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Introduction
The increasing availability and quality of geophysical 
datasets, including earthquake catalogs, geological 
records, and interseismic strain rates, has enabled 
the creation of regional and global earthquake 
forecasting models that can underpin probabilistic 
seismic hazard assessments. While regional models 
provide detailed seismicity forecasts given the high 
spatiotemporal resolution of the datasets on which 
they rely, global models offer greater testibility of the 
large damaging earthquakes due to the more 
frequent seismic activity observed around the world. 
Until recently, comparisons between global and 
regional models remained largely qualitative and 
retrospective, lacking a quantitative analysis that 
could more rigorously evaluate the performance of 
global models at regionals scales,  analyze whether 
regional models can translate the greater data 
resolution and availability into more skilful forecasts 
or might be overfitting their training datasets, and 
better inform seismic hazard programs. Here, we 
prospectively assess the ability of the Global 
Earthquake Activity Rate (GEAR1) model and 
nineteen regionally calibrated time-invariant models 
to forecast M4.95+ seismicity in California, New 
Zealand, and Italy from 1 January, 2014 to 1 January 
2022 (see Fig. 1).
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Methods
● We project GEAR1 onto the CSEP California, New 

Zealand, and Italy testing regions (see Fig. 2).
● We extrapolate GEAR1 M5.95+ rates to a 

magnitude threshold of 4.95, assuming a b-value 
of unity (Petrucelli et al., 2019).

● We perform consistency and comparative 
likelihood implemented in the pyCSEP toolkit of the 
Collaboratory for the Study of Earthquake 
Predictability (CSEP; Savran et al., 2022), including 
the paired T-test of Rhoades et al. (2011), the spatial 
(S) test of Zechar et al. (2010), and the binary S test 
of Bayona et al. (2022).

● We calculate Gini coefficients for all forecasting 
models to measure the absolute spatial 
localisation of their predicted earthquakes rates 
and analyze their spatial test results.

Global and regional seismicity models 

Conclusions 
● A regional model based on adaptative smoothed M2+ 

seismicity is the most informative in California, obtaining 
an IGPE of 1.0 over GEAR1. 

● In New Zealand, GEAR1 is the most skilful, as it includes 
seismicity information derived from the 2013 Cook Strait 
sequence that is not present in the rest of the models.

● A regional model based on relative earthquake intensities 
and two models based on adaptively smoothed M3+ 
seismicity are the most informative in Italy, obtaining 
IGPEs of 0.7 and 0.6 over GEAR1, respectively. 

● Models that provide either too dispersed or too localized 
forecasts perform, in general, poorly.

● The New Zealand models obtain, overall, the highest 
spatial likelihood scores, while the California and Italy 
models appear to “benefit” most from the reduced 
sensitivity of the binary S test to clustering, suggesting a 
possible link between the tectonic environment and the 
spatial localization of earthquakes.

● Our results provide preliminary support for using GEAR1 
as a reference model forcasting moderate seismicity in 
California, New Zealand, and Italy. GEAR1 could be used 
as a benchmark against models informing global and 
regional seismic hazard assessments, including the 
Global Earthquake Model (GEM; Pagani et al., 2020) and 
the European Seismic Hazard Model (Danciu et al., 2021). 

Fig. 2. Global and regional time-invariant earthquake models for California, New Zealand, and Italy. The first row 
displays three GEAR1 M4.95+ seismicity forecasts, obtained from projecting GEAR1 onto the previously defined 
CSEP testing regions. Rows 2-4 show some of the regional models that participated in previous CSEP forecast 
experiments. Expected numbers of M4.95+ earthquakes in eight years are shown per 0.1° x 0.1° cell. Yellow-
orange colors denote high expected seismicity rates, while purple-black colors indicate the opposite.
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Fig. 1. Maps showing the spatial 
distribution of prospective target M4.95+ 
earthquakes, reported in the CSEP a) 
California, b) New Zealand, and c) Italy 
testing regions by the Comprehensive 
Earthquake Catalog (ComCat) of the 
Advanced National Seismic System (ANSS; 
Guy et al., 2015), the GeoNet (Ristau et al., 
2013), and the Italian Seismic Bulletin 
(Bollettino Sismico Italiano BSI; Amato et 
al., 2006) catalogs from January 1, 2014 to 
December 31, 2021, respectively. The 
testing dataset includes thirty-eight 
earthquakes in California, including the Mw 
7.1 mainshock of the 2019 Ridgrecrest 
sequence, forty-seven quakes in New 
Zealand, including the 2016 Mw 7.8 
Kaikōura earthquake, and elven target 
events in Italy, including the 2016 Mw 6.6 
Norcia earthquake.

Fig. 4. Spatial joint log-likelihood scores per earthquake obtained by global and regional earthquake 
models for California (green hexagones), New Zealand (purple crosses) and Italy (orange pluses). These 
scores are based on a) a Poisson and b) a binary (spatial) likelihood distribution of earthquakes. The 
higher the probability score, the more consistent the model is with the spatial distribution of observed 
epicenters. We include Gini coefficients calculated for all seismicity models to evaluate the dependence of 
model performance on spatial smoothing. Low Gini coefficients indicate spatially distributed forecasted 
seismicity, while high Gini coefficients denote the opposite.

Fig. 3. Prospective T-test results for global and 
regional earthquake forecasting models for 
California, New Zealand, and Italy. We show 
Information Gains per Earthquake obtained by 
19 regional models over GEAR1, along with their 
calculated 95% confidence intervals. Green 
squares denote regional models that can be 
considered statistically more informative than 
GEAR1, blue triangles indicate regional models 
that can be considered as informative as 
GEAR1, and red circles display regional models 
that are less informative than GEAR1. We 
include a global forecast map showing M5.95+, d 
< 70km estimates of seismicity per m2 per year, 
originally provided by the GEAR1 model.

Fig. 5. Residuals between spatial log scores obtained by a) GEAR1 and NZHM and b) the seismicity model 
component of GEAR1, KJSS (Kagan & Jackson, 2011) and NZHM. Red areas indicate that NZHM is more 
consistent with the observations than the global models, while blue colors denote the opposite.

Results

Understanding our Prospective Test Results

Prospective Data
38 earthquakes 47 earthquakes 11 earthquakes

Regional model is less informative than GEAR1

Regional model is more informative than GEAR1

Regional model is as informative as GEAR1
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