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ABSTRACT 
The goal of the project is to improve the Southern California Earthquake Center (SCEC) 
community velocity models near the southernmost San Andreas fault (SAF) system in Salton 
Trough by incorporating data from active source experiments such as the 2011 Salton Seismic 
Imaging Project (SSIP). We first evaluate the SCEC CVM-H 15.1 and CVM-S4.26 models in the 
region at low frequencies by using ground motions from earthquakes recorded along the Salton 
Trough axis with magnitudes between 3.5 and 5.5. We then construct hybrid models by embedding 
hi-res basin-scale models developed using active-source data into the regional SCEC models using 
a new blending technique for constructing window functions with arbitrary support. We evaluate 
the hybrid models by computing the low-frequency wavefield and determine the relative wavefield 
misfits using recordings of past earthquakes. A new hybrid Earth model outperforms the popular 
community models, CVM-H 15.1 and CVM-S 4.26 in terms of low-frequency wavefield 
predictions. Our blending algorithm is being implemented into the SCEC Unified Community 
Velocity Model (UCVM) software, which would extend the program's functionality to construct 
complex hybrid earth models rapidly. The second part of this study involves evaluating the 
influence of different representations of topography, attenuating rheology, and a geotechnical layer 
on the ground motion estimates in the region. Our overall findings indicate that additional effort 
is needed to update the regional models to higher frequencies of interest in structural engineering. 
 

  
Figure 1. Salton Trough. (a) Location map for active source seismic surveys from the 2011 Salton Seismic Imaging 
Project (SSIP) and 1979 USGS seismic refraction experiment in Imperial Valley (Fuis et al., 1982; Rose et al., 
2013). The red stars are SSIP shots scaled by their explosive weight in kilograms; blue circles are SSIP receivers; 
yellow stars are shots from the 1979 experiment; green circles are receivers from the 1979 experiment. Purple dots 
represent relocated earthquakes from 1981 to 2019, with magnitudes between 3.5 and 5.5 (Hauksson et al., 2012). 
Blue triangles are Southern California Seismic Network (SCSN) stations. Black polygons represent the extent of 
high-resolution local travel time tomographic models developed in Coachella and Imperial valleys using a subset of 
the active source data and local earthquakes (Ajala, Persaud, Stock, et al., 2019; Persaud et al., 2016). Arrows in 
the inset map show the Pacific-North American relative plate motion, and the red line represents the plate 
boundary. (b) Simulation domain showing earthquakes and receivers utilized in the validation. Filled circles are 
events color-coded using their hypocentral depth. The labels underneath the focal mechanism indicate the quality 
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and magnitude. The yellow star indicates the hypothetical rupture site of the San Andreas fault (Jones et al., 2008). 
The triangles are broadband stations colored according to the number of events they record with good quality. Red 
polygons (supp1) are the horizontal bounding areas of the local models, while the blue polygons (supp2) represent 
areas where the models are well-resolved. The inset map shows the population density in the surrounding area 
(Center for International Earth Science Information Network - CIESIN - Columbia University, 2018). Thin black 
lines are surface traces of mapped faults (Fenby & Gastil, 1991; Jennings & Bryant, 2010; Rockwell et al., 2015). 
SAF = San Andreas fault. SJF = San Jacinto fault. 
 
METHODOLOGY 
Under a previous award, “Assimilating SSIP data into a Full 3D Tomography (F3DT) model of 
the Salton Trough” (Award: 19014; Year: 2019), we evaluated the SSIP models against the 
community models by registering our models to UCVM and validating four hybrid Earth models 
with a geotechnical layer in the top 350 m: 1) our travel time velocity models embedded in CVM-
H15.1, (2) our travel time velocity models embedded in CVM-S4.26, (3) CVM-H15.1 only, and 
(4) CVM- S4.26 only. However, visual inspection of the simulated wavefield showed artifacts at 
the boundaries between the local SSIP models and the background community models, which 
hindered accurate evaluations (Ajala, Persaud, Juarez, et al., 2019). The limitations in these initial 
efforts triggered our current research, which is described in the sections below (Detailed results in 
Ajala and Persaud., 2021 submitted 02/2021 and Ajala et al., 2021 for submission 03/2021). 
 
 

 

Figure 2. Example 
of blending weights 
produced by our 
algorithm and P 
wave velocities for 
a hybrid Earth 
model. (a) 2 km 
depth map of cosine 
taper weights from 
using the blue 
polygons (supp2) in 
Figure 1b and 0.2 
taper ratio for the 
local models in 
Coachella and 
Imperial valleys. (b) 
CVM-H 15.1 hybrid 
model generated 
using the blending 
weights from (a). (c) 
Cross-section of the 
blending weights 
along the dashed 
black line in (a). (d) 
Cross-section of the 
P wave velocities 
along the dashed 
black line in (a). 
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Model Merging 
To improve the SCEC community models in a computationally tractable manner by assimilating 
the detail in local models, we developed an algorithm for constructing window functions with 
arbitrary support. The technique makes it possible to merge any type of gridded multiscale and 
multidimensional datasets using only well-resolved domains of the datasets. We developed the 
algorithm into a library (Ajala, 2021a) and implemented it to the SCEC UCVM software (Ajala, 
2021b; Small et al., 2017) to foster the reproducibility of complex hybrid models. In theory, any 
model stored using regular grids that is registered within UCVM can now be smoothly merged 
with any other models to construct hybrid Earth models without artificial discontinuities at the 
boundaries of the different models. Figure 2 shows an example where we smoothly embed the 
Coachella and Imperial valley local models developed by Ajala, Persaud, Stock, et al. (2019) and 
Persaud et al. (2016) into the CVM-H 15.1 model using the irregular polygon (supp2; Fig. 1b) and 
a cosine taper with a tapering ratio of 0.2 along each spatial dimension (Figs. 2a and c). In the 
resulting hybrid model (Figs. 2b and d), there are no sharp boundaries that could result in wavefield 
simulation artifacts (Ajala, Persaud, Juarez, et al., 2019; Callaghan et al., 2017). 
 
Model Validation 
To assess the improvement in wavefield predictions of the hybrid models over the background 
community models alone, we simulate 11 medium magnitude events (event locations in Fig. 1b) 
using the spectral-element method (Komatitsch & Tromp, 1999; Komatitsch & Vilotte, 1998). We 
quantify the misfit between the recorded and predicted seismograms from the P arrival time to the 
end of the surface waves at available broadband stations using the relative waveform misfit 
(RWM) measure (Lee, Chen, & Jordan, 2014; Tape et al., 2010). Only observed seismograms with 
signal-to-noise ratio ≥ 3 and filtered between 6 to 30 s period were used in the misfit assessment. 
The chosen period range is well-represented in the community velocity models. 
 
RESULTS 
The histograms shown in Figure 3 are from some of the best representations of the community and 
hybrid models that we have tested (Ajala et al., 2020a, 2020b) as we experiment with topography, 
attenuation (Olsen et al., 2003), and the inclusion of Ely geotechnical layering (Ely et al., 2010) in 
the top 350 m of the models. The corresponding models in Figure 3 include topography, Ely 
geotechnical layering and are simulated in isotropic anelastic media. Embedding the local Imperial 
and Coachella valley’s models into the CVM-H 15.1 model improves the wavefield prediction 
ability by ~24 % (Figs. 3a and b). In contrast, CVM-S 4.26 and CVM-S 4.26 hybrid model perform 
similarly with a slight ~0.6% increase in waveform misfit for the CVM-S 4.26 hybrid model (Figs. 
3c and d), highlighting another critical result that embedding local models into regional models 
may not always lead to improvements in wavefield predictions. When the misfit measurements are 
localized to the Imperial Valley (iv), Coachella Valley (cv), and Complement (cp; outside the 
Coachella and Imperial valleys), we note interesting findings. Even in the complement domains 
(cp), there are improvements in misfit between the CVM-H 15.1 hybrid and CVM-H 15.1 models, 
showing that our technique can improve the community models on a larger scale beyond the 
domain of the local models. In the CVM-S 4.26 hybrid model, the Imperial Valley model domain 
(iv) has a ~4.6% decrease in misfit relative to the CVM-S 4.26 model suggesting that embedding 
the Imperial Valley model alone may improve this community model. Of all the models, the CVM-
H 15.1 hybrid model has the lowest median RWM, outperforming the CVM-S 4.26 model that is 
usually considered the best (Lee, Chen, & Jordan, 2014; Taborda et al., 2016).  
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Figure 3. Waveform misfit 
histograms. (a) Misfit 
histogram for the CVM-H 
15.1 model. (b) Misfit 
histogram for the CVM-H 
15.1 hybrid model 
overlain with the CVM-H 
15.1 model misfit 
histogram in gray. (c) 
Misfit histogram for the 
CVM-S 4.26 model. (d) 
Misfit histogram for the 
CVM-S 4.26 hybrid model 
overlain with the CVM-S 
4.26 model misfit 
histogram in gray. N – 
number of seismograms; 
MED – median (vertical 
black line); MAD – 
median absolute 
deviation. The subscript of 
the statistics given in the 
legend indicate the entire 
model domain (all), 
Coachella Valley model 
domain (cv), Imperial 
Valley model domain (iv), 
and the complement (cp), 
which refers to the entire 
model domain without the 
local model domains. 
 

 
INTELLECTUAL MERIT 
Our results show that we can improve the community models by embedding high-resolution local 
Earth models. The approach is computationally cheaper and will likely become standard since the 
rapid development of detailed small-scale models using short-term dense seismic arrays has 
become conventional (Clayton et al., 2019). With these new models, we can improve seismic 
hazard assessment in southern California in a timely manner, which is a key objective of SCEC. 
Our algorithm and basin-scale models have been made available to the developers of SCEC 
UCVM for use by the research community and are also available in two publications in review 
(Ajala & Persaud, 2021; Ajala et al., 2021). SCEC contribution numbers 10948 and 10950. 
 
BROADER IMPACTS 
This project involved one LSU PhD student, an early-career faculty and two SCEC SOURCES 
interns (June 2020 – present) who worked on developing basin-scale models for the San Gabriel 
and San Bernardino basin in the greater Los Angeles area as part of the BASIN project. All project 
participants are URMs in the geosciences. The results from this research have been used in 
numerous presentations and lectures such as an IRIS webinar, SCEC UCVM workshop and an 
USGS earthquake science seminar. The algorithm and methodology provide a cost-effective way 
to improve earthquake ground motion estimates by merging existing models and thus fill a niche 
in community efforts to leverage existing high-resolution models for earthquake hazard purposes. 
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Our algorithm and the Salton Trough case study will benefit other high seismic hazard regions 
particularly those located above sedimentary basins. 
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