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Except where noted, all magnitudes (M) referenced here
represent moment magnitude.

Introduction

Background

The 38 million residents of California live among some
of the most active earthquake faults in the United States, so
efforts to promote public safety and community resilience
require credible assessments of the earthquake hazard. The
best tool for quantifying the earthquake threat is probabilistic
seismic-hazard analysis (PSHA; see Table1 for list of acro-
nyms), which quantifies the likelihood that ground shaking
will exceed various levels during a given time period (Cor-
nell, 1968). End users ofPSHA include those charged with
land-use planning, building-code revisions, disaster prepara-
tion and recovery, emergency response, and the design of
lifelines and critical facilities, as well as organizations that
promote public education for risk mitigation (National Re-
search Council, 2011).

One of the main modeling components ofPSHA is an
earthquake rupture forecast (ERF), which quantifies the prob-
ability of all damaging earthquakes in a region for a given
timespan, above some magnitude threshold, and at some
level of discretization deemed adequate for hazard assess-
ment.ERFs are also useful for choosing earthquake-planning
scenarios (e.g.,Wald et al., 2005) and for quantifying what
events might be unfolding in an earthquake early warning
system (e.g.,Cuaet al., 2009).

Two different entities have traditionally developed offi-
cial ERFs for California. One is the National Seismic Hazard
Mapping Program (NSHMP) of the U.S. Geological Survey
(USGS), which has developed statewide, time-independent
(long-term) models for use in the national seismic-hazard

maps (e.g.,Algermissenet al., 1982; Frankelet al., 1996,
2002; Petersenet al., 2008). The other officialERFs were from
the Working Groups on California Earthquake Probabilities

Table 1
List of Acronyms

Acronym Definition

10in50 10%-in-50-year exceedance probability
1in100 1%-in-100-year exceedance probability
2in50 2%-in-50-year exceedance probability
ABM Averaged block model
BSSC Building Seismic Safety Council
CEA California Earthquake Authority
CEPEC California Earthquake Prediction

Evaluation Council
CGS California Geological Survey
COV Coefficient of variation
EllsworthB Ellsworth B (WGCEP, 2003) magnitude–

area relationship (equation2)
ERF Earthquake rupture forecast
ETAS Epidemic-type aftershock sequence
ExCom Executive Committee
FM Fault model
GPS Global Positioning System
GR Gutenberg-Richter
HanksBakun08 Hanks and Bakun (2008)magnitude–area

relationship (equation1)
InSAR Interferometric Synthetic Aperture Radar
LA Los Angeles
MFD Magnitude–frequency distribution
MOC Management Oversight Committee
MRI Mean recurrence interval
MRT Multidisciplinary Research Team
NEHRP National Earthquake Hazards Reduction

Program
NEPEC National Earthquake Prediction

Evaluation Council
NSHMP National Seismic Hazard Mapping

Program
Off-Fault Spatial Seis

PDF (or Spatial PDF)
Spatial distribution of off-fault gridded

seismicity set by choosing one of the
spatial probability density maps

OpenSHA Open-source, Java-based platform for
conducting seismic-hazard analysis

PGA Peak ground acceleration
PSHA Probabilistic seismic-hazard analysis
RELM Regional Earthquake Likelihood Models
SA Spectral acceleration
SAF San Andreas fault
SCEC Southern California Earthquake Center
SF San Francisco
Shaw09mod Modified version ofShaw (2009)

magnitude–area relationship, as
justified in Appendix E (Shaw, 2013b)
(equation3)

Spatial PDF (or Off-
Fault Spatial Seis
PDF)

Spatial distribution of off-fault gridded
seismicity set by choosing one of the
spatial probability density maps

SRP Scientific Review Panel
USGS United States Geological Survey
UCERF Uniform California Earthquake Rupture

Forecast
WGCEP Working Group on California Earthquake

Probabilities
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(e.g.,WGCEP, 1988, 1990, 1995, and2003), which devel-
oped time-dependent models based on theReid (1911)elastic
rebound theory (in which probabilities drop on a fault after
experiencing a rupture and build back up with time as tectonic
stresses reaccumulate). These WGCEP models, however,
only covered a subset of California; seeField (2007)for a
review.

The 1994 Northridge earthquake led to an insurance-
availability crisis, which prompted the California legislature
to create the California Earthquake Authority (CEA), a pub-
licly managed provider of residential earthquake insurance
that is funded primarily by participating private insurance
companies. CEA currently holds about two-thirds of all such
policies in California, making it one of the largest residential
earthquake insurance providers in the world. The enabling
legislation for CEA states that insurance rates shall be based
on the“best available science” and that any statewide variabil-
ity in insurance rates must reflect actual risk differentials.
These requirements created the demand for a time-dependent
forecast based on uniform methodologies across the state,
which was lacking in the official models developed previ-
ously. Consequently, a new WGCEP effort was commissioned
in September 2004 and charged with developing a Uniform
California Earthquake Rupture Forecast (UCERF). The
project was collaborative between the USGS, the California
Geological Survey (CGS), and the Southern California Earth-
quake Center (SCEC), with significant funding from CEA.
This working group came to be known asWGCEP, 2007.

The first model developed byWGCEP, 2007, was a
prototype, UCERF1 (Petersen, Cao,et al., 2007), assembled
from available components without conforming to a consis-
tent time-dependent methodology statewide. The final con-
sensus model, UCERF2, was released to the public in
April 2008 as a USGS Open-File Report, including 16 appen-
dixes (WGCEP, 2007), and the main report was also published
in theBulletin of the Seismological Society of America(Field
et al., 2009). UCERF2 was the first statewide, time-dependent
model that used consistent methodologies, data-handling
standards, and uncertainty treatment in all regions. The entire
model was implemented in OpenSHA (Fieldet al., 2003; see
Data and Resources), an open-source, object-oriented compu-
tational framework for seismic hazard, which enabled unprec-
edented flexibility with respect toPSHAcalculations for any
or all of the alternative time-dependent components. The de-
velopment was also fully coordinated with theNSHMP, as the
time-independent version of UCERF2 was adopted for use in
the 2008 USGS national seismic-hazard maps (Petersen
et al., 2008).

Although WGCEP, 2007, was successful in terms of
stated goals, a number of issues were identified in the“Model
Limitations and Opportunities for Future Improvements” sec-
tion of the report. The most salient of these were (1) to relax
segmentation assumptions and include multifault ruptures and
(2) to incorporate spatiotemporal clustering for the time-
dependent forecasting of aftershocks and other triggered earth-
quake sequences. Both of these issues were subsequently, and

dramatically, exemplified following the UCERF2 publication,
by events such as the 2011M 9 Tohoku earthquake with re-
spect to segmentation (e.g.,Kagan and Jackson, 2013), the
2011M 6.3 Christchurch earthquake in terms of spatiotempo-
ral clustering (e.g.,Kaiseret al., 2012), and both the 2010
M 7.2 El Mayor–Cucapah and 2012M 8.6 Sumatra earth-
quakes in regard to multifault ruptures (e.g.,Haukssonet al.,
2011; Menget al., 2012). There is also now a substantial body
of literature on the viability of multifault ruptures (e.g.,Segall
and Pollard, 1980; Knuepfer, 1989; Harriset al., 1991; Harris
and Day, 1993; Lettiset al., 2002; Duan and Oglesby, 2006;
Wesnousky, 2006; Shaw and Dieterich, 2007; Black and Jack-
son, 2008; andFinzi and Langer, 2012).

A persistent problem in WGCEP andNSHMPstudies of
California seismicity has been the overprediction, or bulge,
in the modeled event rates betweenM 6.5 and 7.0 (e.g., the
“earthquake deficit” described inWGCEP, 1995). The
UCERF2 rates also showed a bulge in this magnitude range,
requiring ad hocadjustments to lower them to within the
95% confidence bounds of observed rates.WGCEP, 2007,
speculated that the relaxation of strict segmentation would
provide a better solution to the bulge problem, and they noted
that the multifault ruptures observed in the 1992 Landers,
California, and 2002 Denali, Alaska, earthquakes supported
this hypothesis.

In addition to the 2011M 6.3 Christchurch earthquake,
which demonstrated that aftershocks could be more damag-
ing than their mainshock (Kaiser et al., 2012), the 2009
L’Aquila, Italy, earthquake also exemplified the potentially
dire effects of earthquake triggering (van Stiphoutet al.,
2010). In fact, an international commission convened in the
aftermath of the latter earthquake (Jordanet al., 2011) con-
cluded that we need to move more aggressively toward op-
erational earthquake forecasting (OEF), which, by definition,
would include both authoritative, real-time forecasts and
official protocols for communicating implications to the pub-
lic (Jordanet al., 2011). Furthermore,OEF is now listed as
one of the strategic-action priorities of the USGS, with a goal
of providing“effective situational awareness” during hazard-
ous events and core responsibilities that include issuing
warnings and providing timely information to emergency
managers, the media, and the public (Holmeset al., 2013,
pp. 32–33).

Recognizing the limitations of UCERF2 and the rapid
pace of earthquake forecasting research, the USGS, CGS,
and SCEC reconstituted WGCEP in 2010 and, with support
from CEA, charged it with developing a new model,
UCERF3. This report presents the resultant time-independent
component of UCERF3, in which we relaxed segmentation
and included multifault ruptures via a generalized inversion
approach. A number of other issues have been addressed
as well, and virtually all datasets have been revised and up-
dated. Four different UCERF3 models were developed, evalu-
ated, and formally reviewed during the course of this project:
versions 3.0, 3.1, 3.2, and 3.3. The latter is the final time-
independent model presented here as UCERF3. Although a
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detailed version history is not provided in this report, the more
important changes are discussed in the context of lessons
learned.

The spatial domain of UCERF3 is the same as that used
for UCERF2, shown by the polygon surrounding California in
Figure 1. This is sometimes referred to as the “RELM” region,
as it was first adopted for the purpose of developing and test-
ing alternative forecasts in the Regional Earthquake Likeli-
hood Models (RELM) project (Field, 2007; Schorlemmer
et al., 2007). RELM has since expanded into the Collaboratory
for the Study of Earthquake Predictability (Zechar et al.,
2010), and the continued use of this evaluation region will
greatly facilitate formal, independent testing of UCERF3.

As with its predecessor, UCERF3 development has been
coordinated with the NSHMP, and the time-independent com-
ponent presented here has been formally adopted in the 2014
revisions to national seismic-hazard maps. The model for the
Cascadia subduction zone, which extends partway into
northern California from Oregon and Washington, was de-
veloped by a separate NSHMP working group. Coordination
with UCERF3 was achieved via joint participation in work-
shops (Table 2). Because the Cascadia model is largely de-

coupled from UCERF3 and presented elsewhere (Frankel
and Petersen, 2013), we do not discuss it here.

The complete documentation of the UCERF3 time-
independent model, including appendixes and supplemen-
tary materials, is available as a USGS Open-File Report
(Field et al., 2013). A number of key products were devel-
oped for UCERF3, most of which are represented in the vari-
ous appendixes listed in Table 3. Each appendix was
reviewed by the UCERF3 Scientific Review Panel (SRP), de-
fined in the Participants, Review, and Consensus Building
section, and often by additional experts selected by the
SRP chair. Although some of these appendixes also have
been published as peer-reviewed journal papers, we refer
to these appendixes here by the corresponding letter given
in Table 3, as well as the full reference to the report. All
are noteworthy achievements in and of themselves, and many
will be of broader interest. For example, the UCERF3 defor-
mation models (Appendix C, Parsons et al., 2013) can be
used in developing physics-based earthquake simulators
(e.g., Tullis et al., 2012).

The time-dependent components of UCERF3 will be the
topic of future reports. For instance, we attempt to include spa-

Figure 1. 3D perspective view of California, showing the 2606 fault sections (black rectangles) of UCERF Fault Model 3.1 (FM 3.1).
Colors indicate the long-term rate at which each area participates in M � 6:7 earthquakes, averaged over all 720 UCERF3 logic-tree branches
for FM 3.1 and including aftershocks. The entire colored area represents the UCERF model region, which comprises California and a buffer
zone. The white boxes define the San Francisco Bay area and Los Angeles regions used in various calculations, and the white line crossing the
state is our definition of northern versus southern California. The Cascadia megathrust is not shown on this map; it and the Mendocino
transform fault (which is shown) extend beyond the UCERF model region.
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tiotemporal earthquake clustering by merging a point-
process epidemic-type aftershock sequence model (ETAS;
Ogata, 1988) into our finite-fault-based framework. Our ulti-
mate aim is to deploy UCERF3 as part of an operational earth-
quake forecast, although doing so will require additional work
with respect to real-time network interoperability. Other goals
for the time-dependent model include addressing self-
consistency issues with respect to elastic-rebound probability
calculations in unsegmented models (Field et al., 2009) and
further investigating the implications of apparent seismicity
rate changes with respect to the likelihood of large damaging
earthquakes (the empirical model ofWGCEP, 2003, and in
UCERF2; e.g.,Reasenberget al., 2003).

The unique approach taken in developing UCERF3 has
necessitated an extensive set ofPSHA calculations, both for
logic-tree sensitivity tests and for determining adequacy with
respect to averaging over stochastic elements of the long-

term model. This unanticipated requirement extended the du-
ration of the project, but the fact that we include hazard cal-
culations herein is a notable first among WGCEPs. Although
the UCERF3 platform now lends itself to continual updates
and improvements, the features and options adopted here
were dictated by deadlines of the Building Seismic Safety
Council (BSSC).

Model Framework

The UCERF3 framework, like that of UCERF2, has been
constructed from the four main model components shown in
Figure2. The fault model gives the physical geometry of the
larger, known, and more active faults; the deformation model
gives slip-rate and creep estimates for each fault section, as
well as deformation rates off the modeled faults (if available);
the earthquake rate model gives the long-term rate of all earth-

Table 2
WGCEP14 Consensus-Building Workshops and Meetings

Date Activity Description*

2009 Dec 1–2 UCERF3 Kick-Off and Planning Meeting
2010 Feb 17–18 WGCEP All-Hands Meeting

Apr 1–2 Workshop on Incorporating Geodetic Surface Deformation Data in UCERF3
Jun 30 UCERF3 Methodology Assessment—Issues and Research Plan (Report 1) Submitted
Aug 2 Fault-to-Fault Jumps Task Meeting
Sep 12–15 SCEC Annual Meeting
Nov 3–4 CEPEC/NEPEC Meeting
Nov 10–11 Scientific Review Panel Meeting
Nov 18–19 Cascadia Subduction Zone Workshop
Dec 31 UCERF3 Methodology Assessment—Proposed Solutions to Issues (Report 2) Submitted

2011 Jan 12 WGCEP All-Hands Meeting
Mar 2–3 Distribution of Slip in Large Earthquakes Meeting
Apr 6 Statewide Fault Model and Paleoseismic Data Workshop (in northern California)
Apr 8 Statewide Fault Model and Paleoseismic Data Workshop (in southern California)
May 31 Proposed UCERF3 Plan (Report 3) Submitted
Jun 4–5 Workshop on UCERF3 Deformation Models
Jun 8 Workshop on Time-Dependent Models
Jun 9 Workshop on the Use of Physics-Based Simulators
Jun 10 Workshop on Instrumental and Historical Seismicity
Jun 11 Workshop on Distribution of Slip in Large Earthquakes
Jun 13–14 Scientific Review Panel Meeting
Jun 30 SRP Review of Proposed UCERF3 Plan (Report 4) Submitted
Sep 11–14 SCEC Annual Meeting
Sep 30 Final UCERF3 Plan (Report 5) Submitted
Oct 24 UCERF3 Plan Overview (Emphasizing the Grand Inversion for Users)
Oct 25 Joint UCERF3 and NGA-W2 Workshop on Common Issues
Dec 15 Cascadia Subduction Zone Workshop

2012 Jan 5–6 WGCEP All-Hands Meeting
Jan 26 UCERF3 Deformation Model Meeting
Mar 21–22 Cascadia Subduction Zone Workshop
Mar 31 Preliminary UCERF3 Model (Report 6) Submitted
Apr 30 Review of Preliminary UCERF3 Model (Report 7) Submitted
May 8–9 Scientific Review Panel Meeting
Jul 9 UCERF3 Model Framework (Report 8) Submitted
Oct 17–18 California Workshop of the National Seismic Hazard Mapping Project (NSHMP)

2013 Jan 24 UCERF3 Fault-by-Fault Evaluation Meeting 1
Jan 25 UCERF3 Fault-by-Fault Evaluation Meeting 2
Feb 13–14 UCERF3 Fault-by-Fault Evaluation Meeting 3
Feb 21 Workshop on Use of UCERF3 in the USGS National Seismic Hazard Map

*Abbreviations are listed in Table1.
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data resources and flexible analysis tools. UCERF3 repre-
sents a dividend on these investments, which we have aug-
mented with new computational capabilities, including the
use of supercomputers to solve for earthquake rates and to
generate large numbers of hazard curves.

Model Uncertainties

As a result of a lack of consensus on how to forecast
earthquakes, it is important that our model adequately por-
tray epistemic uncertainties, which represent our incomplete
understanding of how the earthquake system works, as well
as the aleatory uncertainties, which represent the inherent
randomness assumed in any given model of the system
(Senior Seismic Hazard Analysis Committee, 1997). The
history of WGCEPs can be viewed as a progression of in-
cluding more and more epistemic uncertainties. For example,
WGCEP, 1988, did not consider a possible recurrence of the
two largest historical events (the great 1857 and 1906 earth-
quakes), whereasWGCEP, 2003, represented a quantum leap
in having 10,000 different models for the Bay Area alone.

As in UCERF2, we represent epistemic uncertainties us-
ing a logic tree structured according to the four main model
components. Our final branch options and associated weights
for the UCERF3 time-independent model are shown in
Figure3. (UCERF3 logic-tree branches from Fig.3are shown
in italic throughout this article.) Note that some branch op-
tions are given zero weight but are shown nonetheless in case
practitioners want to reconsider their applicability in special
(e.g., site-specific) studies. The set of non-zero-weighted
branches gives rise to 1440 different UCERF3 models.

UCERF3 represents an important step in the WGCEP
quest for a more complete representation of epistemic uncer-
tainty. For example, rather than assuming or prescribing
earthquake-generating attributes of the various seismic
sources, as in previousNSHMPand WGCEP models, we take
a more derivative approach to system-level behavior by solv-
ing for a much wider range of models that are consistent with
the data. Of course, UCERF3 is still an approximation of the
actual system (e.g., imposing strict separation between on-
fault and off-fault earthquakes). Because“all models are
wrong, but some are useful” (Box, 1979), the relevant ques-
tion for practitioners is whether UCERF3 is a better repre-
sentation of future earthquake activity than UCERF2 for the
purpose of managing seismic risk.

Participants, Review, and Consensus Building

The organizational structure used in this study is similar
to WGCEP, 2007, comprising an Executive Committee
(ExCom), a Management Oversight Committee (MOC), an
SRP, and a large group of contributing experts. The ExCom
was responsible for convening experts, reviewing options,
and making decisions about model components. The MOC
allocated resources and approved project plans, budgets,
and schedules; it also oversaw the model review and delivery
processes. TheSRPis an independent, participatory body of

experts who reviewed the project plans, research results, and
model elements. In particular, theSRPprovided WGCEP with
guidance regarding model viability and the range of models
needed to adequately represent epistemic uncertainties. Other
WGCEP contributors include research scientists, resource
experts, model advocates, and information technology
professionals. Members of these groups are listed in the Ac-
knowledgments. We also note that CEA’s multidisciplinary
research team (MRT) participated in UCERF3 reviews but
were not directly involved in the model development or
any decisions about branch options.

The discussion of model options and consensus building
was achieved through a series of community workshops
(Table3), which included participants from the broader com-
munity. Some workshops focused on the scientific ingredients
going into UCERF3, while others were aimed at informing
user communities and getting their feedback. Numerous
smaller working group meetings also occurred but are not
listed in Table3.

Although all participants, including theSRP, influenced
decisions with respect to logic-tree branches and their weights,
the ExCom had responsibility for the final decisions. In the
case of deformation models, for which the ExCom felt that
special expertise was needed, anad hocevaluation committee
was convened to advise on branch weights (discussed in the
Logic-Tree Branch Weightssection). The entire UCERF3
process was monitored by representatives of the National
Earthquake Prediction Evaluation Council (NEPEC), which
formally advised the USGS Director, and the California Earth-
quake Prediction Evaluation Council (CEPEC), which for-
mally advised the California Office of Emergency Services.

Fault Models

The UCERFs are primarily fault-based earthquake rup-
ture forecasts, in that most large earthquakes (� 80%) occur
on the possible rupture surfaces defined by a fault model
(Fig.2). The fault database developed for UCERF2 has been
updated with both revisions and additions, with special con-
sideration being given to fault endpoints for the purpose of
defining multifault rupture possibilities. Full details are given
in Appendix A (Dawson, 2013), and a summary of the more
important changes is presented here.

Definition

A fault model gives the spatial geometry of the larger,
active faults throughout the region, with alternative models
representing epistemic uncertainties in the fault system
geometry. By definition, a fault model is composed of a list
of fault sections, where each fault section is represented by
the following:

• a fault section name (e.g.,“San Andreas [Parkfield]” ),
• a fault trace (list of latitudes, longitudes, and depths for the

upper fault edge),
• upper and lower seismogenic depth estimates,
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• an average dip estimate,
• an average rake estimate (although this can be modified by

a deformation model), and
• a fault zone polygon (an areal representation of a fault zone).

Because distinct fault sections are defined only to the ex-
tent that one or more of these attributes vary along strike, some
sections can be quite long (e.g., the northern San Andreas fault
has only four sections). The complete master list of fault sec-
tions for California is given in the fault section database
(Appendix A; Dawson, 2013). Some of these sections are
mutually exclusive (e.g., representing alternative representa-

tions). The list of fault sections in each fault model is therefore
considered to be a separate, complete, viable representation of
the large, known, and active faults throughout the region.

Fault Zone Polygons

Previous models, including UCERF2, have been some-
what ambiguous with respect to what each fault section
actually represents. For example, it is not clear whether the
2010 El Mayor–Cucapah earthquake (Hauksson et al., 2011)
was an event on the UCERF2 Laguna Salada fault source or
whether it was part of the gridded/background seismicity

Figure 3. UCERF3 long-term model logic-tree branches with weights given in parentheses. The branches are organized by the basic
model components in Figure 2: fault models (green), deformation models (purple), and earthquake rate models (blue). The branches and
weighting decisions, as well as reference branch values for sensitivity tests (bold typeface), are described in the sections for each component.
UCERF3 has a total of 1440 nonzero branches.
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defined in that model. We therefore introduced fault zone pol-
ygons to be more specific in UCERF3, with each fault section
now representing a proxy for all events that nucleate inside its
polygon. Complete definitions are given in Appendix O
(Powers and Field, 2013), which are only summarized here.

Ideally, a fault zone polygon would represent all of the
following:

• whether the fault section represents a simple surface or a
broader, braided system of faults;

• the area over which the deformation-model slip rate applies;

• the faults to which observed microseismicity is attributed;
• the area over which elastic-rebound-based probability re-

ductions are applied after an earthquake; and
• whether a future large earthquake is identified as a rupture

of a UCERF3 modeled fault.

As exemplified in Figure 4a, geologically based polygons
were initially assigned to each fault section (Appendix A;
Dawson, 2013), thereby satisfying the first criteria listed
above. However, for some faults, such as the San Andreas,
this zone is as narrow as 1 km on each side of the fault, which

Figure 4. The definition and creation of fault zone polygons. (a) Perspective view of the Garlock, southern San Andreas, and San Jacinto
fault systems, color coded by slip rate (other faults in this region are not shown). Down-dip projections of the faults are stippled, and the
geologically defined surface polygons are solid. The geologic polygons typically extend to 1 km on either side of the fault traces but in many
places are much broader to accommodate additional mapped surface features. (b) Schematic diagram of the union of geologic, surface
projection, and trace buffer polygons to form the final fault zone polygon used in UCERF3. The exemplified fault dips at � 70°, so the
buffer polygon extends to 6 km on either side of the fault trace. The dashed orange lines in the complete polygon mark the subdivisions
used to define polygons for the individual fault sections. (c) A strike perpendicular cross section of a fault, showing how dip variations
influence the widths of the trace buffer, the surface projection, and the complete fault zone polygon used in UCERF3.
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is too thin for the other intended uses listed here. This reflects
the fact that there is no single polygon definition that will
perfectly satisfy all intended uses.

A fault zone width was effectively defined in UCERF2
based on standards established previously by theNSHMPin
distinguishing fault-based sources from gridded, off-fault
seismicity. Specifically, the maximum magnitudes for
gridded seismicity were previously reduced in the vicinity
of fault-based sources to avoid overlap with the minimum
magnitude of fault sources (e.g.,Petersenet al., 2008).
Although this led to a checkerboard pattern for the zones
around faults (according to the grid cells assigned to each
fault), the average width of their zones was about 12 km
on either side of vertically dipping faults.

WGCEP has therefore adopted a default width of 12 km
on both sides of vertically dipping faults (the“trace buffer”
described in Fig.4), with this tapering to the surface projection
for faults dipping less than 50°. Final fault zone polygons are
then the combination (or union) of three independently defined
polygons (Fig.4b): the geologically defined polygon for the
fault, the surface projection of the fault if dipping, and the trace
buffer. The width of the buffer polygon on either side of a fault
trace scales linearly from 0 km at 50° dip to 12 km at 90° dip
(Fig. 4c). This provides vertical faults with a broad zone of
influence that scales down as dip decreases and the area of the
surface projection polygon increases. Figure4b demonstrates
how the three polygons are combined. This fault zone defini-
tion is both consistent with pastNSHMP practice and avoids
the checkerboard pattern. It is still somewhat simplified and
arbitrary, however, so potential hazard implications of this
choice need to be considered carefully in any given applica-
tion, as we will illustrate in theCharacteristic Branchessection.

Logic-Tree Branches

UCERF3 comprises two alternative fault models:FM
3.1 and FM 3.2, which are analogous to the fault model
alternativesFM 2.1 and FM 2.2 used in UCERF2. These
two new models, shown in Figure5, represent alternative
representations of several fault groups. Reducing all possible
combinations to just two models introduces artificial corre-
lation between the alternatives for different faults; however,
the groupings are judicious choices in terms of minimizing
the number of logic-tree branches (every additional fault
model requires 720 new logic-tree branches), and thePSHA
calculations discussed in theResults section indicate
adequacy for at least the most common hazard metrics.

Development Process

Fault modelsFM 3.1 and 3.2 were developed in
coordination with the Statewide Community Fault Model
project, which builds on SCEC’s community fault model de-
velopment (Pleschet al., 2007). Two workshops were held to
solicit feedback from the broader community in April of 2011
(Table3). Relative to UCERF2, the primarily modifications
are (1) 153 new fault sections were added, mostly in northern

California, and about 95 fault sections were revised (the num-
bers are not exact due to some being a bit of both); (2) fault
endpoints were re-examined by reviewing more detailed geo-
logic maps, to enable better quantification of multifault rup-
ture probabilities; and (3) connector fault sections were added
between larger faults where deemed appropriate, to enable
multifault ruptures or, where needed, to define block bounda-
ries for the deformation models. Figure5 shows the fault sec-
tions that were added, modified, or left unchanged from
UCERF2. Further details on how these fault models were con-
structed are given in Appendix A (Dawson, 2013).

Deformation Models

The rate of large earthquakes on the explicitly modeled
faults depends on assigned slip rates, which are provided by
the deformation models described here. This section also de-
scribes how these slip rates and rupture areas are modified by
creep processes. Fault slip rates can be derived from mea-
sured and dated geologic offsets and perhaps interpolated
or extrapolated along faults. Slip rates can also be estimated
by modeling geodetic measurements such as Global Posi-
tioning System (GPS) observations (e.g., Fig.6). Because
it is impossible to identify and model all faults, another con-
tribution to hazard is“off-fault” deformation (in quotes here
because this deformation occurs at least partially on unmod-
eled faults, which can be inferred from observed seismicity
and/orGPSobservations.

Only about 30% of UCERF2 faults had measured slip
rate estimates, and most of these had an estimate at only a
single location. UCERF2 deformation models were therefore
based on expert-opinion evaluation of geologic and geodetic
data. In addition to on-fault slip rates, off-fault deformation
was represented by a set of geographic polygons, referred to
as“type C zones,” each of which was assigned an effective
slip rate (Fig.5a). As ana posterioricheck, UCERF2 defor-
mation models were summed across various transects to con-
firm that total plate tectonic rates were well matched.

For UCERF3, we have developed four different defor-
mation models. One is a geologically“pure” model (unin-
fluenced byGPS observations), whereas the other three
are kinematically consistent models that directly include both
geologic and geodetic constraints. By using these models, we
minimize reliance on expert judgment to broker discrepan-
cies between geodetic and geologic data, as was done in
UCERF2. Importantly, this approach has provided data-
driven slip rate estimates for faults with no prior assigned
rates (which were excluded from UCERF2) and has filled
in slip rates along faults with sparse observations. The latter
three models also provide off-fault strain rate maps, allowing
us to abandon the UCERF2 type C zones.

Geologic Slip Rate Constraints

Because UCERF2 expert-opinion slip rates were influ-
enced by both geologic and geodetic data, an effort was made
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in UCERF3 to extract and compile the geologic-only con-
straints at points on faults where such data exist (Appendix B,
Dawson and Weldon, 2013). In addition to geologic slip
rates, Appendix B also includes the supporting data, such
as information about the site location, offset features, dating
constraints, number of events, reported uncertainties, com-
ments, and separate qualitative ratings of the offset features,
dating constraints, and overall slip rate. In the majority of
cases, these data were compiled from the original sources,
although extensive use was also made of the written summa-
ries included in the USGS Quaternary Fault and Fold Data-
base (Machette et al., 2004).

Given the number of Quaternary active faults in
California, the dataset of geologic slip rates is somewhat
sparse. The compilation includes � 230 reported slip rates,

of which about 150 reported rates are ranked as moderately
towell constrained. Of the � 350 fault sections in the UCERF3
fault model, only about 150 fault sections are directly con-
strained by slip rate data (Fig. 7b). This emphasizes the fact
that slip rates in previous models, as in the pure geologic
model here, are often extrapolated over large along-fault dis-
tances, and that values for most fault sections are not directly
constrained by geologic data.

Geologic Deformation Model

One of the new UCERF3 deformation models is a purely
geologic model that includes no constraints from geodesy or
plate motion models (Appendix B, Dawson and Weldon,
2013). As with the other deformation models, the output

Fault Model 3.1

NE California
(4 mm/yr)

Mohawk-Honey Lake (4 mm/yr)

Western NV (8 mm/yr)

Foothills Flt Sys (0.1 mm/yr)

Mojave
(4 mm/yr)

Imperial
(aseismic)

San Gorgonio Knot
(4 mm/yr)

(a)

(b)

(c)

Unique to Fault Model 3.1

Unique to Fault Model 3.2

Figure 5. Perspective map of California showing (a) UCERF3 Fault Model 3.1 and fault sections unique to (b) FM 3.1 and (c) FM 3.2.
Fault sections are colored to identify those that were added (red), modified (green), and unchanged (blue) since UCERF2. Some of the
modifications are relatively trivial (e.g., name change only); see Appendix A (Dawson, 2013) for precise details. Type C zones applied
in UCERF2 (orange polygons; see text for explanation) are labeled with their modeled deformation rates. The Cascadia subduction zone
is not shown here but is given in Appendix P (Frankel and Petersen, 2013).
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Figure 6. (a) Distribution of UCERF3GPSvelocity vectors for California, referenced to the North America plate (from Appendix C,
Parsonset al., 2013). (b) The residual velocities computed as the difference between observedGPSvelocities and those predicted by the
UCERF2 Deformation Model 2.1. The velocity scales of the two plots are the same. The residual vectors imply that UCERF2 generally
underestimates the average statewide deformation rate, although we do not know how much of the actual deformation is aseismic.

Figure 7. (a) Fault slip rates for the UCERF2 Deformation Model 2.1, (b) sites of geologic slip-rate constraints, and (c–f) fault slip rates
for the four UCERF3 deformation models forFault Model 3.1.
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is an estimated slip rate at all points on the modeled faults.
Where available, these slip rates were assigned using the re-
vised geologic data in Appendix B (Dawson and Weldon,
2013); elsewhere, best-estimate values were taken from
UCERF2, except where the latter included hybrid slip rates
(from both geology and geodesy) or where the old slip rates
were inconsistent with other types of data, such as the USGS
rate category (Machette et al., 2004) or published slip rates.

A number of fault sections had no previously assigned
slip rate, and these were simply excluded from UCERF2. Such
sections have been assigned to a rate category in UCERF3,
based primarily on recency of activity, but also on geomorphic
expression and comparison to similar, nearby faults with slip
rate constraints. The following criteria were applied when us-
ing recency of activity to assign slip rate bounds:

• Quaternary active (<1:6 Ma yrs) 0.0 to 0:2 mm=yr
• Late Pleistocene (<� 130,000 yrs) 0.2 to 1:0 mm=yr
• Holocene (<� 11,000 yrs) 1.0 to 5:0 mm=yr

Very few faults were placed into the last category, primarily
because the fastest slipping faults are already well character-
ized throughout California. The exceptions to this are offshore
faults, which are difficult to study. In the absence of other data,
the best estimate for each category was selected using a rela-
tionship between the number of UCERF fault sections and
known slip rates. This weighted mean approach is described
in Appendix B (Dawson and Weldon, 2013). The geologic
deformation model is displayed in Figure 7c. Table 4 lists
the moment rate contributions from the various types of
sources in UCERF2, and Table 5 lists the implied moment
rates for the new deformation models. Of particular note is
that the new faults (UCERF2 faults that lacked slip rates plus
the new faults added to UCERF3) constitute a collective mo-
ment rate of 0:27 × 1019 N·m=yr (for FM 3.1), which is more
than half of the total off-fault moment rate in UCERF2
(0:47 × 1019 N·m=yr). The latter represents the off-fault
background and type C zone contributions in Table 4.
Discounting the added faults, the moment rate of the UCERF3
Geologic Deformation model is about 1% above that of the
UCERF2 model.

Deformation Models from Joint Inversion of Geodetic
and Geologic Data

Several workshops and meetings were convened to ad-
dress the UCERF3 goal of deriving slip rates and off-fault
strain maps from kinematically consistent inversions of GPS
and geologic data (Table 3). Appendix C (Parsons et al., 2013)
describes both the GPS database, shown here in Figure 6, and
the three UCERF3 deformation models developed by
inverting those data together with the geologic constraints:

• NeoKinema: A model obtained by inverting geologic, geo-
detic, and principal stress data using the finite element
method of Bird (2009) to estimate the long-term velocity
field both on and off faults. It is not based on a block
geometry.

• Zeng: A model by Zeng and Shen (2014) representing faults
as buried dislocations in a homogeneous elastic half-space.
Each fault segment slips at a solved-for slip rate beneath a
locking depth, except at a few segments where shallow
creep is allowed. A continuity constraint allows adjustment
between more and less block-like deformation. The model
here is on the less block-like end of that spectrum.

• Averaged Block Model (ABM): A model constructed by
averaging five different block models using a kinemati-
cally consistent method. The input models were updates
of McCaffrey’s DefNode (McCaffrey, 2002, 2005), Ham-
mond’s block model (Hammond et al., 2011), Johnson’s
quasi-block model (Johnson and Fukuda, 2010), and spe-
cial (more block-like) versions of NeoKinema and Zeng’s
model. The averaging used the slip rates from all five
block-model inversions as data in a unified block model
inversion. Residual in-block strain that results from slip
on block boundaries is mapped onto identified faults using
a buried-dislocation approach, as described previously for
the Zeng model (for details, see Appendix C, Parsons et al.,
2013). The leftover strain that cannot be reasonably ac-
commodated on faults is the “off-fault” portion (listed
in Table 5).

Each deformation model provides slip rate estimates for
every UCERF3 fault section. Each also provides off-fault de-
formation in the form of strain rate tensors on a 0:1° × 0:1°
grid covering California, which is converted to an off-fault
moment rate grid as described in Appendix C (Parsons et al.,
2013). All three models were constrained by a consensus

Table 4
Moment Rates for the Various Types of Sources in UCERF2

Source Type
Moment

Rate ( _M0)*
Percent of

Total Seismic†
Percent

of Total†

California faults ‡ 1.73 76% 73%
Non-California faults§ 0.07 3% 3%
Off-faults background‖ 0.37 16% 16%
C zones (seismic) # 0.10 5% 4%
C zones (aseismic) # 0.10 4%
Total (seismic) 2.27 100%
Total (including aseismic) 2.37 100%

* _M0 is in units of 1019 N·m=yr or 1026 dyn·cm=yr.
†The third and fourth columns represent dividing values in the second

column by the “Total (seismic)” and “Total (including aseismic)” values,
respectively.

‡Value reflects the 10% reduction for smaller earthquakes (generally
M <6:5, which are treated as background seismicity) and aftershocks.
The UCERF2 faults are only a subset of the UCERF3 fault model, to
which about 160 new fault sections have been added.

§Faults outside of California (in Nevada and Oregon) but within the
UCERF model region.

‖Value does not include type C zones or deep seismicity near
Cascadia (in the NSHMP file agrd_deeps_out) but does include
aftershocks and the special areas for Brawley (1:6 × 1016 N·m=yr),
Mendocino (3:7 × 1017 N·m=yr), and creeping San Andreas
Fault (1:9 × 1016 N·m=yr).

#Half the moment rate in type C zones was assumed aseismic in
UCERF2.

1134 E.H. Field et al.



Ta
bl

e
5

M
om

en
tR

at
es

_ M
0

fo
r

th
e

U
C

ER
F3

D
ef

or
m

at
io

n
M

od
el

s*

Fa
ul

t
M

od
el

D
ef

or
m

at
io

n
M

od
el

O
n-

Fa
ul

t
_ M
0

O
n-

Fa
ul

t
_ M
0

In
cr

ea
se

fr
om

U
C

ER
F2

†
O

n-
Fa

ul
t
_ M
0

Fo
r

N
ew

Fa
ul

ts
‡

%
Fr

om
N

ew
Fa

ul
ts

_ M
0

C
ha

ng
e

on
U

C
ER

F2
fa

ul
ts

§
O

ff-
Fa

ul
t
_ M
0

‖

O
ff-

Fa
ul

t
_ M
0

C
ha

ng
e

fr
om

U
C

ER
F2

To
ta

l
_ M
0

(in
cl

ud
in

g
of

f-
fa

ul
ta

se
is

m
ic

)

To
ta

l
_ M
0

In
cr

ea
se

ov
er

U
C

ER
F2

#
%

of
To

ta
lO

ff
Fa

ul
ts

M
m

ax
**

M
R

I
M

�
8
(y

ea
rs

)*
*

3.
1

A
B

M
††

1.
93

11
%

0.
35

18
%

Š
9%

0.
92

44
%

2.
85

20
%

32
%

8.
41

20
7

G
eo

lo
gi

c
2.

02
17

%
0.

27
13

%
1%

N
eo

K
in

em
a

1.
76

1%
0.

32
18

%
Š

17
%

1.
02

60
%

2.
78

17
%

37
%

8.
39

21
4

Ze
ng

1.
88

9%
0.

28
15

%
Š

8%
0.

88
37

%
2.

76
16

%
32

%
8.

38
21

6
3.

2
A

B
M

1.
92

11
%

0.
37

19
%

Š
10

%
0.

92
44

%
2.

84
20

%
33

%
8.

41
20

7
G

eo
lo

gi
c

2.
02

17
%

0.
28

14
%

1%
N

eo
K

in
em

a
1.

75
1%

0.
32

18
%

Š
17

%
1.

04
63

%
2.

79
18

%
37

%
8.

39
21

3
Ze

ng
1.

88
9%

0.
29

16
%

Š
8%

0.
88

37
%

2.
76

16
%

32
%

8.
38

21
6

2.
1

U
C

ER
F2

1.
73

0%
0.

00
0%

0%
0.

64
0%

2.
37

0%
27

%
8.

15
38

5

*V
al

ue
in

cl
ud

es
fa

ul
t-s

pe
ci

fic
do

w
n-

di
p

w
id

th
sa

nd
cr

ee
p-

ba
se

d
m

om
en

tr
at

e
re

du
ct

io
ns

;d
ef

au
lt

is
0.

1
w

he
re

no
cr

ee
p

da
ta

ex
is

t.
Fo

rr
ef

er
en

ce
,t

he
av

er
ag

el
ow

er
se

is
m

og
en

ic
de

pt
h

is
�
1
2

km
in

th
e

U
C

ER
F3

fa
ul

tm
od

el
s;

w
ith

su
rfa

ce
cr

ee
p

th
e

av
er

ag
e

se
is

m
og

en
ic

th
ic

kn
es

si
s�

1
1

km
.N

ot
e

th
at

U
C

ER
F3

do
es

no
ti

nc
lu

de
m

os
to

ft
he

U
C

ER
F2

“N
on

-C
A

Fa
ul

ts
”

lis
te

d
in

Ta
bl

e
4,

so
co

nt
rib

ut
io

ns
fr

om
th

es
e

ar
e

in
cl

ud
ed

of
ff

au
lt

he
re

.T
he

va
lu

e
of

1.
73

lis
te

d
fo

rU
C

ER
F2

in
cl

ud
es

a
10

%
re

du
ct

io
n

fo
rs

m
al

le
ar

th
qu

ak
es

an
d

af
te

rs
ho

ck
s(

Ta
bl

e
4)

,b
ut

th
is

is
co

m
pe

ns
at

ed
by

U
C

ER
F3

ap
pl

yi
ng

th
e

de
fa

ul
ta

se
is

m
ic

ity
of

0.
1

(w
hi

ch
w

as
ze

ro
in

U
C

ER
F2

).
_ M
0

va
lu

es
ar

e
in

un
its

of
1
0
1
9

N
·m

=y
r.

† T
he

se
ar

e
th

e
on

-f
au

lt
va

lu
es

di
vi

de
d

by
th

e
va

lu
e

of
1.

73
fo

r
U

C
ER

F2
.

‡ M
om

en
tr

at
e

co
nt

rib
ut

io
ns

fr
om

on
ly

th
e

m
or

e
th

an
15

0
ne

w
fa

ul
ts

ec
tio

ns
ad

de
d

in
U

C
ER

F3
(n

ot
in

cl
ud

ed
in

U
C

ER
F2

).
Fo

rt
he

ge
ol

og
ic

m
od

el
w

ith
Fa

ul
tM

od
el

3.
1,

49
%

pe
rc

en
to

ft
he

in
cr

ea
se

(0
:2
8

×
1
0
1
9

N
·m

=y
r)

is
fro

m
th

e
fo

llo
w

in
g

tw
o

ne
w

fa
ul

ts
:C

er
ro

Pr
ie

to
(0
:0
8
3

×
1
0
1
9

N
·m

=y
r)

an
d

M
en

do
ci

no
(0
:0
5
4

×
1
0
1
9

N
·=y

r)
.

§ C
ha

ng
e

in
on

-f
au

lt
m

om
en

tr
at

e
fo

r
th

e
sa

m
e

fa
ul

ts
as

us
ed

in
th

e
U

C
ER

F2
m

od
el

.
‖ V

al
ue

s
fr

om
of

f-
fa

ul
ts

tra
in

ra
te

s
gi

ve
n

in
A

pp
en

di
x

C
(P

ar
so

ns
et

al
.,

20
13

),
w

hi
ch

as
su

m
e

a
se

is
m

og
en

ic
th

ic
kn

es
s

of
11

km
an

d
in

cl
ud

e
an

y
as

ei
sm

ic
pr

oc
es

se
s

(b
ec

au
se

w
e

ha
ve

no
ba

si
s

fo
r

se
pa

ra
tin

g
th

em
ou

t).
Th

eU
C

ER
F2

va
lu

ei
nc

lu
de

sc
on

tri
bu

tio
ns

fr
om

bo
th

“C
-Z

on
es

(a
se

is
m

ic
)”

an
d

“N
on

-C
A

Fa
ul

ts
”(

Ta
bl

e
4)

,t
he

la
tte

rb
ec

au
se

m
os

to
ft

he
“N

on
-C

A
Fa

ul
ts

”
ha

ve
be

en
ex

cl
ud

ed
in

U
C

ER
F3

.
# R

el
at

iv
e

to
th

e
U

C
ER

F2
to

ta
lv

al
ue

of
2
:3
7

×
1
0
1
9

N
·m

=y
r(

Ta
bl

e
4)

,w
hi

ch
in

cl
ud

es
co

nt
rib

ut
io

ns
fr

om
“C

-Z
on

es
(a

se
is

m
ic

)”
in

Ta
bl

e
4.

Th
e

U
C

ER
F3

on
-f

au
lt

va
lu

es
ha

ve
as

ei
sm

ic
co

nt
rib

ut
io

ns
re

m
ov

ed
,b

ut
th

er
e

m
ay

be
as

ei
sm

ic
co

nt
rib

ut
io

ns
in

th
e

U
C

ER
F3

of
f-

fa
ul

tv
al

ue
s.

**
M

ax
im

um
m

ag
ni

tu
de

M
m

ax
)a

nd
m

ea
n

re
cu

rr
en

ce
in

te
rv

al
(M

R
I)

of
M

�
8

ea
rth

qu
ak

es
im

pl
ie

d
by

a
tru

nc
at

ed
G

ut
en

be
rg

–R
ic

ht
er

di
st

rib
ut

io
n

co
ns

tra
in

ed
to

ha
ve

th
e

ob
se

rv
ed

ra
te

of
7
:9
M

�
5

ev
en

ts
=y

r
(a

pp
en

di
x

L)
an

d
a
b-

va
lu

e
of

1.
0.

††
A

B
M

,a
ve

ra
ge

d
bl

oc
k

m
od

el
.

Uniform California Earthquake Rupture Forecast, Version 3 (UCERF3)—The Time-Independent Model 1135



Logic-Tree Branch Weights

A complete description of deformation-model weighting
is given in Appendix C (Parsons et al., 2013), only a brief
summary of which is provided here. All the UCERF3 defor-
mation models fit their input datasets within overall obser-
vational uncertainties. The models generally fit the
geologic observations better than the geodetic data, mostly
because the former were given higher weight to avoid strong

along-fault slip rate variations that can occur when over-fit-
ting geodetic data. By design, the geologic deformation
model fits the geologic data averages exactly. However, the
geologic constraints on a significant fraction of California
faults (� 30%) are very weak to nonexistent, which was the
primary reason to commission geodetic models in the first
place. NeoKinema represents the best fit to GPS data, with
average misfits three times lower than for the ABM and Zeng
deformation models. The Zeng deformation model applies

Figure 9. Spatial distribution of off-fault moment rates (first column) for the three UCERF3 deformation models that provide such
estimates (and for Fault Model 3.1 only), together with that implied by the UCERF2 forecast model (including both gridded sources
and type C zones). Total moment rates (that is, including faults) are shown in the second column, and ratios with respect to the average
UCERF3 results are shown in the third column (giving equal weight to each model, rather than the branch weights shown in Fig. 3). Ratios
with respect to UCERF2 are shown in the fourth column. Details on how UCERF3 off-fault moment rate maps were computed, such as an
assumed seismogenic thickness of 11 km, are given in Appendix C (Parsons et al., 2013).
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the minimum possible changes to geologic constraints in
fitting GPS data and is explicitly constrained to stay within
geologic bounds on most faults.

In addition to consistency with geologic and geodetic
data, Appendix C (Parsons et al., 2013) also ranks the mod-
els in terms of overall moment rate, fit to plate tectonic rates
and directions, and the amount of off-fault deformation. All
information was given to an ad hoc expert committee for
evaluation and weighting. Members had varying opinions
with respect to the value of each evaluation metric, which
led to a wide range of suggested branch weights, but most
members gave more credence to geologic observations.

The models underwent further evaluation, review, and
fine tuning following the ad hoc committee’s deliberations,
with three fault-by-fault evaluation meetings being particu-
larly influential (Table 3). The final UCERF3 weights are
NeoKinema (30%), Zeng (30%), ABM (10%), and Geologic
(30%) (also shown in Fig. 3).

The ABM deformation model has the lowest weight be-
cause it tends to have relatively high slip rates at its block
boundaries, which might be an artifact of the approach.
The Zeng deformation model reflects minimal changes to
geologic constraints; therefore the collective weight for the
more geologic models is 0.6, and that for the more geodetic
models (ABM and NeoKinema) is 0.4. This balance reflects

our perspective on the applicability of short-term geodetic
signals versus relatively long-term geologic slip rates in de-
termining earthquake likelihoods in California. Whether the
optimum balance should vary with forecast duration is a
question for further study. We also note that final UCERF3
models do not necessarily match all slip rates exactly, be-
cause these constraints are weighed against others in the in-
version. These deformation-model weights are therefore a
priori and subject to effective modification.

Earthquake Rate Models and the “Grand Inversion”

The earthquake rate component of the UCERF3 model
framework (Fig. 2) defines the long-term rate of all possible
earthquake ruptures above the magnitude threshold, M � 5,
and with a discretization sufficient to represent hazard. Each
earthquake rate model comprises two types of sources:
(1) ruptures with dimensions larger than the seismogenic
depth occurring on explicitly modeled faults, referred to as
“supra-seismogenic” on-fault ruptures, and (2) other earth-
quakes, modeled as seismicity on a 0:1° × 0:1° geographic
grid with each cell assigned a magnitude–frequency distribu-
tion (MFD) of earthquake nucleation rates. The gridded
seismicity, which is sometimes referred to as background
seismicity, is separated into events inside fault zone polygons
(subseismogenic on-fault ruptures) and those outside all fault
zone polygons (off-fault ruptures). Cells partly inside and
partly outside a fault zone polygon are fractionally
apportioned. The complete bookkeeping details are given
in Appendix O (Powers and Field, 2013).

In UCERF2, the models for each fault were constructed
separately, and background seismicity was then added. The
UCERF3 procedure solves for the rates of all events simul-
taneously using the inversion method of Field and Page
(2011), which builds on the work of Andrews and Schwerer
(2000). This unified, system-level approach enables the re-
laxation of fault segmentation and the inclusion of multifault
ruptures, two major goals of UCERF3. Its implementation,
details of which are also given in Appendix N (Page et al.,
2013), has been dubbed the “grand inversion.” Aftershocks
are directly included in the UCERF3 long-term rate model.
To facilitate certain applications, we provide a procedure for
removing aftershocks (in the Gardner–Knopoff Aftershock
Filter section), which is consistent with previous NSHMP
practice.

Methodology

We first consider only those ruptures that occur on the
faults included in the UCERF3 fault and deformation models
and only model events that have rupture lengths greater than
or equal to the local seismogenic thickness. To relax segmen-
tation, we subdivide each fault section into equal length sub-
sections, with lengths that are about half the seismogenic
thickness, resulting in S � 2606 total subsections for FM
3.1 (Fig. 11), and S � 2664 subsections for FM 3.2. The

Figure 10. The spatial distribution of moment rates implied by
the UCERF2 smoothed seismicity model (Appendix J, Petersen,
Mueller, et al., 2007) and the new UCERF3 smoothed seismicity
model (Appendix M, Felzer, 2013c), compared to the average
UCERF3 deformation model (described in Fig. 9). The smoothed
seismicity maps have the same total moment rate as the UCERF3
average, and they essentially assume a Gutenberg–Richter distribu-
tion with the same maximum magnitude everywhere. Also shown
are ratios of the smoothed seismicity maps to the UCERF3 average
(bottom row).
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surfaces of possible ruptures are taken to be the complete set
of two or more contiguous fault subsections. Requiring at
least two subsections ensures that the minimum rupture
lengths are approximately equal to the seismogenic thick-
ness. The rupture set is filtered by retaining only ruptures
that pass all of the following plausibility criteria, as detailed
in Appendix T (Milner et al., 2013):

1. All fault sections connect within 5 km or less, as assessed
in Appendix J (Biasi, Parsons,et al., 2013).

2. Ruptures cannot include a subsection more than once.
3. Ruptures must contain at least two subsections of any

main fault section, unless the only way two fault sections
can connect is through a single-subsection connector, as
described in Appendix T (Milner et al., 2013).

4. Ruptures can only jump between fault sections at their
closest points (in 3D).

5. The maximum azimuth change between neighboring sub-
sections is 60°, except for left-lateral to right-lateral con-
nections such as Garlock to the San Andreas.

6. The maximum azimuth change between the first and last
subsection is 60°, except for left-lateral to right-lateral
connections such as Garlock to the San Andreas.

7. The maximum cumulative rake change (summing over
each neighboring subsection pair) is 180°, based on rakes
of the geologic deformation model to ensure rupture-set
consistency.

8. The maximum cumulative azimuth change, computed by
summing absolute values over each neighboring subsec-
tion pair, is less than 560° (a filter that reduces squirreli-
ness; that is, many changes of azimuth).

9. Branch points (potential connections between main fault
sections) must pass a Coulomb criterion that earthquake
triggering between the two fault sections is physically rea-
sonable, as described in Appendix T (Milner et al., 2013).

This filtering produces 253,706 and 305,709 unique viable
ruptures forFM 3.1andFM 3.2, respectively. In comparison,

mapping the UCERF2 ruptures onto their nearest equivalents
in the FM 3.1 yields only 7773 ruptures. The much larger
UCERF3 rupture set reflects the high connectivity of the Cal-
ifornia fault system—nearly all the fault sections connect to
each other without jumping more than 5 km (green subset in
Fig. 11). Again, it is believed that ignoring this connectivity
in UCERF2 may have contributed to an overprediction of
moderate-size earthquake rates. In any case, UCERF2 gen-
erally lacks types of multifault ruptures that have been seen
in nature.

It is important to note, however, that UCERF3 rupture
sets are still an approximation of the system. For example,
the 5 km fault separation cutoff, which is based on both
theoretical and empirical studies (Harris and Day, 1993;
Wesnousky, 2006), presumes knowledge of fault connectiv-
ity at depth that we do not have. Of the viable ruptures that
pass the plausibility criteria, one could almost certainly iden-
tify at least a few that are in some ways less likely than rup-
tures that have been filtered out. The relevant question is
whether the current approach is a better approximation than
largely ignoring multifault ruptures (as in UCERF2). More-
over, seismic hazard is more sensitive to the combined
magnitude–frequency distribution of nearby faults, rather
than to the details of individual ruptures, as will be discussed
in the Resultssection.

The inversion method estimates the long-term rates of
theR viable rupturesf f r :r � 1,2,…,Rg by solving the sys-
tem of equations described in Table6. The equations can be
weighted by the uncertainties in the data and/or by the degree
of belief in the importance of a particular constraint. Concep-
tually, this approach is simpler, more objective, and more
reproducible than that adopted in UCERF2. For example,
the (largely artificial) distinction between type A and type
B faults has been dropped, and type C zones have been
merged into off-fault seismicity.

In addition to setting equation-set weights, subjectivity
is also involved in assigning weights to alternative logic-tree
branches. Both of these, however, can be guided by how well
the models fit the data. What the grand inversion really rep-
resents is a system-level framework both for incorporating
expert judgment and identifying a more complete range of
models that are consistent with all available data. The frame-
work is also extensible in that other equation-set constraints
could easily be added to the list in Table6; as we said re-
peatedly during development and review,“ tell us what
you don’t like about a result and you have given us a
new inversion constraint.”

In an exploratory study,Field and Page (2011)solved the
inverse problem by the nonnegative least squares algorithm of
Lawson and Hanson (1974). This algorithm is not computa-
tionally feasible for an inversion using the statewide system of
faults. Therefore, we have developed a parallelized code that
can efficiently solve very large equation sets by simulated
annealing, as described in Appendix N (Pageet al., 2013).
Because of the stochastic nature of the algorithm, simulated
annealing can also provide a range of models that sample the

Figure 11. UCERF3Fault Model 3.1sections divided into an
integer number of equal length subsections (lengths equal to, or just
less than, half the section’s seismogenic thickness). All subsections
shown in green are connected to all others in green without jumping
more than 5 km between faults.
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clustered catalog, which implies that 56% of these events are
Gardner–Knopoff mainshocks. The corresponding GR MFDs
for both full and declustered catalogs are compared in
Figure 17a. The UCERF3 Gardner–Knopoff aftershock filter
is simply the ratio of the declustered MFD to total MFD in
Figure 17a, capped at 1.0 above the point where the two
MFDs crossover. This filter compares well with binned data
values from table 16 in Appendix L (Felzer, 2013b), as
shown here in Figure 17b.

In applying this Gardner–Knopoff aftershock filter, the
rate of each UCERF3 rupture can be scaled by the value on
the red curve in Figure 17b. This implicitly assumes that the
fraction of aftershocks is location independent, which is
consistent with past NSHMP applications. Observational evi-
dence for a systematic spatial dependence is lacking, though
the available data do not exclude that possibility.

From a practical perspective, our approach is the same as
applied in UCERF2 for gridded sources. For fault-based
sources, however, the two applications are a bit different.
In UCERF2, all fault-based sources were effectively reduced
by 3% to account for aftershocks (independent of magni-
tude), whereas the fractional reduction is magnitude depen-
dent using the Gardner–Knopoff filter. Below M 6.7 (at
which our filter has an � 3% reduction), the new methodol-
ogy reduces rates more than in UCERF2, and above M 6.7
the new reduction is less (and zero above M 6.75). While
these differences are generally quite small compared to other
epistemic uncertainties in the model, there are situations in
which the differences may require further consideration. For
example, about 30% of M � 6 Parkfield earthquakes are
aftershocks according to this new filter.

To ensure maximum consistency with UCERF2 and past
NSHMP practice, the Gardner–Knopoff filter defined here is
applied only to gridded-seismicity sources, whereas the rates
of all supra-seismogenic ruptures are reduced by 3% (again,
the latter being the UCERF2 value). This means the Gardner–
Knopoff filter is not applied for supra-seismogenic ruptures.

Results

This section presents UCERF3 results, postponing im-
portant sensitivity tests to a later section (see Sensitivity
Tests), both because those tests depend on evaluation metrics
introduced here and because interpretations here are not in-
fluenced by the test results.

Model Evaluation Challenges

One of the primary challenges in evaluating UCERF3 is
the increased number of viable ruptures in the fault system—
more than 250,000, compared to less than 8000 mapped into
our fault system by UCERF2. Furthermore, the rupture rates
in UCERF2 were largely prescribed in terms of rupture
extents and assumed MFDs, whereas these properties are
derived in UCERF3 from the system-level inversion. Inter-
pretation of UCERF3 results is therefore much more chal-
lenging. For example, a five-second visual examination of
each UCERF3 rupture would take about 350 hours for just
one of the 1440 alternative logic-tree branches. We therefore
have to rely on aggregate evaluation metrics.

The grand inversion approach to UCERF3 would not be
feasible without access to supercomputers. In addition to the
large number of ruptures in each model, we also have to con-
tend with a large number of alternative logic-tree branches
(1440). Each simulated annealing run takes about five hours
on a typical desktop computer (Appendix N, Page et al.,
2013). Furthermore, simulated annealing finds the optimum
solution by sampling the solution space somewhat randomly
(using a so-called “smart” Monte Carlo procedure based on
thermodynamics). For an overdetermined problem, it is guar-
anteed to find the global minimum if given infinite time (Gran-
ville et al., 1994). Our computation time is limited, however,

Cumulative GR MFDs for Gardner–Knopoff Filter
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Figure 17. The Gardner–Knopoff aftershock filter. (a) A full-
catalog cumulative MFD (black line, with b-value � 1:0 and
normalized by the total rate of M � 5 events), together with the cu-
mulative MFD implied by the Gardner–Knopoff aftershock declus-
tering algorithm described in the text (blue line, with b-value � 0:8
and a relative total rate of 0.56, meaning 56% of M � 5 events are
mainshocks according to this algorithm). (b) The UCERF3 Gard-
ner–Knopoff aftershock filter (red curve), obtained by taking the
ratio of incremental versions of the MFDs in (a) (blue divided by
black) and capping values above 1.0 at 1.0 (above the crossover
magnitude, which is M 6.8 for the incremental distributions). Also
shown are data from table 16, Appendix L (Felzer, 2013b; black
triangles).
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California, is in the center of the Creeping section of the San
Andreas fault (SAF), where the mean slip rate is reduced by
80% to5 mm=yr to account for creep. The inversion is un-
able to match this rapid slip-rate change, giving a high value
of 10 mm=yr. All other UCERF3 slip rate overpredictions
are within 20% of the targets, and virtually all those greater
than 10% can be explained by fitting relatively high paloe-
seismic event rates.

Overall, UCERF3 underpredicts slip rates more than it
overpredicts them, particularly in southern California (where
many faults are slightly blue in Fig.19). On average, total on-
fault solution moment rates are 4% below the targets, pri-
marily due to limitations on total event rates by the regional
MFD constraint. Although some fault sections have slip-rate
reductions of as much as a factor of 2, all can be explained by
either the paleoseismic rate constraint being incompatible
with the slip-rate constraint (e.g., the Whittier alt 1 fault sec-
tion) or by the regionalMFD constraint coupled with a lack
of fault connectivity needed to produce larger events (e.g.,
the Santa Susana East [connector] fault section). Only six
fault sections have final branch-averaged slip rates that fall
outside the range defined by the alternative deformation
models, and all of these cases fall within theGeologic
bounds.

Paleoevent Rate Data.UCERF3 paleoseismic event rate
misfits are listed in the U3 Fault Section Data file (in the
sheets labeled“PaleoEventRateFits” and“ProxyEventRate-
Fits” ; seeData and Resources). Results for paleoseismic sites
along the SAF are compared with UCERF2 results in
Figure20 with slip rate fits, to clarify why rates vary along
strike. All UCERF3 data fit well, given the uncertainties, and
generally fit better than in UCERF2.

Misfits on the North Coast, Santa Cruz, Big Bend, and
Mojave North sections of the San Andreas fault are domi-
nated by inconsistencies between paleoevent rate and slip-
rate constraints. The average slip-rate discrepancy for Park-
field, which reflects thea priori constraint on the 25-year
recurrence interval of historical� M 6 events, is at odds with
other inversion constraints, possibly as a result of deficien-
cies in modeling the aseismic processes on this fault.

Average slip rates on the Cholame, Carrizo, and Coach-
ella sections are underpredicted. Paleoseismic event rates are
also underpredicted on the latter two, which raises the ques-
tion of why the inversion does not simply add more events to
satisfy these data. As a result of the regionalMFD constraint,
adding earthquakes there requires subtracting such events
from other areas, which degrades the slip-rate fits. Both slip
rates and event rates can be fit well on these sections if the
MFD constraint is removed altogether, but this leads to a sig-
nificant overprediction of the regional event rates nearM 7.

Removing theMFD constraint also puts a high rate of
smaller events at the northern end of the Cholame section.
These events fill in the precipitous drop in modeled slip rates
toward the north (Fig.20), as required by the Parkfielda pri-
ori constraint (Appendix N,Pageet al., 2013). This issue is

(a)

(b)

(c)

Figure 18. Magnitude–frequency distributions for the entire
California region for all UCERF3 logic-tree branches, with com-
parison to mean results from UCERF2. (a) Supra-seismogenic
on-faultMFDs for UCERF3 are shown in blue, with the minimum
and maximum among all branches being represented by the shaded
region. The average result from UCERF2 is shown in red for com-
parison. (b) Same as (a), but for gridded seismicity (subseismogenic
on-fault ruptures plus truly off-fault sources). (c) TotalMFDs, rep-
resenting the sum of theMFDs in (a) and (b). The black lines in all
plots represent reference Gutenberg–Richter distributions for the al-
ternative values of theTotal M � 5 Event Rate. Also shown with
orange in (a) and (c) are UCERF3MFDs obtained by applying
the fault sectionMFD constraint (equation set 7 in Table6) with
infinite weight, which reveals the overprediction of regional rates
when one assumes UCERF2-likeMFDs for each fault. Note that
the gridded seismicityMFDs for UCERF2 have had aftershocks
added back in by reversing the Gardner–Knopoff filter described
in the text.
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Figure 20. Latitudinal plots showing slip rate and paleoseismic data fits for the southern San Andreas fault, for both UCERF3 (top) and
UCERF2 (bottom). The paleoseismic data on the UCERF2 plot are those used in that study, whereas the version of this figure in Appendix N
(Page et al., 2013) compares UCERF2 results to UCERF3 data. “Paleovisible” means that rupture rates have been reduced by Ppaleo

r in
equation set (2) (see Table 6) to reflect what might be seen in a trench.
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has the same observed distribution, both of which could be
questioned.

The preceding analyses indicate that UCERF3 is reason-
able with respect to multifault rupture statistics and that our
exclusion of the improbability constraint (equation set 4)
seems to be justified. Good statewide statistics do not, how-
ever, guarantee that the data for individual faults are also well
fit. The fault-by-fault review meetings (Table3) did not
reveal egregious problems. To allow users to judge for them-
selves, we have generated participation rate maps that show
the frequency with which other fault sections co-rupture (or
participate) with any given section (see Fault Section Partici-
pation Maps under U3 Supplementary Figures inData and
Resources), as exemplified for the Cucamonga fault in

Figure22. Note that this figure does not show a rupture, but
rather the combined sum of many different ruptures that con-
nect with Cucamonga in different ways.

Noda and Lapusta (2013)recently presented a“plau-
sible physical mechanism” for ruptures passing completely
through the creeping section of theSAF, which had zero
probability of occurrence in UCERF2. The branch-averaged
recurrence intervals for UCERF3 are as follows: 150,000
years between the center of the Offshore and Coachella
sections, 2500 years between the center of the North Coast
and Mojave sections, and 900 years between the Parkfield
and Santa Cruz sections. While these recurrence intervals
seem reasonable to us, we also caution that they have high
uncertainties due to several modeling assumptions.

Another evaluation metric is the coefficient of variation
(COV) for slip at a site, computed as the standard deviation
of paleo-observable slip per event divided by the mean.
Figure 23 shows a histogram of subsectionCOVs for the
reference logic-tree branch. The center of the peak is about
0.42, which is a central value among alternative scaling re-
lationships;EllsworthBproduces the smallest value (about
0.33), and HanksBakun08produces the largest value
(0.47). These results are only a bit less than the values of
0.45–0.5 inferred byHeckeret al. (2013)from a global pa-
leoseismic data compilation. However, the latter includes in-
traevent variability (along-strike variability within a given
observed rupture), whereas our values only include the
amount of that captured by our averageTaperedslip model
for Dsr (or none for the equally weightedBoxcarbranches).
Our values are therefore roughly consistent. However, evalu-
ation of this will be more relevant for any futureGR logic-
tree branches, as theHeckeret al. (2013)study concluded
that their observedCOVs are incompatible with aGR
model.

Figure 21. The observed rupture lengths from a global data
compilation of 258 earthquakes (Wells, 2013), compared to the dis-
tribution implied by UCERF3 (thicker black line represents branch-
averaged values, and thin lines represent the minimum and maxi-
mum among all branches). Curves have been normalized to density
functions (values sum to 1) for comparison purposes.

Figure 22. Map showing the rate at which the Cucamonga co-
ruptures (participates) with other fault sections for the branch-aver-
aged UCERF3 model (forFault Model 3.1). Such plots for other
fault sections are available in the Fault Section Participation Maps
under U3 Supplementary Figures (seeData and Resources).

Figure 23. The coefficient of variation (COV) for average slip
per event, in which each sample is the standard deviation of slip on a
subsection divided by the mean slip, taken among all subsections
for the reference logic-tree branch inversion. The rates of each rup-
ture and the probability of paleoseismic observance (Ppaleo-slip-proxy

r )
have been accounted for in generating this plot.
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Hazard-Related Metrics

This section presents evaluation metrics that are particu-
larly relevant to hazard implications.

Total Regional Moment Rates.Figure 24 shows the
regional moment rate distributions implied by the UCERF3
logic-tree branches, as well as the deformation model targets
listed in Table5. The solution on-fault values are in general
agreement with the targets, but the off-fault rates are well
below deformation model values. As discussed above
(e.g., underDeformation Modelssection), the off-fault mo-
ment rates are not explicitly used in UCERF3, whereas the
model values are implied by the choice of total regional
earthquake rate, maximum magnitude off fault, and other
branch choices. The reason for this off-fault discrepancy re-

mains unresolved, although it may be associated with as-
sumptions made in calculating the deformation model
values (Appendix C,Parsonset al., 2013). We also note that
the coupling coefficients implied by geodetic deformation in
broad regions are subject to considerable uncertainty, with
values between 20% and 100% being cited in the literature
(e.g.,Ward, 1998; Kagan, 2002a,b; Jennyet al., 2004; Mas-
son et al., 2005; Panchaet al., 2006; Rontogianni, 2008).
The total moment rate implied by the earthquake catalog
is 2:29× 1019 N·m=yr, in good agreement with the average
model values of both UCERF3 (2:15× 1019 N·m=yr) and
UCERF2 (2:27× 1019 N·m=yr).

Fault Section Participation MFDs. Hazard at a site is often
dominated by one or more nearby faults, so a particularly
important metric is the participationMFD, which quantifies
the rate at which ruptures occur on each fault section (even if
they nucleate elsewhere). While theseMFDs were prescribed
in UCERF2, UCERF3 derives them by finding the range of
models that fit the data. The characteristicMFD nucleation
constraint (equation set 7) overdetermines the inversion for
fault sectionMFDs, so the remaining concerns are whether
simulated annealing can find the global minimum and
whether the results are robust with respect to equation-set
weights (both of which are quantified in theSensitivity Tests
section).

Because it is not practical to look at the participation
MFDs for all � 2600fault subsections, we aggregate results
back onto the 350 main fault sections, which also aids in
making meaningful comparisons to UCERF2. Results for all
fault sections are provided under Fault SectionMFDs in the
U3 Supplementary Figures (seeData and Resources),
with Figure 25 providing a few representative examples.
ParticipationMFDs for the two SAF sections (Peninsula
and Mojave N) are very consistent between UCERF2 and
UCERF3. For the two other San Francisco Bay area faults
(Calaveras N and Hayward N), UCERF3 has a wider range
of magnitudes and lower total rates of supra-seismogenic
ruptures. Of the two Los Angeles region examples, (San
Cayetano and Cucamonga) both have lower total UCERF3
rates because they participate in larger magnitudes. In fact,
Cucamonga represents the biggest rate change that is due
primarily to methodological differences (the inclusion of
multifault ruptures, as depicted in Fig.22). Both of these
cases were viewed as an improvement by participants of
the fault-by-fault review meetings (Table3), and the Cuca-
monga multifault ruptures are supported by the static and dy-
namic-stress modeling ofAndersonet al. (2003).

The UCERF2 fault sectionMFDs are generally smoother
than those for UCERF3, which is only because the former
have aleatory variability in magnitude for a given rupture
area (a Gaussian magnitude PDF applied to each character-
istic rupture, with a standard deviation of 0.12 and truncated
at � 2 standard deviations). For example, there are only 10
different magnitudes for all characteristic model events on
the northernSAF in UCERF2, so without this aleatory

Figure 24. The distribution of regional moment rates implied
by UCERF3 logic-tree branches (including their weights), in which
blue represents total on-fault (including subseismogenic ruptures),
gray is the off-fault, and black is the total combined rate. The ver-
tical lines (dotted lines for off-fault and dashed lines for on-fault
values) represent the various model targets as listed in Table5
and as labeled in the bottom figure legend.
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M � 6:7 events is essentially unchanged, while the rates of
M � 7:5 are about 48% higher, which reflects a trade-off be-
tween the inclusion of multifault ruptures and an � 7% increase
in moment rate from the addition of 33 new fault sections
(Table 14).

The UCERF3 MFD for the Northridge box (Fig. 26c)
follows GR much more so than that of UCERF2. In fact,
we included this region precisely because the strongly char-
acteristic UCERF2 MFD was found to produce runaway
aftershock sequences in preliminary Northridge earthquake
ETAS simulations (Field, 2012). The inclusion of multifault
ruptures has cut the average rate of M � 6:7 events by a
factor of 3, even though UCERF3 has a 19% moment rate
increase in this area (Table 14). This change represents a sig-
nificant improvement over UCERF2.

Participation Rate Maps. Figure 28 compares the mean
UCERF3 participation rate maps for various magnitude

thresholds with those for UCERF2. The ratio for M � 5 is
generally high as a result of the increase in Rtotal

M� 5, although
there are some low areas near faults. The ratios for M � 6:7
are more extreme, including low areas near the UCERF2
type C zones in northeast California, high areas where new
faults have been added (e.g., offshore San Diego), and some
low values on preexisting faults, reflecting lowered rates be-
cause of the inclusion of multifault ruptures. More areas are
capable of M � 7:7 events in UCERF3 due to an increase in
M�off-fault�

max , and more areas generate M � 8 events due to
multifault ruptures. Such events on Elsinore and Death
Valley faults are seen in UCERF2 but not UCERF3, because
the former includes aleatory magnitude–area variability.

Implied Segmentation. Figure 29 from Appendix N (Page
et al., 2013) shows model-implied segmentation along the
SAF for both UCERF3 and UCERF2. As expected, segmen-
tation is much less pronounced in the new model, which can
significantly influence hazard. For example, in a strictly seg-
mented model, a site on a segment boundary has twice as
many events at zero distance, on average, than a site halfway
down a segment, which is a potential factor of 2 difference in
hazard. The effect is less when both single and multisegment
ruptures are included, as with UCERF2 type A faults, but strict
segmentation was effectively applied to adjacent type B faults
in UCERF2. This effect partially explains a hazard reduction
identified for the city of Oakland in the next section.

Hazard Curves and Maps. Perhaps the most important
questions for UCERF3 are (1) how and why have hazard
estimates changed relative to UCERF2? and (2) what are
the most influential UCERF3 logic-tree branches? This sec-
tion addresses these questions, concluding that the dominant
factors are deformation models (slip rates) and the new
smoothed seismicity model, with methodological differences
(multifault ruptures) being important in some places.

A seismic-hazard curve gives the probability of exceed-
ing various earthquake-shaking levels over a specified time
period (typically 50 years for building codes) for a site.
The shaking can be characterized by a ground-motion param-
eter, or intensity measure type, with the most widely used
including peak ground acceleration (PGA) and spectral accel-

Table 14
Number of Fault Sections and Total Rates in Various Subregions*

LA Region SF Region Northridge Region

U3 U2 U3 U2 U3 U2

Number of Fault Sections 102 62 67 34 18 11
On-Fault Moment Rate† 4.18 4.51 3.12 2.91 0.43 0.36
Total Rate M � 5 (per year) 0.736 0.465 0.780 0.561 0.091 0.040
Total Rate M � 6:7 (per year) 0.025 0.053 0.035 0.037 0.0036 0.011

*The Los Angeles (LA), San Francisco (SF), and Northridge regions are shown in Figure 27.
U3 corresponds to UCERF3 and U2 to UCERF2, both averaged over all logic-tree branches.
Aftershocks are included, as described in the Figure 26 caption.

†Moment rates are in units of 1018 N·m=yr.

Figure 27. UCERF2 to UCERF3 ratios. (a) Ratio of the aver-
age UCERF3 to UCERF2 Off-Fault Spatial Seis PDF, equal to
0:5�U2sm � U3sm�=U2sm, in which U2sm is the UCERF2 smoothed
seismicity map (Fig. 14a) and U3sm is the UCERF3 smoothed seis-
micity map (Fig. 14b). This ratio does not include the overall
regional rate increase for Rtotal

M� 5. (b) Ratio of branch-averaged,
on-fault moment rates between UCERF3 and UCERF2; infinite val-
ues are shown in black (due to new faults being added where none
existed in UCERF2).
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eration (SA) at 0.33, 1, and 5 Hz periods (0.33, 1, and 5 Hz SA,
respectively). For example, the seismic design provisions rec-
ommended by the BSSC (2009) use 1 and 5 Hz SA. To support
engineering design and building codes, the USGS NSHMP
publishes probabilistic ground-motion maps, which show
the shaking levels that have a certain probability of being ex-

ceeded over a given time period (the hazard-curve x-axis value
corresponding to some y-axis level, with the latter typically
being the 2%- or 10%-in-50-year exceedance probability;
see Fig. 30 for an example).

To understand UCERF3 implications, a wide variety of
hazard curves and maps have been generated using Open-

Figure 28. Branch-averaged participation rate maps for UCERF3 and UCERF2 and for the ratio of the two (UCERF3/UCERF2). For the
ratios, zero values are white, values above the color scale maximum (103) are black, and infinite values are white (where the UCERF2
denominator is zero). These plots have had aftershocks removed in order to make the comparison to UCERF2. The zero patches in the
UCERF3 M � 7:7 map represent the polygons for faults that have a maximum magnitude M <7:7.
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site calculations, we computed a variety of probabilistic
ground-motion maps. Figure 31 shows the UCERF3/
UCERF2 ratio map for 2%-in-50-year PGA (abbreviated
as “2in50 PGA” hereafter).

One goal has been to understand and justify all impor-
tant hazard differences between UCERF3 and UCERF2,
which we define as greater than 10% changes in probabilistic
ground motion. Sites with such discrepancies are shown as

non-yellow areas in Figure 31. Although considerable effort
has been put into understanding all such cases, we focus here
on the more discrepant and informative examples.

The biggest change listed in Table 15 is a factor of 2.32
increase for 2in50 PGA at the Redding site, the location of
which is plotted in Figure 31b. The PGA hazard curve for
Redding is shown in Figure 30, together with a tornado dia-
gram and histogram revealing the influence of alternative

Figure 30. Hazard curve example for PGA at the Redding site listed in Table 15. (a) Comparison of UCERF3 and UCERF2 hazard
curves. The blue and red lines mark the weighted mean hazard curve across all UCERF3 and UCERF2 (time-independent) logic-tree
branches, respectively. The light blue shaded region delineates the minimum and maximum hazard values among all UCERF3 branches,
and the dashed red lines are the same for UCERF2 (just barely visible to the left). The horizontal gray line marks the 2%-in-50-year prob-
ability of exceedance level. The vertical lines mark the mean (solid) and minimum and maximum (dashed) 2%-in-50-year ground-motion
values. (b) Distribution of 2%-in-50-year ground motions across the UCERF3 logic tree (considering branch weights). Color coding of the
vertical lines is the same as at the top. (c) Tornado diagram (e.g., Porter et al., 2012), indicating the influence of each UCERF3 logic-tree
branch on the overall uncertainty. The swings away from the thin vertical line represent the influence of changing each branch option, one at a
time, relative to the branch corresponding to the median, and ignoring branch weights.
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We are solving for more than 250,000 unknown rupture rates
(f r ) with about 37,000 equality constraints (Appendix N,
Pageet al., 2013), so clearly individual solutions are nonun-
ique. But what about metrics that are more relevant to seis-
mic hazard, such as fault section participationMFDs and
hazard curves? What about branch-averaged results versus
what is resolved on individual branches? Here we quantify
sensitivity to each of these, and conclude that convergence is
not an issue for hazard-related metrics.

Individual Logic-Tree Branches.To test convergence
for individual branches, we ran 200 simulated annealing in-
versions for the reference model (bold typeface options in
Fig. 3). About 10,000 non-zero-rate (or above-water-level,

as defined in theCharacteristic Branchessection) ruptures
are needed to fit the data on a single run, which is only
� 4% of all possible ruptures. Figure33 shows how this
number varies as a function of the number of runs averaged.
For example, averaging 10 runs, as done for each branch in
UCERF3, increases the number to� 38,000(� 15% of rup-
tures), and averaging 200 runs increases the number to
� 115,000(� 46%). This indicates that each solution samples
a different set of ruptures in satisfying the data, as expected
for an underdetermined problem. The roll off in Figure33
suggests that an infinite number of runs might yield 50%–
60% ruptures above water level, implying that half the rup-
tures are excluded on this particular branch; this is conjec-
ture, however.
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Figure 32. Branch-ratio maps showing the influence of each deformation model on 2%-in-50 yearPGA. These ratios are obtained by
averaging results over deformation-model subset branches and then dividing by the total average. Numbers in blue indicate the weights each
model is given in UCERF3.
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lying UCERF3, and we finish this section with possible fu-
ture improvements.

Improvements Over UCERF2

The UCERF3 long-term model appears largely success-
ful in terms of the original project goals: relaxing segmen-
tation assumptions, incorporating multifault ruptures, fitting
a broader range of data better, and sampling a wider range of
epistemic uncertainties. This has been accomplished by im-
plementing a system-level, grand inversion framework,

which has the following advantages over previous ap-
proaches:

• The rate of all earthquakes is solved for simultaneously.
• A wider range of viable solutions is provided (all those

consistent with data).
• The inversion is conceptually simple (summarized in

Table6).
• Results are relatively reproducible (in terms of the influ-

ence of expert judgment).
• The framework is extensible (other constraints can easily

be added).

Table 16
Key Assumptions Made in UCERF3*

1. Simplified faults models derived from synthesized data (e.g., geologic mapping, microseismicity, well logs) provide an adequate approximationof
fault structure and connectivity at depth.

2. Approximate 20-year GPS observations reflect long-term deformation rates.
3. Model-based transient corrections made to GPS data for past earthquakes and seasonal hydrologic processes are correct, and the apparent outliers

that were removed represent measurement error and not real signals.
4. Backslip methods used in deformation models (Zeng, ABM) are adequate.
5. Faults that lack slip-rate constraints can reliably be assigned a categorical value based on recency of activity.
6. Depth extent of large ruptures is modeled appropriately by our scaling relationships.
7. Surface slip observations can be used to estimate slip at depth.
8. Surface creep mostly manifests as a seismogenic area reduction (rather than slip-rate reduction).
9. Taperedand/orBoxcarmodels ofDsr represent average slip along rupture, even for multifault events.
10. A generic model for the probability of seeing events in a paleoseismic trench applies to all sites (as opposed to site-specific models).
11. Large regions honor the Gutenberg–Richter magnitude–frequency distribution.
12. Magnitude completeness thresholds as function of time, space, and magnitude have been correctly estimated.
13. Seismicity rates vary with time over the course of historical and instrumental observations.
14. Higher-resolution smoothed seismicity maps are applicable to large, damaging earthquakes and for approximately 50-year time periods.
15. Our plausibility filter provides an adequate set of ruptures in terms of quantifying hazard and risk at all locations.

*Most assumptions have at least implicit or partial representation on our logic tree.

Figure 36. PGAhazard curves for the Los Angeles and San Francisco site listed in Table15, obtained by varying equation-set weights on
the UCERF3 reference branch, as summarized in the main text and detailed in Appendix N (Pageet al., 2013). The minimum and maximum
curves among these tests are plotted with the red dashed lines, which can be compared with the range implied by alternative logic-tree
branches (blue shaded region). The difference between the mean curves (red and blue solid lines) is not meaningful in this comparison.
Results for other sites are given under Hazard Equation-Set Weights Tests in the U3 Supplementary Figures (seeData and Resources).
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such as the treatment of creep and how multifault-rupture
statistics compare with various types of observations.

The system-level aspect of the grand inversion makes it
well suited for hypothesis testing. Perhaps the best and most
important example of this is with respect to the Gutenberg–
Richter branches, where the hypothesis that each fault nucle-
ates such a distribution of events cannot match all data—not
even close. The inversion implies that doing so would require
one or more of the following to fall outside the current
bounds of consensus-level acceptability: (1) a higher degree
of creep both on and off faults, (2) higher long-term rate of
earthquakes over the whole region (and significant temporal
variability on faults such as the SAF), (3) more fault connec-
tivity throughout the state (e.g., M � 8 anywhere), and/or
(4) lower shear rigidity.

The obvious alternative is that the GR hypothesis does
not apply at the local scale of individual faults, which would
make reports of the death of the Characteristic model
(Kagan et al., 2012) greatly exaggerated. Either way, the
GR hypothesis is clearly inconsistent with the current
UCERF3 modeling framework, which is why it was given
zero weight on the logic tree. If the GR hypothesis turns out
to be correct, then the explanation for current discrepancies
will be equally profound scientifically and quite consequen-
tial with respect to hazard. The main point here is that the
grand inversion provides an ideal framework for testing this
and other such hypotheses, which will not only further our
scientific understanding, but will also allow us to identify
and focus resources on the questions that matter. Eliminating
model options will also reduce epistemic uncertainties and
thereby improve hazard and loss assessments.

Finally, the entire UCERF3 development has been
followed closely by a participatory scientific review panel,
from reviewing original project plans, attending the various
meetings and workshops (Table 2), reviewing all appendixes
(Table 3), and scrutinizing four different versions of
UCERF3. We also hosted two workshops at which results
were presented to the broader scientific and engineering
communities (Table 2). Furthermore, UCERF3 was evalu-
ated by an NSHMP steering committee, which recommended
that it be used in the 2014 national maps.

Model Limitations

In spite of improvements, UCERF3 is still an approxi-
mation of the system. For example, we continue to divide
between on-fault and off-fault ruptures, whereas nature will
surely violate these model boundaries. Our plausibility filter
for multifault ruptures also has arbitrary cutoffs, such as the
5 km jumping threshold between faults, and we currently
lack any improbability constraint. These limitations, coupled
with the fact that the relative geometry of neighboring faults
is poorly known at depth, imply we have most certainly in-
cluded some unlikely ruptures and excluded some that are
plausible. In addition, the multifault rupture rates coming
out of the grand inversion depend both on how average slip

is distributed along such ruptures (Dsr) and how slip rates
transition between faults, neither of which is well known.

Some reviewers expressed dissatisfaction with the non-
uniqueness of UCERF3 solutions, exemplified by the fact
that single inversions leave only about 4% of ruptures above
water-level rates. In an attempt to remedy this, we tried ap-
plying an additional constraint to, in essence, make the rate
of similar ruptures equal. However, doing so effectively
made the inversion nonlinear and therefore prohibitively
slow in comparison to simply averaging more inversion runs.
Each simulated annealing solution can be thought of as one
sample among an infinite population of viable models or
even as a realization of events for some time period. We do
not see this as a problem, but rather an improvement in terms
of acknowledging nonuniqueness and sampling a wider
range of models; the problem is inherently underdetermined
unless you impose segmentation. Fortunately, solution non-
uniqueness has a negligible impact on hazard estimates, be-
cause results depend more on the participation MFD of faults
and much less so on rupture-endpoint details.

Concerns were voiced regularly that our large number of
fault-based ruptures was going to be a problem in terms of
PSHA computation time. Not only have those concerns
turned out to be unfounded (OpenSHA calculation time is
about the same as it was for UCERF2, in part because of
the increased speed of computers), but our analysis also dem-
onstrates that use of a single inversion solution might be a
legitimate way of down sampling the entire event set. Doing
so properly, however, will vary between different types of
hazard and loss studies, so we do not attempt any generic
down-sampling advice here.

Another concern raised during review is whether
relaxing segmentation has reduced epistemic uncertainty.
For example, the Cucamonga fault section has gone from
a relatively high rate of moderate-size events (M � 6:7) to
a lower and relatively uniform rate of events out to M 8
(Fig. 25). Technically speaking, this has not reduced episte-
mic uncertainty, but rather changed the behavior from one
extreme to perhaps another. And, while all such cases that
have had a perceptible influence on hazard were deemed
an improvement at our fault-by-fault review meetings,
we acknowledge that there may be some areas in which
UCERF3 lacks an adequate characteristic alternative. For ex-
ample, and in spite of the theoretical modeling of Anderson
et al. (2003), it is possible that Cucamonga never ruptures
with neighboring faults.

To address this possibility, we were asked to explore an
inversion that imposes UCERF2 segmentation throughout
the system. While we know this would not be correct every-
where, it might be more correct on certain faults. BSSC
deadlines prevented us from doing this for UCERF3. Fur-
thermore, one does not need the grand inversion to imple-
ment a characteristic model (that would be overkill), and
there is no guarantee that UCERF2 is correct with respect to
segmentation details anyway. Potential cases like Cuca-
monga should therefore be handled on a case-by-case basis

1174 E.H. Field et al.



http://www.OpenSHA.org
http://www.OpenSHA.org
http://www.OpenSHA.org
http://gmt.soest.hawaii.edu
http://www.jfree.org/jfreechart/
http://pubs.usgs.gov/of/2013/1165/data/ofr2013-1165_FaultSectionData.xlsx
http://pubs.usgs.gov/of/2013/1165/data/ofr2013-1165_FaultSectionData.xlsx
http://pubs.usgs.gov/of/2013/1165/data/ofr2013-1165_FaultSectionData.xlsx
http://pubs.usgs.gov/of/2013/1165/data/ofr2013-1165_FaultSectionData.xlsx
http://pubs.usgs.gov/of/2013/1165/data/ofr2013-1165_PreInversionAnalysisTable.xlsx
http://pubs.usgs.gov/of/2013/1165/data/UCERF3_SupplementalFiles/UCERF3.3
http://pubs.usgs.gov/of/2013/1165/data/UCERF3_SupplementalFiles/UCERF3.3
http://pubs.usgs.gov/of/2013/1165/data/UCERF3_SupplementalFiles/UCERF3.3
http://pubs.usgs.gov/of/2013/1165/data/UCERF3_SupplementalFiles/UCERF3.3/Model/PaleoAndSlipRateFits
http://pubs.usgs.gov/of/2013/1165/data/UCERF3_SupplementalFiles/UCERF3.3/Model/PaleoAndSlipRateFits
http://pubs.usgs.gov/of/2013/1165/data/UCERF3_SupplementalFiles/UCERF3.3/Model/FaultMFDs
http://pubs.usgs.gov/of/2013/1165/data/UCERF3_SupplementalFiles/UCERF3.3/Model/FaultMFDs
http://pubs.usgs.gov/of/2013/1165/data/UCERF3_SupplementalFiles/UCERF3.3/Model/FaultParticipation
http://pubs.usgs.gov/of/2013/1165/data/UCERF3_SupplementalFiles/UCERF3.3/Model/FaultSegmentation
http://pubs.usgs.gov/of/2013/1165/data/UCERF3_SupplementalFiles/UCERF3.3/Model/FaultSegmentation
http://pubs.usgs.gov/of/2013/1165/data/UCERF3_SupplementalFiles/UCERF3.3/Model/FaultSegmentation
http://pubs.usgs.gov/of/2013/1165/data/UCERF3_SupplementalFiles/UCERF3.3/Hazard/HazardCurves
http://pubs.usgs.gov/of/2013/1165/data/UCERF3_SupplementalFiles/UCERF3.3/Hazard/HazardCurves
http://pubs.usgs.gov/of/2013/1165/data/UCERF3_SupplementalFiles/UCERF3.3/Hazard/HazardMaps
http://pubs.usgs.gov/of/2013/1165/data/UCERF3_SupplementalFiles/UCERF3.3/Hazard/HazardMaps
http://pubs.usgs.gov/of/2013/1165/data/UCERF3_SupplementalFiles/UCERF3.3/Hazard/BranchRatios
http://pubs.usgs.gov/of/2013/1165/data/UCERF3_SupplementalFiles/UCERF3.3/Hazard/BranchRatios
http://pubs.usgs.gov/of/2013/1165/data/UCERF3_SupplementalFiles/UCERF3.3/Hazard/InversionTests/Convergence
http://pubs.usgs.gov/of/2013/1165/data/UCERF3_SupplementalFiles/UCERF3.3/Hazard/InversionTests/Convergence
http://pubs.usgs.gov/of/2013/1165/data/UCERF3_SupplementalFiles/UCERF3.3/Hazard/InversionTests/Convergence
http://pubs.usgs.gov/of/2013/1165/data/UCERF3_SupplementalFiles/UCERF3.3/Hazard/InversionTests/EquationSetWeights
http://pubs.usgs.gov/of/2013/1165/data/UCERF3_SupplementalFiles/UCERF3.3/Hazard/InversionTests/EquationSetWeights


date of the National Seismic Hazard Map, U.S. Geol. Surv. Open-File
Rept. 2002-420.

Gardner, J. K., and L. Knopoff (1974). Is the sequence of earthquakes in
southern California with aftershocks removed Poissonian? Bull. Seis-
mol. Soc. Am. 64, 1363–1367.

Granville, V., M. Krivanek, and J.-P. Rasson (1994). Simulated annealing:
A proof of convergence, IEEE Trans. Patt. Anal. Machine Intell. 16,
652–656, doi: 10.1109/34.295910.

Hammond, W. C., G. Blewitt, and C. Kreemer (2011). Block modeling of
crustal deformation of the northern Walker Lane and Basin and Range
from GPS velocities, J. Geophys. Res. 166, no. B04402, doi: 10.1029/
2010JB007817.

Hanks, T. C., and W. H. Bakun (2008). M- logA observations of recent large
earthquakes, Bull. Seismol. Soc. Am. 98, 490.

Harris, R. A., and S. M. Day (1993). Dynamics of fault interaction–parallel
strike-slip faults, J. Geophys. Res. 98, 4461–4472.

Harris, R. A., R. J. Archuleta, and S. M. Day (1991). Fault steps
and the dynamic rupture process: 2-D numerical simulations of a spon-
taneously propagating shear fracture, Geophys. Res. Lett. 18, 893–896.

Hauksson, E., J. Stock, K. Hutton, Y. Wenzheng, J. A. Vidal-Villegas, and H.
Kanamori (2011). The 2010 Mw 7.2 El Mayor-Cucapah earthquake
sequence, Baja California, Mexico and southernmost California,
USA: Active seismotectonics along the Mexican Pacific margin, Pure
Appl. Geophys. 168, 1255–1277, doi: 10.1007/s00024-010-0209-7.

Hecker, S., N. A. Abrahamson, and K. E. Wooddell (2013). Variability of
displacement at a point: Implications for earthquake-size distribution
and rupture hazard on faults, Bull. Seismol. Soc. Am. 103, 651–674,
doi: 10.1785/0120120159.

Helmstetter, A., Y. Y. Kagan, and D. D. Jackson (2007). High-resolution
time-independent grid-based forecast for M � 5 earthquakes in Califor-
nia, Seismol. Res. Lett. 78, 78–86.

Holmes, R. R., Jr., L. M. Jones, J. C. Eidenshink, J. W. Godt, S. H. Kirby, J.
J. Love, C. A. Neal, N. G. Plant, M. L. Plunkett, C. S. Weaver, A.
Wein, and S. C. Perry (2013). U.S. Geological Survey natural hazards
science strategy—Promoting the safety, security, and economic well-
being of the nation, U.S. Geol. Surv. Circular 1383-F, 79 pp.

Jenny, S., S. Goes, D. Giardini, and H.-G. Kahle (2004). Earthquake recur-
rence parameters from seismic and geodetic strain rates in the eastern
Mediterranean, Geophys. J. Int. 157, 1331–1347, doi: 10.1111/j.1365-
246X.2004.02261.x.

Johnson, K. M., and J. Fukuda (2010). New methods for estimating the spa-
tial distribution of locked asperities and stress-driven interseismic
creep on faults with application to the San Francisco Bay area,
California, J. Geophys. Res. 115, no. B12408, doi: 10.1029/
2010JB007703.

Jordan, T. H., Y.-T. Chen, P. Gasparini, R. Madariaga, I. Main, W. Marzoc-
chi, G. Papadopoulos, G. Sobolev, K. Yamaoka, and J. Zschau (2011).
Operational earthquake forecasting: State of knowledge and guidelines
for implementation, final report of the International Commission on
Earthquake Forecasting for Civil Protection, Ann. Geophys. 54,
no. 4, 315–391, doi: 10.4401/ag-5350.

Kagan, Y. Y. (2002a). Seismic moment distribution revisited: I, Statistical
Results, Geophys. J. Int. 148, 520–541.

Kagan, Y. Y. (2002b). Seismic moment distribution revisited: II, Moment
conservation principle, Geophys. J. Int. 149, 731–754.

Kagan, Y. Y., and D. D. Jackson (2013). Tohoku earthquake: A surprise?
Bull. Seismol. Soc. Am. 103, 1181–1194.

Kagan, Y. Y., D. D. Jackson, and R. J. Geller (2012). Characteristic earth-
quake model, 1884–2011, RIP, Seismol. Res. Lett. 83, 951–953, doi:
10.1785/0220120107.

Kaiser, A., C. Holden, J. Beavan, D. Beetham, R. Benites, A. Celentano, D.
Collett, J. Cousins, M. Cubrinovski, G. Dellow, P. Denys, E. Fielding,
B. Fry, M. Gerstenberger, R. Landgridge, C. Massey, M. Motagh, N.
Pondard, G. McVerry, J. Ristau, M. Stirling, J. Thomas, S. R. Uma, and
J. Zhao (2012). The Mw 6.2 Christchurch earthquake of February
2011: Preliminary report, New Zeal. J. Geol. Geophys. 55, 67–90,
doi: 10.1080/00288306.2011.641182.

Knuepfer, P. L. K. (1989). Implications of the characteristics of the endpoints
of historical surface fault ruptures for the nature of fault segmentation,
U.S. Geol. Surv. Open-File Rept. 89-315, 193–228.

Lawson, C. L., and D. J. Hanson (1974). Solving Least Squares Problems,
Prentice-Hall, Englewood Cliffs, New Jersey.

Lettis, W., J. Bachhuber, R. Witter, C. Brankman, C. E. Randolph, A. Barka,
W. D. Page, and A. Kaya (2002). Influence of releasing step-overs on
surface fault rupture and fault segmentation: Examples from the 17
August 1999 İzmit earthquake on the North Anatolian fault, Turkey,
Bull. Seismol. Soc. Am. 92, 19–42.

Luco, N., B. R. Ellingwood, R. O. Hamburger, J. D. Hooper, J. K. Kimball,
and C. Kircher (2007). Risk-targeted versus current seismic design
maps for the conterminous United States, SEAOC 2007 Convention
Proc., Structural Engineers Association of California, Lake Tahoe,
California, 26–29 September 2007.

Machette, M., K. Haller, and L. Wald (2004). Quaternary Fault and Fold
Database for the nation, USGS Fact Sheet FS2004-3033, 2 pp.

Madden, C., D. E. Haddad, J. B. Salisbury, O. Zielke, J. R. Arrowsmith, R. J.
Weldon II, and J. Colunga (2013). Appendix R: Compilation of slip in
the last event data and analysis of last event, repeated slip, and average
displacement for recent and prehistoric ruptures, U.S. Geol. Surv.
Open-File Rept. 2013-1165-R, and California Geol. Surv. Special
Rept. 228-R.

Masson, F., J. Chéry, D. Hatzfeld, J. Martinod, P. Vernant, F. Tavakoli, and
M. Ghafory-Ashtiani (2005). Seismic versus aseismic deformation in
Iran inferred from earthquakes and geodetic data, Geophys. J. Int. 160,
217–226, doi: 10.1111/j.1365-246X.2004.02465.x.

McCaffrey, R. (2002). Crustal block rotations and plate coupling, in Plate
Boundary Zones, Geodynamics Series, S. Stein and J. Freymueller
(Editors), Vol. 30, American Geophysical Union, Washington, D.C.,
101–122.

McCaffrey, R. (2005). Block kinematics of the Pacific/North America plate
boundary in the southwestern United States from inversion of GPS,
seismological, and geologic data, J. Geophys. Res. 110, no. B07401,
doi: 10.1029/2004JB003307.

Meng, L., J.-P. Ampuero, J. Stock, Z. Duputel, Y. Luo, and V. C. Tsai (2012).
Earthquake in a maze: Compressional rupture branching during the
2012 Mw 8.6 Sumatra earthquake, Science 337, 724–726, doi:
10.1126/science.1224030.

Milner, K. R., M. T. Page, E. H. Field, T. Parsons, G. P. Biasi, and B. E.
Shaw (2013c). Appendix T: Defining the inversion rupture set via
plausibility filters, U.S. Geol. Surv. Open-File Rept. 2013-1165-T,
and California Geol. Surv. Special Rept. 228-T.

National Research Council (2011). Hamilton, R. M., R. A. Andrews, R. A.
Bauer, J. A. Bullock, S. E. Chang, W. T. Holmes, L. A. Johnson, T. H.
Jordan, G. A. Kreps, S. P. Nishenko, A. Z. Rose, L. T. Tobin, and A. S.
Whittaker, National Earthquake Resilience: Research, Implementa-
tion, and Outreach, National Research Council, National Academies
Press, Washington, D.C., 198 pp.

Noda, H., and N. Lapusta (2013). Stable creeping fault segments can become
destructive as a result of dynamic weakening, Nature 493, 518–521,
doi: 10.1038/nature11703.

Ogata, Y. (1988). Statistical models of point occurrences and residual analy-
sis for point processes, J. Am. Stat. Assoc. 83, 9–27.

Page, M. T., D. Alderson, and J. Doyle (2011). The magnitude distribution
of earthquakes near southern California faults, J. Geophys. Res. 116,
no. B12309, doi: 10.1029/2010JB007933.

Page, M. T., E. H. Field, K. R. Milner, and P. M. Powers (2013). Appendix N:
Grand inversion implementation and testing, U.S. Geol. Surv. Open-
File Rept. 2013-1165-N, and California Geol. Surv. Special Rept.
228-N.

Page, M. T., E. H. Field, K. R. Milner, and P. M. Powers (2014). The
UCERF3 grand inversion: Solving for the long-term rate of ruptures
in a fault system, Bull. Seismol. Soc. Am. 104, doi: 10.1785/
0120130180.

Pancha, A., J. G. Anderson, and C. Kreemer (2006). Comparison of
seismic and geodetic scalar moment rates across the Basin and Range

1178 E.H. Field et al.

http://dx.doi.org/10.1029/2010JB007817
http://dx.doi.org/10.1029/2010JB007817
http://dx.doi.org/10.1007/s00024-010-0209-7
http://dx.doi.org/10.1111/j.1365-246X.2004.02261.x
http://dx.doi.org/10.1029/2010JB007703
http://dx.doi.org/10.1029/2010JB007703
http://dx.doi.org/10.1785/0220120107
http://dx.doi.org/10.1080/00288306.2011.641182
http://dx.doi.org/10.1111/j.1365-246X.2004.02465.x
http://dx.doi.org/10.1126/science.1224030
http://dx.doi.org/10.1038/nature11703
http://dx.doi.org/10.1029/2010JB007933
http://dx.doi.org/10.1785/0120130180


Working Group on California Earthquake Probabilities (WGCEP) (2007).
The Uniform California Earthquake Rupture Forecast, Version 2
(UCERF 2), U.S. Geol. Surv. Open-File Rept. 2007-1437.

Zechar, J. D., D. Schorlemmer, M. Liukis, J. Yu, F. Euchner, P. J. Maechling,
and T. H. Jordan (2010). The Collaboratory for the Study of Earth-
quake Predictability perspectives on computational earth science,
Concurrency Computat. Pract. Exper. 22, 1836–1847, doi: 10.1002/
cpe.1519.

Zechar, J. D., D. Schorlemmer, M. J. Werner, M. C. Gerstenberger,
D. A. Rhoades, and T. H. Jordan (2013). Regional Earthquake
Likelihood Models I: First-order results, Bull. Seismol. Soc. Am.
103, 787–798.

Zeng, Y., and Z.-K. Shen (2014). Fault network modeling of crustal
deformation in California constrained using GPS and geologic
observations, Tectonophysics 612/613, 1–17, doi: 10.1016/
j.tecto.2013.11.030.

U.S. Geological Survey, Denver Federal Center
PO Box 25046, MS 966
Denver, Colorado 80225-0046

(E.H.F., P.M.P., Y.Z.)

Arizona State University
School of Earth and Space Exploration
PO Box 876004
Tempe, Arizona 85287-6004

(R.J.A.)

University of Nevada Reno
Nevada Seismological Laboratory MS-174
1664 N. Virginia St.
Reno, Nevada 89557

(G.P.B.)

Department of Earth, Planetary, & Space Sciences
University of California
Los Angeles, California 90095-1567

(P.B., D.D.J.)

California Geological Survey
345 Middlefield Road MS 520
Menlo Park, California 94025

(T.E.D., A.J.M., T.P.)

U.S. Geological Survey
525 S. Wilson Avenue
Pasadena, California 91106

(K.R.F., M.T.P.)

Department of Geological Sciences
Indiana University
1001 E. 10th St.
Bloomington, Indiana 47405

(K.M.J.)

University of Southern California
Southern California Earthquake Center
3651 Trousdale Parkway #169
Los Angeles, California, 90089-0742

(T.H.J., K.R.M.)

College of Earth, Ocean, and Atmospheric Sciences
Oregon State University
104 CEOAS Administration Building
Corvallis, Oregon 97331-5503

(C.M.)

Lamont Doherty Earth Observatory
Columbia University
Palisades, New York 10964

(B.E.S.)

U.S. Geological Survey MS 977
345 Middlefield Road
Menlo Park, California 94025

(W.R.T.)

Department of Geological Sciences
University of Oregon
Eugene, Oregon 97403-1272

(R.J.W.)

Manuscript received 17 June 2013

1180 E.H. Field et al.

http://dx.doi.org/10.1002/cpe.1519
http://dx.doi.org/10.1002/cpe.1519
http://dx.doi.org/10.1016/j.tecto.2013.11.030

