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Aksgwacg

TheeasternIndianOceaRregionisgenerallyinfiuencedbytheAsiallmonsoonsystem.

Duetolackofdataandconstrainsofinsituobservation,theoceanographicconditioninthis

regionisunclear.Thisresearchisaimedatstudyingtheseasonalandinteraunualchlorophyll

a(chla)variationintheeasternIndianOceaR,andfurtherassessedthe2004tsunamieffects

onthemarineenvironmentintheregion.Theresearchworkhadbeendividedintothreemajor

sections.ThefirstsectionwasfocusedonstudyingtheinfluencesofAsianmonsoononthe

seasonalchlavariationinMalaccaStraits(MS)usingSea-viewingWideField-of-view

Sensor(SeaWiFS)data.Thesecondsectionwastheinvestigationofinterannualch}a

variationduringnortheastmonsoon(NEM)intheSoutheasternBayofBengal(SEBOB)

usingSeaWiFSoceancolordata.ThelastsectionincludedapplicationofModerate

ResolutionImagingSpectroradiometer(MODIS)Aquaoceancolordatatoassessthe2004

IndianOceantsunamieffectsonthechlaandturbidityvariation.

ResultsshowedthatchlainMSexperiencedseasoRalvariability.AtnorthernMS,

SeaWiFSchlaincreasedasmuchastwiceduringNEMcomparedtesouthwestmonsoon

\(SWM\).AtthesouthernMS,SeaWiFSOC4algorithmwasfoundover--estimatingchlainthe

areasofhighnorimalizedwaterleavingradianceat555nmvalue(nLw555).Strong

con"elationbetweenthenLw555andsuspendedsediment(SS)concentrationsuggestedthat

highturbiditycouldcontributetotheover-estimationofSeaWiFSchla.Monsoonwind

stronglyinfluencedthespatialdistributionaRdseasonalvariatienofthechlaatnoithemMS.

DuringNEM,bloomofphytoplanktonstartedfromeasternMS,anditwasadvectedtowards

AndamanSeabynortheasterlies.NEMwindcreatedpositivewindstresscurlalong4.SONto

6.50NintheStraits,whichcausedpositiveEkmanpumpingresultingupwelling.

Consequently,upwellinghelpedinreplenishofthesurfacewaternutrients.Thus,maintaining

thephytoplanktonbloomoverthecontinentalshelÅíLowchlawasobservedduringSWM,

andthiswasattributedtonegativewindstresscurlanddownwelling.Theuniquetopologyof
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MS,wherethemountainrangesatMalayPeRiRsularandSumatraIslandactasthemonsoon

windshield,enabletheoccurrenceofbothupwellinganddownwellinginthenortherRMS

duringdifferentmonsoonperiods.

Thefirstsectiondescribesthefundamenta1knowledgeoftheseasonalchlavariation

inthestudyarea.Withthisinformatien,wefurtherextendedthespatialandtemporallimitof

thestudytothewholeSEBOBthatincludeIndianOcean,BayofBengal(BOB),Andaman

SeaandMS.TheinterannualchlavariationatSEBOBduringNEMwasfoundclosely

relatedtothevariatioRofwindandseasurfaceheightanomaly(SSH)astheresultoflarge

ocean-atmosphericeventsinbothIndiaRandPacificOceaR.DuringIndianOceanDipole

\(IOD\)l997-98,anomalousalongshorewinddrivenupwellingcausedlargechlabloom

alongthewesternSumatra.AnotherblooinoccurredlateratthenorthwesternSumatra(NWS)

andwasrelatedtotheloweringofSSHbyRossbywavepropagation.Insituobservation

showedtheliftingofthermoclinewithinthelowSSHRossbywavethatindicatingthe

nutriententrainmenttothesurfacelayer.AftertheRossbywavepassage,highchlaatNWS

couldbeattributedtothecycloniceddythatcontiRuessupplyingnutrientstothesurface

water.HigherchlavariationinMScomparedtothatinNWScouldbeduetotheshallower

depthinthestraits.ChlavariationinthenorthernMSwascloselyrelatedtoNEMwind.

DuringNEMl998-99,lowerchlainMScouldbeduetotheElNMo-SouthernOscillation

\(ENSO\)relatedweakermonsoonwindandhigherSSHafterIOD.Basedontheresultsofthis

study,adetailinvestigationontherelatioRshipofsurfacecurrent,eddysystemandplanetary

waveonchlaisnecessaryforabetterunderstandingofthespatialchlavariationinSEBOB.

The2004IndianOceantsunamihadbeenrepoitedcausingvastdestiuctiononmarine

environment;howeveritseffectsontheprimaryproductionandupweliingeventwas

unknown.ChlaandnLw551beforeandafterthetsunamieventwereprocessedusing

SeaWiFSDataAnalysisSystem(SeaDAS)aRdthevariatioi3swereexaminedinthethird

section.Resultsshowedthathighsedimentationcausedbythebacl<washresultedinover-
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-estlma"on'ofthechlavalues.However,thechla,coRcentrationintheupwelling area at

northernMSdidnotexhibitanysignificantchangesbythetsunami.Thechlab}oom in this

upwell ingareawasmai.nlydrivenbythenortheastmonsoonwind.Attheseriously eroded

coastlinealongwesternSumatra,contilluoussedimentationwasobserved.

Thisstudyhasproventheeffectivenessofoceancolorremotesensinginpreviding

synopticandcomprehensivemonitoringoftheoceanogvaphicconditions.Italsodemonstrated

theoceancolorremotesensingasausefu1toolforassessingthetsunainieffects.The find' mgs

ofthis studyintheeasternIndianOceanregionisexpectedtoincreasetheeffectiveness ofthe

'mal'lne resourcesandcoastalzoneinanagement.WesuggestedthatlongtermmoRitoring of

marine environmentshouldbecarriedoutusingthecombinationofremotesensingand in situ

study.
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Fig.2.l BathymetryandtopologyofMalaccaStraitsanditssurroundingareas.

ShadedareasonlandshowthemountainrangesinbothSumatraand
MalayPeninsular.SEAFDECcruisestations58-63aremarl<ed.Darl<
dottedliResshowthebouiidaryofMalaccaStraits.Graydottedlineatthe
middleoftheStraitsshowsthedivisionofthenorthemandsouthern
areas.

Fig.2.2 MonthlycoinpositeofSeaWiFSchlorophylla(mgm-3),1998-2002.
Fig.23 MonthlymeanSeaWiFSchlorophylla(mgm-3)(A)andNCEPreanalysis

monthlymeanwindspeed(ms-i)(B)averagedovernorthern(es)and
southern(o)MS.ThescaiefornoithernandsouthemMSislocatedon
theleftandright,respectively.MonthlyEl<manpumpingrate(mday-i)

\(C\)iscalculatedusingtheFNMOCwindstresscurldatafortwo
locationsat60N990E(PointA,A)and70N980E(PointB,ew)asshownin
Fig.2.1.MoRthlyrainfall(min)(D)atLangkawi(@)andMalacca(o)
\(LocationsshowninFig.2.1\)averagedovertheperiodfrom1991uRtil
2001.

Fig.2.4 Insituchlorophylla(mgm-')ofMASDECoceanographiccruises.Cruise
l(A)wasconductedduringNEM(23November-2December1998)
andcruise4(B)wasconductedduringSWM(29July-7Augt}st2000).

Fig.2.5 MASDECinsituchlorophylla(mgm--)(k),compositeSeaWiFSchla
\(mgm-3\)\(D\),andcompositenorinalizedwaterIeavingradianceat555mn
\(mwcm-2pntisr-i\)\(bar\)duringMASDECoceanographiccruisel\(A\)
andcruise4(B).

Fig.2.6 MonthlySeaWiFSchlorophylla(mgm-)(A)andnLw555nm(mWcm-
2pm-isi"i)(B)imageonJanuary2002.Cloudcoverandnoiseiscolored
black.

Fig.2.7 CorrelationofMASDECinsitutotalsuspendedsediment(mg1-)(TSS)
andcompositeSeaWiFSnLw555values(mWcm-2pm-isr-i)(nLw555)
ofMASDECoceanographiccruise5(l8-29October2002).

Fig.2.8 FNMOCsurfacewindstress(Nm-2)andcurl(Pam-xIO-')during
January2002(A)andJuly2002(B).Thewindstress(vector)is
superimposedonthecurlofwindstress(raster).

Fig.2.9 BathymetryaRdverticalsalinityprofiles(p.s.u)fortheSEAFDECCruise
No.68(8-9Feb2003)showingthetraRsectfromnorthwesttosoutheast
alongnortheniMS.Locationsofthesamplingstations(58-63)areshown:
seealsofig.2.I.Graycolorshowsseafloor.

Fig.3.1 MapoftheBayofBeRgalandeasternIndianOcean.Thestudyareais
highlightedwiththebox(graydottedline).ThreeSEAFDECsampling
stationsareshownincircle(0),ofwhichtwostationsarelocatedahnost
atthesanaeplacewestofAcheh.FMedtriangles(k)showthetwo
selectedpointforinterarmualvariationanalysis.

Fig.32 Climatologymonthlychlorophyllavariation(mgm')at1.00-lO.OON
90.00-99.00E.

Fig.3.3 InterannualchlorophyllavariabilityfromJanuary1998--January2004.
Fig.3.4 Interannualchlorophyllaanomalies(mgm--)(A),windspeedanomalies

\(nasNi\)\(B\)andAVISOSSH\(cm\)\(C\)at6.00N92.00E\(grayline\)and
6.00N98.00E(blackline),andDMIandSOI(D)duringNEMfrom
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Novemberl997-February2004.
Fig.35 CorrelationbetweenchlorophyllaandSSHat92.00E(left)andbetween

chlorophyllaandWSat98.00E\(rjghOduringNEM.
Fig.3.6 MonthlySeaWiFSchlorophylla(mgm--)(left),TOPEX/PoseidonSSH

\(mm\)\(middle\),andFNMOCwindstress\(Nm-2\)aRdcurl\(Pam-ix1O-6\)
\(right\)duringOctober1997-Aril1998.

Fig.3.7 VenicaltemperatureprofilesnearnorthernSumatrabeforeandduring
IOD98.XBTdataprovidedbySEAFDEC.Locationsofthesampling
pointsareshowninFig.3.1,20March1997(6.30N95.30E),22October
1997(5.40N94.70E)and16February1998(5.50N94.70E).

Fig.3.8 Near-surfacecirculationduringNEM\(modifiedafterHackeretal.,
l998\).Currentbranchesindicateda.retheNorthEquatorialCurrent
\(NEC\),NorthEquatorialCounterCurrent\(NECC\),EquatorialCurrent
\(EC\).Circleslabeled"C"showcycloniceddyattheeasternsectionof
NECC.

Fig.3.9 VerticalsalinityprofileofARGOfioatNo.2900270from22December
2003uiitil25January2004.

Fig.4.1 hreaofstudy.Thestarshowsthelocationofearthqual<eepicenteron26
December2004.Darl<markeratthecenterofMalaccaStraitsindicates
thelocationofOncFathomBank.ThegrayboxatnorthwesternSumatra
showstheimageslocationonfig.4.7.

Fig.4.2 Chlorophylla(chla)(leftcolumn)(mgni)andnLw551(rightcolumn)
\(mwcm-2pm-isr-i\)beforeandafterthetsunami.Coastlineisshownin
whiteline.Cloudererroneousdataaremaskedinblacl<color.

Fig.43 MODISchlorophylla(A)(mgm-)andnLw551(B)(rnWcm-pm-sr-
i\)8daysvariationbeforeandaftertsunainiforselectedlocations.Dotted

linesshowtsunamiaffectedcoasts.
Fig.4.4 DifferencesofmonthlynLw551(leftcolumn)(mWcm-pm-sr-)from

thenLw551climatology,andTRMMaccumulatedrainfall(rightcoluinn)
\(mm\)duriRgDecember2004-April2005.CoastlineofnLw55lis
showr}inwhiteline,whilecoastlineforrainfa11isshowninblackline.
ThecloudyoreiToneousdatainnLw551imagesaremaskedwithblack
color.

Fig.4.5 MODIS8Dayschlorophylla(chla)(mgm'-)(left)anddailyQuil<SCAT
windvectorandwindspeed(WS)(ms-i)(right).

Fig.4.6 Dailywindspeed(WS)(ms-)andchlorephylla(chla)(mgm--)at
northernMS(6.00N99.00E).

Fig.4.7 MODIStruecolor250mRGBimagefornorthernSumatra(left)on13
December2004beforethetsunami(left)aRdMODISimageon29
December2004afterthetsunami(right).Thelocationoftheseimagesis
showninfig.4.I.ThecoastalareasatthisnoithwesternSumatraIsland
werebadlydestructedbythetsunamiwaveon26December2004.
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ARGO ArrayforReal-timeGeostrophicOceanography
AVISO Archiving,ValidatieRandInterpretationofSatellite

Oceanographicdata

BOB BayofBengal
CDOM ColoreddissolveorgaBicmatter

COCTS ChineseOceanColorandTemperatureSensor

CORDIO CoralReefDegradationintheIndian Ocean
CZCS CoastalZoneColourScarmer
Chla Chlorophylla

DAAC DistributedActiveArchiveCenter

DMI DipoleModeIndex
EC EquatorialCt}rrent

ENSO ElNifioh-SouthernOscMation

EP Ekmanpumping
FNMOC FleetNuincricalMeteorologyandOceanographyCenter
FRSGC FrontierResearchSystemforGlobal Change
GIS GeographicalInformationSystera
GLI GlobalImager
GOCI GeostationaryOceanColourImager
GODAE GIobalOceanDataAssimilationExperiment
IOD IndianOceanDipele
MASDEC MalaccaStraitsResearchandDevelopmentCentre
MERIS MediumResolutionknagingSpectrometer
MODIS ModerateResolutionIinagin gSpectroradiometer

MOS ModularOpticalScanner

MS MalaccaStraits

NASA NationalAeronauticsandSpaceAdministration

NCEP NationalCentersforEnvironmental Prediction

NEC NorthEquatorialCurrent

NECC NorthEquatorialCounterCurrent

NEM Northeastmonsoon
nLw normalizedwaterleavingradiance

NOAA NationalOceanicandAtmosphericAdministration

NVODS NationalVirtualOceanDataSystem

NWS NorthwesternSumatra

OCM OceanColorMonitor
OCTS OceanColorandTemperatureSensor
ODV OceanDataView
PDC PacificDisasterCenter

PFEL PacificFisheriesEnviromnentalL aboratory

RGB Red,Green,Blue
SEAFDEC SoutheastAsianFisheriesDevelopmentCenter

SEBOB SoutheasternBayofBengal
SOI SouthernOscillationIndex
ss Suspendedsediment
SSH Sea.SurfaceHeightAnomaly
SST Sea.sulfacetemperature

SWM Southwestmonsoon
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SeaDAS SeaWiFSDataAnalysisSystem
SeaWiFS Sea-viewiRgWideFieldofviewSensor
TOVAS TRMMOnlineVisualizationandAnalysisSystem

TRMM TropicalRainfa11MeasuringMission

UNEP UnitedNationEnvironmentProgramme
VIIRS Visible/InfraredImager/RadiometerSuite

WC Windstresscurl

WS Windspeed
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TheIndianOceanisthethird-largestoceanintheworld,coveringabout200/oofthe

Earth'swatersurface.ItisboundedonthenoithbysouthernAsia;onthewestbytheArabian

PeninsulaandAfrica;ontheeastbytheMalayPeninsula,theSundaIslands,andAustralia;

andonthesouthbytheSoutherllOcean.Thisoceanisnearly1O,OOOkmwideatthesouthern

tipsofAfricaandAustralia;itsareais73,556,OOOkm2,includingtheRedSeaandthePersian

Gulf.Theocean'svolumeisestimatedtobe292,l31,OOOkni3(Wikipedia,2005B).

On26December2004,thesecondlargestearthquakehittheeasternIndianOcean

\(SteinandOl<al,2005\).Theeaithqual<eandtsunainidisaster2004hasbroughttheworld

atteRtiontothisregion.ThemajorwatersbodiesattheeasterltIndianOceanconsistof

MalaccaStraits(MS),AndamanSeaandBayofBengal(BOB).Alltheseareasarestrongly

influencebytheseasonalreversingwind,called"monsoorf'.

MonsoonalclimatedominatesthenorthernIndianOcean,anditseffectsarefeltfar

intothesubtropicsoftheSouthernhemisphere(TomczakandGodfrey,2002).Theword

"monsoon"isderivedfromtheArabicword"mausim"whichmeansseason\(Malaysian

MeteorologicalService,2005\).Monsooniscausedbyland-seatemperaturedifferencesdueto

heatingbythesun'sradiation.TheAsianmonsoonsystemischaracterizedbytwomonsoon

regimes,namely,thesouthwestmonsoon(SWM)fromlateMaytoSeptember,andthe
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northeastmonsoon(NEM)fromNovembertoMarch(MalaysianMeteorologica}Service,

2005\).

TheNEMischaracterizedbyhighpressureovertheAsiaRlandmassandnortheasterly

windsoverthetropicsandnorthernsubtropics(TomczakandGodfrey,2002).Inwinter,the

continentallandmasscoolsrapidlyresultinginextremelylowtemperaturesovercentralAsia.

Astemperaturedrops,atmosphericpressurerisesandanintensehighpressuresystem

\(anticyclone\)developsoverSiberia.ColdairflowsoutofSiberiaasnorthwesterliesandturns

intonortheasterliesonreachingthecoastalwatersofChinabeforeheadingtewardsSoutheast

Asia(MalaysianMeteorolegicalService,2005).NEMmoBsooncausedhighrainfa11atthe

Vietnam,eastcoastofMalayPeninsularandIndonesiaregions.

DuringtheSWM,adeepheatlowdevelopsovernorthernAfabiaandPakistan.The

Australiaheatlowofthesouthernsummerisreplaeedbyacenterofhighpressure.TheSWM

bringsheavyrainfalltomostpaitsoftheIndiansubcontinent,BurmaandThailand.Intense

sunMnerstorinscanhaveastrongimpactsontheIndianOcean(Churchetal.,1998).The

freshwateriRputfromGangesandBrahmaputra,andseveralpeninsularIndianrivers

infiuencesestuariescharacteristicswithreducedsurfacesalinitiesovermostpartoftheBOB

\(Ittel<kotetal.,2003\).

1.1.1BayofBengal

BayofBengal,amorthernextendedamaoftheIndianOcean,islocatedbetween

2



latitudes50Nand220Nandlongitudes800Eand1OOOE.Itresemblesatriangleinshape,andit

isboundedinthewestbytheeastcoastsofSriLankaandlndia,onthenorthbythedeltaic

regionoftheGanges-Brahmaputra-Meghiiariversystem,andontheeastbytheMyanmar

peninsulaextendeduptotheAndaman--Nicobarridges(Banglapedia,2005).Thesoutheitn

boundaryoftheBayisapproximatelyalongthelinedrawnfromDondraHeadinthesouthof

SriLankatothenorthtipofSuiinatra.TheBayoccupiesanareaofabout2,200,OOOkm2aRd

theaveragedepthis2,600mwithamaximumdepthof5,258m(Banglapedia,2005).

ManymajorriversofIndiaflowwesttoeastintotheBOB:inthenorth,theGaRges

River(orGanga),MeghnaandBrahniaputrarivers,andinthesouthMahanadi,Godavari,

KrishnaandKaveri(sometimeswrittenasCauvery)rivers.TheIrrawaddyRiverofBurma

alsoflowsintothebay.Freshwaterfromtheriverslargelyinfluencesthecoastalnorthernpart

oftheBay.TheRiverofBangladeshdischargesthevastamountof1,222,OOO,OOOm3offresh

waterintotheBay.InthecoastalregionoftheBayandinthenortheasternpartofthe

AndamanSeawhereasignificantinfluenceofriverwaterispresent,thetemperatureand

salinityareseentobedifferentfromtheopenpartoftheBay.Thetemperature,salinityand

densityofthewaterofthesouthernpartoftheBOBis,almostthesameasintheopenpartof

theocean(Banglapedia,2005).

SurfacecirculationatBOBisfoundtobegenerallyclocl<[wisefromJanuarytoJuly

andcounter-clockwisefromAugusttoDecember,inaccordancewiththereversiblemoRsooB

windsystems.AnimportantvenicalcirculationintheBOBisupwel}ing.Inthisprocess,
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sub-surfacewaterisbroughttowardthesurface,andconverselyadownwarddisplacementis

calleddownwellingorsinking.Upwellinganddowriwellingareseasonal.Thepersistenceof

themonsoon,especiallyfromthesouthwestandtheorientationofthecoastscauseupwelling

tooccuralongmostoftheeastcoastofIndia.IntheeastcoastofIndiatheupwellingtakes

placeinsummeranddownwellinginwinter,andiRtheeasternpartoftheBOBandinthe

Myanmarcoast,upwellingoccursinwinterandthedownwellinginsummer\(Banglapedia,

2005\).

1.1.2AndamanSea

AndamanSeaisthebodyofwaterinthenortheasterncorneroftheIndiaROceanthat

liestothewestoftheMalayPeRinsula,thenorthofSumatra,theeastoftheAndamanIslands,

andthesouthoftheIrrawaddyDeltainBurma.Itisroughly1200lqnlong(north-south)and

650lanwide(east-west),withanareaof797700km2.Itsaveragedepthis870m,andthe

maximumdepthis3777m(Wjkipedia,2005A).OnthewestofAndamanSeaisboundedby

thechainofAndamanaltdNicobarAi'chipelagoes,whichpermitrestrictedcommunication

betweenitandtheBOB(SatishandGouveia,19.98).Thesurfacesalinitiesexhibitstrong

seasonalvariationsduetoanextremelylargefreshwaterinfiuxfromtheIrrawaddyand

Salweenriversduringmonsoonseason.

ThenorthernAndamanSeaisinfluencebyoceanicwatercharacteristic,whilethe

southernstrecthisdominatedbycoastalwatercharacteristic.AtthenorthernAndamanSea,
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thesurfacecurrentshowsclocl<wisecirculationgwhileatthesouthem,counter-clocl<wise

circulationwasobserved.BothcirculationsarepredominantinbothNEMaRdSWM.The

intersectionofthesetwocirculatioitsinitiatesamixingzonebetweentheoceanicandcoastal

watersaroundsouthwestofPhuket(Limpsaichol,2005).

HighproductivityattheshelfbreakareasduringtheNEMmightbeattributedte

upwellingorinternalwaveaction(Limpsaichol,2005).YesakiandJantrarapagdee(1981)

foundthatduringNEM,AndamanSeadeepwaterascendedtoabovetheshe}ÅíThe

subsurfacetemperatureof250Clocatedattheshelfedgeatabout75minDecemberfurther

ascendedtolessthan50minMarch.Thefindingsindicateupwellingofdeepwatermass

duringNEM.DuringSWM,the250Cwatermassnormallydescendedtoabout1OOm.

1.7.3MalaccaSlraits

TheMSislocatedbetweentheeastcoastofSumatraIslandinIndonesiaandthewest

coastofPeninsularMalaysia,andislinkedwiththeStraitofSingaporeatitssoutheastend.

TheMSareborderedbyfourlittoralStates,namelyThailand,Indonesia,Malaysiaand

Singapore.ThelengthisaroundllOOlma,withthewidestsection(400kin)nearthe

northwestentraRce,narrowinggraduallytoaroundl5kniatthesoutheastentrancenearthe

RiauArchipelago.

Thedepthofthewaterisirregular,firoml7to55m(Chua,2000).Thetopographyin

MSvariesbetweenthenoitherRandsouthernareas.Depthofthewaterisdeeperatthe
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northeinthanatthesouthernparts.SuddendecreaseofdeptharoundOneFathomBanl<

createsaphysicalbarrierforthewaterexchangebetweenthenorthandsouth(Liong,1974).

Currentsfellowthetopographicconfiguratioitoftheseabottom.Thefiowofsurface

cun'entisstrongerduringthenoitheastMonsooBwhenthedominantdirectionofthesurface

currentisfromtheSouthChinaSeatotheAndamanSea(Chua,2000).Surfacecurrentalso

entersfromtheAndamanSeabutturnsnorthwestofPulauPenangandthePeral<coast.Thereis

anundercurrentowiRgfi"omtheAndainanSeatowardstheStraitsduringmonsoonperiods,

whichcausesalightupwellingneartheOneFathomBank(Uktolseya,1988).

ThehydrographicandecologicalfeaturesoftheStraitsaregreatlyinfiuencedbythe

AdamanSeaandtheSouthChinaSeaaswellasthedrainagefromtheriversystemsof

PeninsularMalaysiaandSumatra.Asaresult,theStraitsofMalaccapresentsaunique

estuarineenvironmentwithfairlyrichprimaryproductivitysupportingsubstantialaquatic

renewableresources,whichbecomeasignificantsourceoffoodsustenanceandemployment

tothecoastalpopulation(Chua,2000).

FromaneconomicandstrategicperspectivetheMSisoneofthemostimportant

shippinglanesintheworld,anequivalentoftheSuezCanal,orthePanamaCanal.TheStrait

formsthemainshippassagewaybetweentheIndianOceanandthePacificOcean,linking

threeoftheworld'smostpopulousnations:India,IndonesiaandChina(Wikipedia,2005C).

TheStraitcarries50,OOOvesselsperyear,carryingbetweenoRe-fifthandokequarterofthe

world'sseatrade.AIIthesefactorshavecausedtheareatobecomeatargetforpiracyanda
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perceivedtargetforterrorism.Iftheterroristattackoccurred,itwouldhaveadevastating

effectonworldtrade(Wikipedia,2005C).AnothershippingriskintheStraitsistheyearly

hazethatpersistsduetoragingbushfiresinSumatra.Thehazecanliterallychokeshipping

byreducingvisibilitytoaslowas200mmakingnavigationinsuchanarrowandbusytrade

routehazardous(Wikipedia,2005C).

fi.2OeeaitCggerReitaoteSeitsfiitg

Ofallthetechniquesusedinoceanremotesensing,theobservationofoceancolor

fromsatelliteisperhapsthemosteasilyunderstoodinconcept,becauseitisthemostsimilar

toourownpersonalremotesensingdevice-thehumaneyes(Robison,2004).Inthe

nineteenthandearlytwentiethcenturies,thefirstoceanographerssoughttouseoceancoloras

anindicatorofwatermassesandindirectlyofeceancurrents.Theybegantorecordthecolor

ofseawaterinaqualitativebutobjectivemannerusingtheForelScale(Fairbridge,1966)and

toquantifyameasureofitstransparencyusingtheSecchidisk(Secchi,1866).

The"colour"oftheoceanisdeterminedbytheinteractionsofincidentlightwith

substaRcesorparticlespresentinthewater.Themostsignificantconstituentsarefree-floating

photosyntheticorganisms(phytoplankton)andiRorganicparticulates.Phytoplanktoncontains

chlorophyll,whichabsorbslightatblueandredwavelengthsandtransmitsinthegreen.

Particulatemattercanrefiectandabsorblight,whichreducestheclarity(lighttransmission)

ofthewater.Substancesdissolvedinwatercanalseaffectitscolour(IOCCG,1999).
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Intheocean,lightreflectsoffparticulatemattersuspendediRthewater,and

absorptionisprimarilyduetothephotosyntheticpigments(chlorophyll)presentin

phytoplankton.ThenetresulteftheseopticaliRteractionsislightradiatingfromtheocean

surface-thewater-leavingradiance.Radiometersareinstrumentsthatmeasuretheradiance

intensityatagivenwavelengthoflight.Themeasuredradiancemaythenbequantitatively

relatedtovariousconstituentsinthewatercolunanthatinteractwithvisiblelight,suchas

chlorophyll.Theconcentrationofchlorophyll,inturn,maybeusedtocalculatetheamountof

carbonbeingproducedbyphotosynthesis,whichistermedprimaryproductivity\(IOCCG,

1999\).

Thechlorophylla(chla)hasbeenusedastherelativemeasurementtophytoplankton

abundanceandbioinassintheocean(Martin,2004).Thegoalofremotesensingofocean

colouristoderivequantitativeinforniatioRonthetypesofsubstancespresentinthewaterand

ontheirconcentrations,fromvariationsinthespectralfomiandmagnitudeoftheoceaB

coloursignal.Aprimarygoalofoceancolourremotesensingistoproducesynopticfieldsof

chlorophyllpigrnent,anindexofphytoplanktonbiomass.

7.2.7Classdicationofmarinewaters

Intheoceancolorresearch,themarinewa,tersareclassifiedintooceanicwater\(Case

1)andturbidwater(Case2).IntheCase1water,alloftheopticalpropertiesintheoceanare

determinedbythephytoplankton;inCase2wa.ter,theyaredeterminedbyvariousfactors,
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suchassuspendedsediment,coloreddissolveorganicmatter(CDOM)andphytoplanktoR

concentration(Acker,2005).

Caselwatersarethosewatersinwhichphytoplanktonaretheprincipleagents

responsibleforthevariationsinopticalpropertiesofthewaters.Ca,selwatercoveredabout

900/ooftheworldocean.Theiropticalpropertiesaresimpler,easiertoanalyse,inodeland

derivedthegeophysicalparameters.Case2watersareinfluencenotjustbyphytoplankton,

butalsoothersubstances,thatvaryindependentlyofphytoplankton,notablyinorganic

particlesinsuspensienandyellowsubstance(IOCCG,2000).

AlthoughitcoveredaboutlOe/ooftheworldocean,buttheCase2waterssupport600/o

oftheworldpopulationand900/ooftheworldmarinefishcatch.Complexityintheoptical

propertiesmakesitdifficulttoquantifythegeophysicalvalues.Besides,therelatioRship

betweenoceancolourandtheconstituentsofthewatermayvaryregioRallyorseasonally,

accordingtothecompositionofalgalspecies,sizedistributionofphytoplanktoncells,mineral

compositionoftheinorganicparticlesinsuspensionorthechemicalcompositionefdissolved

organicsubstances(IOCCG,2000).

1.2.2Oceancolorsensors

Thefirstinstrumenttocollectscientificdataonthecolouroftheoceanwa.sthe

CoastalZoneColourScanner(CZCS),aRinstrumentontheNIMBUS-7satellite,which

operatedfromNovember1978toJune1986.TheCZCShadverymodestspectralresolution
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andamodestgoalofestimatingaphytoplanktoltpignientindex.TheCZCSwasmoretoan

experhnentalandproof-of-conceptmission.ThenextinstrumentsweretheJapaneseOcean

ColorandTemperatureSensor(OCTS)ontheADEOS-1satellitethatoperatedfromAugust

l996toJune1997,andtheGermanModularOpticalScanner(MOS)launchedin1996onthe

IndianRemoteSensingSatelliteIRS-P3.

TheSea-viewingWideFieldofviewSensor(SeaWilFS)oceallcolorsensorwas

launchedinAugust1997andcontinuouslyprovidedalmost8yearsofglobalbio-opticaldata

sinceSeptemberl997.SeaWiFShasbeentheinostsuccessfu1amongoceancolormission

wherethesensorstilloperatinguntilpresent.ModerateResolutionImaging

Spectroradiometer(MODIS)waslaunchedonTerrainDecemberl999andenAquainMay

2002.BothSeaWiFSaRdMODISimageryhasbeenapp}iedextensivelyuntiloperational

level,whicharethemostimportantoceancolorsensorstodate.

Otheroceancolorsatellitesandinstrumentincludethefollowing.Inl999,the

GermanOceanColorMonitor(OCM)waslaunchedontheIndianIRS-P4.InMarch2002,

theEuropeanMediumResolutionImagingSpectrometer(MERIS)waslaunchedon

ENVISAT.InMay2002,theChineseOceanColorandTemperatureSensor(COCTS)was

launchedontheHaiyang--1satellite.InDecember2002,JapanlaunchedtheGlobalImager

\(GLI\)ontheADEOS-2satellite,howeverADEOS-2failedinOctober2003.Somenew

sensorsarescheduledtobelaunchingint.henearfuture,eg.Visible/Infrared

Imager/RadiometerSuite(VllRS)onNPP(2006)andNPOESS(2009)byNASA/IPO,anda
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stationaryoceancolorsatelljteGeostationaryOceanColourImager(GOCI)onCOMS-1by

SeuthKoreain2008.

g.3?revEe"sstwdyaboeetphytopEaitktexdEstrfibutfieitateasteritgitdaaueOÅíeapt

PreviousstudyofoceancolorinIndianOceanismainlyfocusedonthewesternIndian

Ocean.ArabianSeaisoneoftheworld'smostproductiveregionsoftheocean.Thisis

broughtaboutthrougharangeofphysicalprocesses;forexample,thecoastalupwellingalong

Somalia,ArabiaandsouthernpartofthewestcoastofIndiatui'nsthecoastalwatersintoa

regionofhighbiologicalproductivity.Theopenoceanupwelling\(Bauerelal.,l991;Brocl<et

al.,l991),wind-drivenmixing(McCrearyetal.,1996;Leeetal.,2000)andlateraladvection

\(YoungandKindle,1994;PrasannaKumaretal.,2001\)mal<estheopenoceanwatersofthe

centralArabianSeamoreproductive.Phytoplanl<tonbloomsoflesserintensityarealso

1<nowntooccuralongthewestcoastofIndiaduringsummermonsoon\(LierheimeraRdBanse,

2002)asaresultofcoastalupwelling(Shetyeetal.,1990;McCrearyelal.,1996).

Relatively,thephytoplanktonvariationsattheeasternpartoftheIndianOceanwas

unclear,andthismaybeattributedtotheinadequatecoveragebytheCZCSwhichhelpedin

theearlydetectionofthechlabloomsoftheArabianSea(Vinayachandranetal.,2004).

ShipboardobservationsofftheeastcoastofIndiaandalong880Esuggestthattheprimary

productivityintheBayofBengalisconsiderab}ylowerthanthatintheArabianSea\(Gomes

etal.,2000;Kumarelal.,2002;Madhupratapelal.,2003\).ByusingtheOCTSandSeaWiFS
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imagery,ViRayachandranandMathew(2003)showthatthereisaphytoplanktonbloom

causedbyopenoceanupwellingthatdrivenbyEkmanpumping(EP)inthesouthwesternpait

ofBOBduringNEM.TheyfurtherfoundthatthecycloneduriRgNEMcausingintensebloom

atthewesternBOB.DuringSWM,Vinayachandranelcxl.(2004)foundthereischlableomat

thesouthemcoastofSriLanl<acausedbytheopenoceanupwellingassociatedwiththeSri

LankaDome.PrasannaKumaretal.(2004)suggestedthatcoldcoreeddiescouldpossiblyact

asthemechanismofnutrientinjectiontotheoligotrophicwatersintheBOBduringsummer.

AlongthecoastofsouthJava,southeasterlywindsgenerateanEktnanoffshore

transportofsurfacewateralongthecoastthatinducedupwelling(Wyrtl<i,1987).Hendiatriel

al.(2004)foundthatSeaWiFSchlahigherthanO.8mgm-3andseasurfacetemperatt}re

\(SST\)lowerthan280CareindicationsofupwellingatsouthernJava.Thedevelopmentof

upwellingeventsvariesdependingonthestrengthsofthemonsoon(Hendiatrielal.,2004).

TheyfurthernoticedthatduringNovemberl997,averystrongupwellingeventcovereda

largeareafromsouthJava.totheequatoraroundmidofwestSumatra.Murtuguddeetal.

\(1999\)havehighlightedthesimilarupwellingthroughanomalousphytoplaRktonbloomusing

theSeaWiFSimages.InNoveiinber1999,theSeaWiFSimagesshowedthatnoupwelling

existedinthesamearea(Hendiatrietstl.,2004).BothHendiatrietaL(2004)aRdAsanumaet

al.(2003)haveattributedthischlavariationtotheElNifioeveRtinthePacificOcean.
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g.4ObjectEvesoftkestwdiy

TherewerelimitedoceanographystudyattheareaaroundMS,ARdamanSeaand

easteitnofBOB.Theoceanographicconditionsintheseareasareratherunknownasthere

wereverylimitedoceanographystudies.Dt}etothefactthattheMalaccaStraitshasbeenthe

moststrategicshippingreuteintheworldandthedestructive2004tsunamithatoccurredin

thisareas,weareinterestedto1<nowhowtheoceanconditionsattheseareashasbeenchange

forthepastfewyearsandtheeffectsofthetsunamionthemarineenvironmentbyusingthe

oceancolorremotesensingtechnology.Thestudyhasbeendividedintothreemajorsections.

ThefirstsectionwillbefocusedontheseasonalchlavariationintheMalaccaStraitsandthe

majorforceofthevariation.Thesecondsectionwilldiscussedontheinterannualvariationof

thechlaateasternlndianOcean,includingtheAndamanSea,MSandsoutheasternBOB.

Factorsthatcontrjbutetotheinterannualvariabilitywerealsoexamined.Thethirdsection

wasmeai}toassessthepossibletsunainieffectsontheoceanographicconditionsateasterll

IndianOceanusingMODISAquasatellite.
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Cdeapteer2.SeasgeeaiVnecgalofifiitygffSeaWfiETSCkR*ffggeda:yEgesfiitSkeMrklacck

StwnfitsfieeReMagEgwaeoAsfiaeeM$eesggge

2.ggxtwgdeeetgeee

Seasonaltointerannualchangesinphytoplanktonbiomassandproductivityarevery

importantcomponeRtsofthetotalvariabilityassociatedwithoceanbiologicalaRd

biogeochemicalprocesses(YoderandKennelly,2003).PrimaryproductionintheSoutheast

Asianregions,forinstanceSouthChinaSeaandIndianOcean,depictsseasonalvariability,

duetoinfiuenceoftheAsianmonsoen.DeyandSingh(2003)foimdthatchlaconcentration

insouthernBayofBengalishigherduringtheNEMcomparedtotheinter-monsoonperiod.

IntheareasofSouthChinaSea,phytoplanktonwasfoundbloomatVietnamcoastduring

SWM,andbloomnearLuzonStraitsduringNEM\(Tangetal.,1998;Tangelal.,1999;Liuet

al.,2002;Tangetal.,2004\).InsoutheasternJava,increaseofchlaconcentrationisfounddue

toupwellingeventduringSWM(Hendiartietal.,2004).

MalaccaStraitsisoneoftheworld'sbusiestsea-lanesthatcoRnectstheIndianOcean

totheSouthChinaSeaandPacificOcean.Chuaetal.(2000)revealthattheprimary

productivityinMSisconstantthroughouttheyear.Higherphytoplanktonisfoundinthe

southwherewaterisshallower,andwherethereisbothverticalmixingandhighnutrient

inputfromriversinSumatra.Theaveragesurfacechlais0.54mgm-3atnoitherRMSwithout

anydistinctseasonalvariation(Setiapernianaetal.,1984).However,previeusinvestigationof

thephytoplanktonvariabilityinMSwasbasedsolelyondatacollectedfromoceanegraphical
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cruises,whichprovidedrathernon-synopticandcoarseresolutionsamplingofoveraIIspatial

altdtemporalpattern.Consequently,theseasonalphytoplanktonvariabilitycouldbepoorly

quantified.

WehypothesizethatchlainMSexperiencedseasonalvariabilitywhichinfiuencedby

themonsoonsimilartootherAsianmonsoonregions.Byusingthesatelliteoceancolortime

seriesdata,wewereabletoinvestigatethephytoplanktonvariabilityinamoresynopticand

systematicalway.ThispaperprovidesevidencesofseasonalchlavariationinMSbyusing

theSeaWiFSoceancolorimages.Factorsthatcontributedtothechlaseasonalvariability

werealsoexamined.

2.2IN\([ateriagsaitdMethods

ThisstudywasfocusedontheMSareasasshowninFig.2.1.ThepanitionIineof

nerthernandsouthernMSwaslocatedslightlytothenorthofOneFatheinBankthatcloseto

theisobathof50m(Dotted}ineinFig.2.l).DailySeaWiFSlevel2andmoRthlylevel3

oceancolorimages(version4)weredownloadedfromNASAGESDistributedActive

Ai'chiveCenter(DAAC).Theseoceancolorimageswerefurtherprocessedandanalyzedby

usingSeaWiFSDataAnalysisSystem(SeaDAS).

NCEPReanalysismonthlymeanwindspeed(WS)andtopographydatawereacquired

fromLiveAccessServerattheNationalVirtualOceanDataSystem(NVODS)(dataavailable

athttp://ferret.pmel.noaa.gov/NVODS/servlets/dataset\),whilemonthlywindstressandcurl
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\(WC\)dataweredownloadedfromtheFleetNuniericalMeteorologyandOceanegraphy

Center(FNMOC)datasetsatPacificFisheriesEnvironmentalLaboratory(PFEL)LiveAccess

Server(dataavailableathctp://las.pfeg.noaa.gov/las/).RainfaIIdatafromJanuary1991to

December2001wasacquiredfromMalaysianMeteorologicalService.

OceanographicdatawereprovidedbytheSoutheastAsianFisheriesDevelopment

Center(SEAFDEC)andMalaccaStraitsResearchandDevelopmentCentre(MASDEC).

FromSEAFDECoceanographiccruiseNo.68,weselectedonlythedataco}lectedduring8-

9February2003thatlocatedwithinAndamanSeaandMalaccaStraitsforthisanalysis.

MASDEChadconductedfivecruisesalongMalaysianwatersinMSduringmonsoonand

inter-monsoonseasonsfortheperiodfrom1998to2002.TheMASDECoceanographicdata

usedinthisstudyconsistedofcruise1(23November-2December1998)(NEM),cruise4

\(29July-7August2000\)\(SWM\)andcruise5\(18--29October2002\)\(Inter-monsoon\).In

situsurfacechlafromMASDECcruiseswereinputintoArcView8.1GISforspatialanalysis.

DailySeaWiFSlevel2imagesduringeachcruisewerecompositeintosingleimageusing

SeaDASinordertoreducetheeffectofcloudcover.Chlaandnoilnalizedwaterleaving

radianceat555nm(nLw55S)valuesfromthesecompositeimageswereextractedforthe

comparisonwithinsitudata.
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2.3Results

2.3.1SeasoRalSeaWiFSchlorophyllavariation

Analysisofthefive-yearcompositemonthlymeanchlaimagesshowedthattherewas

aseasonalvariabilityofchlainMS.InthenorthernpartofMS,surfacechlaincreasedfrom

NovembertoMarch(Fig.2.2).ThehighchlaareaemanatedfromtheareaaroundPenangto

LangkawiIslandinNovember,andextendedtothewestandnorthwestinJanuarywhenthe

Rortheastmonsoonwasfu11ydeveloped.ThehighchlaareastarteddecayingsinceMarch.

DuringtheSwu,chlainnorthernMSremainedlowthroughouttheseason.Thechla

increasedasmuchastwiceduringtheNEMcomparedtoSWM.Monthlymeanchlaat

northernMS(Fig.2.3A)showedhighestconcentrationduringJaRuary(1.38mgm-3)aRd

lowestduringAugust(O.57ingm'3).ThepeakofchlawasobservedduringNEM.

AtthecoastalandsouthernMS,SeaWiFSchlashowedmorethan2.0mgm-3

throughouttheyear(Fig.2.2).Higherchlawasfour}datthesoutheasternentranceofMS

fromJuneteSeptemberduringtheSWM.Besides,veryhighchlawasobservedatthemiddle

oftheStraitsatSumatraIslandfromNovembertoDecember.Monthlymeanchlaatsouthern

MS(Fig.2.3A)recordedhighestconcentrationduringNovember(5.39mgm-3)andlowest

duringMarch(3.70mgm-3).Thepeal<ofchlainsouthernMSoccurredearlierthaRin

northeinMS.MaximumchlaatsouthernMSwasabout4timeshigherthannortheinMS.

}{owever,theaccuracyofSeaWiFSchlaestimationattheseshallowerareasneedtobe

furtherexaminedduetoturbidwater.
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2.3.2ComparisonofMASDECinsituandSeaMiFSsatelliledata

DuringMASDECcruise1(NEM),mostofthestations,whichIocatedclosedtothe

coastalareashowedchlamorethanl.OOingm-3(Fig.2.4A).Surfacechlawashigherat

northernMSthansouthernMS.Meansurfacechladuringciuise1was1.23mgm-3.

Maximumchlaof2.81mgiai3wassampledatstation2,whereasmiRimuinchlawasO.22

mgm-3atstation3(Fig.2.4A).Duringcruise4(SWM),highersurfacechlawasobservedat

themiddleoftheStraits(Fig.2.4B).Meansurfacechladuringcruise4wasO.72mgm-3.

Maximumchlaof3.06mgm-3wassampledatstation18,whereasnainimuinchlawasO.16

mgm-3atstatioR9and13(Fig.2.4B).Duringcruise4,surfacechlaatnorthernandsouthern

MSwasmuchlowerthancruisel.

IncreasingSeaWiFSchlatrendtowardssouthernMSwasobservedinbothcruisel

andcruise4(Fig.2.5).However,noincreasingtendencywasobservedinMASDECinsitu

chlatowardthesouth.Theinsituchlavaluewashigherforcertaincoastalstations,for

instancestation14and18.Duringcruise1(NEW),afewstationsatthenorthernMSshowed

closevalueswiththeinsituchla.Station2,9,1Oand13atthenorthwasunder-estimatedby

theSeaWiFSchla,whereasmostofthestationatthemiddleoftheStraitsshowed

over-estiinationofSeaWiFSchla(Fig.2.5A).DuriRgcruise4(SWM),goodcorrelation

betweentheMASDECandSeaWiFSchlawasalsofoundatthenonhernMS\(fromstation1

tol3,station15,l6and17)(Fig.2.5B).Whereas,stationstothesouthernMSandstation14,

showedover-estimationofthesurfacechlavalues.
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TheincreasingtrendofnLw55Svaluesforbothcruiseland4wasverysimilartothe

SeaWiFSchla(Fig.2.5).TheanalysisresultsshowedthatSeaWiFSchlatendedtobe

over-estimatedatthestatiogswithhighiiLw55S.Thisobservationwasevidentincruise4,

wherealltheover-estimatedstationswereaccompaniedwithnLw555valuesmorethan1.00

mWcm-2pm-isr-i.Duringcruise4,SeaWiFSchlavalueatstationl4wasover-estimated

almost6timesfromtheinsituchla,wherethenLw555values5.25mWcm-2pm-isr-iwas

thehighestduringthesetwocruises.

MonthlynLw555distribu.tionsinMSdidnotshowmuchvariationlikethechla

distribution.Thedistributionpatternisalwayssimilar,whereextremelyhighvalue\(nLw555

morethan1.00mWcin-2pin-isr-i\)atthecoastalandsouthernofMS,whiletheoffshoreareas

atnorthernMSwerelessthanO.50mWcm-2pin-isr-i(Fig.2.6B).Correlationanalysis

betweentotalsuspeRdedsedinaent(SS)andSeaWiFSshowedthattheconcentrationofinsitu

SSispositivelyrelatedtothenLw555valueswithR2:O.71(Fig.2.7).MostofthehighSS

concentrationswererecordedatthesouthernandcoastalstations,whichwasverysimilarto

thenLw555distributionpatternfromSÅëaWiFSsa.tellite.

2.3.3Monthlywlndandrailtfixllvarlatlon

WindspeedatthenorthernMSshowedtwopeaksduringmonsoonseasons\(Fig.

2.3B\).MaximumWS3.86ms-iwasobservediRJanuaryduringNEM.Besides,anotherpeak

ofWS3.43ms'iwasnotedinJulyduringSWM.Itwasgenerallylowerduring
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inter-monsoon(lessthan3.00ms-i).WindspeedinthesouthernMSwasabouthalfofthatin

northernMS(Fig.2.3B).ThereweretwoWSpeal<satsouthernMSinJulyandDecember.

MaximumWS1.74ms-iwasobservedinDecember,whereasIowestWS1.25ms-iin

September.AtnorthernMS,thepeakofWSinNEMwascoincidedwiththechlapeak;

however,chladidnotincreasedduringthepeakofWSinSwn.TheWSatsouthernMSwas

differentfromthechlavariation.

WindpatterninMS(Fig.2.8)showedsimilarobservationasthemonthlyWS

variationmentionedabove,wherehigherWSatthenorthernpartandlowerWSinthesouth.

DuringNEM,higherWSwasobservedattheareasabovelatitude60NintheStraits\(Fig.

2.8A\).StroRgNEMwindattheSouthChinaSeaandGulfofThailandwasgettingweaker

whenblowacrossMalayPeninsular.StrongpositiveWC(morethanO.IOx10-6Pam-i)

occurredatlatitudefrom4.50Nto6.50NatnorthemMS.WhereasnegativeWC-O.10xIO-6

Pam-iwasobservedatsouthernPhuket(Fig.2.8A).PositiveWCisassociatedwithupwelling,

whilenegativeWCisassociatedwithdownwelling.DuringSwu,strongermonsoonwind

wasnotedatthenorthenaopeningtoAndamanSea(Fig.2.8B).Mostoftheareaatnoithern

MSshowednegativeWC,particularlyverystrongnegativeWC\(lowerthan-O.20xIO-6Pa

m-i )wasobservedatthenorthernSunaatra.Briefly,theWCpatternatnorthernMSwasvery

muchdifferingbetweenthetwomonsoons.

MonthlyrainfallvariationatMalayPeninsularillustratedsomesimilarities(Fig.2.3D).

BothrainfallstationsatLangl<awiandMalaccashowedincreasingtrendfromNEM,and
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reachedthepeakduringinter-monsooRorearlyNEM,andlowestrainfallduringNEM.

RainfallatLangl<awishowedmorevariationthanMalacca.AtLangl<awi,highestmonthly

meanrainfall389mmwasrecordediROctober,andlowest24.6mminJaRaury.Thetrendof

monthlyrainfallatLangkawiwasmuchdifferentfrombothchlaandWSmonthlyvariation.

AtMalacca,maximumrainfall247mmwasrecordedinNovember,andminimumrainfa11

86.8mminFebruary.TheincreasingtrendofrainfallatMalaccawassimilartotheincreasing

trendofSeaWiFSchlaatsouthernMS.Besides,thepeal<ofrainfallatMalaccawas

coincidedwiththeSeaWiFSchlapeakatsouthernMS.

2.agDfise"ssEepms

2.4.1Disc'repancyofSeaMiE'Schlorophyllaeslimatlon

ThecoastalwaterinMalaccaStraitsisveifyturbidduetotheriversdischargeandthe

resuspensionofbottonasedimentfromtidal(Cht}aetal.,1997).Inareasaroundtheriver

mouthandthecoastalregion,watertransparencyislessthan10.0m(Chuaetal.,1997).

SeaWiFSchlaOC4algorithmisknowntobebrol<endowninarealoadedwithhighSSor

CDOM(IOCCG,2000).StudiesinKoreanwatersbyAhnetal.(2001)foundthatthe

presenceofSSincoastalareasleadtooverestimationofchlaconcentrationgreaterthan20-

sooo/,.

TheS55nmbandonSeaWiFSsensorisfoundtobeparticularlygoodatdetectingthe

reflectanceoflightfromsuspendedsediment(Acker,2005).OurstudyshowedthatthenLw
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555valueswerecloselyrelatedtetheSSinMS.Astheresult,theover-estiinationof

SeaWiFSchlaatcoastalandsouthernwaterinMScouldbeduetothehighSS.Afterrainfa11,

naoresedimentwillbeflushedintothesea,thus,theeffectofSSoBthechlaestinnationis

expectedtobemoresevereduringrainyseason.CoRsequently,higherchlaatsouthernMS

duringrainyseasonwaslil<elybeenover-estiiinated.BesidethehighSS,CDOMcouldbe

anotherfactorthatcoRtributedtotheinaccuracyofchlaestimation.Therearemanyrivers

andmangroveforestsalongthecoastalareas,especiallyatthesouthernMS.Theeffectof

CDOMcouldbethesignificantforthecoastalwaterthatclosetotheseCDOMsources.There

wassomeunder-estimationofchlafromSeaWiFSwhencomparedtotheMASDECinsitu

data.Wesuspectedthatthisdiscrepancywascausedbythetemporaldifferencesbetweenthe

samplingdayandthesatellitedatathatavailable.

IncontrasttothesouthernMS,thecomparativelyhighSeaWiFSchlainthenorthern

MSduringNEMisIil<elyiaotasartifactbutaphytoplanl<tonbloom.MonthlySeaWiFSchla

imageonJanuairy2002showedhighchlaareaextendedfromthePenangtoLangkawicoast

towardnorthernSumatraIsland(Fig.2.6A).However,nLw555valuesinthetongueofhigh

chlaareainnorthernMSwaslowerthanincoastalarea\(nLw555lessthanO.60mWcm-2

pm-isr-i)(Fig.2,6B).SlightincreasedofthenLw555mÅéinthisareacouldprobably

attributedtotheincreasedoftm'biditybyphytoplanktoncells.TheMASDECcruise1(NEM)

insituchlaatnorthernMSappearedtobehigherthancruise4(Swu)(Fig.2.4).

NorthernMSwasexperiencingthedryseasoRduringNEM(Fig.2.3D).Lowrainfa11
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isexpectedtoreducethechlaasthereislessnutrientinputfromtheriver.Besides, less

sedimentandCDOMwMbedischargedintothesea.Hereby,wefurtherconceivedthatthe

increaseofchlaatnorthernMSwascontributedbythebloomingofphytoplanktonand the

effectsofSSandCDOMwerenegligible.Therewasothermechanism,exceptthe .rlver

discharge,thathelpedsupplyingthenutrieRtforthephytoplanktoRbloomduringNEM.

2.4.2EkmanPumping

TheoffshoresurfacewaterofnorthernMSisbasicallyoligotrophy\(Yusoffel al'p

2001\).Hence,anyphysica.lmechanismthatiscapabletosupplynutrienttothesurface water

wouldbeimportantfortheNEMbloom.WhentheNEMwindstartedblowingacrossthe

northernMSfromthenortheastdirection,thesurfacewaterseemtobeadvectedoffshore

towardtheAiidamanSea.Windpatternanalysisshowedthatthenoithwestopenareain MS

\(latitudemorethan5.50N\)receivedstrongerinfluenceofthemonsoonwindthanother areas

insidetheStraits(Fig.2.8A).Monsoonwindisrelativelyweal<inthesoutheastempartof the

studyareaduetothetopologicalinfluenceofthehighinountainrangeinbothMalayPeninsular

andSumatra(NambaandIbrahim,2002).PositiveWCatlatitudefi'om4.50Nto6.50N was

attributedtothewindpatterninthatarea(Fig.2.8A).

Consequently,thepositiveWChadinducedpositiveEPratethatcausedupwelling at

northernMS(Fig.2.3C).Corroboratingevidenceofupwellingeventwasobserved during

SEAFDECcruiseNo.68whichincludedmeasurementsatanunaberofstationsinMS\(seeFig.
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2.I).Highsalinewater(33.Sp.s.u.)wasupwelledfrom50matstation58until25matstation

59(Fig.2.9).Itisexpectedthatupwellinghadbroughtnutrientfromthedeepwatertothe

surfacewaterthatinitiatingthephytoplanl<tonbloom.Thisupwellingeventwasapparently

distinctfromthepreviousfindingsnearOneFathomBanl<locatedinthenaiddlepartofMS

\(Wyrtki,1961;Uktolseya,1988;Chuaetal.,1997\).Theeffectofriverdischargewasobserved

atstation62and63(Fig.2.9),wherethesurfacesalinitywasinuchlowercomparedtothe

stationsatnorth.

TheEPanalysisresultssuggestedthattheupwellingphenomenawereconfinedonlyto

thenarrowpositivewindcurlareainnorthernMS.AtpointA(Fig.2.1),maximumEPrate

was3.53mday-iinDecember(Fig.2.3C).However,pointB,whichislocatedoutsideofthe

positivewindcurlareas,didnotshowsigriificantpumpingrateduringNEM.The

intensificationofEPdui'ingNEMagreedwellwiththedevelopmentofthechlabloom\(more

than1mgm-3)thatstartedintheeastofnorthernMSatlatitudefrom4.50Nto6.50N(from

PenangtoLangl<awiIsland)andextendedtowardAndamanSea(Fig.2.2).Thepossible

mechanismoftheNEMbloominnorthernMScanbeexplainedasfollows:

Atthebeginningofthebloom(November),chlaincreasedalongthecoastalareas.

WhentheNEMfullydevelopedinDecember,strongupwellingbyEPoccurredalong4.50N

to6.50NintheStraits.Thisupwellingphenomenonwasimportantinsupplyingnutrientsto

phytoplanktonformaintajningitsbloomthroughoutthenorthernMS,andalongtothe

continentalslopeatnorthernSumatrafromJanuarytoMarch.WhentheNEMwindwas

24



weal<eningduringinter-monsoon,thebloomwassimultaneouslyreduced.

DuringSWM,whenthestrongsouthwesterliesreachedeastemIndianOcean,thehigh

mountainrangesinSumatrablockthestrongwindfromMS.Astheresult,theWSinMSwas

muchlowerascomparetotheopenoceannearAndamanSea(Fig.2.8B).Strongnegative

WCoccurredduetothelargedifferencesofWSatnortherntipofSumatra(Fig.2.8B).The

negativeWCcausednegativeEPrate(Fig.2.3C)andinduceddownwellingeventinthestudy

area betweenMayandSeptember.Astherewasnofurthersupplyofnutrienttothesurface

water ,thechlaconcentrationremainedlowthroughoutSWM.

2.4.3Comparisontootherregions

TheseasonalchlavariationinMSsuggeststhatitissimilartootherAsianMonsoon

regions,wherethechlavariationisinrelatioRtothemonsoonwind.Mostoftheseareas

showthechlapeakduringmonsooneitherinNEMorSWM.TangetaL,(2004)reportedthat

the phytoplanktonbloomateasternVietRamfromJuneanddecayinOctober.Thechla

reachesapeal<ofO.9mgm-3inAugustduringSWM(Liuetal.,2002).Innorthwesternof

Luzon,thebloomstartsinOctober,andrevealsastrongpeak(O.5mgni3)inDecember(Liu

el al.,2002\).TheLuzonphytoplanl<tonbloomstartedmuchearliercemparedtothe

phytoplanktonbloomatnorthernMScouldprobablyattributetothehigherlatitudeofLuzon,

wheretheinfluenceofNEMbeginsearlier.

Monsooninducesupwellingeventisoneofthemajorfactorthatcontributedtothe
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phytoplanktonbloominSoutheastAsianmonsoonregions.Akhoughthenaainforceofthe

upwellingwasthemonsoonwind,themechanismofupwellingcouldbedifferentdueto

differentlocalconditiens.InsouthernJava,thecoastalupwellingiscausedbythe

southeasterlyalongshorewindsthatgenerateanEkmanoffshoretransportofcoastalwater

\(Susantoetal.,2001\).InthecoastofVietnain,Xieetal.\(2003\)revealedthatinadditionto

theclassicalcoastalupwellingmechanism,EPassociateswithawindjetoffshoreisimpertant

fortheoceanupwellingoffthecoast.Astrongwindjetoccurswhenthesouthwesterlywind

impingeonAnnamCordillera(mountainrangeontheeastcoastofIndochina)resultingin

positiveWCandintenseopenoceanEP(upwelling)(Xieetal.,2003).Themechanismofthe

EPinducedupwellingeffVietnamwasverysimilartonorthernMS.However,comparedto

thesinglemountainrangeinVietmamcoast,boththemountainrangesinPeninsularMalaysia

andSumatraIslandactasthedoubleshieldofmonsoonwindoiitheIeftandrightofMS.This

uniquetopographyinMShasproducedbothupwellinganddownwellingeventsoverthe

saineareainnorthernMSduringdifferentmonsoon.Thesemonsooninducedupwellingare

importantphenomenathatsupportandenrichthelocalfisheryresourcesoftheregion.

2.gCeitcE"sieit

SeasonalSeaWiFSchlavariationinMSisdifferentbetweenthenorthernaltd

southeinareas.Thisstudydemonstratesthattheseasonalphytoplanktonvariabilityin

northernMSisstronglyinfiuencedbytheAsianmonsoonwindandthelaRdtopography.The
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coastalan d southernwatersinMShavingcomplexopticalpropertiesthatcould misleadthe

standard chl aestimation.Developmentoflocalalgorithmwillhelptoincrease theaccuracy

ofthechl a prediction.Thisisthefirststudythatfoundphytoplanktonbloomat northernMS

during NEM.ThediscoveryofphytoplanktonbloomatnorthernMShas alteredour

understand in gofthespatialandtemporalextentoftheprimaryproductivityinMS

beenpreviouslyconsideredseasonallyinvariant.ThesurfaceenrichmeBt andphytoplankron

bloom throughoutnorthernMScouldplayanimportantroleinsustainingthe richfishery

resources in thisarea.Understandingthesemechanismswillaidtoforecast thepossible

biological responseandcouldfurtherassistinthemarineresourcemanageinentpractices.
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TheSeaWiFSoceaRcolorsensorhasprovidedthefirstsuccessfulobservationsofthe

evolutionofbiologicalresponseinthePacificOceanduringthebiggestElNifio-Southem

Oscillationevent(ENSO).IntheIndianOcean,italsoobservedananomalousphytoplankton

bloomduringOctober-December1997coincidingwiththeanomaleusupwelliRgandcooling

intheeasternequatorialregionandoffthecoastofSumatra\(Muituguddeelal.,1999 ;

Hendiartietal.,2004).Sajietal.(1999)andWebsterelal.(1999)revealthatthiscooling

eventisuRiqueandinherentintheIndianOcean,anditisknownastheIndianOceanDipole

\(IOD\).Sajietal.\(1999\)constructedaofdipolemodeindex\(DMI\)usingtheSSTanomaly

acrosseasternandwesternIRdianOceanbasintoidentifythedipolemodeevent,which

resembletheSouthernOscillationIndex(SOI)thathelptoidentifytheENSOeventinPacific

Ocean.

ManystudiesutilizingoceancolorremotesensingatBOBfocusedonthechl a

variationsaroundthewestemboundaryoftheBay\(Gomeselal.,2000;PrasannaKumaret

al.,2002sDeyandSingh,2003;VinayachandranandMathew,2003)andSriLanl<a(Kasyapa,

2000;Vinayachandranetal,,2004).DeyandSingh(2003)foundhigherchlaconcentrationat

southernBOBduringtheNEMcomparedtothoseduringpre-andpost-monsoonperiod.The

NEMwindthatinducestheopenoceanupwellingdrivenbyEPisconsideredtobethemajor
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factorfortheintensificationofchlabloominBOB(VinayachandranandMathew,2003). In

thenortheastemMS,theseasonaloccurrenceofphytoplanktonbloomhasbeenattributed to

theNEMwind-drivenEP(Tanetal.,2006).Ahighchlatonguethatemanatesfrom the

easternMalaccaStraitsisextendedintotheIndianOceanthroughnorthemSumatra\(Tan et

al.,2006\).

LittleisknownabouttheoceanographyofSoutheasternBayofBengal(SEBOB) Lmtil

afterthe26December2004SouthAsiantsunami.Researchersfocusedontheeffectsof the

destructivewavesintheseareas,butduetoinsufficienthistoricalandin-situdata, the

assessmentofthetsunamieffectwillbedifficelt.InanattempttounderstandtheinteranRual

chlavariationofSEBOB,weanalyzedthetirne-seriesSeaWiFSoceancolordata during

NEM.Thefactorsthatcouldpessiblycontributetotheinterannualchlavariability were

examined.Theanomalousphytoplanl<tonbloomduringNEMl997-98wasfurther

investigated.Totheend,theeffectsofthelarge-scaleatmospheric-oceandynanaics on

interannualchlavariationwerediscussed.

3.2MateriaasaRdiMlethods

ThestudyareacoverstheSEBOB,MSandsouthernAndamanSea(Fig.3.1),with

upperleftlimitat11.00N88.00E,andlowerrightliinitat1.00NI02.00E.MonthlySeaWiFS

level3oceancolorimages(version4)fortheperiodfromOctoberl997-December 2004

weredownloadedfromNASAGESDAAC.Theseoceancolorimageswerefurtherprocessed
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andanalyzedusingSeaDAS.

Tounderstandtheroleofatmosphericforcingonocean,monthlydataonWSandWC

weredownloadedfromtheFNMOCdatasetsatPFELLiveAccessServer\(dataavailableat

http://las.pfeg.noaa.gov/las/\).Toinferthesurfacesignatureoftheocean,Archiving,

ValidationandInterpretatiefiofSatelliteOceanogi'aphicdata(AVISO)seasurfaceheight

anomaly(SSH)datawereacquiredfromAVISOLiveAccessServer(dataavailableat

http://las.aviso.oceanobs.coin/las/servIets/dataset\),whileTOPEX/PoseidonSSHanomaly

weredownleadedfromtheNASAJPLPOETPO.DAACOceanESIPTeolwebsite\(data

availableathttp://poet.jpl.nasa.gov/\).

TheDMIwasacqu.iredfromIndianOceanDipoleHomepageprovidedbyFroRtier

ResearchSystemforGlobalChange(FRSGC)(dataavailableat

http://www.jamstec.go.jp/frcgc/research/dl/iod/\),whereasSOIwasacquiredfromNOAA-

CIRESCIimateDiagnosticsCenter\(dataavailableat

http://www.cdc.noaa.gov/Correlation/soi.data\).Toaccesstheroleofstratification,

oceanographicdatawereprovidedbytheSEAFDEC.Besides,ArrayforReal-time

GeostrophicOceanography(ARGO)FloatdataweredownloadedfromUSGIobalOcean

DataAssimilationExperimeAt(GODAE)ARGOGDACData.Browser(dataavailableat

http://www.usgodae.org/cgi-bin/argomselect.pl\).TheARGOdataareimportintoOceanData

View(ODV)softwareforanalysis(softwareavailableathttp://odv.awi-bremerhaven.de/).
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3e3 Resggts

3.3.1 Monthlychlorophyllavariallon

MonthlychlaatSEBOBexhibitedseasonalvariation(Fig.3.2).Higherchlawas

observedduringNEMthanSWM.Maximumchla(O.32mgm-3)occurredduringJanuary,

while minimumchla(O.20mgm-3)duringJune.Higherdeviationofchlawasobserved

during NEMfromDecembertoMarch,whereasthechladuringSWM(June-August)did

not showmuchdeviation.AsthechlaatSEBOBwashigherandexhibitedmorevariability

during NEM,ourstudywasfocusedontheNEMperiod.

3.3.2 InterannualchlorophJ,llavariction

SurfacechlaatSEBOBshowedclearinterannualvariationduringJanuary(Fig.3.3).

TwoareasthatexhibitedlargevariationwerethenortheasternMSandthewesternNicobar

Island untilnorthwestemSumatra(hereafterNWS).InJanuary1998,largephytoplankton

bloom occurredateasternIndianOcean,specificallyaloftgthewesterncoastofSumatraand

NWS.ThisperiodwasassociatedwiththeIODevent.Themonthlychlavariationduring

IOD l997-98willbediscussedindetailinsection3.3.4.InJanuary1999and2001,surface

chla wasveryIowalongtheeasternIndianOcean.SlightincreasedinchlaatSEBOB

occurred duringJanuary2002and2004.Apatchofchlaaround1.0mgni3extendedto

90.00E inJanuary2002and2004.

ThechlaatnortheasternMSwasmuchhigherthaninNWS(Fig.3.3).Highchla

40



tongue(about5.0mgm-3)wasebservedstretchingtowardsthenorthernSumatrainJanuary

2000,2002and2004.However,duringJanuary1998,thehighchlatenguedidnotintensify

eventhoughthechlaateasternIRdianOceanwasaRomalouslyhigh.Thechlaatwesternand

centerofAndamanSeawasalwayslow(lessthanO.5mgm-3).Theincreaseofchlaat

southerRAndamanSeaexhibitedcloserelationshipwiththechlatongueinMS.

3.3.3Relationshiofchlorophylla,windspeedandseasurjucreheight

ToinvestigatethefactorsthatinfiuenceinterannualchlavariabilityatSEBOB,we

comparedthechlavariationwithWSandSSHduringNEMforbothNWS(92.00E)andMS

\(98.00E\)along6.00N.Resultsshowedthatchlaprofileat92.00Eand98.00Eexhibiteddistinct

interannualvariatioR(Fig.3.4A),althoughbothWSandSSHpatternsatthesetwolocations

werequitesimilar(Figs.3.4Band3.4C).I-Iighestchlaanomalyat92.00Ewasrecorded

duringJanuary1998(Fig.3.4A).PositivesanomalywasalsoobservedduringNEMl999-

2000,2001-02and2003-04.However,duringNEMl998-99,2000-Oland2002-03,

chlashowednegativeanomalies.Thepeakofchlaat92.00EcoincidedwiththelowestSSH

\(Fig.3.4C\)thatoccurredduringNEM.

MeanchladuringNEMat92.00Eand98.00EwereO.23mgm-3aRdO.67mgni

respectively(notshown).Chlaat98.00Ewasthreetimeshigherthanthatat92.00E.Thechla

at98.00EexhibitedanincreasiRgtrendfromNoveraber1997toFebruary2004(Fig.3.4A).

HighestchlaanomalywasrecordedinJanuary2004,whereaslowestchlawasrecordedin
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November1998.Duringperiodsoflargechlabloomat98.00E\(NEM1999-OO,2001 -02

and2003-04\),thepeaksoccurredinJanuary,whereasduringperiodsofsmallerchl a bloom

\(NEMl998-99,2000-Oland2002-03\),thepeaksoccurredinFebruary.Thevery high

chlapeaksobservedduringJanuary2000and2002coincidedwiththehighWSpeaks(Figs.

3.4Aand3.4B\).Thechlapeakat98.00EinJanuary2004didnotcoincidewiththe smaller

WSpeakthatoccurredonemonthearlier,buttheSSHwasdecreasedduringthesameperiod

\(Fig.3.4C\).ThedecliReinSSHoccurredamonthearlier\(January\)in2004thanthe previous

years(February2002and2003).

TheanomalouslylowSSHduringNEM1997-98wasobservedatboth92.00Eand

98.00E.However,onlythechlaanomalyat92.00Eexhibitedlargeincrease.TheWS at 98.00E

wasratherlowinNEM199.7-98.Byfurtherexaminingthecorrelationsbetween the chla,

WSandSSH,wefoundthechlaat92.00EwasnegativelycorrelatedwiththeSSHwith R:

O.80(p<O.OOI),whereasthechlaat98.00EwaspositivelycorrelatedwithWSwith R=O.65

\(p<O.OOI\)\(Fig.3.5\).WefoundIowercorrelationbetweenchlaandWSat92.00E\(R= O.33\)

andchlaandSSHat98.00E(R=O.48)(notshowii).

3.3.4lndia'nOeeanDiole1997-98

TheIODl997-98wascoincidedwiththestrongEl-NifioeventinthePacific Ocean

\(seeSOIinfig.3.4D\).TheIODeveRtstartedduringsummer1997andreachedtItS peak

duringautunm1997.However,theeffectswereobserveduntilwinterl997-98,where the
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DMIexhibitedstrongpositivevalues(Fig.3.4D).WindstressdataduringOctober-

Novemberl997showedtheoccurrenceofanomalousaleRgshorewindatwesternSumatra

coast(Fig.3.6).SSHwaslow(about-20.0cm)ateasternIndianOceanduringthesame

period.Largechlabloomwasobservedwhichextendedfarthertothewest.Achlapatchwith

concentrationofaround1.0mgm-3spreadallthewaytoMaldives(70.00E)alongtheequator.

ThisbloomstarteddecayinginJanuary1998whentheanomaloussoutheastwindbecame

weaker.

AnotherlargephyteplanktonbloomwasobservedatNWS,whichstartedmuchlater

thanthechlabloomattheequator.SurfacechlaatNWSbegantoincreaseinNovember

1997andreachedapeakduringFebruaryl998.Meanwhile,positiveWCoccurredatthe

northemtipofSumatra(95.00E6.00N).WCmorethanO.lx10-6Pam-iwasobservedin

November1998,anditpersisteduntilMarchl998.TheSSHatSEBOBwaslowduring

October1997.AlowSSHareaatNWS(lessthan-20.0cm)intensifiedinDecemberl997.

ThebloomofchlaceincidedwiththeareaoflowSSH.DuringJanuary1998,ahighchla

tongue(aboutl.Omgm-3)reachedeasternSriLanka.ThisbloomextendedtowardsMaldives

inFebruaryl998.Thepropagationofchlawas'verysimilartothewestwardextensionpattern

oflowSSHfromNWS.WiththedisappearanceofiowSSH(-20.0cm),thechlabloom

decayedinMarch1998.

HighpositiveWC(morethanO.lxIO'6Pam-i)occurredintheMSandinthe

southeraNWSareas(Fig.3.6).ThehighchlatongueinMScoincidedwiththehighWCin
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theStraits.However,thehighchlabloomatNWSwaslocatedtothenorthofthehighWC

areas.

3.3.5Verlicaltemperalurepyofiledurlng7997-98

ToinvestigatetheactualconditionsintheoceanduringtheIODeventinNEMl997-

98,weanalyzedtheSEAFDECXBTdataofSEBOBbeforeandduringtheIODevent.Result

showedthatthepermanentthemioclinewaslocatedataroundl70mdepth(Fig.3.7).

BeforetheIOD(20March1997),theverticaltemperatureprofileshowedhighertemperature

fromsurfaceto100mdepthcomparedtothatduringIOD.Thesurfacetemperaturewas

30.IOC,andthetemperatureat1OOmwas22.50C(20March1997).Strongstratificationwas

observediRthewatercolunmwherethest}rfacemixedlayerwaslessthaB20m.Duringthe

autunim(22Octoberl997),whentheIODreachedthepeak,the200Cwatershoaledfrom

aboutl1Omto60m,whilethe250Cwatershoaledfrom80mto42m.AttheendoftheIOD

\(16February1998\),the200Cwaterwasobservedat104m,whichwasquiteclosetothe

depthbeforeIOD.

3.ajDgsÅíyssfieks

Nutrientavailabilityisanimportantfactorthatdeteiminestheincreaseof

phytoplanktonintropicalocean.IntheBOB,theupper30mofthewatercolunmisdepleted

ofnitrate(PrasannaKumarelal.,2002).OuraRalysisfoundthatstrongstratificationoccurred
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atthewatercolumnbeforetheIODeventinautumn1997(Fig.3.7).Thisstrongsurface

stratificationcouldinhibitthenutrientsupplyfroinbelowthermoclineintothesurfacewater.

StrongstratificationofthesurfacewaterattheBOBhasbeenpreviouslydescribedby

someresearchers\(Gomeselal.,2000;Raoetal.,2002;PrasannaKurnaretaL,2002;

PrasannaKumaretal.,2004\).MonsoonalriverinputfromtheIndianandIndochinese

subcentinentsproduceslowsalinitywatermass1<nownasBOBWater\(TomczakandGodfi'ey,

2002\).ItspreadsacrosstheBayinanearly100mthicklayer,producingastronghalocline

underneath,whichkeepsthesurfacesalinityintheeasternBaybelow33.0psuthroughoutthe

year.ItsinfluenceextendswellintothesouthernBayuntilalmost1.00N\(Tomczakand

Godfrey,2002\).

PrasaunaKumaretal.(2002)foundthateventhemonsoonwindisunabletoerodethe

stroRglystratifiedsurfacelayerintheBOB.Inorderforthephytoplanktontobloom,the

strongsurfacestratificationmustbereducedandn"trientmustbesuppliedfromthe

subsurfacelayer.WesuspectedthatotherphysicalprocessesinSEBOBhelpedtoreducethe

stratification,thusenablingthechlabloominsomeyears.

3.4.1Effectsofmonsoonwlnd

AlthoughNWSissituatedwithintheproximityofMSandbothreceivesimilar

atinosphericandoceanicforces,theirsurfacechlavariationexhibitedsomedegreeof

differeRces(Fig.3.4).Thisvariabilitycouldbeduetothedifferenceindepthatthesetwo
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areas.ThedepthofnortheasternMSisabout100mascomparedtomorethan2000min

NWS(Fig.3.1).Despitethestrongsurfacestratification,theNEMwindwasabletoenhance
w

thesurfacenutrientandcausedphytoplanktonbloominMSduetotheshallowerdepth.

Tanelal.(2006)revealthatthechlabloomatnortheasternMSisduetothepositive

WCthatcausedEP,whichreplenishthenutrientatsurfacefromdeepwater.ThepositiveWC

iscausedbytheNEMwindblowingthroughthemountainsatthenorthernMalayPeninsular.

Concurrently,thevariationofEPratewasdirectlyrelatedtoNEMwind.DuringNEM1999-

2000and2001-02,thehigherchlainMSwasattributedtohigherEPbystrongNEMwind

\(Figs.3.4Aand3.4B\).ThehigherEPratehadinjectedmorenutrientsfromthesubsurface

waterintotheeuphoticzoneforsupportingthelargephytoplanktonbloomSifnilarEPdriven

phytoplanktonbloomeventisalsoreportedintheCostaRicadomeregion,wherestrong

coherenceisfoundbetweenthechlaandtheWC(McClainetal.,2002).ThisCentral

Americanregionisknowiiforstrongcoastalupwellingandwindjetsblowingpassthrough

CentralAinericanMountainfromtheAtlantic(McCrearyelal.,1989).

MonsoonwindattheSEBOBvariesfi"omyeartoyear.ThemonsooRwindvariability

iscloselyrelatedtothelargeatmospheric-oceandynamicsinboththeIndianaiidPacific

Oceans.During1998and1999,NEMwindwasweakerduetoweakeningmonsooninduced

bystrongEl-NifioandthepersistenthighpressuresysteminwestemPacific\(Wangetal.,

2002;Xieetal.,2003).Xieetal.(2003)showthatpersistenthighpressurestrongly

modulatesthewindjetoffVietnaminSouthChinaSeaduringsurmnerl998,thereby

46



inducinghigherSSTandreducingplanl<tonactivity.IntheMS,thelowerWScouldhave

causedthenegativechlaanomaliesduriBgNEM1998-99(Fig.3.4A).Furtheimore,the

increaseinSSHaftertheIODeventwasexpectedtoelevatethesurfacestratificationthat

furthersuppressednutrientsupplytothesurfacewater.Asthenutrientatthesurfacewater

wasliinited,increaseofphytoplanktonwasabsentduringNEMl998-99.

3.4.2EffectsoflOD

ThelargechlabloomduringIOD1997-98atthesouthemcoastofSumatraandJava

wasattributedtotheanomalousalongshorewind(Fig.3.6).Manyresearchershaveexplained

thisanomalousupwellingeventindetail\(Murtuguddeetal.,l999;Sajielal.,1999;Webster

etal.,1999;Hendiartielctl,,2004\).BesidesthebloomatsouthernSumatraandJave,another

largechlawasobservedoriginatedfromtheNWS(Fig.3.6).Murtuguddeetal.(1999)reveal

thatthechlableomatNWSwasdrivenbythelocalWCanomalies.However,wefoundthat

thepesitiveWCoccurredatNWSeveryNEMseason,butthechlabloomwasmissingin

Januaryl999and2001(Fig.3.3).InFebruaryl998,thehighchlapatchextendedfromNWS

towardsouthwest,Murtuguddeetal.(1999)describedthatthisbloomisadvectedtothewest

by'NEC.Infact,ourfindingsshowedthattheextensionofthehighchlatongueexhibiteda

similarextensionpatternwiththeanomalouslowSSHfromNWStowardssouthernSriLanka

duringNEM1997-98(Fig.3.6),andsignificantnegativecorrelationwasfoundbetweenthe

chlaandSSH(Fig.3.5).
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WesuggestedthatthechlabloomfromtheNWSduringNEM1997-98wasmainly

attributedtotheloweringofSSH,whichcausedtheshoalingofthermocline\(Fig. 3.7\).The

lowe!'ingofSSHhasalsoreducedthestrongnear-surfacestratificationatthesurface water.

PositiveWCinduceddivergencewithintheselowSSHareasandnutrientweresupplied tothe

surfacewatertosupportthephytoplanktonbloom.Strongrelationshipbetweenchla andSSH

hasbeenobservedinvariousscalefromtheupwellingareaswithshallowthermoclines

cycloniceddiesthermoclinedomingregimes\(McGillicuddyelal.,1998;PrasannaKumarel

al.,2004)andpropagatingRossbywaves(Cipollinielal.,200l;Siegel,2001;Uzelal .2001;

WilsonandAdamec,2002\).IntheeasternPacificOceaR,thechlaisstronglycorrelatedto

SSHduringENSO(WilsonandAdamec,2002).

DuringtheIODeventin1997--98,upwellingcoastalKelvinwaveexcited atthe

easternboundarypropagatednorthwardalongtheperipheryoftheBayofBengal asone

branchandsouthwardalongtheSumatracoastasanotherbranch(Raoelal.,2002). HaRand

Webster(2002)havesuccessfu11yproducedthesealevelinterannualvariabilityinthe BOB

usingareduced-gravitymodel.Theyfoundthatattheeasternandnorthemboundaries of

BOB,sealevelanomaliesarepredominantlycausedbyequatorialwindvariability, which

generatescoastalKelvinwavesthatpropagateintothebayalongtheeastemboundary. Thus'

theinterannualvariabilityofSSHatSEBOBwascloselyrelatedtotheIODevent, which

furtheraffectsthesurfacechlavariation.
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3.4.3Rossbywave,suTfacec.urrentsandeddies

HanandWebster(2002)foundthatduringFebruary1998,thenegativeSSHinthe

easternandnorthernbaystrengthensandextendsfartheralongthecoastandtotheinteriorof

thebayduetocoastalKelvinwavesandwestwardradiatedRossbywaves.Thepropagationof

theanomalouslowSSHfromNWSasobservedinouranalysiswastheRossbywave,which

hasbeendescribedbyHanandWebster(2002).

Chlawasexpectedtoincreaseandlaterdecayafterthepassageofthewave.Itcanbe

clearlyseenduringFebruarytoMarchl998(Fig.3.6),wherethehighchlacausedbythe

Rossbywaveat720-880NinFebruaryl998wasreducedafterthelowSSHdisappearin

March1998.However,ahighconcentrationofchlaremainedattheeasternBay(880-950N)

afterthepassageofRossbywave,whereitcontinuedtobemaintaineduntilApril1998\(Fig.

3.6\).Wesuspectedthatthisobservationwasassociatedwiththesurfacecurrentsandeddiesin

theseareas.

DuringNEM,therearethreeinajorcurrentsinSEBOB,namelytheNoithEquatorial

Current(NEC),NorthEquatorialCounterCurrent(NECC)andEquatorialCurrent(EC)(Fig.

3.8)(Hackeretal.,1998).TheverticalprofileofARGOfioatNo.200270during

December-January2004showedtheevidenceofthehighsalinewaterintrusionfromArabian

SeatotheeasternBOB(Fig.3.9).ThesamplinglocationofthisARGOfioatwasveryclose

tothetheoreticallocationoftheNEC(Fig.3.8),andthehighsalinewatercanbeclear

differentiatedfromthelowsalinitywateratdepthabout75-1ISm(Fig.3.9).Itfurther
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provedtherecirculationofhighsalinewaterfromNECCtoNEC.TheNECCretroflexinto

NEC,isassociatedwithrecirculationcycloniceddyatitsnorthernedge(Fig.3.8)(Hackerel

al.,l998\).

WesuspectedthatthecycloniceddyatthenoithernNECCplayedanimportantiR

continuingthesupplyofthenutrientforthephytoplanktonbloorn.Asaresult,highchla

remainedattheNWS,whilethehighchlapatchthatextendedtothewest(aroundSriLanl<a)

startedtodecayafterthepassageoftheRossbywaveduetedecreasenutrientsupply.The

cycloniceddywillcausetheIoweringofSSHanddomingofthermocline,whichwillenhance

thenutrientsupplyintosurfacewater.InthenorthernBOB,PrasannaKumaretal.,(2004)

suggestedthateddypumpingenhancesthebiologicalproductivityinthatarea.Wespeculated

thattheinterannualvariatienoftheseeddieswouldaffectthechlaspatialvariationatNWS.

However,atpresentstage,littleisknownabouttheoccurreRceofeddiesatNWSandfurther

investigationisneeded.

3.SCencl"sigit

ThisisafirsthandinforinationonthevariationinchlainSEBOB.Ourstudyhas

showedthepossibleeffectsofWSandSSHtotheinterannualvariabilityofchlaatSEBOB.

TherelationshipbetweenthehighchlaandRossbywavepropagationinNWSwasanew

discovery.Understandingtheinterannualchlavariationanditsrelationshiptothelargescale

atnriospheric-oceaneventswillnotoRlypotentiallycontributetopredictingthefluctuationof
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thefisheryresourcesatSEBOB, butitwillbeaBimportantmilestonefortheassessment of

thetsunamieffectoRtheprimaryproductioninthis area.Thepossibleeffectsof the

destructivewaveonthechlavariationwillbeaddressin ourfutureresearch.Inaddition, we

recommendforadetajlstudyontheinterannualvariation ofthecurrents,eddiesandplanetary

wavesinSEBOB,whichcouldfurtherhelptoexplain theinterarmualchladistribution

patrerninthisarea.
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\(\)eengeeesfieegIwweDptSAqwaasateRegte

4.ggittrcediesetEoit

OnSundayDecember26,2004,thesecondlargestearthqual<eofmagnitude9.3

RjchterscalehitnorthwesternSumatra(SteinandOkal,2005)."Irhelargeearthqual<etriggered

thetsunamiwavethatpropagatedthroughoutIRdianOcean.Inlessthanl5minutes,thefirst

waveoftsunainihittheSumatracoast(CumminsandLeonard,2005).Theforceofthewater

isabletotravelupestuarinesystem,oftenupto6kminland(UNEP,2005).Thetsunami

runup(themaximumverticalelevationofthewateronland)atwesternSumatrahasbeen

recordedashighas35m(Tsuji,2005).Thedevastationcausedbytsunamiwasoneofthe

worsthumantragediesinhistoiy,whereapproximately250000liveshavebeenlost\(UNEP,

2005\).

TheeasternIndianOceani'egionthatbadlyaffectedbytsunamiincludestheBayof

Bengal(BOB),AndamanSeaandMalaccaStraits(MS).Therewasnotmuchstudyaboutthe

oceanographicconditiensinthisregion.DuetomaRylimitationsfortheinsituobservations,

satelliteremotesensinghasprovidedanotheralternativetostudytheoceanographic

conditionsinthisregion.SincethelaunchingofCoastalZoneColorScanner(CZCS)on

NIMBUS-7in1978,oceancolorremotesensinghasbeenappliedintheglobalocean

monitoringformorethantwodecades.Thechlorophylla(chla)derivedfromoceancolor

sensorhasbeenusedastherelativemeasm'emeRttephyteplanktonabundanceandbioinassin
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theocean(Martin,2004).Intheoceancolorresearch,themarinewatersareclassifiedinto

oceanicwater(Casel)andturbidwater(Case2).IntheCase1water,alloftheoptical

propertiesintheoceanaredeterminedbythephytoplanktonconcentration;inCase2water,

theopticalpropertiesaredeterminedbyvariousfactors,suchassuspendedsediment,colored

dissolveorganicmatter(CDOM)andphytoplanktonconcentration(Acl<er,2005).

HighsuspendedsedimentintheCase2canbeaproblemforaccuratechla

concentrationestimationfromoceancolorsatellite.Davisetal.(2000)foundthatthe

characteristicsignalfromsuspendedparticularwa.sstrongestinthe550to600nmspectral

range.OntheSea-viewingWideField-of-viewSensor(SeaWiFS)sensor,the555nmband

wasgoodatdetectingthelightfi'omsuspendedsediments(Acker2005).The551mnband

\(bandl2\)ontheModerate--resolutionImagingSpectroradiometer\(MODIS\)sensorresembled

theSeaWiFS555nmband(band5).Lietal.(2003)revealthatboth551nmand667mnband

onMODIScanbeusedforsedimentdetection.The551nmbandcansensefardeeperintothe

oceanthan667nmbandbecauseofmuchsmallerwaterabsorptionat551nmthanat667nm

\(Mobley,1994\).StudyintheMSfoundthattheSeaWiFSnormalizedwaterleavingradiance

at55lnm(nLw555)valuewascloselyrelatedtothetotalsuspendedsedimentconcentration

\(Tanetstl.,2006\).

ThechlaandsuspendedsedimentattheeasternIndianOceaRwouldshowsome

seasonalvariationwherethisregionisstronglyinfluencedbytheAsianmonsoonsystem.By

usingtheSeaWiFSoceancolorsensordata,Tanelal.(2006)revealthattheseasonalchla
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variationattheMSishigherduringnortheastmonsoon(November-February)than

southwestmonsoon(May-August).Murtuguddeelal.(1999)observedananomalous

phytoplanktonbloomusingSeaWiFSduringOctober-Decemberl997thatcoincidentwith

anomalousupwellingoffthecoastofS"matracausedbytheIndianOceanDipole\(Sajietal.,

l999).InthesouthwesternBOB,VinayachandranandMathew(2003)foundtherewasa

phytoplanktonbloomduringnortheastmonsoonusingtheOceanColorandTeiinperature

ScaRner(OCTS)andSeaWiFS.Theyattributedthisbloomtotheopenoceanupwelling

drivenbyEkmanpumping.

Tanetal.(2006)foundsimilarEkmanpumpingdrivenupwellillgeventatthenorthern

MSthatcausedthephytoplanktenbloomduringnortheastmonsoon.Theupwellingcouldbe

oneofthemajorfactorsthatsupportthehighproductivityinthisarea.TheIndianOcean

tsunamiwasahugewavethathavebeensertouslymodifiedsomeofthephysical

environmentsanddestructedthemarineecosystems(UNEP,2005).However,thereisiio

reportontheeffectoftsunaiinionphytoplanktonvariation.Duetothefactthatthe2004

SvtmatratsunainioccurreddutringRortheastmonsoonseason,weareparticularlyinterested

aboutthetsunamieffectsontheupwellingeventandtheprimaryproductivity.Thisisthefirst

studythatfocusedontheoceancolorvariationcausedbythetsunami.Themainobjectiveof

thisstudyistoexaminethetsunamieffectonthechlaandnLw551variationusingMODIS

Aquasatellite.Besides,themeteorologicalvariationhadbeenexamined,anditsrelationship

totheoceancolorvariationwasdeterinined.
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4.2twEaterEaasaitdrwEetkeds

ThestudyareascoveredthetsunainiafirectedareasattheeasternIndian Oceanwith

northwestlimitatIO.00N92.00E,andsoutheastlimitatO.OON105.00E(Fig.4.l). Theareas

consistofeasternIndianOcean,southeasternBOB,AndamanSea,andMS.

4.2.7MODISsalelllledata

ThespatialandtemporalchaRgesofoceancolorbeforeandafterthetsunami hadbeen

studiedusingtheMODISimages.MODISTerraandAquaimagerywereacquiredfi'Olll

NASAGoddardEarthScieRceDistributedActiveArchiveCenter(GESDAAC)andOcean

ColorWeb(dataavailableathttp://oceancolor.gsfc.nasa.gov/cgi/browse.pl?sen=am) .Daily

MODISAqualevel2(1x1l<ni2resolution),8daysandmonthlylevel3(4 x4krn2

resolution\)oceancolordatawereprocessedandanalyzedusingSeaWiFSData Analysis

System(SeaDAS).ThechlaimageswereprocessedusingstandardMODISchlaalgorithm

\(OC3M\).ThechlaandnLw55ldatawereextractedandfurtherinputintoESRI ArcGIS

8.ITMfortemporalandspatialanalysis.

ToexaminetheIandcoverchangesatwesternSumatracoast,MODIS250m

resolutionRGBimagerywereproducedusingHDFLool<software.Furthevinformationabout

themethodtocreatethe250mMODISRGBjmagescaRberefe"'edtoHDFLookonliRe

manual(infomiatiollavailableathttp://www-loa.univ-lille1.fr/Hdfiool</hdflook-gb.html).The

generated250mresolutionRGBimages(GeoTIFFformat)werelaterinputintoArcGISfor
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spatialanalysis.

4.2.2Meleorologicaldata

Toultderstandthemeteorologicaleffectsontheoceancolorvariations,monthly

TropicalRainfa11MeasuringMission(TRMM)accumulatedrainfalldata(O.250xO.250

resolution)wereacquiredfremTRMMOnlineVisualizationandAnalysisSystem(TOVAS)

\(dataavailableathttp://lake.nascom.iiasa.gov/tovas/\).DailySeaWindsQuickScatterometer

\(QuikSCAT\)oceansurfacewindspeeddata\(WS\)\(O.250xO.250resolution\)wereprocessed

anddownloadedfromNASAJetPropulsion'Laboratory(JPL)PhysicalOceanography

DistributedActiveArchiveCenter(PO.DAAC)OceanESIPTool(POET)(dataavailableat

http://poet.jpl.nasa.gov/\).FleetNumericalMeteorologyandOceanographyCenter

\(FNMOC\)6boursWSdataweredownloadedfromthePacificFisheriesEnvironmental

Laboratory(PFEL)LiveAccessServer(dataavailableathttp://las.pfeg.noaa.gov/las/).The6

hoursWSdatawerefurtherprocessedintodailyWSdataforthecomparisonwithdailychla

data.

4.2.3Otherdala

Manyoftheinternational,governmentalandcoimnercialinstitutionandorganization

hasprovidedvariousIndianOceantsunamirelateddataontheinternet.Withthecuttingedge

technologyoftheWeb-basedGIS,someofthesedataareabletobeloadedintoArcGIS
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Ai'cMapTMinterfaceforspatialanalysisonlocalcomputer.Tsunamirelateddatahasbeen

acquiredfromPacificDisasterCenter(PDC)(WebGISServeravailableat

http://www.pdc.org),UNEP(WebGISServeravailableathttp://tsunami.unep-wcmc.org),

andESRIGeographyNetwork\(WebGISServeravailableat

http://www.geographynetwork.com\).TheseWebGISdatawereusedasadditionalreference

intheafialysis,forinstance,theerodedcoastline,majortownetc.

4.3Res"its

4.3.7DailysuFfacechlorophJvllaandnLw551

4.3.1.1Chlorophylla

Chlainthestudyareasshowedlargevariationbeforeandafterthetsunamieventon

26December2004(Fig.4.2).Beforethetsunamievent(l3December2004),highchla

tongue(chla>S.Omgm-3)wasextendedfromthenortheasternMStowardSumatra(Fig.

4.2\).ThishighchlatonguewaslocatedwithinthenortheasternMSupwellingregion.High

chlaalsobeenobservedatthemiddleandsouthofMS.ThechlainMSwasmuchhigher

thantheeasternIndianOceanregionsthatshowedchlaaroundO.1-O.5mgm-3.Slight

higherchla(chla-1.0mgm-3)wasobservedalongthecoastalwaterofwesternSumatra.

Onedayafterthetsunami(27December2004),veryhighchla(chla>1O.Omgni)

wasobseivedatthenerthwesternSumatra(Fig.4.2).ChlaalsoincreasednearNiasIsiand.

ThehighchlatongueatRortheasternMSwasdisappeared,butchlaconcentrationstill
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remainedhigharoundtheupwe}lingregion.On29December2004,highchla\(chla>8.0mg

m-3\)stillremainedatthenoithwesternSumatra\(Fig.4.2\)anditseemedtospreadintothe

openocean.Besides,higherchlawasfo"ndattheNicobarIslaRds.

InthemidJanuary(l4January2005),thechlaalongnorthwesternSumatrawas

rednced,butstillmuchhigherthanbeforethetsunamievent(Fig.4.2).Highchlafrom

Singkil(2.20N97.80E)aRdsouthwesternNiaslslandwasobservedextendedsouthward

direction.ChlaalongtheeasternSumatracoastwasfoundincreased,whilechlaat

northeasternMSstillremaiRedhigh.

4.3.I.2nLw55l

Similartothechlavariation,thenLw551alsosomevariationbeforeandafterthe

tsunami.Beforethetsunami(13December2004),thenLw55lvaluesatcoastalwaterwere

higherthantheoffshorewater(Fig.4.2).VeryhighnLw551(nLw551>1.5mWcm-3Ftm-i

sr-i )wasobservedalongtheeasternSumatracoastandsouthernMS.Withinthehighchla

tongueatthenorthernMS,nLw551wasslightlyhigherthanthesurroundingwaters.The

nLw551spatialdistributionpatternattheupwellingareawasquitesimilartohighchla

pattern.

On27December2004,veryhighnLw551(nLw55I>l.5mWcnipan-isr-i)was

observedatnorthwesternSumatra,whichcoincidedwiththehighchla.HighnLw551\(nLw

551--O.8mWcm-3sLmFisrFi\)wasalsobeenfoundatNiasIsland,andmiddleofSumatra.At
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thenortheasternMSupwellingareas,thehighnLwS51persisted.ThenLw551valuesalong

thecenterofRorthernMS(4.00-7.00N98.00-100.00E)showedslightincreasedfromO.2

mwcmum3ptm-isr-ibeforetsunamitoO.5mWcm-3Fun-isr-i.Besides,highernLw551\(nLw

ss1--O.8mWcm-3pm-isr-i\)wasobservedattheNicobarIslands.

ThehighnLw551alongwesternSumatrawaspersisteduntil14January2005\(Fig.

4.2\).HighnLw551atNiasIslandwasfoundextendedsouthwardtihatsimilartothechla

pattern.IncreasedofnLw55lwasclearlyseenalongtheeasternSuinatracoast.ThenLw55l

atthenortheasternMSandtheupwellingregionswasreduced.

4.3.2Timeserlesofsu7LfltcecklorophyllaandnLw551

ThedailyMODISAquaoceancolorimageryintheprevioussectionshowedclearchl

aandnLw551changesthatcouldpossiblyattributedtothetsunamieffects.However,the

dailyMODISimageryisverycloudyandthequantitativevariationisunclear(Fig.4.2).In

ordertoreducethecloudeffectandcloselyinvestigatethetsunamieffect,8daystkneseries

ofchlaandnLw551beforeandaftertsuRamiwasexamined(Fig.4.3).Tenlocations

distributedalongtheeasternIndianOceanhavebeenselectedforthisinvestigation.ThenLw

551datawasselectedusingtheclosestavailablepixeltothechlasampledlocation\(Fig.

4.3B\).

AttheupwellingregionsatnortheasternMS(No.2),thepeal<ofchlabloom(13.2mg

m-3\)wasobservedbeforethetsunami\(10-17December2004\)\(Fig.4.3A\).Thechlawas
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slightlydecreased(3.43mgm-3)duringthetsunamiperiod.Duringearly2005(1-8January

2005\),thechlaincreasedagain,andlaterdecreaseduntilFebruary2005.

Suddenincreaseofchladuringthetsunamiweel<(26-31December2004)was

observedalongtheSumatrawestcoastuptoBandarAcheh(No.5,6and8infig.4.3A).

Largestincrement(chlaincreasedabeut1Otimes)wasfoundatthesouthernofEpicenter(No.

8).ThechlaatmiddleMS(No.3)alsofoundincreasedfrom0.53mgm-3to4.07mgm"3

duringtsunami,althoughitwasprotectedfromthedirecttsunamiwavebytheSumatraIsland.

ThechlaatNiasIsland(No.9)increasedabout4times.However,chlaattheearthquake

epicenter(No.7),easternSumatra(No.4),GreatNicobarIsland(No.I4),andPhuket(No.1)

didnotexhibitlargevariationneitherduringnorafterthetsunami.

Similartothelargechlaincrementduringtsunami,thenLw551atthenorthwestern

Sumatra(No.5,6and8)andNiasIsland(No.9)showedabouttwotimesincreasedofnLw

55lcomparedtothevaluesbeforetsunami.Besides,suddennLw551increasedalsobeen

observedatthemiddleofMS(No.3)duringtsLmami.ThehighnLw551attheselocations

waspersistedafewweeksuntilJanuary,whichweremuchlongercomparedtothehighchla

thatlastuntilendofDecember2004.ThenLw551atnoithernMSupwellingregions(No.2)

didnotshowmuchvariationcomparedtothechla.AreasatPhuket(No.1),easternSumatra

\(No4\),epicenter\(No.7\),andNicobarIsland\(No.10\)didnotexhibitlargenLw551variation

neitherbeforenorafterthetsumami.

Inbrief,thesigtiificantincrementofchlaandltLw55lwasfoundmainlylocated
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alongthewestcoastofSumatraIslandandinthemiddleofMalaccaStraits.Phuket\(No. l\)

andGreatNicobarIsland(No.10)thathavebeenreportedbadlyaffectedbytsuRamiwave

didnotshowsignificantchangesontheoceancolor.Besides,theearthqual<eepicenter that

locatedattheopenoceana.lsoshowednosignificantchanges.

4.3.3nLw551anomallescpndralnfall

The2004tsunamihaddestructedsoineoftheceastalareas,andcausedhighturbidity

thatleadingtohighnLw551valuesalongthecoastalwater.Toevaluatethelong-terin

changesofthecoastalwatercausedbythetsunami,wefurtherexaminedthenLw 551

anomaliesfromitsclimatologyfortheperiodfromDecember2004-April2005.Results

showedthatatthemorthwesternSumatraandaroundBandarAcheh,positivenlLw 551

anomaliesaboutO.2mWcni2pm-isr-iwasobservedinDecember2004(Fig.4.4). This

positiveanomaliesareapersisteduntilJanuary2005.InFebruary2005,itbecamenegative

anomaly.PositivenLw551anemaliesreappearedagaininApril200S.Thispositiveanomaly

areawascoincidedwiththehigherrainfall(maximum660mm)onthelandarea at

northwesternSumatrainApril2005(Fig.4.4).

PositivenLw55lanomaliesalsobeenobservedattheeasternSumatracoastduring

December2004,January2005andApril2005(Fig.4.4).TheincreasedltLw551ateastern

Sumatrawasalsecoincidedwithhigherrainfall(inaximum550mm).InFebruary2005, the

maximumrainfallateasternSuinatrasuddendecreasedtollOmmandthenLwp 55l
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anonaaliesalongtheeasterncoastshowedeithernotmuchvariationornegativeanomaly.At

theNiasIsland,positivenLw5S1anomalywasobservedaroundtheislandsinceDecember

2004untiiFebruaiy2005.SuddenincreaseofnLw551wasobservedtotheeastofNias

IslandonFebruary2005.ThenLw551anomalieschangetonegativeaRomaliesinApril2005.

ThesenLw55IanomalieschangestotheeastofNiaslslandseemnotrelatedtotherainfall

patternatthisarea.

4.4DgscussieRs

4.4.1Thec'hlorophyllavariallonanditsover-esllmcUlon

TheMODISstandardchlaalgorithna(OC3M)isknowntobegoodforthechla

predictioninoceanicwater,butitwillfailinturbidwater.StudybyTanetal.(2006)atMS

foimdthattheSeaWiFSchlaalgorithm(OC4v4)willhavethetendencytoover-estimatechla

valueifthenLw555valuesismorethanl.OmWcm'2ptm-isrhi.

Inthisstudy,manyoftheincreasedchlaafterthetsurtamiwascoincidedwithhigher

nLw551values(Figs.4.2and4.3).Theincreaseofchlaatthetsunamiaffectedcoastalwater

couldpossiblyduetotheincreaseofturbiditycausedbythetsunami,wherethechlavalue

wasover-estimated.Ahnelal.(2001)foundthatthepresenceofsuspendedsedimentin

Koreancoastalwatersmightleadtooverestimationchlaconcentrationupto500e/o.

ThesuddenincreaseofchlaandnLw551didnotpersistforIongperiod(Fig.4.3).

Majorityofthissuddenincrementwasprobablyduetothemassiveamountsofnaturaland
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man-madedebristhatweredraggedintotheoceanbyrecedingtsunamiwave.Inthewest

coast ofSumatraatCalangandTeunom,almostallabove-groundinfrastructureswereswept

intothe oceanbytsunami(UNEP,200S).Thesuddenincreasedofturbidityalongthecoastal

water causedtheover-estimationofchla.Aftersomeperiodoftime,thesuspendedsediment

could besettledtothebottomortransportedtootherareasbytheoceanwave.Thiscouldbe

thereasonwheremostthechlavaluesreturnedtoitsnorniallevelduringearly200S\(Fig.

4.3A\).

InthemiddleoftheMS(No.3),wesuspectedtheincreasedchlaandnLw5S1(Fig.

4.3\) wasduetoitsbottomtopography,whichwasdifferentfromthewesternSumatracoast

conditionswherelargeameuntofdebriswasdraggedintothecoastalwater.Thislocationis

close toOneFathomBank,wherethereissuddendecreaseofdepththatcreatesaphysical

barrier forthewaterexchangebetweenthenorthandsouthMS(Liong,1974).Asthetsunami

wavepropagatedintothisshallowerarea,itcouldpossiblystirupthebottomsedimentsas

showninthesuddenincreaseofnLw551,Astheturbidityincreased,chlawasover-estimated

bythe standardMODISalgorithm.Localalgorithmforthechlapredictionintheturbid

coastal waterisneededinordertounderstandtheactualchlavariationinthisturbidwater.

4.4.2. Upi/vellingatnortheaslernMS

TheupwellingatnorthernMSplaysanimpoitaRtroleinsupportingtherichmarine

resourcesnotonlyintheMS,butalsothesouthernAndamaRSeaandnorthemSumatra\(Tan
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etal.,2006\).TsunamiwavethatpropagatedintotheMSmightcauserapidmixinginthis

shallowerarea,whichcou}dstirupthebotromsediment,andcausingmorenutrient

entrainmentintheeuphoticzoneasshowninthemiddleofthestraits(No.3infig.4.3).

However,thenLw5S1atnoithernMSdidnotexhibitmuchvariationbeforeandafterthe

tsunamievent(No.2infig.4.3).ThisshowsthatthetsunamididRotsignificantlyaffectthe

turbidityinthisupwellingarea.

TheupwellingmechanismatnorthernMSiscausedbymonsoonwinddrivenEl<man

pumping(Tanetal.,2006).AtthenorthernMS,therewasnosuddenincreasedofchlasoon

afterthetsunami,butchlawasfoundincreasedinearly2005(Fig.4.5).Thechlaatthis

upwellingareaincreasedfromabout5.0mgm-3aftertsunamitoabout1O.Omgiia'3aweek

later.However,theQuikSCATWSdatashowedthatthenortheastmonsoonWSaftertsunami

\(31December2004\)wasmuchhigherthanthatinearly2005\(7January2005\)\(Fig.4.5\).

DetailexaminationofthedailyWSandchlavariatien(Fig.4.6)showedthatthechlaatthis

upwellingareawasratherpositivelyrelatedtothestrengthofmonsoonwindwithsometime

lag.Beforethetsunami(22-25December2004),windaBomalyexhibitednegativeanomaly

\(Fig.4.6\).Thechlaanomalyduring26December2004-2January200Salsoshowed

negativeanomaly.TherelationshipbetweenWSandchlaatnorthernMSexhibitedalmost

one-weektimeIag(Fig.4.6).Positivewindspeedanomalywasobservedsoonaftertsunaini

event.Theincreasedchladuringearly2005couldberesponsetothisincreasedWSafterthe

.

tsunaml.
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Themainreasonforthistimelagrelationshipbetweenchlaandmonsoon wind

couldbeduetothephytoplanktonneedsometimetobloomaftermorenutrientissupply to

theeuphoticlayerbywinddrivenupwelling.Astheresult,thechlavariationwas closely

relatedtothestrengthofthenortheastmonsoonwinds.Inbrief,nocleartsunamieffect onthe

chlavariationatnorthernMS,wherethechlavariationwasratheraffectedbythenortheast

monsoonwind.

4.4.3.Sedimentation

Someofthecoastlinesintheregionwereseverelyerodedbythetsunaiir}iwave .
The

nearshoremarineecosystematthisareaislikelytohaveexpeiienceddirectdamage frO131

severewaveactionandindirectdamagefromsedimentationandexcessiveamountsof debris

\(NOAA,2005\).InARdamanandNicobarIsland,thetsunamiblanl<etedthecoralreef with

thicl<layerofsiltandsands,whichcausedseveredamagetothereef(Chakravarty,2005) .By

usingthe250mresolutionMODISimagery,JointResearchCenter(2005)fromEuropean

Commissionestimatedthatatotalof80795haoflandintheIndianOceanregionwere badly

damagedorcompletelylostduetotsuuami.Majorchangestolandcoverarefound along

morethan1200kmofcoastline,especiallyinSumatra,theislandnorthofSumatra, the Thai

Peninsular,SriLaRkaandsoutheasternIndia(JointResearchCenter,2005).

OuranalysisresultofMODIS250mRGBimagebeforeandafterthetsunamiaiso

foundthatmajorityofthecoastlinewestcoastofnorthernSuinatrawasbadlyaffected (Fig.
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4.7).Thegreenishcoastlinebeforethetsunami(13December2004)turnedintobrownisharea

afterthetsunami(27December2004)indicatedthatthevegetationalongthecoastwastotally

lostafterthetsunami,andcausedhighturbidityatthecoastalwater.Thiswasthemainreason

ofthesuddenincrementinchlaandnLw55latnorthwesternSumatracoastsoonafterthe

tsunami(Fig.4.3).Asthevegetationwasunabletobereplacedwithinshortperiodoftime,

theseerodedcoastlineswereexpectedtobeexposesdirecttotheoceanwave,whichwill

causecontinuoussedimentationintotheocean.Theseverecoastalerosionwasexpectedto

impactthecoastalecosysteminaveryIongperiod.

Thesedimentationprobiemwasfoundbecamemoresevereduringhigherrainfall,

wheremoresedimentwasfiushedintotheoceanthroughtheriver.Besides,iackofvegetation

willincreasetherunoffwherethesoilunabletoretaintherainwater.Thishigherrainfa11

effectswasclearlyseenduringApril2005withincreasednLw551atthenorthwestern

Sumatra(Fig.4.4).Asthesedimentationcontinues,itwillcausesecondarydamageonthe

alreadyfragilemarineecosystems.Ontopofthat,theexcessiveamountofdebrisfiushedout

totheseacouldcontainedhazardouscheinicals,oils,paints,freons,cleansers,etc.,which

couldbedepositedinandcausestresstonearshoreenvironmentsanditslivingorganisna,like

coral,seagrass,fishandotherinvertebrates(NOAA,2005).Unfortunately,t}ieseimpacts

couldbelong-livedandnotapparenttoresearchersformonthsorevenyears(NOAA,2005).

ThenLw55ldatacouldbeappliedasanimportantparameterforthemoniteringof

sedimentationconditionafterthetsunamievent.However,ouranalysisresultsdidnotshow
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}argenLw551variationsatPhuketandNicobarIslandalthoughseveredestructionwasalso

reportedatthesetwolocations(Fig.4.3B).Thiscouldprobablyattributetothelow--resolution

ofnLw551images(4x4km2)thatunabletodetectthesmallerscalechangesoverthese

areas.Westronglysuggestthathigherresolutionimagery(lessthan1xlkrn2)shouldbeused

fortheassessmentofthetsunamieffectsintheseareas.

4.g.CeitcEusie*

TheIndianOceantsunamion26December2004hadcausedavastdestructionatthe

easternIndianOceanregions.Thisstudyhasdemonstratedthattheremotesensingisausefu1

tooltoassesstheeffectoftsunamionthechlaandsedimentation.Bycomparingthesatellite

imagebeforeandafterthetsunami,rapideffectsontheoceanographicconditionscausedbythe

tsunamicouldbecloselyexaniined.Highsedimentationcausedbythebacl\(washresultedin

over--estimationofthechlavaluesbyoceancolorsatellite.However,thechlaattheupwelling

areaatnorthernMSdidnotexhibitanysignificantchangesfromthetsunamiwave.Thechla

bloomatthisupwellingareawasmainlydrivenbythenortheastmonsoonwind.Atthe

seriouslyerodedcoastlinealongwesternSunaatra,centinuoussedimentationwasobserved.

Sedimentationbecanaemoresevereduringhigherrainfallduetothesurfacevegetationswere

destructedbythetsunami.Thissedimentationproblemwillcauseimpactonthecoastalmarine

ecosystem,wherethefutureofmarineresourcesintheregioncouldbedramaticallyaffected,

especiallythefisheryandtourismindustries.Westronglyrecommendedthatthesedimentation
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problembeingmonitoredforalongerperiod,whereth is informationcouldbebeneficialforthe

assessmentoflong-te"neffectsofithemarineecosystem.
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Oceancolorremotesensingtechnologyhasbeenprevenasaneffectivetechnique

thatenablesthemonitoringoftheoceanographicconditionsinmoresynoptic and

comprehensiveway.Thisstudyhasprovidedtheinsightoftheseasonalandinterannualchl a

variationattheea.sternIndianOcean.ItstartedfromasmallerareaatMS,andthenfurther

extendedthestudythroughouttheeasteirnIndianOceanregion.Byunderstandingthefactors

thatcoRtributetoseasonalandinterannualchla.variationattheregions,wewereable to

furtherexaminethe2004tsunamieffectsontheoceancolorandmarineenviroRment.

ThereareafewnewandsignificantfindiBgsinthispreliminarystudyintheeastein

IndianOceanregion.Thechlavariationintheregionwasfoundcloselyrelatedto the

monsoonandlarge-scaleatmospheric-oceaRegraphicdynainics.Byusingthecontinuous

monitoringfromoceancolorimages,wediscoveredtheupwellingeventduringNEM and

downwellingeventduriRgSwninnorthernMS.ThespecialtopographyinMShasenabled

bothupwellinganddownwellingoccurredoverthesameareaduringdifferentmonsoon

season.

TotheeastofMSinthedeepIndianOcean,wefoundthattheinterannualchl a

variationisrelatedtothevariationofmonsoonwindandSSH.Besides,wediscovered that

therewasanopenoceanphytoplanktonbloonathatrelatedtoRossbywavepropagation.

duringtheIOD1997-98,TheLowSSHRossbywavecausedshoalingofthermoclineand

nutriententrainmentthatinitiatedphytoplanl<tonbloom.However,theinfiuencesofKelvin
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wave,surfacecurrentsystemandeddiesateasternlndianOceanonthechlavariatioRare still

unclearatpresentstudy.WehopetoaddressthevariabMtyofthesefactorsinthefuturework.

The2004IndianOceanTsunamihasbeenrepoitedchangingtheimarineenvironment

attheaffectedareas.However,ourstudyshowedthattherewerenosignificanteffectson the

upwellingatnorthernMS,exceptafewcoastalareasalongtheeasteruIndianOceanthat were

badlydestroyedbythehugewave.TheiiLw555onSeaWiFSandnLw551onMODISisa

goodindicatorfortheturbidwateranderroneouschlaestimation.Ourstudyproven that

theseparameterscanbeappliedforthemonitoringofthesedimentationproblemby the

tsunaini.Toinonitorthetsunamieffectsonasmallerarea,wesuggestedthathigherresolution

imageryshouldbeused.

Thefindingsfromthisresearchwillbeveryhelpfulforthemarineresources and

coastalzonemanagement.Theinformationonthescaleofupwellingandphytoplanl<ton

bloomcanbeappliedforthepredictionoffisheryresourcefluctuation.Togetherwith the

informationoffishlanding,thefisheryauthoritieswillbeabletodetermiRethesuitable fishes

landinglimitsforasustainableyieldoffisheriesmanagement.Ontopofthat,theocean color

remotesensingisalsocapabletomonitortheeutrophicatioRandsedimentationprob}ems in

thestudyarea.Wesuggestedthatlongtermmonitoringusingtheoceancolorsatellite and

in-situstudyshouldbecarriedoutinordertoexaminechangesofthemarineenvironmentin

thisregion.
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