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Project : Toward the next generation of source models including
realistic statistics of uncertainties

SIV initiative
Modeling ingredients lzmit earthquake (1999)
» Data: Yagi and Kikuchi (2001)
- Field observations Mw=7.4 (1.41x10% N-m)
- Seismology Rupture-speed=3.0 km/s
- Geodesy ‘
» Theory:
- Source geometry
- Earth model _
3 : -. 2 . K==BW [km]
SOU LCS s Of uncer'talnty Sekiguchi and Iwata (2002)
» Observational uncertainty: Mw=7.4 (1.63x10" N-m)
- Instrumental noise Rupture-speed=3.0km/s __
- Ambient seismic noise ]
» Prediction uncertainty: £l
- Fault geometry S
- Earth model 2 A
A posteriori distribution
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A realistic statistical model for the NP
prediction uncertainty ' Q«/

» posterior distribution: p(m|d,ps) p(m)/ p(dobs|d) p(d|m) dd
D

p(d/m) = 3(d - g(©2,m)) p(djm) = N(d | g(2,m), Cy)

Displacement, m
Displacement, m

I ORIEai A Ul i it i 2 0 2 6 10 AT R = 10

Distance from the fault /H Distance from the fault /H

Sp=K,- §lnp S K.l C,.

Partial derivatives w.r.t. the elastic Covariance matrix describing uncertainty
parameters (sensitivity kernel) in the Earth model parameters



Prediction uncertainty due to the

earth model
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Toy model |: Infinite strike-slip fault

- Data generated for a layered half-space (dobs)
- 5mm uncorrelated observational noise (—Cj)

- GFs for an homogeneous half-space (—Cp)
- CATMIP bayesian sampler (Minson et al., GJI 201 3):
> 1,310,720 metropolis chains running in parallel

Synthetic Data + Noise Inversion:
shallow fault + Layered half-space Homogeneous half-space

Slip, m Slip, m
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Toy model |: Infinite strike-slip fault

1D Marginal PDF, No Cp 1D Marginal PDF, Cp included
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Toy Model 2: Static Finite-fault modeling

Input (target del
Finite shallow-dipping thrust fault nput (target) mode

» 4km layer over an half-space (U2/p1=2.0)
» Top of the fault at 6km

Synthetic displacement data
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Toy Model 2: Static Finite-fault modeling

Input (target del
Finite shallow-dipping thrust fault nput (target) mode

» 4km layer over an half-space (U2/p1=2.0)
» Top of the fault at 6km

Diagonal of C,, for vertical disp.

Distance along Dip, km
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Conclusion and Perspectives

Improving source modeling by accounting for
realistic uncertainties

» 2 sources of uncertainty
- Observational error
- Modeling uncertainty

» Importance of incorporating realistic covariance components
- More realistic uncertainty estimations

- Improvement of the solution itself
» Improving kinematic source models

INPUT MODEL OUTPUT MODEL
3D VELOCITY MODEL (3D velocity model) (Homogeneous half-space)
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Somala et al., submitted to GJI
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Depth / H

Toy model |: Infinite strike-slip fault

Input (target) model Posterior mean model, No Cp Posterior mean model, Cp included
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Toy model including a slip step

1D Marginal PDF, No Cp 1D Marginal PDF, Cp included




Toy model including a slip step

1D Marginal PDF, No Cp 1D Marginal PDF, Cp included




Evolution of m at each beta step
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Evolution of C,, at each beta step
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Covariance C,

1.5 2.0 25 3.0

Depth /H

00 05 10 15 20 25 3.0

Depth / H

1000 realizations

__ Stochastic
'fééli’Z’a’tidr’is’
_ Actual

model

Stochastic

realizations
. Actual

model




Covariance C | 000 realizations
T T T 0.00020 '

0.00015

0.00010

o
M

0.00005

0.00000 ) . =
Stochastic predictive

= realizations

Predictionsforan |
homogeneous model

Predictions for the
. actual model
L —0.00020 L L

-5 0 5 =5 5
Distance from fault / H Distance from fault / H

—0.00005

Displacement, m
o
o

|
o
N

—0.00010

Distance from fault / H

—0.00015

DL,‘-"-_-.-----------]

I I 0.00020 '

0.00015

0.00010

=
N

0.00005

0.00000 . . .-
___ Stochastic predictive

realizations

Predictions foran
homogeneous model

_ Predictions for the
actual model

5

—0.00005

|
o
[N

—-0.00010

Distance from fault / H

—0.00015

Displacement, m
o
o
Qu‘----'—------_‘—:

' —0.00020
5 10

Distance from fault / H Distance from fault / H




Cpincluded

0.0,
0.1
0.2
0.3
0.4
0.5
0.6
0.7

0.8f

0.9 i i i i i i 0.9 i i 0.9 i i i i i i
-050.0 05 1.0 15 2.0 25 3.0 3.5 -0.50.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 -050.0 05 10 15 2.0 25 3.0 3.5

Slip, m Slip, m Slip, m

Source Models

Cpincluded
. ; :

Stochastlc
_________ . predictions. .

— Data
e P"'dl'ctl‘onS"

S
-
c
@
&
@
O
0
Q
2
)]

0.10
0.05
0.00 K§

—-0.05

Residual, m

reahzatlons
| — Pred. - Data

10 -10 —15 0 5 10
Distance from fault / H Distance from fault / H Distance from fault / H

-0.10




Spatial resolution

|6 patches 32 patches local averaging (3 patches)
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On the importance of Prediction uncertainty

Observational error: e :ls —.

Measurements Displacement field

» Measurements dobs : single realization of a stochastic variable d* which can be described by
a probability density p(d*|d) = N(d*|d, Ca)

Prediction uncertainty: e =d — dpyeq = d — g(ﬂ m), where Q—[‘ o 17

» Qe is Not known and we work with an approximation Q

Earth Source
» The prediction uncertainty: model  geometry

» scales with the with the magnitude of m
- aan be described by p(dlm) N(d | g(ﬂ m) Cp)
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On the importance of Prediction uncertainty

Observational error: e :ls —.

Measurements Displacement field

» Measurements dobs : single realization of a stochastic variable d* which can be described by

a probability density p(d*|d) = N(d*|d

Prediction uncertainty: e =d — dpeq = d — g(ﬂ

» Qe is Not known and we work with an approximation Q

» The prediction uncertainty:

» scales with the with the magnitude of m
- aan be described by p(dlm) N(d | g(ﬂ m) ,
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m), where Q—[‘ NONE

Earth
model

Source
geometry




Motivation : Complexity/Diversity

Ammon et al., 2006, 2008

; 1 ' T " T ™ T T 1

| e \w8.3 Kuril 2006 (Thrust) i
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— Mw7.7 Java 2006 (Tsunami eq.)
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Similarity of earthquake rupture processes
» First order behavior of the source

o
|

» Scaling laws

Y
|

Observational/Methodological Improvements

Moment rate (x1019 N m s
oD
[

» Expansion and densification of observational networks 0 ' e
0 25 50 75 100 125 150 175 200

» Improvements in the fidelity of forward modeling capability Time (S)

Lay et al. (201 1)

Diversity/Complexity of the rupture
» Scaling laws are not always relevant

» Energy partitioning during an Earthquake :

= Variability in the radiation efficiency (e.g., slow slip)

Conditionally
Stable

» Rupture propagating over multiple segmented faults

» Fault interaction

Slow slip/Tremor

12



Combining multiple data-types

. . Denali earthquake (2002)
Accounting for the complexity of the fault Oglesby,DD.ctal. 2004~
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Complex geometries :
»Non-planar faults,
»Multi-segmented faults

Using available information :

»Field observations
|:||:||:ID

»Seismic reflection i Y | |
W=0.
» Earthquakes mechanism/location Mw=81
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Prediction uncertainty due to the earth model

Motivational example: A two-dimensional infinite strike-slip fault:

Assuming an extended fault

ACTUAL MODEL (p,/p,=1.5) LSQ Linear inversion, No Cp

.

Displacement, m

= = Data (actual model)
- Predictions

” 0 > 7
Distance from the fault/H




Prediction uncertainty due to the earth model

Motivational example: A two-dimensional infinite strike-slip fault:

Assuming an extended fault

ACTUAL MODEL (p,/p,=1.5) LSQ Linear inversion, No Cp Half-space equivalent Savage (1987)

- i
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Prediction uncertainty due to the earth model

Motivational example: A two-dimensional infinite strike-slip fault:

Assuming a limited depth extent

ACTUAL MODEL LSQ LINEAR INVERSION
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Prediction uncertainty due to the earth model

MODELA (No Cp) MODEL B (Including Cp)

Infinite strike-slip fault:

Assuming a limited depth extent

Displacement, m
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