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We constructed maps of probability of lava inundation using computer simula-
tions considering the past eruptive behaviour of the Mt. Etna volcano and data
deriving from monitoring networks. The basic a priori assumption is that new
volcanoes will not form far from existing ones and that such a distribution can
be performed using a Cauchy kernel. Geophysical data are useful to update or
fine tune the initial Cauchy kernel to better reflect the distribution of future
volcanism. In order to obtain a final susceptibility map, a statistical analysis
permits a classification of Etna’s flank eruptions into twelve types. The simula-
tion method consists of creating a probability surface of the location of future
eruption vents and segmenting the region according to the most likely histor-
ical eruption on which to base the simulation. The paths of lava flows were
calculated using the MAGFLOW Cellular Automata (CA) model, allowing us
to simulate the discharge rate dependent spread of lava as a function of time.
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1. Introduction

Mt Etna will undoubtedly erupt again. When it does, the first critical ques-
tion that must be answered is: which areas are threatened with inundation?
What people, property, and facilities are at risk? These questions can be
answered by estimating the areas most likely to be affected by eruptions
on various parts of the volcano.Knowledge of the likely path and rate of
advance of the front of a lava flow is of potential value for organizing both
evacuations and mitigation efforts during the period of flow. Knowledge of
the probability of a particular site being overrun by a lava flow is useful for
long-term planning purposes. The aim of this work is to compute hazard
maps that can be used as a general guide to assist emergency managers
during an eruption, to plan emergency response activities, and to identify
communities and infrastructure at risk.
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2. Methodology

We have defined a methodology for the compilation of a new kind of map
showing the hazard related to lava invasion in predefined study areas.A
hazard map provides the probability that given areas will be affected by
potential destructive volcanic processes. Its evaluation is generally based
on the past eruptive behaviour of volcanoes and on data obtained by the
monitoring networks. In order to compute hazard maps, the following steps
should be computed:

(1) Definition of the source area;
(2) Computation of susceptibility map (that provides the spatial probability

of vent opening);
(3) Characterization of the expected eruptions;
(4) Evaluation of the temporal probability for the occurrence of the hazard

during the considered time interval;
(5) Numerical simulations of eruptive process and
(6) Construction of the hazard map.

Mt Etna (Sicily, Italy) was chosen as the study area since it as one of
the most dangerous in terms of possible fracture reactivation. Having de-
fined the study area, we have developed a methodology for estimating the
long-term future spatial and temporal patterns in the Mt Etna. First a
mid/long-term susceptibility map is generated, and then geophysical data
are incorporated to develop the final susceptibility map. For the aim of this
study, we took advantage of a database containing the main volcanological
data of all eruptions at Mt Etna since 1600. Mid/long-term susceptibility
maps of Etna have been generated using the following data: location of
vents, fractures and vent alignments. All available datasets have been con-
verted into a probability density function (PDF). Each of the PDFs should
be given a relevance value (which measures its importance) and a reliabil-
ity value (which measures the quality of the dataset) with respect to the
evaluation of the susceptibility. Finally, the PDFs and their relative values
are combined through a Poisson process. In the first stage a local inten-
sity function λxy is computed using the kernel technique. A kernel function
is a density function used to obtain the intensity of volcanic events at a
sampling point xp, yp, calculated as a function of the distance to nearby
volcanoes and a smoothing constant h. In estimating local volcanic densi-
ties in volcanic fields, the kernel function used is the Cauchy kernel. For
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the 2-D Cauchy kernel, the calculation of λxy at the grid point xp, yp is

λxy =
1
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)2





(1)

where di is the distance between xp, yp and the ith volcanic event, N

is the number of volcanic events considered in the calculation and li is
a factor for weighting eruption volume of the corresponding ith volcanic
event. Figure 1 shows an example of PDF generated considering only past
vent locations, a 1 km grid spacing and a smoothing coefficient of 2 km.
Probability estimates for each grid point xp, yp are computed by using a

Fig. 1. An example of PDF based on past vent locations

Poisson distribution where λxy represents the intensity function normalized
to unity across the entire area:

Pxy {N(t) ≥ 1} = 1− exp (−tλtλxy∆x∆y) (2)

where N(t) represents the number of future volcanic events that occur
within time t and area ∆x∆y. Having generated the PDF based on past,
the next step is to condition it with additional data deriving from geophysi-
cal data. This step represents the short-term analysis performed using data
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provided by the monitoring networks. The corresponding PDF should be
evaluated using the same procedure. Once all the PDFs has been calcu-
lated, they are combined (with an assigned relevance) in order to obtain
the final susceptibility map. For the characterization of the volcanic events
we based on the knowledge of past eruptions to fix four different volumes of
total fluxes: 6, 20, 50 and 200 m3. Then we established short, medium and
large times of eruptions, setting respectively 15, 30 and 60 days of simula-
tion. Combining these values with random distribution, we obtained twelve
possible functions representing the variation of flux rate in relation to the
time of eruption The shape of the curves has been considered as a kind of

Fig. 2. Values of flux rate-days of eruption used for the simulations

bell, in which the eruption starts from a low value of flux rate, reaching its
maximum value after a 1/4 of the entire time of simulation. After 2/3 of
the maximum time of simulation reaches 1/3 of the maximum value and,
finally, gradually decrease until the end of the eruption is reached (Figure
2). The susceptibility map assigns a probability of activation to each vent
in the grid. Next step is the calculation of maps that assign a probability
to each type of considered effusion rate and duration (event probability),
devised on the basis of the emission behavior analysis of the study area. For
every type i of eruption, the positional data yi are been used to estimate the
type i intensity function λi(x) for each point x of the grid using the kernel
estimator described by [3]. When j is an index of events in a category, i is
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a type of category, n is the total number of events in a category, then

λi(x; hi) = h−2
i

ni∑

j=1

G

{
x− yij

hi

}
(3)

where hi is a smoothing parameter that controls the size of the zone to which
each data point contributes an increased intensity, and G is the truncated
normal kernel

G(x) =

{
0.5πe−0.5x′x x′x < 1

0 x′x > 1
(4)

The intensity function λi(x) is then rescaled through the entire area. The
choice of the parameter hi is determinant for the calculation of the estima-
tor. Its value for each type of event is chosen using the existing data. First of
all, it is necessary to examine the strength of spatial autocorrelation in the
data at different scales. This is tested using the adjusted semi-variogram

2γ̄(h) =

{
1

|N(h)|
∑

N(h)

√|z(Pi)− z(Pj)|
}4

(
0.457 +

0.494
|N(h)|

) (5)

where z(Pi) is the observed value at the point Pi, h is a specified distance,
and N(h) is the set of pairs separated by a distance near to h. For each
data set in turn, the set of pairs of points is divided into suitable equal sized
subsets. Each subset is used to calculate the statistic. The semi-variogram
grows with increasing h until it reaches a constant level. The h-value at
which it reaches this sill correspond to the distance at which autocorrela-
tion disappears. Once the activation and the event probabilities are devel-
oped, numerical simulations could be computed. We used the MAGFLOW
model for lava flow simulations based on Cellular Automatons [2,7]. The
simulations were performed using the typical parameters of Etnean lava
flows. A grid of vents is defined in the study area, and a prefixed number
of simulations is executed for each of them, each one characterized by its
own effusion rate and duration. Finally, the resulting hazard map is thus
compiled by taking into account both information on lava flows overlap-
ping, and their occurrence probability. This map is obtained by evaluating
the hazard at each point in the study area as follows:

(1) for each simulation, the hazard related to a generic point in the study
area is computed as the product of the defined probabilities of occur-
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rence (conditioned probability) if it is affected by the simulated lava
flow, zero otherwise;

(2) for each point, the conditioned probabilities are added over all the per-
formed simulations.

The accuracy of the results strictly depends on the reliability of the simula-
tion model, on the quality of input data and on the hypotheses on assigning
the different probabilities of occurrence.

3. Conclusion

This work represents a preliminary methodology of applying computer sim-
ulation techniques to the assessment of hazard from lava flows. Using this
method, MAGFLOW can be used to provide a series of simulation of lava
flows and to produce most probable eruption scenarios. Any number of sim-
ulations can be created by sampling the probability surface and parameter
of simulator. Much improvement can be done, as for example separation of
different type of eruptions, or a better specification of probability surface
of the location of future vents. Another improvement can be the introduc-
tion of a screening distance value (SDV) corresponding to the maximum
distance from the source to the site at which the phenomenon could be
a hazard. SDVs offer a way of arriving at realistic assessment of hazards
based on a conservative worst-case scenario for the potential impact of each
type of hazard.
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