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Abstract

The aims of this study are to develop objective statistical methods for fitting attenuation
curves and smooth isoseismals of simple form to felt intensity data. The main analyses were
carried out with data from three major New Zealand earthquakes: Buller (1929), Inangahua
(1968) and Edgecumbe (1987). Both non-parametric and parametric approaches were used,
making use of subroutines available within the statistical language S-PLUS.

The non-parametric methods produced useful results for the attenuation curves, less so
for the smoothed isoseismals. A simple elliptical model, representing expected intensity as
a function of distance and angle relative to the centre of shaking, was then fitted to the
felt intensity data using two approaches. It was fitted first directly by minimising the sum
of squares between observed and expected intensities, and secondly indirectly by using the
expected intensity to generate a family of probability distributions for the observed intensity,
and fitting these probabilities by maximum likelihood.

Even with such simplified forms, the three events gave rise to significantly different para-
metric values. However the attenuation curves (corrected for different relative attenua-
tions along the major and minor arcs of the ellipse) were very similar to those estimated
non-parametrically, and close also to a common power law decay with distance (geometric
spreading), with index somewhat below 2. All three fits also suggested an elliptical pattern of
isoseismals, with the major axis oriented approximately NNE/SSW. However the ellipticity
term was clearly statistically significant only for the Inangahua earthquake.

Preliminary comparisons of the histograms of observed and expected numbers of felt
intensities of different values within a given isoseismal band suggested that more consistent
isoseismal patterns could be obtained by correcting the biases due to under-reporting of small
intensities and absence of reports from regions with low population densities.

nstitute of Statistics and Operations Research, Victoria University of Wellington
2Department of Geology, Victoria University of Wellington
3Institute of Geophysics, Victoria University of Wellington
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1 Introduction

Making the best use of felt intensity observations is a challenging methodological problem.
They contain unique information about both short-range and long-range patterns of shaking,
about attenuation and azimuthal dependence, and about the local effects of particular geological
structures. At the same time the extreme unevenness in the spatial distribution of reported
observations, coupled with the low reliability of individual reported values, puts unusually severe
obstacles in the path of routine statistical analyses. The total absence of intensity observations
from the sea, which in different cases may be near or far from the centre of shaking; the effects
of dense clusters of observations from local centres of population; and of regions of sparse or
even non-existent observations from wilderness areas, are characteristic causes of difficulty.

As a consequence of these difficulties, the drawing of isoseismal maps remains an area where ob-
jective statistical methods commonly yield place to the use of expert knowledge and experience.
Nevertheless there have been an number of important attempts to develop more objective pro-
cedures. There have been several previous studies of MM intensity attenuation in New Zealand.
Smith (1978a) developed an empirical attenuation model and used it to estimate seismic hazard
in New Zealand. Smith’s study allowed for the ellipticity observed in a number of the isoseismal
maps, but used as a starting point the interpreted isoseismals rather than the original intensity
observations. Such an approach has the drawback that any subjective biases or inconsistencies
between interpreters are built into the data from the outset. Other studies, such as Dowrick
(1991, 1992), have used standard functional form to fit attenuation against distance, but with-
out allowing for ellipticity. Some overseas studies (see for example Ortolani et al (1987)) have
developed quite elaborate models using orthogonal series in radial and angular components for
fitting intensity data, but face the considerable danger that the resultant curves reflect accidental
groupings of intensity observations rather than any underlying physical pattern of attenuation
behaviour. Particular mention may be made of the paper by Brillinger and Preisler (1985) which
was one of the first to illustrate the possibilities of using modern non-parametric methods to
intensity data. Very recently Kozuch (1995) has extended the method of the simple functional
form to include systematic site effects.

This paper represents a further attempt to develop more effective statistical approaches to
modelling felt intensity data, taking advantage of the wider range of techniques available within
modern statistical languages such as S-PLUS, but without developing special-purpose software.
The main aims of the paper are:

1. To develop more objective approaches to estimating attenuation factors and large scale
isoseismal patterns from felt intensity data.

2. To use these approaches to better understand the similarities and differences between the
felt intensity patterns for different New Zealand earthquakes, and between New Zealand
and overseas earthquakes.

In pursuit of these aims a standardised data base was set up comprising felt intensity data from
three major New Zealand earthquakes, as well as a number of overseas earthquakes, the latter
serving as a reference and comparison.

These data sets were then modelled in several different ways. First the non-parametric regression
methods available in S-PLUS, in particular the Loess routines, were used to obtain smoothed
attenuation curves and simplified isoseismal patterns. Then a simple model was developed for
the expected intensity at a given distance from and orientation about the centre of shaking, and
fitted by the S-PLUS non-linear least squares procedure. Finally, the observed intensities were
modelled by a parametric family of discrete distributions, and fitted by the general likelihood
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maximisation routine from S-PLUS.

We shall make the following broad distinction between parametric and non-parametric pro-
cedures — a distinction which is becoming increasingly blurred as techniques emerge, such as
thinplate smoothing splines, which incorporate some features of both. In a parametric mod-
elling situation, the main features of the data are built into the model structure itself; leaving
only a few parameters to be fitted from the data. In a non-parametric situation, however, the
numbers of free parameters may be very large, so that very different types of data may be ac-
commodated, and the obvious problems of overfitting are controlled by the choice of smoothing
parameters, such as a bin-width or bandwidth, which may be left largely to subjective criteria,
or handled more objectively by model selection procedures such as cross-validation, dividing the
data into training and evaluation sets, etc.

The general strategy we shall employ is to use non-parametric methods as an intermediate stage
between the raw data and simplified elliptical or circular parametric models for the isoseismal
patterns. The non-parametric methods are more responsive to local fluctuations and can be
helpful therefore in showing up the existence of departures from the simplified model patterns,
and in roughly indicating their character. The simplified parametric models are useful particu-
larly in comparing and combining information for groups of events, and for developing common
models which can be used with a reasonable degree of confidence for predicting attenuation
effects and isoseismal patterns throughout New Zealand.

One particular difficulty which arises in developing objective methods for drawing isoseismals
is the lack of clarity over precisely what an isoseismal contour is. It would seem that the
concept of Isoseismal has never been precisely or consistently defined — presumably because of
the difficulties caused by the great spread of distances across which an individual MM Intensity
might be observed. According to Richter (Richter 1958, p17):

Isoseismals ... were at first mapped as curves connecting localities where equal
intensity was observed in a given quake. They are now more commonly mapped as
boundaries between regions of successive intensity ratings, such as IV and V.

In fact, neither definition has ever been, or could ever be, exactly achieved. The breadth of the
zone containing any Intensity makes the earlier concept difficult to iimplement consistently, while
attempts at implementing Richter’s latter-day usage, of Isoseismals enclosing all observations,
will invariably result in some observations of an Intensity lying beyond that Intensity’s isoseismal.

Consistency can be achieved with a distributional definition, i.e. defining Isoseismals to be lines
enclosing (on average) a fixed percentage of the observations of that Intensity. The percentage
could be 50% - corresponding approximately to the original use of Isoseimal, or something
much higher, such as 80%, to correspond with the most common current practice. In this
paper we treat it as the contour line for a particular intensity value in a model for expected
intensity. If the model fits well, and effects of bias are allowed for, this should correspond
approximately to a line passing through the middle of the band of observed intensities of that
value. This seems more convenient, for an objective definition, than defining the isoseismal
contour as a line encompassing some arbitrary proportion (75%, 90%) of the observations of a
given intensity value. However, should such a model be required, it could readily be developed
from the procedures outlined in §4 - 5.

Details of the data sets used are given in §2, while §3, 4, 5 outline respectively the applications
of the non-parametric, least squares, applications of the non-parametric, least squares and max-
imum likelihood procedures. §6, contains a brief discussion of the fit of the models, in terms of
the relation of the observations to the fitted isoseismal contours, while §7 summarises the main
findings and indicates some directions for further study.
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2 Observational Data Base

Three well-observed New Zealand earthquakes (Edgecumbe (1987), Inangahua (1968) and Buller
(1929) were selected as the basis of the study. These were supplemented by felt data from a group
of historical Italian earthquakes, supplied by courtesy of The Italian Commission for Nuclear
and Alternative Energy Resources (ENEA), and a group of earthquakes from Sichuan (China)
supplied by courtesy of the Sichuan branch of the State Seismological Bureau, China.

Data for the three New Zealand earthquakes made use of the revised values prepared recently by
the New Zealand Seismological Observatory (Downes (1995)) — see Figures 1 - 3. These maps
initially used different projections, i.e. a rectangular projection for the near epicentral area
(within 70 km) of the Edgecumbe earthquake, and a Lambert conformal conic projection for the
large-scale Buller and Inangahua data. These were all converted to standard latitude-longitude
coordinates by a two-stage process, first digitising the locations using the Sierra software package
from the VUW Institute of Geophysics and then using an approximate interpolation procedure to
convert from the map coordinates to latitudes and longitudes. The final format used for all data
sets was latitude and longitude in decimal fractions, felt intensity in integers on the Modified
Mercalli scale. (It should be noted that the versions of the MM scale used in Italy, China and
New Zealand are each adapted to local conditions and so may not be exactly comparable.)

Summary information concerning the data sets used in the study is shown in Table 1. The
epicentre is unsuitable to use to define the centre of shaking, as it indicates the location of
initial movement and typically lies towards the edge of the region of maximum shaking. To
allow for this effect, the centre of shaking for each of the earthquakes was defined as the mean of
the latitude and longitudes of all intensity estimates at the maximum recorded intensity level.

The events from outside New Zealand have not been used in the present study, but are intended
to serve as the basis for future comparative studies.

3 Non-parametric estimates of intensity and attenuation

The use of modern non-parametric methods to fit attenuation data goes back at least to the
study by Brillinger et al (1985) of the Joyner-Boore data on peak accelerations (Joyner and Boore
(1981)). Then concern was not only to smooth the data but also to seek modified functional
forms for the attenuation law. Here we shall be concerned with non-parametric methods simply
as a means of flexibly and objectively smoothing the data. We have applied the non-parametric
procedures in three ways: first to fit smoothed attenuation laws (intensity v. distance from centre
of shaking); second to develop isoseismal lines as contours on a smoothed map of intensity as
a function of latitude and longitude; and third to present plots of the residuals from fitting
the simplified model described in the next two sections. The first two of these applications are
described in the present section; the third will be described briefly in §5.

3.1 Attenuation of intensity with distance

Plots of the intensity I; against radial distance from the centre of shaking, are shown in Figures
4 - 6. The radial distances have been converted to kilometres for ease of comparison and
interpretation.

S-PLUS contains several procedures for non-parametric regression with one response variable
(intensity) and one explanatory variable (radial distance). The featured method, “Loess”, is a
local regression procedure which fits a polynomial of given order to the data in the neighbourhood
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of the point at which the estimate is required, and returns as the estimate for that point the
value there of the fitted polynomial. Adjustable parameters include “span” (the length of the
neighbourhood over which the local regression is fitted) and “degree”, the degree of the fitted
polynomial. Special adjustments are used near the ends of the range of the explanatory variable;
we refer to Cleveland et al [1991] for further details.

Other methods include a kernel smoothing method, in which the estimated value at a given
point in the curve is a weighted average of the observed values in the neighbourhood of the
point, and a smoothing spline which in this 1-dimensional context fits cubic splines with knots
at the data points.

Plots 4 - 6 show the results of using each of these methods (Loess, kernel, spline) on each of the
New Zealand data sets. Only a rough adjustment of the smoothing parameters has been made,
and it is clear for example that the choice of band-width for the kernel method undersmooths
the Buller and Inangahua data, but rather oversmooths the Edgecumbe data. Nevertheless the
three methods give reassuringly similar results. The behaviour for large distances is not well
controlled, as a result both of the paucity of small intensity observations and the limitations of
the method near the ends of the variable range.

Other features to note are:

1. the extreme scatter of distances over which a given intensity value may be observed, and

2. the differences in behaviour of these sets of curves for high intensities.

In particular, the absence of high intensities for the magnitude 7.8 1928 Buller earthquake is
to be attributed largely to the lack of observations close to the epicentre, which was located
in a largely uninhabited wilderness region. The attenuation curves are clearly affected by this
feature, particularly when compared with the smoother magnitude 7 Inangahua earthquake, the
epicentre of which was close to several population centres. The scatter of distances for middle
values of the intensity is accentuated by the high ellipticity of the isoseismal contours: similar
values would thus be expected at different distances along the major and minor axes of the
ellipse. A method of correcting for this effect will be discussed in §4, where the non-parametric
fits are compared to fits from the parametric model.

3.2 Non-parametric fitting of isoseismal lines

As a general rule the amount of data needed to obtain satisfactory results from non-parametric
methods increases rapidly with dimension. This is partly due to the “curse of dimensions” -
many more data points are needed to obtain a given density in a 2- or 3-dimensional region than
in a 1-dimensional interval of similar linear dimension. Although all three methods described in
the previous subsection can be extended to 2 and higher dimensions, only “Loess” is immediately
available in the S-PLUS release used for these studies. The smoothed intensity estimates from
this routine are evaluated on a grid of spatial locations, forming a matrix of values which is then
fed into a contouring routine to give families of smoothed contours.

The results of applying the “Loess” routine to the Edgecumbe data are shown for different
values of the smoothing parameter in Fig. 7. The extensions of the contours into the sea, which
are not based on actual values, are meaningless and should be disregarded. The contour lines
are reassuringly stable for values of “span” between 0.4 and 0.6. The fits to the Buller and
Inangahua data (Figs. 8 and 9) seem less satisfactory. For values of the smoothing parameter
“span” in the same range (0.4 - 0.6) the contour lines are reasonably stable, but somewhat
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biased, the observed high intensities near the epicentres towards the West Coast of the South
Island appearing to be seriously underestimated. This seems to be a consequence of the large
scale of the overall map relative to the scale of the high intensity contours — in effect the high
values occur in a small cluster and are averaged out by the non-parametric smoothing. Reducing
the value of the smoothing parameter reduces the bias, but at the cost of producing irregular
and unstable contours. The effect may be exaggerated for the Buller and Inangahua earthquakes
because the high values occur near the Western boundary of the region, causing an apparent
East/West trend, which may have been enhanced by the local linear regressions selected for the
plots (degree = 1; although it was also present for other values of “degree”).

While these problems could doubtless be improved by more careful selection and adjustment
of the parameters, their main cause is the irregular pattern of the data point locations, which
makes local smoothing a very tricky operation. Such difficulties are one of the main reasons
why we have returned to the use of simple parametric models, involving global estimation of the
parameters. Our impression at this stage is that local smoothing methods may be best left to
the graphical display of residuals from fitting a simple parametric model.

4 Parametric modelling using least squares

The S-PLUS routines include a non-linear least squares programme (nls) which can be applied
to a wide range of modelling situations. Although the use of least squares as the fitting criterion
is unlikely to be optimal in the present circumstances (this would require Gaussian data rather
than the integer-valued intensity data here available) the fitting algorithms are robust, easy
to understand, and can provide useful results even in non-optimal situations. In our context
the least squares procedures are useful as a prelude to fitting a more complete model for the
probability distribution of the intensities at different locations around the centre of shaking.

The model used assumes

o elliptical contours about the centre of shaking
¢ attenuation which includes terms both for geometrical spreading and for non-elastic energy

dissipation.

These assumptions lead to estimating the intensity I at a point with polar coordinates (r, 0)
about the centre of shaking by the model

I=Iy—alog(l+R/o)—bR+ E (1)

where

I is the estimated intensity at a point P(r, ) with polar coordinates (r, ) about the centre of
shaking;

Iy is the maximum intensity (“predicted” to occur at the centre of shaking);

R = ry/1 —e? cos*( —¢) is the “elliptical distance” of P from the centre, i.e. its distance
reduced to the minor axis of the ellipse on which it lies;

e is the eccentricity of the ellipse;
€ is the orientation of the major axis of the ellipse relative to the parallel of latitude through

the centre of shaking;
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a is the index of the power law for the attenuation due to geometrical spreading (a = 2 if the
wave spreads uniformly in 3 dimensions);

b is the coefficient of the attenuation due to anelastic energy absorption (friction etc.);
o is a scale factor which effectively controls the size of the highest MM isoseismals;

E is the error term needed to produce integer values of I.

Attempts to fit the model in this form led to a difficulty with the term bR. As can be seen from
Figures 4 - 6, many of the data sets show unreliable values at large distances from the source.
For the Edgecumbe earthquake, for example, the only recorded observations 60 km from the
epicentre are for MM 6 and 7, and there are no recorded observations of MM 4 or 5. Fitting the
full model (1) then leads to negative estimates of b, which are clearly un-physical and result in
nonsensical attenuation contours for large distances. It was concluded that the data quality did
not permit meaningful fitting of the full model and so the term bR was dropped in all subsequent
calculations, which were therefore based on the simplified model:

I=Iy—alog(l+r/o)+E (2)

In this form the model was fitted to all three New Zealand data sets, with results set out in
Tables 2 and 3 and illustrated graphically in the LH parts of Figures 10 - 12.

Table 2 shows the parameter values, residual sums of squares, and Table 3 shows the correlation
matrices from fitting model (2) to each of the three New Zealand earthquakes. There are some
substantial numerical differences between the three sets of parameters, notably in the value of
the scale parameter o.

Assessment of these differences is complicated by the spatial clumping of the data and the
near-collinearity in the parametrisation chosen for the model (2). This is best understood by
rewriting (2) in the form:

I=Ih+alogo—alog(c+ R)+E

For moderate to large R, the last term is largely independent of o; for this range of R at least,
log o behaves simply as a contribution to the constant term, so that an increase in I is largely
offset by a decrease in ¢ and vice versa. Similar comments apply to the relation between Iy and
a. These correlations lead to a loss of stability in the least squares minimisation and to lack of
precision in the estimates.

While these defects could be remedied to some extent by a more careful equivalent parameteri-
sation, a fundamental source of difficulty lies in the irregularity of the spatial distribution of the
data and the crudeness and variability of individual intensity measurements.

The upshot of these difficulties is that relatively minor or accidental features of the locations
of intensity measurements for a given earthquake can produce quite large changes in the least
squares fit. This calls into question the physical significance of the differences in parameter
values between the earthquakes. For example, the parameter a is controlled by the properties
of the earth and should be similar for earthquakes of similar size at similar locations, such as
the Buller and Inangahua events. Similarly one might expect the form of the isoseismals well
away from the source to be controlled by geological factors and thus be common for events in
the same part of the country. The parameter ¢ should reflect the size of the seismic source, and
so should vary in a systematic way with magnitude or seismic moment.

To examine such effects various simplified versions of the model were run and compared with the
results from (2) itself. In particular, the second part of Table 2 shows the results of fitting the

2093eh 8 December 4, 1995



model with attenuation factor a = 2, the value it should have for pure geometrical spreading,
and o = 10. The statistical significance of the differences in fit can be assessed by comparing
the increase in the residual sum of squares with the square of the residual standard error. For
the Buller earthquake, for example, fixing a = 2 leads to an increase in the sum of squares
of approximately 10 where the squared residual standard error is approximately (0.71)? = 0.5,
representing roughly a x? value of 20 on 1 degree of freedom or a t-value of about 4.5 on 114 d.f.
While the effect for Buller is clearly significant, there is virtually no reduction in the quality of
fit for the Edgecumbe event. Inangahua is intermediate between these.

The Buller event is a special case because of the absence of high intensity observations in the
epicentral region. The model (2) tends therefore to choose a combination of parameter values
which gives a broad region of relatively low intensities near the epicentre, i.e. an anomalously
large value of o combined with a relatively high value of a and a low value of Ip. Constraining
both a and o leads to a more physically plausible value of Iy (11.2) for a magnitude 7.8 event
and suggests that the initial fit was strongly affected by the spatial distribution of intensity
observations.

The Inangahua earthquake is associated with the fullest set of felt intensity observations for any
New Zealand earthquake. The freely fitted parameters, shown in the first section of Table 2,
include a low value of a (1.63), a small ¢, and a high value of Iy = 10.7, combining to give a
rather sharp peak around the epicentre and a slower decay at longer distances. Constraining
a to successively higher values, as in the third and second parts of Table 2, results in a steady
increase in the residual sum of squares, and causes o to increase to around 9 or 10 km, and Iy
to decrease to around 10.1. The impression here is the reverse to that for the Buller earthquake:
high intensities around the centre are well-represented, even exaggerated, resulting in what may
be an unduly high value of I in the model without constraints. However, the preference for
lower a and o values is consistent throughout the table, and is unlikely to be due entirely to
accidental features of the pattern of observations. The values are lower than suggested for some
overseas attenuation models (e.g. Donovan(1973)) and may be characteristic of New Zealand
earthquakes.

Further insight can be gained from combining the results from all three earthquakes, using a
common value of a, but allowing the other parameters to be chosen freely, and separately, for
each earthquake. Figure 13 shows a plot of the total sum of squares, from all three events,
against the common value of a. The minimum occurs around a = 1.9. Details of the other
parameters for this value of a are shown in the third section of Table 2. This compromise
value gives a reasonable fit for all three data sets, and in each case is associated with physically
plausible estimates.

These analyses suggest that for New Zealand earthquakes the geometrical spreading factor a is
indeed somewhat below 2, but that for individual events the general pattern can be somewhat
obscured by accidental features such as the location or absence of population centres close to
the centre of shaking.

We next examine the question of ellipticity. All three Figures show that the preferred contours
are elliptical in character with the major axis oriented approximately NE/SW. The degree of
ellipticity is measured by the eccentricity e, which is very significantly different from zero for
the Inangahua earthquake, marginally significant for the Buller earthquake, and not significant
for the Edgecumbe earthquake. This impression was confirmed by repeating the analyses with e
and e both set to zero, to give circular contours. The decrease in the residual sum of squares is
very highly significant for Inangahua, marginally significant if at all for the other two. Overall,
however, the generally elliptical pattern seems well established and the expected similar patterns
between the Buller and Inangahua earthquakes is observed.
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Finally, we use the non-parametric procedures (“Loess” with degree = 1 and span = 0.3) to
model the residuals from fitting the ellipse model with @ = 1.9. The resulting contours are
shown in the RH parts of Figures 10 - 12. The Buller model fits well around the epicentre but
underestimates the observed intensities in the Taranaki region and overestimates them in the
far North. The Edgecumbe model appears to underestimate the observed intensities along the
coast, to the NW and E of the epicentre. The Inangahua model tends to underestimate the
intensities over the North Island and to overestimate them in the South of the South Island.
The smoothed discrepancies are not large, but there is some suggestion that events in the North
of the South Island are felt relatively more strongly in the North Island than at comparable
distances in the South Island. Of course the ellipticity built into the model implies that the
shaking falls off more rapidly along the minor axis of the ellipse than along its major axis.

A different type of comparison is shown in Figure 14 - 16, where the “elliptical distances” R; are
plotted against observed intensities. Here the model values (crosses) can be directly compared
with those obtained by non-parametric smoothing. The model case and the smoothed data
case fit closely except at the two ends, where the model gives a more plausible fall-off for large
distances, while both cases are subject to some uncertainty at small distances. The substantial
agreement along the main part of the curve is reassuring. Note also how the use of elliptical
distances has compressed the spread of the data, particularly for the Inangahua earthquake.

5 Parametric Modelling of Felt Intensity Probabilities

Since the felt intensities take only integer values, a better approach in principle is to model
them through a parameterised family of discrete probability distributions rather than as a mean
plus (normal) error. Moreover, as we shall see later, this more complete approach includes
the possibility of allowing in the modelling both for under-reporting of low intensities and the
variable population densities.

In this section we shall examine models for the intensity distribution of the multinomial logit
form:

Pe(z) = D7! exp{¢(z)} k=2,3,...,11 (3)

where 2 is the location of an observation point in the region under study; pi(2) is the probability
that a felt intensity (MM) of value k is reported at , given that a report is made from z;

D=3 exp {#5(2))

is a normalising constant; and the functions vx(z) depend on the expected intensity of shaking
at z, I(z) through the formula

Ye(z) = =blk—I(2))* - Cp. (k=1,2,...,11) (4)

Note the restriction to integer values of k£ in the range [2, 11]. Here b is a parameter to be
determined, I(z) varies with the angle ¢ and radial distance r of 2 from the centre of shaking

through the ellipse formula (2), and the constants Ci can be treated as given constants or further
parameters to be determined.

Depending on the value of b, the distribution {p(2)} is more or less tightly distributed around
the value I(z). If the constants C; are all set to zero, the distribution is symmetric about
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I(z) whenever I(z) itself takes an integer value. Otherwise the coefficients C; are intended to

model the extent of bias due to under-reporting of low intensities. Figure 17 shows two typical
forms for the distribution when I(z) = 5, the first when C= {C;} =0, and the second when

c=(5,3,1,1,0,0,0,0, 0, 0), which might represent a more realistic situation in practice.

These model distributions for I(z) can be compared with histograms of the numbers of actual

observed intensities falling within two isoseismal contours. More precisely, the distribution for
I(z) = k can be compared with the histogram of observed values of I within the two elliptical

contours corresponding to I(z) = ki%. Histograms for the three New Zealand events are shown
in Figures 18 - 20 (with C=0) and 21 - 23 (with C= (4, 3,2, 1,0, 0, 0, 0, 0, 0)).

The model parameters can be fitted by the method of maximum likelihood. The likelihood here
takes the form:

N
L= I]p;,(2n) (5)
n=1

where zn, is the location and I, the intensity observed at that location. The maximisation was

done using the ms ( ) routine in S-PLUS, as described in Bates and Chambers (1991). Here
the value of the log-likelihood plays a role analagous to minus the residual sum of squares in
the least squares routine ns( ); the improvement in fit due to adding an additional parameter is
gauged by the increase in the log likelihood, or “deviance”.

The values of the parameters Io, a, e, € and ¢ obtained by this approach agree very closely with
those obtained by the least squares procedures, at least when the vector of constants C=0. We

shall not report these results in detail, but consider rather the effects of varying the constants
within this vector. The isoseismals are shown in Figures 18 - 20 and 21 - 23 respectively. These
figures also show the proportions of observed values within the elliptical annuli centred on integer
values of I(z), and attenuation plots of log R against expected intensity. In all cases a was fixed

at the value 1.9, and b (equation (4)) was set equal to 1.

The two sets of figures show little difference at a visual level. However there are some differences
in the parameters. Increasing the bias substantially improves the fit for the Edgecumbe data,
but not for the Buller or Inangahua data. However even in these last two cases, incorporation of
the bias term improves the physical plausibility of the fit (in terms of Iy and ¢), and produces
a closer resemblance between the histograms for the actual observations within an isoseismal
band, and those predicted (as in Figure 17) by the model.

Clearly more work is needed to systematically study the effects of this bias term. However, there
is a limit to the value of what can be done until it is possible to allow also for the probability
that no observation at all will be recorded from a given location. This depends on two factors:
location relative to the centre of shaking, with the probability of no observation increasing
with distance; and population density, with the probability of no observation increasing as the
population density approaches zero. Such an exercise is beyond the scope of the present study,
but may be critical to obtaining a consistent picture of attenuation behaviour, as free as possible
of the accidental effects of the location of the epicentre relative to centres of population.

6 Relation of observations to isoseismal contours

Implicit in our treatment is the assumption that the contour for intensity 7 (say) links those
points where the expected intensity is 7 (see Introduction). This should run somewhere through
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the middle of the observed values with intensity 7.

A comparison with the observed intensity values reveal some systematic departures from this
expectation. Figure 24 shows the proportion of observations of a given intensity lying inside
the corresponding fitted isoseismal contour. The data are listed in Tables 4 and 5. It will be
seen that this proportion increases from low values (0 - 30%) at the high intensities to high
values (80 - 100%) at the low intensities. This is inconsistent with the concept of “isoseismal”
however defined and is therefore unsatisfactory. We conclude that the effect is due to the fitted
model peaking too sharply in the vicinity of the epicentre, and decaying too slowly at large
distances from the epicentre. The latter effect is confounded with the increasing probability
of no observation being recorded. Both effects are indicative of short-comings of the model
structure, or the fitting procedures. Several points may be made:

1. The present model structure peaks very sharply near r = 0, even when the scale parameter
o is relatively large. Minor variations, such as a smooth peak, rather than a cusp, at r =0
might help to overcome this point.

2. There are relatively few high intensity observations, and they may not carry sufficient
weight in the regression procedures to force the fitted curve into matching the close ober-
vations well. This could be critical in application to risk assessment, where the higher
intensities dominate the contribution to loss.

3. The observations are fitted to the logarithmic distance scale which may produce some
further distortions.

4. The fact that the estimated intensities are consistently too high at large distance suggests
that the absorption term bR in (1) may have been discarded too hastily. In particular,
improved modelling of the intensities at small distances may allow an absorption term to
be retained in (1) without creating the problem referred to in §4.

5. The actual observations represent a compounding of the probability of observing a given
intensity of shaking with the probability of there being an observer to make the observa-
tion. The actual distribution of observations is strongly affected by the relation between
locations of population centres and the locations of regions with a given expected level
of shaking. Thus the discrepancies cannot be finally resolved until the distribution of
populations is taken into account in the model.

7 Conclusions

The main conclusions from this study may be summarised as follows:

1. Both non-parametric and parametric approaches can be used to obtain smoothed or simpli-
fied pictures of the isoseismal patterns around a major earthquake. Adequate procedures
for both approaches exist within the standard S-PLUS software, although a greater choice
of options for 2-dimensional smoothing would be desirable.

2. The most promising combination of these approaches for extracting useful information
from the felt intensity data, is first to fit a simple parametric model, with only a small
number of parameters, and follow that by non-parametric smoothing of the residuals from
that model.

3. The simple elliptical form (2) for the attenuation, with just a single parameter to control
geometric spreading, represents a reasonable compromise between simplicity and flexibility
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as a baseline parametric model. However, some refinement of the parameterisation could
help to improve the stability of the model-fitting.

4. The further step of directly modelling the probability distribution of intensities at a given
location, as a function of the expected intensity predicted by the elliptical form (2), allows
the observed distribution of intensities within an isoseismal band to be compared with
the predicted distribution. It offers the possibility of taking into account the bias due
to under-reporting of low intensities, but otherwise produces similar results to (3). More
work is needed to realize the potential of this approach.

5. There is a need to clarify the definition of an isoseismal contour. If, as in the present
study, it is taken as a contour where the expected intensity has the stated value, then
there is evidence that with the present model the fitted isoseismals are too tight for high
intensities and too large for low intensities. Refinements of the underlying model and the
fitting procedures may be needed to overcome these inconsistencies.

6. The results of applying these methods to the Buller, Inangahua and Edgecumbe earth-
quakes suggest that even with a simplified model, accidental features of the spatial pattern
of observations can affect the parameter values and the appearance of the fitted isoseis-
mals. At the present stage it seems possible that a common form for the isoseismals,
with the degree of the geometrical spreading below 2, and a NNE/SSW oriented elliptical
shape, would adequately account for most if not all of the main features of the three events
analysed. The residual features are likely to combine geological or tectonic factors with the
effects of accidental groupings of felt intensity observations around centres of population,
or the absence of such observations from areas of sea or wilderness.
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Table 1. Number of Felt Intensity Observations for Each Collected Data Set

Earthquake Date Epicentre M | Depth | No.
Edgecumbe 2 Mar., 1987 (-37.92,176.76) 6.6 10 170
Inangahua 23 May, 1968 (-41.76,171.96) 7 15 245
Buller 16 June, 1929 (-41.7,172.2) 7.8 20 119
Diexi, China 25 Aug.. 1933 (32.103.7) 7.5 136
Baranello, Italy 26 July 1805 (41.53,14.51) 130
Campania, Italy 5 June, 1688 (41.2,14.75) 154
Irpinia, Italy 29 Nov., 1732 (41.13,15.1) 121
Irpinia, Italy 23 July, 1930 (41.07,15.35) 289
Irpinia, Italy 21 Aug., 1962 (41.23,14.93) 196
Napoletano, Italy S Dec.. 1456 (41.52,14.52) 183
Vulture. Italy 14 Aug.. 1851 (41.00,15.67) 51
Irpinia-Lucani. Italy 23 Nov.. 1980 (40.8.15.37) 1129
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Table 2. Summary of Trials with Different Parameter Combination

Residual Residual standard
Parameters [Name Estimated parameters sum of error
squares
a e £ lo o
Parameters [Buller 361 075 074 901 115.16 56.1 0.71 (114)*
all free [[nangahua 1.63 0.86 0.98 10.72 393 163 0.82 (240)
(a) Edgecumbe 1.35 0.71 1.25 933 2.88 201 1.10 (165)
a—=2, Buller 0.78 0.70 11.20 66.1 0.76 (116)
=10 [Inangahua 0.88 097 10.13 172 0.84 (242)
(b) Edgecumbe 0.58 1.56 8.88 202 1.10 (167)
Buller 0.67 0.57 10.14 1797 64 0.75 (115)
a=1.9 |[lnangahua 087 098 10.12 892 168 0.83 (241)
(c) EdEecumbe 0.59 1.53 895 B8.56 202 1.10 (166)
* Degree of freedom
Table 3. Correlations of Estimated Parameters
Name Correlation of parameter estimates
a e € Io
e 019
Bufles e 036 0.18
lo -0.74 -0.03 -0.19
o 096-002 028-0.86
Parameters
)i Fee a e £ lo
(a) [nangahua AR
e -0.09 002
Io -048 -0.004 -0.03
o 0.76 -0.06 -0.004 -092
a e £ Io
e -039
Edgecumbe e 011 023
Io -063 -0.05-0.22
c 093 -027 0.204 -0.86
i December 4, 1995
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Table 4. Percentage of Observations in Each Isoseismal Band

% of total  Isoseismal % of obs. within band
obervations band =2 [F3 =4 I=5 [=6 =7 [=8 = [0 =11
0.101 [3.4) 0.167 025 05 0083
0.286 [4,5) 0.029 0.265 0.176 0471 0.059
0.294 [5,6) 0.057 0457 0457 0.029
Buller 0.118 [6,7) 0.429 0.571
0.134 [7.8) 0.063 0.188 0562 0.188
0.042 [8,9) 0.8 2
0.025 [9,10) 0333 0.667
0.016 [2.3) 0.5 0.5
0.139 (3, 4) 0.206 0.618 0.176
0.314 {4, 5) 0.078 0429 0468 0026
Inangahua 0.151 [5, 6) 0.19 0568 0216 0027
0.139 [6, 7 0.029 0206 0176 0471 0.118
0.18 [7.8) 0.045 0068 0318 0432 0.113 0023
0.037 (8,9 0111 0111 0333 0444
0.020 [9, 10) 02 038
0.004 [10.11) 1.0
0.018 [4.5) 0333 0667
0.247 [5.6) 0.167 0381 0262 0.191
0.241 (6.7) 0.146 0390 0244 0195 0024
Edgecumbe 0.329 [7.8) 0143 0089 0304 0214 025
0.165 [8.9) 0.036 0179 0.107 0607 0.07]
Table 5. Observations and Percentage of Each Isoseismal Band
Isoseismal band
[23) [3.4) [45) [56) [67) [7.8) [89 [510) [10,11)
1. 12 34 35 14 16 5 3
Buller 2. 0.101 0286 0294 0.118 0.134 0.042 0.025
i 4 33 T 3y 34 44 9 5
Inangahua 2. 0.0 0538 0516 0284 0.3 0438 0.115 0.1 0.0
1. 3 42 41 56 28
_Edgecumbe 2. 0.0 0533 0471 0405 013

1. Total number of observations with value of [ in the isoseismal band
2. Percentage of the observations of value [ lying within the isoseismal band centred on the same value of 1.

2093eh

December 4, 1995



yage60z

=
®
-36
-
o
o
5
-36+ g'
<
o
= 4
N &
-40H é
=
=
w
o
e ]
-424 E
o
"
8
3
g
44 z
]
2
(4]
E 4671 4
m .
g" ﬁl'
Q T T T T I T T ]
£ 166 168 170 172 174 176 178 180
2



Fig. 2 Felt intensity observations for Inangahua earthquake
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Fig. 3 Felt intensity observations for Edgecumbe earthquake
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11 Least squares fit of the ellipse model to Inangahua data, with residuals smoothed by
“Loess”
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Fig. 13 Total residual sum of squares against attenuation parameter a, for the three combined
New Zealand earthquakes
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Non-parametric and model curves for the Buller earthquake (loess:sp=0.5,deg=1)
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Non-parametric and model curves for the Edgecumbe earthquake (loess:sp=0.5,deg=1)
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Comparison of Probabiliity Distributions for Felt Intensity = 6

Ya£602

04

0.6

0.5

04
04

SE

0.3

0.2

0.1

0.1

jusuodwiod seiq Y3 MOy pue yiam suonrnquisip Lijiqeqoad jppow Jo uosedwod ¥ L1 ‘Stg

S661 ‘v Jequeda(]

25 35 45 55 65 75 a5 85 105 25 35 45 55 65 75 B85 85 105 35 45 655 65 75 85 85 105

Cindy = (0,0,0,0,0,0,0,0,0) Cirety = (4,3.2,1,0,0,0,0,0) Obsarved mstm _r% WW&% within band 6



Yag60g

0§

G661 ‘v Iequuada(]

10

4 ] é 10
Inlensity band= 3
£ & & 1w 12
ntensity band= 7
” -
.
\s
N
.\
3 4 6
log(Rm)

15

10

2 4 6 8 10 12
Intensity band= 4

2 4 6 8 10 12
Intensity band= 8

Eslimated paramelers: M= 10.1

/" S

3 ik

166 170 174 178

am 10 be=0o=00668 ops=0571 segma=170

€=(0,0,0,0,0,0,0,0,0,0)

15:

10

1.0 1.5 20

0.5

0.0

4 6 -] 10 12
Intensity band= 5
<« 6 8 1 °
Inlensity band= 8

10

12

4 6 8 10
Intensity band= 6
4 6 8 10 12
Observallons= 119

l aenbylies Bpng :uwA) selq INOYIM ‘S[BUISIISOS] PUR [9pOUl UO[jenual}je
spueq [e1ju0ide Uy $313ISUBJUL PIAIISQO JO UOIINQUIISIP 943 Jo swreaBolsty 8T "B



Ya€602

LE

€661 ‘b 1aquuada(]

15 20

1.0

05

0.0

15

10

06 08 1.0

04

02

0.0

4 6 8

12

10
intensily band= 2
5 DRGERRE TG 2
Inlensily band= 6
2 4 6 8 10 12

Intensity band= 10

15

10

15

10

40

ayenbyiies enyeSueu] :mwi1a) seIq INOYJIM ‘S|BUIS[OSOS! PUR [9pOW UOljeNU)Ie
‘spueq [e13u2d1de UM SIIIISUIIU] PIAIDSCO JO UOIINGLIISIP dYy) Jo sweiSolsty 61 314

C=(0,0,0,0,0,0,0,0,0,0)

8 1
&
o
&
e
o
= W
(=] J e (=]
2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
Intensity band= 3 Intensity bands= 4 Intensity band= 5
-~ -~
- (2]
o o™
@@ o2 o o
2 4 6 [} 10 12 4 6 8 10 12 2 4 6 8 10 12
Intensity band= 7 Intensity band= 8 Inlensity band=9
Estimated parameters: M= 10.1
gl & . .38 g
2 -
b
@
5 -44
2o
- 45
- s
.
2 4 8 8 10 w2 0 2 ‘ 6 166 170 174 178
Observations= 245 log(Rm) = 1.0 be 0 9= 0860 ops= 0075 segma=881



Fig. 20 Histograms of the distribution of observed intensities within epicentral bands,

attenuation model and isoseismals,
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Fig. 23 Histograms of the distribution of observed intensities within epicentral bands,
attenuation model and isoseismals, incorporating bias term: Edgecumbe earthquake
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Fig. 24 Proportion of MMI observations within each Isoseismal band, modelled with bias term
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