Novem-

ber. Then,if thesevaluesarenotunreasonable,wewouldhaveahypothesisto explaintheseasonal

cycle of sealevel alongthe coastof India. The synthesizedseasonalcyclesof temperatureand

salinity, averagedover the top 100 m of the watercolumn,areshown in Figures4.16 and4.17

for thestationsalongthecoast;theseasonalcycle of theresultingreduced-gravity parameterΓ is

shown in Figure4.18.

7Conductivity-Temperature-Depth.
8The standarddepths(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 andBoyer [1994] andLevitus et al. [1994] at the

northeasterncornerof theBayof Bengalandthe“new” climatologyat Paradip,andbetweenthe“new” climatologyat
Mumbaiandtheclimatologiesof Levitus andBoyer andLevitus et al. at Veraval (seeFigure2.1) to obtaina smooth
transitionalongthecoast.Therestill remainsa sharpdensityjump offshore,but this is not of majorconsequencefor
ourproblem.
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Figure 4.16The seasonalcycle of temperature( w C), averagedover the top 100 m of the water
column,alongthecoast.Thesynthesizedseasonalcycle is plottedalongwith thatfrom theclima-
tology of Levitus andBoyer [1994]. Themethodusedto synthesizetheclimatologicalseasonal
cycle is describedin Section4.3.3.Thesynthesizedclimatologyof temperatureis similar to that
of Levitus andBoyer; themaximumdifferencein temperatureis lessthan2w C.
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Figure 4.17Theseasonalcycle of salinity (PSU),averagedover the top 100m, alongthecoast.
The synthesizedseasonalcycle is plottedalongwith that from the climatologyof Levitus et al.
[1994]. The methodusedto synthesizethe climatologicalseasonalcycle is describedin Sec-
tion 4.3.3.Thesynthesizedsalinitymatchesthatof Levitusetal., exceptalongtheeastcoastafter
thesouthwestmonsoon.Theinflow of freshwaterduringthesouthwestmonsoonandits advection
alongthecoastby theequatorwardEICC afterSeptemberresultin a sharpdropin salinity along
thecoast.
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Figure 4.18 The seasonalcycle of Γ along the coastof India. The densityof the upperlayer
is computedfrom the synthesizedmonthly climatologyof temperatureandsalinity; the method
of synthesisis describedin Section4.3.3. The figure shows Γ, ΓT , and ΓS; ΓT and ΓS are the
contributionsof temperatureandsalinity to Γ. Γ increasesrapidly alongtheeastcoastafter the
southwestmonsoonas the salinity and densitydecrease.The major contribution to Γ is from
variationsin salinity.
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Figure 4.19Effectof thesynthesizedsalinity on theseasonalcycle of sealevel. Monthly anoma-
liesof correctedsealevel (cm)areplottedalongwith thoseof sealevel (cm) from thesimulations
with constantandvariableupperlayerdensityin a 11

2-layer reduced-gravity model. Thedensity
of theupperlayer is computedfrom themonthlyclimatologiesof Levitus andBoyer [1994] and
Levitusetal. [1994],exceptalongthecoastof India,wherethemodifiedclimatologyis used.The
lower salinity alongthe eastcoastin the synthesizedclimatologyenablesthemodelto simulate
thesealevel maximumin November;theseasonalcycleof modelsealevel now resemblesthatof
correctedsealevel.
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4.3.4 Simulations With the SynthesizedClimatology

Thesynthesizedclimatologyyieldsalongshoretemperatureandsalinityfieldsfrom thenortheast-

erncornerof theBay of Bengalto Veraval on thewestcoastof India. Theseareusedto replace

the coastaltemperatureandsalinity datain the climatologiesof Levitus andBoyer [1994] and

Levitusetal. [1994],andthisnew climatologyis usedto determineΓ for the11
2-layermodel.The

resultingsealevel is shown in Figure4.19. Thesynthesizedcoastalsalinity improvesthemodel’s

ability to simulatetheseasonalcycle of sealevel alongtheeastcoast.Thechangesmadeto the

coastalsalinityfield havealmostno impactonthewestcoast,but they raisesealevel in November

alongtheeastcoast,theseasonalcycle of modelsealevel now beingsimilar to thatof corrected

sealevel. Themodelsealevel is still somewhat lower, implying that thesalinity, averagedover

100m, may be even lower thanthat assumed.We do not, however, have any datato supportor

deny thispossibility.

In theabsenceof salinity dataalongthecoast,it is difficult to go fartherthanthis. Our aim

hasbeento diagnosethecausesof theseasonalcycleof correctedsealevel alongtheIndiancoast,

andthesomewhat ad hocmodificationsmadeto the coastalsalinity arejustified in this context.

A more acceptableapproachwould be to try to model the salinity, given the rainfall and the

river runoff. This, however, is a muchmorecomplex task,onethat we leave to the future. The

simulations,however, aresufficient to warranttheinferencethatbothwind-forcedcoastalcurrents

andvariationsin coastalsalinity aresignificantcausesof theseasonalcycleof correctedsealevel

alongthecoastof India,thedecreasein salinityalongtheeastcoastin Novemberbeingresponsible

for thepeakin sealevel there.This decreasein salinity is dueto theadvectionof theriver runoff

alongthecoastby theEICC. Advectionis anonlinearprocess;linearizationof advectiondemands

theexistenceof a well-definedmean.Sincethevariability of thecurrentsandsalinity alongthe

coastof India is at leastaslarge asthemean,this processcannotbe linearized,unlike thewind-

forcedmodelof Chapter3. Thevariationsin salinity anddensity, however, have a comparatively

minor impacton thealongshorecurrents;this impliesthatlinearmodelsaresufficient to describe

theseasonalcycleof large-scalecoastalcurrents,but not thatof sealevel, especiallyalongtheeast

coastof India.

4.4 Effect of Bathymetry: The Continental Shelf

Oneaspectof the reduced-gravity modelthat needssomediscussionis the neglect of the conti-

nentalshelf. Themodelassumesthat theoceanhasa flat bottomandthat thecontinentalbound-

ariesareverticalwalls. This simplificationfilters out thosecontinentalshelfwavesandcoastally-

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 thevicinity of a coast,taking theform of continentalshelfwaveson theshelf in the

absenceof stratification,andthatof coastally-trappedwavesin thepresenceof stratification[Gill

andClarke,1974;Mysak,1980]. TheKelvin wave propagateswith theshelf-breakasthebound-

ary, thecontinentalslopeactingastheverticalwall for theKelvin wave, which thereforehasits

maximumamplitudeat theshelf-break,theamplitudedecayingexponentiallyoffshore. Gill and

Clarke [1974] showed that the movementof the thermoclinedue to the large-scalecirculation

wascorrelatedwith the changesin sealevel at the coast. Therefore,a simple,heuristicideaof

the effect of the shelf is the following. If the upperlayer thicknessis lessthanthe depthof the

continentalshelfat theshelf-break,which usuallyis assumedto coincidewith the200m isobath,

theamplitudeof thewave decaysinshoretoo with ane-folding lengthscalegivenby theinternal

Rossbyradiusof deformation,Ri. If, on theotherhand,theupperlayer thicknessis greaterthan

the depthof the continentalshelf at the shelf-break,the amplitudeof the wave decaysinshore

with ane-folding lengthscalegivenby theexternalRossbyradiusof deformation,Re. SinceRi is

proportionalto thespeedof thefirst baroclinicmodeandRe to thespeedof thebarotropicmode,

Ri { Re, andtheamplitudedecaysfasterinshorewhenthedepthof the upperlayer is lessthan

200m. This descriptionmaynot bevalid at higherfrequencies,but is reasonableat theseasonal

andlower frequenciesof interestto us.

Theaboveeffectof thecontinentalshelfmaybemodifiedundercertaincircumstances,two of

whichareof interestto us.First,thestrengthof thecouplingbetweentheKelvinwaveandtheshelf

wave is of O | λ } , whereλ ~ Ri
L , L beingtheshelfwidth [Allen, 1975;Mysak,1980].Off Mumbai,

wheretheshelfis wide, this impliesthatthecouplingis weak,andthereforethecirculationon the

shelfmaybe independentof thatoffshore.This, however, is unlikely becausetheseasonalcycle

of sealevel at Mumbai is similar to thatat otherstationsalongtheIndianwestcoast,implying a

link betweencoastalsealevel andthe large-scalecirculation. The increasedfriction on thewide

shelf, however, will alter the momentumbalanceanda likely consequenceis a drop in the sea

level at thecoast.This would accountfor themodelsealevel beinghigherthanthecorrectedsea

level at Mumbai. Second,if thereis a strongcross-shoresalinity (or temperature)gradienton the

shelf,asalongthecoastof India afterthesouthwestmonsoon,thedecayin theamplitudeinshore

will bearrestedby the low salinities,andtheamplitudemayeven increasetowardsthecoast.At

the low frequenciesof interest,this modificationwill begeostrophic,forcing a coastalcurrentin

thesamedirectionasthe large-scalecoastalcurrent.This would accountfor themodelsealevel

beinglower thanthecorrectedsealevel alongtheeastcoast.Thisdiscussiononthepossibleeffect

of thecontinentalshelf on coastalsealevel, however, is heuristic,andneedsto beconfirmedby

observationsanddetailedmodelstudies.

In conclusion,thepresenceof thecontinentalshelf is not of major consequencefor thesea-

sonalcycleof sealevel alongthecoastof India. Thecausesof thiscycleareatmosphericpressure,
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thewind-forcedcoastalcurrents,andthelargechangesin salinity, especiallyalongtheeastcoast.

Thedifferencein salinity betweentheeastandwestcoastsof India resultsin a largerrangeof the

seasonalcycle alongtheeastcoast.This alongshoregradientin salinity alsohasimplicationsfor

thealongshoregradientin annualsealevel, which formsthesubjectof thefollowing chapter.




