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The targets of this project are; (1) to solve inverse problem, that is, to perform waveform inversion for 3-D shear wave
velocity (V) structure inside the Earth using the Direct Solution Method and (2) to solve forward problem, that is, to calculate
synthetic seismic waveform for fully 3-D Earth model. In this report we describe results obtained through the forward prob-
lem calculation. We use the Spectral-Element Method for the forward modeling calculation and calculate synthetic seismic
waveform for a 3-D Earth model, which includes a 3-D velocity and density structure, a 3-D crustal model, ellipticity as well
as topography and bathymetry. We calculate snapshots of seismic wave propagation for 2002 Denali earthquake and have
found that some of the later arrivals of seismic waves, which appeared in the synthetic seismograms, are really observed in the
actual seismograms. We have found that these waves are originated from the heterogeneous crustal structure and should
become useful to reveal complex crustal structure beneath mountain ranges. We aso have started to calculate synthetic seis-
mograms for earthquakes with magnitude larger than 6.5 using fully 3D Earth model and distribute these synthetic seismo-
grams through our web site. These synthetics should be used as reference seismograms to study 3D structure of the Earth.
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1. Introduction November 3, 2002 Alaska earthquake (Mw 7.9, depth 15.0

We use the spectral-element method (SEM) developed by ~ km) and create movie file that shows seismic wave propaga-
Komatitsch and Tromp (2002) to simulate global seismic  tion at the surface of the globe. Figure 1 illustrates an exam-
wave propagation throughout a 3-D Earth model, which  ple of the snapshot prepared to create this movie file. While
includes a 3-D seismic velocity and density structure, a 3-D
crustal model, elipticity aswell as topography and bathyme-
try. The SEM first divides the Earth into six chunks. Each of
the six chunks is divided into slices. Each dlice is alocated
to one CPU of the Earth Simulator. Communication between
each CPU is done by MPI. We could use 507 nodes (4056
CPUs) of the Earth Simulator by using the SEM last year.
Using 507 nodes (4056 CPUs), we can subdivide six chunks
into 4056 slices (4056 = 6 x 26 x 26). Each slice is then sub-
divided into 48 elements in one direction. Because each ele-
ment has 5 Gauss-Lobatto Legendre integration points, then
the average grid spacing at the surface of the Earth is about
2.0 km. The number of grid pointsin total amounts to about
13.8 hillion. Using this mesh, it is expected that we can cal-
culate synthetic seismograms accurate up to 3.5 sec al over
the globe. However, we could not use 507 nodes in the first
half of the last year, because large number of nodes is allo-
cated mainly to climate modeling research. Therefore we use
243 nodes for our calculation throughout the year.

Fig. 1 Snapshot of the propagation of seismic waves in the Earth during

2 p fi f seismi in the 3D Earth del the November 3, 2002 Denali fault earthquake simulated in
- Fropagation of sasmic wavein the sU Earth mo Tsuboi et al (2003). Note that large amplification in the western

We calculate synthetic seismograms for fully 3-D Earth coast of the United States due to the source directivity is mod-
model using the SEM code and 243 nodes of the ES for eled in the simulation.
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creating this movie file, we have found that there are anom-
alous waves which seem to be originated from the heteroge-
neous structure inside the Earth. We have made another
close-up figure of the snapshot to make these waves appear
more clearly.

Figure 2 (Ji et al., 2005) shows a snapshot at 1200 sec
after the earthquake initiation, when the body waves, such as
the direct P and S waves, have already passed the North
America plate. Figure 2 shows the motion of Rayleigh
waves and, in particular, the high amplitude and long wave-
length wave packet near the Gulf Californiais the long peri-
od fundamental mode Rayleigh wave (T>40 sec). Another
high amplitude but shorter wavelength wave packet is so
called continental Airy phase. The shapes of their wave-
fronts indicate that they propagate roughly along the great
circle path from the epicenter. However, we found two
anomalous wave packets (dashed boxes, Fig. 2), which seem
to propagate along off-great-circle paths. The blue box high-
lights a wave packet whose peaks are aong a line roughly
paralel to the Oregon coast. The red box captures another
wave packet that travels southward. We were curious about
whether they are artifacts of synthetic calculations and stud-
ied the broadband waveforms recorded by dense SCSN array
in the Southern California.

We download broadband waveforms from the data center
of the Southern California Earthquake Center (SCEC), and

Fig. 2 Snapshot of a numerical simulation of ground motion for the
November 3, 2002, Denali fault earthquake 20 minutes after the
origin time. The North American coastline is delineated in blue.
The colors show normalized vertical displacement. The direct
long-period Rayleigh wave and continental Airy phase are
labeled. The two dashed boxes highlight anomalous wave pack-
ets referred to in the text marked with blue box and with the red
box. Thisfigureistaken from Ji et a (2005).
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convert them into displacements by removing the instrument
responses. Their synthetic seismograms calculated during
the previous study [Tsuboi et al., 2003] are also collected.
Whileit is possible that the anomal ous wave packets showed
in the movie did not appear in the real records, they must
show in these synthetic seismograms. So they are used to
evaluate the procedures before we apply them to the real
observations. We found that it was not easy to identify the
signals from the broadband data. However after using a nar-
row bandpass filter with corner frequencies at 0.04 and 0.06
Hz, they became the dominant phases in seismograms
(Figure 3) and we found that these waves were really record-
ed in the observation.

The comparison of observed seismograms with the syn-
thetic seismograms in figure 3 shows that the synthetic wave
packet marked with the blue box in figure 2 agrees well with
the observation. This good fits to the observation suggest
that this wave packet represents the direct Rayleigh wave
whose ray path is distorted by the ocean-to-continent transi-
tion. Because the group velocity dispersion relationship for
Rayleigh waves has a local minimum at about 20 sec in the
case of acontinental path, significant energy arrives at a spe-
cific time, producing an amplification and interference effect
called the Airy phase. This shows that this packet gets gener-
ated as the Rayleigh wave crosses the Oregon coast.

The wave packet marked with the red box in figure 2 is
also present in the recorded seismograms, but its temporal
separation is much smaller than in the synthetic seismo-
grams compared with the wave packet described above
(Figure 3). We found that the reflector that is the origin of
this wave packet locates at the eastern foot of the Rocky
Mountainsin case of the synthetic seismograms. The highest
part of the mountains is located south of 55 degree North,
which coincides roughly with the middle of the reflector that
we attempted to locate. However, the data favor a lateral
transition zone located 350 km further westward, where the
high summits of the Rocky Mountains are |located.
Therefore, our analysis of the observed data seems to sug-
gest that the transition from the tectonic region to the
Canadian Shield is much sharper than that included in the
crustal and mantle models used in our simulations. The
results of this comparison will be used to further improve the
3D-crustal model. The lateral extension of the mountain root
will give significant information toward the interpretation of
tectonic evolution in this province.

3. Synthetic seismograms database

We have demonstrated that we can calculate global theoret-
ical seismograms for realistic 3D Earth models based upon
the combination of a precise numerical technique (the spec-
tral-element method) and a sufficiently fast supercomputer
(the Earth Simulator). It has now become possible to routinely
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Fig. 3 Bandpass filtered vertical displacement SEM synthetic seismograms (left) and SCSN data (right) for the November 3, 2002,
Denali fault, Alaska, earthquake. Both synthetic seismograms and data have been bandpass-filtered between 0.04 Hz and 0.06 Hz.
The seismograms are sorted based upon the continental portion of their great-circle path and aligned based upon areduced veloci-
ty of 3.8 km/sec. Red and blue curve shows arrival time of the largest amplitude packet. Thisfigureistaken from Ji et al (2005).

calculate synthetic seismograms for earthquakes greater than a
certain magnitude. Starting in 2003, we select earthquakes
with magnitudes greater than 6.5 from the Harvard Centroid
Moment Tensor (CMT) catalog and calculate theoretical seis-
mograms for the Stations in the Global Seismographic
Network. To distribute this synthetic seismogram database to
the seismological community, we extend the current data for-
mat SEED (Standard for the Exchange of Earthquake Data)
by representing the content in XML (eXtended Markup
Language). We call this format as the XML-SEED and use
this to include metadata entries which are characteristic to
the synthetic seismogram database, such as numerical tech-
nique we used to generate synthetic seismograms. We plan to
distribute these theoretical seismograms through mirrored
IFREE/JJAMSTEC and Caltech web interfaces soon. We are
now developing software which realizes the users to retrieve

both synthetics and observations at the same web site using
the same user interface based on the web services technique.
For this software to work efficiently, it is important that both
data and synthetics are expressed in XML.
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