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I Tsunamiwavesaregeneratedelatively often,from various
sources

I Seriougsunamigseriousto the point of lossof lives)take place
ontheorderof onceevery severaldecades

I | think thatwe wereall personallyaffectedby thedeadly2004
Boxing Day Tsunamigeneratedby the very powerful earthquak
off of the Sumatrecoast.

I Challengesearchor acrediblerble thatmathematiciansan
playin predictingtheir dangeror in alleviating theirimpact;
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PotentialContributions

Walter Craig

Predictingearthquaks: a grandchallengeproblem thatis not
presentlywithin reach.

Whereis it currentlyfeasiblefor mathematic$o contrituteto the
problemof tsunamidanger?

modelingof tsunamiwave generation
andpropa@tionacrossoceans
andtheirimpacton coastlines
Designof earlywarningsystemgor someof its components)
includingmodelingin fasterthanrealtime
Clari cation of thecharacteof tsunamiwaves

in particularthosefeaturesvhich affect tsunami-safe
engineeringandarchitecture
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Descriptionof the Sumatraearthquak

I majorearthquak on 26 DecembeR004,at 7h58local time,
centeredapproximately250kmoff thewestcoastof theislandof
Sumatra
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Intr oduction

Descriptionof the Sumatraearthquak

I majorearthquak on 26 DecembeR004,at 7h58local time,
centeredapproximately250kmoff thewestcoastof theislandof

Sumatra

I Initially estimatecatM,, = 8:5 9:0, andsubsequentlglassed
atMy, = 9:3.
Rupturealongthe SundaTrenchsubductiorzone,of length
120km

Slip magnitude21m horizontaldisplacemenin the southern
region, 15min thenorth.

Verticaldisplacemengstimategsrom 2 10min different
regions.
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Northeasteriindian Oceantectonicsetting
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Figure: USGSwebsite:http://soundwaves.usgs.gn2005/01/tectonicLG.jpg
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Descriptionof theresultingtsunami

I Tsunamigeneratedby theline sourceof thedisplacementone
Soonafterwards,wavesimpactuponthe Sumatracoast
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Descriptionof theresultingtsunami

I Tsunamigeneratedby theline sourceof thedisplacementone
Soonafterwards,wavesimpactuponthe Sumatracoast

I Wavestravelat 360kme=hr propagting eastthroughthe
AndamanBasin andin somavhatover onehourthey impinge
onthewestcoastof the Malay Peninsulaincluding portionsof
ThailandandMyanmar
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Descriptionof theresultingtsunami

I Tsunamigeneratedby theline sourceof thedisplacementone
Soonafterwards,wavesimpactuponthe Sumatracoast

I Wavestravelat 360kme=hr propagting eastthroughthe
AndamanBasin andin somavhatover onehourthey impinge
onthewestcoastof the Malay Peninsulaincluding portionsof
ThailandandMyanmar

I Wavestravelat 720kmehr propagtingwestthroughthelower

Bay of Benaal/IndianOceanimpactingon Sri Lankaandsouth
Indiain approximately2 hours.
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Intr oduction

Descriptionof theresultingtsunami

Walter Craig

Tsunamigeneratedby theline sourceof thedisplacementone
Soonafterwards,wavesimpactuponthe Sumatracoast

Wavestravelat  36Ckmehr propagting eastthroughthe
AndamanBasin andin somavhatover onehourthey impinge
onthewestcoastof the Malay Peninsulaincluding portionsof
ThailandandMyanmar

Wavestravelat  72Cknme=hr propagtingwestthroughthelower

Bay of Benaal/IndianOceanimpactingon Sri Lankaandsouth
Indiain approximately2 hours.

Thetsunamiis detectedylobally; within 7 hourson the African
Coast,20 hoursin Rio deJaneiro23 hoursin Chile,and29
hoursin Halifax, Nova Scotia.
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Theglobalreachof the 26 Decembe004 Sumatrasunami

Figure: ScienceExpreson 25 August2005; Science23 SeptembeR005,
Vol. 309.n0.5743,pp. 2045- 2048Vasily Titov, AlexanderB. Rabinwich,
Harold O. Mofjeld, RichardE. ThomsonFrankl. Gonzlez
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Modeling of large oceanwaves

Bathymetry of the northeasterindianOcean

Figure:NovosibirskTsunamiLaboratorywebsite:
http://tsun.sscc.ru/tsulab/20041226.htm

NB Depthof thelndianOcean 3K 4Km.
Depthof the AndamarBasin  1Km.
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Modeling of large oceanwaves

Threeaspect®f modelingof large oceanwaves

I Generatiorof thedisturbance
pointsources
line sources
focusingeffects
I Propa@tionover largedistancesat high velocities
varyingbottomdepth
waveguideeffectsby mid-oceaniaidges
I Incidenceonthecoastakegions
re ection by the continentakhelf
refraction
run-upampli cation on shorelines
resonanceffects
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Modeling of large oceanwaves

Equationsf motion
I potentialowr u=0, r u=0, implyingu=r".
=0 1)

in athreedimensionaluid regionfh(x) < y< (xt);x2 R?g.
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Modeling of large oceanwaves

Equationsf motion

Walter Craig

potentalowr u=0, r u=0, implyingu=r".
"'=0 (1)

in athreedimensionaluid regionfh(x) < y< (xt);x2 R?g.
freesurfaceboundaryconditions N = ( @ ;1) outward
normal

@ Nr'; @ = g 3ir'j? )
bottomboundaryconditions N = (@h(x); 1) outwardnormal
Nr'"=0 (3)
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Modeling of large oceanwaves

Equationsf motion

Walter Craig

potentalowr u=0, r u=0, implyingu=r".
"'=0 (1)

in athreedimensionaluid regionfh(x) < y< (xt);x2 R?g.
freesurfaceboundaryconditions N = ( @ ;1) outward
normal

@ Nr'; @ = g 3r'j 2

moving bottomboundaryconditions let N outwardunit normal
N r' = @h(xt) thesource (4)

McMaster University

Tsunamisand oceanwaves



Propagationspeed

Linearwavespeed

Walter Craig

Thewavespeedf long waves(Stokes1847)
c= " gh; h= depth (5)
Freesurfacehydrodynamicakquationslinearized
=0; N I Jjbottom= O;
@=@: @-= g; ony=nh
Describe@ with theDirichlet - Neumanroperator
G: (x0 7! ( xy) = thePoissorextension
r N = (G)( X
ThelinearoperatorG = G(h(x)) dependsiponh(x)
In caseh is aconstandepth,

G= jDjtani(hiDj); where D= Tl@
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Propagationspeed

Phaseandgroupvelocities

I Theabore linearanalysisgivesto thedispersiorrelation

_ Rk

(0= oKk o= e = @ (0

(6)

I For largewavelengthdisturbances

L Ik P—
Cpj = limy g—— = h=jc
1G] k.oJkJ g JCq)
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Propagationspeed

Comparisorwith obsenations

I Groupandphasevelocitiesof longestwaves;

L 1k P—
jCol = limy o%= gh= jcgyj

Theacceleratiorof gravity is g = 9:8m=sec

I In theBay of Benal/IndianOceanwhereh  4Km.
q
cp= 98 4 10°mP=se@ 200m~sec= 720kmrhour

Travel time from epicentetto the coastof Sri Lanka(155&km) is
2.2hours.
I AndamarBasinh 1Km.

q
cp= 98 1CnrP=se¢ 100m=sec= 36Cnrhour

Travel timeto the Malay Peninsulg700Km) is 1.9 hours.
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Coherent wavetrains

Modelingof nonlinearwaves

I Nonlinearityin the equation®f surfacewave propagtiongives
riseto the possibilitythatwavescanpropagtein coherentvave
paclet, with little lossof amplitude.

I Obserersof theimpactof the Sumatrasunamireportecthe
arrival of 6 or 7 majorcrests(on e.g.the Thai coast) with
periodsof 20to 30 minutes

I Wave amplitudesobsered80cmatseaampliedto3  7mon
thecoast.

I Deducingthe generakharactenf thewaveformfrom this data
wavelength ~ = 18Ckm,
slope @ 2 10°:=".
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Coherent wavetrains

Comparingdispersiorandnonlinearity

I Dimensionlesscalingparameters := a=hand := h=",
wherea is theamplitude h the typical depth,and” the
characteristiavavelength.

dispersve nonlinearregime 2<< 1
weaklynonlinearshallov waterregime << 1

I Model equationswith dispersie andnonlinearcharacter KdV

(or Boussinesggquations.

2
@ = co@r 37clr@r 5 C@r+ () )
q_
| Linearwavespeedy = co(X;! )= g(h)+ ci+ 2ciis
variable,afunctionof thebathymetryh(x). Similarly c; andc,.
Thesourcef is anintegral termtakinginto accounte ected
wavesof of thetopographicafeaturesof the ocearbasin.
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Coherent wavetrains

Determingscalingregime

I IndianOcean/Bayf Bengal:  depthh  4Km, amplitude
a 1mhence = a=h 25 10 4

wavelength18Km, hence = h=" 4Knm=18Km 2 10 2
2

I AndamarBasin depthh 1Km amplitudea 1m, hence

=a=h 10°3
wavelength180Km, hence = h= 6 10 3
2<< <<

I Thisanalysisndicateshatwave propagtiononthesescalesn
thelndian Ocearis of nonlineardispersve characterwhile in
the AndamanBasinit is moreambiguous.
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Coherent wavetrains

Dispersionndicatedin satellitetelemetry

§w December 2004
:

. Frequency (cph)
3

Period (min)

@ = (b

Figure:(a) from E. Kulikov, Shirsh Instituteof Oceanograph Moscov
andlInstituteof OceanSciencesSydngy, BC: "Dispersionof the Sumatra
tsunamiwavesin the IndianOceandetectedy satellitealtimetry', Fisheries
andOceangCanadaScience Paci ¢ Reggion website(2005)

(b) Fromthe Tsunamisandtsunamiresearchwebsiteof the Instituteof
OceanSciencesSidnegy BC.

Thistime/frequenyg plot of the Sumatrasunamisupportshe wavepaclet
hypothesis.
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Near-shore wave dynamics

Compl«ity of thenearshorewave dynamics

Figure:E. Pelinarsky: Dynamicsof tsunamiwaves(1996)[Russian]
Nihonkai- Chulu earthquak tsunamion the north Akita coast.
N. Shuto,CoastaEng. Japan(1985),vol. 28 pp. 255- 264
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Near-shore wave dynamics

Sri Lankaimages

Figure: Shorelineof Kalutara,Sri Lankaon 26 Decembef004.Photo:
DigitalGlobe
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I Furtherstudyis crucial,andmathematicatheoryandscienti ¢
computationganplay amajorrble
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Conclusions

Conclusions

I Furtherstudyis crucial,andmathematicatheoryandscienti ¢
computationganplay amajorrble

I Thegeneratiorof (major)tsunamiss a key
(seeA. LernerLam,in thisAAAS Symposium).

I Therearemethodswhich predicttsunamipropagtionin the
openocean.Task- to verify theiraccurag, improve their speed.
Speci ¢ questionspropagtionover randombottomtopograply,
re ection atthe continentakhelf.

I Much needgo bedoneon run-upandotheraspect®f impact
whena majortsunamiis incidenton acoastline.
Edgewaves,andphenomenassociatedavith othercoast
geometriesvhich focusandotherwiseamplify anincidentlarge
wave.
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