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Abstract The 2007 Working Group on California Earthquake Probabilities
(WGCEP, 2007) presents the Uniform California Earthquake Rupture Forecast, Version
2 (UCERF 2). This model comprises a time-independent (Poisson-process) earthquake
rate model, developed jointly with the National Seismic Hazard Mapping Program and
a time-dependent earthquake-probability model, based on recent earthquake rates and
represents the epistemic uncertainties of the full time-dependent model. The mean

UCERF 2 time-dependent probability of one or more M =6:7 earthquakes in the
California region during the next 30 yr is 99.7%; this probability decreases to 46%
for M =7:5 and to 4.5% for M =8:0. These probabilities do not include the Cascadia
subduction zone, largely north of California, for which the estimated 30 yr, M =8:0
time-dependent probability is 10%. The M =6Bbhardcaaps bg tarargkpte
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NSHMP framework is based on long-term estimates using
a time-independent (Poisson) probability model for earth-
quake ruptures. The resulting hazard maps are used to estab-

BF Adabk 1 b bttacpimhe lish building codes and promote mitigation efforts.
Hgmatbargk tel gae Time-dependent rupture models have been the focus of
antbe( M =5:0) and the conditional time-dependent  four previous working groups on California earthquake prob-
probability of large earthquakes in California and its bound-  abilities (WGCEP, 1988, 1990, 1995, 2003). In these studies,
ary zones. Figure habththatdievédslgéshadaeny anidl Perkiectiot 2t Eramidblanadiilities were conditioned on the dates of previous
1996; Petersen er al., 1996; Frankel er alea2Bf@pkebhesing stress-renewal models in which probabil-
ities drop immediately after a large earthquake releases tec-
tonic stress on a fault and rise as the stress reaccumulates.
Such models are motivated by the elastic-rebound theory
of the earthquake cycle (Reid, 1911; National Research
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Table 1
List of Acronyms
Acronym Definition

BPT Brownian Passage Time
CEA California Earthquake Authority
CEPEC California Earthquake Prediction

Evaluation Council
CFM Community fault model
CGS California Geological Survey
ERM Earthquake rate model
ERF Earthquake rupture forecast
ETAS Epidemic type aftershock sequence
ExCom Executive committee

MOC Management oversight committee

NEPEC National Earthquake Prediction
Evaluation Council

NSHMP National Seismic Hazard Mapping
Program

NUVEL-1A Global plate motion model of DeMets
et al. (1994)

RELM Regional Earthquake Likelihood
Models

SCEC Southern California Earthquake
Center

SRP Scientific review panel

STEP Short-Term Earthquake Probability

UCERF Uniform California Earthquake-
Rupture Forecast

USGS United States Geological Survey

WGCEP Working Group on California

Earthquake Probabilities

Council [NRC], 2003) and have been calibrated for variations
in the cycle using historical and paleoseismic observations
(e.g., Working Group on California Earthquake Probabilities
[WGCEP], 2003, Chapter 5). The Working Groups on Cali-
fornia Earthquake Probabilities specifically considered pre-
vious large earthquakes associated with California’s San
Andreas fault system, such as the 1906 San Francisco earth-
quake (M 7.8) on the northern San Andreas and the 1857
Fort Tejon earthquake (M 7.9) on the southern San Andreas.
Only a subset of California faults, or only part of the state,
was considered by each past WGCEP, and the recent studies
have alternated between northern and southern California
subsets (Fig. 2). The methodology and results of these pre-
vious working groups are summarized in a recent review by
Field (2007h).

Motivation and Structure of WGCEP (2007)

An earthquake rupture forecast is the basis for probabil-
istic seismic hazard analysis (PSHA), a method for estimating
the probability that ground shaking at a specified site will
exceed some intensity-measure level of engineering interest
(Cornell, 1968; Senior Seismic Hazard Analysis Committee
[SSHAC], 1997). The end-users of PSHA include decision-
makers concerned with land-use planning, the seismic safety
provisions of building codes, disaster preparation and
recovery, emergency response, and earthquake insurance;

E. H. Field e al.

Figure 1. Map of California and its boundary zone used to de-
velop UCERF 2, showing the three types of earthquake sources de-
scribed in this article: type-A faults (red), type-B faults (blue), and
type-C shear zones (as white-dashed polygons). The black-dashed
rectangle is the WGCEP (2003) Bay Area study region. The black
line divides the northern California region from the southern
California region. Colors depict the mean UCERF 2 participation
probability, the probability that a 0:1° x 0:1° geographic cell will
contain a portion of at least one fault rupture of M =6:7 during
the next 30 yr. California and its boundary zone (colored region
outside the state) is the same as the Regional Earthquake Likelihood
Models (RELM) testing region (Field, 2007a). Not shown are faults
that lie entirely outside California but within the boundary zone, as
well as the Cascadia megathrust, which extends offshore from
northern California to Canada.

engineers who need the probability of exceeding intensity-
measure levels for the design of buildings, critical facilities,
and lifelines; and organizations that promote public educa-
tion for mitigating earthquake risk. According to the Federal
Emergency Management Agency (FEMA), the earthquake
risk in California comprises about 75% of the national total
(FEMA, 2000), so there is a continuing need to improve
earthquake rupture forecasts within the state.

The present study (WGCEP, 2007) was initiated in Sep-
tember 2004, as a partnership among the USGS, the CGS, and
the Southern California Earthquake Center (SCEC). The pro-
ject was coordinated by a management oversight committee
(MOC), comprising leaders with the authority to commit re-
sources from the three participating organizations. The MOC
appointed a WGCEP executive committee and charged the
new working group with two main tasks: (1) to collaborate
with the NSHMP in producing a revised, time-independent
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Previous working groups (WGCEP, 1988, 1990, 1995, 2003) considered subsets of faults or subregions of California, high-

lighted in red on these maps (Field, 2007b). The present working group (WGCEP, 2007) has developed a UCERF that applies a common

methodology across the entire state.

forecast for California as input to the 2008 revisions of the
National Seismic Hazard Maps and (2) to create a uniform,
statewide, time-dependent model that among other purposes,
could be used by the California Earthquake Authority (CEA)
in setting earthquake-insurance rates. The completion date of
the study was set at 30 September 2007.

The CEA is a privately financed, publicly managed or-
ganization that was created by the California state legislature
in response to an earthquake-insurance availability crisis fol-
lowing the 1994 Northridge earthquake. It is currently the
largest provider of residential earthquake insurance in the
state of California. Its policies are sold only through partici-
pating insurance companies. The enabling legislation for the
CEA states that, “Rates shall be based on the best available

scientific information for assessing the risk of earthquake fre-
quency, severity and loss.” The California Insurance Code
places strictures on the evidence required by CEA to support
rate differential within the state:

“Scientific information from geologists, seismologists,
or similar experts shall not be conclusive to support
the establishment of different rates unless that informa-
tion, as analyzed by experts such as the United States
Geological Survey, the California Division of Mines
and Geology, and experts in the scientific or academic
community, clearly shows a higher risk of earthquake
frequency, severity, or loss between those most pop-
ulous rating territories to support those differences.”



Uniform California Earthquake Rupture Forecast, Version 2 (UCERF 2)

2057

Components of the Uniform California Earthquake Rupture Forecast 2

Fault
Models

Provides fault slip rates used to
calculate seismic moment
release.

Specifies the spatial geometry
of larger, more active faults.

Earthquake-Rate
Models

Gives the long-term rate of all
possible damaging earth-
quakes throughout a region.

Gives the probability that each
earthquake in the given Earth-
quake Rate Model will occur
during a specified time span.

Figure 3.

rates and aseismicity factors to each fault section; the earth-
quake rate model gives the long-term rate of all earthquakes
throughout the region above a specified threshold (chosen
here and by the NSHMP to be M =5); and the probability
model gives a probability for each event over a specified time
span. As described in the Earthquake Rate Models section,
the earthquake rate model is generally composed of three
types of sources (Fig. 1): ruptures on known active faults
(type-A and type-B sources defined in the following section),
earthquakes in zones of distributed shear (type-C sources de-
fined in the following section), and earthquakes distributed to
account for unknown faults (background sources).

A probabilistic rupture forecast must make simplifying
assumptions about the earthquake process. For example, the
potentially infinite number of possible earthquake ruptures
must be reduced to a practically manageable finite set. In so
doing, we have generally followed previous working groups
in terms of imposing fault segmentation (see Earthquake
Rate Models section). The advantages, limitations, and im-
plications of such assumptions are discussed in subsequent
sections.

To prototype and test the WGCEP (2007) modeling cap-
abilities, we constructed an initial time-dependent model,
UCERF 1 (Petersen, Cao, et al., 2007). The earthquake rate
model for UCERF 1 is almost the same as the NSHMP (2002)
California model; the only substantial difference was a new
option for the southern San Andreas fault. The UCERF 1
probability model applies WGCEP (2003) earthquake prob-
abilities to faults in the San Francisco Bay Area and a some-
what less sophisticated set of stress-renewal models for the
larger faults in southern California. This prototyping exercise
helped us to identify several modeling inconsistencies and
thereby improve the uniformity of the UCERF 2 model.

The documentation given here presents all elements
used in UCERF 2. ERM 2.3 constitutes the time-independent
forecast of UCERF 2 (because it completely specifies the
Poisson conditional probability). Thus, the time-independent
version of UCERF 2 is the same as the model used in the
NSHMP (2008) hazard maps.

Representation of Epistemic Uncertainty

Probabilistic statements about the timing, location, and
magnitude of future large earthquakes contain two basic

The four basic components of the UCERF 2 model.

types of uncertainty, and both must be quantified in the prob-
abilistic model. Epistemic uncertainty comes from lack of
knowledge (our inability to identify the correct model),
whereas aleatory uncertainty arises from the influence of
random chance within the context of a particular model
(SSHAC, 1997). Epistemic uncertainties are usually included
in seismic hazard analyses by constructing logic trees, where
each branch represents a viable alternative model or hypoth-
esis. In computing event probabilities, the branches are
weighted by collective expert opinion on the probability that
each represents the true state of nature. We have followed
this approach in developing the UCERF framework.

The modularity of the UCERF framework makes it
straightforward to include alternative branches, and Field
et al. (2005) have shown how the calculations can easily
be carried beyond earthquake probabilities to end-to-end
hazard analysis. However, the ideal of including every viable
scientific hypothesis as an alternative logic-tree branch is not
realistic for several reasons. The epistemic uncertainties re-
presented by alternative branches may be correlated, which
can complicate the assignment of plausible branch weights
(Page and Carlson, 2006). Many of the possible alternatives
actually contribute very little to the final uncertainties, so the
effort put into implementing more logic-tree branches was
weighed against the inherent limitations of the model. For
example, some of the alternatives that we think are most im-
portant have not been included in UCERF 2 because there is
not yet a scientific consensus on how to implement them as
quantified models; two important examples discussed in Ac-
complishments and Key Differences from Previous Studies
are fault-to-fault ruptures and earthquake-clustering effects.
Finally, the primary use of the model is in terms of mean
hazard and loss estimates rather than an explicit use of every
branch of the logic tree. We have balanced all of these con-
siderations in constructing the UCERF 2 logic tree. Our
choices were guided by the comprehensive logic tree built
by WGCEP (2003), which we used to help identify the most
important sources of epistemic uncertainty.

The final UCERF 2 logic tree incorporated 480 branches
that received nonzero weight. Figure 4 organizes these
branches in terms of the four basic model components de-
scribed in Figure 3. A number of other branches were also
investigated in the course of our analysis, but they were given
zero weights in the final model for reasons described in later
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Components of the Uniform California Earthquake Rupture Forecast 2
(abbreviated logic tree of 480 branches)

0.5
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Ellsworth-B
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Mag-Area
Relationships
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0.2 Hanks &
Bakun
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A. Fault Models

Provides fault slip rates used
to calculate seismic moment
release.

Specifies the spatial
geometry of larger,
more active faults.

out a region.

Figure 4.

E. H. Field ef al.
A-Priori 0.8 0.2
Segmented 0.5 0.5
b-value 0.7 05
Mo-Rate 05
Balance 0.0
0.3
0.5 Connect
More Type-B
Type-A Fault Faults?
Models
No 0.3
0.5
Un-Segmented 0.7
...... same as above . .
0.3

C. Earthquake-Rate Models

Gives the long-term rate of all possible damaging earthquakes through-

Gives the probability that
each earthquake in the
given Earthquake Rate
Model will occur during a
specified time span.

Branches of the UCERF logic tree that received nonzero weights (black numbers) in the final model calculations. The branches

are organized by the basic model components of Figure 3: fault models (green), deformation models (purple), earthquake rate models (blue),
and probability models (red). The branches and weighting decisions are described in the sections for each component.

sections. They remain in the UCERF framework as alternative
branches that can be assigned nonzero weights in any future
explorations of epistemic uncertainties.

Review and Consensus-Building Processes

UCERF 2 was constructed by members of the executive
committee and other key WGCEP scientists. All model ele-
ments and WGCEP documents were reviewed throughout the
duration of the project by an internal scientific review panel
(SRP) comprising experts who were not WGCEP members
(SRP members are listed in the acknowledgements). The
SRP reported to the management oversight committee
(MOC), which coordinated the review and oversaw the
consensus-building processes. External oversight and review
was provided by the National Earthquake Prediction Evalua-
tion Council (NEPEC) and the California Earthquake Pre-
diction Evaluation Council (CEPEC), as well as the CEA
multidisciplinary research team. The SRP, CEPEC, and NE-
PEC tracked model development throughout the WGCEP
(2007) process and reviewed the final report. It should be
acknowledged that some members of the review teams were
active participants in previous working groups on California
earthquake probabilities, and that we utilized some of their
previously developed models; this nonideal situation was

necessitated by the fact that it is virtually impossible to
assemble a review committee that is both qualified and com-
pletely independent.

We achieved the CEA goal of incorporating the best
available science by restricting our consideration to data
and methods that have been published or accepted for
publication in peer-reviewed scientific journals or as U.S.
Geological Survey Open File Reports. If relevant published
models differed significantly, we applied logic tree weighting
to represent the alternatives. Generally, two alternatives were
given equal weight in the absence of any clear evidence to
favor one over the other. When there was evidence to favor a
given branch, the assignment of relative weights was made
through a consensus-building process, which we describe for
each case.

Newly developed datasets and methods used in UCERF
2 have been documented as appendices to our previously
published USGS Open File Report (WGCEP, 2007), which
we refer to hereafter as our final report. Each appendix, listed
here in Table 2, was reviewed by the SRP and often by addi-
tional experts selected by the SRP. Although some of these
appendices have also been published as peer-reviewed jour-
nal papers, we refer to these appendices here by the corre-
sponding letter given in Table 2, as well as the full reference
to final report.
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Table 2
Appendices to the FinANGCEP (2007Report
Appendix Title Authors
A California Fault Parameters for the National Seismic Hazard Maps and WGGHiRs, C.J., R.J. Weldon Il, and W.A. Bryant
(2007)
B Recurrence Interval and Event Age Data for Type-A Faults Dawson, T.E., R.J. Weldon Il, and G.P. Biasi
C Monte Carlo Method for Determining Earthquake Recurrence Parameters fRarsons, T.
Short Paleoseismic Catalogs: Example Calculations for California
D Magnitude-Area Relationships Stein, R.S.
E Overview of the Southern San Andreas Fault Model Weldon II, R.J., G.P. Biasi, C.J. Wills, and T.E. Dawson
F Summary of Geologic Data and Developmera pfiori Rupture Models for the Dawson, T.E., T.K. Rockwell, R.J. Weldon II, and C.J.
Elsinore, San Jacinto, and Garlock Faults Wills
G Development of Final A-Fault Rupture Models for WGCEP/NSHMP Field, E.H., R.J. Weldon Il, V. Gupta, T. Parsons, C.J.
Earthquake Rate Model 2.3 Wills, T.E. Dawson, R.S. Stein, and M.D. Petersen
H WGCEP Historical California Earthquake Catalog Felzer, K.R. and T. Cao
| Calculating California Seismicity Rates Felzer, K.R.
J Spatial Seismicity Rates and Maximum Magnitudes for Background Petersen, M.D., C.S. Mueller, A.D. Frankel, and Y. Zeng
K A priori Rupture Models for Northern California Type-A Faults Wills, C.J., R.J. Weldon Il, and E.H. Field
L Cascadia Subduction Zone Frankel, A.D., and M.D. Petersen
M Empirical Estimation of Regional Time Variation in Seismicity Felzer, K.R.
N Conditional, Time-Dependent Probabilities for Segmented Type-A Faults in Field, E.H., and V. Gupta

WGCEP UCERF 2
Paleoseismic Investigations of the Walnut Site on the San Jacinto Fault Fumal, T.E. and K.J. Kendrick
Compilation of Surface Creep on California Faults and ComparidbGaEP  Wisely, B.A., D.A. Schmidt, and R.J. Weldon I
(2007) Deformation Model to PacifiéNorth America Plate Motion

TO

“All appendices can be cited as independent elements of this open file reportWhidg,isVeldon, and Bryant (2007 alifornia Fault Parameters for the
National Seismic Hazard Maps and WGQEB07) U.S. Geol. Surv. Open-File Rept. 2007-143&#dCalifornia Geol. Surv. Special Rept. 20@&eData
and Resourcesection).

Advice and comment for the scientific and engineeringe A historic earthquake catalog (Appendix Hrelzer
communities was sought regularly through open meetingsand Cao, 200y and its analysis (Appendices |,
and workshops during the several phasesGERFdevelop- Felzer, 2007a J, (Petersen, Muelleret al, 2007
ment. Participants included experts from academia, privateM, Felzer, 2007
and corporate providers of hazard assessments, consulting\ compilation of paleoseismic data (AppendixX&wson,
companies, and government agencies. A list of the major Weldon, and Biasi, 20Q7and corresponding recurrence
consensus-building activities is shown in TaBleNGCEP interval
progress was reported at major scientific gatherings suchestimates at key fault locations (Appendix arsons,
as annual meetings of the American Geophysical Union, 2007gb).
the Seismological Society of America, and the Southerm An evaluation of magnitude-area relationships (Appen-
California Earthquake Center. dix D, Stein, 2007.

A draft UCERF2 report was submitted for review on 30 « An evaluation of fault creep (Appendix Wisely et al,
September 2007. We received reviews fronstRe NEPEG 20079).

CEPEG and CEA multidisciplinary research team by 16  Development of priori rupture models for type-A faults
November 2007, and we addressed all review comments be-based on the analysis of paleoseismic data and geologic
fore submitting a revised report on 31 December 2007. The insights (Appendices BVeldonet al, 2007 F, Dawson,
revised report underwent additional review and revision prior Rockwell,et al, 2007 K, Wills, Weldon, and Field, 2007

to its finalization in mid-February 2008/GCER 2007). The  « The methodology and tools used to modify dngriori

only differences between our final report and tBISSA type-A fault-rupture models via generalized inversion to

article constitute clarifications requested in BI8SAreview be consistent with various constraints (Appendii@|d
process, formatting difference, and the exclusion of appen-et al, 2007).
dices here. « A complete model for the Cascadia subduction zone
(Appendix L, Frankel and Petersen, 2007
Key Products ¢ An evaluation and implementation of various time-

dependent earthquake-probability models (Appendix N,
Field and Gupta, 2007
* Open-source software for model implementation and
graphical user interface-based evaluation tools [sda
 Fault data (Appendix ANills, Weldon, and Bryant, 2007 and Resourcés

This report summarizes all elements of tW&CEP
(2007) study. In particular, we describe the following key
products:
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The total, cumulative magnitude-frequency distribution implied by ERM 2.3 (black), as well as the contributions from the

various types of sources in the model. The cumulative rates inferred from the historical earthquake catalog are shown in red; the outer red
crosses represent the 95% confidence bounds of Felzer (2007a), which are taken from table 21 of Appendix | (Felzer, 2007a). Cascadia is not

included.

Figure 16.
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Figure 17. The cumulative magnitude-frequency distribution for each branch of the UCERF 2 logic tree (black), plus the 2.5, 50, and
97.5 percentiles (blue). The mean is also shown (orange) but is generally hidden behind the fiftieth percentile (median). Note that the range of
values here does not represent all epistemic uncertainties just those spanned by the UCERF 2 logic tree. Cascadia is not included.

in Figure4 (and excluding Cascadia). Rdr 6:5, our mod-
el predicts an annual rate 6319 eventsyr; this exceeds various earthquake sources; the numerical values for these
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Figure 15 also displays the contributions from the

the historically observed rate by 33%, though it lies withincumulative distributions are listed in TaBl& he correspond-

the 95% confidence bounds on the observed rate.
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Figure 18. Comparison of cumulative, magnitude-frequency distribution of earthquake rate model 2.3 with that of the (IGBayIP
model (blue). The observed rates are plotted in red as in Fil§u@ascadia is not included.
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0:1° x 0:1° cell for a 5 yr period (again, excluding Cascadia).
We can also calculate this rate by extrapolating the M =5 rate
to M =6:5 using a b-value of 0.8; the ratio of these two rates
is mapped in Figure 19b. The red colors on this map show
where the ERM 2.3 rate is greater than the extrapolated rate
and, thus, identify the model elements that contribute to the
bulge. These include nearly all type-A and type-B faults, as
well as all type-C zones except the Sierra Frontal shear zone.

Within the UCERF 2 model framework, the potentially
important issues related to the bulge are (a) the segmentation
of faults and assumed characteristic magnitude-frequency
distribution, (b) the exclusion of fault-to-fault ruptures that
link up type-B and type-A faults, (c) uncertain geologic fault
slip rates and shear rigidity assumptions, (d) uncertainties on
upper and lower seismogenic depth or other aseismic effects,
and (e) uncertainties on magnitude-area relationships.

The overestimate of 6:0 > M > 7:0 earthquakes is likely
to be a consequence of the characteristic magnitude-
frequency distribution applied to our type-A and type-B
faults. By characteristic, we mean that the rate of events near

E. H. Field e al.

the largest magnitudes is high compared to the extrapolation
of a Gutenberg-Richter distribution from the observed rate at
lower magnitudes (Schwartz and Coppersmith, 1984). Be-
cause the vast majority of fault sources have maximum mag-
nitudes near 7.0, at least as currently defined, then the total
sum over all faults will inevitably have relatively high rates at
these magnitudes. Therefore, the background seismicity
must have an antibulge in order to match a Gutenberg-
Richter for the entire region. For this reason, the back-
ground-seismicity rate was reduced by a factor of 3 for M =
6:5 events (see the Background Seismicity Rate Models
section), which explains why the ratio for the background
seismicity in Figure 19b is less than unity (blue). This mod-
ification appreciably reduced the bulge between the NSHMP
(2002) and the current model (Fig. 18).

Alternatively, the assumed characteristic magnitude-
frequency distribution for faults may be incorrect. For ex-
ample, most of forecasts submitted as part of the Regional
Earthquake Likelihood Models (RELM) project (Field,
2007a) assumed that every point in space exhibits a

Figure 19. Map on the left shows the expected number of M =6:5 hypocenters in 0:1° x 0:1° bins in a 5 yr period predicted by earth-
quake rate model 2.3. Map on the right shows the ratio obtained by dividing this expected value by the number of M =6:5 events extrapolated
from the expected number of M =5:0 events using a b-value of 0.8. The hot colors on the right therefore indicate areas that have a greater
number of M =6:5 events than predicted by the Gutenberg-Richter distribution; that is, these areas contribute to the bulge discussed in the

text. Cascadia is not included.
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GutenbergRichter distribution of hypocenters that is incom- For the entire region, our deformation model accounts
patible with the characteristic magnitude-frequency distribufor 90% to 96% of the plate motion (depending upon average
tion for faults. Further research on how real faults behave f&ult depths, Tabld0) and is consistent with simple shear
clearly warranted. parallel to the plate boundary (i.e., has calculated principal
Another culprit for the bulge could be fault-to-fault strain axes oriented only 5.9° from those produced by plate
ruptures not representedBRM 2.3. A non-Californian ex- motion and minimal 3.8% crustal thickening, Tab®. The
ample is the 2002 Denali earthquake, which began on the%-10% differences between our model and values expected
Susitna Glacier fault, jumped onto the Denali fault, and thefor the plate boundary are almost certainly within the com-
jumped off onto the Totschunda fault rather than taking a®ined uncertainties ( for discussion of uncertainty ranges see
obvious extension of the Denali faulEHerhartPhillips  Appendix P;Wisely et al, 2007. If significant, the addi-
et al, 2003. The 1992 Landers earthquake is another exantional strain implied by the slightly greater plate motion
ple that, until it happened, was not included in ttgHmp  ( 10%) may be accommodated aseismically. The results
models. Allowing more fault-to-fault ruptures in the model@dree quite well with the line integrals discussed previously,
would, to some extent, reduce the rate of intermediate siz&$Pecially for regions dominated by long, highly active
events and increase the rate of larger events. Even if suéHike-slip faults aligned subparallel to the plate boundary.

fault-to-fault ruptures are rare, they may release enough sel§terestingly, in the Los Angeles region (represented by
mic moment to significantly reduce the rate of eventdh® Transverse Ranges path integral, &ighe strain tensor
nearM 6.5. approach appears to capture the entire plate motion, whereas

We also tested the magnitude-frequency distributions df'€ line integral does not. This is probably becaus eol-
the UCERF 2 model by dividing the state into the northern ume is a better way to characterize the many discontinuous

and southern regions shown in FigargFig. 20). The model faults in this region than attempting to draw a representative

fits the observed seismicity rates better in southern CalifOIanth acrosls a S#bf‘ﬁff of ther‘rl;. h q h
nia, where the rate is higher. In comparison, the model rat(e’ l.fTo exp oret T. |herenc_e gtwr?el? nort er(rjl_anl sout hern
for northern California region shows a bulge similar to the Iatl ot;ma, (;Ne Stﬁ It itrﬁglon tlr? a pdergfr? Ilgu i}[ t?dt N
statewide distribution, exceeding the 95% confidence intef2 ar€ boundarythrough the northern end of the Farkhield sec-

) S o tion of the San Andreas fault (southern end of the creeping
vals on observed ratesdt 6:5. Contributing to this mis-

. . . s%ction) and consideredl00 km wide boxes centered on
match is an apparent decrease (antibulge) in the observgan Francisco and Los Angeles (Fid). All subregions ap-
rate, though we note that a Gutenb&ighter distribution g ) 9 P

; , .__proximate the plate motion in strain rate, the orientation of
0 1

can be adjusted to pass through the 95% confidence I"“'Esalculated principal strain axes, and the small fraction of

on the observed rates.

thickening or thinning of the boxes consistent with the trans-

. form plate margin (Tablé&0).
Integrated Strain Tensor TestTo test theUCERF2 defor- b gin ( )

mation and earthquake rate models. w nstructed strain We also calculated how much strain is accounted for
ation and earthquaxe rate modeis, we constructed s %yearthquakeswithin our model (i.e., excluding aseismic slip
tensors for the model region and compared them to predi

fhat contributes to our deformation model and the plate rate).
tions from the far-field PacifiéNorth American plate mo- P )

. . For the entire region, our seismic source model accounts for
tion. Conceptually, strain tensors measure the net changem%Of the plate motion (64.6% plus an estimated 5% for

in shape of a box3p volume) associated with the deforma- e shocks that are not included in the model). This is very
tion caused by all of the faults (in a deformation model) of,hgistent with the global average seismic component of
earthquakes (in a source model) within the box. In this tes&trike-slip plate boundarieBitd and Kagan, 2004

we compared the resulting magnitude and orientation of prin-  geveral detailed differences are worth noting. The San
cipal strain axes calculated from the strain tensors with therancisco region matches the regional rates very closely
same values expected for the plate motion deforming equivgnd shear is almost exactly aligned with the plate motion,
lent volumes. We used thostrov (1974)method as pre-  gggesting that this region is very well modeled. The regions
sented inAki and Richards (1980)details of our data north of San Francisco and south of Los Angeles are a bit
input, calculations, results, references describing the limitasigh and low, respectively (Tabl&0). As discussed in
tions of the method, and additional discussion are included iAppendix P Wisely et al, 2007. These regions are very
Appendix P sensitive to where the model is cut off, due to the transition
(Wiselyet al, 2007). We have considered sevéDvolumes  to Cascadia to the north and the lack of mapped faults in
oriented perpendicular to the plate-boundary (Big; the  Mexico to the south. Alternative choices lead to significantly
results are summarized in Tahl®. Data input include different results. The Los Angeles region is slightly higher
the slip rates of all type-A and type-B faults and the sheathan expected, probably due to the detailed location of the
across type-C zones, the rate of background seismicity (alsex, which captures most of the thrust faults in the Trans-
sumed to have the same style as the faults or modeled eartlerse Ranges and the major regional strike-slip faults. The
guakes in the same volume), the depths of the faults, and tlseismic components for northern and southern California
thickness of the block being deformed. are 56.7% and 78.4%, respectively. This difference is
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Magnitude Frequency Distribution
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Figure 20. AsFigurel5, but separated into northern California (A) versus southern California (B). Note here, however, that type-B faults
are not separated into their characteristic versus Guteiitiehter components. Cascadia is not included.

almost certainly significant and is due to the facts that thenic component of the strain. We conclude that the difference
northern California block contains the creeping section obetween northern and southern California represents real dif-
the San Andreas fault, major faults in the Bay Area have siderences in the seismic component of the strain across the
nificant aseismicity factors, and the rapidly slipping easterplate boundary and not a bias in the model.

California type-C zone is given a 50% aseismicity factor. In  In summary, our deformation model is remarkably
addition, the southern California block has many more typeconsistent along the entire length of the plate boundary in
B faults that are reverse in style; owing to their low dip andCalifornia and very consistent in both magnitude and style
lack of aseismicity, they contribute significantly to the seiswith the plate motion that drives it. Our source model
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quantifying the implications afCERF2. Specifically, in ad- Magnitude Probability Distribution from All Sources
dition to giving the probability and magnitude of each dis- WGCEP (2003) Region
crete rupture, we cite the aggregate probability of having RN AN
events greater than or equal to specified magnitudes in dif- : o
ferent regions throughout the state, on various source types, N \ A,
on specific faults, and on type-A fault segments. We also cal- -8 N i
culate participation probability maps, which display the v \
probabilities that an individudl:1° x 0:1° cell in the state- AR
wide grid will be traversed by a fault rupture (of any sourcez o5 . \
type) above a specified magnitude threshold. % \ \ \
In these calculations, we generally cite the mean probCE % K
ability obtained from the 480 logic-tree branches (or parti—§ 04 \ \ \‘
cularly noteworthy subsets of branches) that are computeg‘:l) ' YoV
using the final branch weights. We also cite the minimum o\ 8
and maximum probabilities obtained from the total set of \ \\\
branches as a measure of the spread. We emphasize that thesé-2 \x. b
extreme values do not represent any particular confidence AN \\\
level, nor do they represent absolute limits, owing to inherent AN S
limitations of the model that does not implement every type JRRS SN
of epistemic uncertainty. Rather, the maximum and mini-
mum values represent extreme values within the context
of our particular logic tree. All time-dependent probabilities
cited here are for a start year of 2007 and unless otherwisggyre 25. A comparison of the meatCERF 2 cumulative
noted, for a forecast duration of 30 yr. Detailed listings ofmagnitude-probability distribution for all events in the Bay Area
probabilities, including those for a 5 yr forecast and comstudy region (blue line) with the results of WGCE®O03) (red

parisons with results of previous studies, are given in théymbols). The dashed blue lines represent the minimum and max-
WGCEP (2007)Excel spreadsheet imum values sampled from the UCERF 2 logic-tree branches. The

. - red error bars represent the 95% confidence bounds computed by
Except where OtherW'S? stated, the prObab'“t_'eS O{VGCEP(2003) The boundaries of th#GCEP(2003)study region
earthquakes on the Cascadia megathrust are not include@ shown in Figurd.

in our probability calculations to order to distinguish the con-
tributions. Cascadia probabilities have been calculated usin .
the probability model described in tl@ascadia Probability tﬁey sampled by a Monte Carlo method 10,000 times to gen-

Modelsection and Appendix LEgankel and Petersen, 2007 erate a full probability distribution. The agreement in
and are presented separately (e.g., in B2y Figure25 implies that we succeeded in capturing their most

important epistemic uncertainties in part because we were
guided by the comprehensive uncertainty analysis of the

Regional Probabilities WGCEP (2003) report.

As a validation step, we first make a direct comparison _F19ure26 gives the 30 yr magnitude-probability distri-
with the main results aVGCEP(2003) Figure25 shows the bution for the gntlrg study region (exclgdlng Cascadia earth-
UCERF2 cumulative magnitude-probability distribution for duakes). Considering all sources, Californians can be nearly
the Bay Area box considered BGCEP(2003) that is, the ~ Certain of having an earthquakeMf 6:5 during the next
probability of having events greater than or equal to a spe30 Yr period; indeed, the odds of ah 6:7 event reach
cified magnitude within this region. The most widely cited99-7%. The mean probability of a4  7:0 event is about
number from tha@VGCEP(2003)report is a total probability 94% with a minimum of 85% and a maximum of 99%.
of 0.62 for anM  6:7 event in the Bay Area. As shown in The chance of an earthquakeMdf 7:5is 46% with a mini-
Figure 25, our mean probability of 0.63 is consistent with mum of 29% and a maximum of 65%. Rdr 8:0, the mean
their number; moreover, our minimum and maximum probprobability is 4.5% with a minimum of zero and a maximum
abilities (0.41 and 0.84, respectively) agree very well wittof 11%. The probabilities calculated for the largest magni-
their 2.5% and 97.5% confidence bounds (0.38 and 0.85, réude events should be used with caution because they depend
spectively). The same good agreement is found with theritically on rupture scenarios that involve fault lengths
WGCEP(2003) probabilities forM 7 andM  7:5 events, longer than historically observed rupture events as well as
which are also plotted in Figus. TheUCERF2 logic tree  an extrapolation of scaling relationships beyond the limits
has 80 branches in this region (a factor of 6 less than 480f the empirical data.
because none of our alternative deformation models influ- For comparison, Figur26 includes a plot for a theore-
ence Bay Area ruptures), whereasGCEP (2003) con- tical GutenbergRichter distribution with &-value of 0.8, a
structed a logic tree with many more branches, whicliate ofM 5:0 events equal to that predicted by our model,

5.0 5.5 6.0 6.5 7.0 7.5 8.0
Magnitude
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Magnitude Probability Distribution by Source Type
Northern California
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Figure 29. Cumulative magnitude-probability distributions for different source types in northern California (excluding Cascadia).

lists aggregaté 6:7 probabilities for each fault in des- probability of anM 8:0 event is 12%, and the probability
cending order; the Calaveras falls near the bottom of the lisvf a full-subduction-zone eveni( 8:8) is 5.4%.
and the Hayward and San Jacinto faults are runners up to the
southern San Andreas. Also listed in TabBare the mean Rupture Probabilities. Individual UCERF 2 rupture prob-
probabilities and 95% confidence bounds for those faultgbilities for every branch of the logic tree are tabulated in
considered byWGCEP(2003) all are in good agreement with Appendix N Field and Gupta, 20Q7for the segmented
our results. Th  6:7 probabilities for the San Jacinto and type-A faults. Sheets—2 of the WGCEP (2007) Excel
Elsinore faults show a factor-of-two difference between thépreadsheet lists logic-tree average probabilities for each rup-
WGCEP(1995)and WGCEP(2007)estimates, which reflect ture on each type-A fault, as well as other information such
our inclusion of multisegment ruptures and other new datas comparisons with time-independent probabilities and the
for these faults in the present studly. results of previous studies (e 8/GCER 1995 2003 where
possible. Note that probability gains, defined as the time-
Total Type-B Fault Probabilities. Table14 lists all type-B ~ dependent probability divided by the time-independent
faults for which the average 30 yr probabilityMf 6:7is  probability, can vary between the 5 and 30 yr forecasts.
greater than 5% (along with the maximum magnitudes). The largest differences are for ruptures that have shorter re-
currence intervals. A good example is the Parkfield rupture,
Cascadia Probabilities. The total magnitude-probability which has a recurrence interval of about 30 yr; the gain for a
distribution for Cascadia is shown in FiguB2 The 30 yr 5 yr forecast is 0.39 while that for a 30 yr forecast is 0.96.
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Magnitude Probability Distribution of Type-A Faults
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Figure 31. Cumulative magnitude-probability distributions for each type-A falGiCEP(1995)results are shown in green and WGCEP
(2003)in red. See Tablé3 for values.

Probabilities for the North Coast and Peninsula segfrom the 1906 event was 3.65 m in w&CEP(2003)model
ments of the San AndreaSAN andSAPR respectively, as de- taken fromThatcheret al. (1997) Dividing by the average
fined in Table5) are about 25% lower than thoseVeGCEP  slip rate of0:017 m=yr yields a recurrence interval 215 yr
(2003) because we did not include their time-predictableaccording to theWGCEP (2003) time-predictable model,
model. For example, the average slip on 8 segment 13% less than our average recurrence interval of 246 yr.
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Table 14

The Maximum Magnitudes and M =6:7, 30 yr Probability for all Type-B Faults for which the Mean
Probability is = 5%"

Maximum Magnitude

Fault Name M = 6:7 Probability (%) Mean (Min-Max)
Ellsworth-B Hanks and Bakun
Imperial 7 6.8 27% [21-31]
Maacama—Garberville 7.4 7.3 13% [9-15]
Bartlett Springs 7.3 7.2 9% [7-11]
Hunting Creek-Berryessa 7.1 6.9 9% [5-12]
Little Salmon (onshore) 7.1 7.0 8% [6-10]
San Cayetano 7.2 7.1 8% [5-11]
Death Valley (number) 7.3 7.3 7% [6-8]
Death Valley (number of Cucamongo) 7.2 7.1 7% [5-9]
San Gregorio connected 7.5 7.4 7% [4-9]
Death Valley (Black Mountains frontal) 7.3 7.1 6% [4-8]
Laguna Salada 7.3 7.2 6% [4-6]
Oak Ridge (onshore) 7.2 7.1 5% [3-7]
Santa Susana, alternative 1 6.9 6.7 5% [3-8]
Death Valley connected 7.8 7.9 5% [3-7]
Anacapa-Dume, alternative 1 7.2 7.1 5% [4-6]
Death Valley (So) 6.9 6.7 5% [4-6]
Oak Ridge connected 7.4 73 5% [3-6]
Palos Verdes 7.3 7.2 5% [3-6]
Anacapa-Dume, alternative 2 7.2 7.1 5% [3-5]
Coronado Bank 7.4 7.3 5% [3-5]

“Min and max values represent limits from the logic tree and do not correspond to a particular confidence level.
All probabilities are rounded to the nearest percent. Maximum magnitudes represent the upper magnitude of the
Gutenberg-Richter distribution and the average magnitude of characteristic events.

rates on this part of the fault. Our mean recurrence interval of
156 yr for the Coachella Valley segment is consistent with
the 160 yr value used by WGCEP (1995) in their time-
predictable and renewal models. However, they also included

Figure 33.
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a dates model based on paleoseismic observations for which
the recurrence interval was 220 yr, which caused their total
average probability to be 0.22, compared to our value

of 0.34.

Fence diagram of 30 yr segment probabilities for M =6:7 events on type-A faults in northern California, where the height of

each fence is proportional to the probability (with the dotted line representing 100%). Pink and blue shading indicate the degree to which our
segment probabilities are above or below, respectively, the long-term (Poisson) probabilities. The dashed lines represent the 30 yr prob-
abilities from WGCEP (2003), for which the start year was 2002.
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Figure 35.
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Participation probability maps, displaying the mean UCERF 2 probabilities that an individual 0:1° < 0:1° cell in the statewide

grid will be involved in a fault rupture of any source type above the specified magnitude threshold during the next 30 yr. The magnitude
thresholds shown here are M =5:0, 6.7, and 7.7. Probability color scale is logarithmic; that is, each decrement unit represents a 10-fold
decrease in probability. These maps include ruptures on the Casacdia megathrust beneath northwestern California.

Figure 36 shows the ratio of the time-dependent map for
M =6:7 in Figure 35 to an equivalent time-independent map
(where all sources in UCERF 2 are treated as Poissonian). The
influence of the empirical model is clear in this figure, caus-
ing the vast majority of cells to have lower time-dependent
probabilities. The exceptions are the type-A faults that have
large probability gains according to the BPT model, such as
the southern San Andreas, and the Cascadia megathrust.

Probability Sensitivity Analysis

To understand the epistemic uncertainties, we need to
know which logic-tree branches exert the most influence
on the mean probabilities. Figure 37a shows a histogram
of probabilities of M =6:7 events inside the WGCEP
(2003) region obtained from all branches of the logic tree.
The histogram bars in maroon give the contribution from
the empirical model and the blue bars give the contribution
from the BPT/Poisson branches. The mean for the empirical
model is 46%, whereas that of the BPT/Poisson branches is
70%, very consistent with the results of WGCEP (2003) mod-
el, which obtained regional values of 44% for their Empirical
model and 60% and 72% for their Poisson and BPT models,
respectively. Figure 37b shows a similar trend for M =7:5
events throughout the entire study region; the empirical mod-
el average is 35%, and the BPT/Poisson average is 51%. The
empirical versus BPT/Poisson probability-model branch is by
far the most influential in our logic tree.

Figure 38b shows the influence of magnitude-area rela-
tionship on the probability of all M =7:5 events in the study

region. The Ellsworth-B relationship has an average prob-
ability of 49%, whereas Hanks and Bakun has an average
of 44%. This is consistent with the latter relationships having
higher magnitudes for given rupture areas and therefore low-
er rates in a moment-balanced model. Figure 38a shows the
same plot for all M =6:7 in the WGCEP (2003) region, where
the interpretation is not so simple. The mean probabilities for
these two cases are nearly identical, but the Hanks and Bakun
relationship shows a wider spread due to the fact that it pre-
dicts both lower and higher magnitudes, compared to
Ellsworth-B, at lower and higher rupture areas, respectively
(the moment-balanced versus a priori branches may be
influential as well).

Figure 39 shows the influence of aperiodicity on the
probability of M =7:0 events on segmented type-A faults,
the only branch that utilizes the BPT model. There is a per-
ceptible influence with lower aperiodicities producing higher
probabilities, but the effect is relatively small and does not
influence final mean probabilities.

Discussion

Model Limitations and Opportunities for
Future Improvements

It is important to note that not all epistemic uncertainties
have been accounted for in UCERF 2. Those available but
given zero weight in our final logic tree, include alternatives
for the following: (1) alternative moment-rate reductions on
faults (e.g., for smaller earthquakes and aftershocks); (2)
the fraction of characteristic versus Gutenberg—Righter
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or more relevant than renewal models at large magnitudes?
The present working group acknowledges that the answers to
these questions may be yes. Even WGCEP (1990) addressed
this possibility by noting a number of suggestive earthquake
pairings in the nineteenth century. More recent, proximal sets
of events in California include: (1) the 1971 San Fernando
and 1994 Northridge earthquakes; (2) the 1991 Joshua Tree,
1992 Landers, 1992 Big Bear, and 1999 Hector Mine earth-
quakes; and (3) the 2003 San Simeon and 2004 Parkfield
earthquakes.

The USGS recently went public with a CEPEC-endorsed
short-term earthquake probability (STEP) model that pro-
duces 24 hr forecasts based on empirical aftershock statistics
(Gerstenberger er al., 2005). An interesting implication of
this model is that the highest probability for a large event
on the southern San Andreas fault (SAF), for example, will
be the moment after it actually happens. Many advocates of
elastic-rebound theory would take issue with this behavior.
However, the two overall perspectives are not necessarily in-
compatible, as a renewal model might be most appropriate
for the patch of fault that has just ruptured, whereas a trig-
gering model might be more appropriate for those in the
general vicinity. We believe a high priority should be placed
on the implementation of such clustering models, especially
to the extent that user communities are interested in shorter-
term forecasts. As we noted, we do not believe that ac-
counting for potential triggering effects from any recent
earthquakes would have significantly changed our findings,
especially if all uncertainties associated with such calcula-
tions were accounted for. Nevertheless, this could change
with the occurrence of one sizable earthquake.

Extent of Earthquake Rupture Surfaces. Inconsistencies
among currently published magnitude-area relationships
need to be resolved. Our choices were based in part on
the influence they had on our overprediction of earthquake
rates near M 6.5. Interestingly, the relationships we preferred
on this basis are precisely those that physics-based waveform
modelers find problematic (because the implied high stress
drops map into unrealistically high ground motions). Related
to this issue is our definition of average upper- and lower-
seismogenic depth, as well as our aseismicity factors and
coupling coefficients. In reality, faults do not transition from
seismic to aseismic at any one particular depth, and indeed,
there is likely a conditionally stable zone implying these
depths may be magnitude dependent. We need consilience
on the inter-relationship of all these physical attributes.

Model Complexity. Our models have become more and
more complex with each working group. One manifestation
is that the volume of model documentation has seemingly
followed a power-law increase with time (known informally
as Dieterich’s law). This obviously makes the models more
difficult to review but also makes them more prone to error
with respect to implementation. Is increased complexity
endemic to the development of system-level models, or is
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it a reflection of a patchwork approach taken in improving
the models?

In our current framework, considerable time and effort
goes into deciding whether a fault is type A or type B, iden-
tifying where one fault ends and another begins, and in add-
ing type-C shear zones in areas where the faults and
background seismicity do not seem to add up. If nature does
not honor such distinctions by virtue of exhibiting a fractal
distribution of faults, for example, then perhaps we should be
looking for a model that does not need them.

We believe that simpler, system-level earthquake models
need to be developed. One promising approach includes phy-
sics-based earthquake simulators (e.g., Ward, 2000; Rundle
et al., 2006). In fact, these models appear to solve many of
the problems we face, including the relaxation of segmenta-
tion assumptions, allowing fault-to-fault ruptures, exhibiting
self-consistent elastic-rebound behavior, and including clus-
tering and triggering effects. Significant issues exist with
such simulators, however, such as how to adequately repre-
sent epistemic uncertainties given so many free parameters,
and how to forecast future events when you cannot directly
impose recent earthquake history. At the very least, earth-
quake simulators should prove valuable in terms of guiding
the development of alternative approaches just as waveform
modeling has helped guide the functional form of empirical
attenuation relationships (e.g., Power et al., 2008).

Other Issues. \We need more quantitative and objective ways
of assigning logic-tree branches; that is., systematic proce-
dures based on Bayesian methods. We also need earthquake
loss evaluation tools for the purpose of identifying and trim-
ming unimportant logic-tree branches. Further development
of kinematically consistent deformation models could have
a significant impact on future models. Progress on the age-
old debate on whether faults exhibit Gutenberg—Richter or
characteristic magnitude-frequency distributions would be
very helpful. Part of the problem has been differences in
how the fault is defined, which is perhaps inevitable given
the fractal nature of the system. The more relevant question
is whether each patch (or small volume) on a fault exhibits a
Gutenberg-Richter or characteristic distribution of hypocen-
ters. Finally, a better understanding of the empirical probabil-
ity model is in order, especially given the fact that the stress-
shadow interpretation of 2003 is called into question by the
fact that most of the state appears to be in an seismicity lull.

Most of the above issues were recognized at the begin-
ning of the project. However, project deadlines impeded their
resolution as did the specific needs of the user community.
As an example of the latter, the current building code devel-
opment relies on defining an average deterministic event for
each fault source. In a model where segmentation is relaxed
and faults are allowed to rupture together, it is not clear
whether a meaningful definition of an average event exists.
It was also made clear to us that due to computational de-
mands, loss modelers would not have been able to process
the much larger number of ruptures that would exist in such a



