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The strongmotion andgeodéic dataareindividually inverted for the sourceprocessof the 2003 Tokach-oki,
Hokkaido, earthguake with a hypocenter25 km deepanda fault planeabove the subdieting Pacific slab Boththe
resultsshov a simpleslip distribution with a singlemajor asperity but the strongmotioninversion mayincludea
tradeoff betweenrslip location andrupture time andthe geodeticinversion does not have sufiicient resolutian for
farslips. We thencarryoutajoint inversionof thetwo datasetin orde to overammetheseweaknasef thesingle
dataseinversions. The resultantslip distribution still keegs the simple patternand hasa seismicmomert of 2.2
x 10%! N-m (M, 8.2). The asperity with a peakslip of 7.1 m, is locatedin the centerof the fault plane50 km
away from the hypacenterin the down-dip direction The slip ratefunctions on subfauts arownd the hypocenter
andasperityindicatethatthe rupture propagateswith a supersheaspeedon the upper part of the fault planeand
slows down to 100-90% of the S-wave velocity on the middle and lower parts. Thesesimple slip patterrs and
nearswpershearupture mayimply the maturity of the Hokkaido subduction zonearourd the sourceregion.
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1. Introduction
A greatearthgiake with a JIMA magntude (Mjna) of
8.0 occured at 4:50 a.m. on Septembe6, 2003 (JST =
UT + 9 hous) off the Tokachidistrict of Hokkaido, north-
ernJapanJMA: JapanMeteordogical Agengy, 2003. This
Tokach-oki earthaiake is thelargest eventarowund the Japan
islandsafterthe Mjy; 4 8.2 Hokkaido Toho-oki earthguake in
1994 JMA (2003) locatedits epicente above the subduct-
ing Pacificslab(41°46.7'N, 1444.71E; Fig. 1). Thefocal
mechamsmdetermiredby YamarakaandKikuchi (2003) in-
dicatedow-argle reversefaultingin thedirectionof subdie-
tion, therefae the eartlquale is anevert thrustingalongthe
uppe boundaryof the Pacific slab

Yamaraka and Kikuchi (2003) also carried out a wave-
form inversion of teleseismiadataand obtainedthe bestfit
with a hypocentrd depthof 25 km. This depthis consistent
with the slab surface (Katsumataet al., 2004; Eartlqualke
ResearcifCommittee, 2003 at the IMA epicenterasshovn
in Fig 1, sothat we will useit asthe depthof the ruptue
initiation point. We will also adop the strike (230° from
the north) anddip angle(20°) in the abore-mertionedfocal
solution,for the geonetry of afault plane.

2. Dataand Method

Among several nationwide seismicarrays,KiK-net (Aoi
et al., 2000 is thebestfor our study sinceit consistf bore-
holeinstrumens aswell assurfaceonesatall of thestations.
Theformeris installedin aboretole 100m or moredeep,so
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Fig. 1. The epicente of the 2003 Tokachi-ok eartlquale determinedby
JMA (solid star). The dasheddepthcontoursin km represet the uppe
boundaryof the Pacific slab subducting underHokkaido (Katsumataet
al., 2004;Earthqute ReserchCommitteg 2003).

thatseismogramareinfluence little by shallov soil cordi-
tions. Fig. 2 comparestheboreholeandsurfaceseismograrms
at the stationHDKHO4. The bottomtracewas obsered at
a station of K-NET (Kinoshita, 1998) closeto HDKHO4.
High-frequemry reverberation in the soil contaninatesthe
surfacemotions atboththeKiK-net andK-NET stationsput
the boreholeseismogramnis almostfree from this contami-
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nation. Therefae, we usethreeecompamentborelole seis-
mogramsat the eleven KiK-net stationsplotted with solid
trianglesin Fig. 3. The seismogres wererecordd by ac-
celeronetersandsothey werenumeically integrated to ob-
tain velocity waveforms. Theresultantvelocitiesarefiltered
out with a passbandof 0.05- 0.2 Hz, andre-samped with
aninterval of 0.5s.
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Fig.2. Borehde andsurfacevelodty seismogramatHDKHO04 of KiK-net.
The seismogranmobsered at a K-NET statian closeto HDKHO4 is also
shavn for comparson.

Miyazaki and Kato (2003) derived coseismicdisplace-
mentsfrom GP Sdataatthestationsof GEONET(Geogeaph-
ical Surwey Institute, 1998 in Fig. 3. They calculatedthe
averag coordnatesfor Septembe?2 to 24 andthosefor one
hourbetweerthe mainstock andlargestaftershock Thedif-
ferene betweerthesecoordnateswill beusedashorizantal
displacemets dueonly to the mainshek.

A strong motion (KiK-net)
+ GPS (GEONET)
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Fig. 3. KiK-net statons(solid triangles)and GEONET statians (crosses)
wherethe useddatawereobsered

Thestrongmotion andgeocktic datamentionel above will
be inverted usingthe methodof Yoshidaet al. (199%) based
ontheformulationof multipletimewindows (e.g., Olsonand
Apsel,1982. We assumehe 120x 100km? fault planein
Fig. 1 anddivide it into 10 by 10 km subfaults with point
slips at their centers.The time function of slip is expressed
by asuperpsitionof rampfunctionswith arisetime of 1 sin

the 15 time windows. SinceYamarakaandKikuchi (2003)
alreadyfound the slip orientatio to be of reverse faulting
with a rake angleof 109, the slip vecta on a subfaut is
representedoy a linear comhbination of two compamentsin
the directiors of 90+45°. We stabilize the inversion by
imposirg smootmessconstraintsor the discreteLaplacian
in spaceandtime:

VZanl = Xm+1,n,l + Xm,n+1,l + Xm,n,l+1 (1)
+ mel,n,[ + Xm,nfl,l + Xm,n,lfl - 6Xm,'n,,[

where X,,,,,; is the slip on the mn-th subfault in the [-th
time window. X, 11 — Xmng @nd X, ni—1 — Xy
in (1) perfom temporl smoothirg and relax the over
paraneterizationwhich mayarisefrom aninversionwith so
mary time fundions asin this study We deternine the ap-
propriateweights of the constraintgelative to the datamis-
fits refering to the Akaike Bayesianinformation criterion
(Akaike, 1980).

We usethe reflectvity methal of Kohketsu(1985) with
the velocity structurein Table 1 for the Greens functions,
andextendit to buriedreceversto calculatesyntheticbore-
hole seismogams. We hererepresentthe elementsof the
propagato matrix productfor the partof the structureabove
thereceverasGii, Gi2, Ga1, Ga2. We cannow relatethe
Fourier-Besseltransfoms of radial U, tangential V' andver-
tical motiors W at the recever to the transfamed surface
motiors Uy, Vo andWW, as

U =GuUy+ Gi2Wy
V = Glll‘/o
W = GaUy + G22Wy

)

whereG;; with or withoutaprime dendesanelemenfor the
SHwavefieldorthe P-SVwavefield. Equation (2) enablesus
to calculateborelole motiors from surfacemotions by the
original methal.

This methodworks only for one-dmensionallystratified
structues, but the stationsarelocatedin varioussite cordi-
tions. Therefore, we usea setof velocity structuesintro-
ducing a commonpart belov a depthof 1.5 km asshavn
in Table1. This partis determired basedon lwasakiet al.
(1989), andthe varying shallaver partis modeledby using
the resultsof velocity logging at the KiK-net stationsand
othess. To reducepossibleartifactsdueto the incomgete-
nessof thevelodty structue, scalartime shiftsareaddecdto
the Greens functions, andtheir valuesare alsodetermired
by theinversion. For geocktic Greens functiorns we assume
a semi-infinite medium with a Poissonratio of 1/4, since
the velocity structuredoesnot affect staticdisplacemets so
muchasshowvn in e.g. Koketsuet al. (2003.

3. Single Dataset Inversions

Wefirst carryoutaninversionof thestrongmotiondataset
alone. All the waveforms are equally weighted We as-
sumethe rupture to startfrom the hypocenterand the first
time window to propagatewith a velocity of 3.6 km/s. This
propagatia velocity correspadsto 82% of the S-wave ve-
locity (4.4 km/s) on mostof the fault plane. Fig. 4 shavs
the slip distribution inferred from this strongmotion inver-
sion. The syntheticseismogramdor the inversion result
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Tablel. Velocity strucure.
thicknesgkm) Vp (km/s) Vs (km/s)

15 varyingwith stations
25 5.8 33
10 6.1 35
6 6.5 3.7
8 7.0 4.0
32 7.7 4.4
(e) 8.0 4.6

agreewell with the obsered onesasshavn in Fig. 5. The
stationsKSRHO05 and HDKHO4 are locatedin large sedi-
mentarybasins,so that well-developed surfacewaves con-
taminatethe later portions of their seismogrens. We note
thattheseportions werealreadyremoved from the dataset.
143°

144° 145° 146°
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Fig. 4. Slip distribution recoreredby the strongmotion inversion (Moy:
2.5 x 10?1 N-m, My : 8.2). The arrows indicatethe slip vectas of the
hangirg wall relaive to thefoot wall.

An asperity thatis a zoneof large slips, is recoreredwith a
peakslip of 6.7 min thenorth-westerrpartof thefaultplane.
It is located70 km away from the hypocerner in the dip di-
rection. The total seismicmoment of this solutionis 2.5 x
10?! N-m, which correspadsto amomentmagritude (M,)
of 8.2 An averag delayof 1.6 s is obtainedfor the seis-
mogramsobsened at the westernstationsHKDHO04, 06 and
07, while time advarcesof 1.1 sand0.7 s arerecoveredfor
the TKC andKSR stationsin the easterrHokkaido, respec-
tively. Thesetime shifts are consistentwith the 3-D crustal
structurein thisregion (Murai etal., 2003.

Next, we invert the horizortal displacemats at the 127
GPSstationsshovn in Fig. 3. Theresultantslip distribution
in Fig. 6 shavs similar featuredo thosein the strongmotion
inversion. Thereexistsonemajorasperitywith apeakslip of
6.8m andit is locatedin thedip directionfrom thehypocen-
teragain However, the GPSsolutionshaws stronger slip on
the far part of the fault planeandthe total seismicmoment
(2.0 x 10! N-m, M,, 8.1)is a little smallerthanthe pre-
vious result, thouch the syntheticdisplacemets agreewell
with the obsevationsin Fig. 7. Sincesimilar behaior of a
GPSsolutionis found by Jonssoret al. (2002) for the 199
HectorMine eartlguale, thesdlifferercesmaybedueto low
resolvingpower of GPSdatafor far slips. Nevertheless,a
strongmotioninversionintrinsically hasatrade-df between
slip locationandrupture time, and GPSdatacaneaseit by
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Fig. 5.  Comparisonof the obsered velodty waveforms (red traces)
andsyntheic waveformsfor the solution of the strongmotion inversion
(blacktraces).

constrairng thelocatiors of nearslips. So,finally, we carry
outajoint inversionof thestrongmotionandGPSdatain the
next section.
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Fig. 6. Slip distribution recorered by the geodeic inversion(Mp: 2.0 x
10?1 N-m, My,: 8.1).

4. Joint Inversion

We simultaneosly invert the strongmotion andgeodetic
dataall together The resultantslip distribution in Fig. 8
appeas to be an averag of the two solutiors of the single
datasetnversionsin Figs.4 and6. Theseismicmoment (2.2
x 10! N-m, M,, 8.2)is alsoan average of thosefrom the
single datasetinversions. The major asperitywith a peak
slip of 7.1 m is now locatedin the centerof the fault plane
50 km away from the hypacenterin the dip direction The
syntheticseismogrens are still in good agrementwith the
obsenedseismogramasshovnin Fig. 9. Fig. 10 compaes



Fig. 7. Comparisorof the obsereddisplacemens (green arronvs) andsyn-
thetic displacemets for the solution of the geodéic inversion(blue ar
rows). Theredbox andstarindicatethefault planeandruptureinitiation
point, respedtely.

the obsened geocktic datawith displacemats calculated
for the joint inversion solution The agreementis asgoad
asin the result of the geodeticinversion, but a matchto
the displacemats nearthe sourceregion is alittle degraded
becausef compranisein thejoint inversion.
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Fig. 8. Slip distribution recoseredby the joint inversion (My: 2.2 x 102!
N-m, M,,: 8.2). The slip rate functions of the subfuts in the bladk
rectanglewill beshawvn in Fig. 12.

Fig. 11 representshe growth of the rupture by shaving
the slip-rate distribution at every 3 s. The major asperity
A propagatesfrom the hypocenterto the northwestin the
dip direction. In addition, we canidentify two minor asper
ities in the snapshts. b appeas on the northeastermart of
the fault planeat 21 to 36 s after the rupture initiation. Ide
(20@) identified this asperityusing ocean-bttom seismo-
gramsobsened by JAMSTEC. The other which is labeled
¢ in Fig. 11, is initiated arownd the centerof the fault plane
after A runsthrouwgh this part. It thenturns to the north ap-
proading the lowermast cornerof thefault plane.

Therearetensubfaultsin line betweerthehypocenteand
thelower bourdary of thefault plane. This line (blackrect-
anglein Fig. 8) runs acrossthe main part of the slip dis-
tribution including the major asperity and so the slip rate
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Fig. 9. Comparisorof the obsered velodty waveforms(red traces)and
synthetc waveformsfor the solution of thejoint inversion (blacktraces).

Fig.10. Comparisorof theobsered displa@mentggreenarrons) andsyn-
thetic displacemens for the soluion of the joint inversion (blue arrows).
Thered box and stardenot the fault planeandruptureinitiation point,
respedtely.

functions(derivativesof slip histories)recoveredin the sub-
faultsalongtheline aredisplayedin Fig. 12 in orderto rep-
resenthe detailsof therupture duringthe 2003 Tokachi-i
earthgqialke. As mentiored earlier, the slip history in each
subfaut is modeledwith rampfunctionsin fifteensequential
timewindowsandarisetime of 1 s. Thefirsttimewindow is
assumedo propagatewith avelocity of 3.6km/s,buttheslip
ratesin thefirst severd windows arevery smallin the upper
mostsubfadt of the hypocerer, sothatthe rupture looks to
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0-3s

Fig. 11. Snapshat of the sourceprocess represated by the slip-rate
distribution atevery 3 s. The bottom-rght panelschemactally illustrates
theprogresf theasperiies.
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Fig. 12. Slip ratefunctionsin the subfultsindicatedin Fig. 8 with a black
rectangle.

belockedfor about5 sin theinitial stage.Therupture prop-
agatio is thenacceleratedo a velocity of 4.3 km/s, andit

4.1
ABSH04 W
A A
44.0

11.2
TKCHI10

14.8
—t
TKCH1

\%
HDI

L

142.0

142.5 143.0 143.5 144.0

Fig. 13. Radid velodty seismogramsbsened at the statimsin the north
of the sourceregion. Thetracesarenormalzedto their peakamplituces.
The star and arrov denot the epicenter and main rupture diredion,
respedtely.

finally slows down to 4.0km/sasshavn in Fig. 12. Theslip
ratefunctionsin the centersubfadts have two peakswhich
indicatethe majorasperityA andthe minor asperityc.

The upperone and a half subfaults fall within the fifth
layer of the velocity structurein Table 1. As the S-wave
velodty (V5) is 4.0 km/sin this layer, the rupture velocity
(V;) is higherthan V. In otherwords, the fault ruptue
propagatesat a ‘superstear’ speedin the zonearourd the
hypocenter(Rosakis,1999 Ide, 2003. V, is almostequal
to Vs in the middle of the fault plane,andit is redwcedto
90% in the lower part. This supershea(V;,. > V;) or near
superskar(V, ~ V) situationresultsin directivity effects
on P-waves and the nearfield term, or thoseon S-waves,
respectiely. The effectsare confirmed by the long-period
pulsesindicatedby theredandblue bracletsin the velocity
seismogrms at the stationsin the north beyond the major
asperity(TKCHO08, 11,10 andABSHO04in Fig. 13).
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Fig. 14. Slip distribution by anothe joint inversionwith tentime windows
andarisetimeof 2 s.
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5. Discussion and Conclusions

We have inverted the strongmotion andgeoddic datafor
thesourceprocessof the2003 Tokach-oki, Hokkaido, earth-
quale andcondude the studywith theresultof thejjoint in-
version It indicatesthatthefaultrupture initiatedon the up-
pertip of the 120 by 100 km fault planeandwasdeveloped
in the singlelarge asperitygeneratig seismicpulsesin the
directionof rupture propagation Theobtainedslip ratefunc-
tionsarourd the hypocenterandasperitysuggessupersbkar
or nearsupershearuptue, which resultedin the distinctdi-
rectiity effectson ground motiors.

Suchfast rupture was recoveredin the faulting modds
for the major strike-slip earthquakes, that arethe 1979Im-
perial Valley earthqake (Archuleta, 1984), the 199 Lan-
dersearthguake (Wald andHeaton,1994)andthe 199 Izmit
earthgqiake (Bouchm et al., 2000. The 2003 Tokadi-oki
earthgquake should be the first thrust-faulting evert found
with this sortof rupture,thoudh ourresultstill includessome
uncetainty becausef the assumptias on the fault geone-
try, subfaultformulationandcrustalstructue. Another limi-
tationfor studiesof this earthquake is thatthereareno seis-
mic or geodéic stationsto the southof the sourceregion.

The simple slip distribution in Fig. 8 is also somavhat
unusual for a large earthqake with a magnitude of 8 or
greater However, Yamaraka and Kikuchi (2003 obtain
a similar resultusing teleseismiadata, so we can corsider
the simpledistribution with a singlemajor asperityandfew
minors as a real aspectof this earthgake. It may imply
the maturity of the subdiction zonein conjurction with the
supershar rupture.

Sinceinverting for fifteen time windows soundshighly
over-parameerized,we have carriedout anothe joint inver-
sion using ten time windows and a rise time of 2 s. The
resultantslip distribution in Fig. 14 keepssimilar features
to thosein the previous results though the major asperityis
somevhatintensified. This similarity suggestshat our for-
mulationof fifteentime windows workswell in cooperation
with the spatio-tenporal constraints.

Wald and Graves (2001) pointed out the effect of the
crustalcompgexity ontheaccurag of geocdktic Greensfunc-
tions, thouch we assumeonly the uniform halfspacen this
study This assumptiorshouldhave introducedsomelimita-
tionsinto ourresults,andsothesourcemodelwill berefined
using3-D Greenis functionsin future work.
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