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Summary
It can be extremely challenging to infer the wave propagation paths associated with synthetic seismic

waveforms generated from complex crustal models. Structural effects such as topography, sedimentary
basins, and strong lateral heterogeneities can create complex waveforms that bear little resemblance to the
usual short-duration P/S/Love/Rayleigh waveforms that arise in 1D layered models. But complex synthetic
waveforms may also arise from a more subtle and problematic source: meshes that under-resolve the struc-
tural model. Here we have developed a procedure for evaluating the spatial variation of the numerical
resolution of a 3D seismic model and mesh. To our knowledge, our relatively straightforward approach is
not present in the seismological literature. We believe that it could serve a valuable role within the SCEC
Community Modeling Environment, as model comparison and validation becomes more important in the
future. Quantifying numerical resolution is an essential component of any modeling effort, yet it generally
receives little formal treatment.

Our resubmitted proposal laid out the objectives of performing an iterative tomographic inversion of
CVM-H 11.9, with emphasis on the uppermost 10 km. We previously performed 234 simulations within
CVM-H 11.9 (Tape et al., 2011), but the comparisons between observed and syntheticwaveforms showed
significant differences, especially at the shortest periodsT ≥ 2 s. Suspecting that some of these differences
were due to under-resolved regions of the model, we decided to create a second, finer mesh, which would
allow me to quantify the numerical resolution at any point inthe model.

Quantification of numerical resolution, I: from theory
A mesh should be designed to accurately solve the wave equation in the most computationally efficient

manner possible. Computational efficiency is achieved by using the largest possible time step,∆t, and by
obtaining a relatively uniform number of gridpoints per wavelength throughout the model (Casarotti et al.,
2008; Martin et al., 2008;Peter et al., 2011). A mesh is designed specifically for a known 3D seismic
velocity model, even under the assumption that perturbations of±50% may be needed over the course of an
iterative inversion.

The SPECFEM3D package comes with a useful filter that can be loaded into Paraview and will provide
an estimate of the minimum resolvable period throughout themodel. This filter provides a volumetric view
of how a particular mesh+model will resolve the seismic wavefield (Figure 1). We use this in Figure 1 to
identify specific regions of CVM-H 11.9 with low resolvable periods (given our mesh).

• Region A. On-land Ventura basin. The slightly higher topography stretches the elements and lowers
the resolvable period.

• Region B. On-land Ventura basin, primarily caused by topography.
• Region C. Northern(?) Santa Monica basin.
• Region D. Santa Monica basin.VS profile is suspiciously low.
• Region E. Eastern(?) Santa Monica basin.VS profile is suspiciously low: 600 m/s at 2.5 km depth.
• Region F. San Diego trough.
• Region G. Eastern(?) San Diego trough.
• Region H. Salton trough. 2.5 km ofVS ≤ 1000 m/s.

Andreas Plesch examined the original data used for constructing several of these regions, including Santa
Monica basin. He verified that this was indeed an anomalouslyslow basin, with the 600 m/s isosurface
extending several km deep, but that there were data to support the low values. It is markedly different
from the generic basin profile ofBrocher(2008) and from the nearby Los Angeles basin. This feature will
probably require either refining the mesh (which will lead toan even-smaller time step) or increasing the
minimumVS.

1



A B

C

D

E

F

H
G

(a)VS (b) Tmin

Figure 1: Comparison betweenVS (a) and the estimated minimum resolvable period,Tmin (b), for them16 model
of Tape et al.(2009) and CVM-H 11.9 (Plesch et al., 2009). The low-VS coverage in CVM-H 11.9 leads to higher
minimum resolvable periods.

Quantification of numerical resolution, II: from wavefield simulations
The proliferation of seismic wavefield simulations has prompted several comparative studies that test

numerical methods (e.g.,Bielak et al., 2009;Chaljub et al., 2010). These studies require quantitative mea-
sures for comparing sets of waveforms, and many such measures can be found in the literature (Anderson,
2004;Kristekov́a et al., 2006;Bielak et al., 2009;Olsen and Mayhew, 2010). Chaljub et al.(2010) advo-
cated using more sophisticated misfit measures (“time-frequency”) to help isolate the origin of the waveform
discrepancies.

Our analysis uses the direct waveform difference, which is one of the purest measures of misfit:

F (Tmin) =









∫ L

0
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Figure 2: Quantification of numerical resolution—the minimum resolvable period (or half-duration)—for the coarse
mesh used for CVM-H 11.9. (a) Minimally filtered synthetic velocity seismograms fromSPECFEM3D for the coarse
mesh (red) and the fine mesh (blue). These seismograms resultfrom using an impulsive source function, which
provides maximal flexibility with post-processing. The lower black time series is the difference,sref(t) − s(t). This
difference is represented by the farthest left point in (d).(b) Same seismograms convolved with a Gaussian having
a half-duration ofhdur = 1.25 s. The misfit here is very close to our target threshold value;in other words, the
coarse model has a numerical resolution ofhdur = 1.25 s at this station. (c) Same seismograms convolved with
hdur = 2.45 s. (d) Integrated waveform difference (Eq. 1) as a function of hdur. Our subjective threshold level for
numerical resolution is fixed at−0.7.
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Figure 3: Quantification of numerical resolution for the coarse mesh used for CVM-H 11.9 based on the vertical
component of synthetic velocity seismograms. The source isa north-striking, vertical strike-slip event at 8 km depth.
(Top) For each station (and each component), we construct aF (hdur) curve, from which we estimate the station-
specific numerical resolution, plotted in the histogram. (Bottom) Simulation-based numerical resolution as a function
of space. We see that the poorest resolved regions (highesthdur) are associated with sedimentary basins, as expected
(Figure 1b). 4



whereL is the duration of the seismogram,sref(t, Tmin) is a low-pass-filtered time series from a reference
model (in our case, the finer mesh) ands(t, Tmin) is the corresponding time series from a comparison model
(the coarser mesh). Equation (1) is a standard root-mean-square measure of difference and may appear with
or without a square root (e.g.,Kristekov́a et al., 2006). We applied the logarithm,ln[F (Tmin)], to better
represent the large variations in our measurements. (With the log-scaled version, the square-root becomes
a multiplication factor of 1/2.) Alternatively, one can convolve the time series with a Gaussian having
half-durationhdur; this is comparable to low-pass filtering withTmin = 2hdur.

We calculate synthetic seismograms for a test event at the center of our model. We then filter the
seismograms over a range of periods. For each period, we calculate Equation (1), then find the point on
the curve that intersects our chosen threshold value ofF (Figure 2). Repeating this for all stations, we can
compile the results, as in Figure 3. Based on the criteria here, most of our mesh is resolved down tohdur=1–
2 s (Tmin=2–4 s). These numbers appear to be larger than the theoretical estimates shown in Figure 1b. Note
that if we were only interested in the first arrivals, then thenumerical resolvable period would be lower,
because the differences between the seismograms increase with time, as numerical errors accumulate.

Future work
Our construction of two meshes has allowed us to document thespatially variable numerical accuracy

of our standard (“coarse”) mesh with CVM-H 11.9. Our analysis raises several questions:

1. What is the impact of having a few under-resolved regions of the model? Can a few regions con-
taminate the entire seismic wavefield, especially the main arrivals at other stations (which are used in
inversions)?

2. How can we be certain that the fine and coarse mesh are seeingthe identical 3D structure and identical
topography? This may be impossible if the topography file is being read in as a regular xyz file.

3. In other words, how conservative must we be withVSmin
thresholding?

4. Can we make measurements at variable bandpass periods throughout the model, whereby the mini-
mum period is the empirically determined numerical resolution? In an inversion this would mean that
the adjoint wavefield from one station would not be resolved at all regions of the model.

5. Can we use the waveform differences between resolved and unresolved synthetic seismograms to
image the regions of the mesh giving rise to the discrepancies? (credit: E. Casarotti)

6. How will the station-specific numerical resolution change with different source locations? What about
with finite sources?

Our next tasks are:

1. Perform a complete set of 234 simulations on each of the fineand coarse meshes.
2. Evaluate the station-specific numerical resolation. Usethe results to guide the bandpass to be used in

the inversion.
3. Move forward with the iterative inversion á laTape et al.(2009).

In summary, numerical resolution is highly variable throughout a complex model. It may be a bit worse
than we think, at least based on theoretical predictions (Figure 1b) in comparison with the rigid direct
waveform difference (Figure 3). We recommend a comprehensive assessment of numerical resolution, prior
to any comparisons among sets of synthetics or data. These capabilities could be adopted within the CME
platform, which is seeking to standardize some of the intricate steps in wavefield simulations and inversions.
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