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INTRODUCTION

The EEPAS (Every Earthquake a Precursor According to Scale) 
model is a method of long-range forecasting that uses the previ-
ous minor earthquakes in a catalog to forecast the major ones. 
It is based on the precursory scale increase (Ψ) phenomenon, 
which involves an increase in the magnitude and rate of occur-
rence of minor earthquakes close to the source region of a major 
event in preparation, including most recent major earthquakes 
in California (Evison and Rhoades 2002, 2004). The period of 
time occupied by the increase scales with magnitude, but it is 
on the order of 15 years for an M 7 event, five years for an M 
6 event, and one or two years for an M 5 event. With a one-
year time horizon as specified for the Regional Earthquake 
Likelihood Models (RELM) testing in southern California, 
it is therefore feasible to consider using the model to forecast 
earthquakes of M 5 and above.

The model has previously been fitted to the New Zealand 
earthquake catalog using earthquakes of magnitudes exceeding 
3.95 to forecast those exceeding magnitude 5.75. It was shown 
to explain the data much better than a baseline model that is in 
principle time-invariant and has a location distribution based 
on proximity to the epicenters of past earthquakes. In the same 
form, and with the same magnitude thresholds, it was tested 
on California over the period 1975–2001 and again performed 
much better than the baseline model (Rhoades and Evison 
2004). In the same form, but with magnitude thresholds one 
unit higher, it was tested on Japan over the period 1965–2001 
and produced a similar result (Rhoades and Evison 2005), albeit 
with a smaller advantage over the baseline model. In order to fit 
well to lower magnitudes down to M 6.25, some adjustment of 
parameters, and in particular the magnitude-scaling parameter, 
was found to be necessary.

Recently, the model has been fitted at moderate mag-
nitudes down to M 4.75 to the high-quality catalog of the 
Kanto region, central Japan, prepared by the National Research 
Institute for Earth Science and Disaster Prevention (NIED). In 
the Kanto region, earthquakes occur over a wide range of depths. 
The model was found to be informative down to 120 km. The 
results support the conclusion that the Ψ phenomenon is a 

feature of the preparation process not only of the largest earth-
quakes but also of most shallow earthquakes of moderate mag-
nitude (Rhoades and Evison 2006). In the less-complex region 
of southern California, nearly all of the earthquakes are shallow, 
with more than 99% originating at depths less than 20 km. The 
catalog of southern California, like that of the Kanto region, 
is of high enough quality to support the fitting of the EEPAS 
model at moderate magnitudes.

EEPAS MODEL

The EEPAS model adopts predictive scaling relations derived 
empirically from 47 examples of the Ψ phenomenon by Evison 
and Rhoades (2004) in the earthquake catalogs of California 
and northern Mexico, Japan, Greece, and New Zealand. These 
relations, shown in figure 1, are linear regressions of mainshock 
magnitude Mm, the logarithm of precursor time TP, and the 
logarithm of precursor area AP, on precursor magnitude MP. 
There MP is the average of the three largest magnitudes in the 
precursory period, TP is the time between the onset of Ψ and 
the major earthquake, and AP is the area occupied by the pre-
cursory earthquakes, major earthquake, and aftershocks. In the 
EEPAS model, the question of recognizing the Ψ phenomenon 
in advance of the major earthquake is set aside and every earth-
quake is regarded as a (possible) precursor of larger earthquakes 
to follow it in the long term. An earthquake’s contribution to 
the earthquake-rate density depends on its magnitude, which is 
treated as an individual instance of MP.

The rate density λ(t,m,x,y) of earthquake occurrence is 
defined for any time t, magnitude m, and location (x,y), where 
m exceeds a threshold magnitude mc and (x,y) is a point in a 
region of surveillance R. Each earthquake (ti,mi,xi,yi) contrib-
utes a transient increment λi(t,m,x,y) to the future rate density 
in its vicinity, given by

λi i i i it m x y w f t g m h x y( , , , ) ( ) ( ) ( , )= 1 1 1 	 (1)

where wi is a weighting factor that may depend on other earth-
quakes in the vicinity, and f1i, g1i and h1i are densities of the prob-
ability distributions for time, magnitude, and location, respec-
tively. The magnitude density g1i is assumed to take the form
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where aM, bM, and σM are parameters (figure 1A). The time den-
sity f1i is assumed to take the form

f t
H t t

t t

t t
i

i

i T

1
10 2

1
2

( )
( )

( ) ln( )
exp

log(
=

−
−

−
−

σ π
ii T T i

T

a b m) − −















σ

2

	(3)

where H s( ) = 1  if s > 0  and 0 otherwise, and aT, bT, and σT are 
parameters (figure 1B). The location density h1i is assumed to 
take the form
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where σA and bA are parameters (figure 1C). The total rate den-
sity is obtained by summing over all past occurrences, includ-
ing earthquakes outside R, which could affect the rate density 
within R:
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where μ is a parameter, λ0 is a baseline rate density, t0 is the time 
of the beginning of the catalog, and η is a normalizing func-
tion.

The overall form of the rate density (equation 5) is similar 
to that for epidemic-type models (Ogata 1989, 1998; Console 
and Murru 2001; Console et al. 2003; Jackson and Kagan 2000). 
Like the epidemic-type models, the structure is formally that of 
a branching process. However, conceptually there is a big differ-
ence; the idea here is not that a small earthquake triggers a larger 
one but that it provides evidence that a larger earthquake may 
be in preparation (Evison and Rhoades 2001). Also, the com-
ponent distributions here do not follow power laws in time, 
location, or earthquake moment. The normal, lognormal, and 
bivariate normal distributions adopted in equations (2), (3), and 
(4), respectively, are chosen to be consistent with normally dis-
tributed errors in the predictive relations (figure 1). In the case of 
magnitudes, the standard frequency-magnitude relation is pre-
served overall by the normalizing function η, which makes the 
long-run average rate density under the EEPAS model, as a func-
tion of magnitude, i.e., averaged over time and location, conform 
as well to the Gutenberg-Richter frequency-magnitude relation 
(Gutenberg and Richter 1944) as the catalog itself does.

When a lower magnitude threshold m0 is applied for pre-
cursors, an adjustment must be made to compensate for the 
missing contribution from earthquakes with magnitudes below 
m0. See Rhoades and Evison (2004) for details.

As in previous applications of the EEPAS model, the base-
line model adopted here is fashioned from a model proposed by 
Jackson and Kagan (1999) in which the rate density λ0 depends 
on proximity to past earthquakes (PPE) in the catalog with 
M > mc. For details of the PPE model, see Rhoades and Evison 
(2004, 2005).

Figure 1. Predictive relations, derived from 47 examples of the 
Ψ phenomenon by Evison and Rhoades (2004). (A) Mainshock 
magnitude Mm on precursor magnitude MP; (B) Precursor time TP 
on MP; (C) Precursor area AP on MP.
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APPLICATION TO SOUTHERN CALIFORNIA

The EEPAS model was fitted to the Advanced National Seismic 
System (ANSS) Worldwide Earthquake Catalog, which is con-
tributed to by members of the U.S. Council of the National 
Seismic System and available from the Northern California 
Earthquake Data Center, to maximize the likelihood of fore-
casting earthquakes over the period 1981–2004 within the 
region of surveillance R in southern California (figure 2A). To 
assess the suitability of the catalog, we examined the catalog of 

all earthquakes since the beginning of 1932 with M > 2.45 and 
with epicenters in the latitude range 31.0–38.0°N and longitude 
range 113.0–122.0°W. The distribution of epicenters is shown 
in figure 2(B). The cumulative number of earthquakes exceed-
ing certain magnitude thresholds is shown in figure 3(A). The 
approximately constant slope of the curve for M > 2.45 since 
about 1980 indicates homogeneity of the catalog in this range. 
In order to judge the variation of magnitude completeness with 
time, ratios of the number of earthquakes exceeding certain 
magnitude thresholds have been plotted in figure 3(B). Let 
N(M > m) be the number of earthquakes exceeding magnitude 

Figure 2. Map of southern California showing (A) region of sur-
veillance R (enclosed by dashed polygon) for the EEPAS model 
and epicenters of earthquakes with M > 4.95 during the period 
1981–2004; (B) epicenters of earthquakes with M > 2.45 during the 
period 1981–2004.

▲

Figure 3. (A) Cumulative numbers of earthquakes within 
the whole region of figure 2 exceeding certain magnitude lev-
els as a function of time; (B) Ratio of numbers of earthquakes 
N(M > m + 0.5) / N(M > m) in three-year intervals and smooth 
local regression fits. The solid line shows the expected value of 
the ratio under catalog completeness and a Gutenberg-Richter b-
value of 1.
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m in a time interval. Under the assumption of catalog complete-
ness and a Gutenberg-Richter b-value of 1, the expected value 
of the ratio N(M > m + 0.5) / N(M > m) is 0.316, shown by the 
solid horizontal line in figure 3(B). If the catalog is adjudged to 
be sufficiently complete when this ratio drops below 0.4, then it 
is sufficiently complete for M > 3.95 from 1932, for M > 3.45 
and M > 2.95 from about 1970, and for M > 2.45 from about 
1980. On this basis, with a learning period of 1981–2004, the 
magnitude threshold for all earthquakes is set at m0 = 2.45. This 
is adequately low, given that the typical difference in magni-
tude between precursory and major earthquakes is a little more 
than one unit (figure 1A) and that the magnitude threshold 
for targeted earthquakes is mc = 4.95. There are 79 earthquakes 
exceeding mc in the learning period, with epicenters inside R. 
The data from the earlier period 1932–1980 is needed for esti-

mating parameters of the baseline model as well as providing 
data on precursory earthquakes.

The Gutenberg-Richter b-value is an important parameter 
for normalization of the EEPAS model. A frequency-magni-
tude plot of earthquakes within the region of surveillance over 
the period 1981–2004 is shown in figure 4(A), together with 
the maximum likelihood Gutenberg-Richter relation for M > 
2.45. The graph is fairly linear for M < 5.0, with minor devia-
tions above the line at higher magnitudes indicating a decrease 
in b-value. The maximum likelihood estimate of the b-value 
(Aki 1965) varies slightly with the choice of lower magnitude 
threshold (figure 4B) and takes values ranging from 1.01 to 
0.87 with thresholds ranging from 2.45 to 4.85. For the EEPAS 
model, earthquakes above magnitude 4.0 contribute most to 
the rate density for magnitudes 5.0 and above. Hence the value 
b = 0.96, which is the estimate for a lower magnitude threshold 
of 4.0, is adopted.

The magnitude scaling parameter bM was set to 1.0, which 
corresponds to perfect scaling of magnitudes and was also 
adopted for fitting of the model to the whole of Japan and the 
Kanto catalogs (Rhoades and Evison 2005, 2006). The param-
eters aM, σM, aT, bT, σT, bA, σA, and μ were then all fitted to maxi-
mize the likelihood of the catalog using the downhill simplex 
method (Nelder and Mead 1965). As in previous applications 
of the model, two weighting strategies were tried: the equal-
weighting strategy wi = 1 for all i, and a strategy to down-weight 
aftershocks. The latter strategy has proved superior in most pre-
vious applications, but here, as for the Kanto region with mc = 
4.75, the equal-weighting strategy is better. In this case it has a 
big advantage, which amounts to a gain of about 20 in the log 
likelihood. Therefore, only the results for the equal-weighting 
strategy are reported here.

As in most previous applications, the optimal value of μ is 
0. With bM = 1, μ = 0, and wi = 1, the normalization function 
reduces to the constant
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where β = bln(10). 
The optimal parameter values are listed in table 1. These 

values differ from those in previous applications in several 
respects. In particular, σM, bT, bA, and σT are relatively large, and 
aM and σA are relatively small, compared with the corresponding 
values in previous applications. Thus the contribution that an 
earthquake of given magnitude makes to the future rate density 
has a magnitude distribution with a relatively low mean and 
large spread, a time distribution with a relatively high mean and 
large spread, and a location distribution with a relatively small 
spread.

A tentative explanation for these differences is offered, as 
follows. The magnitude threshold mc = 4.95 is well below the 
largest earthquake in the catalog during the learning period (i.e., 
the M 7.3 Landers mainshock of 28 June 1992). In such cir-
cumstances, a sizeable proportion of earthquakes exceeding mc 
can occur as aftershocks of much larger events. For example, in 
the six months following the Landers mainshock there were 19 

Figure 4. (A) Frequency magnitude relation for earthquakes in 
R in the learning period 1981–2004. The line shown has slope b = 
0.99. (B) Maximum likelihood estimate of the Gutenberg-Richter b-
value in R for 1981–2004, and its uncertainty (+ 2 standard errors), 
as a function of minimum magnitude threshold.
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earthquakes of magnitude 5.0 and greater within 50 km of the 
epicenter. The EEPAS model was not designed to forecast after-
shocks, but when it is formally optimized the parameter values 
will adjust to forecast both mainshock and aftershocks as well as 
possible. This explains the relatively low mean and large spread 
of the magnitude distribution. Now, the precursory earthquakes 
in the Ψ phenomenon usually constitute a Gutenberg-Richter 
set of magnitudes. The smaller magnitudes in this set would 
often be aftershocks of larger precursors, and if aftershocks were 
down-weighted their contribution would be minimized. But 
when many aftershocks have magnitudes exceeding mc, the pre-
cursory aftershocks can be used to help forecast the aftershocks, 
if the time distribution for a given magnitude of precursor is 
lengthened. This explains the relatively high mean and large 
spread of the time distribution, as well the superiority of the 
equal-weighting strategy. The relatively small spread of the loca-
tion distribution is attributed to the tight clustering of earth-
quake locations close to major faults in southern California 
(figure 2).

In view of the above considerations, the optimization of 
the parameters for mc = 4.95 has probably compromised the 
ability of the model to forecast larger earthquakes with, say, 
M > 6, in order to improve the forecasting of the majority of 
the earthquakes in the target range, i.e., those between M 5 and 
M 6. Nevertheless, the parameter values are the best to use for 
future RELM testing given the magnitude threshold, because 
the test period is also likely to include a similar proportion of 
aftershocks above the threshold.

There were N = 79 earthquakes with M > mc in the learning 
period. The optimal value of the log likelihood for the EEPAS 
model is –1339.5. The increase in log likelihood ( ∆ ln L ) is 
64.6 compared to the PPE baseline model and 160.8 compared 
to the model of least information, i.e., a stationary and spatially 
uniform Poisson (SUP) model with Gutenberg-Richter mag-

nitude distribution. This gives an information rate per earth-
quake ( ∆ ln /L N ) of 0.82 compared to PPE and 2.04 com-
pared to SUP. The former rate is higher than in the applications 
to New Zealand and Japan but similar to that for the whole of 
California with mc = 5.75. The latter rate is higher than that for 
New Zealand, the whole of California, and the whole of Japan 
but slightly less than that for the Kanto region with mc = 4.75.

CONCLUSION

The application of the EEPAS model to the catalog of south-
ern California indicates that the model may be useful for long-
range forecasting at moderate as well as large magnitudes in 
this region. The information rate per earthquake compared 
with time-invariant seismicity models is greater than or simi-
lar to that obtained in previous studies. The EEPAS model, as 
optimized for the period 1981–2004, will be submitted to the 
RELM testing exercise and used to make one-year forecasts, 
which will be updated annually.

This study also gives impetus to future research aimed at 
using the EEPAS model to further improve long- and short-
term forecasts of moderate-to-large earthquakes in southern 
California, and perhaps to provide new models, or new variants 
of the present model, for RELM testing. First, there is the ques-
tion of whether the model could be enhanced by adopting a 
modified magnitude distribution to explicitly allow for after-
shocks of forecasted events. By this means, the present compro-
mise in the parameter values of the time and magnitude distri-
butions to accommodate aftershocks might be avoided. 
Secondly, although μ = 0 in the present model, and hence no 
time-invariant baseline model is incorporated into the forecasts, 
it may be advantageous to EEPAS to incorporate some other 
time-invariant model more informative than PPE, if, as seems 
likely, such a model should become available during the RELM 
testing exercise. Finally, EEPAS could be used in lieu of a time-
invariant baseline model for independent seismicity in conjunc-
tion with an epidemic-type short-term forecasting model to 
improve daily forecasts of earthquake probabilities. In such a 
combination, the EEPAS model would be expected to improve 
the forecasts of most mainshocks, except for those that have 
immediate foreshocks. 
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