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Abstract: Weprovidepreliminarycalculationsof wavegeneration,propagation
andinundationfor theDecember26, 2004IndianOceantsunami.Calculations
arebasedon BoussinesqmodelFUNWAVE andarecarriedout on a Cartesian
grid with spatialresolutioncomparableto 2 minutesin latitudeandlongitude.
Initial conditionsareprovidedby theTOPICSmodelandarebasedonestimates
of groundmotion in four separatesourceregions. The model is seento pro-
vide reasonablepredictionsof runupandinundationat a numberof siteswhere
estimatesbasedon �eld observationshavebeenmadeavailable.

INTRODUCTION

TheDecember26,2004,tsunamiis oneof themostdevastatingtsunamisin recordedhis-
tory. It wasgeneratedin theIndianOceanoff of Sumatraby oneof the largestearthquakes
ever recorded(M > 9:2). Thenumberof tsunamifatalitiesis greaterthan200,000in more
than 10 countriesacrossthe entire Indian Ocean,althoughthe vast majority of theseoc-
curredon theIndonesianislandof SumatranearBandaAceh. In additionto this disastrous
humantoll, this tsunamiwasclearly oneof global impactandof global importance,with
seismicityandwave actiondocumentedaroundtheworld for daysafterwards.Thedestruc-
tion engenderedoneof the largestemergency relief efforts ever mountedby world powers
andagencies.Scientistshadbeenwarningof the growing exposureof coastalresidentsto
tsunamihazardsfor years,althoughthelocationandimpactof thiseventwasnotanticipated
by most. The lack of any effective tsunamieducationor tsunamiwarningsystemin there-
gion exaccerbatedthenumberof fatalities,even if many victims on the islandof Sumatra,
closestto theepicenter, hadlittle chanceof escapingthekiller waves.

Tsunamiobservationsfor this event arevoluminousandstaggering.Many of theseare
in the form of still or video camerarecordsof the waves,becausethe region is a popular
tourist destination.Theserecordsdisplaya wide variety of wave forms andwave activity
thataredistinct to eachlocation. In addition,variousmediarecordednumerouseyewitness
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accounts,including somepostingson the world wide web. The quantityof suchrecords,
alongwith theirunknown quality, makestheprocessingandcollectionof theseobservations
a dif�cult andlengthyproposition.While we areinclinedto usesuchobservationsat every
opportunity, they arenotyet availablein a form thatwecanuseherewith con�dence.

The tsunamicommunitymountedan internationalresponseto this event throughmulti-
ple tsunamisurvey teams.Thesurvey teamswerelargely coordinatedby the International
TsunamiInformation Center, a United Nationsagency. Theseteamsof scientistsdocu-
menteddamage,measuredvertical runupandhorizontalinundation,andassembledcareful
reconstructionsof wave activity. Eachteamwasrestrictedto a limited geographicalregion
given the lengthof damagedcoastlineandnumberof countriesinvolved. The runupand
inundationdataarestill becomingavailablethroughvariouspublicationsandwebsites,in a
piecemealfashion,regionby region. As of now, it appearstooearlytoattemptacompleteex-
planationof tsunamirunupandinundationgiventhescaleof theeventandthecheckerboard
patternof availabledata.

Therehave alsobeena numberof instrumentrecordsof the December26, 2004,event
in andaroundtheIndianOcean.Theseincludeseismometers,tide gauges,buoys,GPSsta-
tions, andat leastonesatelliteoverpass(JasonI). Theserecordsarequite sparse,both in
geographicaldistribution andin temporaldensity, andsometimesof poor quality. Regard-
less,they representinvaluablerecordsof whathappened,becauseof theabsolutenatureof
thedata.Thesedatastill needcarefulconsideration,becausethereareoftendatacorrections
andinterpretationsthatareneededbeforeany comparisonwith numericalmodelscantake
place. We will not attempta comprehensive comparisonwith theserecordsin this work,
becausethis is not the placefor sucha lengthyanalysis. Instead,we proposea �rst order
studyof the tsunami,with moredetailedanalysesandcomparisonsleft for laterwork. We
focusonconstructingreasonabletsunamisources,andonexplainingthelargescalefeatures
of tsunamipropagationandinundation.

TSUNAMI SOURCES

Largefaultsmustform over time,presumablythroughsmallslip eventsfollowedin time
by largerslip events(Wells andCoppersmith,1994). Consequently, largesingle-eventdis-
placementstendto occuron structuresthat have alreadyaccumulatedlarge total displace-
ments. Therefore,the structuresresponsiblefor the December26, 2004,event shouldbe
evident in the offshorebathymetry, unlessthey are buried under loosesediment. These
structuresaregenerallydescribedasthe Australia-Indian(or downgoing)platesubducting
beneaththeAsian (or overriding)plate,with a largely East-Westdirectionof convergence.
TheBay of Bengalconsistsmostlyof theAustralia-Indianplate,with a sequenceof islands
running north-southalong the easternedgeof the bay denotingthe plate boundariesand
theedgeof thesubductionzone(seeFig. 1a). In theBay of Bengal,sedimentfrom rivers
contribute to a massive sedimentfan that coversthe entiredowngoingplatefrom north to
south,but almostall sedimentis divertedWestof theoverridingplate.Thesubductionzone
is thereforeexpressedalongthe entirerupturelength,with deformationanderosionof the
overridingplatein plainview.

In thecaseof theDecember26,2004,earthquake,weexaminethebathymetryin theBay
of Bengalin order to describethe morphologyof structuresvisible on the sea�oor . The
morphologyof thesea�oor is anexpressionof thethree-dimensionaltectonicstructuresthat
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Fig. 1. (a) Simulation grid for the Bay of Bengal. (b) Earthquake tsunami sourcesalong
ruptur e. Axesare in UTM coordinatescentered on 0� Lat., 85� Long. E.

exist, aswell asthe tectonicprocessesthat aretaking placeat depth. In Fig. 1a,we iden-
tify four segmentswith differentmorphologiesalongthe rupturedsubductionzone. These
four segmentsaredistinguishedby their uniqueshapeandorientation.Let usconsidereach
structurein turn:

1. Segment1 coverstheSouthernarcof therupturedsubductionzone,facingin ageneral
South-Westdirectionperpendicfularto rupture. The faulting trendsNorth alongtwo rela-
tively sharpbends,oneto thenorthandoneto thesouthof thesegment.Here,theoverriding
plateis at its steepest,andthewaterdepthis largestalongtherupturedsubductionzone.

2. Segment2 presentsa long andrelatively straightsectionof thesubductionzonethat
trendsalmostNorth-Southalongrupture. The mostnotablefeatureof this segmentis the
nearlyuniformpro�le of theoverridingplate,with asteeprisefrom thesubductiontrenchto
ashallow ridge,followedby adescentinto adeeperbasinfurtherEast.

3. Segment3 featuresa changein orientationandshape,notablya wideningof thedis-
tancebetweenthe subductionzoneandthe basinto the east. The basinis narrower here,
morein theform of atrench.Theridgeis shallow enoughto form anumberof smallislands.

4. Segment4 undergoesa changein orientation,aswell asa changein structure,which
is morecomplex andbrokenthanbefore.A signi�cant numberof larger islandsareformed
on theoverridingplate.

Giventhe differentshapesandorientationsof thesubductionzonedescribedabove, we
considereachsegmentasadistincttsunamisource(Fig. 1b). Eachtsunamisourcewill have
uniqueanddifferentearthquakeparametersthatcapturethemorphologyof its own segment.
This meansthata singleruptureeventwill berepresentedby a sumof four smallerrupture
segmentswith distinctsea�oor morphology.
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SEISMIC CHARACTERIZA TION

The main shockof the December26, 2004,earthquake occurredalongthe subduction
zonebetweenthedowngoingandoverridingplates,at a hypocentraldepthof around25 km
from thesurface.Themainshockepicenteris indicatedby a crosson Fig. 1a,with rupture
proceedingalmostexclusively North from theepicenter. Thetotal rupturelengthis around
1200km, requiringa full 400 secondsto propagateendto endat an assumedshearwave
speedof around3000 m/s. Along sucha long rupturelength, we expect signi�cant slip
nonuniformity. This is bornoutby varioussesimicinversions,whichsuggestupto 30m slip
in Segments1 through3. Aftershocksoccurredalongtheentirelengthof therupturezone.

We point out herethat therecanbe many faultsthatexperiencedrupturealongthesub-
ductionzone,andespeciallyalongsecondarystructuresrunningfrom the subductionzone
up to thesurface. Thesesecondarystructuresareevident in the3 km high faceof stepped
(or en echelon) thrust faults rising above the subductiontrenchin Segment1, and in the
roughtapestry(or fabric)of thesea�oor on theoverridingplateof all segments.It is along
thesesecondaryfaults that coseismicdisplacementfrom the main shockis accomodated,
with many localvariationsaboutthecoseismicdisplacementsthatwecalculatebelow.

TSUNAMI SIMULA TIONS

WesimulatedtheDecember26,2004eventin theBayof Bengal(Fig. 1a)usingETOPO2
bathymetryandtopographydatato constructour numericalsimulationgrid. We converted
thedecimaldegreedatainto a UniversalTransverseMercator(UTM) projection,with arbi-
trary origin �x ed at 85 degreeseastlongitudeandthe equatorslatitude. We regriddedthe
datausing linear interpolation,to producethe uniform grid with 3.4x3.4km cells, which
roughly correspondsto a 2 minutegrid spacing. In Fig 1a, the topographiccontoursare
plottedevery500m, while thebathymetriccontoursareplottedevery1000m.

Methodology
The earthquake tsunamisourcesfor vertical coseismicdisplacement,are basedin our

work on thehalf-planesolutionof an elasticdislocationproblem(Okada,1985). A planar
faultof lengthL andwidth W is discretizedinto many smalltrapezoidsandthepointsource
solutionof Okada(1985)is usedto sumthecontributionsmadeby eachtrapezoidto verti-
cal coseismicdisplacement,basedon theactualdepthof the trapezoid.Theshearmodulus
� can be speci�ed basedon the depthd of the earthquake centroid,at latitude-longitude
(xo; yo), aswell asotherseismicandgeologicaldescriptors.This sourcewasimplemented
in asoftwaretool: the“TsunamiOpenandProgressiveInitial ConditionsSystem”(TOPICS,
Version1.2),which provides,asoutputs,a characteristictsunamiwavelength� o that is the
smallerof thefaultdimensionsL or W, andacharacteristicinitial tsunamiamplitude� o that
is the minimum depressionfound from the coseismicdisplacement.The seismicmoment
Mo is proportionalto, but slightly lessthan,�LW � , becausea Gaussianslip distribution is
assumedaboutthecentroid,where� is themaximumslip. TOPICSallowsfor thesuperpo-
sition of multiple fault planes,which canbeassembledinto complex fault structuresor slip
distributions.

Wesimulatetsunamipropagationandinundationwith FUNWAVE, apublicdomainBoussi-
nesqwave modeldevelopedover the last tenyearsat theUniversityof Delaware(Wei and
Kirby, 1995; Wei et al., 1995; Chenet al., 2000; Kennedyet al., 2000). FUNWAVE is a
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Parameters Segment1 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) 4:01010 4:01010 4:01010 4:01010

Mo (J) 1:81022 3:41022 4:01022 4:01022

� o (km) 90 90 150 150
� o (m) -9.2 -9.5 -7.6 -7.4

Table1. Tsunami sourceparametersusedin TOPICS for Fig. 1.

fully nonlinearBoussinesqmodelretaininginformationto O(kh)2 in frequency dispersion
andto all ordersin nonlinearitya=h, wherek denotesthe wavenumberscale,a denotesa
waveamplitude,andh denotesawaterdepth.Wei etal. (1995)showedthattheretentionof
nonlineareffectsbeyondtheusualorderin standardweaklynonlinearBoussinesqmodelsis
crucialto thecorrectmodelingof shoalingsolitarywave crests,andthusin thepresentcase
is importantin themodelingof shorelineinundation.Thepresenceof frequency dispersion
in themodelis importantfor thecaseof shortwave propagationinto relatively deepwater,
andallows for themechanismof wave crestsplitting duringwave propagationover shallow
bathymetry. FUNWAVE includesdissipationfrom breakingwaves,andmodelpredictions
of shorelinerunuphavebeenwell testedin thecaseof waveshoalingandbreaking.

We combineTOPICSandFUNWAVE into a singlemodel referredto asGeowave, in
which the tsunamisourcespredictedby TOPICSfor a tsunamisourcearetransferredasan
initial conditioninto FUNWAVE. Geowave cansimulatemultiple tsunamisourceswith dif-
ferentgenerationmechanisms,occurringatdifferenttimes.[Theapplicationof thismethod-
ology to landslidetsunamiscanbe found, e.g., in Wattset al. (2003).] The bene�ts of a
Boussinesqwave propagationmodelover traditionalnonlinearshallow waterwave models
is that thehorizontalvelocity pro�le over depthis no longerconstrainedto have a constant
value,andvertical accelerations(i.e., non-hydrostaticpressures)are no longerneglected.
Duringpropagationandinundation,non-uniformvelocitypro�les overdeptharemostoften
encounteredwhenwaterwavespropagatein deepwater, whenwaterwavesrunuponto a
shorelineof intermediateslope,or whenwaterwavesbecomesigni�cantly nonlinear. Dis-
persive effectsareboth necessaryandmanifestedduring propagationof deepwaterwaves
over longdistancesandduringpropagationof undularboresin shallow water.

Tsunami sourceparameters
Theearthquake parametersfor eachtsunamisourcein Fig. 1b aregivenin Table1. The

total seismicmomentreleaseis M o = 1:31023 J. Most of the tsunamisourceparameters
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Fig. 2. Maximum simulated tsunami amplitudes in Bay of Bengal.

aresimilar if not identicalalongeachsegment. The location,strike ' , length,andwidth
of eachsegmentfollow directly from Fig. 1a. The rake � and depthd are �x ed in the
currentwork, somethingthatwe intendto re�ne furtherin futurework, asmoregeophysical
and geologicaldatabecomeavailable. The slip � capturesthe seismicinversionresults
mentionedabove. Thedip � variesin thesameway thatwe predictedabove. Thecoseismic
displacementof eachtsunamisourceis depictedin Fig. 1b , with uplift contoursof 1 meter,
andwith subsidencecontoursof -2 meters.Wenoteright awaythatthefour tsunamisources
do not mergeperfectlywith oneanother, althoughthis factdisappearsfrom thewave front
in modelsimulations,within a few minutesof tsunamipropagation.We alsonotethateach
segmenthasadifferentshapeof coseismicdisplacement.Thesedifferencesariselargelyout
of thevariationsin width anddip betweeneachsegment,andareintendedto mimic sea�oor
bathymetry.

Segment1 experiencesconcentratedlocal uplift along its steepfault scarp. Segment
2 is similarly steepwhereuplift occurs,andproducesa moreprominentsubsidedregion
wherethe elongatedbasinis located. Segment3 hasbroaderuplift andmilder slopes,as
well asconcentratedsubsidencewhereanabrupttrenchexists in thebathymetry. Segment
4 producesuplift in theviscinity of existing islands,whereasthetrenchis lessprominentin
both the subsidenceandthe bathymetry. Not all sea�oor featuresmatchour calculations
perfectly, and there is room to improve all of the tsunamisourceparametersselectedat
this stage. For example, the location, strike, depth,and rake of all tsunamisourcescan
bemodi�ed in futuresimulations.However, we have reasonablecon�dencein our current
tsunamisources,becausethey capturemajorcharacteristicsof thesea�oor morphology.
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Fig. 3. Detailsof maximum simulated tsunami amplitudes near Sumatra.

(a) (b)

Fig. 4. Detailsof 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,Sri Lanka 1.9m (-623619,764706)

Galle,Sri Lanka 2.4m (-559060,669542)
Sri Lanka 5.5m (-406160,829281) 2.5-10m

Chennai,India 3.2m (-555663,1519216)
Nagappaattinam,India 2.4m (-627016,1220131) 2-3.5m

PortBlair, India 5.6m (8000555,1294901) 5 m
Rangoon,Burma 1.3m (1241768,1927089)
Phuket,Thailand 4.9m (1415055,890457) S:3-6m; W: 5-10m

Table2. Simulation resultsand �eld surveysat a few key locations

Tsunami simulations
We performa numericalsimulationof the December26, 2004, tsunamiin the Bay of

Bengalby combiningthefour tsunamisourcesin Fig. 1 triggeredat appropriatetimes.The
�rst tsunamisource,from Segment1, occursat the startof the numericalsimulation. We
calculatethedelaybetweensubsequenttsunamisourcesfromthedistancebetweenepicentral
locationsalong the rupturepath, assuminga shearwave speedof 3000 m/s. Segment2
ruptures105sinto thesimulation,Segment3 ruptures223sinto thesimulation,andSegment
4 ruptures331s into thesimulation.We do not runeachtsunamisourceseparately, because
the near�eld impactandfar �eld propagationarealmostuniquelyfrom oneor anotherof
thetsunamisources.Thereshouldbelittle confusionasto theorigin of thewaterwavesin
mostimpactedregions,becauseof thelong rupturelengthanddirectionalnatureof tsunami
propagation.

Themaximumtsunamielevationsabove sealevel aredepictedin Figs. 2 through4. The
tsunamiradiationpatternsin Fig. 2 show somedependenceon variousfeaturesof the sea
�oor . To theWest,tsunamipropagationdependson thesedimentfanthatcoversmostof the
Bay of Bengal.To theEast,a muchmorecomplex patternemergesdueto interferenceand
interactionsof multiple wave frontspropagatingto andamongvariousshorelines.We pro-
videmaximumrunupvaluesfrom severallocationswithin thesimulationdomainin Table2.
Thesimulatedmaximumelevationsin Figs.2-4 andtherunupvalueslistedin Table2 com-
parefavorablywith observationsavailablefrom avarietyof sources(DETAILS). Therefore,
we believe thatour numericalsimulation,althoughquitepreliminary, hascapturedmany of
thetsunamifeaturesof theactualevent.

DISCUSSIONOF RESULTS

We point out that the epicenterfor the main shockis neara transitionpoint alongthe
subductionzone.This transitionpoint hastheappearanceof the letter “s”, wherethereare
two sharpbendsandaturningpoint in thecurvature.Theentiresubductionzonehasagentle
curvaturesimilar to thosefound alongalmostall major subductionzones. The transition
point justoff of Sumatrais a remarkablefeature,possiblyrelatedto theinitiation of rupture.
Northof thetransitionpoint,we interpretthedecreasein sharprelief andincreasein rupture
width to an increasein downgoingplatedip, which tendsto lower the friction of colliding
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plates,becausethedowngoingplateis beingpulledtowardstheearthscoreby phasechange.
Wehypothesizethatthedip is lowestaroundSegment1,correspondingto higherfriction and
locking of thetwo plates.Southof thetransitionpoint, we expectthedip angleto increase
andthe friction to decrease.This hypothesishelpsto explain the locationof the epicenter
andlargeslip patchesoff of Sumatra.Therapidchangesin subductionzonecurvaturemay
be dueto rapid changesin �e xure of the downgoingplate. The rise of dip angleproduces
onesharpcurvature,whereasthefall of dip angleproducestheothersharpcurvature.

It is dif�cult asof now to attributeany differencesbetweenobservedandsimulatedrunup
valuesto somethingspeci�c in our numericalsimulation. We have notedbeforethat the
tsunamisourcescanbeimproved. Moreover, thesimulationgrid is still not re�ned enough
nearcertaincoastlinesto capturethe runupprocessin detail. Likewise, the shallow water
bathymetryandcoastlinedetailsarenotavailablein thiswork. Thesearecommonproblems
in regional simulationsof tsunamis,and thereforesuggesta quantumleap in simulation
techniques,including unstructuredgrids. Regardless,the Boussinesqmodel doesa good
job of reproducingwave actiondespitetheseshortcomings.We arethereforemotivatedto
perform a more detailedstudy of this event basedon our successesto date,using more
accurateanddetailed�eld data,asit becomesavailable.

The Indian Oceantsunamiwasa singularevent in the sensethat it wasdetectableon a
worldwidebasis,andgeneratedsigni�cant wavedisturbancesin two of thoseoceans:theIn-
dianOceanandSouthAtlantic. A correcttreatmentof propagationat thesesortsof distances
arenot within the scopeof the Cartesiangrid, UTM versionof the modeldescribedhere.
Resultsarepresentlybeingobtainedwith aversionof thecodein sphericalpolarcoordinates
(Kirby etal, 2004)andwill bedescribedat theconference.

CONCLUSIONS

Wedevelopfour separatesourcesfor the12/26/04tsunami,resultingfrom asingleearth-
quakeoccurringalonga1200km longrupturezone.Werelatedifferencesin tsunamisource
parametersto differencesin sea�oormorphology. We usethesetsunamisourcesto perform
a numericalsimulationof thetsunamiwith a Boussinesqmodel,and�nd reasonableagree-
mentwith observedrunupvalues.Our simulationgrid is quite �ne, althoughwe expectto
re�ne it furtherin thenearfuture,andexploits thesigni�cant capabilitiesof ourBoussinesq
wave propagationandinundationmodel.We arepreparedto conducta moredetailedstudy
thattakesGPSdatainto account,andthatwill beaimedat reproducingmeasurementsavail-
ablefor multiple tide gauges,aswell asnumerousrunupdatathat is beingcollectedby a
varietyof internationalteamsof scientistsin theIndianOceanarea.
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