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Accurately predicting the seismic wavefield is important for physics-based
earthquake hazard studies and is dependent on an accurate source model, a
good model of the subsurface geology, and the full physics of wave
propagation. Here, we conduct numerical experiments to investigate the
effect of different representations of the Southern California Earthquake
Center and Harvard community velocity models on seismic waveform
predictions in the vicinity of the San Andreas fault in Salton Trough. We test
general preconceptions about the importance of topography, near-surface
geotechnical layering, and anelastic attenuation up to a maximum frequency of
0.5Hz. For the Southern California Earthquake Center model developed
without topography, we implement 1D and linear model extensions that
preserve the geologic structure and a pull-up approach that adapts the
original model to topographic variations and distorts the subsurface. The
Harvard model includes an elevation model, so we test the squashed
topography representation, which flattens it. For both community models,
we modify the top 350 m by partially applying the Ely geotechnical layer
using a minimum shear wave velocity of 600 m/s and incorporate an Olsen
attenuation model using a ratio of 0.05. We evaluate the resulting 24 model
representations using the classical waveform misfit and five moderate-
magnitude earthquakes. Only the inclusion of attenuation consistently
improves the wavefield predictions. It becomes more impactful at higher
frequencies, where it significantly improves the performance levels of the
crude 1D and linear extension models close to that of the original version.
The pull-up topography representation also enhances the waveform prediction
ability of the original model. Squashing the topography of the elevation-
referenced Harvard model produces better seismogram fits, suggesting that
seismic imagers construct community tomographic models without
topography to avoid issues related to missing model parameters near the
free surface or discrepancies with a different elevation model. Although full
implementation of the Ely geotechnical layer that would permit shear wave
velocities as low as 90 m/s proves computationally expensive, our partial
implementation provides slightly better results in some cases. Our results
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can serve as recommendations for implementing these community models for
future validation or optimization studies.
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1 Introduction

Seismic wavefield simulations are essential for simulation-
based earthquake hazard analysis (Graves et al., 2011), imaging
the Earth’s interior at various scales (Tromp, 2020), and the
exploration of subsurface resources (Virieux & Operto, 2009). In
most applications, we desire a comparison of the predicted
wavefleld with observations, implying that one must utilize
the complete physics of seismic wave propagation for accurate
results. Moreover, the many open-source implementations
capable of simulating wave propagation in arbitrarily complex
media facilitate the investigation of Earth and source models
(Igel, 2017).

Several studies have considered the effects of viscoelastic
rheology and topography on the seismic wavefield. A
comprehensive example is the Aagaard et al. (2008) study that
validates the M,,6.9 1989 Loma Prieta earthquake in northern
California. They consider two source models and four wave
propagation solvers that accommodate the earthquake and
velocity models differently. For periods >1-2s, the models

that include topography and retain the low near-surface
shear-wave velocities produced better waveform predictions
than models that strip away the topography and, in the
process, remove the low velocities in the shallowest layers.
These authors attribute the lack of significantly better
forecasts regarding attenuation to the relatively long period
and the absence of thick and extensive sedimentary sequences
in their study area. Olsen et al. (2003) report significant misfit
reductions in peak ground velocities for a similar period (>2s)
when they incorporate attenuation into Los Angeles basin
models. Aagaard et al. (2008) note that the spatial variations
in the amplitude and duration of shaking correlate with the
energy directivity of the source, where a deficit in radiation
toward a particular direction can lead to underpredictions in
amplitudes and vice versa. Better source parameterization
generally produces better waveform predictions (E. Lee, Chen,
& Jordan, 2014). Most studies that investigate the effects of
topography, for example, in Taiwan (S. Lee, Chan, et al., 2009;
S. Lee et al., 2008; S. Lee, Komatitsch, et al., 2009), the Colombian
Andes (Restrepo et al., 2016) and United States (Miller, 2014 and
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FIGURE 1

Source (black circles)-receiver (purple diamonds) geometry of the numerical experiment in Salton Trough. Beach balls show the focal
mechanisms of the earthquakes (Table 1). Red dashed line is the A-A" profile location in Figure 2. Labeled stations are considered in Figures 6-8.
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references therein; Stone et al., 2022) are theoretical, often
with
comparison to observed data. Nonetheless, they reach similar

considering earthquake scenarios limited to no
conclusions that topography should be incorporated in wavefield
simulations, particularly at high frequencies. Examining the role
of near-surface velocity changes, Juarez and Ben-Zion (2020)
showed that velocity reductions in the top 500 m perturb the
wavefield up to 20s period, and the validation exercise of
Taborda et al. (2016) indicates that including Ely geotechnical
layering (Ely et al., 2010) does, in general, lead to better results.

Here, we focus on the effects of topography, anelasticity,
and near-surface velocity changes on ground motion
accuracy in Salton Trough (Figure 1), noted to be a
probable source region of a large earthquake in California
(Jones et al., 2008). To this end, we validate several
representations of two Earth models hosted by the
(SCEC) by
measuring local full-waveform misfits between synthetic
with broadband

seismometers. The validation methodology in this research

Southern California Earthquake Center

and observed seismograms at sites
follows Ajala and Persaud (2021), including a subset of their
earthquakes. Compared to Aagaard et al. (2008), we do not
examine source effects and use a single wave propagation
solver to investigate all model representations. We perform
our analysis over three period bands: 6-30, 3-30, and 2-30 s
following Tape et al. (2010). We show the challenges of using
topographic models in the simulations that lead to a
mischaracterization of the near-surface and deterioration
of wavefield predictions. The result regarding topography
suggests that some Earth models might be better constructed
topography. In all the
incorporating attenuation leads to better forecasts and

without cases we consider,
becomes the most critical factor at higher frequencies.
that should

assumptions about the performance of heterogeneous

Overall, we show one avoid general

Earth models without explicit validation.

2 Earth model space

To develop the context behind our approach to the current
research and following Fichtner (2010), we give a brief
introduction to the underdeveloped theory of the model space
M representing the set of all admissible Earth models m, i.e.,

(1)

M := {m: misadmissible},

and provide some relevant properties of the space. First, we note
that the notion of admissible does not have a clear definition in
the geoscience community. It can be a broad and complicated
term in Earth science because the space can include models as
simple as 1D models used to compute global earthquake
locations and theoretical arrival times that would otherwise be
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impractical for other applications requiring more detail. For
completeness, we define an admissible Earth model as
geologically reasonable or has a practical use allowed to vary
in complexity from global seismic phase identification to ground
shaking estimation in earthquake engineering or natural resource
exploration.

Each model m of the model space is, in turn, described by a
collection of material properties,

m (x) = {VP (x)) VS (x)) P (x)s QS (x)> }’ (2)

where Vp (x) is the P wave velocity, Vs (x) is the S wave velocity,
p (x) is the density, Qg (x) is the S wave quality factor, and x is the
space-time vector. Although we only include elements for the
material properties considered in the current study, the full
dimension of the set describing each model is dependent on
the simulation media. The properties are vectors that can be
parameterized using some basis function b(x), e.g.,

Vp(x) = Z_ Vb (x), 3)

showing that each model can have different representations. The
parameterization works for any given Earth model of differing
scales by defining the material properties as zero at spatial
locations where they are not available. An Earth model in
has undefined
elsewhere, and a model that does not include topography is

southern California model parameters
undefined above zero elevation. Since we use the spectral-
(Komatitsch & Vilotte, 1998) for our
wavefield simulations, the model parameters here are defined
on the Gauss-Lobatto-Legendre (GLL) points in the mesh so that

b; (x) is an orthonormal basis having the value of 1 at the i-th

element method

position in the GLL matrix and zero everywhere else. The model
space can be equipped with a norm |[m(x)| , that measures the
size of each model in the space. Ajala and Persaud (2021)
illustrate a step in the direction of showing the convexity of
the model space, as the linear interpolation between two elements
of the space yields another member.

The model space is infinite. Given any model m, we can find
another admissible Earth model m + dm arbitrarily close. A
concrete analogy provided by Fichtner and Zunino (2019)
through the use of the Hamiltonian to visualize the model
space as particles traveling along a trajectory gives another
proof. As time is a linear continuum, for any two positions
M (t;) and M (¢2) in the path, there exist another position, e.g.,
m (%), between the pair no matter the closeness of the times ¢,
and t,. New elements of the model space are often realized via
optimization that iteratively introduces perturbations &m to
satisfy new datasets, as is commonly performed in geophysical
inversion. Another option, which forms the basis of the current
study, is to use different representations of the same model, e.g.,
the inclusion of attenuation, anisotropy, topography, or a
detailed near-surface modification.
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TABLE 2 Description of the model representations for cvms and their waveform misfit statistics. N—number of waveforms. MED—median waveform misfit. MAD—Median absolute deviation.

Model
number
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Topography Partial

linear
linear
linear
linear
1D

1D

1D

1D
pull-up
pull-up
pull-up
pull-up

No
No

Ely GTL

Olsen
attenuation

N
(6-30s)

831
831
831
831
831
831
831
831
831
831
831
831
831
831
831
831

MED
(6-30'5)

1.538
1.431
1.570
1.446
1.526
1.401
1.509
1.416
1.281
1.165
1.292
1.163
1.295
1.189
1313
1.256

MAD
(6-30'5)

0.584
0.576
0.596
0.564
0.593
0.575
0.575
0.563
0.583
0.602
0.584
0.584
0.598
0.592
0.634
0.640

N
(3-305)

885
885
885
885
885
885
885
885
885
885
885
885
885
885
885
885

MED
(3-30s)

2.166
1.931
2.243
1.926
2.155
1917
2.212
1.899
1913
1.802
1.929
1.760
1.942
1.844
1.969
1.847

MAD
(3-305)

0.679
0.572
0.701
0.564
0.671
0.570
0.686
0.536
0.588
0.570
0.635
0.606
0.572
0.556
0.597
0.581

N
(2-305)

912
912
912
912
912
912
912
912
912
912
912
912
912
912
912
912

MED
(2-305)

2.374
2.027
2.464
2.050
2.363
2.021
2421
2.053
2.053
1.943
2.063
1917
2.079
1.962
2.094
1.971

MAD
(2-305)

0.750
0.527
0.774
0.502
0.755
0.517
0.785
0.507
0.546
0.492
0.618
0.506
0.547
0.475
0.574
0.502
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0.678

2.118

912

0.730

1.966
1.797
1.973
1.783

885
885
885
885
885
885
885
885

1.405 0.771
1.295
1.384
1.288

831

No

No

Yes

0.506
0.679

912 1.950
2.087

912

0.600

0.676
0.782

0.681

831

831

Yes

No

Yes

0.727

No
Yes

Yes

Yes

0.514

1.927

912

0.597
0.660

831

Yes

Yes

0.615

2.085

1.373 0.699 1.890 912
0.618

831

No No

Squashed

0.491

1.932
2.051

912
912
912

0.582

1.753
1.842
1.698

1.231

831
831
831

Squashed No Yes

Squashed
Squashed

0.644

0.661

1.339 0.670

1.190

No

Yes

0.490

1.869

0.590

0.593

Yes

Yes
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The models my can be quantitively appraised using a data
misfit functional y(my) that measures the error between a
particular observation d°** and the predictions d*’" made by
the model, where y (my) increases with the misfit. We then
say that m; is an improvement over m; in terms of predicting
d°bs whenever x(my) < x(m;) regardless of the magnitude of
the difference. Since the waveform misfit functional we shall
utilize here has similar properties and assuming that r is the
supremum of all misfit values, the set of models considered
belong to a subspace N, (1) of the model space that is a
neighborhood of radius r around the true Earth model m with
no misfit:

m,(m) = {m eM: “)((m) —X(r?z)” < r}. 4)

3 Data and methods
3.1 Community velocity models

The two Earth models we evaluate in Salton Trough are
the most recent versions of the community velocity models
developed by the Southern California Earthquake Center
(SCEC), namely Community Velocity Model—SCEC
(CVM-S 4.26) (E. Lee, Chen, Jordan, et al.,, 2014) and
Community Velocity Model—Harvard (CVM-H vl15.1)
(Tape et al., 2010; Shaw et al, 2015). CVM-S 4.26 was
developed from its immediate predecessor through full-3D
tomographic inversion using earthquake and noise
correlation waveforms with a shortest period of 5s. CVM-
H v15.1 is constructed using earthquake-only adjoint
tomography with a minimum period of 2s. Both models
deliver P and S wave velocities. Density is derived empirically
from Vp using the relation by Brocher (2005):

p(x) = 1.6612V (x) — 0.4721V p (x)* + 0.0671V p (x)*
—0.0043Vp (x)* +0.000106V » (x)°. (5)

We abbreviate CVM-S 4.26 and CVM-H v15.1 to cvms and
cvmh for the remainder of the paper. We query the models using
the Unified Community Velocity Model (UCVM) software
(Small et al., 2017).

3.2 Model representations

The CVMs can be modified by including other
parameters not in the original versions to enhance their
performance. We focus on three add-ons, including
topography, near-surface geotechnical layering, and
anelastic attenuation. Consideration for these features
resulted in 16 and 8 model representations for cvms and
cvmh, respectively (Tables 2 and 3).
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FIGURE 2

S wave velocity profiles of the community models along profile A-A’ in Figure 1 showing topographic representations considered in the study.
(A) The original model for cvms developed without topography. (B) Pull-up model for cvms. (C) Linear model for cvms. (D) 1D model for cvms. (E) The
original model for cvmh developed with topography. (F). Squashed model for cvmh.

3.2.1 Topography

Some wave propagation solvers cannot explicitly handle
complex spatial domains; thus, models developed with
topography need to be flattened (Aagaard et al., 2008).
Conversely, to use surface topography in solvers capable of
incorporating them, the models without one need to be
modified. We can consider both cases here since cvms was
developed without topography (Figure 2A) while cvmh
includes topography (Figure 2E).

The default method utilized by UCVM to include topography
in cvms is to remap the parameters in the model following
surface elevation variations (Pull-up in Figure 2B), i.e.,

(6)

m (X, Vs Zelevation t) = m(x, Y, Zdepth - Zsurface; t))

where we show dependence for a model in R? x T and Zdepth 18
the nonnegative depth values in the model starting at zero,
Zelevation 18 the elevation axis in the pull-up topography model
that is negative above zero and positive below zero, and zgr face is
the value of the free surface elevation. The shortcoming of this
model is the distortion of the subsurface geological structure,
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which is pulled up in higher elevation areas and pushed down in
regions with lower topography. The effect of this method is
minimized in areas with elevations close to sea level. Our study
are 3,477 m
and —427 m, respectively, so we expect considerable changes.

area’s maximum and minimum elevations

To preserve the shape of the geologic features in cvms when
including topography, we experiment with linear (Figure 2C) and
1D (Figure 2D) extension models. These simple implementations
fill the model between zero elevation and the free surface. The
linear model extends cvms to the surface using an elevation-
dependent gradient based on the values at zero depth and a set
minimum velocity. The model becomes 1D whenever the zero-
depth values or the interpolated model are lower than the
predefined minimum velocities:

m(x) (z=0)
M (Djiar = { A((%) iy = M (3)].g) + M ()], (2<0, m(x) > 1 (%) i),
m(x)|.—o (2 <0, M (%) <M(X) in)

@)

with A = Z;’”% The 1D model extends the model parameters at
zero depth to higher elevations, i.e.,
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FIGURE 3

Elevation models used in UCVM and cvmh querying program. (A) ~30 m resolution elevation model from the USGS National Elevation Dataset
used by UCVM. (B) ~1 km resolution elevation model from USGS GTOPO30 used by the cvmh program. (C) cvmh model top representing the highest
elevation where elastic parameters are defined in the model. (D) Difference between UCVM elevation and cvmh elevation. (E) Difference between
UCVM elevation and cvmh model top. (F) Difference between cvmh elevation and its model top. Black diamonds in (A) indicate the locations of

the stations shown in Figure 6.

m(x) (z=0) algorithm can be considered the reverse operation of the pull-
m®p = {m(x)lzzo(z <0)° ® i modd, ie.

The 1D and linear models are queried with our modified m(x, Vs Zaepth t) = m(x, Vs Zetevation + Zeur face; t). 9)

UCVM software (Ajala, 2021), and we set the minimum P and S
wave velocities in the implementation to 1,500 m/s and 800 m/s, One drawback of using models developed with topography is
respectively. As is easily observed, these models can quickly differences may exist between the elevation models used in
become unrealistic, especially if the original model has low creating the models and any other elevation model that may
velocities at zero depth in areas with high elevations creating be subsequently used (Figure 3). In the current case, cvmh was
inverted basin-like structures at high elevations (Figures 2C,D). developed using an ~1 km resolution USGS GTOPO30 model,
These modifications also introduce sharp velocity contrasts in the while the elevation model in UCVM is the ~30 m resolution
model that may have an adverse effect on the wavefield USGS National Elevation Dataset. The mismatch between the
prediction. two elevation models can misrepresent the model at the near
For the cvmh model with topography, we use the default surface. Additionally, the model top of cvmh representing the
UCVM representation to flatten the model by squashing the highest elevation at which model parameters are defined in the
topographic variations to a planar surface (Figure 2F). This model does not always correspond to its surface elevation.
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FIGURE 4

S wave velocity slices at 10 m depth showing the effect of partially including Ely geotechnical layer. Original cvms with geotechnical layering (A)

and without geotechnical layering (B). (C) Difference between the models in (A) and (B). Original cvmh with geotechnical layering (D) and without
geotechnical layering (E). (F) Difference between the models in (D) and (E). The two black diamonds in (C,F) indicate the locations of the stations used
in Figure 7. The minimum and maximum S wave velocities shown are 0.6 km/s and 4.2 km/s, respectively.

According to Plesch et al. (2011), who describe the querying
interface for the cvmh model, the cvmh free surface is the lower
value between the surface elevation and the model top. When the
model is queried at elevations with empty voxels, the free surface
elevation is recursively reduced by 100-1,000 m until model
parameters are found, further contributing to the near-surface
artifacts. Figure 3 shows that up to 300 m differences can be
found between the elevation models used by UCVM and cvmbh.

3.2.2 Near-surface modification

The model parameters in the shallow parts of the model may
be modified to reflect the soft soils, sediments, and weathered
materials relevant to ground motion studies but are often lost or
unresolved during tomography, particularly at lower frequencies.
We utilize the Vg3)-derived Ely geotechnical layering (Ely et al.,
2010) in the top 350 m of the models to introduce these missing
features (Figure 4A). A Polynomial function is used to smoothly
interpolate between the surficial Vg3 and crustal velocities at
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350 m depth. However, there are abrupt velocity changes in the
community models stemming from their historical development
of embedding basin models without smoothing that can
contribute to the wavefield misfit (Figures 4B,E). One
important point to note here is that depending on the shallow
velocities in the original model, including the Ely geotechnical
layer (GTL) can increase the near-surface velocities in certain
parts of the model (Figure 4F). The CVMs can also include low
near-surface velocities (Figures 4B,E) that diminish the GTL
effect, particularly when a velocity cut-off is applied for
computational savings.

3.2.3 Anelastic attenuation

Attenuation is imperative for accurate wavefield simulations,
especially in areas with thick sedimentary basins where ground
motion amplitudes can be overestimated. The developers of the
cvmh and cvms models do not invert for anelastic attenuation
when developing the models, so we implement a simple
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TABLE 1 Source parameters for the earthquakes used in the validation exercise. The event quality is related to nodal plane uncertainty of the focal

mechanisms and the ranking scheme is described in Yang et al. (2012).

Event number CID Time Latitude Longitude Depth M,, Strike/Dip/ Quality
(km) Rake
1 38624623 07/22/2019 16:26: 34.000 —-116.049 11.37 4.20 329/85/173 C
56.25
2 38245496 08/15/2018 01:24: 33.491 -116.790 04.11 4.43 343/78/-172 A
26.28
3 37701544 09/27/2016 03:23: 33.290 -115.710 06.46 433 325/71/168 C
57.44
4 38199368 06/17/2018 18:34: 33.124 —-115.626 04.71 3.63 173/89/-176 A
58.29
5 37644544 07/31/2016 16:21: 32.961 —115.748 02.23 4.03 148/82/-153 B
05.24
A
34°
33°
cvms(14): Without topography cvms(10): With pull-up topography
C
34°
33°
cvmh(6): Without topography (Squashed) cvmh(2): With topography)
-117° —116° —115° —-117° —-116° -115°
FIGURE 5
Wavefield simulation ~9 s time step showing the effects of topography in the community models. Snapshot in cvms without topography (A) and
with topography (B). Snapshots in cvmh without topography (C) and with topography (D). The models can be identified in Tables 2 and 3 using the
numbers in the parenthesis next to model names in the bottom right labels.
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frequency-independent attenuation model. Attenuation is
incorporated using the empirical Olsen relationship (Olsen
et al., 2003) that determines the shear wave quality factor by
scaling the S wave velocity,

Qs (x) =rVs(x), (10

and we use an Olsen attenuation ratio r of 0.05. This model
implies that attenuation correlates with the seismic velocities,
including all modifications we perform in the upper crustal
sections.

3.3 Validation exercise

We conduct a seismic wavefield numerical experiment using
past earthquakes to rank the prediction abilities of the different
model representations developed. Our focus is on matching the
observed waveforms. We refer to Ajala and Persaud (2021) for
more details regarding the simulation setup.

3.3.1 Earthquake seismograms

We select five medium-magnitude (M3.6-4.4) earthquakes
that are well recorded by three-component broadband
seismometers in the region (Figure 1) and postdate any event
used to develop cvmh and cvms (Table 1) from the updated
catalog of Yang et al. (2012). Seismograms at each station are
downloaded using the Southern California Earthquake Center
(SCEDC) Seismogram Transfer Program (STP) and filtered in
three period bands: 6-30, 3-30, and 2-30s. Waveforms are
selected for analysis if the signal-to-noise (SNR) ratio based
the three all
components, in more waveforms with

on amplitude and on

which
increasing frequency content (Tables 2 and 3).

energy exceeds
resulted

3.3.2 Wave propagation simulation

We perform the simulations (Figure 5) using the
SPECFEM3D package (Komatitsch & Vilotte, 1998). The
earthquakes are represented as moment tensor point sources
with focal mechanism parameters from Yang et al. (2012), and we
do not perform source inversions. The source time functions are
Gaussian, with widths equalling the half-duration of the events.
In all models, the minimum S wave velocity is limited to 600 m/s
to ensure that the simulations are accurate to a global minimum
period of ~2s. Due to the velocity cut-off, we refer to our Ely
geotechnical layering as partial since the near-surface velocities
provided by the model can be as low as 90 m/s (Ely et al., 2010).

3.3.3 Model evaluation

Following each simulation, we compute the misfit between
the full waveform predictions made by the models d*" (x, t; m)
with the observations d°%* (x, t). Our misfit choice is the classical
waveform misfit (WM) measure normalized using the zero-lag
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autocorrelation functions of the data and synthetic waveforms (E.
Lee, Chen, & Jordan, 2014). Therefore, for each model and period
range, we compute:
[ 1% (o, 8) = dom (. t; m)) "t
[[,do (x,6)°dt [ dom (x, t; m)’dt |3
(11

WM= )

sources receivers components

We use the median WM to determine the models’
performance and rank them.

To measure the sensitivity of the features we incorporate into
the models, we compute the percentage change in the median
WM between model pairs that differ only in those features. For
example, to evaluate the sensitivity of the wavefield predictions
for topography in the cvmh model (Table 3), we compute the
misfit change for the following model pairs: (5, 1), (6, 2), (7, 3),
and (8, 4), with positive percentage changes indicating an
improved model. The range of percentage misfit change is
used to assess the impact of the modifications or lack thereof
on the model performance.

4 Results

As previously noted, a model representation is said to be
better than another if it has a lower waveform misfit regardless of
the magnitude. Figures 6-8 show waveform examples at different
sites to communicate the variability of the simulation results.
Figures 9, 10 summarize the validation exercise using the median
WM. Each model realization can be considered as belonging to
neighborhoods around the community models that non-
tomographic modifications can generate. Thus, our goal is to
provide insight into the importance of the model modifications
using only a few elements of the model space and to avoid
excessive computations.

Among other simplifications, since we use empirical
relations to determine some of the model vectors such as
density and anelastic attenuation and do not invert for source
parameters, some of the misfits in the results may be
incorrectly attributed to the features in question. We also
note that an ideal investigation would utilize sources and
receivers almost everywhere in the simulation domain,
which is currently intractable. Thus, the results in this
section are only valid for our selection of sources and
stations where we have computed localized wavefield
misfits. Finally, the low-frequency results evaluated at
6-30 s are most reliable because the community models are
developed using waveforms in that range which is probably
why the waveform misfit is significantly higher for shorter
periods. However, the extension of our analysis to 2s also
addresses the common assumption that certain parameters
may be more important at higher versus lower frequencies
which is often postulated without knowledge of these results.
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FIGURE 6

Observed (black) and synthetic (red) ground displacement records generated by the community models with (right columns) and without (left
columns) topography at sites with (SNO) and without (WES) significant relief for different period bands. The top panel show waveforms for cvms and
the bottom panel for cvmh. The middle panel shows the location of the earthquake and stations considered. The models can be identified by the
number in the top right corner of each three-component record (Tables 2 and 3); the value following the colon is average waveform misfit over

the three components. A lower misfit implies a better waveform prediction. Z—Vertical component. N—North-South component. E—East-West
component.
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Observed (black) and synthetic (red) ground displacement records generated by the community models with (right columns) and without (left
columns) Ely geotechnical layering at sites with (WMD) and without (CKP) significant model difference for different period bands. The top panel show
waveforms for cvms and the bottom panel for cvmh. The middle panel shows the location of the earthquake and stations considered. The models
can be identified by the number in the top right corner of each three-component record (Tables 2 and 3); the value following the colon is
average waveform misfit over the three components. A lower misfit implies a better waveform prediction. Z—Vertical component. N—North-South

component. E—East-West component.

Frontiers in Earth Science

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.964806

Ajala et al. 10.3389/feart.2022.964806

[cvms neighborhood]

TOR without with BC3  without with

15: 1.6506 16: 1.3847 Z 15:1.1488 4 16: 1.0282
—A |\ A —aAl\ A
WWVW i MW“ W W W
APy

E_W.A Al
) VW
MM WM « ]5: 2.6393 WI I' 16: 1.8701 M“ I M 15: 1.7636 n 16: 1.3713

6-30 s

kA
ViV

(3-30 s

E

|4 AAbL
VYW

”l % M 15:2.7180 16: 1.8323

5
(&
——WWW%M——WWMW——“—
0 40 80 120 160 0 40 80 120 160 0 40 8 120 160 0 40 80 120 160
- Olsen Attenuation
[cvmh neighborhood)
TOR without with BC3  without with
ia MM MW 7.1213 Al 8: 3.7019 z “Mﬂ 7: 2.8211 m 8: 19620
¥ e
Ss) E WQ qUD A
W o
ESEI i uwnhml'v
g wn\wmm:m..umn.,
g : MMM 8: 1.8358
3] Mmu”\ 'u' M v Ti——
& “\H\W‘IIW il

e

| ]
‘ “H'II'lI A3

40 80 120 160 0 0 40 80 120 160 0 40 80 120 160
Time(s) Time(s) Time(s) Time(s)

FIGURE 8

Observed (black) and synthetic (red) ground displacement records generated by the community models with (right columns) and without (left
columns) attenuation at sites with (TOR) and without (BC3) significant basin sediments for different period bands. The top panel show waveforms for
cvms and the bottom panel for cvmh. The middle panel shows the location of the earthquake and stations considered. The models can be identified
by the number in the top right corner of each three-component record (Tables 2 and 3); the value following the colon is average waveform
misfit over the three components. A lower misfit implies a better waveform prediction. Z—Vertical component. N—North-South component.
E—East-West component.
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FIGURE 9

Validation result for the cvms models at 6-30 s (A), 3-30 s (B), and 2-30 s (C). Vertical axis represents the median waveform misfit and
horizontal axis indicates the model number in Table 2. The red line demarcates the models with and without topography. The type of topographic
representation is labeled at the top in (A). The statistics in the legend indicate the range in the waveform misfit percentage changes due to the
inclusion of those features. Positive percentage change implies a global improvement in waveform predictions and vice versa.

4.1 Topography effects

Figure 5 shows wavefield snapshots in the cvmh and cvms
models, illustrating the scattering effects of topography. The
waveform examples in Figure 6 show seismograms at two
stations: SNO with an elevation of 2,339 m and WES at
around 8 m. Since these two sites represent areas with
significant topographic contrast, the results provide insight
into the importance of an elevation model. We compare
results in the cvmh and cvms representations with and
without topography. At SNO, model 13 (Table 2) of cvms
without topography has a lower waveform misfit at 6-30 and
3-30 s over model 9, which incorporates the pull-up topography
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model. However, at 2-30 s period, we see that model 9 performs
better, showing our first important point about how validation
results that are true at lower frequencies do not necessarily hold
at higher frequencies. At station WES, model 9 consistently
outperforms model 13. For cvmh models, model 5 (Table 3)
without topography, i.e., squashed, has a lower waveform misfit
for the three period ranges than model 1, which includes
topography. Similar results are observed at station WES where
model 5 has better waveform predictions than model 1. One
explanation regarding the late spurious arrivals and anomalous
amplitudes produced by the cvmh model is a combination of
laterally reflected and basin-edge-generated surface waves
coupled with the relatively low velocities within the basin (Lai
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horizontal axis indicates the model number in Table 3. The red line demarcates the models with and without topography. The statistics in the legend
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improvement in waveform predictions and vice versa.

etal., 2020). The waveform misfits here are significant enough to
correlate the results to the increased amplification of the surface
waves in model 1 that do not seem to be required by the observed
data and thus may point to structural artifacts in the model.
The summary of the sensitivity of the wavefield prediction to
topography for cvms is found by computing misfit changes
between the following model pairs (Table 2) for the linear
model: (13, 1), (14, 2), (15, 3), (16, 4), 1D model: (13, 5), (14,
6), (15, 7), (16, 8), and Pull-up model: (13, 9), (14, 10), (15, 11),
(16, 12). The ranges of the misfit change for the three period
bands are shown in the legends of Figure 9. Including linear or
1D topography remarkably deteriorates the predictions at 6-30 s
by ~20% for the linear model and ~18% for the 1D model. At
3-30s, the effect is reduced to ~14% for the linear model
and ~12% for the 1D model but is higher at 2-30s. In
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contrast, the pull-up topography model the

waveform predictions up to ~7% at 6-30s but becomes less

improves

impactful at the shorter periods with a maximum improvement
of ~3% at 2-30s. The lack of improvement of the pull-up
topography model at 6-30 and 3-30s for the Figure 6
example at station SNO shows the spatial variability of the
results that cannot be expressed with the median WM alone,
and there are always exceptional cases like this. Between the
model pairs that include attenuation, the performance of the
linear and 1D models gets closer, in performance, to the pull-up
topography models and the models without topography. For the
cvmh model, we compute the percentage changes between model
pairs (5, 1), (6, 2), (7, 3), and (8, 4) (Figure 10). For the three
period ranges, the models with topography underperform
relative to the squashed models with the most significant
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increase in misfit of ~8% at 6-30s that decreases to ~3% at
2-30 s. For both CVMs, the impact of topography decreases with
increasing frequency.

4.2 Partial Ely geotechnical layering

Here, we compare waveforms at station WMD, where the GTL
effect is minimal, and station CKP, where the effect is significant
(Figures 4, 7) for both cvmh and cvms models. For cvms at station
CKP, model 11 with GTL better matches the observed waveforms
than model 9 without GTL for all period ranges. The results at station
WMD are inconsistent, with model 9 underperforming at 6-30 s and
outperforming at both 3-30 and 2-30s compared to model 11.
Cvmh model 1 without GTL underperforms relative to model 3 with
GTL at station CKP for all period ranges. At station WMD, we have a
situation opposite to that observed for the cvms model, with model
1 outperforming at 6-30 s but underperforming for the other two
period ranges.

For the summary results for cvms in Figure 9, we compute
the change between pairs (1, 3), (2, 4), (5, 7), (6, 8), (9, 11), (10,
12), (13, 15), and (14, 16). For the three period bands, we have
cases where including GTL provides an improved model and
cases where it does not. In general, the percentage changes due to
GTL is less than 6% for all model pairs, with the most significant
deterioration in waveform prediction at 6-30 s. Model pair (10,
12) is the only one that consistently improves with the addition of
GTL over all frequency bands and the only pair that improves at
3-30 s. For the cvmh model, we consider the following pairs: (1,
3),(2,4), (5,7),and (6, 8). Almost all the models improve when
GTL is included, albeit with a relatively small percentage <3.4%
besides the model pair (1, 3) at 3-30s, which gives an ~0.3%
misfit increase.

4.3 Anelasticity

The waveform examples are for station TOR, located in the
Coachella Valley basin, and station BC3 in the mountain ranges
(Figure 8). Model 16 of cvms that includes Olsen attenuation
significantly outperforms model 15 without attenuation at both
sites. A similar scenario is observed for cvmh model 7 and model
8, where the effect of the attenuation model in balancing the
amplitudes can be appreciated.

In Figure 9 for cvms, we compute the change for the model pairs
(1, 2), (3, 4), (5, 6), (7, 8), (9, 10), (11, 12), (13, 14), (15, 16). In all
cases, the inclusion of attenuation provides a better model, with the
results becoming more significant at shorter periods. We use the
pairs (1, 2), (3, 4), (5, 6), and (7, 8) for cvmh (Figure 10) and get
similar results to cvms. Incorporating attenuation improves the
wavefleld prediction abilities of the models and generally becomes
more impactful at the higher frequencies than the other features that
we explore in the model space.
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5 Discussion

From our results, we are reminded that beyond simple
models with analytical solutions, predictions about the
performance of 3D heterogeneous Earth models should
generally be avoided unless the claims are explicitly validated.
Due to the complexity of model validation, the results presented
are strictly valid only for the earthquakes-station distribution we
have used, and our choice of the normalized classical waveform
misfit function (Ajala & Persaud, 2021). Other error quantifiers
such as Goodness-of-Fit (Olsen & Mayhew, 2010) favored by
engineers or time-frequency misfit (Kristekova et al., 2009) can
and should be explored to check if the results are globally
equivalent. Finally, modifications of the seismic velocities to
construct Earth models with improved waveform predictions
may not necessarily translate to geologically representative
models. Therefore, the resulting models will require ground
truthing for use in geological interpretations. Of all the
modifications considered, the 1D and linear model add-ons
represent the most geologically unfeasible features.

5.1 Expectations vs. reality

Contrary to previous studies that emphasize the importance
of topography on accurate ground motion predictions, especially
at higher frequencies, our validation results generally indicate the
opposite, particularly for the elevation-referenced cvmh model.
These results are not surprising since many of the previous claims
are from theoretical studies that use earthquake scenarios and fail
to ground truth their findings using actual recordings. At the
shorter periods, we noted that the performance of the linear and
1D models for the cvms models that include attenuation began to
rival the pull-up model and the models without topography.
Intuitively, we expected that including these crude models in the
shallow parts of the model, believed to be the most critical for
ground motion prediction, with thickness as much as ~3.5 km,
should significantly deteriorate the wavefield. To an extent, they
do for the longer periods at 6-30 s, and the most natural claim
would suggest that the results would worsen at shorter periods,
but Figure 9 shows the opposite. The inclusion of attenuation in
these models seems to overshadow the shallow low-resolution
layer’s adverse effects on the wavefield prediction and give
comparable results to the better models.

Our implementation of the Ely geotechnical layer is partial
since we cut off the minimum shear wave velocity in all model
representations to 600 m/s even though velocities as low as 90 m/
s can be implemented. We do this to reduce the computational
cost of our simulations and to be able to consider several models.
Therefore, our analysis of the effect of the Ely geotechnical layer
is somewhat incomplete. Nevertheless, the results show that
modifying the near-surface to reflect better the surface
geological conditions do lead to perturbations in the wavefield
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predictions and, in some cases, lead to better wavefield
predictions. If the computational resources are available, the
effect of a complete geotechnical layer should be more
thoroughly explored. Taborda et al. (2016) studied the effect
of Ely GTL for the CVM-H model but had a velocity cutoff of
200 m/s.

Attenuation is the only modification that lives up to the
expectations presented in the literature. From the longer periods to
the relatively short period (~2s) that we consider, including
attenuation produces a better model representation with improved
waveform prediction ability that became more impactful at the higher
frequencies. Although we use the Olsen attenuation model, other
attenuation models (Lin, 2014) can and should be tested in the region
to study the sensitivity.

5.2 Recommendation for tomography and
simulations

Using the pull-up topography model that adapts the otherwise
flat cvms model following elevation variations consistently produced
better model representations for cvms. Conversely, the original cvmh
model with topography consistently underperformed in wavefield
prediction compared to the squashed model that flattens the model.
Due to elevation discrepancies between topographic models that may
cause near-surface artifacts in elevation-referenced models, our
results suggest that community tomography models may in some
cases be best developed without topography. Flat models do not have
the near-surface querying difficulty that models with topography
have. Flat models can also be readily adapted to any elevation model
if care is taken with the near-surface representation. Other
topography models designed to reduce the distortion of the
subsurface, such as the squashed tapered model (Thomson et al,
2019) and the representation presented by Stone et al. (2022), where
the model is stretched and compressed above a certain depth to
match topographic variations remain unexplored in a validation
exercise. Based on our results, we suggest that the cvms model in the
Salton Trough region be implemented with the pull-up topography
model, which is the default elevation query mode utilized by UCVM,
and with attenuation. For the cvmh model, we recommend the
representation without elevation using the squashed topography
model, which is also the default depth query mode utilized by
UCVM, with attenuation to reduce the effect of unwanted basin
resonance in the model (Figure 8), and with Ely geotechnical layering.
This cvmh model (8 in Table 3 and Figure 10) produces the best
waveform prediction of the 24 model representations at 3-30 and
2-30s.

6 Conclusion

We conduct a validation exercise for 24 model representations of
two SCEC CVMs using five moderate-magnitude earthquakes in
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Salton Trough. The models were used to test the effect of topography,
Ely geotechnical layering, and attenuation on seismic full waveform
prediction over three period bands: 6-30, 3-30, and 2-30 s. The pull-
up topography approach that adapts the flat cvims model to the
surface elevation produces a better predictive model. However, the
elevation-referenced cvmh model performs poorly relative to the
flattened version using the squashed topography model. We,
therefore, suggest that developing tomographic models without
topography just like cvms and then using the pull-up
topography model to implement any elevation model is a suitable
approach for producing community models. Although the
minimum velocity cutoff set in our simulations may have
obscured some details in the geotechnical model, the Ely
geotechnical layering had inconsistent effects. It led to a better
model in some cases for cvms and most cases for the cvmh
model. Attenuation is the only feature that behaves as expected
by consistently producing better models and becoming more
higher

significantly improves the performance of the cvms model

impactful at frequencies, where it

with near-surface representations that use simple 1D and linear
models.
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