
HAL Id: hal-00195399
https://hal.science/hal-00195399

Submitted on 10 Dec 2007

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

High-resolution Time-independent Grid-based Forecast
for M >= 5 Earthquakes in California

A. Helmstetter, Yan Y. Kagan, David D. Jackson

To cite this version:
A. Helmstetter, Yan Y. Kagan, David D. Jackson. High-resolution Time-independent Grid-based
Forecast for M >= 5 Earthquakes in California. Seismological Research Letters, 2007, 78 (1), pp.78-
86. �hal-00195399�

https://hal.science/hal-00195399
https://hal.archives-ouvertes.fr


1

PostScript file created: November 20, 2007; time 1036 minutes

High-resolution time-independent grid-based forecast for m ≥ 5

earthquakes in California

Agnès Helmstetter1,2, Yan Y. Kagan3 and David D. Jackson3

1 Lamont-Doherty Earth Observatory, Columbia University, New York
2 Now at LGIT, University Joseph Fourier, Grenoble, France
3 Department of Earth and Space Sciences, University of California, Los Angeles



2

INTRODUCTION

We have developed time-independent forecasts for
California assuming that small earthquakes can be
used to map the distribution of large damaging earth-
quakes, as suggested by Kafka and Levin (2000). In-
deed, large earthquakes often nucleate in areas that
have a large density of small events.

We have first declustered the catalog to remove
large fluctuations of seismic activity which do no rep-
resent the long-term average. We have then estimated
the spatial density of seismicity using a kernel method
to smooth the location of magnitude m ≥ 2 earth-
quakes. Note that our model only predicts hypocen-
ters, not rupture areas. Clearly, large earthquakes
sometime propagate in areas with little seismicity, as
observed for the 1857 earthquake that ruptured the
southern section of the San Andreas fault, which is
now mostly devoid of small earthquakes. Our model
should thus be coupled with a fault model to forecast
rupture areas for large earthquakes.

Our model is very similar to the time-independent
forecasts of Helmstetter et al. (2006), which is in its
turn an adaptation of the program by Kagan and
Jackson (1994) to local modern catalogs. Compared
with (Helmstetter et al., 2006), we have extended our
forecasts to all California, and done small changes in
the method. We have slightly modified the declus-
tering method. We have modified the estimation of
the smoothing distance di used to estimate the spatial
density of seismicity. Our new method is simpler and
computationally more efficient, but gives very simi-
lar results. We have also estimated the completeness
magnitude m0 in each cell, and corrected our model
to account for spatial variations of m0.

We have developed two time-independent models
for the RELM earthquake forecast testing (Kagan et

al., 2003; Schorlemmer et al., 2005). The first one
evaluates the expected rate of all m ≥ 5 earthquakes,
while the other one estimates the probability of inde-
pendent events only. The two models have the same
spatial distribution, but different total number of pre-
dicted events, and slightly different magnitude distri-
butions.

Instead of the Gutenberg-Richter law (Gutenberg
and Richter, 1944) with a uniform b-value of 1 used by
Helmstetter et al. [2006], we use a tapered Gutenberg-
Richter law with a corner magnitude mc = 8, with
b = 0.95 for the first model (all events) and b = 0.89
for the second model (estimated from independent
events). We modify the magnitude distribution in

the Geysers geothermal area, which has a much larger
value b ≈ 2 for m ≥ 3.3.

EARTHQUAKE CATALOG AND

DECLUSTERING

We use earthquakes of magnitude m ≥ 2 in the Ad-
vanced National Seismic System (ANSS) catalog, in
the time period from 1981/1/1 to 2005/8/23. We se-
lected earthquakes within a rectangular area 30.55◦ <
latitude < 43.95◦ and −126.35◦ < longitude <
−112.15◦, larger by 1◦ than the RELM testing area,
to avoid finite region size effects.

In order to measure the time-independent earth-
quake rate, we need to decluster the catalog to re-
move large fluctuations of seismicity rate in space and
time due to aftershock sequences. For that we used
Reasenberg’s (1985) declustering algorithm. The pro-
gram CLUSTER2000 is available at http://quake.wr.-
usgs.gov/research/software. Reasenberg (1985) iden-
tified aftershocks by modeling an interaction zone
around each earthquake. The spatial size of the in-
teraction zone is based on an estimate of the stress
redistribution following each earthquake. The tem-
poral extent of the interaction zone is based on an
Omori law decay of earthquake frequency following
an event of a given magnitude. Two earthquakes are
associated if their hypocentral and origin time differ-
ence are respectively less than the spatial and tem-
poral extent of the dynamically modeled interaction
zone for the first event (Reasenberg, 1985). We used
the following parameters:

• rfact = 8 (number of crack radii surrounding
each earthquake within which to consider link-
ing a new event into cluster)

• xmeff = 2.00 (“effective” lower magnitude cutoff
for catalog)

• xk = 0.50 (increase of the lower magnitude cut-
off during clusters: xmeff = xmeff + xkm, where
m is the magnitude of the largest event of the
cluster)

• p1 = 0.95 (probability of detecting the next
clustered event, used to compute the look-ahead
time τ)

• τmin = 1.0 day (minimum value of the look-
ahead time for building clusters, when the first
event is not clustered)
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• τmax = 5.0 days (maximum value of look-ahead
time for building clusters)

• minimum cluster size of 5 events.

We modified the expression of the interaction distance
in Reasenberg’s code. We use r = 0.01 × 100.5m km,
as suggested by Wells and Coppersmith (1994) for the
scaling of rupture length with magnitude in Califor-
nia, instead of r = 0.011 × 100.4m and r < 30 km in
Reasenberg’s algorithm.

The resulting declustered catalog has 81659 “in-
dependent events” (“mainshocks” and “background”
events), and 75545 “dependent events” (“foreshocks”
and “aftershocks”). The parameters of the decluster-
ing algorithm were adjusted to remove large fluctua-
tions of seismic activity in space and time. Clearly,
the resulting declustered catalog is still clustered in
space and time, as can be seen from the distribution
of interevent times, which presents a deviation from
an exponential distribution at short times. However,
this residual clustering occurs at small space and time
scales. Therefore, the density measured from this
declustered catalog over large scales gives a good es-
timation of the long-term spatial distribution of seis-
micity. The declustered catalog is shown in Figure 1.

SPATIAL DISTRIBUTION OF

SEISMICITY

We estimate the density of seismicity in each cell
by smoothing the location of each earthquake i with
an isotropic adaptive kernel Kdi

(~r). We tested two
choices for Kd(~r), either a power-law

Kd(~r) =
C(d)

(|~r |2 + d2)
1.5 , (1)

or a Gaussian

Kd(~r) = C′(d) exp

[

−
|~r |2

2 d2

]

, (2)

where d is the smoothing distance, and C(d) and
C′(d) are normalizing factors, so that the integral of
Kd(~r) over an infinite area equals 1.

We measure the smoothing distance di associated
with earthquake i as the horizontal distance between
event i and the nth

v closest neighbor. The number of
neighbors, nv, is an adjustable parameter, estimated
by optimizing the forecasts. We impose di > 0.5 km
to account for location accuracy. The kernel band-
width di thus decreases if the density of seismicity at

the location ~ri of this earthquake increases, so that we
have a better resolution (smaller di) where the density
is higher.

The density at any point ~r is then estimated by

µ(~r ) =

N
∑

i=1

Kdi
(~r − ~ri) . (3)

Our forecasts are given as an average number of events
in each cell of 0.1◦. The density defined by (3) has
fluctuations at scales smaller than the grid resolution.
Therefore, we need to integrate µ(~r ) defined by (3)
over each cell to obtain the seismicity rate in this cell.

CORRECTING FOR CATALOG

INCOMPLETENESS

We have used events with m ≥ 2 to estimate
the spatial distribution of seismicity. Unfortunately,
the catalog is not complete everywhere at this mag-
nitude level. Moreover, two regions, one south of
32◦ N (Mexico), and one west of 124.5◦ W (Mendo-
cino area), have a much larger completeness magni-
tude (up to ≈ 4), and have also a high rate of large
earthquakes. In order to correct for catalog incom-
pleteness, we have estimated the completeness magni-
tude m0 in each cell from the magnitude distribution.

We can estimate the magnitude distribution Pm(~r , m)
at point ~r using the same kernel method as described
above to estimate the density µ(~r ). We now smooth
both the locations and magnitudes of all earthquakes
using

Pm(~r , m) =

N
∑

i=1

Kdi
(~r − ~ri)Gh(m − mi) , (4)

where Gh(m) is a Gaussian function of mean m and
width h. The kernel width h is fixed to 15 km. We
then integrate Pm(~r , m) over each cell to get the mag-
nitude distribution in this cell.

The simplest method to estimate the complete-
ness magnitude is to define m0 as the maxima of the
smoothed magnitude distribution in each cell. Using
this method, we obtain large small-scale fluctuations
of m0, which are probably non-physical. The com-
pleteness magnitude should be relatively smooth at
scales smaller than the typical distance between seis-
mic stations. Therefore we smooth the completeness
magnitude m0 using a Gaussian filter with a standard
deviation of 15 km. The result is shown in Figure 2.
The central part of the testing area has m0 ≈ 2. The
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completeness magnitude is much larger, up to m0 = 4,
close to the boundaries of the testing areas, especially
in the Mendocino area and in Mexico. Note that a
completely different method to estimate m0 has been
proposed by Bachmann et al. (2005). Instead of us-
ing the magnitude distribution to estimate m0, they
use the spatial distribution of seismic stations and the
detection characteristics of each station to map m0.

The forecasted rate of events with m ≥ mmin in
each cell can then be corrected from spatial vari-
ations of m0 assuming that the magnitudes obey
the Gutenberg-Richter law (Gutenberg and Richter,
1944) with b = 1

µ′(~r ) = µ(~r ) 10m0(~r )−mmin . (5)

LIKELIHOOD, PROBABILITY

GAIN, AND MODEL

OPTIMIZATION

We estimate the parameter nv (the number of
neighbors, used to compute the smoothing distance
di in (3)) by optimizing the likelihood of the model.
We use two different data sets to build the model
µ′(ix, iy) and to test it. We evaluate the performance
of the forecasts by computing the likelihood of the
model. In this section, we are interested only in the
spatial distribution of seismicity. We do not consider
the magnitude distribution of target events, or the
expected number of events. Therefore, we compute
the normalized density µ∗(ix, iy) in each cell (ix, iy)
using

µ∗(ix, iy) =
µ′(ix, iy)Nt

∑Nx

i′x=1

∑Ny

i′y=1 µ(i′x, i′y)
, (6)

where Nx and Ny are the total numbers of columns
and rows, and Nt is the number of target events.
The expected number of events for the model µ∗ thus
equals the observed number Nt.

The log-likelihood of the model is given by

L =

Nx
∑

ix=1

Ny
∑

iy=1

log p [ µ∗(ix, iy), n ] , (7)

where n is the number of events that occurred in the
cell (ix, iy).

Assuming a Poisson process, the probability p[µ∗(ix, iy), n]
of having n events in the cell (ix, iy) is given by

p[µ∗(ix, iy), n] = [µ∗(ix, iy)]
n exp[−µ∗(ix, iy)]

n!
, (8)

We have tried different values of the minimum magni-
tude, both for the input catalog (used to measure µ)
and for the target events (used to test the model). We
use the same catalog for the input and target events,
but different time intervals or magnitude intervals, so
that earthquakes used to estimate µ are not used as
target events to test the model. We evaluate the per-
formance of our forecasts using the probability gain
per earthquake of the model relative to a model with
a uniform density

G = exp

(

L − Lunif

Nt

)

, (9)

where Lunif is the log-likelihood for a uniform model.

The results are summarized in Table 1. Figure 3
shows the density for model #2 in Table 1. The
power-law kernel (2) gives a slightly larger likelihood
than the Gaussian (1) (see models #1 and #2 in Ta-
ble 1).

The probability gain does not change significantly
with the minimum magnitude of target events for
3 ≤ mmin ≤ 5.5 (see models #2-7). This suggests
that small and large earthquakes have about the same
spatial distribution, i.e., that the magnitude distribu-
tion is relatively uniform in space, at scales larger
than the cell size of ≈ 10 km.

In contrast, the probability gain decreases contin-
uously with the minimum magnitude of input data,
as shown in models #8-20 in Table 1. The probabil-
ity gain per earthquake, for target earthquakes with
m ≥ 5, decreases from G = 3.0 for mmin = 2, to
G = 1.2 for mmin = 5. G decreases with mmin be-
cause the number of events used to compute µ de-
creases, thus the resolution of the model decreases.

Model #21 in Table 1 uses all the available in-
put data, from 1981/1/1 to 2005/8/23, in order to
estimate µ. When tested on m ≥ 3 target earth-
quakes since 1996, this model gives a larger gain than
model #2, which used only 1981-1996 data to build
the model. The increase of G between G = 4.8 for
model #2 and G = 7.1 for model #21 may be partly
due to the increase of the number of input events.
But it’s mainly due to the fact that we use (in part)
the same data to build the model and to test it. Our
final model (our forecast for the next 5 yrs) is model
#21 in Table 1, which uses all available data.

CONCENTRATION PLOT

Another tool to test a model is the “concentra-
tion plot”, which compares the observed and expected
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number of events as a function of the modeled density
µ. The concentration plot for model #2 is shown in
Figure 4. The upper plot shows the cumulative num-
ber of events as a function of the value of µ in the cells
where these events occur. The lower plot shows the
probability density function (obtained by taking the
derivative of the curves in Figure 4a): the observed
and expected number of events within each interval
of µ-values. A model is incorrect if there is a sig-
nificant deviation between the observed and modeled
distributions. If the observed distribution is shifted
to the right compared to the expected one, the model
is too smooth. In our case, the observed curves are
slightly to the left of the model, which means that
our model is too “localized”: there are more observed
events in the regions of low modeled probability µ
that expected.

A model is better than another one if the observed
distribution in the concentration plot is shifted to-
ward larger values of µ. The µ values in Figure 4 have
been normalized so that the sum over the testing area
equals 1. For comparison, a uniform model would
have a density µunif = 1/Nc = 1.3 × 10−4 (where
Nc = 7642 is the number of cells in the testing area).
As shown in Figure 4, most events (79%) occur within
cells where the modeled density is larger than the av-
erage µunif . For this model, the average value of the
density at the location of a target earthquake is 18
times larger than the average value.

MAGNITUDE DISTRIBUTION

We assume for simplicity that the magnitude dis-
tribution obeys a tapered Gutenberg-Richter law (Guten-
berg and Richter, 1944) with a uniform b-value and
corner magnitude mc. Specifically, we assume that
the cumulative magnitude distribution has the form

P (m) = 10−b(m−mmin) exp
[

101.5(mmin−mc)] − 101.5(m−mc)
]

,

(10)
with a minimum magnitude mmin = 4.95, and a cor-
ner magnitude mc = 8, as suggested by Bird and
Kagan (2004) for continental transform fault bound-
aries. The exponential factor in (10) describes a falloff
of the distribution of seismic moments M ∼ 101.5m.

We use the catalog provided by RELM (available at
http://proto-testing.ethz.ch/downloads/ANSS.catalog.dat),
because it uses the same magnitude type and declus-
tering method as will be used for the RELM tests.
This catalog contains all events in the ANSS catalog
in California with m ≥ 3, between 1984 and 2004, and

gives the independence probability pi for each earth-
quake.

We have measured the b-value using the likelihood
method (Aki, 1965)

b =
1

log(10)(< m > −mmin)
. (11)

For the non-declustered catalog, this gives b = 0.95.
In order to estimate the b-value of independent events,
we have measured the average magnitude < m >
in (11) by selecting all events in the RELM catalog
within the testing area, with m ≥ 4.95, and weight-
ing each earthquake by its independence probability.
This gives b = 0.89, with a number of independent
events of 93. The declustering procedure slightly de-
creases the b-value, because it removes preferentially
small events. The cumulative magnitude distribution
for the non-declustered catalog is shown in Figure 5.

There is however a region, the Geysers in Northern
California (lat ≈ 38.8◦ N, and lon ≈ 128.80 W), which
has an unusual magnitude distribution. It has many
small m ≥ 2 events and a very large b-value. These
earthquakes are induced by the geothermal activity in
this area. If we assume that the magnitude distribu-
tion in this region obeys the Gutenberg-Richter law
with b = 0.89, this gives a very large expected rate of
m ≥ 5 earthquakes, close to the largest value in all
California, while the largest event has m = 4.7 (see
Figure 3).

We have thus modified the magnitude distribu-
tion in this area (for −128.9◦ < lon < −128.7◦, and
38.7◦ < lat < 38.9◦). We have fitted the magnitude
distribution by the Gutenberg-Richter law, selecting
all events with m ≥ 3.3 in the RELM declustered cat-
alog. The maximum likelihood method gives b = 1.94.
We use the same corner magnitude mc = 8 in this
region as everywhere else. For smaller events with
m < 3, the magnitude distribution has a more usual
b-value close to 1.

The cumulative magnitude distribution for the
Geysers is shown in Figure 5. We have used this fit
to estimate the expected rate of m ≥ 5 earthquakes
at the Geysers, from the modeled density of m ≥ 2
events. This correction decreases the expected rate of
m ≥ 5 events by a factor 80 at the Geysers compared
to the model with a uniform magnitude distribution
with b = 0.89 (see Figure 5). The difference further
increases for larger target events. We checked that
other geothermal or volcanic areas (Mammoth Lakes,
Coso, Salton Sea) have a magnitude distribution close
to the global distribution for California. Geothermal
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activity is thus not the sole cause of anomalous mag-
nitude distribution at the Geysers.

The corrected density of m ≥ 5 events is shown
in Figure 6. Compared to Figure 3, the dark spot
at the Geysers has disappeared. The differences be-
tween Figures 3 and 6 are the change in P (m) for
the Geysers and the time window used to select input
events. Figure 3 compares forecasted rate using 1981-
1996 data with earthquakes that occurred since 1996.
It is thus a pseudo-real time test of the model. Fig-
ure 6 is our final forecast, which uses all available data
between 1981/1/1 and 2005/8/23. The fact that the
2 models are very similar is encouraging. This shows
that the spatial density does not change significantly
with time.

EXPECTED NUMBER OF EVENTS

We have estimated the total expected number of
target events by counting the number of m > 4.95
earthquakes in the RELM catalog, which occurred
within the testing area, during the time window 1984-
2004. We have removed 9 m ≥ 5 events from this cat-
alog that are explosions. This gives a total number of
7.38 earthquakes per year.

In order to estimate the rate of independent events,
we have weighted each earthquake by its indepen-
dence probability. This gives an average number of
4.41 events per year. We then estimate the expected
number of events per year within each space-time-
magnitude bin according to

E(ix, iy, im) = N0 µ0(ix, iy)P (im) , (12)

where N0 is the expected number of target events per
year in the testing area, µ0 is equal to the spatial dis-
tribution µ, normalized so that the sum of µ0 in the
testing area equals 1, and P (im) is the expected num-
ber of events within the magnitude bin im, estimated
from (10). For the first model, we use N0 = 7.38 and
b = 0.95. For the second model (to forecast indepen-
dent m ≥ 5 events), we use N0 = 4.41 and b = 0.89.

CONCLUSION

We have developed a time-independent forecast for
California, by smoothing seismicity. We have shown
that including small m ≥ 2 events to predict larger
m ≥ 5 earthquakes significantly improves the perfor-
mance of the model. In contrast, the performance
of our model does not depend on the minimum mag-
nitude of target events: our model predicts as well

m ≥ 3 and m ≥ 5.5 events. This suggests that
large earthquakes have the same spatial distribution
as smaller ones, and justifies our use of small earth-
quakes to estimate the probability of larger ones.

We have taken into account spatial variations of
the completeness magnitude. We have also modified
the magnitude distribution in the Geysers geother-
mal area, which has a very unusually large b-value.
This correction is rather artificial, and in the future
we would like to use a more systematic approach to
estimate the magnitude distribution in each cell.

Because there are not enough large historical earth-
quakes in California, we cannot measure the corner
magnitude mc (magnitude at which the magnitude
distribution deviates from a pure Gutenberg-Richter
law). We thus use a uniform value mc = 8, as
suggested by Bird and Kagan (2004) for continental
transform fault boundaries.

Some would argue that this corner magnitude may
not hold for all of California, because there are few
long enough faults in California which could produce
a m = 8 earthquake. However, it is becoming in-
creasingly apparent that fault length is not a reliable
barrier to earthquake growth: Gabrielov et al. (1996)
show that plate geometry cannot be stable on a de-
forming Earth, and of course the faults we see today
were not always there. Black et al. (2004) present
evidence that southern California earthquakes com-
monly break the boundaries of geologically mapped
faults. Also, the Denali 2002 M7.9 earthquake in
Alaska started at a small unknown thrust fault and
then proceeded to rupture strike-slip Denali fault,
then rupturing Totschunda fault (Rowe et al. 2004).

In addition to the epicenter, seismic hazard es-
timation also requires the specification of the fault
plane. Kagan and Jackson (1994) have developed a
method to forecast the orientation of the fault plane,
by smoothing the focal mechanisms of past m ≥ 5.5
earthquakes. As for forecasting epicenters, it may be
useful to include small earthquakes in the forecasts,
in order to improve the resolution. Alternatively, our
model could be coupled with fault models to predict
the rupture geometry of very large earthquakes, which
are likely to break a known fault.
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Table 1. Time interval [t1 t2] and minimum magnitude mmin used to select input events and target earthquakes.
Input events are used to compute µ. Target events are used to evaluate the log-likelihood L (7) and the probability
gain per earthquake G (9). The smoothing parameter nv is adjusted to maximize L. The second column specifies
the kernel function used to smooth earthquake locations, either a power-law (‘pl’) or a Gaussian (‘gs’).

# K t1 t2 mmin N t1 t2 mmin Nt L G nv

Input catalog Target catalog
1 gs 1981/1/1 1996/1/1 2. 52651 1996/1/1 2005/8/23 3. 2747 -4145. 4.78 2
2 pl 1981/1/1 1996/1/1 2. 52651 1996/1/1 2005/8/23 3. 2747 -4121. 4.83 2
3 pl 1981/1/1 1996/1/1 2. 52651 1996/1/1 2005/8/23 3.5 852 -1903. 4.33 2
4 pl 1981/1/1 1996/1/1 2. 52651 1996/1/1 2005/8/23 4. 288 -918. 3.88 2
5 pl 1981/1/1 1996/1/1 2. 52651 1996/1/1 2005/8/23 4.5 78 -358. 2.99 2
6 pl 1981/1/1 1996/1/1 2. 52651 1996/1/1 2005/8/23 5. 33 -178. 2.98 2
7 pl 1981/1/1 1996/1/1 2. 52651 1996/1/1 2005/8/23 5.5 8 -52. 4.15 2
8 pl 1981/1/1 1996/1/1 2.5 19215 1996/1/1 2005/8/23 3 . 2747 -4125. 4.82 2
9 pl 1981/1/1 1996/1/1 3. 6011 1996/1/1 2005/8/23 3. 2747 -4284. 4.55 2
10 pl 1981/1/1 1996/1/1 3.5 1839 1996/1/1 2005/8/23 3. 2747 -4835. 3.72 2
11 pl 1981/1/1 1996/1/1 4. 611 1996/1/1 2005/8/23 3. 2747 -5694. 2.72 2
12 pl 1981/1/1 1996/1/1 4.5 201 1996/1/1 2005/8/23 3. 2747 -6686. 1.89 1
13 pl 1981/1/1 1996/1/1 5. 78 1996/1/1 2005/8/23 3. 2747 -8009. 1.17 1
14 pl 1981/1/1 1996/1/1 2. 52651 1996/1/1 2005/8/23 5. 33 -178. 2.98 2
15 pl 1981/1/1 1996/1/1 2.5 19215 1996/1/1 2005/8/23 5. 33 -179. 2.90 6
16 pl 1981/1/1 1996/1/1 3. 6011 1996/1/1 2005/8/23 5. 33 -181. 2.67 4
17 pl 1981/1/1 1996/1/1 3.5 1839 1996/1/1 2005/8/23 5. 33 -185. 2.40 2
18 pl 1981/1/1 1996/1/1 4. 611 1996/1/1 2005/8/23 5. 33 -191. 1.96 2
19 pl 1981/1/1 1996/1/1 4.5 201 1996/1/1 2005/8/23 5. 33 -204. 1.35 4
20 pl 1981/1/1 1996/1/1 5. 78 1996/1/1 2005/8/23 5. 31 -208. 1.19 4
21 pl 1981/1/1 2005/8/23 2. 81659 1996/1/1 2005/8/23 3. 2747 -3069. 7.08 6
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Figure 1. (a) Seismicity rate for the ANSS catalog (thin black line on top), for our declustered catalog (gray
line), and for the RELM declustered catalog (see http://proto-testing.ethz.ch/downloads) (solid black line). The
seismicity rate for the RELM catalog is about 10 time smaller due to the larger threshold magnitude (mmin = 3 for
RELM catalog but mmin = 2 for our catalog). It increases by a factor of about 2 at the time of Landers 1992/6/28,
m = 7.3 earthquake, showing that this catalog is not completely declustered. Vertical dashed lines show the time of
each m ≥ 6 earthquake. (b) Seismicity map for our declustered catalog (dots), and location of m ≥ 6 earthquakes
(circles).
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Figure 2. Completeness magnitude m0, estimated by the maxima of the magnitude distribution in each cell, using
declustered m ≥ 2 earthquakes from 1981/1/1 to 2005/8/23.
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Figure 3. Forecasted seismicity rate (expected number of m > 4.95 events per year in each cell) for model #2
in Table 1, using a power-law kernel to smooth the location of m ≥ 2 earthquakes from 1981 to 1996. Circles are
m ≥ 5 earthquakes that occurred between 1996/1/1 and 2005/8/23.
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(b)

Figure 4. Concentration plot for model #2 in Table 1, shown in Figure 3. The solid line is the expected number
of events as a function of the modeled density µ, and the dashed line is the observed number. (a) Cumulative
distribution: number of earthquakes that occur in a cell with µ∗(ix, iy) < µ. (b) Probability density function.
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Figure 5. Cumulative magnitude distribution, for all earthquakes within the testing area between 1984 and 2004
(solid line with dots), and fit by (10) (dashed line) with b = 0.93 for m ≥ 5. The lower curves are for the Geysers
geothermal area. The dashed line is a fit by (10) with b = 1.99 for m ≥ 3.3.
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Figure 6. Forecasted seismicity rate (expected number of m > 4.95 events per year in each cell) for model #21
in Table 1, using a power-law kernel to smooth the location of m ≥ 2 earthquakes from 1981 to 2005. Circles are
m ≥ 5 earthquakes that occurred between 1996/1/1 and 2005/8/23.


