
	  

SCEC	  project	  #14061:	  Prediction	  uncertainty	  in	  kinematic	  source	  modeling	  (PI:	  J.-‐P.	  Ampuero,	  Caltech)	  

	  

Project	  Abstract	  

We recently developed a general approach to explicitly handle Earth model inadequacies when computing 
geodetic predictions (forward models) in earthquake source inversion problems. We extended this new 
formalism to seismic predictions. Using this new approach, we can move from traditional deterministic 
approaches to more appropriate stochastic forward modeling approaches, enabling more rigorous 
quantification of uncertainties in fault slip inverse problems. In addition, prediction uncertainty dictates 
the relative weighting between geodetic, tsunami and seismic dataset for a given earthquake source 
problem. These advances lay the groundwork for a new generation of kinematic source models based on a 
general formalism that rigorously quantifies and incorporates the impact of uncertainties in fault slip 
inverse problems.  
 
We applied this new formalism to actual observations in two cases using a Bayesian sampling approach: 
(1) the study of fault coupling along the San Andreas Fault and (2) the recent 2014 Mw=8.1 Pisagua 
earthquake. In these two cases, we derived the slip posterior probability density function using a Bayesian 
approach, including a full description of the data covariance and accounting for uncertainty in the elastic 
structure of the crust. 
 
	  
	  
Exemplary	  figure	  
	  
Figure 3: From Duputel et al. (in prep). Probabilistic slip model of the April 1st, 2015 Mw 8.1 Pisagua 
earthquake inferred from InSAR, GPS, tsunami and strong motion data, accounting for uncertainty in the 
Earth model. Arrows and their associated 95% error ellipses indicate the slip direction and uncertainty. 
Red star is the inverted hypocenter location. Gray lines are a posterior set of 1000 rupture fronts shown 
every 10 sec. Bottom left inset shows the posterior ensemble of moment rate functions.  
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1. Summary	  
 
With the bounty of modern data, we can develop new constraints on the behavior of faults, enabling us to 
study the distribution of slip during and after an earthquake and understand the seismo-tectonics of the 
surrounding region. Despite the ever-increasing number of geophysical observations available in the age 
of big data, a significant challenge in earthquake source inversions arises from prediction errors, i.e. 
imperfect predictions of the seismic wavefield due to uncertainties in Earth structure - the impact of 
which is generally overlooked. Indeed, for large earthquakes our ability to measure ground motions far 
exceeds our ability to model them.  
 
We recently developed a general formalism to explicitly handle inadequacies of our predictions in static 
source inversions. More precisely, we built a physically based stochastic forward model to treat the model 
prediction uncertainty and show how it can be constructed to explicitly account for inaccuracies in the 
Earth model. Based on a first-order perturbation approach, our formalism relates prediction errors to 
uncertainties on the elastic parameters of different regions (e.g. crust, mantle, etc.). Such physical basis 
for our estimates of prediction uncertainty is expected to lead to more reliable images of the earthquake 
rupture process. 
 
We extended the suite of tools developed previously for static slip inversion problem to the kinematic 
case. The most general problem being computationally challenging for the kinematic problem, we assume 
uncertainties in the depth-distribution of elastic parameters. Our synthetic scenarios exemplified that our 
realistic stochastic predictions produce more reliable source models that are resistant to over-fitting of 
data and includes realistic estimates of uncertainty on inferred model parameters.  
 
We applied these tools to actual observations in two cases: 
 
1. We used high-resolution SAR- and GPS-derived observations of surface displacements to derive the 

first probabilistic estimates of fault coupling along the creeping section of the San Andreas Fault 
(Jolivet et al., 2015). The inferred locked asperities are consistent with evidence for earthquakes of 
magnitude M > 6 over the past century in this area, and may be associated with the initiation phase of 
the 1857 Mw = 7.9 Fort Tejon earthquake. As creeping segments may be related to the initiation and 
termination of seismic ruptures, such distribution of locked and creeping asperities highlights the 
central role of the creeping section on the occurrence of major earthquakes along the San Andreas 
Fault. 
 

2. We analyzed the recent 2014 Mw=8.1 Pisagua earthquake. We combined a wide range of observations 
including GPS, InSAR, tsunami and seismic data in order to obtain the most reliable kinematic slip 
model to date (Duputel et al., in prep). Our results shown in Fig. 1 indicate a very localized rupture 
with large slip, releasing the accumulated slip deficit in a small portion of the north Chilean seismic 
gap. Our model also shows that this earthquake did not rupture up to the trench. Assuming uniform 
coupling in the unbroken portion of the subduction zone, this leaves the possibility of occurrence of a 
major event driving slip at shallow depth, in a scenario similar to what was observed in Japan during 
the 2011 Tohoku-oki earthquake. 

 
 



	  

2. Technical	  report	  

2.1. Implementation	  of	  Cp	  for	  kinematic	  source	  inversion	  problems	  
 
With support from SCEC, we have recently developed a new formalism allowing us to account for 
prediction uncertainties (Duputel et al., 2014). Our formalism is based on a perturbation approach, 
assuming that the actual displacement field can be modeled as a perturbation of our predictions: 
              𝐩 𝐄!"#$,𝐦 = 𝐩 𝐄!"#$% + 𝛅𝐄,𝐦  

         ≈ 𝐩 𝐄!"#$%,𝐦 + !𝐩
!!!

(𝐄!"#$%,𝐦) ∙ 𝛿𝐸! + 𝑂 𝛅𝐄! , 

where 𝐩(𝐄,𝐦) is the predicted displacement field for the source model 𝐦 based on Earth model 𝐄 and 
𝐄!"#$% is the set of parameters used to approximate the “true” Earth 𝐄!"#$ (i.e., density and elastic 
parameters). Under this assumption, if 𝑪!  represents the a priori covariance describing the uncertainty on 
the Earth model parameters E, we can write the prediction error covariance as  
   𝐂! = 𝐊 ∙ 𝑪! ∙ 𝐊!, 

where 𝐾!"(𝐄!"#$%,𝐦) =
!!!
!!!

(𝐄!"#$%,𝐦). 

The covariance matrix 𝐂! describes uncertainty, spatial and temporal correlations of the predicted 
waveforms. In the equation above, 𝐊 can be interpreted as the full sensitivity matrix, i.e., the sensitivity of 
our predictions to perturbations in the elastic structure.  
 
Calculation of 𝐊 in the kinematic case is computationally challenging. There are various ways to estimate 
the sensitivity of predictions to perturbations in the Earth model. Most source inversions are based on 
layered Earth models, for which the computational load is reduced. Moreover, we are not interested in 
assigning uncertainties on a fine mesh but rather in describing uncertainties in a limited number 𝑁!  of 
tectonically defined regions (e.g., crust, mantle, etc). 
 
The two left columns in Table 1 present a comparison of the computational load for a single evaluation of 
𝐂! using different strategies for the calculation of 𝐊. One can use the Born approximation and take 
advantage of the Green tensor reciprocity to adopt an adjoint formulation (cf., "Adjoint" in Table 1). This 
approach is popular today in seismic tomography (Tromp et al. 2005) and can be used to calculate 
waveform sensitivity to 3D heterogeneities assuming a layered reference model. If we are only interested 
in the sensitivity to 1D heterogeneities, the most efficient approach is to use a conventional finite-
difference approximation of the Fréchet derivatives in 𝐊 (cf., "FD" in Table 1). Using forward finite-
differences, this approach only requires 1 reference simulation and 3 simulations per perturbed layer (for 
𝑉!, 𝑉! and 𝜌). Uncertainty on layer thicknesses can also be accounted for by performing one additional 
simulation per perturbed interface.  
 
We implemented the calculation of 𝐂! for the kinematic case in ALTAR, a transitional fully Bayesian 
sampling algorithm allowing to address very high-dimensional inverse problems. This implementation is 
based on GPU and currently enables the calculation of 𝐂! for static and kinematic slip inversion problems 
assuming a tabular reference Earth model. A possible integration with SPECFEM3D to consider 3D 
perturbations will also be explored in the future. Another challenge is the dependence of 𝐂! upon the 
source model 𝐦. In the current implementation, we recognize that the prediction uncertainty must depend 
on the solution of the inverse problem by updating 𝐂! at each transitional stage in ALTAR (Duputel et al., 
2014). 
 



	  

	  
Table	  1.	  Computational	  load	  using	  different	  strategies	  for	  the	  calculation	  of	  sensitivity	  kernels	  in	  a	  1D	  reference	  Earth	  model.	  
The	  two	  first	  columns	  present	  the	  computational	  resources	  required	  for	  a	  single	  evaluation	  of	  𝐂!	  and	  the	  two	  last	  columns	  
are	  for	  pre-‐computed	  sensitivity	  kernel	  for	  each	  Green's	  function.	  Adjoint	  calculation	  (for	  3D	  perturbations)	  as	  well	  as	  
forward	  finite-‐difference	  estimation	  of	  Fréchet	  derivatives	  (FD,	  for	  1D	  perturbations)	  are	  considered.	  The	  Earth	  model	  is	  
discretized	  in	  𝑁! 	  regions	  with	  uniform	  uncertainty	  on	  𝑉!,	  𝑉!	  and	  𝝆.	  We	  assume	  a	  dataset	  of	  𝑁!	  channels,	  a	  total	  of	  𝑁!	  data	  
points	  and	  𝑁!	  fault	  patches.	  An	  example	  is	  provided	  assuming	  𝑁!=200,	  𝑁!=100,	  𝑁!=30000	  and	  𝑁!=8.	  The	  computation	  time	  
on	  400	  CPUs	  estimated	  using	  the	  discrete	  wavenumber	  method	  (Bouchon,	  1977)	  at	  regional	  distance	  is	  provided. 
 
 

2.2. Aseismic	  slip	  and	  seismogenic	  coupling	  along	  the	  central	  San	  Andreas	  
Fault	  

	  
Modern space geodetic techniques enable explorations of the kinematics of active faults during the inter-, 
co- and post-seismic phases of the earthquake cycle. Such exploration leads to the identification of 
regions where faults are locked, or coupled, accumulating elastic strain that can drive future earthquakes, 
and those where faults are slipping aseismically during the inter- and post-seismic periods (e.g. Thatcher , 
1979). Using the tools developed previously to compute 𝐂! in static source inversion problems (Duputel 
et al., 2014), we used high-resolution SAR- and GPS-derived observations of surface displacements to 
derive the first probabilistic estimates of fault coupling along the creeping section of the San Andreas 
Fault (Jolivet et al., 2015). We assume uncertainties in the depth-distribution of the shear modulus based 
on a three-dimensional seismic velocity model constructed from both absolute and differential times (Lin 
et al., 2010). 
 
We represent in Figure 4 the posterior mean model and the cumulative PDF of fault coupling on different 
regions of the fault (i.e., the curves indicate the probability that fault coupling is lower than the value 
along the x-axis). We infer a high probability for significant elastic strain build up (~1 cm/yr) along the 
fast creeping section. In addition, we find a high probability of significant coupling on several asperities 
on the edges of the creeping segment, including the well-known Parkfield asperity and two newly inferred 
asperities to the north. We suggest that these asperities may correspond to the foreshocks of the 1857 
M7.9 Fort Tejon earthquake. The significant strain build up along the creeping section, the presence of 
transition zones with locked asperities on the edges of the fastest creeping region and the possible 
implication of creep in the initiation of the 1857 earthquake underscore the importance of the creeping 
segment on the past and future seismic behavior of the San Andreas Fault. 
	  



	  

Figure	  1.	  From	  Jolivet	  et	  al.	  (2015).	  Seismic	  and	  aseismic	  asperities	  along	  the	  central	  San	  Andreas	  fault	  -‐	  Color	  represents	  the	  
mode	   of	   the	   a	   posteriori	   PDF	   of	   slip	   in	   the	   along-‐strike	   direction.	   Semi-‐transparent	   areas	  marked	  with	   red	   dashed	   lines	  
correspond	   to	   asperities	  where	   significant	   earthquakes	   are	   known	   to	   have	  occurred,	   including	   the	   1857	  M7.9	   Fort	   Tejon,	  
1906	  M7.9	  San	  Francisco	  and	  1966	  and	  2004	  M6.0	  Parkfield	  earthquakes.	  White	  transparent	  areas	  with	  question	  marks	  are	  
zones	  that	  are	  inferred	  to	  be	  coupled	  and	  the	  potential	  source	  for	  future	  earthquakes.	  

	  

2.3. The	  Mw=8.1	  Pisagua	  Earthquake	  of	  1	  April	  2014	  
 
On 1 April 2014, northern Chile experienced a great earthquake that ruptured the central portion of the 
North Chile seismic gap. This event was preceded by two weeks of intense foreshock activity and 
followed by a large Mw=7.7 aftershock. Several co-seismic slip models have been proposed for the 
mainshock (An et al., 2014; Lay et al., 2014; Ruiz et al., 2014; Schurr et al., 2014; Yagi et al., 2014). 
These models show similar first-order features but also significant differences such as the extent, location 
and updip limit of the primary slip zone. Using the static and kinematic implementation of 𝐂! detailed in 
2.1, we combined a wide range of observations (InSAR, GPS, tsunami, high-rate GPS and strong motion 
data) in order to obtain the most reliable co-seismic slip model to date for this earthquake (Duputel et al., 
in prep). Our goal is not only to obtain a trustworthy slip distribution but also to produce realistic 
posterior uncertainty estimates, which can impact our interpretation of the rupture process. 
 
Our approach is based on a meticulous error analysis accounting for uncertainty in P-wave velocity, S-
wave velocity and density as a function of depth (Figure 2), while avoiding non-physical spatial 
smoothing over the slip distribution. In order to sample the high-dimensional model space of the joint 
static-kinematic source problem, we generated a large number of samples (i.e., more than 31 billion 
models, using 150,000 Markov chains). 
 



	  

	  

Figure	   2:	   From	   Duputel	   et	   al.	   (in	   prep).	   Earth	   model	   uncertainty	   -‐	   (dashed	   green)	   P-‐wave	   velocity,	   S-‐wave	   velocity	   and	  
Density	   from	  CRUST2.0,	   (dashed	  blue)	   from	  model	  E	  of	  Legrand	  et	  al.	   (2007),	   (red)	   from	  results	  of	  Luth	   (2000)	  and	   (black)	  
minimum	  1D	  model	  of	  Husen	  et	  al.	  [1999,	  used	  in	  this	  study	  for	  static	  and	  kinematic	  Green’s	  function	  (GF)	  calculations].	  Gray	  
histograms	  are	  the	  probability	  density	  functions	  representing	  our	  confidence	  level	  on	  the	  elastic	  properties,	  as	  used	  to	  build	  
the	  model	  prediction	  error.	  Histograms	  are	  derived	  from	  the	  1D	  central	  model	  and	  the	  associated	  uncertainties,	  assuming	  a	  
log-‐normal	  distribution	  (Duputel	  et	  al.,	  2014).	  

 
 
 
Figure 3 shows the posterior mean model and the associated uncertainty. We also present the posterior 
ensemble of moment rate functions in the bottom left inset of Figure 3. As reported previously, the 
Pisagua earthquake shows an unusual initiation phase with a very small moment rate in the first 20 sec. 
The southward rupture propagated initially with a relatively low average velocity (~1.8 km/s) and 
concentrated at the edge of a large slip patch that ruptured subsequently. This primary slip zone is more 
compact and involve larger slip than previously published results. This difference is probably due to the 
imposed spatial smoothing in previous slip models, which is absent in our Bayesian approach. Our model 
also shows that this earthquake did not rupture to the trench. It is not obvious if the shallow part of the 
North Chilean subduction is seismogenic or not (Metois et al., 2013) but if we assume uniform coupling 
in the unbroken portions of the seismic gap, failure in a single large event is certainly possible. 
 
 

P-wave velocity, km/s S-wave velocity, km/s Density, g/cm3

D
ep

th
, k

m

Model used for GF 
calculation
Legrand et al. (2007)
CRUST2.0
Luth (2000)
Uncertainty on the 
Earth model



	  

	  

Figure	  3:	  From	  Duputel	  et	  al.	  (in	  prep).	  Probabilistic	  slip	  model	  of	  the	  April	  1st,	  2015	  Mw	  8.1	  Pisagua	  
earthquake	  inferred	  from	  InSAR,	  GPS,	  tsunami	  and	  strong	  motion	  data,	  accounting	  for	  uncertainty	  in	  the	  
Earth	  model.	  Red	  colors	  indicate	  slip	  amplitude.	  Arrows	  and	  their	  associated	  95%	  error	  ellipses	  indicate	  the	  
slip	  direction	  and	  uncertainty.	  Red	  star	  is	  the	  inverted	  hypocenter	  location.	  Gray	  lines	  are	  a	  posterior	  set	  of	  
1000	  rupture	  fronts	  shown	  every	  10	  sec.	  Bottom	  left	  inset	  shows	  the	  posterior	  ensemble	  of	  moment	  rate	  
functions.	  

	  

3. Intellectual	  merit	  
 
Our research attempts to enable a new generation of kinematic earthquake source model	   that are more 
resistant to over-fitting of data, provide a physical basis for the relative weighting between disparate data 
sets, and include more realistic estimates of uncertainty on inferred model parameters. This effort exploits 
recent advances in Bayesian earthquake source modeling and new massively parallel computational 
approaches using GPUs. The benefits of this approach include improving the sharpness of our images of 
seismic and aseismic fault slip processes - thereby directly impacting both our models for fault mechanics 
and inferences of seismic hazard.  
 
Our research addresses the following SCEC4 research priorities and requirements:  

• 2a: The tools we developed support the “improvement of earthquake catalogs, including non-
point-source source descriptions” by providing a general framework to have realistic error 
estimates on point-source and finite-fault model parameters. 



	  

• 3c: Our results support “theoretical and numerical modeling of specific fault resistance 
mechanisms for seismic radiation and rupture propagation”, by assessing the reliability of 
seismological constraints on such processes. 

• 6b: By providing better constraints on the earthquake rupture, our results contribute to “modeling 
of ruptures that includes realistic dynamic weakening mechanisms, off-fault plastic deformation, 
and is constrained by source inversions”, and to “produce physically consistent rupture models 
for broadband ground motion simulation.” 
 

Our research directly addresses a priority for FARM: “propose source-inversion methods with minimal 
assumptions, and provide robust uncertainty quantification of inferred source parameters”. It also relates 
to Computational Science disciplinary activities: “provide tools and algorithms for uncertainty 
quantification in large-scale inversion and forward-modeling studies”, and Seismology disciplinary 
activities: “develop strategies for robust uncertainty quantification in finite-fault rupture models”. 
 
 

4. Broader	  impacts	  
	  
This project provided training and research opportunities for a postdoctoral scholar, Zacharie Duputel, 
who is now hired as a CNRS researcher in France. He continues to lead this project, especially through 
regular visits to Caltech. The multidisciplinary research addressed herein gathered together geodesists, 
seismologists and computational scientists.  
 
The algorithms and methods developed here are now directly applicable to other crustal deformation 
problems such as models of volcano deformation or to rapid source estimations problems for warning 
purposes. As we have done in the past, all of our developed tools will be documented and openly 
available to the geophysical community as open source. Open source software for 3D kinematic rupture 
was developed, incorporated in the spectral element code SPECFEM3D, distributed and maintained 
online through the Computational Infrastructure for Geophysics.  
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