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Assessmendf a NonlinearDynamicRupturelnversionTechnique

Applied to a SyntheticEarthquake
by SiobhanM. Corish,ChrisR. Bradley,andKim B. Olsen

Abstract Dynamicruptureinversionis a powerfultool for learningwhy andhow
faultsfail, butmuchmorework hasbeendonein developingnversionmethodgshan
evaluatinghow well thesemethodswork. This studyexamineshow well anonlinear
ruptureinversionmethodrecoversa setof known dynamicruptureparametersn a
syntheticfault basednthe2000westernT ottori, JaparearthquakéM,, 6.6).Rupture
evolutionon the fault is governedby a slip-weakeningtiction law. A direct-search
methodknown as the neighborhoodalgorithm (Sambridge, 1999) is usedto bnd
optimal valuesof boththeinitial stresdistributionandthe slip-weakeninglistance
on the fault, basedon mispt valuesbetweenknown and predictedstrong-motion
displacementecords.The yield stressandfrictional sliding stresson the fault are
held constantA statisticalassessmermdf the resultsshowsthat,for this testcasethe
inversionsucceedsn locatingall parameterso within + 14% of their true values.
With themodelconbguratiorusedin this study,the parametertocatedin thecentral
ruptureareaare betterresolvedthanthe parametersocatedat the sidesandbottom
of the fault. In addition,a positivelinear correlationbetweenthe meaninitial stress
and the slip-weakeningdistanceis identiPed.The investigationconPrmsthat dy-
namic ruptureinversionis useful for determiningrupture parameter®n the fault,
but thatintrinsic trade-offsandpoor resolutionof someparameteréimit theamount
of informationthatcanbe unambiguouslynferredfrom the results.In addition,this
study demonstrateshat using a statisticalapproachto assessonlinearinversion
resultsshowshow sensitivethe misbt measures to the various parametersand

allows a level of conbdenceo be attachedo the outputparametewalues.

Introduction

Catastrophicuptureof large earthquakesccurswhen
conditionson a fault planeachievea critical conbguration.
Finding out preciselywhat conditionsexistedon a fault at
the time of ruptureis a vital partof learningwhy andhow
faults fail and predicting where future earthquakesnight
strike. Becauseuptureparametersvithin the earthare dif-
Pcultto measurdn the peld or replicatein the laboratory,
numericalinversionof the ruptureproblemusingnear-fault
strong-motiordatais oneof the strongestoolsavailablefor
determiningthe detailsof a ruptureandthe conditionsthat
causedt. Increasinglydynamicmodelsof spontaneousip-
ture propagation(e.g., Madariagaet al., 1998; Peyratand
Olsen,2004)areusedto analyzestrong-motiordata.Unlike
kinematicmodels(e.g.,Cottonand Campillo, 1995; Zhang
etal., 2003),which prescribea slip functionthatdetermines
ground motions,a dynamic approachexplicitly solvesthe
mechanicalproblemof rupture, subjectto plausiblestress
constraintsandcanprovideusefulinsightsabouthowfaults
rupture.

In adynamicfault rupturemodel,the stresseactingon

thefault arespecibedalongwith a setof constitutiveequa-
tionsdescribinghow the materialaroundthefault translates
stressesnto motion. In the caseof spontaneouslynamic
rupture propagationyuptureon the fault is completelyde-
terminedby the stressescting on the fault andthe consti-
tutive equationsThePnalslip, slip pattern fupturevelocity,
andtheradiatedwavesall emergeassolutionsfrom therup-
ture problem.

To modeldynamicrupture,physicallyplausibleconsti-
tutive relationsmust be debnedfor the fault zone.A slip-
weakeningfriction law (Ida, 1972; Andrews, 1976; Day,
1982)is commonlyused.Accordingto this law, frictional
resistanceo slip holdsthefault lockeduntil theshearstress
reaches critical level, known astheyield stressOnceslip
beginstheshearstresglecreaselinearly,overabnitelength
called the slip-weakeningdistance to a dynamicfrictional
sliding level. The slip-weakeningdistanceis introducedto
maintain bnite levels of stressand slip rate at the rupture
front. Earthquakesaresensitiveonly to changesn thestress
stateon a fault ratherthanto the absolutdevel of stressso
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the frictional sliding stressis often setto 0, and all other
stressearedebnedelativeto thismark. Theslip-weakening
relationis thencompletelyparameterizetly theyield stress
(T,) andthe slip-weakeningdistance(D.). T,, D, andthe
initial stress(T,), arethe dynamicrupture parametersised
in this study. Together theseparametershapethe rupture
patternon the fault andthe resultingradiatedwaves.

Spontaneouslynamic rupture is a strongly nonlinear
problemfor which no simple analyticalsolution exists,so
determiningthe dynamicrupture parametergrom seismic
datarequiresa nonlinear,numericalinverseprocedureThe
inverseprocedurdypically worksasfollows. Initial guesses
of the rupture parametersare incorporatedinto a forward
modelthat propagatesuptureaccordingto a three-dimen-
sional elasticwave equation,andthe resultinggroundmo-
tions arecomparedwith observationsParametevaluesare
rebPnedby aniterativeprocessn which the parametespace
is sampledby an efpcientdirect-searctalgorithm,andeach
setof valuesfoundis pluggedinto the forward modeluntil
a good match to the observed seismic waveforms is
achieved A direct-searctalgorithmis employedinsteadof
a gradientmethodbecauséhe relationshipbetweerthe dy-
namicruptureparameterandthe strong-motiorrecordscan
be extremelynonlinear.The use of nonlineardynamicin-
versionmethodsto infer fault characteristic§rom strong-
motion data has been shown to yield promising results
(PeyratandOlsen,2004),but sofar, no systemati@ppraisal
of theinversionprocesshasbeendoneto determindts spe-
cibc capabilitiesandlimitations. Like othergeophysicain-
verseproblems the solutionsto strong-motiondynamicin-
versionsare not necessarilyunique, and furthermore,all
parameterscannotbe determinedequally well. To make
meaningfulinferencesaboutthe stateof a fault from dy-
namicinversionresults,t is extremelyimportantto beaware
of thepossibleambiguitiesn theresultsandto acknowledge
when parametersnight not be well constrainedy the in-
version.

This studytestshow well a nonlinearinversionmethod
reproducesiknownsetof dynamicruptureparameterfrom
syntheticstrong-motiondisplacementecords.The parame-
tersusedto generateheknownground-motiorresponsare
basedon inversionsolutionsof datafrom the 2000western
Tottori, JaparearthquakéM,, 6.6) (PeyratandOlsen,2004;
S. M. Corish,C. R. Bradley,andK. B. Olsen,unpublished
data,2005). Therearetwo reasongor usinga syntheticset
of dynamicruptureparametergor thistest.First,theparam-
etersare known exactly and thereforeprovide an explicit
point of comparisonfor the inversionresults,and second,
theinversionparametersanbedebnedn preciseljthesame
termsasthetrue parameterstherebyisolatingtheinversion
problemitself from errorsdueto unknownsn therealearth.
Comparisorof theinversionresultswith thetrueparameters
offers a quantitativedeterminationof the ability of the in-
versionprocesdo resolvethe known parameterst-urther,a
statisticalanalysisof the resultsdemonstrateBowwell each
parameteicanbe constrainedy the inversion,and gauges
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ambiguity,in theform of trade-offbetweerparameterslfhe
Pndingsfrom this study can be appliedto more complex
inversionsusingreal data.

Method

The inversion is carried out using a direct-search
methodknown asthe neighborhoodalgorithm (Sambridge,
1999), which concentrateshe parametesearchin nearest-
neighborregions about the current best-pttingparameter
sets. This algorithm has been used previously to invert
strong-motiondatafor a heterogeneoumiitial stressdistri-
bution on a fault (Peyratand Olsen,2004). In the current
investigationtheneighborhoodalgorithmis usedto Pndop-
timal valuesof both initial stressand slip-weakeningdis-
tanceparametersn a fault, basedon least-squaremispt
valuesbetweerthe known andcomputedseismograms.

SambridgeGmighborhoodilgorithmworksasfollows:
(1) an initial group of ny, setsof parameterss generated
randomly, using uniform random samplingin the multi-
dimensionalparameterspace(see Table 2 for parameter
ranges)(2) The forward dynamicrupturesimulationis run
for eachgeneratedsetof parametersand misbtvaluesare
calculated,basedon a comparisonbetweenthe computed
and Otrue@eismograms(3) The entire parametespaceis
divided into nearest-neighbaregionsabouteachset. Each
nearest-neighboregion consistsof all pointsin the space
thatarecloserto aparticularsetthanto anyother,asdebned
by anL, norm. (4) The misbtsof all the parametesetsare
ranked,andng new parametesetsaregeneratedn thenear-
est-neighboregionsaboutthe n, setswith the lowestmispt
values.The processs repeateduntil an acceptableonver-
genceis reached.

The neighborhoodalgorithm has severaladvantages
over other direct-searctmethods.First, exploitationof the
nearest-neighborconstruct quickly guides the searchto
good-bttingareasof the parametespacein eachiteration,
samplingis concentratedn the regionsof the parameter
spacethathaveproducedetterbtsto thetrueseismograms.
Secondpnly two controlvariablesarerequiredto conbgure
the search:n,, the numberof new setsof parametergen-
eratedper iteration,andn,, the numberof nearest-neighbor
cells resampledn eachgenerationlIn the currentinvesti-
gation,n, = 40andn, = 14 werefound, aftersomeexper-
imentation,to providea goodbalancebetweerthe speedf
convergencandthe exhaustivenessf the search.

Spontaneougpropagationof a dynamicruptureconsti-
tutestheforward problem.Ruptureoccursonavertical,pla-
nar fault within a three-dimensionamnedium.The forward
problemis solvedby applyingafourth-order staggered-grid
Pnite-differenceschemeto a velocity-stresformulation of
the three-dimensionaélasticwave equation(Olsen,1994;
Graves,1996).The bnite-differencemplementatiodargely
follows Madariagaet al. (1998), but the fault-planebound-
ary condition hasbeenupdatedto a more accuratestress-
glut formulation(Andrews,1999).
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The earthmodel, containingthe fault and nine nearby
strong-motionstations,is 40 km parallelto the fault strike,
by 40 km perpendiculato strike,by 16 km deep.The fault
itself strikes150, andextend24 km alongstrikeand15km
downdip (vertical). Ruptureproceedsn a left-lateralsense.
Thetop of the fault is 1 km below the surface,andthe hy-
pocenteris locatedat a depthof 11 km. The grid spacing
usedin the modelis dx = 500 m (Fig. 1). Currentcompu-
tationalresourcegpreventusingmuchsmallergrid spacing
for the forward simulationbecausefor the pnite-difference
schemeused here, computationalcost increaseswith the
fourth power of the grid spacing.Thus,decreasindhe grid
spacingto 100 m increaseshe computatiortime by afactor
of 625.However it will bedemonstratethatthe500-mgrid
producegesultsthatarecomparabldéo thoseproducedoy a
100-mgrid.

The velocity structureusedfor the Tottori region is
shown in Table 1. The stability criterion for the Pnite-
differenceapproximationrequiresthat vy, X dt/dx" 0.5,
wherev,,, is the maximumP-wavevelocity encountereth
the medium (Moczo et al., 2000). From Table 1, Vyax IS
6.5km/sec,anddx = 500m, sodt = 0.025secsatisbeshe
criterion. The Pnite-differencecalculationsare carried out
every0.025secfor atotal of 20 sec.

A free-surfacdoundarycondition(FS2of Gottschaem-
mer and Olsen,2001) is includedalong the top surfaceof
the earthmodel, and an efbcient,perfectly matchedayers
(PML) absorbingooundarycondition(MarcinkovichandOl-
sen,2003)is imposedalongthe remaininggrid boundaries
to minimize unphysicalwave re3ectionsfrom the sidesof
themodel.A stress-glutondition,which computegheslip
andtheslip rateon thefault from the fault-planestrain(An-
drews,1999),is imposedat the fault-planeboundary.

Ruptureis initiated artibcially by lowering the yield
stressto zeroin a 2.5-km-squargpatchat the hypocentral
location. A 3-sectime window is allowed for a particular
parametesetto inducerupture;if arupturedoesnotinitiate
within this time, the parametesetis assigneda high mispt
valueandthe inversionmovesto the next set. After initia-
tion, further evolution of the ruptureis controlledentirely
by thedynamicruptureparametergheinitial stresgT,), the
slip-weakeningdistance(D,.), andthe yield stresqT,). The
fault is restrictedto moving in a left-lateral direction;that
is, the fault is not permittedto slip backwardor vertically.

The synthetic parameterdo be matchedare strongly
relatedto inversionsolutionsof datafrom the 2000western
Tottori earthquakgPeyratand Olsen,2004; Corishet al.,

unpublisheddata,2005). To maintaina strongresemblance

to thereal Tottori earthquakethe syntheticearthmodelalso
closelypreserveshegeometryandstationdistributionof the
original fault (Figs. 1 and 2). The Tottori earthquakevas
chosenbecauseof the wealth of high-resolutionstrong-
motion datarecordednearthe fault andbecausef therela-
tive simplicity of therupturehistorysuggestethy kinematic
inversionstudiegDalgueretal., 2002;lwataandSekiguchi,
2002; Mikumo etal., 2003).
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Figurel. Earthmodelsetupfor the syntheticin-

version.(a) Map view of thefault region,showingthe
fault traceandepicenter(star),andall strong-motion
stationsusedfor theinversion.Dimensionsaregiven
in grid coordinatesgrid spacingis 500 m. (b) Cross
sectionof the earthmodelasviewedfrom the south-
west. The fault is outlined by dashedines, andthe
hypocentelis markedwith a star. The dottedlinesin
bothdiagramsshowtheextentof theboundaryayers:
a two-pointfree-surfacéboundarylayer at the top of
the model,and a Pve-pointperfectlymatchedayers
absorbingboundary condition along the remaining
edgesof the model.

Tablel
Velocity StructureUsedfor the SyntheticEarthModel*
V, (km) Vs (km) q (g/cr) D, (km)
4.70 2.35 2.00 0.6
5.26 3.04 2.53 2.4
5.48 3.17 2.57 1.0
6.11 3.53 2.70 11.0
6.50 3.76 2.79 1.0

*V, is the P-wavevelocity, Vs is the Swavevelocity, g is the density,
and D, is the layer thickness.From the velocity structurefor the Tottori,
Japarregion(Yagi, 2001).
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Figure2. Map showingthelocationof the
2000 westernTottori earthquakealong with
locationsof nearbystrong-motiorstationg(tri-
angles)andthe focal mechanisnior themain-
shock.Thestrong-motiorstationsarefrom the
K-net and KiK-net networksoperatedby the
National Institute for Earth Sciencesand Di-
sasterPrevention(Japan).The star marksthe
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The syntheticfault is composedf 18 rectangulacells,
4 by 5 km in size,eachof which assumes separaténitial
stressvalue between—2 and 5 MPa (Fig. 3). Thesefault
patchesare numberedfrom 1 through18 in Figure 3 and
will bereferredto by numbendaterin thisarticle.In addition,
afaultwideslip-weakeninglistanceof 0.41m andauniform
yield stressof 5 MPa are adopted.This parameterization
allows a heterogeneoustressdistribution on the fault but
limits thenumberof parameterso amanageablaumberfor
theinversion.In the following discussionthe syntheticpa-
rametersusedasthe targetfor the inversionare calledthe
Otrueparameters©r the Otargeparameters.@he rupture
historyfor thetrueparametergs shownin Figure4. Rupture
beginsin a patchnearthe middle of the fault, and expands
outward as the energyreleasedduring rupture pushesthe
stresdevel on the fault pastthe yield stressof the material.
As theslip ata pointon thefault increasesthe stressatthat
point decrease$o the dynamicsliding level, which is zero
in this case.The ruptureendsafter about7 sec.

The fault is parameterizedh the sameway for thein-
versionasfor thetargetfault. Theparametersoughtnclude
all 18 initial stressvalueswith allowedvaluesbetween—2
and5 MPa, andthe slip-weakeningdistance which hasan
allowedrangeof 0to 1 m. Theinitial stresgangewaschosen
by trial anderrorfrom inversionsof realstrong-motiordata
from the Tottori earthquakdéPeyratet al., 2001;Peyratand
Olsen,2004), and the domainfor the slip-weakeningdis-
tanceis roughly basedon the rangeof slip-weakeningdis-

tancesthat havebeenfound by severalimethodsfor Tottori
and other earthquakege.g., Papageorgioand Aki, 1983;
Ide and Take0,1997;Mikumo et al., 2003).For simplicity,
the yield stressis held bxedin this inversion. Parameter
selectionis performedby using uniform randomsampling
within theregionsdebnedy thenearest-neighbarells. The
parametersare permittedto vary independentlyfrom one
anotherandall parameterareweightedequally.
Least-squaremisbtvaluesare calculatedbetweenthe
knowngroundmotionandthewaveformsderivedfrom each
parametesetfound by the neighborhoodlgorithm.A min-
imum of bvegrid pointsperwavelengthis requiredto ensure
accuracy of the fourth-order Pnite-difference scheme
(Moczo et al., 2000). From Table 1, the minimum Swave
velocity is 2350m/sec,andif the smallestwavelengthper-
mitted is 2500 m, thenthe maximumresolvablefrequency
from the modelis 0.94Hz. Accordingly, the dataareband-
passblteredbetween0.05 Hz and 0.9 Hz using a fourth-
order,single-pas8utterworthblter. The misptbetweerthe
blteredwaveformstakesthe form:

ny (rug — predicteg)®

" truez ’

misfit =

wherethe sumsaretakenovertime. A uniform phaseshift
representingip to 3 secfor eachseismicstationis alsoper-
mitted, andis subtractedeforethe mispbtcalculationis per-
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Figure3. Cross-sectionaliewsof thefault (x — 2)
plane showingthe synthetictrue parameterslnitial
stressvaluesrangefrom —2 to 5 MPa(seeTable2
for a completelisting), and the slip-weakeningdis-
tanceis a uniform 0.41m. Theyield stressis 5 MPa
acrossthe fault, exceptin the 2.5-km-squareupture
patch,wheretheyield stressis setto zeroto induce
ruptureartibcially. For the inversion,theyield stress
is keptconstanthbut theinitial stressvaluesandslip-
weakeningdistanceare permittedto changeNumer-
als 1 to 19 are parameteindicesthat arereferenced
in thetextandin otherbgures.

formed. Sucha shift allows the inversionalgorithmto rec-
ognizeparametevaluesthatarecloseto, butnotexactlythe
true values as decentbts, since a main consequenc®f
slightly perturbingparametewaluesis to introducea phase
shift in the waveforms.The shift asymptoticallyapproaches
zeroasthe misbtdecreases.

Results

Preliminaryresultssuggestedhatthe neighborhoodl-
gorithm, like many other inversion schemesjs somewhat
susceptibldo local minimain the misbtsurface Although
this effectis slight comparedvith thesusceptibilityof linear
inversionmethodsiit is possiblethat resultsfrom a single
inversioncouldbemisleading Forthisreasonatotal of Pve
400-iterationinversions,identical exceptfor the random
seedusedto initialize the searchwere performed,andthe
resultsfrom all bveinversionswerecombined.n all, more
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than 80,000distinct combinationsof parametersverecon-
sidered.On 40 processor®f the TeraGridltanium2 Linux
clusterat the SanDiego Supercomputin@genter,each400-
iterationinversiontook about15 hr to complete The bnite-
differenceforward simulationstook more than 99% of the
computatiortime.

Theminimummisptperiterationis anindicationof how
efbciently the searchalgorithm Pndsgood-bttingareasof
the parameterspace.This curveis plotted for eachof the
pveinversionsin Figure5. In all Pve casesthe mispbtde-
creasesapidly in the early stagef theinversion,butstarts
to level off asthe iterationsprogressand neverreachesa
zerovalue.Performingadditionaliterationsdoesnot signip-
cantly improve the misbt. The neighborhoodalgorithm ef-
bciently focusesthe searchinto good-pttingregionsof the
parametesearchduringthe prstiterations butits effective-
nessdropsasthe searchis narrowed.This drop in perfor-
manceis a symptomof the strongnonlinearity of the dy-
namic rupture problem: if the correct solution is near a
solution with a relatively high mispt, the exact solution
might beassignedo a high-misbtearest-neighbarell,and
passedverasthe searchprogresses.

Becausef the difpculty of arriving at a zero-mispso-
lution, it is importantto collectinformationaboutthe areas
of theparametespacdhatgeneratéow misbtsto theknown
waveforms A low misbtcanbe producedoy a combination
of severalwell-matchedparametersand a few that are not
well matchedandresultswith equallygood-pttingseismo-
gramsoften havedifferentcombination®of well- andpoorly
matchedparametersThus, ratherthan relying exclusively
on a singleresultfor inferencesaboutthe stateof the fault,
it is preferableto perform a statisticalanalysisof a larger
sampleof results.Not only doessuchan analysisproduce
more robustestimatef the parametewraluesthan exami-
nationof a singleresult,but it alsodeliversmuchmorein-
formationaboutthe relationshipbetweenthe dynamicrup-
ture parametersand the ground motion. For example,a
statistical analysisrevealswhich parametersare well or
poorly resolvedby theinversion,which parametersontrib-
ute moststronglyto the misbt,andwhattrade-offsbetween
parametersnight limit the amountof informationthat can
be extractedrom the data.

Table 2 andFigures6 and7 display somestatisticsof
the 10% of parametersets,or 8000 sets,with the lowest
misbtsto the true data. The 10% cutoff waschoserto illus-
trate the characteristicof the good-bttingareasof the pa-
rameterspace but different cutoff levels, say 5% or 20%,
yield similar results.The meanparametekerror, debPnedas
err = |@w — Xo|, wherewis the meanvalue of a parameter
calculatedfrom the top 10% of results,and x, is the true
value of that parameteris lessthan + 14% of the allowed
range for each parameterfor the 8000 best model sets.
Figure6 showsthatthemeaninitial stresslistributionof the
best-bttingl0%of resultscaptureshecentralstressasperity
in the input parametersvell, but thatthe errorincreaseso-
ward the edgesof the main rupture area (comparewith



906

-
m 1.8 0

o

Figure 4.

m/s

S. M. Corish,C. R. Bradley,andK. B. Olsen

(b) (c)

-2 MPa 5

Rupturehistory for the true parametersEachdiagramis a snapshobf

the vertical fault planeat a speciPgoint in time. Thetime intervalis 1 sec.Rupture
is initiated artibcially in a patch nearthe centerof the fault, and spreadsoutward
spontaneouslasthe ruptureprogressesAs theslip ata point on thefault increaseso
the slip-weakeningdistance(0.41 m), the stressdecreases$o zero. The ruptureends
afterabout7 sec.(a) Slip on the fault. (b) Slip rate.(c) Stress.

Fig. 4). The variance,computedasvar = 1/IN#(x — 8?2,
displaysa similar pattern:the varianceis low in the central
ruptureareaandincreasesowardoutlying areasof thefault.
Negativecorrelationsoccurbetweerboththe errorsandthe
varianceof theinitial stressvalueswith thetotalamountof
slip in eachregionon the fault. This resultis expectedas
regionsof the fault with high slip contributemorestrongly
to the ground motion than do regionswith low slip, and
thereforehave a largerinfuenceon the strong-motionre-
cords.Also, the parameteerror andvarianceincreasewith

depth, suggestinghat the surfacestationsusedfor the in-
versionhavetroubleresolvingthe deepemparameters.
Figure 7 showsthe distribution of parameteraluesin
the 8000 best-bttingresults.Most of the distributionsare
peakedaroundthe true value of the parameterconbrming
that,statistically theinversionsuccessfullyjocateghetarget
valuesfor mostof the parametersThe parameterfor which
the distributionis not peakednearthe true valuesare con-
Pnedto the edgesof the ruptureareaandthe bottomof the
fault. Theseparameterdend to have diffuse distributions,
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Figure5. Minimum misbtperiterationfor the bve400-iterationinversions.

Table2
The 19 True Parameter€omparedvith the Parametelaluesfrom the Best-Fitting10% of the InvertedModels*
Parameter True Value Range Mean Median Error Normal Error Variance
Te (MPa) (MPa) (MPa) (MPa) (MPa) (%) (MP&)
1 0.15 —-2b5 -0.32 —-0.36 —-0.47 6.7 1.02
2 0.40 —2b5 0.42 0.44 0.02 0.3 0.84
3 3.77 —-2b5 3.81 3.86 0.04 0.5 0.41
4 454 —-2b5 4.24 4.34 -0.31 4.4 0.30
5 2.64 —-2b5 291 2.90 0.26 3.8 0.81
6 1.45 —2b5 0.69 0.61 -0.75 10.8 1.83
7 0.11 —-2b5 —-0.61 -0.88 -0.71 10.2 1.19
8 3.33 —2b5 2.67 2.83 —0.66 9.5 1.73
9 3.80 —-2b5 2.97 3.04 -0.83 11.8 0.60
10 4.51 —2b5 4.29 4.45 —-0.22 3.2 0.33
11 4.89 —-2b5 4.47 4.61 —-0.42 6.0 0.23
12 3.02 —2b5 2.13 2.39 -0.89 12.7 2.61
13 0.20 —-2b5 0.01 -0.19 -0.19 2.7 2.16
14 1.01 —2b5 1.94 2.26 0.93 13.2 3.76
15 4.23 —-2b5 3.85 4.07 —-0.38 5.4 0.87
16 4.42 —2b5 4.47 4.59 0.05 0.7 0.22
17 4.66 —-2b5 3.91 4.13 —-0.75 10.7 0.84
18 1.22 —2b5 2.17 2.45 0.94 135 4.06
D, TrueValue Range Mean Median Error Normal Error Variance
(m) (m) (m) (m) (m) (%) (m?)
19 0.41 0b1 0.32 0.33 —-0.09 9.0 0.01

*Parameteindicescorrespondo thenumbersn Figure3. T, is initial stressandD. is slip-weakeninglistance Therangecompriseghevaluesallowed
by theinversionfor eachparameterThe mean median,error,andvarianceare calculatedor the best-pttingl0% of invertedmodels.Normalizederra is
computedasthe error divided by the parameterange.The scalarerroris err = @ — x,, andthe varianceis var = 1/N#(x, — ®°. SeealsoFigure6.
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Figure6. Thetargetinitial stresparametersom-

paredwith the meanparametewaluesof the best-
btting10%of the 19-parameteinversionresults.The
meanparameteerror, err = |@ — Xg|, andvariance,
var = 1N R (x — ®? for the top 10% are also
shown.Theseesults alongwith theanalogousesults
for the slip-weakeningdistanceparameterare also
detailedin Table2.

suggestinghattheyarepoorly constrainedby theinversion.
Parametersvill be poorly constrainedf they do not con-
tribute strongly to the observedgroundmotion. That s, if
changinga parameterQalue haslittle effecton the wave-
formsobservedatthesurfacestationsthenthemisbtshould
be relativelyinsensitiveto that parameter.

An indicationof themisbtOsensitivityto theindividual
parameterds shownin Figure 8. Startingfrom the best-
btting parametesetfrom the inversion,a single parameter
is replacedn turn by a seriesof valuesspanningthe entire
parameterange.As one parameteiis perturbedall others
retain their original values.After eachchange,a forward-
rupturesimulationis runandthemisptresponsé measured.
If the misbtis very sensitiveto a particular parametera
strongchangen themisptvalueis expectedstheparameter
is perturbedOntheotherhand,if themisptis insensitiveto
a parameterthe misbtshouldremainf3at asthe parameter
valueisadjusted. In agreement with Figures 6 and 7, the misbt
seemdo be mostsensitiveto the parameterin the centerof
thefault, andespeciallyto the parameteré the rupturenu-
cleationarea.Sensitivitydropsoff considerablyatthe sides
andbottom of the fault. Nearly Batresponsesare observed
for partsor all of therangedor parameterg, 7, 13,14,and
18. Consideringonly the misptvaluesthe setof parameters
containinga value of —2 MPafor parameterl3 is nearly
indistinguishabldrom the setcontainingavalueof 3.5 MPa
for thesameparameterThus,for low-sensitivityparameters,
thereis not enoughinformationin the waveformsfor the
inversionto identify the exactsolution. A limitation of our
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computationabchemas illustratedhere.We arebandlim-
ited in the forward modelingandlimited to a realisticrep-
resentatiorof the stationdistribution.As a result,the noni-
deal station distribution cannot resolve portions of the
ruptureplaneandthe frequencylimits on the seismograms
limit our ability to capturethe preciserupturetiming.

Correlationsamongparameterare not includedin the
misbtsensitivity analysis.The misbtmight responddiffer-
entlyto achangen acombinatiorof parameterghanit does
to changesn single parameterskFor example,performing
themisbt-sensitivityteststartingfrom adifferentstartingset:
themeanof thetop 10%o0f results ratherthanthebest-ptting
result, gives misbt-responseurvessimilarly shapedo the
onesshownin Figure 8, but the preferredslip-weakening
distancechangedy 20 cm, from 0.55m to 0.35m. In fact,
the slip-weakeningdistanceis correlatedwith the initial
stresparameterdecausdoth parameternfBuenceheslip
at a particularpoint on the fault, anda changein the mean
initial stressvaluefavorsadifferentslip-weakeninglistance.
Figure9 plotsthe slip-weakeninglistancegrom thetop 10%
of parametesetsversusthe faultwide meaninitial stressA
positive,linearcorrelationexistsbetweerthetwo: thelinear
correlationcoefpcienis R = 0.61,anda linearregression
for the datagives the relationshipD, = 0.31F, — 0.44,
whereD, is in metersand®, is in megapascaPreviousvork
hasshownthat intrinsic trade-off existsbetweenthe yield
stressand the slip-weakeningdistance(Guatteriand Spu-
dich,2000)andbetweertheyield stressaaindtheinitial stress
(Peyratetal., 2001,2004). The resultsof the currentstudy
conbrmthatatrade-offbetweertheslip-weakeninglistance
andthe meaninitial stressalsoexists.

It hasbeensuggestedhatdynamicrupturesimulations
should be performedwith grid spacingssmall enoughto
capturechangesn the slip rateandrupturevelocity within
the slip-weakeningzone at the tip of the fault. The slip-
weakeningzoneis debPnedasthe partof thefault behindthe
rupturefront wherethe stressis decreasingrom the static
yield stressto the dynamicfrictional sliding level. For the
stress-gluformulation, roughly 10 grid pointsshouldspan
the slip-weakeningzone (Dalguer and Day, 2006). For a
crackadvancingwith negligiblevelocity, thesizeof theslip-
weakeningzoneis givenby (Day et al., 2005):

9 I* D
CR2T, - T

wherel * is the effective elastic modulusof the material
appropriatefor a modell or modelll crack,andT; is the
dynamicfrictional sliding stresswhich, in this study,is O.

Under conditionsof negligible velocity, the syntheticfault
modeledhere hasa slip-weakeningzone of about800 m,

suggestinghat a grid spacingof about80 or 100 m is de-
sirable.Becauseof the time requiredto perform eachfor-

ward simulation,the grid spacingusedin this investigation,
500 m, is at leastbve times larger thanthe 80- to 100-m
guidepost.
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Figure7. (a)Histogramsof the best-pttingl0% of inversionresults,showingthe

distributionof valuesfound by theinversionfor eachinitial stresgparameterThetotal

numberof parametessetsin the top 10% is 8000. Note that the initial stresscannot
exceed5 MPa, which is the yield stressvalue. The white caretindicatesthe true pa-

rametewvalue.Thenumbersnsideeachdiagramreferto theparametelocationsshown
in Figure 3. (b) Histogramof the slip-weakeningdistancevaluesfrom the best-ptting
10% of inversionresults.The white caretshowsthe true slip-weakeninglistance.
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Figure 8. (a) Sensitivity of the mispbtto perturbationsin individual initial stress
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single parameters replacedn turn by a seriesof valuesspanninghe entireparameter
range.All otherparametersemainunchangedfForwardsimulationsarerecalculated,
andthe resultingmisbtsare plotted. Solid lines showthe misbtcurve,andthe carets
givethetruevalueof theparameterThenumbersn eachdiagranreferto theparameter
locationsshownin Figure3. (b) The sameexperimentepeatedor theslip-weakening

distance.The solid line is the mispbt curve, and the caretis the true slip-weakening
distance.
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for the best-pttingl0% of results,a linearregressiorgivesD, = 0.31%, — 0.44,and

R = 0.61.

To quantify the differencesintroducedby runningthe
forward simulationat 500 m insteadof 100m, the modelis
adaptedto a 100-m grid and the forward problemfor the
true parameterss rerun. The seismogramsassociatedvith
the 100-mtruemodelandthoseof the 500-mtruemodelare
comparedn Figure10. Both setsof seismogramareband-
passblteredbetweerD.05Hz and0.9Hz. Themisbtbetween
theseseismogramss 0.210, a value that would placethe
100-m solution amongthe top 5% of the resultsfor the
500-minversion.Most of the misbtis in theform of atime
delayof about0.35secfor the 500-mwaveformsrelativeto
the 100-m arrivals. In orderto compensatdor the slower
rupturepropagatiortime for largergrid sizes,a 500-mgrid
would likely underestimat¢he slip-weakeningdistance or
slightly overestimatehe initial stressvaluespresentin the
realearth.Eitherof thesealterationsvould effectivelyspeed
up the ruptureevolution.

Discussionand Conclusions

The dynamicrupture parametersn a fault, including
theinitial stressandslip-weakeninglistance areimportant
keysto predictingwhere and when the fault will fail, but

they are difpcult to estimatefrom Peld observationsSeis-
mologistsare often left to infer theseparametergrom the
resultsof numericalinversionsof largeearthquakesAs dy-
namic inversionshecomemore widely usedto matchreal
data,the needto recognizethe specibaapabilitiesandlim-
itations of thesemethodstakeson a greaterimportanceTo
date,muchmorework hasbeendoneto developmethodof
dynamic rupture inversionthan to assesiow well these
methodswork. The investigationpresentedhere has ad-
dressedhe latter problem.
Nonlinearinversionproblemsare challengingbecause
therelationshipbetweerthe misbtandthe parameterss of-
ten complicatedand unpredictableand simultaneouslyin-
verting for many parametercompoundghesedifpculties.
Becauseof the strongnonlinearity of the dynamicrupture
problem,andthe impossibility of conductingan exhaustive
searchof the parameterspace,the chancesof bndingan
exactsolutionfor the parameteraluesarevery slim. How-
ever, using a parametersearchmethodsuch asthe neigh-
borhoodalgorithm, it is possibleto localize the parameter
estimatego reducedareasof the parameteispacenearthe
true values.The resultsof this study haveshownthat both
theinitial stressandthe slip-weakeninglistancevaluescan
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be estimatedwithin a reasonablemountof error, from a
statisticalanalysisof the low-misbtinversionresults.Av-
eragingmany good-bttingresultsfrom severalindependent
inversionsyieldsrobustestimateof the true parametewal-
ues,andexaminingthedistributionsof theparameterg the
samplegives a good idea of how well eachparameteiis
resolved.The resultsof rupture inversionsfrequently are
reportedasa single setof parametewraluesor a small col-
lection of thesesetsthatrepresenthe bestbt to the seismic
data,but this studyindicatesthat a statisticalevaluationof
a largersetof resultsis muchmorepowerful.

Assessmenf theinversionresultsalsorevealghatdif-
ferentcombinationsof parametergan havemisptssimilar
to theobservedyroundmotion.Forinstancethereis atrade-
off betweernthe meaninitial stresson the fault andthe slip-
weakeningdistancehatprecludesdentibcatiorof theexact
valuesof either quantity basedon strong-motionrecords.
This trade-offoccursbecauséoth theinitial stressandthe
slip-weakeninglistanceaffecttheamountandtiming of slip
onthefault. Forinstanceslip atapointonthefaultincreases
with the stresdrop (T, — T;) anddecreasewith increasing
slip-weakeninglistanceVariouscombination®f theinitial
stressand the slip-weakeningdistancecan resultin very
similar slip responseandtheground-motiordataareunable
to identify the exactcombinationpresentin the targetpa-
rameters.This limitation must be acknowledgedvhen re-
porting dynamicinversionresults.

Uncertaintiesin the earthmodel are not addressedby
the current study becausethe inversion setupis an exact
replicaof the true model. For inversionsof real datarather
thansyntheticdata,howevertherearemanymore,andoften
unknownsource®f errorcausedy approximatingheearth
by an idealizedmodel. Potential sourcesof error include
oversimplibcatiorof the parametersnaccuraciesn theve-
locity structure misrepresentationf the fault geometryon
arigid grid, stationdistribution,specibcsite effectsfor each
station,andfailure to modelaccuratelyanyinelasticbehav-
ior of the materials.Despitethesecomplicationshowever,
many of the methodsusedin this study havedirect appli-
cationsto inversionsfrom real data.For instance although
an error measurdike the oneshownin Figure8 cannotbe
calculatedwhenthe true parametersreunknown,it is pos-
sible to calculatethe variancein a subsetof the inverted
parametersAlthough the correlationbetweernvarianceand
erroris not exact,the variancein theinversionresultsdoes
give someideaasto theability of theinversionto determine
reliableparametewalues.If the variancefor a parameters
high, thenthe parameteis probablypoorly constrainedy
theinversion.If it is low, however cautionis still warranted
in interpretingtheresults.A low variancecouldbedueto a
persisteniocal minimum or trade-off betweenparameters.
Misbt responsecurveslike the onesin Figure 10 canalso
be constructedrom real-datainversionresults.Suchplots
can further help to separatewell-constrainedparameters
from thosethatarepoorly constrainedandcanalsobe used
to mark out the shapeof the good-pttingportions of the
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parameteispace However,theseplots too mustbe treated
with caution becausecorrelation betweenthe parameters
might stronglyaffectthe shapeof the misbt-responseurve.
Dynamic ruptureinversionis a usefultool for under-
standinghow fault-planeconditionscombineto causesarth-
guakeruptures.However, beforeany interpretationsabout
the systemmodeledcan be madewith conbdenceit is im-
perativeto recognizevhatlimitationsin thedata,themodel,
or theinversionmethodmight precludeidentibcatiorof the
actualparametersTypically, the best-pbttingparametesets
discoveredy aninversioncommandhemostattention put
in fact,acomprehensivexaminatiorof alargersetof results
is much more informative. Details of the parameteispace
resolution potentialtrade-offsbetweerparametersandcer-
tain pitfalls in the inversionprocesscan be identibedonly
by examiningthe variationsamonga largegroupof results.
Including a systematiassessmertf the invertedsolutions
asaregularpartof theinversionprocesswill helpto extract
more information about the dynamic rupture parameters
from theinversion,andwill alsohelpto identify wheremore
researchs neededo furtherunderstandault rupture.
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