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ABSTRACT
We report high-performance computing simulations of ground motions for a large (magnitude, M
7.0) Hayward Fault (HF) scenario and moderate (M 4) recorded earthquakes in the San Francisco
Bay Area using the SW4 three-dimensional (3D) anelastic finite difference code. Simulations are
based on the 3D geologic/seismic model of the United States Geologic Survey (USGS). An M 7.0
HF scenario rupture is created following the method of Graves and Pitarka (2016). Motions are
simulated in the frequency band 0-4 Hz on thousands of cores. Results for the 3D model show
variations in ground motions due to wave propagation path and site effects. Motions in the East
Bay Hills east of the HF are amplified relative to motions west of the fault, likely due to lower
shear wavespeeds in the upper crust east of the HF. On average ground motions compare well
with Ground Motion Predictions Equations. The 3D model produces more scatter than an average
plane-layered (one-dimensional, 1D) model. To evaluate the USGS 3D model we simulated
recorded motions from point source moderate (M 4) earthquakes. Preliminary comparisons
between observed and simulated waveforms reveal significant travel time delays for the direct Swave arrivals for paths sampling the East Bay Hills, indicating that the shear wavespeeds in the
upper crust may be too low in the USGS 3D model. These low wavespeeds likely result in the
large ground motion intensities in our M7 simulation, suggesting that the current USGS 3D model
must be more thoroughly evaluated and improved.
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Introduction
Numerical simulation of earthquake ground motions is becoming increasingly important for
earthquake engineering and performance based infrastructure design. This is aided by
improvements in numerical and computational methods, improvements in three-dimensional (3D)
sub-surface geologic and geophysical models and the inexorable advance of computational power
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as exemplified by the U.S. Department of Energy (DOE) Exascale Computing Program. Extensive
domains on the order of 100-200 km are needed to model large (magnitude, M > 6.5) earthquake
ruptures. These domains must be discretized finely at the surface where seismic wavespeeds are
lowest. In order to resolve frequencies of engineering interest, simulations must resolve
frequencies from static displacements to 5-10 Hz, or higher for small-scale structures (e.g.
pipelines, low buildings). Such fine discretization (2-10 m grid zones) across large domains
requires billions to hundreds of billions of grid points. Powerful high-performance computers are
essential to modeling high frequency seismic wave propagation on large domains.
We are using SW4, a 3D anelastic finite difference code based on the summation-by-parts principle
to compute earthquake ground motions. SW4 has many advantageous features for seismic
simulations. Recently, SW4 has been enhanced to use mesh refinement with anelastic attenuation
and a near-surface curvilinear mesh to represent topography [1]. We focus on the San Francisco
Bay Area (SFBA), which has not received as much attention on 3D ground motion simulations as
Southern California and the greater Los Angeles area. Our simulations [2,3] rely on a 3D Earth
model of the SFBA developed by the United States Geological Survey (USGS) [4].
We simulated an M7.0 Hayward Fault scenario earthquake with broadband frequency content from
0-4 Hz [3]. Ground motions were compared to and agree well with average Ground Motion
Prediction Equations (GMPE’s). However, path and site effects due to wave propagation in 3D
structure results in larger scatter than that predicted by the GMPE’s. We also simulated moderate
(M 4) earthquakes and compared nearby (<15 km) recorded motions to our simulations.
Preliminary results indicate that recorded motions in the frequency range 0.1-1.0 Hz are not
particularly well fit by the USGS 3D model with travel time delays of the direct S-wave of 1.0
second or more for relatively short paths (< 10 km). Waveform modeling using the 3D model and
data from moderate events provides valuable constraints on sub-surface structure. In the following
section, we describe our M7.0 Hayward Fault scenario earthquake simulations. We then describe
simulation of moderate earthquakes and comparisons with recorded motions. This is followed by
our conclusions.
An M7.0 Hayward Fault Scenario Earthquake
The Hayward Fault (HF) runs northwest-southeast along the densely populated eastern shore (the
‘East Bay’) of the San Francisco Bay Area (SFBA). The HF last ruptured with a major earthquake
in 1868 with an approximately M6.3-7.0 event. Seismic hazard studies [5] indicate that this fault
has the highest likelihood for a major earthquake in the next 30 years and this exposes the major
urban area of the East Bay to significant seismic hazard. Previous studies reported estimates of
ground motion intensities for the 1868 event [6]. Paleoseismic evidence indicates 12 large
earthquakes have occurred on the HF with mean recurrence interval of 161 years [7]. Aagaard et
al. [8] (including two co-authors of this study) reported ground motion simulations using USGS
3D Earth structure with frequencies up to about 1 Hz and broadband (0-10 Hz) ground motions
using a hybrid method.
In this study, we report ground motion simulations for a large M 7.0 scenario earthquake on the
HF based on a kinematic rupture and deterministic 3D wave propagation [3]. The ground motions
are valid to higher frequencies (4 Hz) and represent a fourfold increase over previous studies [8]
and do not rely on stochastic high-frequency motions (e.g. random vibration theory). The
earthquake rupture was generated following the method of Graves and Pitarka [9]. We used the
same earthquake rupture but two different Earth models for the simulations: an average plane-

layered model for the SFBA (1DFLAT); and the USGS 3D model with surface topography
(3DTOPO). The computational domain spanned 120 x 80 x 30 km. Figure 1 shows the peak
ground velocity (PGV) for the 1DFLAT and 3DTOPO cases. Selected cities and geologic features
are indicated in Figure 1a and 1b, respectively. PGV values are large (1-2 m/s) in the near-fault
region (< 10 km) as expected for such an event. The fault follows the geometry specified by the
USGS [3] and this combined with variations in rake angle cause slight asymmetries in the ground
motion for a plane-layered 1DFLAT model. Path and site effects from wave propagation in a 3D
model with topography are seen in the 3DTOPO case. The sedimentary basins in the 3DTOPO
case (San Pablo Bay, San Leandro Basin, Santa Clara Valley and Livermore Valley) show
amplified motions compared to the 1DFLAT case as was observed in previous simulations [8].
Large amplitudes are seen in the East Bay Hills where the upper crustal wavespeeds are lower on
the east side than the west side of the HF. This wavespeed difference persists to depths of about
10 km [8,10] and arise from sedimentary rocks of the Great Valley Complex on the east side.

Figure 1. Simulated peak ground velocity (PGV, colorbar) for the M7.0 HF earthquake using the
(a) 1DFLAT and (b) 3DTOPO Earth models. Selected cities and geographic locations
are indicated in (a) O Oakland, B Berkeley; Or Orinda; SL San Leandro; H Hayward;
F Fremont; SF San Francisco; SJ San Jose and (b) SBP San Pablo Bay; SLB San
Leandro Basin; SCV Santa Clara Valley; LV Livermore Valley; MD Mount Diablo,
respectively.
Ground motion time-histories were sampled on a dense grid of hypothetical seismic stations with
2 km spacing across the domain. Figure 2 shows a comparison of median horizontal component
acceleration response spectra (RotD50, 5% damping) for two periods and two Earth models, each
plotted versus distance with the Abrahmason, Silva and Kamai 2014 (ASK14) GMPE [11].
Ground motions from the 1DFLAT model are generally lower than those for the 3DTOPO model,
probably because the IDFLAT model has higher wavespeeds and the 3DTOPO model has lower
wavespeeds including lower near-surface Vs30 and sedimentary basins. GMPE predictions are
higher for the 3DTOPO case which accounts for site effects through Vs30 (the near-surface 30meter slowness-averaged shear wavespeed, vS) and z1.0 and z2.5 (the depth to 1.0 and 2.5 km/s
vS, respectively). For the short-period (0.3 s, Sa_0.3 Figure 2ab), the near-fault motions are not
substantially different between the 1DFLAT and 3DTOPO cases, but the amplitude decay with
distance is different and may reveal attenuation and/or scattering effects due to 3D heterogeneity
and surface topography. Amplitude residuals for Sa_0.3, measured by the bias (natural logarithm
of the ratio simulation/GMPE and given in each panel) have about the same scatter for the 1DFLAT
and 3DTOPO models (mean values of 0.273 and 0.206, respectively).

Figure 2. RotD50 response spectra values versus distance for two periods for two Earth models:
(a) 1DFLAT 0.3 s; (b) 3DTOPO 0.3 s; (c) 1DFLAT 1.0 s; and (d) 3DTOPO 1.0 s. Also
shown are GMPE predicted median (solid red) and uncertainties (dashed red) values
from ASK14 [10]. Bias statistics are provided in each panel.
Longer-period RotD50 spectral acceleration response at 1.0 second are shown in Figures 2cd.
These show differences between the 1DFLAT and 3DTOPO predictions from the ASK14 GMPE
due to path and site effects as well as strong differences in the measured intensities. There are
more outliers for the 3DTOPO case than for 1DFLAT at 1.0 second. The 3DTOPO model reveals
differences between the east and west side of the HF, with mean bias for 1.0 s RotD50 (Sa_1.0)
values about 0.2 units (22%) higher on the east side of the HF compared to the west side. Less
difference is seen for the 1.0 s RotD50 values for the 1DFLAT case, which is caused by variations
in dip and rake in the rupture model. Note that larger differences of up to a factor of 2 are seen in
the maps of PGV values in the near-fault (< 10 km, Figure 1b) and the waveforms [3]. The USGS
3D model specifies lower wavespeeds in the Great Valley Complex rocks east of the HF compared
to the Franciscan Complex rock west of the fault.
Finally, note that the mean bias for each case in Figure 2 is within the typical 1-s uncertainties
from the GMPE’s, 0.6-0.7 natural log units or about a factor of two. It is encouraging that fully
3D HPC simulations using a calibrated source rupture model can generate ground motions whose
average values are consistent with GMPE’s based on empirical data. The source of scatter about
average values for the 3DTOPO case is investigated in Rodgers et al. (2018) [3] and further
investigations will improve our understanding of the physical basis of path and site effects on
earthquake ground motions.
Simulation of Recorded Motions from Moderate Earthquakes
The dramatic differences in PGV response across the HF seen in Figure 1 likely results from lower
upper crustal wavespeeds in the Great Valley Complex sedimentary rocks east of the HF compared

to the Franciscan rocks west of the HF. Fortunately, we have not experienced a large damaging
earthquake on the Hayward Fault in recent time, so we cannot assess the validity of ground motion
simulations for the scenario described above. However, moderate (M 3.5-5) earthquakes provide
recorded waveforms to evaluate the current USGS 3D model of the SFBA. The region experiences
about 10-20 such events per year, although many events occur in and around the Geysers
geothermal area. Figure 3 shows the event and station locations across the greater SFBA. Figure
3a shows the focal mechanisms of the moderate events (M≥3.5) from 1994 to present in the SFBA.
Moment tensors in the SFBA are routinely determined by the Berkeley Seismological Laboratory
(BSL) [12]. Seismic stations operating in the region and providing openly available waveform
data are shown in Figure 3b-e for the following networks: University of California Berkeley (UCB)
Berkeley Digital Seismic Network (BDSN, network code BK); United States Geological Survey
(USGS) Northern California Seismic Network (NCSN, network code NC); USGS Advanced
National Seismic System (ANSS, network code NP); and California Geological Survey (CGS)
California Strong Motion Instrumentation Program (CSMIP, network code CE). The BDSN
records broadband motions, while the NCSN, ANSS and CSMIP networks record strong motions.
Waveform data and metadata were obtained from the Northern California Earthquake Data Center
(NDEDC) [13].

Figure 3. Locations of events and stations in the SFBA: (a) moderate earthquakes (M≥3.5) from
1994 to present in the SFBA with UCB BSL moment tensors; (b) UCB BDSN
stations; (c) USGS NCSN stations; (d) USGS ANSS stations; and (e) CSG CSMIP
stations. In (b)-(e) event locations from (a) are shown as red circles.
These earthquakes (nearly 400) and hundreds of seismic stations provide data to evaluate the
current USGS 3D model. Systematic evaluation of every seismogram from each event and
comparison with synthetics is a major undertaking, especially given the vagaries of recorded
seismic data and the need for accurate source parameters. We have found that strong motion
(accelerometer) recordings of moderate earthquakes have very poor signal-to-noise at distances
beyond about 30 km [10]. This is likely due to higher instrumental noise and deployment in urban
areas. Fortunately, broadband sensors, such as those from the BDSN, are more sensitive and
deployed in quiet sites. Previous studies based on BDSN data to evaluate USGS 3D models of the
SFBA have proven successful [14,15].
We modelled ground motions from moderate earthquakes in the SFBA to evaluate the USGS 3D
model. Specifically, we are focusing on the East Bay Hills where the USGS model has low
wavespeeds in the upper crust and our M 7.0 HF rupture produces much higher ground motions
than equidistant locations across the fault (Figure 1). To do this we are modeling waveforms from
5 moderate earthquakes (moment magnitude MW 4.00 – 4.23) that occurred in and around the East
Bay Hills and were recorded by BDSN broadband, borehole and/or strong motion stations. Figure
4a shows a map of the event locations, focal mechanisms and stations.

Waveforms from these five events were modelled using event locations from the double-difference
methodology [16,17] and BSL moment tensors [12], both from the NCEDC [13]. SW4 simulations
for each event were run with the USGS 3D model for a domain spanning beyond the events and
stations shown in Figure 4a. Simulations included anelastic attenuation and surface topography
from the USGS 3D model. Shear wavespeeds were constrained to be 500 m/s or greater. Grid
spacing at the surface was 50 m allowing us to resolve frequencies from 0-1.25 Hz.

Figure 4. (a) Five moderate (MW ~ 4) earthquake locations (red circles) and moment tensors along
with BDSN seismic stations (blue triangles). Three-component waveform fits (0.1-1.0
Hz, vertical, radial and transverse in upper, middle and lower panels, respectively) for
the: the 2007/07/20 (40199209) Lincoln Heights event at stations (b) BRK and (c)
BKS; the 2015/08/17 (72507396) Lake Temescal event at station (d) BKS; the
2003/03/09 (21305648) Lake Temescal event at stations (e) BRIB, (f) SMCB and (g)
W02B. The observed, synthetic and shifted synthetic to optimize waveform correlation
are shown with the shown as blue, red dotted and solid red, respectively. The delay
time (dt) and correlation coefficient (cc) are given in each panel.
For each event-station pair we compared the observed and synthetic velocity waveforms, bandpass
filtered 0.1-1.0 Hz. Horizontal component waveforms were rotated to radial and transverse to
simplify the response for P, SV and SH arrivals, respectively. Each waveform pair was crosscorrelated to determine time shifts to optimize alignment. Figure 4bc show the waveforms for the
2007/07/20 (eventid 40199209) event in Lincoln Heights, Oakland at two stations across the
Hayward Fault: BRK (on the UCB campus, west of the HF) and BKS (in the East Bay Hills, east
of the HF). The time shift (dt) and correlation coefficient (cc) at the optimal time shift are given
with each waveform pair. The waveforms are plotted with their absolute velocity amplitudes
(cm/s). Good agreement between the absolute and relative amplitudes between components gives
us confidence that the source mechanism is reasonably good for this event. We found waveform
misfits (e.g. polarity of first motions, relative SH/SV amplitudes) with other events that require
investigation into possible perturbations of the source mechanisms.
The SH arrivals on the transverse component are particularly diagnostic of the average shear

wavespeed along the path from the event to the stations. For this shallow event (eventid 40199209
double-difference depth is 5.26 km), the two short paths (9-10 km) sample the upper crust in the
different geologic units across the HF. The synthetic SH arrival at BKS, sampling the upper crust
east of the HF is delayed by 1.25 s, relative to the observed waveform, suggesting that the crustal
wavespeeds for the Great Valley Complex in the USGS 3D model are too low. Note that the SV
arrival on the radial component is also delayed for this path, but the waveform correlation is poor.
The SH delay for the path to station BRK, sampling the west side of the HF, is not as significant
(dt = -0.4 s) and the waveform correlations are good (cc > 0.5). The smaller delays between
observed and synthetic SH and SV arrivals suggests the wavespeeds in the USGS 3D model for
the west side of the HF in Franciscan rocks are more accurate. Note that the P and Rayleigh
radiation patterns are nearly nodal for these two paths along the HF and the vertical component
waveforms have lower amplitudes. Also note that the waveforms for the eastern side of the HF to
station BKS are more complex, especially the SH on the transverse component, than the
waveforms at BRK, west of the fault.
We also found delays for the SH and SV arrivals for two other events on the HF (2015/08/17
eventid 72507396 and 2003/03/09, eventid 21305648) both near Lake Temescal, Oakland. The
path from eventid 72507396 to BKS (Figure 4d) shows large delays in the direct SH and SV
arrivals (1.7 and 1.0 s, respectively) similar to 40199209-to-BKS (Figure 4c). Paths sampling
farther east of the HF to stations BRIB (e) and SMBC (f) show delays (time shifts, dt < -0.5). Also
note that there is late arriving coda in the observed waveforms for paths sampling the East Bay
Hills. The waveforms for the path west of the HF to station W02B in San Francisco (Figure 4g,
distance 15.6 km) are well fit (cc > 0.75 for the radial and transverse components) and the delays
are modestly negative (dt > -0.5 s).
In some cases, other events showed similar behavior, but there are indications that the focal
mechanisms need revision based on relative amplitudes and polarities of near-nodal stations. We
hope to evaluate source parameters by searching for small modifications of the BSL moment
tensors. This preliminary data set provides valuable constraints on upper crustal structure in and
around the East Bay Hills where current and previous scenario earthquake simulations show large
amplitude motions. Moderate event waveform modeling will be crucial to improving the USGS
3D model for ground motion simulations.
Conclusions
High-performance computing simulations of earthquake ground motions in the San Francisco Bay
Area have significantly increased the frequency response of computed motions without reliance
on stochastic methods for high frequencies. Computed motions include wave propagation effects
from 3D Earth structure based on more accurate physics, rather than purely stochastic or hybrid
methods. Our simulations to 4 Hz represents a fourfold increase in the frequency content of
Hayward Fault simulations over previous studies [8]. Calculation of the time-domain threecomponent response at these higher frequencies allows engineers to evaluate building/structural
response and soil-structure interaction. Our simulations rely on the 3D model developed by the
USGS and significant allocations of world-class HPC platforms. While these calculations are
challenging today, they will become more accessible in the near future. Improving estimates of
the 3D structure throughout the SFBA with moderate event waveforms will be key to more realistic
ground motion simulations.
Our simulated M 7.0 earthquake on the Hayward Fault (HF) generates large motions as expected,

however motions are larger in the East Bay Hills where lower wavespeeds are specified in the
USGS 3D model (Figure 1). We have shown that ground motions that are consistent with Ground
Motion Prediction Equations (Figure 2). Large motions in the East Bay Hills on the eastern side
of the HF arise due to low upper crustal wavespeeds in the Great Valley Complex of sedimentary
rocks [3]. The existence of this upper crustal low wavespeed anomaly, its wavespeeds relative to
surrounding rock and its depth and spatial extent east of the HF will impact simulated ground
motions for HF scenarios.
Moderate (M~4) earthquakes provide waveform data to constrain 3D structure. We modelled
several events in and around the East Bay Hills to evaluate the USGS 3D model. For three events
for which source parameters are reasonably accurate we find that the USGS 3D model produces
direct SH and SV arrivals that are late relative to the observed waveforms for paths east of the HF,
but smaller delays are seen for paths west of the HF. Complex response is apparent in the observed
waveforms sampling the East Bay Hills. This preliminary analysis suggests that adjustments to
the USGS 3D model are needed. The effect of adjustments to 3D Earth structure on ground
motions for large Hayward Fault ruptures will remain for future investigations.
Moderate earthquake waveform misfit for paths sampling the East Bay Hills will need to feed back
into model improvements, for example through full waveform tomography. Additional
groundwork is needed to carefully assess the available events (source parameters) and waveforms.
So far, we have considered only the broadband data from the BDSN. The extensive strong motion
networks in the region (Figure 3) provide a denser spatial sampling of the region, but these data
will need to be carefully evaluated to insure good signal-to-noise, timing and amplitudes.
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