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Abstract

One of the fundamental tasks for environmental impact assessment and natural risk management
is the accurate and updated cataloging of road infrastructures and buildings. This is particularly
important in volcanic areas, in order to predict the range of damage and disruption, and therefore
losses and reconstruction costs that could result from an eruption. GIS allows immediate access to
spatial data with the ability to overlay location-based information for easy interpretation, providing
a critical tool for assessing and mitigating risk from natural phenomena. In this work, we present an
innovative GIS-based system for the identification of the values exposed to volcanic eruptions at
Mount Etna, which can be used in both the readiness and response phases to a volcanic emergency.
We carried out a precision mapping of buildings and road infrastructures on the flanks of the Etna
volcano, giving particular attention to the exposed sensitive buildings (such as schools, barracks,
hospitals, etc.) and to the construction and roofing characteristics. The result is an informative
and dynamic platform that offers new opportunities and challenges to decision makers for the
definition of both long-term strategies, such as territorial planning, and short-term strategies, for

the prediction of the impact of eruptions or for managing evacuations during volcanic emergencies.
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1. Introduction

Disasters caused by natural hazards are increasing in frequency and having a greater impact on populations
and economies around the world. For this reason, it is essential that scientists and stakeholders in hazardous areas
have a greater understanding of the causes of disaster risk and better tools to assess their impact on vulnerable
populations (Van Westen, 2013).

In the field of natural hazards, Risk is commonly defined as HazardxExposurexVulnerability, where Hazard
indicates the probability of occurrence of an event, Exposure is a quantification of the people, systems, and
property potentially subject to the hazardous phenomenon, and Vulnerability is a quantification of the effective
relative impact of the event. In case of volcanic eruptions, the hazardous events include for instance lava flows,
tephra, pyroclastic flows, earthquake, etc. Therefore, studying the volcanic risk should involve the analysis of the
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hazardous events that affect an area, as well as the vulnerability of the exposed values possibly affected by volcanic
phenomena (Blong, 1996; Jenkins et al., 2014; D’Amico et al., 2016; Del Negro et al., 2019; Centorrino et al., 2021;
Azzaro et al., 2023). Overviews of vulnerability concepts, methods for measurement, and their applications in
different hazard contexts, including volcanic hazards, are available, e.g., in Tilling (1989), Blaikie et al. (2004), and
Bilotta et al. (2023).

Typically, for a single volcano, an estimate of future hazards can be made by systematic and accurate analyses of
historical events, as well as by numerical modeling, in order to obtain probabilistic maps (e.g., Cappello et al., 2025;
D’Amico et al., 2025; Scollo et al., 2025; Zuccarello et al., 2025). Conversely, the analysis of vulnerability comes
from the knowledge of the consequences of the observed eruptions, from the general knowledge of the impacts of
eruptions on the volcanic areas, and from the creation of possible eruptive scenarios that highlight how they can
affect the surrounding territory (Cardona, 2004; Zuccaro and De Gregorio, 2019; Pessina et al., 2023).

Etna is the most active volcano in Europe and its continuous eruptive events produce different types of dangerous
phenomena, including earthquakes, lava and pyroclastic flows, tephra and ash which can be transported by winds
for thousands of kilometers. Indeed, during an eruption, tephra fragments of smaller dimensions and lighter
weight can reach even very distant areas from the volcano, while fragments of dimensions greater than 2 mm
and heavier generally fall a few dozen kilometers from the emission point. Unfortunately, at Etna, due to the high
number of eruptive events, the volcano’s flanks are covered with large quantities of ash, such as in July 2024, when
approximately 17 tons of volcanic ash fell in the city of Catania alone. This causes economic losses, for example
with the closure of the airport, and inconveniences due to the accumulation of ash on house roofs and streets,
which requires considerable efforts for its removal both by the local population and by the municipalities involved.

Most studies on tephra fallout focus on hazard assessments, by analyzing volcanological data and using numerical
models to obtain probabilistic estimates (e.g., Carey, 1996; Connor et al., 2001; Barsotti et al., 2010). Moreover, some
studies use innovative technologies based on GIS and remote sensing both for the analysis of the risk assessment for
tephra fallout and for the determination of Eruptive Source Parameters (ESPs), which is a major challenge especially
for weak volcanic explosions that determine tephra fallout (Biass and Bonadonna, 2012).

GIS is particularly well suited for describing, analyzing and modeling environmental problems and datasets.
Indeed, the GIS technology allows to dynamically manage different kinds of data, such as those from satellite missions
and spatial data acquired in real time. It also provides numerous tools and plugins for geo-statistical analysis,
providing an efficient Decision Support System (Mangiameli and Mussumeci, 2013a; 2013b; Scaini et al., 2014;
Mangiameli et al., 2019; Ganci et al., 2023). Data handling is closely related to the data structure and the information
technology that must manage the database to support the GIS application.

In this paper, we present an innovative GIS application for the assessment of the environmental impact that
Etnean flank eruptions can have on buildings and infrastructures. A RDBMS (Relational DataBase Management
System) was used for the optimized management of the spatial database (external to the GIS platform), which has
proven effective for emergency management in different scientific fields (see e.g. Mangiameli et al., 2021; 2024).
In particular, we carried out a census of the buildings present in a study area of the Etna territory (together with a
characterization of roofs on a local scale) and a classification of the communication routes in order to obtain a basis
for the planning of intervention strategies in case of eruptive emergencies. The hardware and software architecture
developed is flexible and database-centric, with spatial data organically organized, accessible and readily usable by
any stakeholder. The storage of additional data in different formats, such as images, photos and technical sheets,
further improves the efficiency of the system, facilitating both relative and absolute assessments of the conditions
of buildings and their components.

This work was carried out in the framework of a Research Agreement between Istituto Nazionale di Geofisica
e Vulcanologia and Dipartimento di Ingegneria Civile e Architettura of the University of Catania, within the
“Probabilistic AssessmeNt of volCano-related multi-hazard and multi-risk at Mount EtnA” - PANACEA project.

2. Materials and methods

We developed a GIS application using only free and open source software technologies, with the aim of easily
dealing with all the data exposed to the risk due to the Etnean eruptions.

In the following sections, we describe the main components that were developed, including the software and
hardware architecture, the data structure, and the Desktop GIS application.
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2.1 The software and hardware architecture

The software and hardware architecture was designed by adapting a designing pattern that we have successfully
used in different research fields of the civil engineering, such as transportation, management of hydrological
emergencies and navigation of autonomous robots (e.g., Famoso et al., 2012; Mangiameli et al., 2013; Mangiameli
and Mussumeci, 2015).

The software architecture (Fig. 1) is characterized by a GIS, namely a computer system capable of capturing,
storing, analyzing, and displaying geographically referenced information (i.e., data identified according to location)
and an RDBMS, which is a type of database management system that organizes data into a set of formally described
tables for efficient data manipulation and retrieval. In our software structure, the RDBMS holds a central position
with respect to the GIS software and the input/output data.

For our application, QGIS ver.3.28 was used as GIS software, while the PostGIS spatial extension of PostgreSQL
ver.9.5 was used to develop the relational database.

GIS Technology

Users
Data entry

PostgreSQL +
PostGIS

QGIS Software

Figure 1. Block diagram of the software architecture.

Regarding the hardware architecture, the Desktop GIS is located in an external device and the RDBMS in a
dedicated server. This enables exploiting all the features of the RDBMS and improving the performance of querying,
updating and visualization of the data included in the spatial database.

The deployment diagrams for the GIS client and the RDBMS server in Fig. 2 show the system architecture in
UML (Unified Modeling Language), where the nodes represent the hardware devices and software platforms, while
the relationships reveal the physical implementation of components.

(a) (b)

GIS client Deskiop RDEMS Server
$ Operating System: Windows 10 or Linux Ubuntu v 20

E Operating Systern: Windows 10 or seven or Linux Ubuntu v17.04

Spatial DataBase Server

Desktop GIS Application

% QGISv3.28
- % Spatial DEMS: PostgreSQL and Spatial Edensions PostGIS v 9.5

% QGIS Plugins: Grass 6.4 Extensions

Figure 2. UML deployment diagram of the GIS client (a) and the RDBMS server (b).
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2.2 The data structure

The implementation of the data structure within the spatial RDBMS involved the following tasks:
— Identification of the entities exposed to the volcanic risk, with particular regard to the tephra fall;
— Definition of the relationships between the entities previously identified;
— Conceptual design of the data structure using the entity relationship diagram;
- Physical implementation of the data structure within the spatial RDBMS.

For the entities exposed to the volcanic risk, we decided to focus on buildings and roads on the southeast flank of
Etna. Therefore, the relational data structure is composed of three entities, namely the roads, the buildings and
the administrative boundaries of the municipalities. The relationships among these entities are shown in the E-R
diagram reported in Fig. 3. The spatial database was then physically implemented within the PostgreSQL RDBMS
with three tables (corresponding to the three entities), the cardinality constraints and the relationships between
the different tables shown in the E-R diagram of Fig. 3.

T ID_road T ID_mal

municipal
roads administrative
(1,N) (1.N) boundaries
(1,N)
(1.N)
ID_buildings
[
buildings

Figure 3. Generalized Entity-Relationship (E-R) diagram related to the conceptual design of the data structure designed
for the RDBMS.

2.3 The desktop GIS application

The Desktop GIS application was developed using QGIS, a user-friendly open source Geographic Information
System for the analysis of geospatial data and the visualization/production of georeferenced maps.

As a cartographic basis, we used the orthophotos acquired in 2012 and 2013 and the regional technical map
with a nominal scale of 1/10000 (Fig. 4). This cartographic raster data, which are available as a WMS service in the
cartographic portal of the Sicily region (https://www.sitr.regione.sicilia.it/), were georeferenced according to the
EPSG (European Petroleum Survey Group) 6708, as established by the Italian Istituto Geografico Militare (IGM).

For the development of the GIS application, we considered the southeast flank of Etna, including the municipalities
of Santa Venerina, Milo, Zafferana Etnea, Acireale, Giarre and Riposto. These municipalities were chosen since they
were historically affected by the earthquakes and the volcanic products emitted during the Etnean eruptions.
In particular, they are the ones that suffer the greatest damage from the tephra fallout due to the prevailing wind
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Figure 4. Zoom of the orthophotos acquired in 2012 and 2013 and used as a WMS in QGIS.

direction, which can compromise the structural stability of buildings and road infrastructures, and the health of the
inhabitants. Therefore, a polygonal thematism was developed to mark these six municipalities.

The data structure was designed so that the areas of the municipalities are inserted as rows of a single table and
include the name of the municipality and the ISTAT code as attributes.

We also created vector layers for all road infrastructures within the study area. Specifically, we digitized linear
geometries, making a classification according to the administrative needs and with reference to the use and types
of connections, in municipal roads, provincial roads, state roads and motorway sections. Using the geoprocessing
functions, the complete road graph in shapefile format was implemented within the municipal boundaries chosen
as the study area, inserting different types of information into the associated database, such as the functional and
administrative classification, geometric characteristics, etc.

Finally, the polygonal vector theme relating to the buildings was created. For this data structure, an automatic
procedure for data entry into the spatial database was implemented in order to acquire all possible useful information
from public databases, such as OpenStreetMap (https://www.openstreetmap.org/). The automatic procedure allowed
enriching the database of the buildings with essential data regarding the roofs, such as the typology, geometry and
inclination. Moreover, it includes dynamic links to multimedia data, such as images, photos and technical sheets
associated with the building, when available. Particular attention was paid to the strategic buildings (barracks,
fire stations and hospitals), buildings of historical interest and schools. For these buildings, a sample field check
was carried out, both for testing the data structure and the correct georeferencing using a topographic GNSS in
differential positioning.

3. Results

In this Section, we show some screenshots of the GIS application developed.

Figure 5 displays the boundaries of the municipalities selected in the southeast flank of Etna, i.e. Santa Venerina,
Milo, Zafferana Etnea, Acireale, Giarre and Riposto. To each polygon, an attribute table is associated, which includes
different information, such as the municipal surface, the name and the ISTAT code.

Figure 6 shows the road infrastructure classified in municipal roads, provincial roads, state roads and motorway
sections. A table is associated with each road, including different attributes, such as the name, the administrative
classification, length and width.
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Figure 5. Polygonal vector thematism of the six municipalities chosen as study areas.

@ *GIS —QGIs - X
Progetto Modifica Visualizza Layer Impostazioni Plugins Vettore Raster Database Web Mesh MMQGIS Progessing Guida
BRRAY V2 PPHIPr/RLESLIOR ME*cl-=-9P&v AQAQ
%~/ M N =q WS qgRRR A3 iBQREFE »
BEV.Z0BR £ Hvavivn v v MYNZLen Wy bEPLRNEvS N
Lj’eél R, Ba"ale e yporibl ago i di molteplici plugin Install Updates... 2 ulteriori €3~
v W @ Vector

& Scuole_complete
~ VI strade
v — STRADE_UNITE
> V' [ Autostrade
/™ AUTOSTRADE SICILIA ORIENTALE
v v @ Strade_Comunali
/| — STRADE_COMUNALI
~ v @ Strade_statali
~ V' {1 Strade_Provinciali_Sicilia_orientale
V| == STRADE_PROVINCIALI
~ V| (2 Limiti_comunali_provct
v [] ACIREALE
v [l cATANIA
v/ [l GIARRE
v B Mo
vl riPOSTO
v B SANTA VENERINA
V[0 ZAFFERANA ETNEA
v V@ Raster
» V| i Ortofoto ATA 2013/Ortofoto ATA 2013

| Q pigita per localizzare (Ctri+k) Interrogazione completata. Coordinata 4.168.341 506.038 ¥ Scala 1:63.950

~ | @ Lente dingrandimento 100% |+ Rotazione |0,0° |3V Visualizza @EPSG:6708 @

Figure 6. Linear vector themes of road infrastructure.

Figure 7 shows the GIS layer including the strategic buildings in the six selected municipalities, namely the
primary and secondary schools. For each school, different useful information was collected, partially taken from the
MIUR “Scuola in chiaro” website, available at https://www.miur.gov.it/-/scuola-in-chiaro. This includes the name
of the school, the mechanographic code, the address, the number of students, the number of classes, etc. (Fig. 8).

Thanks to the RDBMS associated with the GIS software, it is also possible to query the individual layers and
obtain specific information, for example the geometric characteristics of the building roofs, in order to calculate the
mechanical resistance to the tephra fall or to download any technical documentation attached to the layer (Fig. 9).
Similarly, different queries can be made on the road vector to perform targeted selections based on geometric
characteristics, for example to find all roads with a width below a certain threshold that could be completely closed
in the event of a volcanic emergency.
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Figure 7. Vector layer of primary and secondary schools.
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Figure 8. Attribute table associated with the vector thematism of schools in the RDBMS.

4. Conclusions

Spatial data and GIS are indispensable to comprehensively assess and manage the environmental impacts

of volcanic eruptions, providing the necessary tools to understand the immediate and long-term effects on the

environment and helping in planning effective responses and mitigation strategies.

In this work, we have presented a new system based on a spatial database and GIS technologies that can be used

for the assessment of vulnerability and, subsequently, of risk due to an earthquake or a volcanic eruption on Etna.
The main advantages of our system include the spatial data structure, which is managed by an RDBMS external to
the GIS platform, and the free and open-source GIS application that facilitates systematic searches for relationships
and patterns among municipalities, buildings and roads, supporting the planning of risk mitigation strategies. Access
to the database is done through a dedicated graphical interface implemented in QGIS that also includes possible
dynamic links to different types of multimedia data, such as images and technical sheets, associated to simulate
possible intervention scenarios, reducing the time and costs of any interventions by public administrations. Indeed,
for the management of volcanic risk, it is essential to survey the potentially vulnerable buildings, but also to manage
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Figure 9. Attribute table obtained in output of the query of intersection of buildings with the polygon of the municipality
of Milo.

the road graph in the area of interest in order to evaluate the vulnerability of road sections that may, for example,
be affected for example by large quantities of tephra. This is because a road section covered by tephra is impassable
and therefore cannot be used by emergency vehicles in the case of intervention.

During the development of the GIS application and the data structure, much attention was paid to the symbolism
and graphics, to make the application and the products as intuitive as possible for both scientific and practical
purposes. This provides an effective, easy usage and fast-sharing platform that has a significant potential as a
Decision Support System (DSS) to optimize the planning of risk mitigation actions. With regard to risk reduction,
the application can be used to identify and model hazards, and to map the potential footprint of disastrous natural
events, together with more complex algorithms for the modelling of the hazard itself.

The system was developed in the framework of a research project focusing on the volcano-induced multi-hazard
and multi-risk assessment at Etna. However, its flexibility allows it to be easily extended to any other area at risk
from any other natural hazards, such as floods, inundations and landslides. It represents the basis for any type of
vulnerability assessment, providing the most influential parameters and main inputs of most vulnerability models,
i.e. the height (or number of floors), the roof slope and the age of construction of buildings. It can be used for
land use planning as a tool for consultation and delimitation of zones, and to assess the safety of roads, buildings
and populations with respect to any natural hazard. In addition, it allows to easily identify the value exposed for
protective actions, such as optimal routes in real time for evacuation (see e.g. Mangiameli et al., 2013), and to
evaluate the consequences of potential emergencies.

Future development will include the continuous updating of all spatial data included in the database, to ensure
that the information received is the most up-to-date. Moreover, a Web GIS will be developed to allow the user to
operate on the data structure from WEB platforms or from operational centers, making the system efficient and
effective even during field surveys.

Data availability statement. Figures were generated using the free and open source QGIS software.
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