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Abstract

The Southern California Earthquake Center (SCEC) has been conducting and coordinating
fundamental and applied research on earthquakes that aims to be global in impact while using
Southern California as its natural laboratory. SCEC advances earthquake system science by
gathering information from field observations and lab experiments; conducting theoretical
studies and numerical simulations; synthesizing knowledge in community models and products
of system-level physics-based modeling; and communicating understanding of seismic hazards
to reduce risk and promote resilience. The Center has been operating under its fifth 5-year
cooperative agreements (SCEC5) with the USGS (from 1 Feb 2017 to 31 Jan 2022) and the
NSF (from 1 May 2017 to 30 Apr 2022). This report summarizes research achievements, and
Communications, Education and Outreach (CEO) activities during the SCEC5 funding period.
The research led to hundreds of peer-reviewed publications and launched the careers of many
young scientists. The CEO program has engaged millions of people annually in earthquake
preparedness activities during SCEC5.

The Science Plan of SCEC5 comprises 14 topical elements, organized into four broad themes.
The validation of model-based predictions against data has been a key SCEC activity, because
empirical testing is the most powerful guide for assessing model uncertainties and moving
models towards better representations of reality. SCEC validation efforts couple basic
earthquake research to the practical needs of probabilistic seismic hazard analysis, operational
earthquake forecasting, and rapid earthquake response. Risk reduction requires actions
motivated by useful information and strongly couples SCEC science to earthquake engineering.
Collaborations with engineers are directed towards physics-based modeling capabilities that
span system processes from “ruptures-to-rafters.” SCEC5 efforts on verification, validation, and
integration of research results into impactful computational products utilized large-scale
earthquake system science research through high-performance computing (HPC)
implementations of various frameworks, such as the Broadband platform, CyberShake,
OpenSHA, RSQSim, and several dynamic rupture and wave propagation codes.

The 2019 Ridgecrest earthquake sequence generated rich datasets gathered in a rapid
scientific response through a coordinated effort by SCEC, USGS, CGS and other organizations
involving field studies, seismic and geodetic instrument deployments, and remote sensing and
imaging surveys. The data sets have led to novel technique developments and results.
Examples include detailed post-seismic transients and slip inversions from space geodetic data,
multi-scale seismic velocity models, documentation of regional changes of subsurface seismic
velocities following the Ridgecrest mainshock, and information on earthquake source properties
before, during and after the Ridgecrest sequence. Additional highlights include advances to
multiple SCEC community models, with an open community evaluation of the community fault
model model CFM5.3, broader use of artificial intelligence techniques, high resolution results on
properties of subsurface materials, improved understanding of stress, validation of fault
displacement from dynamic rupture simulations, adding effects of topography and nonlinear
response of shallow materials to ground motion simulations, and progress toward goals of
technical activity groups, including notably a new technical activity group on community
validation of earthquake stress drops.

The CEO program of SCEC5 conducted a range of activities aiming to improve the application
of earthquake science in policy and practice; reduce the loss of life, property, and recovery time;
increase science literacy; and increase diversity, retention, and career success in the scientific
workforce. Examples include the Great ShakeOut Earthquake Drills that transitioned to an
online mode during the pandemic, new community engagement webinars during the pandemic,
12 new or updated documents of the Earthquake Country Alliance, and fostering workforce
development through undergraduate Internship Programs and Transitions Program.



2. Research Accomplishments

Earthquake system science is inherently multi-disciplinary and SCEC serves as a community
platform where scientists and engineers from a broad spectrum of disciplines converge to tackle
key problems that require their combined expertise. The convening capability of SCEC across
all relevant disciplines of earthquake science makes the whole greater than what might result
from funding individual Pl research in the absence of a center. In addition to individual
collaborations, clear examples of coordinated research arising from centralized coordination
include the Community Models, Technical Activity Groups and Special Fault Study Areas as
described below.

The SCEC5 collaboration is organized around four main themes comprising 14 thematic
elements that we use to frame and to summarize research accomplishments. We document
progress towards fulfilling year-5 milestones, which account for the limitations on research
activities caused by the COVID-19 pandemic. The pandemic had a particular impact on both
geological and geophysical work on the Cajon Pass Earthquake Gate.

Theme A. Modeling the Fault System

1. SDOT: Stress and Deformation Over Time. The community stress model was improved
through SCEC5 by adding borehole stress measurements. The most recent contributions
include the Wilmington Blind Thrust where it comes ashore near Long Beach (Kain and
Persaud, 2019) and the Santa Barbara Channel (Persaud et al., 2020). Both are potential sites
of large reverse-faulting earthquakes. For the Santa Barbara Channel, there are differences in
the orientation relative to previous stress measurements. Borehole stress measurements show
greater heterogeneity than those for regional focal mechanism stress inversions, which
represent stress at seismogenic depth. Persaud et al. (2020) argue that the difference also
reflects the fact that borehole measurements resolve stress at a much finer spatial scale, and
the likely situation that stress is more heterogeneous in the shallow crust. The
depth-dependence of the heterogeneity spectrum should inform efforts to build the CSM and to
use the CSM for purposes such
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Figure 1. Estimates of crustal strain directions vary with the method used. (a-c) Shear wave
splitting, from Li and Peng (2017). . (d-e) Focal mechanism inversions, and (f) borehole
breakout directions from Luttrell and Hardebeck (2021).



The Community Geodetic Model represents the “D” in SDOT and exploits the combined
strengths of GNSS and InSAR to study crustal deformation over a wide range of distances and
times. Combining them requires first reducing measurement errors to the extent possible and
then quantifying errors that remain. As part of that effort, Funning et al. (2022) produced
Sentinel-1 InNSAR velocity maps covering the entire state of California using over 2000
interferograms from the ARIA project that span 9 tracks. These results were validated against
GNSS velocity data to test the effectiveness of tropospheric corrections and to document
deformation features apparent in the data, including subsidence of the San Joaquin Valley and
shallow creep on the central San Andreas (Fig. 2). Further analysis validated the rate of
deformation on the creeping section against GNSS data.
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Figure 2. Troposphere-corrected InSAR line-of-sight displacement for ascending (left) and
descending (right) tracks of Sentinel 1. Velocities referenced to a single GNSS station (black
square) for each; GNSS stations used for velocity validation are marked with black dots.
Sentinel-1 tracks overlap by about 25% with different tracks shown separately. Positive indicates
motion towards the satellite. The extensive negative velocity feature in the central tracks reflects
San Joaquin Valley subsidence due to groundwater extraction. (after Funning et al., 2022).

Scott et al. (2020) used differential lidar topography (11-13 year

N time span) to measure a spatially dense surface deformation
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Andreas-San Jacinto ruptures produce strong local extension in an overall compressional
environment, but not when only one of those faults ruptures. Joint rupture occurs for about
20-25% of cases, which amounts to three times in the past ~2000 years - most recently in 1812.
Scharer and Yule (2020) developed a new and more comprehensive model of ruptures on the
southern San Andreas Fault (Fig. 4), which was designed to produce the fewest (and hence
largest) ruptures permissible given the available paleoseismic data. The assembled evidence
supports the notion that Cajon Pass acts as an earthquake gate, i.e., a region of fault complexity
that may inhibit propagating rupture depending on fault geometry, material properties,
distributed deformation, and earthquake history.
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Figure 4. Maximum rupture model for the San Andreas Fault (dark and light blues), San Jacinto
Fault (green), San Gorgonio Pass Fault Zone (purple), and Mill/Mission Creek Fault (gray)
(Scharer and Yule, 2020). Under this assumption, some events terminate at Cajon Pass, while
others do not.



3. Community Models. Community Models (CXMs) are a unique shared cyberinfrastructure
that encode accumulated knowledge about the Southern California natural laboratory.
Community Models describe cumulative consensus knowledge about key features of the crust
and upper mantle, including: fault geometry (Community Fault Model, CFM), elastic and
attenuation properties (Community Velocity Model, CVM), deformation rate (Community
Geodetic Model, CGM), rheology (Community Rheology Model, CRM), temperature
(Community Thermal Model, CTM), stress and stressing rate (Community Stress Model, CSM),
and the Unified Community Velocity Model (UCVM) software framework that provides access to
detailed information about Earth properties on regional scales for use by Earth scientists,
earthquake engineers, computational scientists, and others (Fig. 5) to simulate earthquake
phenomena. A set of consensus CXMs (Fig. 5) were developed over the last three decades by
SCEC focusing on southern California. The original CXMs were structural representations of
seismic velocities (CVM) and active faults (CFM) combined into a Unified Structural
Representation (USR). Later efforts developed community geodetic and stress models to
represent kinematic (CGM) and dynamic (CSM) states of the system, augmented in the last few
years by thermal (CTM) and rheological models (CRM).

Figure 5. Schematic illustration of
the SCEC community models.
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and CSM inform, and are informed by, the rheological response of the crust and upper mantle.

There has been steady progress on all community models. During 2021 we completed the
review and release of version 5.3 of the SCEC Community Fault Model (CFM5.3.2) was
released in January, 2022 (Fig. 6). CFM faults are defined based on mapped surface traces,
seismicity, reflection profiles, well/borehole data, and geologic cross sections. It includes new
and updated fault models including representations of the faults responsible for the 2019 M 6.4
and M 7.1 Ridgecrest earthquakes, major updates in limited locations, and alternative fault
representations. Several new added features make the SCEC CFM even more accessible to the
earthquake community. These include: a map-based web interface, a 3D web interface, and
improvements to metadata. CFM5.3 underwent an open community evaluation in the Fall, 2021.
Results from this evaluation will provide key information towards the next release of the SCEC
Community Fault Model. The question of how to update the CVM(s) given multiple and
multi-scale constraints on velocity models is a key to SCEC’s continuing efforts in ground motion
prediction, and we report on progress below.



e Figure 6.
Perspective view
of a new fault
model of the
Palos Verdes
W fault zone in the
Los Angeles
basin shown as
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(Wolfe et al,
2021).
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The CRM describes 3D ductile rheology of the southern California lithosphere based on
seismic, geologic, and experimental rock deformation studies. It has been improved iteratively
through community input, including five workshops from 2015-2019, and comprises two
components: a 3D Geological Framework Model GFM of southern California’s crust, and a set
of ductile flow laws for each lithology. The GFM includes 23 provinces with a layered lithology
that includes the spatial and depth extent of rock types. These are coupled with mineral flow
laws, a description of mixing laws and assumptions, and synthetic whole-rock flow laws for each
lithology, as well as codes for calculating effective viscosity profiles. The flow laws are analytical
expressions that enable quick and accurate calculations of effective viscosity and differential
stress to provide a model for southern California’s ductile rheology.

4. Data-Intensive Computing. To facilitate data-intensive computing on seismic network data,

the Southern California Earthquake Data Center (SCEDC) added to its Amazon Open Data Set

Javeform Re nd Data Downloaded by Method (202 its cloud archive: the earthquake catalog,

phase picks, and event-based waveform

data. Tutorials on how to use it are

available at:
- https://scedc.caltech.edu/data/cloud.html,

: as are scripts to help users access the

¢ archive on GitHub at:

¢ https://github.com/SCEDC/cloud. Over 90

°  Terabytes of SCEDC waveform data was

_\ distributed to users from this dataset in
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Figure 7. Access to the SCEDC waveform requests by method. By number the most requests
to the SCEDC are through FDSN web services (middle pair of bars); however, by size of data
served, most was distributed through AWS (right pair of bars).



Mining Seismic Wavefields began with seed funding from SCEC to develop data-mining
techniques for waveform-similarity search to uncover small earthquakes in continuous data. It
evolved into an NSF Geoinformatics project, and from that emerged the QTM earthquake
catalog for Southern California that increased cataloged seismicity by over an order of
magnitude (Ross et al., 2019). The unprecedented detail revealed how seismicity of the
enigmatic Cahuilla swarm (Fig. 5) can be understood through pore-fluid migration (Ross et al.,
2020). Mining seismic wavefields led to development of machine-learning-based techniques for
earthquake monitoring that are being applied in diverse tectonic settings around the world.

During SCEC5 we broadened the use of deep learning from seismology to other aspects of
earthquake science. Chen et al. (2020) used structure from motion and deep learning on aerial
imagery to estimate rock traits along a tectonic fault scarp. Those properties derive from initial
volcanlc fracturlng and subsequent tectonlc and geomorphlc fractunng, and lead to a better

: R/ W™ 2 ( understanding of
these processes
(Fig. 8). We also
used
data-intensive
computing
methods for
tomography with
compressed
sensing (Zhou et
al, submitted) and
to mine
CyberShake
simulations
(Olsen et al.,
2021).

Figure 8. Semantic segmentat/on applied to rock traits across a fault scarp in the volcanic
tablelands near Bishop, California using deep learning from aerial imagery (after Chen et al.,
2020).

Theme B. Understanding Earthquake Processes

Analysis of the rich data sets from the 2019 Ridgecrest sequence provided an exceptional
opportunity to reach a deeper understanding of earthquake processes.

5. Beyond Elasticity. Liu et al. (2020) found that postseismic deformation far from the fault can
be modeled with viscoelastic relaxation of the upper mantle under a Burger’s rheology with a
transient viscosity of ~10"® Pa-s and a steady-state viscosity of 4 x10' Pa-s. Closer to the fault
the deformation was
concentrated around geometric
complexities. Some of this
deformation may be due to
poroelastic response of the
shallow crust (Fig. 9).
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Figure 9. Modeling InSAR data
for the Ridgecrest mainshock
with hydraulic diffusivity based
on the time series of pixels
around the mainshock epicenter



uplift feature. Magenta lines represent the best-fit exponential functions to the respective
displacement time series (after Liu et al., 2020).

Much of the work under this thematic element is captured by the SCEC community rheology
model (CRM), which provides a 3D description of the ductile rheology of southern California’s
lithosphere, based on constraints from seismic, geologic, and experimental studies, and was
released last year. It includes two components: a 3D geologic framework model (GFM) of
southern California’s crust, and a set of synthetic aggregate ductile flow laws for each rock type
as determined with the aid of seismic velocity analysis (Shen et al., 2020) within the GFM
(Montesi et al., 2020). Together with SCEC Community Thermal Model (CTM) temperatures and
pressure, this information provides a model for southern California’s ductile rheology. Given
strain rate, effective viscosity and differential stress may be calculated throughout the region.
Shen et al. (2020) uncovered evidence that more mafic crustal composition is correlated with
lower strain rates.

One of the current SCEC Technical Activity Groups (TAGs) is focused on the nonlinear
response of the shallow crust. Several projects under this TAG quantified the differences
between full 3D nonlinear and simpler approximations as well as linear anelastic simulations.
Most notable in this regard is the report at the SCEC annual meeting (Roten et al., 2021) of the
successful implementation of Iwan plasticity within the 3D anelastic wave propagation (AWP)
code. The code was verified against 1D and 2D solutions and shows good parallel efficiency in
its GPU implementation, which is important due to the high computational demands of the
problem when nonlinearity is distributed.

6. Modeling Earthquake Source Processes. This thematic element spans a broad range of
activity ranging from computational simulations of multi-cycle earthquake models to laboratory
experiments to the analysis of earthquake data. Progress in the dynamic modeling of
sequences of earthquakes and aseismic slip (SEAS) has been a very active Technical Activity
Group (TAG). The SEAS effort provides a self-consistent, physics-based framework to connect,
interpret, and predict diverse geophysical observations across spatial and temporal scales, and
compares solutions to a common problem across different numerical methods with different
approximations. The effort is challenging due to the range of time scales and processes
involved (Fig. 10). The lack of analytical solutions for 3D problems means that numerical code
verification is essential to ensure reliable simulation results. Jiang et al. (2022) summarized
findings to date in that while details of model output differ among different approaches, key
properties of individual earthquakes, including: rupture style, duration, total slip, peak slip rate,
and stress drop, are comparable among even marginally resolved simulations.



A Model ingredients: ¢.g., surface and subsurface B Model outputs: e.g., dynamic rupture, ground
structure, rock properties, friction, and rheology shaking and displacements, and stress change
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Figure 10. Inputs and outputs in 3D models for SEAS. (a) models incorporate
surface/subsurface structure, rock properties, friction, and fault-zone rheology to simulate
earthquakes and aseismic deformation. Hypocenters are marked by red stars and rupture fronts
are shown as red contours. The seismogenic zone is in gray and aseismic fault zone is in
yellow. (b) models produce outputs that include: fault slip, off-fault displacement, and stress
change, which can be connected to observations spanning a range of spatial and temporal
scales, such as microseismicity, large earthquakes, fault creep, slow slip, and interseismic strain
(after Jiang et al., 2022).
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histograms for 6 moment tensor components and the corresponding nodal lines (gray lines) are
shown on the mechanism. Misfit with depth is shown in the lower right panel.

Other recent efforts included work by Milner et al. (2020) on the use of earthquake source
scenarios from earthquake simulators for physics-based seismic hazard analysis, work by
Chester and Chester (2020) on characterizing flash heating in laboratory experiments, and two
TAGs, each of which involved many investigators, for stress drop validation and for multi-cycle
simulations.

7. Ground Motion Simulation. SCEC5 efforts in ground motion simulation have seen a
sustained benefit from access to HPC resources as described in the abstract. Recently, a
multi-institutional effort (Withers et al., 2020) was conducted to use dynamic rupture simulations
to characterize seismic hazard by generating earthquake sources that produce synthetic ground
motion across a wide frequency bandwidth for magnitudes and distances for which empirical
datasets are poorly populated. This project focused on modeling the effect of fault roughness
(Fig. 12), heterogeneous stress and friction on strong ground motion. As noted above, Roten et
al. (2021) have introduced the ability to allow Iwan plasticity in the AWP ground motion
simulation code to account for nonlinear response of the shallow crust. We have continued to
implement nonlinear site-response modules on the Broadband Platform (BBP) and in 3D
simulations where Nweke et al. (2021) have attempted to validate nonlinear response
calculations for both CVM-S4 and CVM-H.

Figure 12. (a)
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8. Induced Seismicity. When the SCEC5 proposal was funded we were asked to coordinate
our research effort in this area with a USGS liaison (Nick Beeler). Our effort under this thematic
element has been modest. Most recently, Yang and Dunham (2021) modeled aseismic slip that
occurs in response to fluid injection into a permeable fault governed by rate-and-state friction.
They account for porosity and permeability changes that accompany slip, including dilatancy,
and quantify how these processes affect pore pressure diffusion, which couples to aseismic slip.
Initially, slip is negligible and pore pressure follows a linear diffusion model. In the second
phase, an aseismic slip front expands outward and dilatancy causes pore pressure to depart
from the linear diffusion model. The migration rate is strongly influenced by proximity to failure
and injection rate. We also note that we have ongoing studies of seismicity, velocity models and
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deformation in the Salton Sea Area, which hosts a large geothermal field, and a project initiated
in 2021 to study the triggering of earthquakes in deep hydrocarbon basins in southern
California.

Theme C. Characterizing Seismic Hazards

9. Probabilistic Seismic Hazard Analysis. Much of the effort under SCECS5 has the potential
to reduce uncertainty in PSHA through improved rupture forecasts and more accurate
physics-based ground motion simulations. The latter depends critically on improving the
community velocity models, which is one of the original models in the Unified Structural
Representation. SCEC investigators use arrival times, complete waveforms (Tape and Thurber,
2020), ambient field correlations (Nayak and Thurber, 2020), wave polarization (Qin and
Ben-Zion, 2021), and the joint variation of horizontal seismometer and atmospheric pressure
data (Wang and Tanimoto, 2020) for this purpose. Several studies used earthquake and
ambient noise data recorded by regional stations and dense seismic arrays around the 2019
Ridgecrest earthquakes to derive a seismic velocity models on a regional scale (White et al.,
2021), fault zone scale (Qiu et al., 2021) and intermediate scale (Zhou et al., 2021). A clear
challenge to this effort is to merge results to account for the state of information (Ajala et al.,
2020) on the elastic, anelastic, and inelastic structure of the Earth’s crust across all relevant
scales. Lu and Ben-Zion (2021) found in validation analysis of regional CVMs that significant
deviations from observations are produced by the lack of knowledge about basin properties.
Due to their important influence on strong ground motion, we have paid particular attention to
the structure of basins, as shown in a subsequent section.

We continue to develop RSQSim simulations (Milner et al., 2020) using earthquake source
scenarios for physics-based seismic hazard analysis, and have developed improved plausibility
filters for multi-segment rupture based physics-based earthquake simulator output (Milner et al.,
submitted).

CyberShake is a physics-based approach to hazard analysis which estimates ground motions
from simulations of 100s of thousands of scenario earthquakes based on rupture forecasts, to
generate 100s of millions of ground motion simulations, from which 10s of billions of intensity
measures are derived and used to construct hazard maps. The scale of the effort requires
state-of-the-art HPC, as described in the abstract, but unlike traditional approaches this
leverages knowledge of the earthquake source and the crust. Hazard analysis is foundational to
risk reduction, and through SCEC’s efforts, CyberShake results are starting to be used for
engineering practice. Improving accuracy of the simulations, quantifying uncertainty, expanding
the geographical reach, and extending to higher frequencies are all active research areas.
CyberShake demonstrates SCEC’s ability to integrate vertically across disciplines, by using
rupture forecasts based on paleoseismology and geodesy, slip models based on
pseudo-dynamic rupture simulations, and ground motions based on HPC simulations of wave
propagation through 3D crustal models. In addition to ground motion, we have worked to
develop probabilistic forecasting for near-fault displacement.

Decades of meticulous work on sites that preserve a record of surface-rupturing earthquakes
has led to event chronologies on major California faults. The record of historical events (based
on macroseismic and instrumental data) and paleo-events (based on paleoseismology and
surface ruptures) leads to a conundrum. The two populations show similar rates of earthquakes
in the pre-instrumental era before 1920. That rate continues in the instrumental record; yet,
contrary to expectations, there is a hiatus in surface-rupturing events on major faults over the
last 100 years. Based on assumed recurrence models the hiatus is extremely unlikely (~0.3%
probability). Resolving this conundrum is critical to long-term forecasting (Biasi and Scharer,
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2019). There is the potential for bias in the data (Williams, 2021), or perhaps the assumed
recurrence models are incorrect.

10. Operational Earthquake Forecasting. SCEC has worked on earthquake predictability,
including physics-based forecasting models and coordinating with the Working Group on
California Earthquake Probabilities (WGCEP) and the Collaboratory for the Study of Earthquake
Predictability (CSEP). Multi-fault ruptures have the potential to affect forecasts based on
paleoseismic data if they are not properly accounted for. SCEC developed a new framework to
represent and build realizations of complex multi-fault ruptures (Fig. 13). These were combined
with stress-change calculations to develop better complex rupture plausibility criteria based on

" Coulomb failure stress criteria.
7

5, Milner et al (2021) completed

2 [
“\o“\c %o
E &
Malibu Coast 52 / 0-9,2’

RSQSim-CyberShake hazard and
variability  calculations for a
non-ergodic model for southern
California. Ben-Zion and Zaliapin
(2020) presented retrospective
evidence for localization of
seismicity related to future M > 7
mainshocks in southern and Baja
California.

Figure 13. Perspective view
(looking north) of a complex
synthetic M 7.8 RSQSim rupture
in the Los Angeles Basin
reminiscent of the Kaikoura. New
Zealand earthquake. Rupture nucleates on the Compton fault and spreads to the
Newport—Inglewood, Palos Verdes, and other nearby faults. Ten UCERF3 fault sections
participate, but the 3 aforementioned faults account for over 90% of the total seismic moment.
Darker colors represent areas of larger slip. (after Milner et al., 2021).

The CSEP virtual platform supports global research on earthquake predictability, initiated by
SCEC to evaluate earthquake forecasts and to advance the understanding of earthquake
predictability. CSEP testing centers are operational in California, New Zealand, Japan, China,
and Europe (Schorlemmer et al., 2018) with 442 models under evaluation. The California center,
operated by SCEC, tests 30-minute, 1-day, 3-month, 1-year, and 5-year forecasts for California,
the Western Pacific, and global regions.

11. Earthquake Early Warning We were advised that the USGS considers earthquake early
warning to be adequately covered under other existing research programs so we did not pursue
research under this thematic element, except when there was research that had this as part of
its purview.

12. Post-Earthquake Rapid Response. There is a continuing need to develop and improve
post-earthquake rapid response as demonstrated by the 2019 Ridgecrest earthquake
sequence. Coordination and planning is an essential element to the success of past and future
efforts. SCEC held its latest virtual workshop from January 13-14, 2022 on earthquake response
planning that was attended by over 150 scientists with earthquake response experience.
Participants included 44 who were involved in the Ridgecrest response and 35 early career
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scientists, as well as participants from 18 countries. The evolving nature of data and means of
data collection require that plans be updated frequently. The workshop should lead to better
results from future earthquakes by: adopting best practices for data collection, continuing
engagement between field and end users, updates of roles and responsibilities, training and
workforce development, and engagement with strategic partners.

Theme D. Reducing Seismic Risk

13. Risk to Distributed Infrastructure. SCEC works with engineers and stakeholders to use
our simulation capabilities, particularly for physics-based ground motion simulations, to enable
new modes of assessing, and reducing risk to distributed infrastructure. A particularly notable
example is Lee et al. (2020), who compared the risk to the LADWP water pipeline distribution
system from CyberShake simulations with that from empirical GMM. They found that seismic
risk developed from physics-based earthquake simulations for spatially distributed systems can
differ substantially from those obtained from conventional approaches (Fig. 14). These
differences have significant policy implications, and are important for estimates of resources
needed for agencies to adequately plan for and mitigate the risks to meet the system resilience
criteria.
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Figure 14. Left shows distribution of Cybershake 5.12 hazard simulations. Panels at right show
(a) pipe repair cost and (b) repair time as a function of return periods for CyberShake vs.
NGA-West2 empirical GMMs.

Other areas of increased understanding that emerged during the SCECS5 project period include
correlation structure of ground motion, which can be explored through simulations (Bayless and
Condon, 2021) and in modeling the distribution of near-fault surface deformation (Goulet et al.,
2021). Both of these may be critically important to assessing system-level earthquake threats to
distributed infrastructure.

13



14. Velocity and Rheology of Basin Sediments. During the SCECS project period we have
worked to understand and characterize near-surface site and basin structure due to its
importance for physics-based ground motion simulations. For basin structure, SCEC
investigators deployed temporary dense arrays, incrementally across key parts of the Los
Angeles Basin. The combination of sharp basin-bedrock velocity contrasts at their boundaries
and their non-vertical character, makes them difficult to recover accurately through conventional
tomography, which uses smoothing to regularize the inverse problem. Muir et al. (2020) used
the level set approach of Muir and Tsai (2020) to update basin structure in CVM-S 4.26 (Fig.
15). They found a deepening of the Los Angeles Basin towards the northeast, which is
coincident with the inferred trace of the Upper Elysian Park Fault. Within the basin, this
deepening increases the amplification of Love waves in the 4-9 s period band, with
consequently increased basin resonance of these waves for tall buildings with similar resonant
periods.

Vs change at depth 6283 m e v Figure 15. Results of local

A | l tomographic update utilizing the
- : : level set method (after Muir et al.,
2020). Panels on the right are, from
top to bottom, the reference CVM-S
4.26 profile, inversion result with
inferred boundary of local update
shown by a black dotted line,
difference in the two models, and
estimated  uncertainty in the
inversion.

Shaw et al. (2021) developed

/ U
2 < basin velocity representations
: 2 . as standalone CVM

~118°20 -118"15° B0 8 ’
Berie A| e ! components that can be

Basin is deeper at NW of main lobe and in East LA incorporated into current and
future velocity models. These
models describe Vp, Vs, density, and other properties for the major sedimentary basins in
southern California. This framework will support alternative basin models, enabling comparison
and evaluation of sedimentary basin structure and sediment velocity characteristics (Fig. 16).

Figure 16. Perspective views
of CVM basin models. A: The
Inner California Borderlands
model, showing Vp for basin
sediments and regional faults
from the SCEC CFM used to
define the basin extent. B:
Views of individual sediment
basin models. These models
have been generated as a
series of gridded voxets
accessible through the UCVM
framework. Associated
surfaces (topography,
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sediment basement interface, bounding fault surfaces) will be made available through the CVM

website.

3. Communication, Education, and Outreach Accomplishments

The Communication, Education, and Outreach (CEO) program of SCEC5 expanded knowledge
of earthquake science, risk, and preparedness through two focus areas: Public Education &

mublic Education & Preparedness \ @periential Kearning a

Preparedness (PEP) and
Experiential Learning & Career
Advancement (ELCA), spanning
six programs (Fig. 17).

These complementary focus
areas communicate and train about
science, risk, and preparedness
through community engagement
activities such as Great ShakeOut
Earthquake Drills, multi-faceted
communication channels, and
extensive partnership networks,

Career Advancement
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Tsunami Drills

A / \ 4

A N

Undergraduate
Internships Program

Science & Risk
Communication

Earthquake
Country

a I A B

Quake Heroes

Transitions Program
Documentary ¥ gra

& Alliance

. Y & 4

while broadening participation of
underrepresented groups in the
STEM workforce through
professional development opportunities
including internships, mentoring (and
mentorship training), networking
opportunities, and other support.

Public Education and Preparedness.
SCEC is a national and global leader in
promoting the use of earth science and
consensus safety guidance via Global
Earthquake and Tsunami _Campaigns.
SCEC and many partners created the
Great  ShakeOut  Earthquake  Drill
(ShakeOut.org) in 2008, based on the
USGS-led ShakeOut Scenario. SCEC then
expanded ShakeOut across the nation,
then worldwide, and now coordinates 26
official regions across the U.S. and around
the world. With participation of schools and
organizations from more than 40 countries
this involved a record 68 million people
globally in 2019 (Fig. 18), mostly on
International Shakeout Day (third Thursday
of October). Due to COVID-19, we

Millions of Participants

2008

Figure 17. Two SCEC Communication, Education, and
Outreach focus areas, spanning six programs.

Join Us

in the
World's Largest
Earthquake Drill.

L L . I

DROP! COVER! HOLD ON!

2010 2012 2014 2016 2018 2020

Figure 18. Annual global participation in Great
ShakeOut Earthquake Drills from inception to
2021. The drop in 2020 due to the pandemic
was followed by a partial recovery in 2021.

provided new ways to participate in 2020 and 2021, including “Great Online ShakeOut’
broadcasts that reached more than 100,000 people and new resources for leading
organizational drills via teleconference. ShakeOut is now a global messaging platform (>500K
website annual visits on average) for communicating science and preparedness information,
which leads to increased levels of mitigation and planning (Wood, 2015). The prime example is
how “Drop, Cover, and Hold On” graphics and safety messaging (EarthquakeCountry.org/step5)
are now routinely being incorporated into local, national, and international materials and
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https://www.shakeout.org/
https://www.earthquakecountry.org/step5

messaging efforts. We also guided the creation of “Rocket Rules” earthquake education
materials for grades K-3 (RocketRules.org/earthquake),which includes earthquake early
warning education; similarly, ShakeOut is now a common platform for educating West Coast
residents about the USGS’ ShakeAlert® Earthquake Early Warning System. In addition to our
promotion of earthquake drills, SCEC is supported by NOAA (via CalOES) to create and
manage ITsunamiZone.org, which adapts the ShakeOut registration system to assess
participation in Tsunami activities in west coast states and across many territories and countries
within and bordering the Caribbean.

SCEC CEO also coordinates Science, Risk, and Crisis Communication activities, via
information distributed to the public and in the geoscience community via the news media, the
Center's webpage (SCEC.org) (>140K visitors/year), quarterly newsletters, social media
channels, the SCEC Annual Meeting, and science workshops. All these channels are engaged
after major earthquakes (the 2019 Ridgecrest sequence resulted in more than 600 mentions of
SCEC in the news). We partner with other organizations for joint activities, such with EERI in
2018 of the 171th National Conference on Earthquake Engineering in Los Angeles which
increased visibility of SCEC research. In 2003 SCEC created the Earthquake Country Alliance
(ECA) as a partnership organization that now involves more than 4,000 public, private, and
grassroots leaders. With additional support from the state of California and FEMA, SCEC
coordinates regional and sector-based groups, delivers 10-15 local workshops and statewide
webinars each year, and creates documents and graphics distributed via ECA's websites
(EarthquakeCountry.org and Terremotos.org (Spanish) and social media channels. During the
pandemic we moved activities online and created 12 new documents in 15 languages
(EarthquakeCountry.org/languages), including guidance for people with disabilities
(EarthquakeCountry.org/accessibility). All resources build on ECA’'s Seven Steps to Earthquake
Safety (EarthquakeCountry.org/sevensteps) . This is also featured in SCEC’s Quake Heroes
Documentary (QuakeHeroes.org), a
55-minute professionally produced
film that vividly portrays.the stories 2021 SOURCES Interns
of people who experienced the
Northridge earthquake, along with
comments from SCEC scientists,
engineers, and first responders. The BanAgiar  OmidAvuii  Chelsey Asor MaryChen  Michael Herandes
release of the film, with large P e i et R Pl
in-person screenings across
California, has been delayed due to
COVID but will be launched in 2022, 0 @ @ @
along with a high-school toolkit with e e e thPrad  Mercds Quinans Lot R
science and engineering lessons.

Experiential Learning and

Career Advancement. SCEC has
fostered workforce development
during SCECS5 via its longstanding

Sauh Sen‘pwhl Yhomu Shea 10(" Sheehan Chris Tobar lmeph Wn(k

ur_,pb Ics 'SiCS Eart ’“‘-r ence Computer Sci Civil Engineering

undergraduate Internship Programs riversity C5U LongBe
(SCEC.org/internships) and the new a4 eoer e S P
Transitions Program . .
(SCEC.org/transitions). Figure 19. Undergraduate participants of the 2021

SOURCES Internship Program
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The Summer Undergraduate Research Experience (SCEC.org/internships/sure) program
has funded individual internships with SCEC scientists for nearly 300 undergraduate students
from across the country since 1994. The Undergraduate Studies in Earthquake Information
Technology (SCEC.org/internships/useit) program (2002-2019) brought together 20-25 students
each summer at USC where they learned and applied computer science skills to “Grand
Challenges” of earthquake science. To increase our reach, broaden participation, and maintain
undergraduate research opportunities during the pandemic, we created the Supported
Opportunities for Undergraduates and Researchers to Collaborate on Earthquake Science
internship program (SCEC.org/internships/sources) which facilitated remotely mentored
research experiences for 26 students (including 14 women and 12 first generation, 14 URMs,
and 3 community college students).

We created the Transitions Program in 2017 to support junior members of the community
across key career transitions (into graduate school, academia, industry, etc.). Components
include networking events (SCEC.org/workshops/2021/transitions) at the SCEC Annual
Meeting, AGU, and other meetings with mentors who share guidance about navigating key
transitions , lightning talks to increase visibility of early career scientists, research and travel
awards (SCEC.org/elca/awards) to support early career researchers to build their professional
profile by presenting their own research, and research mentorship training
(SCEC.org/workshops/2019/mentor-training) for early career researchers to improve mentorship
skills and relationships in STEM.

Project Data:

SCEC Datasets

When SCEC releases datasets of significance to the research community, these data products
are assigned permanent digital object identifiers and committed to public scientific data
repositories (including IRIS Data Management Center, the NHERI DesignSafe Data Repository,
and Zenodo) with the appropriate metadata required to make them useful to the community. The
table below includes information on the most recent release date of the datasets and the
cumulative total of unique downloads and visitors for each when available.

Release
Date (most Downloads Visitors

SCEC Dataset Data Repository recent)  (cumulative) cumulative)
Community Thermal Model (CTM)  https://zenodo.org  Aug 2020 41 172

[record/4010834
Community Velocity Model - http://ds.iris.edu/d = Aug 2020 N/A N/A
Harvard (CVM-H) s/products/emc-cv

m_h_vi15 1
SCEC Community Rheology Model https://doi.org/10.  Sept 2020 26 150
(CRM) 5281/zenodo.457

9627
SCEC Community Fault Model https://doi.org/10.  Jan 2022 169 807
(CFM) 5281/zen0do.589

9364
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SCEC Community Geodetic Model
(CGM)

PRJ-1975: SCEC Broadband
Platform (BBP) Study 17.3 Dataset

CyberShake Time Series for
Response History Analysis

Site-Specific MCER Response
Spectra for Los Angeles Region
based on 3-D Numerical
Simulations and the NGA West2
Equations

DataSet La Habra Earthquake

A Novel Hybrid Finite
Element-Spectral Boundary Integral
Scheme for Modeling Earthquake
Cycles: Application to Rate and
State Faults with Low-Velocity
Zones

Mainshock+aftershock forecasts
from Regional Earthquake
Likelihood Models (RELM)
experiment

Consistency test scores for
aftershock+mainshock RELM
forecasts

Mainshock+aftershock M4.95+
seismicity forecasts from RELM and
the multiplicative hybrid earthquake
models (Rhoades et al., 2014)

Data for pyCSEP: A Software
Toolkit for Earthquake Forecast
Developers

Two global ensemble M5.95+
seismicity models obtained from the
combination of interseismic strain
rates and earthquake-catalog data

SCEC Software Releases

SCEC develops and maintains a suite of open-source scientific software applications, used in
SCEC research and provided to the larger geoscientific community for advancing seismic
hazard research. Distributions are released via GitHub software repositories, where we track the
number of unique repo clones and unique visitors. SCEC also releases software through

https://doi.org/10.
5281/zenodo.492
6528

https://doi.org/10.
17603/DS2267Q.
https://doi.org/10.
5281/zenodo.392
2295

https://doi.org/10.
5281/zenodo.324
7804

https://doi.org/10.
5281/zenodo.640
3870

https://doi.org/10.
5281/zenodo.337
9091

https://doi.org/10.
5281/zenodo.508
0947

https://doi.org/10.
5281/zenodo.508
3365

https://doi.org/10.
5281/zenodo.557
8662

https://doi.org/10.
5281/zenodo.577
7992

hhttps://doi.org/10
.5281/zenodo.613
735999364
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Zenodo, through PyPi, and through DockerHub. We began tracking SCEC software downloads
in 2020 and continued through Jan 2022. Views and download metrics are a proxy for the size
of the software user community.
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Unique Unique

Release Unique Unique Clones Views (Jan

SCEC Github Date (most Clones Views (Jan 2021-  2021-Jan
Software  Repository recent) (2020) (2020) Jan 2022) 2022)
Broadband https://github.com/ = Sept 2020 122 741 165 861
Platform SCECcode/bbp
BBP Docker https://hub.docker. Dec 2021 - - 33 -
Images com/orgs/sceccod

e/bbp_19 8

CyberShake https://github.com/ = Jan 2021 - - - -
Platform SCECcode/cybers

hake-core
FAST https://github.com/ = Oct 2020 122 882 116 844
stanford-futuredata
[FAST
OpenSHA  https://github.com/ = June 2021 - - 296 623
opensha
ts-process https://github.com/ Dec 2020 - - 33 124
SCECcodel/ts-proc
€ss
UCVM https://qithub.com/ ' Nov 2021 240 561 219 499
SCECcode/ucvm
UCvM https://hub.docker.  Nov 2021 - - 382 -
Docker com/orgs/sceccod
Images e/ucvm_1210 cvm
s5
CSEP https://github.com/ = Sept 2020 54 158 305 677
SCECcode/pycsep
CSEP PyPI https://pypistats.or = Jan 2022 - - 54 -
g/packages/pycsep
Total = 538 2,342 1603 4,489
SCEC Websites

Below we provide an overview and usage metrics for SCEC’s major websites, software
releases, and selected datasets. Websites and webpages that are new or had significant
improvements are also listed.

Website Metrics

Users per Month*

Jan 2021 -
Website 2020 Jan 2022
SCEC.org 11,180 10,030
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shakeout.org 37,896 38,301

earthquakecountry.org 26,311 17,408
tsunamizone.org 2,904 6,304
terremotos.org 1,383 1,086
shakeoutbc.ca 3,046 3,323
strike.scec.org/scecpe

dia 436 337
OpenSHA.org 405 t 447

* Average monthly users from Google Analytics data
# Average users since new site launched in June 2020

Community Model Websites:

SCEC has developed web-based tools for viewing and querying several of the SCEC
Community Models. These CXM websites provide researchers with access to the SCEC
community models during their development. The websites are updated when new versions of
the community models are available, and the new models are immediately accessible to users
without requiring installation of new software on their computers. The websites are developed
using a common software and computing environment that includes Postgres databases with
PostGIS extensions, map-based displays using Leaflet, scientific plots using Plotly, 3D
visualizations using VTK.js, and Apache web servers hosted on EC2 instances for reliability.

Community Fault Model (CFM) Viewer: The CVM viewer is a map-based viewer and data
access website for the Community Fault Model (CFM). This site has been used by the SCEC
research community to view alternative fault geometries. Displays include map-based fault
locations, and 3D visualization of fault geometries, and relocated seismicity overlays.
https://www.scec.org/research/cfm-viewer/

Geological Framework Model (GFM) and Community Thermal Model (CTM) Viewer: The
GFM/CTM website implements a map-based viewer for the SCEC Geological Framework
(GFM) Model and the Community Thermal Model (CTM) which are two essential components of
the SCEC Community Rheology Model (CRM). The map-based display shows the geographical
distribution of the GFM zones, and users can query locations and depths in southern California
for properties defined in the GFM and CTM. http://moho.scec.org/GEFM_web/web/viewer.php

Community Geodetic Model (CGM) Viewer: The Community Geodetic Model (CGM) website
implements a map-based viewer for both GNSS and InSAR data with the ability to plot time
series and download datasets in several formats. http://moho.scec.org/cgm-viewer/

Community Model (CM) Viewer: The SCEC Community Model (CM) Viewer implements a
map-based viewer that provides an integrated view of the SCEC CVMs, CFM, GFM, and CTM
models. Users can query locations in Southern California for material properties from selected
Community Velocity Models, and generate an Elevation profile plot, Depth Profile plot, Cross
Section plot, or Horizontal Slice plot on demand using the plotting utility tools from UCVM.
http://moho.scec.org/UCVM_web/web/viewer.php

21



Additional New and Updated Websites:

SCEC developed several additional websites to improve access to community research
products and information. These sites include access to a SCEC meeting poster archive,
guidance on leading earthquake response activities during the pandemic, and the SCEC CSEP
Project homepage and software documentation sites.

SCEC Meeting Poster Archive Website: More than 290 posters were presented at the 2021
SCEC Annual Meeting (9/12/21 - 9/17/21). 142 poster authors agreed to showcase their posters
publicly in our poster archive linked here.
https://www.scec.org/meetings/2021/am/posters/archive

ShakeOut During COVID-19 Website: Special webpage for all ShakeOut regions about how to
organize and lead earthquake drills during the COVID-19 pandemic, including simple
presentations for drill leaders to use online (or in-person). https://www.ShakeOut.org/COVID-19

SaferAtHome Website: Compilation of all seven webinars in ECA's Safer At Home Webinar
series, each focused on one of the Seven Steps (o Earthquake Safety.
https://www.EarthquakeCountry.org/SaferAtHome

CSEP Project Homepage: This website provide a new homepage for the CSEP project.
Content is being updated and expanded with input from several CSEP working group
participants. https://cseptesting.org/

CSEP Software Documentation Website: This website provides documentation for PyCSEP, a
new unified set of software tools, for (1) evaluating probabilistic earthquake forecasts, (2)
working with earthquake catalogs in this context, and (3) creating visualizations.
https://docs.cseptesting.org/

Acknowledgment of Support: This material is based upon work supported by the
U.S. Geological Survey under Grant No. G17AC00047.

Disclaimer: The views and conclusions contained in this document are those of the authors
and should not be interpreted as representing the opinions or policies of the U.S. Geological
Survey. Mention of trade names or commercial products does not constitute their endorsement
by the U.S. Geological Survey.
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SCEC Publications

This section lists the publications and products submitted and/or published in the SCEC community
database (www.scec.org/publications) from Feb 1, 2017 to Dec 31, 2021. Each publication is preceded
by its SCEC publication number.
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