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State of SCEC, 2016

Thomas H. Jordan, SCEC Director
Gregory C. Beroza, SCEC Co-Director

Welcome to the 2016 Annual Meeting!

We welcome you to the 26th Annual Meeting of the Southern California Earthquake Center. Each year of the past
quarter century, the SCEC community has gathered from across the country and around the world to share research
accomplishments and make ambitious science plans. This year, 707 people have pre-registered for the meeting (Figure
1), and 347 poster abstracts have been submitted. The pre-registrants include more than 211 first-time attendees and
almost three hundred undergraduates, graduate students, and postdocs.

During the past year, the SCEC Core Program
has undergone a rigorous five-year review, and
the results have been extremely positive. SCEC
has been authorized by its two principal
sponsoring agenciesd the National Science
Foundation and U.S. Geological Surveyd for
another five years at a target funding level near
$4.6 million per year. The fifth phase of the
Center (SCEC5) will officially begin on Feb 1,
2017, and continue until January 31, 2022.

The goal of this Annual Meeting is to assess the

progress of our collaborations, refine our draft

science plan, and launch SCEC5 properly by

firing up ambitious research initiatives in new

thematic areas, such as Earthquake Gates and

Beyond Elasticity. We 61 | strive
year, to learn as much as we can about

earthquakes from the formal presentations and

posters and from the informal discussions with

our scientific colleagues.

To match the bright, clear days forecast for
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Figure 1. Registrants at SCEC Annual Maeting 19891-2018. The number for
2016 (707} is pre-registrants. Pie charl shows the demographic profile for 2016
pre-registrants. The lower bar chart is the history of SCEC base funding in
as-spent dollars; the connected dots are the base-funding tolals in 2002
dolars. Funding for 2016 is current authorizabion.

Palm Springs, the Planning Committee has put together a sparkling program. Saturday and Sunday feature workshops

and discussions on six important topics:

SCEC Workshop on Processes that Control the Strength of Faults and Dynamics of Earthquakes

0 SCEC SoSAFE Workshop: Recent Successes and Future Challenges

0 SCEC Ventura Special Fault Study Area Workshop

0

0 SCEC Collaboratory for Interseismic Simulation and Modeling (CISM) Meeting
0 SCEC International Workshop on Ground Motion Simulation Validation

0

At 6pm Sunday evening,
wi || kick off the main
in Mechanics and in Hazard Assessment.0

SCEC Workshop on Science Communication: Navigating and Maximizing a Digital, Social World

this yearod6s Distinguished Speaker,

m Earthqguakes onvCormphessenarivezsioma Stryctutesi cPtollems o n A
Over the next three days, the agenda

addressing fundamental problems, discussions of major science themes, poster sessions on research results,
earthquake response exercises, technical demonstrations, education and outreach activities, and some lively social
gatherings. The topical titles of the sessions indicate the range of the science we will discuss: Modeling Fault
Systems i Supercycles and Modeling Fault Systemsi SCEC Community Models on Monday; Understanding
Earthquake Processes and New Observations and Characterizing Seismic Hazard on Tuesday; Reducing Seismic Risk
on Wednesday. In all of these activities, we value your participation as an active member of the SCEC community!
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Assessing SCEC Accomplishments

The SCEC4 science plan was posed in terms of tTakleli Ovex
the past five years, we have collectively approached these interrelated, system-level problems with the interdisciplinary,
multi-institutional research at which the SCEC community excels. This year, SCEC Co-Director Greg Beroza and the
Planning Committee (PC) will be assembling the final report on the SCEC4 research accomplishments, which will be
submitted in spring of 2017 as part of a final report
report is included in these Proceedings. Greg will summarize the research results, with an emphasis on our more recent
accomplishments, in his plenary address on Monday morning. This meeting volume also contains a report by Mark
Benthien, the SCEC Associate Director for Communication, Education, and Outreach (CEQ), on the remarkable
accomplishments of the CEO program.

Table 1. Fundamental Problems of Earthquake Science (SCEC4)

Stress transfer from plate motion to crustal faults: long-term fault slip rates

Stress-mediated fault interactions and earthquake clustering: evaluation of mechanisms
Evolution of fault resistance during seismic slip: scale-appropriate laws for rupture modeling
Structure and evolution of fault zones and systems: relation to earthquake physics

Causes and effects of transient deformations: slow slip events and tectonic tremor

Seismic wave generation and scattering: prediction of strong ground motions

IZEdEN SN

The five poster sessions scheduled between Sunday evening and Tuesday evening will display the entire spectrum of
SCEC accomplishments. Posters will stay up for the entire meeting to allow more face-to-face interactions on the nitty-
gritty aspects of SCEC scientific research.

The SCEC5 Community Science Vision

The proposed SCECS5 Science Plan was developed by the non-USGS members of the SCEC Planning Committee and
Board of Directors with extensive input fromissue-or i ent ed fAti ger teamso and the
organized research ideas and plans from the SCEC community into white papers on a number of the most compelling
topics. An ad hoc committee, appointed by the Board and chaired by P. Segall, abstracted from this and other input a
strategic framework for prioritizing SCECS research objectives, which has been cast in terms of five basic questions of
earthquake science (Table 2).

Table 2. Basic Questions of Earthquake Science (SCECS5)

1. How are faults loaded across temporal and spatial scales?

2. What is the role of off-fault inelastic deformation on strain accumulation, dynamic rupture, and
radiated seismic energy?

3. How do the evolving structure, composition and physical properties of fault zones and
surrounding rock affect shear resistance to seismic and aseismic slip?

4. How do strong ground motions depend on the complexities and nonlinearities of dynamic
earthquake systems?

5. In what ways can system-specific studies enhance our general understanding of earthquake
predictability?

Science Plan. Research priorities have been developed to address these five basic questions. Tied to the priorities
are fourteen science topics distributed across four main thematic areas.

Modeling the fault system: We seek to know more about the geometry of the San Andreas system as a complex network
of faults, how stresses acting within this network drive the deformation that leads to fault rupture, and how this system
evolves on time scales ranging from milliseconds to millions of years.

- Stress and Deformation Over Time. We will build alternative models of the stress state and its evolution during seismic
cycles, compare the models with observations, and assess their epistemic uncertainties, particularly in the
representation of fault-system rheology and tectonic forcing.

- Special Fault Study Areas: Focus on Earthquake Gates. AfEarthqguake gateso are
conjectured to inhibit propagating ruptures, owing to dynamic conditions set up by proximal fault geometry, distributed
deformation, and earthquake history. We will test the hypothesis that earthquake gates control the probability of large,
multi-segment and multi-fault ruptures.
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- Community Models. We will enhance the accessibility of the SCEC Community Models, including the model
uncertainties. Community thermal and rheological models will be developed.

- Data Intensive Computing. We will develop methods for signal detection and identification that scale efficiently with
data size, which we will apply to key problems of Earth structure and nanoseismic activity.

Understanding earthquake processes: Many important achievements in understanding fault-system stresses, fault
ruptures, and seismic waves have been based on the elastic approximation, but new problems motivate us to move
beyond elasticity in the investigation of earthquake processes.

- Beyond Elasticity. We will test hypotheses about inelastic fault-system behavior against geologic, geodetic, and
seismic data, refine them through dynamic modeling across a wide range of spatiotemporal scales, and assess their
implications for seismic hazard analysis.

- Modeling Earthquake Source Processes. We will combine co-seismic dynamic rupture models with inter-seismic
earthquake simulators to achieve a multi-cycle simulation capability that can account for slip history, inertial effects,
fault-zone complexity, realistic fault geometry, and realistic loading.

- Ground Motion Simulation. We will validate ground-motion simulations, improve their accuracy by incorporating
nonlinear rock and soil response, and integrate dynamic rupture models with wave-scattering and attenuation models.
We seek simulation capabilities that span the main engineering band, 0.1-10 Hz.

- Induced Seismicity. We will develop detection methods for low magnitude earthquakes, participate in the building of
hydrological models for special study sites, and develop and test mechanistic and empirical models of anthropogenic
earthquakes within Southern California.

Characterizing seismic hazards: We seek to characterize seismic hazards across a wide spectrum of anticipation and
response times, with emphasis on the proper assessment of model uncertainties and the use of physics-based methods
to lower those uncertainties.

- Probabilistic Seismic Hazard Analysis. We will attempt to reduce the uncertainty in PSHA through physics-based
earthquake rupture forecasts and ground-motion models. A special focus will be on reducing the epistemic uncertainty
in shaking intensities due to 3D along-path structure.

- Operational Earthquake Forecasting. We will conduct fundamental research on earthquake predictability, develop
physics-based forecasting models in the new Collaboratory for Interseismic Simulation and Modeling, and coordinate
the Working Group on California Earthquake Probabilities.

- Earthquake Early Warning. We will develop methods to infer rupture parameters from time-limited data, ground-motion
predictions that account for directivity, basin, and other 3D effects, and better long-term and short-term earthquake
rupture forecasts for conditioning of early-warning algorithms.

- Post-Earthquake Rapid Response. We will improve the rapid scientific response to strong earthquakes in Southern
California through the development of new methods for mobilizing and coordinating the core geoscience disciplines in
the gathering and preservation of perishable earthquake data.

Reducing seismic risk: Through partnerships coordinated by SCECOs Ear
Interface, we will conduct research useful to motivating societal actions to reduce earthquake risk. Two topics
investigated by these engineering partnerships will be:

- Risk to Distributed Infrastructure. We will work with engineers and stakeholders to apply measures of distributed
infrastructure impacts in assessing correlated damage from physics-based ground-motion simulations. An initial project
will develop earthquake scenarios for the Los Angeles water supply.

- Earthquake Physics of the Geotechnical Layer. In collaboration with geotechnical engineers, we will advance the
understanding of site effects and soil-structure interactions by incorporating nonlinear rheological models of near-
surface rock and soil layers into full-physics earthquake simulations.

The Planning Committee has synthesized a draft of the SCEC5 science plan, which is included in the Meeting
Proceedings. At this annual meeting, we are soliciting input from the entire SCEC community on the details of this plan.
A revised version derived from this input will be posted in early October, which will be the basis for a request for
proposals, due in early November.
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Communication, Education and Outreach Plan. The SCEC/CEO program will manage and expand a suite of
successful activities within four CEO focus areas. Knowledge Implementation will connect SCEC scientists and
research results with practicing engineers, government officials, business risk managers, and other professionals in
order to improve application of earthquake science. The Public Education and Preparedness focus area will educate
people of all ages about earthquakes, tsunamis, and other hazards, and motivate them to become prepared. The K-14
Earthquake Education Initiative will improve earth science education in multiple learning environments, overall science
literacy, and earthquake safety in schools and museums. The Experiential Learning and Career Advancement program
will provide research opportunities, networking, and other resources to encourage students and sustain careers in
STEM fields. Four long-term intended outcomes of the CEO program are improved application of earthquake science
in policy and practice; reduced loss of life, property, and recovery time; increased science literacy; and increased

diversity, retention, and career success in the scient i fi ¢ wor kf or ce. SCECb6s vigorous prom

will be augmented by a new Transitions Program that will provide students and early-career scientists with resources
and mentoring at major steps in their careers.

Requests from the Sponsoring Agencies. The SCECS5 proposal process is not
formal recommendation, we must submit a revised work plan and budget to our NSF program officer, Greg Anderson,

over y

by 15 October 2016. Andersonds |l etter specifically requests:

1. A clear and specific statement of the impacts of the NSF budget reduction from $4.1M (requested) to $3.0M
(authorized), and the differences between the proposal and the revised request.

2. A work plan, including milestones for each of the four key themes of the SCEC5 Science Plan, which should be
relatively detailed for the first year and less so in subsequent years. The milestones will form one basis of the annual
project report and may be revised as part of the annual collaboration process in future years.

3. A clear description of a revised CEO evaluation framework based on the CEO logic model, which will form another
basis of the annual project report.

4. A plan to keep NSF apprised of progress in carrying out the center leadership transition.

The review by the USGS Earthquake Hazard Program (EHP) focused on the intersection of SCEC plans with projected
USGS activities. The |l etter from our contracting offi
EHP priorities, which include: (a) priority on community-model development that will serve broader research needs and
stimulate model developments elsewhere in the country; (b) coordination requirements on earthquake early warning

and induced-seismicity research; (c) clarificationonhow SCECO6s eart hquake response

coordinated with the USGS and with the California Clearinghouse; (d) partnership with the USGS in earthquake
engineering implementation and in interactions with code committees and design teams. The EHP explicitly
encouraged potential efforts to help translate SCEC results into earthquake system science, hazards assessment, and
engineering practice outside of Southern California.

We must submit our revised plans to the agencies within the next month. At this meeting, the SCEC Board of Directors
and the Planning Committee will be considering how we should best respond to these requests, and we would value
your input.

Organization and Leadership

SCEC has developed an effective management structure for coordinating earthquake research and educational

cer , Ma 1

pl anni

activities. The Center 6s abil i-triyenteseardhhas been répaatedly provehbdydsbor at i v e

diverse accomplishments. Participation in SCEC is rising despite flat funding (Figure 1), and its national and
international partnerships are flourishing. In its annual reports, the SCEC External Advisory Council has repeatedly

documented the enthusiasm among SCEC participants and endorsed their high levels of satisfaction withthe Ce nt er 6 s

leadership and administration.

In preparing the core-program proposal, the SCEC Board of Directors voted unanimously to operate SCEC5 under a
similar set of by-laws as SCEC4. The University of Southern California (USC) will continue as the managing institution,
and Tom Jordan, the proposal PI, will continue as the Center Director. The by-laws now designate the responsibilities
of a Center Co-Director, Greg Beroza of Stanford University, who is Co-PI on the SCEC5 proposal. Establishment of a
co-directorship and several other augmentations to the SCEC leadership structure have been designed to facilitate the
SCEC leadership transition, which we anticipate will occur early in SCEC5.
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Core and Participating Institutions. SCEC will continue as an institution-based center, governed by a Board of
Directors, who represent its members. The Center currently involves more than 1000 scientists and other experts in
active SCEC projects, making it one of the largest formal collaborations in geoscience. It will continue to operate as an
open consortium, available to all qualified individuals and institutions seeking to collaborate on earthquake science in
Southern California, and its membership will continue to evolve. The institutional membership currently stands at 75,
comprising 18 core institutions and 57 participating institutions, which are listed on the inside back cover of the meeting
program. As you can see from the list, SCEC institutions are not limited to universities, nor to U.S. organizations. The
three USGS offices in Menlo Park, Pasadena, and Golden and the California Geological Survey are core institutions,
and AECOM Corporation is a participating institution. Twelve foreign institutions are currently recognized as partners
with SCEC through a set of international cooperative agreements.

Call for Participating Institutions. All SCEC4 participating institutions, as well as institutions that would like to join the
Center, are requested to apply for institutional membership in SCEC5 before December 31, 2016. The process is an
easy one; all we need is a letter from a cognizant official (e.g., your department chair or dean) that requests
participating-institution status and appoints an institutional representative who will act as the point-of-contact with the
Center.

Board of Directors. The complete SCEC4 Board of Directors, which now includes Texas A&M as a core institution, is
listed on the inside front cover of the meeting program. Each core institution will appoint one member to the SCEC5
Board of Directors, which will be chaired by the Center Director. The Board will elect two nominees from the participating
institutions to serve two-year terms as members-at-large.

Nominations are now open for the at-large members of the SCEC5 Board.

The Board will be the primary decision-making body of SCEC; it will meet three times per year (typically in February,
June, and September) to approve the Annual Collaboration Plan and budget and deal with major business items. Based
on current projections, the SCEC5 Board will comprise 17 voting members. The USGS members will serve in non-
voting liaison capacity. Ex officio members will include the Co-Director; the Associate Director for Administration
(serving as Executive Secretary); the Associate Director for CEO; the IT Architect; and the Executive Science Director
for Special Projects.

An Executive Committee will handle daily decision-making responsibilities, mainly through email. It will comprise five
voting members, the Center Director, who will act as Chair, the Co-Director, the Board Vice-Chair, and two Board
members elected for 3-year terms, plus three non-voting members: the Executive Director for Special Projects, the AD
for CEO, and the AD for Administration.

External Advisory Council. The external Advisory Council (AC) will continue to serve as an experienced advisory
body to the Center, charged with developing an overview of SCEC operations and advising the Director and the Board.
Since the inception of SCEC in 1991, the AC has played a major role in maintaining the vitality of the SCEC and helping
its leadership chart new directions. The Center has always provided its sponsoring agencies and participants, with
verbatim copies of the yearly AC reports. The full 2015 AC report is included in this volume. The current AC membership
can be found in the meeting program.

We are very happy to announce that Professor John Vidale of the University of Washington has agreed to chair the
SCECS5 AC, filling the big shoes of Professor Gail Atkinson of Western University, who will step down from this role at
the end of SCEC4. We will have a chance at the annual banquet on Monday evening to thank Gail for her excellent
leadership of the AC and to remind her of continuing role as a denizen of Hotel California.

Planning Committee. The chair of the Planning Committee (PC) is the SCEC Co-Director, Greg Beroza of Stanford,
and its Vice-Chair is Judi Chester of Texas A&M. The PC comprises the leaders of the SCEC science working groupsd
disciplinary committees, focus groups, and special project groupsd who, together with the working group co-leaders,
gui de SCEC6s research program. The PC is responsible

reviews, and recommending projects to the Board for SCEC support. Its members will play key roles in implementing
the SCECS5 science plan. To prepare for SCEC5, we have restructured the PC working groups and evolved its

member shi p. -PTChoe D urmperi si ng the SCEC4 PC 1@8%RCimembers,areheme |
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at the meeting; their names are listed on inside
cover of the meeting program. We urge you to
use the opportunity of the Annual Meeting to
communicate your thoughts about future
research plans to them.

SCECS5 Science Planning Organization

SCEC Administration
PC Chair & Vice-Chail
Planning Commitiee

Geolog
isciplinary Cummme

FARM
Focus Group

Working Groups. The SCEC organization
comprises a number of disciplinary
committees, focus groups, special project
teams, and technical activity groups (TAGS).
These working groups have been our engines
of success, and many of the discussions at
this meeting will feed into their plans.

The Center supports disciplinary science
through standing committees in Seismology,
Tectonic Geodesy, Earthquake Geology,

and Computational Science. These groups Figure 2. SCECS science planning organization chart, consisting of Disciplinary

(green boxes of Figure 2) are responsible for ‘Commitiees (green boxes), Interdiscipinary Focus Groups (yelow boxes), and
T . Technical Activity Groups (ellipses) coordinated by Working Group leaders in Special
disciplinary activities relevant to the SCEC Projects, San Andreas Fault System, SCEC Community Modets, and the Earthquaks

Science Plan, and they make Emginesring Implementation Inteface.

recommendations  to  the Planning

Committee from the perspective of disciplinary research and infrastructure. The groups are unchanged in the transition
to SCECS, though there are changes in leadership. Seismology: Yehuda Ben-Zion and Jamie Steidl; Tectonic Geodesy:
Dave Sandwell and Gareth Funning; Earthquake Geology: Mike Oskin and Whitney Behr; Computational Science:Eric
Dunham and Ricardo Taborda.

Geodesy
isciplinary Cummms

Special Seismology

Projects L|sc|pllnary CummlneJ

EFP
Focus Group

spoT |
| EENl

| Focus Group

Ground Motions
Focus Group

Comp Science
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NHERI
Partnerships
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01010000
00 000

SCEC coordinates earthquake system science through interdisciplinary focus groups. The SCEC4 focus groups
included Unified Structural Representation (USR), Fault and Rupture Mechanics (FARM), Earthquake Forecasting and
Predictability (EFP), Southern San Andreas Fault Evaluation (SOSAFE), Stress and Deformation Through Time
(SDOT), Ground Motion Prediction (GMP), and the Earthquake Engineering Implementation Interface (EEIl). Most
interdisciplinary groups will continue in SCEC5, with some changes in leadership. FARM: Nadia Lapusta and Nick
Beeler; EFP: Max Werner and Ned Field; SDOT: Kaj Johnson and Bridget Smith-Konter; EEIl: Jack Baker and Jon
Stewart. GMP (Kim Ol sen, Domni ki GMinh3CERS (DomrikeAsimakicAsinemaae
Baltay-Sundstrom). The SoSAFE working group will evolve into the San Andreas Fault System (SAES) working group,
led by Kate Scharer and Michele Cooke, with a greater emphasis on modeling the fault system. USR will be broadened
into a CXM focus group, led by Liz Hearn and Brad Aagaard, and encompass activity related to the constructions,
improvement, and maintenance of all community model types, as described in the SCECS5 proposal. The importance
and scale of effort involved with community models led us to request funding for a Community Models Manager in the
SCECS5 proposal. The requested budget increase was not granted, however, which will present challenges in this
important area of SCEC5 research.

Technical Activity Groups are self-organized to develop and test critical methodologies for solving specific problems.
TAGs have formed to verify the complex computer calculations needed for wave propagation and dynamic rupture
problems, to assess the accuracy and resolving power of source inversions, and to develop geodetic transient detectors
and earthquake simulators. TAGs share a modus operandi: the posing of wellld e f i ned fstandard
these problems by different researchers using alternative algorithms or codes, a common cyberspace for comparing
solutions, and meetings to discuss discrepancies and potential improvements. Existing TAGs in SCEC4 will sunset.
TAGs in these and other areas can be reinitiated at the beginning of SCECS5 through successful proposals to the PC.

Special Projects

The SCEC special projects are research partnerships in targeted earthquake research that heavily leverage the core
program. Synergy between the special projects and the core program is ensured by a central SCEC policy, instituted
by the Board of Directors in 2005: the science objectives of all SCEC special projects must be aligned with those of the
SCEC core program and explicitly included as objectives in the SCEC Annual Science Plan. Under this policy, any
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SCEC participant can propose core-program research pertinent to a special project, enabling them to participate in that
project.

Community Modeling Environment (CME). The CME i s-pesf@rBa@a® somputing bollaboratory for large-

scale earthquake simulations. Major grants to support CME software engineering have come from the NSF/CISE

Directorate and the NSF/EAR Geoinformatics program, as well as from the utility industry. SCEC competes for

supercomputer allocations through the NSF XSEDE and PRAC programs and the DOE INCITE program. In 2015,

SCEC was awarded all ocations totaling 36 BluelWalefsj, oANWr&s vi ce un
and OS&Ttan&upercomputers. These resources have enabled SCEC to sustain its HPC usage at a high level of

productivity. CME resources support five major SCEC computational platforms:

High-F Platform: The High-F platform comprises the AWP-ODC, Hercules, and other codes that SCEC researchers
are using to push earthquake simulations to higher frequencies (> 1 Hz). Software under development will be
capable of modeling the effects of fault roughness, near-fault plasticity, frequency-dependent attenuation,
topography, small-scale near-surface heterogeneities, and near-surface nonlinearities. The High-F Platform will
support dynamic-rupture and ground-motion studies as part of the SCEC5 plans to move simulations Beyond
Elasticity.

CyberShake Platform: The CyberShake Platform uses seismic reciprocity to generate large ensembles of
simulations (> 108) that Monte-Carlo sample earthquake rupture forecasts and multiple crustal-structure models.
Implementation of physics-based probabilistic seismic hazard modeling requires this capability. The platform is
being developed using the Los Angeles region as a test bed, and it has already produced PSHA models as
candidates for the USGS Urban Seismic Hazard Mapping Project. In SCEC5, CyberShake PSHA models will be
developed for other regions; e.g., in Central California as part of the Central California Seismic Project (see below).
Because reciprocity derives from linear elasticity, a SCEC5 challenge will be the reengineering of CyberShake to
enable the efficient, large-ensemble simulation of nonlinear wave phenomena that lie Beyond Elasticity.

Broadband Platform: The open-source Broadband Platform (BBP) provides a verified, validated, and user-friendly
computational environment for generating broadband (0-100Hz) ground motions. In its validation mode, the BBP
computes goodness-of-fit measures that quantify how well the synthetics match the observations. In its scenario
mode, it calculates suites of synthetic seismograms from user-specified rupture sets, structural models, and station
sets. In SCECS5, the BBP will be extended from 1D to 3D structural models, and it will support the development and
validation of physics-based ground-motion models in projects and partnerships managed under the EEII.

F3DT Platform: This platform integrates the software needed for full-3D waveform tomography using the adjoint-
wavefield and scattering-integral formulations of the structural inverse problem. F3DT can invert both earthquake
waveforms and ambient-field correlograms for high-resolution crustal models, and it can refine the centroid moment
tensors of earthquakes by matching observed waveforms with 3D synthetics. These capabilities have been used to
produce CVM-S4.26 and will be employed in the SCEC5 CVM studies.

Unified Community Velocity Model Platform. The UCVM platform provides an easy-to-use software framework for
comparing and synthesizing 3D Earth models and delivering model products to users. This community software is
an important component of the CME cyberinfrastructure: a standardized, high-speed query interface enables users
to build very large simulation meshes very quickly, and its file utilities can export meshes in both eTree and NetCDF
formats.

Uniform California Earthquake Rupture Forecast. UCERF is a joint project of SCEC, USGS, and CGS to build a
California-wide, time-dependent, fault-based earthquake rupture forecast, managed through the Working Group on
California Earthquake Probabilities. The latest (third) version comprises a time-independent model used in the 2014
release of the National Seismic Hazard Mapping Project (UCERF3-TI), a time-dependent model based on long-term
Reid renewal statistics (UCERF3-TD), and a time-dependent model based on short-term ETAS statistics (UCERF3-
ETAS). The latter is being developed as a candidate model for use in operational earthquake forecasting. CSEP testing
of UCERF3-ETAS will commence in 2016. A major SCECS initiative is to incorporate more physics into UCERF models
through the use of physics-based earthquake simulators.

Collaboratory for the Study of Earthquake Predictability. CSEP provides an international cyberinfrastructure that
sustains the prospective, blind testing of short- and medium-term earthquake forecasts on regional and global scales.
CSEP testing centers (except Japan and China) run a common software stack that is developed and released quarterly
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by SCEC software engineer Maria Liukis. CSEP operations at SCEC include the testing of California and global
forecasting models in addition to the development and maintenance of the collaboratory software. SCEC is responsible
for the registration of new models and the coding of new testing procedures; many of these innovations, such as the
testing of geodetic anomaly detectors, have come from the SCEC core program. Over 400 earthquake-forecasting
models and their variations are currently under prospective CSEP testing. The registration and testing of external
forecasting models is underway and may eventually include USGS operational models. CSEP and its new sister
collaboratory, CISM (see below), will be critical SCECS5 infrastructures for the development and evaluation of
comprehensive earthquake forecasting models. The proposed earthquake-simulator effort is supported by the recent
results of the CSEP Canterbury Retrospective Experiment, which has demonstrated (in one particular sequence) that
models incorporating the physics of rate-state nucleation and Coulomb stress transfer can outperform purely statistical
models such as ETAS.

CSEP was initiated in 2006 with support from the W. M. Keck Foundation and has been subsequently funded under
grants and contracts from the USGS and Department of
core research, the SCECS5 proposal requested USGS funding of $200K/year to support collaboratory operations in
California and USGS-relevant software development, and this budgetary increase has been approved. Allocation of
CSEP resources to specific projects will be guided as part of the core budgeting process by the Joint SCEC/USGS
Planning Committee.

Collaboratory for Interseismic Simulation and Modeling. In July, 2015, SCEC received a three-year, $2M grant from the
W. M. Keck Foundation to construct a Collaboratory for Interseismic Simulation and Modeling. CISM will provide a
unique environment for developing large-scale numerical models that can simulate sequences of fault ruptures and the
seismic shaking they produce. The goal of CISM is to equip earthquake scientists with HPC-enabled infrastructure for
creating a new generation of comprehensive, physics-based earthquake forecasts using California as the primary test
bed. CISM will provide a computational framework for combining earthquake simulations that account for the physics
of earthquake nucleation and stress transfer with ground-motion simulations. It will be engineered as a workflow-
oriented cyberinfrastructure with common tools for integrating various types of scientific software modules provided by
different research teams into well-structured forecasting models that can be calibrated against existing data and tested
against observations within CSEP. As part of this project, W. M. Keck Foundation Fellowships in Earthquake
Forecasting Research will support participation in CISM by graduate students, post-docs, and early-career researchers.
The first of the CISM postdoctoral fellowships was awarded to Dr. Jacqui Gilchrist in March 2016.

Central California Seismic Project. The CCSP was initiated in 2015 as a partnership between SCEC and Pacific Gas
& Electric Co. to use the central coast region of California as a testbed for developing and validating new physics-based
ground-motion forecasting models. The main goal of the CCSP is to assess the effectiveness of seismic wavefield
modeling in reducing the epistemic uncertainties in path effects that control hazard estimates at low exceedance
probabilities. The specific objectives of this long-term (~8-yr) effort include (i) assimilation of existing data into improved
3D models of Central California crustal structure; (ii) collection of new data on local earthquake activity and regional
path effects, (iii) validation of improvements to synthetic seismograms derived from 3D models, and (iv) demonstration
that physics-based modeling can reduce path-effect uncertainties. Work on objective (i) has begun, and a start has
been made on the instrument deployments required to achieve (ii). The CCSP will provide SCEC researchers with new
data in both location and type, and its objectives are well aligned with the SCEC5 Basic Questions of Earthquake
Science, especially Q4 and Q5 (Table 1).

Mining Seismic Wavefields Project. In May, 2016, a SCEC working group led by Pl Greg Beroza (Stanford) and co-PlIs:
Zhigang Peng (Georgia Tech), Egill Hauksson (Caltech), Yehuda Ben-Zion (USC), Phil Maechling (USC), and Tom
Jordan (USC), received a two-year grant from the NSF geoinformatics program to develop and deploy
cyberinfrastructure for mining seismic wavefields through data intensive computing techniques to extend similarity
search for earthquake detection to massive data sets. Similarity search has been used to understand the mechanics
of tectonic tremor, transform our understanding of the depth-dependence of faulting, illuminate diffusion within
aftershock seismicity, and reveal new insights into induced earthquakes. These results were achieved with modest
data volumes i from ~ 10 seismic stations spanning ~ 10 km i yet they increased the number of detected earthquakes
by a factor of 10 to 100. This geoinformatics project will develop the cyberinfrastructure required to enable high-
sensitivity studies of earthquake processes through the discovery of previously undetected seismic events within both
long duration (large-T) and instrumentally dense (large-N) data sets.
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Center Budget and Project Funding

The SCEC base program has been essentially flat funded by NSF/EAR and USGS/EHP since the beginning of SCEC2
(Figure 1). In 2013 NSF/EAR cut our base budget by 10%, from the $3.0M received in 2012 to $2.7M. The USGS cuts
were proportionately smaller (3%), from $1.34M to $1.30M. A similar cut of 10% was expected in 2014, a result of the
federal sequester law and congressional funding levels, but NSF announced late in the year that SCEC would get its
full $3.0M in 2014. The USGS did continue its small 3% cut. In 2015, we received $2.9M from NSF and $1.3M from the
USGS, both cuts of ~3%. In 2016, NSF/EAR cut base funding by $66K (from the $3.0M per year authorized SCEC4
level) to $2.924M. The USGS fully funded SCEC at the authorized level of $1.34M in 2016. We can report NSF/EAR is
making a late supplement of $40K to help support the increased participation by graduate (122 to 190) and
undergraduate (12 to 40) students at this yeards annual meeti
from Pacific Gas & Electric, the Keck Foundation, and the geodesy royalty fund. In total, SCEC core funding for 2016
is $4,944K, up slightly from $4,890K in 2015.

Our 2016 funding was not finalized until May, but the SCEC administration team was able to work around the delay to
get nearly all awards out in a timely manner for the final year of SCEC4 funding. The team continues to monitor
subcontracts closely to prevent any major closeout problems at the end of SCEC4 on January 31, 2017.

The base budget approved by the Board of Directors for this year allocated $3.42M (versus $3.384M in 2015) for
science activities managed by the SCEC Planning Committee; $470K for communication, education, and outreach
activities, managed by the CEO Associate Director, Mark Benthien; $190K for information technology, managed by
Associate Director for Information Technology, Phil Maechling; $400K for administration and $380K for meetings,
managed by the Associate Director for Administration, John McRaney; and $64K for the Director's reserve account.
The latter funding was reduced from $130K due to the original cut by NSF.

Structuring of the SCEC program for 2016 began with the working-group discussions at our last Annual Meeting in
September, 2015. An RFP was issued in October, 2015, and 161 proposals (~225 individual funding requests counting
collaborative proposals) requesting a total of $4.86M were submitted in November, 2015. Both the number of proposals
and the total funds requested were slightly lower than those submitted in 2014 for the 2015 SCEC science program.
The small drop was expected since the RFP did not allow new project starts in the last year of SCECA4. All proposals
were independently reviewed by the Director and by either the PC Chair or Vice-Chair. Each proposal was also
independently reviewed by the leaders and/or co-leaders of three relevant focus groups or disciplinary committees.
(Reviewers were required to recuse themselves when they had a conflict of interest.) The PC met in January 2016, and
spent two days discussing every proposal. The objective was to formulate a coherent, budget-balanced science
program consistent with SCEC's basic mission, short-term objectives, long-term goals, and institutional composition.
Proposals were evaluated according to the following criteria:

0  Scientific merit of the proposed research

0 Competence and performance of the investigators, especially in regard to past SCEC-sponsored research

0  Priority of the proposed project for short-term SCEC objectives as stated in the RFP

0 Promise of the proposed project for contributing to long-term SCEC goals as reflected in the SCEC science
plan

0 Commitment of the investigator and institution to the SCEC mission

0 Value of the proposed research relative to its cost

0  Ability to leverage the cost of the proposed research through other funding sources

0 Involvement of students and junior investigators

0 Involvement of women and underrepresented groups

0 Innovative or "risky" ideas that have a reasonable chance of leading to new insights or advances in earthquake

physics and/or seismic hazard analysis.
0 The need to achieve a balanced budget while maintaining a reasonable level of scientific continuity
The recommendations of the PC were reviewed by the SCEC Board of Directors. The Board voted unanimously to
accept the PC's recommendations. After minor adjustments and a review of the proposed program by the NSF and
USGS, the Director approved the final program in late February 2016. The science plan was then sent to our NSF and
USGS program officers for agency review. Once that approval was received, notifications to investigators were sent,
starting in March 2016.
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Communication, Education, and Outreach

The success of SCECb6s CEO program matches that of its

research experiences, web-based education tools, classroom curricula, museum displays, public information
brochures, online newsletters, workshops, and technical publications. Highlights of CEO activities for the past year are
reported in these Proceedings by the Associate Director for CEO, Mark Benthien, who will present an oral summary on
Monday morning.

In 2015, we established a CEO Planning Committee with members selected to represent the four CEO focus areas.
The CEO-PC was chartered to provide guidance and support for the portfolio of SCEC/CEO activities and partnerships,
review reports and evaluations, and identify synergies with other parts of SCEC and external organizations. The CEO-
PC was convened in Spring 2015 and in June 2016 with members drawn from the AC and SCEC stakeholders. The
Chair of the CEO-PC is Tim Sellnow (U. Central Florida), and the Vice-Chair is Kate Long (CalOES). Both represent
the Public Education and Preparedness CEO focus area and are also on the AC. Danielle Sumy (IRIS) represents K-
14 Earthquake Education Initiative. Sally McGill (CSU San Bernardino) represents the Experiential Learning and Career
Advancement focus area. Jacobo Bielak (Carnegie Mellon University) and Chris Wills (California Geological Survey)
both represent the Implementation Interface CEO focus area. Chris is also the representative of the SCEC Board on
the CEO-PC.

A Special Word of Thanks

SCEC has been successful because of the collaborative efforts of many people over many years. We want to express
our deep appreciation to all of you for your attendance at the Annual Meeting and your sustained commitment to the
collaboration. The SCECS5 proposal was a vision statement by the entire community, and we thank the many SCEC
participants, especially to the PC and Board members, who spent substantial time contributing to this successful
document.

Special recognition is in order for SCEC staff, which comprises individuals of remarkable skills and dedication. We all

scier

benefit i mmensely from the financial wi zardry nmeydhepersonal
organizational skills of Mark AMr. ShakeOut-lor oBneon t Ma eecnh | iamngd. t

now also benefit from the outstanding scientific and organizational talents of Christine Goulet, who has assumed with
full vigor the many duties of the SCEC Executive Director for Special Projects.

And we all owe a very special thank you to Tran Huynh and Deborah Gormley, the SCEC Meetings Team, and their
diligent associates, Karen Young, Edric Pauk, John Marquis, David Gill, and Jason Ballmann, for their exceptional
efforts in organizing this meeting and arranging its many moving parts. Please do not hesitate to contact us, Tran, or
other members of the SCEC team if you have questions or comments about our meeting activities and future plans.
Now please enjoy the sessions, the meals, and the pool in the spectacular and sparkling setting of Palm Springs!
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2015 Report of the Advisory Council

Gail Atkinson, SCEC Advisory Council Chair

Introduction

The SCEC Advisory Committee (AC) met at the Annual SCEC meeting in Palm Springs from Sept. 13 to 16, 2015 to
review SCEC activities and offer advice to the SCEC leadership. The SCEC AC comprises the following members
(names indicated with * are members who were present at the meeting):

Gail Atkinson*, Chair (Western University) gmatkinson@aol.com
Norm Abrahamson*(Pacific Gas and Electric)

Roger Bilham* (University of Colorado)

Donna Eberhart-Phillips* (UC Davis)

Kate Long* (California Office of Emergency Services)
Warner Marzocchi* (INGV, Rome)

M. Meghan Miller* (UNAVCO)

Farzad Naeim (Farzad Naeim Inc.)

Tim Sellnow* (University of Kentucky)

John Vidale* (University of Washington)

Andrew Whittaker (University of Buffalo)

The AC met initially on Sept. 13 and was briefed by the SCEC leadership. Director Jordan provided the AC with a
summary of the state of SCEC and posed a list of issues on which AC feedback was sought. Following the leadership
briefing, the AC discussed the agenda for the next few days and shared initial thoughts. The key focus activities for this
meeting were defined at that time as: (i) a review of SCEC4 accomplishments, and any suggestions for areas to focus
efforts in the final year of SCEC4; and (ii) an overview-level review of the SCEC5 proposal draft (to be submitted to
funding agencies by SCEC no later than Oct. 1). The purpose of the AC preview of the SCEC5 proposal was to provide
confidential feedback to SCEC leadership for their consideration in fine-tuning the final proposal. That information was
conveyed separately to the SCEC leadership and is not a part of this report.

Over the following three days, the AC attended scientific sessions and solicited impressions and feedback from
attendees. A session with the SCEC/CEO team under Associate Director Benthien was held Monday, and two members
of the AC also participated in the CEO Planning Committee meeting on Tues. evening. The AC also reviewed a
comprehensive workbook prepared for us by the SCEC leadership, as well as reviewing a draft of the SCEC5 proposal.
The AC reconvened Tues. mid-day and Tues. evening to compile their report and recommendations, which was
presented to the SCEC community on Wed. morning.

Our overall i mpression is that over its 25 year hist
cohesive collaboration of earthquake scientists, dedicated to understanding the physics behind earthquake hazards at
all scales, and addressing their impacts on society. SCEC has international stature and recognition as a model of the
benefits of collaboration, wherein the whole is greater than the sum of its parts. This is all the more remarkable because
the SCEC parts represent a stunning breadth of expertise. SCEC displays consistently cutting-edge science, making
major inroads in understanding earthquake faul t i ng processes and their i mpl
earthquake engineering interactions represent a major SCEC4 accomplishment that provides a compelling rationale
for support of SCECS.

We discussed the specific issues and questions posed to us by SCEC Director Jordan, and offer the following
comments and observations.
Structure of the Advisory Committee

Director Jordan requested our input on whether the structure of the AC is effective, and solicited ideas on recruiting
new members. We believe that the AC structure works well and we do not suggest any changes. Recruiting new and
continued engineering participation would be useful. One possibility would be to tap into the globally-oriented engineers
in groups such as those coordinated by Brian Tucker or Elizabeth Hausler (those individuals might be asked for

2016 SCEC Annual Meeting page 14

ory, SCI

ications



suggestions?). It may also be useful to solicit participation of an LA-based engineer. On the simulations side, an AC
member with knowledge in earthquake physics would be helpful.

SCEC Management Structure

The AC is very satisfied with the new management structure. We think that a new search for the next Director should
begin in 2016-2017, following initiation of SCEC5. Replacing Tom Jordan will be a tall order, even with the helpful
changes to the management structure that have been made. It will be equally important and challenging to replace
John McRaney. The AC would like to stress to USC the importance to the future success of SCEC of a timely and
fruitful search for both of these positions. This may require some flexibility on the part of USC in regards to balancing
their ideal qualifications and conditions against the practical realities of directing a major organization like SCEC.

Annual Meeting, and Engagement of New Scientists

SCEC could consider surveying early-career level scientists at the next meeting, and asking for their suggestions on
how to best enhance their participation and satisfaction with the meeting. Overall we think that the single-session form
of the meeting remains effective, though this does make it more intimidating for younger scientists to ask questions.
The poster sessions work well to showcase the work of SCEC scientists at all levels.

Feedback on the Major SCEC Initiatives

We congratulate SCEC on the success of its major new initiatives. We recognize that these are essential and important
components of the SCEC program, in terms of both scientific scope and funding diversification. These new projects set
the stage for a successful SCECS5. They are also providing SCEC with high political visibility and access.

The CISM initiative will enable improved and more comprehensive physics-based earthquake forecasts to be
developed from evolved models of faulting in California, thus advancing our understanding of faulting hazards. The
AXCESS program will make important computational strides in extending and validating earthquake ground-motion
simulations at higher frequencies (>1 Hz), and facilitating physics-based seismic hazard modeling. The Central
California project holds real promise for both understanding and reducing the uncertainties in ground motion models
that drive seismic hazards at low probabilities. These major SCEC initiatives have transformative potential to increase
our knowledge of earthquake hazards.

Assessment of CEO Advisory Structure and External Evaluation

An initial meeting of the CEO Planning Committee has been convened. It is off to a good start, and helped inform the
direction of CEO for the SCECS proposal. It is too soon to make a detailed evaluation of how this structure is working;
in another year we should be better positioned to evaluate its functionality. It would be useful to consider how to
integrate new SCEC products with CEO activities.

We reviewed the CEO Report prepared for SCEC by Michelle Wood. The last few pages of this report were the most
useful. The conclusions and basic recommendations of the Wood report make sense, including the recommendation
to reduce the number of metrics that are tracked. It may be more useful to evaluate in greater depth the effectiveness
of a small number of metrics, rather than gathering many statistics on the accessing of various documents.

SCEC4 Accomplishments

The AC devoted much of its discussions to progress made in SCEC4 in the six fundamental topic areas. We offer the
following observations and suggestions for SCEC as it goes into the final year of SCECA4.

Topic 1: Stress transfer from plate motion to crustal faults: long term slip rates

The imaginative combination of INSAR and GPS spatial and temporal data offers advantages for constraining fault
motions in both the far and near field. A better understanding of locked vs. creeping sections of faults is emerging. The
promise of newly available INSAR products can provide better temporal coverage and orthogonal-look pairs essential
for constraining 3D surface motions in the final year of SCEC4. The discovery of the apparent slip deficit in southern
California from paleoseismic data raises important new scientific questions that will extend into SCEC5.
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Topic 2: Stress-mediated fault interactions and earthquake clustering

Particular achievements of note in this topic include the outstanding work on stress and strain modeling. Beyond the
quality, we appreciate the approach to involve all modelers that would like to be involved, and the decision to open the
dataset to everyone. There is still a lot of scientific work to be done as testified by the coordinators and explicitly written
in SCECS5, but the communities have made excellent progress and are on the right track.

Earthquake simulators are the main target of one recent special project of SCEC (CISM). In SCEC4 simulators started
to show their potential, for instance in describing earthquake clustering at different time scales i the short time scale
typical for aftershocks, and a longer time modulation that may potentially explain the clustering observed in
paleoseismic trenches and the so-called open interval conundrum in California seismicity. CISM is a world-leading
initiative.

A retrospective CSEP experiment carried out in New Zealand to forecast the Canterbury sequence shows, for the first
time, that some physics-based models may provide better 1-year forecasts than models based on empirical rules. This
is certainly encouraging for the future SCEC activities in this field.

Overall, the work in this topic is the foundation for operational earthquake forecasting, which is a key direction for SCEC
and for seismic risk mitigation.

Topic 3: Evolution of fault resistance during seismic slip: scale-appropriate laws for rupture
modeling

SCEC4 has made remarkable progress in many diverse areas, ranging from imaging and analysis of fault zone
properties, to modeling the non-linear and plastic contributions to fault slip, and incorporating these elements into
dynamic rupture simulations. The work on dynamic rupture models moves the ground-motion simulation problem from
kinematic models to more fundamental physical behavior of faults and ruptures. The systematic verification of these
models through the dynamic rupture TAG has been ongoing for several years and shows that the models can be used
and get reliable results. Recent studies have addressed the application of the verified dynamic rupture models to
compute ground motions. These studies are mainly sensitivity studies and in many cases show large effects of
parameter variations. What seems to be missing at this point is more comprehensive validation of the dynamic rupture
models against ground motion data. This should be a focus in the final year of SCECA4.

Topic 4: Structure and evolution of fault zones and systems: relation to earthquake physics

Excellent progress has been made in the last 2 years, especially with the flourishing Special Fault Study Areas (SFSA).
Both the San Gorgonio Pass and Ventura SFSAs have been successful at fostering collaborative teams to undertake
and assemble paleoseismic and structural studies of multiple fault strands. These show that multiple strands are
simultaneously active across regions to accommodate slip, at times producing very large earthquakes. SCEC research
in other regions has also demonstrated with geodetic and geologic observations that multiple active strands constitute
broad fault zones that may evolve over the long term.

The Ventura SFSA has added offshore seismic interpretations, including constraints from folding and sedimentation. It
has also incorporated tsunami modelling. The structural models have enabled numerical rupture calculations which
show that throughgoing multiple strand ruptures are possible depending on initial stress and nucleation points.

The SCEC community is on track to successfully complete this SCEC4 component, by considering the probability of
suites of plausible rupture scenarios in the two SFSAs.

Topic 5: Causes and effects of transient deformations

Slow slip events and tectonic tremor SCEC researchers have developed transient detection methodology, but the main
example of such phenomena in southern California remains the 2009 Bombay Beach swarm, which is detectable in
searches for anomalous ETAS behavior of an earthquake swarm, and also in searches for a distinct deformation
transient.

The only triggered tremor identified, which is thought likely to arise from a deformation transient, remains that from the
2002 Denali Alaska earthquake. New ways to search for LFEs continue to be developed, with the hope of finding
deformation transients. This area of investigation appears to have been satisfactorily concluded for SCECA4.
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Topic 6: Seismic wave generation and scattering: prediction of strong ground motions

Significant accomplishments in SCEC4 have been made in extending physics-based models of ground motion to higher
frequencies, and in validating simulations to enable their use in engineering applications. These developments hold the
promise of allowing reduced epistemic uncertainty in prediction of ground motions for future large events, which has
tremendous practical significance and cost implications in earthquake engineering.

The validation of the broadband platform is a major step forward in developing physics-based ground motion models
and it is now in a form that can be used for engineering applications. Several recent studies also showed validation of
kinematic ground motion simulation models against empirical data. What has not been addressed is how much do the
ground motion models rely on physics and how much of the performance relies on calibration to empirically recorded
ground motions. For example, if there are parameters in the models that are adjusted to fit the sparse available GM
data, are these models mean-centered? How much better are the constraints than just using the empirical models? For
the last year of SCEC4, it may be useful to try to evaluate how much of the current kinematic models are controlled by
physics and how much is controlled by empirical calibration.

Several other developments in SCEC4 in this topic area are also noteworthy accomplishments. Significant progress
has been made on physics-based high-frequency GM simulations, covering the frequency range from 0 to 10Hz,
including evaluation of the goodness of fit of the simulations; an illustration has been made for the Chino Hills
earthquake. Going even to 5Hz would be a major improvement that might be more achievable.

The importance of inelastic material response effects, both near fault and near surface, in dynamic rupture simulations
has been demonstrated, as applied in particular to CyberShake simulations of large earthquakes on the San Andreas
Fault; expected ground motions are reduced by significant amounts, showing the impact of such effects.

Full wave tomography using earthquake and ambient noise fields can be effective to improve the CVM; these
techniques have been shown to reduce waveform misfits and can ultimately reduce epistemic uncertainty for path
effects in the longer term.

Overall, SCEC4 has been transformative in engaging the earthquake engineering community to realize
practical benefits from the evolution of earthquake process and hazards knowledge. This engagement has
great momentum and provides a compelling rationale for SCECS: it is expected that in SCECS5 the fruits of this
momentum will be fully realized.

CEO Comments for last year of SCEC4

The expansion of CEO and its increasing level of collaborative activities with IRIS, UNESCO, and engagement of a
broad spectrum of stakeholders, has been a major success for SCEC4. The SCEC/CEO program continues to be a
global flagship for successful CEO activities. The creation of the CEO planning committee is a good step to effectively
target future activities. The recent evaluation and recommendations in the Wood report provide useful guidance for
concluding CEO activities in the final year of SCEC4 and transitioning into SCECS5.

The CEO Director indicated a willingness to identify a list of evaluation research opportunities for graduate students
and early career researchers focusing on existing CEO materials, including scholars in Public Health, Sociology,
Communication, Education, Marketing, etc. and would be a good conclusion to SCEC4 CEO efforts.

In conclusion, the AC continues to be deeply impressed with the amazing quality of science and collaboration, not to
mention the boundless energy, that the SCEC community brings to the task of understanding earthquake hazards in
Southern California.
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Communication, Education, and Outreach Highlights
Mark Benthien, SCEC Associate Director for CEO

Overview
SCEC6s Communication, Education, and Outreach (CEO) program
earthquake research. In addition, SCEC/CEO has a global publicsaf ety role in |ine with the th

mi ssi on: ACommuni cate wunder standi n-gsersoand secety tathlgrgeaak eisefd h e n o me n a
knowl edge for reducing earthquake risk and i mprgeamidutngg communi
SCEC4 has been Creating an Earthquake and Tsunami Resilient California. Our geographic reach has expanded far

beyond the Golden State via partnerships across the country and worldwide. The goal is to prepare people for making

decisions about how to respond appropriately to changing seismic hazards, including tsunami warnings and new

technologies such as operational earthquake forecasting and earthquake early warning.

SCEC/CEO has been very successful in leveraging its base funding with additional support. For example, since 2010,
FEMA has provided SCEC nearly $1.5 million to coordinate the Earthquake Country Alliance in California (at the request
of the California Office of Emergency Services, CalOES) and for national ShakeOut coordination. ShakeOut regions in
the U.S. and internationally have also provided funding, and the California Earthquake Authority (CEA) has spent
several million dollars on advertising that features
supported with more than $1.3 million in additional funding from several NSF programs and a private donor, and NASA
supports SCEC6s #dAVital Signs of the Planeto teacher
mission. NOAA (via CalOES) now provides funding to SCEC for developing the TsunamiZone.org website.

ShakeOut

devel op

Evaluation of the CEO program is conducted each
year by SCECO6s external Aldvi s @exl. Sgomemn o BONSCEY Evalualwm nu a l
reporting of milestones and metrics to funding
agencies, as part of individual activities (post-
ShakeOut surveys, teacher workshop evaluations,
post-internship discussions, etc.), and as part of
proposal revi ews. I n Spn
Pl anning Commi tteeo comp
SCEC Advisory Council as well as SCEC community

1. SCEC CEO programs embody the advancemant of
discovery and understanding while promoting teaching,
training, and learning.

£ fhg SChECIntesnshipProgr@syare akeypvey in which
r SCEG {}EB has gucrrsslylly kroadgned paptigipgtion of

under-represented groups.

stakeholders was established to help guide and
support SCEC/CEO activities and partnerships, which
have significantly expanded during SCEC4. In
addition, an experienced program evaluator has
reviewed the CEO program overall including its
evaluation structures. Analyses for each CEO area
were provided along with recommendations for how to
expand and improve evaluation, including a new
comprehensive logic model to tie all CEO activities to
a set of long term intended outcomes. The results
indicate that the SCEC/CEO program plays an
important role in earthquake education and
preparedness (Box 1) , and t he
recommendations have influenced the CEO program
plan for SCECS5.

3. SCEC CEO program activities are integrated in that
[ShakeCut] drill efforts coordinate coordinate with K-14
education programs.

4. 3CEC programs are uniformly high guality,
science-based, and effactive,

5, SCEC has been successful in teaching safety skills and
motivating earthguake preparedness

6. As a trusted "honest broker”, SCEC confinues to provide
essential leadership by bringing together and supporting
key audiences to improve earthquake safety.

eTvSanteutsifcdptom 8CEC CEO has grown and expanded
its programs in strategic ways.

B, SCEC has been successful in leveraging funds and
partnerships o maximize program impact.
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Major Activities and Results

Global network of Great ShakeOut Earthquake Drills,

and related campaigns
paig Box 2. Growth of ShakeOut Drills
Great ShakeOut Earthquake Drills began in southern California in 2008: 5.4 million
2008, based on the USGS-l ed A ShakeOut .Sc endara 00 .t or a |l arge
(M7.8) San Andreas earthquake. ShakeOut communicates
scientific and preparedness information with the mission to | 2009: 6.9 million
motivate everyone, everywhere to practice earthquake safety | C@lormia, New Zealand West Coast
(ADrop, Cover, and Hold Ono), 2o 7.%molliop r omote resiljency thro
preparedness and mitigation. California, Nevada, Guam
Working with a small committee of Earthquake Country Alliance | 2011: 12.5+ million
(ECA) leaders, SCEC created an online registration system and CA, NV, GU, OR, 1D, BC, and Central US (AL,
. . AR, GA,IN, IL, KY, MI, MO, OK, 5C, TH)
resource site (ShakeOut.org) where more than 5.4 million
southern Californians were registered to participate in 2008, | 2012: 19.4 million
building to 10.5 million people statewide in 2015 (Box 2). While K- | All above plus: AK, iz-ﬁi“t:eam fsc GA,
12 and college students and staff comprise the largest number of MD. NC, SC, VA), UT, WA, Puerto Rico,
L . . . Japan (Tokyo), Mew Zealand, Southern ltaly,
participants, ShakeOut has also recruited businesses, non-profits, | 4n4 & new “Global” site for all other areas.
government agencies, neighborhoods groups, and individuals.
2012; 24.9 million
In addition to leading the California ShakeOut, SCEC manages a | All above plus: CO, DE, HI, MT, OH, WY, WY,
network of ShakeOut Regions worldwide, and hosts the website | Mortheast Region (CT, PA, MA, ME, NH, NJ,
for each of their drills (except Japan). As of 2015, 26 Official | Y. PA Rl}, American Samoa, US Virgin
. A Islands, Commonwealth of Northerm Marianas
ShakeOut Regions span 51 states and U.S. territories, three ) )
i . land h | | Islands. Charlevoix region of Quebec, and
Canadian provinces, New Zealand, .SOL-JI er_n Italy (U.S. Naval eXpansion across Japan
bases), and Japan. People and organizations in any other state or )
country can also register to be counted in the overall global total. i!l::“h 26. EI"“"::‘E“HS MY Queb
More than 26.5 million people ﬁamepus%& PRRNGMUEEE oo 1 4 SCEC
. . . . participation’in other countnEb via Aga
Associate Director for CEO, Mark Benthien, was recognized as a | khan Development Network.
AWhite House Champion of Changlo for“I eading these |efforts,
FEMA has based its national -ilaHE&EAireillisng p, o epareAt hon! o mul ti
hazard campaign on ShakeOut to assess preparedness activities Al al:umre plus 14, LA, NE, 1%, a
paig . prep . partnerships with several new countries.
for other hazards (and contracts with SCEC for consultation).
ShakeOut has become a global infrastructure for providing earthquake information to the public and involving them in
community resiliency. New countries are being actively recruited to join the ShakeOut movement, which serves to
coordinate earthquake messaging internationally. Participants receive monthly ShakeOut newsletters and more
frequent content via social media. Millions more learn about ShakeOut via broad news media coverage that encourages
dialogue about earthquake preparedness. Surveys of ShakeOut participants show increased levels of mitigation and
planning, and encouragement of peers to participate and get better prepared. In the near future, ShakeOut will be
utilized for educating Californians about Earthquake Early Warning, with yearly tests to be held on ShakeOut day.
As aresult of its leadership of ShakeOut, SCEC now also receives NOAA funding provided through the California Office
of Emergency Services to create and manage TsunamiZone.org. This international site adapts the ShakeOut
registration system to assess participation in Tsunami activities, whether as part of their ShakeOut activities or during
local tsunami preparedness weeks or months. Primary participation in 2016 included California, Oregon, Washington,
Hawaii, and more than 20 countries of the Caribbean.
Extensive collection of public education and preparedness resources and activities
Partnerships. The Earthquake Country Alliance (ECA) was created in southern California by SCEC with many partners
in 2003 and is now a statewide coalition with siombasecar gr oup:
commi ttees develop consistent messaging and resources distrift
Associate Director for CEO Mark Benthien is ECA6s Executive
Actionod dawaalrsdo atnhe AOverall Nati onal Award in Excellenceodo at
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creation of ShakeOut and other activities. In 2014 ECA was given an award from the American Red Cross for
AExcell ence in Disaster Preparednesso.

SCEC also coordinates the Earthquake and Tsunami Education and
Public Information Center (EPIcenter) Network of more than 60
museums, science centers, and libraries, some of which host SCEC-
developed exhibits and programming. SCEC has also established
i EP | c ein othersttés (Oregon, Alaska, Maine, and others), and is
working with the Central United States Earthquake Consortium (CUSEC)
to create a Central U.S. EPIcenter network. CUSEC also manages the
Central U.S. and Southeast multi-state ShakeOut regions.

Resources. In addition to the SCEC.org website, SCEC develops and
maintains all ECA websitesd EarthquakeCountry.org,
DropCoverHoldOn.org, and Terremotos.org (Figure 1)d and the global
websites ShakeOut.org and TsunamiZone.org. These sites allow SCEC
to promote consensus-b a s e d messaging. I n
Earthquake 20th Anniversary Virt Uﬁgam1%gnkbﬁaw,gom%ﬁegfse@e,g,ded to the
including fANorthridge Near Youo ‘eebwilesrmantgedoyRCGEC/ICECietaet ed by SCEC
interns. Similar animations plus related graphics were made for the Loma  Earthauake Country Alliance.

Prieta 25th anniversary, again by U
social media presence has greatly expanded since 2013 with active Twitter,
Facebook, YouTube, and other accounts for SCEC, ECA, ShakeOut, and
TsunamiZone distributing SCEC and ECA messaging globally.

I'n additio

S C E CButting Down Roots in Earthquake Country handbook (Figure 2) has
provided earthquake science and preparedness information to southern
Californians since 1995. The 2004 update introduced the Seven Steps to
Earthquake Safety, the main organizing structure for SCEC, ECA, and CEA
preparedness messaging. Related versions are now available in multiple
|l anguages, for businesses, and for t
North Coast, Nevada, Oregon, Utah, the Central U.S., and Idaho. In 2014 the
California Earthquake Authority, California Office of Emergency Services, and
ECA created a simpler booklet, Staying Safe Where the Earth Shakes, with
customized versions for 10 regions of the state and multiple language editions  Figure 2. Public education booklets

i i distributed by the Earthquake Country
(Spanish and Chinese to start). Aliance and SCEG.

co Bay Ar

Additional resources developed by SCEC and ECA Associates during SCEC4

include earthquake safety materials and ShakeOut guidelines for seniors and people with disabilities, higher education,
government agencies, businesses, and healthcare facilities. SCEC developed (with support of USC students) the
AEart hqguake Saf etwwwYitthemm/Geatshalesup a@at growi ng coll ection of
short videos demonstrating what to do in various situations during earthquakes. SCEC and Outreach Process Partners,

with FEMA funding designated by CalOES, developed a multi-location earthquake safety poster which will be available

for free from the FEMA Warehouse (Figure 3). SCEC and the ECA Seniors and People with Disbility Committee also

made a new graphic for people with mobility limitations, showing what to do if someone uses a wheelchair, walker, or

cane (see www.EarthquakeCountry.org/disability).

o
o]
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Protect Yourself During Earthquakes

Do you know
whut te do,
wherever you are,
when the carth
hegins tn shake?

IKYJ“‘ W 1w hem s (rrvee Hie aerleas v eannradiad
|

b Prazihe nilh milhas serrdnith: T 1 ears hom m vaduse bejuiry sné fnanges
L % FEMA

. Faort bk e Conntrranpisogs t wewShakeOntan: et EMA s caribgeske ¥

Figure 3. Multi-location earthquake safety poster designed to show what to do in various settings, and prompt
thinking about knowing “what to do, wherever you are, when the earth begins to shake.”

Activities. SCEC and its partners coordinate a broad range of public education and collaboration activities. Each ECA
Regional Alliance holds several workshops each year featuring guest speakers and outreach planning. The ECA
Speakers Bureau holds monthly trainings at SCEC, and members speak to community groups, businesses, and other
organizations, and staff tables at preparedness fairs. ECA sector-based committees presented a series of ECA
webinars in 2015 to nationwide audiences. EPIcenter locations hold public lectures and host day-of ShakeOut events.
SCEC staff also participate in local government, nonprofit, and business meetings throughout the year, and host foreign
groups interested in our best practices.

News media coordination. SCEC continues to develop new procedures for post-earthquake media coordination,

because the breadth of SCECO6s research, including it-s inform
dependent earthquake forecasting, is increasing the need for expanded media relations. New strategies and

technologies are being developed to meet these demands, such as the use of a media relations service for identifying

and connecting with reporters nationwide and then tracking resulting news coverage (used for both SCEC and

ShakeOut media coordination). SCEC also partners with USGS, IRIS, Caltech, and other partners to offer programs

that educate the media on how to report earthquake science. Examples include a media training workshop at Caltech

and a press conference at USC as part of the 20th Anniversary of the Northridge Earthquake in January 2014. In 2015

SCEC coordinated with USGS, CalOES, FEMA and other partners to address issues with the movie San Andreas,

including numerous interviews and resources organized by SCEC including Aifact or fi
www.earthquakecountry.org/sanandreas). The response also included extensive social media engagement, for which

SCEC created the fiSeven Steps to Earthquake MOVIE Safetyo,
(www.earthquakecountry.org/moviesafety).

Broad range of K-14 educator partnerships, programs, and resources

Workshop Partnerships. SCEC is an active participant in the science education community including local and
national organizations such as the California Science Teachers Association (CSTA). In 2011 and 2013 SCEC
participated in the planning committee for CSTakbySCk@Gnual Con
intern alumnus Emmett McQuinn. Since 2009, SCEC has hosted earthquake-oriented field trips and workshops for
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more than 150 teachers. In addition, SCEC and the California Geological Survey co-host a booth at CSTA meetings
that draw ~2000 attendees each year.

SCEC also coll aborates in this area with other Earth
workshops for park and museum interpreters since 2008. SCEC has participated in all four of the Cascadia EarthScope
Earthquake and Tsunami Education Program (CEETEP) workshops in the Pacific Northwest, which have served over
100 educators, emergency managers and park interpreters. SCEC is co-hosting the final workshop in Arcata, California,
in fall 2015. SCECOobhavefoand thattBecShakeOut s arrihporeamt avent that helps promote their
program (and vice versa). —

InSight Vital Signs of the Planet (VSP) Professional
Development Program. SCEC has a lead role in the
education program for InSight (Interior Exploration using
Seismic Investigations, Geodesy, and Heat Transport), a
NASA mission that will place a geophysical lander on Mars
(the mission was delayed but is again on track). SCEC
developed the VSP program, a research experience and
curriculum development program for K-12 teachers that
expands on a collaboration between SCEC and the Cal State
San Bernardino/EarthScope RET program led by Dr. Sally
McGill. Since 2013 VSP has provided 30 educator fellows \

_(and .select studer.lts) experiences ?n scientific inqgiry L’Z’:fc‘;‘i's):c';FL?E":SS;S;",};;’,:°(':‘A""'Z’r3':yisn‘;’fmwc0
including a 5-day field experience using GPS to monitor playing cards.

tectonic deformation in Southern California (with instruments
provided by UNAVCO) (Figure 4). Participants then develop

) QCEOBTT M5.6 Pawnee

and test lesson plans and convene a workshop held during the

SCEC Annual Meeting. The program is complete for now, Stillwater Tulsd QCE0693
awaiting potential resumption with the re-start of the NASA QCI56857 KEY

mission. In the mean time, the relationships developed in the
program have been proposed as part of a national NSF-
funded diversity pathway project of which Dr. McGill is a Co-

Pl and SCEC will participate. o anomag

QCa1167 /N Q60796
Quake Catcher Network (QCN). SCEC has expanded QCN e RoEEs
with installations of low cost seismometers at over 26 ' Lklzhoma

EPIcenter museum locations in California and Oregon, at ;mi;';lﬁ.ffl:ﬁi'::

more than 100 schools in each west coast state including ) ) )

Alaska, and i_n mo_re than 30 schoqls and .mus.eums in the :;g:;es %stg:gg if‘hoo“:l':;gr:‘:esgcg':::dor;fgmggmch
Central U.S., including most recently installations in Oklahoma  racorded the M5.6 Pawnee, OK earthquake on September
(Figure 5). The goal is to establish several K-12 sensor 3, 2016.

stations around a local museum hub as a means to build long-

term educational partnerships around the ShakeOut, citizen science, and enrich K-12 STEM curriculum. In 2015 a new
partnership was established between SCEC, IRIS, and USGS to continue the expansion and development of QCN
worldwide, with SCEC hosting the QCN servers at USC, and IRIS managing the website.

Plate Tectonics Kit. This teaching tool created and distributed by SCEC was developed to make plate tectonics
activities more accessible for science educators and their students. SCEC developed a user-friendly version of the This
Dynamic Planet puzzle map, which is used to teach about plate tectonics. Educators often suggested that lines showing
the location of plate boundary on the back of the maps would make it easier for them to correctly cut the map, so SCEC
designed a new, two-sided map.

Well-established undergraduate research experiences

The SCEC Experiential Learning and Career Advancement (ELCA) program enhances the competency and diversity
of the STEM workforce by (1) engaging students in research experiences at each stage of their academic careers and
(2) providing leadership opportunities to students and early career scientists that engage them in the SCEC community.
ELCA manages two undergraduate internship programs that involve over 30 students each summer:
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0 The Summer Undergraduate Research Experience (SURE) program places undergraduate students with
SCEC scientists around the country. More than 270 interns have participated since 1994. Projects have
spanned all areas of earthquake science, engineering, and education.

0 The Undergraduate Studies in Earthquake Information Technology (UselT) program brings together

students from across the country to an NSF Research Experience for Undergraduates Site at USC. The eight-

week program develops computer science skills while teaching the critical importance of collaboration for
successful learning, scientific research and product development. Since 2002, 293 internships have been

supported. USEIT interns tackle a scienti f isoftwdre€canca n d

resources for use by earthquake scientists or outreach professionals. The 2016 Grand Challenge was to run
physics-based earthquake simulators on a high-performance computer to generate long catalogs of California
seismic activity, develop 10-y ear f orecasts of | arge earthquakes
system based on these catalogs and compare these to UCERF3, and then identify threatening multi-event
scenarios within the catalog and illustrate them with hazard and risk maps.
Since 2002, over 1600 eligible applications have been submitted to the SCEC internship programs (at
www.scec.org/internships). Since 2010, underrepresented minority inter ns aver aged 36. 4% of
a high of 43% in 2014 (Figure 6). Women represented an average of 48% of interns, with a high of 57% in 2014. First-
generation college attendees have averaged 31% of each class. jux
Much of the success in increasing diversity has come from
increased efforts to recruit students from other states and also
from community colleges, making the internship programs an
educational resource that is available to a broader range of
students.

Past interns report that their internship made lasting impacts on s
their course of study and career plans, often influencing
students to pursue or continue to pursue earthquake science
degrees and careers. By observing and participating in the daily ~ **
activities of earth science research, interns reported having an

LH

increased knowledge about working in research and education, N .
i ) ) ) #IN4-31CE F7-2201 F10-#1132 FM3-F01R
which coupled with networking at the SCEC annual meeting, ) ) )
. L . Figure 6. Demagraphics of SCEC USEIT intern classas
gave them the inspiration and confidence to pursue earth .. coniage by year), iustrating the involverment of women,

science and career options within the field. under-represented minorities, and first-generation college
attendess.

Dlwersity of UselT Particlpants
B viomen

Y B Under-dopresented BMinoribes
B First weneraton Lolloge

Knowledge Implementation

SCEC produces a large body of knowledge about the seismic hazard in California that enhances seismic hazard maps,
datasets, and models used in building codes and engineering risk assessments. The Earthquake Engineering
Implementation Interface, led by Jack Baker and Jacobo Bielak, provides the organizational structure for creating and
mai ntaining coll aborations with research engineers to
These activities include rupture-to-rafters simulations of building response as well as the end-to-end analysis of large-
scale, distributed risk (e.g., ShakeOut-type scenarios). Analysis of the performance of very tall buildings in Los Angeles
using end-to-end simulation remains a continuing task that requires collaboration with both research and practicing
engineers through PEER and other organizations. An important Technical Activity Group in SCEC4 has been the
Ground Motion Simulation Validation (GMSV) group, led by Nico Luco and Sanaz Rezaeian, which is developing
procedures for the validation of numerical earthquake simulations that are consistent with earthquake engineering
practice.

The Implementation Interface also develops mechanisms for interacting with technical audiences that make decisions
based on an understanding of earthquake hazards and risk, including practicing engineers, geotechnical consultants,
building officials, emergency managers, financial institutions, and insurers. An example is the annual SEAOSC
Buildings at Risk Summits, which SCEC has co-organized since 2011 in both Los Angeles and San Francisco (with

Chal l

(M O 7)

each

Yy €

ensur e

SEAONC) . The 2015 conference was titled AStrengthening our
AEarthqguake 2014 Business Pr ep a¥fTePdofeSenpsorSSirangtie, ndl sewerat dtherF L A S H,

partners, which launched a new QuakeSmart recognition program for businesses that demonstrate mitigation they have
implemented. These summits have since been offered in several locations nationwide.
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Research Accomplishments

Gregory C. Beroza, SCEC Science Planning Committee Chair
Judith S. Chester, SCEC Science Planning Committee Vice-Chair

Overview

The SCEC4 theme of HfATracking Earthquake Cascades, 0 expressedc
time. Understanding and quantifying this time-dependence across all time scales of scientific and societal interest

motivated the SCEC4 core research program. The SCEC4 science plan resolved the challenge of tracking earthquake

cascades into six fundamental questions of earthquake physics:

0 Stress transfer from plate motion to crustal faults: long-term fault slip rates

0  Stress-modulated fault interactions and earthquake clustering: evaluation of mechanisms

0 Evolution of fault resistance during seismic slip: scale-appropriate laws for rupture modeling
0  Structure and evolution of fault zones and systems: relation to earthquake physics

0 Causes and effects of transient deformations: slow slip events and tectonic tremor

0 Seismic wave generation and scattering: prediction of strong ground motions

These questions formed the interdisciplinary framework to develop a better understanding of time-dependent hazard.
In what follows we report on the accomplishments as organized into the SCEC4 disciplinary and interdisciplinary focus
groups.

1. Seismology

The Seismology Group gathers data on the range of seismic phenomena observed in southern California and integrates
these data into seismotectonic interpretations as well as physics-based models of fault slip. Resources include the
Southern California Earthquake Data Center (SCEDC) that provides extensive data on Southern California earthquakes
as well as crustal and fault structure, the network of SCEC funded borehole instruments that record high quality
reference ground motions, and the pool of portable instruments that is operated in support of targeted deployments or
aftershock response.

This past yeardés accomplishments include:

0 Continued archiving and distribution of seismic waveforms from 507 southern California seismic stations.
Updated catalogs of relocated earthquakes and focal mechanisms are available.

0 The finding that induced sequences near active geothermal production tend to be short in duration but have
high aftershock productivity.

0 Fluid pathways along known faults can result in events being induced at large (10 km) distances from injection

wells.
0 Ambient seismic field Greenb6s functions enabtotargepredicti
earthquakes.

0 Improvements to the Community Velocity Model are being enabled by comprehensive analysis of dense
datasets along the San Jacinto Fault Zone.
0 Detailed analysis of two earthquake sequences, 2015 Fillmore and 2016 Mw5.2 Borrego Springs

1.1 Data Center, Data Products, and Instrumentation

The Southern California Earthquake Data Center (SCEDC) archives continuous and triggered data from 507 Southern
California Seismic Network (SCSN) stations. These archives include data from approximately 16,000 earthquakes each
year, on average. In addition to raw data, SCEDC generates a myriad of products that are vital to emergency response
and earthquake research (Clayton and Yu, 2016). Community data products of relocated seismicity, improved focal
mechanisms, and waveform spectra are widely used by SCEC and other researchers for a variety of studies and
continue to be a key resource. A new version of the relocated catalog (Hauksson, Yang, and Shearer) provides precise
locations for over 582,000 events that occur from 1981 through 2015 (Hauksson and Shearer, 2016). An updated focal
mechanism catalog provides refined focal mechanisms for events that occurred through 2014. This catalog includes
improvements to the processing by using the latest relocated catalog for event locations, making use of previously
downloaded data, and improved handling of metadata. The SCEC community also benefits from instrumentation and
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data made available through the borehole program and portable broadband instrument center (PBIC) (Steidl, 2016a).
The borehole program leverages resources from several organizations to provide this valuable dataset. Data are
integrated into the SCEDC for easy access by the seismological community (Steidl, 2016b). PBIC provides a local
resource of instrumentation for rapid installation following a major earthquake in southern California and, between major
events, it serves as an instrument pool for individual Pl-driven research.

1.2. Induced Seismicity

Efforts to identify and characterize induced seismicity are being pushed forward by a number of studies supported by
SCEC. One area of focus is the geothermal fields near the Salton Sea where comprehensive and long-term seismic
data sets exist. New detection techniques, such as matched filter detection, are being used to show that microseismicity
increases following distant mainshocks and suggest the area of active geothermal production is critically stressed
(Casey et al., 2015; Peng, 2016). A complementary study uses data from a local borehole network operated by
CalEnergy to obtain high-resolution earthquake locations in the Salton Sea Geothermal field. These catalogs are then
used to probe the characteristics of induced events (Cheng and Chen, 2015; Chen, X. 2016). Seismicity near active
geothermal fields is found to occur in rapid bursts that are short in duration but with high productivity of small
aftershocks, i.e. high b-value. In contrast, regions farther from active energy production events have more typical (i.e.
lower) b-value statistics. Another area of study is understanding the conditions that can lead to events being induced
by wastewater injection. A SCEC-funded
study drew on the availability of detailed fault c M & c

maps to create a flow model of pressure NI |0 60 120 180 240 300 LsE
perturbations near an active injection well. The 5 I-"|."J1L=-E.IEEEMEE Faule Seismically Active
model allowed them to investigate the " = T e Faull Stracture
possible fluid pathways that linked an injection 'E'4 I T N
well with seismicity occurring on a major fault = |’ b
structure located 10 km away (Figure 1.1) ~ 6 | ﬂppﬁ:&ﬁiﬁh&f
(Brodsky and Goebel, 2016). SCEC H |~ Magnitude
researchers have also leveraged academia- 5 gl
industry partnerships to gain access to unique e 4
datasets of seismic data during hydraulic gk 5 =
fracturing stimulation taking place within 8 km . ,_'"F -
of the San Andreas fault. Using new detection 137 L. AT
0 2 14 16 18

techniques over 12,000 events were identified
within a 7.5 hour injection period (Chen, J.,
2016). The events show a deviation from
Gutenberg-Richter statistics similar to what
has been observed in previous studies of
induced sequences.

4 6 8 10
Distance Along Profile c-c' [km]

Figure 1.1. Cross-section of seismicity, faulis and a wastewster disposal site
within the Tejon cilfield at the southern end of the San Joaquin valley, The
figure: shows seismicity up to 300 days after start of injection (colored dots),
Tejon faull seismicily prior to injeclion (black dots), and background evenis
(gray dofs). Tha gray rectangle qualitatively highlights a zone on high saismic
activity that coincides with the Tejon faull and hydraulically connects the
waste water disposal well with the nearby White Wolf fault, [From Brodsky

1.3. 3D Crustal Structure and Ground and Gosbal, 20161

Motion

Mapping the spatial variability in crustal velocity, particularly close to fault zones and in sedimentary basins, enables
improvements in understanding and predicting ground motions. The use of ambient noise tomography in constructing
Greenbés functions has proven to be an effective
sedimentary basins. Virtual M7 earthquakes based on the San Jacinto Fault and the Itoigawa-Shizuoka Tectonic Line
are being used to predict ground motions in the Los Angeles and Tokyo metropolitan areas using multi-year stacks
ambient seismic field Greend6s f uncti ons (Denoll e and \Wgureb2). Simi&l,ldénse-
array recordings of the ambient noise field in Long Beach are being used to develop random-field representations of a
3D P wave velocity model (Beroza and Nakata, 2016). The model suggests that there are strong small-scale length
variations and are validated by comparisons to code of nearby earthquakes. High resolution imaging of 3D crustal
structure has been undertaken along the San Jacinto Fault Zone using multiple datasets and approaches including P
and S arrivals, ambient noise dispersion, joint inversion, and identification of fault head waves (Thurber and Ben-Zion,
2016). The results will be incorporated into the Community Velocities models with the goal of improving ground motion
predictions.
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1.4 The 2015 Fillmore Earthquake Swarm

The 2015 Fillmore swarm occurred about 6 km west of the City of Fillmore in Ventura, California, and was located
beneath the eastern part of the actively subsiding Ventura basin at depths from 11.8 km to 13.8 km, similar to two
previous swarms in the area (Figure 1.3). Template-matching event detection showed that it started on the 5" of July
2015 at 2:21 UTC with a ~M1.0 earthquake.

Figure 1.3. A perspective view looking west of
the Ventura basin and Fillmore swarm. The
different color surfaces are major late
Quaternary faults represented in the SCEC
Community Fault Model (CFM (Plesch et al.,
2007). The coast line is shown as a white
jagged line. Hypocenters for the 2015 Fillmore
swarm are highlighted by magnitude, and occur
along the down-dip extent of the Simi-Santa
Rosa fault zone Nicholson et al., (2014).

Pacific Ocean

=
Oxnard

The swarm exhibited unusual episodic
spatial and temporal migrations, and
diversity in nodal planes of focal
mechanisms as compared to the simple

hypocenter defined plane. It was also N Hauksson et al 2016
noteworthy because it consisted of >1,400 0
events of MO0 . 0, wi

largest event. We suggest that fluids

released by metamorphic dehydration processes, migration of fluids along a detachment zone, and cascading asperity
failures caused this prolific earthquake swarm. Other mechanisms such as simple mainshock-aftershock stress
triggering or a regional aseismic creep event are less likely. Dilatant strengthening may be a mechanism that causes
the temporal decay of the swarm as pore pressure drop increased the effective normal stress, and counteracted the
instability driving the swarm (Hauksson et al., 2016).

1.5 The 2016 Borrego Springs Earthquake Sequence

The trifurcation area of the San Jacinto fault zone has produced more than 10% of all earthquakes in southern California
since 2000, including the June 2016 Mw 5.2 Borrego Springs earthquake (Figure 1.4).
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Figure 1.4. Map of the trifurcation area of the San Jacinto fault zone. Historical seismicity is denoted by black dots (20). Events with
M > 4.0 that have occurred in this area since 2001 are indicated by blue stars and focal mechanisms. Aftershocks of the 2016 Borrego
Springs earthquake are colored by depth. Red stars and focal mechanisms indicate aftershocks with M > 3.0. Stations used are
denoted by green triangles. Figure insets contain a close-up of the detected aftershocks, which delineate numerous strike-slip and
normal faults in conjugate orientations, and the b-value plot for the ~25,000 aftershocks. For the first time ever, we can report
magnitude of completeness of M-0.5.

Here the fault splits into three sub-parallel strands and is associated with broad Vp/Vs anomalies. We synthesize spatial
properties and rates of early aftershocks of this event and historical background seismicity. A template matching
technique is used to detect and locate more than ~25,000 early aftershocks, which together with high-resolution
regional seismicity, illuminate highly complex active fault structures. The hypocenters form dipping lineations of
seismicity both along-strike and nearly normal to the main fault, and are composed of interlaced strike-slip and normal
faults. The three main strike-slip faults change dip with depth and become listric, by transitioning to a dip of ~70 degrees
near 10 km depth. Events with M > 4 occurred on the three main faults, while most of the small magnitude events
occurred in a damage zone several kilometers wide at seismogenic depths. This spatial separation of events in different
magnitude ranges manifests in a bimodal frequency-magnitude distribution. The anomalously high seismicity rate in
the trifurcation area is likely a reflection of the extraordinary geometric complexity. The results further provide important
insights into the physics of faulting at depth, near the brittle-ductile transition (Ross et al., submitted, 2016).

1.6. Select Publications

0 Beroza, G. and N. Nakata, 2016, Characterizing spatial variability of ground motion using very dense arrays,
SCEC Annual Report Award #15213.

0 Bou®, P., M. Denol |l e, N . Hirata, S. Nakagawa, and G. (
Characterizing Wave Propagation Using a Dense Array and
Resonance: Characterizing Wave Propagation Using a Dense Array and the Ambient Seismic Field, Geophys.

J. Int., doi: 10.1093/gji/lggw205.

0 Brodsky, E. E.and T. H. W. Goebel, 2016, Assessing fault zone structure and permeability in regions of active
faulting and fluid injection: Can fault maps and structure help evaluate induced seismicity in southern
California, SCEC Annual Report: Award #15168.

0 Casey, B., X. Meng, D. Yao, X. Chen and Z. Peng, 2015, Systematic detection of remotely triggered seismicity

in Salton Sea with a waveform matching method, abstract submitted to the annual Southern California

Earthquake Center meeting, Palm Springs, CA.
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0 Chen, J., 2016, Characterization of induced micro-seismicity associating with one hydraulic fracturing
experiment near the San Andreas fault, central California, SCEC Annual Report Award #15137.

0 Chen, X., 2016, Effect of geothermal operations on earthquake source spectra, SCEC Annual Report Award
#15026.

0 Cheng, Y., and X. Chen, 2015, Effect of geothermal operations on seismic characteristics in the Salton Sea
geothermal field, SEG Tech. Progr. Expand. Abstr., 50631 5068, doi:10.1190/segam2015-5882527.1.
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0 Hauksson, E., J. Andrews, A. Plesch, J. H. Shaw, and D. R. Shelly, The 2015 Earthquake Swarm Near
Fillmore, California: Possible Dehydration Event Near the Bottom of the Over-Pressurized Ventura Basin, in
press, Seismo., Res. Letters, v87, nr4, p807-815, doi: 10.1785/0220160020, 2016.

0 Peng, Z., 2016, Comprehensive detection of injection-induced seismicity in the Salton Sea Geothermal field,
SCEC Annual Report Award #15077.

0 Ross, Z. E., E. Hauksson, Y. Ben-Zion, Orthogonal faults and bimodal seismicity rates from trifurcation of the

San Jacinto fault, submitted to Science Advances, Aug. 2016.

0 Shearer, P. M. and E. Hauksson, SCEC community data products of relocated seismicity, improved focal
mechanisms, and waveform spectra for resolving fine-scale fault structures and state of stress in southern
California, SCEC Annual Report Award #15017.

0 Steidl, J, 2016a, SCEC portable broadband instrument center (PBIC), SCEC Annual Report Award #15185.

0 Steidl, J., 2016b, SCEC borehole instrumentation program, SCEC Annual Report Award #15172.

0 Thurber, C. and Y. Ben-Zion, 2016, Joint inversion of direct P and S waves, head waves and noise dispersion

data for the San Jacinto fault region, SCEC Annual Report Award #15112.
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2. Tectonic Geodesy

A main focus of the SCEC Tectonic Geodesy (TG) activities has been the continuing development of the Community
Geodetic Model (CGM), a crustal motion model that will ultimately consist of velocities and deformation time series for
southern California that leverages the complementary nature of Global Positioning System (GPS) and Interferometric
Synthetic Aperture Radar (INSAR) observations. This project is coordinated by TG Leaders Sandwell and Funning, and
past TG Leaders Murray and Lohman through in-person workshops (most recently in January 2016), and online
interactions. In addition to CGM-focused work, group members continue to work on other topics of interest, including
studies of fault creep, transient deformation (both tectonic and non-tectonic) and fault slip rates.

This past yeards accomplishments include:

0 Arigorous comparison of continuous GPS time series from multiple independent processing centers.

0 A comprehensive reprocessing of the entire southern California campaign GPS archive including data
collected up to 2014.

0 Development of a consensus CGM horizontal velocity grid.

0 Methods to combine INSAR and GPS to solve for the full 3D deformation field at high resolution.

0 Ongoing efforts to densify geodetic measurements in regions of interest through campaign GPS
measurements.

0 Methodological improvements in the study of vertical deformation, its relationship to hydrological storage and

temporal correlation with seismicity.
0 The use of deviations from the expected shear strain rate along the San Jacinto fault to infer the presence of
a zone of reduced elastic strength.

2.1 Community Geodetic Model

After several years of methodological
development and exploration of the
data, some significant progress has
been made in the last year towards the
goals of the CGM project. Much of the
research summarized here was
presented and discussed by CGM
participants at a SCEC-funded
workshop held in Pomona, CA on
January 2871 29, 2016.

Herring and Floyd (annual report) have

made headway in their efforts to

compare, continuous GPS time series

produced by five different processing

centers, with the ultimate goal of

combining these into a single product. If

results are aligned to a common

reference frame without estimating a

scale, then the resultant time series

show a high degree of similarity. When

offsets, seasonal and postseismic

transients are removed, secular rates of deformation agree within 0.15 mm/yr for the horizontal components and 0.5
mm/yr for the vertical (Figure 2.1). These results suggest that robust velocity and time series products can be produced
by averaging the different groupsd ti me s ehasrepmcess&the full
archive of campaign GPS data acquired between 2002 and 2014 in Southern California, including new data from
multiple groups (U. Arizona, CSU San Bernardino, UC Riverside, Scripps), resulting in improved coverage in the
Eastern Transverse Ranges in particular.

The reprocessed campaign GPS data are being used to
resolution (Figure 2.2, Sandwell et al., 2016 annual meeting). The approach is to first assemble 15 available (mostly
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