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Abstract: We provide preliminarycalculationsof wave generationpropagation
andinundationfor the DecembeR6, 2004 Indian Oceantsunami.Calculations
arebasedon Boussinesgnodel FUNWAVE andarecarriedout on a Cartesian
grid with spatialresolutioncomparablgo 2 minutesin latitude andlongitude.

Initial conditionsareprovidedby the TOPICSmodelandarebasedn estimates
of groundmotion in four separatesourceregions. The modelis seento pro-

vide reasonabl@redictionsof runupandinundationat a numberof siteswhere
estimatedasedn eld obserationshave beenmadeavailable.

INTRODUCTION

TheDecembef6,2004,tsunamiis oneof themostdevastatingsunamisn recordechis-
tory. It wasgeneratedn the Indian Oceanoff of Sumatraby oneof the largestearthquaks
everrecordedM > 9:2). The numberof tsunamifatalitiesis greaterthan200,000in more
than 10 countriesacrossthe entire Indian Ocean,althoughthe vast majority of theseoc-
curredon the Indonesiarislandof SumatranearBandaAceh. In additionto this disastrous
humantoll, this tsunamiwas clearly one of global impactand of globalimportance with
seismicityandwave actiondocumentecroundtheworld for daysafterwards. The destruc-
tion engenderedne of the largestemegeng relief efforts ever mountedby world powers
andagencies.Scientistshad beenwarningof the growing exposureof coastalresidentdo
tsunamihazarddor years althoughthelocationandimpactof this eventwasnot anticipated
by most. The lack of arny effective tsunamieducationor tsunamiwarningsystemin there-
gion exaccerbatedhe numberof fatalities,evenif mary victims on the islandof Sumatra,
closesto the epicenterhadlittle chanceof escapinghekiller waves.

Tsunamiobsenationsfor this eventare voluminousand staggering.Many of theseare
in the form of still or video camerarecordsof the waves, becausehe region is a popular
tourist destination. Theserecordsdisplay a wide variety of wave forms andwave actiity
thataredistinctto eachlocation. In addition,variousmediarecordechumerousyewitness
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accountsjncluding somepostingson the world wide weh The quantity of suchrecords,
alongwith their unknonvn quality, makesthe processingndcollectionof theseobsenrations
adif cult andlengthyproposition.While we areinclinedto usesuchobsenationsat every
opportunity they arenotyet availablein aform thatwe canuseherewith con dence.

The tsunamicommunitymountedan internationalresponseo this eventthroughmulti-
ple tsunamisurney teams. The surwey teamswerelargely coordinatedby the International
Tsunamilnformation Center a United Nationsageng. Theseteamsof scientistsdocu-
menteddamagemeasuredertical runupandhorizontalinundation,andassembledareful
reconstructionef wave activity. Eachteamwasrestrictedto a limited geographicategion
giventhe length of damagecdcoastlineand numberof countriesinvolved. The runupand
inundationdataarestill becomingavailablethroughvariouspublicationsandwebsites,in a
piecemeafashionyegionby region. As of now, it appearsoo earlyto attemptacompleteex-
planationof tsunamirunupandinundationgiventhe scaleof the eventandthecheclerboard
patternof availabledata.

Therehave alsobeena numberof instrumentrecordsof the December26, 2004, event
in andaroundthe Indian Ocean.Theseincludeseismometerdjde gaugespuoys, GPSsta-
tions, and at leastone satellite overpasqJasonl). Theserecordsare quite sparsepothin
geographicatlistribution andin temporaldensity andsometimesf poor quality. Regard-
less,they representnvaluablerecordsof whathappenedbecausef the absolutenatureof
thedata.Thesedatastill needcarefulconsiderationpecaus¢hereareoftendatacorrections
andinterpretationghat are neededeforeany comparisorwith numericalmodelscantake
place. We will not attempta comprehensie comparisorwith theserecordsin this work,
becausehis is not the placefor sucha lengthyanalysis. Instead,we proposea rst order
studyof the tsunami,with moredetailedanalysesandcomparisongeft for laterwork. We
focuson constructingeasonablésunamisourcesandon explainingthelarge scalefeatures
of tsunamipropagatiorandinundation.

TSUNAMI SOURCES

Largefaultsmustform over time, presumablythroughsmallslip eventsfollowedin time
by larger slip events(Wells and Coppersmith1994). Consequentlylarge single-eentdis-
placementsendto occuron structureghat have alreadyaccumulatedarge total displace-
ments. Therefore,the structuresresponsibleor the December26, 2004, event shouldbe
evident in the offshore bathymetry unlessthey are buried underloose sediment. These
structuresare generallydescribedasthe Australia-Indian(or downgoing) plate subducting
beneatithe Asian (or overriding) plate, with alargely East-Westdirectionof convergence.
The Bay of Bengalconsistanostly of the Australia-Indianplate,with a sequencef islands
running north-southalong the easternedgeof the bay denotingthe plate boundariesand
the edgeof the subductiorzone(seeFig. 1a). In the Bay of Bengal,sedimenfrom rivers
contribute to a massve sedimentfan that coversthe entire dowvngoing plate from north to
south,but almostall sedimenis divertedWestof the overridingplate. The subductiorzone
is thereforeexpressedalongthe entirerupturelength, with deformationanderosionof the
overridingplatein plain view.

In the caseof the Decembef6, 2004, earthquak, we examinethe bathymetryin the Bay
of Bengalin orderto describethe morphologyof structuresvisible on the sea oor. The
morphologyof thesea oor is anexpressiorof thethree-dimensionakctonicstructureghat

2 Wattsetal.



(@) (b)

Fig. 1. (a) Simulation grid for the Bay of Bengal. (b) Earthquake tsunami sourcesalong
ruptur e. Axesarein UTM coordinatescenteredon O Lat., 85 Long. E.

exist, aswell asthe tectonicprocesseshat aretaking placeat depth. In Fig. 1a,we iden-
tify four sgmentswith differentmorphologiesalongthe rupturedsubductiorzone. These
four sggmentsaredistinguishedy their uniqueshapeandorientation.Let usconsidereach
structurein turn:

1. Segmentl coversthe Southerrarcof therupturedsubductiorzone facingin ageneral
South-Westdirection perpendicfulatto rupture. The faulting trendsNorth alongtwo rela-
tively sharpbendspneto thenorthandoneto thesouthof thesegment.Here,the overriding
plateis atits steepestandthewaterdepthis largestalongthe rupturedsubductiorzone.

2. Sgment2 presentsa long andrelatively straightsectionof the subductiorzonethat
trendsalmostNorth-Southalongrupture. The mostnotablefeatureof this segmentis the
nearlyuniformpro le of theoverridingplate,with asteeprisefrom the subductiortrenchto
ashallow ridge, followedby a descentnto a deepeibasinfurtherEast.

3. Sgment3 featuresa changen orientationandshape notablya wideningof the dis-
tancebetweenthe subductionzoneandthe basinto the east. The basinis narraver here,
morein theform of atrench.Theridgeis shallov enoughto form anumberof smallislands.

4. Sggment4 undegoesa changen orientation,aswell asa changen structure which
is morecomplex andbrokenthanbefore. A signi cant numberof largerislandsareformed
ontheoverridingplate.

Giventhe differentshapesandorientationsof the subductiorzonedescribedabove, we
considereachsegmentasadistincttsunamisource(Fig. 1b). Eachtsunamisourcewill have
uniqueanddifferentearthquak parameterghatcapturethe morphologyof its own segment.
This meanghata singleruptureeventwill be representetty a sumof four smallerrupture
segmentswith distinctsea oor morphology
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SEISMIC CHARACTERIZATION

The main shockof the December26, 2004, earthquak occurredalong the subduction
zonebetweernthe downgoingandoverriding plates,at a hypocentrablepthof around25 km
from the surface. The main shockepicentelis indicatedby a crosson Fig. 1a,with rupture
proceedingalmostexclusively North from the epicenter Thetotal rupturelengthis around
1200km, requiringa full 400 seconddo propagateendto endat an assumedhearwave
speedof around3000m/s. Along sucha long rupturelength, we expectsigni cant slip
nonuniformity Thisis bornoutby varioussesimicnversionswhich suggestipto 30m slip
in Segmentsl through3. Aftershocksoccurredalongthe entirelengthof therupturezone.

We point out herethattherecanbe mary faultsthat experiencedupturealongthe sub-
ductionzone,andespeciallyalong secondarystructuresunning from the subductionzone
up to the surface. Thesesecondarstructuresareevidentin the 3 km high faceof stepped
(or en edhelon thrustfaultsrising above the subductiontrenchin Segment1, andin the
roughtapestry(or fabric) of thesea oor ontheoverridingplateof all sgments.It is along
thesesecondaryfaults that coseismicdisplacementrom the main shockis accomodated,
with mary local variationsaboutthe coseismidisplacementthatwe calculatebelow.

TSUNAMI SIMULATIONS

We simulatedheDecembeR6,2004eventin theBay of Bengal(Fig. 1a)usingETOPO2
bathymetryandtopographydatato constructour numericalsimulationgrid. We corverted
the decimaldegreedatainto a UniversalTrans\erseMercator(UTM) projection,with arbi-
trary origin x ed at 85 degreeseastlongitudeandthe equatordatitude. We regriddedthe
datausing linear interpolation,to producethe uniform grid with 3.4x3.4km cells, which
roughly correspondg$o a 2 minute grid spacing. In Fig 1a, the topographiccontoursare
plottedevery 500m, while the bathymetriccontoursareplottedevery 1000m.

Methodology

The earthquak tsunamisourcesfor vertical coseismicdisplacementare basedin our
work on the half-planesolutionof an elasticdislocationproblem(Okada,1985). A planar
faultof lengthL andwidth W is discretizednto mary smalltrapezoidsandthe pointsource
solutionof Okada(1985)is usedto sumthe contritutionsmadeby eachtrapezoidto verti-
cal coseismidisplacementhasedon the actualdepthof the trapezoid.The shearmodulus

can be speci ed basedon the depthd of the earthquak centroid, at latitude-longitude
(Xo; Yo), aswell asotherseismicandgeologicaldescriptors.This sourcewasimplemented
in asoftwaretool: the“TsunamiOpenandProgressie Initial ConditionsSystem”(TOPICS,
Versionl.2), which provides,asoutputs,a characteristidcsunamiwavelength , thatis the
smallerof thefaultdimensiond. or W, anda characteristignitial tsunamiamplitude , that
is the minimum depressiorfound from the coseismicdisplacement.The seismicmoment
M, is proportionalto, but slightly lessthan, LW |, becausa Gaussiarslip distribution is
assumedaboutthecentroid,where isthemaximumslip. TOPICSallows for the superpo-
sition of multiple fault planeswhich canbe assembledhto complex fault structuresor slip
distributions.

We simulatetsunampropagatiorandinundationwith FUNWAVE, apublicdomainBoussi-
nesgwave modeldevelopedover the lastten yearsat the University of Delavare (Wei and
Kirby, 1995; Wei et al., 1995; Chenet al., 2000; Kennedyet al., 2000). FUNWAVE is a
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| Parameters | Segmentl | Segment2 | Segment3 | Segment4 |

Xo (longitude) || 1091550 | 917000 830000 867300
Yo (latitude) 370600 665000 | 1075100 | 1439300
d (km) 25 25 25 25

' (degrees) 300 350 0 10
(degrees) 90 90 90 90
(degrees) 11 13 15 11

(m) 30 30 30 25
L (km) 220 410 300 350
W (km) 90 90 150 150
(Pa) 4:.010% 4:.010% 4:0109 4:.010%
M, (J) 1:810% 34107 4:010%° 4:010%°
o (km) 90 90 150 150
o (M) -9.2 -9.5 -7.6 -7.4

Tablel. Tsunamisourceparametersusedin TOPICS for Fig. 1.

fully nonlinearBoussinesanodelretaininginformationto O(kh)? in frequeny dispersion
andto all ordersin nonlinearitya=h, wherek denoteshe wavenumberscale,a denotesa

wave amplitude andh denotesa waterdepth.Wei etal. (1995)shavedthattheretentionof

nonlineareffectsbeyondthe usualorderin standardveakly nonlinearBoussinesanodelsis

crucialto the correctmodelingof shoalingsolitarywave crestsandthusin the presentase
is importantin the modelingof shorelineinundation. The presencef frequeng dispersion
in the modelis importantfor the caseof shortwave propagatiorinto relatively deepwater

andallows for the mechanisnof wave crestsplitting duringwave propagatiorover shallov

bathymetry FUNWAVE includesdissipationfrom breakingwaves,and modelpredictions
of shorelinerunuphave beenwell testedn the caseof wave shoalingandbreaking.

We combineTOPICSand FUNWAVE into a single modelreferredto as Geavave, in
which the tsunamisourcegredictedby TOPICSfor a tsunamisourcearetransferrecasan
initial conditioninto FUNWAVE. Geavave cansimulatemultiple tsunamisourceswith dif-
ferentgeneratiormechanismsyccurringat differenttimes.[The applicationof this method-
ology to landslidetsunamiscan be found, e.g.,in Wattset al. (2003).] The bene ts of a
Boussinesqvave propagatiormodelover traditionalnonlinearshallov waterwave models
is thatthe horizontalvelocity pro le over depthis no longerconstrainedo have a constant
value, and vertical accelerationgi.e., non-hydrostatigressuresare no longer neglected.
During propagatiorandinundation,non-uniformvelocity pro les over deptharemostoften
encounteredvhen water waves propagaten deepwater whenwater waves runuponto a
shorelineof intermediateslope,or whenwaterwavesbecomesigni cantly nonlinear Dis-
persve effectsareboth necessarand manifestedduring propagatiorof deepwaterwaves
over long distancesandduring propagatiorof undularboresin shallov watet

Tsunami source parameters
The earthquak parameter$or eachtsunamisourcein Fig. 1b aregivenin Tablel. The
total seismicmomentreleaseis M, = 1:310?® J. Most of the tsunamisourceparameters
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Fig. 2. Maximum simulated tsunami amplitudesin Bay of Bengal.

are similar if not identicalalongeachsegment. The location, strike ' , length, and width
of eachsgmentfollow directly from Fig. 1a. Therake anddepthd are x edin the
currentwork, somethinghatwe intendto re ne furtherin futurework, asmoregeophysical
and geologicaldatabecomeavailable. The slip  capturesthe seismicinversionresults
mentionedaborve. Thedip variesin the sameway thatwe predictedabove. The coseismic
displacemenbf eachtsunamisourceis depictedn Fig. 1b, with uplift contoursof 1 meter
andwith subsidenceontoursof -2 meters We noteright away thatthe four tsunamisources
do not mege perfectlywith oneanothey althoughthis factdisappear$rom the wave front
in modelsimulationswithin afew minutesof tsunamipropagation We alsonotethateach
segmenthasadifferentshapeof coseismidisplacementThesedifferencesriselargely out
of thevariationsin width anddip betweereachsegment,andareintendedo mimic sea oor
bathymetry

Segment1 experiencesconcentratedocal uplift alongits steepfault scarp. Segment
2 is similarly steepwhereuplift occurs,and producesa more prominentsubsidedregion
wherethe elongatedbasinis located. Segment3 hasbroaderuplift and milder slopes,as
well asconcentratedubsidencevherean abrupttrenchexistsin the bathymetry Segment
4 producesuplift in theviscinity of existing islands whereaghetrenchis lessprominentin
both the subsidenceandthe bathymetry Not all sea oor featuresmatchour calculations
perfectly andthereis room to improve all of the tsunamisourceparameterselectedat
this stage. For example, the location, strike, depth, and rake of all tsunamisourcescan
be modi ed in future simulations.However, we have reasonableon dencein our current
tsunamisourcespecausé¢hey capturemajorcharacteristicef thesea oor morphology
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Fig. 3. Details of maximum simulated tsunami amplitudes near Sumatra.

(@) (b)

Fig. 4. Details of maximum simulated tsunami amplitudes near : (a) Andaman; (b) Sri
Lanka.
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Locations Model Model Field

runup coordinates runup
Aceh,Indonesia 13.8m | (1082072,618562) W: 5-35m; N: 5-10m

Colombo,SriLanka | 1.9m | (-623619,764706)
Galle, SriLanka 2.4m | (-559060,669542)

Sri Lanka 55m | (-406160,829281) 2.5-10m
Chennaijndia 3.2m | (-555663,1519216
Nagappaattinamndia | 2.4m | (-627016,1220131 2-3.5m
PortBlair, India 5.6m | (8000555,1294901 5m

RangoonBurma 1.3m | (1241768,1927089
Phulet, Thailand 49m | (1415055,890457) S:3-6m;W:5-10m

Table2. Simulation resultsand eld surveysat a few keylocations

Tsunami simulations

We performa numericalsimulationof the December26, 2004, tsunamiin the Bay of
Bengalby combiningthefour tsunamisourcesn Fig. 1 triggeredat appropriatdimes. The
rst tsunamisource,from Segmentl, occursat the startof the numericalsimulation. We
calculatehedelaybetweersubsequertsunamisourcegrom thedistancebetweerepicentral
locationsalong the rupture path, assuminga shearwave speedof 3000 m/s. Segment?2
rupturesl05sinto thesimulation,Segment3 rupture223sinto thesimulation,andSegment
4 ruptures331sinto the simulation.We do not run eachtsunamisourceseparatelybecause
thenear eld impactandfar eld propagatiorare almostuniquelyfrom oneor anotherof
thetsunamisources.Thereshouldbelittle confusionasto the origin of the waterwavesin
mostimpactedregions,becaus®f thelong rupturelengthanddirectionalnatureof tsunami
propagation.

The maximumtsunamielevationsabove sealevel aredepictedn Figs. 2 through4. The
tsunamiradiationpatternsin Fig. 2 shov somedependencen variousfeaturesof the sea
oor. To theWest,tsunamipropagatiordepend®n the sedimenfanthatcoversmostof the
Bay of Bengal. To the East,a muchmorecomple patternemegesdueto interferenceand
interactionsof multiple wave fronts propagatingo andamongvariousshorelines We pro-
vide maximumrunupvaluesfrom severallocationswithin the simulationdomainin Table2.
The simulatedmaximumelevationsin Figs. 2-4 andtherunupvalueslistedin Table2 com-
parefavorablywith obsenationsavailablefrom avariety of sourcefDETAILS). Therefore,
we believe thatour numericalsimulation,althoughquite preliminary hascapturedmary of
thetsunamifeaturesof theactualevent.

DISCUSSION OF RESULTS

We point out that the epicenterfor the main shockis neara transitionpoint alongthe
subductiorzone. This transitionpoint hasthe appearancef theletter“s”, wherethereare
two sharpbendsandaturningpointin thecurvature.Theentiresubductiorzonehasagentle
cunvaturesimilar to thosefound along almostall major subductionzones. The transition
pointjustoff of Sumatras aremarkabldeature possiblyrelatedto theinitiation of rupture.
North of thetransitionpoint, we interpretthedecreasén sharprelief andincreasen rupture
width to anincreasein downgoingplatedip, which tendsto lower the friction of colliding
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plates becaus¢hedowngoingplateis beingpulledtowardsthe earthscoreby phasechange.
We hypothesizehatthedip is lowestaroundSegmentl, correspondingo higherfriction and

locking of the two plates.Southof the transitionpoint, we expectthe dip angleto increase
andthe friction to decreaseThis hypothesishelpsto explain the locationof the epicenter
andlarge slip patcheff of Sumatra.Therapid changesn subductiorzonecurvaturemay

be dueto rapid changesn e xure of the downgoingplate. Therise of dip angleproduces
onesharpcunature,whereaghefall of dip angleproducegshe othersharpcurvature.

It is dif cult asof now to attributeary differencedbetweerobsenedandsimulatedrunup
valuesto somethingspeci c in our numericalsimulation. We have notedbeforethat the
tsunamisourcesanbe improved. Moreover, the simulationgrid is still notre ned enough
nearcertaincoastlineso capturethe runup processn detail. Likewise, the shallov water
bathymetryandcoastlinedetailsarenot availablein this work. Thesearecommonproblems
in regional simulationsof tsunamis,and thereforesuggesta quantumleap in simulation
techniquesjncluding unstructuredyrids. Regardlessthe Boussinesgnodel doesa good
job of reproducingwave actiondespitetheseshortcomings.We arethereforemotivatedto
perform a more detailedstudy of this event basedon our successe$o date, using more
accurateanddetailed eld data,asit becomeswvailable.

The Indian Oceantsunamiwas a singulareventin the sensethatit wasdetectableon a
worldwidebasis,andgeneratedigni cant wave disturbances two of thoseoceanstheln-
dianOcearandSouthAtlantic. A correcttreatmenbf propagatioratthesesortsof distances
are not within the scopeof the Cartesiargrid, UTM versionof the modeldescribedhere.
Resultsarepresentlybeingobtainedwith aversionof the codein sphericapolarcoordinates
(Kirby etal, 2004)andwill bedescribedattheconference.

CONCLUSIONS

We developfour separatsourcedor the 12/26/04tsunamiresultingfrom asingleearth-
guale occurringalonga 1200km long rupturezone.We relatedifferencesn tsunamisource
parameterso differencesn sea oor morphology We usethesetsunamisourcedo perform
a numericalsimulationof the tsunamiwith a Boussinesanodel,and nd reasonablagree-
mentwith obsenedrunupvalues. Our simulationgrid is quite ne, althoughwe expectto
re ne it furtherin the nearfuture,andexploits the signi cant capabilitiesof our Boussinesq
wave propagatiorandinundationmodel. We arepreparedo conducta moredetailedstudy
thattakesGPSdatainto accountandthatwill beaimedatreproducingneasurementvail-
ablefor multiple tide gaugesaswell asnumerousunup datathatis beingcollectedby a
variety of internationakeamsof scientistan the IndianOceanarea.
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