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Main messages here:

* Multicycle Physics-Based Earthquake Simulators are critical to
improving seismic hazard and risk estimates

* We must not let perfection be the enemy of more useful model
(e.g., accusations of “not enough physics in your physics-based
model” have plagued previous developments)

A more wrong model can actually be more useful

e Ask not whether a model is right, but whether some useful
inferences can be made from it



Seismic Hazard & Risk Analysis (e.g., NSHM)
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Two main model components: will be exceeded

1) Earthquake Rupture Forecast

Gives the probability of all possible earthquake
ruptures (or suite of synthetic catalogs) for a

region and over a specified timespan
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Empirical Physics Based
(e.g., UCERFs) (e.g., MCQSim)




e.g., Probability
that shaking level

Biggest . i
99 Two main model components: will be exceeded
game
changers?
1) Earthquake Rupture Forecast 2) Ground Motion Model
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e.g., Probability
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USGS National Seismic Hazard Model (NSHM)

Past & present USGS NSHMs (e.g., 1996, 2002, 2008, 2014, 2018, 2023) provided time-
independent, individual-site hazard curves, meaning they are tailored for building codes

= USGS

science for a changing world
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USGS National Seismic Hazard Model (NSHM)

= USGS

science for a changing world
Building Codes . .
Poisson is good enough for
long-term building codes
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USGS National Seismic Hazard Model (NSHM) %yﬁﬁmsm
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Useful predictability remains

(e.g., expected 1-yr losses can increase by
a factor of 10 following large events; 10%
changes are “actionable” by users)
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Earthquake Hazard and Risk Forecasting Enterprise

A Scientific Vision and Roadmap for Earthquake
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Earthquake Hazard and Risk Forecasting Enterprise
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Earthquake Hazard and Risk Forecasting Enterprise

A Scientific Vision and Roadmap for Earthquake
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A Scientific Vision and Roadmap for Earthquake
Rupture Forecast Developments, A USGS
Perspective
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Uniform California Earthquake Rupture Forecast, version 3 (UCERF3)

By the Working Group on California Earthquake Probabilities:

We’re now in the process of doing this nationwide

Improved
* Long-term time-dependent, el astic-re b oun d
based on renewal statistics
. model (& on all
AN faults)
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of the San Andreas Fault
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A Scientific Vision and Roadmap for Earthquake
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Perspective
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Multicycle, Physics-
Based Earthquake
Simulators:

generate synthetic
rupture catalogs for
large fault systems
over thousands of
earthquake cycles by
modeling stress
accumulation,
rupture nucleation,
friction evolution,
and multi-fault
interactions (and
generally
approximating
dynamic effects).
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RSQSim results
from Bruce Shaw
and animation
from Kevin Milner
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Multicycle, Physics-
Based Earthquake
Simulators:

generate synthetic
rupture catalogs for
large fault systems
over thousands of
earthquake cycles by
modeling stress
accumulation,
rupture nucleation,
friction evolution,
and multi-fault
interactions (and
generally
approximating
dynamic effects).

2000 yrs of accumulated slip from MCQsim (Zielke and Mai, 2023)
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Multicycle, Physics-
Based Earthquake
Simulators:

generate synthetic
rupture catalogs for
large fault systems
over thousands of
earthquake cycles by
modeling stress
accumulation,
rupture nucleation,
friction evolution,
and multi-fault
interactions (and
generally
approximating
dynamic effects).

Full ERF replacement? giving the probability of
every possible rupture conditioned on what we
know about past events?

Not Yet, because we cannot simply start these
models at present conditions and get multiple
realizations of what comes next ; this is due the
“spin up” time needed before realistic, stable
behavior emerges, leaving one to search for periods
in a simulation that match as close as possible to the
historical record (e.g., Aalsburg et al., 2010).

In other words, even if these models were a perfect
representation of nature, there would still be work
in terms of figuring out how to use them to infer
time-dependent earthquake probabilities.



Multicycle, Physics-
Based Earthquake
Simulators:

Alternatively, we can use them to test assumptions made, or
implications of, our more empirical models:

e Average rupture rates

generate synthetic e Multifault rupture plausibility (Milner et al., 2022)
rupture catalogs for

large fault systems e Scaling relationships

over thousands of e Average slip along rupture, especially for multifault events
earthquake cycles by

: e MFDs near faults (non-Gutenberg—Richter?)
modeling stress

accumulation, e [nfluence of creep (area versus slip-rate reduction) and
rupture nucleation, seismogenic depths
friction evolution, e Elastic rebound predictability (e.g., Field et al., 2015)

and multi-fault
interactions (and
generally

approximating e Other time dependencies (mode switching, super cycles, and
dynamic effects). paleo hiatus)

e Spatiotemporal clustering (e.g., is ETAS adequate at large
magnitudes?)



Uniform California Earthquake Rupture Forecast, version 3 (UCERF3)

Relaxed
segmentation
Included muilti-
fault ruptures

By the Working Group on California Earthquake Probabilities:

We’re now in the process of doing this nationwide

Improved
UCERF3-TD

* Long-term time-dependent, el a StiC' re bo un d
based on renewal statistics
model

UCERF3-TI
« Time-independent, incorporated into

2014 National Seismic Hazard Maps

M7 event on the Mojave section
of the San Andreas Fault

UCERF3-ETAS
« Short-term time-dependent,
based on clustering statistics s
O

.- , » |Included ‘ _ EEAEAS
— —— Sz spatiotemporal [FSE3
Field et al. (2014, 2015, 2017) B WM A\ clustering (e.g.,

aftershock
sequences)




Reid’s (1911) Elastic-Rebound Theory:

Rupture probabilities drop on a fault after experiencing a large rupture and build
back up with time as tectonic stresses re-accumulate

Modeled with a point-process renewal model:

8 " Lognormal Distribution
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- Forecast
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Reid’s (1911) Elastic-Rebound Theory:

Rupture probabilities drop on a fault after experiencing a large rupture and build
back up with time as tectonic stresses re-accumulate

2 Lik:ﬁlr:)od f ( t ) Renewal Model
- 1.8| RI=0 | Options:
% 1.6 BPT, 2 =0.2
g 1.4 Lognormal, oo = 0.2
31-2 Welibull, o = 0.2
:_TEU 1 BPT, 0= 0.6
L 0.8 Lognormal, oo = 0.6
a 0.6 Weibull, o = 0.6
0.4
0.2
0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Normalized Recurrence Interval




Reid’s (1911) Elastic-Rebound Theory:

UCERF2 and predecessor California models assumed that every point on every fault
exhibits one of these renewal models (i.e., what you’d see in a paleoseismic trench)

2 Lik:ﬁ:)od f(t) Renewal Model
- 1.8 | RI=0 Options:
% 1.6 BPT, o= 0.2
é 1.4 Lognormal, oo = 0.2
e Weibull, o. = 0.2
:_;?U 1 BPT, o= 0.6
S 0.8 Lognormal, o. = 0.6
a 0.6 Weibull, o = 0.6
0.4
0.2
0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Normalized Recurrence Interval



Reid’s (1911) Elastic-Rebound Theory:

UCERF2 and predecessor California models assumed that every point on every fault
exhibits one of these renewal models (i.e., what you’d see in a paleoseismic trench)

2.50
With multi-fault ruptures 2 25 Ave Normalized Section
in a fault system
2.00 f\ Recurrence Intervals
>
2 1.75 —_
[ o
2 150 Assumed/Imposed
>
£ 125 Vi
Q  1.00 .
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o 0.75 _
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0.50
. . 0.25
This model is not self
. 0.00
consistent 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

What’s going on? Normalized Recurrence Interval (RI)



Multicycle Physics-based earthquake simulators

Produce ruptures throughout fault system
over thousands of years (unsegmented)

Let’s look at the behavior for large (supra-
seismogenic) events

Simulator Fault Model

SRL “focused issue”
(2012, v. 83, #6)

* ALLCAL (Ward)

| \irtuatCao-{Sachsetabd
e RSQSim (Richards-Dinger & Dieterich)

* ViscoSim (Pollitz)




Multicycle Physics-based earthquake simulators

Height of Spatially overlapping
first bin is triggered rupture
not zero: %

Fault

Recurrence Intelals at Pitman Canyon site

=
=
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RSQSIim

mean = 146
(95% Conf: 141-152)

Probability Density
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Recurrence Interval (yrs) Recurrence Interval (yrs)

ViscoSim

n.nmi mean = 138
(95% Conf: 127-148)
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Multicycle Physics-based earthquake simulators

Height of There is no good reason to presume that
first bin is recurrence intervals at a point on a fault
not zero! conform to any classic renewal models...
Recurrencele averaged over all sites
e ADL.CAL RSQSIm ViscoSim
E 15
E 1.0
= N—-161,096 \ N-357,412 N-337,406
8 o5 a=0.37 a=0.36 a=0.47
2
o
%1 2 3 4 5 o 1 2 3 4 s >

Recurrence Interval (yrs) Recurrence Interval (yrs) Hecurrence Interval {yrs}




Reid’s (1911) Elastic-Rebound Theory:

UCERF2 and predecessor California models assumed that every point on every fault
exhibits one of these renewal models (i.e., what you’d see in a paleoseismic trench)
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Reid’s (1911) Elastic-Rebound Theory:

We changed the recurrence of what question in UCERF3:

Rather than assuming points on faults follow a
renewal model...

We hypothesized that the average normalized time
since previous event for every large rupture
follows a renewal model

1 __— TimeSince Last
er Event for Element

Rupture —_—
Nr = %7

ue I Ave Rl for element

A PDF/histogram of these should look like a renewal model

Fault

How can we test this?



Multicycle Physics-based earthquake simulators!

Let’s look at the behavior for large (supra-
seismogenic) events

(b)

Simulator Fault Model

SRL “focused issue”
(2012, v. 83, #6)

* ALLCAL (Ward)

s Virtuat-Ca{Sachsetal)
e RSQSim (Richards-Dinger & Dieterich)
* ViscoSim (Pollitz)




Multicycle Physics-based earthquake simulators

To test the UCERF3 hypothesis that average
normalized time since previous event for every
large rupture follows a renewal model

1 __— TimeSince Last
er Event for Element

Nr = =7 —
' He —

Rupture

Ave RI for element
Fault

A PDF/histogram of these should look like a renewal model



Multicycle Physics-based earthquake simulators
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ALLCAL RSQSim ViscoSim

1.5 Simulation (1.0, 0.22, 8712) Simulation (1.0, 0.29, 18381) Simulation (1.9, 0.53, 24993)
Lognormal (1.0, 0.19) Lognormal (1.0, 0.19) Lognormal (1.5, 0.40)
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NN
\ 1 ______ TimeSince Last
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Rupture

Nr = =7 —
' He —

Ave RI for element
Fault

A PDF/histogram of these should look like a renewal model



Multicycle Physics-based earthquake simulators
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ALLCAL RSQSim ViscoSim

1.5 Simulation (1.0, 0.22, 8712) Simulation (1.0, 0.29, 18381) Simulation (1.9, 0.53, 24993)
Lognormal (1.0, 0.19) Lognormal (1.0, 0.19) Lognormal (1.5, 0.40)
BPT (1.0, 0.18) BPT (1.0, 0.19) BPT (1.5, 0.39)
Weibull (0.9, 0.10) Weibull (1.0, 0.10) Weibull (1.5, 0.40)
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But wait, there’s more...
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Rupture
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A PDF/histogram of these should look like a renewal model



Multicycle Physics-based earthquake simulators

also evidence of mag-dependent aperiodicity
RSQSim:

M<6.7 oo 6.7<M<7.7 o 7.7<M
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Aperiodicity/COV:

M<6.7 6.7<M<7.7 M>7.7 Element Ave
ALLCAL 0.29 0.20 0.12 0.37
RSQSim 0.42 0.21 0.09 0.36
ViscoSim 0.51 0.49 0.09 0.47
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This inference influenced the

final UCERF3-TD Model:

Mag-Dependent Aperiodicity
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this inference?

But wait, couldn’t all these simulators be wrong with respect to
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But wait, couldn’t all these simulators be wrong with respect to
this inference?

Of course, so your job is to create a credible one that does not
show this behavior (we need a complete set of viable simulators)

simuiation | Recurrence Interval (yrs) Recurrence Interval (yrs)




We’re now in the process of doing this nationwide

Improved

UCERF3-TI
« Time-independent, incorporated into
2014 National Seismic Hazard Maps

UCERF3-TD

* Long-term time-dependent, el a StiC' re bo u 1] d

based on renewal statistics

Less

» Mature
05 ‘
0.0
50

* Should aperiodicity/COV depend on fault maturity? T et

Ongoing implementation has led to a new hypothesis:

Probability DgnsltyN o
o ©

 We wish we had a suite of simulators to test this idea

* Until that time, we are using expert judgement
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oo o o o o o
Q
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Multicycle, Physics-
Based Earthquake
Simulators:

Use them to test assumptions made, or implications of, our
more empirical models:

e Average rupture rates

e Multifault rupture plausibility (Milner et al., 2022)

e Scaling relationships

e Average slip along rupture, especially for multifault events
e MFDs near faults (non-Gutenberg—Richter?)

e [nfluence of creep (area versus slip-rate reduction) and
seismogenic depths

e Elastic rebound predictability (e.g., Field et al., 2015)

e Spatiotemporal clustering (e.g., is ETAS adequate at large
magnitudes?)

e Other time dependencies (mode switching, super cycles,
and paleo hiatus)



Uniform California Earthquake Rupture Forecast, version 3 (UCERF3)

By the Working Group on California Earthquake Probabilities:

We’re now in the process of doing this nationwide

Improved
* Relaxed UCERFa-T] . . UCERF3-TD P )
: B 2014 National Sersmic Hasard Maps.  Longtemn timedopendert, @] astic-rebound
seg m ent atl o n based on renewal statistics
model

* Included multi-
fault ruptures

M7 event on the Mojave section
of the San Andreas Fault

UCERF3-ETAS
« Short-term time-dependent,
based on clustering statistics

- |

__ , & Included o [
— - ' spatiotemporal
Field et al. (2014, 2015, 2017) 10 10 100 1000 clustering (e-g.’
aftershock

sequences)




UCERF3-ETAS Model (2017, 2021) - fully time dependent prototype:

UCERF3-TD + ETAS Model
(Epidemic Type Aftershock Sequence)

An empirically based description of
triggering statistics (Ogata, 1998):

At x) =2,0x) +  [JRO )t 4 o) Te(r+d)
@i 1< z@

SEISMOLOGICAL SOCI

% Main Shock

* * % Primary Aftershocks

| Jg;g”ﬂgfm TAS captures the notion that every / / \ I\
elastic- earthquake, large and small, has a * % K % K Secondary Aftershocks
rebound ~10% chance of triggering something I\
effects bigger in the year that follows * K Tertiary Aftershocks

Ren 4 1= = =




UCERF3-ETAS Model (2017, 2021) - fully time dependent prototype:

Product: synthetic catalogs of events (stochastic
event sets; as many as needed) for any specified
timespan and condition on all past events

M7.1 HayWired
aftershocks - color
represents ave rate
from 200,000
simulated aftershock
sequences

ETAS Model
(Epidemic Type Aftershock Sequence)

An empirically based description of
triggering statistics (Ogata, 1998):

At x) =2,0x) +  [JRO )t 4 o) Te(r+d)

@i 1< z@
% Main Shock

* * % Primary Aftershocks

* % Secondary Aftershocks

* % Tertiary Aftershocks



UCERF3-ETAS Model (2017, 2021) -

Spatiotemporal Clustering Challenges:

2) Can large, triggered events nucleate
from well within the main-shock
rupture zone; how does this evolve
with time?

fully time dependent prototype:

ETAS Model
(Epidemic Type Aftershock Sequence)

An empirically based description of
triggering statistics (Ogata, 1998):

[ ] klOa(M_Mmi“)(t— t + c)_pcs(r +d)”’
éi < zﬁ

A(t.x) =4 1{x) +

% Main Shock

/1N

**T

\

* % Secondary Aftershocks

Primary Aftershocks

Tertiary Aftershocks



UCERF3-ETAS Model (2017, 2021) - fully time dependent prototype:

Spatiotemporal Clustering Challenges:

Can the red rupture be
triggered (nucleate) from
well withing the just-
ruptured blue area?

2) Can large, triggered events nucleate
from well within the main-shock
rupture zone; how does this evolve

with time?
Just ruptured
A

ke
oy oy ok San Andreas

3 Y
pAS o A Fault

**
pAY

e

Possible Triggered Rupture



UCERF3-ETAS Model (2017, 2021) - fully time dependent prototype:

Spatiotemporal Clustering Chall| A82in, we wish we has a suite of
simulators to test this question

2) Canlarge, triggered events nul c o g\ e use expert opinion to
from well within the main-sha !

rupture zone; how does this ef INClude the range of viable options

VJ 10* Mojave M7; 10yr
Expected MFD

ust ruptured
Yes
1 02 Larger event can nucleate A
from within rupture zone |

of previous event

No
-1/ Larger event cannot

107 L ucleate from within \

Cumulative Number
e
o
(]

2 rupture zone of 35
10 previous event |

3 |
10 Regional GR

-4 .
10

3 . 5 5 = 8 ; |le Triggered Rupture
Magnitude -4 -2 0
g Log10(MojaveM7 10yr FullTD M>=2.5 Nucleation Rate)




Multicycle, Physics- Alternatively, we can use them to test assumptions

Based Earthquake made, or implications of, our more empirical models:
Simulators: * Average rupture rates
. “Indispensable”, “Our best hope”
generate synthetic
rupture catalogs for _
large fault systems and | But not a panacea; these & more fully dynamic
over thousands of models will be wrong too, especially given perpetual [
earthquake cycles by | yncertainties in structural details at depth
modeling stress g
tion, rupture .. .
accumu.la /P The question is what inferences are useful and robust
nucleation, friction . . ] .
evolution. and multi- | 9iven the assumptions, approximations, and
fault interactions (and | Uncertainties arge

generally approximating magnitudes?)

dynamic effects
y ) e Other time dependencies (mode switching, super cycles,

and paleo hiatus)



Earthquake Hazard and Risk Forecasting Enterprise

A Scientific Vision and Roadmap for Earthquake
Rupture Forecast Developments, A USGS P DISCIPLINARY SCIENCE

Pe rs pe C t|ve Seismology Earthquake Physics Tectonic Geodesy Earthquake Geology
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____________ seismolo
el bl 2

Statistical Seismology

Earthquake Rupture Forecast

Fault Models

Scaling Relations Deformation Models

MODELS Seismogram Analysis Paleo Recurrence

Rheology Models Creep Models

Quantifies all possible earthquake ruptures for a
region and over a specified timespan
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Earthquake Hazard and Risk Forecasting Enterprise

A Scientific Vision and Roadmap for Earthquake
Rupture Forecast Developments, A USGS P DISCIPLINARY SCIENCE

Seiemalnnv Farthnuake Phucire Tartanie Gendeacu Farthanake Ganlanv

Earthquake Rupture Forecast

Quantifies all possible earthquake ruptures for a
region and over a specified timespan

Empirical Physics-based

—

From the table of contents:

7. MULTI-CYCLE PHYSICS-BASED SIMULATORS
o Common criticisms
« Potential inferences
o Currently viable models
o RSQSim
o MCQsim (Zielke and Mai, 2023)
o Tandem (Uphoff et al., 2022)
o A path forward
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Multicycle, Physics-
Based Earthquake
Simulators:

Core Activities:

Develop multiple MP-BES models (RSQSim, Tandem,
MCQSim, and hopefully others)

Standardize model inputs (fault geometry, slip rates,
constitutive laws, paleoseismic constraints)

Sustain HPC resources (e.g., Quakeworx)

Unify output formats for interoperability

Define standard Verification, Validation, and Valuation
metrics (VVVs), including geologic constraints, CSEP and
"Turing tests", and usefulness-oriented inference metrics
(page 18 here)

Automate VVV generation via post-processing pipelines
Specify test calculations and compare model results
statistically, including full dynamic models

Leverage machine learning to detect robust, emergent
predictability patterns

Quantify epistemic uncertainties, including limited
knowledge of subsurface structure

Explore usage assuming a given model is correct (not
straightforward given spin-up requirement)

Ensure documentation, accessibility, and reproducibility
standards (i.e., FAIR principles)



https://doi.org/10.1785/0220180299
https://doi.org/10.1785/0220180299
https://doi.org/10.1785/0120220248
https://quakeworx.org/
https://cseptesting.org/
https://doi.org/10.1785/0120170223
https://doi.org/10.1785/0120240217
https://www.go-fair.org/fair-principles/

Main messages here:

* Multicycle Physics-Based Earthquake Simulators are critical to
improving seismic hazard and risk estimates

* We must not let perfection be the enemy of more useful model
(e.g., accusations of “not enough physics in your physics-based
model” have plagued previous developments)

A more wrong model can actually be more useful

* Ask not whether a model is right, but whether useful inferences
can be made from it






Uniform California Earthquake Rupture Forecast, version 3 (UCERF3)

By the Working Group on California Earthquake Probabilities:

We’re now in the process of doing this nationwide

Improved
* Long-term time-dependent, el astic-re b oun d
based on renewal statistics
. model (& on all
AN faults)

UCERF3-TI UCERF3-TD

)
R e I a Xe d o k « Time-independent, incorporated into
ey 2014 National Seismic Hazard Maps

segmentation
* Included multi-
fault ruptures

(e.qg., Kaikoura)

M7 event on the Mojave section
of the San Andreas Fault

UCERF3-ETAS
« Short-term time-dependent,

based on clustering statistics .
- |

AS 3 i o InCIUdEd i o A ‘ 2o 2011 ”S:‘_:
- spatiotemporal &S
Field et al. (2014, 2015, 2017) 10 10 100 1000 CIustering (e.g.’

aftershock
sequences)




To ChatGPT:

“Please make an image
reflecting how the UCERF3-
ETAS development
represents is a house of
cards, a sausage making
process (ingredients we are
not proud of), and
ultimately a fool’s errand”



To ChatGPT:

“Please make an image
reflecting how the UCERF3-
ETAS development
represents is a house of
cards, a sausage making
process (ingredients we are
not proud of), and
ultimately a fool’s errand”




UCERF3-ETAS vs No-faults ETAS (3D)

<1240

Num M=2.5 Aftershocks

From: Candidate Products for OEF lllustrated Using the HayWired Planning Scenario... (Field and Milner,, 2018, SRL)
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