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INTRODUCTION

Ground-shaking hazard maps based on sound ecarth-science
research are effective tools for mitigating damage from future
carthquakes. Assuming that future carthquakes will occur on
active faults or near previous events and that the ground shaking
from these events will fall within the range of globally recorded
ground motions leads to probabilistic hazard maps that predict
ground-shaking potential across a region. Developing hazard
and risk maps requires technical interactions between earth sci-
entists and engineers to estimate the rate of potential carthquakes
across a region, quantify likely ground-shaking levels at a site,
and understand how buildings respond to strong ground shak-
ing. For the past 25 years the USS. Geological Survey (USGS)
and California Geological Survey (CGS) have cooperated with
government officials and professional organizations to incorpo-
rate hazard maps and other hazard products in public and corpo-
rate documents such as building codes, insurance rate structures,
and earthquake risk mitigation plans (Algermissen and Perkins
1982; Frankel et al. 1996, 2002; Petersen et al. 1996).

Because these hazard products are used in making pub-
lic-policy decisions, it is essential that the official USGS-CGS
hazard models reflect the “best available science.” This qualifica-
tion is also required by the statute that regulates the California
Earthquake Authority, which provides most earthquake insur-
ance in the state. To adequately represent the “best available
science;” hazard maps need to be updated regularly to keep
pace with new scientific advancements. The methodologies,
computer codes, and input data used in developing these prod-
ucts need to be openly available for review and analysis. Input
parameters and codes for current hazard maps may be obtained
at http://earthquake.usgs.gov/hazmaps and http://www.consrv.
ca.gov/cgs. At these Web sites a user may access documenta-
tion that describes methodologies and parameters, a relational
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database and tables that contain explanations of how the fault
parameters and uncertainties were chosen, interactive tools that
allow the user to view hazard map information and to disaggre-
gate the hazard models, and Web interfaces that present build-
ing code design values at a latitude and longitude or zip code of
interest.

The USGS has historically developed time-indepen-
dent models of earthquake occurrence that are based on the
assumption that the probability of the occurrence of an earth-
quake in a given period of time follows a Poisson distribution.
Probabilities calculated in this way require only knowledge of
the mean recurrence time. Results of these calculations do not
vary with time (i.e., results are independent of the time since
the last event) and are a reasonable basis for provisions guiding
carthquake resistance in building codes and long-term mitiga-
tion strategies.

In contrast, time-dependent models of earthquake occur-
rence are based on the assumption that the probability of occur-
rence of an earthquake in a given time period follows a renewal
model, i.e., alog-normal, Brownian passage time (BPT), or other
probability distribution in which the probability of the event
depends on the time since the last event (appendix A). In addi-
tion to the mean frequency (or recurrence time) of carthquakes,
these models require additional information about the variabil-
ity of the frequency of events (the variance or standard devia-
tion) and the time of the last event. The time-dependent models
are intuitively appealing because they produce results broadly
consistent with the elastic rebound theory of earthquakes. The
USGS and CGS are beginning to develop these types of hazard
products as new geologic and seismic information regarding the
dates of previous events along faults becomes available.

Inapplication, both the time-independent and time-depen-
dent models depend on assumptions about the magnitude-fre-
quency characteristics of earthquake occurrence, the simplest of
which is the “characteristic earthquake model” in which all large
carthquakes alonga particular fault segment are assumed to have
similar magnitudes, average displacements, and rupture lengths

(Schwartz and Coppersmith 1984). More complicated models
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include Gutenburg-Richter magnitude-frequency distributions
and multisegment ruptures (Gutenberg and Richter 1944). In
as much as time-dependent models require more input param-
eters and assumptions as contrasted with time-independent
models, there is not yet the same degree of consensus about the
methods and results for these calculations.

Both time-independent and time-dependent hazard cal-
culations require moment-balanced models that are consistent
with the global plate rate models and slip rates determined on
individual faults. Geologists can estimate the average slip rates
on faults in California from offset geologic features that have
been dated using radiometric dating techniques. At sites along
some faults, we know the approximate times of past events
extending hundreds or thousands of years into the past, but we
do not know the magnitudes of or the lengths of faults involved
in these past earthquakes. A fundamental constraint that we
apply to candidate carthquake occurrence models, commonly
called “moment balancing,” is the requirement that over the
long term the displacements from the earthquakes sum to the
observed slip rate all along the fault. Models that permit smaller
carthquakes will generally contain more frequent earthquakes
to add up to the total slip rate.

In this paper we describe the general characteristics of the
time-independent (Poisson) 2002 USGS-CGS California seis-
mic hazard models and develop a time-dependent model—the
first version of the Working Group on California Earthquake
Probability (WGCEP) uniform California earthquake rupture
forecast model (UCERF 1.0). The time-independent and time-
dependent hazard maps and hazard curves provide a basis for
comparison for the Regional Earthquake Likelihood Models
(RELM) presented in this volume and future WGCEP models
that will be developed over the next few years. The time-depen-
dent model does not have the same consensus inputs that are
incorporated in the standard time-independent model, and so
the user should use caution in applying these maps. However,
this new model builds on information collected from several
WGCEP models (1988, 1990, 1995, 1999, 2003), time-depen-
dent models published by Cramer ez a/. (2000) and Petersen ez
al. (2002), paleoseismic data from Weldon ez al. (2004), and
recent seismicity data. Time-dependent analysis incorporates
first-order information on the elapsed time since the last carth-
quake and should provide a reasonable basis for comparison.

THE 2002 USGS-CGS TIME-INDEPENDENT
SEISMIC HAZARD MODEL

The USGS and CGS released California hazard maps in 1996
and 2002 using a probabilistic seismic hazard framework and
incorporating information from regional workshops held across
the country (Petersen ¢f al. 1996; Frankel ez al. 1996, 2002).
The current hazard model is based on fault information, seis-
micity catalogs, geodetic data, and ground-shaking attenuation
relations that were discussed at these workshops. An advisory
committee reviewed these models and made recommendations
on how the resulting products could be improved.

100 Seismological Research Letters Volume 78, Number 1

The 2002 California model incorporates nearly 200 fault
sources that generate thousands of carthquake ruptures. It is
not possible to describe details of the methodology and fault
parameters in the limited space available here. Instead, we refer
the reader to published references, data, and products available at
http://earthquake.usgs.gov/hazmaps/; http://www.consrv.ca.gov/
cgs; Petersen et al. 1996; and Frankel ef /. 1996, 2002, which
provide the input parameters and codes needed to reproduce the
official hazard model. In the section below we provide only a gen-
eral description of the methodology, input data, and results.

The known fault sources considered in the model contrib-
ute most to the high hazard regions of California (see Petersen
et al. 1996 deaggregation). Faults are divided into two classes,
A-type and B-type. The A-type faults generally have slip rates
greater than 1 mm/yr and paleoseismic data that constrain the
recurrence intervals of large earthquakes (figure 1). Various edi-
tions of the WGCEP report indicate that sufficient informa-
tion is available for these faults to allow development of rupture
histories and time-dependent forecasts of earthquake ruptures.
Models are developed using single-segment and multisegment
carthquake ruptures as defined by various working groups in
northern and southern California.

The B-type faults include all of the other faults in California
that have published slip rates and fault locations that can be
used to estimate a recurrence interval. To calculate the recur-
rence, the moment of the characteristic earthquake is divided
by the moment rate determined from the long-term fault slip
rate to obtain recurrence time. For a few faults we fixed the
magnitudes and/or recurrence rate based on historical carth-
quakes or paleoseismic studies. We used a logic tree to account
for epistemic uncertainty in our knowledge of which magni-
tude-frequency distribution is correct for future earthquakes. In
the hazard model a truncated Gutenberg-Richter distribution
that spans magnitudes between 6.5 and the characteristic size
is weighted one-third and a characteristic distribution defined
by a simple delta function is weighted two-thirds. Modeling
uncertainties in the characteristic or maximum magnitudes of a
fault are accounted for explicitly in the calculation procedure.

In addition to the fault sources, a random source is used to
account for carthquakes on unknown fault sources and moder-
ate-size earthquakes on faults. This portion of the model is most
important in areas that lack known active faults, but it also con-
tributes significantly to our knowledge of the overall seismicity
hazard across the state. The random background source model
is based on earthquake catalogs. For the 1996 and 2002 hazard
analyses, we developed a statewide earthquake catalog for mag-
nitudes greater than 4 from the late 1700s to 2000 (Petersen
et al. 1996, Petersen et al. 2000; Toppozada et al. 2000). This
statewide catalog was developed using regional catalogs from
the USGS (Menlo Park and Pasadena), California Institute of
Technology, University of California-Berkeley, University of
Nevada-Reno, and published results on earthquake moment
magnitudes. Mine blasts and duplicate carthquakes were
removed from the catalog. For the time-independent hazard
assessment we considered only independent events; dependent
events are not consistent with the assumption of independence
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A Figure 1. Locations and names of A-faults contained in the source model.

in a Poisson process. We applied the algorithm of Gardner and
Knopoft (1974) to decluster the catalog, removing aftershocks
and foreshocks identified using magnitude and distance cri-
teria. The earthquakes in the catalog are spatially binned over
a grid and smoothed using a Gaussian distribution with a 50-
km correlation length to obtain the rate of earthquakes in the
background model (Frankel 1995). The hazard is then com-
puted by using the rate at each grid node in conjunction with
a Gutenberg-Richter magnitude frequency distribution and
attenuation relations to obtain the rate of exceedance at each
ground-motion level.

In portions of castern California and western Nevada there
are differences between the model rate of earthquakes calculated
from the geologic slip rate data and the historic rate of earth-
quakes from the carthquake catalog (Frankel ez a/. 2002). Recent
geodetic data seem to be more consistent with the historic
earthquake data, both suggesting higher contemporary strain
rates than would be implied from geologic studies. Therefore,
in four regions of eastern California and western Nevada we
have used the geodetic data to supplement our earthquake fault
models, called C-zones. The earthquakes are modeled using
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geodetically based slip rates that are spread uniformly across a
zone and modeled using a Gutenberg-Richter magnitude-fre-
quency distribution. Future research should help delineate the
particular faults that are accommodating the observed geodetic
strains and determine if recent data reflect the long-term strain
rates or if these data are dominated by secular variability.

Once we have quantified the carthquake sources we can
apply published empirical attenuation relations to estimate the
potential ground-shaking levels from the modeled earthquakes.
We have applied four attenuation relations, equally weighted,
for coastal California earthquakes (Abrahamson and Silva
1997; Boore et al. 1997; Campbell and Bozorgnia 2003; Sadigh
et al. 1997). For the extensional region we have also applied the
attenuation relation of Spudich ez a/. (1999). Ground motions
from the Cascadia subduction zone are calculated using the
attenuation relations for interface earthquakes of Youngs ez 4/.
(1997) and Sadigh ez al. (1997) and for deep intraslab earth-
quakes of Atkinson and Boore (2003) and Youngs ez /. (1997).
Generally, attenuation relations should be updated when suf-
ficient strong-motion data are recorded that show inconsisten-
cies with the previous relations.
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THE USGS-CGS PRELIMINARY TIME-DEPENDENT
SEISMIC HAZARD MODEL

The time-dependent hazard model presented in this paper is
based on the time-independent, or Poissonian, 2002 national
seismic hazard model and additional recurrence information
for A-type faults that include: San Andreas, San Gregorio,
Hayward, Rodgers Creek, Calaveras, Green Valley, Concord,
Greenville, Mount Diablo, San Jacinto, Elsinore, Imperial,
Laguna Salada, and the Cascadia subduction zone (figure 1). A-
type faults are defined as having geologic evidence for long-term
rupture histories and an estimate of the elapsed time since the
last earthquake. A simple elastic dislocation model predicts that
the probability of an earthquake rupture increases with time as
the tectonic loading builds stress on a fault. Thus, the elapsed
time is the first-order parameter in calculating time-dependent
earthquake probabilities. However, other parameters such as
static elastic fault interactions, visco-elastic stress-transfer, and
dynamic stress changes from earthquakes on nearby faults
will also influence the short-term probabilities for carthquake
occurrence. In this paper we consider only the influence of the
elapsed time since the last earthquake.

Over the past 30 years, the USGS and CGS have devel-
oped time-dependent source and ground-motion models for
California using the elapsed time since the last earthquake
(WGCEP, 1988, 1990, 1995 [led by the Southern California
Earthquake Center], 1999, 2003; Cramer et al. 2000; Petersen
et al. 2002, appendix A). The probabilities of occurrence for the
next event were assessed using Poisson, Gaussian, log-normal,
and Brownian passage time statistical distributions. Past work-
ing groups applied a value of about 0.5 + 0.2 for the ratio of the
total sigma to the mean of the recurrence distribution. This ratio,
known as the coefficient of variation, accounts for the period-
icity in the recurrence times for an carthquake; a coeflicient of
variation of 1.0 represents irregular behavior (nearly Poissonian)
and a coefficient of variation of 0 indicates periodic behavior. For
this analysis, we have applied the parameters shown in table 1 to
calculate the time-dependent earthquake probabilities. The basic
parameters needed for these simple models are the mean-recur-
rence interval ('T-bar), parametric uncertainty (Sigma-P), intrin-
sic variability (Sigma-P and Sigma-T), and the year of the last
earthquake. The parametric sigma is calculated from the uncer-
tainties in mean displacement and mean slip rate of each fault
(Cramer ez al. 2000). The intrinsic sigma describes the random-
ness in the periodicity of the recurrence intervals. The total sigma
for the log-normal distribution is the square root of the sum of
the squares of the intrinsic and parametric sigmas. For this analy-
sis we assume characteristic earthquake recurrence models with
segment boundaries defined by previous working groups.

We calculated the time-dependent hazard using the 2002
WGCEP report (WGCEP 2003) for the San Francisco Bay
area, the 2002 National Seismic Hazard and Cramer ez 4/,
(2000) models for the other faults in northern and southern
California, and the Petersen ez 4/. (2002) model for the Cascadia
subduction zone. Members of the WGCEP reran the computer
code that was used to produce the WGCEP (2003) report and
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provided an update to the time-dependent probabilities for the
San Francisco Bay area for 1-, 5-, 10-, 20-, 30-, and 50-year time
periods beginning in 2006.

The 2002 USGS seismic hazard model (Frankel ez 2/. 2002)
assumes that the Cascadia subduction zone ruptures cither in a
M 9.0 event or in a series of M 8.3 events. Paleotsunami data
from the coast of Oregon and Washington indicate a recur-
rence of large to great carthquakes every 500 years (Petersen e#
al. 2002). For the Cascadia subduction zone, we applied a time-
dependent model for a magnitude M 9.0 ecarthquake scenario
using a mean recurrence of 500 years, an aperiodicity parameter
0f 0.5, and the date of the last carthquake of A.D. 1700. The 50-
year time-dependent probability is about 14%, which is slightly
higher than the Poisson probability of about 10% (Petersen ez
al. 2002). For the M 8.3 scenario, we assume that individual
events rupture about 250 km of the 1,100-km length of the sub-
duction zone and fill the entire zone every 500 years. We would
need about four and one-half M 8.3 events to fill the entire sub-
duction zone every 500 years. These parameters require that M
8.3 events occur about every 110 years, if we do not consider
clustering. However, this rate seems quite high given that M 8.3
carthquakes have not been observed during the past 150-200
years of recorded history. Therefore, in this study we do not feel
justified in increasing the time-dependent hazard for the M 8.3
scenario given the historic earthquake record, and we simply use
the Poisson rate in our calculations. The M 9.0 and 8.3 models
were equally weighted in the 2002 hazard model as well as in
this time-dependent model.

The San Andreas (Parkfield segment), San Jacinto,
Elsinore, Imperial, and Laguna Salada faults were all modeled
using single-segment ruptures following the methodology of
Cramer ez al. (2000). Multisegment ruptures were allowed in
the WGCEP 1995 model, but these were not incorporated in
this time-dependent model.

We developed three southern San Andreas models that
consider various combinations of the five segments of the
southern San Andreas fault that were defined by previous
working groups (Cholame, Carrizo, Mojave, San Bernardino,
and Coachella) and three multiple-segment ruptures. In the
time-dependent models, 11% of the occurrence rate is based on
the Poisson model, and 89% is based on the time-dependent
model, similar to the method applied in WGCEP (2003). For
the time-dependent portion of the model, it is easier to define
the single-segment time-dependent probabilities because there
are published recurrence rates and elapsed times since the last
rupture for these segments based on historical and paleo-carth-
quake studies (e.g, WGCEP 1995). However, defining time-
dependent multiple-rupture probabilities (cascades) is much
more complicated.

The first time-independent model (T-I Model 1), assumes
single-segmentand multiple-segment ruptures with weights that
balance the moment rate and that are similar to the observed
paleoseismic rupture rates (Frankel ez /. 2002, appendix A).
Possible rupture models of the southern San Andreas include:
(a) ruptures along five individual segments, (b) rupture of the
southern two segments and of the northern three segments
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(similar to the 1857 earthquake rupture), and (c) rupture of all
five segments together. For each of the complete rupture mod-
els, the magnitudes of the earthquake were determined from
the rupture area. Recurrence rates were assessed by dividing the
moment rate along the rupture with this calculated magnitude.
The single-segment rupture models were weighted 10% and
the multisegment rupture models were weighted 90% (50% for
submodel b and 40% for submodel ¢) to fit the observed paleo-
seismic data.

In the first time-dependent model (T-D Model 1), which
is based on T-I Model 1, probabilities are calculated, as in pre-
vious working groups, using a log-normal distribution for the
parametric sigmas listed in table 1. For the time-dependent
portion of the model, we have adjusted the Poisson probabili-
ties to account for the information from the time-dependent
probabilities of single-segment events. Individual segments of
the southern San Andreas fault have higher time-dependent
probabilities than the corresponding Poisson probabilities (a
probability gain); therefore, the multisegment rupture should
also have higher time-dependent probabilities than the Poisson
model. Since it is not known in advance what segment might
trigger rupture of the cascade, this multisegment rupture proba-
bility is calculated using the weighted average of the probability
gains from each of the segments involved in the rupture, where
the weights are proportional to the 30-year time-dependent
probability of each segment. We show an example containing
two segments in appendixes B and C.

The second time-independent model (T-I Model 2) is also
based on the 2002 national seismic hazard model (model 2) and
considers characteristic displacements for earthquake ruptures.
This model assumes two multiple-segment ruptures that are
composed of segments from Cholame through Mojave (1857-
type ruptures) and from San Bernardino through Coachella. In
addition, single-segment ruptures of the Cholame and Mojave
are considered. This model assumes that the Carrizo segment
only ruptures in 1857-type carthquakes with a rate of 4.7 x
107 events/yr, based on paleoscismic observations. Therefore,
this multisegment rupture accounts for 22 mm/yr of the total
slip rate of 34 mm/yr (WGCEP 1995), given the earthquake
rate and a 4.75 m characteristic slip on the Cholame segment.
The remaining 12 mm/yr is taken up by single-segment rup-
tures of the Cholame segment. Using a single-segment mag-
nitude of 7.3 and a 12mm/yr slip rate yields a single-segment
recurrence rate for Cholame of 2.5 x 107/yr. For the Mojave
segment, the slip rate available after the slip from 1857-type
ruptures is removed is 9 mm/yr. Using an earthquake with mag-
nitude 7.4 (4.4 m/event) for single-segment rupture and a slip
rate of 9 mm/yr yields a recurrence rate of 2.05 x 107 for a sin-
gle-segment Mojave rupture. For the San Bernardino through
Coachella rupture an M 7.7 earthquake with recurrence rate
of 5.5 x 107 event/yr is consistent with the paleoseismic data.
Inclusion of other ruptures on these segments leads to estimated
recurrence rates that exceed the paleoseismic observations. The
total moment rate of this model is 92% of the total predicted
moment rate.
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The second time-dependent model (T-D Model 2), which
is based on T-I Model 2, accommodates the difference between
the total segment time-dependent rupture rate (the time-depen-
dent rate of all potential ruptures that involve that segment) and
the corresponding multiple-segment rupture rate that involves
that segment. The segment time-dependent probabilities for all
ruptures combined are calculated the same way as for the first
model and are shown in table 1. The Carrizo segment is assumed
to rupture only in 1857-type events and its total segment time-
dependent probability is the same as the time-dependent prob-
ability for the 1857-type events (following the partial cascades
model in Petersen ez al. 1996 and Cramer et al. 2000). We first
calculate a time-dependent probability 2, for any type of rup-
ture scenario involving the Cholame segment (single-segment
or 1857-type). Here we use the total recurrence rate derived
from the time-independent calculation from Model 2. Next
we calculate the time-dependent probability P, for 1857-
type ruptures using the paleoseismic recurrence rate. The time-
dependent probability of a single-segment Cholame rupture is
derived from the total time-dependent rate (calculated from
P, ) subtracted from the rate of the 1857-type events (con-
verted from P,,_). An example is shown in appendix C.

The time-dependent rate for the Coachella and San
Bernardino segments rupturing together has to be the smaller of
the two segment rates. In T-I Model 2, the San Bernardino seg-
ment is not allowed to rupture by itself. When the conditional
probability weighting is applied, this rupture has to be allowed
in order to accommodate the excess rate on this segment. Its
time-dependent rate is the segment rate (converted from prob-
ability) subtracted from the event rate of the Coachella and San
Bernardino segments rupturing together.

For the third model we have applied two rupture scenarios
that are based on new (i.c., post-2002) geologic data and inter-
pretations: (1) single-segment time-dependent rates that were
used in model 1 above and (2) two multisegment ruptures,
the 1857-type rupture that includes the Carrizo, Chalome,
and Mojave segments and the southern multisegment rupture
that includes the San Bernardino and Coachella segments. The
recurrence rates and elapsed time since the last earthquake for
multisegment ruptures are based on geologic data shown in
Weldon ez al. (2004, figure 12). The five single-segment rupture
models were weighted 10% and the two multisegment ruptures
were weighted 90%, similar to the weighting in T-I Model 1.
The multisegment carthquakes incorporate a recurrence time of
200 years (five events in 1,000 years) and elapsed time of 149
years for the 1857-type event and a recurrence time of 220 years
(four events in 880 years) and elapsed time of 310 years for the
southern two-segment rupture. In general the models of Weldon
et al. (2004) are moment-balanced using slip rate. However,
when we apply the 200- and 220-year recurrence intervals to
the 1857-type (M 7.8) and southern multisegment rupture
that includes the San Bernardino and Coachella segments (M
7.7), we obtain a moment rate that is about 80% of the other
models. The reason for the lower moment is that the magnitude
of the multisegment rupture is not specified in the Weldon e#
al. (2004) model. If the magnitude of the 1857-type rupture is
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raised from M 7.8 to M 7.9 the updated model releases about
the same moment as the other models and is moment-balanced.
This slight magnitude adjustment would not change the hazard
calculation significantly because ground motions from M 7.8
and M 7.9 carthquakes are very similar. Therefore, for model 3
we have maintained the M 7.8 magnitude in order to be con-
sistent with the magnitudes used in other models, recognizing
that the moment rate is a little lower as a result. Weldon ez 4.
(2004) also show data that indicate variability in the southern
extent of the 1857 ruptures and the northern extent of the
southernmost multisegment rupture in the vicinity of the 1812
rupture. Therefore, we have also included an aleatory variability
for the segment boundary near the southern end of the 1857
rupture and have not included the 1812 rupture as the date of
the last event. We have developed time-independent (Poisson)
and time-dependent models for these ruptures (T-I Model 3
and T-D Model 3). An example is calculated in appendix C.
The time-independent, or Poisson, hazard map of peak
ground acceleration for 10% probability of exceedance in 30
years from the 2002 national seismic hazard model is shown in
figure 2 and the corresponding time-dependent hazard map is
shown in figure 3; the time-dependent probabilities are listed
in table 2. The time-dependent map is developed from the
WGCEP (2003) model for the San Francisco Bay area; the
Cramer et al. (2000) model for the San Andreas (Parkfield),
San Jacinto, Elsinore, Imperial, and Laguna Salada faults; and
the Petersen e al. (2002) model for the Cascadia subduction
zone. In addition, the southern San Andreas hazard was devel-
oped using T-D Models 1, 2, and 3 with equal weighting. The
differences between the time-dependent and time-independent
models are difficult to distinguish at the scale presented in fig-
ures 2 and 3. Therefore, we have developed a ratio map to high-

light the differences (figure 4).

DISCUSSION AND CONCLUSIONS

In this paper we have presented both time-independent and
time-dependent probabilities for several faults and statewide
ground motion hazard maps for California that show the value
of peak ground acceleration with a 10% probability of exceed-
ance for a time period of 30 years starting in 2006. The time-
dependent maps differ by about 10% to 15% from the time-
independent maps near A-fault sources (figure 4). However,
for most of California, located well away from the time-depen-
dent sources, the ground motions are similar. The southern San
Andreas fault, Cascadia subduction zone, and the eastern San
Francisco Bay area faults generally have elevated hazard relative
to the time-independent maps. This is because it has been quite
along time since the last ecarthquake—about 150 years since the
1857 M 7.9 Fort Tejon carthquake, more than 300 years since
the 1700 M 9 Cascadia carthquake, and nearly 140 years since
the 1868 M 6.8 on the southern Hayward fault. All of these
faults are, most likely, in the latter half of their seismic cycles.
The northern San Andreas fault, southern San Jacinto fault, and
Imperial fault, on the other hand, have time-dependent hazard
that is lower than the time-independent hazard due to the rela-
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tively short period since the 1906 (M 7.8) San Francisco earth-
quake, the 1968 (M 6.4) Borrego Mountain carthquake, and
the 1971 Imperial Valley M 6.4 carthquake, which places these
faults in the first half of their seismic cycles. Sites located well
away from the A-faults are typically controlled by local faults,
especially for high frequencies greater than 1 hz.

Three time-independent and corresponding time-depen-
dent models that are proposed in this paper are based on char-
acteristic earthquake recurrence models that have distinct seg-
ment boundaries; for T-D Model 3 we have allowed the end of
the rupture to vary according to the geologic models. For the
past 15 years WGCEP reports have all applied the character-
istic model with fixed or slightly variable boundaries. Recent
studies (e.g:, Weldon ez al. 2004) suggest that other more ran-
dom ruptures also fit the same geologic data constraining earth-
quake ruptures on the southern San Andreas fault. This implies
that strict characteristic models should be relaxed in future
time-dependent hazard calculations to account for this poten-
tial variability in source models. Variable rupture characteristics
may not result in significant changes to the hazard at low fre-
quencies (ze., long return periods), but could be considered in
future WGCEP models.

Probabilistic hazard maps are used for making important
risk mitigation decisions regarding building design, insurance
rates, land use planning, and public policy issues that need
to balance safety and economics. This map is the basis for
the Working Group on California Earthquake Probability—
Uniform California Earthquake Rupture Model version 1.0
(UCERF 1.0) and will be used to compare current 2006 meth-
ods with future, more complex, models. It is important that
state-of-the-art science be incorporated in hazard maps that
are used for public policy. Generally hazard products should
be updated regularly as new information on earthquake recur-
rence and ground shaking becomes available from the science
community. Research on such important hazard topics as recur-
rence time and rupture histories of prehistoric earthquakes,
magnitude-frequency distributions for individual faults, and
the effects of shallow and deep site conditions on ground shak-
ing will improve these maps in the future.
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APPENDIX A

For this paper we calculated the time-dependent probabilities
for time periods of 5, 10, 20, 30, and 50 years. For these cal-
culations we have generally assumed a log-normal probability
density function; however, the working group 2003 report used
a Brownian passage time model that does not cause a signifi-
cant difference from the log-normal distribution except for very
long elapsed times since the previous earthquake. Following the
WGCEP 1995 report we find that the density function f(#) has
the following form:

(e )]
fr(t): 1 &p |: (tz ‘u)] , (A1)

to,  N2m 20,

i
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where ¢ is the mean, # is the median, T 18 the intrinsic sigma,

and ¢ is time period of interest. If £ and 4 . are known, then

the conditional time-dependent probability in time interval

(¢,¢ + AT) is given by

P(t, <T <t +Ar)
P(t, <T <)

where 7 is the elapsed time and AT is the time period of inter-
est. A Poisson process follows the rule: P =1 — exp(-7T), where
Pis the Poisson probability, 7 is the rate of earthquakes, and T'is
the time period of interest. If we want to convert between prob-

P(tESTStB+At|T>t€)= , (A2)

ability P and rate 7, then we can use the formula
r=-In(1-P) /¢ (A3)

W calculate the probability and annualize this rate using equa-

tion (A3).
APPENDIX B

If we denote the calculated time-dependent probabilities
and time-independent (Poisson) probabilities for two single-
segment rupture events as ', P/, P/, and P/, the ratios
R, =P'/P!and R =P | P/ aresometimes called the prob-
ability gain or loss over the average Poisson probabilities. For
a multisegment (cascade) event involving these two segments,
we also define the probability gain or loss as R, = P, / P, in
which the Poisson probability P/ is known. Since P/ already
accounts for the conditional probability of multisegment rup-
ture, we further assume that the cascade event is triggered by
independent rupture of one of the segments A or B. So we
know that R, = R if the cascade event starts from A and
that R, = R, if it starts from B. Assuming segment A is more
likely to rupture in some future time period than segment B,
then R > R, , and the chance of a cascade event occurring must
be smaller than the chance of A rupturing but larger than the
chance of B rupturing. Therefore, R, has to be smaller than R,
but larger than R, if R > R, and vice versa. Considering that
a cascade event can start from A or B with different likelihoods,
we approximate R, by weighting R and R, by P’ and P/
, their probabilities of rupture, resulting in the cascade event
ratioR, =(P'R +P/R)) /(P + P]). The physical basis for
this type of weighting process is that the multisegment rupture
has to originate from the segment that has the highest prob-
ability.

APPENDIX C
Example applications for calculating time-dependent rates:

Models 1 and 3
In this section we show how the annual occurrence rates for a
multisegment rupture are calculated in models 1 and 3. For our
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first example, we calculate the rate of rupture that involves all
five segments. The time-dependent 30-year probabilities for the
five segments Coachella, San Bernardino, Mojave, Carrizo, and
Cholame are 0.325, 0.358, 0.342, 0.442, and 0.512 assuming a
log-normal distribution. The equivalent annual rates are calcu-
lated using the formula » = ~In(1 - p)/#, where p is the segment
time-dependent probability in # (30 years). This rate is divided
by the Poissonian rate of the 2002 model and produces the
probability gain for each segment. The gains for five segments
are 1.141, 1.918, 1.065, 1.690, and 1.114. The weighted gain for
this five-segment rupture is 1.384 [i.c., (0.325 x 1.141 + 0.358
x 1.918 + 0.342 x 1.065 + 0.442 x 1.690 + 0.512 x 1.114 /
(0.325 + 0.358 + 0.342 + 0.442 + 0.512)]. The final annual
rate for this rupture is the Poissonian rate (0.00355) multiplied
by this gain and the 2002 model weight (0.4), which is 0.00196
(i.e., 0.00355 x 1.384 x 0.4).

For model 3, the cascading allows only 1857- and 1690-
type events, and their recurrence times are 200 and 220 years
respectively, which differs from the 2002 model. We follow the
same steps as in the T-D Model 1 to calculate the time-depen-
dent annual rates for the multisegment ruptures with the new
Poissonian rates for multisegment events. After obtaining the
time-dependent annual rates for the 1857 and 1690 type mul-
tisegment ruptures, we weight each of the Weldon e al. (2004)
rupture scenarios included in the model.

Model 2

In 2002 T-I model 2, the Poissonian rates for the five segments
are different from T-D Model 1. We apply these different mean
recurrence times and the same elapse times and intrinsic and
parametric uncertainties and calculate time-dependent 30-year
probabilities and their equivalent annual rates as we did in model
1. These rates are 0.008260, 0.010336, 0.008908, 0.007396, and
0.011173 for the Coachella, San Bernardino, Mojave, Carrizo,
and Cholame segments respectively. The Carrizo segment in
T-D Model 2 only ruptures in 1857-type events, so the time-
dependent annual rate for an 1857-type rupture is defined as the
rate for the Carrizo segment (0.007396). The Cholame and
Mojave segments are allowed in the 2002 T-I model to rupture
independently (T-I Models 1 and 2). The time-dependent prob-
ability for the Cholame and Mojave segment events is their seg-
ment probability subtracted from the rate of 1857-type events
or 0.003777 (i.e, 0.011173 - 0.007396) for Cholame and
0.001512 (i.e., 0.008908 — 0.007396) for Mojave ruptures. The
time-dependent rate for Coachella and San Bernardino seg-
ments rupturing together has to be the smaller of the two seg-
ment rates or 0.00826 (< 0.011173). In the 2002 T-I model 2,
the San Bernardino segment is not allowed to rupture by itself.
But now the difference between the San Bernardino segment
rate (0.010336) and the rate (0.008260) for San Bernardino and
Coachella segments rupturing together defines the single-seg-
ment rupture on the San Bernardino segment, i.c., (0.002076 =
0.010336 — 0.008260). K
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