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ABSTRACT
Large earthquake ground-motion simulations in 3D Earth models provide constraints on
site-specific shaking intensities but have suffered from limited frequency resolution and
ignored site response in soft soils. We report new regional-scale 3D simulations for
moment magnitude 7.0 scenario earthquakes on the Hayward Fault, northern California
with SW4. Simulations resolved significantly broader band frequencies (0–10 Hz) than previous studies and represent the highest resolution simulations for any such earthquake to
date. Seismic waves were excited by a kinematic rupture following Graves and Pitarka
(2016) and obeyed wave propagation in a 3D Earth model with topography from the
U.S. Geological Survey (USGS) assuming a minimum shear wavespeed, V S min , of 500 m= s.
We corrected motions for linear and nonlinear site response for the shear wavespeed, V S ,
from the USGS 3D model, using a recently developed ground-motion model (GMM) for
Fourier amplitude spectra (Bayless and Abrahamson, 2018, 2019a). At soft soil locations
subjected to strong shaking, the site-corrected intensities reflect the competing effects
of linear amplification by low V S material, reduction of stiffness during nonlinear deformation, and damping of high frequencies. Sites with near-surface V S of 500 m= s or greater
require no linear site correction but can experience amplitude reduction due to nonlinear
response. Averaged over all sites, we obtained reasonable agreement with empirical ergodic median GMMs currently used for seismic hazard and design ground motions (epsilon
less than 1), with marked improvement at soft sedimentary sites. At specific locations, the
simulated shaking intensities show systematic differences from the GMMs that reveal path
and site effects not captured in these ergodic models. Results suggest how next generation
regional-scale earthquake simulations can provide higher spatial and frequency resolution
while including effects of soft soils that are commonly ignored in scenario earthquake
ground-motion simulations.

KEY POINTS

• Advanced methods and computing enable high resolution

For example, GMMs from the Pacific Earthquake Engineering
Research Center Next Generation Attenuation-West2 (NGAWest2) Project (Abrahamson et al., 2014; Boore et al., 2014;

regional-scale 3D earthquake ground motion simulations.

• Average site-corrected intensities for Mw 7 Hayward fault
ruptures are in agreement with ergodic models.

• Site-specific intensities reveal variations related to wave
propagation in the 3D Earth (path and site effects).
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INTRODUCTION
Seismic hazard analyses typically rely on ground-motion models (GMMs) based on empirical data and constraints from analytical seismological and geotechnical (site-response) models.
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Campbell and Bozorgnia, 2014; Chiou and Youngs, 2014) are
used in seismic hazard analyses and design ground motions.
These models are commonly based on the ergodic assumption
(Anderson and Brune, 1999), which integrate global datasets
from diverse earthquakes and geologic environments into a
single model or regionalized models. The penalty for mixing
together highly variable ground motions is increased variance.
Because engineered structures (e.g., buildings, critical infrastructure) are designed for rare levels of shaking, design
ground-motion intensities are sensitive to the variance
(Bommer and Abrahamson, 2006). Estimates of median and
variance of ground motions for a specific site can be improved
by accounting for region-, path-, and site-specific behavior
using nonergodic GMMs (Landwehr et al., 2016; Baltay et al.,
2017; Kuehn et al., 2019; Sahakian et al., 2019). Improved characterization of ground motions, such as more accurate estimates of the median shaking intensity (i.e., shifts relative to
ergodic model median estimates) with reduced variance, will
lead to more accurate seismic hazard estimates. Such improvements support optimization of risk mitigation by identifying
sites with higher, average, or lower risk and inform prioritization of retrofits, site selection, and/or design of new structures.
Numerical simulation of large (moment magnitude, M w ,
greater than 6.5) scenario earthquake ground motions on
regional scales (∼100 km) offers an attractive alternative to
probabilistic hazard based on empirical ergodic GMMs. This
deterministic physics-based earthquake simulation approach
focuses on the large scenario events that contribute greatly
to hazard at a site. Simulations compute ground-motion time
series (seismograms) rather than just intensity measurements
and account for rupture details, known fault geometry, and
regional 3D crustal structure that shape path- and site-specific
effects akin to nonergodic GMMs. Methods and application
of 3D numerical earthquake ground-motion simulations have
been the subject of intense research (e.g., Graves, 1996; Kawase,
1996; Bao et al., 1998; Graves et al., 1998, 2008; Pitarka, 1999;
Olsen et al., 2006, 2009; Aagaard et al., 2008; K. B. Olsen et al.,
2008; Frankel et al., 2009; Bielak et al., 2010; Chaljub et al.,
2010; Taborda and Bielak, 2011, 2013, 2014; Cui et al., 2013;
Roten et al., 2014, 2016, 2017; Withers et al., 2018; Wollherr
et al., 2019; Zhang et al., 2019). Some studies rely on hybrid
methods (Pitarka et al., 2000; Mai et al., 2010; Irikura and
Miyake, 2011; Olsen and Takedatsu, 2015; Frankel et al., 2018)
to simulate only low-frequency waves and use the stochastic
method (Boore, 1983, 2003) for the high frequencies (>1 Hz).
This method neglects path-specific 3D wave propagation
effects for high frequencies; however, empirical studies have
shown that the 3D effects are also observed at high frequencies (e.g., Lin et al., 2011; Baltay et al., 2017; Sahakian et al.,
2019). Furthermore, ground motions from the stochastic
method lack realistic spectral correlation properties seen in
empirical data (Bayless and Abrahamson, 2019b). Site-specific
ground-motion time series from 3D simulations of scenario
2 •

earthquakes provide input for analyses of buildings, transportation, and critical infrastructure (e.g., McCallen and Larsen,
2003; A. H. Olsen et al., 2008; Bijelić et al., 2019; Marafi et al.,
2019).
For 3D simulations to be most useful for seismic hazard and
earthquake engineering investigations, they should resolve
maximum frequencies, f max , of 5–10 Hz to capture wave propagation effects (e.g., sedimentary basins, scattering, site
response), peak accelerations, and lower modes of structures,
including low-rise buildings with high-frequency fundamental
modes. At the same time, simulations must represent realistic
near-surface (geotechnical) Earth materials, particularly soft
soils corresponding to sedimentary geology in which the shear
wavespeed, V S , can be as low as 100–300 m=s. Because the
wavelength is proportional to the wavespeed and inversely proportional to the frequency, it is computationally very expensive
to resolve high-frequency motions in soft soil (low V S ) structures. Regional-scale domains (∼100 km) are needed to contain large earthquake ruptures. Very fine grid spacings are
required to resolve short wavelength (10–100 m) high-frequency motions in soft soil Earth structure. Consequently,
regional-scale high-frequency simulations necessitate highperformance computing. Computational challenges usually
lead modelers to assume a higher minimum shear wavespeed
(V S min ) than values from models or measurements, effectively
ignoring the impact of soft soil geology, often where population and infrastructure are concentrated. Furthermore, soft
soils are expected to respond nonlinearly to strong shaking
(Hartzell et al., 2004; Bonilla et al., 2005; Walling et al., 2006;
Pitarka et al., 2013; Hashash et al., 2018). These factors pose
significant obstacles to the realism of current physics-based
earthquake ground-motion simulations and their application
to earthquake engineering. Because soft soils are present in
many urbanized areas subjected to earthquake strong motion
(e.g., southern California, Pacific Northwest, Japan, New
Zealand, and Europe), there is an enduring need to represent
site response in earthquake ground-motion studies.
The recent vanguard of regional-scale linear anelastic simulations have resolved f max between 2 and 7.5 Hz, while assuming a V S min between 200 and 750 m=s (Cui et al., 2013;
Taborda and Bielak, 2014; Withers et al., 2018; Zhang et al.,
2019). Other methods include more complex and computationally intensive nonlinear geomechanics (e.g., plasticity) but
suffer from similar limitations in V S min and resolved frequencies (Roten et al., 2014, 2016, 2017; Wollherr et al., 2019).
These regional-scale simulations have proven successful at
producing estimates of site-specific ground motions. However,
nonlinear geomechanics require specification of many poorly
constrained or unknown parameters, which is expected to
result in significant uncertainties in the simulated motions.
The Hayward fault (HF) along the eastern San Francisco
Bay area poses great seismic hazard to the densely populated
“East Bay,” including the cities of Oakland, Berkeley, Fremont,

Bulletin of the Seismological Society of America

Downloaded from https://pubs.geoscienceworld.org/ssa/bssa/article-pdf/doi/10.1785/0120200147/5125834/bssa-2020147.1.pdf
by 13719

www.bssaonline.org

Volume XX Number XX – 2020

and Richmond (Fig. 1a). Large earthquakes on this fault drive
seismic hazard in the region, including San Francisco and San
Jose. The HF last ruptured with a large event (M w 6.5–7.2) in
1868 (Bakun, 1999; Boatwright and Bundock, 2008; Hough
and Martin, 2015). There is geologic evidence of 11 comparable
ruptures with average recurrence intervals of 140–160 yr
(Lienkaemper et al., 2010). Thus, a large earthquake on this
fault in the near future is expected. Several studies describing
ground-motion simulations of HF earthquakes have been
reported in recent years with increasing frequency resolution
and reasonable agreement with models for resolved intensities
(Harmsen et al., 2008; Aagaard et al., 2010; Johansen et al.,
2017; Rodgers, Pitarka, et al., 2018; Rodgers, Petersson, et al.,
2019). These studies relied on a regional-scale 3D crustal
model from the U.S. Geological Survey (USGS; see Data and
Resources). The USGS 3D model has been shown to reproduce
long-period waveforms and ground-motion amplitudes from
moderate earthquakes (Rodgers et al., 2008; Aagaard et al.,
2010; Kim et al., 2010; Rodgers, Petersson, et al., 2018).
Recently, the HayWired project investigated earthquake hazards and engineering implications for an M w 6.8 HF rupture.
Details on population density and infrastructure impacts for
such an earthquake can be found in Detweiler and Wein
(2017).
We report a major advancement in regional-scale simulation of earthquake ground motions in 3D crustal structure with
topography by running three M w 7.0 HF simulations resolving
Volume XX

Number XX – 2020

Figure 1. Maps of the computational domain showing geographic and geologic features and the 3D Earth model. (a) Basemap showing topography
and bathymetry (colorbar) and cities (F, Fremont; H, Hayward; L, Livermore;
O, Oakland; P, Pleasanton; PA, Palo Alto; R, Richmond; SF, San Francisco;
SJ, San Jose; WC, Walnut Creek) and the East Bay Hills (EBH). The surface
projection of the top of the Hayward fault (HF) is shown as thick black line
with hypocenters of three ruptures indicated by stars. (b) Z 1:0 (colorbar,
dashed 0.2 km contours) and geologic features (CB, Cupertino basin; DR,
Diablo Range; EB, Evergreen basin; GF, Gulf of Farallones; GVS, Great Valley
Sequence; LB, Livermore basin; LHB, La Honda basin; MD, Mount Diablo;
SLB, San Leandro basin; SPB, San Pablo Bay; TSV, Tertiary sediments and
volcanics). (c) V S30 (colorbar) and along V S30  500 m=s contour (dashed
lines) with the San Leandro Gabbro (SLG) and site location for the seismograms in San Leandro shown in Figure 4 (SL, white triangle). (d) Z 0:5
(colorbar, dashed V S30  500 m contours). The color version of this figure
is available only in the electronic edition.

frequencies up to 10 Hz while also incorporating site response
for geotechnical structure. These results represent the highest
resolution regional-scale simulations to date for any earthquake of such size and is the first to represent deterministic
ground motions with frequencies to 10 Hz with V S min of
500 m=s. To contextualize this point, we compare various metrics of recent simulations and this study in Table S1 (available
in the supplemental material to this article). This effort was
made possible by optimization of our SW4 seismic simulation
code (Pankajakshan et al., 2020) to run on one of the world’s
most powerful computers: the graphics processing unit (GPU)
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accelerated Sierra machine at Lawrence Livermore National
Laboratory (LLNL; see Data and Resources and the supplemental material).
Our site-response correction method transforms motions
from a linearly anelastic 3D Earth model with a V S min of
500 m=s to account for both linear and nonlinear site response
for the geotechnical V S from the USGS 3D model. The method
relies on the new BA18 GMM (Bayless and Abrahamson, 2018,
2019a) based on observed Fourier spectral amplitudes from
California earthquakes, finite-fault simulations, and extensive
site-response simulations (Hashash et al., 2018). We compared
simulated intensities with median values from GMMs from
empirical models (e.g., peak ground acceleration [PGA] and
velocity [PGV], median orientation-independent spectral
acceleration [SA], RotD50 [Boore et al., 2006; Boore, 2010],
and Fourier amplitude spectra [FAS]). Averaged across the
computational domain, site-corrected intensities from our
simulations show close agreement with GMMs (i.e., average
epsilon near zero) across a broad frequency range. Site corrections reduce bias in epsilon values for soft soil sites in the
resolved frequency band. Systematic deviations of site-specific
intensities from median model estimates (epsilons different
from zero) reveal how rupture details and 3D wave propagation result in higher or lower intensity shaking corresponding
to positive or negative epsilons, respectively.
In the following, we describe the SW4 simulations, the computational domain, and Earth and rupture models. We then
describe the site-response correction method and demonstrate
its impact, with emphasis on soft soil sites with V S less than the
assumed V S min of 500 m=s of our SW4 simulations. This is
followed by analysis of the resulting ground-motion intensities
across the regional-scale domain, including comparison with
models. Finally, we show how epsilon values from these three
ruptures considered are spatially coherent revealing path and
site effects not captured in current ergodic GMMs. We end the
main text with a discussion, limitations of our approach, and
implications for future studies. Finally, we include additional
details in a supplemental material and refer to it throughout
the main article. The supplemental material includes details
on the calculations, comparisons with previous studies, elaboration on the site-response methodology, and additional figures showing ground-motion analyses from other hypocenters.

SW4 SIMULATIONS
SW4 is a time-domain fourth-order accurate in space and time
finite-difference code based on the summation-by-parts principle for accurate and efficient simulation of seismic wave
propagation (Sjogreen and Petersson, 2012). It solves the
elastodynamic equations of motion for an anelastic solid with
3D variations in material properties and surface topography.
SW4 has many desirable features for earthquake simulations,
including fully 3D material properties including anisotropy,
surface topography with a near-surface curvilinear mesh
4 •

(Petersson and Sjogreen, 2015), anelastic attenuation with
P- and S-wave quality factors (Petersson and Sjogreen, 2012),
and depth-dependent mesh refinement (Wang and Petersson,
2019) that allows the grid size to approximately follow the
increase in seismic wavespeeds with depth. SW4 also implements super-grid absorbing boundary conditions for minimizing artificial reflection from far-field boundaries (Petersson
and Sjogreen, 2014). SW4 has been verified against canonical
problems, including 1D problems and 3D material models
with the method of manufactured solutions, as shown in the
previous references. See Data and Resources for details on
accessing SW4 documentation and source code.
Ground-motion simulations resolving frequencies up to
10 Hz were enabled by running an optimized version of SW4
(Pankajakshan et al., 2020) on the GPU-accelerated supercomputer Sierra at LLNL. Optimization relied on the Raja performance portability abstraction layer to efficiently use GPUs on
various platforms. Apart from the significant increase in frequency resolution, these simulations are similar to our previous lower resolution studies (Johansen et al., 2017; Rodgers,
Petersson, et al., 2018, 2019; Rodgers, Pitarka, et al., 2018). The
computational domain spanned 120 × 80 × 30 km centered on
the HF (Fig. 1a). The resolved highest frequency, f max , corresponding to the shortest shear wavelength, is controlled by the
minimum shear wavespeed, V S min , the grid spacing at the surface, hmin , and the number of grid points-per-wavelength
(PPW) of the shortest wave, following the relationship:
f max  V S min =hmin × PPW. We set V S min to 500 m=s and
use PPW of 8 to confidently resolve high-frequency waves
at large distances, in this case 1000 wavelengths for 10 Hz shear
waves at 50 km. Such high-resolution simulations required
mesh refinement with a grid spacing at the surface of 6.25 m
and a total of 203 billion grid points. These SW4 simulations
resolve shear waves with wavelengths as small as 50 m. Further
details on these SW4 simulations and the necessary computing
resources and effort are in the supplemental material.
We simulated rupture scenarios for the same slip distribution but with three different hypocenters, indicated by stars in
Figure 1a. Seismic structure (density, shear and compressional
wavespeeds, and attenuation quality factors) was taken from
the USGS 3D model, including surface topography and
bathymetry. SW4 does not model wave propagation in water.
We computed and analyzed ground motions on the solid Earth
surface. Bathymetry in the domain is generally shallow in the
San Francisco Bay (<20 m) and reaches a maximum depth of
90 m in the Gulf of Farallones (Fig. 1a). We used a constant
(frequency-independent) quality factor (Q) model similar to
our previous results and found no need to add frequency
dependence to this model. 3D seismic structure is seen in Z 1:0
(defined as the depth in which V S reaches 1 km=s related to
sedimentary basin depth, Fig. 1b) and in V S30 (the slownessaveraged shear wavespeed of the upper 30 m, Fig. 1c). Z 1:0 and
V S30 are commonly used in GMMs to account for site-specific
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defines the location of material
contrasts between geologic and
lithologic units (Fig. 1b,c). Its
geometry is nonplanar and
varies along strike, as inferred
from
precise
earthquake
locations (Waldhauser and
Ellsworth, 2002; Waldhauser
and Schaff, 2008). Rupture
models were draped onto the
fault geometry specified in
the USGS 3D model to place
the subfault sources at this
material interface. The effect of
HF geometry, particularly the
dip, plays a role in groundmotion intensities (Rodgers,
Pitarka, and McCallen, 2019).
Three rupture models were
generated, each with the same
slip distribution but differFigure 2. Rupture model for southern hypocenter showing distribution of (a) slip, (b) slip duration, and (c) rake
ent hypocenters (northern,
(vectors). In each panel, we show the hypocenter (star) and contours (lines) show the rupture isochrons with 3 s
central, and southern). The
intervals. The color version of this figure is available only in the electronic edition.
central hypocenter near the
San Leandro salient is consistent with large uncertainties
Earth structure. V S30 (Fig. 1c) reaches values as low as about
of inferred hypocenters from macroseismic data reported by
100 m=s corresponding to soft soils. The depth extent of low
Bakun (1999) and Hough and Martin (2015). Northern and
near-surface shear wavespeeds is shown in Figure 1d where we
southern hypocenters were chosen at locations outside of large
show Z 0:5 (the depth where V S reaches 0:5 km=s). This shows
slip patches at seismogenic depths. Figure 2 shows the rupture
that soft soils (V S < 500 m=s) are concentrated to depths less
model for the southern hypocenter (approximate strike is 325°)
than 75 m. We note that the USGS 3D model was built based
with panels for the slip, duration, and rake across the fault suron geologic units and did not explicitly include geotechnical
face. The Graves and Pitarka rupture model has a slip-rate time
constraints. Many sedimentary units, including Bay Mud and
function with rise time and duration correlated with slip
artificial fill, were not differentiated from Quaternary units.
(moment release) and imposes stochastic variations in slip, rise
Consequently, V S30 values from the USGS 3D model may be
time, and rake. Slip rise time and duration increase at shallow
higher than reported models (e.g., Wills et al., 2015) and comdepths where lithostatic overburden pressure decreases leading
pilations of measured values (USGS, see Data and Resources).
to lower stress drops on slip patches.
We return to these topics when discussing limitations of
For each simulation, we output the three-component
this study.
ground motions (velocity seismograms) with 90 s duration
The target rupture magnitude was chosen to be broadly
on a 2 km grid across the domain yielding a total of 2301 sites.
consistent with the 1868 event (Bakun, 1999; Boatwright and
Figure 3 shows the PGV and PGA intensities (geometric mean
Bundock, 2008; Hough and Martin, 2015) and recent simuof horizontal components) at these sites for the three hypocenlations (e.g., Aagaard et al., 2010). We used kinematic rupters. These show the expected pattern of high intensities near
ture models following Graves and Pitarka (2010, 2015, 2016)
the fault, with intensities decaying away from the fault modusimilar to previous studies (Johansen et al., 2017; Rodgers,
lated by the slip distribution and 3D geologic structure. For
Petersson, et al., 2018, 2019; Rodgers, Pitarka, et al., 2018;
reference, the Z 1:0 and V S30 contours (Fig. 1b,c) are shown for
PGV and PGA maps, respectively. The PGV maps (Fig. 3a,c,e)
Rodgers, Pitarka, and McCallen, 2019). Slip was not modulated
are very similar to previous simulation results (Johansen et al.,
by creep estimates on the fault (e.g., Aagaard et al., 2010;
2017; Rodgers, Petersson, et al., 2018, 2019; Rodgers, Pitarka,
Chaussard et al., 2015). The fault surface was 77 km along
et al., 2018) showing an asymmetry across the fault with strong
strike and 13 km down-dip to be consistent with moment
PGV intensities on the eastern side of the fault compared with
scaling of Kamai et al. (2014), with 100 m by 100 m subfault
equidistant sites on the western side of the fault. This highlights
patches for a total of 100,100 double-couple sources. The HF
Volume XX

Number XX – 2020

www.bssaonline.org

Downloaded from https://pubs.geoscienceworld.org/ssa/bssa/article-pdf/doi/10.1785/0120200147/5125834/bssa-2020147.1.pdf
by 13719

Bulletin of the Seismological Society of America

•

5

differences in PGV for locations in the Great Valley Sequence
sedimentary and Tertiary sedimentary and volcanic rocks east
of the fault corresponding to Z 1:0 values of 0.3 km or greater
(Fig. 1b) and lower PGV values in the Franciscan Complex
west of the fault where Z 1:0 values are much smaller and where
soft soils are not honored by simulations V S min of 500 m=s
(Fig. 1c). It is not surprising that PGV maps from these simulations resolved to 10 Hz are similar to previous simulations
cited earlier resolved to 5 Hz or lower, because PGV is dominated by motions with frequencies around 1 Hz. The nature of
this asymmetry in PGV values was explored by Rodgers,
Pitarka, and McCallen (2019) for which the contributions of
fault dip and V S min were investigated. That study concluded
that ground-motion simulations with an assumed V S min of
500 m=s underestimate intensities in the Franciscan Complex
west of the fault for frequencies above 0.5 Hz and that low
upper crustal V S in the Great Valley Sequence contributes
6 •

Figure 3. Peak ground velocity and acceleration (PGV and PGA, respectively)
at all sites from SW4 without site corrections for three hypocenters: (a) PGV
and (b) PGA for the northern hypocenter; (c) PGV and (d) PGA for the central
hypocenter; and (e) PGV and (f) PGA for the southern hypocenter. PGV maps
show contours of Z 1:0 (dashed lines similar to Fig. 1b), and PGA maps show
the V S30 contour of 500 m=s (dashed lines similar to Fig. 1c). In each panel,
the surface projection of the top of the HF is shown (thick line) with
hypocenter indicated (star). The color version of this figure is available only
in the electronic edition.

to high PGV intensities east of the fault. These issues are investigated in this study and discussed later.
PGA intensities show less asymmetry across the HF compared with PGV. Similar to previous simulation results, low
motions are seen on the high V S ophiolitic San Leandro
Gabbro (indicated in Fig. 1c). We note that there are some high
PGA values approaching 2g. However, near-surface rocks and
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soils are expected to respond nonlinearly to such high accelerations. Linear anelastic wave propagation codes such as SW4
or many other methods used in regional-scale ground-motion
simulations do not include nonlinear geomechanics. For this
reason, we applied site-response corrections as a way to
improve the accuracy of simulated ground motions.

SITE-RESPONSE CORRECTIONS
Setting V S min to 500 m=s in our SW4 simulations risks misrepresenting site response at soft soil sites as exposed in
Rodgers, Pitarka, and McCallen (2019). In our simulation
domain, the area with V S30 less than 500 m=s constitutes
2634 km2 or about 27% of the total domain area but covers
the urbanized and densely populated East Bay shoreline, parts
of San Francisco, The San Francisco Peninsula and Santa Clara
Valley around San Jose (Fig. 1c). There are two shortcomings
with 3D linear anelastic wave propagation simulations related
to near-surface Earth structure. First, setting V S min higher than
V S values from 3D models limits the (linear) amplification by
soft soils for all shaking intensities. Second, linear anelasticity
does not include amplitude-dependent nonlinear soil response
(Hartzell et al., 2004; Bonilla et al., 2005; Walling et al., 2006;
Pitarka et al., 2013; Hashash et al., 2018). Both effects are
frequency dependent. Limiting V S min neglects amplification
related to the resonance of shallow layers (usually around
1 Hz or lower) for all shaking levels. Ignoring nonlinear site
response misses softening and damping of frequencies above
about 1 Hz at sites where accelerations are high. Some numerical methods can explicitly account for nonlinear geomechanics
(e.g., Roten et al., 2014, 2016, 2017; Wollherr et al., 2019),
though specification of geomechanical material properties controlling nonlinear behavior is not without ambiguity (e.g.,
choice of plasticity physics and parameters, effects of pore
pressure). These more computationally intensive studies based
on nonlinear geomechanics have neither resolved earthquake
motions with frequencies above 1–4 Hz together with soft soils
nor have simulated intensities been rigorously compared with
GMMs. Thus, an empirical approach for site response may
have advantages over physics-based approaches relying on
poorly constrained geomechanical models.
We attempted to overcome shortcomings related to the
assumption of a higher V S min than V S values from the
USGS 3D model, by applying frequency-dependent corrections
including both the linear and nonlinear effects from the new
BA18 model for Fourier spectra (Bayless and Abrahamson,
2018, 2019a). GMMs have traditionally represented pseudoacceleration response spectra, which are sensitive to peak
motions and mix the spectral response at a given period with
those at adjacent periods. Fourier methods are more useful in
seismological applications in which spectral manipulations are
linear processes (i.e., multiplications in the frequency domain).
The BA18 model provides the effective amplitude spectrum
(EAS) as the orientation-independent horizontal component
Volume XX
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Fourier spectrum, as a function of frequency for the event, path
and site parameters (e.g., M w , distance, V S30 , and Z 1:0 ). The
BA18 model provides separate terms for the linear and nonlinear site response (additive terms for the natural logarithm
EAS), which enable us to consider these contributions to the
site response separately.
The BA18 model was derived from empirical EAS measurements for California, which are dominated by data sampling
southern part of the state. Like the most modern GMMs,
site-response adjustments in BA18 rely on V S30 . It is important
to recognize that V S30 is proxy for the crustal V S profile,
including deeper structure, and is not a fundamental physical
property of the site. The BA18 model reflects scaling of intensities with V S30 that are representative of the crustal profiles
at sites used to create the model, which are dominated by
southern California data. Any application of the BA18 site corrections implies the crustal profiles and their correlation of
V S30 and deeper structure. Therefore, there is a danger of inappropriately projecting site-response behavior onto the simulated motions. Also, the BA18 model is applicable for V S30
values in the 180–1500 m=s range (Bayless and Abrahamson,
2019a). For sites with V S30 less than 180 m=s or greater than
1500 m=s, we set the value to the respective limit. We return to
these topics later.
Consider the EAS for an event and path with site conditions
V S30M with V S min applied and only linear site response,
F 0 V S30M ; L, and the same for the assumed site condition (values from the USGS 3D model without V S min applied), V S30 , as
F 1 V S30 ; L for linear only and F 2 V S30 ; NL for both linear and
nonlinear site effects. F 0 V S30M ; L represents the BA18 model
estimate of the EAS for ground motions simulated with SW4
(i.e., the zero-th response). F 1 V S30 ; L and F 2 V S30 ; NL
represent refined estimates of the EAS at a site including linear
only and both linear and nonlinear site response (i.e., first and
second responses, respectively). Transfer functions can be
formed as spectral ratios:
T 01  F 1 V S30 ; L=F 0 V S30M ; L;

1

T 02  F 2 V S30 ; NL=F 0 V S30M ; L:

2

EQ-TARGET;temp:intralink-;df1;308;276

and
EQ-TARGET;temp:intralink-;df2;308;225

The transfer function T 01 in equation (1) corrects the amplitude spectrum of the SW4 (linear anelastic, V S min  500 m=s)
motion to account for linear site response in which V S30 is less
than our assumed V S min of 500 m=s. The transfer function T 02
in equation (2) corrects the amplitude spectrum of the SW4
motion to account for both linear and nonlinear site response.
Nonlinear site response in F 2 V S30 ; NL depends on the incident shaking intensity. The BA18 model uses the Fourier acceleration amplitude of the SW4 motion at 0.2 s (5 Hz) similar
to Walling et al. (2006). The BA18 used Konno–Ohmachi
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smoothing on the EAS, and we followed the processing
described in Bayless and Abrahamson (2018, 2019a). The FAS
of the seismograms simulated by SW4 (linear anelastic,
V S min  500 m=s) are multiplied by these transfer functions,
and inverse transformed back to the time domain to represent
motions for the assumed V S30 , including either linear site
response alone (if only T 01 is used) or both linear and nonlinear site response (if T 02 is used), respectively. This methodology is described in greater detail in the supplemental material.
In the following, SW4 × T 01 indicates the seismograms and/or
intensity measurements with only linear site response, and
SW4 × T 02 indicates the same with both linear and nonlinear
site response. We note that this transfer function approach
does not modify the phase of the signals, so little change in
the duration or Arias intensity is expected.
Our site-response correction procedure is illustrated in
Figure 4 for a location with strong shaking 3.3 km from the
fault with soft soils V S30 of 109 m=s (location near San Leandro
indicated in Fig. 1c). At this site, we applied the BA18 V S30
lower limit of 180 m=s. Figure 4a shows the horizontalcomponent motions from SW4 before, after only linear site
correction (SW4 × T 01 ) and after both linear and nonlinear
(SW4 × T 02 ) site corrections. The transfer functions, T 01 and
T 02 , are shown in Figure 4b. These show that the linear site
response (T 01 ) amplifies motions across the frequency band
8 •

Figure 4. Ground motions and site-response corrections for a soft soil site
(V S30 of 109 m=s, set to 180 m=s) in San Leandro (SL, in Fig. 1c).
(a) Horizontal-component waveforms from SW4 (V S30M  500 m=s), after
linear site correction for V S30 (SW4 × T 01 ) and after linear and nonlinear site
correction for V S30 (SW4 × T 02 ). PGA values for each waveform are given.
(b) Transfer functions (Fourier spectral ratio vs. frequency) for both the linear
(T 01 ) and linear and nonlinear (T 02 ) response at this site. (c) Median
horizontal-component RotD50 spectral acceleration (SA) for the SW4
motions and site-corrected motions (SW4 × T 01 and SW4 × T 02 , respectively) along with the average of four Next Generation Attenuation-West2
(NGA-West2) median (black) and one standard deviation (dotted).
(d) Effective amplitude spectra (EASs) for the SW4 motions and site-corrected
motions (SW4 × T 01 and SW4 × T 02 , respectively) along with the median
(black) and one standard deviation (dotted) of the BA18 model (Bayless and
Abrahamson, 2018) estimate with linear and nonlinear effects (L+N). The
color version of this figure is available only in the electronic edition.

0.1–10 Hz, with peak amplification of about three at 0.9 Hz.
Inclusion of nonlinear site response (T 02 ) moves the peak
amplification to lower frequency (0.6 Hz), reduces the peak
amplification, and sharply attenuates amplitudes for frequencies above the peak. The effect of this site-response correction
on RotD50 and EAS is shown in Figure 4c and 4d, respectively,
along with model estimates for the site conditions from the
USGS 3D model. Site corrections improve agreement with
models. These show how the linear anelastic SW4 motions
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at this site are deficient in low frequencies (<1 Hz) and
enriched in high frequencies relative to the GMMs. This is
common for soft soil sites, as we will show later. Correction
for linear site response with T 01 not only amplifies low
frequencies to agree better with the model but also amplifies
high frequencies, driving intensities higher than the model
median estimates. Inclusion of nonlinear site response with
T 02 dampens high frequencies and brings the spectra in alignment with the models across the frequency band. These effects
are seen in the waveforms as well (Fig. 4a): the motions with
correction for linear site response (SW4 × T 01 ) are amplified
relative to the SW4 motion, with PGA values increased by
about a factor of 2. Inclusion of nonlinear effects (SW4 × T 02 )
reduces amplitudes, especially high frequencies.
Examples of site-response corrections at other locations
with different site conditions and incident intensities are
shown in Figures 5 and 6. Figure 5 shows a site in San
Francisco (Fig. 1a with low V S30 at a distance of 16 km. SW4
PGA values are intermediate (0:14g and 0:31g). Site-response
effects show amplification due to soft soils but less damping
by nonlinear effects compared with the site closer to the rupture shown in Figure 4. This site shows similar frequencydependent behavior of the RotD50 and EAS, as seen in
Figure 4. Application of the full site corrections (T 02 ) improves
agreement with the GMM estimates. A site in Walnut Creek
Volume XX

Number XX – 2020

Figure 5. Ground motions and site-response corrections for a soft soil site
(V S30 of 120 m=s, set to 180 m=s) in San Francisco (SF in Fig. 1a) is 16 km
from the fault. See Figure 4 for the descriptions of panels. The color version
of this figure is available only in the electronic edition.

(Fig. 1a) at 16.2 km with intermediate V S30 of 505 m=s
is shown in Figure 6. For this site, no linear amplification is
needed (T 01  1) because our SW4 simulation honors the
V S30 from the USGS 3D model. There is only a slight reduction
of high-frequency energy above 2 Hz due to nonlinear effects
at this site. The full site-response correction reduces PGA by
about 10%.

ANALYSIS OF SITE-RESPONSE-CORRECTED
GROUND MOTIONS
We now consider the impact of site-response corrections
on simulated ground motions (SW4 × T 02 seismograms).
Figure 7 shows maps of the PGV and PGA across the domain
for the three hypocenters. The PGV maps with site corrections (Fig. 7a,c,e) show a more symmetric pattern of intensities
compared with the PGV maps without site corrections (Fig. 3a,
c,e) and previous simulations (Johansen et al., 2017; Rodgers,
Petersson, et al., 2018, 2019; Rodgers, Pitarka, et al., 2018).
PGV intensities with site corrections are higher than the case
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without site corrections for sites west of the fault in the
Franciscan Complex, in the San Leandro basin, Santa Clara
Valley (Cupertino basin), and Gulf of Farallones. Similar but
less dramatic changes are seen in the site-corrected PGA maps.
Site-corrected PGA intensities are higher in the soft soil areas
within the V S30 contour of 500 m=s. Reductions in PGA are
seen for sites on the west side and close to the fault.
The effect of site corrections is more clearly seen in maps
of the ratio of PGV and PGA values for the site-corrected
SW4 × T 02 and SW4 motions. Figure 8 shows the natural logarithm PGV and PGA ratios plotted at each site to emphasize
amplification and deamplification, along with the region of soft
soil properties enclosed by the V S30 contour level of 500 m=s
(see Fig. 1c). The impact of site corrections on PGV is seen in
Figure 8a,c,e. These maps clearly show that PGV is amplified
where V S30 is lower than the assumed V S min of our SW4 simulations. However, PGV is essentially unaffected in areas where
V S30 from the USGS 3D model is above 500 m=s and honored
by our SW4 simulations. This was also reported in simulations
of an M w 6.5 HF rupture, considering V S min as low as 250 m=s
(Rodgers, Pitarka, and McCallen, 2019). Similar behavior of
PGV ratios is seen for each hypocenter, indicating that directivity is not a factor in shaping the PGV ratios, and the ratios
isolate wave propagation effects near the sites.
The impact of site corrections on PGA is shown in
Figure 8b,d,f. These maps show that site-response corrections
10 •

Figure 6. Ground motions and site-response corrections for a site in Walnut
Creek (WC in Fig. 1a) is 16 km from the fault with intermediate V S30
(505 m=s) site. See Figure 4 for the descriptions of panels. The color version
of this figure is available only in the electronic edition.

amplify PGA at many sites away from the fault and where V S30
is less than 500 m=s. However, PGA values are decreased on
the west side and close to the fault where V S30 is less than
500 m=s, presumably due to nonlinear effects (e.g., damping)
for which incident accelerations are high. Outside the V S30
contour of 500 m=s where our SW4 simulations honor the
USGS 3D model, most sites show that PGA is decreased
slightly due to damping (e.g., Walnut Creek example shown
in the Fig. 6). These maps of PGV and PGA ratios represent
the competing effects of amplification due to linear site
response for sites with V S30 less than 500 m=s and damping
of strong motion due to nonlinear response. There are some
slight differences in the PGA ratio maps for each hypocenter,
particularly for sites near the fault, but the overall behavior
between hypocenters is similar.
We now explore the impact of site-response corrections further by examining the PGA ratios (SW4 × T 02 =SW4) at soft
soil conditions (V S30 ≤ 500 m=s) and close to the rupture
(Joyner–Boore distance, R ≤ 16 km) in Figure 9. These are sites
not only within the V S30 contour of 500 m=s, as shown in
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Figure 8b,d,f, but also within relatively close distance of the
rupture and likely to experience modest-to-high-intensity
ground motions. These sites (354) correspond to about 15%
of the computational domain area. The PGA ratios at these
sites are plotted versus the incident SW4 PGA in Figure 9a,
9d, and 9g for the northern, central, and southern hypocenters, respectively. These data show that site-corrected PGA
values at sites with weak-to-moderate shaking intensity (SW4
PGA < 0:2g) are mostly amplified due to the dominance of
linear site response, whereas intensities are reduced at sites
with stronger shaking (SW4 PGA > 0:4g) due to damping
from nonlinear effects. The same PGA ratios are plotted versus
distance in Figure 9b, 9e, and 9h for the northern, central, and
southern hypocenters, respectively. The PGA ratios versus distance can be understood with similar logic: PGA is reduced at
short distances where shaking is strong due to dominance of
nonlinear damping, and ratios gradually increase with distance
Volume XX

Number XX – 2020

Figure 7. PGV and PGA at all sites with site corrections (SW4 × T 02 ) for three
hypocenters: (a) PGV and (b) PGA for the northern hypocenter; (c) PGV and
(d) PGA for the central hypocenter; and (e) PGV and (f) PGA for the southern
hypocenter. PGV maps show contours of Z 1:0 (dashed lines similar to
Fig. 1b) and PGA maps show the V S30 contour of 500 m=s (dashed lines
similar to Fig. 1c). In each panel, the surface projection of the top of the HF
is shown (thick line) with hypocenter indicated (star). The color version of
this figure is available only in the electronic edition.

as the shaking decreases, nonlinear damping diminishes,
and linear amplification dominates. Ratios of RotD50 SAs
(SW4 × T 02 =SW4) are formed for these sites and plotted versus period for the northern, central, and southern hypocenters
in Figure 9c, 9f, and 9i, respectively. These show the expected
behavior with reduction or amplification of short- or longperiod energy, respectively (Walling et al., 2006; Hashash et al.,
2018). The average RotD50 spectral ratio from the site-corrected
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simulated motions (SW4 × T 02 ) is in very close agreement with
the average of four NGA-West2 GMMs (Abrahamson et al.,
2014; Boore et al., 2014; Campbell and Bozorgnia, 2014;
Chiou and Youngs, 2014) using the mean site condition for
this subset (V S30  184 m=s, Z 1:0  0:25 km). This average
RotD50 ratio from GMMs also shows the expected shape from
empirical and simulation studies cited previously.
In the absence of empirical observations for M w 7 earthquakes on the HF, we validated ground-motion simulations
by comparing simulated intensity measurements with average
NGA-West2 GMM estimates (Abrahamson et al., 2014; Boore
et al., 2014; Campbell and Bozorgnia, 2014; Chiou and Youngs,
2014). These models represent median and standard deviation
of ground-motion intensity measurements, specifically the
RotD50 SA across three orders of magnitude in period
(0.01–10 s or frequencies 0.1–100 Hz) along with PGV and
PGA. The quantity epsilon, ϵ , represents the difference in the
natural logarithm intensity from a simulated waveform, z, and
12 •

Figure 8. PGV and PGA ratios at all sites showing the natural logarithm of
site-corrected intensity divided by the SW4 intensity without site correction,
lnSW4 × T 02 =SW4, for three hypocenters: (a) PGV ratio and (b) PGA ratio
for the northern hypocenter; (c) PGV ratio and (d) PGA ratio for the central
hypocenter; and (e) PGV ratio and (f) PGA ratio for the southern hypocenter.
Maps show the V S30 contour of 500 m=s (dashed lines similar to Fig. 1c). In
each panel, the surface projection of the top of the HF is shown (thick line)
with hypocenter indicated (star). The color version of this figure is available
only in the electronic edition.

the model median estimate, ẑ, divided by the natural logarithm
standard deviation from the models, σ̂:

EQ-TARGET;temp:intralink-;df3;320;132

ϵ 

z − ẑ
:
σ̂

3

The GMM estimates (ẑ and σ̂) were taken as the arithmetic
mean of four NGA-West2 GMMs (median and standard
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deviation) cited previously using the site-specific properties
from the USGS 3D model. We note that this validation treats
intensity measurements ergodically. The source, path, and site
terms in the GMM are homogeneous across the domain and
applied without regard to source or site location using the
ergodic independent variables (M w , distance, V S30 , Z 1:0 , and
so forth).
The median and spread of ϵ values are shown for the
northern hypocenter for four cases in Figure 10. In each case,
the median value (squares) are shown along with the spread
as the inner 50% (the interquartile range) and 90% of values
from the median. Figure 10a and 10b show just the sites with
V S30 ≤ 500 m=s (658 of 2301 or 29% of all sites) without and
with site corrections, SW4 and SW4 × T 02 , respectively.
Without site corrections (Fig. 10a), intensities at these soft soil
sites do not match the GMMs (ϵ ≠ 0). They are enriched in
short-period (0.1–0.2 s) energy with epsilon approaching 1,
and deficient in longer period (>0:4 s) energy with epsilon
of about −1. Epsilon values of 1 correspond to ground
motions 1 standard deviation or about a factor of 2 multiply
or divide from the median GMM estimates (which typically
have natural log standard deviations of 0.6–0.7). Application
Volume XX

Number XX – 2020

Figure 9. Natural logarithm PGA ratios (SW4 × T 02 =SW4) for 354 near-fault
(R ≤ 16 km) soft soil (V S30 ≤ 500 m=s) sites. PGA ratios for the northern
hypocenter are plotted versus: (a) linear anelastic SW4 PGA; and (b) distance from the fault, R. (c) Ratio of RotD50 SAs versus period for individual
sites (thin gray lines) along with the mean ratio (heavy solid line) and the
expected ratio from the average of four NGA-West2 ground-motion models
(GMMs) using the mean site condition (heavy dashed line). (d–f) and
(g–i) show the same for the central and southern hypocenter, respectively.

of the full (linear and nonlinear, SW4 × T 02 ) site corrections
for these soft soil sites (Fig. 10b) results in ϵ values closer to
zero across all periods, indicating better consistency with
the GMMs.
Figure 10c,d compares the intensities without and with site
correction at the remaining 1643 sites where V S30 > 500 m=s.
At these sites, there is a close agreement between the simulated
intensities, without and with site corrections, and the GMMs
and little change in the average behavior following the site corrections. This indicates that site corrections are not important
for sites with V S30 greater than 500 m=s (T 01 ∼ 1:0), and nonlinear site response has only a modest effect on these sites.
The only differences that emerge for these higher V S30 sites
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are slightly lower values for site-corrected intensities at very
short periods, smaller than 0.15 s. This is likely due to amplitude reduction from the nonlinear site correction. All locations
with site corrections, as shown in Figure 10b,d, have absolute
median ϵ less than 1 for nearly all intensities. More than 50%
of the values are within 1 across the resolved bandwidth
(0.1–10 s) and for PGV and PGA. Furthermore, the agreement
is generally good for the shorter periods (0.01–0.1 s) for which
Fourier components are not resolved in the SW4 simulations.
Most importantly, results show that site corrections for soft soil
sites result in better agreement with GMMs across the period
band considered (0.1–10 s). Similar results are seen for epsilon
values for the central and southern hypocenters shown in
Figures S1 and S2. Such close agreement demonstrates the
value of this site correction method for producing realistic
ground motions from 3D simulations.

SPATIAL VARIATIONS OF GROUND-MOTION
INTENSITIES
The close agreement of average intensities from our simulations with GMM median values (i.e., median epsilon of zero,
interquartile range within 1 seen in Fig. 10, and Figs. S1 and
S2) indicates that our 3D simulation method with site corrections is unbiased in terms of the average magnitude and distance scaling and ergodic site response. An advantage of 3D
ground-motion simulations is that they include details of the
source-, path-, and site-specific response that are not represented in current ergodic GMMs. For example, current GMMs
use simple site-specific properties (e.g., V S30 and Z 1:0 values at
14 •

Figure 10. Epsilon plots comparing simulated ground-motion intensities with
NGA-West2 GMM estimates for the northern hypocenter. Median ϵ values
(squares) are shown with inner ranges (50% and 90% as dark and light
gray shading, respectively). Upper panels show sites with V S30 ≤ 500 m=s:
(a) without site corrections (SW4) and (b) with site corrections (SW4 × T 02 ).
Lower panels show remaining sites with V S30 > 500 m=s: (c) without site
corrections and (d) with site corrections.

a site) that apply to all sources, paths, and sites. However, the
propagation of waves from a specific rupture location to a site
will experience accumulated path effects of 3D Earth structure
(e.g., scattering and mode conversion by geologic terrane
boundaries, basins, and topography) and will differ depending
on the location of the rupture and the site. These appear as
systematic spatial patterns of higher or lower ground-motion
intensities relative to median GMM values, corresponding to
positive or negative epsilon values, respectively.
Figure 11 shows maps of site-specific epsilon values for
PGA, PGV, and SA at 1 and 3 s for the northern hypocenter.
When averaged over all sites, we know that epsilon is near zero
within 1 for these intensities (Fig. 10b,d). However, these
maps show some large-scale coherent patterns of the epsilon
values (scales of 10–20 km or greater) that are related to path
effects and V S30 and Z 1:0 properties. Many locations of lower
near-surface V S (e.g., sedimentary basins such as the San
Leandro and Cupertino basins, Gulf of Farallones) and large
areas of Tertiary sandstones and volcanics east of the fault have
epsilons greater than zero (plotted in red corresponding to
ground motions larger than ergodic GMM median). Negative
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epsilon values (blue) are found in areas of higher V S30 and lower
Z 1:0 corresponding higher shear wavespeeds. These deviations of
epsilon from zero represent systematic path effects that can be
captured with 3D simulations, but which are missing from ergodic GMMs. Similar results are seen for the other hypocenters,
with some slight differences due to rupture directivity for the
longer period motions, as shown in Figures S3 and S4.
Wave propagation through the Earth’s 3D crustal structure
and topography causes systematic increase or decrease of shaking intensities. These maps (Fig. 11, and Figs. S3 and S4) show
that path and site effects for an M w 7 rupture on this fault segment are to a large extent repeatable and cause bias or systematic shifts of site-specific intensities from the GMM median
estimates. Knowing these biases can improve the accuracy of
median ground-motion estimates and possibly reduce the large
scatter of ergodic GMMs, which has significant impacts on
seismic hazard estimates at long recurrence intervals. Maps
such as these can be averaged over different rupture scenarios
and used to delineate areas of source-, path-, and site-specific
bias in ground-motion intensity, similar to nonergodic GMMs
(Kuehn et al., 2019) or source-normalized intensity maps
(Rodgers, Pitarka, et al., 2018; Rodgers, Petersson, et al., 2019).

DISCUSSION AND CONCLUSIONS
This study reports broadband ground-motion simulations for
M w 7 earthquakes on the HF, computed with the SW4 anelastic seismic wave propagation code running on a powerful
GPU-accelerated supercomputer. As part of a two-step
Volume XX

Number XX – 2020

Figure 11. Maps of site-specific epsilon values for the northern hypocenter.
These show epsilon values for (a) PGA, (b) PGV, (c) SA 1 s, and (d) SA 3 s.
The surface projection of the top of the HF is shown as thick black line with
hypocenter (star) and contours of Z 1:0 (dashed lines) from Figure 1b. The
color version of this figure is available only in the electronic edition.

procedure, we first performed regional-scale simulations with
fine discretization to compute ground motion for a broadband
frequency range of 0–10 Hz and for a reference minimum
shear wavespeed (V S min ) of 500 m=s. These simulations combined a realistic kinematic rupture model following Graves and
Pitarka (2010, 2015, 2016) and 3D Earth structure model from
the USGS. In a second step, the synthetic ground motions were
corrected for linear and nonlinear site effects using the recently
developed empirical GMM for FAS (BA18, Bayless and
Abrahamson, 2018, 2019a). The median simulated groundmotion intensities at all sites agree within one standard
deviation of ergodic model median estimates, including very
soft soil sites in the San Francisco Bay area, with a V S30 as
low as 180–300 m=s. This area covers only about 27% of the
computational domain, but it is the area where much of the
population and civil infrastructure are concentrated (Detweiler
and Wein, 2017). Dramatic changes in the simulated motions
due to site corrections are seen for soft soil sites that are not
accurately modeled with V S min of 500 m=s (Fig. 10b, and
Figs. S1b and S2b). Although the focus of this study was on the
San Francisco Bay area, the approach is generally applicable
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(with appropriate GMM for Fourier spectra), because regionalscale 3D earthquake ground-motion simulations have generally
ignored low-wavespeed near-surface materials corresponding to
soft sedimentary soils. Such soft soils are ubiquitous in earthquake-prone areas, including southern California, the Pacific
Northwest, Japan, New Zealand, and Europe.
With improved numerical and computational methods and
more powerful computers, high-frequency earthquake simulations in 3D Earth models with realistic rupture models will
become easier. It is important to account for site response
in these higher frequency simulations, especially in populated
regions with soft soils. Applying site corrections with the
BA18 model is better than no corrections at all, but it is not
without drawbacks. Like any GMM, the BA18 model implies
a crustal profile and correlation of V S30 and deeper structure
that may be different than the study area. The V S structure in
our computational domain expresses relatively shallow weak
(V S < 500 m=s) material, with Z 0:5 less than 75 m (Fig. 1d).
However, this behavior may be different from the crustal profiles implied by the BA18 model. Considering the quarterwavelength resonance of soft soil near-surface layers implies
this structure would only alter the motions with frequencies
above 0.5 Hz, as shown in Rodgers, Pitarka, and McCallen
(2019). However, the linear site-response transfer functions
(T 01 ) based on the BA18 model show broad amplification
across the frequency band 0.1–10 Hz. This issue deserves further investigation.
Limitations in the range of applicable of V S30 values of the
BA18 model (180–1500 m=s) and the fact that the USGS
model likely overestimates geotechnical V S values in areas of
weak soils (e.g., artificial fill, Bay mud) means we likely underestimate linear site amplification in this study. Nonetheless,
this study demonstrates that higher frequency simulations can
be performed without stochastic or hybrid techniques and
result in close agreement with median GMMs. Site corrections
are needed to account for response in soft soils where simulations require still finer discretization to model short wavelength, high-frequency waves. Future earthquake simulations
will require higher resolution 3D Earth models, including a
geotechnical layer with discretization commensurate with target frequencies well above 1 Hz.
Although this study demonstrates consistency of simulated
ground motions with empirical data, it also highlights systematic spatial deviations of shaking intensity from average
behavior that are related to source excitation and path- and
site-specific wave propagation effects through the 3D Earth,
as seen in epsilon maps (Fig. 11, and Figs. S3 and S4). These
deviations deserve further analysis to understand the physical
basis of higher or lower shaking intensities and to guide development of region-specific GMMs including nonergodic models. In the future, this capability could be used to identify bias
in median ground-motion estimates relative to median GMMs
for large scenario earthquakes that drive seismic hazard at a
16 •

site. Such results could inform site selection for new construction, design of resilient structures, or prioritization of retrofits
of critical infrastructure. Using such a methodology with validated high-resolution 3D Earth models can provide an alternative to median estimates from empirical ergodic GMMs
and the consequences of their large variance (Bommer and
Abrahamson, 2006; Baltay et al., 2017; Kuehn et al., 2019).
Alternative ground-motion metrics might also be considered,
such as duration (e.g., Arias intensity and cumulative absolute
velocity).
The approach presented in this study represents a viable
intermediate path to connect high-resolution regional-scale
linear anelastic ground-motion simulations with empirical
site-response corrections to account for geotechnical properties, particularly soft soils and nonlinear geomechanics not
included in simulations. This approach should be evaluated
with recorded strong-motion waveforms to better understand
performance, including frequency dependence (e.g., Taborda
et al., 2016; Lee et al., 2020). Alternative approaches to account
for geotechnical site response should also be evaluated including time-domain nonlinear wave propagation (e.g., Hartzell
et al., 2004; Bonilla et al., 2005; Kottke and Rathje, 2008;
Pitarka et al., 2013). Future regional-scale 3D simulations that
incorporate nonlinear geomechanics should evaluate parameter trade-offs, validate against recorded data, and compute
response at higher frequencies and in weaker materials in
which nonlinear effects are more likely to impact site response.
Similarly, the impacts of small-scale stochastic heterogeneity,
rough fault surfaces, and frequency-dependent Q (e.g., Graves
and Pitarka, 2016; Withers et al., 2018) deserve further investigation with high-frequency regional-scale simulations, including topography and soft sedimentary conditions.
In the future, efficient numerical and computational methods will enable easier calculation of high-frequency regionalscale earthquake simulations that implicitly take into account
amplification in soft soils and nonlinear material properties.
Evolving GMMs and 3D Earth models will be better constrained
with dense near-fault observations of large and moderate earthquakes. A recently developed science plan for improving the 3D
seismic model of the San Francisco Bay area calls for integration
of numerous constraints on a range of scale-lengths from crustal
to geotechnical scales (Aagaard et al., 2020). Improved 3D Earth
models on a fine-scale must improve accurate computation of
waveforms and ground-motion intensities to match empirical
data. For now, linear anelastic earthquake simulations and
Fourier spectral-based site corrections could play a role to provide estimates of region- and site-specific ground motions for
improved seismic hazard and risk analyses.

DATA AND RESOURCES
SW4 (Petersson and Sjogreen, 2018) is open-source and available at
github.com/geodynamics/sw4 (last accessed June 2020), with assistance from the Computational Infrastructure for Geodynamics
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(doi: 10.5281/zenodo.1063644). The rupture model was generated
using the methods of Graves and Pitarka (2016) and code written
by R. Graves (U.S. Geological Survey [USGS]-Pasadena). The
USGS 3D model for the San Francisco Bay area and fault geometries
were obtained from their website (https://earthquake.usgs.gov/data/
3dgeologic, last accessed June 2020). Waveforms were processed
and plotted in Python with the ObsPy package (Krischer et al.,
2015). Ground-motion intensities and ground-motion models were
computed with the pyrotd (https://zenodo.org/record/1322849, last
accessed June 2020) and pygmm (https://zenodo.org/record/53814,
last accessed June 2020) packages, respectively, from A. Kottke
(Pacific Gas and Electric). Some processing related to SW4 was done
with the pySW4 package from S. Shani-Kadmiel (Delft University of
Technology). Information on supercomputer performance, including
ranking of the Sierra and Lassen platforms used in this study, can be
found at https://www.top500.org/lists/2019/11/ (last accessed June
2020). Measured V S30 values for this study area can be found at
“A Compilation of VS30 Values in the United States” (https://
earthquake.usgs.gov/data/vs30/us/, last accessed June, 2020). The supplemental material includes details on the calculations, comparisons
with previous studies, elaboration on the site-response methodology,
and additional figures showing ground-motion analyses from other
hypocenters. All data are available in the main article. Ground
motions and associated metadata can be obtained from the corresponding author.
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