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Abstract  
 

We present a stochastic earthquake source model for intermediate-to long-term 
forecasts. The model is based on fundamental observations: the frequency-magnitude 
distribution, slip rates on major faults, long-term strain rates, and source parameter 
values of instrumentally-recorded and historic earthquakes. The basic building blocks 
of the model are two pairs of probability density maps. The first pair consists of 
smoothed seismicity and weighted focal mechanisms based on observed earthquakes. 
The second pair contains the same type of information for faults. We construct from the 
model a “stochastic event set”, i.e. a large set of simulated earthquakes that are relevant 
for seismic hazard calculations and model testing. Their complete descriptions are 
determined in the following order: magnitude, epicenter, moment tensor, length, 
displacement, and down-dip width. Our approach assures by construction that the 
simulated magnitudes are consistent with the observed frequency-magnitude 
distribution. We employ a magnitude-dependent weighting procedure that tends to 
place the largest simulated earthquakes near major faults with consistent focal 
mechanisms. Nevertheless, our stochastic model allows for surprises, such as large 
off-fault earthquakes, which comply with the observation that several recent 
destructive earthquakes occurred on previously unknown fault structures. We apply 
the model to California to illustrate its features.  
 
A common drawback of smoothed seismicity methods is that valuable knowledge of 
fault structures and deformation rates have no contribution to the estimate of future 
earthquake probabilities In currently quiet regions characterized by ample evidence of 
large historic earthquakes in the past few thousand years, geological data provide a 
vital contribution to the calculation of earthquake potentials. We therefore present a 
method to construct a stochastic earthquake source model that benefits from applying 
the kernel-smoothing method to earthquakes and mapped fault structures with 
associated deformation rates. Building on the kernel-smoothing concept, we 
objectively combine geologically estimated data with seismological data. The concept  
is modular in that one could similarly introduce knowledge on deformation rates from 
recent GPS data or inferred strain rates.  
 
In this context, we use the stochastic earthquake source model to simulate a set of 
hazard-relevant earthquakes based on a four step procedure: (1) the starting point is 
the frequency-magnitude distribution, therefore our model solves the bulge problem 
by construction; (2) epicentral locations are assigned at random from a 
magnitude-dependent location probability density map based on past earthquakes and 
strain rate; (3) the moment tensor is then estimated from a weighted combination of 
nearby actual earthquakes and nearby fault moment tensor rates; (4) the rupture 
length, displacement, and width are assigned using a magnitude scaling relationship. 
The procedure ensures that properties of larger simulated earthquakes are 
stochastically more dependent on the fault information, and the properties of smaller 
simulated earthquakes are more likely to be estimated from past seismicity. The 



resulting set of simulated earthquakes can be used for seismic hazard calculations and 
other research that requires a large set of big earthquakes. The model requires two 
types of input data for a chosen region: a well defined earthquake catalog that includes 
the location, magnitude, and focal mechanism of past earthquakes and a fault database 
that specifies the spatial three-dimensional geometry of active faults and provides their 
average long-term deformation.  
 
The basic building blocks of our model are two pairs of probability density maps. The 
first pair consists of smoothed seismicity and observed focal mechanisms based on the 
earthquake catalog. We use the kernel smoothing method to smooth seismicity, i.e. to 
transform discrete earthquake epicenters into spatially continuous probability 
distributions. The focal mechanism density is estimated by distance-weighted 
combinations of observed moment tensors. The second pair of maps contains the same 
type of information for mapped faults. To apply the same smoothing methods to faults, 
we convert fault sections to moment rate point sources with focal mechanisms inferred 
from the fault section geometry  
 
For a complete description of each moment rate tensor, we estimate the strike and dip 
angle from the corresponding fault section geometry and used the rake angle given in 
the fault database. In this way we simplify all faults to a series of point sources. By 
collecting these, we have a “catalog” of moment rate point sources that is purely based 
on fault geometry and slip rates. In other words, we transform the fault network 
representation to something like an earthquake catalog.  
 
Modeling procedure  
 
We model an earthquake catalog in four steps by drawing random numbers from the 
derived probability density functions to (1) simulate magnitudes, (2) simulate 
locations, (3) simulate focal mechanisms, and (4) estimate average rupture dimensions. 
Since the first step is most critical (the following three depend on the simulated 
magnitudes of the events), we simulate the magnitudes from the prescribed 
frequency-magnitude distribution. This procedure assures that the resulting 
earthquake catalog satisfies the observed magnitude distribution by construction. 
 
Given the kernel smoothing procedure, we assume that future earthquakes will occur 
in regions close to past earthquakes and close to mapped faults with corresponding 
focal mechanism, respectively. The location and focal mechanism depend on the 
magnitude of the simulated event: the larger the simulated earthquake, the larger the 
impact of the mapped faults. This feature of the model thus strongly reflects the 
geological input to the model, yet the kernel-based construction leaves small 
probabilities to obtain events of all size at locations where no large earthquakes have 
been observed or fault structures are mapped, reflecting the situation of unknown 
blind faults that get reactivated.  
 
The location of each simulated earthquake is randomly drawn from a magnitude 
dependent weighted average of the seismicity-and fault-based location probability 
density map. The simulated locations of the smallest events depend purely on the 
location of past seismicity, while the locations of the largest ones depend purely on the 



location of mapped fault information. Consequently, the weighting procedure 
preferentially locates the largest earthquakes near major faults. Then, a focal 
mechanism is randomly estimated for each cell that contains a simulated event. The 
two distinct focal mechanism distributions (seismicity and fault based) are weighted 
using the same magnitude-dependent weighting strategy as for the location probability 
densities. In that way, the model assures that the simulated focal mechanisms of large 
earthquakes are preferentially consistent with nearby fault orientation. In the last step 
average rupture dimensions for each simulated event are estimated based on a 
magnitude dependent scaling relationship. Thus the presented procedure yields a list 
of simulated earthquakes with magnitude, location, focal mechanism, length, down-dip 
width, and displacement chosen from appropriate distributions for the study region.  
 
Application to California  
 

We used the earthquake catalog compiled by Wang et al. (2009), that covers all of 
California with a lower moment magnitude threshold MW 4.7 from 1800 to 2007. The 
data was compiled from several existing catalogs by choosing the most reliable 
magnitude and location of each earthquake. The catalog includes moment magnitudes, 
estimated focal mechanisms for small earthquakes and estimated magnitude and focal 
mechanism uncertainties (for a detailed description see Wang et al., 2009). Moreover, 
stochastic declustering was performed using the epidemic type aftershock sequence 
(ETAS) model (Zhuang et al., 2005) to associate an independence probability for each 
event, i.e. the complement of the probability that the event was triggered by previous 
events in the catalog.  
 
We used the WGCEP fault section database, which was modified and updated for 
UCERF3. Many faults in southern California were implemented using a simplified, 
rectilinear version of the SCEC Community Fault Model (Plesch et al., 2007). The fault 
section database specifies the spatial three-dimensional geometry of active faults in 
California and provides their average long-term deformation rates. The current version 
encompasses all of the faults with a slip rate ≥ 0.1 mm/year. Each fault is described by 
several fault sections, which are associated with a set of geometrical and kinematic 
parameters (average strike, dip, rake, long-term slip rate). Note that a fault section 
does not necessarily correspond to a fault segment, which usually implies a geometrical 
control on earthquake rupture length.  
 
On the basis of retrospective likelihood testing, we used an optimized smoothing 
distance of d =3.0 km. We centered the spatial smoothing kernels on each earthquake 
epicenter. The location probability density function is estimated by superposing their 
contributions for each cell. Figure 1 shows the two resulting maps for California, based 
on the earthquake catalog and on the fault moment point sources, respectively. On the 
seismicity-based map (Fig. 1a) the location probability is high near to the locations of 
past earthquakes, and low far away from all past earthquakes. On the fault-based map 
(Fig. 1b) the location probability is high close to mapped faults, and the faster the 
slip-rate of the faults, the greater is the location probability. 
 
Focal mechanism density maps  
 



The second building block of our model is a focal mechanism density map that allows 
one to estimate faulting styles of future events. Focal mechanism forecasts have 
implications for seismic hazard because ground motion prediction equations depend 
on faulting style. We created such a map for both types of input data: first for the focal 
mechanisms of past earthquakes and second for the focal mechanisms derived from the 
fault geometries. Note that we excluded all earthquakes whose focal mechanisms are 
inferred solutions from known focal mechanisms  
 
To estimate a focal mechanism distribution for each longitude-latitude cell, we stored 
all observed focal mechanisms that fall within a chosen distance Rmax. Each of those 
focal mechanisms was assigned with its respective distance dependent probability. For 
each cell, the probabilities are normalized such that they sum to unity. Each cell holds a 
set of focal mechanisms with respective probabilities. The respective total number of 
focal mechanisms depends on the data density. We used the same cells as for the 
location probability density maps. For simplicity and clarity, we display the most likely 
(i.e. the closest) resulting focal mechanism on a reduced 0.5x0.5 degree grid for both, 
the earthquake catalog (Fig. 2a) and the fault moment point sources (Fig. 2b).  
 
Simulating an earthquake catalog for California  
 
We assumed that the earthquake size distribution follows a tapered Gutenberg-Richter 
(TGR) law. The simulation of moment magnitude is carried out on the basis of the 
scalar seismic moment distribution. The seismic moments are simulated to follow the 
TGR law applied to the cumulative number of events with seismic moment larger than 
m. 
 
To model future locations and focal mechanisms requires the choice of an appropriate 
magnitude-dependent weighting function. As a simple starting point, we arbitrarily 
assumed that the dependence for magnitudes between MW,min and MW,max is a 
linear function of the simulated magnitude. Thus, we basically assumed that larger 
future earthquakes occur primarily close to known faults, and that smaller future 
earthquakes preferentially occur near past earthquakes. We randomly draw the 
location of a simulated event based on the magnitude-dependent weighted average of 
the two location probability density maps. Then, for each cell that contains a simulated 
event, we employ the same weighting for the two sets of observed focal mechanisms 
and randomly draw a corresponding focal mechanism. Average rupture dimensions, 
the length and width of the rupture fault, and the associated average displacement for 
each simulated earthquake are determined from appropriate scaling relations. Based 
on the finding of Kagan (2002a), that no observable scaling break or saturation in 
earthquake rupture length occurs for the largest earthquakes, we also assumed 
self-similarity and adopted the following forms of magnitude scaling relationships:  
 

log10(L)= a +0.5*MW  

log10(W )= b +0.5*MW 

log10(D)= c +0.5*MW ,  

 

where L (measured in km), W (km) and D (m) are average values of length, down-dip 



width, and displacement, respectively. We used the elastic shear modulus µ =5·10
10 

Nm, a = −1.65 (Kagan, 2002a), c = −3.50 (Wells and Coppersmith, 1994), and b = −2.55  

(µ*L*W*D = 10
1.5·MW +9

).  
 

Results  
 

The weighting procedure tends to place the largest simulated earthquakes 
preferentially close to major faults with focal mechanisms that are consistent with 
nearby fault orientation (Fig. 3). Their location probability decreases with distance 
from the faults. Thus our approach allows for large off-fault earthquakes, which comply 
with the observation that several past earthquakes in California occurred on previously 
unknown fault structures. The location and focal mechanism of smaller simulated 
earthquakes are adapted to past earthquake occurrences. For the simulations, the 
mapped fault lengths do not geometrically control the rupture length of the simulated 
earthquakes; the rupture length of a simulated earthquake may exceed the associated 
fault length due to employing the magnitude scaling relations. However, this is 
consistent with the observation that for many Californian earthquakes the rupture 
propagated beyond the mapped fault traces (e.g. the Hector Mine, Landers, and Elmore 
Ranch earthquake) revealing more complexities of the overall rupture process, but also 
the evolutionary state of the fault network itself.  
 

 
Figure 1: Normalized spatial rate density maps: (a) based on the earthquake catalog, and (b) based on 
the fault moment rate point sources. The logarithmic color scaling is mutually consistent for both maps. 

 



 
Figure 2: Focal mechanism maps: (a) based on the observed past focal mechanisms (earthquake 
catalog), and (b) based on the fault moment rate point sources (fault database). Beach balls 

correspond to the most likely focal mechanisms on a reduced 0.5
◦

x0.5
◦ 

grid. 



 
Figure 3: Map view of model result for simulation of 100 earthquakes. Epicenters of earthquakes are 
denoted by focal mechanism. Red lines correspond to average rupture lengths. Red focal 
mechanisms highlight Mw > 7.5 earthquakes.  

  



Intellectual Merit 
 
We've invented a new way to forecast earthquake occurrence employing a stochastic 
description of faults and adapting seismicity smoothing for use in fault smoothing as 
well. The method guarantees by construction that the forecast magnitude distribution 
is consistent with the observed regional distribution, it forecasts focal mechanisms, it 
allows for earthquakes to occur near rather than exactly on faults, and it obviates the 
need to assign earthquakes to specific faults. 
 
 
Broader Impacts 
 
The developed method can be used by engineers and decision makers to estimate 
earthquake hazards and to compute theoretical seismograms with appropriate 
probabilistic weighting.  
 
This project provided technical experience and training to undergraduate student 
Xiaohua Xu from USTC (China), Stefan Hiemer, a graduate student from ETH Zurich, 
and to UCLA graduate students Qi Wang and Anne Strader. 
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