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ABSTRACT: Probabilistic seismic hazard (PSH) models have three key inputs: 
seismicity data, fault data and attenuation relationships. The seismicity data are generally 
‘declustered’, i.e. smaller earthquakes within clusters (such as aftershock sequences and 
swarms) are removed from the earthquake catalogue before it is processed in the PSH 
model.  We apply different declustering methods to the New Zealand earthquake 
catalogue to prepare a range of seismicity data for PSH modelling. We calculate hazard 
consistent with the 2010 National Seismic Hazard model (NSHM) and compare the 
annual frequency of exceedance of peak ground acceleration (PGA) for Auckland, Taupo, 
Wellington and Dunedin.  The different declustering methods cause differences in the 
annual rate of magnitude 4 and larger earthquakes and in the b-value of the magnitude-
frequency relation, resulting in changes to the hazard. Differences in hazard values for 
PGAs above 0.4g were only a few percent compared to the method that is used in the 
2010 NSHM.  For smaller PGAs, the differences varied from -16% to 36% compared to 
the 2010 NSHM.  The differences can be linked to the average rate of magnitude 4 and 
larger earthquakes and to the b-value. 

1 INTRODUCTION 

In the past decade, probabilistic seismic hazard analysis (PSHA) has been the preferred methodology 
for the development of national seismic hazard models (e.g. Stirling et al. 2002; Petersen et al., 2008).  
Probabilistic seismic hazard (PSH) models forecast the strength of earthquake shaking that can be 
expected for different return periods. PSH maps provide the basis for building codes (e.g. Standards 
New Zealand, 2004).  The input to PSHA consists of three key components: seismicity catalogues, 
paleoseismic (active fault) data and attenuation relationships.  Prior to being used in PSH modelling, 
seismicity catalogues are usually declustered, i.e. dependent earthquakes that occur in clusters like 
aftershocks or swarms are removed from the catalogue.  The rationale of the declustering is that faults 
that ruptured in historic time are unlikely to rupture again in the near future and thus the aftershock 
occurrence around the fault zone would over predict the occurrence rate of future earthquakes at that 
location.  A recent study compared ground motions as observed over the last 7 to 44 years at 24 
locations in New Zealand with the 2002 New Zealand National Seismic Hazard model (NSHM) 
(Stirling and Gerstenberger, 2010).  The results rejected the NSHM as underpredicting the historical 
number of exceedances for specific peak ground accelerations obtained directly from instrumental 
data. However, when aftershocks were removed from the instrumental data, observations and model 
forecasts were not inconsistent.  Here we investigate the effect of declustering on the NSHM.  One 
problem with declustering is that there is no unique definition of an aftershock, or of an aftershock 
cluster. We therefore investigate three different methods, and also use the full catalogue.  Our 
methodology is consistent with the procedures of the NSHM.  We show our results as hazard curves, 
i.e. the annual exceedance of peak ground acceleration (PGA) as well as the estimated PGA for 
different return periods for four sites with different hazard: Auckland, Taupo, Wellington and 
Dunedin.  
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2 METHOD 

2.1 The earthquake catalogue 

The method we have used is consistent with what is used for the background seismicity model in the 
2010 NSHM, except for the declustering method. We therefore use the same input catalogue, which 
includes some 360,000 earthquakes from 1842 – 2009.  We round the magnitude to the nearest 0.1 and 
cut the catalogue below magnitude 2.1 and depth 120km prior to declustering.  The catalogue then has 
228,500 earthquakes to which the different declustering algorithms are applied.  The catalogue is not 
assumed to be complete for smaller magnitudes. 

2.2 Declustering 

Declustering, i.e. the removal of earthquakes that occur in clusters such as aftershock sequences and 
swarms, is not an exact science, as no physical difference are known to exist between foreshocks, 
mainshocks, and aftershocks. Therefore earthquake clusters are usually defined by their proximity in 
time and space. In principle, two approaches to declustering exist: stochastic and deterministic 
methods. The stochastic methods calculate probabilities for each earthquake to be triggered by a 
preceding one (e.g. Zhuang et al., 2002; Marsan & Lengliné, 2008). Any earthquake can thus have a 
probability of being associated with a number of different clusters. For the deterministic algorithms 
any earthquake may be part of only one cluster. Here we focus on the deterministic algorithms, where 
two different approaches can be distinguished: (1) linking algorithms, where clusters are linked by 
smaller earthquakes and are allowed to grow in time and space as seismicity develops; and (2) window 
algorithms, where magnitude-dependent windows in space and time are used to identify earthquakes 
of the same cluster.  The NSHM uses Reasenberg (1985) declustering, which is a linking algorithm 
that we discuss in detail below.  We also apply the window method by Gardner and Knopoff (1974) 
and our own hybrid model that applies magnitude-dependent windows in space and sliding windows 
in time to identify clusters.  We also use the full catalogue without prior declustering as input to the 
NSHM.   

2.2.1 The Reasenberg declustering 

The most commonly used linking algorithm was developed for California (Reasenberg, 1985) and is 
available as FORTRAN code on the USGS website [http://earthquake.usgs.gov/research/software 
/#CLUSTER]. The Reasenberg algorithm uses interaction zones in space in time to link earthquakes 
into clusters. In space, the interaction zone is based on the Omori decay of aftershock activity (Utsu et 
al. 1995), which describes the power law decay of aftershock number with time following a 
mainshock.  In space, the algorithm assumes a circular crack radius for each event and searches within 
its vicinity for aftershocks (Kanamori & Anderson, 1975). The code requires a few parameters to be 
set. The Omori law needs P, the probability of detecting the next clustered event, to compute the look-
ahead time τ, as well as the minimum and maximum look-ahead time τmin and τmax. In space, rfact is a 
multiple of the circular crack radius. Further parameters are the effective completeness magnitude xeff, 
which is the magnitude above which all earthquakes are assumed to be detected and reported in the 
catalogue. During an earthquake cluster the effective magnitude is increased using the parameter xk so 
that xeff = xeff + xkM, where M is the largest magnitude in the cluster. Table 1 shows the values of the 
parameters used in the NSHM.  Since the outcome of the declustering can depend on the choice of 
input parameters, we perform 1000 Monte Carlo simulations over a parameters space as suggested by 
Schorlemmer & Gerstenberger (2007).   

The Reasenberg algorithm was developed for data with a low completeness magnitude and hence 
many small earthquakes to ‘glue’ a cluster together.  The algorithm fails to connect earthquakes as part 
of a cluster when the completeness magnitude is high (e.g. Christophersen & Smith, 2008).  For 
example, neither the standard parameters used for the NSHM nor any of the 1000 parameter 
combinations of the simulation identified a M6.0 earthquake within 30 km of the epicentre and 17 
days as an aftershock of the 1855 M8.2 Wairarapa earthquake.  Similarly, only about 50% of the 
simulations identified as aftershocks a M6.1 and a M6.2 earthquake within days of a M7.4 main shock 
at the same epicentre within the catalogue.  We test the sensitivity of the Reasenberg algorithm to 
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different magnitude cut-offs by cutting the catalogue at magnitudes 2.5, 3.0, 3.5, and 4.0 prior to 
declustering.  

Table 1: The standard parameters of the Reasenberg 
declustering algorithm and the parameter range used in the 

1000 simulations 

Parameter  NSHM 
Simulation 

range 

τmin [days] 1 0.5-2.5 
τmax [days] 10 3-15 

P 0.95 0.9-0.99 
xeff 4.0 4.0 
xk 0.5 0-1 

rfact 10 5-20 

2.2.2 Gardner-Knopoff declustering 

The Gardner-Knopoff declustering (1974) applies magnitude-dependent spatial and temporal windows 
to remove aftershocks from the catalogue. The size of the windows is given in Table 2.  If a a smaller 
earthquake is followed by a larger one in the same cluster, the windows are adjusted to the larger 
magnitude and the larger earthquake is kept in the declustered catalogue, while the smaller, earlier is 
removed.  

Table 2: The magnitude-dependent space and time windows 
of the Gardner-Knopoff declustering 

Magnitude  Radius [km] Time [days] 

3 22.5 11.5 
4 30 42 
5 40 155 
6 50 510 
7 70 915 
8 94 985 

2.2.3 STEP declustering 

The final clustering algorithm that we applied is a method we developed to match the spatial 
smoothing used by the Short Term Earthquake Probability (STEP) model (Gerstenberger et al., 2004; 
Gerstenberger et al., 2005). The catalogue is processed chronologically and each earthquake qualifies 
as a potential main shock. A magnitude-dependent area is searched with the radius chosen as the larger 
of 5 km or the equivalent of the magnitude-dependent sub-surface rupture area according to (Wells 
and Coppersmith, 1994) 

r(M) =100.59M −2.44   (1) 

The minimum of 5km was selected to optimize location errors and minimum grid-spacing as used by 
the STEP model.  Thus for earthquakes of magnitude 5.3 and below, the search radius is always 5 km, 
significantly smaller than in the Gardner-Knopoff method. In time, the STEP model continues to 
identify earthquakes with an aftershock sequence until the forecast rate as calculated from previous 
events falls below the background rate. We have simplified the temporal definition of aftershocks by 
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using rolling time windows. Each time a new earthquake above the cut-off magnitude is associated 
with a cluster, the time window to associate further earthquakes is extended by 30 days. 

2.3 Application of the NSHM 

We used our different declustered catalogues as input to derive a background model for the NSHM.  
We then replaced the background source model in the 2010 NSHM by our various background models 
and calculated hazard curves following the standard NSHM procedures (Stirling et al., 2010). The 
hazard curve calculations incorporate aleatory uncertainty in the ground-motion estimates from the 
attenuation models to the three sigma level, consistent with the methodology to calculate the NSHM 
(Stirling et al.; 2002, 2010).  The soil class was selected to be NZS 1170.5, Class C for shallow soil 
(NZ Standards, 2004). The minimum magnitude in the hazard calculation is 5.25.   

3 RESULTS 

The NSHM assumes that magnitude 4.0 earthquakes are completely detected from 1964.  This 
assumption might be valid for a declustered catalogue but does not hold within the initial period 
following a larger event because smaller earthquakes are hidden in the coda of the larger ones or may 
have not be located by analysts.  Therefore rate and b-value comparisons between the full and the 
declustered catalogue need to be done with care.  Table 3 shows the 50km Gaussian smoothed annual 
rates of magnitude 4.0 and larger earthquakes within 0.1*0.1 degree cells as determined from the input 
catalogue for the four declustering methods and the four locations.  We have ordered the declustering 
method according to the total number of earthquakes in the declustered catalogue from the full 
catalogue, to STEP, to Reasenberg and to Gardner-Knopoff.  It might be surprising that the rate for 
Taupo is more than three times larger than for Wellington for the full catalogue.  However, the hazard 
curves in Figure 1 tell a different story.  While the annual frequency of exceedance is very similar in 
Taupo and Wellington for small PGAs, Wellington is surrounded by many larger faults, which 
dominate the hazard for larger PGAs.  

 
Table 3: The annual rates of magnitude 4.0 and larger earthquake within in 0.1*0.1 degree cells 
as determined from earthquakes from 1964 within the input catalogue for the four declustering 
methods and the four locations.  A 50km Gaussian smoothing function has been applied to the 

entire NSHM background rate grid. 
Declustering 

method Auckland Taupo Wellington Dunedin 

Full catalogue 1.51E-03 2.57E-02 7.61E-03 1.34E-03 
STEP 1.21E-03 1.38E-02 6.30E-03 1.30E-03 

Reasenberg 1.05E-03 1.01E-02 5.97E-03 1.31E-03 
Gardner-Knopoff 5.35E-04 5.96E-03 3.87E-03 6.79E-04 

 

The black lines in Figure 1 correspond to the default Reasenberg declustering and thus to the 2010 
hazard model.  For PGAs of 0.4 g and larger, differences between the different declustering methods 
cannot be distinguished in the plots.  This is because the fault model dominates the contribution to the 
hazard for larger PGAs and therefore the input catalogue does not make a difference at these periods.  
In general, the different input catalogues cause more difference in the hazard curves for locations 
where the fault contribution is smaller, such as Auckland and Dunedin. For Dunedin, the Gardner 
Knopoff declustered catalogue has the highest hazard.  This is caused by an unusually low b-value.  
Table 4 shows the b-value for the zones of the NSHM into which the four selected locations fall. For 
Dunedin, the b-value drops from above 1.0 for all input catalogues except Gardner-Knopoff to below 
0.8.  The other locations experience a similar drop in b-value and a cross-over of the green curves 
(Gardner-Knopoff) with some of the other curves can be observed for the other locations too.   
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Figure 1. Hazard curves showing the annual frequency of exceedance for given levels of PGA for four different 
input catalogues (blue the full catalogue, red STEP declustered, black Reasenberg declustered consistent with the 
2010 NSHM and green Gardner Knopoff declustered) for Auckland, Taupo, Wellington and Dunedin. 

Table 4: The b-value of the zone within which each location falls.  
Declustering 

method Auckland Taupo Wellington Dunedin 

Full catalogue 1.24 1.17 1.06 1.04 
STEP 1.23 1.06 1.03 1.03 

Reasenberg 1.30 1.34 1.09 1.08 
Gardner-Knopoff 1.04 0.80 0.88 0.76 

 

Figure 2 shows the outcome of different input parameters in the Reasenberg algorithm on the hazard 
curves for Auckland and Wellington.  The grey lines show the range of the simulations with varying 
input parameters and the black line used the standard parameters and is thus consistent with the 2010 
NSHM.  For both locations, the variation of input parameters has less effect on the hazard than the 
different declustering methods in Figure 1.  For Wellington the hazard curves with different input 
parameters scatter less around the curve with the standard parameters than in Auckland, probably 
because the fault model has a higher influence on the overall hazard than in Auckland and therefore 
the influence from different input catalogues is less.   

Figure 3 compares different magnitude cut-offs applied to the catalogue before the Reasenberg 
declustering, again for Auckland and Wellington.  For Auckland and effect of the different cut-off 
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magnitudes can hardly be seen in the hazard curves.  This is most likely because there were not so 
many earthquakes in the input catalogue for Auckland in the first place.  In Wellington, on the 
contrary, the different cut-off magnitudes for the Reasenberg declustering lead to a larger spread in 
hazard than from the different declustering methods in Figure 1.   

 
Figure 2. Hazard curves showing the annual frequency of exceedance for given levels of PGA for the 
Reasenberg declustering algorithm with more than 500 simulations over the input parameter space in Table 1 
(grey lines) and the parameters consistent with the 2010 NSHM (black line) for Auckland and Wellington.  

 
Figure 3. Hazard curves showing the annual frequency of exceedance for given levels of PGA for the 
Reasenberg declustering algorithm with different cut-off magnitudes applied to the catalogue before the 
clustering  for Auckland and Wellington.  The black line, which has a cut-off magnitude of 2.1 consistent with 
the 2010 NSHM, has the highest hazard for Wellington. The hazard decreases with increasing cut-off magnitude 
for Wellington.  For Auckland the different hazard curves can hardly be distinguished, showing that the different 
cut-off magnitudes have no effect.   

Finally, we compare the estimated PGA for our four selected locations and four different declustering 
methods at return periods of 10, 50, 500 and 2500 years. Table 5 shows the estimated PGA and the 
percentage difference from the Reasenberg declustering which is used in the 2010 NSHM.   The 
estimated PGAs range from 0.006 at a return period of 10 years for the Gardner-Knopoff method in 
Auckland to 0.93 at a return period of 2500 years in Wellington.  The general trend is that the 
declustering method has less of an influence as the return period increases because the fault 
contribution to the hazard increases with increasing return period.  The percentage change in PGA 
compared to the Reasenberg declustering reflects the average rate of magnitude 4 and larger 
earthquakes in Table 3.  A caveat in the last statement is the low b-value for the Gardner-Knopoff 
method, which leads to an increase in estimated PGAs compared to the reference for all return periods 
in Dunedin and for all return periods of more than 50 years in Auckland.  
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Table 5: The estimated PGA for return periods of 10, 50, 500, and 2500 years for Auckland, 
Taupo, Wellington, and Dunedin for the four selected declustering methods.    

 Declustering 
method 

10 years 50 years 500 Years 2500 years 

 
Full catalogue 0.010 (36%) 0.027 (29%) 0.094 (25%) 0.188 (20%) 

STEP 0.008 (15%) 0.024 (15%) 0.086 (14%) 0.176 (12%) 
Reasenberg 0.007 0.021 0.075 0.157 A

uc
kl

an
d 

Gardner-Knopoff 0.006 (-16%)  0.020(4%) 0.087(16%) 0.186(19%) 

 
Full catalogue 0.046 (24%) 0.134 (17%) 0.363 (5%) 0.720 (1%) 

STEP 0.053 (14%) 0.127 (11%) 0.357 (3%) 0.718 (0%) 
Reasenberg 0.046 0.115 0.347 0.716 T

au
po

 

Gardner-Knopoff 0.046 (-1%) 0.119 (4%) 0.353 (2%) 0.717 (0%) 

 
Full catalogue 0.078 (13%) 0.187 (7%) 0.540 (2%) 0.933 (0%) 

STEP 0.075 (9%) 0.183 (5%) 0.537 (1%) 0.932 (0%) 
Reasenberg 0.069  0.174 0.532 0.929 (0%) 

W
el

lin
gt

on
 

Gardner-Knopoff 0.073 (6%) 0.183 (5%) 0.536 (1%) 0.931 (0%) 

 
Full catalogue 0.011 (21%) 0.038 (12%) 0.192 (7%) 0.428 (3%) 

STEP 0.010 (11%) 0.036 (7%) 0.188 (5%) 0.425 (2%) 
Reasenberg 0.009 0.034 0.179 0.416 D

un
ed

in
 

Gardner-Knopoff 0.012 (27%) 0.044 (31%) 0.211 (18%) 0.451 (9%) 

4 DISCUSSION AND CONCLUSION 

We investigated the effect on hazard in Auckland, Taupo, Wellington and Dunedin of (1) using 
different declustering algorithms, and (2) varying the parameters in the Reasenberg declustering 
algorithm of the NSHM.  The differences in annual frequency of exceedance for PGAs above 0.4 were 
only a few percent compared to the method that is used in the 2010 NSHM.  For return periods of 10 
and 50 years, the PGA varied from -16% to 36% compared to the 2010 NSHM.  Differences are linked 
to the average rate of earthquakes and to the b-value.  In particular, the Gardner-Knopoff declustering 
resulted in much lower b-values for all zones in the 2010 NSHM that were presented with our four 
selected locations.  In areas with a relatively small contribution from fault data, there can be a 
significant increase in the PGA for longer return periods when the catalogue is not declustered. 

We gave two examples where the Reasenberg declustering in the 2010 NSHM did not identify large 
aftershocks in the early part of the catalogue.  For Wellington, using different minimum catalogue 
magnitudes before applying the Reasenberg declustering has more effect on the hazard than not 
declustering the catalogue at all (compare figure 1 and 3).  These results raise questions about the 
appropriateness of the Reasenberg declustering algorithm for New Zealand where we have around 170 
years of earthquake catalogue data but less than 50 years with completeness below 4.0.   

It is not clear at this point what the best method is to prepare the background seismicity for the NSHM.  
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