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ABSTRACT: Studies of patterns of earthquake occurrence, revealed byounadity
catalogues, show that most major crustal earthquakes asspdein the long term by an
increase in the rate of occurrence of minor earthquakes. This is tbalpcecursory scale
increase () phenomenon. The EEPAS (“Every Earthquake a Precursor Accomling t
Scale”) forecasting model is a simple point-process modelaghguake occurrence
which exploits the -phenomenon. It adopts predictive scaling relations derived from
many examples of the-phenomenon, and applies them to all earthquakes, thus setting
aside the problem of identifying those earthquakes that awallgcprecursory. It was
originally fitted to New Zealand earthquakes with M > 5.75, whieexplains the data
much better than a quasi-static baseline model. Now it é&s $hown to be much more
informative than the baseline model when tested on catalogues for GaldacthJapan.

The time-varying EEPAS estimates of earthquake occurresicenow supplement the
time-invariant estimates provided by traditional probabilistismic hazard analysis. The
model can give probability gains of the order of 5 for individaeje earthquakes, with a
warning time of years to decades, depending on magnitude. It thes tiagspossibility
of targeted earthquake countermeasures.

1 INTRODUCTION

There are three main stages in earthquake forecastirgyaleséhe anecdotal stage, the testing stage
and the operational stage. In the anecdotal stage, instancashofuake occurrence conforming to a
supposed precursory pattern or hypothesis of earthquake generaienéified. In the testing stage,

a quantitative method of earthquake forecasting (i.e. a mod&hfe-varying earthquake occurrence)
is devised, and tested against independent data. The operatémealssworth beginning only if the
tests are successful, i.e., if they show that the model has forecadting ski

Most work in earthquake forecasting is at the anecdotal.stafgav proposals are at the testing stage,
and even fewer have so far produced convincing tests of sfiddesscasting performance. Most of
the models with demonstrated forecasting skill have been thortelustering models (e.g. Console
& Murru, 1999) which are concerned with the phenomena of foreshocks tmshatks, and the
continuation of swarm activity that has already begun.

Recently, a method of long-range forecasting, fitted to Newahdatiata, has been successfully tested
on independent earthquake catalogues of California and Japan. Tiwed meds developed from
scaling relations derived from many examples of a seignjpeittern known as the precursory scale
increase () phenomenon.
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2 THE -PHENOMENON

In the seismicity of well-catalogued regions from a variefytectonic settings, major shallow

earthquakes are usually preceded in the long term by andedre@oth the magnitude level and the
rate of occurrence of minor earthquakes, in an area not faugdr than that later occupied by the
epicentres of the major earthquake and its aftershocks. Tthis isphenomenon (Evison & Rhoades
2004). The precursory swarm (Evison 1977) is a special casedbats commonly in subduction

regions and other areas of high fluid pressure.

The increase in rate of occurrence is calculated by meatizeofumulative magnitude anomaly
(cumag),C(t), which is defined by
C@t)= (M, - M +0.1) - k(t-t,) Q)
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where
k = (M, - M_+0D/(t, - t,). (2)
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Here, M; is the magnitude ant] the time of theith earthquake in the regioh. is the threshold
magnitude, and is the average rate of magnitude accumulation betweertatimg timets and the
finishing timet;.

An instance of the -phenomenon is shown in Figure 1, for the M7.0 Loma Prieta, California,
earthquake of 1989.10.18. Figure 1(a) shows the area in which the mrmromwas observed,
together with the epicentres of the precursory earthquakes, mainshock estbek® Figure 1(b) is a
magnitude versus time plot for earthquakes inside the regigmnieg at 1966.04.01. Figure 1(c) is a
cumag plot starting at 1966.04.01 and finishing at 1989.10.18, the time lafrtfeePrieta mainshock.

A second cumag covers the period from the occurrence of thesimoak to the end of aftershocks.
The onset of is marked by the minimum of the cumag, at 1979.05.08. The slopes af liin¢® in
Figure 1(c) represent the average rates of magnitude atafion in magnitude units per year
(M.U./yr), as indicated by the protractor, in the prior and pssoyrtime periods, i.e. before and after
the onset. The ratio of the latter rate to the former igdteincrease, here equal to 6.3. A value of
about 10 is typical. For each instance othe area is chosen to maximise the rate increase. The dotted
lines in Figure 1(b) show a jump in the magnitude level atithe of the onset from the prior level to
the precursory leveMp, where these levels are the average of the three laggabluakes in the
respective time periods.

The key variables to be noted from any instance of #plnenomenon are the mainshock magnitude,
My, the precursor magnitud®)s, the precursor timdp (the time between the onset ofand the
mainshock) and the siZg of the area in which the phenomenon is observed. Analysis of 47 instances
of has shown that all of these variables are linked by sisgddéing relations, and hendés is
predictive of the time, magnitude and location of the major earthqualso(E& Rhoades, 2004). The
relevant scaling relations are shown in Figure 2. They corfsistear regressions dfl,, logTs and

logAr 0N Mp.

Most of the examples of the-phenomenon so far identified are for earthquakes which are amongst
the largest in the relevant catalogue. But a few example®ml@ver magnitude earthquakes which,

on a larger scale, are part of the precursory scale sefeading up to a larger earthquake. In view of
this observed nesting phenomenon, and of an associated threeasthiggy fmodel advanced in
explanation of the precursory scale increase (Evison & Rho2@@s, 2004), it is reasonable to
postulate that the precursory scale increase is a regulaefeaggismicity at all magnitude levels.
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Figure 1. Example of the phenomenon. (a) Epicentres of precursory earthegjakainshock and aftershocks.
Dashed lines enclose the precursory @edb) Magnitudes versus time of prior and precyrgarthquakes,
also mainshock and aftershocks. Dashed lines shesugsory increase in magnitude levd), is mainshock
magnitudeM; is precursor magnitude. (c) Cumag versus time €geation 1). Dashed lines show precursory
increase in seismicity rate. Protractor translatemag slope into seismicity rate in magnitude uypésyear
(M.U./yr), for times before the mainshock. Cumaguea at the right hand ordinate refer to times teigig with
the mainshock.

Learning how to identify the -phenomenon in advance of the major earthquake is an important and
difficult problem, and is the subject of current researchis Iset aside in the forecasting model
described here.

3 THE EEPAS MODEL

The EEPAS (Every Earthquake a Precursor According to Sfralecasting model is a space-time
point-process model which adopts thepredictive scaling relations (Fig. 2), and applies thenllto a
earthquakes, regarding each earthquake as a long-term prezfuesger earthquakes to follow later.

In the model, the probability of future earthquake occurrenderiged directly from past earthquakes
in the catalogue, with every earthquake making a transientribution. The magnitude of the

earthquake determines, through the scaling relations, its adidgribto the future rate density of

earthquake occurrence. A weighting strategy that takes acafuneighbouring earthquakes is

applied, so that aftershocks make only a small contributionthegparameterisation and other details,
see Rhoades & Evison (2004).

The contribution that an individual earthquake makes to the prdiabili future earthquake
occurrence under EEPAS is illustrated in Figure 3, for am@aake of magnitude 5.5. The resulting
time distribution has a peak about six years after its omcoe, and ranges from about two years to
more than 15 years. The magnitude distribution has a peak at abcandBnge from about 5.8 to
about 7.4. The location distribution is centred on the location addahtbquake, but extends out to a
distance of about 60 km. For a smaller earthquake, the impatatively short-lived, and the location
distribution occupies a smaller area. For a larger earthghakenpact lasts longer and occupies an
even larger area, as indicated by the scaling relations ZFig@ut the magnitude distribution always
has its peak about about 1 unit higher than the observed magnitude.
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Figure 2. predictive relations between (a) mainshock mageiM,, and precursor magnitudéy; (b)
precursor timédp andMp; (c) precursor ared- andMp. Dotted lines indicate 95% tolerance limits.
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Figure 3. lllustrating the contribution of an eaplake of magnitude = 5.5 to the future rate density of
earthquake occurrence under the EEPAS model: ¢a)hiition over timet] in years, relative to time of
earthquake, and magnituda)( (b) distribution over locatiorx(y) in km, relative to location of earthquake.



4 TESTS OF THE EEPAS MODEL

The EEPAS model was originally fitted to New Zealand earthegiakith M > 5.75 over the period
1965-2000, where it explains the data much better than either aatgtianiform Poisson (SUP)
baseline model or a quasi-static baseline model with a locdistnbution based on proximity to the
epicentres of past earthquakes (PPE), which was proposed lgodagkKagan (1999). It has
subsequently been shown to be much more informative than thefiedasadels when tested, with
unchanged parameters, on the CNSS catalogue for California witl5M5 over the period 1975 —
2001 (Rhoades & Evison 2004), and on the JMA catalogue for JapaMwitB.75 over the period
1965-2001 (Rhoades & Evison, in press), with the baseline models being fitted to eadis pkthe
same catalogues. It has also continued to outperform the leageldtels in New Zealand since 2001.
The PPE model generally outperforms the SUP model. Figure gacemthe performance of EEPAS
relative to PPE over the time period of the tests, for eagbreThe performance factor is the ratio of
the likelihood of the earthquake catalogue under EEPAS to that &Rfe. The figure shows the
evolution of the performance factor in time, starting fromalue of 1 at the beginning of the test
period. A high value (i.e. >>1) of the performance factor at the etiek dest period indicates a strong
superiority of the EEPAS model over the PPE model. The perfanfactor jumps upwards or
downwards at the time of occurrence of relevant earthquakes, axgtydihether the occurrence was
more or less likely under EEPAS than under PPE. It varies smob#itlveen the times of
earthquakes, tending upwards or downwards depending on whether the expeaited rate of
occurrence is lower or higher, respectively, under EEPAS than under PPE
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Figure 4. Evolution of the performance factor ist$eof the EEPAS model on the catalogue of (a)Y@ala
(CNSS catalogue), 1975-2001, (b) Japan (JMA catepdl965-2001 (c) New Zealand (Geonet catalogue),

2001-2004. The performance factor is the ratideflikelihood under the EEPAS model to that unterRPE
model.



The regions of surveillance adopted for New Zealand, Calif@nthJapan are shown in Figure 5.
These results confirm that the scaling relations are peevasearthquake catalogues. In the light of
these consistent results, the model can be expected to penfatanlg in the future, when applied to
catalogue data of similar or better quality from the same regions.
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Figure 5. Polygonal region of surveillance (dashmes) adopted in (a) New Zealand, (b) Californiad €c)
Japan, for tests of the EEPAS model.

5 EXAMPLE OF EEPAS FORECAST

In Figure 6, we give an example of a forecast under the EERA&el, using earthquakes of
magnitude 4.0 and greater in the New Zealand catalogue up to the d@@Dfto estimate the
earthquake occurrence rate density. The earthquake occurremogensity is a function of time,
magnitude and location, which, when integrated over any window of tiragnitude and location,

gives the expected number of earthquakes within that window. wieifex the time and magnitude
variables, and display the variation of rate density wittation. An estimate is given for the
beginning of 2000 at magnitude 6.5. The rate density plotted has bemalised relative to a

reference (RTR) rate density in which one earthquake peroreanerage, exceeds any magnitode

in an area of 10kn?. In view of the precursory scaling relations (Fig. 1), thenncantribution to the

rate density at magnitude 6.5 comes from earthquakes of magmtudde range 5-6 that occurred
about 3-10 years previously.

The EEPAS rate density varies slowly with time, and nsto/ly at higher magnitudes than lower
ones, and at any given time can be expected to give a diffexent spatial distribution of hazard
than the static estimate provided by standard probabilisticnigeisazard analysis (PSHA), (e.g.
Stirling et al. 2002). Since the EEPAS model is fully quantifieth wegard to the probability of
earthquake occurrence at any time, magnitude and location, foreaasts principle be expressed in
terms of the probability intensity of shaking or any relevenrgineering measure, through the same
attenuation relations applied in PSHA.

The average earthquake occurrence rate density over the &and region is about one, in RTR
units, under the SUP model. The values plotted in Figure 6 can thiokeflm@eted approximately as
probability gains relative to SUP. It can be seen that thase from about 0.1 to about 10. The
probability gains tend to be slightly less when compared witatiadly varying model such as SUP
or the seismicity model used in the New Zealand seismic dhazadel, but still range from about 0.2
up to about five.



Figure 6. Example of an EEPAS forecast. Rate den$itarthquake occurrence under the EEPAS model as
function of location for magnitude 6.5 as at thgibeing of the year 2000, using previous earthqaaie
magnitude 4.0 and greater. The rate density isesged relative to a reference (RTR) density in kvthere is
an expectation of one earthquake per year exceedipgnagnituden in an area of 10kn?.

The existence of informative time-varying estimatesarthquake occurrence raises the possibility of
targeted countermeasures, of a temporary nature, to be puténagplte times when certain regions
are seen to face a higher than normal hazard. The nattsegefed countermeasures will depend
upon the perceived risk to life and property, but might include daorobr temporary strengthening
of dangerous structures, measures to safeguard the integrity of lifedteens, and exercises to ensure
an appropriate social response at times of heightened rigliewrof the long precursor-time for large
earthquakes (10-15 years for magnitude 7 earthquakes, and about 30s4foryeagnitude 8) there
will usually be sufficient warning time to plan targeted countasures against large earthquakes
before the hazard reaches its highest level.



6 CONCLUSION

In light of the consistent superiority of the EEPAS model overbtieeline models in independent
tests on earthquake catalogues from several different regi@snodel can be expected to perform
similarly well in the future, when applied to catalogue détsimilar or better quality from the same

regions.

The time-varying EEPAS estimates of earthquake occurrenceovarsupplement the time-invariant
estimates used in traditional PSHA. By applying the apptypattenuation relations, the results can
be expressed in terms of intensity of shaking measures such as MMI, BBéctnal accelerations.

The EEPAS model can give probability gains of the orderfof thdividual large earthquakes, with a
warning time of years to decades, depending on magnitude. It fbas the possibility of targeted
earthquake countermeasures.
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