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Data 

Synthetic Data  

	  	  	  	  	  Finite-‐fault	  source	  inversions	  es1mate	  kinema1c	  rupture	  parameters	  of	  
earthquakes	   using	   a	   variety	   of	   available	   data	   sets	   and	   inversion	  
approaches.	   Rupture	   models	   are	   obtained	   by	   solving	   an	   inherently	   ill-‐
posed	   inverse	   problem,	   subject	   to	   numerous	   a	   priori	   assump1ons	   and	  
noisy	   observa1ons.	   Despite	   these	   limita1ons,	   near	   real-‐1me	   source	  
inversions	   are	   becoming	   increasingly	   popular,	   while	   we	   s1ll	   face	   the	  
dilemma	  that	  uncertain1es	   in	   source	   inversions	  are	  essen1ally	  unknown.	  
Yet,	   the	   accurate	   es1ma1on	   of	   earthquake	   rupture	   proper1es,	   including	  
proper	  uncertainty	  quan1fica1on,	  is	  cri1cal	  for	  earthquake	  seismology	  and	  
seismic	   hazard	   analysis,	   as	   they	   help	   to	   characterize	   earthquake	  
complexity	  across	  all	  scales.	  
	   	   The	   “Source	   Inversion	   Valida1on”	   (SIV)	   project	   is	   a	   collabora1ve	  
interna1onal	  mul1-‐ins1tu1onal	   effort	   to	  examine	   current	   state-‐of-‐the-‐art	  
in	   earthquake	   source	   inversion,	   and	   to	   develop	   and	   test	   novel	   source	  
inversion	  approaches.	  Through	  a	  series	  of	  benchmark	  exercises	  of	  varying	  
degree	   of	   complexity,	   we	   test	   inversion	   methods,	   and	   evaluate	   their	  
performance	   through	   different	   compara1ve	   metrics.	   We	   quan1fy	   the	  
intra-‐event	   variability	   in	   rupture	   models,	   which	   is	   evident	   for	   past	  
earthquakes	  in	  the	  SRCMOD	  database	  (hRp://equake-‐rc.info/srcmod),	  and	  
propose	  metrics	  to	  rank	  earthquake	  rupture	  models.	  	  
	   	   	   	   Here,	  we	   summarize	   the	   SIV-‐efforts	   and	   latest	   results,	   and	   describe	  
several	  quan1ta1ve	  metrics	  to	  parameterize	  the	  similarity	  (or	  dissimilarity)	  
of	   kinema1c	   source	  proper1es	   (e.g.	   slip	  on	   the	   fault)	   that	  help	   to	  assess	  
the	  quality	  and	  model	  robustness	  of	  finite-‐fault	  source	  models. 
 
 
 
 
 
 
 
 

APPROACH	  

! Series	  of	  benchmarks	  with	  varying	  degree	  of	  
complexity,	  with	  and	  without	  “noise”	  in	  the	  data	  and	  
various	  levels	  of	  informa1on	  on	  meta	  data	  (e.g.	  fault	  
geometry,	  velocity-‐density	  structure)	  

! All	  benchmarks	  remain	  accessible	  for	  all	  interested	  
users;	  only	  for	  the	  most	  recent	  test	  the	  solu1on	  
(input	  model)	  is	  not	  released	  

! Use	  various	  sta1s1cal	  metrics	  to	  quan1ta1vely	  
compare	  and	  “rank”	  models	  

! For	  the	  ini1al	  Green’s	  func1on	  tes1ng	  and	  the	  first	  
benchmarks,	  Earth	  structure	  and	  the	  source-‐sta1on	  
geometry	  remains	  fixed	  to	  simplify	  the	  work	  

Sequence	  of	  Benchmark	  Exercises	  

1.  Point-‐source	  forward-‐calcula1ons	  	  for	  Green’s	  
func1on	  tes1ng	  

2.  Forward-‐modeling	  cases	  for	  two	  “simple”	  
extended-‐fault	  kinema1c	  cases	  

3.  Inv1:	  Inversion	  for	  “simple”	  M	  6.5	  strike-‐slip	  
dynamic	  rupture	  model	  

4.  Inv2:	  Inversion	  for	  	  kinema1c	  	  M	  7	  normal-‐
faul1ng	  scenario,	  incl.	  uncertain1es	  in	  the	  
Green’s	  func1ons	  (through	  3D	  scaRering)	  

5.  Inv3:	  teleseismic	  case	  for	  very	  large	  strike-‐slip	  
rupture	  in	  Southern	  California	  

6.  Inv4:	  Complex-‐geometry	  blind-‐thrust	  earthquake	  
in	  Southern	  California	  

	  

Example	  Source-‐Site	  Geometry	  

Layered	  velocity-‐density	  structure	  

Example	  for	  forward-‐modeling	  benchmark	  

INV	  1:	  M	  6.5	  strike-‐slip	  scenario	  

! Input	  for	  spontaneous	  dynamic	  rupture	  model	  using	  
heterogeneous	  ini1al	  stress,	  to	  generate	  rupture	  model	  
and	  near-‐fault	  synthe1cs	  for	  source-‐site	  geometry	  and	  
velocity-‐density	  structure	  (shown	  on	  previous	  panel)	  

! Kinema1c	  source	  proper1es	  of	  slip-‐rate	  (top	  lee)	  and	  final	  
slip	  (boRom	  lee),	  and	  resul1ng	  source-‐1me	  func1ons	  at	  
selected	  points	  on	  the	  rupture	  plane	  (boRom	  right)	  

! Despite	  noise-‐free	  synthe1c	  data	  and	  perfectly	  known	  
meta-‐data	  (Earth	  structure;	  geometry),	  the	  inversion	  
solu1on	  show	  substan1al	  varia1ons	  (below:	  four	  example	  
solu1ons	  from	  a	  set	  of	  11	  submiRed	  solu1ons)	  

Sta-s-cal	  Metrics	  to	  Quan-fy	  Source-‐Model	  Differences	  

1.  Waveform	  misfits	  are	  computed	  using	  standard	  norms	  
(L1,	  L2,	  variance	  reduc1on,	  cross-‐correla1on)	  	  

2.  We	  also	  report	  1me-‐frequency	  envelope	  (TFE)	  misfits	  
and	  1me-‐frequency	  phase	  (TFP)	  misfit	  to	  determine	  
goodness-‐of-‐fit	  criteria	  (Kristekova	  et	  al.,	  2006,	  2009)	  

3.  Differences	  in	  the	  slip	  distribu1ons	  are	  assessed	  using	  
the	  Spa-al	  Predic-on	  Comparison	  Test	  (SPCT;	  Hering	  &	  
Genton,	  2011;	  Zhang	  et	  al.	  2015)	  and	  mul--‐dimensional	  
scaling	  (Razafindrakoto	  et	  al.	  2015)	  to	  rank	  the	  models	  

4.  The	  sta1s1cal	  tools	  are	  developed,	  tested,	  and	  calibrated	  
on	  a	  range	  of	  synthe1c	  cases,	  and	  can	  be	  used	  in	  case	  a	  
known	  solu1on	  exist.	  

"	  These	  sta1s1cal	  tools	  can	  be	  applied	  also	  to	  slip	  models	  
of	  past	  earthquakes	  (with	  unknown	  true	  solu1on)	  by	  
defining	  an	  appropriate	  test	  or	  “mean”	  distribu1on	  

Slip-‐inversion	  results	  for	  INV1	  benchmark.	  	  

Top	  panel	  shows	  slip	  on	  the	  fault;	  boDom	  
leE:	  rupture	  Gme;	  boDom	  right:	  rise	  Gme	  

	  

	  

Below:	  the	  reference	  soluGon	  

Time-‐frequency	  envelope	  misfit	  

Time-‐frequency	  phase	  misfit	  

Goodness	  of	  fit	  in	  envelope	  

Goodness	  of	  fit	  in	  phase	  

! Brief	  summary	  of	  nota-on	  
- Spa1al	  process	  Z(s)	  at	  loca1ons	  s	  
- General	  loss	  func1on	  for	  predic1on	  
and	  realiza1on	  
- Squared-‐error	  loss	  (SE)	  
- Absolute-‐error	  	  (AE)	  
	  

- Correla1on	  skill	  (CS)	  

 {Z(s)∈! :s∈D⊂ !2}

g[Z(si ), ẐP (si )]

g[Z(si ), ẐP (si )]= [Z(si )− ẐP (si )]
2

g[Z(si ), ẐP (si )]= Z(si )− ẐP (si )

g[Z(si ), ẐP (si )]=
n

(n −1)σ̂ Zσ̂ P
[Z(si )− Z ][ẐP (si )− ZP ]

Top	  (SE,	  AE):	  Nega1ve	  
values	  (blue)	  indicate	  
that	  the	  case	  named	  
in	  the	  corresponding	  
row	  is	  the	  beRer	  
model	  
BoRom	  (CS):	  	  values	  
(red)	  indicate	  that	  the	  
case	  named	  in	  the	  
corresponding	  row	  is	  
beRer	  based	  

!	  #1	  "	  

!	  #1	  

Synthe1c	  test	  models,	  
with	  iden1cal	  random	  
seed	  but	  different	  
correla1on	  lengths	  

3	  

4	  

2	  

1	  

PRELIMINARY	  CONCLUSIONS	  &	  OUTLOOK	  

•  Through	  a	  series	  of	  benchmarks	  we	  aim	  at	  being	  able	  to	  discriminate	  “strong”	  source-‐
inversion	  methods	  from	  “weak”	  ones,	  and	  to	  iden1fy	  where	  deficiencies	  could	  be	  

•  The	  project	  &	  efforts	  are	  ongoing,	  but	  already	  have	  been	  used	  to	  develop	  and	  test	  
new	  methods,	  or	  to	  ‘calibrate’	  exis1ng	  ones	  

•  The	  Spa1al	  Predic1on	  Comparison	  Test	  (SPCT)	  seems	  to	  be	  a	  useful	  tool	  to	  quan1fy	  
how	  well	  a	  given	  2D	  field	  (slip	  model)	  “fits”	  a	  reference	  solu1on	  

•  Using	  a	  mul1dimensional	  scaling	  approach	  allows	  to	  further	  quan1fy	  in	  which	  sense	  
the	  models	  are	  different	  (amplitude;	  patch	  loca1on	  ..),	  and	  to	  propose	  some	  form	  of	  
ranking	  for	  the	  models)	  

Example	  waveforms	  misfits	  at	  
sites	  for	  the	  inversion	  (red)	  and	  
“blind-‐predicted”	  sites	  (blue;	  not	  
used	  in	  the	  inversion	  
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Sta-s-cs	  for	  INV	  1	  

! SPCT	  and	  mul1-‐dimensional	  scaling	  
show	  that	  for	  the	  INV	  1	  case,	  model	  
solu1on	  #2	  is	  best	  

! Mul--‐dimensional	  scaling	  
-  Generate	  an	  m-‐dimensional	  configura1on	  in	  Euclidian	  space	  based	  on	  

(dis-‐)similarity	  between	  pairs	  of	  2D	  random	  fields	  (e.g.	  slip	  models)	  

-  Visualize	  these	  point-‐configura1ons	  in	  a	  lower-‐dimensional	  (2D,	  3D)	  
representa1on	  

!  Method:	  

-  Construct	  matrix	  D	  with	  elements	  that	  measure	  dissimilarity	  (e.g.	  SE,	  AE)	  

-  Construct	  matrix	  B	  from	  D,	  by	  double-‐centering	  D	  (for	  symmetry	  purposes)	  

-  Apply	  SVD	  to	  B,	  such	  that	  B	  =	  VΛVT	  

-  Select	  n-‐points	  in	  p-‐dimensional	  space	  from	  xij	  =	  Vij	  λj½,	  i	  =	  1	  ..	  n,	  j	  =	  1	  …	  p	  

-  Coordinates	  of	  x	  are	  constructed	  such	  that	  either	  a	  mean-‐model	  is	  the	  
reference,	  located	  then	  in	  the	  center	  of	  the	  point	  cloud,	  or	  that	  any	  selected	  
model	  (known	  solu1on)	  becomes	  the	  reference	  

! 	  Inv3	  –	  Large	  strike-‐slip	  rupture	  in	  Southern	  California	  
1.  Kinema1c	  rupture,	  with	  heterogeneity	  in	  source	  parameters	  

and	  somewhat	  complicated	  geometry	  

2.  Teleseismic	  synthe1cs	  (P,	  SH)	  

3.  Near-‐field	  synthe1cs	  in	  3D	  Earth	  structure	  (Vsmin	  500	  m/s)	  

1	   2	   3	  

! 	  Inv4	  –	  Complex-‐geometry	  blind-‐thrust	  scenario	  in	  Southern	  California	  

1.  Currently	  	  under	  development,	  to	  be	  released	  Summer	  2015	  

2.  Mul1ple	  synthe1c	  datasets,	  computed	  in	  3D	  Earth	  structure	  

3.  Meta-‐data	  of	  rupture	  and	  structure	  are	  not	  revealed	  to	  modelers	  


