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Abstract

Th。generati。n・ 。fhigh-frequency(・1H・)・t・ ・nggr・und

m。ti。n。fr。mearthquake・areextremelyimp。 ・tantf。r・ei・m・ ユ。gy

andengineering・ei・m。1。gy.Inthisstudy,th。ughp・ 。P・gati。n

P。th。ffect。 。f・ei・rni・w・v・ ・(・uch・ ・int・in・icand!。r

scatteringattenuation,reflectionorrefraction),andlocalsite

effects(suchassiteeffectsofsurfacegeologyongroundmotion

andnon-1inearresponses)PlayimPo「tant「olesingene「ating

high-frequencystrongmotions'wefocusrnainlyonsourceeffects・

Grossstudieshavebeensuggestingthathigh-frequencyground

motionsmaybeinducedbytheheterogeneitiesoftherupture,for

example,spatialvariationofstressdrop(asperitymodel)oran

irregularruptureveユocityonthe`fault(barriermodel)・ コ
Therefore,todeterminesource,characteristicsinthehigh・-

F

frequencyrangeisimportantforexarniningtheaspectsof

earthquakeruptureinshortspace-and-timescales.Thesimilarity

betweensourcecharacteristicsofsmalleventsandthoseoflarge

eventsisalsoimportanttostudythephysicsofearthquake

sourcesandtopredictstronggroundmotions,becausesource

characteristicsofsmalleventsmayrepresentlocalheterogeneity

offaultingduringlargeearthquakes.

Wedevelopedamethodologytoestimatesource

characteristicsinconnectionwithhigh-frequencystrongqround

motions・ 工nChapter1,thesourceparametersofthemainshockand

theafter・h。ck・ ・fth・1983JapanSeaearthquakeMJMA7・7are

determinedbyusingseismicrecordsobtainedatstationswiththe

hypocentraldistancesfrom70to250km・First ,weattemptto
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separatethesourcespectra,thepropagation-patheffect'andthe

localsiteeffectbyapPlyingalinearinversionmethodtothe

logarithmsoftheobservedspectra.Usingthepropagationpath

andユocalsiteeffectsdeterminedbytheinversiontwecan

estimatethesourcespectraofeventswhicharerecordedateven

asinglestation,byremovingthepropagation-pathandsite

effectsfromtheobservedspectra.Next,weestimatethesource

parametersandexaminetherelationbetweenthoseparameters.

Al。 。w。t。 。ttheapPユicability・ftheω 一2m。d・lexpectedfr。ma

simplecrackmodeltothesourcespectrawithtwomethods,the

firstofwhichiscomparinqthedynamicstressdroptothestatic

stressdrop,andthesecondofwhichiscomparingtheseismic

momentandthecornerfrequencydeterminedfromAndrewsl

aut・mat・d・bゴectiv・m・th。d .ba・ed.。nth・ 〆m。d・lt。th。 ・efr。m

thehand-・eadingm・th。d.M。 ・t・ftheevent・ ・b・yth・ ～δ2m。del,

but。everalevent・with・ei・micm・mentgreaterthan3x1022

dyn★cm,especiallytheiargestaftershock(M=7.1)andthe

・fter・h・ckwithM・6.0,cann。tbeexplainedbyth・ ω 一2m。del,but

shouldbeexplainedbycomplexsourcemodelssuchasthemulti-

crackmodelortheasperitymodel,becausethedynamicstress

dropoftheseearthquakesislargerthanthestaticstressdrop.

工nChapter2,wedevelopaninverseRadon-transformmethod

toreconstructthedistributionofslipvelocityintensity(SV工 》

orstressdroponthefaultplaneduringalargeearthquake.

Basedonthedynamiccrackmodelandtheideaoftheisochrone,

wedemonstratethattheobservedsourcetimefunctioncanbe

representedbyalineintegrationalonqtheisochroneofthe
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pr。duct・fSVエandth。vel。 ・ity。ftheis。chr。nettheshape・f

whichdependsonthefault-observationpointgeometryandthe

ruptureandwavevelocities.Thereconstructionofslipvelocity

onthefaultplaneismadebyadirectback-projectionmethod

withawindowingprocedure.Thewindowsizeisdeterminedmainly

fromthedistributionofobservationpoints.Ourmethodhasthe

advantageofnotrequiring皇P二 主⊆二 主assumptionoffaultinga「ea

overthepreviousinversionstudiesofseismicsourceprocesses・

Somesimulationmodeユsusedtotesttheapplicabilityofour

rnethodshowthatitcanrecoverwellthedistributionofSV工.Our

methodisapP工iedtotherecordsofthe1980工zu-Hanto-Toho-Oki

earthquake.TheresultshowsaheterogeneousSV工distribution

overthefaultplane.RelativelylargevaluesofSV工arefoundin

・セhecenterareastothenorthonthefaultplaneinferredfrom

theaftershockdistribution,whereleSsaftershocksoccurred.The

heterogeneousruptureeffectivelyemittinghigh-frequencyseismic

wavesisrestrictedtoasmallerregionthantheinferredfault

plane.
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Chapterl

Source Parametersofthe1983JapanSeaEarthquakeSequence



1.工ntroduction

Thesourcespectraiscalinglawofearthquakesisan

imp。 ・tant。ubゴectin・tudyingtherupturemechanics。f

earthquakesandinpredictingstronggroundmotionsduetofutu「e

earthquak・ ・.Studie・ 。fthes。urceparameter・ 。ftheevent・ ・f

anearthquakesequencebasedonseismogramsobtainedatclose

distanceshavebeenreportedbyFrankel(1981)andArchuleta皇!tL

al.(1982》forthe1980MammothLakesearthquake3Fユetcher皇 二

al.(1984)forthe19750rovilleearthquake;Mullerand

Cranswick(1985》forthe1982Miramichiearthquake,and

Boatwright(1985)forthe1983BorahPeakearthquake.

Ourpurposeofthepresentpaperistoexaminethesource

spectralscalingofeventsinthe1983JapanSeaea;thすuake

・equence.S。urce・sp・-et-r・lm。d・lssuch・ ・th・ げ2m・d・1(Aki・,1967,

Brune,1970),themulti-crackmodel(PapageorgiouandAki,1983a),

andthesingleasperitymodel(工 、ayandIくanamori,1981;Dasand

Kostrov,1983)areusedtoclassifythesourcespectraobtained

fromtheobservedseismograms.

The1983gJgRgnSea皇arthquakeAnearthquake・fMJMA7・7

0ccurredat11:590nthe26thofMayin19830ntheeastmargin

ofthebedoftheJapanSea,about80kmwestoffthecoastof

AomoriandAkitaprefecturesinNorthernJapan。Thehypocenterof

theearthquak・wasl・cat・d・t40・350N,139.080Eand14kmindepth

bytheJ・M・A・(JapanMeteorologicalAgency》.TheJ.M.A.namedthe

eventthe"1983Nihon-Kai-Chubuearthquake",butwecallitthe

1983JapanSeaearthquakeinthepresentpaper.Theaftershocks

inthefirst14daysafterthemainshockweredistributedoveran

area・f・b・ut1…35km2…June9'tw・ ・argeaftersh・ck・(M
JMA・
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6.1and6.0)occurredatthesouthernendofthisaftershock

region,andonJune21,thelargestaftershock(MJMA=7・1)

occurredatthenorthernendofthemainshockareatandwas

accompaniedbymanysmalleraftershocks.

Fromanaユysesofteleseismicbodywaves,工shikawa皇 主

al.(1984)andShimazakiandMori(1984》concludedthatthe

mainshockwasamultip工eevent.Fromtheanalysisof

accelerogramsatepicentraldistancesfrom80to280km,

Sato(1985》foundthattheruptureprocessofthemainshockwas

composedofthreemaゴorevents:thefirstandthesecondevents

wereidentifiedonthebasisofhigh-amplitudeenvelopesonthe

accelerogramsandradiatedhighfrequencyseismicenergies,

whereasthethirdeventdidnotemitsiqnificanthighfrequency

seismicwaves.Fromthewaveformrecordsatthetelemetered

stationsoftheAbuyamaSeismologicalObservatorywithepicentral

distancesfrom630to810km,Kuroisoetal.(1986》foundthatthe

aftershockareacouldbedividedintothreepartsonthebasisof

thefrequency-contentoftheaftershocks,andthatthe

aftershocksemittinqhigh-frequencywavesoccurredonlyinthe

centralpartoftheaftershockarea,wherethesecondsub-event

ofthemainshockbegan.Figure1(a)showsthefaultplane

solutionestimatedby工shikawaetal.(1984)basedonwaveform

inversionofbodywaves.Figure1(b)showsthesourceareasof

thethreemajoreventsinSato曾s(1985)rupturemodel.Theshaded

areasinthesouthernandthecentralpartscorrespondtothe

sourceareasofthefirstandthesecondevents,respectively.

Theunshadedareainthenorthernpartindicatesthesourcearea
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。fthethird。vent,whichradiatedrelativ・lylittユehigh-

frequen。yenergy.Thest…ymb。li・dicat・ ・theepicenter。fthe

mainshock.Kuroisoeta1.(1986》classifiedtheepicentral

distributionoftheaftershocksintothreetypes,basedonthe

frequencycontentoftheseismograrns,asshowninFigure1(c)・

工nthefirstpartofthispaper,weattempttoobtainthe コ コ
sourcespectrafromtheobservedspectrabyusingan■nversユon

methodtoremovepropagationandsiteeffects.Thedatasetsare

composedoftheseisrnogramsfromthe1983JapanSeaearthquake

anditsaftgrshocksatstationswithhypocentraldistancefrom

70kmto250km.Fortheinversionprocedure,weassumedthateach

seismicspectrumisexpressedastheproductofthesource

spectrumoftheevent,thepropagationpatheffects,the

geometricalspreading,andthelocalsiteamplificatibn色ffects

nearthestation.Theequationsarelinearizedbytakingthe

logarithms.Usingthespectrumofthepropagationeffectsandthe

siteeffectsobtainedbytheabovemethod,wecanestimatethe

sourcespectraofsmallereventseveniftheyarerecordedonly

ataSingleStatiOn.

工nthesecondpartofthispaper,wedeterminethesource

parameterssuchasseismicmoment,crackradius,andstaticand

dynamicstressdropsofeacheventfromthesourcespectrum

estimatedusingtheabovemethod・Wediscussthedependenceof

thestressdropsonseismicmoment,andtherelationbetweenthe

dynamicstressdropandthestaticstressdrop.Further,we

examinetheapPlicability。fth・ げ2・pectralm。d。lt。th。 。。u。ce

spectrumbytwomethods・Firsttwecomparethedynamicstress

dropwiththestaticstressdroP,andsecond,wecomparethe

5



ココ
seエsm■cmomentandthecornerfrequencyobtainedfrom

Andrews蜜(1986》aut。m・t・d。bゴectiv。m。th。dbased。nth・ ω 一2m。del

withthosefromahand-readingmethod.Othersourcemodelssuch

asthemulti-crackmodelortheasperitymodelarealsousedto

modeユthesourcespectrumofeachevent .
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ロコ
2。Separationofsource,pathandlocalsiteeffectsonseエsmユc

spectra

2-1Formulationofinversion

Severalauthorshavetriedtoanalyzeobservedseismograrns

toseParatesourceandpatheffects.PapageorgiouandAki(1983b)

estimatedthesourcepowerspectraofsomelargeearthquakesby

analy・ingth・ 。b・erv・dp。wer・pectra(pij》 ・tvari。usstati。ns・

Assumingthattheearthquakesourceisapointsource,they

m。d・1・dth・predi・t・dv・lu・ 。fth・p・w…pect・umP(fi'・ ゴ)at

f「equencyfiandatdi・tancerjby

P(fi,rj)ニS(fi)rj-2exp(-2πfir」/QVs)(1)

whereS(fi):sourcepowerspectrum

Qi:averagequalityfactorofthepathforS-wave

Vs:averageS-wavevelOCity-

TheyalsodefinedthefactQr

KPij=pij/P(fi.rj)(2)

U・ingth・p・ ・pertyth・tth・di・t・ib・ti・n。fln(Kpiゴ)i・

apPr。ximatelyGaussian'theydeterminedtheparametersS(fi)and

Qi=Q(fi)byusingthemaximumlikelihoodmethodtorninirnize

(…pi」)2f・ra・et・fmdi・cret・frequen・i・ ・and?nrec・rd・

(radialandtransversecomponentsrecordedateachofn

stations).

OntheotherhandtAndrews(1982)assumedthattheobserved

powerspectrumcouldbeexpressedinthesimpleform

S・(f)P・(f)=0・j(f)(3)

whereSi(f):s・urcep・wer・pectrum・fthei-thearthquake

Pゴ(f》 ・1・cal・iteeffectnearth・ ゴーth・tati・n
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Oij《f)・ 。b・e・vedv・ ユ。・ity・pectrum・fth・i-th

earthquakeatthej-thstation.Equation(3)islinearizedby

takinglogarithms,

10gSi十10gPj=1090ij.(4)

UsingIevents,JstationsandK(=工xJ)records,thereareK

equationstodeterminethe工+Junknownparametersforeach

frequency・AndrewssolvedthematrixequationhavingKrowsand

工+Jcolumnsbyusingthesingularvaluedecompositionmethod.

工nthepresentpaper,weextendAndrewsIequation(3)to

considerbothS-waveattenuationthroughoutthepropagationpath

andthelocalsiteeffectateachstation(工wataand

工rikura,1986).Weassumethequalityfactorofthewave

attenuationisindependentofthepathandonl～ アdependson

frequency(i.e.,Q=Q(f)).ThentheobservedvalueoftheS_

waveFourieramplitudespectrumisexpressedby

oij(f)=si(f)9j(f)Rij-1exp(一 πfRij/Qs(f)Vs)・(5)

wheresi(f):sourceamplitudespectrumofthei-thearthquake

9ゴ(f)・1。caユ ・iteeffectnearthej-th・tati。n

。ij(f):。b・erv・dS-waveamplitude・pectrum。fthe

i-thearthquakeattheゴ ーthstation

Riゴ ・hyp・centraldi・tancebetweenthei-thearthquak

andtheゴ ーthstation・ 工nordertoobtainalinearequation
twe

takethelogarithmofequation(5)

109(o'i」)=-logR・ef+109(si)+109(gj)-loge(πfRij/QsV
,)(6)

whe「eeisNapie「tsnumber'。'ij・(Riゴ/R。ef)。iゴ'andR
refi・

thearbitrarynormalizeddistance(inthisstudy
,weusethat

thenormalizeddistanceislkm)・WeshalldetermineI(source
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・rnplitud。 。pectra》 ・J(1。cal・iteeffect・ 》 ・1《 Ω一value)

parameter。f。 。mthelxJd・ta・et・ateachfrequencyu・ingthe

ユ.eastsquaremethod.

AsindicatedbyAndrews《1982,1986),thereisone

unconstraineddegreeoffreedominthissystemofequation:at

eachfrequencyallofthepropagationspectramaybedividedby

aconstantvalueandallofthesourcespectramaybemu工tiplied

bythesamevaluewithoutaffectingthefit・Andrews(1982)used

theadditionalconstraintthatthelogarithmsofthepropagation

spectrasumtozeroti.e.

歪11・9(P・)=0(7)

Thisconstrainthasnoclearphysicalmeaning。Therefore,weuse

theconstraintthatthefactorforthelocalsiteeffectmustbe

atleast2,duetothefreesurfaceamplificationeffect.

9j(f)≧2(8)

Thevaユidityofthisconstraintisdiscussedinthenextsection。

Wesolvedtheresultinglinearleastsquaresproblemwithlinear

inequalityconstraintsusinqthesinqularvaluedecomposition

method(LawsonandHansont1974).

Theaboveinversionprocedureallowsustoseparatethe

sourcespectrum,theQ-valuesofthepropaga七ionmedia,andthe

localsiteeffect・Thenwecanestimatethesourceparametersfor

othereventsfromthesourcespectrumevenatonlyonestationt

byremovingthepropagationpathandsiteeffects.
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2-2Data

Figure2andTablelshowthehypocentrallocations

determinedbytheJ.M.A.andthestationsusedinourstudy-We

usedtwoindependentdatasetsoftherecordsforthe1983Japan

Seaearthquakesequence.Theonedatasetwasmadeupofthe

recordsofthemainshockandthelargestaftershockobtainedat

sixthree-componentstations:HRD(HirosakiUniversity),MUR

(Muroran》,HAK《Hakodate),AOM(Aomori),TUC(Tsuchizaki)andFRF

(Furoufushi).StationsHAK,AOMandTUCwereequipPedwithSMAC--

B2typeandMURwithERStypestrongmotionaccelerometersbythe

P.H.R.工.(thePort&HarbourResearch工nstitute).The

accelerationrecordsatHRDwereobtainedbytheEarthquakeand

VolcanicObservatory,HirosakiUniversitywithforce-balancetype

accelerometers.ThemainshockrecordatFRFwasobtainedbythe

CentralResearch工nstituteoftheElectricPower工ndustrywith

anSMA-1typestrongmotionaccelerometer-Thelargestaftershock

recordatFRFwasobtainedwithaforce-balancetype

accelerometer-TheinstrumentalresponseoftheSMAC-Btype

seismometerwascorrectedtobeaflataccelerationresponsein

thefrequencydomain(工ai皇 二 亜L.,1978).Theotheraccelerometers

haveaflataccelerationresponseinthefrequencyrangeless

than10Hz・Becausetheaccelerationrecordofthelargest

aftershockatTUCwasnotbeavailable,weusedthevelocity

recordsofthelargestaftershockobtainedwiththestrong

velocityseismometer(Muramatu,1977)temporarilysetupnearthe

accelerometerafterthemainshock.Thegroundmotionsofthe

mainshockwereclearユydividedintotwowavegroupsrwhich

indicatestha七themainshockwasamultipleevent(ge
-,.g.,」Sato,
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1985).Thusweregardthemainsh。ckastw。events:thelstma皿

eventandthe2ndmainevent.工nsummary,thefirstdataset

consistsofthe18recordsofthe3events(thelstandthe2nd

maineventsofthemainshockandthelargestaftershock)

observedat6stations.

Theotherdatasetconsistsoftherecordsofseveral

aftershocksobservedbytheresearchgroupsofGifuUniversity

andKyotoUniversitywiththestrongvelocityseismometersat3

stations,TUC,TEG,andFKR.StationTUCwassetupabout40m

southoftheaccelerometersiteoftheP.H.R.工.Atthesestations

weobservedthegroundmotionfromaftershocksrangingin

magnitude・(MJMA)fr・m3・8t・7・1・Thissei・m・m・terha・aflat

・mplituderesp・nseinv・1。c井yinthe「angef「omaboutO・03to

20Hz.Thisdatase'tconsistsof30recordsof10aftershocks

ranginginmagnitudefrom4.Oto6.1.工nthefollowing,wewill

calltheformerdatasetSet工andthelatterSet工 工.

Theprocedureofourinversionisasfollows.Weanalyzed

theS-waveportionsofthetwohorizontalcornponents(NSandEW

components》.[1】Dataユ 鯉foranalysisForSet工,weusedthe

first20secondsaftertheonsetoftheS-waves,withasine

taperedwindow(10percentateachendofthetimewindow).The

onsetoftheS-wa▽esfromthe2ndmaineventwasdetectedwith

thecomplexenvelopemethod(Fernbach,1975》.Figure3showsan

exampleoftheaccelerationseismogramoftheNS-component

observedatHRDanditsenvelope.ArrowsshowtheS-waveonset

fromthelstmaineventandthe2ndmainevent,respectively .

ForSetI工'weusedalengthof4secondswithamodifiedHanning
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windowbeginningaftertheonsetoftheS-waves・[2]Fourier

amplitudespectraTheFourieramplitudespectraofthetwo

horizontaユcomponentswerecomputedwithMaximumEntropy

Method(Saito,1978).ThevelocityamplitudespectraofSet工for

therecordsofthelargestaftershockatTUCandSet工 工were

post-multipliedby2忙E(f:frequency)toproduceacceleration

amplitudespectra.TheobservedFourieramplitudespectrumofthe

earthquakeobservedateachstationfortheinversionwas

obtainedbytheenergysummationofthetwohorizontとl

components.[3]StandarddeviationByapplyingformuユa(5)to

thespectraldataset,wechose10frequenciesinthefrequency

rangefromO.5Hzto8.OHz.Theobservedspectralvaユueand

standarddeviationatafrequency(sayf1》wereestimatedby

takingtheaverageandstandarddeviationoftheamplitude

spectruminthefrequencybandfromO・8flto1・2f1・Figure4(a)

showsanexampleofthevelocityseismogramsoftheNSandEW

componentsobservedatFKRfromtheonsetofS-wavesandthe

windowedseismograms,Figure4(b)showstheFourieracceleration

amplitudespectratandFigure4(c)showsanexampleofthe

inversiondataset:theobservedaccelerationspectraofan

earthquakeobservedatthreestations.

2-3Resultsofinversion

≦≧s-valueFigure5showstheQs-valuesobtainedbythe

inversionasafunctionoffrequency.Opencirclesindicatethe

Qs-valuesobtainedfromSet工(thetwomaineventsofthe

mainshockandthelargestaftershock)andthecrossmarks

indicatethevaluesobtainedfromSet工 工(theaftershocks).The

hatchedregionindicatestheestimatedstandarddeviationsofthe
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Qs-value・.Th・Qs-v・luesclearlytendt・inc・easewith

f。equency,b。ing。 。ugh・yp。 。P。rti。na・t。(f・equency)0・7inthe

frequen・yrang・f・ 。m・.5t。8.・H・(thu・,Ω 。^・1・ ・fO・7》 ・ ・nFigure

5,wealsoplottedtheΩ 一valuesobtainedbyotherauthors・Open

・quare・i・dicat・th・Qs-value・ 。bt・inedbyS・t・(1985)u・ingthe

mainshockrecordsandclosedsquaresindicatetheΩc-values

obtainedby工dei(1983)usingtheS-wavecodapartsofaftershock

records.Theirresuitsareingoodagreementwiththoseinthis

studyinthefrequencyrangefromO.5Hzto8.OHz。

LocaユsiteeffectFigure6(a)showsthesiteresponses

obtainedfromSet工and(b)showsthoseobtainedfromSet工 工with

errorbars(standarddeviation》.Thesiteeffectsat

TUC(Tsuchizaki),whichmayberegardedasthesamestationinSet

Iand工1,fromthetwoindependentdatasetsagreewithinone

standarddeviation,whichsupPortsthevalidityofthisinversion

result.Wecompareourestimatedsiteeffectswithanother

observationalresultforthelocalsiteamplificationeffects。

1くitsunezaki(1985》observedthegroundmotionfromtheaftershocks

atmanytemporarystationsinAkitaCity.工nhisreport,the

amplitudespectraofthegroundmotionsat[1]EG(Tegata)were

about5timesaslargeasthoseatabedrocksiteinthe

frequencyrangefrom4Hzto6Hz.Ourinversionresultis

consistentwithhisresultforTEGinFigure6(b).

ShallowboringandS-waveloggingnearTUCwereconductedby

Watanabe皇!tLgLl・(1984)・TheyobtainedtheS-wavevelocitiesand

thedensitiesupto25masshowninTable2.YoshiiandAsano

(1972)d・termined・P-wave・t・uctu・alm。d・1・1・ngalinepassing

13



nearTUCfromtheexplosionseismicdata・Weassumethe

subsurfacestructureatTUCbasedontheshallowwel1-logging

dataandthep_wavesexplorationdatafordeeperlayers.TheS-

wavevelocitiesinthedeeperlayersareobtainedfromtheP-wave

v・1・citi・ ・withassumingP・iss。nlsc・nditi。n(Vp・1・73V・ 》・The

Qs-v・lue・are。bt・inedfr・mtheempi・ica1・el・ti。nb・tweenth・

Ωs-value・andth・S-w・vevel。citie・givenbyKud・and

Shima(1970).Table2showsthestructureparametersforthe

theoreticalcalculation.Wecalculatedthesiteamplifications

forSH-wavesusingSilvaロs(1976)formulationoftheThomson-

Haskelllsmatrixmethodincludingtheeffectsofine工astic

attenuation.Figure7showsthetheoreticalsiteamplificationat

TUCwiththenormalincidenceofplane-wave.Thistheoretical

siteresponseagreeswellwiththeobservedonesinvertedfrom

Sets工and工 工inthefrequencyranqefromO.5Hzto5Hz。However,

therearesomediscrepanciesbetweenthetheoreticalandobserved

siteresponsesatfrequencieshigherthan5Hz.Thismightbedue

totheconstraintthatthesiteamplificationfactorisgreater

than2inaccountwiththefreesurfaceamplification.工nFigure

7,wecanseethatthesiteamplificationfactorislessthan2

athigherfrequenciesbecauseoftheunelasticattenuation

effectwithinthenearsurfacelayers.Thereforeweconsiderthe

resultfromtheinversionforthesiteamplificationfactorin

thefrequencyrangeonlybetweenO.5Hzand5.OHztobereliable。

ThesiteresponseatFKRis2inthefrequencyrangeO.5-8.OHz

andthatatFRFis2fromO.5to4.OHz(seeFigures6(a)and

(b)).Theseresultsmaybeexplainedthatthesestationsareon

Tertiarysandstonethatisstifferthanthesubsoilsattheother

14



stations.

SourcespectraAcceユerationsourcespectraofthelstand

2ndeventsofthemainshock,thelargestaftershock,andsevera工

otheraftershocksareplottedinFigure8.Thestandard

deviationsareshownbytheerrorbarsonthespectralcurves・

Allofthespectradecreaserapidlyinthefrequencieshiqher

than5Hz.Theseresultsmayhavebeeninfluencedbythe

overestimationofthesiteamplificationduetotheconstraint

discussedabove。Theaccelerationspectraofthelargerevents,

suchasthetwoeventsofthemainshockandthelargest

aftershock,showrapiddecaybeyond3Hz.TheupPerbound

frequencyof3Hzagreeswellwiththevalueoffmaxdeterminedby

Sato(1985).
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3.Scalingrelationofsourceparametersofthe1983JapanSea

Earthquake

3-1Sourceparameters

Weestimatethesourceparametersofaftershocksfromthe

sourcespectra.工nordertoobtainthesourcespectra,weneedto

removethepropagationandsiteeffectsfromtheobserved

spectra.Werewrite(5)asfollows,

si(f)=Rljexp(πfRij/Qs(f)Vs)oij(f)/9j(f)

=Cij(f)Oij(f)(9)

エn(9)w・intr・duceac。rrecti。nfun・ti・nCiゴ(f)t・e・tim・tethe

・。u・ce・pect・a・Ciゴ 《f)i・d・ter・ ・inedf・ 。mth・t。talpatheffects'

主2.皇 』」theQs-valuesofthepropagationpath'Qs'thesite

・mplificati。nt9ゴ'andth・hyp。centraエdi・tance'Riゴ ・lnthe

previ・ussecti。n'weestimatedQsinthefrequencyrangefr・m

O・5H・t・8・OH・andgjintherang・f・ 。mO・5H・t。5・OHz・Thesite

amplificationintherangegreaterthan5.OHzisgivensothat

thevalueofsiteamplificationatTUCagreeswiththe

th・ 。reticalv・lueintheprevi・ussecti。n・Cij(f》atfrequencie・

lowerthanO.5Hzaremuchimportantforevaluatingtheseismic

momentandthecornerfrequencyofeachevent.However,wehave

noknowledgeaboutthetotalpatheffectsinthatfrequency

range.Almostallauthorsinthescalinglawofsourcespectra

havetreatedthespectrallevelsofdisplacementasflatupto

thecornerfrequency(触 .Brune,1970}Aki,1967,1972,Hanks,1979;

Joyner,1983).Usingtheaboveproperty,wecanestimatethe

totaユpatheffectsduetQthepropagationpathandthelocalsit二e

effectsatfrequencieslowerthanO.5Hzbyusingsmaller

aftershocksasdescribedinthefollowing.
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Weselect。ev。 。alearthquakeswh。sec・rnerfrequencies(fO》

arehighe・thanO.5H・.Wecalculatethes。urcedi・placement

amplitudespectraoftheseearthquakesinthefrequencyrange

fromO.5Hzto8.OHzusing(9》.Thesesourcedisplacement

amplitudespectraarerough].yflatinthefrequencyrangefrom

O.5Hztoeachcornerfrequency.Thesourcespectraatfrequencies

lowerthanO.5Hzisextrapolatedusingtheaveraqelevelbetween

O.5Hzandthecornerfrequency.Thecorrectionfunctioninthe

frequencyrangelowerthanO.5Hzisdefinedtobethedifference

betweentheflatlevelandtheobservedspectra.Figure9shows

thisprocedure.工nFigure9(a),thesolidlineindicatesthe

observeddisplacementspectrumandthedottedlineindicatesthe

sourcedisplacementamplitudespectrumcorrectedbyeffectsofΩ 一

valuesandlocalsiteinthefrequencyrangefromO.5Hzto8.OHz.

工nFigure9(b),solidlineindicatethedisplacementspectraof

theaftershocksobservedatFKR,whicharecorrectedtocoincide

withtheevaluatedsourcespectrallevelatO.5Hz,andthedotted

lineindicatestheflatleveloftheevaluatedsourcespectrain

thefrequencyrangebetweenO.5Hzandeachcornerfrequency.In

Figure9(c》,weshowthecorrectionfunctionforFKRat

frequencieslowerthar18.OHzforanhypocentraldistanceof50,

100,and200km,respectively.ThecorrectionfunctionsforTUC

andTEGarealsodeterminedusingthesameprocedure.

UsingtheapPropriatecorrectionfunctionfortheobserved

sourcespectraofrecordsfromtheaftershocksateachstation

(FIくR'TUC'andTEG)'weobtainthesourcespectrafromequation

(9)anddeterminet二heflatlevelofthesourcedisplacement
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・pectrum(%),that・f・ 。urceaccel・ ・ati。n・pectrum《aO)'andthe

・。・ne・f・equency(fO)・F・rth・Brune'・(1970'1971)scaユingl・wf。 「

far-fieldshearwavespectra,theseismicmoment(MO)is

definedby

Me=4π ρrVs3Ω 臼/R(θ,φ)(10)

wh・ ・e鰍 、'・therad'・t'。nc。 ・ff'c'entf。 「S-wavesand「'sthe

hypocentraldistance.FollowingBrune(1970),wedeterminethe

cornerfrequencyasthefrequencyattheintersectionoftheユow-

andhigh-frequencyasymptotesineachsourcedisp工acement

spectrum.工nFigure10,weshowanexampleofusingthesource

displacementamplitudespectrumtodeterminetheseismicmoment

andthecornerfrequency.Therelationbetweenthecorner

frequency(fO)andthecrackradius(rO)usedhereis

rO・0・21Vs/fO(ruptureve1。ci七yVr・0・9Vs》(11》

fromMadariaga(1976),assumingadynamiccrackmodelandthatthe

fault・i・e(thecircularcrack・adiu・ 》i・givenbyS・ πrO2.

Figurellshowstherelationshipbetweentheseismicmomentand

thecornerfrequencyofeachevent.Wefindthattheeventsin

thisearthquakesequenceareroughlygo▽ernedbythescaling

relati。nthatM。i。pr。p。rti。nalt。f。-3.The。bliquelines

P・ ・p。 ・ti。nalt。f-3indicateac・n・tant・t・ticstressd・ ・pif。

constantrupturevelocityisassumed.

AnotherimportantsourceparameteristhestressdroP,

whichcanindicatethetectonicstressaslongasthefrictional

stressofmaterialinthefau工tingregionisgiven.Manyauthors

haveusedvariousscalinglawstoestimatestressdrops,as

summarizedbyBoatwright(1984)andHanksetal.(1985).工nthis

study,weestimatethestaticstressdropobtainedfromtheflat
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1・v。1。fth。di。placement・pectrum(th・ ・ei・mi・m。ment)'andthe

dynamicstressd・ 。P・bt・inedf・ 。mth・f1・tユ ・vel。fth・

accelerati。n・pectrum.Th・ ・taticstressdr。P(A(署)i・definedby

I〈eilis-Borok《1959》:

7Me△ σ
s='(12)16

re3

Thisisthesameasthestressdropforthecircularcrackmodel

byBrune(1970'1971)・Th・dynamicstressd・ 。P(a(rp)i・d・finedby

Madariaga《1977》fromtheflatlevelofthesourceacceleration

spectruminthehighfrequencyrange.Boatwright(1982)rewrote

Madariaga曾sresulttoexpressthedynamicstressdropas

ρVs2△ σD=
ae(13)V

rRc(θ,φ)re

where良(θ ・9>i・theradi・ti。nc・effi・ientd・finedbyB・atw・ight

《1982)'
-lf'i・m・diumden・ity'and・Oi・theflatlevel。fthe

sourceaccelera'tionspectruminthehighfrequencyrange.AIso,

thelocalstressdroP(4(r)isdefinedbyPapageorgiouandAki

(1983a,1983c,1984,1985)forthespecificbarrier(multi-crack)

model3

4ρVs2△ σ
L=.ao(14)(

factor)(24/7π)VrR(θ,φ)V-S

where(factor)isafunctionofVr/Vs・Papageorgiouand

Aki(1983a,1985)usedSatoandHirasawa層skinema七iccircularcrack

model(1973)ascircularsub-cracksonthefaultplaneforthe

specificbarriermodel・ 工fweapPlyMadariaqa,sdynamiccircular

crackmodelinsteadofSatoandHirasawa,smodeltothesub-

cracksofthespecificbarriermodel,equation(14)forthelocal

stressdropgivesalmostthesamevalueasequation(13》forthe

dynamicstressdrop。

Theparameters(theseismicmoment'thecornerfrequency
'
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thecrackradius,thestaticstressdroP,andthedynamicstress

drop)showninTable3areestimatedusingthefollowingvalues

・ftheab・vec。n・tant・ ・P・2・791・m3'v・ ・3・7km/・'R(e・g♪ ・

0-63(averaqeradiationcoefficientasgivenbyBooreand

B。atw・ight'1984)'andRc(e・9)…40《B・atw・ight'1982)・Theseismic

momentofthetwomaineventswasdeterminedby工shikawa皇 主≧

皇⊥.(1984》andthoseofthelargestaftershockandtheaftershocks

withMJMA・6・1and6・Oarefr。mthecentr。idm。mentten・ 。rtable

ofDziewonskietal.《1983)andthecrackradii(haユfofthefault

lenqth)oftheseeventswerebasedontheaftershockregion

determinedbyTohokuUniversityandHirosakiUniversity(1984)・

Thetotalseismicmomentofthemaineventfoundby工shikawa皇1

A1。istwo-thirdsofthatfoundbyDziewonski皇 主」 皇⊥.This

discrepancycontrolstheupPerbou阜doftheestimatederrorfor

thestaticstressdropofthemainshock.Theparametersexpressed

asfigureswithbracketinTable3areestimatedusingthe

seismicmomentandcrackradiusreportedbytheseauthors.

3-2Scalingrelationofsourceparameters.

工nthefollowingfigures,weclassifytheareaofthis

earthquakesequenceintothreeregions:theA-region,the

aftershockregionoftheeventswithM=6.1and6.0;theB-regiont

thatofthemainshock,andtheC-region,thatofthelargest

aftershockwithM冨7・1.Figure12showstherelationbetweenthe

seismicmomentandthestressdrops.Fiqure12(a》showsthe

logarithmofseismicmomentversusthelogarithmofstaticstress

dropandFigure12(b)showsthelogarithmofseismicmoment

versusthelogarithmofdynamicstressdrQp.ThecrQssatthe
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b。tt。ml・ft。fFigure・12(・ 》and(b》indicat・ ・thee・timated

err。 。b。 。.エnthesei。mi。m。mentrang。f.。m3xlO21-2x1025dyn・crn'

the・tressdr。psseemt。 ・h。wneitherany・y・tematicvariati・n

n。ranydepend・nce・nsei・micm。ment.TheupPerb・und。fthe

stressdropsapPearstobeseveralhundredsbars。

Figure13showstherelationshipbetweenthedynamicstress

dropandthestaticstressdropofevents.Pointslyinqonthe

solidlineinthisfigureimplyeventswhosedynamicstressdrop

and。t。ticstressd。 。pareequal.Th・ ω 零2m・d・lssu・h・ ・a・ingle

crackrupturepredictthattwokindsofstressdropsshouldhave

thesamevalue.Whentheruptureprocessofaneventismore

complex,higherfrequencyseismicwavesaremorestronqly

excited,andconsequently,thedynamicstressdropishigherthan

thestaticstressdrop.Thereareseveralaftershockswitha

complexrupturehistoryinregionsAandC.Theaftershockwith

M=6.1hasadynamicstressdropalmostequa工tothestaticstress

drop。ThereforettheaftershockwithM=6.1isinterpretedas

havinghadasimpleruptureprocess.工ncontrast,theaftershocks

withM=7.1and6。0,whosedynamicstressdropsarehigherthan

theirstaticstressdrops,havemorecomplexruptureprocesses.

Figure14showstherelationshipbetweentheseismicmoment

andtheratioofthedynamicstressdroptothestaticstress

drop。Wefindthattheratiosareindependentoftheseismic

momentalthoughtheyscattertosomeextent.Wefindfurtherthat

thestaticstressdropsaregenerallyalowerboundofthe

dynamicstressdrops.Sincetheestimatederrorsbecomegeneraliy

largerwhenwetakearaヒiobetweentwoestimatedvalues
,we

cannotinferthedetailofthesourceprocessofthisearthquake
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sequenceonthebasisofFigure14.Afurthertestofthe

apPlicability。ftheω 一2m。d・lwillbemad・inDiscussi。n.

Figure15showsthespatialdistributionoftheaftershocks

analyzedhere,withthedynamicstressdropsindicatedbythe

sizeoftheopencircles.Theaftershockswithrelativelyhigher

dynamicstressdropmainユyoccurintheA-andC-regions・Onthe

contrarytintheB-region,i.e.,themainshockregion,the

aftershockshavelowerdynamicstressdropsthanintheother

regions,buttherearesomeaftershockswithrelativelyhiqher

dynamicstressdropsinthecenterofthismainshockregion.This

areacorrespondstothebarrierbetweenthefirsteventandthe

secondeventduringthemainshock.Unfortunately,theaftershocks

analyzedinthepresentpaperarenotdistributeduniformlyin

theB-region。Thusit=ishardtodiscussindetailthespatial

distributionofheterogeneityinthemainshockregion.
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4.Discussion

エnthissecti。n,wediscussthetype。fs・urcem。delsthat

canexpユainthe・ 。urcecharacteri・tics。ftheeventsinthe

P「evioussection.Andrews(1986)proposedanautomatedobjective

methodtodeterminethecornerfrequencyandtheflatlevelof

thesourcedisplacementspectrumassumingthatthesource

。pectrumi。presc.ib。dbyth。LV-2-rn。d・1.Th・ ω 一2-s・urce

displacementspectrum(D(f》 》isgivenbythefollowingformula'

Ω ㊤D
.(f)=(15)1+(f/f

o)2

whereomegaistheflatlevelofthesourcedisplacementspectrum

andfOisthecornerfrequency-Forsimplicity'heusedV《f)=

D(f》/2πtf=velocityspectrum,

　
SD=2SiD2(f)df(16)・ ・and

SV=2♂V・(bdf(17)(17)

Thentthecornerfrequencyandtheflatlevelofthedisplacement

spectrumaredescribedby

f・=1/2・(SV/SD)1・ ・(18》and

Ωo=(2SD/πfe)1!2(19)

Theseismicmomentiscalculatedbysubstitutingomegagiven

by(19》into(10).Thecornerfrequencyandtheseismicmoment

obtainedusingtheabovemethodarecomparedwiththoseobtained

fromhand-readingintheprevioussection・Forexample,ifthe

cornerfrequencyandt二heseismicmomentofoneeventobtained

fromthisautomaticmethodareequaltothosedeterminedbyhand _

readingtthat・venti・interpreteda・havinganω 一2.s。urce

spectralstructure・Thisisnotasufficientcondition
tbut二isa

necessa「y・ ・nditi。 ・・ エfth・ ・pectral・tructurei・n。tth・ ω 臼2

m・d・1'w・will・bt・ininc・rrectvalue・f。 ・thec・rnerfrequency
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andtheseismicmoment.工ntheApPendix,weshowthedifference

betweentheestimatedvaユuesoftheseismicmomentandthecorner

frequencybyAndrews,automatedobjectivemethodandthosebythe

hand-readingmethodforseveralsourcespectralmodels

numerically.

Thecornerfrequencyandtheseismicmomentdeterminedby

AndrewslautomatedmethodarealsoshowninTable3.工nFigure

16,wecomparethecornerfrequencyandtheseismicmoment

determinedbyAndrewsemethodwiththosedeterminedbythehand-

readingmethod.Figure16(a)and《b)showacomparisonofthethe

cornerfrequencyandtheseismicmomentdeterminedbythetwo

methods.工nFigure16(a》,wefindthatAndrewsロmethodandthe

hand-・readingmethodgivealmostthesamevaluesoftheseismic

m。mentinthesei。mi。m。mentrang。f・ 。m2x1021t。3xlO22dyn・ ・m.

However,forseveraleventswithaseismicmomentgreaterthan

3x1022dyn・ ・m,a。maller。ei。mi。m。menti。 。bt・inedfr・mAndrew。'

methodthanfromthehand-readingmethod.Thesecondlargest

after・h・ckwithM・6.1(sei・mi。m。menti。ab。ut1025dyn・cm》ha。the

samevaluesforthetwomethods,butthefirstandthethird

largestaftershocks,withM=7.1andM=6.0,respectivelyrhavea

smallerseismicmomentfromAndrewslmethodthanfromthehand_

readingmethod.Thedifferencebetweenthecornerfrequencies

frQmbothmethodsisalsoshowninFigure16(b).Thefirstand

thethirdlargestaftershockshaveahighercornerfrequencyfrom

AndrewsImethodthanfromthehand-readingmethod.

Fromtheaboveresults,theruptureprocessofthis

earthquakeissummarizedasfollows.Theeventsintheseismic
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m・ment・ang。2xlO21-3x1022dyn・cmhavea・imp1…urcepr。cess

describ・dbyth・ ω 禰2m。d・1,b・tth・ ・eare・ev・ ・al・vent・witha

。ei。mi。m。mentg。eat。 。than3x1022dyn・cmwhi・hhavearather

-2

comPlexruptureprocesswhichcannotbedescribedbytheω

model.Thestaticanddynamicstressdropsoftheformerevents

areequal,whereasthelattereventshavehigherdynamicthan

staticstressdrops.

Wecanconsidertwomodelswhichcanexplainthecomplex

ruptureprocessdescribedabove,onemodelisthemulti-crack

modelbasedonstrengthheterogeneityinthefaultplane

(PapageorgiouandAki,1983)andtheotheristheasperitymodel

basedonstressheterogeneity(LayandKanamori,1981,Dasand

Kostrov,1985》.Thesemodelsarecharacterizedbyparameter§such

asthenumberofcracksforthemulti-crackrnodelorthbstress

dropheterogeneitiesfortheasperitymodel.Theseparameters

canbedeterminedfromtheratioofthedynamicstressdroP(A(Sp)

tothestaticstressdrop(ム6Sr)ofeachevent.Returningtothe

definitionsofthesestressdropsバ12)and(13),wecanexpress

therati・ 。fA6rpt・A6Sra・f。ll・ws'

△ σDae

△ σ,～ Ω,,。2(20》

F・rthesimpl・ ω一∠m。d・1,・ 。 ・(2π ・f・ 》2・Q。andtheab。verati。

isequaltounity-Forthemulti-crackmodel,thisratiois

。q。iva・entt。Nを,whereNi。thenumber。fcrack。(,。ikura

andAki'1988)・Ontheotherhand,fortheasperitymodel,the

dynamicstressdropcorrespondstothestressdropinthe

asperit二y'whilethestaticstressdropistheaveraqestressdroP

overthesourcearea・Theratioofthedynamictothestatic

stressdropsisanimportantparametertoexplainthecomplex
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sourceprocessessuchasthemulti-crackortheasperitymodel.

Wecannotdistinguishbetweenthesemodelsfromanalyzinqsource

spectraaloneforeventswithsourcecharacteristicsdifferent

fr。mth・ ω 一2m。d・1.Di・ti・9・i・hingb・tweenth。 ・em・d・1・clearly

requiresanalysisofthesourcefunctionofspaceandtirne,and

cannotbedoneonlyonthebasisofspectraldata .
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5.Conclusion

Wedeterminethesourcecharacteristicsoftheeventsofthe

1983J。panSeaearthquakesequence.Weattemptt。separatethe

・。urcetth・pr。pagati。npath,andthe・iteeffect・byu・ingthe

inversionprocedurewedeveloped.

Fr。mth・inv…i。nresult・,Ωs-v・luesarep・ 。P・rti。nalt。

fO・7,inthefrequencyrang・f・ 。mO.5t・8.OH・.Thesiteeffect・

atthesamestation(TUC)estimatedfromtwoindependentdata

setsagreewithinonestandarddeviation,whichsupportsthe

validityofourinversionresults.Byusingthepropagationpath

andthesiteeffectsobtainedfromtheinversion,wedetermined

thesourcespectraoftheevents.Theruptureprocessofeach

eventisexaminedbycomparingthecornerfrequencydeterminedby

-thehand-readingmethodtothatdeterminedbyAndrews。automated

。b」ectivem。th。db。 。ed。nth。 ω一2m。d。landth・ ・ati。 。fth・

staticstressdroptothedynamicstressdrop.Theseresultsshow

thattheevent・inth・ ・ei・mi・m。mentrang・f・ 。m2x1021t。3xlO22

dyn・cmfitth・ ω 一2-s。urcespectralm。del,butthereare。 。me

・vent。whi・hd。n。tfittheω 一2m。d。lwithasei。mi。m。ment

greaterthan3x1022dyn・cm.Th。 。。urcecharacteri。tics。fth。

工argeaftershockswithM=7。1(thelargest二aftershock)andM=6.0

・h。w・ignificantd・parture・fr。mth・ ω 一2m。d。1.

Theseeventsmayhavecomplexruptureprocesses,whichcanbe

explained,usinqmodelssuchasthemulti-crackmQdelorthe

asperitymodel・Toparameterizethecomplexruptureprocess
,we

evaluatetheparameterssuchasthenumberofcracksforthe

multi-crackmodelorthestressdropheterogeneitiesforthe

asperitymodel・Wecannot二distinguishbetweenthemulti_crack
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modelandtheasperitymodelfrom

characteristicsoftheevents.

onlyanalysesofthespectral

28



Appendix

Hereweshowthedifferencebetweentheestimatedvaluesof

theseismicmomentandthecornerfrequencybyAndrewsIautomated

objectivemethod(1986》andthosebythehand-readingmethodfor

severalsourcespectralmodelsnumericaユly.Wecheckforthe

f。1ユ 。wingthrees。urce。pectralm。d。1。[1】 ω 葡2m。d・1(Aki,1967),

[2]ω 一3m・d・1(H・ ・k・ll,1966),and[3]themulti-crackm・del

(工rikura,1986》andtheirforrnulaeareasfollows.

[1]ω 一2m。d・1,S(f)・M。!(1・(f/f。)2》(A1)

[2コ ω鱒3m・d・1・s(f)・M。/(1・(f/f・ 》3》(A2)

[3]multi.crackm。d。1,S(f).(N(1.(N.1)(。inX/X)2》)1/2・S。(f)(A3)

wherefoisthecornerfrequency,Nisthecracknumber,and

X=7し ★f/fo.Se(f)isthesubeventsourcespectrumwhichobeysthe

㎡2m。d・1.Then,

Se(f)・M・/(1.(f/fe)2),(A4》

where盈Ie=Mo/N,andthecornerfrequencyofthesubevent(fe)is

givenby

f。.f。 ・Nl/2.(A5)

FigureAIshowsthespectraofthesethreesourcespectral

models・Inthemulticrackmodel,wechoosethecracknumberis

10・Eachspectrumisnormalizedtothelowfrequencylevel
.We

determinedthe・eismi・m・mentandthec・rnerfrequencyby

A・drewslm・th。d・h・wni・T・bl・Al.エnω 『3m。d・1,theestimat。d

seismicmomentisgreaterthanthegivenoneandtheestimated

cornerfrequencyissmallerthanthegivenone .Ontheother

hand'inthemulti-crackmodeltheestimatedseismicmQmentis

・mallerthanth・given・neandthee・timat・d・ 。rn・ ・frequen・yi。
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greaterthanthegivenone.Ofcoursetastheseismicmomentis

estimatedfromtheflatlevelofthesourcedisplacement

sPectrum,itishardlyunderstoodwhythedifferentseismic

momentvalueofautomatedobjectivemethodareobtainedfromthat

ofhand-readingmethod.BecauseAndrewseseismicmomentis

estimatedfromAndrewsIcornerfrequencydefinedbyformuユa(19).

Thesetendenciescomefromthedifferentdecayofsourcespectrum

inth・highfrequencyrang・b・tweenth・ け3m。delandthemulti-

crackmodel.Thereverseisalsotrueandwecaninferthesource

spectralmodelifwehavedifferentvaluesbetweentheestimated

valuesoftheseismicmomentorthecornerfrequencybyAndrews置

methodandthoseofhand-readingmethod.
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FigureCaptions

里q∴ 工(・ 》Faultplanes。luti。n。fthe1983」apan-Sea

earthquakeestimatedby工shikawa≦ 些al.(1984)withthebody

ロ

waveforminversionmethodrepresentedbyKikuchiandKanamo「 ■

《1982》.

(b)Thedivisionofthefaultsurfaceofthisevent 　コ
accordingtodifferentexcitationofhigh-frequencyseユsm■c

energydeterminedbySato(1985)fromtheaccelerogramswiththe

hypocentraldistancesfrom80to280km.Theshadedareasinthe

southernandthecentralpartscorrespondtothesourceareasof

thefirstandthesecondeventsemittinghighfrequencyseismic

waves.Theunshadedareainthenorthernpartindicatesthe

sourceareaofthethirdeventradiatedrelativelylittlehigh

frequencyseismicwaves。Thestarsymbo工indicatestheepicenter

ofthemainshock.

(c)Epicenterdist=ributionoftheaftershocksclassified

intothreetypeswiththefrequencycharacteristicsbyIくuroisoet

al.(1986)Opencircle,plussign,andsolidcircleindicatetype

L(emi七tinglowerfrequencyseismicwave),M(intermediate

frequency》,andH(higherfrequency),respectively.

旦主磁Mapoftheepicentrallocationsusedintheinversion

determinedbytheJ.M.A.

旦 主≦1」_皇AnexampleofaccelerationseismogramofNS-component

observedatHRDanditsenvelope.ArrowsshowtheS-waveonset

fromthelstand2ndmainevents.

至迦 と(a》Left=AnexampleofthevelocityseisrnogramsofNSand
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EWcomponentsobservedatFKRfromtheonsetofS-waves.Riqht:

theserecordsmultipliedbyamodifiedHanningwindowfunction

withtheduration4-secfromtheonsetS-waves.

(b)FourieramplitudeacceユerationspectraofNSandEW

componentsshownin{a).Theaccelerationspectrawereobtained

bydifferenciatingthevelocityspectrainthefrequencydomain.

(c》Anexampleoftheobservedaccelerationspectraatthree

stations《FKR,TEG,andTUC)asaninversiondatacorrectedthe

geornetricalspreadingeffectatthefoca工distanceoflkm.

至ゴ蝕Qs-valuesdeterminedbytheinversionasafunctionof

frequency・ 。pen・i・cle・indicat・theQ
s-value・ 。b七ainedfr。mSet

工andcrossesfromSet工 工.Opensquaresindicatethosefromthe

main・h・ckbyS・t・(1985)and・1・ ・ed・quare・indicat・ Ω
c-v・ エue・

fromthecoda-wavesofaftershocksby工dei(personal

communication,1983).

亜Siteamplificationeffectsdeterminedbytheinversion.

(a)isforSet工and(b》forSetI工trespectively.

]こ.主旦2.ZTheoreticalsiteamplificationsa・ ヒTUC.Thesite

amplificationsofSH-wavesarecalculatedbyThomson-Haskellls

matrixmethodincludingtheeffectoftheinelasticattenuation

(silva,1976).

旦主玉 旦SomeexamplesofresultsforthesQurceacceleration

amplitudespectra.Theerrorbarindicateseachstandard

deviation.

互二主 旦」-2Procedureofestimatingthesourcespectrafromthe
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observedseismicspectra.

(。)Th。 。bserv。dsei。mi。di・placement・pectra{・ 。lidline》

andtheevaluatedseismicdisplacementspectra(dottedline)from

rem。vingth。p・ 。P・9・ti。np・thand・iteeffect・ 。bt・inedfr・mthe

inversioninthefrequencyrangehigherthanO。5Hz・

(b》Solidlinesindicatethedisplacementspectracorrected

inthefrequencyrangehigherthanO.5Hzofsomeaftershocks

observedatFKRwitharrangingtheseflatlevels.Thedottedline

indicatestheaverageflatlevelofthesespectraintherange

fromO.5Hztoeachcornerfrequency.

《c》Thecorrectionfunctionofthepropagationpathandthe

siteamplificationeffectsforFKRintherangelowerthan8.OHz

withhypocentraldistances50,100,and200km,respectively.

製Correcteddisplacementamplitudespectrafqrdetermining

theflatlevelofsourcedisplacementspectrumandthecorner

frequency.Thearrowshowsthecornerfrequencyobtainedfromthe

intersectionofthelowfrequencyasymptoteandthehigh

frequencyasymptote.

虹LLogarithmofseismicmomentversusthelogarithmofcorner

frequency-Linesofconstantstaticstressdropareindicated.

Thecrossatthebottomindicatestheestimatederrorbar.

至コ延(a)Logarit二hmofseismicmoment▽ersusthelogarithmof

旦SAJtL主gstressdrop・ThecrossatthebQttomindicatesthe

estimatederrorbar.

(b)Logarithmofseismicmomentversusthelogarithmof

dynamicstressdrop.
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113Relationshipbetweenthe亘ynamicstressdropandthe

迦 ⊆stressdrop.Pointslyingonthesolidlinedenoteevents

whose迦 三stressdropandstaticstressdropareequal・

互並 』L全Relationshipbetweentheseismicmomentandtheratioof

迦 三stressdroptostaticstressdroP.

互趣 」」ΣSpatialdistributionoftheaftershocksanaユyzedhere,

withthedVnamicstressdropsindicatedbythesizeoftheopen

circle.

旦 主里L亘(a)seismicmomentdeterminedbythehand-readingmethod

versusthatofAndrewslautomatedobjectivemethod.Thecrossat

thebottomindicatestheestimatederrorbar.

(b)Cornerfrequencydeterminedbythehand-readingmethodversus

thatofAndrewslautomatedobゴectivemethod.

Table」 _EpicentersdeterminedbytheJ.M.A.andobservation

stationsusedintheinversion.

Table2ParametersofsubsurfacestructuresatTUCfromWatanabe

et.al.(1984).

Table2Listofsourceparametersobtainedinthisstudy.

互,主豆」-A⊥Displacementamplitudespectraofthreespectraエ

m・d・1・,【1】 ω 一2m・d・1,[2]ω 一3m。d・1,[3]th。multi.crackm。d。1.

工」亜hl皇A⊥Valuesofrelativeseismicmomentsandcorner

frequenciesforeachsourcespectralmodelsestimatedfrom

Andrewslautomatedobゴectivemethod.
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Chapter2

ReconstructionofSlipVelocity

UsingHigh-FrequencySeismicWaves

DistributiononFaultPlane



1.INTRODUCT工ON

SeveralapProachesareavailabletoreconstructcomplex

ruptureprocessesonthefaultplaneduringlargeearthquakes・

Oneisawaveforminversionmethod,inwhichthemodelparameters

suchasthetime-spacedistributionsofmoment-ratefunction

and/orthespatialdistributionofrupturevelocitiesonthe

faultplaneduringearthquakesaresodeterminedthatsynthetic

seismogramsusingatheoreticalGreen置sfunctionmethod(for

example,HeatonandHelmberger,1979,KikuchiandKanamori,1982;

Takeo,1987,1988;HartzellandHeaton,1983)orusingasemi-

empiricalGreen,sfunctionmethod(Fukuyamaand工rikura,

1986,1988)agreewellwiththeobservedones。AnotherapProachis

presentedbyRuff(1984,1987)whoreconstructsthemomentrate

densityfunctionfromsourcetimefunctionsatmanystationsin

connectionwiththeRadontransform.Hereplacedtheinverse

Radontransformwithaniterativefilteringmethodtodetermine

thetime-spacemomentratefunction.Usingseismoqramsobserved

atlongerperiodsthanlsec,theygaveinterestingresultsof

heterogeneousfaultingduringlargeearthquakes.

Ontheotherhand,althoughthemechanismofshorterperiod

(く1sec)wavegenerationhavedrawnmuchinteresttoboth

seismologists,whowishtoconstructphysicallyreliablemodels

offaulting,andengineeringseismologists,whowishtopredict

stronggroundmotionsduringlargeearthquakes,thewaveform

inversionmethodshavenotbeenabletobeapPliedbecauseofthe

insufficientknowledgeofdeterministicpatheffectsfor

representingtheGreen蟹sfunctioninthehigh-frequencyrange.

Severaltrialstoinferthesourceprocessusinghigh-frequency
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sei。mi。wav。 。h。v。beenperf・rm・d.N・9・mune(1969)f・rth・1968

コ

Tokati-Okiearthquakeandthe1963Etorofu-Okiearthquake;Mo「 ユ

andShimazaki(1984)forthe1968Tokati-・Okiearthquake;

Mori(1984)forthe1965Rat工slandsearthquake,Fuゴinoet

al.(1984》forthe1979工mperialValley,California,earthquake,

all。fthempicked・utdi・tinctphase・fr。mthestr・nggr・und

motionrecordsand/orshort-periodseismogramsanddetermined

relativepositionsofsubeventsontherepresentedfaultswhich

emittedhigh-frequencyseismicwaves.工nparticular,Moriand

Shimazaki(1984)determinednot二 〇nlythepositionsofsubevents

buttheirhighdynamic-stressdropvaluesfromtheslopeofthe

correspondingvelocitypulseinstronggroundmotionrecordsto

showthelocalheterogeneousfaultingoflargeearthquakes。Their

methodisusefulforseismicrecordswithdistinctphases.

Recently,Madariaga(1983},andBernardandMadariaga(1984)

developedanasymptoticcalculationme亡hodofhigh-frequency

groundmotionsnearafaultbasedontheraytheoryandtheidea

oftheisochrone,whichisaclosedcurveonthefaultplaneand

issocalledbecausedisturbancesreachanobservationpoint

simultaneouslyfrompointsdenselydistributedalongit.An

asymptoticapproximationtonear-sourcevelocityandacceleration

at二amomentisobtainedthatinvolvesasimplelineintegration

alonganisochroneforeverytimestep.工tisshownthatwave

frontdiscontinuitiesareradiatedeverytimeanisochrone

becomescontactwithtoabarrier・Thisresultiscomparedwith

discretewavenumbersyntheticsobtainedbyBouchon(1982》forthe

Gilroy6recordingofthe1979CoyoteLake'California
v
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earthquake.Theagreementbetweentheresultoftheasymptotic

andthefullnumericalmethodisextremelygood.Spudichand

Frazer(1984》alsoshowacalculationmethodofhigh-frequency

groundaccelerationswhicharerepresentedbythespace-time

changeofslipvelocityandtheisochronevelocity.They

suqgestedapossiblemethodforinvertinggroundmotionsforboth

slipvelocityandrupturevelocityoverthefault.

Moreover,BerozaandSpudich(1988》performeda⊥inearized

inversionforslipintensityandrupturetimebyiteratively

perturbinganassumedstartingtime.Theinverseproblemforthe

modelperturbationissolvedbyusingatornographicback

proゴectionmethod.TheyapPliedthetechniquetorecordingsof

the1984MorganHill,California,earthquake.

工nthisstudy,basedonthedynamiccrackmodelandtheidea

oftheisochrone,wedemonstratefirstthattheobservedsource

timefunctioncanberepresentedbyaRadontransformofslip

vel。city。nthefaultplane・Next,t・rec・verslipvel・city

distributiononthefaultplanedirectly,weshowaninverse

Radontransformmethodwhich'usestheback-projectionwitha

windowingProcedure。WeapPlythismethodtotheacceleration

seismoqramsfromthe1980工zu-Hanto-Toho-Okiearthquakewith

MJMA=6・7・Wecomparetheresultsofouranalysiswiththoseof

otherwaveforminversion,usinglongerperiodseismicwavesand

di・cussthedifference。fthefaultheter。geneitiesdepending。n

theperiodrangeoftheseismicwavesgeneratedbythesource

　

reg■on・
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2.METHOD

2_1Formulationforthereconstructionofheterogeneousfaultinq

relatedtohigh-frequencyseismicwaves

Thefar-fieldgrounddisplacementU(x,t》isdescribedby

U(Xs七)唱 ∬
Σ噸)*q(き ♪叉・t)∂Σ(1)

where6il《3't)i・th・ ・lipv・1・cityfuncti・n'G(3,x't)i・the

Green'・functi・nf・ 。mth・p。int玄 ・nth・faultplanet・the

observationpointx,and★denotesconvolution(Akiand

Richards,1980).Byhigh-frequencyradiation,wemeanthatthe

wavelengthsinwhichweareinterestedareallshorterthanthe

shortestdistancefromthesourcetotheobservationpoint.工n

thiscase,thefar-fieldtermoftheradiationfrompoint

dislocationsourceisapPropriatetotheGreen唇sfunction.We

assum・th・tth・Green'・functi・nvariessm・ ・thlywithp。 ・iti。n3

・。mparedwithAil(ち't)・Hence'th・Green璽sfuncti。ncanb・t・ken

outsidethefaultintegral.DeconvolvingtheGreen層sfunction

fromtheobservedseismogramsbyanadequatemethod,wecan

estimatethesourcetimefunctionS(x,t)foreachstation。The

obtainedsourcetimefunctionforthepointxis

s〈x,t)～ ∫∫Σ鵡 ん)dΣ(2)

FollowingSpudichandFrazer(1984),wetakeslipvelocity

functionas

4α(x七)承 七一tべ3))Sr(ヨ(3)

whe「ef(t-t・(}))isthetim・d・pendence・f・lipv・1・ ・ityand

6



・r(3》i・aw・ightf・ ・cti。n。f・lipv・1・citywhi・hd・pend。nユy。n

P。siti。n3・Wesayth・p・i・t3・nth・f・ ・ユtPユanerupt・ 「esat

t・ 《5)withth・tim・d・pendencef(t-t
・(3)》 ・

Aphysicalmodelofearthquakeruptureisthecrackmodel・

Thereisasquare-rootsingularityintheslipveiocitytime

fun・ti・natrupturetimet
。whi・histhe・reticaエly・btainedt・

satisfytheboundaryconditionsforaexpandingself-similar

crack(Kostrov,1964》.工nKostrov'sanalyticalmodel,the

dislocationratefunction(theslipvelocitytimefunction》

の
d(t》wasapproximatedby

aCt)書r忌(v野 篶(4)

whe「eri・th・di・tancef・ ・mth・hyp・center'σfeisst・ess

d「 ・P'Vri・rupturevel。 ・ity'andt
r・r/Vr,andCi・thefuncti。n

。fVr/VS'whereVSi・S-wav・vel・city(D・hlen,1974) .エnthi・

case,wechoose

f(t-t。 曾D・(t-t。)-1/2H(t-t
。),

艦
and・r(3》・『静(鬼9Σ (5)

Heresr(3)i・pr・P・rti・nalt・ ・lipvel・city。r・tressdr・p
.

AmQrephysicallyrealisticmodelofearthquakerupturethan

theK・str・v'sanalyticalm。delisthat・btainedfr。mthe

numericalsimulationsofspontaneousruptureinthree-dimensional

m。d・lsincludingthest・PPingP・ 。cess。fcrack(e
.9.Day,1982).

Day'scalculati・nre・ult(1982)・f・lipvel・citytimefuncti。nis

・h。wnbyth・thi・lineinFiq・1(・) ・1・thesimul・tiQn,・lth・ugh

7



th・tim・d。pendence。f。lipv・1・cityf(t》cann・tbeexpressedin

cl。sedf。rm,theshape・ff《t)wa・ ・btainedt・bevery・imilarto

t-1/2H(t).

Thecrackmodelsabovementionedpossessphysically

unrealisticstressandslipvelocitysingularitiesatthecrack

tip.Actually,thesquare-rootsingularityofthesourcetime

functioncanbeeliminatedbyassumingthecohesivezone

introducedbyBarenblatt(1959)bymeansoftherealistic

condition.OhnakaandYamamoto(1984)measuredtheslipvelocity

neartheslipPinqzoneforastick-slipinstabilitymodelinthe

laboratoryexperiment.Atypicalexampleofthemeasuredslip

velocitywithtimeisshowninFiq.1(b).Theshapeoftime

d。pendence。fth。 。lipv。1。 。ityw。 。al。 。 。imil。.t。b。t-1/2H(t).

S。,u・i・gth。f(t).t-1/2H(t)b。 。ed。nthecrackm。d。1。,weneed

toanalyzetheseismogramsrecordedinthehigh-frequencyrange

withhighaccuracy.

Substitutingformula(3)into(2),thesourcetimefunction

isapProximatelyrepresentedby

sαCt)聾 醐 誉)《Σ=価1聾 免・)SK9)dΣ(6)

Thetimedependenceofslipvelocityisremovedbya

deconvolutiontechnique.WecallY(x,t)lldeconvolvedsourcetime

functi・n"byrem。vinqf(t)fr・mthes・urcetimefuncti・nS(x
,t).

Wecanchangethe'nt・qra'var'・bl・ ・dΣt。VL(蚕)dTdL
r

whe「evLisisoch「 。nevelocity'Tistime'andL・L(x
'S'T)i・th・

isochrone(Madariaga,1983,BernardandMadariaga ,1984).Thenthe

deconvolvedsourcetimefunctionisrepresentedby

8



無 騨)～r唖sで 眺(し)dL(7)

ThisdeconvolvedsourcetimefunctionisapProximatedtothe

integrationoftheproductoftheweightingfunctionsr(L)and

theisochronevelocityalongtheisochrone.Theshapeofthe

isochroneonthefaultplanedependsonthefault-observation

PointqeometryEtherupturevelocityonthefaultplane,andthe

wav・vel・city・Spudi・handFra・er(1984)calledthat・r(3)i・

1冒slipvelocityintensityfactor冊byanalogywiththestressdroP

intensityfactorindynamiccrackpropagationproblems(Akiand

Richard・'1980'P・857)・Hereafterwecallsr(3)冒'sエipvel・city

intensity(SV工)tl.

Formula(7)istheRadon-transform.Unlikeprevious

inversionstudiesofearthquakeruptureprocesswedonltrequire

the旦priori .assumptionofthefaultingarea.Forinverting

transform(7),weuseaback-projectionmethodwithawindowing

procedure.Thewindowsizeisdeterminedmainlyfromthe

distributionofobservedpoints.Assuminqthattheruptureand

S-wavevelocitiesa「ec。nstant'th・i・ 。・h・・nev・1。 ・ityVL(3)

canbedetermined.Finally,removingtheisochronevelocity

afterperforminqtheinverseRadontransform,wecanobtainthe

SV工distributionoverthefaultplane。Weshowthisprocedure

appliedtoamode工simulationinthecaseofthefault-

observation-pointqeometryforthe1980工zu-Hanto-Toho_Oki

earthquakewithMJMA=6・7・Fig・2showsthemapofthelocations

ofthe50bservationstations(triangles)usedinthisstudy,the

epicenter(closedsquare),andtheinferredfaultplaneofthis

earthquakewithstrikedirectionN150W,dipangle900,fault

9



length15kmandfaultwidth7.5km.Th・f・cald・pth・fthis

earthquak。i。assum・dt・b・12km(エm。t・et・1・'1981,

Matsu。ura,1983).

エnFig.3,wesh。wth・fl。w-chart・fth・ ・ec。n・truction

meth。d.Asimpleexampl・ ・fthe・ ・urcep・ 。cessrec・n・tructi・ni・

showninwhichnon-zeroslipveユocityfunctionexistsattwo

P・ints・nthefaultplane.Fiq.3(a)sh・wsthedistributi・n・f

slipvelocityfunctiononthevirtualplaneincludingthe

inferredfaultplane.工nourbird「s-eyepictures,theX-andY-

axescorrespondtothenorth-south'andthebottom-toP

directions,respectively.Theregionenclosedbydottedlines

showstheinferredfaultplanecorrespondingtothe1980工zu- ■
Hanto-Toho-Okiearthquake.工n・thiscase,therupturesmoothly

propagatesfromthecenter(indicatedbyanarrow)withconstant

rupturevelocityof3.Okm/s.Theslipvelocityisgiventobe

zeroexceptthetwopointsoverthefaultplane.Generallyeach

slipvelocitymayhaveanarbitrarytimedepende阜cefunction・

Here,weassumethesametimedependencefunctionatthetwo

pointsasf(t)forobtainingthedeconvolvedsourcetime

function。WecallthismodelMODEL工.Fig.3(b》showsthe

deconvolvedsourcetimefunctionsatNBKandIくWN,respectively

fromtheSV工distributionshowninFiq-3(a)withtheS_wave

velocityof3.5km/s.工nthiscase,deconvolvedsourcetime

functionY(x't)haSzerovalueexceptforthetwoimpulses

contributedfromthetwopointswithnon-zeroslipvelocity .

Fiq・3(c)showstheprojectionofY(x,t)ateachstationontothe

virtualplane.Fig。3(d)showstheback-projectionreconstruction

usingY(x't)at5stations・Thisfiguredoesnotreproducethe
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distributionofSV工(inFig.3(a)》well.Thereforewedesignthe

schemeofawindowingProcedureforimprovingtheresultofthe

「econstruction.Wedividethevirtualplaneintopixels,0.4km

square.Thelowerlimitofthepixelsize(4X》isdetermined

fromthehighestfrequencyofsignals(fmax)'theruptu「e

vel。 ・ity(V。)andtheextent・fp・ 。jecti・nanglerelat・dt・the

Vcl
stat'.nd'st「'but'.n(θ)t'・e・4エr琢'語 ・Fo「eachstat'.n'

wesearchforthepixelsthroughwhichtheisochrone

correspondingtothenon-zerovalueofthedeconvolvedsource

timefunction[Y(x,t)1passesonthevirtualplane・Wegivethos(穿

pixelsflags.Thenwecanestimateaflagmaponthefaultplane

foreachstation.Wetakethelogicalproductofthoseflagmaps,

andthenwefindthe(discrete)spatialwindowfunction[W(x,y)1

0fthevirtualplaneasshowninFig.3(e).Fig.3(f)showsthe'

windowedback-projectionreconstruction.Thisisproducedfrom

theback-projectionreconstruction(inFig。3(d))whichiswindowed

byW(x,y》(inFig.3(e)).ThisfigurewellrecoverstheSV工

distributiononthefaultplane(Fig.3(a))。Beforeapplyinqthis

proceduretoourdataset,wetesttheapplicabilityofthis

procedureforsomesimulationmodels.

2-2Test二 〇fapPlicabilityoftheprocedure

WeapPliedthisproceduretothefollowingthreecases,

MODEL工 工,工 工工,and工V.

工nMODE]L工 工,theslipvelocitytimefunctionisgivena

t・uncat・dゼ1/2H(t)d・pendencef。 ・・。wingth。D。yl。p。 。P。 。a、

(1982)shownbythethicklineinFig.1(a),

11



H(t-t。)[1-H(t-th)]t-1/2(8》

i.e.theslipv・1。 ・ityfun・ti・nha・n。t。nlyaruptu「e

initiati。nbutal・ 。ahealingwithth・timeth・Thefault-

。bservati・n9・ 。m・t・y,therupturev・1。 ・ity,th・S-wavevel・city'

theruptureiniti・ti・np。intandth・SVIdi・t・ibuti・narethe

sameasinMODEL工.Fiq.4(a)showstheSV工distributiononthe

virtualplaneformodel工 工.Thereisnon-zeroslipvelocityat

twopointsandeachslipvelocityhasarisetimeofO・5s(th-

tr・0・5・)・W・d。n。tu・efuncti・n(8)butd・lt・(t)・ ・f(t)f。 「

obtainihgthedeconvolvedsourcetimefunction【Y(x,t》 】(formula

(6)).工nFig.4(b》,weshowthereconstructionresultoftheSV工

distribution.Onthereconstruction,therearesidelobesnear

thepixelswithnon-zeroSV工.BecausewedonItconsiderthe

healingeffectinobtainingthedeconvolvedsourcetimefunction,

theabruptchangeofslipvelocityonthehealingeffect

generatesafalseSV工distribution.Usinganinappropriateslip

velocitytimedependenceforobtainingdeconvolvedsourcetime

functioncausesthefalsespatialdistributionofSV工.

MODEL工1工:工nFig.5(a),weshowtheSV工distributiononthe

faultplaneforMODEL工II・Thenon・-zeroslipvelocityfunctions

arelocatedonalinesegmentinthevirtualplane.Eachslip

velocitytimefunctionandthemodelparametersarethesameas

inMODEL工.Fig.5(b)showsthereconstructionresul七 〇ftheSV工

distribution・Althoughtheplacesofthepixelswithnon-zeroSV工

arewellreconstructed,thereconstructedvaluesofSV工showa

slightfluctuation。

MODEL工V=工nthiscase,18assumedstationswith

hypocentraldistance20kmarearrangedat200intervalsina

12



circleshowninFig.6(a).TheSV工distributiononthevirtuaユ

planeisshowninFig.6(b》.Thenon-zeroslipveユocityfunctions

arelocatedonallsidesoftheinferredfaultplaneofthe1980

工zu-Hanto-Toho-Okiearthquake.Themodelparametersarethesame

asinMODEL工.工nFig.6(c),weshowthereconstructionoftheSV工

distribution.Althoughthespatialresolutioninthehorizontal

directionisgood,thatintheverticaldirectionisnotgood・

Thisfalsereconstructionintheverticaldirectioniscausedby

thenarrowrangeoftheemergentanglesfromsourcetostations,

whiletheazimuthalanglearetakentobewide.

Throughoutthesemodelsimulations,qoodreconstruction

resuユtsaredemonstratedbyaback-projectionmethodwitha

windowingwhosesizeisdeterminedfromthedistributionof

observationstations.
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3.ApPlicationtothe1980工zu-Hanto-Toho-Okiearthquake

工n2-2,weexaminedtheapPlicabilityofourprocedurefor

somesimulationmodelsandshowedthatitcanwellrecoverthe

distributionofSV工onthefaultplane.Here,weaPPlyou「

proceduretothedatasetofthetargetearthquake,the1980工zu-

Hanto-Toho-Okiearthquake.WeassumedthevirtualsourcePlane

with20kmsquareanddividedtheplaneintopixelsO・4kmsquare

sameasinthemodelsimulations.

Toestimatethedeconvolvedsourcetimefunction.we

deconvolvedobservedseismogramswiththepatheffectusingthe

recordsfromasmalleventasanempiricalGreen,sfunctionwith

theWinnerfilteringtechnique(Robinson,1967).工nFig.7,we

showanexampleofobservedseismictracesandthedesign呂cheme ●
ofWienerfilteringforpredictingthedeconvolvedsourcetime

function.Fig.7(a)showstheaccelerogramofasmalleventwith

MJMA=4・9recordedatKWN・ThetraceshowstheNScomponentrecord

fromtheonsetofS-waves.Addedtotherecordisnoisewith

zero-meanand1… きstandarddeviationofthemaximumsignal

amplitudeforstabilizingt二 〇predictafilterseries.Thistrace

correspondstotheinputtraceforthefiltering.Fig.7(b)

showstheNScomponentaccelerogramrecordfromtheonsetofS_

wavesfromthemainshockat二KWN・T'histracecorrespondsto

desiredout二putofthefiltering.Fig.7(c)istheestimated

filtercoefficientseriesandFig.7(d》istheestimatedactual

outputforthisdeconvolutionprocedure.Theobtainedfilter

seriesinFig・7(c)correspondstothesourcetimefunctionS(x
,t》

inf。 ・m・1・(2)・Nexttweassumeth・tf(t)i・givent。b・ ゼ1/2H(t》

fromIくostrov曾ssolution(1964)fort二hedynamiccrackmQdel .We

14



deconvolvethefilterserieswithf(t》.Thedeconvolvedsource

timefunctionY(x,t)isshowninFig.7(e).Althoughthesource

timefunctionshouldbeanon-negativefunctionwithoutassuming

aphysicallyunacceptablereversedisユocation,ourresultin

Fig.7(e)isnotanon-negativevalue.

OneproblemisthatwehaveusedonlyoneempiricaユGreenls

functionforeachstationtakinqtheGreenlsfunctionoutsidethe

faultintegralinformula(1).Actually,theGreen冒sfunction

changesfrompixeltopixelbecauseofthedifferencesofthe

propagationpathandtheradiationpatternfromeachpixeltothe

observationpoint.SuchspatialfluctuationoftheGreen曾s

functionistreatedasanrandomnbiseinthisanalysis.

Therefore,weconsiderthattheobtainedY(t)isrepresentedasa

timefunctioncontaminatedwiththerandomnoisesoriginatedfrom

theuncertaintyoftheGreenIsfunction.Weassumethatthetrue

(deconvolved)sourcetimefunctionFtrue(t)isrepresentedby

F七憎ω;晒 呪 τ靱(9)

whereg(t)isanon-negativetimedependentamplitude(i。e.

env・1・p・)andθ(t)i・atim・d・pendentph・ ・e(Taneret

al,1979)。Asg(t)isanon-negativetimefunction,g(t)=

lFtrue(t)卜Ftrue(t)(・true(t)i・a・ ・。an・n-neg・tiv・time

function)。 工ncontrasttothis,ourobtainedfiltercoefficient

seriesF《t)is

FLt)・Re[榊 綱 ♂ θ脚)3](1・)

beingcontaminatedbyarandomerror

15



臆)蜘 鵡 ♂ 凸(川
wh・ ・ena(t)andnp(t》 ・。rre・p。ndt・th・tim・d・pendentamplitude

andpha・e。fn・i・ewithassumingthatg(t》 》>na(t》and9(t》does

n。t・ 。rrel・t・withna(t)・Then,w・ 。bt・intheenv・1・p・F《t)in

thefollowinqform

-FL
t)ト 陣 、+堕)1・vlgLt)1=T-trae・C七)(12)

工nthisformula,theeffectoftherandomnoisedueto

uncertaintyoftheGreenIsfunctiononthefiltercoefficient

seriescanbesmallintheanalysis.工nFig.7(f)weshowthe

envelopeofthefiltercoefficientseriescorrespondingtothe

deconvolvedsourcetimefunctioninFig.7(e).

Theotherproblemist1{attherecordfromasmalleventis

notexact二lyatrueGreenusfunctionbecauseevenasmallevent

doesnotoriginatefromapointbutfromafinitesourcearea。

Thefaultareaofthesmalleventsourcegivesthespatial

resolutionofheterogeneityobtainedinthepresentstudy.Weuse

therecordsfromaforeshockasGreen'sfunctions,whosefault

planesolutionisalmostthesameasthatofthemainshock(工moto

etal.,1981》 。ThecornerfrequencyofthiseventisaboutlHz

obtainedfromtheobservedseismicspectra.Therefore'in

Fig・7(9)weshowthesmoothedenvelopewiththebell-shapedtime

windowofthelengthoflsecconsideringthefinitesource

durationofthesmallevent・ 工fwecanusetherecordsfroman

evensmallerevent,wecanchoosetheshortertimewindowthat

correspondsapProximatelytothecornerfrequencyofthatevent
,

andconsequently'ahigherspatialresolutiononthefaultplane
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canbeexpectedthaninthepresentanalysis.Finally,weregard

thetimeseriesinFig.7(9)asthedeconvolvedsourcetime

functionY(x,t)atKWN一 工nthiscase,wedeterminedonlythe

relativemagnitudeofdeconvolvedsourcetimefunction,because

wecannotdeterminethescalingrelationbetweenthemain

shock(MJMA=6・7》andthesmallshock(MJMA=4・9)inthehigh-

frequencyrange.工fweobtainthesourceparameterssuchas

stressdropofthesmallshockwithsomeadequatemethods(e・9・

工wataand工rikura,1988),wecandeterminetheabsolutevaluesof

thedeconvolvedsourcetimefunctions.

Fig.8showsthemapoftheobservationstations(Fig.2again)

andthedeconvolvedsourcetimefunctionsobtainedat5stations.

WereconstructthedistributionofSV工onthefaultplaneusing

the5deconvolvedsourcetimefunctions.Fig.9showsthecontour

mapoftheSV工distribu七ionplottedtogetherwiththehypocentral

distributionofthe1980工zu-Hanto-Toho-Okiearthquakeandits

aftershocks(M>2.9》occurringwithin10hoursafterthemainshock

occurred(Matsu,ura,1983,Fig.11》intheverticalsectionin

parallelwiththedirectionN200W.Therectanglewithdotted

linesshowstheframeoftheinferredfaultplanefromt二he

aftershockdistribution.TherelativeamplitudeofS▽Iis

displayedwithshading・Thecrossindicatesthehypocenterofthe

mainshock・FollowingIくostrov(1964》,theSV工correspondstothe

stressdrop・Thereforeourresultshowstheheterogeneousstress

droponthefaultplane.工tisinterestingthattheareain

whichhighSV工isgeneratedseemstocorrespondtotheareawith

lessaftershocks.
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4.D工SCUSS工ON

エnFig.9thereareSVエwithhigheramplit・d・inthecentral

partt。then。 。th。nth・faultplanei・f・ ・redf・ 。mtheafter・h・ck

distributi。nbutwithl。weramplitudeinthes。uthernpart・This

resultsuggeststhattherupturepr。cessinthecentralpartto

thenorthmainlycontributedtothehigh-frequencyradiation。

ThedistributionofSVエoozesoutoftheinferredfaultplaneat

thebottom.

Severalstudiesoftheruptureprocesshavebeenperformed

withthewaveforminversionforthe19801zu-Hanto-Toho-Oki

earthquake.Takeo(1988)obtainedthedistributionofthe

dislocationandtherupturestartingtimeonthefaultplanefrom

thewaveforminversionwiththeJMA.stronggroundmotion

displacementrecords.Fig.10(a)showstheisogramsofthe

dislocationdistributionofthemainshockonthefaultplane

(Takeo,1988,Fig.12).Theerrorsofestimateddislocationsarein

therangeofO.1-0.4m.Heassumedalargerfaultthanthe

inferredfaultfromtheaftershockdistribution.Takeolsresult

showsthatlargedislocationsaredistributedonthecentraland

southpartsofthefaultplane.Combiningourresultwit二hthe

Takeo響sresult,wededucethattherupt二ureinthecenterofthe

faultoccurredwithlargedislocationandhighSV工.Onthe

contrary'theruptureinthesouthareawassmoothbecausethough

thedislocationwasalsolarge,theSVIwassmall.Thenortharea

intheTakeo。sresultwithasmalldislocationhaslowSV工inour

result.

Usingtheintegratedacceleration(i・e・velocity)strong

motionrecords,Fukuyamaand工rikura(1988)obtainedthest二ress
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dropdistributionofthemainshockfromthewaveforminversion・

Fig.10(b)showstheobtainedstressdroponthefaultplane・

Exceptforthehigheststressdroparoundthenorthernedgeof

thefaultplane,ourSV工distributioncorrespondswelltotheir

stressdropdistribution.

ToexaminethevalidityoftheestimatedSV工distribution

obtainedhere,wecalculatethesyntheticseismogramsforthe

heterogeneousslipvelocitymodelbasedonourresultaswellas

thosefortheuniforms].ipvelocitymodelusingthe工rikurals

method(1986,1988》.Therisetimeinthiscalculationistakento

beaconstantvalueforthecaseoftheuniformslipvelocity

model.Thatferthecaseofheterogeneousslipvelocitymodelis

takentobevariableasafunctionofthepositiononthefault

planefollowingtheso-calledcrack-likemodelproposedby

Yomogida(1988).Thesyntheticresultsareillustratedforthe

mainshockaccelerationsatKWN,thenearestobservationstation

fromthehypocenterinFig.11togetherwiththeobserved

seismograms.TheobservedaccelerogramsofNS(theleftpanels)

andEW(therightpanels)componentsfromthemainshockatKWNis

showninthetopofFig.11.工nthemiddleandthebottomof

Fig・11areshownthesyntheticseismogramsfQrtheuniformslip

velocitymodelandthosefortheheterogeneousSV工model.The

syntheticaccelerationoftheEWcomponentfortheheterogeneous

slipvelocitymodelshowsconsiderableimprovementsinenvelope

andmaximumamplitudevalueoverthatfortheuniformslip

velocitymodelandalsothatoftheNScomponentisalittle

improved.
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5.CONCLUS工ONS

W。p。 。P。 。eaninv・ ・seR・d・n-tran・f・rmm・th。dt・rec。n・truct

th・di。tributi。n。f。lipvel・cityinten・ity(SVエ)・nthefault

plane。falargeearthquak・byu・inghigh-freq・ency・tr・nggr・und

motionsnearthefault.Thedirectback-proゴectionmethodwitha

コ ロ

windowingprocedureusedherehastheadvantageofnotrequユ 「ユng

旦 幽Lassumptionoffaultingareaoverprevioussourcep「ocess

inversionstudies.ThismethodhasbeenapPliedtotherecordsof

the1980工zu-Hanto-Toho-OkiearthquakeandtheheterogeneousSV工

distributionoverthefaultplaneareobtained.Relativelylarge

valuesofSV工arefoundinthecenterareatothenorthonthe

faultplane,whichcorrespondstothezonewithlessaftershock

occurrence.Thissuggeststhattheheterogeneousrupture

effectivelyemittinghigh-frequencyseismicwavesisrestricted

toasmallreqionofthefaultplaneinferredfromtheaftershock

distribution.CombiningtheSVIdistributionfromshort-period(〈

1sec)seismicwaveswiththedislocationdistributionfromlong-

period(>1sec》seismicwaves,wecanunderstandthedetailed

faultingprocessofthisearthquake・ 工nthecenterofthefault,

thereoccuralarqedislocationandahighslipvelocitydueto

abruptjumpinrupturevelocityorstressdroP.Ontheother

hand,inthesouthernparttthereoccuralargedislocationbuta

lowslipvelocity,i・e・lowstressdroP,andinthenorthern

part'a・malldisl。cati・nandal。wslipvel・city,sugge・ting

thattheruptureissmoothintheseregions.
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F工GURECAPT工ONS

墜L1(・)・Sk・t・h。fth・ ・lipvel。 ・ityfuncti・n。bt・inedby

Day(1982,Fig.14》withthree-dimensionalfinitediffe「ence

・imul・ti・n・ffaultdyn・mics.Th・thinline・h。w・thenumerical

・。luti・nwithsp。ntane・usrupturepr。pagati。nandthethickline

。h。w。theapP。 。ximat。dtim。functi。nwithtruncat・dt-1/2H(t》

timedependence.(b):Anexperimentalresultoftheslipvelocity

anddisplacementwithtimemeasuredbyOhnakaandYamamoto(1984)

inthestickslipinstabilitymodel.Thicklinesshowthe

measureddisplacementandthinlinesshowtheslipvelocityfrom

thederivativeofthemeasureddisplacement.

旦 主gLZMapofobservationstations(triangles)andlocationof

epicenter(closedsquare)andfaul七planewith15kmx7。5kmof

the1980工zu-Hanto-Toho-Okiearthquake.

旦 主旦 二 皇Flow-chartofreconstructionmethod.Anexampleisshown

forMODEL工.(a):SV工(slipvelocityintensity)distributionon

thevirtualplaneincludingthefaultplane.Theregionenclosed

bythedottedlineshowstheinferredfaultplane.工nthebirdIs-

eyepictures,theX-andY-axescorrespondtothenorth-south'

andbottorn-topdirections'respectively・Therupturesmoothly

propagatesfromthecenterofthe20kmsquare(indicatedbyan

arrow)withaconstantrupturevelocityof3.Okm/s。Theslip

velocityisgiventobenon-zeroatonlytwopoints.Weusethe

sametimedependencefunctionasf(t)forobtaininqthe

deconvolvedsQurcetimefunction・(b):Twotracescorrespondto

thedeconvolvedsourcetimefunct二ions[Y(x't)]fromtheslip
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velocitydistributioninFig.3(a)atNBKandIくWN,respectively・

(c)=ProjectionofY(x,t)atNBKandKWNontothefauユtplane'

「esPectively.(d》=Back-proゴectionreconstructionsusingthe

deconvolvedsourcetimefunctionsat5stations.Thisfiguredoes

notreproduceweユlthegivenslipvelocitydistribution(see

Fig.3《a》).(e):Spatialwindowfunction[W(xry》 】ofthevirtual

plane.(f):Windowedback-proゴectionreconstruction.This

reconstructionresultrecoverswellthegivendistributionofSV工

《seeFig.3(a》).

Et2gL∠ と(a):SV工distributiononvirtualplaneforMODEL工1.工tis

thesameas土nMODEL工.(c):ReconstructionresultofSV工.Onthe

reconstruction,therearesomesidelobesnearthepixelswhich

havethenon-zeroSV工causedbythehealingeffect.

血,」 Σ(a):SV工distributiononvirtualplaneforMODEL工 工工.The

non-zeroslipvelocityfunctionsarelocatedonalinesegrnentin

thevirtualplane.(b):ReconstructionresultoftheSV工.

Althoughtheplacesofthepixelswithnon-zeroSV工arewell

reconstruct二ed,thereconstructedvaluesofSV工showaslight

scatter.

且 主9L」 Σ(a)Distributionof18assumedstationswithfocaldistance

20km.(b》=SVIdistributiononthevirtualplane.Thenon-zero

slipvelocityfunctionsarelocatedonallsidesoftheinferred

faultplaneofthe19801zu-Hanto-Toho-Okiearthquake.Themodel

parametersarethesameasinMODEI、1。(c):ReconstructiQn
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distributionoftheSV工.

Et29.ヱAnexample・fsei・mi・tracesanddesign。ftheWiene「

filtertoestimatedeconvolvedsourcetimefunction・(a》

Acceler・9・am・fasm・ll・h。 ・k(MJMA・4・9》rec。 ・d・d・tKWN・The

traceshowsNScomponentrecordfromtheonsetofS-waves・Added

totherecordisnoisewithzero_meanand19standarddeviation

ofthemaximumsignalamplitudeforstabilizingthesolution・

(b》:AccelerogramofthemainshockrecordedatKWN・Thistrace

alsoshowstheNScomponentrecordfromtheonsetofS-waves・

Thistraceisthedesiredoutputforthefiltering.(c):

Estimatedfil七ercoefficientseries.(d》:Actualoutputseries

forthisdeconvolution.(e):Deconvolvedfiltercoefficient

se.i。 。withth。 ゼ1/2H(t)tim。d。pendencef。 。m(の.《f)、

Envelopeof(e).(g):Smoothedenvelopeof(f)withbell--shaped

timewindowoflsec.Weregardthistimeseriesastheinferred

sourcetimefunctionatKWN.

些 」」 旦Deconvolvedsourcetimefunctionsatfivestations.Each

traceisnormalizedwiththemaximumamplitudeofeachtrace.

E主 旦 ∴ ≦≧ContourmapofSV工distributiononhypocentral

distributionofthe1980工zu-Hanto-Toho-Okiearthquakeandits

aftershocks(M>2・9)occurringwithin10hoursafterthemainshock

(Matsulura,1983,Fig・11)inverticalsectionparalleltothe

directi。nN200W.Therectangl・withd・tt・dlinessh。w。thef。am。

oftheinferredfaultplane・TherelativeamplitudeofSV工is

displayedwithshading・ThecrossindicatesthestartingPointof
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themainshock.TheareainwhichhighSV工wasgenerated

correspondtotheareawithlessaftershockoccurrence.

seemsto

EtSgLユ.9Someresultsofwaveforminversionforthe1980工zu-

Hanto-Toho-Okiearthquake.《a):Isogramsofthedislocation

distributionofthemainshockonthefaultplaneinferredfrom

thewaveforminversionbyTakeo(1988,Fig.12)usingtheJMAstrong

motiondisplacementrecords.(b):Obtainedstressdrop

distributionofthemainshockfromthewaveforminversionby

Fukuyamaand工rikura(1988)usingvelocityrecords.

旦 主9二二 ⊥ ⊥ObservedaccelerogramfrornthemainshockatKWNand

syntheticseismograms.Thesyntheticsareperformedbythe

empiricalGreen'sfunctionmethod(工rikura,1986).Theleftpanels

showtheNS-componentsandtherightpaneユs,theEW-components.

Fromtoptobottom,theobservedaccelerograms,thesynthetic

accelerogramsusinguniformslipvelocitydistributionmodeland

thoseusinqtheheterogeneousslipvelocitydistributionobtained

inthisstudy.
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ConcludingRemarks

工nthisstudy,工determinedsourcecharacteris七icsrelevant

togeneratehigh-frequency(>1Hz)stronggroundmotions・

Thepointsofmyoriginalityinthisstudyarethe

following:工nChapter1,工examinedthesourcespectralscaling

betweeneventsoccurringinanearthquakesequenceanddiscussed

sourcespectralmodelsinthehigh-frequencyrange.

(1)Toseparatethesourcespectra,thepropagation-patheffects,

andthelocalsiteeffectsfromtheobservedspectra,工

constructedthesimultaneousequationswiththeunknown

parameterssuchasthesourcespectra,Q-valueandtheユocalsite

effects。TosolvetheseequationsbyapPlyingalinearinversion

method,工introducedthecriterionthatthelocalsiteeffects

haveafactorofmorethan2duetothefreesurface

amplification.

(2)エint・ 。ducedtw。m・th。d・t・te・ttheapPlicabiエity。ftheW'2

modeltothesourcespectrawithconsideringtheestimatederror

fromtheinversion・Thefirstmethodistocomparethestatic

stressdropwiththedynamicstressdropandthesecondisto

comparetheseismicmomentandthecornerfrequencydetermined

f・ ・mAndrew・'aut・m・t・d・bゴectiv・m・th・db・ ・ed・ntheω 一2m。del

tothosefromthehand-readinqmethod.

工nChapter2'工estimatedthespatialheterogeneityof

faulting(slipvelocityintensity=SV工)duringalarge

earthquakeusinghigh-frequencyseismicwaves(>1Hz》withan

inversionscheme.

(3)工demonstratedthetthereconstructionofslipvelocityon



th・faultplanei。acc。mpli・h・dbyth・inverseR・d。ntran・fo「m・

Here工introducedadirectback-proゴectionmethodwitha

wind。winqpr。ceduref。rinvertingth・Rad・ntran・f。rm・Ourmeth。d

ha・theadvantage。fn・trequi・inga匹 叫assumpti・n・f コ　
faultingareaoverthepreviousinversionstudiesofseユsmユc

sourceprocesses・

Thepresentmethodhavegiventhesourceprocessesrelevant

tohigh-frequencyseismicradiationsduringlargeearthquakes

throughtheanalysesofspectralsourcecharacteristicsofevents

andspatialdistributionsoffaulting.Unfortunatelyrinthis

study,theanalysesofspectralcharacteristicsandthoseof

spatialcharacteristicsaredonebyusingtheseismicrecords

fromthedifferentearthquakes.Duringthe(large)earthquake,

thespatialdistributionsofafteヱ ミshocksandtheirsource

characteristicsonthefaultplanewillberelevanttothe

faultingofthemainshock(e.9.Kuroisoetal.,1984;Sato,1985).

Thus,itisimportanttodeterminethesourcespectralscaling

duringanearthquakesequenceandthespatialdistributionof

faultinq.

Throughoutthisstudy'improvementsoftheformulations,

discussionandcheckofresultsofanalyseshavebeendonewith

Prof.Koゴiro工rikura.
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