
1. Introduction 
 
Southern California is one region where seismic hazard is high (WGCEP, 1988, 1990, 
1995, 2003; Field et al., 2009) and the subsurface seismic structure is complex. Computer 
simulations based on realistic seismic structure models have shown that three-
dimensional structural heterogeneities, in particular, sedimentary basins, can have 
significant effects on the subsurface propagation of seismic waves and the amplification 
of ground motions (e.g., Gao et al, 1996; Graves et al., 1998; Davis et al., 2000). The 
effects of realistic 3D seismic structure models can be incorporated into probabilistic 
seismic hazard estimations and ground-motion forecasts in an accurate and 
computationally efficient way using physics-based seismic hazard analysis tools, such as 
the CyberShake computational platform provided by the Southern California Earthquake 
Center (SCEC) (Graves et al., 2010). An important challenge now lies in improving the 
accuracy and the resolution of the seismic structure models used in those physics-based 
seismic hazard analysis tools.  
 
In the past twenty years, researchers in SCEC created two 3D seismic structure models 
for Southern California based on geological and geophysical observations. These two 
models are code-named Community Velocity Model—SCEC (CVM-S) and Community 
Velocity Model—Harvard (CVM-H). CVM-S was constructed by embedding rule-based 
seismic velocity models of major basins in Southern California (Magistrale et al., 1996) 
within a background seismic velocity model determined from regional seismic travel-
time tomography (Hauksson 2000; Magistrale et al, 2000). It was later improved by 
adding geotechnical layers on top of the basins, a laterally varying Moho depth 
determined from receiver function studies (Zhu & Kanamori, 2000), an upper-mantle 
seismic velocity model (Kohler et al., 2003) and models for the Salton Trough region and 
the San Bernardino Valley region. The latest version of this model is referred to as CVM-
S4. CVM-H was also constructed by embedding high-resolution basin structure models 
within the regional seismic travel-time tomography model of Hauksson (2000). In CVM-
H, the basin models were mainly determined using a large number of sonic logs and 
seismic reflection profiles from the oil industry (Süss & Shaw, 2003). Preliminary 
comparisons in the Los Angeles Basin region (Chen et al., 2007a) showed that synthetic 
seismograms computed using either CVM-S or CVM-H provided substantially better fit 
to observed seismograms than synthetics computed using either a laterally homogeneous 
1D seismic velocity model (Hadley & Kanamori, 1977) or a set of path-averaged 1D 
models. In the Los Angeles Basin region, CVM-H provided a slighted better fit to the 
observed P-waves than CVM-S, while CVM-S provided a slighted better fit to the 
observed S-waves than CVM-H. The latest version of CVM-H, CVM-H11.9.1, which 
was released by SCEC in December 2012, includes a geotechnical layer based on the 
Vs30 map of Ely (2010), the Moho interface of Yan & Clayton (2007), an upper-mantle 
structure model determined through finite-frequency teleseismic surface wave 
tomography (Prindle & Tanimoto, 2006) and the improvements made through 16 
iterations of full-3D waveform tomography (F3DT) based on the adjoin-wavefield 
method (Tape et al., 2009, 2010). 
 



In this study, we iteratively improve CVM-S4 through F3DT based on a combination of 
the scattering-integral (SI) method (Zhao et al., 2005, 2006) and the adjoint-wavefield 
(AW) method (e.g., Tarantola 1984, 1988; Pratt 1990; Pratt et al., 1998; Tromp et al., 
2005; Tromp & Liu, 2006). The SI and AW methods are based on similar mathematical 
formulations but have very different computationally requirements (Chen et al., 2007b). 
At the current stage, we have carried out 25 iterations with the first 2 iterations and the 
latest 5 iterations based on SI and the 18 iterations in the middle based on AW. The use 
of SI in our F3DT allowed us to achieve faster convergence and to resolve smaller-scale 
structural features. The data used in our F3DT include more than 38,000 seismograms, 
which were generated by 160 local small to medium-sized earthquakes and recorded at 
more than 200 broadband three-component California Integrated Seismic Network 
(CISN) stations. In addition to earthquake recordings, we also included more than 12,500 
ambient-noise Green’s functions in our F3DT, which significantly improved the spatial 
resolution of our structure model for most areas in Southern California.  
 
Our latest model CVM-S4.26 provides substantially better fit to the observed earthquake 
seismograms and ambient-noise Green’s functions for frequencies up to 0.2 Hz than our 
starting model CVM-S4. It reveals strong crustal heterogeneities throughout Southern 
California, some of which are completely missing in CVM-S4 and CVM-H11.9.1 but 
exist in models obtained from some crustal-scale active-source seismic surveys (e.g., 
Fliedner et al., 2000; Fuis et al., 2007; Murphy et al., 2010). The correlation between 
CVM-S4.26 and CVM-H11.9.1 at shallow depths is relatively high. However, there also 
exist substantial differences between these two models, especially at large depths. In this 
paper, we evaluate the qualities of CVM-S4.26 and CVM-H11.9.1 based on waveform 
misfits between synthetics computed using these two models and their corresponding 
observed seismograms for frequencies up to 0.2 Hz. The waveform misfit is quantified 
using two different criteria, the time-frequency domain goodness-of-fit (GOF) criterion 
proposed by Kristekova et al. (2009) and the time-domain misfit criterion defined in Zhu 
& Kanamori (1996), which was also used in Tape et al. (2009, 2010) for quantifying the 
improvements of their tomographically improved model CVM-H6.0 with respect to their 
starting model CVM-H5.5. For the more than 38,000 earthquake recordings used in our 
inversion, CVM-S4.26 provides substantially better fit than CVM-H11.9.1 based on 
either misfit criterion. 
 
2. CVM-S4.26 
 
The modern geological patterns in southern California are treated as a consequence of 
plate interactions (Figure 1). The major physiographic provinces of southern California, 
the Coast Ranges, the Great Valley, the Sierra Nevada, the Basin and Range, the 
Transverse Ranges, the Mojave Desert, the Peninsular Ranges, and the Salton Trough, 
represent the complexity of historical tectonic activities (Figure 1). Our updated full-3D 
waveform tomography reveals many features related to geological patterns and active 
faults in southern California. 
 
In this section, we first validate the waveform improvements of our updated model by 
using the waveform misfit (Zhu and Helmberger, 1996) that also used in Tape et al.’s 



(2009, 2010) study and waveform Goodness-of-fit (Kristeková et al., 2009). Some of key 
features in our updated velocity model will be addressed and the comparisons with other 
independent tomographic studies are also made in the following. 

 
2.1 Model Validation 
 
After 26 iterations, waveform misfits (Zhu and Helmberger, 1996) of selected earthquake 
recording windows reduce more than 70% (Figure 2). The waveform Goodness-of-fit 
(Kristeková et al., 2009) measurements also revel improvements on earthquake 
recordings and ambient noise Green’s functions used in our tomographic inversions 
(Figure 3). In general, the synthetic seismograms of CVM-S4.26 fit observed data better 
than that of the initial model (CVM-S4) and the CVH-H11.9 (Figure 2-3). 

 
2.2 Sedimentary Basins 
 
Most of major basins in Southern California 
(figure 1), such as the Los Angeles basin, 
Ventura basin, San Fernando Valley, San 
Gabriel valley, Chino basin, San Bernardino 
Valley, Coachella valley and the Imperial 

Valley, have been included in our starting model, SCEC CVM-S4 (Magistrale, 2000), 
except for the San Joaquin Basin, which is located close to the northern boundary of 

Figure 1. Topography and geological provinces in 
southern California. The blue line outlines the tomography 
area and blue dash line outlines the simulation region of 
Tape et al.’s (2009, 2010) study. The red dot lines outline 
the Salinian block (SB) (Mattinson, 1978) and the western 
Transverse Ranges (WTR)(Nicholson et al., 1994). Major 
faults are drawn in bold black: SAF-San Andreas Fault, 
SNFZ-Sierra Nevada Fault Zone, WWT-White Wolf Fault, 
GF-Garlock Fault, SYF-Santa Ynez Fault, SGF-San 
Gabriel Fault, EF-Elsinore Fault, SJF-San Jacinto Fault, 
and CRF-Camp Rock Fault. Basins mentioned in the text 
are labeled 1~14: (1) Los Angeles basin, (2) Venture basin, 
(3) San Fernando Valley, (4) San Gabriel Valley, (5) 
Chino basin, (6) San Bernardino Valley, (7) Coachella 
Valley, (8) Imperial Valley, (9) San Joaquin basin, (10) 
Santa Barbara Channel, (11) Santa Monica Bay, (12) Gulf 
of Santa California regions, (13) Santa Clarita Valley, and 
(14) Santa Maria basin. 

Figure 2. Histograms of waveform misfits (Zhu 
and Helmberger, 1996) for the CVM-S4 (left 
column), CVM-S4.26 (middle column), and 
CVM-H11.9.2 (right column). The top row shows 
the waveform misfit of 180s seismograms. The 
bottom row shows the waveform misfits of 
selected waveform windows used in our 
tomographic inversion. 



CVM-S4. In Los Angeles 
basin region, our 
perturbations have increased 
the velocity beneath the 
central of the basin, but 
reduced the velocities outside 
the central region (figure 4). 
In other words, the Los 
Angeles basin is shallower but 
wider than it was in the initial 
model. This result is similar 
to that in Chen et al. (2007a). 
In Ventura basin region, our 
perturbations also reduce the 
depth but increase the width 

of the basin (figure 4). For the San Fernando Valley, San Gabriel valley and Chino basin, 
our perturbations in those regions are relatively small (<± 5%) at shallow depths (figure 
4). However, the velocity perturbations in beneath the bottom of the basins increase 
relatively large (>5%) (Figure 4). In San Bernardino Valley region, our updated model 
has increased the width as well as depth of the basin (figure 4). In Coachella valley and 
the Imperial Valley regions, our perturbations have reduced the velocities at shallow 
depths (<5km) but increased the velocities at deep depths (5~15km) (Figure 4). 
 
In addition to the existing basins in our initial model, our updated model also begins to 
image some of the basins that don’t exist in the initial model. The basin in southern Great 
Valley, the San Joaquin basin, reveals in our updated velocity model (Figure 4). Our new 
model also illuminates some basins in the Continental Borderlands of Southern 
California, such as the Santa Barbara Channel, Santa Monica Bay and Gulf of Santa 
California regions (Figure 4). 
 
2.3 Faults 
 
At 2 km depth (Figure 4), our updated velocity model shows relatively high velocity (Vs 
> 3.3 km/s) in the west side of the Elsinore Fault when compare the material in the east 
side of the Elsinore Fault (Vs < 3.0 km/s). A clear velocity contrast separates the high 

Figure 3. Goodness-of-fit 
(Kristeková et al., 2009)maps of 
earthquake recordings (top 
row), higher band-passed 
(0.11~0.18Hz) ambient noise 
Green’s functions (middle row), 
and lower band-passed 
(0.03~0.10Hz) ambient noise 
Green’s functions (bottom row) 
for the initial model (left 
column), updated model 
(middle column), and CVM-
H11.9 (right column). 



velocity body (Vs > 3.2km/s) 
beneath the Peninsular 
Ranges from the low velocity 
material (Vs<2.8km/s) 
beneath the Bernardino 
Valley along the northern 
portion of San Jacinto Fault 
(Figure 4). In general, the 
velocity contrast increase 
along the segment of San 
Andreas Fault between the 
San Gabriel Mountains and 
the Mojave Desert (Figure 
4). The velocity contrast 
between the southern Sierra 
Nevada (Vs > 3.1km/s) and 
the Mojave Desert (Vs < 

2.9km/s) is roughly along the western Garlock Fault (Figure 4). The velocity in the 
southern Sierra Nevada region (Vs 2.7~3.3 km/s) is relatively faster when compare to the 
velocity in the Basin and Range province (Vs 2.3~3.0 km/s), across the Sierra Nevada 
Fault zone (Figure 4). In addition to the velocity contrasts at the shallow depths, cross-
sections also reveal many velocity contrasts across fault zones. 

 
2.4 Southern Great Valley 
 
The Great Valley of California is 

about 700-km-long and 80-km-wide sedimentary basin between the Cost Ranges and the 
Sierra Nevada and the southern Great Valley is also named as San Joaquin Valley. The 
San Joaquin Valley represents the forearc basin during the subduction of Farallon plate 
beneath the North American plate about late Mesozoic time. The maximum depth of low-
velocity (Vp < 5.5 km/s) in the San Joaquin valley is about 8km in our tomographic 

Figure 4. Horizontal cross-
sections of the initial model 
(left column), updated model 
(middle column), and 
perturbation percentages (right 
column) of Vs at 2.0km (top 
row), 10.0km (middle row), and 
20.0km (bottom row) depths. 

Figure 5. Map view of the cross-section 
from the Coast Ranges to the Basin and 
Range and vertical cross-sections of Vp 
and Vs velocity models for the initial 
model (CVM-S4), updated model 
(CVM- S4.26), and CVM-H11.9. The 
vertical exaggeration in the cross-
sections is 2. 



model (Figure 5). Beneath the San Joaquin valley, a high-velocity (Vp > 6.5 km/s) region 
appears at about 12 km depth. In general, the high-velocity zone is thicker on its west 
side (Figure 5). The feature also can be found in Fliedner et al.’s (2000) P velocity model 
and (Lin et al., 2010) Lin et al.’s (2010) California statewide tomography. The high 
velocity body beneath the San Joaquin valley is probably the Great Valley Ophiolite (e.g. 
Fliedner et al. 2000) and it extends southward to the White Wolf Fault. 
 
3. CMT Inversion 
 
The first 12 iterations of our tomographic inversion were carried out using Rayleigh 
waves on ambient-noise Green’s functions and seismograms from around 20 earthquakes 
with highly reliable CMT solutions provided by CISN. After iteration 12, we carried out 
CMT inversions for 160 earthquakes in our modeling volume (Figure 6). The 
methodology and results of our CMT inversion were documented in Lee et al. (2012). In 
our inversion, receiver-side strain Green’s tensors for 219 stations in our modeling 
volume were computed using the AWP-ODC finite-difference code and the strain fields 
on small rectangular volumes centered on the hypocenters of those earthquakes were 
stored onto the disk. Synthetic seismograms for an arbitrary focal mechanism and the 
partial derivatives of the waveforms with respect to the CMT parameters can be obtained 

by retrieving from the stored receiver-
side strain Green’s tensors and 
applying the reciprocity principle. 
 
The CMT solutions were inverted 
through a two-step algorithm. In the 
first step, a grid-search based on 
Bayesian inference was performed to 
find the optimal focal mechanisms 
and hypocenter locations that 
maximize the normalized cross-
correlation coefficients between 
observed and synthetic waveforms 
and minimize the broad-band cross-
correlation travel-time delays and 
amplitude anomalies. Those solutions 
obtained from the grid-search step 

were then used as the initial source 
models and iteratively refined 
through minimizing the frequency-

dependent GSDF phase and amplitude misfits using the Gauss-Newton algorithm. Our 
inverted CMT solutions are generally consistent with the solutions provided by CISN and 
usually provide better fit to the observed waveforms using the same Green’s functions 
computed in our tomographically improved structural model. For the 20 earthquakes that 
had been used in the first 12 iterations, the differences between our CMT solutions and 
those provided by CISN were negligible. For the rest of the earthquakes used in the 
inversion, our CMT solutions were used for computing the synthetics and the source-side 

Figure 6. Centroid Moment Tensors of 
earthquakes used in our tomographic inversion. 



strain fields in the next 13 iterations. 
 
 
 
 
 
 
 


