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Short- and Long-Term Earthquake Forecasts for California and Nevada

Y. Y. KAGAN
1 and D. D. JACKSON

1

Abstract—We present estimates of future earthquake rate

density (probability per unit area, time, and magnitude) on a 0.1-

degree grid for a region including California and Nevada, based

only on data from past earthquakes. Our long-term forecast is not

explicitly time-dependent, but it can be updated at any time to

incorporate information from recent earthquakes. The present

version, founded on several decades worth of data, is suitable for

testing without updating over a five-year period as part of the

experiment conducted by the Collaboratory for Study of Earth-

quake Predictability (CSEP). The short-term forecast is meant to

be updated daily and tested against similar models by CSEP. The

short-term forecast includes a fraction of our long-term one plus

time-dependent contributions from all previous earthquakes. Those

contributions decrease with time according to the Omori law:

proportional to the reciprocal of the elapsed time. Both forecasts

estimate rate density using a radially symmetric spatial smoothing

kernel decreasing approximately as the reciprocal of the square of

epicentral distance, weighted according to the magnitude of each

past earthquake. We made two versions of both the long- and short-

term forecasts, based on the Advanced National Seismic System

(ANSS) and Preliminary Determinations of Epicenters (PDE)

catalogs, respectively. The two versions are quite consistent, but for

testing purposes we prefer those based on the ANSS catalog since it

covers a longer time interval, is complete to a lower magnitude

threshold and has more precise locations. Both forecasts apply to

shallow earthquakes only (depth 25 km or less) and assume a

tapered Gutenberg-Richter magnitude distribution extending to a

lower threshold of 4.0.

Key words: Earthquake regional forecasts, time-independent

and time-dependent forecasts, California.

1. Introduction

Earthquake forecasts play an important role in

hazard and risk estimation, informed decisions in risk

management, and emergency response. California has

a large vulnerable population, so there has been

intense research on forecasting in that state. As a

means of improving the forecasts, and perhaps more

importantly vetting the ideas behind them, a collab-

orative effort known as RELM, for ‘‘Regional

Earthquake Likelihood Models,’’ was initiated in

2006. Published ideas used to gauge earthquake

potential in California vary dramatically, including

assumptions that earthquakes occur primarily on

known faults, near recent earthquakes, or where

geodetic strain rate is highest; that fault length limits

or does not limit earthquake size, that large earth-

quakes behave very similarly or differently from

smaller ones, and that large earthquakes deter or

make more likely similar ones in the future. The

importance of the assumptions has been highlighted

in a series of earthquake probability reports (WORKING

GROUP ON SOUTHERN CALIFORNIA EARTHQUAKE PROB-

ABILITIES, 1995; WORKING GROUP ON CALIFORNIA

EARTHQUAKE PROBABILITIES, 1990, 2003, 2009). These

reports were intended to produce consensus, which

could only be reached by including conflicting

models with various weights. To help resolve the

conflicts, the RELM project invited researchers to

express their ideas as comprehensive forecasts in the

form of earthquake rate density on a pre-assigned grid

for prospective testing. About a dozen such models

were described in a special issue of Seismological

Research Letters (SRL), with an introduction by

FIELD (2007). A set of likelihood tests for assessing

the models after one and then five years was descri-

bed by SCHORLEMMER et al. (2007) and SCHORLEMMER

and GERSTENBERGER (2007). While the tests are still

underway, the project has been subsumed under a

larger international program: The Collaboratory for

Study of Earthquake Predictability (CSEP). It adapts
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the RELM philosophy and methods to other parts of

the world and tests short-term models, updated daily.

One short-term model (GERSTENBERGER et al., 2005),

nicknamed STEP for ‘‘Short Term Earthquake

Probability,’’ has been operating and made available

on USGS web site (http://earthquake.usgs.gov/

eqcenter/step//) for a few years.

Here we present long-term (5-year) and short-

term (1-day) forecast models in the CSEP format with

the intention that they will be tested against others in

the CSEP project.

Our techniques have been extensively described

in several of our publications (KAGAN and JACKSON,

1994, 2000, 2010; JACKSON and KAGAN, 1999). In

those papers we used the Central Moment Tensor

(CMT) earthquake catalog, described by EKSTRÖM

et al. (2005), as our source of information on past

earthquakes. That catalog has several advantages:

Uniform definitions and stable methodology since

1977, provision of a seismic moment tensor for each

event, and quite precise estimates of moment mag-

nitude. The completeness threshold has improved

from about magnitude 5.8 in the beginning to about

5.4 now. In Figure 1 we display the CMT earth-

quakes in the California-Nevada region.

Our forecast for two west Pacific regions (KAGAN

and JACKSON, 1994, 2000, 2010; JACKSON and KAGAN,

1999) is subdivided into two programs: a long- and

a short-term forecast. In the former program we use

the first part of a catalog to smooth the seismicity

level, and the second part of the catalog is used to

validate and optimize the prediction. In the short-

term forecast, Omori’s law type of dependence is

used to temporally extrapolate earthquake rate into

the future.

We used the focal mechanisms to estimate the

orientation of the fault systems controlling seismic

behavior, indicating a preferred direction for future

earthquakes. However, assumptions that we made in

that process hold reliably only in subduction zones,

so the focal mechanism information is less useful in

locations like California and Nevada that are not on

subduction zones. Thus, for this work we have

modified our procedures to allow use of the PDE

(Preliminary determinations of epicenters, 2008)

and ANSS (ADVANCED NATIONAL SEISMIC SYSTEM

ANSS CATALOG SEARCH, 2008) catalogs, with lower

completeness thresholds but without focal mecha-

nism reports. We then compared the resulting

forecasts.

2. Catalogs

The ANSS composite is a world-wide earthquake

catalog which merges the master earthquake catalogs

from contributing ANSS institutions but removes

duplicate or non-unique solutions for the same event

(ANSS CATALOG SEARCH, 2008). The ANSS catalog

for the California and Nevada region extends back to

about 1800, however reliable reporting of magnitude

4.0 earthquakes starts in southern California from

1932 (HILEMAN et al., 1973) and in northern Califor-

nia and parts of Nevada from 1942 (BOLT and MILLER,

1975, p. 24). Preliminary results are usually available

within a few minutes of each earthquake, and revi-

sions are made as needed, sometimes months later.

The PDE world-wide catalog is published by the

USGS (PRELIMINARY DETERMINATIONS of EPICENTERS,

Figure 1
Earthquakes from the CMT catalog in California and Nevada

during 1977/01/01–2008/08/01 in the window: Latitude limits

43.0�N–31.5�N, Longitude limits 113.0�W– 125.0�W. Magnitude

threshold mt = 5.0, the total number of earthquakes 122
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2008). Locations and magnitudes are determined by

analysis of data from a single global network. Con-

trary to its name, the PDE catalog is published in final

form with a latency of a few months. At the time of

writing, the PDE catalog was in final form through

the end of 2007. However, the temporary catalog is

usually available with a delay of a few minutes.

The PDE catalog measures earthquake size using

several magnitude scales, including the body-wave

(mb) and surface-wave (MS) magnitudes for most

moderate and large events since 1965 and 1968,

respectively. The moment magnitude (mw) estimate

has been added recently. For our purposes the PDE

catalog is useful from 1969 through 2008/08/01,

with a completeness magnitude of about 4.7. Fore-

casting and testing would be improved if there were

one standard magnitude, but no one magnitude is

reported consistently for all relevant events in the

PDE catalog. KAGAN (1991) experimented with a

weighted average of several magnitudes to estimate

one standard magnitude scale, but results were

inconclusive. In this work we decided to use the

maximum magnitude among those shown for each

earthquake. For moderate earthquakes it is usually

the mb or MS magnitude scale, while for larger

recent earthquakes the maximum magnitude is most

likely mw.

The ANSS catalog has some advantages over the

PDE. It covers a longer time interval and has a lower

magnitude threshold, thus it contains more events in

any particular region. ANSS locations are generally

more accurate because they are based on local seis-

mic networks, while PDE locations are based on a

sparser global network. However, ANSS has the

disadvantage that the magnitudes are not defined

consistently, because the catalog is a composite of

data from several networks. For this reason, the

magnitude estimates are less accurate. The inconsis-

tencies in magnitude determination are not so severe

in California and Nevada as in other places, because

the three relevant networks supplying data to ANSS

have been standardized to a certain extent. Advan-

tages of the PDE catalog for our purposes are that the

magnitudes are more consistent, as they are deter-

mined from a global network, and the catalog is not

altered after publication in final form. Because both

catalogs have advantages, we made separate forecasts

from each before settling on a choice for use in the

CSEP tests.

We computed rate density within a ‘‘test area’’

having latitude limits from 31.5�N to 43.0�N and

longitude limits from 113.0�W to 125.0�W. This

window encloses the California polygon proposed by

SCHORLEMMER and GERSTENBERGER (2007, Table 2) for

the RELM forecast testing. Our calculations show

that earthquakes as much as 500 km outside the test

window can influence the seismicity inside. Thus we

compiled and analyzed earthquakes within a larger

‘‘data region’’ having latitude and longitude bounds 5

degrees outside those of the test region. We tested the

obtained subcatalogs for the presence of duplicate

solutions and absent earthquakes. Within the test

region there are 569 m C 4.7 events in the PDE

subcatalog and 4497 m C 4.0 in the ANSS subcata-

log. The beginning time is 1932/01/01 for the ANSS

catalog and 1969/01/01 for the PDE catalog, the end

date of both subcatalogs is 2008/08/01.

3. Forecast

We have developed a long-term forecast proce-

dure based on earthquake data alone (KAGAN and

JACKSON, 1994, 2000, 2010). This procedure is based

on the smoothing of past earthquake locations. The

degree of spatial smoothing is controlled by the

function

f ðrÞ ¼ 1

p
� 1

r2 þ r2
s

; ð1Þ

where r is epicentroid distance, and rs is the scale

parameter.

In our previous investigations we optimized rs to

predict best the second part of a catalog from the first

part (KAGAN and JACKSON, 2010). Here we apply the

same value, rs = 5 km to both catalogs using an

isotropic kernel function. The rate density is calcu-

lated on a 0.1� 9 0.1� grid for shallow earthquakes

(depth less or equal to 25 km); thus the forecast is

estimated on a 125 9 117 grid.

Figures 2 and 3 show the time-independent fore-

casts for California and Nevada, based on the PDE

catalog and on the ANSS catalog, respectively. The

maps are similar in appearance, any difference being

Vol. 167, (2010) Earthquake Forecasting for California and Nevada 687



due to the lower magnitude threshold and longer

duration of the ANSS catalog.

The short-term forecast in this work was carried

out according to the technique described by KAGAN

and JACKSON (2000, Section 3.1.2, see also KAGAN and

KNOPOFF, 1987). Using the branching model (ibid.),

we obtained a likelihood function for the earthquake

process. We compare the likelihood function for the

branching process with a process based on the spa-

tially inhomogeneous Poisson model of seismicity.

We obtained the statistical estimates of the model

parameters (KAGAN et al., 2010) by maximizing the

likelihood ratio of the two models using a Newton-

Raphson technique.

For the PDE forecast we used the values of

parameters obtained during the likelihood function

search (KAGAN et al., 2010, Table 5, m C 4.7, obtained

for ‘Active Continent’ zones): The branching coeffi-

cient l = 0.152, the parent productivity exponent

a = 0.64, the time decay exponent h = 0.18, and the

horizontal location error eq = 11.9 km.

For the forecast based on the ANSS catalog we

used the values of parameters obtained during the

likelihood function search (KAGAN et al., 2010,

Table 7, m C4.0): l = 0.172, a = 0.64, h = 0.22,

eq = 6.08 km. The earthquake size distribution is

assumed to follow the tapered Gutenberg-Richter law

with the corner moment Mc = 1.16 9 1024 Newton m

(mw &8.05) and the exponential falloff rate for the

seismic moment distribution b = 0.65 (BIRD and

KAGAN, 2004, Table 5).

In our forecasts we use combined final and tem-

porary (preliminary) ANSS and PDE catalogs,

updated every few days or weeks. Figures 4 and 5

display the short-term forecast for California and

Nevada, based on the PDE and ANSS catalogs,

respectively. The map for the PDE forecast is

smoother because of larger location errors than those

in the ANSS catalog. These location errors (eq)

describe the spread of triggered events in the fore-

casting procedure.

Calif/Nevada Forecast r s =5 km, PDE, 1969-2008, Eqs M > 4.7 

-6 -5 -4 -3 -2
Log10 probability of earthquake occurrence, M > 4.7, eq/day*(100km)2

Figure 2
California and Nevada and its surrounding long-term seismicity

forecast. Colors show the rates of shallow earthquake occurrence

calculated using the PDE 1969-2008/08/01 Catalog. The forecast

window is the same as in Figure 1

Calif/Nevada Forecast rs=5 km, ANSS, 1932-2008, Eqs M > 4.0

-6 -5 -4 -3 -2 -1
Log10 probability of earthquake occurrence, M > 4.0, eq/day*(100km)2

Figure 3
California and Nevada and its surrounding long-term seismicity

forecast. Colors show the rates of shallow earthquake occurrence

calculated using the ANSS 1932-2008/08/01 Catalog. The forecast

window is the same as in Figure 1

688 Y. Y. Kagan and D. D. Jackson Pure Appl. Geophys.



In Table 1 we display the forecast for the area

surrounding the recent Chino Hills, CA earthquake

(2008/07/29 m 5.4, HAUKSSON et al., 2008). Accord-

ing to the PDE temporary catalog, its coordinates

were 33.734�N, 117.906�W, depth 13 km. The

ANSS coordinates are 33.953�N, 117.7613�W, depth

14.7 km. We expect the ANSS location to be more

accurate because it is determined from a denser, local

network.

In the short-term forecast maps (Figs. 4 and 5) red

spots in the east Los Angeles area correspond to the

earthquake rate increase caused by the Chino Hills

event. The PDE map patch is more extended due to

the lower accuracy of earthquake locations in the

catalog.

The long-term forecasts (Table 1 columns 3 and

6) are similar, taking into account different mag-

nitude thresholds (mt = 4.7 for the PDE and

mt = 4.0 for the ANSS catalog) and slightly

different epicentral coordinates (see above). The

long-term earthquake rate sum for the PDE catalog

is 78.7 9 10-9 Eq/day 9 km2, while for the ANSS

catalog, it is equal to 339 9 10-9 Eq/day 9 km2.

The ratio of the two rates is 4.3, but to compare

these rates we need to take into account different

magnitude thresholds for both forecasts.

Although the b values for magnitudes in the

ANSS and PDE catalogs may differ from the

parameters obtained for the seismic moment tensor

(BIRD and KAGAN, 2004), if we use b = 1.5 9 b = 1.5

9 0.65 = 0.975, the ratio shown above approxi-

mately equals that expected from the Gutenberg-

Richter relation: 10b 9 0.7 = 100.68 = 4.81. Similarly,

the short-term rates (columns 4 and 7) differ by a

factor of 4.51.

The experimental short- and long-term forecasts

for California and Nevada based on the ANSS catalog

are implemented at our Web site http://scec.ess.

ucla.edu/*ykagan/cnpred_index.html. We update

the forecasts every day around midnight Los Angeles

time. To make our forecast compatible with other

forecasts tested by CSEP we have slightly modified

Calif/Nevada short-term Forecast rs=5 km, PDE, 1969-2008

-10 -8 -6 -4 -2

Log10 probability of earthquake occurrence, M > 4.7, eq/day*(100km)2

Figure 4
California and Nevada and its surrounding short-term seismicity

forecast. Colors show the rates of shallow earthquake occurrence

calculated using the PDE 1969-2008/08/01 Catalog. The forecast

window is the same as in Figure 1

Calif/Nevada short-term Forecast rs=5 km, ANSS, 1932-2008

-10 -8 -6 -4 -2 0
Log10 probability of earthquake occurrence, M > 4.0, eq/day*(100km)2

Figure 5
California and Nevada and its surrounding short-term seismicity

forecast. Colors show the rates of shallow earthquake occurrence

calculated using the ANSS 1932-2008/08/01 Catalog. The forecast

window is the same as in Figure 1
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the forecast window and the magnitude threshold.

The latitude limits are from 31.45�N to 43.05�N and

the longitude limits are from 113.05�W to 125.45�W;

and the magnitude cutoff is taken to be 3.95.

4. Discussion

Several long-term earthquake forecasts for Cali-

fornia and southern California have been published

recently (BIRD and LIU, 2007; SHEN et al., 2007;

HELMSTETTER et al., 2007; KAGAN et al., 2007). BIRD

and LIU (2007) and SHEN et al. (2007) forecasts are

based on geodetic, geologic and tectonic measure-

ments. They translated tectonic deformation into

earthquake rates, using the results by BIRD and KAGAN

(2004) of earthquake size distribution in the conti-

nental transform boundaries. HELMSTETTER et al.

(2007) and KAGAN et al. (2007) obtain the estimate of

earthquake rates by using principally the same tech-

nique as in this paper—by smoothing past seismicity.

HELMSTETTER et al. (2007) used small (m C 2.0)

earthquake locations from the ANSS catalog in the

time period 1981/01/01–2005/08/23. Contrary to that,

KAGAN et al. (2007) smoothed locations of large and

moderate (m C 5.0) historical and instrumental

events starting with year 1800, to obtain a forecast

map for southern California. Moreover, they replaced

all earthquakes of magnitude 6.5 and larger by an

extended source representation: The whole rupture

area is used in the forecast calculation.

How can we compare these and other forecasts

collected in the special issue of SRL (FIELD, 2007)

to the present forecast? A forecast based on tectonic

deformation would most likely perform best for very

long time intervals, whereas shorter term earthquake

clustering effects, such as aftershocks, would not be

effectively forecasted. Similarly, the forecast based

on historical data (KAGAN et al., 2007) can be

expected to perform less skillfully for shorter time

intervals. We would expect that the forecast by

HELMSTETTER et al. (2007) which has a high spatial

resolution and an extensive data set of small earth-

quakes, would perform best in the short term. In this

respect, the present forecast would fill the gap

between these two programs. KAGAN and JACKSON

(1994) conjectured that the forecast based on past

earthquakes would be effective at the time scales

comparable to the length of the catalog used in

smoothing. However, the time intervals of the best

predictive skills for all these forecasts are not

known. The CSEP testing project (FIELD, 2007)

should help us to quantitatively evaluate these

bounds.

Table 1

Example of long- and short-term forecast: August 1, 2008, Los Angeles Area

Long. �W Lat. �N PDE Catalog (m C 4.7) ANSS catalog (m C 4.0)

Long-

term rate1

Short-

term rate1

Rate ratio2 Long-

term rate1

Short-

term rate1

Rate ratio2

1 2 3 4 5 6 7 8

118.4 33.9 7.45E-08 6.97E-09 9.36E-02 2.73E-07 9.28E-10 3.40E-03

118.3 33.9 7.55E-08 7.94E-08 1.05 3.58E-07 1.08E-09 3.02E-03

118.2 33.9 8.29E-08 5.42E-07 6.53 4.18E-07 2.00E-09 4.79E-03

118.1 33.9 9.10E-08 1.99E-06 21.8 4.16E-07 2.31E-09 5.56E-03

118.0 33.9 8.95E-08 3.65E-06 40.8 3.77E-07 1.93E-07 0.510

117.9 33.9 8.45E-08 4.05E-06 48.0 3.44E-07 8.07E-06 23.5

117.8 33.9 9.15E-08 3.56E-06 38.9 3.90E-07 3.40E-05 87.2

117.7 33.9 7.78E-08 1.52E-06 19.5 3.24E-07 2.59E-05 79.9

117.6 33.9 6.31E-08 3.47E-07 5.50 2.51E-07 3.09E-06 12.3

117.5 33.9 5.70E-08 5.22E-08 0.916 2.36E-07 3.76E-08 0.159

1 Rate of earthquakes above the magnitude threshold (day-1 km-2)
2 Rate ratio = short-term rate/long-term rate

Two catalogs are used: 1969/01/01-2008/08/01 PDE catalog and 1932/01/01-2008/08/01 ANSS catalog

690 Y. Y. Kagan and D. D. Jackson Pure Appl. Geophys.



5. Conclusions

Forecasts based on the ANSS and PDE catalogs

give very similar results for earthquake rate density.

We prefer the ANSS forecast because it has a longer

history, lower magnitude threshold and greater loca-

tion accuracy than the PDE. Magnitude inconsistencies

still present problems in both catalogs. For example,

local and body wave magnitudes cannot be converted

accurately to moment magnitudes. However, these

problems do not seem to influence the forecasts

severely. For example, differences between our

smoothed seismicity forecasts and fault-based ones

will dwarf any variations caused by magnitude

inconsistencies.

The forecasts presented here are ready for testing

by CSEP. The long-term forecast is based on earth-

quake data since 1932, and the rate density estimates

vary little from year to year. Thus, the rate densities

can be treated as constant in time for the duration of a

five-year test. The short-term forecast is implemented

by an open-source computer program with standard

earthquake catalog input. It can be automatically

updated on a daily basis in response to evolving

aftershock sequences or other rapid changes in

seismicity.
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