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Introduction

Thequest to find successful methodsto forecast future earthquékes has proven to bevery
chdlenging. Useful earthqudke forecasts require detailed specification of anumber of variables,
namely the epicenter, depth, time and magnitudeof the coming earthqu&e. While forecasting the
times of strongaftershodks within therupture zoneof a strong earthquée has been devel opad with
some success (e.g., Reasenbeag and Jones, 1989,1994), forecasting thetimes of future strong
earthqudes, even when thar locationsare known to occur within broad geographic areas, has not
been very successful. Theappaent success of the M8 algorithm in forecasting the2003M6.7 San
Simeon earthquéke (Keilis-Borok et al., 2004)followed by thefailure of this same agorithm after it
mistakenly forecast a strongearthquée in southern California before September 2004 shows the
promise and disappointment of the current state of earthquéke forecasting.

This pgoe describes two different earthquée forecasting methodsthat we are submittingto
the RELM (Regiond Earthquée LikelihoodModds) project of the Southern California Earthquéke
Center (SCEC). Thebasisundelyingboth of the earthquéke forecasting methodstha are described
in this paper isthe observation tha mainshodks in California and western Nevadaof M ! 4.0 are
more temporally clugered than expected from a memoryless, Poisson distribution of earthquées
with time. To illudrate this, the ANSS earthquée catalogof M ! 4.0 from 1932to 2004for the
region of Figure 1 was obtained, and all foreshods and aftershodks were removed usng thetime-
space windows of Gardna and Knopdf (1974) Triggered earthquées, defined as any earthquéke
tha took place within 1 day of an M ! 6 mainshod, were also removed. The declugered catalog of
epicentersis shown in Figure 1, and thedistribution of interevent times for this declusered catalog
isshown in Figure 2. It is evident tha, even after declugering, there are more ingances of two main
shodks taking place with short interevent times than expected for a Poisson distribution with the
same mean earthqude rate. Thediscrepancy beween the observationsand the Poisson distribution
is greatest for event pars with interevent times of 1 day or less, and it decreases back to the Poisson
distribution for interevent times of 5 days or greater. In this paper, we describetwo different main
shod forecasting methodstha are based onthis highe rate of short-term tempora clugering. The
methodstha we describe here are being submitted to RELM for testing againg other proposd
forecasting methods



RELM Earthquake Forecasts Based on Short-Term Non-Poissonian Earthquake Clustering
in California

The philosophybehind thefirst method of earthqueke forecasting is the assumption tha the
average dtatistical propeties of the spatial and temporal occurrences of earthquaeswithM | 4.0
during thefuture forecast period are the same as the average propaties of thos variables over the
past 70 or so years. This assumption meanstha the short-teem M ! 4.0 spdial forecasting
geneated for RELM with this methodwill lookidentical to mapsof thepast M | 4.0 seismicity.
Kafka (2002)has shown for many parts of theworld, induding California, tha mos new
earthquées tend to occur near locationstha have experienced past earthquées. Thisistruefor
earthquée catalogsthat contain foreshodks and aftershodks as well as for catalogsfromwhich
foreshodks and aftershodks have been removed. Thus by following our philosophywe expect on
averageto have a high success rate with our spatial forecasts. Asfor thetemporal pat of our
earthqudke forecasts, the average occurrence rates of aftershodks in and aroundCalifornia appears
well described by aform of Omori'slaw (Reasenberg and Jones, 1989,1994) and so that will form
thebasis of thetempora forecasting of earthquéae activity near the epicenter of alarger earthquéke
in thetime immediately following that event. For the short-term temporal forecasts of other
mainshods, the Poisson distribution of interevent times modified with an excess of earthquéke
parswith short interevent times (i.e., Figure 2) isthe statistical distribution from which these
forecasts will bemade

We first describe here how aftershodks and foreshodks will be handled in this forecast
method. Each time an earthqué&ke of M | 4.0 takes place, acircle of radiusR will bedrawn around
theepicenter. TheradiusR isbased ontheaftershock distance defined by Gardne and Knopof
(1974)andis afundion of themainshodk magnitude Since RELM requires forecasts of seismicity
ratesin .1° by .1° cells, all cellstha toudh or contain a part of thearea within R will be conddered
apat of theaftershodk region. Theformulation of Omori's law of Reasenberg and Jones (1989)
with their generic California parameters will then be used to calculate the expected rate of
earthqudaes with any magnitudegreater than 4.0. Obvioudy, for thoe magnitudesthat are less
than themainsdhodk magnitude theforecast rate will befor aftershodks, while for those magnitudes
tha are greater than themagnitudeof thefirst event, theforecast rate assumes that thefirst
earthquéke was aforeshodk. That foreshods and aftershodks can be described by the same version
of Omori'slaw has been argued by Felzer et d. (2004). Table 1 shows the aftershod radii R and
thel-day M! 4.0 earthquéke activity rates for earthquées that are expected after thefirst day, fifth
day, tenth day and fiftieth day after mainshodks of different magnitudes. In our application of this
approach for RELM, when theforecasts aftershodk/foreshodk rate dropsbdow the background
mainsho rate for a cell, then thebackgroundmainshodk rate will be used.

For thos locationstha are outside all aftershodks zones, a different methodwill beused to
compute the expected dally rate of M! 4.0 earthquekes. For these areas we will use theaverage
rate " for theentire study area from the earthquéae catalog from 19322004 after the catalog has
been declugdered of foreshodks, aftershodks and 1-day triggeed events, as described above We
assume tha this mean mainshod rate can be distributed throughoutthe study area propottiond to



the past local seismicity. To dothis, we will divide theregioninto cellstha are .3° by .3° ona
side andthen for each cell i wewill compute thetotal number of mainshodks n, fromthe
declugered catalog from 19322004. We then compute the expected mean rate A, of earthquékein
cell i usngtheformula

ni = nni /N
1)

where N isthetotal nunber of earthquékesin thedeclugered catalog. Therates pe cell can then
beupsampled to the .1° by .1° cell size specified for theshort-term RELM forecasts. We have
chosen to carry outthe abovecalculationon .3° by .3’ cellsrather than .1° by .1° cellsdirectly to
g€t a better estimate of therates. Of course, the downdde of this approach istha it smoothes the
gpdial forecasts.

Themainsho seismicity rate A, for each cell tha needsto be specified for thedaly
M! 4.0 RELM forecasts degpendson the seismicity during the preceding few days before the
forecast. There are severa cases tha mug beconsdered. First, if therewasnoM! 4.0 maindhodk
anywhere within the entire forecast region during the preceding five days (120 hours) before the
time of the forecast, then themean daily rate *, designaed ", isfoundfrom themean daily
M! 4.0 earthqudke rate for the19322004declugered catalog. Thespdial seismicity rate in each
cell i is determined by couningthe number of M! 4.0 earthquakes n(® inthe 19322004
declugered catalog tha were not preceded within 5 days by another M! 4.0 mainshodk. A map of
the spaial distribution of these seismicity rates, which we call Map0, is shown in Figure 3, while
Table 2 liststherate A,

In the second case, there was an M! 4.0 mainshodk somewhere in the study region during
the previous24 hous before theforecast is made. In this case, themean M! 4.0 mainshodk rate A"
isfoundas shown in Figure 4, where the Poisson curve is moved upward untl it intersects the data
point for day 1. The spatia seismicity rate in each cell i is determined by couning the nunber of
M! 4.0 earthqukes n'" inthe19322004declugered catalog that were preceded within 1 day by
another M! 4.0 mainshok. ThedesignaionMapl is given to the map of the spatial distribution of
the seismicity paameters for this forecast case (Figure 3).

A third caseisonewheetheaewas an M! 4.0 mainshodk 24-48 hours preceding the
forecast period butthere was no such event duringtheimmediately preceeding 24 hours. For this
case, themean M! 4.0 mainshock rate ™ isfoundas shown in Figure 4, where the Poisson curve
ismoved upward untl it intersects thedaa point for day 2. The spatial seismicity ratein each cell i
is foundby counting the number of M! 4.0 earthquekes n'* in the 19322004 declugtered catalog
tha were preceded within 1 day by another M! 40 mainshodk. Thespaia distribution of these
seismicity ratesis called Map2. Inasimilar mannrer, thespaial seismicity rates for Map3 (M! 4.0
mainsho in the preceding 48-72 hou's but no subsequent event) and for Map4 (M! 4.0 mainshodk
in the preceding 72-96 hous but no subsequent event) are created.

Table 2 liststhe seismicity ratesA”, ", A* and A*’ for these forecast maps. In practice,
because of therelatively small number of earthquées per cell for finding n”, »!”, n® and n{* we
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have decided to improvethe statistical sample by couning al earthquées tha were preceded any
time within the previous5 days by another mainshodk and to use this number as n, for Map1,
Map2, Map3 and Map4. Thus for our forecasts with this method Mapl, Map2, Map3, and Map4
have identical spatial paternsand differ only in their absolute seismicity rates AV, A*, A* and
"4 In this method thetotal oneday M! 4.0 earthquée forecast for each day for RELM isa
combindion of any aftershodk forecasts for those places with recent maindhodks combined with the
appropriate mainshod forecast as described in the previousparagraphs Thus amap of the
forecast tha would beissued on a given day would be either Map0, Map1, Map2, Map3 or Map4
modified to showlocal increases in theforecast seismicity rate at locationswhere recent
mainshods had taken place. An example of some forecast mapstha would have been put out
usng this method are forecast mapsfor the days before and jug after the December 2003San
Simeon earthqué&e (Figure 5). One can see thechangesin theforecast maps as the seismicity took
place throughthetime period depicted in Figure 5.

TheRELM project callsfor M! 4.0 earthquée forecasts to beissued daly at a
predetermined time. For the method described in this section, thedaly forecasts are in essence the
issuance of oneof thefive mapsdescribed above modified by aftershod forecasts at those
locationswhere recent mainshods have occurred. Which of the five maps getsissued dependson
theM! 4.0 mainshodk throughouttheregionduring the previousfew days. Table 3 liststheforecast
mapstha would be put outbased on ahypohetical daly report of earthquéke activity in theregion
dunng the previous24 hous before each forecast isissued. Ascalled for by RELM, the seismicity
rates shown in Map0, Map1, Map2, Map3, and Map4 will notbealtered in any way duringthe
duration of the RELM dally earthquéke forecast experiment.

TheRELM project also callsfor theissuance of asingle map showing the expected rate of
M! 5.0 earthquékes in the study region during thenext 5 years. Once issued, this map is unchanged
dunng the course of the RELM forecast experiment. In this case, our forecast method proposd in
this section conssts smply of computing theaveragerate per 5 years of independent M! 5.0
mainshodksin each .1° by .1° cell in thestudy region. Our map, based on the averagerate of
M! 5.0 earthquékes from 19322004, is shown in Figure 6. In some areas (such as aroundLong
Valley in Cdifornia), the expected nunber of M! 5.0 earthquées in 5 years approaches or exceeds
1.

Daily forecasts of M! 4.0 seismicity aswell asthesingle forecast of M! 5.0 earthquées
issued for the RELM experiment are required to specify therate of earthquéke activity for each .1
magnitudeunit starting at thelowest magnitudespecified for that forecast. In themethodwe
propo® here, we will use asingle b valuefrom a Gutenberg-Richter magnitudedistribution
(Gutenbeg and Richter, 1944)from owr declugered catalog to calculate the expected number of
earthqudkes at each magnitudelevel. Thus for each cell shown in Map0, Mapl, Map2, Map3 and
Map4, a Gutenbag-Richter distribution of the earthquae magnitudes will be assumed, with the
valuefor adetermined from the seismicity observed in tha cell from 19322004.

Hidden Markov Model Earthquake Forecasts for California



The second method of earthquéke forecasting uses the hidden Markov modd (HMM) (see, for
example, Baum & Petrie, 1966) Hidden Markov modds are arich class of statistical modds tha
have been applied in fields as diverse as speech recognition (Rabiner, 1989) ionchannd andysis
(Fredkin and Rice 19924 19920, bioinformatics (Durbin et al, 1999, and seismology (Granat and
Donndlan, 2002) HMM's were shown by Grana and Donndlan to fit earthquée daain Southern
Californiaand were used to find classes of similar earthquées. Here we use theHMM to forecast
future earthqu&esin adynamnic way, basing each forecast onthe data available up to tha point.

A hidden Markov modd congsts of a sequence of obervationsand a sequence of unknown
(hidden) states. Thedistribution of a future ob<ervation dependson the state of the system at tha
time. The system moves from state to state according to a Markov chan. At any given time, the
state is unknown, butthe probability of beingin each state can be computed given the previous
observations

In ourimplementation, the obervationsassodated with an earthque are itsinterevent time (the
number of days since the previousearthquée) and thelocation quadrant in which it occurs. Figure
7 shows thefour quadrants and thelocation of the 1202M! 4 earthquékes in Southern California
from 19322004in the declugered catalog used to estimate the parameters of the modd. The axes
were derived from aprindpd components andysis (Rao, 1973 of the catalog.

We used eight states in our modd, corresponding to an expected shorter or longe interevent time
and an inareased likelihoodof bengin oneof thefour location quadrants. Given aparticular state,
we took the probability distribution of theinterevent time to be an exponentia distributonwith a
mean assigndal to tha state and the probability distribution of thelocation as a vector of the
probabilities tha the next earthquéke occurs in each of thefour quadrants. For example, in the state
favoring a shott interevent time and quadrant 1, the mean interevent time was 7.6 days and the
location probability vector was (0.8, 0.20, O, 0); for the state favoring alonginterevent time and
quadrant 1, thesewere 1648 daysand (1, O, 0, 0). These values and adl othe parameters for the
HMM were estimated usng standad HMM techniques (see, for example, Rabiner, 1989;Grana
and Donndlan, 2002)

Theconoept of a state hereisa statistical condruct, nota physca one however, it correspondsto
theideatha physca conditionsimply tha the next earthquée has an increased probability of
occurringin a particular quadrant andis more likely to occur, say, soone than later. Therole of the
statesis crudal in our forecasting methodsince (@) we can estimate the probability of afuture state
given current observationsand (b) we know thedistribution of future observationsbased on the
future state. By combining these, we forecast future observationsbased on current ones, which is
theheart of forecasting. The presence of statesin our hidden Markov modd provides thebridge

Our forecasting procedure is quite smple. At aforecast time, our codeuses the observations
available to it and computes the probability of being in each of the eight states at thetime of the
next earthquée. It then uses the state-specific distributionsand integrates the appropriate
exponantial dengty to compute the probability of an earthqude within 24 hoursin each of thefour
quadrants.



Therest of the codetrand ates these four probabilities into rates for each of theRELM .1° by .1°
and magnitudeinterval cells, by multiplying the probability for the quadrant in which the cell
appears by acell location factor and a cell magnitude factor, determined asfollows.

For each of the1202M! 4 earthquéesin the1932-2004 California catalog, we defined an
unoorrelated bivariate Gaussian dengty with mean the epicenter and common standad deviation
.1°. These were averaged to give a bivariate Gaussian mixture dendity ¢(x,y). See Figure 8 fora
graph of For each RELM .1° by .1° cell, theintegral of " over thecell was divided by theintegral
of ¢ ove thequadrant. Theresult was thelocation factor for tha cell and estimates the probability
an earthqu&e occursin tha cell, conditiond onits occurringin that quadrant.

The magnitudefactor for acell was derived by fitting aleast squares lineto thelogaithm of the
number of earthquéesin the 19322004 catalog of magnitudegreater than or equd toM vsM and
then finding the area unde this linefor each RELM magnitudeinterval divided by thearea unde
thelinebeween M=4 and M=10.

Thus the HMM forecasting procedure works as follows. At each forecast time, theupdded ANSS
catalogis used to forecast the probability within 24 hoursin each of thefourlocation quadrants.
The codethen takes each RELM bin condsting of a .1° by .1° location and a magnituderange
multiplies the probability for tha quadrant where thecell islocated by thelocation factor and
magnitudefactor for tha bin. Thisisthereported rate for this bin.

Findly, after an earthquéke occurs, we adjud therate to indudeaftershodks, usng the same codeas
in the previousforecast method.

Discussion and Conclusions

Thetwo short-term earthquéke forecast modds tha are described in this pgoe are both
extrapolationsof past seismic activity into thefuture, but each does the extrapolationin adifferent
way. Theshornt-term non-Poissonian earthqu&e clugering modd is effectively an empirical
extrapolation of the average behavior of the past 72 years of earthquée activity into thefuture. It
isvery simple, asthereis no undelying modd other than the statistical propaties of the past
seismicity. Furthermore, it is non-adgptive in tha once theforecast mapsMap0, Mapl, Map?2,
Map3 and Map4 have been defined, they will not changeduring the course of the RELM
expeaiment. TheHMM isaso an extrapolation to the future of the average behavior of the past
earthqude activity, butwith theundelyingideathat the seismicity at any given time can bein any
oneof severa states, with the probability of each state beng calculated as pat of themodd. Inour
HMM formulation, the state parameters are determined from the past 72 years of earthquke
activity and remain unchanged throughoutthe course of the RELM experiment. However, the
modd is adaptive in tha theforecast probabilities and therefore forecast earthquée rates change
each day based on the seismic activity upto tha time. Theefore, theHMM alows for the creation
of avery widerangeof forecast maps compared to the non-Poissonian earthquée clugering modd
described above



Thehandling of aftershodks for both methodsproposed here is rather smple, andthisis by
design because it is theforecasting of mainshodks tha is our primary interest. We do notplan to
make our aftershodk forecasts adaptive (i.e., updding the Omori-law parameters each day asan
aftershodk sequence playsitself out). Sincethere are many quantitative modds to describethe
temporal evolution of an aftershodk sequence, a concerted effort is needed just to determinethe best
modd to apply. It was our decisionto take a smple, widdy used aftershodk modd andto use it
with average aftershodk parameters tha have been foundprevioudy for theforecast region.

Themajor focusof this study isto see if times of increased probabilities of earthquéke
mainshods in California can beidentified based on extrapolationsfrom the past seismicity history.
If such times can indead beidentified, even if the earthquéke probability is only somewha
enhanced ove the backgroundPoisson probability, there will certainly be pubic interest in this
capability. Therewould aso bescientific interest in this capability, since it would then be possible
to look for other geological and geophyscal indicators tha correlate with thetimes of enhanced
earthqudke probability.
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