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 Throughout the life of SCEC3, I continued to improve understanding of earthquake predictabil-
ity and hazard by means of designing and tuning of earthquake simulators. Since 2009 there has 
been a concerted SCEC effort by the newly formed Earthquake Simulator Group to collectively 
advance the field. This collaboration called the "Earthquake Simulator Project" has spawned a 
number of new research directions.  
 My ALLCAL earthquake simulator produces spontaneous, dynamic rupture on a geographi-
cally correct and complex system of interacting faults that covers the entire state of California. 
The heart of the simulator involves computation of displacements and stresses from slip on many 
fault elements. The current simulator ALLCAL2, uses ~15,000 nearly square (3x3 km) fault ele-
ments arranged such to avoid large tears and overlaps with depth on contorted faults (Figure 1). 
Given the fault element geometry, only fault rake, fault slip rate, fault strength and a universal 
two parameter velocity weakening friction law is required for ALLCAL to generate rupture cata-
logs that include all fault stress interactions.  
 Figure 2 shows a few of the 26 M7.7+ events that ruptured the San Andreas Fault during a 
4000 year run of the simulator. Quicktime movie here http://es.ucsc.edu/~ward/SAF3D.mov  The 

stress on the fault (third stripe in each of the panels) is strongly heterogeneous and the final state 
is much different from the starting one. Because of this, once the simulator is turned on, subse-
quent quakes may or may not be similar to previous ones. The beauty of ALLCAL is that it in-
corporates these diverse processes naturally. 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 are less likely will happen less 
often. Populating the statistics of earthquake rupture occurrence for UCREF-like hazard esti-
mates has long been the promise of earthquake simulators. 
 The ALLCAL2 simulator (Figure 3) generates dynamic ruptures from magnitude 8+ down to 
about magnitude 3, so a 4000 year run produces ~500,000 events. Please view the movie at: 
http://es.ucsc.edu/~ward/ALLCAL3D-300.mov Each of the thousands of flashes in this movie is 
a genuine 3-D dynamic rupture. Much of the ALLCAL effort involves tuning the simulator and 
testing its outputs. The tuning is accomplished by comparing computed earthquake recurrence 
intervals versus magnitude to observed intervals. The testing is accomplished by comparing a 
variety of simulator predictions to information not directly built into the model (e.g. Magnitude 
versus Area). 
      The over-arching goal of my efforts is SYSTEM LEVEL SCIENCE unifying geodesy, geol-
ogy, simulators and seismicity. Geodesy deforms the region and stresses a realistic fault system 
in a manner consistent with Geology. Simulators release those on-fault stresses in believable 
earthquake sequences. On-fault quakes combine with off-fault quakes computed from residual 
stresses such to match patterns and rates observed from historical Seismicity. If this goal is 
achieved, SCEC4 will be well on its way to a Master Model. 

You Tube Movie: You Tube style videos are one modern method to reach out to a younger genera-
tion of might-be scientists with visual, succinct, compelling but short bites of science. It’s not easy 
task to package ones research this way, but I have given it a shot.   Please watch my “Tube” entitled 
Earthquake Simulators         http://www.youtube.com/watch?v=iIuwAAPAEFw 
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Figure 2. A few of the 26 M7.7+ ruptures 
on the San Andreas Fault during a 4000 
year run. Three stripe boxes in center 
show slip, slip rate, and normalized stress 
from the surface to depth along strike at 
the finish of rupture.  

 
Figure 1. (Left). ALLCAL2 fault set as of 2011. (Right) "Mean strike" scaling of element 
location eliminates most tears down dip. The Earthquake Simulator Group is working 
toward a standardized set of fault elements with which to compare output products. 

 
Figure 3. Four frames from a run of ALLCAL. The 
movie plots all earthquakes M>4.5. For events M>6, 
PGA is contoured around the rupture and a magnitude 
number is shown. Left is a graph of the cumulative 
number of M4.5+ quakes (red dots) overlaid on the ac-
tual rates (green zone). See: 
http://es.ucsc.edu/~ward/allcal.mov 
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I. ALLCAL Earthquake Simulator 
   In 2011, we continued to improve understanding of earthquake predictability and hazard by 
means of designing and tuning of earthquake simulators. Since 2009 there has been a concerted 
effort by the newly formed Earthquake Simulator Group to collectively advance the field. This 
collaboration called the "Earthquake Simulator Project" has spawned a number of new research 
directions. Much of ALLCAL progress in 2011 overlaps that of the Simulator Project. 
  The ALLCAL earthquake simulator produces spontaneous, dynamic rupture on a geo-
graphically correct and complex system of interacting faults that covers the entire state of Cali-
fornia. The heart of the simulator involves computation of displacements and stresses from slip 
on many fault elements. The current simulator ALLCAL2, uses ~15,000 nearly square (3x3 km) 
fault elements arranged such to avoid large tears and overlaps with depth on contorted faults 
(Figure 1). ALLCAL2 conforms closely with the fault set used in the UCERF program. Given 
the fault element geometry, only fault rake, fault slip rate, fault strength and a universal two pa-
rameter velocity weakening friction law are required for ALLCAL to generate rupture catalogs 
that include all fault stress interactions.  
 For introduction to ALLCAL, the reader might want to watch two sample movies 
http://es.ucsc.edu/~ward/quake-ex2.mov and http://es.ucsc.edu/~ward/quake-ex3.mov.  The first 
shows rupture of a simple stress concentration on a uniform strength fault. The second shows 

 
Figure 1. (Left). ALLCAL2 fault set as of 2011. (Right) "Mean strike" scaling of element location elimi-
nates most tears down dip. The Earthquake Simulator Group is working toward a standardized set of fault 
elements with which to compare output products. 
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rupture of the same concentration in the presence of two other stress patches and variable 
strength along strike. The panels show current fault strength (green), current fault stress (red), 
slip, slip rate and normalized stress along strike and down dip of a fault versus time. You can see 
the complexity embodied in even simple cases like ex3.mov –- ruptures stop, jump and some-
times reverse direction as dictated by the existing state of stress and the friction law. 
 Figure 2 shows “full blown” cases --- a few of the 26 M7.7+ events that ruptured the San 
Andreas Fault during a 4000 year run of the simulator. Quicktime movie here 
http://es.ucsc.edu/~ward/SAF3D.mov The stress state on the fault (bottom boxes, Figure 2) is 
strongly heterogeneous and the final stress state is much different from the starting one. Because 
of this, once the simulator is turned on, subsequent quakes 
may or may not be similar to previous ones. The beauty of 
ALLCAL is that it incorporates these diverse processes 
naturally. 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 are 
less likely will happen less often. Populating the statistics 
of earthquake rupture occurrence for UCREF-like hazard 
estimates has long been the promise of earthquake simula-
tors. 
 The ALLCAL2 simulator (Figure 3) generates dynamic 

 
Figure 3. Four frames from a run of ALLCAL. The 
movie plots all earthquakes M>4.5. For events M>6, 
PGA is contoured around the rupture and a magni-
tude number is shown. Left is a graph of the cumula-
tive number of M4.5+ quakes (red dots) overlaid on 
the actual rates (green zone).  

 
Figure 2. A few of the 26 M7.7+ ruptures 
on the San Andreas Fault during a 4000 
year run. Three boxes in center show slip, 
slip rate, and normalized stress from the 
surface to depth along strike at the end of  
rupture.  
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ruptures from magnitude 8+ down to about magnitude 3, so a 4000 year run produces ~500,000 
events. Please view the movie at: http://es.ucsc.edu/~ward/ALLCAL3D-300.mov Every one of 
the thousands of flashes in this movie is a genuine 3-D dynamic rupture. Quakes now can nucle-
ate at the fault bottom and rupture upward or visa versa. Some ruptures do not break the surface 
at all. 

An exciting ALLCAL development in 2011 is a new method (alternative to backslip) to 
drive the system. The method involves finding a continuous interseismic velocity/stress field for 
Western North America that: (a) gives no shear stress on the free surface, (b) satisfies the static 
equations of force balance, (c) reasonably reproduces interseismic surface velocities at all geo-
detic sites and (d) stresses the faults such that they slip at rates close to those estimated geologi-
cally (Figure 4, left). When combined with a co-seismic field (Figure 4, right), the residual 
strains can be used to estimate off fault seismicity rates. 
 
II. Reality Checks on Earthquake Simulators 
  Much of the ALLCAL effort in 2011 involved tuning and testing. The tuning is accom-
plished by comparing computed earthquake recurrence intervals versus magnitude to observed 
intervals. The testing is accomplished by comparing a variety of simulator predictions to infor-
mation not directly built into the model.  

Tuning. Inputs to tuning include measured slip rates, recurrence interval and slip per 
event provided through projects like SoSAFE. While fault slip rate is a direct constraint in 
ALLCAL, slip per 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 and 
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 re-
currence data.   

Simulator tuning is a major time effort that does not show much at first glance. All simu-
lators involve fault friction law parameters and “fault strength” that corresponds to largest stress 
drop possible at a particular location. Different friction law choices (slip weakening, velocity 

 
Figure 4. Continuous interseismic velocity field (left) and interseismic surface strain rate (center) found by 
joint inversion of geodetic velocities and geological slips rates.  Stressing rates from this deformation field 
will drive ALLCAL faults and generate a discontinuous Coseismic velocity field (Right). Strains from the 
sum of the two fields will constrain off fault seismicity rates.   
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weakening, rate-state) produce more or less complete stress drop. Not surprisingly, given a speci-
fied slip rate and fault strength, different simulators return different size quakes and recurrence 
intervals. In general, if the segment or fault is “too strong”, recurrence intervals and earthquake 
magnitudes there will exceed that inferred from paleoseismology or scaling relations. Conversely 
if a fault is too weak, segment quakes may be too small and recurrence intervals too short. Tun-
ing involves running the simulator for ~10,000 years, plotting observed versus calculated recur-
rence intervals and making small strength adjustments for any of ~180 segments (like Figures 5 
and 6).  

Testing. The primary product of earthquake simulators is a long series of earthquakes that 
act as surrogates for real, but time-limited catalogs. We can inquire of simulator catalogs any bit 
of information that we choose to 
test against data or hypotheses. For 
example, earthquake scaling laws, 
Mmax and b-value that are input into 
most earthquake hazard estimates 
are outputs of the simulator. Figure 
7 (top left), plots earthquake magni-
tude versus rupture area from a re-
cent 10,000 year run of ALLCAL. 
Overlaid on the model values (red 
squares) is an observed scaling rela-
tion currently favored by WGCEP. 
You can see that ALLCAL's syn-
thetic earthquakes scale compatibly 
with real world ones. Agreements 
like this and the others in Figure 7 

 
Figure 5.  Top panel shows model recurrence intervals a points along strike for M>7.5 (red), M>7.0 (blue) and 
M>6.5 (black) for a 20,000 year run on January, 2011.  Bottom panels plot simulation PDFs for recurrence intervals 
M>6.5 and M>7.0 at 20 paleoseismic sites that were employed by UCERF.  Simulator tuning means slowly adjust-
ing ~180 segment strengths to generally (but not explicitly) match observed recurrence intervals (stars above) where 
available. 

 
Figure 6. Typical tuning example. (Top) Model PDFs for M6.5 
and M7.0 quakes for three faults before tuning. The vertical line 
is the geologically determined recurrence interval. Clearly model 
recurrence is too short. (Bottom) Model PDFs after tuning. 
Clearly a better fit. 
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give evidence that ALLCAL is producing a meaningful product. A major effort of the Earth-
quake Simulator Group is to develop “tool sets” to compare standard format output products 
among the various simulators to see where common ground lies.  
 
III Current Project Objectives 
1) Continue to foster the efforts of the Earthquake Simulator Group. This group is struggling 
through issues like: Which simulator problems to consider - complex or simple? What output do 
we compare? How do we make the comparison - deterministically, empirically, statistically?  
(2) Continue to Construct Community Fault Models for Earthquake Simulations (CFM-ES). 
SCEC's existing CFMs are well documented and vetted but because they were not designed with 
simulators in mind, they don't quite meet our needs.  
(3) Support Special Fault Study Areas (SFSA). A primary goal of SFSA is to understand how 
fault complexities affect the propagation of earthquake ruptures. Earthquake simulators are 
ready made for this call.  
(4) Earthquake predictability is a focus for SCEC. Because physics based earthquake simulators 
produce long catalogs of quakes they represent a perfect foil for predictability experiments. 
Along the line of predictability, I’d like to point out a new product of earthquake simulators, 
Earthquake Potential Maps (Figure 8). These predict earthquake rate density above a given 
magnitude for the entire state of California, not just near the faults. These forecasts are in CSEP 
format and immediately available for prospective or retrospective tests. Pitting physics-based 
quake histories against real quake histories in a CSEP environment seems very novel indeed. 
(5) Integrate geodetic information into ALLCAL as an alternative to backslip.  
(6) UCERF has been funded for a third time. It has been proposed that earthquake simulations 
should find a larger role UCERF. Simulators will be ready. 
 
Ward, S.N,  2012,  ALLCAL, Bull. Seism. Soc. Am., (in preparation). 

 
Figure 7. ALLCAL2 Earthquake Scaling Behaviors. Magni-
tude vs. Rupture Area.  Mean Slip vs. Rupture Area.  Mean 
Slip vs. Rupture Length, Magnitude vs. Static Stress Drop. 

 
Figure 8. ALLCAL output in the form of 
Earthquake Rate Density (M>5.5 here) is 
completely testable by CSEP procedures. 


