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Above left: Optimal weights for models in long-term (LT), medium-term (MT) and short-term (ST) components of 

hybrid model fitted to the earthquake catalogue of the CSEP New Zealand testing region[17] from1981-2012. The 

models are input as a set of one-year forecasts with time-lags ranging from 1 to 25 years. Optimal weights are 

calculated using all forecasts with the same time-lag. The sum of the weights in each component is constrained to 

be 1. Time-invariant annual forecast used for the PPE/SSR[18] , PPE1950[3] and PMF[18-19] models. All other models 

used in multiple versions, with data up to the appropriate date for the lagged forecasts.
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Following the M7.8 Kaikoura earthquake of 14 November 2016, GNS Science, through the 

GeoNet website, provided public forecasts of future earthquake occurrence, similar to the 

practice that has evolved during major earthquake sequences in New Zealand since 2010. 

The forecasts were expressed in three forms: (1) Tables of the number of earthquakes 

expected during future time periods in different magnitude ranges within a defined 

aftershock region, with associated uncertainties; (2) Maps of the probability of earthquake 

shaking exceeding certain Modified Mercalli intensities; and (3) Future earthquake 

scenarios with associated probabilities. 

Omori-law decay of aftershock rates and, after two days, the Short-Term Earthquake 

Probabilities (STEP) model were initially used to estimate the expected number of 

earthquakes of magnitude 5.0 and above for time periods of 1, 7 and 30 days. About a 

week after the mainshock, the 1-day forecasts were discontinued. After five weeks, only 

monthly and yearly forecasts were produced. The latter were based on a hybrid model, 

with long-term, medium-term and short-term components derived from well-established 

models. Separate Epidemic-Type AfterShock (ETAS) model forecasts were created in 

parallel and made available on ftp.gns.cri.nz/pub/davidh/Kaikoura2016/. 

The long-term component of the hybrid was provided by a smoothed seismicity model, the 

medium-term component by two versions of the Every Earthquake a Precursor According 

to Scale (EEPAS) model, and the short-term component eventually by the STEP and ETAS 

models. Strain rate information has subsequently been incorporated in the long-term 

component of a 100-year forecast model used to inform transport infrastructure recovery.

The Kaikoura earthquake presented some particular challenges: (1) Careful communication 

of changes to the estimated mainshock magnitude, the contributing models, and the 

method for estimating uncertainties (a switch from the Poisson to the negative binomial 

distribution); and  (2) Amendment of forecasts to allow for increased slow slip on the 

North Island subduction interface after the Kaikoura earthquake. In the absence of any 

established models to incorporate slow slip into the forecasts, the probability of a 

triggered major event was assessed by expert elicitation.

Regular dissemination of earthquake forecasts during major New Zealand 

aftershock sequences started with the M7.1 Darfield earthquake in 

September 2010. Initially the forecasts were based on aftershock models. A 

50-year seismic hazard model, which included short-, medium- and long-

term models, was developed to inform the rebuild of Christchurch [1-3] . Over 

the past six years we have had a number of earthquake responses, the most 

recent following the M7.8 2016 Kaikoura earthquake. Here we describe the 

methods that have been used in the forecasts disseminated in response to 

the Kaikoura earthquake

a)
b)

MM7 from ML MM7 from Mw

The 1-year probability of exceeding shaking intensities of MM7 for the Kaikoura earthquake two 

months after the mainshock with the original ML (a), and ML corrected to Mw (b) [14] .

Example of an aftershock decay curve for the STEP model as published by GeoNet: The expected 

number of aftershocks per day of magnitude 5 and larger following the November 14th 2016 

Kaikoura earthquake. The stars indicated the observations. Uncertainties based on Poisson 

distribution. 

• The relative increase in probability 

in Wellington of exceeding the New 

Zealand building design standard 

serviceability limit state (SLS; a 

building likely to continue to be 

used without repair) and ultimate 

limit state (ULS; collapse/life safety) 

spectra based on aftershock 

forecasts and the ground motion 

models of McVerry et al. (2006) and 

Bradley (2013).

• The forecasts indicate that for a 30-

day period starting 21 Nov 2016, 

Wellington was  15–30 times more 

likely to experience ground motions 

exceeding SLS spectra, and 10–20 

times more likely to experience 

ground motions exceeding ULS than 

prior to the Kaikoura earthquake[15] .

https://www.geonet.org.nz/earthquake/forecast/

While no one can yet scientifically predict earthquakes, we can provide forecasts of future 

aftershocks (based on probabilities), as well as some scenarios from what is most likely to happen to 

what is very unlikely, but still possible. Most earthquake aftershock sequences decay (i.e. the 

number of earthquakes generally decreases) over time, with spikes of activity that can include larger 

earthquakes.

Forecast for rectangular box (see map on the right) with the coordinates -40.7, 171.7, -43.5, 171.7, -

43.5, 175.5, -40.7, 175.5 at 12 noon, Monday, 19 June; 95% confidence bounds.

For example, there is a 18% chance of one or more M6.0-6.9 earthquakes occurring within the next 

two months. We estimate there will be between 0 and 1 earthquakes in this magnitude range within 

the next two months.

The current rate of magnitude 6 and above earthquakes for the next two months is about 3 times 

larger than what we would normally expect for long term seismicity represented in our National 

Seismic Hazard model. As the aftershock rates decrease, this difference will decrease as well.
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• Change of the main shock magnitude from 7.5 to 7.8

• Poor data quality and high completeness (vs later catalogue & vs template matching)

• Inconsistency/variability between past magnitudes (e.g., for parameter estimation) and current 

magnitudes for earthquake occurrence rate and hazard (eg Mw)  

• Over-prediction by STEP: how best to incorporate and  communicate epistemic uncertainty (e.g., obs

consistent with median of one model, but are low probability in another )

• Large and diverse area variably affected by aftershocks, requiring new communication strategies

• Increasingly educated, sophisticated and demanding end-users: probabilities have  become expected. 

• Triggered Slow Slip Events on the Hikurangi Subduction Zone

East component of cGPS sites 

affected by Kapiti SSE—

Kapiti SSE steady for last few 

months

Earthquake Prone Building Act Amendment:

Retrofit time for unreinforced masonry facades and 

parapets reduced to 1-year (but with government cost 

share) from 10-years 

• Short-term model: a 50:50 mixture of Short-term earthquake probability (STEP) [4-5] and Epidemic-type 

aftershock (ETAS) [6-9] models.

• Medium-term model: a 50:50 mixture of two versions of the Every earthquake a precursor according 

to scale (EEPAS) model – with equal weighting and with aftershocks down-weighted [10-12] .

• Long-term model: a smoothed seismicity model based on proximity to past earthquakes (PPE) [13,11] .

Short-term, medium term and long-term components and the Kaikoura hybrid  

model forecast (the maximum of the three components) at magnitude ML 5.0 for the 

two-month period commencing 26 June 2017

Our models forecast ML, but intensity and ground-motion models require Mw as inputs. We convert the 

forecasts based on a regression of MW and ML and its associated uncertainties. The mW rates are about 

half the mL rates at magnitude 5.

• The Poisson distribution does not fit well to the uncertainty in the number of aftershocks 

forecasted by  the ETAS model ftp://ftp.gns.cri.nz/pub/davidh/NZ-OEF/.

• We now use the negative binomial distribution, which fits much better[6], to describe the 

uncertainty in our forecasts for magnitudes less than 6. 

Our forecasts have been used in hazard and risk applications, and have influenced legislation  on 

retrofit times for unreinforced masonry facades.

• The Kaikoura M7.8 Kaikoura earthquake immediately triggered slow slip on the Hikurangi subduction interface, detected by 

continuous GPS instruments [15,16] . 

• The triggered slip was located to the west and north-east of Wellington, but did not include a locked patch on the shallow 

part of the interface to the east of Wellington.

• There was concern of a large earthquake being triggered on the locked patch. The government requested a quantative

assessment of the affect of the slow slip on our forecasts.

• With very little data and no established models to support this assessment, the effect was initially quantified by averaging 

the opinions of an expert panel. Further assessment is on-going.

A 100-year hazard model was required for 

engineering decisions on reconstructing transport 

infrastructure following the Kaikoura earthquake. The 

long-term component of the hybrid forecasting 

model was re-assessed, informed by fitting a hybrid 

model including strain-rates, proximity to mapped 

faults and proximity to past earthquakes. The hazard 

from rupture of major faults was also included.

Long-term component 

of 100-year hazard 

model background 

seismicity forecast: a 

mixture of PPE/SSR*, 

PPE1950 and NSHMBG, 

with weights 0.5, 0.3 

and 0.2, respectively.

*SSR: shear strain-rate
!NSHMBG: National 

seismic hazard model 

background[20] .  
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