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ABSTRACT: We present the results of a test of the New Zealand National Seismic 
Hazard model (NSHM). Our approach is to test the complete NSHM which predicts 
ground motion exceedances for a given return period, based on a fault source model and a 
distributed seismicity source model. Using up to four decades of observed ground motion 
data, we have tested the number of expected exceedances for specific peak ground 
accelerations (PGA) for 24 sites against the number observed. When testing the 2002 
NSHM, the model is rejected as under-predicting the expected number of exceedances; 
however, when aftershock data are removed from the observations, the model is not 
rejected. This highlights a problem with existing probabilistic seismic hazard models, 
where earthquake catalogues must typically be declustered, i.e., aftershocks are removed, 
before the non-fault based gridded seismicity model is calculated. This problem is present 
not only for low levels of shaking but also for potentially damaging shaking levels of 
PGA ≥  0.1g. Finally, we also present a comparison of the test results for the 2002 and 
2010 NSHM. 

1 INTRODUCTION 

In the last decades probabilistic seismic hazard analysis (PSHA) has been the predominant tool used  
globally for developing national seismic hazard models (e.g., Petersen et al. 2008; Stirling et al., 
2002). The resulting probabilistic seismic hazard (PSH) maps have been the basis for numerous 
applications, most importantly for building codes (e.g., Standards New Zealand, 2005). PSH models 
give forecasts of the strength of earthquake shaking that can be expected for any given return period, 
and utilize seismicity catalogues, paleoseismic (active fault) data, and ground motion prediction 
equations.  Typical PSH models are developed with the aim of predicting ground motions for time 
periods on the order of 50 years.  Efforts to validate PSH models to date have largely been limited and 
have focussed on evaluating individual components of the models, overall moment balance, or short-
term statistical tests of the earthquake rates produced by the source model (e.g. Rhoades et al., 2002; 
Felzer, 2009; Schorlemmer, et al., 2010). 

Recent work by groups such as the Collaboratory for the Study of Earthquake Predictability (CSEP; 
Schorlemmer, et al., 2010) and others has reinforced the need for rigorous testing of earthquake 
forecast models including PSH models. Here we describe a methodology for testing the final output of 
an entire PSH model, rather than the individual components. The methodology explicitly tests the 
output of the PSH model, or in other words, the ground shaking amplitude forecasts for a given return 
period. One difficulty with such a test is that the model should be evaluated with data that have not 
already been used as direct input into the model development; ideally the model would be tested 
prospectively, but retrospective tests may still be informative, particularly in the case of poorly 
performing models. Efforts to develop such a methodology by Dowrick and Cousins (2003) involved 
using the historical record of Modified Mercalli Intensities (MMI) to generate historical rates of 
exceedance for ground motion levels at a suite of towns and cities. Tormann (2005) compared daily 
accelerograph records of peak ground acceleration (PGA) levels to daily forecasts from a short-term 
“dynamic” seismic hazard model for New Zealand. Stirling and Petersen’s (2006) study also used the 
historical MMI record to test both the New Zealand and the conterminous United States national PSH 
model forecasts.  
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In this study, we give an update of Stirling and Gerstenberger (2010), which tested the Stirling et.al.  

 
Figure 1.  The 26 sites evaluated in this study. 

 

(2002)  NSHM, using a slightly different methodology than the Stirling and Petersen (2006)  analysis. 
Similar to Stirling and Petersen, the Stirling and Gerstenberger analysis used instrumental strong 
motion data recorded over the last few decades; however no MMI data were used and a more robust 
statistical evaluation of the strong motion data was performed. While the strong motion data are not 
independent of the PSH model (some will have been used in the ground motion prediction equation of 
McVerry et al. 2006), our analysis can provide ground motion-based evidence of whether the PSH 
model is producing output that is consistent with the recent historical record. 
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2 METHOD 

Our general procedure is to use the instrumental record of PGA levels recorded at 26 New Zealand 
sites to calculate the annual rate of exceedance for those PGA levels, and then compare these 
historically-based hazard curves to the hazard curves calculated for the sites from the New Zealand 
PSH model. The distribution of sites was selected to encompass areas of very high to very low 
seismotectonic activity and seismic hazard, and also to sample the demographic spectrum of sites, 
from small towns to larger cities (Fig. 1). The sites are far enough apart that they can be considered 
independent in terms of ground motion exceedances (i.e. individual earthquakes have not generally 
impacted more than one of the sites). Statistical analysis is done on the basis of individual site data and 
also for all site data together.  

We obtained PGA data for the 26 sites of 0.1g or greater from www.geonet.org.nz and Jim Cousins 
(pers. comm.). The PGA of 0.1g is our basis for selection, for practical reasons, as it represents the 
approximate lower limit of PGA considered important for engineering design. The choice of a higher 
level of PGA would also yield considerably fewer data for our analysis. Two of the 26 sites do not 
have any accelerograph data, and some have not recorded any exceedances of 0.1g or greater since 
installation. The accelerographs have been recording for between six and 44 years (average of 28 
years).  

The hazard curves used in the Stirling and Gerstenberger (2010) study were calculated from the 
Stirling et al. (2002) model.  In this study we update the hazard curves using the newly updated 2010 
NSHM (Stirling et al, in prep).  The curves are calculated using the ground class appropriate for the 
site. The hazard curve calculations incorporate aleatory uncertainty in the ground motion estimates 
from the attenuation models to the 3-sigma level, consistent with the methodology used to calculate 
the PSH model (Stirling et al., 2002).  

2.1 Statistical Testing 

The PSH model assumes that earthquakes follow a Poisson distribution, so for testing purposes we 
assume the predicted number of exceedances for each site is the mean of a Poisson distribution. From 
this we evaluate whether the PSH forecast is consistent with the observed number of exceedances.  If 
the observation falls in the tails of the expected Poisson distribution (i.e. at greater than the 97.5 
percentile or less than the 2.5 percentile of the distribution), then the observation may be considered 
unlikely given the prediction. Specifically, a comparison showing the observed number of 
exceedances to have a probability of less than 0.025 or  greater than 0.975 based on the Poisson 
distribution results in a rejection of the PSH model with at least 95% confidence.  Conversely, an 
observation within these bounds is not inconsistent with the PSH model and the model will not be 
rejected. An observation with an exceedance probability of less than 0.025 indicates that the PSH 
model overpredicts the observation, and an observation with an exceedance probability greater than 
0.975 indicates that the PSH model underpredicts the observation.  

3 RESULTS 

The Poisson probabilities for the Stirling et al (2002) model, and tests for consistency of the model 
with the data, are shown in Table 1. The time period for which the historically-observed, and PSH  

Table 1. 2002 Model Evaluation. Comparison of the strong motion accelerograph-derived number of 
exceedances for PGA >0.1g to the predicted number of exceedances from the New Zealand PSH model at 
26 New Zealand sites.  Summary statistics carried out on the entire dataset are shown at the base of the 

table. See the text for further explanation. 

Site Observ
ation  

period  

No. of 
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Expected no. 
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exceedances  

Modelled 

)ˆ( NNP <
 

Under 
predict* 
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)ˆ( NNP ≤
 

Over 
predict** 
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 T(yrs) N (Tyrs) )(ˆ TyrsN      

Christchurch 15 0 0.29 0.00 N 0.75 N 

Dunedin 36 1 0.13 0.88 N 0.99 N 

Gisborne 44 5 2.56 0.88 N 0.95 N 

Greymouth 42 1 2.15 0.12 N 0.37 N 

Hamilton 25 2 0.45 0.92 N 0.99 N 

Hanmer 20 3 1.42 0.83 N 0.94 N 

Invercargill 15 0 0.08 0.00 N 0.92 N 

Kaikoura 10 0 0.35 0.00 N 0.70 N 

Masterton 20 0 0.98 0.00 N 0.38 N 

Napier 37 5 2.66 0.87 N 0.95 N 

Nelson 15 1 1.08 0.34 N 0.71 N 

Oamaru 18 0 0.09 0.00 N 0.92 N 

Omarama 44 1 0.99 0.37 N 0.74 N 

Palmerston Nth 36 1 2.09 0.12 N 0.38 N 

New Plymouth 27 2 0.45 0.92 N 0.99 N 

Queenstown 22 4 0.84 0.99 Y 1.00 N 

Taihape 41 2 2.42 0.30 N 0.56 N 

Taumarunui 7 0 0.12 0.00 N 0.89 N 

Taupo 44 1 1.10 0.33 N 0.70 N 

Timaru 6 0 0.02 0.00 N 0.98 N 

Wanganui 33 2 1.45 0.57 N 0.82 N 

Wellington 37 4 1.67 0.91 N 0.97 N 

Westport 42 9 3.32 0.99 Y 1.00 N 

Whakatane 15 0 1.19 0.00 N 0.31 N 

TOTAL  44 27.87 0.5 Y 0.67 N 

*Rejected@>0.975      ** Rejected@<0.025 

 

model-predicted, number of exceedances of 0.1g are compared at each site is equal to the years of 
accelerograph operation, and we make these comparisons for all sites, regardless of whether there have 
been any historical exceedances of 0.1g at the individual sites. 

We see from Table 1 that, for the 2002 model, the predictions for most of the sites are not inconsistent 
with the historical data (i.e. PSH not rejected; “N” in Table 1). However, when comparing the total 
number of exceedances to the PSH model (“Y” in the bottom row labelled “Total”), the model is 
rejected as underpredicting the historical data with greater than 95% confidence. Said another way, the 
PSH model prediction is significantly less than the historical observations for the 26 sites as a whole.  
The test against total number is influenced by the fact that each site has been recording data for a 
different length of time.  This gives a greater weight to those sites with the longest recorded period and 
most observations.  However, in our opinion, this is the most appropriate test we can perform, given  
the data limitations. 
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To investigate if the results are conditioned on the choice of the 0.1g exceedance criterion, or 
significantly influenced by shaking from aftershocks, we also tested the model against all observed 
PGAs greater than or equal to 0.2g, for which only nine exceedances occurred during the observation 
period.  This results in a less powerful test due to the lower predicted rates of exceedance for each site 
and the fewer number of observations.  In this case only the Westport site is rejected and the total 
model just falls short of rejection and our overall conclusions are not changed. 

To investigate whether the changes to the model in the 2010 version (Stirling et al, 2010) have altered 
these results, we have begun a re-evaluation of each of the 26 sites using the 2010 predictions.  The 
results for Queenstown and Wellington are shown in Table 2.  Similar to the 2002 model, the model is 
not rejected based on the Wellington prediction; however, due to an increase in the hazard in the 
Queenstown region, the 2010 model is no longer rejected based on this site.  A full evaluation of the 
model will be performed in the future to develop a better understanding of the effect of the changes in 
the model. 

Table 2. 2010 Model Comparison. Columns are the same as in Table 1.  Only Wellington and Queenstown 
have been tested for the 2010 model. 

Site Observ
ation  

period  

No. of 
exceedances 

 

Expected 
no. of 

exceedanc
es  

Modelled 

)ˆ( NNP <  

Under 
predict* 

 

Modelled 

)ˆ( NNP ≤
 

Over 
predict** 

 

 T(yrs) N(Tyrs) )(ˆ TyrsN      

Wellington 37 4 2.70 .72 N .87 N 

Queenstow
n 

22 4 1.16 .97 N .99 N 

*Rejected@>0.975      ** Rejected@<0.025 

 

4 DISCUSSION & CONCLUSIONS 

Our result suggests that the 2002 PSH model overall predicts significantly fewer exceedances of 0.1g 
than have been observed in the historical period. This result is clearly different to that of earlier studies 
which suggested that the PSH model overpredicts, rather than underpredicts the historical data.  In the 
case of Stirling and Petersen (2006), their attention was limited to historical MMI-derived PGA 
exceedances. Such conversions come with large uncertainties, and it is entirely possible that these 
contributed to Stirling and Petersen’s contrasting result.  In the case of Dowrick and Cousins (2003), 
they instead used the PSH model earthquake sources together with the Dowrick and Rhoades (1999) 
attenuation model to directly predict a synthetic set of earthquakes and associated MMIs (i.e. no MMI-
PGA conversions necessary). We therefore do not know why the Dowrick and Cousins (2003) 
analysis showed the PSH model to produce higher hazard than the historical data, but are aware that 
the Dowrick and Rhoades (1999) attenuation model has been updated in recent times. In the case of 
Rhoades et al. (2002), their research focussed on testing components of the model (mainly the 
earthquake recurrence statistics), rather than the full model. Criteria such as the predicted versus 
historically-observed rate of ground rupturing earthquakes showed the PSH model to significantly 
over-predict the historical observations. Our analysis therefore shows that, while component 
comparisons of a PSH model may reveal significant discrepancies, the effect of these discrepancies on 
the final prediction may be muted, or unclear.  

A particular difficulty in creating a long-term PSH model is how to satisfactorily handle aftershocks. If 
aftershocks are included when developing the smoothed seismicity contribution to the PSH model, the 
predicted rates will be spatially concentrated in areas of aftershock activity that occurred during the 
historical catalog period, and will likely cause an overprediction of the rates at most of these locations 



6 

during the predicted time-period.  For this reason aftershocks are typically removed before creating the 
smoothed seismicity contribution, and the effect of doing so is considered insignificant to the total 
hazard of the PSH model.  In our testing period for the 2002 New Zealand PSH model, for both 0.1g 
and 0.2g exceedances, it appears that the aftershock contribution to the hazard is significant.  The total 
model was rejected with the only individual sites rejected being Westport and Queenstown (“Y” in 
Table 1).  In the 42 years of observations at Westport there have been nine exceedances of 0.1g.  Six 
of these exceedances were aftershocks that occurred within one month of the 24 May 1968, M7.1 
Inangahua earthquake.  Of these six exceedances, three were 0.2g or greater. The Queenstown station 
recorded two exceedances of 0.2g, both within minutes of each other.  Hanmer is the only other site 
with a recorded PGA of 0.1g or greater from an aftershock.  After removing these aftershocks from the 
Westport, Queenstown and Hanmer observations, no individual site is rejected, nor is the total model.  
The implications of this are that PSH models using standard methodology (declustered catalogues) 
may underestimate hazard for decadal time periods in which aftershock hazard makes a significant 
contribution to total hazard at some sites. The 2010 model is not rejected based on the Queenstown 
site, but strong evidence remains that the model is underpredicting the observed ground shaking.   

It appears likely that PSH models would benefit from consideration of aftershock hazard for these 
relatively short time periods, as is currently being considered for “next generation” PSH models in 
New Zealand and California. While the New Zealand PSH model would have performed better had the 
aftershock hazard been removed from our historical testing dataset, we maintain the position that a test 
should be unbiased. In this case “unbiased” means straight historical observation, aftershocks and all. 
We acknowledge that the New Zealand PSH model was constructed to forecast long-term hazard for 
application in the New Zealand Loadings Standard (and numerous other studies), and may do a good 
job in this respect. What our study however shows is that the PSH model should not be used to 
forecast short-term hazard unless aftershock hazard is included in the model. Effort also needs to go 
into developing testing methodologies for longer-term forecasts from PSH models, such as recent 
work based on geomorphic criteria (e.g. Purvance et al. 2008; Stirling et al. in press).  

It is important to note that the above comparisons are based on a dataset that is limited in space, time 
and numbers of observed amplitudes. Therefore, the results cannot be considered as conclusive and are 
best regarded as providing some evidence toward understanding the behaviour of the PSH model.  
Future work could, for instance, determine whether these results are borne out by inclusion of 
additional sites.  Ultimately, evaluation of future versions of the New Zealand PSH model will require 
comparison of our results against the results of other tests (e.g. components of the PSH model such as 
rupture forecasts) and formal evaluations such as those that will be available through the CSEP. 
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