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Full-­‐waveform	
  inversion:	
  try	
  to	
  make	
  syntheKc	
  waveforms	
  match	
  
data	
  as	
  closely	
  as	
  possible	
  

à	
  Improve	
  earth	
  model	
  

But	
  what	
  about	
  source	
  parameters?	
  OPen,	
  these	
  simply	
  come	
  
from	
  catalogues…	
  are	
  they	
  accurate	
  enough?	
  

Fig. 5. Exemplary waveform comparisons for a variety of source–receiver geometries. Black solid lines are data, black dashed lines are synthetics for the initial model (Fig. 1) and red solid lines are synthetics for the final model (Figs. 3 and 4).
The dominant period is 30 s. A time scale is plotted in the upper-right corner. Identifiable phases aremarked for reference (Lf/h=fundamental/higher-mode Love wave, Rf/h=fundamental/higher-mode Rayleigh wave, SS=surface-reflected S
wave). While significant discrepancies exist between data and the initial synthetics, the final synthetics accurately explain both the phases and the amplitudes of the observations.

274
A.Fichtner

et
al./

Earth
and

Planetary
Science

Letters
290

(2010)
270

–280

From	
  Fichtner	
  et	
  al.,	
  2010.	
  

Can	
  inaccuracies	
  in	
  source	
  
parameters	
  alter	
  syntheKc	
  
seismograms	
  enough	
  to	
  
introduce	
  model	
  biases?	
  



We	
  will	
  focus	
  on	
  the	
  CMT	
  algorithm:	
  
•  Well-­‐known	
  and	
  widespread;	
  
•  Introduced	
  by	
  Dziewonski,	
  Chou	
  &	
  Woodhouse	
  (1981);	
  
•  Developed	
  into	
  method	
  for	
  rouKne	
  determinaKon	
  by	
  
Dziewonski	
  &	
  Woodhouse	
  (1983);	
  

•  Forms	
  the	
  basis	
  of	
  numerous	
  catalogues,	
  including	
  the	
  Global	
  
CMT	
  Catalogue	
  (GCMT).	
  

	
  

But:	
  
•  Are	
  CMT-­‐derived	
  source	
  parameters	
  accurate?	
  
•  What	
  are	
  the	
  typical	
  uncertainKes	
  on	
  a	
  CMT	
  source	
  
determinaKon?	
  

Dziewonski,	
  Chou	
  &	
  Woodhouse	
  (1981),	
  JGR,	
  86,	
  pp.2825-­‐2852.	
  
Dziewonski	
  &	
  Woodhouse	
  (1983),	
  JGR,	
  88,	
  pp.3247-­‐3271.	
  



Determine	
  (up	
  to)	
  ten	
  parameters:	
  
•  Six	
  independent	
  components	
  of	
  the	
  seismic	
  moment	
  tensor;	
  
•  Centroid	
  locaKon	
  (depth,	
  lat,	
  lon);	
  
•  Centroid	
  Kme;	
  
Represent	
  these	
  by	
  the	
  ten-­‐component	
  vector	
  f.	
  

Source	
  is	
  determined	
  by	
  matching	
  seismic	
  waveforms,	
  d,	
  to	
  
syntheKc	
  (forward-­‐modelled)	
  seismograms,	
  s.	
  

Leads	
  to	
  iteraKve	
  algorithm	
  of	
  the	
  form:	
  

So,	
  CMT	
  source	
  parameters	
  are	
  only	
  as	
  good	
  as	
  the	
  syntheKc	
  
seismograms	
  used!	
  (Earth	
  model,	
  wave	
  propagaKon	
  framework…)	
  

‘Matching’:	
  Minimise	
  least-­‐squares	
  misfit,	
  	
  m2 =
(d− si)

T (d− si)

dTd

fi+1 = fi +
�
ATA

�−1
AT (d− si) where	
  Aij =

∂si
∂fj

Overview	
  



What	
  does	
  `accuracy’	
  mean	
  in	
  the	
  context	
  of	
  source	
  determina.on?	
  

① ‘Numerical’	
  accuracy	
  –	
  how	
  well	
  do	
  the	
  final	
  syntheKc	
  
seismograms	
  match	
  the	
  data?	
  	
  

② ‘Geological’	
  accuracy	
  –	
  do	
  the	
  source	
  parameters	
  match	
  what	
  
one	
  might	
  observe	
  ‘on	
  the	
  ground’?	
  

Catalogue	
  ‘standard	
  errors’	
  agempt	
  to	
  esKmate	
  (1).	
  But:	
  
•  Ignores	
  potenKal	
  for	
  significant	
  systemaKc	
  errors	
  arising	
  from	
  
deficiencies	
  in	
  Earth	
  model	
  and	
  forward	
  modeling	
  theory;	
  

•  Rarely	
  have	
  informaKon	
  about	
  exact	
  dataset	
  and	
  forward-­‐
modeling	
  approach	
  used	
  during	
  determinaKon	
  à	
  users	
  are	
  likely	
  
to	
  make	
  different	
  choices.	
  

Catalogue	
  determinaKons	
  rarely	
  use	
  most	
  accurate	
  forward	
  
methods	
  or	
  most	
  up-­‐to-­‐date	
  models:	
  computaKonal	
  costs;	
  long-­‐
term	
  consistency.	
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Misfit	
  between	
  SPECFEM	
  in	
  
S40RTS	
  and	
  normal	
  mode	
  
summaKon	
  in	
  M84C	
  
Waveform	
  differences	
  can	
  be	
  
quite	
  large	
  –	
  and	
  depend	
  on	
  
frequency	
  band	
  used!	
  

Can	
  we	
  quanLfy	
  how	
  this	
  might	
  affect	
  CMT	
  inversion?	
  



Experiment:	
  
1.  Generate	
  high-­‐quality	
  syntheKc	
  data	
  using	
  known	
  source	
  

parameters:	
  SPECFEM	
  &	
  S40RTS;	
  
2.  Generate	
  10,000	
  sets	
  of	
  source	
  parameters	
  `close’	
  to	
  the	
  

known	
  source;	
  
3.  Compute	
  approximate	
  syntheKc	
  seismograms	
  for	
  these	
  

10,000	
  sources:	
  Normal	
  mode	
  summaKon	
  &	
  M84C;	
  
4.  Observe	
  relaKonship	
  between	
  waveform	
  misfit	
  and	
  source	
  

parameters.	
  

•  CMT	
  algorithm	
  would	
  return	
  minimum-­‐misfit	
  soluKon	
  –	
  how	
  
does	
  this	
  compare	
  to	
  ‘true’	
  soluKon?	
  

•  Curvature	
  of	
  misfit	
  surface	
  determines	
  how	
  well-­‐constrained	
  
individual	
  parameters	
  are.	
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Misfit	
  vs.	
  source	
  parameters	
  

How	
  can	
  we	
  esKmate	
  realisKc	
  ‘error	
  
bars’	
  on	
  the	
  locaKon	
  of	
  the	
  minima?	
  

Circle:	
  	
  sample	
  with	
  
minimum	
  misfit	
  
Cross:	
  misfit	
  generated	
  by	
  
‘true’	
  source	
  

Minima	
  may	
  be	
  far	
  from	
  
‘true’	
  values;	
  some	
  
parameters	
  poorly	
  
constrained.	
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Our	
  approach:	
  define	
  ‘misfit	
  
threshold’	
  and	
  report	
  ranges	
  
of	
  ‘low	
  misfit’	
  soluKons.	
  

Represents	
  pragmaKc	
  
approach	
  to	
  uncertainty	
  
esKmaKon	
  –	
  formal	
  
treatment	
  impossible	
  due	
  to	
  
lack	
  of	
  informaKon	
  on	
  model	
  
and	
  wave	
  propagaKon	
  
uncertainKes.	
  



Example	
  1:	
  Darfield	
  earthquake	
  
New	
  Zealand,	
  3rd	
  September	
  2010	
  

Shallow	
  (5-­‐10km)	
  

GCMT InSAR GeoNet 

CMT 

USGS 

BW 

USGS USGS W 

M84C PREM S20RTS 



25 km

GCMT 
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CMT 

USGS 

BW 

USGS USGS W 

M84C PREM S20RTS 

Misfit	
  threshold:	
  minimum	
  fit	
  +	
  n%	
  

Invert	
  real	
  data	
  using	
  three	
  different	
  earth	
  models,	
  and	
  normal	
  
mode	
  summaKon	
  



1% threshold 5% threshold 10% threshold 

Min Max Min Max Min Max 

f1 

f2 

f3 

f4 

f5 

f6 

Some	
  potenKally-­‐significant	
  differences	
  e.g.	
  double	
  couple	
  vs.	
  non-­‐
double	
  couple…	
  



Example	
  2:	
  Kermadec	
  Islands	
  earthquake	
  
	
  18th	
  April	
  2011	
  
Deep	
  (100km)	
  



25 km
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USGS W 
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Observed	
  pagerns	
  are	
  generally	
  similar	
  to	
  those	
  from	
  Darfield	
  event	
  



1% threshold 5% threshold 10% threshold 

Min Max Min Max Min Max 

f1 

f2 

f3 

f4 

f5 

f6 

On	
  balance,	
  threshold	
  in	
  5-­‐10%	
  range	
  seems	
  appropriate	
  



Does	
  it	
  maZer?	
  

•  Depends	
  on	
  applicaKon!	
  But	
  potenKally,	
  yes	
  –	
  parKcularly	
  if	
  one	
  
tries	
  to	
  use	
  source	
  parameters	
  determined	
  in	
  one	
  model	
  to	
  
compute	
  syntheKcs	
  in	
  a	
  different	
  model!	
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•  For	
  example,	
  global	
  tomography:	
  
ValenKne	
  &	
  Woodhouse	
  (2010)	
  
showed	
  that	
  it	
  is	
  possible	
  for	
  
source	
  determinaKon	
  model	
  to	
  
become	
  ‘imprinted’	
  in	
  final	
  
results	
  –	
  due	
  to	
  systemaKc	
  
errors	
  in	
  source	
  determinaKon	
  
being	
  ignored.	
  

•  Similar	
  results	
  now	
  being	
  
reported	
  for	
  travel-­‐Kme	
  
tomography	
  by	
  Myers	
  et	
  al.	
  

ValenLne	
  &	
  Woodhouse	
  (2010),	
  GJI,	
  180,	
  pp.847-­‐857.	
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What	
  can	
  we	
  do	
  to	
  improve	
  accuracy?	
  

1.  Try	
  to	
  make	
  catalogue	
  parameters	
  geologically	
  accurate	
  
•  Incorporate	
  informaKon	
  from	
  new	
  datasets,	
  e.g.	
  local	
  seismic	
  

networks,	
  InSAR,	
  GPS…	
  
•  However,	
  each	
  dataset	
  comes	
  with	
  its	
  own	
  quesKons…	
  
	
  

2.  Calculate	
  and	
  report	
  full	
  uncertainKes	
  on	
  earth	
  models,	
  including	
  
effects	
  of	
  source	
  parameter	
  errors	
  
•  Currently	
  theoreKcally	
  and	
  computaKonally	
  challenging	
  
	
  

3.  Ensure	
  self-­‐consistency	
  during	
  tomographic	
  inversion	
  
•  Perform	
  source	
  determinaKons	
  as	
  integral	
  part	
  of	
  tomographic	
  

inversion	
  
•  ValenKne	
  &	
  Woodhouse	
  (2010)	
  suggests	
  a	
  unified	
  approach	
  to	
  

source	
  and	
  structure	
  inversion	
  
•  AlternaKng	
  between	
  source	
  and	
  structure	
  inversion	
  is	
  effecKve	
  

(but	
  slow!)	
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  can	
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  to	
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  accuracy?	
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  to	
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  catalogue	
  parameters	
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  accurate	
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  from	
  new	
  datasets,	
  e.g.	
  local	
  seismic	
  

networks,	
  InSAR,	
  GPS…	
  
•  However,	
  each	
  dataset	
  comes	
  with	
  its	
  own	
  quesKons…	
  
	
  

2.  Calculate	
  and	
  report	
  full	
  uncertainKes	
  on	
  earth	
  models,	
  including	
  
effects	
  of	
  source	
  parameter	
  errors	
  
•  Currently	
  theoreKcally	
  and	
  computaKonally	
  challenging	
  
	
  

3.  Ensure	
  self-­‐consistency	
  during	
  tomographic	
  inversion	
  
•  Perform	
  source	
  determinaKons	
  as	
  integral	
  part	
  of	
  tomographic	
  

inversion	
  
•  ValenKne	
  &	
  Woodhouse	
  (2010)	
  suggests	
  a	
  unified	
  approach	
  to	
  

source	
  and	
  structure	
  inversion	
  
•  AlternaKng	
  between	
  source	
  and	
  structure	
  inversion	
  is	
  effecKve	
  

(but	
  slow!)	
  



CMT	
  inversion	
  using	
  con.nuous	
  GPS	
  waveforms	
  	
  

O’Toole,	
  ValenLne	
  &	
  Woodhouse,	
  in	
  review.	
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Figure 6. The distribution of GEONET GPS receivers (black triangles) used in our inversion of GPS waveforms from the 2008 Mw 6.9
Iwate–Miyagi earthquake. Our CMT solution is shown by the red beachball. We did not invert data from stations 0928, 0193 and 0912
(red triangles) because of their proximity to the PDE catalogue hypocentre (red star) which we use as the starting location for our
inversion. For comparison, the Global CMT solution (black beachball) is also shown. The rectangle denotes the westward dipping thrust
fault assumed by Yokota et al. (2009); the top edge of their fault is indicated by the bold line. The centroid inferred from their inversion of
three component data from all of the above stations is shown by the green circle. Our best double couple mechanism compares favourably
with the orientation of their fault plane (see Table 6).

crustal models which we have not implemented, and — since three stations lie within 25 km of the hypocentre — we invert

only a subset of the data that they used. We use the same filter parameters as before, and again invert only the horizontal
GPS waveforms as the vertical displacements appear to be dominated by noise. The kernel functions are computed in the

local earth model taken from Crust 2.0 (http://igppweb.ucsd.edu/∼gabi/rem.html).

The result of our CMT inversion is given in Table 5, and shown as the red beachball in Fig. 6. Our centroid and

moment tensor are similar to the Global CMT solution (Fig. 6, black beachball). Furthermore, our centroid is located close
to that inferred from the slip distribution of Yokota et al. (2009) (Fig. 6 green circle); the level of agreement between these

locations is reasonable given the differences in earth models used. As Table 6 shows, our best double couple mechanism is

almost identical to the fault plane that Yokota et al. (2009) used, and also compares well to the best double couple solution
from the Global CMT catalogue. So the CMT solution that we obtain from GPS data for this earthquake is consistent

with independently determined mechanisms and locations. Furthermore the excellent agreement between the observed and

synthetic GPS waveforms, as Fig. 7 shows, demonstrates that our CMT solution explains the data very well and implies that
— at low frequencies — a point moment tensor source is a sufficient model for this earthquake.

5 DISCUSSION

Our inversions of synthetic and real GPS waveforms clearly demonstrate the potential value of HRGPS data for determining

the first-order source parameters of an earthquake. The good agreement between our CMT solutions and other independent
source models strongly suggests that the data selection, processing and inversion schemes described in this paper are robust.

For both of the earthquakes that we have analysed, our CMT solution explains the GPS data very well, with a variance

reduction of over 90%. This suggests that a point moment tensor source is a good model for these moderate magnitude
earthquakes, even for near-field data.

Although we have only analysed two events, some features of these preliminary results are worthy of further discussion.

For both earthquakes, we find that the origin time perturbation is positive, i.e. the centroid time is later than the hypocentral

time, which is expected for a rupture of finite duration and follows from the definition of the centroid as opposed to the
hypocentre. The larger earthquake required a greater shift in origin time, which is consistent with the observation that, for

simple ruptures, the time perturbation is analogous to the earthquake’s half-duration (Dziewonski & Woodhouse 1983a).
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Figure 7. GPS waveforms (black traces) observed at the stations shown in Fig. 6 after the Mw 6.9 Iwate–Miyagi earthquake, and used
in our CMT inversion. Synthetic seismograms (red traces) computed for our recovered CMT solution fit the data well in both phase and
amplitude, with an overall variance reduction of 91%. Time is relative to the PDE hypocentral time.

is a starting source location, such as the hypocentre determined from P -wave arrival times, and an earth model, which —

in the absence of a more appropriate local alternative — can be found from Crust 2.0. The rate determining step in the

inversion is the time taken to compute the derivative kernels. Using 18 processors, typical inversion times for datasets of the
size presented in this report are of the order 5 minutes; this time can doubtless be significantly decreased using large, state of

the art cluster supercomputers.

6 CONCLUSION

In this paper, we have developed a method for retrieving the best point source parameters of an earthquake from displacement

seismograms measured using GPS receivers. Our approach is based on the general waveform inversion algorithm described by

Dziewonski et al. (1981), which has been widely applied to long-period teleseismic data.

Using this method, we have inverted 1Hz GPS datasets pertaining to two recent earthquakes in Japan. The CMT solutions
that we recover are consistent with finite source models determined from the same GPS datasets, and also with the Global

CMT catalogue solutions obtained from long-period teleseismic waveform data. This suggests that we can recover reliable

source parameters from GPS data. Our CMT solutions explain the GPS data very well, implying that a point moment tensor
source is a good model for these earthquakes even in the seismic near-field. There is much scope for further development

of the method presented in this study, particularly in the context of earthquakes larger than magnitude 7.0. By providing

a framework for the inversion of HRGPS waveforms that mirrors the one used for CMT inversions of teleseismic data, the
present work should allow direct comparison and amalgamation of information from both datasets, yielding an improved

understanding of earthquake source models and their uncertainties.

Open	
  quesKon:	
  how	
  do	
  
we	
  combine	
  different	
  
datasets	
  and	
  methods?	
  



•  The	
  CMT	
  algorithm	
  gives	
  the	
  best-­‐firng	
  source	
  parameters	
  for	
  
some	
  given	
  dataset,	
  earth	
  model	
  and	
  forward-­‐modeling	
  strategy	
  –	
  
soluKon	
  is	
  only	
  as	
  good	
  as	
  these	
  choices!	
  Unfortunately,	
  
catalogues	
  currently	
  do	
  not	
  provide	
  much	
  informaLon	
  about	
  these	
  
choices.	
  

	
  
•  Different,	
  apparently	
  reasonable	
  choices	
  may	
  lead	
  to	
  quite	
  
significant	
  waveform	
  differences	
  –	
  potenKally	
  a	
  problem	
  if	
  
subsequent	
  analysis	
  involves	
  waveform-­‐matching	
  (e.g.	
  full-­‐
waveform	
  inversion).	
  

•  For	
  complete	
  self-­‐consistency,	
  users	
  of	
  source	
  parameters	
  may	
  
need	
  to	
  consider	
  performing	
  their	
  own	
  source	
  determinaKons.	
  

Summary	
  



Source	
  parameters	
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  global	
  seismology:	
  	
  
How	
  accurate	
  are	
  CMT-­‐style	
  source	
  inversions?	
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The	
  flaw	
  of	
  standard	
  errors…	
  

•  Have	
  noisy	
  samples	
  of	
  some	
  funcKon;	
  
•  Try	
  to	
  fit	
  an	
  oversimplified	
  (quadraKc)	
  model	
  to	
  data,	
  and	
  esKmate	
  
locaKon	
  of	
  minimum;	
  

•  With	
  few	
  data	
  points,	
  model	
  appears	
  to	
  describe	
  data	
  tolerably,	
  and	
  
error	
  bars	
  sensible;	
  

•  With	
  more	
  data,	
  it	
  becomes	
  obvious	
  that	
  model	
  does	
  not	
  suit	
  data,	
  
and	
  error	
  analysis	
  proves	
  over-­‐confident.	
  


