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A quick point about names 

•  (full) waveform inversion 
•  (full) waveform tomography 
•  (full) wavefield tomography 
•  traveltime tomography 
•  adjoint tomography 

A particular study might be described by any one of these. 

Better questions to ask: 

1.  What are the data? 
2.  What is the misfit function? 
3.  What is the forward modeling tool? 
4.  What is the inverse modeling tool? 

Background, papers, and seismograms for southern California: 
•  see Carl Tape webpage, then follow link 



Seismic tomography using 3D reference models, wavefield 
simulations, and iterative methods should – and does – work. 

Time-domain examples: 
•  industry scale 
•  crustal scale 

southern California: Tape et al. (2009, 2010), Po Chen 
•  regional/continental 

Australia: Fichtner et al. 2009, 2010 
Europe: Fichtner; Zhu/Tromp 

Frequency-domain examples from industry: 
•  Plessix, Sirgue, and more 





www.shakemovie.caltech.edu 

Sept 2, 2005  Mw 5.0 Salton trough 









Question: What region? What data? What scale? 

1.  Where are the seismic stations? 

2.  What level of “discovery” are you aiming for? You should always be able 
to better fit seismic waveforms. You will refine structure, but not 
necessarily discover new structure. 
•  Suggestion: Tackle structure that cannot be imaged well with less 

accurate techniques. Active tectonics! 

3.  You can always find waveforms that do not fit by changing the target 
periods. We do not have the case of many models fitting the data 
equally well. 

4.  Is your objective to fit the seismic wavefield or to resolve the full domain 
of the physical model? (Both, of course!) 

5.  Earthquakes? Ambient noise? Receiver functions? Gravity? 

6.  Spend considerable time getting all available waveforms and station 
responses. These don’t change with each iteration! 



What scale?  =  What bandpass?  =  What minimum Vs? 

6 – 30 s 

2 – 30 s 

3 – 30 s 



USGS gravity data set: 
Saltus et al. (2006) 

Example of central Alaska: 
No seismic velocity model + very active tectonics = plenty to discover 



Lin, Moschetti, Ritzwoller (2008) 

Surface wave sensitivities in a 1D model 
Rayleigh wave Love wave 
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Body wave sensitivities in a 1D model 

Richards-Dinger and Shearer (1998) 



Sensitivity kernel for a P wave in a 1D model 



Question: What sources? 

1.  Spend considerable time testing many sources! 

2.  origin time, hypocenter, M0, moment tensor (3-4 parameters) 

3.  Collect sources that best sample the medium by obtaining spatial 
coverage (key: depth) and different mechanisms. 

4.  Events in the same location are okay. 
1.  Hypocenters apart by a couple km can have totally different 

waveforms at shorter periods. 
2.  At longer periods, discrepancies among event kernels for similar 

sources may help isolate bad sources. 

5.  Set aside validation events for misfit only but not the inversion. 





143 earthquakes for tomographic inversion 
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Least-squares misfit function (Tarantola, 2005) 

3 2 1 

Question: What misfit function? 

1.  What are the data? 

2.  What are the uncertainties in the data? Or: How are the data weighted? 

3.  What is the forward model for the synthetics? 

4.  What are the model variables (e.g., Vp, Vs)? What is the model 
parameterization? 

5.  What is the regularization? Or: What prior smoothness is assumed? 





http://www.geodynamics.org/ 



Question: What model do I start with? 

1.  Implement the definite constraints: topography, basin geometry from 
industry data, shallow basin Vp values from industry measurements. 

2.  Test the available 3D seismic velocity models. What data were used in 
constructing each model? 



Moho 
Elevation 
(CVM-H 6.3) 



Many data sets are useful! 

(San Joaquin basin, central California) 
Plesch et al., 2009 SCEC meeting 



Initial model of 3D wavespeed structure: 
SCEC Community Velocity Model 

Vp at z = 0 km  

Background model: 

 Lin et al. (2007b) 

Basin models: 

 Suss and Shaw (2003) 



USGS Bay Area model 



How do we incorporate 2D constraints?"



Southern California Earthquake Center CVM-H 6.3"

Andreas Plesch 



Hexahedral mesh using GEOCUBIT (E. Casarotti)"



GJI 2011 



TOMOGRAPHY STEPS"
1.  Specify initial model in terms of wavespeed structure and a set of 

earthquake sources."

2.  Use “forward model” to generate synthetic seismograms."
3.  Make measurements (evaluate the misfit function)."
4.  Compute the gradient of the misfit function (adjoint methods)."

5.  Iterate to new tomography models (minimize the misfit function)."

Yes, Step 1 may take longer than you expect, but it may substantially 
reduce the time involved with later steps. 





Question: I’ve got the 
gradient of the misfit function 
– now what? 

1.  Standard gradient-based 
optimization algorithms 
apply, e.g., conjugate 
gradient. 

2.  Preconditioning should help, 
especially at later iterations. 

3.  Check the step length (for 
the model update) by 
evaluating the misfit function 
for a few representative 
events. 



Question: What if my model update looks trivial? 

A simple perturbation is still a valuable scientific contribution, because it 
improves the absolute wavespeed values in the model. 



Question: When do I stop iterating? 

1.  When the misfit values start oscillating between iterations. 

2.  When normalized data misfit is <=1 (per event? per station? overall?). 

3.  When there is the possibility that unaccounted-for parameters may be 
responsible for the remaining misfit (inaccuracies of internal surfaces, 
source parameters, attenuation, anisotropy, etc). 



After you stop iterating… 

1.  Misfit assessment (as many different measures as you want). 

2.  Compute the volumetric sensitivity of the data set (e.g., for Vs and Vb). 

3.  Compute individual sensitivity kernels for any seismic waveforms. 

4.  Time reversal imaging to identify new reflectors (Stich et al.). 

5.  Physical interpretation (geology, tectonics, dynamics). 

6.  Email any station problems to the network operators! 

7.  Consider reinverting with different model variables (anisotropy, 
attenuation, topography of internal surfaces). 



Synthetic seismograms can help improve seismic networks 



Synthetic seismograms can help improve seismic networks 



Synthetic seismograms can help improve seismic networks 



White Wolf fault to 
eastern Mojave"



White Wolf fault to 
eastern Mojave"



Vertical cross section 

Horizontal cross section (z = 6 km) 
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SSS crustal reverberation 
Moho 



Vertical cross section 

Horizontal cross section (z = 6 km) 
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Love wave 
Moho 



Horizontal cross section (z = 4 km) 
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Final remarks 

Thank you! 

1.  We have the ability to interrogate and 
improve existing 3D structural models. 

2.  The resolvable scale is primarily 
controlled by data coverage (assuming 
the entire waveform is used). 

3.  It should be possible to fit the entire 
recorded seismic wavefield (at a given 
period range) for a set of events. 

4.  Tomography at the crustal scale requires 
integration of data sets and models that 
are perhaps more sensitive to structure 
than the earthquake data in the inversion. 

5.  There are many opportunities for 
improving these techniques and 
applications! 



EXTRA SLIDES"



Tape, 
Liu, 
Tromp 
(2007) 



Trying to measure as much as possible 

+ 91 = 234 



SHO.CI 

SDD.CI 





Waveform difference misfit reduction 







Choice of model variables 



Tromp, Tape, Liu (2005) 


