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Technical Report 
 

Updated Smoothed Seismicity Model code in Python, and testing 
against original Fortran model 
 
The 2015 global earthquake forecast (GEAR1) is expressed as estimated 
earthquake rate density in each of 6,480,00 cells on a 0.1 by 0.1 degree grid.  It is 
based on a combination of smoothed seismicity and surface tectonic strain rate 
inferred from geology and geodesy. The 2015 version has been tested 
prospectively by the Collaboratory for the Study of Earthquake Predictability 
(CSEP) testing center. Strader et al. (2018) evaluated GEAR1 performance on 
magnitude 5.595 and larger events from   2015.10.01 to 2017.09. Strader, obtained 
her PhD at UCLA during the period funded by this project. 
 
The 2015 GEAR1 version, written in Fortran, was not documented sufficiently for 
use by others. While the program has worked extremely well, better accessibility 
and faster performance required that it be reproduced and commented in modern 
coding language. Han Bao, a UCLA grad student on our team, has written Python 
code that does that, and he has tested the agreement between the old Fortran and 
new Python codes. Comparison would ideally involve using the same input 
earthquake catalog and parameter settings, expecting identical output. 
Unfortunately, the GCMT catalog used in the original forecast submitted to CSEP 
has not been adequately archived, nor have the catalog selection parameters such 
as maximum depth and magnitude type. Furthermore, changes to the GCMT 
catalog have prevented testing the new program against the same date used in 
the past Nevertheless we’ve compared the results of the new Python software 
against that of the original GEAR1 as closely as possible.  
 
Figures 1 and 2 show maps of forecast earthquake rate density at magnitude 5.8 
and above for the two coding methods. Even at much higher resolution, differences 
are hard to spot.  Figure 3 shows cumulative rate as a function of individual cell 
rate, sorted in decreasing order as estimated by the Python program. Forecast 
rates from the Fortran program are sorted in the same order and both are plotted 
together. You can’t see the difference because both agree to within the width of 
the line, indicating outstanding functional agreement between the two programs. 
 
 



 
Figure 1. Rate density of m5.8+ earthquakes estimated using Kagan's Fortran 
program and earthquakes from GCMT catalog. 

 
Figure 2. Same as Figure 1, but estimated using Han Bao's Python program. 



 
Figure 3. Cumulative cell rates for both programs, sorted highest to lowest 
according to the Python version. Results for the two version agree to within the 
width of the line, thus only the Fortran version is visible. 

 
Using the PDE catalog and lowering the magnitude threshold 
 
Our published GEAR1 forecast is based on the GCMT catalog, with the magnitude 
completeness threshold 5.8, includes an estimate of focal mechanisms of future 
earthquakes and of the mechanism uncertainty. The new Python program permits 
the use of the PDE catalog that reliably documents many smaller quakes with a 
higher location accuracy. The result is a forecast at a higher spatial resolution and 
down to a magnitude threshold 5.0. Those forecasts can be prospectively tested 
with a relatively short catalog because smaller events occur with greater 
frequency. The forecast’s effectiveness can be measured by its average probability 
gains per earthquake compared to a reference forecast with spatially and 
temporally uniform Poisson distribution. The PDE catalog shows more details 
because the annual rate is higher and more events can be used to formulate the 
forecast. The PDE forecast also shows a greater probability gain with respect to 
the reference than does the GCMT forecast. The down-side of the PDE catalog is 
that focal mechanisms are not included, but the higher resolution compensates to 
some extent. 

 
 
Testing the GEAR1 Forecast and its components against yearly 
earthquake occurrence 
 
Peter Bird, a member of our team, applied statistical tests published by Kagan in 
2009. Bird measured annually I1, the logarithmic (base2) probability gain 
compared to a spatially uniform reference forecast of the same number of events. 
Table 1 shows results for the GEAR1 composite model, the smoothed seismicity 



component of the GEAR1 model, the rate inferred from the global tectonic strain 
rate map, and an earlier, more basic tectonic map.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 1: Prospective I1 (“success”) scores [per Kagan, 2009, GJI] in mean binary 
bits of information gain per shallow m ≥ 5.767 earthquake, relative to a reference 
model of globally uniform shallow seismicity, when tested against the shallow part 
of the GCMT catalog: 

  

Long-term forecast 
model: 

2014 2015 2016 2017 2018 2019 2020 

GEAR1 [Bird et al., 
2015, BSSA] 

4.328
7 

4.727
0 

4.459
7 

3.884
4 

4.106
7 

4.683
5 

4.077
0 

Smoothed-
seismicity (Kagan, 
p.c., mid-2014) 

4.116
3 

4.468
8 

4.191
1 

3.680
7 

4.057
1 

4.671
0 

3.816
1 

SHIFT_GSRM2f [Bi
rd & Kreemer, 
2015, BSSA] 

3.704
3 

4.179
5 

3.925
1 

3.245
7 

3.235
4 

3.742
2 

3.521
4 

SHIFT_GSRM [Bird 
et al., 2010, BSSA] 

3.666
6 

4.118
8 

3.807
4 

3.254
0 

3.230
9 

3.828
1 

3.476
3 

  
 
 
 
Our prospective and retrospective tests of GEAR1, and others by Strader et al. 
(2018) and others within the CSEP community, show that earthquakes occur 
consistently as forecast by GEAR1 forecast and that GEAR1 is more informative 
than either of its components alone. However, the tectonic branch of the forecasts 
imply stronger localization of the model with respect to observed earthquake 
distributions. However, because GEAR1 is based on optimizing performance over 



an 8-yr retrospective period, a similar prospective time period will likely be 
necessary to conclusively validate the model selection. 
 

Closer look at Forecast models 
 
We used statistical models to compare several published long-term probabilistic 
earthquake forecasts for California. These techniques have been used within 
CSEP to rate the relative success of forecast models, but the techniques can do 
much more. They identify specific quakes where none were expected and lack of 
quakes where they were.  We examined both the quakes and the forecast models 
to improve earthquake forecasting.  
 
Quantitative statements about California earthquake probabilities have a long 
history, but detailed forecasts with a testing strategy began with the Regional 
Earthquake Likelihood Models (RELM) project (Field,2007; Schorlemmer and 
Gerstenberger, 2007; Schorlemmer et al., 2010). That established a format for 
submitting earthquake rate density at magnitude 5.0 and above on the 0.1 by 0.1-
degree grid. Two perimeters were defined by polygons in longitude and latitude: 
an outer one containing possibly relevant source earthquakes, and an inner one 
to identify test events. Testing began on 19 forecast models on January 1, 2006. 
The forecasts were based on source events ranging from magnitude 2+ and 
earthquakes, as well as fault slip, strain rates and other geophysical data. Some 
models targeted all events over m5, while others were tested on main shocks only, 
or on southern California quakes only.  We test just a few of them that have 
distinctive features which might reveal important factors in earthquake occurrence.  
 
The “Helmstetter” RELM forecast (Helmstetter et a., 2007) used smoothed 
California seismicity. It stands out because it assumes m5+ quakes will be located 
near concentrations of smaller events (m2.0 +). This forecast is now considered 
the “winner” in two successive 5-year tests (Strader et al, 2017). 
 
The “Hiemer” forecast combines smoothed seismic and tectonic “parent” forecasts 
in such a way that earthquakes in the whole state obey a Gutenberg-Richter 
magnitude distribution with a historically determined rate (4.5 magnitude 5+ 
quakes per year).  The tectonic parent adopts a unique “stochastic” model of faults 
defined as probability distributions in space. The probability density is derived from 
proximity to fault “nodes” at a spacing of about 10 km along named faults. Each 
node is assigned a seismic moment rate consistent with the measured slip rate 
along its fault. The centroid rate density anywhere is then smoothed just as 
individual earthquakes are in the seismicity parent. The Hiemer forecast has 
distinctive features. First, it reverses the normal logical sequence of other 
forecasts. Hiemer starts with the well observed statewide Gutenberg-Richter 
magnitude distribution and well observed scaling relationships, then estimates the 
most logical locations and orientations complying with those observations. 
Second, it relaxes the definition of “fault”, in agreement with the broad distribution 
of quakes around mapped faults. Third, it was created by an undergraduate 



student (Hiemer) during one summer project. Of course, the forecast used 
outstanding seismic, geodetic, and geological data compiled by USGS, SCEC, and 
other earthquake scientists.  
 
The UCERF forecasts (Field et al., 2009; Field et al, 2014) were prepared by USGS 
for scientific studies and inclusion in official seismic hazard estimates. They were 
based largely on fault geometry and slip rates inferred from geologic and geodetic 
data, paleoseismic estimates of the recurrence intervals and extent of slip events 
on the major faults, and seismological rate estimates of off-fault “background” 
earthquakes. The complex model included several versions based on different 
options in a logic-tree. Here we studied only the “time independent” version, 
leaving the time-dependent and short-term versions for a later day. The primary 
product of the forecast is a large set of simulated earthquakes on named faults. 
We tested a gridded version of epicenter probability densities in the RELM format.  
 
The GEAR1 model (Bird et al. 2015; Strader et al., 2018) covers the entire earth 
to avoid artificial boundaries and to use consistent rules and parameter choices 
throughout. It is constructed by combining two separate “parent” forecasts. The 
seismic parent is formed by smoothing the locations of earthquakes in the GCMT 
earthquake catalog which covers the period 1977 to present with completeness of 
about 5.8 in the early days to 5.0 now.  The tectonic parent is based on global plate 
rate models refined by copious GPS and other geodetic data on land and around 
the major plate boundaries. Converting tectonic data to earthquake rates requires 
assumptions about the magnitude distribution, which could vary geographically. 
GEAR1 is very economical in its parameter choices, with just 5 different tectonic 
zones each with assumed nearly uniform corner magnitude and b-value.  
 
GEAR1 is a hybrid formed from a 60/40 weighted logarithmic average of the 
smoothed seismicity and surface strain rate. The 60/40 ratio provides the best fit, 
measured as information gain relative to a spatially uniform forecast, over the 
whole earth. Because it has just a handful of adjustable parameters fit to 4602 
earthquake locations and 22,415 GPS velocities, the forecast is very stable. The 
version finalized for testing in 2014 still fits present earthquake locations and rates 
very well (Strader et al. 2018), and numerical experiments show that the forecast 
would change very little if it were updated annually to fit recent events. The forecast 
is specified as moment centroid rate density at the centers of 6,480,000 cells on a 
0.1 by 0.1-degree grid. Within California the global cells correspond exactly with 
those used for RELM and UCERF. Thus, for our California comparisons, we simply 
copy the rates onto the RELM grid. Because of its robustness, we used GEAR1 as 
a reference model for comparing with all other models. That choice highlights 
important local features of the other models, but it does not imply any favored 
treatment in our statistical tests.  
 
A summary of the forecast models is shown in Table 1. All the comparisons were 
made at magnitudes 5.0 and above, except for those involving UCERF3. In those 
cases, we compared at 5.8 and above because in gridded form UCERF3 was not 



specified below m5.8+. The official GEAR1 and Hiemer forecasts are hybrids 
combining smoothed seismicity and tectonic parents. To help parse the forecasting 
advantages we treated the parents as separate forecasts. There are many other 
RELM forecasts we might consider, but here we focussed on those listed. We dealt 
with shallow earthquakes (reported at 70 km depth or less) and made no attempt 
to test the depth 
 
Table 2: Published California quake forecasts for testing in this project.  

Name Mag 
threshold 

Prospective 
test start date 

Ref. Notes 

GEAR1 
hybrid 

5.0 2014 01 01 Bird et al. 2015 global 

GEAR 1 
seismic 

5.0 2014 01 01 Bird et al. 2015 global 

GEAR 1 
tectonic 

5.0 2014 01 01 Bird et al. 2015 global 

UCERF3 5.8 2013 Field et al. 2014 seismic, faults, 
strain rate, 
paleoseismic 

Hiemer hybrid 5.0 2013 Heimer et al., 
2013 

seismic, strain 

Hiemer 
seismic 

5.0 2013 Heimer et al., 
2013 

seismic 

Hiemer faults 5.0 2013 Heimer et al., 
2013 

stochastic faults 

Helmstetter 
RELM 

5.0 2013 Helmstetter et 
al., 2007 

seismic m2+ 

 

Statistical tests 
 
CSEP has developed or adapted several statistical methods to test the locations, 
short- and long-term rate densities, clustering interactions, and magnitude 
distributions separately and in combination (Zechar et al., 2010). Long term 
forecasts are easiest to test, as the forecasts are expressed as earthquake rate, 
or rate density, of epicenters or moments centroids of shallow earthquakes on a 
grid. All the forecasts listed above occur on a subset of the global GEAR1 grid. 
The California subset has 76820 cell centers within the RELM test polygon. The 
procedure we use is known as the T-test (Zechar et al, 2010). We identify shallow 
cataloged earthquakes within the test region and after the start date. We then 
identify the cell in which each event occurred, rank the forecast rate for that cell 
against all others on the map, and compute a likelihood based on the relative rates 
of all cells with “hits”. We call the list of hits in every cell the “catalog”. That 
likelihood for the whole catalog will be tiny because it's the product of many small 
cell probabilities; we compute its logarithm and call it the log-likelihood. To judge 
whether that log-likelihood is within the expected range, we simulate and score 



thousands of event catalogs and take the relative rank of the observed catalog. In 
some of the figures that follow you’ll see horizontal bars representing the two-sided 
95% confidence range of simulated log-likelihoods. If there are two or more 
forecasts aimed at the same future earthquakes, that forecast with the higher (i.e., 
less negative) log-likelihood has the better fit.  The significance of any difference 
between forecasts can be judged by whether their simulated clouds overlap (no 
significance) or not (significance). 
 
Kagan (2009) adopted a form of the log-likelihood known as the “information” 
score, in which the logarithm in question is base 2. Then the difference between 
two forecasts can be expressed in “bits” of information gain for the larger value.  
 
Most of the forecasts we tested were designed to fit m5+ (magnitude 5 and larger) 
earthquakes. We could raise that threshold by employing an assumed magnitude 
distribution, leading to smaller cell rates and smaller numbers of events in the 
catalog. The UCERF3 gridded forecast available to us is specific for m5.8+ events, 
so for some tests involving UCERF3 we’ve scaled up any other forecast used in a 
comparison.  
 

Comparing Seismicity- and Tectonic- based forecasts 
 
Figure 4 shows plots of rate density for the hybrid GEAR1 model and its seismic 
and tectonic parents, followed by a plot of the ratio of the seismic to the tectonic 
parents, for California. Earthquakes located where the forecast rates were in the 
highest 10% are shown green, those in the lowest 10% (surprises) are blue. The 
most expected ones are near the Mendocino triple junction in NW California and 
near the Landers epicenter in the Mojave. Unexpected events occur offshore 
southern California, where there is no tectonic (strain rate) data. A remarkable 
feature is shown in the Seismic/Tectonic ratio map. The path of the San Andreas 
and San Jacinto faults is colored blue, indicating that the tectonic data imply a 
higher quake rate than the seismic data. One reason is that the seismic parent 
employs only quake data from the GCMT catalog, which started in 1977 and 
contains few events in that fault corridor. The tectonic parent shows a high strain 
rate from GPS and other geodetic data. This somewhat surprising dominance of 
the tectonic data brings some good news; the strain rate data can help reveal 
earthquake rates where fault data and history of early earthquakes are not 
available. 
 
 
 
 
 
 



 
Figure 4. Maps of 2015 GEAR1 rate forecast, its two parent forecasts, and the ratio 
of the Seismic to Tectonic forecasts. The color code on the top row applies to the 
tectonic parent on the bottom row as well. The color code on the lower right 
corresponds to the Seismic/Tectonic ratio. Squares show earthquakes after 1977. 
Green, white, and blue squares correspond to most, intermediate, and least 
earthquakes expected ones.  

 
 
 
Figure 5 Shows the loglikelihood gains or losses relative to the global GEAR1 
model mapped onto the California grid. The UCERF3 model shows a gain, and 
Heimer a loss, relative to GEAR1. The horizontal bars indicate the 95% confidence 
intervals expected from random natural occurrence of earthquakes assuming the 
relevant forecast model is correct. As expected, the prospective confidence 
intervals are larger than the others because there are fewer earthquakes in the 
test period than the others. The confidence regions show that the model 
differences are insignificant. Some good news is that the three relevant forecasts 



are so close in their performance, despite very different weighting of seismic, 
geodetic, and geologic fault data. UCERF3 depends substantially on fault data, 
Hiemer not so much, and GEAR1 not at all. Other good news is that the 
performance of all these models in prospective tests is comparable to that in 
retrospective tests, indicating that the occurrence rates estimated from a few 
decades of data are quite consistent with those observed in the decade of the test 
period. Even more good news is that the very simple Hiemer forecast is in the 
running. 
 
 
 
 

 
Figure 5. Relative information gains for UCERF3 and Hiemer forecasts relative to 
GEAR1. Positive gains (right side) indicate better performance. 

 

Comparing forecasted and observed earthquake locations 
 
Figure 6 shows the cumulative distributions of theoretical and observed 
earthquake rates. Each point on the x axis represents a cell, sorted in decreasing 
order of theoretical rate in the GEAR1 forecast. Thus, cells with high expected rate 
are on the left, and curves on the left are those with more theoretical or observed 
events in more active areas according to GEAR1. The logarithmic plot on the x-
axis makes it appear that most events are in low activity regions but look at the 
relative positions of the curves. The dashed curve to the far right indicates the 
expected cumulative concentration of events if the rate density were uniform in 
California. The smooth blue and red curves show the theoretical concentration for 
the Heimer (upper row) and UCERF3 (lower row), as well as the GEAR1 forecast 
(upper and lower). The step-like curves are the corresponding observed 



earthquake cumulative distributions. The third figure on the upper row shows the 
results of retrospective tests of the Hiemer and GEAR1 tests. The theoretic 
distributions (smooth curves) are very similar, and well to the left of the dashed 
(uniform rate density) curve. The observed events (in the learning period) for both 
forecasts are well to the left of the theoretical curves, indicating that the forecasts 
under-estimated the concentration of earthquakes in that period. The second curve 
shows the performance during the test period. The observed distribution scored by 
the Hiemer forecast agrees well with the theoretical and outperforms GEAR1. 
GEAR1 also underperforms relative to its theoretical distribution. More 
earthquakes than predicted are occurring in “low rate” areas.  
 
For larger earthquakes scored by the GEAR1 and UCERF3 forecasts, the third 
figure in the lower row shows that both forecasts underestimated the concentration 
of events. Forecasts may not do well, even when the test answers are available. 
The second figure in the lower row indicates that quakes agreed well with the 
theoretical concentration for both forecasts. The UCERF3 forecast outperformed 
GEAR1 for 4 of the 5 test earthquakes, although GEAR1 put the “most probable” 
quake in a higher rate location than UCERF3 did. These concentration plots take 
a bit more head-scratching than some other plots, but they show the performance 
of the forecasts on specific earthquakes, and specific areas. Thus, they are a 
valuable tool for learning about both the forecasts, and their earthquake targets. 
 
 



 
Figure 6. Plots of theoretical and observed cumulative rates. The x-axis is the 
cumulative area occupied by cells sorted in decreasing order of rate in the GEAR1 
model. Thus, curves on the left side perform better than those to their right.  
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