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Abstract

Following recent severe natural events, attentias tbeen focused on industrial installations locatedreas
prone to natural hazards. This work concerns thdysof volcanic Na-Tech events (i.e. technologiisks
triggered by natural causes) and aims at definifyogedure for the representation of the vulneitsbdf

industrial facilities in areas with the potentialeanic ash fallout by means a Geographical InfoionaSystem
(GIS). Here, we focused on the construction of raisaitomatic procedure for the vulnerability mapfior

cases where input data is very limited; it is basedhe use of a specific tool named ModelBuildethe
ArcGIS software.

1. Introduction reported by [15], over the years, an increase of Na
Tech events has been observed due to different
causes, such as the expansion of the industrializat

. . / and urbanization in the territory, climate changes,
defined as the probability of occurrence of a ®ra o gych elements increased the awareness about
damage (e.g. probability of injury), given the nj, Tach events and concurred to consider these
occurrence of an incidental scenario due to thes.aonarios as emerging risks.

release of hazardous materials. _ . Past catastrophic events highlighted the high
In the framework of natural hazards, the vulnergbil ~ yoq4ctive potential of Na-Tech scenarios, bug onl

of a system to a potential incidental scenario iy ring these last years, researchers have focused
usually described by combining the susceptibility yeir attention on this issue. As a matter of thet,f

(inherent propensity to damage) and the resiliencgng anaysis of recent literature has shown thatyma
(propensity to deal with the emergency and theq, niies have to face natural hazards, but none
recovery_(_)f nc_)rmal actmfty) of the territory [17ﬂhe_ appears to have an appropriate management plan
vulnerability is a function of the distance with paseq on the definition of Na-Tech vulnerability
respect to the source of the event. Vulnerabiligpm maps [4]. These considerations suggest that
can be drawn when the correlation between th&n,,.qing" the knowledge of the vulnerability of

vulnerability and the distance is known. These argqqsyria) facilities to Na-Tech events and devigigp
useful to manage natural and industrial risks 80 |\, |nerapility maps as tools for decision making is
for emerging risks, such as technological ”Sksactually necessary [8].

triggered by natural causes (Na-Tech events). As

In the framework of the Quantitative Risk Analysis
for chemical facilities, the vulnerability may be
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This paper is focused on the implementation on avulnerable facility located in the surrounding bét
Geographical Information System (GIS) of the volcano. Hence, it is necessary to define a patkenti
procedure developed by [8] for the vulnerability damage with respect to the physical parameter,
assessment of industrial facilities. The easierassociated with the magnitude of the selected
management of geographical data (georeferencedjolcanic phenomenon, which causes the failure of
and other related information, through a GIS the facility. Then, a threshold value of the pareene
software, allows to calculate the wvulnerability and the probability of exceeding this limit must be
associated with each point of the territory anénth  estimated. Finally, by using both these estimates,
the cartographical representation. The use of g GlSvulnerability mapping is possible.
in this case, also allowed the development of semiin order to apply the procedureféigure 1, a general
automatic procedures for the vulnerability mapping. knowledge of the territory is necessary, as welhas
In section 2 the implementation of the semi- careful collection of meteorological statistics and
automatic procedure is described. A case-studyhistorical information about the volcanic eruptions
related to the area surrounding the volcano Etndahis information is important to derive a number of
(Italy) and describing the application of the whole simulation maps from which the exceedance
methodology, is given in the third part of the pape  probability curves of physical parameters are
derived.
2. Methodology for vulnerability mapping This contribution focuses on the last step of the
method of Figure 1. Quite clearly, in order to
achieve the vulnerability mapping, it is necesdary
estimate the probabilities also for the points wher

The methodology described in this section is a
generic and simplified approach for estimating the

vulnerability of industrial facilities to volcanibla-  hase are not known. This operation can be made
Tech events. As mentioned above, it has recently, g 5 spatial interpolation method. To this

been proposed by [8]. The whole approach isigqarg; it is worth mentioning that there are saiver
summarized in the flow-chart &igure 1. interpolation procedures, each of them charactgrize
by a different time for the data elaboration, aacyr

Volcanic Identification of sensitivity to parameters variation and degree of
phenomenon vulnerable smoothness of the interpolated surface. These
selectiol facilities procedures can be grouped in two main classes:

deterministic  and  stochastic methods [6].
Deterministic approaches are based on a correlation
among neighbouring points whose parameters have
an explicit physical meaning; stochastic methods
correlate neighbouring points through a statistical
relation. The class of deterministic procedures
includes geometric methods (area interpolation
method), Inverse Distance Weighting (IDW) method
(named also Point Interpolation Method); finallyeth
class of stochastic methods procedures includes the
Kriging and Cokriging methods [6].

The spatial interpolation assumes that the dat is
continuous spatial function [16]. Waters [18] state
that using data related to a series of pointsnasur
case, the choice of interpolation method is crucial
because it approximates a representation in theespa
of the physical phenomenon (in this case volcanic
Vulnerability ash fallout). Both the quality of the original datad
representation the interpolation method are essential to give a
reliable estimate. Some causes of a non-optimal
estimate are:

a) few available points;

b) limited spatial coverage of the points;

c) uncertainty about the location and the value of
the measured physical quantity.

A 4

N

Definition of the damage

and the physical
parameter

A 4 A4

Threshold value Probability
of the physical of
parameter exceedanc

Figure 1. Flow-chart for the representation of
vulnerability

The first step concerns the choice of a specific
volcanic phenomenon (characterised by a given
occurrence and magnitude) and the selection of a
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In the following each step of the procedure isfailures, each of them is identified with a specifi

described using a case-study. symbolTn in the following list:
- Light damage to the structure of the fixed roof
3. An example of application (T1);

o _ - Severe structural damage to the structure ofifixe
An application to the area surrounding Mt. Etna s (T2):

shows how the results of previous studies related t _
the analysis of the effects of ash fallout on cloai
facilities [10], [11], can be processed to achieve _
semi-automatic vulnerability mapping (final step of

the procedure dfigure 1). 3.3. Threshold values of volcanic ash load

3.1. Volcanic phenomenon The threshold limits of volcanic ash load, used to

. , _ determine the probability of damage of atmospheric
Mt. Etna is one of the most active volcano in E&0p 5 1s with a fixed roof, were calculated by [14].

itis located in Sicily (ltaly) and has recentlyatiyed \jijaz70 derived the values for atmospheric floating

its eruptive style giving more frequent explosive ;¢ tanks [9]. Table 1 and Table 2, respectively,

eruptions with ash emissions. The territory give the threshold values of the tephra load (Rp/m
surrounding the volcano is characterised by ther . fivad roof and floating roof tanks.

presence of the city of Catania with more than 300

thousand inhabitants, by many small urban centré§e 1 Threshold values for volcanic ash load for
and agricultural and industrial areas. Mt. Etna isihq structural damage of fixed roof tanks
characterized by an explosive activity having a VEI

Structural collapse of the fixed roof tank (T3);
Sinking of the floating roof (T4);
Capsizing of the floating roof tanks (T5).

(Volcanic Explosive Index [13]) equal to 2 or 3. Damage Light Structura]  Collapde
Among the numerous volcanic phenomena (lava

flows, pyroclastic flows, lahars), which can Symbol T1 T2 T3
potentially damage population and structures, thge Ash load

volcanic ash (named also tephra) fallout seems the (kg/?) 122 357 714

most significant phenomenon, this is due mainly t

both its large impact area and the location of theTabIe 2. Threshold values for volcanic ash load for

industrial  sites. Local weather conditions :
significantly influence the distance of ash fall§ei, the structural damage of floating roof tanks

in some case, the tephra reached also the s
southern site of Priolo-Augusta.

The potential damages, due to ash fallout on Symbol T4 T5
atmospheric storage tanks, either with fixed o Ash load
floating roof, have been identified by [9]. Thegal (kg/n?)
developed models correlating the damage With*W'hg 2l ash disTibut . h
respect to the ash load (physical parameter). The Ith an asymmetrical ash distribution causing the
local vulnerabilities, related to both the mostyfrent Immersion of half roof [9].
and the worst explosive eruptions, were estimayed b
the same authors in [10].

fte Damage Sinking Capsizing

680 380*

3.4. Probability of exceedance of the physical
parameter

3.2. Potential damage to stor age tanks The vulnerability (or fragility) of the equipmens i

To achieve our aim, we have focused on atmospheri&NoWn when the probability of exceedance of the
storage tanks, but obviously the methodologyPhysical parameter and its threshold value are also
proposed can be easily applied to other facilithes.  KMOWN- |

given in [1], atmospheric storage tanks are typjical Concerning the case-study, Barsotti et al. have
classified as fixed roof tanks or floating roof kan produged exceedance probability curves for tephra
Fixed roof tanks can be used for products, such adeposit, at the ground level anpl related tp thetmos
crude oil, gasoline, fuel oil, water, etc. Floatigpf ~ [requent and the worst explosive scenarios of M.
tanks are used to minimize product loss byEtna[3]. An example of exceedance curve is given i
evaporation of liquid fuels and, thus, to increasef19ureé 2. Each curve is obtained through several

safety by minimizing the amount of vapour in the numerical simulations of the explosive phenomenon.
space between the roof and liquid. However, as expected, these simulations are complex

The ash deposit load may be the cause of differend time-consuming, for this reason current litgnat
provides only few studies of this type. Even Baisot
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et al. derived exceedance probability curves ooty f | PR c o |__c .
few locations surrounding Mt. Etna. .
1 1
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Data of Barsotti et al. (2010)
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Figure 2. Example of an exceedance probability exceedance probabilities for T1

curve of ash ground deposit as produced by Barsotti

ot al The IDW method (determinist) assumes that each

measurement has a local influence, which decreases

- . with the distance. It is based on the following
3.5. Vulnerability mapping mathematical function:

The main difficulty in elaborating vulnerability mpa
for facilities in area prone to ash fallouts, iattmput

N
data is very limited. As evidenced in the previous , _ EW' L) 1)
section, probabilities are usually known only fewf (%) %w
locations. By means of a spatial interpolation radth =
it is also necessary to estimate the probabiliies
the points where these are not known. where: 7, is the value to be predicted associated

The input data to map the vulnerability for theesas with the locationS, (prediction point); N is the
study are given irFigure 3. The map shows the number of locations used for the estimation
spatial distribution of the locations investigatéa. (identification number for the points around the
this figure, the vulnerability of the atmospheric prediction point)j = 1, 2, 3, ...zg) is the measured
storage tanks to the ash fallout with respect to avalue of the variable at theth location;wi=1/d? is
specific damage (in this case the light damageig1) the weight coefficient of the measured point be t
represented using circles. The area of each dscle i-th location andd; is the distance between th¢h
proportional to the value of the probability of point andS.
exceedance of the threshold value T1. The Kriging method (stochastic) is a geo-statistica
In this study we have applied two spatial procedure for data interpolation [2], [5]-[6]. The
interpolation methods, these are the IDW and thdnterpolation model takes into account the value of
Kriging methods. In Section 4, the results of thethe variable in the other locations and a weight
application of both procedures and the comparisorcoefficient based not only on the distance between
between them are shown. the measured points (as the IDW approach), but also
on the overall spatial arrangement of the measured
points. This means that it is based on a probéibilis
elaboration in order to develop more complex
predictive models. The correlation for the
interpolation is given by following equation (2):

N
Zsy = 2 s (2)

where: J; is the weight assigned to each measured
point at thei-th location, it is based not only on the
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distance between the measured points and th
prediction location but also on the overall spatial
arrangement of the measured points.

The use of the Kriging allows including the
estimation of the error and the uncertainty assedia
with each prediction [6].

}1 -

3.6. Semi-automatic geoprocessing o Juin

In this paper we focused on the construction of a
semi-automatic method for vulnerability maps using
a Geographic Information System software (the
acronym GIS is often used).
A GIS is a system designed to capture, store
manipulate, analyze, manage, and present all tyjpes
geographical data. In the simplest terms, for the
purpose of this work, a GIS is the merging of
cartography, statistical analysis and computemseie
technology. Theyeoprocessing is a basic function of
a GIS for the processing of geographical data. A
typical geoprocessing operation takes an input
dataset, performs an operation on that dataset an
returns the result of the operation as an outpu
dataset. It allows creating new information through
the application of many operations to the existing
data. An example, whergeoprocessing has been
applied to manage emergency originated by terroris
actions, is given in [12].
To achieve our aim, we used the GIS software
developed by Esri, named ArcGIS, and performed
our elaborations by means of a specific tool of the
software, named ModelBuilder. This tool permits to
create and manage sequencesy@dprocessing. It
feeds the outputs of an operation into another one
thus these outputs become the inputs to the fatigwi
operation.
We created a simple model to elaborate the
vulnerability of atmospheric storage tanks to
volcanic ash deposits. It allows a quick vulneiigpil
mapping and is based on the use of both the
interpolation procedures described abovigure 4 Figure 4. Flow-chart for the semi-automatic
shows the flow-chart of the whole procedure. vulnerability mapping.
The model runs in a semi-automatic mode, thus, the
geoprocessing operations could also be executed by
users that do not have knowledge about G&Sers
will only have to collect the following input data:
- territorial sample points,
- probabilites of exceedance of ash load

(probabilities of exceedance curves),
- the Z value field Figure 5), that is the

probability of exceedance of the threshold value

of the ash load, which is the data that the user

wants to interpolate.
Finally the geoprocessing model provides the map
related to the interpolation method chosen.

Interpolation
[kriging]

Interpc:l_atinn
[1DWw)
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A legend of colours has been defined; each colur i
associated with a class of exceedance probabilities

= 7 value field

Z value field and the darkest colours represent an increaseeof th
b vulnerability.
Probabily of Excesdance.OID Some considerations can be made related to the
i application of these interpolation methods. The IDW
Probability of Exceedance, T2 . . .
Prabability of Exceedance Location technique allows a quick calculation, but resuts a

not very accurate. The geostatistical approach
(Kriging method) requires a greater number of
information for an accurate estimation and the -data
processing is time-consuming, but it provides more
details. The Kriging attenuates the local variapitif

the variable, it provides estimates that may exceed
the minimum and/or maximum of the measured
[ ok [ concel |[ ooy ][ Showreb s | values, whereas the deterministic methods produce
estimates within the range of values sampled [7].

It is important to validate each prediction. The
validation procedure used in this work is named
cross-validation, it consists in plotting the predicted
value as a function of the measured value in a
4. Results Cartesian graph. The data fitting gives a line, seho

Vulnerability maps for the case-study, relatedhte t slope allows to comment about the applicability of
light damage of fixed roof storage tanks, are showrthe interpolation method. The model is applicable i
in Figure 6 and Figure 7, using iso-probability —the slope of the line is about 1.

curves on the cartography. These maps have bedresults of the validation procedure are shown in
made using both the interpolation methods, destribe Figure 8(a) andFigure 8(b).

in the previous section.

Figures 5. Selection of the probability of exceedance
of a specific ash load

- sﬁ% ﬂt}%
- sb% 60%

Figure 6. Vulnerability map for light damage (T1) to fixedof storage tanks using the deterministic approach
of Inverse Distance Weighting
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Figure 7. Vulnerability map for light damage of fixed rodbsage tanks (T1) using the geostatistical approach

of Kriging.
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Figures 8. Validation of the prediction using (a)
IDW method and (b) Kriging method.

The prediction ofigure 8(b) gives a slope close to 1
and demonstrates a good applicability of the Kdgin
method.

As described above, the semi-automatic procedure is
very user-friendly. It allows a quick vulnerability
mapping by means of different methods of
interpolation. The execution is fast and can beenad
also by users with a limited knowledge about GIS.

6. Conclusions

A procedure for the estimation of the vulnerability
and the construction of relative maps has been
improved. The main aim was to provide local
authorities and planners useful tools for the plagn

of emergencies connected to volcanic Na-Tech risks.
The method proposed in this work is applicable to
any case study and is also useful when the
exceedance probability is known for a limited
number of points, in this case the choice of the
interpolation model is the critical step of the \ho
procedure.

The ArcGIS software of Esri has been used to
implement a semi-automatic procedure for
vulnerability mapping by means of the ModelBuilder
tool, which allows the automatic execution of vago
queries related to the analysis, the creation and
display of maps. The procedure is characterized by
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fast execution. Several advantages result from the Mt. Etna on industrial installation&€hem. Eng.
development of such a procedure including, for
example, the saving of time during the emergenf}0]
and the simplification of the work of risk managers
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