1 Very broad-band modeling of the 2004 Sumatra
Earthquake

1.1 Introduction

The December 26th, 2005, giant Sumatra-Andaman earthquake is the
largest since the sixties and the first to occur after the advent of broad-
band instruments and modern computational tools. A detailed inves-
tigation of the rupture process of this rare event is important to the
understanding of the physics earthquakes.

The earthquake had a long duration which caused an initial under
estimate of the size. Here we present a slip model that successfully
predicts seismic wave field in the period range 20-2500 seconds with-
out invoking “slow slip”. However, amplitudes of static displacements
recorded at GPS sites are larger than those predicted by the model.
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FIGURE 1: Amplitude ratios and time shifts between data and syn-
thetics computed for the Harvard CMT. Note the change in oberved
amplitude ratios and phase shifts with frequency.
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FIGURE 2: Slip distribution. The waveforms predicted by this model
match observations well (Fig. 2). In particular the duration of the
surface waves in Australia, which are especially sensitive to the di-
rectivity, is well matched.

1.2 Final solution
e Normal-mode Green'’s functions (periods of 20 seconds and longer).

¢ 600 second duration source.
e Teleseismic body waves

¢ 4 regional and 22 very broad-band (250-2000 sec) waveforms and 1
GPS vector (SAMP).

e Timing of regional waveforms calibrated by 3D SEM waveforms.

e Model iteratively improved by forward predicting long-period wave-
forms and normal-mode amplitudes.

The final model (Fig. 3) has a moment of 6.5 * 10* dyne-cm and a
rupture velocity of 2.5 km/s. Amplitude ratios and phase shifts are now
reasonably constant over a wide frequency range and normal modes
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are explained to within 10% (Park et al., 2005).

Final slip model
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FIGURE 3: Amplitude ratios and time shifts between data and syn-
thetics computed for the final source model are close to 1 and 0
respectively, for a wide range of frequencies.
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1.3 The Static Field

The slip model presented in the previous section can explain the seis-
mic data over the observed frequency range. However, work on far-
field static offsets (Banerjee et al., 2005) proposes significantly larger
slip than our model. Here we estimate the static offsets from our 3D
SEM synthetics by averaging the displacement in a 2000 second long
time window after the passing of the surface waves (Fig. 6 and Fig. 7).
The far-field GPS data is matched within error bars, by this slip model,
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FIGURE 4: Moment
rate function for Har-
vard CMT, preliminary
source model and final
source model. The CMT
source matches the first
part of the moment-rate
function.

but the near-field data is severely underpredicted.

Email: vala@gps.caltech.edu
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FIGURE 6: Static off-
sets at GPS stations
as reported by Vigny
et al. (2005) (black ar-
rows) and computed by
a 3D SEM simulation
(red) for the final source
model. The farfield GPS
vectors are matched to
within the error bars.

1.4 Conclusions

The Sumatra-Andaman earthquake broke more than 1200 km of the
subduction zone and had a moment of 6.5 = 10’ dyne-cm. Most of the
slip occured over 600 seconds. The presented slip model matches all
the data available, except for the near-field GPS data. This is most
probably caused by difference in timescale of the measurements as
well as trade-offs between depth and structure for the far-field data.

FIGURE 7: Snapshots
from an SEM sim-
ulation. Movies of
the wavefield, velocity
and displacement can
be found on our website:

~vala/sumatra/

These were made
with help from Santiago
Lombeyda at CACR.

http://www.gps.caltech.edu/
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2 Adjoint modeling of finite faults

For the giant Sumatra Earthquake it proved critical to use waves in a
wide frequency band to constrain the source process. Currently, most
investigators use isolated parts of the waveforms to invert for source
structure to minimize the effect of 3D velocity structure. We are devel-
oping a method that utilizes 3D synthetic waveforms to invert for the
source process, enabling us to use a greater part of the waveforms.

FIGURE 8: The adjoint wavefield can be created by inserting the
seismograms recorded at each station, reverse in time, as simul-
taneous sources. The waves emanating from the receivers then
constructively interfere at the source.

Tromp et al. (2005) illustrate how a (finite) source inversion may
be implemented based upon the adjoint wave field. This wave field
can be computed using the time-reversed difference between data and
synthetics, estimated at all receivers, as simultaneous sources, and
recording the resulting motions in a region around the fault plane. One
can also back-propagate the data directly, in which case the waves
emanating from all the “receivers” should collapse back on the origin
point. The level of convergence will be determined by factors such as
the source-receiver geometry, the frequency of the recorded data and
synthetics.

FIGURE 9: The relative location of the Sumatra source region and
the Hinet Array. The larger black box shows the region of our pro-
posed adjoint simulations.

The stacking method of Ishii et al. (2005) is a special case of this
method where the Green’s function from source to receiver is assumed
to be a delta function with an p-wave arrival time given by a 1D refer-
ence model. By stacking the high frequency p-waves radiated from the
Sumatra Earthquake at the HiNet array in Japan they can map the pro-
gression of the source. Fig. 2 shows our reproduction of their results.

Hinet stack

1=20-120 1=130-180

14" - g 4 N 14

12" -1 I ey o

10" - il o il 10 -

] ] ]
1
] ] ]

0" 92" 94" 94" 9f
1=390-420

90" 92" 24" 94" 9F
t=330-350

90" 92" 94" 94" 9§
1=270-300

90" 92" 94" 94' 9f
t=210-240

. IRES
ey 12

i
Bl o

N e @
o N & O o
S T
o N B o o

90" 92" 94" 94" 98 90" 92" 94" 94" 9F 90" 92" 94" 94" 9f 90" 92" 94" 94" 98

FIGURE 10: Maps showing the squared velocity of the stack pro-
duced for each source location, integrated over short windows The
colors estimate how well the seismograms match up when assum-
Ing the source was in that particular pixel in that time window. The
propagation of the “hot” patch shows the propagation of rupture.

We are currently working on back propagating the HiNet data as
an example of the adjoint method, as it can easily be compared to
the stacking results. The back-propagation method can be viewed as
a sum over stacks over all rays within the seismogram, with the 3D
Green’s functions.
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