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QUESTIONS

For many purposes 1D Earth models are good 
approximations to the real Earth.  In what period range do we 
need to worry about 3D effects?

How can we incorporate 3D seismograms into source 
inversions?



INDIA EQ - EFFECT OF 3D 
STRUCTURE ON WAVEFORMS
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Figure 2.1: The 2001 Bhuj, India, earthquake ruptured a relatively small fault patch given

its large magnitude. The compactness of the source, both in space and time, makes it ideal

for studying the effects of 3D heterogeneity on seismic waveforms. The high variability in

crustal structure near the source provides a difficult test for current 3D models. In this

study we simulate the event based upon the moment tensor from the Harvard CMT catalog

(Ekström et al., 2003) and a Gaussian source-time function.
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and PREM
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Figure 2.15: (a) Number of records that can be adequately reproduced when applying the
multi-taper transfer function to the synthetic as a function of frequency for three different
Earth models. (b) Average amplitude anomalies as a function of frequency for three different
Earth models. (c) Average time-shifts as a function of frequency for three different Earth
models. (e) Variation of amplitude anomalies around the mean as a function of frequency.
(f) Variation of time shifts around the mean as a function of frequency.

Number of stations where the original seismogram 
can be reconstructed “sufficiently well” by a simple 
transfer function
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Figure 2.15: (a) Number of records that can be adequately reproduced when applying the
multi-taper transfer function to the synthetic as a function of frequency for three different
Earth models. (b) Average amplitude anomalies as a function of frequency for three different
Earth models. (c) Average time-shifts as a function of frequency for three different Earth
models. (e) Variation of amplitude anomalies around the mean as a function of frequency.
(f) Variation of time shifts around the mean as a function of frequency.
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Figure 2.14: Multitaper measurements of time shift δτ , and amplitude δ lnA, for all stations

between distances of 40
◦
and 140

◦
, for a period of 207 seconds. The nodal regions are masked

out.

than observed, the one with 3D crust more so then the PREM model. The average time

shift for the 1D model is very close to zero at all the frequencies probed. The variability in

the amplitude, σln A
(f) is similar for all the models, with the 3D model performing some-

what better at all frequencies. The variability in time shifts, στ
(f), is the smallest for the

3D model at all periods, except at 270 seconds, ranging from around 7 seconds at periods of

270 seconds to 16 seconds at periods of 50 seconds. The model with 3D crust and 1D mantle

has the largest time shifts, with similar values as the 3D model at long periods, and up to

26 seconds at periods between 50 and 100 seconds. The final misfit values when integrated

over the frequency range from 0 to 0.02 Hz are shown in table 2.1, and in table 2.2 for the

frequency range from 0 to 0.01 Hz.

Table 2.1: Average amplitude anomalies and time shifts for the three models, averaged over

all stations and frequencies from 0 to 0.02 Hz

Model δ lnA δτ σln A στ

1D mantle + 1D crust 0.01 −11.21 0.43 20.61

1D mantle + 3D crust −0.02 −16.03 0.42 22.52

3D mantle + 3D crust 0.04 −1.00 0.38 11.30

Time shift at each station 
(207 seconds)

Time shifts averaged 
over all stations
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Figure 2.15: (a) Number of records that can be adequately reproduced when applying the
multi-taper transfer function to the synthetic as a function of frequency for three different
Earth models. (b) Average amplitude anomalies as a function of frequency for three different
Earth models. (c) Average time-shifts as a function of frequency for three different Earth
models. (e) Variation of amplitude anomalies around the mean as a function of frequency.
(f) Variation of time shifts around the mean as a function of frequency.

Amplitude anomaly at each 
station (207 seconds)

Amplitude anomalies 
averaged over all stations
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QUESTIONS

For many purposes 1D Earth models are good approximations to the real 
Earth.  In what period range do we need to worry about 3D effects?

1D global models are almost always not sufficient, [but frequency 
dependent corrections to the phase, using current phase velocity maps, 
are are very helpful to about 50 - 80 seconds (see also Ferreira, 
Woodhouse 2006)].

Current (degree 20 models) get us to 50 seconds [see also work by 
Bozdag, Trampert].

How can we incorporate 3D seismograms into source inversions?



TIME REVERSAL IMAGING
A m = d

ATAm = ATd
m = (ATA)-1 ATd

m ~ ATd
A : Green’s functions
AT: Adjoint of A (Aij = ATji)
m : model parameters
d : data

-Computing A is expensive (we don’t want to do it!!)
-Wave equation is self adjoint
-Use regular wave-propagation codes to propagate data and get model parameters
-Use gradient based methods to iteratively determine m
-It can be shown that to evaluate the moment density tensor, one should monitor the     
adjoint strain.

Tromp, Tape, Liu 2005, Kawakatsu & Montagner 2008
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EXPERIMENTS
160 global stations

3 component records

Duration:100 minutes (R1)

Bandpass 40-500 seconds 

SEM 3D wave propagation

S20rts (3D mantle) + 
Crust2.0 (3D crust)

Several focal mechanisms

Zero starting model
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CHILE 2010

Gavin Hayes, USGS



Chile 2010



CONCLUSIONS

For many purposes 1D Earth models are good approximations to the real Earth.  In 
what period range do we need to worry about 3D effects?

How can we incorporate 3D seismograms into source inversions?

Adjoint methods may be a “cheap” way to incorporate 3D synthetic 
seismograms into finite source inversion, allowing us to use a “new” dataset to 
constrain source models (see also Kim, Liu Tromp 2011)

Time reversal imaging can be used as a method to visualize the source process 
without any parametrization.  This can aid in interpretation of finite source 
models derived by traditional methods, but care should be taking in interpreting 
the images by them selves (see also Larmat et al 2006).



COMMENTS 
Only by using many different datasets, having different trade-offs between 
source parameters, can we obtain reliable finite source models.  For Mw 6-7.5 
earthquakes point source models can be important integral constraints on 
finite source models.

Current (degree 20) models may be sufficiently good for source inversions 
using surface waves of 50 seconds and longer.

Full 3D synthetic seismograms are important for :

- point source inversions of small events 

- finite fault inversions of large events, using more data than just direct P 
and S waves.




