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ABSTRACT
The main objective of this study is to develop physics-based constraints on the spatiotem-
poral variation of the slip-rate function using a simplified dynamic rupture model. First, we
performed dynamic rupture modeling of the 2019 Mw 7.1 Ridgecrest, California, earth-
quake, to analyze the effects of depth-dependent stress and material friction on slip rate.
Then, we used our modeling results to guide refinements to the slip-rate function that
were implemented in the Graves–Pitarka kinematic rupture generation technique. The
dynamic ruptures were computed on a surface-rupturing, planar strike-slip fault that
includes a weak (negative to low-stress-drop) zone in the upper 4 km of the crust. Below
the weak zone, we placed high-stress-drop patches designed to mirror the large-slip areas
seen in various rupturemodel inversions of the event. The locations of the high-stress-drop
patches and the hypocenter were varied in multiple realizations to investigate how chang-
ing the dynamic conditions affected the resulting rupture kinematics, in particular, the slip
rate. From these simulations, we observed a systematic change in the shape of the slip-rate
function from Kostrov type below the weak zone to a predominantly symmetric shape
within the weak zone, along with a depth-dependent reduction of peak slip rate. We gen-
eralized these shallow rupture features into a depth-dependent parametric variation of
the slip-rate function and implemented it in the Graves–Pitarka kinematic rupture model
generator. The performance of the updated kinematic approach was then verified in
0–4 Hz simulations of theMw 7.1 Ridgecrest earthquake, which showed that incorporating
the depth-dependent variation in the shape of the slip-rate function improves the fit to the
observed near-fault ground motions in the 0.5–3 s period range.

KEY POINTS
• We examine physics-based constraints on slip-rate func-

tions in dynamic rupture models.
• Dynamic rupture models of the Ridgecrest earthquake

suggest that slip rate varies with depth.
• The depth-dependent slip-rate function improves the fit

to near-fault ground motions at 0.5–3 s periods.

INTRODUCTION
One of the intriguing features of the near-fault ground motion
recorded during the 2019 Mw 7.1 Ridgecrest earthquake is the
mismatch between the recorded and ground-motion predic-
tion equation (GMPE) predicted spectral acceleration in which
the GMPEs systematically overpredict the ground motion in

the 0.5–3 s period range. Moreover, as will be discussed here,
comparisons of recorded and synthetic ground motion simu-
lated with the standard Graves–Pitarka (GP) kinematic rupture
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generator (Graves and Pitarka, 2016) show a very similar trend
for this earthquake. The investigation of rupture characteristics
through dynamic and kinematic rupture modeling of this
earthquake motivated the proposed refinements to our kin-
ematic rupture model used in ground-motion simulations of
shallow crustal earthquakes. The very limited number of pub-
lished dynamic and kinematic rupture models of recorded
earthquakes makes it difficult to fully characterize the spatial
and temporal characteristics of the slip rate for crustal earth-
quakes. Therefore, for well-recorded crustal earthquakes it is
desirable to infer spatial and temporal kinematic rupture char-
acteristics using simplified dynamic rupture modeling
schemes, such as the one used in this study that draw from
general observations of stress heterogeneity, and at the same
time fit both the observed slip distribution and recorded
near-fault ground motion. In this study, we focused on
dynamic rupture modeling of the Ridgecrest earthquake to
develop a depth-dependent representation of the functional
form of the slip-rate function.

The slip-rate function is a key parameter of the earthquake
rupture that affects the frequency content of the radiated energy
and, consequently, the frequency content of the ground motion
generated during earthquakes. Several analytical forms of the
slip-rate function have been proposed over the years.
Nakamura and Miyatake (2000) have proposed an analytical
slip-rate function that has been used in broadband modeling
and simulations of crustal earthquakes in Japan (e.g., Irikura
and Miyake, 2011; Pitarka et al., 2017). Tinti et al. (2005) pro-
posed an analytical expression of a source time function com-
patible with dynamic rupture simulations. Their slip-rate
function is based on the function proposed by Yoffe (1951)
and regularized by applying a smoothing operator. Dreger et al.
(2007) introduced an analytic slip-rate function parameterization
that has the favorable attributes of a smoothed spectrum with an
adjustable high-frequency decay rate. Motivated by results of
dynamic rupture modeling of Guatteri et al. (2004), Liu et al.
(2006) proposed a slip-rate function that has been implemented
in broadband simulation techniques (e.g., Liu et al., 2006; Graves
and Pitarka, 2016; Rodgers et al., 2019). What makes these types
of analytical functions attractive to strong-motion modelers is
their compatibility with slip functions obtained by spontaneous
dynamic rupture models. Nevertheless, as pointed out by Tinti
et al. (2005), more work needs to be done in assessing their per-
formance in ground-motion modeling on a broad frequency
range (e.g., Mena et al., 2010). This study builds upon the earlier
investigations while being focused on the spatial and temporal
variations of the slip rate for a crustal earthquake.

Investigations of earthquake rupture using theoretical and
numerical approaches based on dynamic shear-crack models
have demonstrated that the observed spatial and temporal var-
iations of slip rate and rupture propagation can be attributed to
heterogeneous shear stress (e.g., Andrews, 1976; Archuleta, 1982,
1984; Day, 1982; Bouchon, 1997; Day et al., 1998; Fukuyama and

Madariaga, 1998; Guatteri et al., 2003; Harris, 2004; Tinti et al.,
2005; Gabriel et al., 2012; Lozos and Harris, 2020), nonuniform
fault strength (e.g., Mikumo and Miyatake, 1995; Oglesby and
Day 2002; Ma et al, 2008; Pitarka et al., 2009; Gallovic et al.,
2019), and crustal heterogeneity around the fault zone (e.g.,
Mikumo et al., 1987; Ben-Zion and Sammis, 2003; Lewis and
Ben-Zion, 2010; Dunham et al., 2011; Ben-Zion et al., 2015;
Duru and Dunham, 2016; Withers et al., 2018; Gallovic and
Valentova, 2019). These and other studies provide evidence
for depth variations in frictional properties, whereby the material
state in the shallow crust transitions from weak (meaning that it
does not support high-stress concentration) in the upper crust
(0–5 km), to brittle in the seismogenic zone (5–20 km), and
to ductile in the deeper crust (e.g., Das and Scholz, 1983;
Mikumo et al., 1987; Marone and Scholz, 1988; Mikumo, 1992;
Scholz, 2002). The depth variation of material frictional proper-
ties determines how the fracture energy is consumed by the
earthquake rupture, and how the frequency content of seismic
energy released during the fault rupture varies in space and time
(e.g., Day and Ely, 2002; Guatteri et al., 2004; Ampuero et al.,
2006; Mai et al., 2006; Ripperger et al., 2007, 2008; Dalguer et al.,
2008; Pitarka et al., 2009; Pulido and Dalguer, 2009; Dunham
et al., 2011; Andrews and Ma, 2016; Bydlon et al., 2019). For
surface-rupturing earthquakes, it has been observed that the
radiated groundmotions are depleted in higher frequency energy
relative to buried ruptures (e.g., Kagawa et al., 2004). In the
framework of the slip-weakening friction law, this condition
can be obtained by including regions of very low-to-negative
stress drop and relatively high slip-weakening distance (e.g.,
Dalguer et al., 2008; Pitarka et al., 2009).

Following a trial-and-error scheme similar to that proposed
by Mikumo and Miyatake (1995), and using dynamic rupture
simulations with prescribed stress drop, we derived a dynamic
rupture model for the 2019Mw 7.1 Ridgecrest, California, earth-
quake. The proposed stress model includes depth-dependent
frictional properties that are in agreement with previous inves-
tigations of earthquake ruptures in the shallow crust (e.g.,
Andrews and Ma, 2016). We found that a crustal weak zone
represented by negative-to-very low stress drop, located near
the ground surface, and three zones of high dynamic stress drop
of 12 MPa are required to match the kinematic slip distribution
and the recorded near-fault ground-motion amplitude in the
modeled frequency range 0–2 Hz. Additional dynamic rupture
simulations, using rupture scenarios with general stress charac-
teristics similar to those in the Ridgecrest model, were used to
investigate the underlying kinematic rupture characteristics for
strike-slip earthquakes. We were able to extract spatial changes
of the shape of the slip-rate function, rupture velocity, and peak
slip rate across the fault. The results of these experiments were
then used to guide modifications to the slip-rate function used in
the rupture generation method of Graves and Pitarka (2016).
The modifications include depth-dependent changes to the
shape of the slip-rate function and its correlation with slip.
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In the sections that follow, we first describe the general char-
acteristics of theMw 7.1 Ridgecrest earthquake along with some
key features of the observed near-fault strong ground motions.
We then present the approach used in deriving the dynamic
rupture model of the Ridgecrest earthquake, including results
of our numerical experiments aimed at characterizing the rup-
ture kinematics at shallow depths. Next, we show results of 3D
(0–4 Hz) simulations of the near-fault motions using a finite-
difference method, a regional 3Dmodel, and kinematic ruptures
generated with both the standard GP method and the modified
method that includes changes to the shape of the shallow slip-
rate function. These simulations are compared with observed
records and GMPEs to document the improvement provided
by the modifications. Finally, we close with a summary of
our findings and a discussion of how the results might be
applied in future ground-motion simulation studies.

THE 2019 Mw 7.1 RIDGECREST, CALIFORNIA,
EARTHQUAKE
The 2019 Mw 7.1 Ridgecrest earthquake occurred on a seg-
mented strike-slip fault that belongs to the Little Lake and
Airport Lake fault zones (Kendrick et al., 2019; Ponti et al.,
2020), located north of the nearby Garlock fault. These active
faults are part of the broader eastern California shear zone that
includes several so-called immature faults, with complex surface
expressions (Plesch et al., 2020). The earthquake ruptured bilat-
erally across at least four subparallel northwest–southeast-strik-
ing fault segments (e.g., Barnhart et al., 2019; Ross et al., 2019).
Investigations of the rupture process of this event, including kin-
ematic rupture inversions using strong-motion and geodetic
data, have shown that the earthquake consisted of multiple sub-
events, and that the rupture speed was relatively low, about 60%
of the shear-wave velocity (e.g., Liu et al., 2019; Ross et al., 2019;
Hirakawa and Barbour, 2020; Pollitz et al., 2020; Wang et al.,
2020). This is consistent with the hypothesis that less compliant
materials of immature fault zones can lead to low rupture veloc-
ities (Ben-Zion et al., 2015; Perrin et al., 2016).

The near-fault ground motions generated during the earth-
quake were recorded by several strong-motion stations located
on a variety of geological conditions. Figure 1 shows the VS30

map (Wills et al., 2015) of the study area including the faults
and station locations. We obtained strong-motion data for 16
stations in the near-fault region from the Southern California
Earthquake Data Center (see Data and Resources). All the
downloaded data were processed to remove the mean from the
acceleration traces and low-pass filtered (fourth-order, zero-
phase Butterworth) with a corner at 30 Hz. A high-pass filter
with a corner at 0.067 Hz was applied to the records from sta-
tions LRL,MPM, Q0072,WBM,WMF,WNM, andWRV2. The
data at station SLA was particularly noisy at the lower frequen-
cies, and we applied a high-pass filter with a corner at 0.25 Hz to
these traces. The traces for stations CCC, CLC, JRC2, SRT,
TOW2,WCS2,WRC2, andWVP2 did not have a high-pass filter

applied but were further processed using the baseline correction
of Boore (2001) to preserve the static displacement offsets.

The highest near-fault ground motion was recorded at sta-
tion CCC, located about 5 km from the southern terminus of
the fault, with peak ground acceleration (PGA) of 52%g and
peak ground velocity (PGV) of 80 cm/s. Station CLC, despite
being closer to the fault (about 3 km) as well as being adjacent
to the largest surface displacements (e.g., Ponti et al., 2020),
recorded somewhat lower PGA and PGV of 49%g and
53 cm/s, respectively.

To get an overall sense of the near-fault ground-motion char-
acteristics, we computed residuals between the recorded motions
and estimates from four Next Generation Attenuation-West2
GMPEs (Abrahamson et al., 2014; Boore et al., 2014; Campbell
and Bozorgnia, 2014; Chiou and Youngs, 2014). In calculating
the GMPE response, we determine the Z1:0 (depth to
VS � 1 km=s) and Z2:5 (depth to VS � 2:5 km=s) parameters
for each site using the Southern California Earthquake Center
(SCEC) Community Velocity Model (CVM)-S4.26.M01 (Lee
et al., 2014; Taborda et al., 2016). In addition, site-specific VS30

values are used for sites CCC, CLC, JRC2, LRL, and SLA (Yong
et al., 2013), with VS30 for the remaining sites taken from Wills
et al. (2015). The ground-motion comparison is done using the
5% damped pseudospectral acceleration RotD50 value (Boore,
2010), with the residual for each site j as a function of period
Ti given in the natural log domain as

Figure 1. VS30 map showing observed fault traces of the 2019 Ridgecrest
earthquake (green lines), planar fault trace used in the dynamic rupture
modeling (red line), multisegment fault trace used in the strong-motion
simulations (blue lines), epicenter (star), and station locations considered in
this study (red triangles). The inset shows the reginal map of California, and
the green rectangle indicates the location of the area shown in the VS30 map.
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EQ-TARGET;temp:intralink-;df1;53;509rj�Ti� � ln�Oj�Ti�=Mj�Ti��; �1�

in which andOj andMj are the observed and modeled responses,
respectively. The model bias is then given by
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1
N

X
j�1;N

rj�Ti� �2�

and the standard deviation by

EQ-TARGET;temp:intralink-;df3;53;394σ�Ti� �
�
1
N

X
j�1;N

�rj�Ti� − B�Ti��2
�
1=2

; �3�

in which N = 16 is the number of sites.
Figure 2 plots the model bias and standard deviation over

the 0.375–10 s period range for the four GMPEs along with
their average for the set of 16 near-fault stations. We limit the
shortest period to 0.375 s to be compatible with our 0–4 Hz
kinematic simulations shown later. There are two clear features
seen in this plot. First, there is a systematic underprediction of
the recorded motions at periods around 5–6 s, in which, on
average, the GMPE estimates are about 20% lower than the
observed levels. Ahdi et al. (2020) and Parker et al. (2020) have
both noted this same feature in the long-period ground
motions for the Mw 7.1 mainshock and attribute it to the
source process (i.e., an “event” term). Although there is signifi-
cant variability in the individual GMPE medians (indicating
the relatively larger uncertainty in how these models character-
ize the longer period response, likely due to the fewer data
available in this period range), these additional studies further
support the credibility of this feature. The second feature is the
systematic overprediction of the recorded motions for periods
less than about 4 s, with the average GMPE estimate about
30%–40% higher than the observed levels. In contrast to the
longer periods though, the individual GMPE medians are

relatively close to one another in this shorter period range, sug-
gesting that the median levels are relatively better constrained
than at the longer periods (likely due to the greater number of
observations in this shorter period range). Although the level
of the model bias across this period range is within the total
standard deviations of these GMPEs (about 0.6–0.7 natural log
units), it is nonetheless desirable to investigate possible physi-
cal explanations for the observed systematic variations, which
may then offer better predictive capabilities for future events.

DYNAMIC RUPTURE MODELING
We applied a trial-and-error technique similar to that proposed
by Mikumo (1992) to derive a stress-drop model that was used
in modeling the dynamic rupture process for the Mw 7.1
Ridgecrest earthquake. The basic assumption in this technique
is that at each point on the fault, the slip is roughly proportional
to the dynamic stress drop (the difference between the initial
shear stress τ0 and sliding frictional stress τd) (e.g., Bouchon
et al., 1998). Following this assumption, we apply incremental
modifications to the initial stress drop and strength excess (the
difference between the static frictional stress τs and initial shear
stress) until the dynamic rupture model reproduces the main
characteristics of the target slip, including location and size
of the three large slip patches, and the exact value of the maxi-
mum slip, and recorded near-fault ground motion. For our
modeling, the target slip was the slip distribution from the
Wang et al. (2020) kinematic rupture model.

The rupture dynamics are modeled using the split-node
method of Dalguer and Day (2007), implemented in the 3D
staggered-grid finite-difference method of Pitarka (1999)
and a linear slip-weakening friction law (e.g., Andrews, 1976).
The staggered-grid finite-difference method has been success-
fully used in elastic wave propagation (e.g., Graves, 1996;
Pitarka, 1999; Moczo et al., 2002, 2014) and dynamic rupture
modeling (e.g., Zhang et al., 2004). During the rupture a point
on the fault starts sliding when the shear stress reaches the
static strength as governed by a linear slip-weakening friction
law. It should be noted that in our simulations the dynamic
rupture is dependent on the dynamic stress drop and strength
excess, but not on the absolute levels of the shear and normal
stresses. The static friction coefficient was selected based on the
condition that on average the relative strength that is measured
as S � �τy − τ0�=�τ0 − τd�, in which τy is the yield stress,
should be greater than 2 (Oglesby and Day, 2002). In the
low-stress-drop regions which serve as barriers to the rupture,
S is kept higher. In contrast, in the high-stress-drop regions
that are prone to rupture, S is kept lower (e.g., Pitarka et al.,
2009). Under this condition, all generated models in this study
produced rupture speeds that remain subshear over large areas.
The rupture nucleates at a given location on the fault in a rec-
tangular 1.5 km × 1.5 km area, within which we adjust the
static friction coefficient so as to bring the strength excess
to zero. Under these stress conditions, the rupture in the

Figure 2. Plot of model bias (solid lines) and standard deviation (dashed
lines) of residuals between ground-motion prediction equations (GMPEs)
and observed motions at 16 near-fault sites. The average model bias and
standard deviation are indicated by the gray lines. GMPEs are as follows:
ASK14, Abrahamson et al. (2014); BSSA14, Boore et al. (2014); CB14,
Campbell and Bozorgnia (2014); and CY14, Chiou and Youngs (2014).
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nucleation zone becomes simultaneous. In our model, the rup-
ture propagates with a pure strike-slip mechanism on a vertical
planar fault that is embedded in a plane-layered (1D) crustal
velocity structure (Table 1). The velocity model is based on the
1D velocity model of the southwestern United States, with a
capped minimum shear-wave velocity at 1.2 km/s in the top
layer. The fault length and width are 46 and 16 km, respec-
tively, and the depth to the top of the fault is 0 km. The rupture
area was obtained by excluding low-slip areas near the fault
edges in the slip model of Wang et al. (2020). The dimensions
of the computational model are 75 km × 30 km × 20 km, which
accommodates the assumed fault plane and the six nearest sta-
tions to the fault. The minimum VS of 1.2 km/s in our velocity
model coupled with a grid spacing of 100 m insures accurate
numerical modeling for frequencies up to about 2.0 Hz.

The iterative procedure starts with a prescription of the spa-
tial distributions of initial stress drop and stress excess, and an
assumed average stress drop of 2 MPa. The initial stress-drop
model contains three areas with high stress drop and low
strength excess, superposed on a background stress-drop model.
The high-stress-drop areas are rectangular and roughly collo-
cated with the three large-slip patches of the target kinematic
slip model ofWang et al. (2020, fig. 7a in their article). To reduce
the number of free parameters in our simplified dynamic rup-
ture model the location of high-stress-drop areas remains fixed
throughout the iterations. We used distinct rectangular high-
stress-drop areas where the average stress drop is about three
times larger than the average stress drop for the entire rupture
area. The combined area of the asperities is in agreement with
the scaling law proposed by Irikura and Miyake (2011).
According to their scaling law, for an Mw 7 earthquake, the
combined area of the large asperities is estimated to be 22%
of the total rupture area. The reason why we need such very
distinct asperities on the already heterogeneous stress-drop dis-
tribution on the fault is that due to local rupture directivity
effects they are capable of generating strong velocity pulses that
are pervasively observed in near-fault regions. This is a well-doc-
umented rupture feature based on kinematic source inversion
results obtained for shallow crustal earthquakes (e.g.,
Miyakoshi et al., 2000, 2015; Irikura et al., 2017, 2019).

We adopted a stochastic characterization of the background
stress drop in which the stress-drop distribution is described by
a power spectral density function in the wavenumber domain,
parameterized by two characteristic length scales along the

strike and dip directions, respectively (e.g., Pitarka et al.,
2009; Dalguer and Mai, 2011). The stress-drop models used
in the simulations also have a 4 km thick weak zone located
in the top part of the crust. In our model, the slip-weakening
distance, Dc, increases linearly from 70 cm at the base of the
weak zone to 100 cm at the ground surface. Similarly, Dc

increases linearly from 70 cm at a depth of 14 km to
100 cm at bottom of the fault. A similar transition was pro-
posed by Hillers and Wesnousky (2008), who, within the
rate-and-state framework, apply velocity strengthening at
depths below 14 km. In all iterations, the location of high-
stress-drop areas and rupture initiation, the weak-zone width,
and the depth dependence of Dc were kept fixed.

In each iteration, we gradually and simultaneously modify
the average stress drop as well as the average stress drop in
all three high-stress-drop areas, until the difference between the
computed maximum slip and target maximum slip of 6 m drops
below 5% of the target maximum slip. This trial-and-error pro-
cedure required five iterations. In each iteration, we also moni-
tored the strength excess and made modifications, if necessary.
For example, the strength excess was slightly decreased (up to
5%) in the high-stress-drop areas if the rupture did not propa-
gate through the entire rupture area. Similarly, the strength
excess was slightly increased (up to 5%) if the rupture speed
becomes supershear. The final model provides the stress-drop
and strength excess distributions on the fault.

Figure 3 shows the spatial distributions of static stress drop
and strength excess obtained after the fifth modeling iteration,
along with the assumed distribution of Dc. The main character-
istics of the stress-drop model are summarized in Table 2. The
stress drop tapers from an average value of 3.5 MPa at the base
of the weak zone to −4 MPa at the ground surface. The negative
stress drop and higher Dc were necessary for emulating the
velocity-strengthening behavior within the weak zone. Our
stress-drop model also includes a zone of negative stress drop
at the bottom of the fault, which was required to naturally stop
the fault rupture at depth below the seismogenic zone (e.g.,
Shaw and Wesnousky, 2008). This stress model is consistent
with general observations that suggest the dynamic stress drop
could be negative, and Dc could be relatively higher in the
semibrittle and ductile zones of the crust where frictional slid-
ing changes from velocity weakening to velocity strengthening
(e.g., Marone and Scholz, 1988; Quinn, 1990; Mikumo, 1992).

Figure 4 compares recorded ground-motion velocity wave-
forms with those from the final iteration of the dynamic sim-
ulations. The simulation reproduces the overall characteristics
of the waveforms observed at stations CLC, CCC, and WRC2,
which are located close to the fault. However, the simulation
fails to reproduce much of the higher frequency content of the
waveforms, particularly at the sites SRT, TOW2, and Q0072.
As will be discussed in a later section, these three sites are
located atop a sediment-filled basin, which is likely not repre-
sented well by a 1D model. Furthermore, other dynamic

TABLE 1
1D Velocity Model

Depth Range (km) VP (km/s) VS (km/s) Density (g/cm3)

0–2 2.6 1.2 1.9
2–6 3.4 2.0 2.1
6–13 5.7 3.2 2.5
>13 6.6 3.8 2.7
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rupture modeling studies (e.g., Mikumo and Miyatake, 1995;
Peyrat et al., 2001; Oglesby and Day, 2002; Hartzell et al.,
2005; Cruz-Atienza et al., 2007; Bruhat et al., 2019) have noted
the difficulty in generating higher frequency energy when
using formulations that produce rather smooth dynamic slip,
such as the model we have used here.

It is important to note that, to fit the timing of the motions
recorded at CCC, the synthetic waveform was delayed by 14 s.
This time delay is necessary, because the rupture speed along
the southern part of the fault in our dynamic model is about
2.5 km/s, which is much higher than that reported in many
studies of the Ridgecrest earthquake, some of which allow rup-
ture speeds down to 1.0 km/s or less (e.g., Liu et al., 2019;
Pollitz et al., 2020). The effects of this relatively low rupture
speed are particularly apparent on the southernmost segment
of the fault due to the complex fault geometry that the rupture
had to navigate as it propagated southward (e.g., Ross et al.,
2019; Hirakawa and Barbour, 2020; Wang et al., 2020). The
low rupture speed may also reflect delays, as the rupture jumps
from one fault segment to another (e.g., Harris and Day, 1999).

Kinematic rupture characteristics derived from the
dynamic rupture modeling
From the dynamic simulations, we recovered kinematic rup-
ture characteristics, including time histories of slip and slip
rate, and the rupture time. Figure 5 shows the slip, peak slip
rate, peak slip-rate time to (also called time of positive accel-
eration Tacc), and rupture time distributions on the fault plane.
to is the time length between the rupture time and the time of

the peak slip rate (e.g., Tinti et al., 2005). As discussed sub-
sequently, areas with relatively short to and high peak slip rate
are the ones that mostly contribute to generation of relatively
higher frequency ground motion. In contrast, areas with

Stress drop Relative strength Dc

W
id

th
 (

km
)

(a) (b) (c)

TABLE 2
Stress-Drop Model Obtained from the Inversion

Stress Parameter Unit

Average stress drop 3.5 MPa
Average stress drop in high-stress-drop areas 12 MPa
Minimum stress drop −4 MPa
Weak-zone thickness 4 km
Background Dc 70 cm
Maximum weak zone Dc 100 cm

Figure 3. Inverted stress-drop model for the 2019 Ridgecrest earthquake.
(a) Stress drop, (b) relative strength S, and (c) Dc . Star indicates the rup-
ture initiation location.

Rec

Syn

Figure 4. Comparison of three-component recorded (Rec) (black traces) and
synthetic (Syn) (red traces) ground-motion velocity at six near-fault stations,
low-pass filtered at 2 Hz. The station’s name is indicated on top of each trace.
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relatively large to and low peak slip rate generate ground
motions that are dominated by relatively lower frequency
energy. Also, as intended, our dynamic rupture model repro-
duces the overall spatial slip pattern of the observed kinematic
slip model developed by Wang et al. (2020, fig. 7a in their
article). Several important kinematic features can be identified
from our dynamic modeling. First, due to strong differences in
material frictional properties and stress drop between the weak
zone and high-stress-drop areas, the slip and peak slip rate are
higher in and around the high-stress-drop areas, and lower in
the weak zone. Similarly, the fault slip and peak slip rate at the
free surface are moderately variable, although they tend to be

slightly higher above the high-stress-drop areas. Finally, the
rupture time distribution suggests that in the top 5 km of
the fault the rupture velocity is lower than that in the areas
below. The thickness of this zone is linked with the thickness
of the weak zone used in the dynamic rupture model.

Figure 6 displays the slip-rate functions and the slip func-
tions at 15 selected locations on the fault. Because of strong
differences in material frictional properties and stress drop
between the weak zone and high-stress-drop areas, the slip
and peak slip rate are higher in and around the high-stress-
drop areas (e.g., S6, S8, S10, S11, and S13), and lower in the
weak zone (e.g., S1–S5). Similarly, the fault slip and peak slip
rate at the free surface are moderately variable, although they
tend to be slightly higher above the high-stress-drop areas.

There is a remarkable spatial variation in the shape and
amplitude of the slip-rate function across the fault, especially
as a function of depth. In the high-stress-drop areas, the slip-
rate function is Kostrov type (Kostrov, 1964) and has a very
short to of about 5% of the total slip duration (td). In contrast,
in the weak zone the peak slip rate is relatively low, and the
shape of the slip-rate function is roughly similar to a smoothed
triangular function, with a relatively large to, typically more than
20% of td . Several studies have pointed out the importance of the
shape and amplitude source time function in ground-motion
modeling (e.g., Sekiguchi and Iwata, 2002; Guatteri et al.,
2003; Mikumo et al., 2003; Piatanesi et al., 2004; Tinti et al.,
2004; Irikura and Miyake, 2011). Our dynamic rupture simula-
tions show that the rupture decelerates when penetrating the
weak zone, and the resulting slip-rate function has a smoother
peak (reduced high-frequency content). This suppression of
higher frequencies is similar to the effect produced in simula-
tions that include nonlinear material response in the near-fault
region (e.g., Roten et al., 2014), suggesting a possible correlation
between the nonlinear response and weak-zone effects along the
shallow portion of the fault.

The second peak observed in the slip-rate functions at near-
surface receivers S1–S5 corresponds to the shear-wave surface
reflection. This wave can also be seen in the tail of the slip-rate
function at receivers S6–S10, located across the high-stress-
drop areas. For earthquakes with shallow high-stress-drop
areas the passing of the downgoing free surface reflected shear
waves could change the near-surface dynamic stress, which
may increase the rise time and slip. This postulated effect
on short-term stress changes is similar to the long-term
material failure during an earthquake affected by stress
changes caused by foreshocks, proposed by Dieterich (1994).

Sensitivity of rupture dynamics to location of
rupture initiation and high-stress-drop areas
Using several realizations of dynamic rupture simulations that
were similar to the rupture model derived for the Ridgecrest
earthquake, we investigated the sensitivity of the resulting kin-
ematic features to hypocenter location and asperity depth. In

Final slip

Peak slip rate

Rupture time

Peak slip-rate time to

Figure 5. Ridgecrest earthquake rupture kinematics derived from the dynamic
rupture modeling. to is the time of the peak slip rate. Black dots indicate the
locations of receivers S1–S15 used to display time histories of the slip and
slip rate analyzed in this study. Dotted rectangles indicate the location of the
high-stress-drop areas of the prescribed stress-drop model.

Volume 112 Number 1 February 2022 www.bssaonline.org Bulletin of the Seismological Society of America • 293

Downloaded from http://pubs.geoscienceworld.org/ssa/bssa/article-pdf/112/1/287/5519200/bssa-2021138.1.pdf
by Charles University user
on 04 April 2022



particular, we were interested
in the spatial variability of
the slip-rate function shape
and peak slip rate. We analyzed
results from simulations of six
rupture models, organized in
two groups that had identical
stress parameters except for
the asperity depths and hypo-
center locations, which were
varied among each group. The
first group analyzed the effects
of hypocenter location, and the
second group analyzed the
effects of asperity depth.

Figures 7 and 8 show sche-
matic representations of the
stress-drop models used in
the sensitivity analysis, and
the computed rise time and
peak slip rate, obtained for
the first group and second
group, respectively. In these
figures, black dots represent
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Figure 6. Slip-rate functions (red traces) obtained from the dynamic rupture model extracted at several receivers on
the fault. The receiver’s location is shown in the figure, and the receivers name is shown in each panel. The first row
corresponds to the weak zone, and the shaded blue plot panels correspond to high-stress-drop areas. Blue dotted
lines are time histories of the fault displacement.

Rise time (measured at 75%)

0

2

4

6

8

10

S
lip

 d
ur

at
io

n 
(s

)

0 10 20 30 40 50
Distance along strike (km)

Peak slip rate

0

200

400

600

800

1000

P
ea

k 
sl

ip
 r

at
e 

(c
m

/s
)

0 10 20 30 40 50
Distance along strike (km)

Rise time (measured at 75%)

0

2

4

6

8

10

S
lip

 d
ur

at
io

n 
(s

)

0 10 20 30 40 50
Distance along strike (km)

Peak slip rate

0

200

400

600

800

1000

P
ea

k 
sl

ip
 r

at
e 

(c
m

/s
)

0 10 20 30 40 50
Distance along strike (km)

Rise time (measured at 75%)

0

2

4

6

8

10

S
lip

 d
ur

at
io

n 
(s

)

0 10 20 30 40 50
Distance along strike (km)

Peak slip rate

0

200

400

600

800

1000

P
ea

k 
sl

ip
 r

at
e 

(c
m

/s
)

0 10 20 30 40 50
Distance along strike (km)

(a) (b) (c)

Figure 7. Sensitivity of rise time and peak slip rate to rupture initiation loca-
tion in simulations of rupture dynamics. (a) The locations of high-stress-drop
areas and rupture initiation used in three dynamic rupture simulations used
in the analysis. (b) Rise-time measurements and (c) peak slip-rate

measurements in the high-stress-drop areas (red dots) and shallow weak
zone (black dots), obtained from dynamic rupture simulations. The rise time
is defined as the difference between the time the slip rate reaches 5% of its
peak and the time the slip rate drops by 75% from its peak.
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measurements made at grid points located in the weak zone,
and the red dots are measurements made at grid points located
in the asperity areas. The rise time is defined as the difference
between the time the slip rate reaches 5% of its peak and the
time the slip rate drops by 75% from its peak. In general, and
for both groups, the rise time is longer above the rupture ini-
tiation point and is shorter near the fault edges. This is
expected because the slip-weakening law promotes crack-like
rupture, and healing is generated from the backpropagating
front at the boundaries. In addition, we observe that the

hypocenter location affects the lateral location of areas with
elevated rise time in the weak zone.

As demonstrated in Figure 9, simulations within the
second group indicate that rupture models with deeper asper-
ities generate lower slip. This is most likely a consequence of
the increase in shear modulus with depth. In any case, our
results indicate that, regardless of the hypocenter location
and asperity depth, the peak slip rate in high-stress-drop areas
is 2–3 times larger than the average peak slip rate in the
weak zone.
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Figure 8. Same as Figure 7, but showing the sensitivity to depth of
high-stress-drop areas: (a) shallow depth, (b) intermediate depth, and

(c) large depth.

(a) (b)
Final slip Final slip

Figure 9. Dynamic slip distributions obtained with the (a) intermediate-depth stress-drop model and (b) large-depth stress-drop model, shown in Figure 8.
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Next, we looked at the variation of slip-rate function shape
with depth. We define the ratio between the time of the peak
slip rate to and rise time td as the parameter β, and use this to
characterize the shape of the slip-rate function. In Figure 10,
we show the depth variation of β averaged along the fault
strike, computed for each rupture scenario. β � 0:5 corre-
sponds to a symmetrical bell-shape function, and β < 0:2 cor-
responds to a Kostrov-type slip-rate function. The gradual
increase of β toward the ground surface is indicative of the
gradual change of the shape of slip-rate function from
Kostrov type, at depths greater than 3 km, to more bell-shaped
at depths smaller than 3 km. As shown in Figure 10, a rupture
model without the weak zone (the black trace) produced a
much smaller increase of β at small depths. The change of
the slip-rate function in the weak zone causes a shift of seismic
energy frequency content toward lower frequencies. These
results are consistent with the Mai et al. (2006) analysis of frac-
ture energy of past earthquakes, which suggests that surface-
rupturing earthquakes consume more energy as the rupture
expands and reaches the free surface, compared with
buried-rupture earthquakes.

Based on these findings, we propose a modification to the
slip-rate function characterization used in the GP broadband
ground-motion simulation method. The general form of the
slip-rate function follows from Liu et al. (2006) and is given by

EQ-TARGET;temp:intralink-;df4;53;400s
̣ �t� �

8><
>:
A�0:7 − 0:7 cos�πt=t0� � 0:6 sin�0:5πt=t0�� t < t0
A�1:0 − 0:8 cos�πt=t0� � 0:2 cos�π�t − t0�=�td − t0��� t0 ≤ t < 2t0
A�0:2� 0:2 cos�π�t − t0�=�td − t0��� 2t0 ≤ t < td

; �4�

in which td is the total duration, t0 is the time at which the peak
slip rate occurs, and A is scaled to produce the desired final slip
amount. In the original form, t0 is set to 0:13td ; however, we
now generalize this as t0 � βtd and allow β to have a depth
dependence given by

EQ-TARGET;temp:intralink-;df5;53;275β �
�
0:5 z < 1 km
0:13 z > 3 km

; �5�

with a linear transition between depths of 1 and 3 km. Figure 11
plots normalized slip-rate functions and their Fourier amplitude
spectra for β-values of 0.13, 0.3, and 0.5. This figure illustrates
that, as β increases, the peak value of the slip-rate function
decreases, and the amplitude spectra is shifted toward longer
periods. These features are consistent with the observed
depth-dependent behavior of the slip rate seen in the
shallow weak zone of the dynamic simulations (i.e., Figs. 6
and 10).

KINEMATIC RUPTURE SIMULATIONS OF THE
RIDGECREST EARTHQUAKE
In this section, we describe kinematic rupture simulations of the
Mw 7.1 Ridgecrest earthquake that are designed to test the

impact of the slip-rate function modification presented in the
Sensitivity of Rupture Dynamics to Location of Rupture
Initiation and High-Stress-Drop Areas section. The ruptures
used in the simulations are created with the GP rupture gener-
ator. The input parameters used in this approach include the
earthquake magnitude, fault geometry and depth, rupture initia-
tion location, average focal mechanism, the local 1D velocity
model, and the average rupture speed given as the percentage
of the local shear wavespeed. The spatial slip distribution, includ-
ing its correlated random perturbations, are controlled by the
seed number, which is arbitrarily selected, and is specified as
input. Because all kinematic rupture parameters in the GP
approach are related to slip, following empirical and physics-
based relationships, the seed number also controls the spatiotem-
poral variation of all kinematic rupture parameters. The output
of the GP rupture generator is the slip time history on a regular
grid of points covering the fault plane. The GP technique has
been validated in broadband (0–10 Hz) ground-motion simula-
tions using the so-called hybrid method that combines a deter-
ministic approach for modeling the wave propagation at low
frequencies, usually less than 1 Hz, and stochastic approach
at high frequencies. In this study, the performance of the GP
rupture generator is tested in ground-motion simulations using
a fully deterministic wave propagation modeling approach for
frequencies up to 4 Hz. For more details about the GP rupture

generator and the GP simulation technique, we refer to the
Graves and Pitarka (2010, 2015, 2016) articles.

To examine the impact of the proposed change to the shal-
low slip-rate function, two sets of ruptures are considered. The
first set, referred to as standard GP, is created using the default
settings of the Graves and Pitarka (2016) kinematic rupture
generator. These settings include fault roughness and shallow
(upper 5 km) weak-zone effects of increased rise time and
decreased rupture speed. The second set is identical to the first,
except that it also incorporates the slip-rate modification in the
near-surface portion of the fault. This second set is referred to
as modified GP.

The kinematic ruptures use a three-segment fault model
based on the work. The southernmost segment (segment 1)
has a length of 24 km and strike of 310°, the middle segment
(segment 2) has a length of 12 km and strike of 335°, and the
northernmost segment (segment 3) has a length of 16 km and
strike of 323° (see Fig. 1 and Table 3). The individual segments
abut one another giving a total fault length of 52 km. The top of
the fault is at the ground surface, and all of the segments have a
down-dip width of 14 km, dip of 85°, and average rake of 180°.
The hypocenter is located at −117.6048° longitude, 35.7665°
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latitude, and 8 km depth. We use an average rupture speed of
60% VS based on previous analyses of the mainshock that indi-
cated a relatively slow rupture propagation (e.g., Ross et al.,
2019; Pollitz et al., 2020; Wang et al., 2020).

Each simulation set consists of five ruptures that are gener-
ated using different random number seeds. Figure 12 plots the
slip distribution and rupture time contours for the five ruptures.
For each rupture case, the slip distribution, rise time, rupture
time, and fault roughness are identical for both the standard
and modified GP ruptures. The only difference is the shape
of the slip-rate function in the upper 3 km of the rupture.

To take into account 3D wave propagation effects, the sim-
ulations are performed using a fourth-order staggered-grid
finite-difference approach (Graves, 1996) and a local 3D veloc-
ity model. The 3D model domain covers an area 100 km ×
120 km and extends to a depth of 40 km. This region includes
all of the 16 stations shown in Figure 1. We use a grid spacing
of 20 m and a minimum shear-wave velocity of 400 m/s, which
yields reliable results up to a maximum frequency of 4 Hz.
Anelastic attenuation is modeled using a constant-Q approxi-
mation (e.g., Graves and Day, 2003) with QS � 0:05 × VS (VS

in m/s) and QP � 2 × QS.
For the 3D velocity struc-

ture, we initially considered
SCEC CVM-Si (Lee et al.,
2014; Taborda et al., 2016)
and SCECCVM-H (Shaw et al.,
2015), as implemented in the
SCEC Unified Community
Velocity Model (UCVM)
version 19.4.0 (v.19.4.0) distri-
bution (Small et al., 2017). In
the Ridgecrest area, both mod-
els primarily rely on waveform
tomography to constrain the
crustal velocity structure; how-
ever, CVM-Si utilizes more
events and recording sites in
the inversion updates com-
pared with CVM-H, which
results in better resolution of
the model. In addition,
CVM-Si compares favorably
to the long-range refraction

TABLE 3
Kinematic Fault Segment Parameters

Segment
Top Center
Longitude (°)

Top Center
Latitude (°)

Length
(km)

Strike
(°)

1 −117.4617 35.6345 24 310
2 −117.5918 35.7529 12 335
3 −117.6716 35.8608 16 323

Figure 11. Proposed slip-rate functions to be used in kinematic rupture models for crustal earthquakes. (a) Slip-rate
functions normalized by the source time duration td at three consecutive depth ranges. (b) The corresponding
normalized amplitude spectra of the slip-rate functions for periods normalized by the source time duration td . The
corresponding β � to=td for each slip-rate function is indicated on each panel.
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Figure 10. Depth variation of β � to=td averaged along the fault strike com-
puted for different dynamic rupture scenarios (shown by different colors).
The increase of β toward the free surface is indicative of a gradual change of
the slip-rate function shape, from Kostrov type for depths larger than 3 km
to bell-shaped type for depths lower than 2 km. to is the time of the peak
slip rate, and td is the slip duration.
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results of Fliedner et al. (2000)
who have several profiles
crossing this region. In particu-
lar, CVM-Si produces a much
stronger image of the Indian
Wells basin (just west of the
fault zone) compared with
CVM-H. For these reasons,
we selected CVM-Si as the
basis for the 3D velocity struc-
ture to use for the simulations.

However, one issue with
CVM-Si is the unrealistically
high surface velocities (VS

about 2500 m/s) despite the
inclusion of the near-surface
geotechnical layer (Magistrale
et al., 2000; Taborda et al.,
2016). To address this, we have
applied a velocity taper in the
upper 100 m of CVM-Si, which
is matched to the VS30 values of
Wills et al. (2015) at the surface.
The taper is implemented at
each surface point in the model
grid by fitting a linear gradient
between the shear-wave veloc-
ities at 100 m depth and the
ground surface under the con-
straint that the VS30 computed
from this function matches
the VS30 value of Wills et al.
(2015) at that location.

For each simulation, we
output waveforms at the loca-
tions of the 16 observation sites
and then compute 5% damped
pseudospectral acceleration
RotD50 values from these
waveforms. Residuals between
simulated and observed values
are computed using equa-
tion (1), and then the model
bias and standard deviation
for each simulation is obtained
using equations (2) and (3),
respectively. The results along
with their averages are shown
in Figure 13a for the standard
GP ruptures and Figure 13b
for the modified GP ruptures.

The results for the standard
GP approach are quite similar

Figure 12. Kinematic rupture models generated with five different random number seeds. The slip distribution is
indicated by the color scaling with the triplet of numbers at the top right of each rupture denoting the minimum,
average, and maximum slip values, respectively. The hypocenter is indicated by the green star, and rupture time
contours at 3 s intervals are shown by the black lines.
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to the results for the GMPEs shown in Figure 2. On average,
these simulations show an underprediction of the observed
motions of about 20%–30% for periods around 5–6 s and an
overprediction of the recorded motions of about 30%–40% for
periods less than about 3 s. The variability among the bias
curves is relatively small for periods of 2 s and less, and then
it increases at longer periods.

The results for the modified GP approach are similar to those
of the standard GP approach for periods greater than about 5 s.
However, for shorter periods, they exhibit a noticeable reduction
in ground-motion level. This reduction in ground-motion level
comes directly from the change to the shallow slip-rate function.
From Figure 11, we expect that the change in slip-rate function
shape will affect periods of 2td and shorter, in which td is the slip
rise time. To relate this to the specific Ridgecrest simulations, we
recall that, in the GP method, the average slip rise time (td) is
determined using the relation:

EQ-TARGET;temp:intralink-;df6;41;353td � 1:6 × 10−9 ×M1=3
o ; �6�

in which Mo is seismic moment in units of dyn·cm (Somerville
et al., 1999; Pitarka et al., 2000; Graves and Pitarka, 2010, 2015).
However, this average value is then increased by a factor of 2
along the shallow (upper 5 km) portion of the fault in the
GPmethod. ForMw 7.1 (Mo � 5 × 1026 dyn · cm), equation (4)
yields td � 1:27 s, which means the average rise time in the
uppermost portion of the fault is about 2.54 s. Thus, for the
Ridgecrest earthquake simulations, we expect the impact of
the change in slip-rate function for the modified GP approach
to reduce the ground-motion levels for periods around 5 s and
shorter, which is consistent with the results shown in Figure 13.
The lower ground-motion levels for these modified GP simula-
tions bring the average bias at periods less than about 4 s much
closer to the zero level.

Interestingly, the change in the ground-motion level is not
the same for each realization. This effect is highlighted in
Figure 14, which shows the bias difference between the stan-
dard GP and modified GP approaches for each realization.
Although the average level of ground-motion reduction with
the modified GP approach is about 15% for periods around

3 s and less, there is a significant variability among the real-
izations. This indicates that the ground-motion effects from
the shallow slip-rate modification are dependent on the details
of a given rupture as well as the locations of the observation
points relative to the rupture.

Looking at the waveform results in more detail, Figure 15
compares simulated and recorded three-component ground
velocities at the 16 near-fault sites. The simulated motions
come from the modified GP case with the lowest absolute
RotD50 bias across the 0.3–10 s period range (Rup-3, see
Fig. 12). Given that the rupture model has a randomly gener-
ated slip distribution, we recognize that the simulated motions
cannot match all the details of the observed response.
Nonetheless, the simulations do generally well in matching

Figure 13. Model bias (solid lines) and standard deviation (dashed lines) for
simulations with (a) the standard Graves–Pitarka (GP) approach and (b) the
modified GP approach. Gray lines show results for five separate realizations,
and the thick colored lines are the averages across the five realizations.

Figure 14. Difference in bias between standard GP and modified GP sim-
ulation results for the five realizations. The bias difference in the natural
logarithm domain is given by (BS − BM), in which BS and BM are the biases
for the standard and modified GP approaches, respectively. Because the bias
is determined in the natural logarithm domain, we take the exponent of the
difference to obtain the absolute scaling factor between the two approaches
as a function of period.
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the peak amplitude, frequency content, and duration of the
observed waveforms. For some sites, particularly to the north-
west of the rupture, the waveform amplitude and timing match
for individual components is generally quite good (e.g., stations
WMF, WNM, WRV2, and WVP2). At other sites, the simu-
lated and observed waveforms are similar; however, the timing
of the largest observed motions is delayed relative to the syn-
thetics (e.g., stations LRL and MPM), suggesting that the actual
rupture process may have been somewhat slower than that
used in our model.

For sites located on the deep sediments of the Indian Wells
Valley (TOW2, SRT, and Q0072), the simulation matches the
initial portion of the observed waveforms rather well but does
not reproduce the large amplitude later arriving phases seen at
these sites. We interpret these unmodeled later arrivals as
basin-generated surface waves, indicating that the expression
of the Indian Wells basin structure in CVM-Si needs improve-
ment. Possible modifications that might generate stronger
basin waves include a sharper contrast at the basement boun-
dary or a reduction of the seismic velocities within the basin.
We leave further testing of these ideas to future work.

Aside from the basin sites, the poorest waveform fits occur
at the two sites closest to the rupture—CCC and CLC. This is
true not only for the lowest bias rupture case Rup-3 but also for

the others we considered as well (Fig. 16). At station CLC, our
simulation produces much more impulsive motion than that
seen in the recorded waveforms. This is probably due to rup-
ture directivity effects that are too strong in our model, sug-
gesting that the initial portion of the actual rupture may
not have been as coherent as in our kinematic rupture.
Furthermore, it is also possible that our assumed fault geom-
etry and orientation are not correct. These ideas are supported
by the work of Plesch et al. (2020) and Ross et al. (2019) who
present evidence that the Ridgecrest earthquake sequence
occurred on a complex system of interlocking fault surfaces.
This type of complicated fault system would presumably
inhibit continuous rupture propagation and present changing
fault orientations during the rupture, both of which would
limit the strength of rupture directivity effects.

At station CCC, our kinematic simulations match the gen-
eral character of the initial portion of the observed waveforms

Figure 15. Observed (black) and simulated (red) three-component ground-
velocity waveforms at the 16 near-fault sites. All waveforms have been low-
passed filtered at f < 4 Hz. The simulated motions come from the modified
GP rupture case Rup-3. Numbers at top right of traces are the peak
amplitude in cm/s for each component.
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well but do not reproduce the large amplitude later arriving
pulse seen in the observations (Fig. 16). There is no apparent
basin structure at this site, so it is likely that this phase is related
to the source process. Several other studies present rupture
models containing a strong subevent on the southernmost por-
tion of the rupture that contributes a late arriving peak to the
mainshock source time function (e.g., Hirakawa and Barbour,
2020; Pollitz et al., 2020; Wang et al., 2020). In addition, this
feature is also contained in the dynamic rupture models
presented earlier (e.g., see Fig. 5). Even though two of our
kinematic ruptures have relatively large slip patches on the
southern segment (Rup-1 and Rup-5, see Fig. 12), the motions
generated from these patches are smaller in amplitude and
arrive well before the observed phases (Fig. 17). This indicates
that the actual rupture on this southern segment was signifi-
cantly delayed relative to our kinematic models, and that the
subevent was particularly energetic (i.e., relatively high peak
slip rate), consistent with the dynamic rupture results pre-
sented earlier, as well as the findings of Hirakawa and
Barbour (2020), Wang et al. (2020), and Pollitz et al. (2020).

Figure 17 compares observed horizontal-component
ground displacements with those simulated from the modified
GP Rup-3 case at the eight stations closest to the fault rupture.
This comparison provides insight into the longer period nature
of our simulations, including static displacement. For sites off
the end of the northwest segment (JRC2, WCS2, and WVP2),
the agreement between observed and simulated displacements
is very good. This includes matching the timing and period

content of the initial displacement pulse, as well as replicating
the final offset. For the Indian Wells Valley sites (SRT and
TOW2), the initial dynamic motions are matched reasonably
well, but the later-arriving basin-generated phases are missing
from the simulations. Nonetheless, the final offsets are again
replicated rather well. The remaining three sites (CCC,
CLC, and WRC2) are the closest to the rupture, and also show
the largest discrepancies between the observed and simulated
motions. At CCC, although the final offsets are matched well,
the dynamic motions in the simulations arrive much earlier
than those in the observations, and they underpredict the peak
amplitude of these phases. Again, these characteristics are con-
sistent with a delay of the rupture propagation on the south-
ernmost fault segment coupled with a relatively high peak slip-
rate subevent near this site. Stations CLC and WRC2 are
located adjacent to the northern portion of the fault
(Fig. 1), which is the section of the fault that produced the larg-
est surface offsets during the rupture (Ponti et al., 2020). Not
only does our simulation underestimate the period of the initial
dynamic motion at these sites, it also underestimates the final
offset. In some ways, this is not surprising, given that our kin-
ematic rupture models are created with a random slip

Figure 16. Observed and simulated horizontal-component ground-velocity
waveforms at stations CLC and CCC. All waveforms have been low-
passed filtered at f < 4 Hz. The simulated motions come from the five
modified GP rupture cases. Numbers at top right of traces are the peak
amplitude in cm/s for each component.

Figure 17. Observed (black) and simulated (red) horizontal-component
ground-displacement waveforms at eight near-fault sites. The simulated
motions come from the modified GP rupture case Rup-3. Numbers at top
right of traces are the peak amplitude in cm, for each component.
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distribution. However, it does suggest that refinements of the
rupture generator, such as the inclusion of discrete slip patches
(e.g., Pitarka et al., 2002, 2019), may be required to better
match the very near-fault ground-motion characteristics of
surface-rupturing earthquakes.

DISCUSSION AND CONCLUSIONS
In our analysis of near-fault ground motion recorded during the
2019 Mw 7.1 Ridgecrest, California, earthquake, we were
intrigued by the mismatch between the recorded and GMPE
predicted spectral acceleration in which the GMPEs systemati-
cally overpredict the ground motion in the 0.5–3 s period range.
Moreover, comparisons of recorded and synthetic ground
motion simulated with the standard GP kinematic rupture gen-
erator (Graves and Pitarka, 2016) show a very similar trend for
this earthquake. The investigation into the causes of these obser-
vations through dynamic and kinematic rupture modeling
proved useful in developing refinements to our ground-motion
simulation methods for shallow crustal earthquakes.

As part of this investigation, we developed a stress-drop
model for the Mw 7.1 earthquake using dynamic rupture sim-
ulations on a planar fault following a trial-and-error technique
similar to that proposed by Mikumo (1992). The stress-drop
model includes a region of negative stress drop in the top 4 km
of the fault to represent a near-surface weak zone, as well as
three rectangular patches with a stress drop of 12 MPa that are
required to match the overall features of the target peak slip of
the earthquake. The shallow weak zone in our crustal material
model represents a layer of relatively low material strength that
is not able to maintain large shear stresses, and thus the
resisting force during sliding increases with the slip velocity,
causing so-called velocity strengthening behavior. In dynamic
rupture simulations, using a slip-weakening friction law, the
weak zone can be characterized by a low-to-negative dynamic
stress drop and high strength excess, resulting from low initial
shear stress levels at small depths, and material frictional prop-
erties that are distinct from those at larger depths (e.g., Day and
Ely, 2002). We followed Pitarka et al. (2009) in characterizing
the shallow-weak layer properties.

We find that our dynamic rupture model is able to repro-
duce the general characteristics of the recorded near-fault
ground motion at frequencies up to about 2 Hz at three of
the six stations closest to the fault considered in our dynamic
rupture simulations. The poor waveform fit at frequencies
higher than 0.6 Hz obtained at three remaining stations
(TOW2, SRT, and Q0072), which are located atop a sedimen-
tary basin, is likely caused by the simplification of wave propa-
gation effects introduced by the 1D velocity model used in the
dynamic rupture modeling. In our dynamic rupture modeling
of the Ridgecrest earthquake, we used a planar, single-segment
fault rupture. This simplified fault geometry is a limitation
of our finite-difference modeling technique, which requires
the alignment of the fault plane with the finite-difference

rectangular grid. Because of the single-segment rupture
assumption, the proposed stress heterogeneity in our model
was insufficient to explain the apparent low rupture speed,
most likely caused by the time delays due to rupture jumps
from one fault segment to the other (e.g., Liu et al., 2019;
Hirakawa and Barbour, 2020; Lozos and Harris, 2020).

In our dynamic rupture simulations, we observed a system-
atic change in the shape of the slip-rate function from Kostrov
type below the weak zone to a predominantly symmetric shape
within the weak zone, along with a depth-dependent reduction
of peak slip rate. These changes shift the frequency content
of the generated seismic energy toward lower frequencies
as the rupture propagates through the crustal weak zone. In
this study, we did not analyze the sensitivity of the slip-rate
function shape to either the stress-drop increase rate or the
Dc decrease rate with depth adopted in the weak zone.
Therefore, we cannot draw firm conclusions about the separate
or combined effects of stress drop and Dc on the shape of the
slip-rate function in the weak zone. However, our simulations
clearly show that in a large portion of the rupture area below
the weak zone, the high-frequency pulse of the slip-rate func-
tion is much stronger in the high-stress-drop areas and weak in
the low-stress-drop areas. Also, because the Dc controls the
fracture energy, it is expected that a longer Dc not only slows
down the rupture speed but also increases the width of the
breakdown zone at the tip of the rupture front; therefore, it
widens the high-frequency pulse in the resulting slip-rate func-
tion (e.g., Cocco et al., 2009; Tinti et al., 2009).

Our simulations also suggest that the rise time is longer
above the rupture initiation point and is shorter near the fault
edges. Furthermore, regardless of the hypocenter location and
asperity depth, the peak slip rate in the weak zone is 2–3 times
smaller than the average peak slip rate in the high-stress-drop
areas. We generalized these shallow rupture features into a
depth-dependent parametric variation of the slip-rate function
used in the GP (Graves and Pitarka, 2016) kinematic rupture
model generator. The performance of the updated kinematic
approach was then verified in simulations of the Mw 7.1
Ridgecrest earthquake using a 3D velocity model and multiseg-
ment fault rupture, which showed that incorporating the
depth-dependent variation in the shape of the slip-rate func-
tion improves the overall fit to the observed pseudospectral
acceleration for 16 near-fault stations in the 0.5–3 s period
range. However, the waveform mismatch observed at some
near-fault stations suggests that incorporating additional
deterministic features of the kinematic slip may be required
to better match these motions, as was found in previous work
on the 2016 Mw 7.0 Kumamoto, Japan, earthquake (Pitarka
et al., 2019). Additional investigations of shallow crustal
earthquakes will be needed to further test and document
the performance of the updated kinematic approach, especially
for other rupture mechanisms and for different earthquake
magnitudes.
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DATA AND RESOURCES
Ground-motion data were provided by the Caltech/U.S. Geological
Survey (USGS) Southern California Seismic Network (SCSN, doi:
10.7914/SN/CI), operated by the Caltech Seismological Laboratory
and the USGS, which is archived at the Southern California
Earthquake Data Center (SCEDC, doi: 10.7909/C3WD3xH1). Some
of the figures were made with Generic Mapping Tools software
(Wessel and Smith, 1998). The Southern California Earthquake
Center (SCEC) Unified Community Velocity Model (UCVM)
v.19.4 software distribution was downloaded from https://
github.com/SCECcode/UCVMC (last accessed August 2020).
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