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Abstract A dynamic earthquake model is validated by finding good agreement with
an empirical ground-motion prediction equation (GMPE). The model replaces complex
detailed deterministic processes on the nonplanar fault with a stochastic emergent law of
stress on a planar fault. Initial stress on the fault plane is heterogeneous with a power-
law spectrum that is self-similar. Rupture extent and moment are determined primarily
by the specified lowest Fourier mode of initial stress. Higher modes are random with a
self-similar spectrum that is tied to the amplitude of the lowest mode. Rupture stops
naturally due to variation of initial stress. We calculate 10 random realizations with a
velocity structure for a hard-rock site. The calculated mean response spectrum forMw 7
at a distance of 10 km agrees with the GMPE of Boore et al. (2014) within 25% of one
standard deviation at periods from 0.3 to 10 s. The agreement of the ground-motion
spectral response levels depends on the spatial stress spectrum being correctly related
to the amplitude of the lowest mode, so that it is a consistent self-similar model. There
are no arbitrary parameters in the model other than those that determine moment and
rupture length and width. The standard deviation of the calculated ground motion is a
substantial fraction of that of the GMPE.

Introduction

The objective of this work is to validate a method to cal-
culate synthetic ground-motion records that will be useful
to seismic engineers. This objective requires that predicted
ground-motion measures should have both mean values
and aleatory variability consistent with empirical data. The
model is dynamic, calculating ground motion from hetero-
geneous stress drop on a fault.

Lovejoy and Schertzer (2013, pp. 1–3), dealing with the
dynamics of weather and climate, note that deterministic
physical laws in such a complex system lead to what they
call emergent physical laws. The emergent laws are stochas-
tic rather than deterministic, and they are generally power-
law scaling relationships.

This article tests the hypothesis that stress on a fault
obeys an emergent law, namely that it has a power-law spec-
trum in space and is self-similar. Evidence for this hypothesis
has been noted for some time. Earthquakes occur in all sizes,
following a power-law distribution of number versus moment.
The size of an individual earthquake is determined by variation
of initial stress at the scale of the rupture length, so stress must
vary at all length scales. Earthquakes of different sizes, except
as they are limited by seismogenic depth, are self-similar, hav-
ing the same distribution of stress drop. High-frequency radi-
ated ground motion suggests stress fluctuations within the
source at scales smaller than the rupture length.

Hanks (1979) and Andrews (1980, 1981) suggested that
all the observations above could be explained by random
heterogeneous shear stress on a plane having a self-similar

spatial spectrum. They speculated that radiated dynamic mo-
tion from such a heterogeneous stress drop would have a flat
acceleration spectrum at high frequency. Hanks and McGuire
(1981) and Boore (1983) used that concept in characterizing
high-frequency ground motion. Boatwright (1982, 1988) and
Frankel (1991) formulated equivalent composite source
models of self-similar subevents, from which Zeng et al.
(1994) predicted ground motion.

In more recent years, heterogeneous power-law stress has
been introduced into dynamic rupture models (see references in
Andrews and Barall, 2011). These models generally employed
hard boundaries to stop rupture. Ripperger et al. (2007) calcu-
lated some events that stopped naturally, before the rupture front
reached the barrier. Those events had a different distribution of
average stress drop, and, presumably, of radiated motion.

Dalguer and Mai (2011) used a von Karman spectrum of
initial stress, which is equivalent to a power-law spectrum
except for a fixed long-wavelength cutoff at 8 km. They con-
strained the rupture extent at a boundary with gradually increas-
ing fracture energy. Baumann and Dalguer (2014) compared
spectral acceleration and peak ground velocity (PGV) fromDal-
guer and Mai (2011) to an empirical ground-motion prediction
equation (GMPE). Synthetic ground motion had logarithmic
means about one standard deviation or less below the GMPE
at periods of 1 s and longer, but the synthetics decreased rapidly
below the GMPE at shorter periods.

Shi and Day (2013) calculated dynamic rupture on a
nonplanar fault with self-similar roughness in a uniform
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regional stress field. They found that ground motion from
one random realization had a median response spectrum with
slope similar to data in the 0.1–3.0 s period range. Their
ground-motion measures were calculated by correcting sim-
ulation results in a homogeneous half-space with response in
a generic rock site.

Andrews and Boatwright (1998) calculated dynamic
rupture on a plane with heterogeneous self-similar stress
drop, in which rupture stopped naturally. They did not con-
trol the event size. Andrews and Barall (2011), again using a
self-similar stress spectrum and natural stopping of rupture,
specified the lowest Fourier mode to have a half-wavelength
equal to a target rupture length. The amplitude of the lowest
mode was scaled to produce the target moment. Modes with
wavelength greater than the target rupture length were given
zero amplitude. Higher modes with shorter wavelengths
were given random complex amplitude with variance consis-
tent with the variance of the lowest prescribed modes.

In this work, we use the model of Andrews and Barall
(2011) to specify heterogeneous stress that is used in dynamic
calculations. In this emergent model, the fault is idealized to a
plane surface. The ratio of initial shear stress to normal stress
is a self-similar random function. Its 2D Fourier transform is a
power law in radial wavenumber with exponent −1. The stress
function thus generated needs to be conditioned in the depth
dimension to account for the brittle–ductile transition at the
base of the seismogenic zone. The specification of the lowest
modes was in error in Andrews and Barall (2011), because no
account was taken of the effect of the depth conditioning on
the Fourier spectrum. An improved specification, described in
the next section, is used in the calculations here.

For a given target magnitude, the target rupture length
and depth are chosen to be consistent with Wells and Copper-
smith (1994) and Hanks and Bakun (2002). In this article, we
consider the specific case of a magnitude 7 earthquake on a
vertical strike-slip fault, with target rupture length slightly
larger than 60 km.

We validate the method by comparing simulated ground
motions to the GMPE of Boore et al. (2014) at a Joyner–
Boore distance of 10 km. The distance is chosen to be large
enough that the GMPE is well constrained by data and small
enough to minimize effects of scattering by velocity hetero-
geneities, which are not included in the model.

Method to Generate Initial Stress for a Target
Magnitude

The procedure starts with generating a dimensionless
self-similar random function on a square array of points,
lx by lx, by first specifying the Fourier amplitudes and then
doing an inverse Fourier transform. First, a complex ampli-
tude is assigned to each point, with the real and imaginary
parts each being random with a Gaussian distribution with
variance ½ (so that the variance per point is 1). These am-
plitudes are then modified to produce the desired spectrum. It
is necessary to be aware of the mapping between the indexes

of the array and the 2D wavenumber space. In this dimension-
less case, wavenumbers are integers. The first element of the
array in each dimension corresponds to zero wavenumber in
that dimension. Wavenumbers are wrapped around, so that in-
dexes greater than lx=2 correspond to negative wavenumbers.

Next, Fourier amplitudes of the lowest modes are modi-
fied. Denote wavenumber modes by (k1, k2), in which the
1-direction is horizontal and the 2-direction is vertical. The
wavenumber mode (0,0) is given zero amplitude, so that
the function will have zero average value. The next lowest
wavenumber modes are chosen to produce a confined rupture.
This procedure is intended for rupture lengths larger than the
seismogenic depth. To prescribe a stress variation that will
confine the event in the along-strike direction, we set the am-
plitude of each of the lowest horizontal modes, (1,0) and
(−1; 0), to a real value, −A. This will produce a cosine wave,
one wavelength long, peaked at the center, with amplitude 2A.
The depth conditioning function, to be described later, modi-
fies the random function in the vertical dimension. Its effect on
the Fourier spectrum needs to be considered. A crude ad hoc
procedure is used here. Because of the depth conditioning, the
target rupture area in our case has an aspect ratio of about 4–1.
Other low modes with absolute value of k1 ≤ 1 and absolute
value of k2 ≤ 4 are set to zero. (This ad hoc procedure needs
to be generalized.) Amplitude has been modified at 26 points
in wavenumber space, with the sum of squared amplitudes
being 2A2. We choose 2A2 � 26 so that the average variance
per point is 1, which matches that of the higher random
modes. The Fourier transform is normalized by dividing all
components by 2A, the sum of the absolute values of the
(1, 0) and (−1; 0) amplitudes. With this normalization, an in-
verse Fourier transform applied to these modes alone will pro-
duce a cosine wave in the 1-direction with amplitude −1.

We then multiply the Fourier amplitudes with k > 0 by
the desired spectrum, �k21 � k22�−�1�H�=2. The Hurst exponent
H is set to zero to obtain a self-similar function. Finally, we
apply a fourth-order Butterworth high-cut filter (cutoff wave-
number is a factor of 2 below the Nyquist wavenumber) to
avoid aliasing before doing the inverse Fourier transform.

Executing an inverse Fourier transform yields a self-
similar random function. We use the real part of that random
function, denoted by w�x; z�. This function is used in two
different ways in Andrews and Barall (2011). In this work,
we use only their high stress model. The random function is
interpolated onto a dimensional grid, so that the longest half-
wavelength is 60 km.

We choose to use the random function w�x; z� not to
generate shear stress directly, but to generate a fluctuating
ratio of initial shear stress to normal stress on the fault. Ef-
fective vertical compressive stress is

EQ-TARGET;temp:intralink-;;313;133 σz �
Z
�ρ − ρw�gdz;

in which ρ is density and fluid density is ρw � 1000 kg=m3.
Effective normal compressive stress on the fault is propor-
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tional to effective vertical stress σn � Fσz. The factor F
varies with tectonic setting and dip of the fault. In this work,
we choose a mean value for a vertical strike-slip fault F � 1.

The ratio of initial shear stress to normal stress is chosen
to be

EQ-TARGET;temp:intralink-;;55;320 τ=σn � �fd � αw�x; z��D�z�;

in which the bracket has an average value equal to the dy-
namic friction fd, and the bracket fluctuates with amplitude
scaled by α. The depth-conditioning function D�z� is chosen
to be

EQ-TARGET;temp:intralink-;;55;239 D�z� � 1=�1� �z=z0�4�:

The following parameters are chosen to obtain an appro-
priate depth of faulting and an average stress drop that, to-
gether with the given rupture length, gives a moment
appropriate for a magnitude 7 event:

EQ-TARGET;temp:intralink-;;55;157 fd � 0:6; α � 0:05; and z0 � 23:5 km:

These parameters define a seismogenic depth of 12.6 km.
This is because, at the center of the horizontal extent, where
the average value of w is 1, average shear stress equals dy-
namic friction stress at 12.6 km depth, and it rapidly falls
below dynamic friction at greater depth.

Calculations

We choose to calculate ground motion at a hard-rock site
(Fig. 1) with VS30 � 760 m=s. S-wavespeed (VS) at this site
is identical to Boore and Joyner (1997), except that depth is
offset by 7.3215 m to obtain VS30 exactly equal to 760 m=s.
P-wavespeed is

EQ-TARGET;temp:intralink-;;313;300 VP � maximum��1400 m=s� 1:14VS�; 1:68VS�;

which agrees closely with Brocher (2005). Density is based
on Boore and Joyner (1997) for a rock site

EQ-TARGET;temp:intralink-;;313;243 ρ � 2440:5 kg=m3�1� �VS=23761:1 m=s��:

We model spontaneous rupture driven by the specified
heterogeneous stress drop by using a finite-element code,
MAFE (e.g., Ma et al., 2008; Ma and Andrews, 2010); the
code has been extensively verified in the Southern California
Earthquake Center Code Verification Exercises (Harris et al.,
2009, 2011). Because the S-wavespeed decreases rapidly in
the upper 250 m, we use a variable-sized mesh. The element
size is chosen to be 100 m below 2500 m depth and decreases
to 50 m between 150 and 2500 m and decreases again to 25 m
in the upper 150 m to ensure wave propagation accurate up to
3 Hz (at least 10 nodes per minimum wavelength) in the cal-
culation. The finite-element mesh is mostly regular except at
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Figure 1. The 1D structure of density, P- and S-wavespeeds used in this work is shown. The minimum S-wavespeed is 579:1 m=s.
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the two transition zones at 150 and 2500 m depths (see a sim-
ilar mesh in fig. 7 of Ma and Liu, 2006).

We use a time-weakening friction law (e.g., Andrews,
2004), in which the friction coefficient drops linearly from
static friction fs to dynamic friction fd over a characteristic
time tc at the rupture front and stays at the dynamic friction
after the stress breakdown. This friction law may not be
physical but ensures good resolution of the rupture break-
down process. At the rupture front, the stress breaks down
as abruptly as can be handled numerically. In this work,
we choose tc � 20Δt (time step Δt � 0:007 s), correspond-
ing to the time that S wave travels ∼4:8 elements locally. The
slightly large tc that we choose is to limit the extent of super-
shear rupture propagation on the fault. The static friction is
chosen as fs � max�0:75; 1:01μ0�, in which μ0 is the ratio of
initial shear traction to normal traction on the fault. Together
with fd � 0:6 these frictional parameters give rise to pre-
dominantly subshear ruptures although supershear speeds
are still likely due to the heterogeneous stress.

We nucleate rupture by forcing rupture to propagate at
2000 m=s. The forced rupture is maintained within 15 km
from the hypocenter until rupture propagates spontaneously.
The nucleation zone size is relatively large because the large
fracture energy associated with the characteristic time tc that
we choose makes the transition to spontaneous rupture
slightly difficult.

The location of hypocenter strongly affects rupture di-
rectivity and ground motion. For simplicity, in this work we
choose the hypocenter location by maximizing A�x�Δσd on
the fault, in which Δσd is dynamic stress drop and weighting
function A�x� � 1:0� jxj=X (x is distance along strike with
the origin at the center of the fault, and the scaling factor
X � 60 km). The weighting function A�x� is used to move
the hypocenter location more toward the boundary of the
fault, enhancing directivity. However, as we will show, this
function only modestly changes the hypocenter locations; 7
out of 10 rupture scenarios still nucleate near the center of the
fault resulting in mostly bilateral ruptures. This is due to
small dynamic stress drop near the boundary of the fault, im-
plied in the heterogeneous stress generation method used
here. Additional work on nucleation is needed to allow more
unilateral ruptures.

We generate a total of 10 random stress realizations us-
ing the procedures described above. In Figure 2, we show the
prescribed shear stress change (initial shear stress minus fd
times initial normal stress), static stress drop, rupture time
contours, and final slip for one realization (realization 2).
Rupture is mostly unilateral with strong directivity and stops
naturally due to negative stress drops around targeted rupture
extent. The total rupture duration is about 30 s. Average rup-
ture velocity is about 3 km=s but is locally supershear.
Heterogeneous stress drop gives rise to heterogeneous slip.
The total moment is 2:84 × 1019 N·m, corresponding to
Mw 6.9. Three-component velocity and acceleration time
histories at x � �20 km and 10 km off the fault are plotted
in Figure 3. The ground motions at x � 20 km have signifi-
cantly larger amplitudes than x � −20 km due to strong di-
rectivity. Dispersed surface wavetrains arising from the
inhomogeneous velocity structure are seen after 30 s.

Figure 4 shows rupture time contours every 1 s for all 10
random realizations. For each realization, we compute the
PGVand 5% damped pseudospectral velocity (PSV) at 61 sta-
tions; stations are 10 km off the fault and located uniformly
from x � −30 km to x � 30 km, with 1 km spacing. At
each station, we compute the median of PGV and PSV for
a single-component horizontal ground motion across all non-
redundant azimuths (Boore, 2010). The mean and standard
deviation of logarithms of PGV and PSV at these 61 stations
are computed for each event. Figure 5 shows the PGV and
PSV over periods from 0.1 to 10 s for each realization com-
pared with the mean and within-event intensity measures
from the GMPE of Boore et al. (2014) for magnitude 7 at
a distance of 10 km. The mean spectra vary, as is to be ex-
pected for real events, and they cluster around the mean from
the GMPE. The within-event standard deviations also vary,
and they are within a factor of 2 of the within-event standard
deviation of the GMPE.

We plot the average spectrum of all 10 realizations in
Figure 6. The mean moment magnitude of these 10 realiza-
tions is 6.95, very close to the target magnitude Mw 7. At
periods from 0.3 to 10 s the mean spectrum is within 0.2
natural log units of the mean of the GMPE. The calculated
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Figure 2. Prescribed stress change (initial shear stress minus
0.6 times normal stress), final stress change, rupture time contours,
and final slip are mapped on the fault for realization 2. The color
version of this figure is available only in the electronic edition.
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between-event standard deviation (left panel) and the total
standard deviation (right panel) are a substantial fraction
of that of the GMPE. The rapid fall-off of the calculated spec-
trum at periods below 0.3 s is due to the frequency limit of
the discrete mesh. The decrease of the observed spectrum at
periods below 1 s is due to anelastic attenuation. There is no
anelastic attenuation in our calculations.

Discussion and Conclusions

Remarkable agreement is found between ground motion
calculated with a dynamic model with stochastic initial stress
and the GMPE of Boore et al. (2014) for a magnitude 7 earth-
quake on a vertical strike-slip fault at a distance of 10 km. A
dynamic rupture method that fits observed data this well over
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a broad frequency band can be useful to seismic engineers.
An essential feature of the model is that rupture stops natu-
rally due to variation of initial stress. This is achieved by
specifying the lowest Fourier mode of the initial hetero-
geneous stress to produce the desired rupture extent and mo-
ment. Higher modes, with wavelength less than the rupture
extent, have random amplitudes with a self-similar spectrum.
The amplitude of that spectrum is set to be consistent with
the amplitude of the lowest mode, as a single self-similar
spectrum. The agreement with ground-motion spectra is
achieved with no adjustable parameters beyond those that
set the target moment and rupture extent. This is a striking
confirmation of the hypothesis that a self-similar initial stress
state predicts both event size and radiated motion.

In our initial exploratory calculations, we used the erro-
neous stress spectrum of Andrews and Barall (2011). With
that stress spectrum, the calculated ground-motion response
spectra for a given moment were too large by a significant
factor. Varying rupture parameters had little effect. Using a

corrected stress spectrum that accounts for the depth condi-
tioning gives the results reported here. It became clear that
the moment of the event is determined by the lowest Fourier
mode of the initial stress, with minor variation from higher
modes, and that average response spectra are closely related
to the higher modes of the spatial spectrum of initial stress.
Correctly relating the amplitude of the self-similar stress
spectrum to the amplitude of the lowest mode is crucial to
predicting a realistic response spectrum for a given moment.
Other parameters of the physical rupture model have a rel-
atively minor effect.

The within-event standard deviations of the GMPE and
the three simulations with large directivity are roughly the
same. The within-event standard deviations of the remaining
simulations are much smaller. A possible explanation for this
is that any uncertainty in the site characterization in the data
is carried into the within-event standard deviation of the
GMPE, but there is no uncertainty in the site characterization
in the calculations. It remains also to be investigated whether
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incoherent supershear rupture propagation might reduce di-
rectivity or that initiation points are biased toward the center,
both of which can decrease within-event standard deviations.
The between-event standard deviation in our calculations
agrees well with the GMPE.

The detailed deterministic physics of slip on a fault is
replaced in this model by a stochastic emergent law, namely,
that the ratio of initial shear stress to normal stress on a planar
fault is a self-similar random function. Assuming a rather
abrupt stress drop at the start of slip, the subsequent rupture
propagation and radiation of ground motion is calculated
physically and deterministically. This emergent stress model
on a planar fault is a proxy for all known and unknown com-
plexities at the source (e.g., fault geometry, stress, material
properties, pore fluids, and rheology).

Variation of some physical parameters in this model re-
mains to be investigated. Higher static friction could reduce
the portion of supershear rupture propagation. In these sim-
ulations, a small amount of slip near the surface extends far
beyond the nominal 60 km rupture length. That could be
changed by introducing some energy absorption, such as slip
strengthening, near the surface.

Andrews and Barall (2011) proposed a second model in
which average shear stress is low and there are high-strength

asperities. The spatial spectrum is changed in the construc-
tion of that model. Dynamic motion resulting from it remains
to be investigated.

Regardless of questions remaining to be investigated in
the field of physical source modeling, the results of this
model can have immediate practical application in seismic
engineering. The model has been validated by comparing
median horizontal motion resolved over all orientations to
the GMPE of Boore et al. (2014) at a distance of 10 km for
anMw 7 strike-slip earthquake. This validation strongly sup-
ports the use of synthetic ground motion time histories cal-
culated here in the analysis of critical structures.

Some further development is needed to make this model
a useful tool for seismic engineers. The time histories found
here provide a large variation of possible long- and medium-
period ground motion that matches empirical spectra. Short-
period components can be simulated to match a desired spec-
trum, following the method of Graves and Pitarka (2010) or
by introducing anelastic attenuation in this model. Such a
model could be applied to the analysis of the Diablo Canyon
nuclear power plant, located less than a kilometer from a
strike-slip fault. Remaining epistemic uncertainty would
arise from focusing in the fault zone waveguide and from
energy absorption near the surface. At distances larger than
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10 km, there will be scattering that is not accounted for in this
model. The source found here could be used as input to a
kinematic code, such as CyberShake (Graves et al., 2011),
in a heterogeneous velocity structure to simulate ground mo-
tion at larger distances.

The model developed here is for a strike-slip earthquake
on a vertical fault with rupture length greater than rupture
width. The validation needs to be repeated for other magni-
tudes. A similar model could be developed and validated for
thrust and normal-faulting earthquakes.

Data and Resources

The numerical simulations were conducted at the Center
for High-Performance Computing at University of Southern
California.

Acknowledgments

We are grateful for substantial help from David Boore in using his
ground-motion prediction equations and helpful and constructive reviews by
Luis Dalguer and Robert Graves. Paul Spudich pointed out that lack of site
uncertainty in the calculations reduces within-event standard deviation. This
work was in part supported by the Southern California Earthquake Center
(SCEC; Contribution Number 6173). SCEC is funded by National Science
Foundation Cooperative Agreement EAR-1033462 and U.S. Geological
Survey Cooperative Agreement G12AC20038.

References

Andrews, D. J. (1980). A stochastic fault model, 1. Static case, J. Geophys.
Res. 85, 3867–3877.

Andrews, D. J. (1981). A stochastic fault model, 2. Time-dependent case,
J. Geophys. Res. 86, 10821–10834.

Andrews, D. J. (2004). Rupture models with dynamically determined break-
down displacement, Bull. Seismol. Soc. Am. 94, no. 3, 769–775.

Andrews, D. J., and M. Barall (2011). Specifying initial stress for dynamic
heterogeneous earthquake source models, Bull. Seismol. Soc. Am. 101,
no. 5, 2408–2417, doi: 10.1785/0120110012.

Andrews, D. J., and J. Boatwright (1998). Dynamic simulation of sponta-
neous rupture with heterogeneous stress drop (abstract), Seismol. Res.
Lett. 69, 143.

Baumann, C., and L. A. Dalguer (2014). Evaluating the compatibility of
dynamic rupture-based synthetic ground motion with empirical
ground-motion prediction equation, Bull. Seismol. Soc. Am. 104,
no. 2, 634–652, doi: 10.1785/0120130077.

Boatwright, J. (1982). A dynamic model for far-field radiation, Bull. Seis-
mol. Soc. Am. 72, 1049–1068.

Boatwright, J. (1988). The seismic radiation from composite models of fault-
ing, Bull. Seismol. Soc. Am. 78, 489–508.

Boore, D. M. (1983). Stochastic simulation of high-frequency ground mo-
tions based on seismological models of the radiated spectra, Bull. Seis-
mol. Soc. Am. 73, no. 6, 1865–1894.

Boore, D. M. (2010). Orientation-independent, nongeometric-mean measures
of seismic intensity from two horizontal components of motion, Bull.
Seismol. Soc. Am. 100, no. 4, 1830–1835, doi: 10.1785/0120090400.

Boore, D. M., and W. B. Joyner (1997). Site amplifications for generic rock
sites, Bull. Seismol. Soc. Am. 87, no. 2, 327–341.

Boore, D. M., J. P. Stewart, E. Seyhan, and G. M. Atkinson (2014). NGA-
West equations for predicting PGA, PGV, and 5% damped PSA for
shallow crustal earthquakes, Earthq. Spectra 30, 1057–1085.

Brocher, T. M. (2005). Empirical relations between elastic wave speeds and
density in the Earth’s crust, Bull. Seismol. Soc. Am. 95, 2081–2092.

Dalguer, L. A., and P.M.Mai (2011). Near-source groundmotion variability from
M � 6:5 dynamic rupture simulations, 4th IASPEI /IAEE International
Symposium, 23–26 August, University of California, Santa Barbara.

Frankel, A. (1991). High-frequency spectral falloff of earthquakes, fractal
dimension of complex rupture, b value, and the scaling of strength
on faults, J. Geophys. Res. 96, 6291–6302.

Graves, R. W., and A. Pitarka (2010). Broadband ground-motion simulation
using a hybrid approach, Bull. Seismol. Soc. Am. 100, 2095–2123.

Graves, R. W., T. H. Jordan, S. Callaghan, E. Deelman, E. Field, G. Juve, C.
Kesselman, P. Maechling, G. Mehta, K. Milner, et al. (2011). Cyber-
Shake: A physics-based seismic hazard model for Southern California,
Pure Appl. Geophys. 168, 367–381.

Hanks, T. C. (1979). b values and ω−γ seismic source models: Implications
for tectonic stress variations along active crustal fault zones and the
estimation of high-frequency strong ground motion, J. Geophys.
Res. 84, 2235–2350.

Hanks, T. C., and W. H. Bakun (2002). A bilinear source-scaling model for
M– logA observations of continental earthquakes, Bull. Seismol. Soc.
Am. 92, no. 5, 12841–12846.

Hanks, T. C., and R. K. McGuire (1981). The character of high-frequency
strong ground motion, Bull. Seismol. Soc. Am. 71, no. 6, 2071–2095.

Harris, R. A., M. Barall, D. J. Andrews, B. Duan, S. Ma, E. M. Dunham,
A.-A. Gabriel, Y. Kaneko, Y. Kase, B. T. Aagaard, et al. (2011). Veri-
fying a computational method for predicting extreme ground motion,
Seismol. Res. Lett. 82, doi: 10.1785/gssrl.82.5.638.

Harris, R. A., M. Barall, R. J. Archuleta, E. M. Dunham, B. Aagaard, J. P.
Ampuero, H. Bhat, V. Cruz-Atienza, L. Dalguer, P. Dawson, et al.
(2009). The SCEC/USGS dynamic earthquake-rupture code verification
exercise, Seismol. Res. Lett. 80, 119–126, doi: 10.1785/gssrl.80.1.119.

Lovejoy, S., and D. Schertzer (2013). The Weather and Climate, Emergent
Laws and Multifractal Cascades, Cambridge University Press, Cam-
bridge, United Kingdom.

Ma, S., and D. J. Andrews (2010). Inelastic off-fault response and three-di-
mensional earthquake rupture dynamics on a strike-slip fault, J. Geo-
phys. Res. 115, no. B04304, doi: 10.1029/2009JB006382.

Ma, S., and P. Liu (2006). Modeling of the perfectly matched layer absorbing
boundaries and intrinsic attenuation in explicit finite-element methods,
Bull. Seismol. Soc. Am. 96, 1779–1794, doi: 10.1785/0120050219.

Ma, S., S. Custódio, R. J. Archuleta, and P. Liu (2008). Dynamic modeling
of the 2004Mw 6.0 Parkfield, California, earthquake, J. Geophys. Res.
113, no. B02301, doi: 10.1029/2007JB005216.

Ripperger, J., J.-P. Ampuero, P. M. Mai, and D. Giardini (2007). Earthquake
source characteristics from dynamic rupture with constrained stochas-
tic fault stress, J. Geophys. Res. 112, no. B04311, doi: 10.1029/
2006JB004515.

Shi, Z., and S. M. Day (2013). Rupture dynamics and ground motion from 3-D
rough-fault simulations, J. Geophys. Res. 118, doi: 10.1002/jgrb.50094.

Wells, D. L., and K. J. Coppersmith (1994). New empirical relationships
among magnitude, rupture length, rupture width, rupture area, and sur-
face displacement, Bull. Seismol. Soc. Am. 84, no. 4, 974–1002.

Zeng, Y., J. G. Anderson, and G. Yu (1994). A composite source model for
computing realistic synthetic strong ground motions, Geophys. Res.
Lett. 21, 725–728.

2253 Santa Ana Street
Palo Alto, California 94303

(D.J.A.)

Department of Geological Sciences
San Diego State University
San Diego, California 92182-1020

(S.M.)

Manuscript received 27 January 2016;
Published Online 22 March 2016

672 D. J. Andrews and S. Ma

http://dx.doi.org/10.1785/0120110012
http://dx.doi.org/10.1785/0120130077
http://dx.doi.org/10.1785/0120090400
http://dx.doi.org/10.1785/gssrl.82.5.638
http://dx.doi.org/10.1785/gssrl.80.1.119
http://dx.doi.org/10.1029/2009JB006382
http://dx.doi.org/10.1785/0120050219
http://dx.doi.org/10.1029/2007JB005216
http://dx.doi.org/10.1029/2006JB004515
http://dx.doi.org/10.1029/2006JB004515
http://dx.doi.org/10.1002/jgrb.50094

