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Abstract

A stochasticmodel for earthquake occurrencefocusingon the spatio-temporalinteractions

betweenearthquakes is discussed.The model is a marked point processmodel in which each

earthquake is representedasa markedpoint in spaceandtime. Themarksaregivenby themag-

nitudesof theearthquakesbut otherobservedpropertiesof theearthquakes,suchasinformation

on the fault lines, canstraightforwardly be included. The parametersof the model is estimated

basedon Bayesianupdatingof priors, usingempiricaldatato derive posteriordistributions. In

the modelwe discussthe spatialandtemporaldependenciesbetweenfore- andaftershocks.In

additiontheeffectof strainbuild-upandsubsequentreleasefollowing anearthquake is discussed.

An algorithmfor simulatingearthquakesfrom the modelis presentedalongwith simulationre-

sultsfor theregion of SouthernCalifornia. With an improvedsetof simulationstheambitionof

themodelis to make moreprecisepredictionson theoccurrenceof earthquakes. Theprediction

resultsmaygivecluesasto whethersuchpredictionsof earthquakesis atall possible.

1 INTRODUCTION

Earthquake forecastingin thestrict sensewith theexactpredictionof the time, the location,andthe

magnitudeof an earthquake hasbeena difficult areaof researchfor several decades.Oneoutcome

of this research,however, is that we today know much more aboutwhy earthquake prediction is

difficult (Kagan, 1997). This difficulty is in part tied to conceptssuchasself-similarity, criticality
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andnucleationprocesses:All earthquakesstartsmall,andwhile we know muchaboutthe limits to

growth, we donot know in sufficientdetailswhenandwhy it stopsbeforethat.

In thispaperweoutlineastochasticmodelfor earthquakeoccurrencewhich is focusingonthespatio-

temporalinteractionsbetweenearthquakes. We believe that by including the increasedknowledge

of earthquake processesin more advancedstochasticmodelsthe predictioncapabilitiesfor earth-

quakescanbeimproved.Themodelcanbeextendedto usemoreextensivecatalogs(includinglower

magnitudes),andothergeophysicalandgeologicaldata.This may improve predictions,particularly

predictionsovershortperiodsof time. Themodelis amarkedpointprocessmodel(Cressie,1993),in

whicheachearthquake is representedby its magnitudeandcoordinatesin spaceandtime.

Therearemany possibleparametrisationsfor the model. The principlesbehindthe estimationand

algorithmsareindependentof aparticularparametrisation,however. Anotherfreedomof themodelis

thechoiceof prior distributions.If thechoiceof priorsturnoutto becontroversialit is alwayspossible

to chooseflat priorsthat,however, give lessinformationwith thesubsequentrisk of smallerprecision

in thepredictions.Themodelis basedon Bayesianapproacheswith userspecifiedprior distributions

for all parameters,while empiricaldataareusedfor deriving posteriordistributions.

2 MARKED POINT PROCESS MODEL

Marked point processesarecommonlyusedstochasticmodelsfor representinga finite numberof

eventslocatedin time andspace.Earthquakescanvery well be fitted into a marked point process

model.Eachearthquake has,in additionto a locationin time andspace,parametersrepresentingthe

magnitudeandquite often also informationaboutthe earthquake fault lines. Point processmodels

for earthquakeshave previously beendiscussedby Vere-Jones(1995)andOgata(1998). Themodel

presentedin thispapertreatsfore-andaftershocksin asimilarfashionto Ogata.In addition,themodel

takesinto accounttheeffectof strainbuild-up. Theultimategoalis to includeasmuchaspossibleof

known physicalprocessesinto themodel.
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2.1 THE MODEL

In our notationan earthquake is representedby
�������
	���

and � , where
������� � 	�� �  is the epi-

centrecoordinates(
� � = longitude,

� � = latitude),
�

is themomentmagnitude,and � is thetime. An

earthquakecatalogue��� ����������	 � ������! �" � �����#�$��	��%��	 � �&'�(�! �" � consistsof all observedearthquakes

aboveacertainmagnitudein aspecifiedregion,andin agiventimeperiod
�#)+*,	-).

.

Thetwo majorassumptionsmadein theproposedmodelare:

/ The intensity 0 � ���1	 �32 � � 	�45 of an earthquake
���6	 � 7�8�#�9	'��	 �  is a function of previous

earthquakes � � in theregionandsomeparameters
4

to bedeterminedby a Bayesianupdating.

If additionaldataor physicalknowledgeis available,this shouldbeincludedin this intensity./ The time averagedintensity 0 ���:;� 0 �#�< 0 ��� 2 �< asa functionof magnitudeandpositionis

known. This canbe estimatedwithout using �:�>= The modelwould benefitfrom including a

Bayesianupdatingof thetimeaveragedintensity, but thiswould increasethenumberof param-

etersandhencetheCPUtime considerably.

It is natural to let 0 ��� 2 �? be determinedby the well-known Gutenberg-Richter law (Vere-Jones,

1995)for thedistribution of magnitudessuchthat 0 ��� 2 �?.@BA�C,D3E$F�GH	
with I and J constants.The

valueof thescalingparameterJ is usuallyin theinterval (0.7,1.2). Wehereassumethattheintensity0 � is givenby thefollowing form:

0 � ���6	 �(2 � � 	�4K5� 0 � ��� 2 45�� 0$L ���1	 �32 � � 	�45<M 0ON ���6	 �(2 � � 	�45�P	 (1)

where 0 � is a scalefactor independentof time, 0$L representsthe increasein the intensityafter an

earthquake usedfor modellingthe fore- andaftershocks,and 0 N representsthe releaseof strainfol-

lowing anearthquake. If thereleaseof strainis omitted, 0ON shouldbereplacedby 1, while if thefore-

andaftershocktreatmentis omitted, 0OL shouldbereplacedby 0.

The intensity 0OL is usedto modelthe fore- andaftershocks.Let
�%�

be themagnitudeof a shockin

the catalogueat the time � � , and
�

the magnitudeof a subsequentshock. Foreshocks
� �

arethen

modelledby 0$L ���6	 �32 � � 	�45HQRC
for earthquakes

� QR�%�
for � Q � � , while aftershocks

�
are
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modelledby 0OL ���1	 �32 � � 	�45SQTC for earthquakes
� UT�V�

for � Q � � . We will assumethat 0OL hasthe

form

0OL ���1	 �32 � � 	W45>� XY[Z  #\ �] !^�_a`9b3c ���1	 � 	'����	 � ��	�45�	 (2)

where

c ���1	 � 	��d��	 � �W	W455�e4 � c � ���f	��%�g	�4 �  c � � � 	 � ��	�4 L 	W4 N  c L ���
	-�O�W	W4?h� =
The functions c � , c � 	 and c L representmagnitudial,temporal,andspatialeffects,respectively. Note

that the summationimplies that if thereis a big earthquake followed by a seriesof smallerearth-

quakesall of theseearthquakescontribute to the intensity. A typical form of c � is c � ���f	'�V��	W4 � i�j�k�l �!4 � �%�& , whichgivesbothfore-andaftershocks.Thisgivesthesamemagnitudedistributionasthe

time averagedintensity. For thetemporaleffect we assumethat c � � � 	 � ��	�4 L 	�4 N m�nA3op� �rq%� �sMt4 N gu(v .
Thespatialeffect canberepresentedby a functionbasedon thedistancebetweentheepicentres,i.e.,c L �#�9	��$��	W4?h�>� j�k�l � q 4?h 2w2 � q �O� 2x2 �  .
It seemsto begenerallyacceptedthat thereis moreregularity in theoccurrenceof earthquakesthan

canbe accountedfor in a Poissonmodel (Working Groupon California EarthquakesProbabilities,

1995).Theassumptionis that in any particularregion,strainis slowly building up andthenreleased

during to earthquakes. This effect canbe incorporatedinto a point processmodel. We first define

a statevariable y that canbe connectedto strain. The interpretationof y may bedifferentthanthe

standarddefinition of strainbut this will be its generalnature. For simplicity we hererefer to y as

strain.Wedefine y by

y ���
	 � 	 � � 	W45>�{zK�#�9	W45 �9q XY[Z  #\ �] !^�_,`
b}| �#�9	'����	W45P	
with zK���
	�455��~ | ���
	����#	�45 0 ���;�xW������	

| ���
	����#	�4K>� j�k�l �#4+���f�w j�kpl � q 4+� 2w2 � q �$� 2w2 �  =
Here

z
representstheaveragestrainbuild-up perunit time and | thereleasein strainfor eachearth-

quake. Thestrainrelease| is factoredinto two termsrelatedto themagnitudeof theearthquake and
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a spatialeffect, respectively. Thus, y representsthestrainat any point
���
	 �  in spaceandtime given

all thepreviousearthquakescontainedin thecatalog� � . It is assumedthat y builds up linearly and

thendecreasesinstantaneouslywith eachearthquake. Thestrainhasa variancethatis independentof

time,and 0 N is anincreasingfunctionof y givenby

0ON ���6	 �(2 � � 	W455��A�Mt4+� y M{�!4+� y  � o}� = (3)

The quadraticterm
@��#4s� y  � ensuresthat the intensity 0ON always is positive, no matterthe value

of
4 �

andthe fact that y canbe negative. The effect of 0 N is to reducethe variability in the time

periodsbetweenvery big earthquakescomparedto thesimplePoissonmodel. Thevariability in the

time periodsbetweenbig earthquakesbecomessmallerandsmallerwith increasinglylargevaluesof4+�
and

4 �
. The parameter

4 �
specifiesthe surroundingregion of an earthquake in which strain is

released.

2.2 POSTERIOR DISTRIBUTIONS FOR THE PARAMETERS

Fromtherealcatalogue��� of theperiod
��)s*�	�).

it is possibleto find theposteriordistributionsof the

parameters
4

. Theseposteriordistributionsrepresentthebestguessesfor theparametersandshould

be usedin all predictions. The posteriordistributions for the parameters
4

, given the datain the

catalog��� , aredefinedby theequation� �#4 2 ��� S@ � �#45 � � ���S2 45 . Thelikelihood � � ���d2 4K canbe

calculatedfrom

� � � � 2 4K5� j�kpl�� q ~ ��3� ~ 0 � ���6	 �32 � � 	W45W���;� �������w� � 0 � ���d�W	 � � 2 � �] 	�455� ���]� � 0 � �����W	 � � 2 � �! 	W45P	
(4)

wherethe integral canbe approximatedby a constant. The first factor is due to periods
� � � E � 	 � ��

withoutearthquakes,while thesecondfactorrepresentstheintensitiesfor theactualearthquakes.

2.3 RESULTS

Theempiricaldatawehaveusedis basedonanearthquakecatalogueover thetimespan1932– 1998

compiledby the SouthernCalifornia Earthquake Center, SCEC(1999)which covers the region of

SouthernCaliforniaasshown in Fig. 1.
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Figure1: Thelocationof earthquakeswith

� ��� =�� (left), andthemagnitudevs. timefor earthquakes

with
� �e� = C (right) in SouthernCaliforniain theperiod1932– 1998.

As a first stepwe have simulatedearthquakesfrom thePoissonmodel,i.e., setting 0 � ���1	 � S� 0 ���� .
The �1� � degreeareais dividedinto 1600grid cells,with eachcell correspondingto a sizeof aboutA�� � A3� km. Theintensity 0 ���� for eachgrid cell is calculatedfrom theempiricaldata.An averageJ -valueof 0.93for the Gutenberg-Richterrelationis estimatedfrom the samedata. The simulation

resultsfor a10-yearperiodareshown to theright in Figs.2 and3. To theleft in thesefiguresareshown

theobserveddatafor the10-yearperiod1989–1998.The simplePoissonmodelprovidesus with a

constantbackgroundintensity. In the marked point processmodel,the spatio-temporalinteractions

betweenearthquakeswill alsobeincluded.
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Figure 2: Earthquakes of
� �¤� = C in the period 1989 – 1998 in SouthernCalifornia (left), and

simulatedearthquakesover a10-yearperiodusingthePoissonmodel(right).
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Figure3: Magnitudevs. time of actualearthquakesin theperiod1989– 1998(left), andsimulated

earthquakesover a10-yearperiod(right) in SouthernCalifornia.

At the next stepwe have implementedan algorithmfor estimatingthe maximumlikelihoodsof the4
-parameters.In the first approximationwe have assumedthat 0 � ��� 2 4K is a constant. Using the

50-yearperiod1949–1998of the catalogue,a calculationof the maximumlikelihoodsyields
4 � �A(¥�C =§¦ 	�4 � �nC =¨¦ ¥©� ¦ 	�4 L �ªA = A(«¬A,	W4 N ��C = C¬A(¥�¥©� , and

4?h�®A3�a�¯�
whenthestrainbuild-up is omitted

and 0 N �°A
. An interpretationof this is that, comparedto the backgroundactivity, the increase

of intensitydue to an earthquake of
� � ��=¨¦ is twice that of a

� � ��= C and that the increased

intensity is halved at a distanceof 2.6 km from the epicentreof the earthquake. It is also implied

that increaseof intensity is halved 19 min after an earthquake. Including the building-up of strain

for earthquakes of magnitudes
� �¤¥ = C the calculationyields

4 � ����C}± = �¯	�4 � ��C =§¦ ¥}���p	W4 L �A = A(«�¥p	�4 N �fC = COA(¥¬A(��	�4?h²�³A(��C©±¯	�4+�i�³A = ±��}��	W4 � ��C =�� ±,C}� , and
4 � ��� =�� «�¥ . With theseestimatesit

is now possibleto includeboththeinteractionterm 0$L andthestrainreleaseterm 0¬N in thesimulation

model.Theultimategoalis to performa largenumberof simulationsin orderto makepredictions.
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