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Joint Inversion of Strong Motion and Geodetic Data for the Source Process of
the 2003 Tokachi-oki, Hokkaido, Earthquake
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Thestrongmotion andgeodetic dataareindividually inverted for thesourceprocessof the2003Tokachi-oki,
Hokkaido,earthquake with a hypocenter25 km deepanda fault planeabove thesubducting Pacific slab. Both the
resultsshow a simpleslip distribution with a singlemajorasperity, but thestrongmotion inversionmayincludea
trade-off betweenslip location andrupture time andthegeodeticinversiondoes not have sufficient resolution for
farslips.Wethencarryouta joint inversionof thetwo datasetsin order to overcometheseweaknessesof thesingle
datasetinversions. The resultantslip distribution still keeps the simplepatternandhasa seismicmoment of 2.2� 10

���
N 	 m (


��
8.2). The asperity, with a peakslip of 7.1 m, is locatedin the centerof the fault plane50 km

away from the hypocenterin the down-dip direction. The slip ratefunctions on subfaults around the hypocenter
andasperityindicatethat the rupture propagateswith a supershear speedon the upper partof the fault planeand
slows down to 100-90% of the S-wave velocity on the middle and lower parts. Thesesimpleslip patterns and
near-supershearrupture mayimply thematurityof theHokkaidosubduction zonearound thesourceregion.
Key words: Source process,joint inversion,strongmotiondata,geodetic data

1. Introduction
A great earthquake with a JMA magnitude (


�
����
) of

8.0 occurred at 4:50 a.m. on September26, 2003 (JST =
UT + 9 hours) off the Tokachidistrict of Hokkaido, north-
ernJapan(JMA: JapanMeteorological Agency, 2003). This
Tokachi-oki earthquake is thelargesteventaround theJapan
islandsafterthe


 
����
8.2Hokkaido Toho-oki earthquakein

1994. JMA (2003) locatedits epicenter above the subduct-
ing Pacificslab(41� 46.78’N, 144� 4.71’E; Fig. 1). Thefocal
mechanismdeterminedby YamanakaandKikuchi (2003) in-
dicateslow-angle reversefaultingin thedirectionof subduc-
tion, therefore theearthquake is anevent thrustingalongthe
upper boundaryof thePacific slab.

Yamanaka and Kikuchi (2003) also carriedout a wave-
form inversion of teleseismicdataandobtainedthe bestfit
with a hypocentral depthof 25 km. This depthis consistent
with the slab surface(Katsumataet al., 2004; Earthquake
ResearchCommittee,2003) at the JMA epicenterasshown
in Fig 1, so that we will useit as the depthof the rupture
initiation point. We will also adopt the strike (230� from
thenorth) anddip angle(20� ) in theabove-mentionedfocal
solution,for thegeometry of a fault plane.

2. Data and Method
Amongseveralnation-wide seismicarrays,KiK-net (Aoi

et al., 2000) is thebestfor ourstudy, sinceit consistsof bore-
holeinstrumentsaswell assurfaceonesatall of thestations.
Theformer is installedin aborehole100m or moredeep,so

Copy right c
�

TheSocietyof GeomagnetismandEarth,PlanetaryandSpaceSciences
(SGEPSS);TheSeismologicalSocietyof Japan;TheVolcanologicalSocietyof Japan;
TheGeodeticSocietyof Japan;TheJapaneseSocietyfor PlanetarySciences.

140˚E 142˚E 144˚E 146˚E

42˚N

44˚N

46˚N

0 km

10

20

30

40

50
60

80
100

120
140

160
Hokkaido

Fig. 1. The epicenter of the 2003Tokachi-oki earthquake determinedby
JMA (solid star). The dasheddepthcontoursin km represent theupper
boundaryof the Pacific slabsubducting underHokkaido(Katsumataet
al., 2004;EarthquakeResearchCommittee, 2003).

thatseismograms areinfluenced little by shallow soil condi-
tions.Fig.2 comparestheboreholeandsurfaceseismograms
at the stationHDKH04. The bottomtracewasobserved at
a station of K-NET (Kinoshita, 1998) close to HDKH04.
High-frequency reverberation in the soil contaminatesthe
surfacemotionsatboththeKiK-net andK-NET stations,but
the boreholeseismogramis almostfree from this contami-
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2 K. KOKETSUET AL.: JOINT INVERSIONFORTHE SOURCEPROCESSOF THE 2003TOKACHI-OKI EARTHQUAKE

nation. Therefore, we usethree-component borehole seis-
mogramsat the eleven KiK-net stationsplotted with solid
trianglesin Fig. 3. The seismograms wererecorded by ac-
celerometersandsothey werenumerically integrated to ob-
tain velocity waveforms. Theresultantvelocitiesarefiltered
out with a passbandof 0.05– 0.2 Hz, andre-sampled with
aninterval of 0.5s.����� ���� �
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Fig.2. Borehole andsurfacevelocity seismogramsatHDKH04 of KiK-net.
Theseismogramobservedat a K-NET station closeto HDKH04 is also
shown for comparison.

Miyazaki and Kato (2003) derived coseismicdisplace-
mentsfrom GPSdataatthestationsof GEONET(Geograph-
ical Survey Institute,1998) in Fig. 3. They calculatedthe
average coordinatesfor September 2 to 24 andthosefor one
hourbetweenthemainshockandlargestaftershock. Thedif-
ference betweenthesecoordinateswill beusedashorizontal
displacementsdueonly to themainshock.
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Fig. 3. KiK-net stations(solid triangles)andGEONETstations (crosses)
wheretheuseddatawereobserved.

Thestrongmotion andgeodeticdatamentioned abovewill
beinvertedusingthemethodof Yoshidaet al. (1996) based
ontheformulationof multipletimewindows(e.g., Olsonand
Apsel,1982). We assumethe120x 100km

�
fault planein

Fig. 1 anddivide it into 10 by 10 km subfaultswith point
slipsat their centers.Thetime functionof slip is expressed
by asuperpositionof rampfunctionswith arisetimeof 1 sin

the15 time windows. SinceYamanakaandKikuchi (2003)
alreadyfound the slip orientation to be of reverse faulting
with a rake angleof 109� , the slip vector on a subfault is
representedby a linear combination of two componentsin
the directions of 90H 45 � . We stabilize the inversion by
imposing smoothnessconstraintsfor the discreteLaplacian
in spaceandtime:
I �*JLKNM�OQPRJLKTS �8U M U OWVXJLK U M�S �8U OYVXJLK U M U O S � (1)VRJLK[Z �8U M U OWV\J]K U M^Z ��U OYV\J]K U M U O Z �`_ba JLK U M U O

where
J KNM�O

is the slip on the ced -th subfault in the f -th
time window.

J K U M U OgS � _ J K U M U O and
J K U M U O"Z � _ J K U M U O

in (1) perform temporal smoothing and relax the over-
parameterization,whichmayarisefrom aninversionwith so
many time functions asin this study. We determine the ap-
propriateweights of theconstraintsrelative to thedatamis-
fits referring to the Akaike Bayesianinformation criterion
(Akaike,1980).

We usethe reflectivity method of Kohketsu(1985) with
the velocity structurein Table1 for the Green’s functions,
andextendit to buriedreceiversto calculatesyntheticbore-
hole seismograms. We hererepresent the elementsof the
propagator matrix productfor thepartof thestructureabove
thereceiver as h ��� , h �"� , h �i� , h �j� . We cannow relatethe
Fourier-Besseltransformsof radial k , tangential l andver-
tical motions m at the receiver to the transformed surface
motions kon , lpn and mLn as

k P h �j� k n V h � � m n
l P h�q �j� l n (2)

m P h ��� k n V h ��� m nsr
wherehut'v with or withoutaprimedenotesanelement for the
SHwavefieldor theP-SVwavefield.Equation (2) enablesus
to calculateborehole motions from surfacemotions by the
original method.

This methodworks only for one-dimensionallystratified
structures,but thestationsarelocatedin varioussitecondi-
tions. Therefore, we usea setof velocity structures intro-
ducing a commonpart below a depthof 1.5 km as shown
in Table1. This part is determined basedon Iwasakiet al.
(1989), andthe varying shallower part is modeledby using
the resultsof velocity logging at the KiK-net stationsand
others. To reducepossibleartifactsdue to the incomplete-
nessof thevelocity structure, scalartime shiftsareaddedto
the Green’s functions, andtheir valuesarealsodetermined
by theinversion. For geodetic Green’s functions we assume
a semi-infinitemedium with a Poissonratio of 1/4, since
thevelocity structuredoesnot affect staticdisplacements so
muchasshown 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 start from the hypocenterand the first
time window to propagatewith a velocity of 3.6 km/s. This
propagation velocity correspondsto 82% of the S-wave ve-
locity (4.4 km/s) on mostof the fault plane. Fig. 4 shows
the slip distribution inferred from this strongmotion inver-
sion. The syntheticseismogramsfor the inversion result
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Table1. Velocity structure.

thickness(km) wyx (km/s) w{z (km/s)

1.5 varyingwith stations

2.5 5.8 3.3

10 6.1 3.5

6 6.5 3.7

8 7.0 4.0

32 7.7 4.4| 8.0 4.6

agreewell with the observed onesasshown in Fig. 5. The
stationsKSRH05 and HDKH04 are locatedin large sedi-
mentarybasins,so that well-developedsurfacewavescon-
taminatethe later portions of their seismograms. We note
that theseportionswerealreadyremovedfrom thedataset.
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Fig. 4. Slip distribution recoveredby the strongmotion inversion ( }�~ :
2.5 � 10

�@�
N � m, }�� : 8.2). Thearrows indicatetheslip vectors of the

hanging wall relative to thefoot wall.

An asperity, that is a zoneof largeslips,is recoveredwith a
peakslip of 6.7m in thenorth-westernpartof thefaultplane.
It is located70 km away from the hypocenter in the dip di-
rection. The total seismicmoment of this solutionis 2.5 �
10

�i�
N 	 m, which correspondsto a momentmagnitude(


 �
)

of 8.2. An average delayof 1.6 s is obtainedfor the seis-
mogramsobservedat thewesternstationsHKDH04, 06 and
07, while time advancesof 1.1 s and0.7 s arerecoveredfor
theTKC andKSR stationsin theeasternHokkaido,respec-
tively. Thesetime shiftsareconsistentwith the 3-D crustal
structurein this region (Murai et al., 2003).

Next, we invert the horizontal displacements at the 127
GPSstationsshown in Fig. 3. Theresultantslip distribution
in Fig. 6 showssimilar featuresto thosein thestrongmotion
inversion.Thereexistsonemajorasperitywith apeakslip of
6.8m andit is locatedin thedip directionfrom thehypocen-
ter again. However, theGPSsolutionshowsstronger slip on
the far part of the fault planeandthe total seismicmoment
(2.0 � 10

�i�
N 	 m,


 �
8.1) is a little smallerthan the pre-

vious result, though the syntheticdisplacements agreewell
with the observationsin Fig. 7. Sincesimilar behavior of a
GPSsolutionis found by Jónssonet al. (2002) for the1999
HectorMine earthquake,thesedifferencesmaybedueto low
resolvingpower of GPSdatafor far slips. Nevertheless,a
strongmotioninversionintrinsically hasa trade-off between
slip locationandrupture time, andGPSdatacaneaseit by

�L�3���(���g���3�`� �g�@� � ��1��� ���j�
Fig. 5. Comparisonof the observed velocity waveforms (red traces)

andsynthetic waveformsfor thesolution of thestrongmotion inversion
(blacktraces).

constraining thelocations of nearslips. So,finally, we carry
outajoint inversionof thestrongmotionandGPSdatain the
next section.
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Fig. 6. Slip distribution recovered by the geodetic inversion( }�~ : 2.0 �
10

�@�
N � m, } � : 8.1).

4. Joint Inversion
We simultaneously invert the strongmotionandgeodetic

dataall together. The resultantslip distribution in Fig. 8
appears to be an average of the two solutions of the single
datasetinversionsin Figs.4 and6. Theseismicmoment(2.2� 10

���
N 	 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 hypocenterin the dip direction. The
syntheticseismograms arestill in goodagreementwith the
observedseismogramsasshown in Fig. 9. Fig. 10 compares
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Fig. 7. Comparisonof theobserveddisplacements (green arrows) andsyn-
thetic displacements for the solutionof the geodetic inversion(blue ar-
rows). Theredboxandstarindicatethefault planeandruptureinitiation
point, respectively.

the observed geodetic data with displacements calculated
for the joint inversion solution. The agreementis asgood
as in the result of the geodeticinversion, but a match to
thedisplacementsnearthesourceregion is a little degraded
becauseof compromisein thejoint inversion.
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Fig. 8. Slip distribution recoveredby the joint inversion( } ~ : 2.2 � 10
�@�

N � m, } � : 8.2). The slip rate functions of the subfaults in the black
rectanglewill beshown in Fig. 12.

Fig. 11 representsthe growth of the rupture by showing
the slip-ratedistribution 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 thesnapshots. b appears on the northeasternpartof
the fault planeat 21 to 36 s after the rupture initiation. Ide
(2003) identified this asperityusing ocean-bottom seismo-
gramsobserved by JAMSTEC. The other, which is labeled
c in Fig. 11, is initiatedaround thecenterof the fault plane
afterA runsthrough this part. It thenturns to thenorth ap-
proaching thelowermost cornerof thefault plane.

Therearetensubfaultsin line betweenthehypocenterand
the lower boundaryof thefault plane.This line (blackrect-
angle in Fig. 8) runs acrossthe main part of the slip dis-
tribution including the major asperity, and so the slip rate

�L�3�u�3���3�u�3�`� �3�6� � ��8��� ���j 

Fig. 9. Comparisonof the observed velocity waveforms(red traces)and
synthetic waveformsfor thesolutionof thejoint inversion (blacktraces).

Obs

Cal
20 cm

Fig.10. Comparisonof theobserved displacements(greenarrows)andsyn-
thetic displacements for thesolution of thejoint inversion(bluearrows).
The redbox andstardenote the fault planeandruptureinitiation point,
respectively.

functions(derivativesof slip histories)recoveredin thesub-
faultsalongtheline aredisplayedin Fig. 12 in orderto rep-
resentthedetailsof therupture duringthe2003Tokachi-oki
earthquake. As mentioned earlier, the slip history in each
subfault is modeledwith rampfunctionsin fifteensequential
timewindowsandarisetimeof 1 s. Thefirst timewindow is
assumedto propagatewith avelocityof 3.6km/s,but theslip
ratesin thefirst several windowsareverysmallin theupper-
mostsubfault of thehypocenter, sothat therupture looks to
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Fig. 11. Snapshots of the sourceprocess represented by the slip-rate
distributionatevery 3 s. Thebottom-rightpanelschematically illustrates
theprogressof theasperities.
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Fig. 12. Slip ratefunctionsin thesubfaults indicatedin Fig. 8 with a black
rectangle.

belockedfor about5 s in theinitial stage.Theruptureprop-
agation is thenacceleratedto a velocity of 4.3 km/s, andit
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Fig. 13. Radial velocity seismogramsobservedat thestations in thenorth
of thesourceregion. Thetracesarenormalizedto theirpeakamplitudes.
The star and arrow denote the epicenter and main rupture direction,
respectively.

finally slowsdown to 4.0km/sasshown in Fig. 12. Theslip
ratefunctionsin thecentersubfaults have two peaks,which
indicatethemajorasperityA andtheminor asperityc.

The upperone and a half subfaults fall within the fifth
layer of the velocity structurein Table 1. As the S-wave
velocity ( l/. ) is 4.0 km/s in this layer, the rupture velocity
( l/0 ) is higher than l1. . In other words, the fault rupture
propagatesat a ‘supershear’ speedin the zonearound the
hypocenter(Rosakis,1999; Ide, 2003). l10 is almostequal
to l/. in the middle of the fault plane,and it is reduced to
90% in the lower part. This supershear ( l/0 2 l/. ) or near-
supershear( l 043 l . ) situationresultsin directivity effects
on P-waves and the near-field term, or thoseon S-waves,
respectively. The effectsareconfirmed by the long-period
pulsesindicatedby theredandbluebracketsin thevelocity
seismograms at the stationsin the north beyond the major
asperity(TKCH08,11,10 andABSH04in Fig. 13).
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Fig. 14. Slip distribution by another joint inversionwith tentime windows
anda risetimeof 2 s.
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5. Discussion and Conclusions
We have invertedthestrongmotion andgeodetic datafor

thesourceprocessof the2003 Tokachi-oki, Hokkaido,earth-
quake andconcludethestudywith theresultof thejoint in-
version. It indicatesthatthefault rupture initiatedon theup-
per tip of the120by 100km fault planeandwasdeveloped
in the singlelarge asperitygenerating seismicpulsesin the
directionof rupturepropagation. Theobtainedslip ratefunc-
tionsaround thehypocenterandasperitysuggestsupershear
or near-supershearrupture,which resultedin thedistinctdi-
rectivity effectson ground motions.

Such fast rupture was recovered in the faulting models
for the major strike-slip earthquakes,that arethe 1979Im-
perial Valley earthquake (Archuleta, 1984), the 1992 Lan-
dersearthquake(WaldandHeaton,1994)andthe1999 Izmit
earthquake (Bouchon et al., 2000). The 2003 Tokachi-oki
earthquake should be the first thrust-faulting event found
with thissortof rupture,though ourresultstill includessome
uncertainty becauseof the assumptionson the fault geome-
try, subfault formulationandcrustalstructure. Another limi-
tationfor studiesof this earthquake is that thereareno seis-
mic or geodetic stationsto thesouthof thesourceregion.

The simple slip distribution in Fig. 8 is also somewhat
unusual for a large earthquake with a magnitude of 8 or
greater. However, Yamanaka and Kikuchi (2003) obtain
a similar result using teleseismicdata,so we can consider
thesimpledistribution with a singlemajorasperityandfew
minors as a real aspectof this earthquake. It may imply
thematurityof thesubduction zonein conjunction with the
supershear rupture.

Since inverting for fifteen time windows soundshighly
over-parameterized,we have carriedout another joint inver-
sion using ten time windows and a rise time of 2 s. The
resultantslip distribution in Fig. 14 keepssimilar features
to thosein thepreviousresults,though themajorasperityis
somewhat intensified.This similarity suggeststhat our for-
mulationof fifteentime windowsworkswell in cooperation
with thespatio-temporalconstraints.

Wald and Graves (2001) pointed out the effect of the
crustalcomplexity ontheaccuracy of geodeticGreen’sfunc-
tions, though we assumeonly the uniform halfspacein this
study. This assumptionshouldhave introducedsomelimita-
tionsinto ourresults,andsothesourcemodelwill berefined
using3-D Green’s functions in future work.
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