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Abstract

Megathrust earthquakeare the mainsourceof tsunamis.The rupture at the plate interface
deforms the seafloor, displacing seawater over a large regioreaftimuakanagnitude is not
the only factor that affects the tsunaamiplitude A tsunami earthquakevhich produces a much
larger tsunami thn what can be inferred from the seismic energy releasamplifies this
phenomenonThis thesis examines relationships betwésmmami sizeand key geophysical
attributessuch asfault depth, fault dipfault size, rigidity, and water depthesides monmd
magnitude The parametric studynvolvesfour sets ofsimplified megathrusbceanmodelswith
an elasticplanarfault solutionto define the earth surface deformatiand a norhydrostatic
model to describe the resulting tsunaiihie first set of modelsontainsa flat seaflooto provide
a baseline focomparison The second sahcludesa flat seafloorabuttinga 2° slope and by
varying the fault depthfault dip,andwater depthexplores the contributiafrom wave shoaling
and wave energyanisotropyto peak tsunami amplituderhe third setutilizes the same
topographyto demonstrateffectsof reduedrigidity or fault sizefor the same seismic moment
The fourth set examines the combined effeofsthe geophysial parametersaas well as their
tradeoff. The resultshighlight the importance of depttependentault rigidity and size in
describing the two ordsiof magnitude variabilityn observedeaktsunami amplitudéor given

moment magnitude
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Chapter 1

Introduction

Megathrust earthquakes are tmémary sourceof tsunamisMovement from slippage between
continental and oceanic crastauses uplift and subsidence of the seafloor, leading todaaje
displacement of seawater. The moment magnitude Mw is a measure of the seismic energy
release and is often used a criterion for tsunami hazard assessment, even though it does not
necessarily have a direct relationship with the amplitude of the resulting tsunamifa@tbes
affecting seafloor deformation or tsunamigenic potential include the fault dapthdip, fault

size, water depthand rigidity. The most notable examples are tsunami earthquakes, which
produce disproportionately large tsunamier a given magnitudeShallow rupture in the
accretionary prism with low rigidity results in sloground movemenand weak shakindyut

largeseafloor displacemeiind hence largesunams (Kanamori, 1972).

The 1896 Sanriku tsunami earthquake wae ofthe most devastatingvith 22,000 deaths in
northeast Japan. The moderate ground shaking gave rise to 7.2 surface wave magnitude (Ms) and
8.0 moment magnitud@w), while the resultingun-up reached 38 m on the Sanriku coast with
inferred tsunami magnitude Mt 8.2 and 8.6 frlmoal and global data (Abe, 1979, 1981, 1994;
Tanioka & Satake, 1996a; Tanioka et al., 1997). Comparison of recorded and computed tsunami
travel times indicates the fault is very close to the toe of the continental margin and its eastern
edge reached theench at approximately 6 km water depth (Tanioka et al., 1997, Tsuru & Park,
2001). The 1946 Aleutiamventis another representative tsunami earthquake. The shaking
registered a moment magnitude of 7.4, but the resulting tsunami generated over 4thuapof ru
at Scotch Cap immediately landward of the source with Mt 9.3 (Gutenberg &eRitB3;
Johnson & Satake, 1997). The tsunami resultadmrup reaching 13.7 m and took 159 lives in
Hawaii, which is~3,700 km away from thearthquakgLoomis, 1976)Okal & Hébert (2007)
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inferred a triggering earthquake of Mw 8.6 from modeling of tsunamupuobservations in

south Pacific islands.

A couple of wellstudied recent events can illustrate the process and impact of tsunami
earthquakes. The 25 October 20Méntawai, Indonesia Mw 7.8 earthquake originateadepth

of 12 km withanaverage slip of 6.5 m extending to the trench (Yue et al., 2014). Despite the low
magnitude, the resulting tsunami generatedupmeaching 16.9 m at the small island of Sibigau
and took 509 lives (Hill et al., 2012)he ®ismic waves with periods shartian 100 $iad low
intensity. Residents felt onlyweak ground shakingand so did not evacuate. Weak ground
shakingis a feature of tsunami earthquakes (leayal, 2011). The 17 July 2006 Java Mw 7.8
earthquake also excited a disproportionately largeatsuw Its runrup reaclked 8 m on the
southern coast of Java and 21 m on the small island of Nusa KambariieB802 lives lost
(Fritz et al., 2007). Ammon et al. (2006) inferred from Rayleigh and body waves that the rupture
had an unusually slow spe&dth a long duration and occurred near the-dip edge of the
subduction zone. The fin#&ault models obtained for the 2010 Mentawai and 2006 Java events
by Yue et al. (2014) and Ammon et al. (2006) confihmextension of slip to the trench that is

one of he important characteristics of tsunami earthquakes.

The 2011 Tohoku Mw 9.1 earthquake appeared to have a tsunami earthquake component
(Yamazaki et al., 2018). The event ruptured the shallow part of the megathrust near Japan Trench
and induced a tsunami thiwave amplitude% m at the source and peak 1w of 40 m on the
Sanriku coast (Fujii et al., 2011; Mori et al., 2011). Yamazaki et al. (2018) found the earthquake
had a peak slip of 56 m locatedp-dip of the hypocenter at 480 km from the trench and
another significant slip patch of 20 m average at the northern rupture zone off the Sanriku coast
along the trench. This epicentral slip is consistent with seafloor GPS measurements and other

published fault models based on seismic and tsunami measuselmgnihe rupture to the north
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is not resolvable fromthe seismic record and onipferred by a handful of modetkat include
tsunami observatia(Lay, 2018). The northern nettench slip, which is needed to explain the
40 mrun-up on the Sanriku coast, suggestsupture of the 1896 Sanriku tsunami earthquake

region during the 2011 event with significant implications for tsunami hazard assessment.

The neattrench rupture with low rigidity provides an explanation kmwv magnitudetsunami
earthquakes (Kanamori, 1972). The large observed tsunamop might also be attributed to
wave shoaling over the continental margin from the deep trench. Tsunamis areShnalibhy

water waves with the celerity and group velocity giverciagzg:Mﬁ, whereh is water depth,
andg is the acceleration due to gravity. As waves propagatslape fromhy to hy, the shoaling

coefficient from linear wave theogndan assumption of gentle seafloor slope is

— 1o

*3

(1)

gl
S P

whereCyo and Cy; are evaluated dip andh;. The shoaling coefficient, which provides a first

order estimate of the wave amplitude ratio between the two locations, shows the observed wave
amplitudenear shorehas a positive relati@hip with the source water depth. A tsunami
generated near the trench will have a greater increase in amplitude at the shore. The shoaling

effect becomes more prominent if wave nonlinearity is taken into consideration (USAGI, 200

In tsunami warning, athquake moment magnitude initially calculated usingthe Mwp
algorithm (Tsuboi et al., 1995 The Mwp methodtakesthe first ~20 seconds dhe P-waves
recordedat each sismometerjntegrate twice to convervelocity to moment then picks the
peak in the resulting trace of moment versus tilnget an approximate Mw for the earthquake.
The magnitude determination is automated, stabidtakes about sixninutes though results

are available faster if there are more séisstations near the sourdeor earthquakes ocaurg
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within the Hawaiian Islands the Pacific Tsunami Warning Cen{&TWC) will issue awarning

statement for any shallow coastal or offshore earthquake exceeding magnitude 6.9

(https://www.tsunami.ggv Because théslands are well instrumented, PTWC will issue any

necessary warning within three minutes of the earthquake origin time

While fast, Mwp is only very approximat&/arning centers and seismic observatories therefore
automatically trigger the Vphase source determinati@ihanamori, 1993; Kanamori & Rivera,
2008, for all earthquakes greater than magnitude 6. Thphé&se method looks at multiply
reflectedseismicbody waves at periocs longer than 100 secoado compute both the moment
magnitude anda centroid moment tensoAs presently implementedhé W:phase source
determindion takes about 25 minutésie to the need afata from a broad range of azimuths and
distan@s. Incorporating geodetic data from nsaurceGPSreceivers will soomeducethattime

to <10 min (Lay et al., 2039%Kaneko et al., 2010Segall & Davis, 1997; Blewitt et al., 2006;
Allen & Ziv, 2011).

The Pacific Tsunami Warning Center routinely foresastunams using RIFT (Wang et al.,
2012) areattime forecast moddbased on linear shallewater theoryand the source defined
by the Wphase CMT (if the CMT is not yet available, RIFT is run for au@eesl mechanism
using Mwp) For most events, the RIF€sults are within a factor & DART observationsand
therun time is only a fewminutes(Wang et al., 204). The initial rigidity used in RIFT is 45
GPa but for earthquakeswith slow rupture, theigidity is dropped to about 20 GPa. Slow
rupture can be detectdtom the slowness parameter, whidompareshigh-frequency body

wave energy to the seismic moment (Weinstein & Ok@09.

It is still very challenging to rapidlguantify the fault geomey, slip distribution,anddip angle
for rapid tsunami warning (Titov et al., 2005; Lay et al., 20B®cause the various parameters

of the earthquake jointly affect the amplitude of the tsunami, theaenised forquantitative
4
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analysis of the effects dhe individual parametersinderstanding the roles of key geophysical
parameters on tsunami wave amplitude will help improve tsumaming protocols,
interpretation of earthquake and tsunami records as well as inversion analysis of megathrust

earthquakes

This research utilizea planasfault model of earthquakes and the #igrostatic tsunami code
NEOWAVE of Yamazaki et al. (2009, 2011) to examine relationships between the maximum
tsunami wave amplitude with key parameters such as fault depth, fadéudisize ,andrigidity,
beside the moment magnituddEOWAVE, which accounts fononlinearity, can provide a
realistic description of wave transformation processes overugiper plate seafloor slope
Section 2 summarizes the methodology that includes modeling of seafl@ymdadbn and
tsunami propagation from earthquake faulting as well as the design of the parametric study.
Chapter 3 includethe model resuli from the parametric studgiscussions of the role of each
paranete in the peak tsunami amplitug@ comparison #h the recent interplatearthquake and
tsunami recordsThis is followed by the conclusions and recommendations in Chagterding

the main factors that determine the tsunainecan improve the accuracy odd-time tsunami

warning and reduce thieimanand economic losses caused by the tsunami.



Chapter 2

Methodology

This sectiondescribeseafloordisplacementiueto slippageof a planarfault in an elastichalf-
spaceandthe depthintegratedyoverningequatios for modelingof the resultingnon-hydrostatic
flow. Tsunami modeling includes two important aspects:generationand propagation.It is
generallyacceptedhattsunamigeneratedy seafloordisplacemenareaffectedby the fault size
ard slip andto a certainextentthe rise time. Okada(1985) gives a solution for the seafloor
deformationfrom slippageof a planarfault. The seafloordeformationproducesa positiveanda
negativeseasurfacepulse which undergravitationalforce, oscillateandspreadin the horizontal
direction as a seriesof waves The depthintegratel, non-hydrostaticmodel of Yamazakiet al.
(2009,201)) is usedto describethe wavegeneratiorandpropagationThe vertical velocity from

themovingseaflooris appliedto describehe generatiorof thetsunami

2.1.SeafloorDeformation
The seafloor deformation from earthquakerupture can be computed analytically using
dislocationtheory.Considera homogeneouandelastichalf spacen threedimensionsSteketee
(1958) definedthe displacemenfield dj(xi, X2, x3) dueto a dislocationgp¢{ 3-3», 33) acrossa
surfaceS as
] e .

se SAgVsel bl E Mg @
whered is the Kroneckerdelta,a-and{ are Lame&Xs constantandVy is the direction cosineof
the normalto the infinitesimal surfacedS with the summationconvention.The displacementj;

is thei™ componentat the field point (xi, X, Xs) dueto dislocationin the j™ direction at the

sourcepoint ( 133y, 33).



Okada(1985)derivedthe solutionof equation(2) for a planarfault of lengthL andwidth W in a
Cartesiancoordinatesystem(x, y, 2) that hasbeenusedas a standardor computationof earth
surfacedeformationfrom earthquakeupture.As illustratedin Figurel, the fault planis defined
by the referencedepth, strike angle,and dip angleand ( 4 d,, ds) denotesthe earth surface
displacementn the x, y, andz directions.The planarfault dislocationis denotedby the slip and
therakeangle.The vertical componenbf the seafloordisplacementueto earthquakeuptureis
the primaryexcitationin tsunamigenerationKajiura& Rivera 1981). If anearthquakdappens
beneaththe continentalslope,the horizontaldisplacementlso introducesa vertical motion of
the seafloor. The laboratorystudy of Iwasaki (1982) showsthat a tsunamigeneratedoy the
horizontaldisplacements significantif the seafloorslopeis greateithan1/3. TaniokaandSatake
(1996b) derived a simple geometriccorrectionto the vertical displacemenof the seafloorto

accountfor horizontaldisplacemenbn aslope.

2.2.WaveModel

NEOWAVE (Non-hydrostatic Evolution of Ocean WAVES) is a community model for
compuation of tsunamigenerationpropagationandinundationin a single calculationwithout
externaltransferof data(Yamazakiet al., 2009 2011).The modelhasbeenbenchmarkedy the
National TsunamiHazardMitigation Programfor mappingof coastalinundationand currents
(Yamazakietal., 2012;Bai et al., 2015).The formulationincludesthe non-hydrostatictermsfor
modelingof tsunamigeneratiorandwavedispersion Cartesiarcoordinatesareusedfor tsunami
modelingin this thesisbecauseghe maximumwave amplitudeoccursnearthe sourceand the
curvature of the earth is negligible. Let t denotetime and n is the Manning® soughness
coefficient with a default value of 0.025 The governing equationsdescribeconservationof

momentumn thex, y, andz directiors aswell asflow continuityin thex-y planeas



— 5— 6— G — —— | ——— 3)
— 5— 6— g————i—jE (4)
BT 6o (5)
1:“0 -ﬁ'ﬁ5@$ 16U$ n (©6)

in which (U, V, W) is thedepthaveragedrelocity, ¢ is thewatersurfaceelevation,Q denoteghe
depthaveragednonhydrostaticpressureandD = ¢ + h - d is the flow depth,whereh is the
waterdepthandh is thevertical seafloordisplacementTaniokaandSatakg1996b)give
Oh
d=d,+2 st ad (7)
where the secondand third terms on the right-hand side accountfor the contribution of the

horizontalseafloordisplacemenbn a slope.

The nonthydrostatic model utilizes the vertical velocity componentW to describe wave
dispersionThetsunamicanbe generatedby a staticinitial waveformor dynamicallythroughthe
seaflow vertical displacementover a prescribedrise time. The latter generationmechanism
transfersboth kinetic and potential energyfrom vertical displacemenif the seafloorto the
water.NEOWAVE accountgdor momentumtransferfrom the vertical to the horizontal direction
during seafloorexcitation and describespropagationof tsunamiwavesaway from the source
simultaneouslyThis might resultsin a waveformat the end of the rupturedifferent from the

staticseafloordisplacemen(e.g.,Li etal., 2016).



2.3. ModelsSetup

A simplified oceanmegathrusimodelis utilized to investigatethe influence of fault dip, fault
depth, fault size, water depth, and rigidity on the peak tsunamiwave amplitude. Figure 2
providesa sectionaliew of the modelsetupwith the planarfault solutionandNEOWAVE. The
x-axisis alongthe modelcenterlinepointingtowardthe subductioreoneandits origin is directly
abovethe upperedgeof the plateinterface,while the z-axis is pointing upwardfrom the initial
seasurface.The y-axis, which is not shownin the figure, is alongthe upperedgeof the fault
planepointing into the page The rectangulafault with lengthL andwidth W is seton the plat
interfacewith its upperedgeis alongthe trench.The referencedepthd is definedasthe vertical
distancefrom the original seafloorto the upperedgeof the fault. The waterdepthhg is measured
from the initial seasurfaceto the abyssalplain to distinguishthe water depth h, which is a
function of x. The vertical seafloordisplacement] is definedby equation(7) and g is the sea

surfaceelevationgeneratedby the seafloordisplacemenasafunctionof time.

Allen and Hayes (2017) provide rupturescaling relationshig for fault length and width as
functiors of Mw for subductionearthquake¢Tablel1). Therelationshipsarebasedon morethan
160finite fault modelsof earthquakesince1l990andsourcemodelsof the 1952 KamchatkaViw
8.9, the 1957 Aleutian IslandsMw 8.6, the 1960 ConcepcionMw 9.5, and the 1964 Prince
William SoundMw 9.3 earthquake®efore1990. In the scalingrelationshifg, the fault width is
saturatedat 196 km when earthquake are greater than Mw 8.6, becausethe physical
characteristicof the subductionzone limit the depth range of the rupture. The finite fault
models, which were determined from seismic wave inversion, depict nonruniform and
sometimessomplexdistributionsof slip (Hayeset al., 2015). Although Allen andHayes(2017)
removesub-faults whoseslip is lessthan 15% of the maximum dueto the irregularity of the

actualfault geometry when a rectangularareais usedto representhe fault, it is inevitableto
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include subfaults which are outsideof the actualfault asillustratedin Figure3. Comparedwith

the primary earthquakescaling relationshipfrom Wells and Coppersmith(1994), Allen and
Hayes(2017) might underestimatéhe averageslip and overestimatehe fault width. Brengman
et al. (2019)find that the scalingrelationshipg from Allen and Hayes(2017) might be poorly
constraineddueto the small magnituderangein the databaseisedand multiple regressioa can
fit the datarangeequally well. Comparedwith the fault scaling relationshig developedby
Brengmanet al. (2019), Allen and Hayes(2017) might underestimatehe down-dip fault size.
Therefore the scalingrelationsrepresenthe averageconditionsfrom a datasebdf limited sizeto

provide a referenceor baselinefor comparison.Numerousstudieson finite fault inversion of

seismiceventsshow that the majority of slip is concentratedn subfaults over a much smaller
area(Yamazakiet al., 2018, Ye et al., 2016,Fuentestal., 2016,Newmanet al., 2011,Ammon
etal., 2006) Consideringthe sensitivityof a tsunamito fault slip, it is necessaryo considerthe

tradeoff betweerfault slip andsize.

Tablel. InterfaceRuptureScaling Coefficients from Allen and Hayes (2017)

Function a b Condition*
logL (km)=a b Mw -290 0.63 -
-1.91 048 Mw O 8. 67

logW (km)=a b Mw ]
2.29 0.00 Mw O 8. 67

* All interfacerelationshipsarevalid from 7.1 OMw 09.5.

The scaling relations of Allen and Hayes (2017) provide the fault dimensionsL and W as
functionsof the momentmagnitude which is relatedto the seismicmomentM, by Kanamori

(1977)as

My 3| Vg-60 3 (8)
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Theslip is computedrom the seismicmomentfrom Aki (1966)
- 13 9

whereG is rigidity (shearmodulus),A = L x W is the rupturearea,and S is the averageslip
during rupture.Therigidity, which dependson the rock layer anddepth hasa rangefrom 20 to
75 GPain the Preliminary ReferenceEarth Model (PREM). Bilek & Lay (1999), however,

suggestmuchwider rangeinferredfrom the stressdropsin 291 earthquakevents.

2.4 Parametic Study

The key parameterinfluencingtsunamiamplitudeincludethe referencedepthd, waterdepthh,
dip angled, andthe earthquakanagnitude which in turn determineghe fault dimensionsand
slip. With the strike andrakeanglesassumedo be0 and90 , eachrupturescenarids described
by a planarfault in termsof the referencedepth, dip angle, fault dimensons, and slip. The
ruptureis assumedo occursimultaneoushacrossthe fault planewith a rise time of 15 secfor
modelingof tsunamigeneration Sincetsunamiwaveshavea muchlongerperiod, the rise time
within its typical range has negligible effects on the resulting tsunami(Li et al., 2016). The
modelsettingsaredividedinto SuitesA, B, C, andD to examineeffectsof individual parameters

onthetsunamiwaveamplitudeaswell astheirinterplay.

Table 2 providesan overview of the parametersisedfor all models The NEOWAVE domain
hasa rectangulamplanform andits crosssectionat its centerlineis illustratedin Figure 2. The
domainis 1000km by 800km in thex andy directiors for earthquakewith Mw < 9.5and1000
km x 1600 km for earthquaks with Mw 9.5. A 1-km grid sizeis sufficientto resolvetsunami
wavesover flat bottom,anda 500-m grid is used whena bottom slopebottomis involved, to

betteraccountfor wave shoalingandreflectionfrom landmass All model sutes coverthe dip
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anglefrom 5 to 25°. Suite A simulatesearthquakesinderneatta flat seafloorwith g = 0°, while
varyingthe fault dip anddepthin turn to examine their influenceon tsunamigenigotential A
waterdepthof 5 km is typical at oceanictrencheswheremosttsunamgenicearthquakesccur.
Thefault width andlengtharedeterminedrom Allen andHayesto be 85 km and138km for the
Mw 8.0 earthquakeThe seismicmomentof 1.26x1G* Nm and 40 GParigidity give 1.34m

averageslip. Theresultsfor aflat seafloorprovidea baselineandareferencdor comparison.

Suite B simulatesearthquakeswhich rupturesthe shallow part of a subductionzoneduring a
megathrusevent.The seafloordeformationfor the Mw 8.0 earthquakeemainsthe samefor the
givenreferencedepthof 0 km asin Suite A. A rangeof waterdepthsis utilized to explorethe
contributiors from wave shoalingover the upperplate slopeandreflectionfrom landmassThe
slopeis setat 2°, sincewaveshoalingis generallyindependenof the gentleslopetypical of most
continentalmargins The planar fault solution of Okada(1985) is basedon a half space,the
effective dip angle including the seafloor slope is used in the computation of seafloor
deformation.Suite C modelsare setto demonstratéhe effectsof fault width andrigidity. The
narrowfault is definedas having half of the width from Allen and Hayes(2017) andtwice the
slip for the sameseismicmoment.Rigidity with 40 GPais typical but not suitablefor shallow

ruptureearthquakeThe slip increasedurther by a factor rangingfrom 4 to 8 to comparewith

SuiteA andB by decreasingherigidly from 40to 10 GPa

Table2. Parameteyused as models inputs

Rel. Dip Angles
Model Mw Rigidity Fault Dep. P ©) 9 Water depth
(km)
. 0,5,10, 5,10, 15, 20, .
A 8.0 40 Wide 15, 20 o5 5 km uniform
. 5,10, 15,20, 3,4,5,6km
B 8.0 40 Wide 0 25 with 2° slope
Narrow, 5,10, 15, 20, 5 km with 2
1 8.0 40 Wide 0 25 slope
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10, 20, 5,10, 15,20, 5 kmwith 2

C2 8.0 30, 40 Narrow 0 o5 slope

o0 I 6 we SR SmE Smmwe
o 1155 o wwew 038 SmB S
D3 g'_%" g'%’ 5% 51020 Narow 0 505+ > kr;(\)/\g;h 2

*The rigidity reverts to 40 GPa below 15 km from the sea surface accordiayg & al.(2012)

**Computation to identify the maximum sea surfatevation within the range of dip angle

The modelsin Suite D examinethe interplay betweenrigidity, fault width, andreferencedepth
aswell asthe scalingwith earthquakemagnitudefor comparisonwith historical records.The
seafloorslopeand water depth arefixed at representativeraluesof 2 and5 km, respectively.
Therigidity is 40 GPain Suites D1 andD2, in which the referencalepthis variedto exploreits
effects on tsunamisize. Decreasinghe rigidity down to 5 GPain Suite D3 can describethe
shallowslip earthquakein thelimiting conditions Lay et al. (2012)give anestimateof average
sourceregionrigidity asafunction of the sourcedepth Rigidity of 5 GPamostly existslessthan
~10 km from the seasurface As the sourcedepthincreasedo 15 km, the rigidity increases
approximatehfinearly to ~20 GPa.Rigidity in deptts from 15 to 30 km belowthe seasurfaceis
in arangeof 20to 40 GPa.Therigidity of 5 to 20 GPais not applicableto deeprupture sothe
valueis revertedio 40 GPabelow 15 km from the seasurfacewhile the seismicmomentremains

uniform overthefault.

The earthquakemagnituderanges from 7.0 to 9.5 for mostcasesn SuitesC, D1, D2, and D3,
exceptfor caseswith largereferencedeptrs or low rigidity, in which the earthquakenagnitudeas
cappedat 8.0 or 8.5. This is becausehe fault depthlimits the earthquakemagnitude.Large

earthquakenagnitudes not suitablefor caseswith rigidity of 5 GPaeither,assuchlow rigidity
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only existsin the shallowestpart of a fault and typically do not contributeto seismicevents

greaterthanMw 8.0 (Lay etal., 2012)
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Chapter 3

Results and Discussion

The parametricstudy ofmegathrusearthquake and tsunami properties is divided fioiw stages.
The first stagautilizesan Mw 8.0 earthquakenderneatta flat seafloor,and by changinghe dip

and reference deptbtudesther roles in generation of a tsunami. Secondly, the flat seafloor is
connectedo a twoedegree slope texamine shoalingf the tsunamwith water deptl from 3km

to 6 km and reference deptifrom 0 km to 10 km. Thirdly, by keepng the Mw at 8.0 and
varying the slip according to Equation (e effects of fault width and rigidity are studied.
Lastly, the peak tsunami amplitude is computad a function okarthquake magnitude along

with ranges of fault parametersittentify the bestnatchwith records fron historical events.

3.1 Tsunami Properties on Fl&eafloor

The main cause of tsunasnis underwater earthquakeprimarily from dip-slip faulfs,
characterized by theertical displacementomponenbf the motionalong the fault plane. Large
scale changes in the seaflalisplace wateand generate tsunasniThe main factors affecting
the tsunand are the magnitude of the earthquake, fthdting mechanism, and the depth of the
source. In Model A, the seafloor sgmplified as flat to eliminate effexbf wave shoaling and
with a Mw 8.0 earthquakand5 km water depththe effects of dip angle and fault depth on

seafloor deformation andunami generatioarestudied.

The seafloor deformation, as shown Rigure 4 includesuplift over most of the fauland
subsidence toward the downdgnd and beyond.The deformationis maximum along the
centerline and is rather uniform over the length with rapid attenuation on the two Bigeses
5 and 6 provide the deformatigrofiles arranged to highlight the effects of tdg angle and
reference depthespectively The upliftis discontinuous when the fault reaches the seafara,

is equal to the vertical componenttb€ slip motion With the reference depth slightly increased
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from O to 5 kmthe discontinuity disappears, anga@nteduplift patchappearsnstead The peak

uplift is larger than theertical component othe slip motion due toelastic deformatiorcreated

by the entire faultWith thereference deptincreasd from 5to 25km, theuplift patch widens

and the vertical displacemevdries witha factor of 3.4 for dip angle of 5° and a factor of 1.3 for

dip angle of 25°The peak subsidencgnot semsitive to the range of reference depths considered,
while the deformation field becomes more gradual and spread out with increasing reference
depth When the dip angland reference depth asenall, theuplift and subsidence amaore

localizeddue to proxmity to theseafloorconsistentwitt5t . Venant 6s Principl e

Figure7 summarizes the peak uplift and subsideasdunctions othe dip angle and reference
depth. The uplift increases with the dip angle due to the larger vertical componentsbp the
motion, while the subsidence is shallower with larger dip @djle to the deeper downdip end

of the fault.Conversely the reference depth hagreater influence on the uplift due goeater
proximity of the updip end of the fault to the seaflobine peak uplift is identical to the vertical
component of the fault motion when the fault pierces the seaflber.upliftincreases sharply
when the fault is just below the seafloor dwe the large elastic deformation that should
otherwisebe a crack. Tl artifact quickly attenuates with increasing reference depth as the

deformation can largelyebdescribed by the elastic halfacemodel

The dynamic seafloor displacemdrdnsfers potential and kinetic energy into the watérich
generates tsunami Figures 8 and 9compare theeafloor deformation and sea surface elevation

at the end of these time whichlasts15s in the modeld/hen the reference depth is zeifwe
abruptuplift generates a rarefaction on the main pulseaanahsientshock that transitiaginto a
secondary wave across the discontinuUgince the uplift patch is width compared to the water
depth, the surface pulse has a very similar amplitude as the uplift despite the rarefaction. The
localized subsidence results inshallower and wider negative pulse at the surfé&ted km

reference depth, the narrow uplift produces a wider sea surface pulse with smaller amplitude due
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to spreading of the seafloor excitation over the water coluButh effects diminish with

increasig reference depth as the seafloor deformation becgerdker

The attenuation of the seafloor excitation to the sea surface is of particular interest for tsunami
modeling.Figure 10showsthe maximum and minimurseasurface elevatiahat the end of the
rupture. The initial surgeis affectedby the shape of upliftwhile the drawdownis not as
sensitiveto the subsidencer the fault reference deptkiguresll and12 show he ratie of the
initial sea surfacelevation to the seafloor displacemantthepeak uplift and subsidencEor
surfacepiercing faults, the ratitor the surges close to onéor small dip anglsdue to the rather
uniform uplift above most of the fault. Tlggadual decrease wiihcreasingdip angle reflects
the declining uplift in the downdip directiorassociated with a deeper lower edge of the .fault
The ratio decreases dramaticdligm O to5 kmreference depth due to the pointed narrow uplift
patchand reduced effectiveness in pushing the wateFapburied faultsthe width of the uplift
patchand consequently the ratwth the surgencrease with the dip angle and reference depth.
The subsidencgenerallygets shalloweand widerwith increasing dip angle and reference depth.
The ratiowith the sea surface drawdovhas a more monotoniacreasing trend witlthe dip

angle and reference depth.

With the seafloor excitation defined, the computation continuesrfehour of elapsed time to
fully develop the tsunami flow in the domain. FigurE3 and 14 provide examplg of the
computed maximum and minimum sea surface elevatiims maximumsea surface elevation
generally occurs above the maximum upidt flat bottom exceptfor the model with 5 dip
angle and 0 km reference depilhwhich the maximum sea surface elevation occurs ab@it

km away from the maximum uplift due twmnstructive interference of the waves generated by
the uplift and subsidencd-or 5° dip angle, the maximum drawdown is caused deep
subsidence. When the dimgle is relativiy large (18\- 25°), thesubsidence is small and the
maximum drawdown is generated near the maximum ugli# to free surface oscillations

generated by the large initial positive pulse
17



Figure 15shows the maximum surge and drawdown from Model A as a function of dip angle
and reference deptfihe results closely correspond to those at the end of the rupture in Eigure
with a few exceptions when the constructive interference of the waves femptit and
subsidence prattes augment the initial surgéompared the maximusurgein Figure 15 with

the maximumuplift in Figure 7, it can be seen thatarger uplift peakdoes not always give a
larger initial sea surface displacement. For examplaula with 5 km reference depth generates

a largeruplift peak buta smaller tsunamin comparison tahe fault with a 10 km reference depth

The shallower fault produces steeper uplift, which is less effeatiyeishing the water ufeven

when static iitial conditions are usedsatake et al. (2017) indicate that tsunami heights are
largerfor deeper subfaultf 3.5- 7 km than for shallower subfasibf O to 3.5 km inmodeling of

the 1896 Sanriku earthquakihe sensitivity of the maximum surge to refiece depth becomes
weaker with increasing depth and dip, which
and the change in the vertical component of fault slip. Generally, the maximum surge increases
and then decreases with the reference depthialtiee change iboth the uplift peakand width.

The shape of deformation dominates the initial wawgplitude and there exists an optimal
reference depth (which is 15 kmtime ModelSuite A) when the deformation is most efficient at
displacing water.Large sea surface drawdowns occat two locationsduring the tsunami
generation. One occurs simultaneously with the seismic activity by the subsidence. The second is
caused by thdescendingnitial pulseafterthe seismic activity endés the dip angléncreases,

the peak value of subsidence decreases significantly, and the maximum drawdown shifts from

the faultds | ower edge to its wupper edge.

3.2 Tsunami Properties on Slope

The modeling with a flat seafloor has established a baseline for investigztiovave
transformation on a 2slope representativef the upper platehrough Model Suite BThe

earthquake magnitude remains at 8.0 in this series of Téwiseference depth is measured from
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the sloping seafloor and tidp angle from the horizontaloption of the seaflooas shown in
Figure 2.Theseafloor slope effectively increase dip angle. Besides the uplift, the subsidence
also contributes to thimitial wave especially formodels withsmall dip anglesvhich generate

large subsidencé-igures 16 and I7 showthe seafloor deformation and surface elevation at the
end of therupturein termsof the dip angldor reference depthof0 km and 5km respectively

The rupture produces an initial surge updip and drawdown adjacent to theT$teotarizontal
motion of the sloping seafloor in the offshore direction augments the surge, while reducing the

drawdown.

Both wave shoaling anahteractionon the slope depend on the water deptbures 18 and 19
showthe maximum and minimum surface elevasiomer the computational domdor 4, 5, and
6 km water deptlat the abyssal plainThe peaksurge and drawdown occur at the shorelire
increasein water depth exterscthe width of the slopeand enhances theaximum surgeThe
complete set of results in Figu2® shows the same patterfhis is consistent witlthe shoaling
coefficient in Equation (1), which indicaen increase in neahore wave amplitude witthe
water depthat the initial wave Besidesan increase of the water demhouldenhance wave

propagation toward the shotta.shallow water, the dispersion relation is expressed as

A CE (10)
in which
E E QOAI (11)

where R is the water depth at the abyssal plain and is the seafloor (@eee-igure 2)The

gradient of the celeritis given by

— — (12)
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As the water depthy increass, the gradient of the celerityecreaseand more energy from the
initial pulse propagates toward the shoBoth the shoaling process and celerity gradient

elucidate the reason thitie surge at thehore increasesith the water depth

The time series of the surface elevatae analyzed taunderstand the interaction between the
waves generated by the initial surge and drawdofgure 21 showsthe time histories of the
incident and reflected wavegth hy = 5 km and5° dip angle The trough of the incident wave
arrives atthe shore inducing a drawdown at 13 mins8@ andthen thewater surfaceebounds
andruns upon the slopeMeanwhile,the crest otheinitial wave arrivesat 15 min 39 se@nd
the runrup from the combined energyeachesthe maximum at 17 min 6 se@uring the
drawdown on the slopdt can be clearly seen that the trough of the initial wave becameak

of thereflected waveandthe crestof the initial wave becomes a trougithether therough and
crestcan be superimposed to strengthen the satghe shorelepends on the wavelength and
period. The wavelength relates to t#aeilt width as a function of Myward the period can be
expressed as the wavelength divided bycitleritywhere the tsunami was generateéd.addition
the increase in water depth decreases the imaakatthe end ofuptureprocessbut this effect

only contributs to at most 3%ef the surge or drawdown at the sharel is negligible.

Figure 22 plots the maximum surge and drawdown on the slope as a function of dip angle and
reference depth. The surge is the highest when the reference depth is zero and the dip angle is
large as tre fault is located furthest from land and the seafloor deformation occurs at deeper
water By increasing the reference demthdecreasing the dip angba dipping bottom, the fault

move towards to the shorénce part of the fault iscloseto or belowdry land, there is less
energyfor the tsunami generatiorAn increase in dip angler reference deptbontributes to the
depth of the faultds | oweThe sulbigeace appahrs to playuac e s

minor role in the drawdown, which actuaihcreases with these two parameters.
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The dipping seafloor simplymimics the role ofupper plateslopes in the process of tsunami
generation andghoaling The water depth and the seafloor slope afféiseé amount of energy
propagation on and offshor@hoaling issnhancedvith anincrease of water deptAn important
finding is thatthe negative pulse generated by subsidence bragfleced asa positive pulse
with considerable contribution to the surge at the shauptiRe of deep faudtbeneath dryand,
explains whythe 2012 Costa Ricaearthquakewith considerable magnitudeoroducel an

extremelysmalltsunami(Liu et al., 201%.

3.3 Effects of Fault Width and Rigidity on Tsunami Properties

The fault size in ModslA and Bis calculated fronthe rupturescalingrelationshipof Allen and
Hayes (2017andis representative ain averageupturearea instead of thenost tsunamigenic
peak slip regionin addition, the rigidity of 40 GPa is on the high side of the range suggested by
Lay et al. (2012jor shallow faulting Thevariationof fault size and rigidityalters theslip for the

same seismic moment and subsequently tsunami amplitul¥edel Suite Ciwo series of tests

areusedto evaluatahe effect of fault widtrandrigidity on tsunamamplitude

Model C1 hasa reference depth of 0 km, and the rigidity is retld0 GPawith a given Mw 8.0
Setting the potencyA( S) as constant allosvadjustment of the rupture area or slip to modify
the seafloor deformation while maintaig the sameseismic moment. The fault width of 83 km
obtained from Allen and Hayes (2017) prowa@ereference. A test with the fault width reduced
by half and the slip doubled examines the interplay between the two passimetee same Mw
8.0. The resulting fault dimensions of 42.5 km by 138 km are close to wekdteen postulated
for the 1896 Sanriku earthquake (Tanioka et al., 996

Figure B shows the results of Model CAs the fault width is halved and the slip is doubled, the
maximum surge isapproximately doubledShortening the width of the fautlecreases the

wavdength and placeghe initial tsunami wave at a larger average water depihcrease the
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shoalingcoefficient In addition, thelower edge of the faulat a shallower depttbeneath the
seafloorenhances the subsiden@ée effects become more pronounced for large dip angles with
more than 100% increase of the peak surge from the referenceAtthseigh the maximum
drawdown increases with the increase of sipsediy the narrowing of the fault width, it is not

as prominent as the maximum surge. Timay be explained by the nonlinear Cnoidal wave
theoryfor shallowwater wavesWhile the crest has direct relationship with the wave height,

the trough is controlled nonlinearly by theve height anadvavelength. Théarger wave height
andshorter wavelength from the narrow fault result in a slight increase of the trough depth and

consequentlyhedrawdown at the shore in comparison to the reference.

The rigidity of 40 GPa might be high for the shallow, trench piercing Sbpfiind a reasonable
value for faults with different depth Bilek & Lay (1999)and Lay et al. (2012)provide a
relationship beveen rigidity and fauldepth. Generally, increasing in fault depth leadsaio
increase in rigidity, and the small rigidionly exist at deptls of less than 15 km from the sea
surface.Model C2 keep the model setup with a narrow faa$ in Model C1The rigidity is
reducedrom 40to 30, 20, and 10 GHa turn with corresponding slip incresto maintain the
sameMw 8.0. When compared to thede fault from Allen and Hayes (2017), the slip iaased

by a factor of up to 8 imodel setC2. Figure 24shows that lowr rigidity andlarger dip angle
producelarger tsunansi Decreasingherigidity leads toanincrease of slip for a given Mw. The
result shown in Figure 25 indicates that the tsunami size is nearly proportional to the ghip for a
earthquakesvith the same fault sizelhe slip change caused by the change of fault size or
rigidity is a more direcfactor that affects tsunami sizeThe fault width and rigidity affecthe
tsunami waveamplitude through the amount of slip and the subsegsesdtoor deformation
from Okada (1986)Low rigidity results ina larger tsunamior the same moment magnitude
This result is consistent with tlaservations oKanamori (1972) that the tsunami earthqyake
which producesinexpectely large tsunami forts seismic momenboccurrel at shallow depth

with low rigidity. Model C indicates that earthquakesthe same moment magnitude may
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generate tsunamiwith abroadrangeof amplitudedue to theamount of slipcaused by the
different fault sizes and rigidityfhisis also one of the reasons why the method of using only the

earthquakenagnitude to predict thisunamisize is quick but not reliable.

3.4 Comparison with Recent Events

Issuance ofdunami warning is usually based on a limited amount of information obtained
within ashort period otime after a submarine earthqualkd presentthe available information
includesthe earthquake intensity calculated from the initisdufd Swave seismic signals, Deep
ocean Assessment and Reporting of Tsunami (DART) data as well atmealGPS
observations (Titov et al., 2016, Huang et al., 20Tipse data can be obtained within a short
period of time, but lacks resolution to fully define the fault geometrydiailed tsunami

modeling.

Lay et al. (2019¢onsidered thenaximum sea surface elevatssmd Mw for 52 interplate thrust
events from the NOAA Global Historical Tsunami Database

(https://www.ngdc.naa.gov/hazard/tsu_db.sh)rand estimated whethéne rupture has at least

some slip at shallow depth for each evefhe maximum tsunamamplitude of the events
includes a combination of localunup, tide gauge measurements, and pressure sensor
observationsThe compileddata in Figure26 illustrates thaseismic events with the same Mw

can generate tsunamis with peak amplitudes of up to two orders of magnitude variability. The
size of a tsunami is not a unique function of Mw. Other seismic deas) like fault depth and

fault size, and mantle physical properties are also responsible ftsuthemi size by affecting

the deformation of earth surface (Okal, 1988; Kanamori, 1972).

Simplified seismic models terms offault size, rigidty, reference depth, and dip angle are used
to compare with the data compiled and analyzed by Lay et al. (2Bib@ye 2 illustrates the

crosssection of thenegathrust and oceamodel. The water depth in Model Suite D is 5 km with
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an upper plateslope of 2. Threesets of fault are considered. The first set utilsabe fault width
determined from the scaling relation of Allen and Hayes (2@hdxhe typical 40 GPa rigidity
to provide a baseline for comparison. T¢erondset uses a narrow fault with half the width
from Allen and Hayes (2017and 40 GPa rigidity tanimic the common situation that the
majority of slip concentrates dhe part of the fault areal'he third set ussa narrow fault and by

changing the rigidity explosghe effect of source remn rigidity ontsunamisize.

Figure Z showsthe results from the wide faulith 40 GParigidity at0, 5, 10,15, and 2&km
reference depthThe results in section 3.2 show the tsunami amplitude increases with the dip
angles.The maxseasurfaceelevations aré¢huscomputed for 5to 25°dip angles and plotted as
rangesA value of 40 GPa is approximately the average rigidity of great earthquakes with a
source depth from 15 to 35 km (Lay et al., 2012). The tsunami amplitude appears to saturate
betwveen 10 to 15 km reference deplihe wider and deeper fapkspecially witha small dip

angle can extend belowdry land truncang the energy contributing tthe tsunami.The lower

edge of the green band the Figure 27, which corresponds to 0 km reference deptigws a
prominentdrop from Mw 8.0 to 8.5.This can be explained by Figu?8, which showsthe fault
producessubsidence ahe shorelinavith little contribution to the tsunanWhen the Mw is 9.0,

the referene depth is 0 km, and the dip angle i§ &e corresponding mamum surge is
abnormally small for the magnitudbecausehe entire subsidence is on lafithe cases with a 20

km reference depth cover the observed tsunami with amplitude less thahhisipoints to the
concept that small tsunamis may be generated by earthquakeBighithgidity at the deeper
partof the plate interfaceModelswith 0-15 km reference depth cannot cover the major events,
indicatingthat40 GPa rigidity is not typical for shaw-slip earthquakedt is infrequentfor an
earthquake with a deep fawdt have large magnitugdeo the bands of results for 15 and 20 km

reference depths are truncated at Mw 8.5 and 8.0, respectively.

Reducing the fault size can increase the slip and shift the initial tsunami wave to deeper water for

a given Mw. Larger slip corresponds to larger seafloor deformation and initial waves at deeper
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water give a larger shoaling coefficient that increasesstinge at the shore. With the narrow
fault, the models can cover tsunami events up to ~8bserved amplitudeincluding those
generated by earthquakes without shallow ruptime could not cover all of the smaller
tsunamis, especially whose amplitude asvér than ~0.4 m (Figur@9). This suggestghat
seismic fauls that produced the small tsunamaredeeper and larger in argaowever,this does
not rule outsome ofthe recorded tsunami wave amplitadeingsmaller than the actusblues
due tolimited measuremestavailableat tidal gaugs. Regardless of whether it is a narrow fault
or a wide fault, the barsdvith a reference depth of 20 kare wider than the others. This is
because the lowdyoundcorresponds to 5° dip angle and the majority of tHerdeation is on
the land. A rigidity of 40 GPa is an overestimate for the shadligpvearthquakes 0 to 15 km
depth, where the rigiditgan rangdrom 5 to 30 GPa (Lay et al., 2012; Bilek & Lay, 1999).

Reducing the rigidity is more effective to increasip for a given earthquake magnitutiean
halvingthe faultwidth, which only doublsthe slip By decreasing the rigidity from 40 5 GPa,

the slip can multiply by a factor of 8, which prods@ much larger tsunami. For cases with
rigidity less than 4@Pa, therigidity of the faultbelow 15 km from the sea surface is 40 GPa,
since low rigidity is notpplicablefor large depthEarthquakes with 10 GPa rigidity can explain
many of the shallovelip eventsFigure 30 shows that models with 5 GPa rigidity can cover most
tsunami earthquakes, except for 1998 Papua New Guinea earthquake, in which a submarine
slump also played a role in the tsunami amplitude (Synolakis et al., 2002), and 2006 Java
earthquake, whit may have focused then-up on Central Java due to a submarine canyon

( Fritz et al., 2007)Massive coastal slumping also contributes to the 1992 Flore tsunami as well
(Hidayat et al., 1995)The model results also provide a reasonable descriptioneofathest
events from the records. TI&904 Sumatraeventlikely hasa peak tsunami augemted by a

splay fault, which becomes steeper as it approaching the seafloor (Moore et al., 2@0&xsw

theTohoku 201learthquake has a dip angle at ~10° (Shaab. €2011).
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Figure 3 provides selected results from Figur&s 29, and30to best cover the full range of the
observed data and illustrate how the tsunami size depends on earthquake moment magnitude as
well as rigidity, reference depth, and fault size. Models with typical rigidity of 40 GPa and
standard fault size from Allen dnHayes (2017) can only account for small tsunami events
generated by earthquakes with no shallow. 8igsidesharrowing down the fault, decreasing the
rigidity, especially for shallow earthquakes, can increase the slip and extend the coverage to
large tsinami events with surface elevation reaching ~4%on.earthquakes with a certain Mw,
althoughchanging the depth of the source can change the shape of the seafloor deformation to
affect the tsunansize the depthdependent rigidity directly affects tiséip, and plays a primary

role in determining the tsunami size. The low rigidity at shallow degihfirmsthe mechanism

of tsunami earthquakes arekplains thelarge range ofobservedsea surface elevatisrfor

earthquakes of a givanagnitude
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Chapter 4

Conclusiors and Recommendations

A parametric study with simplified seismic and bathymetry neodah systematically describe

the relationship between peak tsunami amplitude and key seismic paramgitgsientatiorof
seismic modeldeneatha flat seaflooprovidesa quantitative relationship between tsunami size
and seafloor deformation in terms of dip angle and fault depth. The results show vertical
attenuation and horizontal spreading of seafloor excitaven he water columm@nd large uplift

over a small area does not necessarily translate to high tsunamigenic pol&etiake ofan
abutting2° upper plateslope explairs the relative spatial position between the fault and shoreline
as the dip angle and refe® depth vary. Wave shoaling and the percentage of wave ¢hatgy
propagate to the shore are affected by the water depth where the earthquake occurs. The
subsidence also contribgte the surge, and the wave amplitude at the sisaaitso influenced

by the fault width and water depth. By comparing the computed and recorded maximum sea
surface elevatia it is confirmed that the rigidity plays a leading role in the size of a tsunami for
a given Mw. The results quantitatively support that the digptmmate flood hazards from
tsunami earthquakes are due to the low source region rigidity at the shallow Oépmeh.
geophysical factors also interact with each other and jointly determine the size of the sunami

the secondary level

Many mature techologies have been successfully appliedvarning offar-field tsunams. The
Global Seismgraphic Networlas well as other seismic observation netwolike the Advanced
National Seismic System and volunteering monitortrgasmit waveform datan reakttime for
rapid earthquakassessmenfAutomatic and rapid pogirocessing of seismic wave data allows
tsunami warningso be issued within 30 minutexfter an earthquake DARTs can capture the
tsunami waveform and helpimprove the reliability of tsunami warning,and this is very

important when the rupture is sloWowever, for locatsunamievents, recorded watégvel data
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is often lackng until the wave hit the shoreA largescale dense cabled seafloor observation
network called the ®et which has beennstalled along the Japan Trensimce May 2016
provides reatime tsunami data by using ocean bottom pressemsorgMochizuki et al., 2018
Inoue et al., 2019)The S-net successfully detected the 2016 Fukushima tsunami with Mw 7.4
(Gugman et al., 2017)For regionslacking areaktime tsunami observation system, it is very
important to improve the rapidtsunami forecasby detecting longperiod signals irreakttime
seismic datglLay et al., 2019)Since the rigidity decreases updip, the focal depth estimated
immediately after an earthquake might shed light on the potential of a tsunami eartfidneake.
two ordersof magnitudevariability in tsunami size for a given earthquake magnitude highklight

the importance of prdetermination of source region rigidity in regional tsuntorecast.

This thesis has provided amroductionto the relationship betwegreaktsunami amplitudend
earthquake magnitude improved by fault depth, dip angle, faultasizesource region rigidity.
The use ofa simplified rectangular fault mighiring uncertaintiesbut provide a generiemodel

to cover and represeriie observed event$he model resolution used in this study can capture
wave shoaling from the tsunami source to the shore and reflection from lanthmosesssing the
resolution of the neashore part of the moded needed t@ive a better descption of therun-up

for site-specific analysisFuture work includethe application of &nite-fault rupture model to a
curved surface and to account for rigidity variation with deptimodelingof specifictsunami

eathquake for insights into the specific mechanisms
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Figure 4. Seafloor vertical displacement from Model A as a function of dip angle and reference depth.
Red dottedrectangles delineate fault areas. White stars and yellow stars indicate the locations of

maximum uplift and subsidence, respectively, and their values are indicated by labels in corresponding
colors.
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Figure 6. Seafloor vertical displacement from Model A along fault centerline as a function of reference
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Figure 7. Maximum uplift and subsidence from Model A as functions of dip angle and reference depth
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Figure 8. Comparison of seafloor deformation and iniseh surfacelevationfor flat seafloor with 5000
m water depthDotted and solidines denote seafloor vertical displacement and initial sea surface
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Figure 9. Comparison of seafloor deformation and inisala surfacelevationfor a flat seafloor with
5000 m water depttDotted and solid lines denote seafloor vertical displacement and initial sea surface
elevations.
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Figure 10. Peaksurge and drawdown at the end of the rupture for Model A as function of dip angle and
reference depth for 5 km water depth.
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Figure 11. The ratio ofinitial surge to uplift agfunction of dip angle and reference depth.
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Figure 12 The ratio ofinitial drawdown to subsidence asunction of dip angle and reference depth.
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Figure 13. The maximum sea surface elevation from Model A as a function of dip angle and reference

depth for 5 km water depth. The red dotted rectangles denote the fault area. White stars and labels
indicate the location and maximum sea surface elevation
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Figure 14. The minimum sea surface elevation from Model A as a functi@ip angle and reference

depth for 5 km water depth. The red dotted rectangles denote the fault area. Yellow stars and labels
indicate the location and the minimum elevation.
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Figure 15. Maximum surge and drawdown from Modela& function of dip angle and reference depth
for 5 km water depth.
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Figure 16. Seafloor displacement and sea surface elevation as functions of dip angle for 0 km reference
fault depth and 5 km water depth. The dotted yelow blue lines indicates the initial seafloor with 2°
dipping angle and the initial sea surface.
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Figure 17. Seafloor displacement and sea surface elevation as functions of dip angle for 5 km reference
fault depth and 5 km watetepth. The dotted yellow and blue lines indicate the initial seafloor with 2°
dipping angle and the initial sea surface.
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Figure 18 Maximum a surface elevation from Model B as a function of dip angle and water depth for 0
km reference depthThe blue line shows the location of the trench, and the red dotted rectangles denote

the fault. The uniformed blue color on the right side of each panel is land. White stars aimtliabt
the location and the peak surface elevation.

44



Dip Angle = 5°

Dip Angle = 25°

y (km)

y (km)

y (km)

1.0 (m)

Figure 19. Minimum sea surface elevation from Model B as a function of dip angle and water depth for 0
km reference depth. The blue line shows the location of the trench and red dotted rectangles denote the

fault area. Thauniformed blue color on the right side of each panel is dry land. Yellow stars and labels
indicate the location and minimum ssarface elevation.
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Figure 20. Maximum surge and drawdown from Model B as functions of dip angle atet wepth for O
km reference depth.
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Figure 21. Selected wave profiles at different time for 5 km water depth, 0 km reference depth and 5°
dip angle. The light brown dashed and solid lines represent the initial and detmafiedr profiles.
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