1

Annual Report, 2007
SOUTHERN CALIFORNIA EARTHQUAKE CENTER
Title of Project:
ALLCAL – An Earthquake Simulator for All of California
Name of PI: Steven N. Ward
Institution: University of California, Santa Cruz
I. ALLCAL Earthquake Simulator
In 2007, we continued to improve understanding of earthquake predictability and hazard by
designing and tuning a California Earthquake Simulator. Our physics-based earthquake simulator
produces spontaneous, dynamic rupture on geographically correct and complex system of
interacting faults.
In 2007, the simulator has seen two new important developments:
(1) For the first time the computation involves a truly 3-dimensional fault system including thrust
faults and variable slip down dip;
(2) The simulation has been expanded to the entire State of California, hence the name ALLCAL.
The ALLCAL model was presented in a talk at INGV Rome Italy, June, 2007. The following
Quicktime movie has loads of information about the simulator that can’t fit in this report. Please take
a look.
http://es.ucsc.edu/~ward/powerpoint/ALLCAL(small).mov

The heart of the ALLCAL simulator involves computation of displacements and stresses from slip
on whole space triangular fault elements (Figure 1). The advantage of employing triangular facets is
two-fold: (a) Static stress and
displacement formulas are exceedingly
simple, involving only dot and cross
products of known vectors (slip direction,
normal direction, fault edge direction, etc.)
that are co-ordinate system independent.
(b) Many modern prescriptions of fault
systems, like SCEC’s Community Fault
Model, employ triangular facets, so
ALLCAL is prepared to implement them.
Each of the several 1000 triangular fault Figure 1. (left) Stresses from slip on triangular fault elements in a
whole space form the heart of the ALLCAL simulator. (right)
elements in ALLCAL include an image Inclusion of an image source generates a shear stress free surface.
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element (Figure 1, right) to generate a shear stress free surface that mimics that of the Earth.
Fault geometry, fault rake, fault slip rate, fault strength and a two parameter velocity
weakening friction law is all that ALLCAL requires to generate spontaneous dynamic rupture
catalogs that include all
fault stress interactions. I
consider fault geometry,
rake and slip rate to be
data, so fault strength and
the
two
frictional
parameters are the only
adjustable quantities in the
simulator.
Figure 2 shows a typical
rupture that was set up to
model the 1992 Landers
earthquake. The left boxes
show a map view of the
Figure 2. Left. Development of a typical dynamic rupture in our simulations. The
rupture versus time. The
frames on the right show stress, fault strength and slip along strike of a Landers type
frames on the right show
rupture versus time. Imbalances between fault stress and fault strength accelerate or
impede rupture propagation and growth. Thousands of such events comprise a single stress, fault strength and
run of the simulator. Please watch the movies at http://es.ucsc.edu/~ward/landers- slip along strike of the
map.mov and http://es.ucsc.edu/~ward/landers-stress.mov
curved fault versus time.
You
can
see
the
complexity that multiple fault strands can induce –ruptures stop, jump and reverse direction as dictated by
the existing state of stress and the friction law. You can
also see that the final stress state is very different from
the starting one. Because of this, once the simulator is
turned on, other “Landers type” quakes might happen
quite differently than the 1992 example. The beauty of
the simulator is that it incorporates branching ruptures
naturally. Fault ruptures jump if and when they are
ready. In the long run, all possible rupture scenarios will
be sampled. Those rupture combinations that are more
likely to occur due to physical conditions (geometry,
etc) will occur often. Those rupture combinations that Figure 3. California faults with slip rates greater
are less likely will happen less often. The simulator than 1/4 mm/y. The yellow boxes are thrust or
obviates the need for ad-hoc ‘cascade’ rules to decide normal faults. All of these faults are included in
the ALLCAL-2007 simulator.
which sets of segments will rupture at what frequency.

3
The ALLCAL-2007 simulator encompasses all 8000 km
of the faults in California that slip faster than 1/4 mm/y
(Figure 3). While the simulator admits several
compromises to keep the computation at reasonable scale
(purely elastic media, modified quasi-static assumption), it
has been designed to reproduce and incorporate behaviors
that geologists measure such as slip rate, slip per event and
recurrence interval. The simulator generates dynamic
ruptures from magnitude 8+ down to about magnitude 4,
so a 2000 year run produces ~30,000 events. Figure 4
shows a few frames of a new run. Please view the movies
at: http://es.ucsc.edu/~ward/ALLCAL-1100.mov and
http://es.ucsc.edu/~ward/SAF-2000.mov
Figure 4. Four frames of animation from a
500 year run of ALLCAL. The movie plots
all earthquakes M>5. For events M>6, PGA
is contoured around the rupture and a
magnitude number is shown. Below and left
is a graph of the cumulative number of M5+
quakes (red dots) overlaid on the actual
rates (black dots) from 1850-2002. The
simulator now involves a wide enough
selection of faults such that bulk seismicity
is Gutenberg-Richter like, with a b value
near 0.9.

II. Products of the Earthquake Simulator
The primary product of earthquake simulators is a long
series of earthquakes that act as surrogates for real, but
time-limited catalogs. As shown in Figure 2, the
simulations provide all details of every rupture. For
example, earthquake scaling laws, Mmax and b-value that
are input into most earthquake hazard estimates are outputs
of the simulator. Figure 5 (right) for instance, plots
earthquake magnitude versus rupture area from a recent
2000 year run of ALLCAL. Overlaid on the model values
(black squares) is an observed scaling relation currently favored by WGCEP. You can see that
ALLCAL's synthetic earthquakes
scale compatibly with real world
ones. Agreements like these give
evidence that ALLCAL is
producing a meaningful product.
Figure 6 shows slip maps
(surface offset along strike) for all
events of a specific magnitude or
slip threshold. This product of the
simulator is especially telling
because the purest paleoseismic
Figure 5. Earthquake simulator results for a recent 2000 year run. The
data are earthquake dates and agreement in the numbers of quakes versus magnitude with the observed
earthquake slip measured at a point catalog (left) and the reproduction of accepted earthquake scaling relations
-- the paleoseismic site. Geologists (right) gives credence to ALLCAL products.
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can locate their site on these maps (e.g. Hog Lake) and
compare predicted slip per event and its variation directly. In
this simulator, interseismic tectonic loading is selected such
that over long periods, the slip for all quakes always sums to
the specified slip rate of the fault. The agreement of the
predicted long-term seismic offset with the geologic slip rate
is a fundamental feature of this simulator.
III. Paleoseismic Constraints on the Earthquake
Simulator
ALLCAL is not a pie-in-the-sky theoretical product.
It is tuned with real earthquake data. Largely, the tuning is
Figure 6. Slip map diagrams for the
accomplished by comparing computed earthquake recurrence
northern San Jacinto Fault (inset). These
maps show the surface offset along strike intervals versus magnitude to observed intervals.
for a 2000-year run of the simulator. The Paleoseismic data constrain earthquake simulators in two
great advantage of this simulator is that ways: 1) through input of measured slip rates, and 2) by
slip map predictions can be compared comparison of computed recurrence interval and slip per
directly with field-measured paleoseismic
event with field measurements provided through projects like
data, such as Hog Lake site on the Anza
SoSAFE. While fault slip rate is a direct constraint, slip per
segment (vertical dashed lines).
event and recurrence interval are applied indirectly. In the
simulator, these observables spring from the fundamental
physics of the system through fault slip rate, fault strength and friction law parameters. Like slip
rate, fault strength is thought to be preserved through many earthquake cycles. Strong fault
segments tend to have larger slip per event earthquakes with longer recurrence intervals, but the
correlation is imperfect because of the non-linear nature of the system and the complex memories of
all preceding earthquakes. For these reasons, iterative segment strength adjustments are made to the
model to match reasonably well paleoseismic recurrence data.
IV. Recent Results and Directions
A major effort in 2007 was to begin to implement variable down dip slip. Until now, all of the
ALLCAL runs employed a single fault element that extends from the Earth's surface down to the
fault bottom. A typical element might be 4 km along strike and 12 km down dip. Uniform down
slip down dip saves computation time and is compatible with the ALLCAL's primary interest of
computing slip variation along strike for large earthquakes. There are some limitations in using
elements with large aspect ratios however, so future ALLCAL versions will break faults into
elements of more equal down dip and along strike size. We already have a proto-type with six
down dip elements -- at least for the SAF from Parkfield to Coachella. The two white boxes in
Figure 7 show coseismic slip and slip rate along strike and down dip. Quakes now can nucleate at
the bottom and rupture upward or visa versa. Some ruptures do not break the surface at all. See the
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movie at http://es.ucsc.edu/~ward/SAF-1000-3D.mov While variable down dip slip is elegant, the
volume of work jumps in proportion to the number of elements down dip. With six elements down
dip, the computational effort is six times heavier than before. We might be pushing the limit of
laptop computing.
A SCEC wor kshop on earthquake simulators was held in
November, 2007 and a follow up
meeting is scheduled for June 2008. Part of my efforts in 2007/8 was/is to contribute to certain
benchmark problems formulated by the workshop such as stress verification
http://es.ucsc.edu/~ward/stress-vs-rotation.mov
http://es.ucsc.edu/~ward/stress-vs-depth.mov
and simplified models rupture evolution
http://es.ucsc.edu/~ward/SIM-test-small.mov
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Figure 7. ALLCAL-2008 simulator results
for the SAF where variable slip is now
allowed down dip. This rupture starts at the
base of the fault and proceeds upward and
northward.

