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Abstract 

 

The major work undertaken in this project concerned the testing and optimization of 

the operational hybrid earthquake forecasting model for Canterbury for the next 50 

years – the Expert Elicitation (EE) model, and an assessment of information gains that 

could be obtained by forming multiplicative hybrids of models in the Regional 

Earthquake Likelihood Model (RELM) five-year experiment in California.  In the 

Canterbury study, the EE model was evaluated against its individual components over 

26 years in the whole New Zealand CSEP test region with time lags up to 25 years. 

The main result was that the EE hybrid was more informative than most of the 

individual models for most of the time, even when looking ahead for up to 25 years. 

In the California study, multiplicative hybrids were constructed involving the best 

individual model from the RELM experiment (the Helmstetter et al. HKJ model) as a 

baseline with each of the other models in turn as conjugate models. Many two-model 

hybrids were found to have an appreciable information gain (log probability gain) per 

earthquake relative to the best individual model. In contrast, no additive hybrids of the 

same models gave an appreciable information gain over the best individual model. 

  

Technical Report 

 

Following the damaging Canterbury earthquake sequence, commencing with the 

September 2010 M7.1 Darfield earthquake, GNS Science coordinated the 

development of a hybrid operational earthquake forecasting model to be used for 

setting building standards and urban planning for the rebuilding of Christchurch city. 

The model estimates occurrence probabilities of magnitude M ≥ 5.0 for the 

Canterbury region for each of the next 50 years. It combines short-term, medium-term 

and long-term forecasting models. Short term models include the STEP (Short-Term 

Earthquake Probability) and ETAS (Epidemic-Type AfterShock) models, which 

incorporate the Utsu-Omori inverse power law for decay of aftershock activity. 

Medium-term models include two versions of the EEPAS (Every Earthquake a 

Precursor According to Scale) model with different weighting strategies. These are 

based on the precursory scale increase phenomenon - an increase in the rate of minor 

earthquake activity which typically precedes major earthquakes – and associated 

predictive relations for the magnitude, precursor time and precursor area. The long-

term models include several different smoothed seismicity models, some designed to 

forecast main shocks only and others designed to forecast all earthquakes, including 

aftershocks. The weights accorded to the individual models in the operational model 

(the “EE” hybrid model) were determined by an expert elicitation process. Another 

hybrid model (the “AVMAX” hybrid model) involving only one model from each 

class (long-term, medium, and short-term) was used prior to the expert elicitation 

process. For both hybrid models, the annual rate of earthquake occurrence in a 

particular spatial cell is defined as the maximum of a long-term rate and a time 

varying rate. The difference is that in the EE model a weighted average of more 

individual models is used to compute the long-term and time-varying rates. 



SCEC assisted with the testing of the individual and hybrid models by carrying out a 

specially designed retrospective forecasting experiment
[1-3]

. Masha Liukis visited 

GNS Science in August 2012 to install the models in the NZ testing center and to 

initiate the test runs. The performance of the various models in the NZ CSEP testing 

region was compared over 26 years (the period during which the earthquake catalogue 

is adequate for the purpose). Retrospective annual forecasts of earthquakes with 

magnitude M > 4.95 from 1986 on were made for time-lags ranging from zero up to 

25 years. The number of target earthquakes decreases with increasing time lag, from 

303 at a time lag of zero down to 19 at a time lag of 25 years. Two standard CSEP 

tests were used in the evaluation: the N-test, which compares the observed number of 

earthquakes with the number forecast by the model, and the T-test, which measures 

the information gain per earthquake (IGPE) of one model over another. 

The N-tests showed that all models tend to under-predict the number of earthquakes 

in the test period. This was found to be mainly due to the unusually large number of 

earthquakes with M > 4.95 that have occurred in NZ since the M7.8 Dusky Sound 

earthquake of 15 July 2009, including the Canterbury earthquakes.  

The T-tests showed that both hybrid models are more informative than most of the 

individual models for all time lags. Using data form the full 26-year test period, the 

IGPE relative to a stationary and spatially uniform reference model (a model of “least 

information”) drops off steadily as the time lag increases, to become zero at a time-lag 

of about 20 years. When the unusual period since the Dusky Sound earthquake  is 

removed from the tests, the hybrid models both show a significant positive IGPE over 

the model of least information at all lags, but do not outperform all the individual 

long-term models at long time lags. The results are therefore seen to be sensitive to 

unusual features of the test catalogue, and a longer catalogue would be needed to 

obtain robust results. 

An optimal hybrid model with the same general form as the EE hybrid model was 

computed for each time lag from the 26-year test period. In the optimal hybrid, the 

time-varying component is dominated by the medium-term models, with hardly any 

contribution from the short-term models for time lags up to 12 years. The short-term 

and medium-term model rates diminish with increasing time lag, with the result that 

the time-varying component as a whole has hardly any impact on the optimal hybrid 

model for time lags greater the 12 years. 

The RELM five-year experiment in California was conducted from 2006-2010. The 

models were based on a variety of data inputs and modeling techniques.  A first-order 

analysis of the results by the Collaboratory for the Study of Earthquake Predictability 

(CSEP) showed the HKJ smoothed-seismicity model by Helmstetter et al. to be the 

most informative model (Zechar et al., 2013). 

 

Additive hybrids have sometimes proved effective in combining the information from 

disparate forecasting models to produce sizeable information gains over their 

component models. However, in the case of the RELM experiment, the best additive 

hybrid does not outperform the best individual model to any appreciable extent.  

A different approach to constructing hybrids was adopted in this study, using a 

multiplicative procedure. We assumed a multiplicative structure for the cell-rates of 

hybrid models formed from a selection of two or more RELM models. Each selection 

was comprised of a baseline model and one or more conjugate models. Only 



selections that include the best model as the baseline were considered. The goal was 

to construct optimal multipliers that can be applied to the cell-rates of the baseline 

model by transforming the cell-rates of the conjugate models, and also to estimate the 

information gain of the hybrid model over the baseline model. A more dependable 

estimate of the information gain will be provided in due course by formal prospective 

testing of the hybrid models in the Southern California Earthquake Center (SCEC) 

CSEP Testing Center. 

 

 

Figure 1 Information gain per earthquake of the EE hybrid models over other models in one year 

forecasts with zero time lag in the New Zealand CSEP testing region from 1986 to 2012. Error bars are 

95% confidence intervals according to the T-test. The number of target earthquakes is given above the 

error bars. This test shows that the two hybrid models (EE and AVMAX) outperformed all individual 

models. 

 

The RELM experiment included models in two different classes – the mainshock 

class and the mainshock+aftershock class. Our analysis was focused on the 

mainshock+aftershock target earthquake set, i.e., all earthquakes with M ≥ 4.95, with 

models for the whole of California (31 target earthquakes) and southern California (22 

target earthquakes) being regarded as separate classes. Since the fitting process 

includes a normalization parameter, no model is disadvantaged by the difference 

between the expected number of earthquakes in the  mainshock class and the 

mainshock+aftershock class. 

 

The optimal hybrids were first computed for all pairs of models including the best 

model, the Helmstetter et al. HKJ model, as the baseline. All hybrid models except 

those involving Wiemer & Schorlemmer ALM and Ebel et al. give considerable gains 

in the log likelihood over the Helmstetter et al HKJ model.  

 

Figure 2 shows the adapted T-tests comparing the corrected Information Gain per 

Earthquiake (IGPEc) of the HKJ model with each of the hybrid models for the whole 



of California and for southern Calornia. In these figures, a negative IGPEc implies 

that the hybrid model is more informative than the HKJ model, and a 95% confidence 

interval wholly to the left of the vertical zero line indicates a statistically significant 

information gain at the 95% confidence level.  

 

 
 

 
 
Figure 2  Information gain per earthquake (IGPEc) of the Helmstetter et al. HKJ model 

compared to two-model hybrids for the whole of California (upper frame) and southern California 

(lower frame), corrected for parameter fitting and finite number of target earthquakes. Confidence 

intervals are 95% confidence limits. A negative information gain implies the hybrid model is better 

than the HKJ model. 

   

We also computed optimal three-model hybrids. Starting with the best pair of models 

for the whole of California (Helmstetter et al. HKJ and Bird & Liu Neokinema) and 

for southern California (Helmstetter et al. HKJ and Shen et al. geodetic), three-model 

hybrids were formed with each remaining conjugate model.  In both cases the best 

three-model hybrid was formed by adding Holliday et al. PI as the third model. These 

two were the only three-model hybrids that had a higher IGPEc than the best two-

model hybrid. There spatial distributions are illustrated in Figure 3. 



 
 
Figure 3 (Exemplary Figure) Map of earthquake rates, relative to reference (RTR), in the best 

three-model hybrids from the RELM experiment for (a) the whole of California: a hybrid of 

Helmstetter et al. HKJ, Bird & Liu Neokinema, and Holliday et al. PI; and (b) southern California: a 

hybrid of Helmstetter et al. HKJ, Shen et al. Geodetic, and Holliday et al. PI. In the reference model, 

one earthquake per year is expected to exceed any magnitude m in an area of 10
m
 km

2
. This figure is 

from Rhoades et al. (BSSA submitted), [4] in reference list. 

Intellectual Merit   

In this project we have applied rigorous statistical procedures to the investigation of 

hybrid earthquake forecasting models in New Zealand and California. These studies 

consistently demonstrate the superiority of hybrid models, based on a range of 

different ideas or data inputs, over individual models, based on a single idea and data 

input. The retrospective testing described here will be supported by independent 

prospective testing of the hybrid models in the CSEP testing centers in New Zealand 

and California.  

Broader Impacts 

The challenge of continually increasing the information value of earthquake 

forecasting models can be met by learning how to integrate information from a variety 

of data and modelling inputs into hybrid models. The studies described take a step in 

that direction. We aim to provide systematic methods of assimilating new elements–

data or modelling inputs–into statistical forecasting models, by fitting a few extra 

parameters for each new element. This is similar to the way in which multiple 

regression analysis can be used to explain much more of the variation of a response 

variable than any individual explanatory variable could on its own. We anticipate that 

these methods can be applied in the CSEP testing centers around the world to derive 

hybrid models which are more informative than the individual models submitted to 

the centers. The method applied in the RELM study can also be used to integrate 

models of different types (e.g. likelihood models, alarm-based models) and with 

different updating intervals into hybrid earthquake likelihood models.  
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