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ABSTRACT: This paper presents a widely applicable new attenuation model for 
predicting the spatial distribution of intensities in crustal earthquakes, derived using a 
two-dimensional source. The source is represented by a rectangular fault rupture plane of 
chosen dip, discretised into small rectangles each with its own share of the total seismic 
moment, and modelling chosen distributions of asperities. The spatial distributions are 
represented as isoseismals. Comparisons are made with the actual isoseismals of selected 
large historical New Zealand earthquakes and those predicted by the simpler models of 
Dowrick & Rhoades (2005a). Important differences and insights are found regarding 
spatial distributions of ground shaking within a few kilometres of shallow earthquakes 
with rupture length greater than about 25 km. The influence of asperities relative to that 
of non-asperities is seen as modest near-fault increases in intensity in the cases so far 
studied. 

1 INTRODUCTION 

The predictions of strength or intensity of shaking at a given site with respect to the source of an 
earthquake using normal empirical attenuation models are currently of two types:  

• Strong-motion (SM) attenuation models based on the shortest distance between the site and the 
causative fault rupture surface, or its projection onto the horizontal ground surface, and 

• Modified Mercalli (MM) intensity attenuation models. Here we discuss only that of Dowrick 
and Rhoades (D&R 2005a) which models attenuation in two directions at right angles, i.e. 
along-strike and normal-to-strike. 

These two methods respectively result in racetrack shaped iso-SM lines and elliptical isoseismals. The 
considerable differences between these two spatial distributions have been discussed by D&R (2005b). 
Particular concerns are establishing and modelling the true spatial distribution of shaking/damage near 
the source of larger shallow earthquakes, and avoiding the artificial distortions (in both the near and 
the far field) caused by the assumption of shortest distance to the fault. 

To investigate these problems, we have developed a method of modelling spatial distribution of MM 
intensity using an empirical approach and a 2-D fault rupture model which allows for the presence of 
asperities. The rupture surface is discretised, and the contributions from all the elements of the source 
are summed at all chosen points on the surrounding ground surface.  The modelling method is 
discussed below, followed by comparisons of the modelled spatial distributions of intensity with the 
actual isoseismals of a selection of New Zealand earthquakes. 

2 EARTHQUAKE DATA 

The predictive model was developed and optimised using source data and isoseismal geometry data 
for 43 New Zealand crustal earthquakes outside of the Central Volcanic Region, of Mw 5.0-8.2. The 
source data (examples given in Table 1) include the centroid depth hc, depth to top of fault rupture ht, 
magnitude Mw, and fault dip β (all from D&R 2005a), and fault rupture length L, width W and 
displacement D (from D&R 2004). The dimensions of the isoseismals of these events as used in this 
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study were taken from Table 2 of D&R (2005a), with a few revisions. 
 

Table 1. Source parameters for 11 of the earthquakes considered in this study. 

Date hc ht Mw β L W D 
     (km) (km) (m) 

1855 Jan 23   19  0 8.20 90 145   42 12.1 

1901 Nov 15 10 4 6.78 70 24.1 12.1 1.88 

1922 Dec 25 10 5 6.40 70 13.9 9.2 1.15 

1929 Mar  9 11 0 6.95 90 30 13 2.52 

1929 Jun 16 9 0 7.72 46 64.3 21 10.4 

1931 Feb  2 15 3 7.79 70 90 24 8.29 

1932 Sep 15 8 2 6.79 85 21.4 13 2.03 

1934 Mar  5 8 1 7.36 82 60.0 17 3.97 

1942 Jun 24 12 4 7.07 86 30.0 12 4.10 

1951 Jan 10 10 7 5.93 45 6.0 6.0 0.81 

1968 May 23 10 0 7.23 45 30 20 4.31 

 

3 METHOD OF MODELLING THE SPATIAL DISTRIBUTIONS OF MMI 

The method of modelling spatial distribution of Modified Mercalli (MM) intensity developed in the 
present study builds on that of D&R (2005a), with the introduction of a planar 2-D earthquake source 
representing the fault rupture of chosen dip, including asperities, for each earthquake. The rupture 
surface is modelled as a rectangle of area A = L × W (Figure 1(a)) and dip β (Figure 1(c)), divided into 
a grid of smaller rectangles, as shown on Figure 1(a). Each small rectangle is considered as an 
earthquake with moment magnitude Mwi dependent on its area and the displacement. The total number 
of smaller rectangles  is WL nn × , where nL and nW are the number of subdivisions of length and width, 
respectively. 

The displacement depends on whether the rectangle is an asperity, or not. The sum of the moments on 
all of the small rectangles equals the total seismic moment of the earthquake being modelled. We 
assume that if a rectangle is on an asperity, the displacement takes a value Da, and otherwise it takes 
the value Db, and that D is the average displacement over the whole rupture surface. The ratio Da/D  
may be expected to vary from earthquake to earthquake. Here we adopt the constant value of 2.1 for 
this ratio, which is a typical value from the study by Somerville et al. (1999) of the displacements in 
11 major earthquakes in California.  

Let Aa denote the total area of the asperities.  Somerville et al. (1999) found that the average of the 
ratio Aa/A over 11 major earthquakes studied in California was 0.21. We adopt this value as a constant 
for the earthquakes in this study, again recognising that in reality this ratio would vary from 
earthquake to earthquake. 

Fixing the values of Aa/A and Da/D is all that is needed to determine the magnitude Mwi in each small 
rectangle.  

The intensity at any chosen site on the ground surface (Figure 1(b)) is estimated by calculating the 
intensity at that point caused by the moment on a given rectangle on the rupture surface, allowing for 
an attenuation model  of a similar form to that of Dowrick and Rhoades (2005a).    
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where 3133 )( drR += , and r is the distance from the top of the source (or element of the source) to 
the site. In order to determine how to sum the individual contributions from the rectangles of which 
the source is composed, we apply two principles. First, the effect at a remote site of an event of 
seismic moment Mo at a given distance R must be the same as the combined effect from  n single 
events of seismic moment Mo/n at the same distance R. Secondly,  the effect of n earthquakes of 
seismic moment Mo/n at distances R1, …, Rn should be the same as that of a single event of magnitude 
Mo/n at some shorter distance, called the effective distance Reff, which conforms to the relation 
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These two principles define a unique way of summing the contributions from the individual source 
elements, and so determine our model. It can be shown that k = -1.5A3/A2. The parameters A1, A2, A3, 
A4 and d of the model were fitted by minimising the sum of squares of the intensity residuals at points 
on the isoseismals in the along-strike (a) and strike-normal (b) directions. Note that for   β ≠ 90˚, there 
is no symmetry in the b direction distances and so it is necessary to consider two points on the 
isoseismal, one each side of the line of the top of the fault.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: Simplified geometry of the fault rupture model with asperities as a 2-D source, and its relationship to 
any chosen site on the ground surface.  

4 DISCUSSION OF PREDICTED SPATIAL DISTRIBUTIONS 

As discussed above, the present model was optimised by fitting it to the isoseismal dimension data of 
43 New Zealand earthquakes. In these fits, the values of nL and nW were arbitrarily set to be 27 and 9, 
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respectively. Two different distributions of asperities are considered here: central asperities (i.e. 
asperities placed in the centre of the fault length) and uniform asperities (i.e. asperities spaced evenly 
along the length of the fault). The fitted parameter values for the case of central asperities, for 
example, were found to be A1 = 5.06, A2 = 1.05, A3 = -3.10, A4 = -0.0037, and d = 3.3.  

For assessing our models, isoseismal and attenuation plots were made for the 11 selected events listed 
above in Table 1. The following discussion is limited to plots of three of those events. A visual 
comparison of the actual and modelled inner isoseismals is seen in Figure 2, for (A) the 1931 Mw 7.79 
(β = 70˚) Hawke’s Bay and (B) the 1934 Mw 7.36 (β = 82˚) Pahiatua earthquakes. For these events the 
fault ruptures were modelled with 21 percent of their areas comprising asperities (which value is the 
average for the 11 Californian earthquakes of Somerville et al (1999)), all of which were concentrated 
at the centres of the ruptures. The fits of the various isoseismals are seen to be quite good on average, 
with the two MM9 isoseismals, which just enclose the fault, fitting the data well. In Figure 2(A), 
where ht = 3 km, the predicted MM10 isoseismal is substantially smaller than the actual isoseismal. 
However, the size of isoseismals very close to the rupture is very sensitive to the depth to the top of 
the rupture, which in this case is not well established. To show this sensitivity, we also used ht = 1 km, 
and it is seen on Figure 3 that the MM10 isoseismal is much larger than that of Figure 2(A). It is more 
comparable in width with the actual isoseismal. Note that there were no suitable buildings above the 
ends of the fault rupture to indicate whether MM10 shaking extended that far, so the actual MM10 
isoseismal could well have been longer. The long narrow shape of the MM10 isoseismal on Figure 3 is 
quite similar to that used in strong-motion models. 

 

 
Figure 2: Comparisons of isoseismals from: 2-D source model (central asperities) vs. actual, for the 1931 
Hawke’s Bay and 1934 Pahiatua earthquakes. The top of the fault rupture is shown on the a-axis. The number 10 
on this line indicates the intensity reached there by the model. 

Note that for the purposes of this paper the actual isoseismals (on Figures 2 and 4) are plotted as if 
they are symmetrical about the top of the fault rupture.  

Next consider the isoseismals predicted for a 2-D source on which the asperities (comprising 21 
percent of the total rupture area) are uniformly distributed along the rupture length. In Figure 4 these 
are compared with the actual isoseismals of (A) the 1931 Mw 7.79 (β = 70˚) Hawke’s Bay earthquake, 
and (B) the 1934 Mw7.36 (β = 82˚) Pahiatua earthquake. In the latter case the modelled and actual 
MM9 and MM10 isoseismals are similar in both size and shape. In the case of the 1931 earthquake, 
the modelled and actual MM9 isoseismals are quite similar, but the modelled MM10 isoseismal is 
much longer and narrower than the actual one. Here the modelled MM10 isoseismal is less realistic 
than that obtained when the asperities are concentrated at the centre of the rupture (Figure 2(A)). 
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Figure 3. Isoseismals from the 2-D source model (central asperities) for the 1931 Hawke’s Bay earthquake, 
assuming ht = 1 km. The innermost (MM10) isoseismal may be compared with that in Figure 2A for ht = 3 km. 

 

 
Figure 4: Comparisons of isoseismals from:  2-D source model (uniformly distributed asperities) vs. actual, for 
the 1931 Hawke’s Bay and 1934 Pahiatua earthquakes.  The top of the fault rupture is shown on the a-axis.  The 
numbers 10 on this line indicate the intensity reached there by the model. 

Comparisons were also made of the isoseismals obtained from the present model and those from the 
elliptical model of D&R (2005a). The inner isoseismals from these two models are seen in Figure 5 for 
two events, ie. (A) 1931 Mw 7.79 Hawke’s Bay (with L = 90 km) and (B) the 1901 Mw 6.78 Cheviot 
(with L = 24.1 km), both with dip 70˚. In the case of the smaller of these earthquakes all of the 
isoseismals of the two models are very similar in size and shape, including the innermost (MM9) 
isoseismal. In the case of the larger earthquake, with a much longer fault rupture (90 km), the two 
models are very similar at intensities less than MM9, but the 2-D source model produces a 
substantially longer MM9 isoseismal than does the other model. This better matches the actual MM9 
isoseismal as shown on Figure 2(A). Note that the MM10 isoseismal of the 2-D source model is about 
27 km long (see also Figure 6(A)). 
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Figure 5: Comparisons of isoseismals from: 2-D source model (central asperities) vs. D&R (2005a) model, for 
the 1931 Hawke’s Bay and 1901 Cheviot earthquakes. The top of the fault rupture is shown on the a-axis. The 
number 10 on this line indicates the intensity reached there by the model. 

When the fault plane is not vertical, the isoseismals predicted by the 2-D source model become 
asymmetrical in the fault-normal direction. This can be seen by comparing the isoseismals for the two 
models for the two earthquakes on Figures 5(A) and (B). Note that the D&R (2005a) elliptical model 
is (of course) symmetrical, and that the two models are plotted relative to the top of the fault rupture. 

Another way of presenting the information in Figures 2(A) and 5(A), is in the attenuation plots of 
Figure 6. Here the differences between the present and 2005 model (and their relationships to the 
location of the asperities and the actual isoseismals) in the along-strike direction are more clearly seen. 
The notable feature of the present model is the shape of the attenuation curve beyond the end of the 
fault rupture in the along-strike direction. The pronounced change in rate of (effective) attenuation at 
the distance a ≈ 60 km reflects the lengthening of the innermost modelled isoseismals, while the well-
constrained far field attenuation model remains essentially as in D&R (2005a). The data from the four 
(only) earthquakes in our data set that are large enough (L > 50 km) to show this effect, are consistent 
with the model. 

 

 
Figure 6: Attenuation plots in the a and b directions, comparing: (1) 2-D source model (central asperities), (2) 
D&R (2005a) model, and (3) actual isoseismal dimensions, for the 1931 Hawke’s Bay earthquake. 

In Figure 6 it is also seen that the influence of the asperities is not much greater than that of the non-
asperities in this particular case. This effect is also seen in Figures 2(A) and (B). Ongoing studies of 
the effects of the asperities show that they are sometimes greater than those shown here.  
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In our examination of the modelling results of a selection of the larger earthquakes in Table 1, it was 
found that the size and shape of the predicted inner isoseismals are particularly sensitive to the source 
parameters L, ht, β and the modelling parameter d.  

5 CONCLUSIONS 

1. The new attenuation model incorporating a 2-D source predicts near source isoseismals for near 
surface fault ruptures longer than about 40 km, which are substantially longer than those of 
D&R 2005a, and are more consistent with the near-source spatial distributions of strong 
motion models. The lengths of the predicted MM9 isoseismals match the lengths of the actual 
MM9 isoseismals very well. The more complex issues relating to the MM10 isoseismals are 
to be discussed in the forthcoming full version of this paper. 

2. The new attenuation model predicts isoseismals in the far field (MM8 and less) which are 
consistent with the data and with the model of D&R (2005a). 

3. The size and shape of the predicted isoseismals are particularly sensitive to the parameters L, ht, 
β and d. In contrast, varying the locations of the asperities on the rupture surface was found to 
make little difference to the spatial distribution of intensity, except perhaps near the source. 
Further studies are underway. 

4. The new attenuation model is a widely applicable tool capable of modelling spatial distributions 
of MM intensity in the near and far fields, for all New Zealand earthquakes including those 
with very large sources (eg the Alpine fault) and any dip angle, and is to be extended to 
subduction interface events. The latter two types of events are out of the range of applicability 
of the models of D&R (2005a). 
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