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Finite-SourceModelingof the1999Taiwan(Chi-Chi) Earthquake

Derivedfrom a DenseStrong-MotionNetwork

by Wu-ChengChi, DouglasDreger,andAnastasiaKaverina

Abstract The1999Chi-Chiearthquake(MW 7.6)(20September1999,17:47:15.9
UTC) (locatedat 23.853� N, 120.816� E, anddepthof 7.5 km) in�icted severere-
gionalscaledamageto Taiwan.Thestrong-motionwave�eld wascapturedbyadense
networkof stations(with averagestationspacingof 5 km),whichrepresentsthemost
completestrong-motiondatasetto dateto useto studythekinematicsourceprocess
of an earthquake.We invertedvelocity waveformsrecordedby 21 stationsfor the
spatialvariationin slip onaplanarfault modelcomposedof 416subfaults,eachwith
a dimensionof 3.5 km by 3.5 km. Theplanarmodelhasa strikeof N5� E anda dip
of 30� E, and the inversionsolvesfor the direction and magnitudeof the slip. To
accountfor possibletemporalsourcecomplexity we allowed eachsubfaultto slip
within 10overlappingtimewindows,eachwith adurationof 3 sec.Theresultsshow
that thesourceis composedprimarily of threemajorasperities,the �rst of which is
mainly dip slip, extendingfrom the hypocenterto the northernend of the surface
rupture.In this asperity,slip occurredin two pulsesseparatedin time by 5 sec.The
dislocationrise time for eachpulseis short (3–4 sec),yielding an approximateav-
erageslip velocityof 80cm/sec.Thesecondasperityis locatedatshallowdepthnear
the northernendof the rupturewherevery largegroundvelocitieswereobserved.
This asperityis on averageobliqueandshowsa temporalrakerotation from pure
dip-slip to strike-slip. The rotating rake suggestsa low initial shear-stresson the
northernendof the fault. Slip in this asperityis dominatedby a largepulsewith a
dislocationrise time of 8 sec.A stationnearthenorthernendof thesurfacerupture
recordeda peakvelocity of 390cm/sec,which we �nd to bedueto theconstructive
interferenceof energyradiatedfrom the �rst two asperities.The third asperityis
locatedsouthof the epicenter.The total momentfrom the threeasperitiesis 4.1 �
1027 dynecm, which wasreleasedovera periodof 30–35secwithin anareaof 900
km2. Syntheticscalculatedfrom the three-asperitymodel explain 85% of the data
and represent98% of the total variancereduction.Our resultsindicatethat slip is
con�ned to the shallowregion of the fault, deepslip patchesare lessconstrained,
andthat the slip distributionmay be representativeof fault segmentationalongthe
Chelungpufault system.

Introduction

The1999Chi-Chi earthquake(MW � 7.6)(20Septem-
ber1999,17:47:15.9UTC) (locatedat 23.853� N, 120.816�
E, anddepthof 7.5 km) in�icted severeregionaldamageto
the island of Taiwan. It also generatedthe most complete
near-sourcestrong-motiondatasetavailablewith anaverage
stationspacingof 5 km. Combinedwith the considerable
volumeof geologicalandgeophysicaldatacollectedin this
regionoverthepastdecades,thiseventprovidesanexcellent
opportunity to study the ruptureprocessof a large earth-
quakeandits relationto regionaltectonics.

TheChi-Chi earthquakehasa predominantlythrustfo-

cal mechanism(Fig. 1; strike� 5�, dip � 34�, andrake�
65�) derivedfrom the �rst motionsof thestrong-motionre-
cords(Changet al., 2000).Teleseismicsolutions(strike�
37�, dip � 25� andrake� 96�). (HarvardCentralmoment
tension[CMT]) and (strike � 26� dip � 27� and rake �
82�) (Yagi andKikuchi, 1999)comparewell butshowsome
variation,which maybedueto coseismicrakerotationor a
nonplanarfault surface.Surfaceslip measurementsindicate
variationin rakealongan80-kmN–S–trendingsurfacerup-
ture along ChelungpuFault (Central Geological Survey
[CGS] 2000).Thesurfacerupturewasmappedfrom Chusan



Finite-SourceModelingof the1999Taiwan(Chi-Chi) EarthquakeDerivedfrom a DenseStrong-MotionNetwork 1145

(Bamboomountain)to thevicinity of Shanyi(Fig.1a)where
it bendseastand developsa complexen echelonpattern.
Field observationsalsoshowthat thegreatestsurfaceoffset
(� 8 m vertically)occurrednearthenorthernendof thefault
(CGS, 1999).Coincidentally,Shanyi(Fig. 1a)is alsotheend
of a previously identi�ed seismicbelt that extends40 km
SE to Puli (Rau and Wu, 1998, Wu and Rau, 1998; Lin,
2000).

Thestrong-motiondatarecordedby theTaiwanStrong
Motion InstrumentationProgram(TSMIP) of the Central
WeatherBureau(CWB) (Lee et al., 1999)showsevidence
of strongnorthwarddirectivity judgedby the larger hori-
zontalpeakgroundvelocity (HPGV) to thenorththanto the
south(Fig. 1b). This effect is alsoevidentin thehorizontal
peakgroundacceleration(HPGA) on the footwall. In addi-
tion, footwall stationscloseto thesurfacebreakhaveHPGA
valueslessthan300cm/sec2, while thehanging-wallstations
haveHPGA valuesgreaterthan500cm/sec2. This patternis
seento extend60 km northof thenorthernmostsurfacerup-
ture. The hanging-wallampli�cation is lesspronouncedin
HPGV, indicatingit is frequencydependentbecausethe in-
tegrationto velocity from accelerationenhanceslower fre-
quencycomponents.The highestHPGA (1100 cm/sec2) is
locatedclose to the epicenterin the hangingwall on the
southernsegment.However,theHPGV increasednorthward
on the hangingwall until it reachedthe highestvalue(390
cm/sec)at the northernend of the surfacerupturewhere
thereis greaterthan8-m verticaloffset.Thespatialsepara-
tion betweenHPGA and HPGV suggeststhat therearedif-
ferencesin therupturedynamicsof thenorthernandsouth-
ernendsof thefault, wherein thenorthenergywasradiated
at relatively lower frequencycomparedto the south.The
damagein this region is mainly dueto the surfacerupture
and strong ground motion (Chiu and Huang, 2000). The
HPGA andHPGV alsoindicatethattheremightbestrong3D
path effects, which would be anticipatedfrom the tomo-
graphicresultsof Cheng(2000).In fact, stationssituatedin
sedimentarybasinsdo show larger amplitudesand greater
waveformcomplexity.

Yagi andKikuchi’s (1999)preliminaryteleseismicin-
version,reportedon their website,showedanorthwardrup-
turepropagation.Maetal. (2000)invertedthestrong-motion,
teleseismic,andGPSdataandfoundtherupturewascomplex
with variableslipdirectionandrupturevelocity,andthesere-
sults are consistentwith the resultsof Mori et al. (2000),
whichusedteleseismicdata,andwith thosepresentedin this
study.YagiandKikuchi (2000)invertedstrong-motion,tele-
seismic,andGPSdataandfound a heterogeneousslip rate.
Theyalsoidenti�ed threeasperitieson thefault: one10 km
westof theepicenter,one20km north,andoneabout40km
northwestand updip where large surfaceoffsetswere ob-
served.Preliminarystudiesindicatea complexspatialand
temporalsourceprocesswith relative low rupturevelocity
(� 2.5km/sec)andlongdislocationrisetime(Chietal.,2000;
Ma etal., 2000;Mori etal., 2000;Wu etal., 2000;Yagi and
Kikuchi, 2000).In orderto betterunderstandtheearthquake

ruptureprocess,wehavederiveda�nite sourcemodelusing
thestrong-motiondatasetprovidedby CWB of Taiwan(Lee
etal., 1999).Themethodologyusedis similar to thatof Har-
tzell andHeaton(1983),andthatusedin recentstudiesof the
HectorMine earthquakein SouthernCalifornia(Dregerand
Kaverina,2000;Kaverinaetal., 2000).Theobjectiveof this
studyis to determinetheslip distribution,thefaultgeometry,
andthe kinematicsof the ruptureprocessandto assessthe
resolutionof thesourceparameters.Wehaveconductedde-
tailedsensitivitytestson stationdistribution,fault planedi-
mension,varyingrake,rupturevelocity,andalsostudiedthe
contributionto thewaveformsfrom eachof themajorasperi-
tiesin ourpreferredmodel.

Finite-SourceMethodology

Weusedstrong-motiondatato invert therepresentation
theorem (equation 1) for �nite source parameters(e.g.,
Hartzell and Heaton,1983). The observedseismogramis
relatedto the spatiotemporalintegrationof slip distributed
on a plane,where,

U (x,t) � d� � n̂ u (� ,� )n i j� ���� �
� G (x,� ;t� � ) d� (� ), (1)ni,j �

whereUn is the nth componentof observedvelocity, � is
the rigidity, n̂i is the fault orientationunit vector,uj is the
fault slip, Gni,j is velocity Green’sfunction, x is a vector
describingthe relative locationof the sourceandreceiver,
� , � are spatialand temporalvariablesof integration,and
d� (� ) is the areadifferential; � is a function of the spatial
variable� .

Thesubscriptlettern refersto theground-motioncom-
ponent,andi andj areorientationindices.Thequantity� n̂i

uj (x,t) is equivalentto m(x,t), which describesthe spatial
andtemporalseismicmomenttensor.Uj (� ,� ) is thespatio-
temporalslip informationto bedeterminedby invertingthe
data.

We usea linear least-squaresinversionof observedve-
locity seismogramsto computethe spatiotemporalslip dis-
tribution. Severalconstrainingequationsarealsoappliedto
improve the stability of the inversion.First, the slip is re-
quired to be everywherepositive. Second,a Laplacian
smoothingoperatoris appliedto minimizethe�uctuation of
slip in adjacentsubfaults.The weight of the Laplacianop-
eratoris a freeparameter,andweexaminearangeof values
beforesettlingonaweightthatsucceedsin providingasuit-
ably smoothmodelthatalsoresultsin a goodlevel of �t to
the waveformdataand scalarmomentderived from long
perioddata.Third, weusesurfaceslip constraints,whichare
implementedby �rst projectingthemeasuredsurfaceoffsets
(CGS, 2000) onto the modeledfault plane.The difference
betweenthe projectedobservedslip andslip on the corre-
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Figure1. (a) Topographic and location
map. For the location of this �gure, seethe
rectangularbox in (b). Thefocalmechanismof
Kao andChen(2000)is predominantlythrust.
The dotsshowthe surfacerupturemappedby
the CGS (1999) that extendsfrom Chusanto
thevicinity of Shanyiwherethesurfacerupture
thenbendseastwardandformsanenenchelon
pattern.Somesurface�ssures were found at
Puli. Thelocationsof 21(7 onthefootwall and
14 on the hangingwall) stationsusedin our
�nal inversionareshownastriangles.Thelet-
ters A, B, and C below the station names
identify the asperitiesthat contributedto the
seismogramat that station (see section on
PreferredModel and Sensitivity Analysis for
details). There is a topographiclow region
boundedby the townsShanyi,Puli, andChu-
san.It is in this region we �nd that most of
theslip wascon�ned. (b, facingpage)Thecir-
clesdisplay the spatialdistributionsof HPGA
andHPGV. The sizesof the circlesarescaled
accordingto the correspondingHPGA/HPGV
values.ThehighestHPGA valuewasrecorded
nearthe epicenterin the southernpart of the
surfacerupture.Thereis anotable200cm/sec2

increasein averageHPGA at stationslocated
close to the fault on the hangingblock. The
highestHPGV was locatednear the northern
endof the surfacerupture.The HPGV pattern
clearly showsthe effectsof northwarddirec-
tivity. Examplesof stationswherelateralhet-
erogeneityhas a strong affect are shown by
arrows.

spondingsubfaultsis minimized.Thesurfaceslip constraint
controlsthedistributionof slip in theshallowestrow of the
�nite fault model and hasnegligible impacton the deeper
subfaults.

For eachsubfaultwe simultaneouslyinvert for purere-
versedip slip andleft-lateralstrike slip. Thevectorsumof
thetwo componentsthengivesthetotalsubfaultslip andthe
slip direction.Following theapproachof HartzellandHea-
ton (1983)we usea multitime window methodto account
for temporalheterogeneityin fault slip. This parameteriza-
tion allowsusto �rst assumeaconstantrupturevelocityand
a circularrupturefront, aswell asaconstantdislocationrise
time for a given time window. However,by allowing each
subfaultto rupturein subsequenttimewindowsweallow the
overall rupturevelocity andrise time to vary spatially.For
example,slip that occursonly in later time windowsis in-
terpretedashavinga lower rupturevelocity, while slip that
occursin severalconsecutivetimewindowsis interpretedas
havinga longerrise time. Eachof the individual time func-
tions are normalizedto unit areaso that they integrateto
total slip for the given time window. We usea minimum
time function of 3 sec,which is de�ned asan isoscelestri-
angle,andeachsubsequentwindow is delayedby one-half
theduration(1.5sec).Thesummationof theintegratedtime

function then resultsin the total slip for a given subfault,
andthe time window durationeffectivelyde�nes themaxi-
mum corner frequencyand controls the ability to model
higherfrequenciesin thedata.

StationSelectionandGreen’sFunctionComputation

We usedthe strong-motiondatafrom the instrument-
response-correctedASCII �les disseminatedonCDROMby
Lee et al. (1999).The accelerationdatawere integratedto
velocity and�ltered between0.02and0.5 Hz beforebeing
resampledat 10 samplesper sec.A total recordspanof 50
secis used.Becausetheremightbetiming problemsatsome
stations(Lee et al., 1999), we havedone severalteststo
avoidstationswith apparenttiming errors.First we aligned
the accelerationseismogramsto check the arrival-time
moveout(Fig. 2). Therewasonly oneobvioustiming error
amongthe 30 stationsthat we initially consideredfor the
inversion,andthis stationwasremovedfrom consideration.
In Figure 2 we comparethe �rst P-arrival time calculated
from the1D velocity modelthatweuseto computeGreen’s
functions(Table 1) with a recordsectionof vertical-com-
ponentaccelerationwaveforms.Overall themeandeviation
betweenthe observedand predictedarrival times is � 0.1



Finite-SourceModelingof the1999Taiwan(Chi-Chi) EarthquakeDerivedfrom a DenseStrong-MotionNetwork 1147

sec,with a standarddeviationof 1.4 sec.In all casesthe
deviationis lessthan the durationof one time window (3
sec)andthereforehasminimal impacton the inversionre-
sults.The sourceof thearrival time scattercouldbedueto
clock errors,lateralheterogeneity,anddif�culty in observ-
ing the initial onsetdue to the emergentnatureof the P
waveforms.In addition,Huang(2000)producedan anima-
tion of the observedwave�eld acrossthe network. In that
study,time shiftswereappliedto someof theoriginal data
to makethe wave propagationspatially coherentandself-
consistent.We comparedour un�ltered accelerationdata
with �gure 2 of Huang(2000)andfound the timing differ-
encesaregenerallylessthan1 sec.We alsocomparedour
datawith theanimation,andeventhoughthesedataare�l-
teredto periodsbetween10and20sec,wefoundreasonably
good agreement.Basedon the aforementionedresults,we
feel justi�ed using the absolutetiming for the 21 stations
andarecon�dent that the 1D velocity modelusedto com-
puteGreen’sfunctionsis a goodapproximationto the av-
eragecrustalstructure.

We further culled the datasetto maximizeazimuthal
coveragewithout overweighinga particularazimuth(Fig.
1a), and to removestations,which appearedto be more
stronglyin�uencedby 3D heterogeneity.Weexaminedpar-

ticle motionplots for theentiredatasetandcomparedthem
spatially with a recentlyavailable3D tomographicmodel
(Cheng,2000).Severalbasinstationsshowlargeamplitudes
and complex waveformscomparedto adjacenthard-rock
stations.Thesebasin stationswere removedand replaced
with a hard-rockstationif possible.

A frequency-wavenumbermethodology written by
ChandanSaikia(Saikia,1994)wasusedto calculateasetof
Green’sfunctionsbasedon the1D velocity modelprovided
in Table1 andpublishedin a recent3D tomographicstudy
by RauandWu (1995).This 1D modelhasbeenwell tested
by routineregionalmomenttensorstudiesof local andre-
gional events(cf. Kao and Chen,2000), and is shownin
Figure2 to agreewell with the�rst arrival timesof thedata
usedin this study. Becauseof the large dimensionof the
fault modelandtheregionalstationcoverage,Green’sfunc-
tionswerecalculatedfor asource-receiverrangeof 2 to 200
km with anincrementof 3 km, andfor a sourcedepthrange
of 2 to 17 km with an incrementof 3 km. The calculated
Green’sfunctionswere �ltered in the samemanneras the
data.Severalstationsarelocatedcloseto thefault trace,less
thanthe2-km-minimumGreen’sfunctiondistance.Wenote
thatthecenterpointof theshallowest3.5� 3.5km subfault
is at a depthof 0.9km and1.5km laterallyfrom thesurface



1148 W.-C. Chi, D. Dreger,andA. Kaverina

Figure2. A common-shot-gatherplot wasusedto
checkfor possibletiming errorsof the21 stationswe
usedfor the�nite sourceinversion.Thesewaveforms
areun�ltered verticalaccelerationdata.Eachtraceis
scaledto emphasizethebeginningof therecord.The
�rst P-wave arrival-time curve is derived from the
velocity model we usedto calculateGreen’sfunc-
tions.Themeandifferencebetweentheobserved�rst
arrivalsandthe travel-timecurveis � 0.1 � 1.4 sec
demonstratingthat thesestationsdo not haveanyse-
rious timing errors.

Table1
1D Velocity Model Usedfor Green’s FunctionCalculation

Thickness
(km)

Depth
(km)

Vp

(km/sec)
Vs

(km/sec)
Density
(g/cm3) Qp Qs

2.2 2.2 4.5 2.6 1.8 200 100
2.2 4.4 4.85 2.8 2.05 600 300
2.2 6.6 5.3 3.06 2.25 600 300
2.2 8.8 5.6 3.23 2.39 600 300
4.5 13.3 5.84 3.37 2.5 600 300
4.5 17.8 6.13 3.54 2.64 600 300
7.5 25.3 6.28 3.63 2.7 600 300
8.5 33.8 6.6 3.81 2.85 600 300
5 38.3 6.87 3.97 2.97 600 300

21.5 60.3 7.43 4.29 3.3 600 300
25 85.3 7.8 4.5 3.3 600 300

rupture.Becausethe surfaceslip constraintcontrolsslip in
the shallowestrow of subfaults,the rangeof Green’sfunc-
tion distancesand depths is appropriatefor the small-
distanceshallow-depthsubfault-stationpairs.

PreferredModel andSensitivityAnalysis

The locationof thesurfaceruptureandits offsetsused
in our fault planeparameterizationwerebasedon the �eld
investigationby theCGS(1999).Surfaceevidenceindicates
thatthefault geometryof themainshockwascomplex.How-
ever, to begin the sourcemodelingwe considereda single
112 by 45.5km singlefault planewith a strike of N5�E to
separatethehanging-wallstationsfrom thefootwallstations.
The dip is 30�E, basedon a combinedregionalbroadband
network(BATS)/teleseismicstudyby KaoandChen(2000).
The fault planeis composedof 416 subfaults,eachwith a
dimensionof 3.5by 3.5km. Eachsubfaultwaspermittedto
rupturein anyof 10 3-secisosceles-triangletime windows,
eachseparatedby a 1.5-secdelay. However,we also ex-
amined simpler time models, which will be discussed
shortly.For eachtime window both puredip slip andpure
strikeslip aresolvedfor. Tentimewindowson416subfaults
eachwith dip-slip and strike-slip componentstranslatesto
8320unknowns.Forty-one50-secseismogramsfrom 21sta-
tionssampledat 10 samplespersecwereusedin theinver-
sion, which translatesto 20,500datapoints. The dataare
mostcertainlycorrelated,thusthe actualnumberof datais
less.The surfaceslip data,smoothing,and slip positivity
constrainingequationsprovidestability in the inversion.

We performedmore than 80 inversionsto reachour
preferredmodel (Fig. 3), which is presentedhereto de�ne
its principle features.As Figure 3 shows, there are �ve
regionsof the slip model designatedby the letters A–E.
Theseregionsrepresentareasof momentreleasethatappear
to bedistinctandarehereinreferredto asasperitiesA–E. A
detaileddiscussionof thesefeaturesandtheinterpretationis
provided in the later section (Interpretationof Preferred
Model).Beforediscussingtheinterpretation,it is instructive,
however,to examinethe sensitivity of the �nite fault slip
inversionto factorssuchasstationselection,stationgeom-
etry, style of slip, rupturevelocity, andrise-timeheteroge-
neity to determinewhich of thesefeaturesarerobust.

StationSensitivity

To examinethe possibility of unmodeled3D propaga-
tion effectsat somestationsandbecauseof the possibility
of unknowntiming errorsin thedata(Leeet al., 1999),we
conducteda Jackknifetest to investigatethe sensitivityof
the inversionto eachstation.Our initial choiceof stations
wasgovernedby a desireto maximizeazimuthalcoverage
andwaspredicatedon thedatabeingconsistentwith Huang
(2000)andthe�rst-arrival travel-timemoveoutasdescribed
previously.The sensitivity of groupsof stations,such as
thoselocatedon the hangingblock, the footblock, andthe
northernendof thesurfacerupturewasstudied.In addition,
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Figure3. Bestinvertedslip model.A stardenotes
the hypocenter.Thereare �ve major asperities:as-
perity A is mainly dip slip within thetriangularzone
boundedby the townsof Shanyi,Puli, andChusan;
asperityB is obliqueslip alongtheShanyi-Pulibelt;
asperityC trendsNW–SEwith obliqueslip. Asperity
D is dip slip nearPuli; and asperityE is strike slip
nearthe NE corner.Basedon our analysis,the slip
patternfrom asperitiesA, B, C arewell constrained,
butasperitiesD andE areinconclusive.Ourpreferred
modelonly consistsof asperitiesA, B, andC. (a)Dip-
slip component,(b) strike-slipcomponent,(c) vector
plot showingthemagnitudeof total slip andthe slip
direction. Four locationswhere the dislocationrise
time is investigatedarelabeled.

thesensitivityof the inversionto rupturevelocity, timehet-
erogeneity,andslip directionwasexplored.

As previouslydiscussedthereis apronouncedfootwall/
hanging-walleffect in theobservedHPGA (Fig. 1b),andwe
testedinversionsusing only stationslocatedon either the

footwall or hanging-wall blocks. Having poor azimuthal
coverage,thefootwall stationinversionresultsin extensive,
excessiveslip (averaging6.1 m over theentirefault plane).
Thescalarmomentis 1.75� 1028 dynecm,andthevariance
reduction(VR) [VR � 1 � (� (synthetics-data)2/� (data)2)]
is 92%.Theinversionusingonly thehanging-blockstations
resultsin thesamelevel of �t (VR � 92%)althoughmore
stationswereused.The averageslip is 4.1 m, andthe dis-
tribution is morecoherentforming asperitiessimilar to the
preferredresults(Fig. 3), which uses21 stations(Fig. 1A).
The scalarmomentwasfound to be 7.46 � 1027 dynecm
for this inversion.Figure 1b indicatesthat for HPGV the
hanging-wallampli�cation is not asstrongandthat it is not
a factor in the inversionresults.In fact, the derivedscalar
momentfrom the hanging-wallstationsis lessthanfor the
footwall stations.Thusit seemsthatthemostimportantcon-
siderationis thecompletenessof thecoverage.Thehanging-
wall stationshavegreaterazimuthalcoverageandtherefore
providegreaterconstrainton thedistributionof slip.

At the northernend of the surfacerupturethe largest
HPGV and surfacedisplacementswere observed.Station
TCU068recordeda HPGV of 390cm/secandis sitedon the
hangingwall closeto the locationof themaximumsurface
offset(8 m vertically).Whenthisstationis omittedfrom the
inversiontheslip modelis largelyunchanged;however,the
level of slip in asperityB is reducedby half. Othernearby
stationssuchasTCU029,045,052,128,065,072,and071
werealsofound to constrainasperityB (Fig. 1a,3).

The stationsthat control slip in the middle of the fault
include TCU052,065, 068, 071, 072, 075, 074, 079, 089,
078, and 128 (Fig. 1a). Most of theseare locatedon the
hangingblock abovetheruptureplane.Thesestationswere
foundto havetwo importanteffects.First, theyresolvehet-
erogeneitywithin asperityA (Fig. 3), andsecond,theysup-
pressslip onthedeeperportionsof themodel(e.g.,asperities
D andE). Additionally, stationsHWA056,058,and032are
locatedon thehangingblock to theeastof theruptureplane
(Fig.1).Thesestationswerefoundto provideimportantcon-
straintof thedeeperslip wheretheneteffectwasto suppress
slip in asperitiesD andE.

At thesouthernendof thesurfaceruptureandthefault
model,stationsCHY024,028,035,074,and080requireslip
to belocatedto thesouthof theepicenter(asperityC in Fig.
3). Thesestationsalsoseemto havemoderatesensitivityto
asperityA andalmostnosensitivityto asperityB. Someslip
southof the epicenteris consistentwith the resultsof Yagi
andKikuchi (1999).

In summary,the21stationsthatweusedmaximizeazi-
muthal and footwall/hanging-wallcoverageof the rupture
plane.Thesestationshavebeenveri�ed to beconsistentwith
theP-wavetraveltime from the1D velocitymodelwehave
assumedfor theGreen’sfunctionsanddo not appearto suf-
fer from signi�cant timing errors.This subsetof stations
resultedfrom theanalysisof 30 stations,wherestationsex-
hibiting eithersigni�cant timing errorsor possiblein�uence
from 3D structurewerereplacedby anothernearbystation.
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Figure4. Rakesensitivitytests.For the inversion
thatonly allowedupdipslip we obtaina good�t and
a variancereduction(VR) of 80%, comparedwith
87% for our bestmodel.For this case,slip was re-
solvedonly in asperitiesA andB. For the inversion
that only allowed left-lateral strike-slip we obtain a
VR of 60% and slip is largely at the bottom of the
fault plane.

Figure5. Rupture velocity sensitivity. Rupture
velocity is testedfrom 1.7km/secto 3.2km/sec.Our
preferredmodelhasa rupturevelocity of 2.6km/sec.

Slip DirectionSensitivity

SurfaceoffsetsandGPSdataindicatethattheslip in the
earthquakewaspredominantlydip slip, however,thesedata
togetherwith slightly obliquelong-periodthrustfocalmech-
anismssuggestasigni�cant strike-slipcomponent.The�nite
sourceinversemethodrecoversvariableslip direction by
simultaneouslysolving for the reversedip-slip and strike-
slip (in this caseleft lateral)components.Thevectorsumof
thetwo componentsgivestheslip magnitudeanddirection.
We �rst testedan inversionwhereslip wasallowedto only
bepurethrust.This calculationhadthefull 10 timewindow
parameterization,andtheresultsareshownin Figure4a.For
this inversiona VR of 80%wasobtained,which is lessthan
the87%resultobtainedfor thepreferredmodel(Fig.3).This
inversionrecoveredtheslip in asperitiesA andB. Another
inversion was performed,which allowed only left-lateral
strike-slip.This inversionresultedin a VR of 60% andre-
coveredlargeslip at thebaseof thefault model.To examine
thesigni�canceof thevariableslip directionin thepreferred
model,we usedthe F test.ThreeF-ratiosof the variances
of the simpli�ed modelsto the preferredmodelwerecom-

puted.Thevariancesof thesimpli�ed modelswerenormal-
izedby 20,500(datapoints)� 4160(modelparameters)�
16,340degreesof freedom,andthevarianceof thepreferred
modelwasnormalizedby 12,180degreesof freedom(rep-
resentingtwice the model parameters).The F statisticsof
thepreferredmodelto thepuredip-slipandstrike-slipmod-
elsare1.52and3.06,respectively,andbothexceedthecriti-
cal F-value of 1.04 representingstatistical signi�cance
greaterthanthe99thpercentileassuminguncorrelateddata.
The dataare certainly correlated,however,and the actual
signi�cancelevel is less.Neverthelessour detailedanalysis
of thevelocity seismogramspresentedlaterandotherinde-
pendentdatasetsindicatethatobliqueslip is required.

RuptureVelocity Sensitivity

Rupturevelocity sensitivityfor the10 timewindowpa-
rameterizationwasinvestigated(Fig. 5), andwe found that
a value of 2.6 km/secgavethe largestvariancereduction,
althoughthereis awide range(2–2.9km/sec)thatalsogave
goodresults.Valuesof rupturevelocity lessthanor greater
thantheoptimalvaluetendto rearrangeslip in time,where
slowerrupturevelocitiesproducelargeslip in theearlytime
windowsand fastervaluestend to mapslip to later times.
Generallywe �nd that the datarequiresa substantialtime
delay in the occurrenceof major slip. AsperitiesA, B, C,
andD areobservedin all runswheretherupturevelocity is
altered,althoughthereis somevariationin the distribution
of slip betweentheasperities.
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DislocationRise-TimeSensitivity

Our preferredmodel has10 time windows to account
for rupturevelocity anddislocationrise-timevariation.To
establisha baselinewe performedan inversionwith only
onetime window. We usedone3-secwindow thatruptures
upon the arrival of a circular rupturefront propagatingat
2.6km/sec,andobtainedavariancereductionof � 23%.By
addinga7.5-secdelayon therupturetimeto accountfor the
delay in arrival of larger amplitudeenergyas observedin
therawaccelerograms(Fig. 2), theVR increasedto � 2.9%.
Increasingthedislocationrisetimefrom 3 to 6 secincreased
the VR to 43% anda dislocationrise time of 12 secgave
VR � 32%. All of thesesimpli�ed inversionsfail to ade-
quatelyexplainthedata,althoughtheydo demonstratethat
the datafavors a dislocationrise time of approximately6
sec.TheF statisticfor thebestsingletimewindowrun(dis-
location rise time of 6 sec) with respectto the preferred
model is 4.42. The improvementin �t over the critical F-
value (F � 1.04) indicatesthat the multiple time window
inversionprovidesa very signi�cant improvementin �t.

ForwardTestsof Finite SourceModel

To examinethe resolutionof the preferredmodel we
simulated seismogramsusing only portions of the total
model(e.g.,regionsboundedby white lines in Fig. 3). As-
perity A (Fig. 6) releaseda momentof 1.53 � 1027 dyne
cm andcontributedmostto thesyntheticwaveformsat sta-
tions from thecentralpartof the fault andto thesouth.For
example,stationsTCU071,072,and075aremodeledquite
well usingonly theslip from asperityA. In comparisonsta-
tions TCU039,128,068,and052 arepoorly modeled.As-
perity B hasa scalarmomentof 1.3 � 1027 dynecm and
contributesmostto stationsnearShanyi(TCU068,052,128,
039, 029, 045). This asperityis shallowandis responsible
for the largeHPGV andstaticsurfaceoffsets.This asperity
contributesto the later portions of seismogramslocated
southof TCU052anddoesnot contributeat all to stations
locatedsouthof the epicenterin the 50 secthat we model
(cf. Fig. 7A, 7). Asperity C releases7.6 � 1026 dyne cm
and contributesmost to stationsnearChusan.Asperity D
contributedonly to thewaveformsat HWA058.Thereis no
clearpulsefrom the forwardmodelingof asperityE.

Inspectingthe forward-modeledwaveforms,we found
that in-phaseenergyfrom asperitiesA andB enhancedthe
major northwardpulseandresultedin the very high HPGV
atTCU068.Forthestationswithin latitudes23.75N to24.05
N, asperityA contributedto theearlypartof thewaveform,
while asperityB contributedto the later part of the wave-
form. StationsneartheSWcornerof thefault planerequired
asperityC. Figure8 showsthe �t to thedatafor the model
without asperitiesD andE (our preferredmodel).Thecon-
tribution from all slip exceptasperitiesD andE resultsin a
variancereductionof 85.1%,comparedwith 87.1%for the
total slip model,showingthat only 2% improvementin �t

camefrom asperitiesD andE. Thusabout98%of the total
variancereductioncomesfrom slip in shallow asperities.
The small waveformcontributionfrom asperitiesD andE
andtheireffectof elevatingthescalarmomentoverthelong-
periodestimatesleadsus to cautiontheir interpretation.

Interpretationof thePreferredModel

In theprevioussectionwe foundthatwith theavailable
stationcoveragewe can resolvethe slip in asperitiesA–C
of the preferredmodel (Fig. 3) and that slip in asperities
D–E contributeslittle to the �t to the velocity waveforms.
Additionally, we found that modelsthat allow for variable
rakeandmultiple timewindowssigni�cantly improvethe�t
to thedata.In thissection,weexaminethesefeaturesin more
detailandinterprettheresults.

The slip in eachof the 10 time windows is shownin
Figure9. AsperityA had 1 m of slip thatrupturedin the�rst
two time windows. The slip then subsideduntil the sixth
timewindow(9 seclater),whenthemajorruptureoccurred.
AsperityB wasfoundto bevery complexandshowedtem-
poral rake rotation. It initiated at depth in the early time
windows,andtherakerotatesfrom mainly strikeslip to dip
slip. In the sixth time window the shallowpatchstartedto
rupturewith initially purereverseslip,whichisseento rotate
to strike slip thoughthe time windows 7–9. The total slip
shownin Figure3 isobtainedby summingthecontributions
from eachof the time windows.The total slip nearthehy-
pocenteris about8 m. Nearthenorthernendof the fault it
reached23 m, however,it is concentratedon a singlesub-
fault. AsperityC reacheda peakof 3 m of slip.

Thedislocationrise timesat four locations(Fig. 3) are
studiedin detail (Fig. 10). Using a rupturevelocity of 2.6
km/secall of themshowedan8–10secdelayexcepttheone
at thehypocenter.Location1 nearthemaximumslip siteof
asperityB showedvery high particlevelocity (240cm/sec)
that is comparableto the maximumrecordedHPGV of 390
cm/secatstationTCU068.At thissitethedislocationstarted
28 secafter theorigin time, andthedislocationrise time is
about8 sec.Location2 is alongthe boundarybetweenas-
perityA andasperityB. It showsasimilarpatternto location
1 but with lower peakvelocity (86 cm/sec)and5-secdis-
locationrisetime.Location3 within asperityA showsapeak
particlevelocity of 168 cm/secand10-secdelay.The dis-
locationrisetime is about5 sec.At thehypocenter(location
4) therewere two pulses5 secapartwith a peakparticle
velocity of 110 cm/sec.On averagethe particle velocity
rangesfrom 70 to 250 cm/sec,and the stressdrop ranges
from 2 to 13 MPafor theprimaryasperities.Bothquantities
seemto increasenorthward.The different HPGA/HPGV ra-
tios in the northernpart of the fault comparedto the south
is probablyrelatedto thedifferencesin momentrate.Figure
10 showsthatthedurationof thepulsesin thesouthernhalf
of the fault is shorter(approximately2–8 sec,location 3)
while onaveragetheyarelongerin thenorthernhalf of fault
(4–12sec).Theruptureprocessseemsmorecomplexin the
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Figure6. Syntheticvelocity waveform(dashedlines)simulatedusingonly asperity
A. Solid tracesaretherecordeddata.Most of thestationswithin thelatitudesof 23.75
and24.15aremainlycontrolledby asperityA, especiallyTCU052and065.SeeFigure
1A for stationlocations.

south,wheretwo sourcepulsesareobserved.Therelatively
shortdurationof the two pulsesmay contributeto propor-
tionally morehigh-frequencyradiation,thus leadingto the
large observedHPGA. In contrast,the northernend of the
fault hadonly a singlelargepulse,which for somestations
is partlydueto constructiveinterferencefrombothasperities
A andB, producingthehigh HPGV in thatregion.Theover-
all durationof thesinglepulseis longer,leadingto a lower
cornerfrequencyandlower HPGA.

Next, we comparethe moment rate function, spatial
variation of the dislocationrise time, and perturbationsto
therupturefront (Fig. 11). Themomentratefunctionis de-
rived by integratingthe momentdistribution in the space
domain,wherethis durationis the convolutionof the dis-
locationrise time andrupturetime integratedover thefault
surface.Thereis a weakinitiation, which is seenin theraw
accelerograms(Fig. 2). After the�rst 5 sec,themomentrate

is seento increasesteadilyandpeaksbetween19and25sec
after the origin time. The momentrate function then de-
creasesrapidly. The low levels of moment rate at times
greaterthan35 secmaynot bewell resolved.Thetotalmo-
mentof 4.1 � 1027 dynecm is about53% of the moment
derived from a teleseismicinversion study by Lee et al.
(2000).However,it is largerthanthe1.77� 1027 dynecm
of Kao andChen(2000),2.4 � 1027 dynecm of Yagi etal.
(2000),and2–4 � 1027 dynecm of Ma et al. (2000).It is
21% larger than the HarvardCMT estimate(3.38 � 1027

dynecm).We speculatethatthelargermomentcomesfrom
our use of higher frequencyvelocity seismograms,while
Kao and Chen(2000),Ma et al. (2000),and Yagi (2000)
usedisplacementseismograms.Anotherpossibilityis dueto
the1D modelwe usedfor theGreen’sfunctioncalculation.
Lack of low-velocity layersat shallow depthswill reduce
the amplitudeof the Green’sfunction, thus increasingthe
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Figure7. Syntheticvelocity waveform(dashedlines)simulatedusingonly asperity
B. Solid tracesshow data.Note that this asperitycontributedmajor portion of the
waveformat TCU068andTCU052.Becausethereis a largestrike-slipcomponentat
shallow depth, the syntheticsshow a very strong northwarddirectivity effect. The
stationsthatarenorthof thisasperityhavelargeramplitudesthanto thesouthatsimilar
distance(e.g.,TCU128N componentvs. TCU065N component).This asperitycon-
tributedto thelaterportionof thewaveformfor manystations(e.g.,TCU079,TCU075,
TCU071,TCU065).SeeFigure1a for thestationlocations.

slip magnitude(e.g.,Waldetal., 1996).Complex3D crustal
velocity structuremight also in�uence wave propagation
paths,however,we believe our site selectionprocessre-
movedsitesthat either displayedor would be expectedto
havesigni�cant 3D in�uence.

Wederivedtherisetimeby countingthenumberof time
windowsthathavecontinuousslip greaterthan50 cm (Fig.
11b).Theresultsfor eachsubfaultrangesbetween6 and10
sec,with little systematicvariation.Wehavealsoplottedthe
wavefronttime that includesthedelayuntil slip in a single
window exceeds50 cm (Fig. 11c). This �gure showsthe
rupturevelocity was variableand overall slower than 2.6
km/sec.The rupturefront slowedsubstantiallyasit propa-

gatedinto theregionbetweenasperitiesA andB, suggesting
a changein thedynamicpropertiesof the rupture.Asperity
B exhibitsa temporalrakerotation(Fig. 9), which suggests
that this part of the fault hada low initial stressand large
stressdrop (Guatteriand Spudich,1998).Alternatively, it
could be that the fault was strongand neededa dynamic
perturbationto initiate therupture.Therupturefront is seen
to delayasit reachesasperityB, suggestingthatit hashigher
relativestrengthandadynamicstressincreasedueto failure
of other patchesof fault neededto grow for asperityB to
fail. (e.g.,Ward, 2000).Apparentlythis changein the dy-
namicsof the rupture processconspiredto producevery
largeoffsetsandlargeparticlevelocitiesbut relatively low



1154 W.-C. Chi, D. Dreger,andA. Kaverina

Figure8. Syntheticwaveforms(dashedlines) from themodelwithout asperitiesD
andE. The �t is very good,andthe variancereductionbetweenthesyntheticandthe
observeddatais 85%,comparedwith the variancereduction87% obtainedwhenthe
entiremodelis used.Thus98%of thedatais �t by wavesradiatedfrom asperitiesA–
C. AsperitiesD andE arepoorly resolved.Note the syntheticssystematicallyunder-
predictedthe �rst eastwardpulseat stationslocatedon the footwall nearthe surface
rupture(TCU065,TCU075,TCU129).

radiationat high frequencies(Fig. 1). The interferenceof
wavesradiatedfrom asperitiesA andB couldalsoaffectthe
spectrumandtheHPGA andHPGV ratio.

Finally, the fault dimensionsareimportantin thestudy
of this earthquakebecauseslip consistentlyoccurredat the
NE cornerandthe bottomof the fault planemodel.To ex-
aminethe resolutionof the deepslip we extendedthe fault
width by 25morekilometersfrom thebottomandfoundthat
it resultedin unrealisticallylargeslip (� 25 m). As thepre-
vious sensitivity testsshowed,this largeslip canbe intro-
ducedby just small variation of waveform,and therefore
with the availablestrong-motiondata,slip in asperitiesD–
E is not well constrained.In fact, the additionof moresta-
tions to the eastsuppressesthis slip without affecting the

slip in asperitiesA–C. Thenorthernbendof thesurfacerup-
turenearasperityB could be relatedto the largeslip along
theShanyi-Pulibelt. Suchunmodeledcomplexitycouldre-
sult in the rake rotation that we obtained.Investigationof
nonplanarslip modelswill be the focusof futurework.

Conclusion

We inverted the densestrong-motiondata from the
CWB to study the �nite sourceprocessof 1999 Chi-Chi
earthquake.More than80 inversionsusing41 velocityseis-
mogramswereperformed,andour bestmodelis comprised
of threeshallow asperities,which accountfor 98% of the
total waveform�t. Deeperasperitiesarepoorly constrained
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Figure9. Slip vectors from the 10 time
windows(without asperitiesD andE). Asper-
ity A hasmainlydip slip thatstartedat the�rst
two time windows.It thensubsidedfor 7.5sec
before the secondpulse started.Asperity B
showsa rotationof rakefrom strikeslip to dip
slip to strike slip, which might be relatedto a
dynamicstresschangeduring the rupturepro-
cessand low initial stress(GuatteriandSpu-
dich, 1998).AsperityC showsmainly oblique
slip.

andarelikely artifacts.AsperityA, mainly dip slip, extends
from thehypocenterto thenorthernendof thesurfacerup-
ture.Therearetwo pulsesin thisasperityseparatedby 5 sec,
eachwith adurationif 3–4sec.Theparticlevelocityreaches
80 cm/sec.Asperity B, which is mainly left-lateraloblique
slip, is con�ned within the regionfrom the town of Puli to
thenorthernendof thesurfacerupture.It is dominatedby a
largepulsewith a dislocationrise time of 7 secresultingin
a particlevelocity of 240 cm/sec.The high HPGA nearthe
epicentermaybedueto themultiple shortdurationrupture
pulsesin that region.Thehigh HPGV at thenorthernendof
the surfacerupture is related to the single long duration
pulse,which in part resultsfrom the constructiveinterfer-
enceof wavesfrom bothasperitiesA andB. Therotationof
rakeof asperityB suggeststhat this regionof the fault had
relativelylow initial stressandlargestressdrop.Howeverit

may alsobe dueto the assumptionof a singleplanarfault
geometry,althoughsurfaceslip measurements(CGS, 2000)
and GPS (Yu et al., 2001) indicatethat oblique slip is re-
quired in this region of the fault. The observednorthward
directivity is mainly dueto asperityB dueto its signi�cant
strike-slip component.Asperity C is locatedsouth of the
epicenterandis comprisedof manysmallerpatchesof slip.
The total momentfrom thosethreeasperitiesis 4.1 � 1027

dynecm, releasedover a periodof 30–35sec.A rangeof
rupturevelocity between2.0 and2.9 km/secprovidedgood
�t, with the bestbeing2.6 km/sec.The multiple time win-
dow analysisrevealedthat the rupture front slowed as it
enteredasperityB suggestingthat it had low initial stress
andrequireddynamicstressincreasesdueto adjacentslip-
ping patchesof fault beforefailing (e.g.,Ward, 2000),or
that the actualruptureoccurredon a surfacedifferent from
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Figure10. Dislocation rise-time functions from
the four fault locations labeledon Figure 3. Most
of thesubfaultsshoweda delayof about9 secbefore
the main ruptureoccurred,with the exceptionof the
hypocenter,wheretherearetwo pulses(D). Thepar-
ticle velocityvariesatdifferentlocations.Overall,as-
perity A hasa lower particlevelocity (� 1.2 m/sec),
while asperityB hasa higher particle velocity (� 2
m/sec).

Figure11. (a). Average moment rate function
showingthat the major momentwasreleasedovera
periodof 30 secandpeakedbetween19 and25 sec
after the origin time. The rupturedurationfor each
subfault(b) wascalculatedasthetime spanin which
asubfaulthascontinuousslip greaterthan50cm.The
rupturetime(c) calculatedfrom the�rst timewindow
that hasgreaterthan 50 cm slip. The delay for that
particular time window from the origin time was
addedto the time it took for the waveformfront to
reachthesubfaultwith a velocity of 2.6km/sec.This
showeda retardationof rupture when the rupture
reachedasperityB andthebeltbetweenPuli andChu-
san.Therupturefront is alsoseento slow at shallow
depth.

themodeledplanarfault. Theslip distributionthatweobtain
is mainly con�ned within a triangularareaboundedby the
townsShanyi,Puli, andChusanthatseemsto correlatewith
topographyandpre-eventseismicityandmaybeanexpres-
sionof fault segmentation.
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