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Probabilistic Seismic Hazard Model
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Probabilistic Seismic Hazard Model
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Probabilistic Seismic Hazard Model
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ShakeOut Scenario

M7.8 Earthquake on Southern San Andreas Fault

SCEC ShakeOut Simulation
by A Graves
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Annual Frequency of Exceedance

Importance of Reducing Aleatory Variability
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The exceedance probabilities at high
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Reducing Aleatory Variability
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The new model may have a
larger epistemic uncertainty

But this uncertainty can ™,
be reduced by collecting
new data to improve the
model

Reduce aleatory variability
by increasing explanatory
power of the model
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CyberShake Hazard Model for the LA Region

3D crustal model:
— CVM-S4.26

« Sites.
— 283 sites in the greater Los Angeles region

* Ruptures:
— All UCERF2 ruptures within 200 km of site (~14,900)

* Rupture variations:
— ~415,000 per site using Graves-Pitarka pseudo-dynamic rupture model

« Seismograms: y =
— ~235 million per model y - LA region
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CyberShake Workflow
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Comparison of 1D and 3D CyberShake Models
for the Los Angeles Region
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1. lower near-fault intensities due to 3D scattering
2. much higher intensities in near-fault basins

3. higher intensities in the Los Angeles basins

4. lower intensities in hard-rock areas
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Averaging-Based Factorization
* Representation of excitation functionals

Expected shaking intensities constructed by averaging over slip
variations (s), hypocenters (x), sources (k), and sites (r)

G(r.,k,x,s) = A+ B(r)+ C(r,k) + D(r,k,x) + E(r,k,x,s)

A A A A A A
In (Y) level  site path directivity slip complexity
effect effect effect effect

* Representation of excitation variance

S, X,K,R

- ol + <ag(r)>R " <og(r,k)> s <ag(r,k,x)>

K.R X,K,R

Var[G] = &2 =([G(r,k,x,5)— AT")
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Residual Variance
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Annual Frequency of Exceedance

Importance of Reducing Aleatory Variability
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CyberShake Platform: Physics-Based PSHA

Essential ingredients

1. Extended earthquake rupture forecast

« probabilities of all fault ruptures (e.g., UCERF2)
» conditional hypocenter distributions for rupture sets
» conditional slip distributions from pseudo-dynamic models

2. Three-dimensional models of geologic structure

 large-scale crustal heterogeneity from
« sedimentary basin structure SCEC
* near-surface properties (“geotechnical layer”) CVMs

3. Ability to compute large suites (> 108) of seismograms

- efficient anelastic wave propagation (AWP) codes
 reciprocity-based calculation of ground motions



SCEC Community Velocity Models (CVMs)

CVM-S series

CVM-H series
(Harvard)

Data sources
Surface geology
Well logs
Refraction surveys
Reflection surveys
Seismic tomography
Geologic models
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Lecture Outline

v Simulation-based seismic hazard analysis
— How F3DT can reduce “irreducible” uncertainties
« Tomographic inverse problem

— Adjoint wavefield method
— Scattering integral method

« Application of F3DT to Southern California

— Validation of CVM-S4.26 by waveform prediction
— Structural features of CVM-S4.26

 Outstanding issues

— USR interface problem
— Anisotropy
— Push to higher frequencies
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m(x) = m(x;, x;,2) = [vp(x), vs(x), p(x)] for 0 < z < 2,2« = 50 km

The 1D lateral average of m is an integral over (x,,x;) € R

1
m(z) = X;Lm(x,,xz,z) dA

Structural Models

We consider a three-dimensional (3D), isotropic, elastic structure

The 1D average along a path a(x,, x;) = 0 with element of length ds is

Profile at 34,000000 -118.000000

1
m,(z) = = m(x,, x;,2) ds
aJa
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CVM Components
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Components of 3D Seismic Velocity Structure
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Dimensionalities of the Forward and Inverse Problems

inversion

DIMENSION DIMENSION DIMENSION
DESCRIPTION OF OF FRECHET OF EXAMPLES
REFERENCE KERNEL INVERTED
MODEL MODEL
geometrical optics & 1 3 3 AKi et al. (1977);
| INFINITE linear inversion Dziewonski et al. (1977)
FREQUENCY : :
geometrical optics & .
3.D ray tracing 3 3 3 Bijwaard & Spakman (2000)
INFINITE & geometrical optic&s for body 1 S (1994)
FINITE waves 1 3 u et al. ;
FREQUENCY path average for surface Ritsema & van Heijst (2000)
waves
path average 1 1 2 Nolet et al. (1986)
surface-wave phase/group Ekstrom et al. (1997); Wu &
velocity inversion Levshin (1994)
1 1 3
partitioned waveform Nolet (1990); Zielhaus & Nolet
inversion (1994)
FINITE . . Zhao & Jordan (1998);
FREQUENCY | 2symptotic mode coupling 1 2 2 Katzman, Zhao & Jordan
& 2-D inverison (1998)
asymptotic mode coupling Li & Tanimoto (1993);
& 3-D inversion Li & Romanowicz (1996)
1 2 3
mode-splitting function Widmer, Masters & Gilbert
inversion (1992)
fully 3-D & linear inversion Zhao , Jordan & Chapman
1 3 3 (2001); Chen, Zhao & Jordan
(2003)
F3DT fully 3-D & non-linear 3 3 3 Zhao , Jordan & Olsen (2003)
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g F3DT Formulation

Iterative model improvement
Mg, = My +Amk, k=0, l,...,K

At each iteration, we calculate a set of synthetic seismograms u; = u(m;) and measure
a set of data functionals

d;, = d(ugps, uy) functionals of the seismograms
= d(mg, m;) + n functionals of the Earth model

d(ug,u,) =0, (n)=0 zero-bias assumption

Data set for CVM-S4.26
. “ - Sei
myg is the “target model” (best e e, 8
approximation to data-generating model e ;g;::
within considered model space) Towal 61503
Waveforms
y Earthquake waveforms 43496
Typically, ANGE-h waveforms 10853
ANGF- waveforms 12581
Towl 66,930
dim|d] > dim [u] GSOF Phase Delays
Earthquake measurements 401,838
. . ANGF-h measurements 61,939
dim|[d] « dim [m] ANGF measurements 50,090
Total 513,867
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g F3DT Formulation

Construct model perturbation Am; by minimizing the quadratic objective function
x*(mg,my) = d"(mg, m) C;' d(mg, m;) + (mg —m,)T C;! (mg — my)
Expand about m; using the Jacobian

A, = dd(mg, my)/dm, Fréchet derivative

1
x*(mg, my) = Xf + ay(mg —my) + E(m@ —mg) "H, (m@ —my)

Constant term:

xi = x*(me,my) =0 if d(ug,u,)=0

Linear term:

ay = Vo x?(mg, my) = -A;C;' d(mg, m;) data-weighted Fréchet kernel

Quadratic term:

Hy = Vi, Vi 22 (mg, my) = ATC;' A + C;! + (Vo Ax)TC; ' d(mg, m,) Hessian
Kk k k*>d k d
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g F3DT Formulation

Scattering-integral method (SI-F3DT):

Minimize objective function by zeroing its gradient with respect to the target model
Vmgx’(mg,my) = a, + Hy (mg —m;) =0

Make two approximations:

H, = ALC;' Ay + C;!

d(mg, my) = d; = d(uyps, uy)

This yields the Gauss-Newton (Gaussian-Bayesian) normal equations

(ARC:' Ap + C3')Am, = ALC;' d,

More efficient to solve the equivalent linear system by a parallelized LSQR algorithm

-1/2
[Cd Akl iy = [C 1/2 dkl
c-1/2

m
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g F3DT Formulation

Adjoint-wavefield method (AW-F3DT):

Minimize objective function by a conjugate gradient method.

.~ y‘_-___.

Approximate the gradient with the data value

Ay = -AIC;‘ dk 3

Solve for this data-weighted Fréchet kernel by integrating the 2
seismic wavefield against an adjoint wavefield that has d;, as its
source.

Owing to linearity, the adjoint source for a particular seismic
source can be summed over seismograms of a particular
component, so only a single adjoint-wavefield calculationis /\
required for each source and component, no matter how many 0

receivers are measured.
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Table 1. Comparison of computational costs for a single optimization step of the scattering-integral (SI)

and adjoint-wavefield (AW) methods,

Cost SI method AW-CG* AW-GN*

Storage requirement 3N, NyNy Ny Ny

Number of simulations 3N, + N, 6N, ANcGNs + 2N,
Number of time integrations 2N, Ny N, 2Ny N, Ny (2NcgNs + Ny)
'O cost J\',.‘\'p\f';' 21\'.,.'\'3' (2Nc(,'1\r, + N;)J\'.r
Requires solving a linear system? Yes No Yes

Optimization algorithm Gauss—-Newton Conjugate-Gradient Gauss-Newton
Number of iterations needed to l 6-7 |

match one Gauss—Newton step

Table 2. Computational parameters for the Los Angeles Basin tomography

using the ST method

Number of statioms N, 48

Number of carthquakes N, 67

Nusnber of seismograms NV, 2000

Number of FD ssmulations 3N, + N, 211

Sivulation gnd spacing, time interval 200m, 001 s
Sumulation gnd poants Ny, time steps N7 36 140 440, 6000
Number of CPUs 128

Total CPU time per iteratxon 62 000 CPU-hours
Total disk space AN Ny Ny 478

From Chen et al. (2007a)

Sl vs. AW-CG methods:

« Sl requires much more storage;
quadratic convergence

* AW requires much more
computation; linear convergence

» Sl provides Fréchet kernels and

source partial derivatives, as well
as RGTs for CyberShake
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Seismological Data Functionals

Classic Data
Methodology Functionals Data assimilation principle:
A TreverTimes | * Revise earth model to
. ! reduce data discrepancies
L]
Seismograms ’ : v [N Eerth Moders . Inver’_c differential data
MNWV - r f»| Dispersion Curves = /= 7R functionals for Earth
V. il T structure to improve
e , : synthetic seismograms
"N Quelity Factors [
e - Data
GSDF Functionals
_ Inversion (M) -
Seismograms e l
—(anefnrm |nversion 3 &q c
MWW" —fgom | [Sersmogroms : &, v Earth Models
approxin r - r + —
Synthetics %’ ¢ o, > @‘
Waveform vy ] m 5t H
Inversion A’WW’ n g ")
JJ Rytov
L Synthetics approximation

A e
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Differential Data Functionals

Observed seismogram from "
unknown (target) model m u,(X,,1)
Synthetic seismogram from

g
reference model m Ui (X, 1)

dlj; - DI‘I[MI:?(XI"I)7 &;Y(XI"I)]

D, [ (x,,1), & (X,,1)] =0

od;, = f dt J; (1) ou; (X,,1)

n

S source index
r receiver index
I component index

Differential data functional
(n waveform/frequency index)

No-bias constraint

Seismogram perturbation kernel



Differential Data Functionals

op(X)

Om=m-m =
5Cjklm(x)

dui(x,.0) =~ [ dV(x) [ dT Y [G,(X,.1 - T:X) 0} u5(X, T) Op(X)
J

+ ) 0,G(X,.1 = T:X) 0,15, (X,7) ¢ 1, (X)]

Jjkim

“receiver Green

GU-(X,.,I ~T;X) = Gji(x’t -TX,) tensor” (RGT)

KP,(x) = = [di [del; (1)) G (%1 -TX,)3}u(X,T)

K22 (x) = - [t [drr;(1)0,G (x.t - T:x,)0,u;,(x,7)

m

8d = Adm = [dV(x)K,(mx) dm(x) = d(m)-d(m).

Southern California
Earthquake Center

Model perturbation

Born approximation

Green tensor
reciprocity

Model perturbation
kernels (exact)

Model perturbation
equation (first-
order)
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« To account for source variability requires very large sets of simulations

— 13,000 ruptures in SoCal; 600,000 rupture variations to sample rupture variability

« Ground motions can be calculated at much smaller number of surface sites

to produce hazard map

— 225 in LA region, interpolated using empirical attenuation relations

Elastodynamic representation theorem
§ d
u (x,t)= [dr|do(§)—G, (x,t;51) (5t -7
2 (X,1) fw ! (E)agj W (X58,T) (8,1 - 1)

Reciprocity
G,(x,t;51)=G (§,-1;x,-1)

Strain Green tensor (SGT)

1| o 0
H, (x,t;51)=—|—G, (x,t;5§,1)+ —G, (x,;5,T
””(g)zax.f(g)ax.(g)

! J

Site-oriented simulation

u,(x.0) = [dv[do(@H,,ETx0) TEl-1)

Receiver

O
Source y
73
\
% Source 2

Source 3

M sources to N receivers requires M simulations

M sources to N receivers requires 3N simulations

« Use of reciprocity reduces CPU time by a factor of ~1,000
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Differential Data Functionals

Example: differential waveform inversion

d;; = ul:?(xl’ n) u (XI’ n)

ddyy = [ dt Jiy (1) ou (x,.1)

J{Z ([) é (t_tn)

u,(X,,1)
But this use of the Born approximation \/ VY

requires that the time shift be small — R
compared to a wavelength:

I (X,,1)
Sr
AY;H << ]
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Differential Data Functionals

Better functionals:

Differential travel time

din = AT,/
A, (X, ,D[H(t-1,)-H(t-1,")]
[n'

flc'),u,‘-‘(X,.,t) P dr

!

JW( )=_

in
Differential relative amplitude W
dtjzr =A(In Um ) = AU:Z / Uzz

_ATW.

mn

J7 () = uf(x,.,t)l[H(t—I J—H(t-1,")] 73(%,.1)
fu (x,,1)] > d
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Differential Data Functionals

Generalized seismological data functionals:

Observed phase delay ,
time Atp Sl

08}

A5 = ATST () [

Observed amplitude reduction

<

LY

time At oa)
4 = —— Al U (@) d
in w
Differential waveform operator: = r e e e

Frequency (Hz)

wy [u; (xr, )] = D;, (w) wy [7] (xy, )]

Disr(w) — plWAT () o=AInUf; (W) — olw[Atp(@)+idtq(w)]
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GSDF Processing

Windowed, filtered cross-correlagram is a Gaussian wavelet:

Cpw(t) ~ e @ollq g~ 0(t-Atg)? cos[(w — azAta)(t — Atp)]

x 10" x10"°
0.01 5 ; F
0.005
Data 0 0 0
-0.005 -
-0.01 -5
8 o 10 -2 0 2 -2 0 2
a3 x 10 x 10~

0.05 5 \
h s |
0.05 K{ i
Synthetic 0 2 o ﬂ &P Moyt 0

-0.05 AR =2

8 9 10 8 9 10 -2 0 2 -2 0 2

Seismogram Isolation filter Windowed Filtered
cross-correlagram  cross-correlagram
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Unperturbed

Fit at
1 frequency

Fit at
3 frequencies

Fit at
5 frequencies

GSDF Waveform Fitting
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Data

CMV-S3

CVM-H1

A1D

SoCal
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GSDF Measurements

Residuals relative to 1D SoCal model
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(16, & Ol
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GSDF residuals, LA region

Harvard Model (Suss & Shaw, 2003)
— full 3D model
— Vg scaled from v,
— topography & attenuation included
SCEC CMV3.0 (Kohler et al., 2003)
— full 3D model
— Vg scaled from v,
— no topography or attenuation

A1D

— 1D path averages of CMV 3.0
SoCal (Dreger & Helmberger, 1993)

— 1D reference model for Southern
California

T arw 247 o 202 30

From Chen et al. (2007)

Otp Otg
200 250
O meane-0,28 mean=-0.
™ 150 std=0.61 0’ 51d=0.34
° 2
W 100
c 100
m ~
I = =
0 - - 0 - -
5 0 s Y 0
250 250
_| méana-0. means-0,007
o 200 Sid=066 200 Std=035
3 150 o
=
> 10X 100
&)
=0 50
o —- - - 0 .
5 0 s s 0
80 200
means-0.1 mean=-0.05
0 std=0.95 150, Std=0.51
o
~ & 100
<
20 50
0 - 0 e
-3 0 s -5 0
100 . 200 .
| mean=0.681 mean=-0.09
g ' std=1.01 150 5td=0.58
U &
Q *w
(f) L) :
20 50
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GSDF residuals, LA region

Harvard Model (Suss & Shaw, 2003)
— full 3D model
— Vg scaled from v,
— topography & attenuation included
SCEC CMV3.0 (Kohler et al., 2003)
— full 3D model
— Vg scaled from v,
— no topography or attenuation
A1D
— 1D path averages of CMV 3.0
SoCal (Dreger & Helmberger, 1993)

— 1D reference model for Southern
California
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Full 3D Waveform Tomography in Southern California
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GSDF Kernels
Frequency Dependence
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Full-3D Waveform Tomography

SI-F3DT method (Chen, Zhao & Jordan,2007)
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Full-3D Waveform Tomography

AW-F3DT method (Tape, Liu, Maggi & Tromp, 2010)
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Full-3D Waveform Tomography

Both AW and SI methods (Lee, Chen, Jordan, Maechling, Denolle & Beroza,2010)

CVYM-54.26 Vs 4 km
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Earthquake Center

CVM-54.26
Full-3D tomography model of Southern California crustal structure
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« CVM-S4 starting model

« 26 jterate of a F3DT inversion
procedure (Lee et al., 2014)

« Data sets comprise ~ 514,000
differential waveform measurements
at f<0.2 Hz

« 38,000 earthquake seismograms
12,600 ambient-noise Green
functions
* Nonlinear iterative process involved
two methods:
« adjoint-wavefield (AW-F3DT)
« scattering-integral (SI-F3DT)
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CVM-54.26
Full-3D tomography model of Southern California crustal structure

“Tomographic navigation”
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’ CMT Inversion
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CVM-54.26
Full-3D tomography model of Southern California crustal structure

“Tomographic navigation”
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Earthquake Center

Example of Data Sensitivity
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CVM-54.26
Full-3D tomography model of Southern California crustal structure




sClEC gk s
CVM-54.26
Full-3D tomography model of Southern California crustal structure

CVM-S4.26 Vs 14 km CVM-S4.26 Vs 16 km CVM-54.26 Vs 18 km




7
c/
S /EC

Regional Vertical Profiles for CYM-S4.26

Vp and Vs Profiles
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Examples of ANGF Waveform Fits

CVM-84 & data CI.VCS —> CI.SBPX
1 ] T T T T
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Basin Structures
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CVM-54.26
Full-3D tomography model of Southern California crustal structure
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CVM-54.26
Full-3D tomography model of Southern California crustal structure
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Checkerboard Resolution Tests

(a) EFP+AFP (b) AFP (c) EFP (d) EBP+ABP
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S % C Earthquake Center
Checkerboard Resolution Tests

(a) EFP+AFP (b) AFP (c) EFP (d) EBP+ABP
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Inference Spiral of System Science
« Earthquake system science requires an iterative, computationally intense process of

model formulation and verification, simulation-based predictions, validation against
observations, and data assimilation to improve the model

SONSYUCHONEiC - -~ .
synthosis S

« As models become more complex and new data bring in more information, we
require ever increasing computational resources



CVM-S4 Vs @ 2 km CVM-S4.26 Vs @ 2 km CVM-H11.9Vs @ 2 km
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Relative Waveform Misfit

(a) CVM-S4 (b) CVM-S4.26 (c) CVM-H11.9
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sC/EC Earthquake Center
’ 03/28/14 La Habra Earthquake (M5.1)
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sC/EC Earthquake Center
’ 03/28/14 La Habra Earthquake (M5.1)
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CVM-S4 SDD CVM-84.26 SDD CVM-H11.9 SDD

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
time(sec) time(sec) time(sec)



/)
C
S /EC

03/28/14 La Habra Earthquake (M5.1)
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03/28/14 La Habra Earthquake (M5.1)
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sC/EC Earthquake Center
’ 03/28/14 La Habra Earthquake (M5.1)
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sC/EC Earthquake Center
’ 03/28/14 La Habra Earthquake (M5.1)
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sC/EC Earthquake Center
’ 03/28/14 La Habra Earthquake (M5.1)
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03/28/14 La Habra Earthquake (M5.1)
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03/28/14 La Habra Earthquake (M5.1)

(g) La Habra (CVM-S4) (h) La Habra (CVM-S54.26) (i) La Habra (CVM-H11.9)
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(@) Encino (CVM-S4)
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03/17/14 Encino Earthquake (M4.4)
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03/18/14 La Habra Earthquake (M5.1)
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4 03/18/14 La Habra Earthquake (M5.1)
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Outstanding Issues

« USR interface problem
— Representation of interfaces in structured and unstructured grids
— F3DT perturbation of interfaces

« Importance of anisotopy

— Bias in isotropic inversions
— Anisotropic F3DT

 Push to higher frequencies
— Representation of source complexity
— Frequency-dependent attenuation
— Small-scale near-surface heterogeneities
— Stochastic F3DT
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Seismic Wavefield Representation
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Generalized Seismolgical Data Functionals

(GSDF's)
dt,
Effects of perturbing dtp
GSDF parameters by
=10 s, or
wT = 1.39 rad at,
dt,
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SCEC Community Fault Model (CFM)

Plesch, Shaw et al.

Data sources
Geologic mapping
Historic earthquakes
Microseismicity
Well logs
Reflection surveys
Geologic models




