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Abstract

A stochastianodel for earthquak occurrenceocusingon the spatio-temporainteractions
betweenearthquaksis discussed.The modelis a marked point processmodelin which each
earthquak is representedsa marked point in spaceandtime. The marksaregiven by the mag-
nitudesof the earthquaksbut otherobsened propertiesof the earthquaks,suchasinformation
on the fault lines, canstraightforvardly be included. The parametersf the modelis estimated
basedon Bayesianupdatingof priors, usingempirical datato derive posteriordistributions. In
the modelwe discussthe spatialandtemporaldependenciebetweenfore- and aftershocks.In
additiontheeffect of strainbuild-up andsubsequentleasdollowing anearthquak is discussed.
An algorithmfor simulatingearthquaksfrom the modelis presenteaglongwith simulationre-
sultsfor the region of SouthernCalifornia. With animproved setof simulationsthe ambition of
the modelis to make moreprecisepredictionson the occurrenceof earthquaks. The prediction

resultsmay give cluesasto whethersuchpredictionsof earthquaksis atall possible.

1 INTRODUCTION

Earthquak forecastingn the strict sensewith the exact predictionof thetime, the location,andthe
magnitudeof an earthquak hasbeena difficult areaof researctfor several decades.One outcome
of this researchhowever, is that we today know much more aboutwhy earthquak predictionis

difficult (Kagan, 1997). This difficulty is in parttied to conceptssuchas self-similarity, criticality



andnucleationprocessesAll earthquaksstartsmall, andwhile we know muchaboutthe limits to

growth, we do notknow in sufficient detailswhenandwhy it stopsbeforethat.

In this paperwe outlinea stochastienodelfor earthquak occurrencavhichis focusingonthespatio-
temporalinteractionsbetweenearthquaks. We believe that by including the increasedknowledge
of earthquak processesn more advancedstochasticnodelsthe prediction capabilitiesfor earth-
quakescanbeimproved. Themodelcanbe extendedo usemoreextensie catalogqincludinglower
magnitudes)andothergeoplysicalandgeologicaldata. This mayimprove predictions particularly
predictionsover shortperiodsof time. Themodelis amarked point processnodel(Cressie 1993),in

which eachearthquak is representetdy its magnitudeandcoordinatesn spaceandtime.

Thereare mary possibleparametrisationfor the model. The principlesbehindthe estimationand
algorithmsareindependenof a particularparametrisatiorhovever. Anotherfreedomof themodelis

thechoiceof prior distributions.|f thechoiceof priorsturnoutto becontroversialit is alwayspossible
to choosdlat priorsthat,however, give lessinformationwith the subsequenisk of smallerprecision
in the predictions.The modelis basedon Bayesiarapproachewvith userspecifiedprior distributions

for all parametersyhile empiricaldataareusedfor deriving posteriordistributions.

2 MARKED POINT PROCESS MODEL

Marked point processesre commonly usedstochastiomodelsfor representing finite numberof
eventslocatedin time and space. Earthquaks canvery well be fitted into a marked point process
model. Eachearthquak has,in additionto alocationin time andspace parametersepresentinghe
magnitudeand quite often also information aboutthe earthquak fault lines. Point processmodels
for earthquakshave previously beendiscussedy Vere-Jone$1995)andOgata(1998). The model
presentedh this papertreatsfore- andaftershock$n asimilarfashionto Ogata.In addition,themodel
takesinto accounthe effect of strainbuild-up. Theultimategoalis to includeasmuchaspossibleof

known physical processesto themodel.



21 THE MODEL

In our notationan earthquak is representeddy £ = (z, M) andt, wherexz = (z1,z2) is the epi-
centrecoordinategz; = longitudegs = latitude), M is themomentmagnitudeandt is thetime. An
earthquak catalogueHr = {(E;, t;) }+,<r = {(zs, M;, ti) }+, <7 consistof all obseredearthquaks

above a certainmagnituden a specifiedregion, andin agiventime period(7y, T').

Thetwo majorassumptionsnadein the proposednodelare:

e Theintensity \ (E, t|H, 8) of an earthquak (E,t) = (z, M,t) is a function of previous
earthquaks H; in theregion andsomeparameterg to be determinedy a Bayesiarupdating.

If additionaldataor physicalknowledgeis available,this shouldbe includedin thisintensity

e Thetime averagedntensity\(E) = A(z)A(M|z) asa function of magnitudeand positionis
known. This canbe estimatedwithout using Hy. The modelwould benefitfrom including a
Bayesiarupdatingof thetime averagedntensity but this would increaseéhe numberof param-

etersandhencethe CPUtime considerably

It is naturalto let A(M|z) be determinedby the well-knowvn Gutenbeg-Richterlaw (Vere-Jones,
1995)for the distribution of magnitudessuchthat A\(M|z) oc 104~°M with a andb constantsThe
valueof thescalingparameteb is usuallyin theinterval (0.7,1.2). We hereassumehatthe intensity

A1 is givenby thefollowing form:
)‘1(E7t|Ht7/3) = )\2(E|/8)()‘3(E7t|Hta/3) + A4(E7t|}1-757/3))7 (1)

where )\, is a scalefactorindependentf time, A3 representshe increasein the intensity after an
earthquak usedfor modellingthe fore- andaftershocksand A4 representshe releaseof strainfol-
lowing anearthquak. If thereleaseof strainis omitted, A4 shouldbereplacedoy 1, while if thefore-

andaftershockreatmenis omitted,\s shouldbereplacedy O.

The intensity A3 is usedto modelthe fore- andaftershocks Let M; be the magnitudeof a shockin
the catalogueat the time ¢;, and M the magnitudeof a subsequenshock. ForeshocksM; arethen

modelledby A\3(E, t|Hy,3) > 0 for earthquaks M > M; for ¢ > t;, while aftershocksM are



modelledby A\3(E, t|H, 8) > 0 for earthquaksM < M; for ¢t > ¢;. We will assumehat A3 hasthe
form
A3(E’17t|£[t7ﬁ) = Z g(E7t7Eiati7ﬂ), (2)
(Ei,ti)GHt

where

9(E,t, E;, t;, B) = Brg1(M, M, B2) g2(t, i, 53, Ba) g3(x, x4, Bs).

Thefunctionsg, g2, andgs represenmagnitudial temporal,andspatialeffects, respectiely. Note
that the summationimplies thatif thereis a big earthquak followed by a seriesof smallerearth-
qualesall of theseearthquakscontribute to the intensity A typical form of g, is g1 (M, M;, B2) =
exp(B2M;), which givesbothfore-andaftershocksThis givesthesamemagnitudedistribution asthe
time averagedntensity For thetemporaleffectwe assumehatgs (t,t;, 83, 81) = 1/(t — t; + Ba)?.

Thespatialeffect canberepresentethy a functionbasedon the distancebetweerthe epicentresi.e.,

93($a$ia65) = exp(—ﬂ5||w - $l||2)

It seemgo be generallyacceptedhatthereis moreregularity in the occurrenceof earthquaksthan

canbe accountedor in a Poissonmodel (Working Group on California Earthqualks Probabilities,
1995). Theassumptions thatin any particularregion, strainis slowly building up andthenreleased
during to earthquaks. This effect canbe incorporatednto a point processmodel. We first define
a statevariable S thatcanbe connectedo strain. The interpretationof S may be differentthanthe

standarddefinition of strainbut this will beits generalnature. For simplicity we herereferto S as

strain.We defineS by

S(z,t,Hy, B) = ¢z, B)t— > h(z, By p),
(Ei,ti)€Hy

with

é(z, B) = / Wz, B, BNE')AE,
h(z, E', B) = exp(BrM'") exp(—Ps||z — $’||2).

Here ¢ representshe averagestrainbuild-up perunit time andh thereleasdn strainfor eachearth-

quale. Thestrainreleaseh is factorednto two termsrelatedto the magnitudeof the earthquak and



aspatialeffect, respectiely. Thus,S representshe strainatary point (z, t) in spaceandtime given
all the previous earthquakscontainedn the catalogH;. It is assumedhat S builds up linearly and
thendecreasemstantaneouslyith eachearthquak. The strainhasa variancethatis independenof

time,and )4 is anincreasingunctionof S givenby
M(E, t|Hy, B) = 1+ B6S + (B6S)?/2. (3)

The quadraticterm oc (365)? ensureghat the intensity A4 alwaysis positve, no matterthe value
of B¢ andthe factthat S canbe negative. The effect of A4 is to reducethe variability in the time
periodsbetweenvery big earthquakscomparedo the simple Poissormodel. The variability in the
time periodsbetweerbig earthquaksbecomesmallerandsmallerwith increasinglylarge valuesof
B¢ and B7. The parameteify specifiesthe surroundingregion of an earthquak in which strainis

released.

2.2 POSTERIOR DISTRIBUTIONSFOR THE PARAMETERS

FromtherealcatalogueH of theperiod (7, T') it is possibleto find the posteriordistributionsof the
parameter®. Theseposteriordistributionsrepresenthe bestguessesor the parameterandshould
be usedin all predictions. The posteriordistributions for the parameterg3, given the datain the
catalogHr, aredefinedby the equationf (5| Hr) «x f(8)f(Hr|B). Thelikelihood f(Hr|3) canbe
calculatedrom

T n n
F(Hr|B) = exp <— /T / A1<E,t|Ht,ﬁ)dEdt) [ (B tilHe, B) =~ [ (B, il He,, B),

i=1 i=1
(4)
wherethe integral can be approximatedby a constant. The first factoris dueto periods(t;—1, ;)

without earthquaks,while the secondactorrepresentsheintensitiesfor the actualearthquaks.

2.3 RESULTS

Theempiricaldatawe have usedis basedn anearthquak cataloguever thetime span1932— 1998
compiledby the SouthernCalifornia Earthquak Center SCEC(1999) which coversthe region of

SoutherrCaliforniaasshavn in Fig. 1.
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Figurel: Thelocationof earthquakswith M > 4.5 (left), andthemagnitudevs. timefor earthquaks

with M > 3.0 (right) in SouthernCaliforniain the period1932— 1998.

As afirst stepwe have simulatedearthquaksfrom the Poissonmodel,i.e, setting\ (E,t) = A\(E).
Theb x 5 degreeareais dividedinto 1600grid cells,with eachcell correspondingo a size of about
14 x 12 km. Theintensity A\(E) for eachgrid cell is calculatedrom the empiricaldata.An average
b-value of 0.93for the Gutenbeg-Richterrelationis estimatedrom the samedata. The simulation
resultsfor a10-yeamperiodareshovntotherightin Figs. 2 and3. To theleft in thesdiguresareshovn
the obsened datafor the 10-yearperiod 1989—-1998.The simple Poissonmodelprovidesus with a
constantbackgroundntensity In the marked point processmodel, the spatio-temporainteractions

betweerearthquakswill alsobeincluded.
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Figure 2: Earthquaksof M > 3.0 in the period 1989 — 1998in SouthernCalifornia (left), and

simulatedearthquaksover a 10-yearperiodusingthe Poissormodel(right).
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Figure3: Magnitudevs. time of actualearthquaksin the period1989— 1998 (left), andsimulated

earthquaksover a 10-yearperiod(right) in SouthernCalifornia.

At the next stepwe have implementedan algorithmfor estimatingthe maximumlik elihoodsof the
B-parameters.In the first approximationwe have assumedhat \y( E|3) is a constant. Using the
50-yearperiod 1949-19980f the cataloguea calculationof the maximumlik elihoodsyields 5, =
160.8, B2 = 0.8628, 83 = 1.191, 84 = 0.01662, and B85 = 1242 whenthe strainbuild-up is omitted
and A\, = 1. An interpretationof this is that, comparedto the backgroundactiity, the increase
of intensitydueto an earthquak of M = 5.8 is twice thatof a M = 5.0 andthat the increased
intensityis halved at a distanceof 2.6 km from the epicentreof the earthquak. It is alsoimplied
thatincreaseof intensityis halved 19 min after an earthquak. Including the building-up of strain
for earthquaks of magnitudesM > 6.0 the calculationyields 5y = 207.2,85 = 0.8633,83 =
1.196, 84 = 0.01613, 85 = 1307, B = 1.722, 87 = 0.5703, andSBs = 3.596. With theseestimatest
is now possibleo includeboththeinteractionterm A3 andthestrainreleasg¢erm\4 in thesimulation

model. The ultimategoalis to performalarge numberof simulationsin orderto make predictions.
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