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2014 National Seismic Hazard Map
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Hazard Curve
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Ingredients for PSHA

Identify earthquake sources.

Quantify earthquake rates.
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Predict ground motion
from those sources.

peak ground acceleration

distance

Integrate to hazard curve.

annual probability of

exceeding pga
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peak ground acceleration (pga)




Ground Motion Prediction for California Earthquakes
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NGA-West2: Data Distribution

[. Criginal PEER Database (19097) [. NGA-West1 added data MJ @ NGA Wese2 added data (2012)
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Stable Continents: Data Distribution
(CEUS, Eastern Canada, Gazli)

Almost no
data where it
Is important
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Approaches to Ground Motion Prediction

Data-Driven Model-Guided

OEE————
1 |

GMPEs Simulations
(Fit ground motions (Model waves in
to equations) 3D structure)
 Empirical * Need lots of info
* Lack of data - elastic
 Doesn’t incorporate - anelastic
all that we know - plastic?

* HPC



Model Ground Motion Using Simulation
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Waveguide-to-Basin Effect
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; _ ik Valley

San
Gabriel San Bernardino

Valley Valley

Chino
basin

Los Angeles )

S wave velocity m/s

---- -------[

50 900 1150 1400 1650 1900 2150 2400 3000

Love waves guided into basin where they resonate
Not anticipated - discovered through simulation



Are Simulations Accurate?

Krishnan et al. (2006)
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K  Validatine e
Passive Validation o

e

Deploy seismic stations and
wait for an earthquake to test

simulations.
" _—




Ambient Seismic Field
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After Weaver (2005, Science perspectives)

How can we use ASF to improve/test simulations?



Results from Three Seismic Networks

SCSN MeSO-net Long Beach

Sparse Dense Very Dense
~10 km spacing ~1 km spacing ~0.1 km spacing
10s of sensors 100s of sensors 1000s of sensors



Proof of Concept for M 4.6 Big Bear EQ

Earthquake records

10 Feb 2001 M,, 4.6 Big Bear
Graves (2008)

— [4 - 10 sec]

Amplitudes, duration, and waveform complexity are
greater in the basin



Proof of Concept for M 4.6 Big Bear EQ

Earthquake records Impulse response records

— | [4 - 10 sec] —
Prieto and Beroza (2008)

Amplitudes, duration, and waveform complexity in the
basin are reproduced by the ambient field.



Ambient-Field GF (blue) vs. Finite-Element Prediction (red)
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Waveform Data from Moderate Earthquakes
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Very uneven coverage



Ambient-field
observations
to improve
simulations

 Data w/out
earthquakes

* Constrains shallow

structure relevant
to GMP

(Lee et al. 2014)
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Comparison with CVM-H

(CVM-S4.26 — CVM-H11.9.1)/CVM-S4.26

10 km

« S-wave velocity
« Larger difference at shallower depths (ANGF)
« >25% max differences



3D Tomography of Southern California
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Fliedner et al. (2000, JGR)
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Depth (km) >

Los Angeles Region Seismic Experiment Il
(LARSE Il), Lutter et al. (2004, BSSA)
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Salton Seismic Imaging Project (SSIP)
Fuis et al., AGU, 2012
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(b) CVM-S4.26 (c) CVM-H11.9
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K  Validatine e
Passive Validation o

e

Deploy seismic stations and
wait for an earthquake to test

simulations.
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Ambient-Field Measurements to Actively
Validate Ground Motion Prediction
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Proof of Concept for M 4.6 Big Bear EQ

Earthquake records Impulse response records

— [4 - 10 sec] —
Prieto and Beroza (2008)

Ignores depth and mechanism



Virtual Earthquake Method
I Continuous Recording of ASF

-

Earth Response to Directed Forces

-

Source-Depth Correction

-

Double-Couple Correction

-

Finite-Source Correction
Denolle et al. (2013)




Surface waves

Rayleigh wave
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Assume Fundamental Mode Love/Rayleigh

Depth X I (h)
Correction: Grr(h) = ﬁGrr(O)
[,(0)

‘ Surface-wave eigenfunction

Mechanism o 3 .
Correction:  u;(x) = M, Gip(x,X)

2 ¢
: dx(’]

‘ Green’s function derivative

Denolle et al. (2013)



Depth and Mechanism Corrections
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Rayleigh All 9 Components of GFs (2-10 s)
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Validate Against 4 Moderate Earthquakes

-118°
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" 7 S

Los Angeles
C HN Salton
M 5.4 Sea

33’
Each located near a BB station for which we

construct a virtual earthquake to compare
with seismograms from real earthquake

Denolle et al. (2013)
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Further Validation with Moderate Earthquakes
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Use these earthquakes
to calibrate amplitudes:

— Ponderosity correction
— Absolute amplitudes

by matching moderate
earthquakes

0.2 '
RR 5

' data |

0.1 e | : adend
ot Sos il .
1.;0 200 250 - 350

Azinuth (%)

D2Rz

et Rl

Azimuth (%)

0.1

()'2-qu

ey rntan oo

25 X 350

Azrwm (*)
5 g 350

C?vzn

f"‘iv h-'1 -
150
Nmmhl )

0.2

z 4] k)

0
Ve e oh
o
Of 50 100 150 200 2 350

Azimuth )



6-Month SAVELA Deployment
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Conflrms Wavegmde-to-Basm Effect
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Details of Amplification are Different

Denolle et al. (2014a)



Important Caveat
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Results from Three Seismic Networks

SCSN MeSO-net Long Beach

Sparse Dense Very Dense
~10 km spacing ~1 km spacing ~0.1 km spacing
10s of sensors 100s of sensors 1000s of sensors



Kanto Basin, Japan: Tokyo

Metropolitan Seismic Observatory
Network (MeSO-net)
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Denolle et al. [2014b]



Basin Amplification ~ Basin Depth

logA aZ+b

o o5 1 15 2 25 3 385 4
Depth of basin basement (Vs=3.2km/s) Denolle et al. (2014b)



Basin Effects

Earthquake Ambient Field
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Basin Effects

Earthquake
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Basin Effects
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Basin-Edge Effects — Vertical Point Force
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Basin-Edge Effects — Conversion
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Basin-Edge Effects — Conversion
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There’s more to
basin response
than resonance




Amplitude Biases — Data from Japan

ez T
Strongly directional, o ‘ Different excitation I
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Denolle et al. (2014b)



Results from Three Seismic Networks

SCSN MeSO-net Long Beach

Sparse Dense Very Dense
~10 km spacing ~1 km spacing ~0.1 km spacing
10s of sensors 100s of sensors 1000s of sensors



Value of Dense Recording
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Correlation of Correlations
(Stehly et al., 2008)

Correlation of Green’s functions
derived from correlations

Better approximates assumptions

Can compare theoretical vs.
observed kernels to understand
(and remove?) amplitude bias

Map this contribution using
the virtual sources at each
station in Long Beach array.
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Correlation of
Correlations

Can correct for bias from lack of
equi-partitioning

With 3 component data could
correct for excitation bias as well
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K  Validatine e
Passive Validation o

e

Deploy seismic stations and
wait for an earthquake to test

simulations.
" _—




Deploy seismic stations and
use ambient-field Green’s
functions to test simulations.




rHYpé;ac-tivehu'
Validation

Deploy seismic stations and
use ambient-field Green’s

functions to test simulations
(with the benefit of a fiducial
array for C3). /e




Approaches to Ground Motion Prediction

Data-Driven Hybrid Model-Guided

-
! ! !

GMPEs Virtual EQs Simulations
(Fit ground motions to (Use ambient field for (Model waves in
equations) effect of 3D structure) 3D structure)
 Empirical « Bandwidth * Need lots of info
 Lack of data . Body waves? - elastic
 Doesn’t incorporate all . Amplitudes - anelastic
that we know . Biases - plastic?

HPC



Ambient Seismic Field for GMP

Caveats:
1. Only part of the problem (source, nonlinearity)
2. Biases (azimuthal, inter-component, frequency)
3. Bandwidth limitations
4. Primarily surface waves

Potential:

1. New approach to an important problem
2. Active, not passive
— no need to wait for real earthquakes
— can sample sources/sites of strategic interest
. Can revisit past earthquakes
Can anticipate future earthquakes
Resolves 3D effects — Earth does the experiment
Dense observations can resolve basin-edge effects

o v AW



