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Assessmentof a NonlinearDynamicRuptureInversionTechnique

Applied to a SyntheticEarthquake

by SiobhanM. Corish,ChrisR. Bradley,andKim B. Olsen

Abstract Dynamicruptureinversionis apowerfultool for learningwhy andhow
faultsfail, butmuchmorework hasbeendonein developinginversionmethodsthan
evaluatinghow well thesemethodswork. This studyexamineshowwell anonlinear
ruptureinversionmethodrecoversa setof knowndynamicruptureparameterson a
syntheticfault basedonthe2000westernTottori,Japanearthquake(Mw 6.6).Rupture
evolutionon the fault is governedby a slip-weakeningfriction law. A direct-search
methodknown as the neighborhoodalgorithm (Sambridge,1999) is usedto Þnd
optimalvaluesof both the initial stressdistributionandtheslip-weakeningdistance
on the fault, basedon misÞt valuesbetweenknown and predictedstrong-motion
displacementrecords.The yield stressand frictional sliding stresson the fault are
heldconstant.A statisticalassessmentof theresultsshowsthat,for this testcase,the
inversionsucceedsin locatingall parametersto within !14% of their true values.
With themodelconÞgurationusedin thisstudy,theparameterslocatedin thecentral
ruptureareaarebetterresolvedthantheparameterslocatedat thesidesandbottom
of the fault. In addition,a positivelinearcorrelationbetweenthemeaninitial stress
and the slip-weakeningdistanceis identiÞed.The investigationconÞrmsthat dy-
namic ruptureinversionis useful for determiningruptureparameterson the fault,
but that intrinsic trade-offsandpoorresolutionof someparameterslimit theamount
of informationthatcanbeunambiguouslyinferredfrom theresults.In addition,this
study demonstratesthat using a statisticalapproachto assessnonlinearinversion
resultsshowshow sensitivethe misÞt measureis to the various parameters,and
allowsa level of conÞdenceto beattachedto theoutputparametervalues.

Introduction

Catastrophicruptureof largeearthquakesoccurswhen
conditionson a fault planeachievea critical conÞguration.
Finding out preciselywhat conditionsexistedon a fault at
the time of ruptureis a vital part of learningwhy andhow
faults fail and predicting where future earthquakesmight
strike.Becauseruptureparameterswithin theeartharedif-
Þcult to measurein the Þeldor replicatein the laboratory,
numericalinversionof theruptureproblemusingnear-fault
strong-motiondatais oneof thestrongesttoolsavailablefor
determiningthe detailsof a ruptureandthe conditionsthat
causedit. Increasingly,dynamicmodelsof spontaneousrup-
ture propagation(e.g.,Madariagaet al., 1998; Peyratand
Olsen,2004)areusedto analyzestrong-motiondata.Unlike
kinematicmodels(e.g.,CottonandCampillo,1995;Zhang
et al., 2003),which prescribeaslip functionthatdetermines
groundmotions,a dynamicapproachexplicitly solvesthe
mechanicalproblemof rupture,subjectto plausiblestress
constraints,andcanprovideusefulinsightsabouthowfaults
rupture.

In a dynamicfault rupturemodel,thestressesactingon

thefault arespeciÞed,alongwith a setof constitutiveequa-
tionsdescribinghow thematerialaroundthefault translates
stressesinto motion. In the caseof spontaneousdynamic
rupturepropagation,ruptureon the fault is completelyde-
terminedby the stressesactingon the fault andthe consti-
tutiveequations.TheÞnalslip, slip pattern,rupturevelocity,
andtheradiatedwavesall emergeassolutionsfrom therup-
tureproblem.

To modeldynamicrupture,physicallyplausibleconsti-
tutive relationsmustbe deÞnedfor the fault zone.A slip-
weakeningfriction law (Ida, 1972; Andrews,1976; Day,
1982) is commonlyused.According to this law, frictional
resistanceto slip holdsthefault lockeduntil theshearstress
reachesa critical level, knownastheyield stress.Onceslip
begins,theshearstressdecreaseslinearly,overaÞnitelength
called the slip-weakeningdistance,to a dynamicfrictional
sliding level. The slip-weakeningdistanceis introducedto
maintainÞnite levels of stressand slip rate at the rupture
front. Earthquakesaresensitiveonly to changesin thestress
stateon a fault ratherthanto theabsolutelevel of stress,so
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the frictional sliding stressis often set to 0, and all other
stressesaredeÞnedrelativeto thismark.Theslip-weakening
relationis thencompletelyparameterizedby theyield stress
(Tu) and the slip-weakeningdistance(Dc). Tu, Dc, and the
initial stress(Te), are the dynamicruptureparametersused
in this study.Together,theseparametersshapethe rupture
patternon the fault andtheresultingradiatedwaves.

Spontaneousdynamic rupture is a strongly nonlinear
problemfor which no simpleanalyticalsolutionexists,so
determiningthe dynamicruptureparametersfrom seismic
datarequiresa nonlinear,numericalinverseprocedure.The
inverseproceduretypically worksasfollows. Initial guesses
of the ruptureparametersare incorporatedinto a forward
model that propagatesruptureaccordingto a three-dimen-
sionalelasticwaveequation,andthe resultinggroundmo-
tionsarecomparedwith observations.Parametervaluesare
reÞnedby aniterativeprocessin which theparameterspace
is sampledby anefÞcientdirect-searchalgorithm,andeach
setof valuesfound is pluggedinto the forwardmodeluntil
a good match to the observed seismic waveforms is
achieved.A direct-searchalgorithmis employedinsteadof
a gradientmethodbecausetherelationshipbetweenthedy-
namicruptureparametersandthestrong-motionrecordscan
be extremelynonlinear.The useof nonlineardynamicin-
versionmethodsto infer fault characteristicsfrom strong-
motion data has been shown to yield promising results
(PeyratandOlsen,2004),butsofar, nosystematicappraisal
of theinversionprocesshasbeendoneto determineits spe-
ciÞccapabilitiesandlimitations.Like othergeophysicalin-
verseproblems,thesolutionsto strong-motiondynamicin-
versionsare not necessarilyunique, and furthermore,all
parameterscannot be determinedequally well. To make
meaningfulinferencesabout the stateof a fault from dy-
namicinversionresults,it is extremelyimportanttobeaware
of thepossibleambiguitiesin theresultsandto acknowledge
when parametersmight not be well constrainedby the in-
version.

This studytestshow well a nonlinearinversionmethod
reproducesaknownsetof dynamicruptureparametersfrom
syntheticstrong-motiondisplacementrecords.Theparame-
tersusedto generatetheknownground-motionresponseare
basedon inversionsolutionsof datafrom the2000western
Tottori, Japanearthquake(Mw 6.6)(PeyratandOlsen,2004;
S. M. Corish,C. R. Bradley,andK. B. Olsen,unpublished
data,2005).Therearetwo reasonsfor usinga syntheticset
of dynamicruptureparametersfor this test.First,theparam-
etersare known exactly and thereforeprovide an explicit
point of comparisonfor the inversionresults,and second,
theinversionparameterscanbedeÞnedin preciselythesame
termsasthetrueparameters,therebyisolatingtheinversion
problemitself from errorsdueto unknownsin therealearth.
Comparisonof theinversionresultswith thetrueparameters
offers a quantitativedeterminationof the ability of the in-
versionprocessto resolvetheknownparameters.Further,a
statisticalanalysisof theresultsdemonstrateshowwell each
parametercanbe constrainedby the inversion,andgauges

ambiguity,in theform of trade-offbetweenparameters.The
Þndingsfrom this study can be applied to more complex
inversionsusingrealdata.

Method

The inversion is carried out using a direct-search
methodknown asthe neighborhoodalgorithm(Sambridge,
1999),which concentratesthe parametersearchin nearest-
neighbor regions about the current best-Þttingparameter
sets. This algorithm has been used previously to invert
strong-motiondatafor a heterogeneousinitial stressdistri-
bution on a fault (Peyratand Olsen,2004). In the current
investigation,theneighborhoodalgorithmis usedto Þndop-
timal valuesof both initial stressand slip-weakeningdis-
tanceparameterson a fault, basedon least-squaresmisÞt
valuesbetweentheknownandcomputedseismograms.

SambridgeÕsneighborhoodalgorithmworksasfollows:
(1) an initial group of nso setsof parametersis generated
randomly, using uniform random sampling in the multi-
dimensionalparameterspace(see Table 2 for parameter
ranges).(2) The forwarddynamicrupturesimulationis run
for eachgeneratedsetof parameters,andmisÞtvaluesare
calculated,basedon a comparisonbetweenthe computed
andÒtrueÓseismograms.(3) The entireparameterspaceis
divided into nearest-neighborregionsabouteachset.Each
nearest-neighborregion consistsof all points in the space
thatarecloserto aparticularsetthanto anyother,asdeÞned
by anL2 norm.(4) ThemisÞtsof all theparametersetsare
ranked,andns newparametersetsaregeneratedin thenear-
est-neighborregionsaboutthenr setswith thelowestmisÞt
values.The processis repeateduntil an acceptableconver-
genceis reached.

The neighborhoodalgorithm has severaladvantages
over otherdirect-searchmethods.First, exploitationof the
nearest-neighborconstruct quickly guides the searchto
good-Þttingareasof the parameterspace:in eachiteration,
sampling is concentratedin the regionsof the parameter
spacethathaveproducedbetterÞtsto thetrueseismograms.
Second,only two controlvariablesarerequiredto conÞgure
the search:ns, the numberof new setsof parametersgen-
eratedper iteration,andnr, thenumberof nearest-neighbor
cells resampledin eachgeneration.In the currentinvesti-
gation,ns " 40 andnr " 14 werefound,aftersomeexper-
imentation,to providea goodbalancebetweenthespeedof
convergenceandtheexhaustivenessof thesearch.

Spontaneouspropagationof a dynamicruptureconsti-
tutestheforwardproblem.Ruptureoccursonavertical,pla-
nar fault within a three-dimensionalmedium.The forward
problemis solvedby applyingafourth-order,staggered-grid
Þnite-differenceschemeto a velocity-stressformulationof
the three-dimensionalelasticwave equation(Olsen,1994;
Graves,1996).TheÞnite-differenceimplementationlargely
follows Madariagaet al. (1998),but the fault-planebound-
ary condition hasbeenupdatedto a more accuratestress-
glut formulation(Andrews,1999).
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Figure1. Earthmodelsetupfor the syntheticin-
version.(a)Mapview of thefault region,showingthe
fault traceandepicenter(star),andall strong-motion
stationsusedfor theinversion.Dimensionsaregiven
in grid coordinates;grid spacingis 500m. (b) Cross
sectionof theearthmodelasviewedfrom thesouth-
west.The fault is outlined by dashedlines, and the
hypocenteris markedwith a star.Thedottedlinesin
bothdiagramsshowtheextentof theboundarylayers:
a two-point free-surfaceboundarylayerat the top of
the model,anda Þve-pointperfectlymatchedlayers
absorbingboundarycondition along the remaining
edgesof themodel.

Table1
Velocity StructureUsedfor theSyntheticEarthModel*

Vp (km) Vs (km) q (g/cm3) Dz (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

*Vp is theP-wavevelocity, Vs is theS-wavevelocity, q is thedensity,
andDz is the layer thickness.From the velocity structurefor the Tottori,
Japanregion(Yagi, 2001).

The earthmodel,containingthe fault andnine nearby
strong-motionstations,is 40 km parallelto the fault strike,
by 40 km perpendicularto strike,by 16 km deep.Thefault
itself strikes150!, andextends24km alongstrikeand15km
downdip (vertical).Ruptureproceedsin a left-lateralsense.
The top of the fault is 1 km below the surface,andthehy-
pocenteris locatedat a depthof 11 km. The grid spacing
usedin themodelis dx " 500 m (Fig. 1). Currentcompu-
tationalresourcespreventusingmuchsmallergrid spacing
for the forwardsimulationbecause,for theÞnite-difference
schemeusedhere, computationalcost increaseswith the
fourth powerof thegrid spacing.Thus,decreasingthegrid
spacingto 100m increasesthecomputationtimeby afactor
of 625.However,it will bedemonstratedthatthe500-mgrid
producesresultsthatarecomparableto thoseproducedby a
100-mgrid.

The velocity structureused for the Tottori region is
shown in Table 1. The stability criterion for the Þnite-
differenceapproximationrequiresthatvmax # dt/dx " 0.5,
wherevmax is themaximumP-wavevelocityencounteredin
the medium (Moczo et al., 2000). From Table 1, vmax is
6.5km/sec,anddx" 500m, sodt " 0.025secsatisÞesthe
criterion. The Þnite-differencecalculationsare carriedout
every0.025secfor a total of 20 sec.

A free-surfaceboundarycondition(FS2of Gottschaem-
mer andOlsen,2001) is includedalong the top surfaceof
the earthmodel,andan efÞcient,perfectlymatchedlayers
(PML) absorbingboundarycondition(MarcinkovichandOl-
sen,2003)is imposedalongthe remaininggrid boundaries
to minimize unphysicalwave reßectionsfrom the sidesof
themodel.A stress-glutcondition,which computestheslip
andtheslip rateon thefault from thefault-planestrain(An-
drews,1999),is imposedat the fault-planeboundary.

Rupture is initiated artiÞcially by lowering the yield
stressto zero in a 2.5-km-squarepatchat the hypocentral
location.A 3-sectime window is allowed for a particular
parametersetto inducerupture;if a rupturedoesnot initiate
within this time, theparametersetis assigneda high misÞt
valueandthe inversionmovesto the next set.After initia-
tion, further evolution of the ruptureis controlledentirely
by thedynamicruptureparameters:theinitial stress(Te), the
slip-weakeningdistance(Dc), andtheyield stress(Tu). The
fault is restrictedto moving in a left-lateraldirection; that
is, the fault is not permittedto slip backwardor vertically.

The syntheticparametersto be matchedare strongly
relatedto inversionsolutionsof datafrom the2000western
Tottori earthquake(Peyratand Olsen,2004; Corish et al.,
unpublisheddata,2005).To maintaina strongresemblance
to therealTottori earthquake,thesyntheticearthmodelalso
closelypreservesthegeometryandstationdistributionof the
original fault (Figs. 1 and 2). The Tottori earthquakewas
chosenbecauseof the wealth of high-resolutionstrong-
motiondatarecordednearthefault andbecauseof therela-
tive simplicity of therupturehistorysuggestedby kinematic
inversionstudies(Dalgueretal., 2002;IwataandSekiguchi,
2002;Mikumo et al., 2003).
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Figure2. Map showingthe locationof the
2000 westernTottori earthquake,along with
locationsof nearbystrong-motionstations(tri-
angles)andthefocal mechanismfor themain-
shock.Thestrong-motionstationsarefrom the
K-net and KiK-net networksoperatedby the
National Institute for Earth Sciencesand Di-
sasterPrevention(Japan).The starmarksthe
earthquakeÕsepicenter.

Thesyntheticfault is composedof 18 rectangularcells,
4 by 5 km in size,eachof which assumesa separateinitial
stressvalue between$2 and 5 MPa (Fig. 3). Thesefault
patchesare numberedfrom 1 through18 in Figure 3 and
will bereferredto by numberlaterin thisarticle.In addition,
a faultwideslip-weakeningdistanceof 0.41m andauniform
yield stressof 5 MPa are adopted.This parameterization
allows a heterogeneousstressdistribution on the fault but
limits thenumberof parametersto amanageablenumberfor
the inversion.In the following discussion,thesyntheticpa-
rametersusedas the targetfor the inversionarecalledthe
ÒtrueparametersÓor the Òtargetparameters.ÓThe rupture
historyfor thetrueparametersis shownin Figure4.Rupture
beginsin a patchnearthe middle of the fault, andexpands
outwardas the energyreleasedduring rupturepushesthe
stresslevel on the fault pasttheyield stressof thematerial.
As theslip at a point on thefault increases,thestressat that
point decreasesto the dynamicsliding level, which is zero
in this case.Theruptureendsafterabout7 sec.

The fault is parameterizedin the sameway for the in-
versionasfor thetargetfault.Theparameterssoughtinclude
all 18 initial stressvalues,with allowedvaluesbetween$2
and5 MPa,andthe slip-weakeningdistance,which hasan
allowedrangeof 0 to 1 m. Theinitial stressrangewaschosen
by trial anderrorfrom inversionsof realstrong-motiondata
from theTottori earthquake(Peyratet al., 2001;Peyratand
Olsen,2004), and the domain for the slip-weakeningdis-
tanceis roughly basedon the rangeof slip-weakeningdis-

tancesthat havebeenfound by severalmethodsfor Tottori
and other earthquakes(e.g.,Papageorgiouand Aki, 1983;
Ide andTakeo,1997;Mikumo et al., 2003).For simplicity,
the yield stressis held Þxed in this inversion.Parameter
selectionis performedby usinguniform randomsampling
within theregionsdeÞnedby thenearest-neighborcells.The
parametersare permittedto vary independentlyfrom one
another,andall parametersareweightedequally.

Least-squaresmisÞtvaluesarecalculatedbetweenthe
knowngroundmotionandthewaveformsderivedfrom each
parametersetfoundby theneighborhoodalgorithm.A min-
imumof Þvegrid pointsperwavelengthis requiredtoensure
accuracy of the fourth-order Þnite-difference scheme
(Moczo et al., 2000).From Table1, the minimum S-wave
velocity is 2350m/sec,andif the smallestwavelengthper-
mitted is 2500m, thenthe maximumresolvablefrequency
from themodelis 0.94Hz. Accordingly,thedataareband-
passÞlteredbetween0.05 Hz and 0.9 Hz using a fourth-
order,single-passButterworthÞlter.ThemisÞtbetweenthe
Þlteredwaveformstakesthe form:

2(true $ predicted)i imisfit " ,! 2" truei i

wherethe sumsaretakenover time. A uniform phaseshift
representingup to 3 secfor eachseismicstationis alsoper-
mitted,andis subtractedbeforethemisÞtcalculationis per-
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Figure3. Cross-sectionalviewsof thefault (x$ z)
planeshowing the synthetictrue parameters.Initial
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-squarerupture
patch,wherethe yield stressis set to zeroto induce
ruptureartiÞcially.For the inversion,theyield stress
is keptconstant,but the initial stressvaluesandslip-
weakeningdistancearepermittedto change.Numer-
als 1 to 19 areparameterindicesthat arereferenced
in the text andin otherÞgures.

formed.Sucha shift allows the inversionalgorithmto rec-
ognizeparametervaluesthatarecloseto, butnotexactlythe
true values as decentÞts, since a main consequenceof
slightly perturbingparametervaluesis to introducea phase
shift in thewaveforms.Theshift asymptoticallyapproaches
zeroasthemisÞtdecreases.

Results

Preliminaryresultssuggestedthattheneighborhoodal-
gorithm, like many other inversionschemes,is somewhat
susceptibleto local minima in the misÞtsurface.Although
thiseffectis slightcomparedwith thesusceptibilityof linear
inversionmethods,it is possiblethat resultsfrom a single
inversioncouldbemisleading.For thisreason,atotalof Þve
400-iteration inversions,identical except for the random
seedusedto initialize the search,wereperformed,andthe
resultsfrom all Þveinversionswerecombined.In all, more

than80,000distinct combinationsof parameterswerecon-
sidered.On 40 processorsof the TeraGridItanium2Linux
clusterat theSanDiegoSupercomputingCenter,each400-
iterationinversiontook about15 hr to complete.TheÞnite-
differenceforward simulationstook morethan99% of the
computationtime.

TheminimummisÞtperiterationisanindicationof how
efÞciently the searchalgorithm Þndsgood-Þttingareasof
the parameterspace.This curve is plotted for eachof the
Þve inversionsin Figure5. In all Þvecases,the misÞtde-
creasesrapidly in theearlystagesof theinversion,butstarts
to level off as the iterationsprogressand neverreachesa
zerovalue.PerformingadditionaliterationsdoesnotsigniÞ-
cantly improvethe misÞt.The neighborhoodalgorithmef-
Þciently focusesthe searchinto good-Þttingregionsof the
parametersearchduringtheÞrstiterations,but its effective-
nessdropsas the searchis narrowed.This drop in perfor-
manceis a symptomof the strongnonlinearityof the dy-
namic rupture problem: if the correct solution is near a
solution with a relatively high misÞt, the exact solution
mightbeassignedto ahigh-misÞtnearest-neighborcell,and
passedoverasthesearchprogresses.

Becauseof thedifÞculty of arriving at a zero-misÞtso-
lution, it is importantto collect informationabouttheareas
of theparameterspacethatgeneratelow misÞtsto theknown
waveforms.A low misÞtcanbeproducedby acombination
of severalwell-matchedparametersanda few that arenot
well matched,andresultswith equallygood-Þttingseismo-
gramsoftenhavedifferentcombinationsof well- andpoorly
matchedparameters.Thus, ratherthan relying exclusively
on a singleresultfor inferencesaboutthestateof the fault,
it is preferableto perform a statisticalanalysisof a larger
sampleof results.Not only doessuchan analysisproduce
morerobustestimatesof the parametervaluesthanexami-
nationof a singleresult,but it alsodeliversmuchmorein-
formationaboutthe relationshipbetweenthe dynamicrup-
ture parametersand the ground motion. For example,a
statistical analysis revealswhich parametersare well or
poorly resolvedby theinversion,which parameterscontrib-
utemoststronglyto themisÞt,andwhattrade-offsbetween
parametersmight limit the amountof informationthat can
beextractedfrom thedata.

Table2 andFigures6 and7 displaysomestatisticsof
the 10% of parametersets,or 8000 sets,with the lowest
misÞtsto thetruedata.The10%cutoff waschosento illus-
trate the characteristicsof the good-Þttingareasof the pa-
rameterspace,but different cutoff levels,say5% or 20%,
yield similar results.The meanparametererror,deÞnedas
err " |xø$ x0|, wherexø is the meanvalueof a parameter
calculatedfrom the top 10% of results,and x0 is the true
valueof that parameter,is lessthan!14% of the allowed
range for each parameterfor the 8000 best model sets.
Figure6 showsthatthemeaninitial stressdistributionof the
best-Þtting10%of resultscapturesthecentralstressasperity
in the input parameterswell, but that theerror increasesto-
ward the edgesof the main rupture area (comparewith
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Figure4. Rupturehistory for the true parameters.Eachdiagramis a snapshotof
the vertical fault planeat a speciÞcpoint in time. The time interval is 1 sec.Rupture
is initiated artiÞcially in a patch near the centerof the fault, and spreadsoutward
spontaneouslyastheruptureprogresses.As theslip at a point on thefault increasesto
the slip-weakeningdistance(0.41 m), the stressdecreasesto zero.The ruptureends
afterabout7 sec.(a) Slip on the fault. (b) Slip rate.(c) Stress.

Fig. 4). The variance,computedasvar " 1/N#(xi $ xø)2,
displaysa similar pattern:thevarianceis low in thecentral
ruptureareaandincreasestowardoutlyingareasof thefault.
Negativecorrelationsoccurbetweenboththeerrorsandthe
variancesof theinitial stressvalueswith thetotalamountof
slip in eachregionon the fault. This result is expected,as
regionsof the fault with high slip contributemorestrongly
to the ground motion than do regionswith low slip, and
thereforehavea larger inßuenceon the strong-motionre-
cords.Also, theparametererrorandvarianceincreasewith

depth,suggestingthat the surfacestationsusedfor the in-
versionhavetroubleresolvingthedeeperparameters.

Figure7 showsthe distributionof parametervaluesin
the 8000 best-Þttingresults.Most of the distributionsare
peakedaroundthe true valueof the parameter,conÞrming
that,statistically,theinversionsuccessfullylocatesthetarget
valuesfor mostof theparameters.Theparametersfor which
the distribution is not peakednearthe true valuesarecon-
Þnedto theedgesof the ruptureareaandthebottomof the
fault. Theseparameterstend to havediffuse distributions,
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Figure5. Minimum misÞtper iterationfor theÞve400-iterationinversions.

Table2
The19 TrueParametersComparedwith theParameterValuesfrom theBest-Fitting10%of the InvertedModels*

Parameter
Te

TrueValue
(MPa)

Range
(MPa)

Mean
(MPa)

Median
(MPa)

Error
(MPa)

NormalError
(%)

Variance
(MPa2)

1 0.15 $2Ð5 $0.32 $0.36 $0.47 6.7 1.02
2 0.40 $2Ð5 0.42 0.44 0.02 0.3 0.84
3 3.77 $2Ð5 3.81 3.86 0.04 0.5 0.41
4 4.54 $2Ð5 4.24 4.34 $0.31 4.4 0.30
5 2.64 $2Ð5 2.91 2.90 0.26 3.8 0.81
6 1.45 $2Ð5 0.69 0.61 $0.75 10.8 1.83
7 0.11 $2Ð5 $0.61 $0.88 $0.71 10.2 1.19
8 3.33 $2Ð5 2.67 2.83 $0.66 9.5 1.73
9 3.80 $2Ð5 2.97 3.04 $0.83 11.8 0.60

10 4.51 $2Ð5 4.29 4.45 $0.22 3.2 0.33
11 4.89 $2Ð5 4.47 4.61 $0.42 6.0 0.23
12 3.02 $2Ð5 2.13 2.39 $0.89 12.7 2.61
13 0.20 $2Ð5 0.01 $0.19 $0.19 2.7 2.16
14 1.01 $2Ð5 1.94 2.26 0.93 13.2 3.76
15 4.23 $2Ð5 3.85 4.07 $0.38 5.4 0.87
16 4.42 $2Ð5 4.47 4.59 0.05 0.7 0.22
17 4.66 $2Ð5 3.91 4.13 $0.75 10.7 0.84
18 1.22 $2Ð5 2.17 2.45 0.94 13.5 4.06

Dc TrueValue
(m)

Range
(m)

Mean
(m)

Median
(m)

Error
(m)

NormalError
(%)

Variance
(m2)

19 0.41 0Ð1 0.32 0.33 $0.09 9.0 0.01

*Parameterindicescorrespondto thenumbersin Figure3. Te is initial stress,andDc is slip-weakeningdistance.Therangecomprisesthevaluesallowed
by the inversionfor eachparameter.Themean,median,error,andvariancearecalculatedfor thebest-Þtting10%of invertedmodels.Normalizederror is
computedastheerrordividedby theparameterrange.Thescalarerror is err " xø$ x0, andthevarianceis var " 1/N#(xi $ xø)2. SeealsoFigure6.
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Figure6. Thetargetinitial stressparameterscom-
paredwith the meanparametervaluesof the best-
Þtting10%of the19-parameterinversionresults.The
meanparametererror,err " |xø$ x0|, andvariance,
var " 1/N R (xi $ xø)2, for the top 10% are also
shown.Theseresults,alongwith theanalogousresults
for the slip-weakeningdistanceparameter,are also
detailedin Table2.

suggestingthattheyarepoorlyconstrainedby theinversion.
Parameterswill be poorly constrainedif they do not con-
tribute strongly to the observedgroundmotion. That is, if
changinga parameterÕsvaluehaslittle effect on the wave-
formsobservedat thesurfacestations,thenthemisÞtshould
be relatively insensitiveto thatparameter.

An indicationof themisÞtÕssensitivityto theindividual
parametersis shown in Figure 8. Starting from the best-
Þtting parameterset from the inversion,a singleparameter
is replacedin turn by a seriesof valuesspanningtheentire
parameterrange.As oneparameteris perturbed,all others
retain their original values.After eachchange,a forward-
rupturesimulationis runandthemisÞtresponseismeasured.
If the misÞt is very sensitiveto a particularparameter,a
strongchangein themisÞtvalueis expectedastheparameter
is perturbed.On theotherhand,if themisÞtis insensitiveto
a parameter,the misÞtshouldremainßat asthe parameter
valueisadjusted. Inagreement withFigures6and7, themisÞt
seemsto bemostsensitiveto theparametersin thecenterof
thefault, andespeciallyto theparametersin therupturenu-
cleationarea.Sensitivitydropsoff considerablyat thesides
andbottomof the fault. Nearly ßat responsesareobserved
for partsor all of therangesfor parameters1, 7, 13,14,and
18.Consideringonly themisÞtvalues,thesetof parameters
containinga valueof $2 MPa for parameter13 is nearly
indistinguishablefrom thesetcontainingavalueof 3.5MPa
for thesameparameter.Thus,for low-sensitivityparameters,
there is not enoughinformation in the waveformsfor the
inversionto identify the exactsolution.A limitation of our

computationalschemeis illustratedhere.We arebandlim-
ited in the forward modelingandlimited to a realisticrep-
resentationof thestationdistribution.As a result,thenoni-
deal station distribution cannot resolve portions of the
ruptureplaneandthe frequencylimits on the seismograms
limit our ability to capturethepreciserupturetiming.

Correlationsamongparametersarenot includedin the
misÞtsensitivityanalysis.The misÞtmight responddiffer-
ently to achangein acombinationof parametersthanit does
to changesin single parameters.For example,performing
themisÞt-sensitivityteststartingfromadifferentstartingset:
themeanof thetop10%of results,ratherthanthebest-Þtting
result,givesmisÞt-responsecurvessimilarly shapedto the
onesshownin Figure 8, but the preferredslip-weakening
distancechangesby 20 cm, from 0.55m to 0.35m. In fact,
the slip-weakeningdistanceis correlatedwith the initial
stressparametersbecausebothparametersinßuencetheslip
at a particularpoint on the fault, anda changein the mean
initial stressvaluefavorsadifferentslip-weakeningdistance.
Figure9 plotstheslip-weakeningdistancefrom thetop10%
of parametersetsversusthefaultwidemeaninitial stress.A
positive,linearcorrelationexistsbetweenthetwo: thelinear
correlationcoefÞcientis R " 0.61,anda linear regression
for the data gives the relationshipDc " 0.31Tøe $ 0.44,
whereDc is in metersandTøe is in megapascal.Previouswork
hasshownthat intrinsic trade-off existsbetweenthe yield
stressand the slip-weakeningdistance(Guatteriand Spu-
dich,2000)andbetweentheyield stressandtheinitial stress
(Peyratet al., 2001,2004).The resultsof thecurrentstudy
conÞrmthatatrade-offbetweentheslip-weakeningdistance
andthemeaninitial stressalsoexists.

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

9p l * DcK " ,
32 T $ Tu f

where l * is the effective elastic modulusof the material
appropriatefor a modeII or modeIII crack,and Tf is the
dynamicfrictional sliding stress,which, in this study,is 0.
Underconditionsof negligiblevelocity, the syntheticfault
modeledherehasa slip-weakeningzoneof about800 m,
suggestingthat a grid spacingof about80 or 100 m is de-
sirable.Becauseof the time requiredto performeachfor-
wardsimulation,thegrid spacingusedin this investigation,
500 m, is at leastÞve times larger than the 80- to 100-m
guidepost.
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Figure7. (a) Histogramsof the best-Þtting10% of inversionresults,showingthe
distributionof valuesfoundby theinversionfor eachinitial stressparameter.Thetotal
numberof parametersetsin the top 10% is 8000.Note that the initial stresscannot
exceed5 MPa, which is the yield stressvalue.The white caretindicatesthe true pa-
rametervalue.Thenumbersinsideeachdiagramreferto theparameterlocationsshown
in Figure3. (b) Histogramof theslip-weakeningdistancevaluesfrom thebest-Þtting
10%of inversionresults.Thewhite caretshowsthe trueslip-weakeningdistance.
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Figure 8. (a) Sensitivity of the misÞt to perturbationsin individual initial stress
parameters.Startingfrom the parametervaluesfrom the best-Þttinginvertedresult,a
singleparameteris replacedin turn by a seriesof valuesspanningtheentireparameter
range.All otherparametersremainunchanged.Forwardsimulationsarerecalculated,
andthe resultingmisÞtsareplotted.Solid lines showthe misÞtcurve,andthe carets
givethetruevalueof theparameter.Thenumbersin eachdiagramreferto theparameter
locationsshownin Figure3. (b) Thesameexperimentrepeatedfor theslip-weakening
distance.The solid line is the misÞt curve,and the caret is the true slip-weakening
distance.
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Figure9. The top 10% of resultsplottedasa combinationof the faultwide mean
initial stressand the slip-weakeningdistance.There is a positive, linear correlation
betweenthemeaninitial stressandtheslip-weakeningdistancesfoundby theinversion:
for thebest-Þtting10%of results,a linearregressiongivesDc " 0.31Tøe $ 0.44,and
R " 0.61.

To quantify the differencesintroducedby running the
forwardsimulationat 500m insteadof 100m, themodelis
adaptedto a 100-m grid and the forward problemfor the
true parametersis rerun.The seismogramsassociatedwith
the100-mtruemodelandthoseof the500-mtruemodelare
comparedin Figure10. Both setsof seismogramsareband-
passÞlteredbetween0.05Hz and0.9Hz.ThemisÞtbetween
theseseismogramsis 0.210,a value that would placethe
100-m solution amongthe top 5% of the results for the
500-minversion.Most of themisÞtis in theform of a time
delayof about0.35secfor the500-mwaveformsrelativeto
the 100-m arrivals. In order to compensatefor the slower
rupturepropagationtime for largergrid sizes,a 500-mgrid
would likely underestimatethe slip-weakeningdistance,or
slightly overestimatethe initial stressvaluespresentin the
realearth.Eitherof thesealterationswouldeffectivelyspeed
up theruptureevolution.

DiscussionandConclusions

The dynamicruptureparameterson a fault, including
the initial stressandslip-weakeningdistance,areimportant
keys to predictingwhereand when the fault will fail, but

they aredifÞcult to estimatefrom Þeldobservations.Seis-
mologistsare often left to infer theseparametersfrom the
resultsof numericalinversionsof largeearthquakes.As dy-
namic inversionsbecomemore widely usedto matchreal
data,theneedto recognizethespeciÞccapabilitiesandlim-
itationsof thesemethodstakeson a greaterimportance.To
date,muchmorework hasbeendoneto developmethodsof
dynamic rupture inversion than to assesshow well these
methodswork. The investigationpresentedhere has ad-
dressedthe latterproblem.

Nonlinearinversionproblemsarechallengingbecause
therelationshipbetweenthemisÞtandtheparametersis of-
ten complicatedand unpredictable,andsimultaneouslyin-
verting for many parameterscompoundsthesedifÞculties.
Becauseof the strongnonlinearityof the dynamicrupture
problem,andthe impossibilityof conductinganexhaustive
searchof the parameterspace,the chancesof Þnding an
exactsolutionfor theparametervaluesarevery slim. How-
ever, using a parametersearchmethodsuchas the neigh-
borhoodalgorithm, it is possibleto localize the parameter
estimatesto reducedareasof the parameterspacenearthe
true values.The resultsof this studyhaveshownthat both
the initial stressandtheslip-weakeningdistancevaluescan
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Figure10. Truemodelgrounddisplacementcalculatedfor differentgrid spacings.
U is the fault-paralleldirection,V is fault-perpendicular,andW is vertical.Thesolid
blacktraceshowsthegroundmotionfor thetrueparameterscalculatedatagridspacing
of 500 m, and the dottedred line showsthe groundmotion for the sameparameters
calculatedat 100-m grid spacing.The misÞt betweenthe two setsof strong-motion
recordsis 0.210.
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be estimated,within a reasonableamountof error, from a
statisticalanalysisof the low-misÞt inversionresults.Av-
eragingmanygood-Þttingresultsfrom severalindependent
inversionsyieldsrobustestimatesof thetrueparameterval-
ues,andexaminingthedistributionsof theparametersin the
samplegives a good idea of how well eachparameteris
resolved.The resultsof rupture inversionsfrequentlyare
reportedasa singlesetof parametervaluesor a small col-
lectionof thesesetsthat representthebestÞt to theseismic
data,but this study indicatesthat a statisticalevaluationof
a largersetof resultsis muchmorepowerful.

Assessmentof theinversionresultsalsorevealsthatdif-
ferentcombinationsof parameterscanhavemisÞtssimilar
to theobservedgroundmotion.For instance,thereis atrade-
off betweenthemeaninitial stresson thefault andtheslip-
weakeningdistancethatprecludesidentiÞcationof theexact
valuesof either quantity basedon strong-motionrecords.
This trade-offoccursbecauseboth the initial stressandthe
slip-weakeningdistanceaffecttheamountandtiming of slip
onthefault.For instance,slip atapointonthefault increases
with thestressdrop(Te $ Tf) anddecreaseswith increasing
slip-weakeningdistance.Variouscombinationsof theinitial
stressand the slip-weakeningdistancecan result in very
similarslip response,andtheground-motiondataareunable
to identify the exactcombinationpresentin the targetpa-
rameters.This limitation must be acknowledgedwhen re-
portingdynamicinversionresults.

Uncertaintiesin the earthmodel are not addressedby
the current study becausethe inversion setupis an exact
replicaof the true model.For inversionsof real datarather
thansyntheticdata,however,therearemanymore,andoften
unknownsourcesof errorcausedby approximatingtheearth
by an idealizedmodel. Potentialsourcesof error include
oversimpliÞcationof theparameters,inaccuraciesin theve-
locity structure,misrepresentationof the fault geometryon
a rigid grid, stationdistribution,speciÞcsiteeffectsfor each
station,andfailure to modelaccuratelyanyinelasticbehav-
ior of the materials.Despitethesecomplications,however,
many of the methodsusedin this study havedirect appli-
cationsto inversionsfrom real data.For instance,although
an error measurelike the oneshownin Figure8 cannotbe
calculatedwhenthetrueparametersareunknown,it is pos-
sible to calculatethe variancein a subsetof the inverted
parameters.Although the correlationbetweenvarianceand
error is not exact,thevariancein the inversionresultsdoes
givesomeideaasto theability of theinversionto determine
reliableparametervalues.If thevariancefor a parameteris
high, thenthe parameteris probablypoorly constrainedby
theinversion.If it is low, however,cautionis still warranted
in interpretingtheresults.A low variancecouldbedueto a
persistentlocal minimum or trade-offbetweenparameters.
MisÞt responsecurveslike the onesin Figure10 canalso
be constructedfrom real-datainversionresults.Suchplots
can further help to separatewell-constrainedparameters
from thosethatarepoorly constrained,andcanalsobeused
to mark out the shapeof the good-Þttingportions of the

parameterspace.However,theseplots too mustbe treated
with caution becausecorrelation betweenthe parameters
might stronglyaffecttheshapeof themisÞt-responsecurve.

Dynamic ruptureinversionis a useful tool for under-
standinghowfault-planeconditionscombineto causeearth-
quakeruptures.However,beforeany interpretationsabout
the systemmodeledcanbe madewith conÞdence,it is im-
perativeto recognizewhatlimitationsin thedata,themodel,
or theinversionmethodmight precludeidentiÞcationof the
actualparameters.Typically, the best-Þttingparametersets
discoveredby aninversioncommandthemostattention,but
in fact,acomprehensiveexaminationof alargersetof results
is much more informative.Details of the parameterspace
resolution,potentialtrade-offsbetweenparameters,andcer-
tain pitfalls in the inversionprocesscanbe identiÞedonly
by examiningthevariationsamonga largegroupof results.
Including a systematicassessmentof the invertedsolutions
asa regularpartof theinversionprocesswill helpto extract
more information about the dynamic rupture parameters
from theinversion,andwill alsohelpto identify wheremore
researchis neededto furtherunderstandfault rupture.
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