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ABSTRACT: MM intensities are anathema to most engineers, who would naturally 
prefer instrumental measures of ground motion, but the fact remains that most of our 
large historical earthquakes were not recorded by modern equipment. The only clue we 
have to the severity of their ground motion is the intensity data, so we need to make the 
best use of it that we can. 

The traditional method of analysis is to plot the spot estimates of intensity on maps, and 
draw contours (isoseismals) to enclose, as far as possible, all the observations of the same 
intensity, while excluding lower values. A new development offers a more objective way 
of drawing isoseismals. This is important because the dimensions of the isoseismal 
contours are used to derive attenuation functions, which are in turn used in the modelling 
of hazard and risk.  

The technique uses an algorithm for fitting elliptical contours to the raw intensity 
observations. It is necessary to constrain the solution by (a) identifying a priori the centre 
of the pattern, and (b) requiring that the major axes of all the individual elliptical 
isoseismals for any one earthquake have the same orientation. With these constraints, the 
solution is usually stable.  

1 INTRODUCTION 

Descriptive records of large historical earthquakes contain a wealth of information. Long before the 
era of modern strong-motion recorders, the damaging effects of earthquakes were documented and 
classified, and the concept of earthquake intensity was developed. While most engineers would 
naturally prefer instrumental measures of ground motion, because these can be related more directly to 
the structural properties of the buildings they are designing, or whose damage they are examining, the 
fact remains that we simply do not have modern instrumental measures for most of our large historical 
earthquakes. Descriptive measures of shaking severity are all that are available, and ever will be, so 
we need to make the best use of them that we can. 

Analysis of descriptive data is necessarily subjective. The various intensity scales in use around the 
world all assign discrete levels to the severity of shaking and/or damage, and judgement is called for in 
this exercise. That subjective aspect will remain. However the analysis of the intensity data, in the 
form of drawing isoseismal curves, also has a subjective aspect, and this is the focus of the present 
paper. 

We use isoseismals to give a smoothed representation of all the felt effects of the earthquake. We also 
use them as input data for a regression analysis, to describe the attenuation of intensity with distance 
away from the earthquake source, and for this purpose it has become standard practice in New Zealand 
to approximate the isoseismals by ellipses (e.g. Smith, 1978, Dowrick & Rhoades 1999, 2005). Most 
large earthquakes in New Zealand have isoseismals that are markedly non-circular, and the ellipse has 
been chosen as the simplest curve to represent the non-circularity. 

The thesis of this paper is that if ellipses are to be used in attenuation formulae they should be fitted 
directly to the raw intensity data, in preference to a procedure that draws curves by eye and then 
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approximates them with ellipses. In the following, an algorithm is developed for fitting ellipses, and is 
applied to several large historical earthquakes. 

2 OLD TRADITIONS AND METHODOLOGIES 

MM Intensities were traditionally written using Roman numerals, and I can find two reasons for this. 
The first seems to have been to stress the fact that intensity is a discrete measure, e.g. it is either VI or 
VII but not in between – and it is rather difficult to write 6.5 in Roman numerals! A second reason to 
persist with Roman numerals, after the magnitude scale was developed, was to distinguish intensities 
from magnitudes, whose numbers tend to be in the same range (4 to 9, or thereabouts). But in the 
computer age we tend to use Arabic numerals. In the following, I shall use Arabic numerals for the 
individual observations of intensity, but retain Roman for labelling the isoseismals. 

An individual isoseismal was drawn to enclose all observations of a particular intensity, and to exclude 
all lower intensities, given that it is almost never possible to do this absolutely and some tradeoff must 
be entered into in order to draw a smooth curve. An example is shown in Figure 1, which is the 
isoseismal map for the 1931 Hawke’s Bay earthquake, as drawn by G.A. Eiby (Downes 1995). The 
MM VI isoseismal, for instance, extends westwards to include some high intensities there, but at the 
same time also includes some intensities of MM 5 or less. The reality is that there will always be 
tradeoffs. 

But if Eiby’s isoseismals were to be represented by ellipses, how would the semi-axes and orientation 
be estimated? Dowrick (1998) has revised the 1931 data (Eiby’s MM intensities were converted from 
the Rossi-Forel scale), added new data and redrawn the map, but the problem remains: what is the 
least subjective way of obtaining the semi-axes and orientation of ellipses to represent the reported 
data? 

3 A NEW METHODOLOGY 

Is it possible to fit an ellipse directly to the spot intensity data? Here I do not address the question of 
assigning intensities, which must still be done by comparing actual damage and felt effects with a set 
of descriptions, and deciding which intensity level fits the observations. The most reliable method is to 
approach the answer from both above and below, e.g. “These observations are clearly less than the 
listed effects for MM 7, and clearly greater than for MM 5, so the intensity must be MM 6.” Needless 
to say, there will always be ambiguities. But discussion of procedures for assigning intensities is 
beyond the scope of this paper. 

In order to fit an ellipse to observed intensity data, it is possible to minimise the sum of distances to the 
ellipse from all anomalous observations. Here I define an anomalous observation, for fitting an 
isoseismal of a given intensity, as one of equal or higher intensity outside, or of lower intensity inside. 
In the schematic in Figure 2 I am fitting the isoseismal for MM VI. I must identify all observations 
inside my trial ellipse that are of intensity MM 5 or less, and all those outside that are of intensity MM 
6 or greater. I measure the perpendicular distance from each anomalous observation to the ellipse, sum 
these distances, then find the ellipse that minimises that sum. An alternative is to minimise the sum of 
squares of these distances, although initial observations are that this makes little difference. These 
particular observations can be considered anomalous because the MM VI isoseismal should ideally 
enclose all observations of intensity 6 and greater, while excluding all of MM 5 and less. Each 
isoseismal is fitted independently, by identifying for each one the observations that are anomalous. 

Some refinement is applied by a statistical weighting scheme which identifies particular observations 
that are more anomalous than others. For instance, an observation of MM 7 outside the ellipse should 
be weighted more heavily than MM 6. Also, the historical data often contain observations like “5?” or 
“5-6”, because of difficulty in assigning the intensity. The weighting scheme proposed is as in Table 1, 
shown there for the example of fitting the MM VI isoseismal. Thus an intensity observation is 
weighted by the number of intensity units by which it is anomalous. A queried intensity has its weight 
reduced by 0.5. A bracketed intensity such as “5-6” is regarded as being the intermediate half-integer. 
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Application of this rule for fitting isoseismals other than MM VI should be clear. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.  Isoseismal map of the 1931 Hawke’s Bay earthquake, as drawn by G.A. Eiby.  
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Figure 2. Fitting the MM VI isoseismal: minimise the sum of distances to the ellipse 
from the anomalous observations. 

 



Paper Number 33              4 

Intensity Weight if Inside Weight if Outside 
4 2 0 
5 1 0 
6 0 1 
7 0 2 
8 0 3 

4-5 1.5 0 
5-6 0.5 0 
6-7 0 0.5 
7-8 0 1.5 
4? 1.5 0 
5? 0.5 0 
6? 0 0.5 
7? 0 1.5 
8? 0 2.5 

Table 1. Weighting scheme for individual intensities when fitting the MM VI isoseismal.  
Note also that “5+” is treated as “5-6” and “5-“ as “4-5”, etc. 

 

4 PRACTICAL CONSTRAINTS 

The parameters of an ellipse are five: x and y coordinates of the centre, semi-axes and orientation. A 
computer algorithm to optimise them all can simply perform a grid search, seeking the combination 
that minimises the weighted sum of distances. More efficient schemes could possibly be developed, 
but this is systematic and reliable.  

In principle these five parameters could all be optimised, for each individual isoseismal contour, but 
this is not practical, for two reasons. First, the eventual modelling of the intensities of a given 
earthquake will doubtless use concentric ellipses, so it is proper to constrain all the isoseismals to have 
the same centre. Second, because the New Zealand landmass is small, and epicentres are often close to 
the coast or offshore, there is often not a good azimuthal spread of data, so that the search for a centre 
of the ellipse becomes unstable. For this reason it is often necessary to constrain the solution by 
specifying the centre as either the mean location of the highest intensities or some other location such 
as an offshore epicentre. 

In addition, it has been found to be necessary to require that the ellipses representing the individual 
isoseismal for a particular earthquake have the same orientation. They will be modelled in this way 
(except see below for a possible development) so should be fitted with this constraint. The procedure 
is for each of a range of trial orientations to solve for the optimum semi-axes for each of the 
isoseismals, accumulating the grand total of distances from anomalous observations in each case, and 
then to select the orientation at which that grand total is a minimum. 

5 SOME HISTORICAL EARTHQUAKES 

A study is under way to revise the felt intensity data for most major NZ earthquakes (G.L. Downes, 
D.J. Dowrick & D. Heron, pers. comm.). This revision includes geocoding of the locations, so data are 
becoming available in a form amenable to fitting ellipses by the above procedure.  

Figure 3 shows the solution for the 1931 Hawke’s Bay earthquake shown in Figure 1, although with 
many more observations added and many intensity assignments revised by Dowrick (1998). The 
centre has been constrained to the mean location of MM9 and 10 observations, and the extra constraint 
that all ellipses have the same orientation has been applied. The optimum orientation has been 
evaluated as N53°E. Doser & Webb (2003) evaluated the strike of the fault source as N45°E for the 
strike of this fault source. See below for a discussion the possible reasons for the orientation. 

Figure 4 shows the results for the 1929 Buller earthquake. Note the lack of control for the minor axis: 
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MM V and VI isoseismals are as wide as the South Island, or wider; MM VII has no control in 
Marlborough, and in fact yields the same minor axis as for MM VIII. The reliability of the MM IX 
isoseismal remains in doubt because of lack of data. Note also how the major axis of the MM VII 
isoseismal is lengthened in an effort to accommodate a solitary MM 7 observation just beyond its 
northern end. The optimum orientation for the overall pattern is N40°E. Doser & Webb’s (2003) 
figure for the source is N2°W. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Fitted isoseismals for the 1931 Hawke’s Bay Figure 4. Fitted isoseismals for the 1929 Buller  
earthquake   earthquake 

6 PLANNED IMPLEMENTATION 

Some preliminary analysis of the historical earthquakes has been done. Most show strong ellipticity 
along the strike of the country, as in Figure 3 and 4. Figure 5 is an exception: the 1888 earthquake, in 
which the fault rupture was oriented nearly East-West. The issue therefore is whether the strong 
orientation along the strike of the country, evident in Figures 3 and 4, is a source effect, i.e. due to the 
fact that the sources are aligned in that direction, or an anistropic propagation effect, indicating that 
propagation along the strike of the country is more favourable than perpendicular to it. The far-field 
intensities for the 1888 event are of little use here, for they are too few. The agreement between the 
orientation of the isoseismals in Figure 3 and the value obtained by Doser & Webb (2003) is noted, 
although many of the active faults in New Zealand have a SW-NE trend. Consideration of the 
propagation from an extended linear source also suggests that with increasing distance the source 
dimensions and orientation will have little effect. Smith (1995) claims this, from a consideration of 
likely intensities for extended linear sources. It should be noted also that attenuation models (e.g. 
McVerry et al 2006) often use the shortest distance to the fault as a distance measure, and this means 
that as distance increases the fault will look more and more like a point source. The conclusion here is 
therefore that the strong ellipticity in Figures 3 and 4 is a propagation effect, not a source effect. The 
orientation of the major axis should therefore be a regional parameter, not defined directly by the 
source geometry. And if the orientation is to be modelled as a regional feature, the intensity data 
should be fitted in that way, i.e. suppress all minimisation with respect to the orientation of the major 
axis, using the regional value of the orientation and fitting only the semi-axes.  
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Kozuch & Chadwick (1999) examined the regional variations in predominant orientation of isoseismal 
major axes, correlating with observations of coda waves in seismograms, and concluded that it is 
possible to ascertain representative values for orientation for different regions throughout the country. 
For much of the country they use a regional orientation of N57°E. Implementing this in the current 
fitting procedure, it is straightforward to suppress the optimization for the orientation of the axes, 
assuming rather that their regional value applies, and just search for semi-axes for each isoseismal. 
This proves to be an even more stable procedure than one that seeks an optimum orientation as well, 
mostly because data are often sparse. 

A few historical earthquakes (e.g. the 1888 Hope fault earthquake, Figure 5) offer evidence that near-
field ground motions are affected more by fault geometry than regional propagation characteristics. It 
may be necessary to adopt a hybrid approach to modelling the orientation, with a progression from the 
orientation of the fault at very short distances to a regional value for lower intensities further away. 

7 DATA OUTLIERS: SOFT GROUND AND OTHER COMPLICATIONS 

Hayes (1936) was probably the first to recognise that local site conditions affect the observed 
intensity. He noted, for instance, that the town of Wanganui tends to experience higher intensities in 
earthquakes than other centres at similar epicentral distances, and ascribed this to the predominance of 
soft ground conditions there, amplifying the ground motion. It has also become apparent that there can 
be localised attenuation effects, which will distort the pattern of ground motion. An example of the 
latter is the Taupo volcanic zone, where attenuation is clearly higher than elsewhere ellipses (e.g. 
Smith, 1978, Dowrick & Rhoades 1999, 2005).  These local anomalies will affect the fitting of 
isoseismals to observed intensities, and the question that immediately arises is to what extent they 
should be taken into account. It is proposed that (a) elliptical isoseismals should be fitted to the raw 
intensity data in the procedure for developing an attenuation model, i.e. without making special 
allowance for local variations, and (b) a subsequent study should examine systematic departures from 
the derived model in order to identify local anomalies. If the purpose of drawing isoseismals is in 
order to establish an attenuation model, this is the appropriate technique.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Fitted isoseismals for the 1888 Hope earthquake 
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8 CONCLUSIONS 

It is possible to reduce the subjectivity inherent in drawing isoseismals by fitting ellipses to the raw 
intensity data. While in principle the fitting procedure can optimise the centre of the ellipse and its 
orientation, as well as the axes, for each isoseismal, in practice more consistent results are obtained by 
requiring that all isoseismals for any given earthquake have the same centre and orientation. A further 
constraint, applying a regional value for the orientation, may be desirable, at least for the lower 
intensities. A systematic programme of analysing all available historical data has commenced. 
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