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EXECUTIVE SUMMARY 

This report addresses the potential impact of aftershocks on hazard estimation in Wellington 
and completes Task 11 ‘Accounting for aftershock hazard in Wellington’ of the ‘It’s Our Fault’ 
project. The task was motivated by the fact that the New Zealand National Seismic Hazard 
model (NSHM, Stirling et al., 2012) follows the standard practice of most probabilistic seismic 
hazard analyses (PSHA) to exclude aftershocks from the hazard estimations. However, 
following the most notable major New Zealand aftershock sequence, the Canterbury 
earthquake sequence that included the February 2011 Christchurch earthquake, a new time-
varying seismic hazard model was developed (Gerstenberger et al., 2014). This was 
because the NSHM was expected to underestimate the seismic hazard due to on-going 
aftershocks and the possibility of further triggered earthquakes. The ‘It’s Our Fault’ project 
has subsequently investigated the potential impact of aftershocks on hazard in Wellington, 
including the sensitivity of the hazard estimate to input parameter variations.  

To account for aftershock hazard in Wellington we distinguish between time-varying and 
stationary long-term mean aftershock hazard. For the time-varying aftershock hazard we 
select a scenario M7.5 Wellington Fault earthquake for which we calculate annual aftershock 
rates for the first 50 years following the mainshock. For the stationary long-term aftershock 
hazard we spread the temporal occurrence of aftershocks over the recurrence interval of the 
fault rupture for four major crustal faults in the Wellington region as already reported for a 
Wellington Fault rupture (Rhoades, et al., 2012). The four earthquake fault sources 
considered are the Wellington Fault, Pukerua – Shepherds Gully, Wairarapa – Nicholson, 
and Ohariu South.  

The Canterbury model applies some parameters of the hazard calculations differently to the 
standard NSHM. We first introduce the parameters that differ between the NSHM 
calculations and the Canterbury model. We then calculate the time-varying aftershock rates 
for the Wellington Fault earthquake. We define a base case scenario of hazard parameters 
similar to the Canterbury model hazard parameters, and calculate the hazard from the time-
varying aftershock rates without fault or background contribution to the hazard. We find that 
the time-varying hazard from aftershock rates alone is higher than the NSHM for all PGAs for 
five years after the main shock on the Wellington Fault, and it takes more than 30 years 
following a main shock on the Wellington Fault, for the hazard from aftershocks alone to drop 
below the NSHM for all peak ground acceleration levels. 

Next we conduct a sensitivity study for the hazard calculation parameters that vary between 
the Canterbury and the NSHM models. The hazard results are sensitive to the parameter 
changes: the removal of magnitude weighting increases the annual frequency of exceedance 
of accelerations of 1g by a factor of more than 3; varying the k-value for the exclusion of 
sigma in the attenuation function can affect the frequency of exceedance by an order of 
magnitude or more at high PGAs (>1g); raising the minimum magnitude to 5.5 more than 
halves the frequency of exceedance for PGAs below 0.1g; and lowering the maximum 
magnitude to 7.2 reduces the frequency of exceedance of very high PGAs (>2g) by an order 
of magnitude. 
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Finally, we calculate the long-term mean aftershock hazard including fault contributions. 
Replacing the distributed source model in the NSHM by long-term mean aftershock rate for 
four fault sources in the Wellington region led to an increase in the absolute acceleration. 
The difference in absolute acceleration in comparison to the NSHM is largest at about 0.1 
second. The accelerations increased by a maximum of around 10%, 20%, 38% and 70% for 
return periods of 2500, 1000, 475, and 150 years respectively. The largest increase is at 
periods below 1s. 

The appendix includes examples of the parameter input files for the hazard calculations. We 
also explore an alternative method to calculate long-term aftershock hazard that was beyond 
the scope of the current project. Further included are two conference papers that present 
different aspects of the project. 

Our study highlights that it is important to consider the effects of aftershocks in hazard 
modelling. The mean long-term aftershock hazard in Wellington from four faults in the 
Wellington region is higher than the hazard from the distributed source model in the NSHM. 
This is without considering the aftershocks of a subduction zone earthquake, which was 
beyond the scope of the current project. The time-varying hazard from aftershock rates alone 
is higher than the NSHM for all PGAs for five years after the main shock on the Wellington 
Fault, and it takes more than 30 years following a main shock on the Wellington Fault, for the 
hazard from aftershocks alone to drop below the NSHM for all ground accelerations. Further 
work is on-going to address how to best to include aftershocks in seismic hazard modelling 
and subsequent versions of the NSHM. 
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1.0 INTRODUCTION 

Task 11, ‘Accounting for Aftershock Hazard in Wellington’ of the It’s Our Fault Project is 
aimed at addressing the potential impact of aftershocks on seismic hazard estimation in 
Wellington. The recent Canterbury earthquakes have demonstrated the crippling effects 
aftershocks can have on a region. However, the New Zealand National Seismic Hazard 
Model (NSHM, Stirling et al., 2012) does not consider aftershocks in the hazard estimations, 
as is the case with all other national scale probabilistic seismic hazard models. The primary 
motivation for this Task is to assess whether or not there are any potential deficiencies in the 
currently-used probabilistic Wellington earthquake design spectra due to the absence of 
aftershock activity in the hazard estimations, both for long-term estimates and for estimates 
in the decades following the occurrence of a major fault rupture. The Task consists of four 
milestones.  

Milestone 1 was completed and reported on in July 2012 (Rhoades, et al., 2012). It used the 
Short-Term Earthquake Probability (STEP) aftershock model to estimate aftershock 
occurrence rates following scenario main shocks of magnitude 7.3, 7.5 and 7.7 rupturing the 
Wellington-Hutt Valley segment of the Wellington Fault. The McVerry et al. (2006) Ground 
Motion Prediction Equations (GMPEs) were then used to calculate the expected ground 
motions from major fault ruptures and annualised Wellington Fault aftershock rates at 
shallow soil (subsoil class C, NZS1170) sites in central Wellington and Porirua for each 
scenario main shock. No magnitude weighting was applied. The resulting hazard spectra 
including aftershocks, for return periods ranging from 150 years to 2500 years, were 
compared to the equivalent standard spectra predicted by the NSHM (from major fault 
ruptures and distributed point sources) to quantify the magnitude of differences in hazard. 
The scenario hazard spectra were found to be higher than the NSHM hazard spectra for all 
spectral periods, but more so for short period motions (0–0.2 sec) than for long period 
motions (0.3–3 sec), and more so at the central Wellington site than the Porirua site. The 
latter observation is due to the Porirua site being further from the Wellington Fault than the 
Wellington site, and the Wellington fault being the only fault considered in this scenario. The 
results suggest that not allowing for aftershocks may potentially result in underestimation of 
the earthquake hazard in Wellington (and possibly elsewhere in New Zealand too). 

The focus of milestone 2 was to examine the sensitivity of aftershock hazard to aftershock-
model parameters including the productivity parameter, the Gutenberg-Richter b-value and 
restrictions on the maximum magnitude of aftershocks, and to error distributions and 
magnitude weighting in the GMPEs. 

We investigated the sensitivity of the number of large aftershocks (NAS) for three aftershock 
models to changes in model parameters. The three models are the STEP model, for which 
we calculated the average NAS for a given set of parameters, and two implementations of the 
Epidemic Type Aftershock (ETAS) model, for which we ran a number of simulations. The 
model parameters are the p-value that controls the temporal decay of aftershock activity, the 
b-value of the magnitude-frequency distribution of earthquakes, the productivity constant that 
is formulated in different ways for each of the three models, and mmax, the maximum allowed 
magnitude for aftershocks. The results of this sensitivity study were presented at the 
New Zealand Society of Earthquake Engineering conference in April 2013 (Christophersen, 
et al., 2013). The conference paper is included in the appendix. In summary, we found that 
all aftershock models were sensitive to the parameter changes. Varying a specific parameter 
did not always have the expected effect, and could have opposing effects in different models 
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but all the effects could be explained. The ETAS models show larger sensitivity in NAS than 
the STEP model. The parameters are highly correlated and changing only one can have 
larger effects on NAS than observed in real aftershock sequences. As a consequence we 
decided not to calculate hazard spectra for these unrealistic aftershock scenarios.  

We extended the second part of milestone 2, the analysis of the sensitivity of aftershock 
hazard to the error distributions and magnitude weighting in the GMPEs, to include other 
parameters that have been modified from the standard NSHM input to model time-varying 
hazard in the Canterbury model. Section 2 describes what these parameters are and the 
ranges chosen for the sensitivity analysis. 

Section 3 illustrates the nature of time-varying hazard for central Wellington for decades, 
following a Wellington Fault earthquake by showing the number of exceedances of peak 
ground accelerations (PGA). We used the STEP model with the generic parameters for 
New Zealand to calculate annual earthquake forecasts for 50 years following a M7.5 main 
shock. The hazard curves are compared to the long-term hazard from the NSHM. We also 
calculate hazard spectra for 10% probability of exceedances of peak ground acceleration 
(PGA) in g for selected years following a M7.5 main shock on the Wellington Fault. This 
event defines our base case to compare the parameter variation in Section 4. 

Milestone 3 involved applying the methods used for the quantification of aftershock hazard 
for the Wellington-Hutt Valley segment of the Wellington Fault in 2011–12 and in milestone 2 
above, to other major fault sources of the Wellington region. We have identified the following 
three active fault earthquake sources from the NSHM (Stirling et al., 2012) to include in in the 
long-term aftershock hazard calculations undertaken in milestone 1: Pukerua – Shepherds 
Gully, Wairarapa – Nicholson, and Ohariu South. In Section 5 we provide details about the 
pthe long-term hazard calculations. We have not repeated the sensitivity analysis undertaken 
in milestone 2, as the results would have been similar to what is presented in Section 4. 

Milestone 4 is the delivery of this completion report documenting the results of this task, 
including commentary on the significance of aftershocks to seismic hazard in the Wellington 
region as given in Section 6. 



Confidential 2014 

 

GNS Science Consultancy Report 2014/170 3 
 

2.0 PARAMETERS IN AFTERSHOCK HAZARD CALCULATIONS 

Following the Canterbury earthquake sequence, a time-varying operational earthquake 
forecasting model has been developed to help with decision making on building standards 
and urban planning for the rebuilding of Christchurch (Gerstenberger et al., 2014). The 
development of the time-varying hazard model has led to some modification to the input 
parameters for the hazard calculations. Examples of parameter input files are given in 
Appendix A1. One difference between the NSHM and the Canterbury model is the form of 
the non-fault seismicity contribution to the hazard. In the NSHM, the source file for the 
background contribution provides the expected number of earthquakes and b-values of the 
magnitude-frequency relation, the depth distribution and mechanisms prevailing for 
earthquakes in pre-defined regions of the country at points on a three-dimensional grid. For 
the Canterbury model, the input data file provides earthquake rates in 0.05*0.05 degree 
spatial and 0.1 magnitude bins from magnitude 5.0–7.9. The mechanism of the earthquakes 
and the depth distribution is given separately in the parameter input file. 

As part of milestone 2, we have investigated the sensitivity of the models to the error 
distributions of the GMPE and magnitude weighting in the GMPE. In addition, we have also 
investigated varying the minimum and maximum magnitude for hazard calculations, the 
mechanism and depth distribution of the aftershocks and a constant rather than magnitude-
dependent sigma in GMPEs. Below, we briefly describe the individual parameters and the 
parameter range that have been investigated. 

2.1 IDRISS MAGNITUDE WEIGHTING 

When applying the NSHM for engineering purposes the forecast ground motions are usually 
magnitude weighted for periods up to 0.5 seconds, i.e., amplitudes of smaller magnitude 
earthquakes are relatively down-weighted to account for the shorter duration of shaking they 
cause, which is thought to be less damaging to structures than longer duration shaking. The 
magnitude-weighting factors are those originally proposed by Idriss (1981), i.e., (M/7.5)1.285, 
where M is moment magnitude and the weightings are with respect to a reference magnitude 
of 7.5. The option 0 or 1 in line 21 of the hazard input file specifies either no or Idriss 
magnitude weighting. A new option 5 extends the Idriss magnitude-weighting factors across 
all periods, rather than just to 0.5s. Option 5 is now the standard selection for aftershock 
modelling.  

2.2 K-VALUE FOR EXCLUSION IN ATTENUATION FUNCTION 

The k-value gives the number of standard deviations to include in the uncertainty in the 
attenuation function, assuming a normal distribution of the logarithm of the acceleration. The 
standard k-value is 3.0, which corresponds to a 99.9% tolerance limit. We explore setting k to 
1, 2, 4, and 5. 

2.3 MINIMUM AND MAXIMUM MAGNITUDE FOR HAZARD CALCULATIONS 

The minimum and maximum magnitude (Mmin, Mmax) for hazard calculations define the 
magnitude bins in the distributed seismicity source file that are used in the hazard 
calculations. For the Canterbury model three combinations of (Mmin, Mmax) are run and 
combined with the weights according to Table 2.1. For our parameter sensitivity, we use  
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Mmin=5.0 and Mmax=8.0 as the base case and vary Mmin and Mmax separately to the values 
used in Canterbury to explore the sensitivity to these parameters. We note though that the 
gridded seismicity file only includes magnitude bins up to magnitude 7.9. 

Table 2.1 The combination of minimum and maximum magnitude used for hazard calculations in the 
Canterbury model. 

Mmin Mmax Weight 

5.00 8.00 0.175 

5.25 7.50 0.45 

5.50 7.20 0.375 

2.4 MECHANISM AND DEPTH DISTRIBUTION OF THE AFTERSHOCKS 

The gridded seismicity files provide forecast earthquake rates in spatial and magnitude cells. 
The hazard code distributes the forecast in depth according to the weighting given to 
different depths in line 27 of the input file. Line 27 also assigns the expected mechanism of 
the distributed seismicity. Table 2.2 compares the values used for Canterbury with the ones 
chosen for Wellington. For Wellington, the mechanism and the depth distribution were 
informed from the recent 2013 Cook Strait earthquake sequence. The depth distribution of 
aftershocks of the major strike slip faults in the Wellington region are expected to be similar 
to the observation from the northern end of the recent sequence (Reyners, pers. comm.). In 
our sensitivity analysis, we compare the base case for Wellington separately with the depth 
and mechanism selected for Canterbury, as well as both the depth and mechanism for 
Canterbury. 

Table 2.2 The mechanism and depth distribution of aftershocks for the Canterbury model and the Wellington 
base case. ‘rs’ and ‘ss’ stand for ‘predominately strike slip with reverse component’ and ‘strike-slip’ respectively 
(McVerry et al., 2006). 

Location Mech. Six depths (in km) and associated weights in brackets 

Canterbury rs 1 (0.03) 2 (0.08) 5 (0.33) 10 (0.37) 20 (0.15) 30 (0.04) 

Wellington ss 3 (0.01) 5 (0.15) 10 (0.33) 15 (0.33) 20 (0.15) 25 (0.03) 

2.5 CONSTANT SIGMA IN GMPE 

In the standard NSHM, the sigma values in the GMPE are magnitude-dependent. They are 
greatest for magnitude ≤5.0, then decline over the M5.0 to 7.0 range to reach the minimum 
value for magnitude 7.0 and greater. The larger uncertainty values for smaller magnitudes 
cause large hazard in aftershock modelling, when the rates of low magnitude events are 
much higher relative to the fault rupture rates in the standard NSHM. The option 4 in line 14 
of the hazard input file (Appendix A1) uses the sigma value for magnitude 6 over all 
magnitude ranges. Option 4 is our base case for the aftershock modelling and we compare 
the hazard curves of the aftershocks of a Wellington Fault earthquake for options 4 and the 
NSHM standard option 2. 
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3.0 TIME-VARYING AFTERSHOCK HAZARD 

Here we use the STEP model with one set of parameters to illustrate how the time-varying 
hazard evolves over decades following a M7.5 earthquake on the Wellington Fault and we 
only look at the hazard curves from the aftershocks, discarding any contribution from the fault 
model. 

3.1 THE STEP MODEL 

The STEP model (Gerstenberger, 2003; Gerstenberger et al., 2005) is an aftershock model 
based on the idea of superimposed Omori (Ogata, 1988, 1998) type sequences. The model 
normally comprises two components: 1) a background seismicity model; and 2) a time-
dependent clustering model. A background seismicity model can consist of any model that is 
able to forecast a rate of events for the entire region of interest at all times; in the version of 
the model applied here the background model plays no part because we want to investigate 
the behaviour of the aftershocks only. The clustering model is based on the work of 
Reasenberg and Jones (1989), which defines aftershock forecasts, based on the a- and the 
b- value from the Gutenberg-Richter relationship (Gutenberg & Richter, 1944) and the p-
value from the modified Omori law (Ogata, 1983, 1988, 1998). In the version of the STEP 
model applied here, generic values of these parameters are used, corresponding to the 
median Reasenberg and Jones parameters for New Zealand aftershocks, with parameter 
estimates from Pollock (2007): a = -1.59; b = 1.03; p = 1.07; and c = 0.04 days. In the 
present estimates, the total expected number of aftershocks depends only on the mainshock 
magnitude, and the spatial distribution of the aftershocks depends only on the fault location. 
Spatially, the aftershock rates taper off according to the inverse square of the distance from 
the fault. This spatial distribution for the aftershocks was determined from the analysis of 
numerous aftershock sequences in California (Gerstenberger, 2003). In the scenario 
modelling, there is no opportunity for the STEP model to apply its standard updating 
procedures for the Reasenberg and Jones parameters, or to allow for spatial heterogeneities 
within the sequence. Therefore the forecast rates are for somewhat idealised aftershock 
sequences. More heterogeneous sequences would be expected in practice. 

3.2 THE TIME-VARYING AFTERSHOCK RATES 

For the time-varying analysis, the aftershock rates were estimated annually for 50 years 
following the mainshock. The aftershock rates were estimated on a 0.05-degree-squared grid 
in a region between latitude -42.8 and -39.8, and longitude 172.8 and 176.8, and in 
magnitude bins of width 0.1 magnitude units centred on magnitude 5.0, 5.1, ..., 7.9. The grid 
spacing is such that no spatial resolution of hazard at a finer scale than about 5 km is 
possible. 

Table 3.1 shows the total expected rate of M≥5.0 earthquakes for the years selected for 
presentation in Figure 3.1. In comparison, the annual rate of the NSHM is 0.87 as included in 
the New Zealand earthquake forecast centre (Gerstenberger and Rhoades, 2010) for the 
region specified above. The total rate over 50 years for the STEP model is 103.4 compared 
to 43.5 from the NSHM for 50 years. When averaging the aftershocks over the 50 year 
period, the annual average is 2.1 and thus the average hazard curve would fall between the 
curves of year 3 and year 4 in Figure 3.1. 
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Table 3.1 The total rate of M≥5.0 earthquakes for the years selected for presentation in Figure 3.1. 

Year 1 2 3 4 5 10 15 20 25 30 35 40 45 50 NSHM 

Rate 81 4.3 2.4 1.7 1.3 0.57 0.37 0.27 0.21 0.17 0.14 0.13 0.11 0.10 0.87 
 

3.3 THE BASE CASE SCENARIO 

The base case scenario for the studying the sensitivity to parameter changes in the hazard 
calculation uses: 

• Idriss magnitude-weighting factors across all periods 

• A k-value of 3.0  

• Minimum magnitude 5.0 and maximum magnitude 8.0, noting that the input data only 
goes to magnitude 7.9 

• Strike-slip mechanism for the aftershocks and the depth distribution given in Table 2.2 

• A constant sigma in the GMPEs. 

The hazard results of Figure 3.1, like all others in this report, are shown for site conditions 
corresponding to NZS1170.5:2004 Class C Shallow Soil sites (Standards New Zealand, 
2004).  

3.4 RESULTS 

Figure 3.1 shows the annual frequency of exceedances of peak ground acceleration (PGA) 
in g for selected years following a M7.5 mainshock on the Wellington Fault in Wellington. The 
hazard is only from the aftershocks and does not include contribution from fault sources. The 
green line shows the long-term hazard from the NSHM as reference.  

Figure 3.2 shows spectra with 10% probabilities of exceedance in various years, again for 
the base scenario. The NSHM spectrum is also shown. The reason that we selected to 
present such a high exceedance rate (i.e., short “return period”) is that the aftershock rate 
decays from year to year and the uniform rate assumption of the PSA calculations does not 
apply.  
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Figure 3.1 The annual frequency of exceedances of peak ground acceleration (PGA) in g from aftershocks 
only for selected years following a M7.5 mainshock on the Wellington Fault in Wellington. The green line is the 
hazard curve for the NSHM. The results and all others in this report are for NZS1170.5:2004 Class C Shallow Soil 
sites (Standards New Zealand, 2004). 
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Figure 3.2 The 10% probability of exceedances of peak ground acceleration (PGA) in g for selected years 
following a M7.5 mainshock on the Wellington Fault in Wellington.  

3.5 DISCUSSION 

Figure 3.1 shows that the shape of the time-varying aftershock hazard curves, i.e., the 
annual frequency of exceedance of PGA, differs from the shape of the hazard curve for the 
standard NSHM. The aftershock hazard curves are flatter for small PGAs up to about 0.1g 
and then decay faster for larger PGAs than the NSHM. The flat shape for small PGAs could 
be caused by the limited area considered in the aftershock seismicity model so that no very 
distant and small ground motions are observed in the hazard calculations.  

Figure 3.1 further shows that it takes more than 30 years following a mainshock on the 
Wellington Fault, for the hazard from aftershocks alone to drop below the NSHM for all 
ground accelarations. The aftershock model does not account for background seismicity that 
would occur within a 30 year period. 

When averaging the aftershocks over the 50-year period, the annual average is 2.1 and thus 
the average hazard curve would fall between the curves of year 3 and year 4 in Figure 3.1. 

Looking at the hazard spectra in Figure 3.2, the 10% probability of exceedances of peak 
ground acceleration (PGA) in g is similar for the aftershock hazard after 10 years and the 
NSHM for periods larger than 0.6 s. For smaller periods it takes more than 20 years for the 
NSHM to be below the aftershock hazard only.  
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4.0 SENSITIVITY TO AFTERSHOCK HAZARD PARAMETERS 

In section 2 we identified the parameters for the sensitivity analysis. We use the aftershock 
contribution to the hazard only for year 1, 2, 5, 10, 20 and 50, and present the hazard curves 
compared for those years compared to the standard NSHM. We do not change the input 
parameter for the NSHM comparison so that the model acts as a reference in each of the 
hazard plots. For each investigated parameter, we also present a ratio plot to show the 
change relative to the base case scenario for aftershock modelling. The ratios are the same 
for all years and thus we only show the curve for year 1. For later years and high values of 
PGA the precision of the hazard code output is not sufficient to distinguish frequencies from 
0 and thus some curves do not cover the high PGAs. We also note that there were limited 
data with PGAs higher than 1 g available to derive the ground motion prediction equations 
and therefore values above 1 g need to be treated with care.  

4.1 IDRISS MAGNITUDE WEIGHTING 

Figure 4.1 shows the annual frequency of exceedance of PGA in g for no magnitude 
weighting and the ratio of the annual frequency of exceedance for no magnitude weighting 
divided by the base case, i.e., Idriss magnitude weighting across all periods. The ratio 
increases steadily from just above 1.0 for small PGAs to peak at 3.4 for a PGA of 0.9g before 
falling quickly for higher PGAs and dropping below 1 for high PGA values. Thus using the no 
magnitude weighting option increases the annual frequency of exceedance by a factor of up 
to 3.4 for PGAs around 1g.  

 
Figure 4.1 The annual frequency of exceedance of PGA in g for no magnitude weighting and the ratio of the 
annual frequency of exceedance for no magnitude weighting to that of the base case as defined in Section 3.3, 
i.e., Idriss magnitude weighting across all periods. 

4.2 K-VALUE FOR EXCLUSION IN ATTENUATION FUNCTION 

Varying the k-value for the exclusion of sigma in the attenuation function mainly affects 
higher PGAs. The base case scenario is k = 3.0. For smaller k-values (Figure 4.2 and 
Figure 4.3) the annual frequency of exceedance is smaller than for the base case, and vice 
versa for k = 4.0 and k = 5.0. For k = 1.0 (Figure 4.2), the annual frequency is 1/3 that of the 
base case at a PGA of 0.5g, less than 1/10 at 1g, less than 1/20 at 1.1g and about 1/80 at 
1.2g. For larger PGAs, the annual frequency of exceedance is 0, and thus no ratio can be 
calculated. For k = 2.0 (Figure 4.3), the annual frequency is 1/3 that of the base case at a 
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PGA of 1.6g, 1/10 at 2g and about 1/60 at 2.2g. For larger PGAs the annual frequency of 
exceedance is again 0, and thus no ratio can be calculated. For k = 4.0 (Figure 4.4), the 
annual frequency of exceedance is only 10% higher than the base case at 1g. The ratio 
increases exponentially for high PGAs. For k = 5.0 Figure 4.5), the annual frequency of 
exceedance is also 10% higher than the base case at 1g. The ratio also increases 
exponentially for high PGAs. 

 
Figure 4.2 The annual frequency of exceedance of PGA in g for k=1 and the ratio of the annual frequency of 
exceedance for k=1 to that of the base case, i.e., k=3. 

 
Figure 4.3 The annual frequency of exceedance of PGA in g for k=2 and the ratio of the annual frequency of 
exceedance for k=2 to that of the base case, i.e., k=3. 
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Figure 4.4 The annual frequency of exceedance of PGA in g for k=4 and the ratio of the annual frequency of 
exceedance for k=4 to that of the base case. 

 
Figure 4.5 The annual frequency of exceedance of PGA in g for k=5 and the ratio of the annual frequency of 
exceedance for k=5 to that of the base case. 

4.3 MINIMUM AND MAXIMUM MAGNITUDE FOR HAZARD CALCULATIONS 

The total number of aftershocks for all magnitude bins is 81.46 in year 1. For Mmin=5.25, i.e., 
disregarding magnitude bins 5.0, 5.1, and 5.2, the total number of aftershocks reduces to 
39.96 and to 24.84 for Mmin=5.5. Thus about half the rate of small earthquakes leads to half 
the number of exceedances of 0.01g in Figure 4.6, and about a third of the rate of small 
earthquakes leads to a third of the number of exceedances of 0.01g in Figure 4.7. The ratio 
in the frequency of exceedance for Mmin=5.25 compared to the base case of Mmin=5.00 is 
about 0.85 at 0.5 g and 0.97 at 1g, and is close to 1 for PGAs of 1.5g and greater 
(Figure 4.6). The ratio in the frequency of exceedances for Mmin=5.50 compared to the base 
case is about 0.7 at 0.5 g, 0.94 at 1g, and close to 1 for PGAs of 1.6g and greater 
(Figure 4.7).  

Decreasing the maximum magnitude Mmax from 8.0 to 7.2 and 7.5 (Figure 4.8 and Figure 4.9) 
only decreases the number of earthquakes in the first year by 0.28 and 0.10 respectively. 
However, removing the large earthquakes from the gridded seismicity input has a large effect 
on the larger PGAs where the ratio of the frequency of exceedances decays exponentially 
with larger PGAs as can be seen in Figure 4.8 and Figure 4.9. The reduction of the large 

k-value = 5 divided by Base Case 
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PGAs is down to a third for magnitude 7.5 and down to 1/20 for magnitude 7.2 compared to 
magnitude 8.0 at PGA of 1.1. 

 
Figure 4.6 The annual frequency of exceedance of PGA in g for minimum magnitude 5.25 and the ratio of the 
annual frequency of exceedance for minimum magnitude 5.25 to that of the base case of minimum magnitude 
5.0. 

 
Figure 4.7 The annual frequency of exceedance of PGA in g for minimum magnitude 5.5 and the ratio of the 
annual frequency of exceedance for minimum magnitude 5.5 to that of the base case of minimum magnitude 5.0. 
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Figure 4.8 The annual frequency of exceedance of PGA in g for maximum magnitude 7.2 and the ratio of the 
annual frequency of exceedance for maximum magnitude 7.2 to that of the base case of maximum magnitude 
8.0. 

 
Figure 4.9 The annual frequency of exceedance of PGA in g for maximum magnitude 7.5 and the ratio of the 
annual frequency of exceedance for maximum magnitude 7.5 to that of the base case of maximum magnitude 
8.0. 

4.4 MECHANISM AND DEPTH DISTRIBUTION OF THE AFTERSHOCKS 

Table 2.2 compares the depth distribution of the Canterbury model with the base case, and 
in Canterbury a higher proportion of earthquakes are at shallower depth than in the base 
case scenario for Wellington, i.e., 44% at 5 km and shallower in Canterbury versus 16% in 
Wellington. The shallower depths cause higher annual frequency of exceedance in 
Figure 4.10. The ratio increases steadily with increasing PGA and peaks just below 1.6 for 
0.9g before dropping to 1.0 at 3.5g. 
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Figure 4.10 The annual frequency of exceedance of PGA in g for the depth distribution of the Canterbury model and 
the ratio annual frequency of exceedance for the depth distribution of the Canterbury model to that of the base case. 

 
Figure 4.11 The annual frequency of exceedance of PGA in g for the aftershock mechanism of the Canterbury 
model and the ratio of the annual frequency of exceedance for the aftershock mechanism of the Canterbury 
model to that of the base case. 

The ‘predominately strike-slip with reverse component’ mechanism assumed in the 
Canterbury model produces higher annual frequency of exceedance than the strike-slip 
mechanism assumed for Wellington (Figure 4.11). The ratio increases from 1.3 at 0.2g to 1.5 
at 0.5 g, 1.8 at 1g, 2.2 at 2 g and 6.6 at 3.5g.  
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Figure 4.12 The annual frequency of exceedance of PGA in g for the aftershock mechanism and depth 
distribution of the Canterbury model and the ratio annual frequency of exceedance for depth distribution and the 
aftershock mechanism of the Canterbury model to that of the base case. 

The combination of the mechanism and the depth for Canterbury versus the base case is a 
linear combination of the depth and mechanism only ratios (Figure 4.12). The ratio increases 
from 1.6 at 0.2g to 2.3 at 0.5 g, 2.75 at 1g, plateaus between 1.2 and 2.2g at around 2.8, and 
is 6.6 at 3.5g.  

4.5 STANDARD SIGMA IN GMPE 

 
Figure 4.13 The annual frequency of exceedance of PGA in g for standard sigma in the GMPEs and the ratio of 
the annual frequency of exceedance for standard sigma in the GMPEs to that of the base case of constant sigma 
in the GMPEs. 

The standard sigma varies with magnitude of the earthquake while the base case has sigma 
fixed at the value of a magnitude 6.0 earthquake. The ratio of the frequency of exceedance 
of the standard sigma case to the base case is close to 1 at low PGAs (Figure 4.13), but 
rises to 1.2 between 0.06 and 0.9g. For larger PGAs, the ratio starts decreasing 
exponentially.  
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4.6 DISCUSSION AND CONCLUSIONS 

• The main purpose of this section was to show the sensitivity of the hazard curves to 
parameter variations in the hazard runs. In addition to the sensitivity due to error 
distributions (i.e., k-value) and magnitude weighting in the GMPEs as initially 
envisaged in milestone 2, we also investigated the effect of reducing the magnitude 
range as done in the Canterbury model, and different mechanism and depth 
distribution of aftershocks that would be relevant for Wellington compared to 
Christchurch.  

• The hazard curve calculations were sensitive to all investigated parameter changes. 
The ratio of the hazard curves between the varied parameter and the base case 
ranged up to a factor of about 3 and down to a factor of 1/10 for PGA around 1g. 

• The applicability of the ground motion prediction equation has been pushed beyond its 
limits as only very limited observations of PGA higher than 1g were available for 
deriving the ground motion prediction equation. 

• The effect of increasing the minimum magnitude on smaller PGAs is proportional to the 
rate of aftershocks that are left out of the hazard calculations, while there is little effect 
on the larger PGAs. 

• Reducing the maximum magnitude considered in the hazard calculations reduced the 
large PGAs to a third for magnitude 7.5 and to 1/20 for magnitude 7.2 at PGA of 1.1 
compared to magnitude 8.0, while having little effect on the smaller PGAs.  

• The constant sigma in the GMPEs did not have much effect on the annual frequencies 
of exceedance for PGAs below 1g.  
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5.0 LONG-TERM AFTERSHOCK HAZARD 

Here we follow the approach undertaken in milestone 1 to annualise the aftershock 
occurrence by dividing the aftershocks that occur in 50 years (assuming that is the complete 
sequence) by the return period of the mainshock, and replacing background seismicity 
contribution in the hazard calculations by the aftershock seismicity file. This is a very 
simplistic approach in which we compare the averaged aftershock contribution only to the 
standard background seismicity. We extend the method by including three further faults as 
described in more detail below. Section 5.2 outlines some changes to the hazard calculations 
compared to milestone 1. We show hazard curves for central Wellington and Porirua 
compared to the NSHM for shallow soil (subsoil class C). We also show spectra for return 
periods of 150, 475, 1000 and 2500 years, as well as the ratio of the aftershock spectra 
curves compared to the NSHM. In section 5.4 we present an alternative method for 
combining the aftershock rates which we have not yet been able to implement.  

5.1 PREPARING THE LONG-TERM AFTERSHOCK SEISMICITY INPUT 

In addition to the Wellington Hutt Valley Fault segment (Wellington WHV), we also include 
from the NSHM fault sources (Stirling et al., 2012) the Pukerua - Shepherds Gully segment 
(PukeShep), the Wairarapa – Nicholson segment (Wairarapa) and the Ohariu South segment 
(OhariuS) into our long-term aftershock seismicity source file. Each fault source was 
represented by a two-segment simplified fault model as implemented in the STEP model, 
and shown in Figure 5.1. Table 5.1 lists for each fault the modelled magnitude, the expected 
return period, the number of M ≥ 5.0 aftershocks in 50 years and the annualised contribution 
to the rate. 
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Figure 5.1 The two segment simplification of the four faults included in the long-term aftershock hazard 
modelling (in colour) compared to the fault segments provided in the NSHM fault file (black lines). The orange and 
blue dots show the location of Wellington and Porirua, selected in the hazard calculations. 

Table 5.1 Magnitude, return period, the number of M ≥ 5.0 aftershocks in 50 years, and the average number 
of M ≥ 5.0 aftershocks per year for the four faults included in the long-term aftershock hazard modelling. 

Fault Magnitude 
Return Period 

(years) 
Number of M ≥ 5.0 

aftershocks in 50 years 
Number of M ≥ 5.0 

aftershocks per year 

Wellington  7.5 840 103 0.123  

Wairarapa 8.2 1200 544 0.453 

Ohariu South 7.4 2500 82 0.009 

PukeShep 7.3 7000 64 0.033 
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Figure 5.2 The first 50 years of expected aftershocks from a characteristic mainshock for the four selected 
faults in the Wellington region, averaged over the expected return period of the respective faults. The rates are 
calculated at M5.0 and are relative to a Reference rate (RTR) in which 1 earthquake per year exceeding 
magnitude m is expected in an area of 10m km2. The maximum rate plotted is 23.2 RTR. 
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The annualised aftershock rate for all faults is shown in Figure 5.2. The rates are for 
aftershocks of M5.0 (±0.05) and are expressed relative to a Reference model (RTR) in which 
one earthquake per year is expected to exceed any magnitude m in an area of 10m km2 (e.g., 
1 RTR is equivalent to 1 magnitude 5 or greater earthquake per year per 100,000 km2). The 
reference model thus has a Gutenberg-Richter b-value of 1; the scenario rates on the RTR 
scale differ with magnitude only to the extent that the b-value applied in the STEP model 
differs from 1. With a b-value of 1.03, the variation with magnitude is not great, but the RTR 
rates diminish gradually as the magnitude is increased. For example, at M6.0 the rates are 
93% of those plotted, and at M7.0 the rates are 87% of those plotted. On the RTR scale, a 
typical hazard earthquake occurrence rate for locations in New Zealand is of the order of 1 
(corresponding to a yellow colour in Figure 5.2). The red colour in Figure 5.2 indicates 
seismicity of the order of 10 on the RTR scale. The highest value is 23.2. In comparison the 
NSHM distributed seismicity model is equivalent to 2.5 RTR at M5.0 in central Wellington. 

5.2 THE HAZARD CALCULATIONS 

There are a few parameter changes compared to the calculations done for milestone 1 
(Rhoades et al., 2012). The NSHM reference calculations have been done with the 
parameter file included in Appendix A.1.1. There has been an update to the fault input file, 
and the minimum magnitude 5.0 is used now compared to M5.25 for milestone 1. Also we 
included magnitude weighting while the spectra plots in milestone 1 were done without 
magnitude weighting.  

The parameters used to calculated hazard for the aftershock scenarious are equivalent to the 
base case in Sections 3 and 4, except for using different source files for the faults and the 
aftershock seismicity. Compared to milestone 1 the following parameters were changed: 
Magnitude weighting, minimum magnitude, mechanism and depth distribution of aftershocks 
and the seismicity input file. Compared to the NSHM the following changes have been made: 
the seismicity source file, the constant sigma with mainshock magnitude and extending the 
Idriss magnitude weighting out to periods of 0.5s.  
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5.3 RESULTS FOR LONG-TERM AFTERSHOCK HAZARD 

 
Figure 5.3 Hazard curves for shallow soil (subsoil class C) in central Wellington (red line) and Porirua (blue 
line). Solid curves are for the NSHM of Stirling et al. (2012). Dashed curves are for the fault sources of the NSHM 
together with the annualised aftershock rate for four faults in the Wellington region.  

 
Figure 5.4 Spectra for shallow soil (subsoil class C) in central Wellington, for return periods of 150, 475, 1000 
and 2500 years. Solid curves are for the NSHM of Stirling et al. (2012). Dashed curves are for the fault sources of 
the NSHM together with the annualised aftershock rate for four faults in the Wellington region. PGA (0.0 sec 
period) is plotted at 0.03 sec period to enable the spectra to be shown in log-log scale. 
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Figure 5.5 Ratio of the simplified long-term aftershock model spectra divided by the NSHM spectra for 
Wellington for return periods of 150, 475, 1000 and 2500 years.  

 
Figure 5.6 Spectra for shallow soil (subsoil class C) in Porirua, for return periods of 150, 475, 1000 and 2500 
years. Solid curves are for the NSHM of Stirling et al. (2012). Dashed curves are for the fault sources of the 
NSHM together with the annualised aftershock rate for four faults in the Wellington region. PGA (0.0 sec period) is 
plotted at 0.03 sec period to enable the spectra to be shown in log-log scale. 
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Figure 5.7 Ratio of the simplified long-term aftershock model spectra divided by the NSHM spectra for Porirua 
for return periods of 150, 475, 1000 and 2500 years.  
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5.4 DISCUSSION 

Replacing the distributed source model in the NSHM by long-term mean aftershock rate for 
four faults in the Wellington region led to an increase in the absolute acceleration for 
Wellington and Porirua The difference in absolute acceleration in comparison to the NSHM 
peaked at about 0.1 second. The accelerations increased by a maximum of around 10%, 
20%, 38% and 70% for return periods of 2500, 1000, 475, and 150 years respectively. The 
largest increase is at periods below 1s. 

This approach of estimating long-term aftershock hazard undertaken here and in milestone 1 
correctly estimates the long-term average hazard rate from aftershocks only, but exceedance 
probabilities in a given time period are based on the Poisson assumption that the mainshock 
and each of its aftershocks occur as independent events. Recently Boyd (2012) described a 
different approach, in which the mainshock and its aftershocks are regarded as a single 
event, since they generally occur over a relatively short period of time compared to the 
average return time of the major fault rupture. In Appendix 2 we describe the detailed steps 
required to implement Boyd’s approach. This approach would require some changes to the 
hazard code that have not been undertaken yet. 
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6.0 OVERALL DISCUSSION AND OUTLOOK 
Our estimates of the time-varying aftershock hazard following a major fault earthquake and 
of the long-term average aftershock hazard elucidate different aspects of aftershock hazard. 
The time-varying estimates show that the hazard is much increased for a period following a 
major earthquake. The estimates of the long-term average rates show that on average 
aftershocks contribute a significant proportion of the total hazard. 

 Both aspects highlight that it is important to consider the effects of aftershocks in hazard 
modelling. Aftershocks should not be ignored just because they are dependent on the 
mainshocks. The mean long-term aftershock hazard in Wellington from four faults in the 
Wellington region is higher than the hazard from the distributed source model in the NSHM. 
This is without considering the aftershocks of a subduction zone earthquake, which was 
beyond the scope of the current project. The time-varying hazard from aftershock rates alone 
is higher than the NSHM for all PGAs for five years after the mainshock on the Wellington 
Fault, and it takes more than 30 years following a mainshock on the Wellington Fault for the 
hazard from aftershocks alone to drop below the NSHM for all ground accelerations.  

The results are consistent with a study that compared ground motions as observed over the 
last 7 to 44 years at 24 locations in New Zealand with the NSHM (Stirling and Gerstenberger, 
2010). The NSHM under-predicted the historical number of exceedances for specific PGAs 
obtained directly from instrumental data. However, when aftershocks were removed from the 
instrumental data, observations and model forecasts were not inconsistent.  

Also as part of Task 11 ‘Accounting for aftershock hazard in Wellington’ we studied three 
aftershock models to analyse the sensitivity of the number of large aftershock to parameter 
changes (Christophersen et al., 2013; Appendix 3). All models were sensitive to most of the 
parameter changes. We found that varying a specific parameter did not always have the 
expected effect due to the correlation of parameters, and the different ways the models were 
formulated. However, all effects could be explained. 

We investigated the sensitivity of the hazard curves to a range of parameters, including the 
k-value for the error distributions in the GMPEs, magnitude weighting in the GMPEs, 
increasing the minimum and decreasing the maximum magnitude, as well as the 
mechanisms and depth distribution of aftershocks. The hazard curve calculations were 
sensitive to all investigated parameter changes. The ratio of the hazard curves between the 
varied parameter and the base case ranged up to a factor of about 3 and down to a factor of 
1/10 for PGA around 1g. The largest reduction for large PGAs came from decreasing the k-
value and decreasing the maximum magnitude. Reducing the maximum magnitude from 8 to 
7.5 reduced the PGA at 1.1 by a factor of 1/20. In general, the applicability of the ground 
motion prediction equation has been pushed beyond its limits as only very limited 
observations of PGA higher than 1g were available for deriving the ground motion prediction 
equation.  

We investigated the sensitivity of the hazard curves to a range of parameters, including the 
k-value for the error distributions in the GMPEs, magnitude weighting in the GMPEs, 
increasing the minimum and decreasing the maximum magnitude, as well as the 
mechanisms and depth distribution of aftershocks. The hazard curve calculations were 
sensitive to all investigated parameter changes. The ratio of the hazard curves between the 
varied parameter and the base case ranged up to a factor of about 3 and down to a factor of 
1/10 for PGA around 1g. The largest reduction for large PGAs came from decreasing the k-
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value and decreasing the maximum magnitude. Reducing the maximum magnitude from 8 to 
7.5 reduced the PGA at 1.1 to 1/20. In general, the applicability of the ground motion 
prediction equation has been pushed beyond its limits as only very limited observations of 
PGA higher than 1g were available for deriving the ground motion prediction equation. 

Seismic hazard modelling is traditionally focussed on estimating the long-term hazard, and 
usually adopts the assumption that major earthquakes occur independently according to a 
stationary Poisson process. In this framework, the hazard is assumed to be time-invariant. 
The reality is that seismic hazard is actually inherently time-varying, not only because of the 
aftershock phenomenon, which results in short-term clustering, but because each major 
earthquake affects the crustal stress in its vicinity, which can result in earthquake clustering 
over longer periods, including indirect triggering of one major event by another.  

Further work is on-going to address how best to include aftershocks in seismic hazard 
modelling and subsequent versions of the New Zealand National Seismic Hazard Model. 
One possible approach, which respects the fact that each main shock and its aftershocks 
occur as a single event with an extended duration, is outlined in Appendix 2. However, 
including aftershocks in the present time-invariant modelling cannot be a total solution, 
because every estimate of hazard is made at a point of time, when the hazard is inherently 
different from every other point of time. As our ability to estimate time-varying hazard 
improves on a variety of time scales, further consideration will have to be given to 
incorporating time-varying features other than aftershock occurrence into the National 
Seismic Hazard Model. 
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APPENDIX 1: EXAMPLE INPUT FILES FOR THE HAZARD CALCULATIONS 

A1.1 STANDARD INPUT FILE TO RUN THE NSHM 
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A1.2 BASE CASE INPUT FILE FOR AFTERSHOCK HAZARD CALCULATIONS IN WELLINGTON 

 

A1.3 INPUT FILE FOR LONG-TERM AFTERSHOCK HAZARD CALCULATIONS  
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APPENDIX 2: ALTERNATIVE METHOD FOR CALCULATING LONG-TERM 
HAZARD  

We consider the problem of calculating the probability of a given level of ground shaking a 
being exceeded in a period of time t years at some site, due to all possible fault sources and 
their aftershocks. We ignore any contribution from “background seismicity”, and assume that 
at the beginning of the period there is no aftershock sequence in progress affecting the 
hazard at the site. 

First, let us focus on a single major fault source and its aftershocks. We consider this as a 
single event, denoted Ek, but compute the probability of exceedance separately for the 
mainshock Mk and the aftershocks Ak. 

The probability of ground shaking exceeding a due to the main shock is a quantity that is 
already calculated in the PSHA. We denote this by )|( kMaAP ≥ . 

The aftershocks are represented by expected numbers of aftershocks (λi : i = 1, …, nb) in 
space-magnitude bins indexed by i. The expected number of exceedences of ground-
shaking level a due to aftershocks in the ith bin is λiSi(a), where Si is the survivor function of 
the probability distribution of ground shaking at the site due to an earthquake in the ith bin 
(determined from the uncertainties in the ground motion prediction equation). The expected 

number of exceedances of ground-shaking level a from all aftershocks is then 
)(

1
aSi

n

i i
b∑ =
λ . 

The contributions from different bins are regarded as independent. Therefore, the probability 
of ground-shaking level a being exceeded during the aftershock sequence is 

 








−−=≥ ∑

=

bn

i
iik aSAaAP

1
)(exp1)|( λ

.  (1) 

The probability of ground-shaking level a being exceeded during the whole event Ek  is then 
obtained as (see equation (3) of Boyd (2012): 

 )]|(1)][|(1[1)|( kkk AaAPMaAPEaAP ≥−≥−−=≥ . (2) 

Suppose that event Ek has return time Rk (years). Then Ek is assumed to occur at a Poisson 
rate of  μk = 1/Rk. The probability Pk of ground-shaking level a being exceeded due to 
mainshocks or aftershocks on the ith fault source over a period of t years is then 

 )]exp(1)[|()|( tEaAPtaAP kkk µ−−≥=≥ . (3) 

Combining the probabilities over all fault source events (assumed to occur independently), 
the total probability of ground-shaking level a being exceeded due to mainshocks on all fault 
sources and their aftershocks over a period of t years is: 

 
( )∏

=

−−≥−−=≥
N

k
kk tEaAPtaAP

1

)]exp(1)[|(11)|( µ
, (4) 

where again we are applying equation (3) of Boyd (2012). 
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A2.1 DISCUSSION 

The procedure above will give lower rates than those used by Rhoades et al. (2012). The 
latter calculated an average rate of exceedance in the long-run, including periods beginning 
during an aftershock sequence, by spreading the aftershocks over the average recurrence 
interval for the main shock. The present calculation excludes periods beginning during an 
aftershock sequence.  
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Sensitivity study of aftershock occurrence for a 
Wellington Fault earthquake 
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A. Christophersen & D. A. Rhoades 
GNS Science, Lower Hutt, New Zealand. 

S. Hainzl 
GFZ, Potsdam, Germany. 

ABSTRACT: We investigate the sensitivity of the number of large aftershocks (NAS) for 
three aftershock models to changes in model parameters. The three models are the Short-
Term Earthquake Probability (STEP), for which we calculated the average NAS for a set of 
parameters, and two implementations of the Epidemic Type Aftershock (ETAS) model, 
for which we run a number of simulations.  The model parameters are the p-value that 
controls the temporal decay of aftershock activity, the b-value of the magnitude-
frequency distribution of earthquakes, the productivity constant that is formulated in 
different ways for each of the three models, and mmax, the maximum allowed magnitude 
for aftershocks.  For all models NAS is sensitive to the parameter changes that cover 
ranges well within observations for New Zealand aftershock sequences.  The sensitivity 
to parameter variations is much stronger for the ETAS model than for the STEP model.  
Further, the range of NAS for the ETAS model with the medium set of parameters is larger 
than the range of NAS for the STEP model with varying parameters.  The results of this 
sensitivity analysis contributes to two on-going larger projects: (1) the task of the ‘It’s 
Our Fault Project’ to investigate whether there are any potential deficiencies in the 
currently used probabilistic Wellington earthquake design spectra due to the exclusion of 
aftershock, and (2) an EQC funded project to investigate the likelihood of late and large 
aftershocks from global earthquake catalogues.   

1 INTRODUCTION 

The recent Canterbury earthquakes have shown the devastating effects that aftershocks can have on a 
region. Yet, the New Zealand National Seismic Hazard Model (NSHM) (Stirling, 2012) follows the 
standard approach of probabilistic seismic hazard modelling and explicitly excludes aftershocks from 
the hazard estimations.  One task of the ‘It’s Our Fault Project’ recently investigated whether there are 
any potential deficiencies in the currently used probabilistic Wellington earthquake design spectra due 
to the exclusion of aftershocks (Rhoades, et al., 2012). The results suggest that not allowing for 
aftershocks may potentially result in the underestimation of the earthquake hazard in Wellington.  The 
study used the Short-Term Earthquake Probability (STEP) model to estimate aftershock occurrence for 
a period of 50 years following scenario mainshocks of magnitude 7.3, 7.5 and 7.7 rupturing the 
Wellington-Hutt Valley segment.  We now investigate the sensitivity of NAS, the number of large 
aftershocks (M≥5.0) in a 50-year time period following a magnitude 7.5 mainshock of the Wellington 
Fault to variation in a range of model parameters for three different aftershock models.  The three 
models are the STEP model and two implementations of the Epidemic Type Aftershock (ETAS) 
model.  All models have a spatial component and a method to distribute the expected number of 
aftershocks in space.  The spatial distribution of aftershocks is important for earthquake design spectra 
at selected locations.  However, for the purpose of this study, we focus on the effects of the parameters 
variations on the number of large aftershocks.   

In the next section we briefly introduce the general behaviour of aftershocks, i.e. the decay of 
aftershock rate with time, the magnitude-frequency distribution of aftershocks, and the increase of 
aftershock number with mainshock magnitude.  We then introduce the three models that we apply to 
forecast aftershocks for a hypothetical Wellington Fault event. We discuss the parameter variation 
used in the modelling and show the effect on NAS as well as the variation of aftershock number 
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between simulations with the same parameter values. Finally, we discuss the practical implications of 
the results. 

2 AFTERSHOCK BEHAVIOUR 

2.1 The Omori-Utsu law for aftershock decay 

The Omori law is the oldest empirical relationship in seismology and originally described how the 
number of felt aftershocks per day decayed with time t as 1/t for the 1891 Nobi, Japan earthquake 
(Omori, 1894).  The relationship was found to still be ongoing 100 years after the Nobi earthquake 
(Utsu, et al., 1995) which can be partly attributed to Nobi being located in an otherwise relatively 
seismically quiet area in Japan.  In contrast, our current and ongoing analysis shows that the 
aftershocks of the March 2011 M9.3 Tōhoku earthquake are already nearly indistinguishable from the 
background seismicity, i.e. the current seismicity levels are no longer much above the long-term 
average. 

Equation 1 shows the modified Omori-Utsu law, which allows the parameter p to control the temporal 
decay.  The parameter K represents the productivity, and while the meaning of the constant c is still 
being debated, its presence is necessary to avoid a singularity in the modelled number of aftershocks at 
time t = 0. 

pct
Kn

)( +
=  (1) 

Integration of Equation 1 over time provides the expected number of aftershocks as illustrated in 
Figure 1 with New Zealand generic parameters (see STEP model below), and for 30 ETAS 
simulations using the Hainzl implementation (introduced below). 

2.2 The Gutenberg-Richter relation for the magnitude-frequency distribution 

The Gutenberg-Richer relation describes the magnitude-frequency distribution of earthquakes, where 
the number of earthquake of magnitude M decreases exponentially with increasing magnitude 
N(M)~10-bM (Gutenberg & Richter, 1944; Ishimoto & Iida, 1939).  The relationship also holds for the 
distribution of aftershock magnitudes (Utsu, 1969).  The b-value describes the relationship between 
small and large earthquakes and is included in our sensitivity analysis.  

2.3 The abundance law for aftershock productivity 

The number of expected aftershocks increases exponentially with mainshock magnitude Mm as 
mM

mMN α10~)( . The growth parameter α is often assumed to be identical to the b-value in the 
Gutenberg-Richter relation as in STEP and one of the ETAS models implementations. 

3 AFTERSHOCK MODELLING 

3.1 The STEP model 

The Short-Term Earthquake Probability (STEP) model is based on the idea of superimposed Omori 
sequences (M. Gerstenberger, 2003; M. C. Gerstenberger, et al., 2005), where every earthquake 
triggers its own aftershock decay according to Equation 1.  The model is usually applied for short-term 
earthquake forecasting for active earthquake sequences where it is up-dated as new data become 
available.  There is computer code available (STEP Java) that we used to calculate expected number of 
aftershocks for a mainshock. The model has two components: 1) a background seismicity model; and 
2) a time-dependent clustering model. However, in the version of the model applied here the 
background component plays no part as we only study the number of aftershocks. The clustering 
model has three components: 1) generic; 2) sequence specific and 3) locally varying within a 
sequence.  The mixture of the components depends on data availability for parameter fitting and 
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comparison of the performance of each of the parts.  In our study of applying the model to only one 
large mainshock, we use the generic component, for which the productivity parameter K in Equation 1 
is replaced by a mainshock magnitude dependent equation (Reasenberg & Jones, 1989)   

p

MMba

ct
n

m

)(
10 )( min

+
=

−+

  (2) 

Two studies investigate the parameter values for Equation 2 in New Zealand (Eberhart-Phillips, 1998; 
Pollock, 2007). Here we use the values by Pollock as given in Table 1. 

3.2 The ETAS model (Hainzl implementation) 

The ETAS model is a stochastic point-process model that is also based on overlapping Omori 
sequences according to Equation 1 (Ogata, 1988).  In the Hainzl implementation each earthquake has a 
magnitude M dependent ability to trigger aftershocks according to )(

0
min10 MMk −α , where Mmin is the 

lower cut-off magnitude of earthquakes of interest (Hainzl, et al., 2008).  For the purpose of our 
parameter sensitivity analysis we set the ETAS model parameters equivalent to the generic New 
Zealand parameters (see Table 1).  Thus we need to calculate k0 to be equivalent to 10a in Equation 2.  
We use the equations below for the branching parameter nbr, i.e. the number of direct aftershocks per 
earthquake averaged over all magnitudes in the magnitude interval [mmin, mmax](Sornette & Werner, 
2005),  
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α ≠ b (4) 

For nbr <1, the total number of direct and indirect aftershocks of the initial mainshock is given by,  

br
total n

NN
−

=
1

0  (5) 

(Sornette & Werner, 2005).  We can deduct, 

),,,(101
10

maxmin
0 mmbf

k a

a

α+
=  (6) 

This is for an unlimited time period. To adjust k0 for the simulation over a limited time period T, we 
also need to add a factor for the integration of Equation 1 with respect to time  

)1/())(( )1()1( −+−= −− pTccf pp
T .   (7) 

Figure 1 includes 30 simulations of the ETAS-Hainzl model with the medium parameters as shown in 
Table 1.  The productivity of the model was calculated so that the mean number of aftershocks would 
match the STEP model after 50 years.  The figure shows that the ETAS model covers a range of 
realisations far beyond the 95% confidence interval of the STEP model.  Each jump in the cumulative 
curve corresponds to a large aftershock that triggered its own aftershock sequence similar to the 
February 2011 Christchurch earthquake (Kaiser, 2012). For the analysis of the mean number of large 
aftershocks with varying parameters we use 1,000 simulations of the model. 

3.3 The ETAS model (Rhoades implementation) 

The Rhoades ETAS model has been fitted to the New Zealand earthquake catalogue with magnitude 
M > 2.95, targeting the forecast of earthquakes with M > 3.95 over the period 1987-2006, and is 
implemented in the New Zealand earthquake testing centre (M.C. Gerstenberger & Rhoades, 2010).  
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The model parameters are given in Table 1. The key difference to the Hainzl model implementation 
are: α and b are always assumed to be the same.  The equations for aftershock decay magnitude 
frequency distribution are implemented as probability density functions, and thus the productivity 
parameter is about an order of magnitude larger than for the Hainzl model as can be seen in Table 1.  
The productivity parameter is estimated from the New Zealand data. Estimating ETAS from 
earthquake challenges as illustrated nicely recently for New Zealand (Harte, 2013). 
 

 
Figure 1: The cumulative number of aftershocks M≥5.0 for a 50 year time period. The solid black line represents 
the STEP model with generic parameters for New Zealand. The dashed lines are 95% confidence lines of the 
model assuming a Poisson distribution.  The light grey lines show 30 simulations for the ETAS Hainzl model 
with parameters equivalent to the STEP model. The magnitude range for the simulations is [3, 7.5]. 

4 EFFECT OF PARAMETER VARIATION ON NUMBERS OF AFTERSHOCKS 

4.1 Variation of model parameters 

The purpose of this study is to investigate the sensitivity of the number of large aftershock NAS to 
model parameter variation.  We decided to vary the p-value of Omori’s law and the b-value of the 
magnitude-frequency relation by plus and minus 0.1 as per Table 1, which is well within the range of 
observed values for New Zealand (Pollock, 2007).  In the Hainzl model we left the α-value unchanged 
when changing the b-value.  The other two models intrinsically assume α = b.  We also varied mmax, 
the maximum magnitude for aftershocks for the two ETAS models, with the medium value allowing 
the largest aftershock to be the size of the mainshock.  Table 1 shows the medium values for each 
model parameter and the change. 

Table 1. Variation of model parameters. 

Model c p b Productivity mmax 
STEP 0.04 1.07±0.10 1.03±0.10 10-1.59±20% n/a 
ETAS Hainzl 0.04 1.07±0.10 1.03±0.10 0.0065±20% 6.9, 7.5, 8.0 
ETAS Rhoades 0.03 1.11±0.10 1.16±0.10 0.072±20% 6.95, 7.55, 8.05 

4.2 The mean number of large aftershocks for different model parameters  

Table 2 shows NAS for the three different models and the range of model parameters.  The STEP Java 
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code with generic parameters produces 103 aftershocks of M≥ 5.0, which is slightly less than 116 
resulting from integrating Equation 4 over 50 years. This small difference is probably caused by 
cutting in space.  The ETAS Hainzl implementation is very similar to the STEP model as it was set up 
to be.  The ETAS Rhoades model forecast on average about 50% more aftershocks than the STEP 
model. Figure 2 illustrates the results for the four sets of parameter values that were varied.  Below we 
discuss the observation for the different parameters. 

Table 2. Mean number of aftershocks M ≥ 5.0 for different model parameters. The bomb symbolises that 
the number of aftershocks increased explosively with the respective parameter setting. 

Model Ave p+ p- b+ b- Prod
+ 

Prod- mmax 
+ 

mmax 
- 

STEP 103 85 140 183 58 124 82 n/a n/a 

ETAS Hainzl 109 68 524 38   275 57 153 81 

ETAS Rhoades 153 466 44 341 71 274 85 190 125 

 

 
Figure 2. The comparison of the mean number of aftershocks for variation of the model parameters p-value, b-
value, productivity and maximum magnitude for the STEP and the two ETAS model implementations. The error 
bar for the ETAS models shows two standard deviation of the mean.  

4.2.1 p-value variation 

An increase in p-value corresponds to faster decay of aftershock activity, and thus more large 
aftershocks would be expected in the first 50 years.  Similarly, a decrease in p-value leads to slower 
aftershock decay and fewer aftershocks would be expected in the first 50 years. This trend can only be 
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observed for the Rhoades model, for which the temporal decay is implemented as a proper probability 
density function.  For the other two models, the omission to integrate over all times according to 
Equation 9, keeps the productivity value 10a or k0 higher that it should be and therefore the opposite 
trend is observed.  Decreasing the p-value by 0.1 in the Hainzl model leads to a near five times 
increase in NAS the largest observed variation for all parameters and models. 

4.2.2 b-value variation 

A decrease of the b-value should lead to an increase in large aftershocks; and an increase of the b-
value should lead to a decrease in larger aftershocks.  This trend can only be observed for the Hainzl 
model, which kept the growth parameter α  of the productivity unchanged when varying the b-value. 
Decreasing the b-value by 0.1 with constant α led to an explosion of aftershocks as indicated by the 
bomb in Table 2 and 3.  The other two models implicitly assume that α = b and for increasing α the 
average number is expected to go up. 

4.2.3 Variation of the productivity parameter 

A decrease in the productivity parameter should lead to a decrease in aftershock numbers and vice 
versa, an increase in the productivity parameter should lead to an increase in aftershock numbers. This 
trend can be observed for all three aftershock models.  For the STEP model a 20% change in the 
productivity results in about a 20% change in the number of aftershocks.  The change for the two 
ETAS models is much larger, possibly due to the epidemic nature of the model set-up, the effect of the 
parameter variation is compounded over the generations.  

4.2.4 Variation of the maximum magnitude 

The maximum magnitude of aftershocks is not a model parameter for the STEP model and thus the 
mean number of large aftershocks remains unchanged.  For the ETAS model, a larger maximum 
magnitude leads to an increase in NAS if all other parameters are unchanged.  To keep the average 
number of large aftershocks the same for the Hainzl model, the productivity k0 would have to be 
decreased from 0.0065 to 0.0060 for an increase of mmax from 7.5 to 8.0 according to Equation 6. 

4.3 The variation of number of large aftershocks for different model parameters  

The range of NAS for 30 simulations in Figure 1 exceeds the range of NAS for all parameter changes in 
the STEP model.  Figure 3 shows the frequency of occurrence of NAS for 1000 simulations of the 
ETAS Hainzl model for the medium model parameters.  To compare the variation between different 
parameters we calculate the coefficient of variation, i.e. the standard deviation divided by the mean as 
presented in Table 3.  The coefficient of variation of NAS is largest when mmax is increased and smallest 
when mmax is decreased. This makes intuitive sense as the magnitude of the aftershocks determines the 
size of further generations of aftershocks. 

Table 3. The coefficient of variation of NAS for the two ETAS model implementations. The bomb 
symbolises that the number of aftershocks increased explosively with the respective parameter setting. 

Model Ave p+ p- b+ b- Prod
+ 

Prod 
    - 

mmax 
+ 

mmax 
- 

ETAS Hainzl 0.50 0.44 0.81 0.32  0.75 0.40 0.98 0.28 

ETAS Rhoades 0.45 0.71 0.19 0.53 0.32 0.30 0.27 0.88 0.19 

5 SUMMARY OF RESULTS  

We employ three models to analyse the sensitivity of the number of large aftershock NAS to parameter 
changes.  All models are sensitive to all the parameter changes, except for the STEP model that is not 
affected by the maximum magnitude mmax.  Varying a specific parameter does not always have the 
expected effect, e.g. the b-value in the STEP and ETAS-Rhoades model, or the p-value in the STEP 
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and ETAS-Hainzl model. The ETAS models show larger sensitivity in NAS than the STEP model.  The 
range of NAS for the ETAS-Hainzl model with medium parameters exceeds the range of NAS for the 
STEP model for the parameter changes.  Also changing any one parameter has a much larger effect on 
the mean NAS for the ETAS models compared to the STEP model.  This is partly caused by the 
compounding effect of different generations of aftershocks in the ETAS simulation and partly by the 
correlation of parameters as shown in Equations 3-7.   

 
Figure 3: The frequency of occurrence of M≥5.0 aftershocks within 50 years for 1000 simulations of the ETAS 
Hainzl model for the medium model parameters.  The bin width is 10. 

6 DISCUSSION AND FUTURE OUTLOOK 

In simulating aftershock sequences, it is important to appreciate the possible range of numbers of large 
aftershocks NAS for a set of parameter, as well as the sensitivity of NAS to parameter changes.  Work is 
still on going to fine-tune the model parameters for realistic representation of aftershocks following a 
large Wellington Fault earthquake and other earthquakes in New Zealand.  An EQC project is close to 
completion to investigate the Canterbury earthquake sequence within the context of global earthquake 
statistics.  The focus of this work is on the likelihood of large and damaging late aftershocks.  Figure 1 
of the cumulative number of large aftershocks with time shows bursts of activity on a time-scale of 
decades.  Similar bursts of activity have been observed in Canterbury on a time-scale of 18 months. 
One might wonder whether it is realistic to model aftershock sequences for decades.  Recalling that 
the Nobi aftershock sequence was still observed to be on-going a century after the mainshock, and that 
each aftershock can trigger its own cascade of aftershocks, which follow the Gutenberg-Richter 
relation, it is possible that any of the late aftershocks has a magnitude large enough to be of concern. 
The 1968, Mw 7.2 Inangahua Earthquake occurred within 30 km of the 1929, Mw 7.3 Buller 
Earthquake.  The 1962, Mw 5.7 Westport and the 1991, Mw 5.9 Hawks Crag earthquakes also occurred 
within the aftershock zone of the 1929 Buller Earthquake. Are they all part of the same 60 years-plus 
lasting sequence (Litchfield & Berryman, 2012)?  Up-dates to the New Zealand National Seismic 
Hazard Model that will no doubt attempt to accommodate aftershock hazard, will need to consider 
these issues.  
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ABSTRACT: The New Zealand National Seismic Hazard model (NSHM) follows the 
well-established practice of most probabilistic seismic hazard analysis (PSHA) to exclude 
aftershocks from the hazard estimations. A Task of the ‘It’s Our Fault’ Project 
investigates whether there are any potential deficiencies in the currently used uniform 
hazard spectra for Wellington due to the exclusion of aftershocks.  In this study, we 
distinguish between time-varying and long-term mean aftershock hazard. Time-varying 
aftershock hazard represents the average annual decay of aftershocks over a period of 50 
years following a main shock.  For long-term aftershock hazard we spread the temporal 
occurrence of aftershocks over the recurrence interval of the fault rupture. We model 
aftershocks using the Short-Term Earthquake Probability (STEP) model.  We calculate 
the time-varying annual frequency of exceedance of peak ground acceleration (PGA) for 
up to 50 years after a main shock and compare the hazard curves from the aftershocks 
alone to the NSHM. The shapes of the curves are quite different; and only after about 30 
years is the aftershock hazard less for all PGAs than from the NSHM.  For the long-term 
hazard, we include four major Wellington fault sources and replace the NSHM 
background seismicity model with the time-averaged aftershock rates from these sources.  
The difference in absolute acceleration in comparison to the NSHM peaks at about 0.1 
second. The accelerations increase by a maximum of around 10%, 20%, 38% and 70% 
for return periods of 2500, 1000, 475, and 150 years respectively.  Both our approaches 
are simplified methods to illustrate the potential effects of including aftershocks in PSHA. 

1 INTRODUCTION 

The New Zealand National Seismic Hazard model (NSHM; (Stirling et al., 2002; Stirling, et al. 2012) 
is the basis for seismic hazard assessment in New Zealand.  The NSHM applies the well-established 
practice of probabilistic seismic hazard analysis (PSHA).  There are three key components to PSHA: 
the fault source model, the distributed source model, and ground motion prediction equations 
(GMPEs).  The distributed source model is derived from earthquake catalogues.  As is standard 
practice in PSHA, aftershocks are removed from the earthquake catalogue.  The most notable major 
New Zealand aftershock sequence, the Canterbury earthquake sequence, increased the seismicity rate 
in Canterbury drastically.  This warranted the development of a new time-varying seismic hazard 
model for the previously low hazard Canterbury region because the NSHM was expected to 
underestimate the seismic hazard due to on-going aftershocks and the possibility of further triggered 
earthquakes (Gerstenberger et al., 2014).  One task of the ‘It’s Our Fault’ Project set out to investigate 
whether there are any potential deficiencies in the currently used probabilistic Wellington earthquake 
design spectra due to the exclusion of aftershocks (Rhoades et al., 2012).  In this paper, we distinguish 
between time-varying and long-term mean aftershock hazard.  For the time-varying aftershock hazard 
we calculate annual aftershock rates for the first 50 years following a scenario M7.5 Wellington Fault 
earthquake as further explained in Section 2.1.  For the long-term mean aftershock hazard we 
normalise the number of aftershocks expected in 50 years by the mean recurrence interval of the main 
shock for four major faults in the Wellington region as further explained in Section 2.2.  Section 3 
briefly discusses the parameters that had to be changed in the hazard runs compared to the standard 
NSHM application.  Section 4.1 discusses how the annual frequency of exceedance of peak ground 
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accelerations (PGA) decays with time from the main shock.  We also show the 10% probability of 
exceedance of PGA in g for selected years as a function of period.  Section 4.2 compares the hazard 
spectra for shallow soil (subsoil class C, Standards New Zealand 2004) in central Wellington, for 
return periods of 150, 475, 1000 and 2500 years for the NSHM where the standard distributed source 
model rates are replaced by the long-term mean aftershock rates.  This paper closes with discussions 
and conclusions. 

2 AFTERSHOCK MODELLING 

To calculate aftershock occurrence rates we use the Short-Term Earthquake Probability (STEP) 
aftershock model (Gerstenberger, 2003; Gerstenberger et al., 2005). The model normally comprises 
two components: 1) a background seismicity model; and 2) a time-dependent clustering model.  In our 
simplified application of the model, it does not include a background model, as it pertains to the 
aftershock occurrence only.  The average aftershock rates are calculated based on the Omori-Utsu law 
for aftershock decay (Utsu et al., 1995) with average parameters for New Zealand (Pollock, 2007).  A 
previous study in the ‘It’s Our Fault’ Project demonstrated the sensitivity of the number of large 
aftershocks to different aftershock models and varying model parameters (Christophersen et al., 2013).  
Here the aftershock model is kept simple and representative of the average New Zealand aftershock 
behaviour for crustal faults.  The locations of the aftershocks depend on the location of the fault.  
Figure 1 shows two-segment lines based on the NSHM that simplify the location of each of the four 
faults considered in this study.  The aftershock rate tapers off according to the inverse square of the 
distance from the fault.  For this Wellington focussed project, the aftershock rates were estimated on a 
0.05-degree-squared grid in a region between latitude 42.8°S and 39.8°S, and longitude 172.8E and 
176.8E, and in magnitude bins of width 0.1 magnitude units centred on magnitude 5.0, 5.1, and so on 
up to magnitude 7.9. Thus, the spatial grid spacing is such that no spatial resolution of hazard at a finer 
scale than about 5 km is possible. The depth distribution of aftershocks is accounted for in the hazard 
calculations as further explained in section 3. 

2.1 Time-varying aftershock modelling 

For the time-varying analysis, the aftershock rates for the Wellington Fault are estimated annually for 
each of the 50 years following the main shock. Table 1 shows the total expected rate of M≥5.0 
earthquakes for the years selected for the hazard calculations in Section 4.1.  In comparison, the 
annual rate of the NSHM is 0.87 as included in the New Zealand earthquake forecast centre 
(Gerstenberger & Rhoades, 2010) for the specified region.  The total rate over 50 years for the STEP 
model is 103.4 compared to 43.5 from the NSHM for 50 years.   

Table 1: The total rate, i.e. number of earthquakes per year of M≥5.0, for the years selected for 
presentation in Figure 3, compared with the annual rate for the NSHM in the same area. 

Year 1 2 3 4 5 10 15 20 25 30 35 40 45 50 NSHM 

Rate 81 4.3 2.4 1.7 1.3 0.57 0.37 0.27 0.21 0.17 0.14 0.13 0.11 0.10 0.87 

2.2 Long-term mean aftershock modelling 

Here we follow the approach undertaken by Rhoades et al. (2012) to annualise the aftershock 
occurrence by dividing the aftershocks that occur in 50 years by the mean recurrence interval of the 
main shock. We extend the method by including three further fault sources. Table 2 lists the four fault 
sources, their magnitude, recurrence interval, the number of M≥5.0 aftershocks in 50 years, and the 
average number of M≥5.0 aftershocks per year. Figure 1 compares our two-segment simplification of 
the four fault sources to the fault segments provided in the NSHM fault file, and highlights the 
location used in the hazard calculations.  Figure 2 shows the annual rate density relative to a reference 
rate (RTR) in which one earthquake per year exceeding magnitude m is expected in an area of 10m 

km2.  The aftershock rate file replaces the distributed source model in the hazard calculations.  
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Figure 1: The two-segment simplification of the four fault sources included in the long-term aftershock hazard 
modelling (in colour) compared to the fault segments provided in the NSHM fault model (black lines) used in 
Stirling et al (2012).  The blue point shows the location of the Wellington site used in the hazard calculations. Summed annualised aftershock rates
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Figure 2: The first 50 years of expected aftershocks from characteristic main shocks on the four selected fault 
sources in the Wellington region, averaged over the expected return period of the respective faults.  The rates are 
calculated at M5.0 and are relative to a Reference rate (RTR) in which 1 earthquake per year exceeding 
magnitude m is expected in an area of 10m km2. The maximum rate plotted is 23.2 RTR.  
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Table 2: Magnitude, recurrence interval, number of M≥5.0 aftershocks in 50 years, and the average 
number of M≥5.0 aftershocks per year for the four fault sources included in the long-term aftershock 

hazard modelling.  Magnitude and recurrence interval are from Stirling et al. (2012). 

Fault source 
in NSHM 

Magnitude Recurrence 
interval (years) 

Number of M ≥ 5.0 
aftershocks in 50 years 

Number of M ≥ 5.0 
aftershocks per year 

Wellington  7.5 840 103 0.123  

Wairarapa 8.2 1200 544 0.453 

Ohariu South 7.4 2500 82 0.009 

PukeShep 7.3 7000 64 0.033 

3 RUNNING THE NATIONAL SEISMIC HAZARD MODEL 

The NSHM calculations allow for various parameter options.  The new Canterbury hazard model led 
to a few additional options that we use for the aftershock hazard calculations.  The key difference 
between the standard NSHM and the Canterbury hazard model is the form of the distributed source 
model.  For the NSHM the distributed source model is specified with the a- and the b-values of the 
magnitude-frequency relation at different depth layers and for different tectonic zones, including their 
preferred focal mechanism (Stirling et al., 2012).  For the Canterbury model (and the aftershock 
hazard calculations) the distributed source model is given on a spatial grid and in magnitude bins for 
all depths.  The depth distribution and the preferred focal mechanism are specified separately in the 
input parameter file.  Table 3 compares the mechanism and depth distribution of earthquakes for the 
Canterbury model with the values selected for the Wellington aftershock modelling.  

Table 3: The mechanism and depth distribution of aftershocks for the Canterbury model and the 
Wellington model used here. ‘rs’ and ‘ss’ stand for reverse strike slip and strike slip respectively. 

Location Mech. Six depths , in km, and associated weights in brackets 

Canterbury rs 1 (0.03) 2 (0.08) 5 (0.33) 10 (0.37) 20 (0.15) 30 (0.04) 

Wellington ss 3 (0.01) 5 (0.15) 10 (0.33) 15 (0.33) 20 (0.15) 25 (0.03) 

Another difference between the hazard models is that the standard NSHM uses the McVerry (2006) 
GMPEs for which the standard error is magnitude-dependent. They are greatest for magnitude 5.0 and 
less, and then decline over the M5.0 to 7.0 range to reach the minimum value for magnitude 7.0 and 
greater. The magnitude-dependent sigma becomes poorly constrained for the smaller magnitudes. 
Smaller magnitutudes are dominating the hazard calculations in the aftershock model.  In this study we 
use the standard error value of magnitude 6 over all magnitude ranges. This is also the case in the 
Canterbury model (Gerstenberger, et al, 2011).  

When applying the NSHM for engineering purposes the forecasted ground motions are usually 
magnitude weighted, i.e. amplitudes of smaller magnitude earthquakes are relatively down-weighted 
to account for the shorter duration of shaking they cause, which is known to be less damaging to 
structures than longer duration shaking. For the NSHM, the magnitude-weighting factors are those 
originally proposed by Idriss (1981). For our study, the Idriss magnitude-weighting factor is extended 
across all periods, rather than just to 0.5s, as was the case for the Canterbury model (Gerstenberger et 
al., 2014).   

Our calculations are for shallow soil (subsoil class C, Standards New Zealand 2004) and earthquakes 
of magnitude of 5.0 and greater.  For the NSHM and the long-term average aftershock hazard we use 
the standard fault source model. For the time-varying aftershock hazard we exclude the fault source 
model from the hazard calculations.  
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4 RESULTS 

4.1 Time-varying aftershock hazard 

Figure 3 shows the annual frequency of exceedance of PGA for Wellington for selected years 
following a M7.5 main shock on the Wellington Fault. The hazard is only from the aftershocks and 
does not include any contribution from other fault sources. The green line shows the long-term hazard 
from the NSHM as reference.  Hazard spectra for the NSHM are calculated for return periods of 150, 
475, 1000 and 2500 years, where the 475 years return period corresponds to a 10% probability in 50 
years exceedance of PGA.  The concept of return period which assumes uniform earthquake 
occurrence is not relevant for an aftershock rate that decays from year to year.  Figure 4 shows the 
annual 10% probability of exceedance PGA in g for selected years. 
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Figure 3: The annual frequency of exceedance of peak ground acceleration (PGA) in Wellington for selected 
years following a M7.5 main shock on the Wellington Fault.  The green line is the long-term hazard from the 
NSHM. 
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Figure 4: Hazard spectra with an annual 10% probability of absolute acceleration in Wellington for selected 
years following a M7.5 main shock on the Wellington Fault, compared with the NSHM. 
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4.2 Long-term mean aftershock hazard 

Figure 5 compares the annual frequency of exceedance of peak ground acceleration for shallow soil 
(subsoil class C) in central Wellington for the NSHM of Stirling et al. (2012) with the annualised 
mean aftershock rate, for the four major faults we considered in the Wellington region and listed in 
Table 2.  We calculated spectra for both models for return periods of 150, 475, 1000 and 2500 years, 
which are shown in Figure 6.  To make comparison between the two models easier we calculated the 
ratio of the spectra as shown in Figure 7. 
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Figure 5: The annual frequency of exceedance of peak ground acceleration (PGA) in g for shallow soil (subsoil 
class C, Standards New Zealand 2004) in central Wellington for the NSHM of Stirling et al. (2012) and the long-
term mean aftershock rate for four faults in the Wellington region.  
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Figure 6: Spectra for shallow soil (subsoil class C, Standards New Zealand 2004) in central Wellington, for 
return periods of 150, 475, 1000 and 2500 years. Solid curves are for the NSHM of Stirling et al. (2012). Dashed 
curves are for the fault sources of the NSHM together with the long-term mean aftershock rate for the four 
specified major faults in the Wellington region. PGA (0.0 sec period) is plotted at 0.03 sec period to enable the 
spectra to be shown in log-log scale. 
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Figure 7: Ratio of the simplified long-term mean aftershock model spectra divided by the NSHM spectra for 
Wellington for return periods of 150, 475, 1000 and 2500 years. 

5 DISCUSSION 

Figure 3 shows that the shape of the time-varying aftershock hazard curves, i.e. the annual frequency 
of exceedance of PGA, differs from the shape of the hazard curve for the standard NSHM.  The 
aftershock hazard curves are flatter for small PGAs up to about 0.1g and then decay faster for larger 
PGAs than the NSHM.  The flat shape for small PGAs could be caused by the limited area considered 
in the aftershock seismicity model so that no very distant and small ground motions are observed in 
the hazard calculations.  The difference in shape remains when the fault data is added to the hazard 
model for the long-term average aftershock model in Figure 5.   

Figure 3 shows that it takes more than 30 years following a main shock on the Wellington Fault, for 
the hazard from aftershocks alone to drop below the NSHM for all ground accelarations.  The 
aftershock model does not account for background seismicity that would occur within a 30 year 
period. 

When averaging the aftershocks over the 50-year period, the annual average is 2.1 and thus the 
average hazard curve would fall between the curves of year 3 and year 4 in Figure 3. 

Replacing the distributed source model in the NSHM by long-term mean aftershock rate for four faults 
in the Wellington region led to an increase in the absolute acceleration (Figure 6).  The difference in 
absolute acceleration in comparison to the NSHM peaked at about 0.1 second. The accelerations 
increased by a maximum of around 10%, 20%, 38% and 70% for return periods of 2500, 1000, 475, 
and 150 years respectively (Figure 7). The largest increase is at periods below 1s. 

6 CONCLUSIONS 

Our study highlights that it is important to consider the effects of aftershocks in hazard modelling.  
The mean long-term aftershock hazard in Wellington from four faults in the Wellington region is 
higher than the hazard from the distributed source model in the NSHM.  This is without considering 
the aftershocks of a subduction zone earthquake, which was beyond the scope of the current project to 
be modelled. The time-varying hazard from aftershock rates alone is higher than the NSHM for all 
PGAs for five years after the main shock on the Wellington Fault, and it takes more than 30 years 
following a main shock on the Wellington Fault, for the hazard from aftershocks alone to drop below 
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the NSHM for all ground accelarations.  Further work is on-going to address how to best include 
aftershocks in seismic hazard modelling and subsequent versions of the New Zealand National 
Seismic Hazard Model. 
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