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In many territories, geo-hydrological disasters represent a problem of considerable importance, given that they
can cause substantial property damage, above all, life losses. In Italy, the geo-hydrological risk is widespread
depending on the geomorphological settings, climate conditions and anthropic pressure. Accurate knowledge
regarding the spatial and temporal extensions of past events, as well as the associated damages, allows the
elaboration of hazard and risk maps. The resulting data are strongly dependent on the accuracy and efficiency of
the sources used for data collection. In the framework of a long-term regional project, we compiled a geospatial
database of geo-hydrological hazards and damage that occurred in the Apulian region of southern Italy over the
last few decades. We used a validated database structure and improved it for practical and scientific purposes,
thereby making it compliant with the needs of the stakeholders (i.e., regional civil protection agency) as it
considers the regional geo-hydrological peculiarity and, at the same time, it follows the FLOOD and INSPIRE
European directives.

Based on the research and analysis of different information sources, we propose a method for quantitatively
evaluating the availability, efficiency, and accuracy of each utilized source (i.e., source of information total
quality index—SIQI) in an objective and reproducible manner. The SIQI index of the sources used is analyzed and
discussed.

We discuss the collected data on geo-hydrological processes and/or damage between 2008 and 2019, analyze
their temporal and geographical distribution, and make comparisons with other national catalogues and daily
geo-hydrological warning alerts.

1. Introduction

Understanding where geo-hydrological risk and related impacts will
be greatest is largely based on rigorous analysis of detailed data on past
events (Glade et al., 2001; Salvati et al., 2009; Taylor et al., 2015;
Napolitano et al., 2018; Avand et al., 2021).

The knowledge of the spatial and temporal distribution of geo-
hydrological phenomena, the quantification of the associated damages
and the characterization of their triggers can facilitate (i) the assessment
of the impacts of possible future weather/climate or seismic triggers, (ii)
the identification of areas exposed to relevant impacts caused by natural
phenomena. Understanding past events also provides ideas for
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activating specific damage mitigation actions in relation to possible
future scenarios. It also favors the development, use and validation of
early warning systems. For establishing a magnitude—frequency rela-
tionship regarding hazardous events, it is generally necessary to collect
historical data and perform statistical analysis (van Westen et al., 2008;
van Westen and Greiving, 2017). Available landslide/flood inventories
can be used for analyzing possible changes in the frequency and in-
tensity of events and, consequently, possible variations in their trig-
gering factors (Mertz et al., 2014; Stoffel et al., 2014; Gariano et al.,
2015, 2021), even in light of the impending climate changes. In this
regard, collecting, organizing, and managing data about
geo-hydrological phenomena provides indispensable knowledge
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regarding vulnerability, hazard, and risk assessments (Guzzetti et al.,
2005, 2012; van Westen et al., 2006; Van Den Eeckhaut and Hervas,
2012; Blahut et al., 2012; Mirus et al., 2020; Rohan et al., 2021).

Although it is widely recognized that collecting information on past
and recent geo-hydrological disasters is an exhausting and time-
intensive activity (Blahut et al., 2012), it is still the starting point for
building a reliable database where data on processes, damage, and costs
can be used for producing rigorous statistical analyses for successive
hazard and risk evaluation. As it is quite rare to obtain all the data useful
to reconstruct the complete history of a harmful event, it is crucial to
investigate the following questions: (i) What are the most effective re-
sources and storage systems for optimizing the activity, and (ii) what is
the quality of the resulting databases? In this context, the need for
“systematically evaluating, recording, sharing, and publicly accounting
for disaster losses” was acknowledged as a major priority of the United
Nations Hyogo framework for action on disaster risk reduction
(UNISDR, 2015), while requesting the development and improvement of
relevant databases. In recent years, many agencies, organizations, and
research institutes have started working on disaster data collection and
management, following the EU directive on open data and the reuse of
public sector information (i.e., directive (EU) 2019/1024), which en-
courages member states to make available for reuse as much information
as possible. Consequently, the data collection activity is highly inter-
esting to the scientific community, but it is predominantly applied in
public organizations regarding civil protection issues and amplified by
the expected increases in frequency and intensity of the triggering fac-
tors. The intensification of hydro-meteorological hazards related to
climate change (IPCC, 2014), combined with the increase of the exposed
elements, is expected to rapidly increase the impact of disasters (van
Westen et al., 2011; Tanoue et al., 2016; Ellena et al., 2020), as well as
the risks of economic activities in terms of damages.

In this paper, we describe the regional database of geo-hydrological
events as a relevant result of a project involving the CNR IRPI and the
Apulia regional civil protection agency. Research, selection, and storage
activities were devoted to collecting information on major events, low-
intensity phenomena, damages, and related costs spent by the public and
private sectors. Contextually, we present novel criteria designed for
ranking the availability, efficiency, and accuracy of each source of in-
formation used for compiling the database. We believe that the results of
the work, the proposed criterion, and the procedure described can be
used for optimizing future data collection campaigns in Italy and else-
where. To the best of our knowledge, and because of the nature and
quality of the information collected, the database described in this paper
represents an ideal extension at a regional scale of the large national AVI
project, concluded in 2001 (Guzzetti et al., 1994; Guzzetti and Tonelli,
2003) for both landslide and flood hazards. Results allowed us to
compare the temporal and spatial distributions of phenomena that
occurred in the Apulia region between 2008 and 2019 with those
registered in the AVI database between 1959 and 1998.

The paper is structured as follows: In section 2, we provide a back-
ground of earlier works regarding published databases and collection of
information on geo-hydrological hazards, damage, and related costs. In
section 3, we describe the procedure adopted for constructing our
database. In section 4, we describe the study area and apply the pro-
cedure to the case study. In section 5, we analyze the collected data. In
section 6, we conclude by discussing the results and implications.

2. Previous works

A number of databases with information on natural hazards,
including geo-hydrological hazards, were compiled from global to local
scales and used for research, insurance, and economic purposes. A
relatively large number of authors have attempted to organize and
publish databases on geo-hydrological hazards, the majority of which
were hazard- rather than impact-based. A brief list of database examples
conducted at the national or regional scales are given here, representing
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those databases organized for geo-hydrological hazards, having news-
papers, online news, and/or other organized and published databases as
sources of information.

At present, few global multi-hazard databases are available, e.g., EM-
DAT (http://www.emdat.be), NatCat (Munich Re, 2011), and Sigma
(Swiss Re, 2017). The first published database of historical information
on landslides and floods at the national scale, based on newspaper
screening and analysis, was built during the AVI project (Aree Vulnerate
Italiane; in English: “damaged urban areas™) (Guzzetti et al., 1994;
Guzzetti and Tonelli, 2004) and contains more than 9300 landslides and
flood phenomena that occurred in Italy during 1919-2001. More
recently, an extensive catalogue of flooding phenomena in Greece was
compiled by Diakakis et al. (2012), based on a large number of reports
and documents collected from several sources, demonstrating that urban
environments exhibit higher flood recurrence rates than mountainous
and rural areas. A set of newspapers were selected by Zezere et al. (2014)
and were systematically surveyed for collecting data on disasters and
constructing a consistent and validated hydrogeomorphology database
for Portugal. A variety of information sources, such as scientific publi-
cations, field data, and agency and press archives, provided basic in-
formation on the occurrence dates and impacts of damaging events for
building a landslide database for Germany (Damm and Klose, 2015). To
supplement existing records of the national landslide databases in Great
Britain (i.e., by the British geological survey (BGS)), Taylor et al. (2015)
updated the records on landslide events and their impacts by searching
an electronic archive of regional newspapers and implementing a
method for obtaining information from regional newspaper archives. A
national database on damage caused by landslides, floods, and debris
flows was built by Andres and Badoux (2019) for Switzerland; they
collected information on damage from 1972 to 2017 for identifying
potential connections to climate change. Regarding Italy, Calvello and
Pecoraro (2018) realized “FranelTalia”, i.e., a catalogue of 8931 land-
slides, which occurred in Italy from 2010 to 2017, using exclusively
online news outlets. With regard to floods, Isacco et al. (2018) prepared
“Floodbook”, i.e., an online platform aiming at becoming a database for
flood-damaged areas in Italy, while filling the knowledge gap regarding
flood events occurring in small and ungauged basins. Sinkhole events,
both of natural and anthropogenic origin, have been collected by Parise
and Vennari (2013, 2017) by searching different sources of information
for building a chronological catalogue of sinkholes in Italy. In Italy, to
investigate the dependence of mortality on gender and age, both during
fatal landslide and flood events, Salvati et al. (2018) organized data on
2063 fatalities that occurred in the country over the 50-year, 1965-2014
period, using multiple sources of information, including newspapers.

Valenzuela et al. (2017), based mainly on chronicles, created the
spatiotemporal database “BAPA” containing 2063 landslides that
occurred in northwestern Spain from 1980 to 2015, as well as infor-
mation on related damages and costs. They also created a website and an
app for increasing the number of landslides collected and minimizing
the bias caused by the use of newspaper information. For cities on the
Spanish Mediterranean coast, Gil-Guirado et al. (2019) used the digital
archives of the main newspapers and built a database at municipal scale
and with daily temporal resolution containing 3008 flood cases from
1960 to 2015, and collected information on damage, intensity, and
severity of the events. Graff et al. (2019), using information from several
geographical databases, proposed an approach for characterizing the
elements at risk for the Normandy region of France.

To address the lack of available precise damage data for calibrating
and validating flood-risk assessment models in southern France,
Saint-Martin et al. (2018) published DamaGIS, which aimed to collect
and assess flood-related damage data at the local scale using all types of
information. Examples of site-specific dataset recorded events for
limited areas became available by Paliaga et al. (2019), who published
an inventory of geo-hydrological phenomena in the Genova munici-
pality in northwestern Italy regarding landslides and floods, their in-
teractions with built-up areas, and cultural heritage sites, thereby
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allowing a first risk analysis. Garcia-Urquia and Axelsson (2014)
compiled a database for rainfall-induced landslides occurring in Teg-
ucigalpa, Honduras, based on news reported by two local newspapers.

Although the outlined literature represents a partial list of existing
catalogues, the analysis highlights the following: (i) The heterogeneity
of the inventory structures, (ii) their frequent focus on a single type of
hazard, (iii) the shortage of inventories including information on trig-
gers, other related phenomena, connected damage, and costs (De Groeve
et al., 2014), and (iv) the lack of structured information on
source-evaluation criteria, based on efficiency, quality, and availability
indices.

3. Methodology

In this section, we describe the procedure devised for registering
information regarding historical geo-hydrological phenomena (i.e.,
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landslides, floods, and sinkholes), as well as related triggers, damages,
mitigation works, and costs. The steps of the procedure are illustrated in
Fig. 1.

3.1. Agreement on definitions

The first step of the procedure (Fig. 1A) was theoretical and con-
cerned the full sharing, as well as understanding, of some definitions and
choices. First of all, it was defined the most effective IT solution for
facilitating the data management and publication. Then the type of
hazards to be recorded were selected taking into consideration the
stakeholder’s requests and the characteristics and extension of the study
area. It was also essential to set the level of detail (the data granularity)
with which hazards and impacts can or should be described. A quality
index was conceptualized, designed and applied to evaluate the quality
of the information sources (bibliography) used to compile the inventory.

A - DEFINITION AND CHOICES
| IT SOLUTION |
| TYPE OF HAZARD AND IMPACT IN THE STUDY AREA |
| LEVEL OF DATA DETAIL |
| SOURCE OF INFORMATION QUALITY |
B - ENTITIES C - INFORMATION SOURCES
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Fig. 1. Outline of the procedure designed for building AReGeoDatHa.
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3.2. Entities

The second step (Fig. 1B) involved the identification of different
entities to be used for describing the geo-hydrological phenomena and
related features. The starting point of this activity was the work of
Napolitano et al. (2018), in which groups of entities are identified and
considered fundamental to characterize landslides, floods and their
related effects. These entities include: Trigger (i.e., the major meteoro-
logical, seismic or anthropic causal factor of the geo-hydrological phe-
nomena), Event (i.e., the spatio-temporal ensemble of single phenomena
caused by the Trigger), Phenomenon (e.g., debris flow, flash flood),
Damages (e.g., people, roads, buildings), Mitigation (i.e., safety in-
terventions, riverbank restorations), Cost (i.e., cumulative or partial
monetary value related to the damage or a mitigation), Geolocalization
(of Trigger, Event, Phenomenon, Damage, Mitigation, by means of
points, lines, polygons). More details about the different entities are
provided in section 3.4.

For the purposes of this work, we have included three further en-
tities: Sinkholes (a geo-hydrological hazard that frequently occurs in
Apulia region), Criticality Alerts (i.e., warning levels issued by author-
ities in charge the day before the occurrence of the geo-hydrological
event) and Rainfall Causing Landslide (i.e., duration and cumulated
precipitation responsible for triggering a landslide). The two latter en-
tities are closely related to each other and useful for civil protection
issues. Criticality alerts are important to understand if and to what
extent the warnings issued by civil protection authority are then
confirmed by the occurrence of geo-hydrological phenomena. Rainfall
Causing Landslide is relevant for the definition of rainfall thresholds
predicting the occurrence of slope movements (e.g., Brunetti et al.,
2010) and useful for early warning systems implementation. This latter
entity therefore has the purpose of identifying accurate and very specific
information on individual landslides. Although it contains information
on the most frequent cause of the landslide occurrence (rain), it does not
fall within the more general definition of the Trigger. The Trigger entity
is in fact used to represent and describe the most general meteorological
factor, which affects wide territories and cannot be traced back to the
single accumulation and duration of rainfall recorded on a single sensor
located near a single landslide.

3.3. Sources of information

The third step involved the selection of the most appropriate infor-
mation sources regarding geo-hydrological data (Fig. 1C). For our pur-
poses, we selected newspaper articles, technical reports, and scientific
papers, in addition to existing institutional databases and other web
sources. Reliable, accurate, and complete information on geo-
hydrological phenomena is seldom obtained from a single information
source. In most cases, inter-comparisons of multiple sources improve the
information and allow the exclusion of less reliable sources. Inter-
comparisons are made based on the time and/or location of known
entities. The time and/or location of phenomena and damage are useful
for quickly looking into other sources for additional and more detailed
information; if more sources are available, additional details can be
added. In the days immediately after the most serious damaging events,
newspaper articles and chronicles report rough economic estimates of
the damage. Only after the official inspections made available by the
competent authorities, is it possible to collect certified data on the costs
and mitigation works financed or authorized. Regarding rainfall data,
considering their implication in the estimation of rainfall thresholds for
landslide triggering, it is necessary to consider only data provided by, or
derived from, designated agencies (in our case provided by National
Department of Civil Protection). For cost, and mitigation, inter-
comparisons are made with scientific sources, technical reports or
dedicated papers. Overall, four main categories of information were
used: (i) newspaper articles, (ii) technical reports and scientific papers,
(iii) institutional databases, and (iv) web sources. Multiple sources were
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allowed for checking the truthfulness and goodness of the information
by implementing an inter-comparison activity for validating the infor-
mation content and maintaining the quality standard of the collected
data. The procedure used for the selection and collection of the infor-
mation is described step by step in Appendix A.

3.4. Data-entry interface and database structure

The fourth step (Fig. 1D) involved selecting the database structure
and the related data-entry interface to be used for registering and storing
information. In this regard, LAND-deFeND (Napolitano et al., 2018), a
freely available and validated database structure (http://geomorpholo
gy.irpi.cnr.it/tools/land-defend-database-structure), has been modified
and implemented with additional features and a web interface for
data-entry and consultation. The objective was twofold: (i) to be as
compliant as possible with the European directives (INSPIRE, FLOOD
and their national implementations) and (ii) to facilitate data entry by
operators. LAND-deFeND is a relational database with a hierarchical
structure based on the definition of the following four groups of entities:
(i) Natural (NE), (ii) Human (HE), (iii) Geospatial (GE), and (iv)
Bibliographical (BE). The NE group includes the physical processes such
as the Trigger (blue in Fig. 2A), which may encompass one or multiple
Events (green in Fig. 2A), which in turn represent one or multiple
Phenomena (yellow in Fig. 2A).

This hierarchical structure, which fits perfectly with the entities
defined in section 3.2 and which consider the Trigger entity as an
essential element (followed by the Event and Phenomenon in cascade),
is in accordance with the Italian implementations of the INSPIRE
Directive. Question marks in the figure highlight that the database
structure is designed to allow the registration of entities even when in-
formation on some intermediate entity is missing. The HE group rep-
resents the interaction of the physical processes with the anthropic
sphere and includes Damages (red triangles in Fig. 2A), Mitigation
Works (brown triangles in Fig. 2A) and Costs (purple and light blue el-
lipses in Fig. 2A, depending, respectively, if a single cost is cumulated, i.
e. related to multiple damage/mitigation, or single).

In Fig. 2B we show another way to represent the conceptual schema
of the database, made to include the GE (grey boxes) which can be
associated to the NE (yellow boxes) and HE (red boxes). In the same
figure we can see that, in the database, the BE can be related to (i.e.,
allow the storage of the information source on) NE, as the Trigger or the
Phenomena and/or HE (as the Damage and the Mitigations). Compared
to the original, the updated version of the database structure includes
additional entities such as Sinkholes, Rainfall causing landslides and
Criticality alert. Sinkholes were added because of the characteristics of
the Apulian territory, where this type of geological hazard, which can
have both natural and anthropogenic origin, is highly frequent (Parise,
2010b, 2015; Fiore and Parise, 2013).

Geo-hydrological hazards (i.e., landslides, floods, and sinkholes)
occur in response to a single Trigger, such as an intense rainfall event, a
prolonged rainfall period, a rapid snowmelt event, a human action or an
earthquake. Multiple damaging processes (i.e., phenomena) that occur
in response to a single trigger can cause a cumulative socio-economic
impact. Fig. 2B shows the possible relations among the entities inside
a single trigger (Tp) that correspond to a typical geo-hydrological
disaster.

The data-entry operational sequence depends on the hierarchical
relationships existing through the NE, HE, GE and BE entities (Fig. 2A).
The Trigger is at the top; thus, it is mandatory to insert at least one
Trigger to register any other entities. The Trigger must necessarily be
characterized by a geospatial component indicating the area affected by
meteorological, earthquake or human induced events. In this regard, the
web interface allows users to record geometries by drawing multi-
polygons, lines, or points on top of a base layer (i.e., OpenStreetMap),
thereby allowing, in the case of the multi-regional/national database,
the analysis of the spatiotemporal evolution of the meteorological
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Fig. 2. Conceptual representations (A and B) of the LAND-deFeND database structure. A): temporal (above the grey time line) and spatial-temporal (below the grey
time line) relations between the Nature-related Entities (NE) and the Human-related Entities (HE) (modified after Napolitano et al., 2018). B): schematic relationships
between the four groups of entities: in the example the Bibliographic entities (BE) can be related to one (T3) or more (Ty) Trigger (NE), Geolocalization (Geospatial

entities GE) can be related to one or more phenomenon (NE) or damage (HE).

perturbation, which produces different types of phenomena and damage
based on its persistency, rainfall intensity, and the geomorphological
assets of the involved territories.

Events are defined as spatio/temporal ensembles of Phenomena;
therefore, more than one Event can belong to the same Trigger, even if
they differ regarding the location and start/end time. Geometry entities
(i.e., coordinates and shapes) can be used to geolocate and characterize
Trigger, Event, geo-hydrological phenomena (Landside, Flood, Sink-
hole), Damage, and Mitigation works. Cost entities can be registered in
the database to better describe damage and mitigation works they are
related to. A singe Cost can be related to one or multiple Damage/
Mitigation, depending on the granularity of the available information.
The BE (e.g., newspapers, books, scientific papers, etc.) can be registered
in the database, together with a pdf or an image file. All the entities
mentioned in the present section were translated into PostgreSQL tables,
when the conceptual model was implemented in a physical one. Please
refer to Napolitano et al. (2018) for details about the conceptual, logical
and physical modeling of the database structure.

3.5. Data analysis and views

Data elaboration constitutes the fifth step of the procedure. The web
interface includes predefined views that we implemented, allowing for
statistical analysis and producing maps compliant with the INSPIRE and
FLOOD directives (Fig. 1E, F). Additional views were implemented for
generating elaborate plots and other geospatial analyses able to quantify
the impacts of geo-hydrological events, classifying the related damage,
and quantifying the restoration and mitigation costs.

A specific tool of the web interface allows an expert user to manage
and query the stored data while using the SQL language. Predefined
views in accordance with the INSPIRE directive and the preliminary
flood-risk assessments of the FLOOD directive are available at the web
interface. The data can be exported easily in different formats.

3.5.1. Source of information quality index - SIQI

The collection of data on geo-hydrological phenomena represents the
basic activity for all the subsequent data analyses; therefore, the
collected information must be as reliable and accurate as possible for
maximizing the number of details included. For this purpose, we paid
particular attention to the evaluation of different sources of information.
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To quantitatively measure the characteristics of each source of in-
formation we devised a criterion for ranking the availability, efficiency,
and accuracy of each information source used during the data collection
activity that, cumulatively, provides a total quality index, i.e., the source
of information total quality index—SIQI (Fig. 1E). Table 1 lists the three
indices with increasing degree of complexity, i.e., the availability, effi-
ciency, and accuracy indices (Al EI, and Acl, respectively). Each index is
generated by a combination of three numeric indicators obtained
through different evaluation grids.

Al is generated by means of three double choice (i.e., 0 or 1) in-
dicators: the x indicator is dedicated to the cost options that could be
free (1) or paid for (0); the y indicator describes the type of support that
could be digital (1) or paper (0); and the z indicator is for evaluating the
usability that could be public (1) or private (0). To generate the final
index score, we assigned to each indicator a number using the following
equation (Eq. (1)) that is both positional and numeric:

Al =x*20 4 y*2! 4 722 Eq.1

El is generated by means of three double choice (i.e., 0 or 1) in-
dicators: the o indicator is dedicated to the terminology that could be
proper (1) or general (0), the p indicator is dedicated to the media file
that could be reliable (1) or stock images (0), and the y indicator is
dedicated to the informative content that could be good (1) or poor (0).
To evaluate the y indicator in the most objective way, for each news
piece or document in bibliography, a form was completed containing six
different questions about the presence (1) or absence (0) of information
regarding the place, date, triggering factor, type of processes, damages,
and cost estimate. When the sum of the single score was <3, the vy in-
dicator was evaluated as poor (i.e., 0); if it was >3, the y indicator was
good (i.e., 1). To generate the final score, we assigned a number to each
indicator using Eq. (2):

Table 1

List of the availability, efficiency, and accuracy indices (AI, EI, and Acl,
respectively). For each index the relative equation is reported together with the
indicators, items, options, and possible score used for its calculation.

Index Indicators Items Options Score
Availability x—Cost for free/paid for 1/0
-Al y—Support digital/paper 1/0
Eq. 1 z—Usability public/private 1/0
Efficiency - a—Terminology proper/general 1/0
EI p—Media file reliable/stock 1/0
Eq. 2 y—Informative place provided: 1/ > 1;
content yes/no 0 >3; 0
date provided: yes/ 1/ )
no 0 <3
triggering factor 1/
provided: yes/no 0
type of process 1/
provided: yes/no 0
type of damage 1/
provided: yes/no 0
cost estimate 1/
provided: yes/no 0
Accuracy - a—Temporal <24h high 2
Acl 24 + 168 h medium 1
Eq. 3 >168 h low 0
b—Spatial <1 km high 2
1+ 10km medium 1
>10 km low 0
c—Dimensional 2 or 3 D size high 2
details estimate
1D size estimate medium 1
Qualitative or no low 0

dimensional data
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EI=a*2° + p*2" + y*22 Eq.2

Acl is constituted of three triple choice (i.e., 0, 1, 2) indicators, and it
assesses the degree of accuracy of the information (i.e., data) reported by
the different sources. To quantitatively assess the three indicators, we
referred to the accuracy intervals defined in the dictionary tables of the
LAND-deFeND structure, which are specifically dedicated to measuring
the temporal and spatial accuracy (see Table 1) of each record in the
database. The tables list specific intervals expressed in hours (i.e.,
temporal) or km (i.e., spatial), which were used for assigning a numeric
score to each accuracy indicator (see Table 1). The a accuracy indicator
measures the temporal accuracy, while the b accuracy indicator quan-
tifies the spatial accuracy, both of which are classified as high (2), me-
dium (1), or low (0). The c accuracy indicator evaluates the presence or
absence of dimensional details (i.e., length, width, depth, area, and
volume) describing the physical processes (i.e., phenomena), and it is
classified as follows: high (i.e., 2) when 2D or 3D size estimates (i.e.,
areal or volume) are provided, medium (i.e., 1) when 1D linear
dimensional data are provided (e.g., length), or low (i.e., 0) when no
information or only qualitative estimations (e.g., a large landslide) are
provided. To generate the final score, we assigned a number to each
indicator using the following equation:

Acl =a*2" + b*3! + 4! Eq.3

Finally, we define the SIQI according to the following equation, as
the sum of the normalized score indices ()’:

SIQI = [(ALy) + (ELy) + (Acly)]/ 3 Eq.4

4. Application of the procedure

The procedure described in section 3 allowed the realization of the
Apulian Regional GeoDatabase for geo-hydrological Hazards
(AreGeoDatHa).

4.1. Apulia Region study area

Apulia is the southeastern part of the Italian Peninsula, extending in
the Adriatic and Ionian Seas toward the Balkans and Greece, and is an
elongated peninsula with over 860 km long coastline (Fig. 3). Geologi-
cally, it acted as a foreland during the building up of the Apenninic
Chain in the Miocene, and consists of several thousands of meters thick
carbonate bedrock formed in the Tertiary that remained essentially
undeformed (Patacca et al., 1990; Patacca and Scandone, 2007). It was
subsequently covered by Quaternary clastic carbonates and was char-
acterized since the Lower Pleistocene by a general uplifting until it
reached its present configuration (Doglioni et al., 1994). Topographi-
cally, it exhibits its maximum elevations (i.e., slightly over 1000 m a.s.1.)
in its northern sectors, namely in Daunia (NW) and in the Gargano
promontory (NE).

Apulia is one of the main karst regions in the Mediterranean area and
is characterized throughout most of its extent by soluble rocks (i.e.,
mostly carbonates, with subordinate evaporites). However, there are
differences among the main sectors of Apulia, with Daunia (i.e., the NW
sector, which is the transition to the southern Apennine Chain) strongly
differing from the rest of the region. Daunia terrains mainly consist of
prevailing fine-grained material, forming the typical flysch sequences in
the area. Regarding landslide types, due to the mostly clayey presence
and the low to medium relief (i.e., gentle slopes in the 7-15° range),
most of the phenomena belong to the flow-type categories, even though
they often start as rotational or translational slides (Zumpano et al.,
2020; Spalluto et al., 2021). The poor geotechnical characteristics of the
clay-rich flysch units (Cotecchia et al., 2015) are the origin of most of the
observed phenomena and reactivation (Parise et al., 2012; Refice et al.,
2019; Wasowski and Pisano, 2020; Diprizio et al., 2021).
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Fig. 3. Map of the study area (Apulia region).

Sinkhole occurrence with various typologies and triggers has been
documented in Apulia for many years (Delle Rose and Parise, 2002;
Bruno et al., 2008; Del Prete et al., 2010; Fidelibus et al., 2011; Festa
et al., 2012; Margiotta et al., 2012, 2016, 2021). Sinkholes have
repeatedly caused serious damages to infrastructures, buildings, and
human life, with more than 650 reported evacuees and injuries, as well
as one fatality (Fiore and Parise, 2013; Parise and Vennari, 2013, 2017).
Given the widespread presence of underground voids of both natural
and anthropogenic origin, sinkholes are among the most serious
geological hazards in Apulia, with most of the dangerous situations
being related to anthropogenic underground cavities. These cavities
have been excavated since the ancient times because of distinct albeit
complementary needs: urban development demanding building mate-
rials, or the need for continuous development of agricultural practices at
the surface (Parise, 2010a; Negri et al., 2015).

With time, the loss of memory (which is very often the reason for
geohazards; see Calcaterra and Parise, 2001), combined with the urban
expansion above the areas originally intended for underground quar-
rying, resulted in the development of sinkholes, typically occurring
catastrophically and without any warning signs at the surface.

Regarding the precipitation patterns in the Apulia region, the
average annual rainfall over the entire region is approximately 640 mm.
Except for the stations at higher altitudes, i.e., located in Gargano and
reporting annual rainfall between 800 and 1200 mm, annual rainfall
ranges between approximately 450 mm at part of the Tavoliere delle
Puglie plain and the Ionian coast near Taranto, and 800 mm in the
inland areas of Murgia and Salento, with record values being approxi-
mately 700 and 800 mm, respectively (Casarano et al., 2019). More than
66% of the average annual rainfall is observed in autumn to winter; in
summer rainfall exceeds 100 mm only in the rainiest areas of Gargano.
In the two decades 1980s and 1990s recurrent drought periods were
observed (Polemio and Casarano, 2008: Lionello et al., 2014; Doglioni
and Simeone, 2019).

4.2. Advancement in the database structure

The particular abundance of sinkhole phenomena occurring in the
Apulia region was the basis for modifying LAND-deFeND database
structure and implementing the possibility for recording this phenom-
enon. The choice required not only deploying a new database entity, but

also registering a number of different dictionaries (Table B 1; Appendix
B) that are used for characterizing single sinkholes. The sinkholes table
includes 23 fields, some of which are common with other types of
phenomena (i.e., landslides and floods), while others are related through
foreign keys to six new dictionary tables that have been added for
including the nature (Parise and Vennari, 2013; Parise, 2015), origin
(Gutierrez et al., 2014; Parise, 2019), classification, triggering factor,
and type of the new entity. In addition, we implemented the table crit-
icality alerts, containing information about the alert warning system
published daily by the regional civil protection agency. The table re-
cords contained the type of criticality (i.e., hydrological,
geo-hydrological, storm), level (i.e., no significant phenomena expected,
ordinary, moderate, high), date (i.e., day, hour), name of the authority
in charge, validity (i.e., time) of the forecast, and territory (i.e., alert
zone). Many of these fields are secondary to dictionary tables.

To characterize the rainfall event responsible for landslides trig-
gering a new entity, a Rainfall causing landslide was introduced in the
physical model through the creation of a table (i.e., rainfall event) for
registering the duration and cumulative rainfall data measured at the
time of the triggering of one or more landslides. We used data derived
from the “IRPI-DPC rainfall-events catalogue” (Vennari et al., 2013).
Raingauge data of the closest rain gauge to the landslide in which the
rain was measured (cumulated rainfall mm, rainfall duration_hour) were
calculated using the tool proposed by Melillo et al. (2018) for defining
objective and reproducible rainfall thresholds (Brunetti et al., 2010;
Peruccacci et al., 2012). In the table landslide, a foreign key defines the
relationship with the rainfall event table (which represents the Rainfall
causing landslides entity).

The data-entry web interface (step 4, section 3.4) was used for
recording information from 2008 to 2019 regarding 54 geo-hydrological
disasters (i.e., Triggers), and 133 data on landslides, 222 on floods, and
38 on sinkholes, resulting in 663 records dedicated to damages in
Apulia.

Data analysis (section 3.5; Fig. 1E) allowed the statistical evaluation
of the data, as described in the following section.

5. Results

Results of this work are various and concern (i) a description of the
data recorded in the database, (ii) the evaluation of the geographical
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persistency and temporal frequency of geo-hydrological processes and
their related damage and direct cost, (iii) the analysis of the data in
relation to earlier published catalogues available for the Apulia region
(AVI archive) and to the daily geo-hydrological criticality alerts bulle-
tins issued by the responsible authorities, and (iv) the analysis of the
Source of Information Quality Index (SIQI) values.

5.1. Recorded data

Data on geo-hydrological events generating one or multiple phe-
nomena and/or damage during 2008-2019, were entered in AReGeo-
DatHa and are now available for downloading at https://doi.org/10.
5281/zen0do.5898539 including the metadata and the layer
description.

The actual version of the database contains i) 488 natural entities, ii)
864 human entities, iii) 772 geospatial entities, and iv) 156 information-
source entities. Fig. 4 shows an overview of the geographical distribu-
tion of the sites for which precise or approximate information on the
geospatial entities (i.e., latitude and longitude) could be collected in the
Apulian database, related to natural (in green) and human (in red) en-
tities. Visual inspection of Fig. 4 reveals that, during the study period,
sites affected by geo-hydrological phenomena were concentrated in the
Gargano and Daunia areas (i.e., northwest), especially regarding land-
slide phenomena, and along the Adriatic coast and in proximity to the
Gulf of Taranto (i.e., southeast), regarding mostly flooding. In the white
boxes, we highlight the coexistence of different geographical entities (i.
e., points, lines, and polygons) referred to natural or human entities.

Overall, 54 Triggers and 41 Events have been surveyed, most of
which have slope and fluvial dynamics. There are triggers with no events
and triggers with more than one event, as far as the database structure
allows to do. The triggers with the highest number of events, which
differ in spatial extension, occurred during October 2009, involving the
Bari, Foggia, and Brindisi Provinces (i.e., ~12.500 km?), and in
November and December 2013, involving the Foggia, Bari, and Taranto
Provinces (i.e., ~13.500 km?). The trigger with more events that
differed for temporal extension occurred in September 2014 in the
Gargano area (i.e., northwest). This distinction was made on the basis of
rainfall analysis, through which four main rainfall events were identified
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(Martinotti et al., 2017).

Fig. 5 summarizes the data grouped by phenomenon type (left:
landslides; middle: floods; and right: sinkholes). The landslides recorded
in AReGeoDatHa are 133 and are classified as follows: 81 generic, 13
rock falls, 12 earthflows, 10 mud flows, 10 debris flows, 4 slides, 2 flow
slides, 1 rock slide. Most of the landslides affected the Foggia Province (i.
e., north), while San Marco in Lamis is the most impacted municipality
(dark red in Fig. 5a). Regarding the temporal accuracy of landslide
phenomena, for 44 and 26% of the cases, the weeks and days of
occurrence are known, while for 15% of the cases, the temporal occur-
rence uncertainty is in the order of hours. To record geospatial entities of
landslides, we used coordinates as points or polygons. The spatial accu-
racy of geo-referenced landslide phenomena is very high, i.e., less than
100 m for 80% of the elements.

The trigger that caused the highest number of landslides (i.e., 40)
was in March-April 2016 (Fig. 5d); it was an extreme weather event
mainly focused on the Foggia Province, and in particular the Daunia
area (i.e., northwest). A state of emergency was declared, several in-
spections were conducted by the regional civil protection agency, and,
consequently, precise data regarding the location of phenomena and
damaged elements were available. The highest monthly occurrence rate
of landslides occurred in March and the second highest in September
(Fig. 5e). Rainfall-triggered landslides with associated rainfall parame-
ters from the IRPI-CNR rainfall-event catalogue were recorded in the
database for 22 distinct landslide phenomena. The most damaged ele-
ments are the road network, railways, and network infrastructure, and
are grouped together in the infrastructure category (in orange in
Fig. 5m), as regulated by the European FLOOD directive. Very few
landslides damaged cultural assets or economic activities. These results
are in line with those documented in Daunia, where damages due to
landslides and land-use changes play a significant role in the depopu-
lation of the area (Wasowski et al., 2010; Pisano et al., 2017a, b).

In AReGeoDatHa, 222 flood phenomena were recorded during
2008-2019. Their distribution at the municipal scale is represented in
Fig. 5b, where Bovino and Castelluccio Valmaggiore (in the Foggia
Province) are the most affected villages during the study period. The
trigger that caused the largest number of floods (i.e., 50) affected the
Foggia, Bari, and Taranto Provinces during November-December 2013

@ Natural related entities

ated entities

A Human S
ated entities

=== Huma

Fig. 4. Natural (green) and human (red) entity coordinates recorded in AReGeoDatHa. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)
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tribution, (e, g, i) monthly distribution, (I, n) mitigation costs due to landslide and flood phenomena, (p) nature of sinkholes, (m, o, q) type of consequence.

(Fig. 5f). Most of the surveyed floods have daily temporal accuracies,
while 14% of the floods have temporal uncertainties in the order of a few
hours. The monthly distribution of the recorded floods revealed a major
peak in September and a secondary peak in March (Fig. 5g).

The spatial accuracy of the flood coordinates (points, lines, or poly-
gons) was very high: less than 100 m for 80% of the records surveyed.
Regarding the source of flooding (as required by directives 2007/2/EC),
56% of the floods are fluvial and 33% are pluvial. Floods are the phe-
nomena that cause most of the recorded damage in the Apulian cata-
logue. To record damage information, the FLOOD Directive
classification was used (Directive 2007/2/EC), which considers 11 cat-
egories and 111 subcategories of damaged objects. We implemented the
classification with new damaged objects not included in the directive,
considering that AreGeoDatHa includes also landslides and sinkholes.
The purpose of the FLOOD Directive is to establish a framework for the
assessment and management of flood risks, aiming at the reduction of
adverse consequences for human health, the environment, cultural
heritage, and economic activities. For this reason, for any type of phe-
nomena, we also analyzed the “type of consequence” that the damage
produced: human health, community, waterbody status, protected
areas, environment, cultural assets, property, economic activity, infra-
structure, rural land use, pollution sources, and other.

Communication infrastructure (orange in Fig. 50) as longitudinal
defense works (i.e., embankments, bank walls, paintbrushes), public and
private buildings, and the agricultural sector (i.e., rural land use) were
repeatedly affected (Fig. 50). Damage to people, and in particular, the
number of deaths recorded in the database, is mainly due to floods.

Over the study period, there are 38 sinkholes recorded in the Apulian
geodatabase; the number of processes at the municipal scale is shown in

Fig. 5c. Most of the sinkhole phenomena occurred in 2014; the worst
month was September (Fig. 5h, i). These sinkholes were triggered by the
meteorological event of September 2014 (Parise et al., 2018). The high
percentage compared to the total sample is linked to the field inspections
by the IRPI researcher team after the event. Most of the sinkholes are
connected to cavities of natural origin (35.9%), while 33.3% of them are
related to anthropogenic cavities (Fig. 5p). The remaining percentage
refers to sinkholes for which the nature of the underground cavities is
unknown. The temporal accuracy of the recorded sinkhole phenomena
was weekly. The spatial geolocation accuracy of the sinkholes is very
high for 75% of the phenomena, i.e., less than 100 m. Referring to
damage caused by sinkholes, Fig. 5q shows that infrastructure and rural
land use are the most damaged categories.

The costs related to mitigation works, financed and/or conducted,
are mainly derived from the interventions financed after state of emer-
gency statements (from 2004 to 2017), provided by the Apulian civil
protection department. Regarding post-landslide interventions, costs
exceeded 4,000,000 €, with interventions ranging between 3500 and
1,700,000 € (many of the costs are cumulated) (Fig. 51). Road networks,
safety measures, hydraulic works, construction of gabionades, and
restoration work are among the most frequent interventions. Costs
reserved for flood mitigation work were significantly higher, amounting
to 14.000000 €. These are interventions with costs between 6.000 and
2.250.000 € (Fig. 5n): restoration of hydraulic functionality (i.e.,
embankment routes, damages to the hydraulic network, restoration of
the river’s viability), road network, water supply, and sewerage works
for which the cumulative costs are provided.



C. Vennari et al.

5.2. Alert bulletins and other catalogues

The analysis of the geo-hydrological alerts daily issued by the civil
protection authorities can be very helpful for understanding the pres-
ence of missed alerts. Warning levels were compared with the occur-
rence of geo-hydrological phenomena. Of the 41 damaging events
collected for a total of 97 days, from 2008 to 2019, the corresponding
alerts were the following:

i 27.8% absence of significant phenomena had been forecasted;
ii 24.7% ordinary criticality for hydraulic and/or geo-hydrological
risk;
iii 38.2% moderate criticality for hydraulic and/or geo-hydrological
risk;
iv 9.3% high criticality for hydraulic and/or geo-hydrological risk.

We observed that more than a quarter of the events that caused
damage were not predicted; the percentage rises to more than half if we
also consider the cases in which ordinary conditions were predicted (but
which actually include the possibility of damage to persons and property
due to localized phenomena).

Currently AreGeoDatHa covers a period of 12 years (ie,

1 M
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2008-2019), during which the landslide, flood, and sinkhole frequencies
were 9.75, 15.4, and 3.9 events/year, respectively; these values are
larger than those previously reported (i.e., AVI project; Guzzetti et al.,
1994; Guzzetti and Tonelli, 2003). In the 40-year 1959-1998 period, the
AVI database for the Apulia region accounted for 165 landslides (i.e.,
4.12 events/year), 371 floods (i.e., 9.3 events/year), and 28 sinkholes (i.
e, 0.12 events/year). However, this comparison must be carefully
considered because (i) intensive urbanization and land-use changes have
made the territory more vulnerable to geo-hydrological phenomena, and
(ii) in recent years, there are relatively more sources of information
available. Nevertheless, since the source of information that provided
most of the information in this study is the same used by AVI project (i.
e., the newspaper “La Gazzetta del Mezzogiorno™), we cannot exclude
that the increased number of events causing damages may also be, at
least partly, related to the increased frequency of extreme weather
phenomena (Diodato et al., 2019).

5.3. SIQI index values

When preparing catalogues of geo-hydrological events/phenomena,
data collection is conducted using diverse information sources, as their
combination can improve the quality of the recorded data. The SIQI
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#9 A #7 f‘!\ #2 A‘ #10 ‘ #11 ‘
Acl El Acl El Acl El Acl El  Acl El
Al Al Al
#13 A' #1 \ #12 é
Acl El Acl El Acl El
Al Al Al Al Al
y ) A y i‘} )
Acl El  Acl El Acl El  Acl El Acl El
A # Type Source of information Al | EI | Acl [SIQI
AVAILABILITY INDEX !
1 21 elioeleeeibeiengpes |1 Wi
3 T Scientific papers 11
0,15 4 T Rainfall events IRPI-DPC catalogue 0.71 0.71 0.61 0.68
05 5 T IRPI-Regional DPC Surveys 071 1 089 087
# source of i
informaion 025 6 Sinkholes chronological catalogue
a i State of emergency request and funding documents 043 0.71 0.28 047
045 0.5 8 List of inspections for states of emergency 071 1 056 0.76
0% 05 9 Technical report on cliff instability - Regional DPC 0.14 0.14 017 0.15
075 075 Fire Brigade Intervention Reports 071 057 028 052
A1| E1| ANAS - National Road Administration database 071 0.71 028 057
C -
ACCURACY INDEX EFFICENCY INDEX CCISS - Center for Road Safety Information database  0.71 0.71 0.56 0.66
W Local blogs and institutional social media profiles 1 029 039 0.56

Fig. 6. Triangular charts comparing the SIQI, Al EI, and Acl rescaled to a common range [0-1], with 0 and 1 assigned to the least and best performing values,
respectively. Triangle areas indicate the SIQI, with larger (smaller) triangles reflecting higher (lower) quality. C: newspaper articles and chronicles; T: technical
reports and scientific papers; I: institutional databases; W: web sources.
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quantitatively measures the characteristics of each source of informa-
tion, thereby allowing the quantitative ranking of the availability, effi-
ciency, and accuracy of each piece of information, and cumulatively
giving a final quality index.

In the following, we first briefly describe the main characteristics of
the four types of information sources used in this work (i.e., newspapers
articles, technical reports and scientific papers, institutional databases,
and web sources), and we subsequently show the SIQI values calculated
based on these characteristics. Appendix A reports a more detailed
description of the information sources used.

Newspaper articles (#1-2 in Fig. 6) provide complete temporal
coverage and information on most of the recorded data; however, they
mainly focus on events with larger impacts on community life and public
interests. No standard criterion emerged in their descriptions, while
news terminology was not properly used. The accuracy of spatial and
temporal information can be very variable, and it is usually correlated
with the severity of the event. A validation process for this type of source
was conducted for maintaining the quality standard of the collected
data. Despite these limitations, newspapers articles constitute a uniform
basis for most recorded events.

Technical reports and scientific papers (#3-4-5-6 in Fig. 6) provide
thorough descriptions of single processes (e.g., a single landslide, flood
mechanism, etc.) and very detailed technical information, but are
limited to specific case studies. Data from scientific sources are char-
acterized by high detail and rigorous terminology; however, the inves-
tigated time coverage, study area, and type of phenomena are limited to
the specific aims of each study. Technical reports are mainly available
for a few, very extensive, damage disasters, and scientific papers are
available for specific study purposes. Depending on the specific aim of a
single research project, scientific sources (i.e., papers and reports) can
include information about restoration and mitigation works and their
related costs. The scientific community can also make available specific
databases compiled using newspapers articles and chronicles or other
institutional databases. These latter sources are fundamental in
acquiring data on damage compensation and cost assessments.

Institutional databases (#7-8-9-10-11-12 in Fig. 6) are more ac-
curate because of the standardization of data type, terminology, and
validation process; conversely, the information they provide is limited to
their operational and/or institutional purposes. Databases may aim at
specific aspects, cartography, phenomena typology, triggering mecha-
nisms, hazards, vulnerability, and risk analyses. The collected infor-
mation is not directly available even to insiders, and, in general, it is
necessary to ask for data availability. Usually, this source of information
is limited by the transition from analog to digital formats, thereby
exhibiting problems related to software maintenance or compatibility,
and even in the preservation of hardware support. Their operational
reorganizations produce data gaps; consequently, gaps in temporal se-
ries are not rare. Analysis of paper archives is time intensive; therefore,
analysis is often limited to digital data.

Web sources (#13 in Fig. 6) are represented by online newspapers,
blogs, and social media; they can provide detailed information including
photos and videos, and are useful for better characterizing the natural,
human, and geospatial entities related to geo-hydrological hazards. In
addition, online sources provide detailed information regarding the time
occurrence because they are continually updated. Conversely, the reli-
ability of these sources of information is often verified. Often, the same
news are published on more than one website or blog, and despite the
abundance of online information, no additional details are given. We
usually refer to institutional profiles for news published on social media,
or research other sources for inter-comparison, which increases the ac-
curacy and detail of the data, and it is necessary for validating the in-
formation from the web sources.

The calculated SIQI values are shown in Fig. 6, where for each source
of information, a triangular chart is provided, together with a table
containing the corresponding values. The areas of the triangles measure
the quality of the sources of information, with larger (smaller) triangles
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reflecting higher (lower) quality. The shapes of the triangles reveal the
contribution of the three indices to the overall quality of the informa-
tion. The scientific papers (i.e., #3) was the type of source with the
highest scores for all three indices; conversely, the worst type of source
was the technical reports on coastal cliff instability (i.e., #9) produced
by the regional civil protection agency, which did not provide useful
information. Although this latter source is one of the few certified and
institutionally available sources, the systematic reading of all documents
did not produce useful data. This is not the case for the other two
certified institutional sources (IRPI - regional DPC surveys #5, list of
inspections relating to states of emergency #8) that exhibit a very high
SIQI score and both turned out to be very reliable sources. Inspection of
Fig. 6 reveals that high Acl values are rare, and only one (i.e., #3)
reaches the maximum score; the statistics of this index (i.e., mean y =
0.48; mode Mo = 0.28) are the lowest among those of all three indices.
Conversely, the sources with a low or very low Al value (i.e., #9-7) are
rare; the mean value of this index (p = 0.73) is the highest among those
of the three indices. Lastly, EI exhibits a more gradual distribution (i.e.,
mean y = 0.67; mode Mo = 0.71).

6. Discussion and conclusion

Geodatabases can be built using different types of information
sources, ranging from newspapers articles and chronicles to scientific
reports, and they can be used for different purposes, such as for per-
forming hazard and risk analysis, calibrating risk assessment models,
and designing civil defense management plans. The goodness of results
mostly depends on the quality and reliability of the data. In this work,
particular attention was paid to the quality of information on geo-
hydrological phenomena and their effects. When dealing with the
collection, organization, and storage of geo-hydrological data, two of
the many problems are certainly the most relevant: (i) finding available,
reliable, and accurate sources of information, and (ii) making use of a
flexible database structure that allows the collection of as many data as
possible. To address the first issue, we conceptualized and designed a
criterion for evaluating and classifying the different sources of infor-
mation used for the data search. This need has grown over the years due
to the considerable increase in the number and type of documentary
sources because of the spread of the web. To the best of our knowledge,
this is the first time that a quantitative analysis has been applied to the
information sources with the aim of finding different performance
indices, the combination of which gives a quality index (SIQI). Beyond
the ranking obtained and analyzed (section 5.3) regarding the different
sources used for compiling AReGeoDatHa, the designed criterion is in
itself an important result: it allows the assessment of three different
indices, which are useful for quantifying the quality of the data source.
The approach designed and tested for the Apulian catalogue can be
easily applied to other information sources in future research. The
designed indices become a means for objectively and quantitatively
evaluating the sources used for compiling the catalogue, and if included
as metadata, they could reinforce the trust in the collected data. The
indices could add value to similar databases that use local or national
newspapers or other non-institutional sources that do not recognize the
quality and reliability of their data.

Quality indices are widely used in many fields, e.g. journalism.
Globally recognized trust indicators (https://thetrustproject.org/abo
ut/) have been created for amplifying the journalism’s commitment to
transparency, accuracy, inclusion, and fairness. Similarly, the indices
presented in this paper can easily assess whether the catalogue infor-
mation content comes from credible sources.

Using different sources of information and covering long periods, the
details on the collected information may not be complete or uniform. For
this purpose, a flexible database structure, specially designed for
recording and managing data on geo-hydrological processes, should be
used. The LAND-deFeND structure was adopted for the Apulian data-
base. The original structure (Napolitano et al., 2018) was implemented
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and adapted to the specific stakeholder requests, thereby confirming its
broad applicability. The new version includes the following new entities:
(i) natural and anthropogenic sinkholes, (ii) rainfall causing landslides,
and (iii) dedicated tables for recording the warning alerts issued by the
regional/national civil protection agency. Sinkhole occurrence in Apulia
is essentially due to the karst nature of most of the region, combined
with the extremely frequent artificial cavities of various typologies
(Galeazzi, 2013; Parise and Vennari, 2013). Sinkholes activated by
natural causes typically occur because of storms or, less frequently,
earthquakes (i.e., triggers). Because of their importance in Apulia,
sinkholes have been integrated into the conceptual model as a natural
entity, belonging to the phenomena in the logical model of the database.

To increase the information content of the Apulian database, spe-
cifically with regard to the triggering factors of landslides, an additional
entity, i.e., the Rainfall causing landslide, has been added. At regional
and global scales, empirical rainfall thresholds are among the most used
tools for predicting rainfall-induced landslides (Rossi et al., 2012).
Storing information on rainfall events responsible for landslide trig-
gering is very useful for civil protection actions. The introduction of the
rainfall event table (which implement the Rainfall causing landslides
entity) allows relating rainfall data with data on landslide processes and
the consequences they cause. The new relations allow for deeper and
detailed data analyses and broaden the application possibilities in the
scientific field, as well as in the operational field of civil protection
forecasting systems. Finally, in order to verify and validate the alerts
issued by the regional and national civil protection authorities regarding
the expected geo-hydrological criticality for a given territory, a specific
table (criticality alert) has been included in LAND-deFeND. Including
these new tables was essential because the efficiency of the forecasting
system and effectiveness of phenomena prediction can only be assessed a
posteriori through the analysis of the information collected. The first
results show that, for the time period studied, in at least a quarter of the
cases, the warnings were not able to predict the events that caused
damage.

For most landslides, floods, and sinkholes in the catalogue, infor-
mation on the damage and cost is available. The cost table stores in-
formation on the economic value of the damage, construction works,
remediation, and mitigation measures. Typically, information on the
cost caused by a trigger, event, or phenomenon is often generic (Munich
Re, 2011); for example, it encompasses costs for damage remediation
and risk mitigation. To consider this possibility, the damage and miti-
gation tables include a foreign key for linking them to the cost table, so
that information on multiple damages and mitigation works can be
related to a single, cumulated monetary value in the cost table. In
addition to the monetary value, fields on the cost table allow separating
economic costs that are estimated or officially allocated but not yet spent
or spent. This distinction is important when determining the actual cost
of a damaging event or trigger. In the Apulian database, the majority of
the costs recorded are officially allocated, since there is available in-
formation regarding events for which a state of emergency has been
declared; therefore, precise data have been given regarding the place-
ment of the damaged element and related costs. This is because in Italy,
damages caused by geo-hydrological hazards are fixed primarily using
public resources, while often following specific legislation. In our
experience, for more severe events, which in terms of civil protection
have led to higher emergency levels, more and more detailed informa-
tion is available.

The AReGeoDatHa database can be meaningfully compared with the
AVI archive data (http://sici.irpi.cnr.it/). Comparative analysis of the
frequencies of the two available catalogues reveals that the frequency
values calculated for the 12-year 2008-2019 period are higher than
those calculated for the 40-year 1959-1998 period of the AVI database.
Since the present work and the AVI project share the same primary
source of information (i.e., the newspaper “La Gazzetta del Mezzo-
giorno™), it cannot be excluded that the increased number of damaging
events may be at least partly related to the increased frequency of
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extreme weather phenomena. In addition, in recent decades, the
intensification of human activities and land-use changes have led to the
spread of new urban areas and buildings, infrastructure, and industrial
and rural activities. Meanwhile, the development and dissemination of
the web and social media have led to increased availability of infor-
mation, even for small events (Stoffel et al., 2014) such as single land-
slides interrupting local roads or isolated rainfall events that produce
local flooding. These kinds of events were certainly under-reported in
earlier catalogues, even though they were the most frequent and of
particular interest regarding civil protection matters.

This work confirms that using different information sources,
analyzed and classified with a quality index, can increase the amount of
data and quality of extracted information. The designed criteria could
easily be applied to new databases, even in different research sectors; the
quantification of the quality of collected data is their added value.

The presented case study confirms the flexibility and efficiency of the
used database structure, as it facilitates recording all the available in-
formation regarding geo-hydrological hazards in a single structure. It
has the advantage of collecting in a single database information on
different phenomena, related damages, costs, and mitigation works. It
facilitates the addition of new data thanks to a simple user-friendly web
interface, the analysis of recorded data, and the management of the
temporal and spatial uncertainty of geo-hydrological events. The
regional database could be useful for land use and civil protection
planning, while it may elucidate areas more susceptible to geo-
hydrological hazards during an event, thanks to the separate geo-
location of phenomena and damage. It could be helpful to select sites
where monitoring processes and/or prevention works need to be
adopted, based on data concerning past events, incurred costs, and
mitigation works. From this perspective, the main users of the database
will be local administrators and civil protection agencies. The database
structure is compliant with European directives; therefore, its potential
application at the national or European scale is guaranteed. Since the EU
Member States are required to maintain and update their own national
catalogue of past flood events, (as required by article 4.2b of the Pre-
liminary Flood Risk Assessment) AReGeoDatHa allows to download the
data for updating the national catalogue on flood events.
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Appendix A
Procedure used for the collection of the information

The database of geo-hydrological events developed for the Apulian region considers the phenomena that have occurred from 1992 to 2019. Four
main categories of information were used: (i) newspapers articles, (ii) technical reports and scientific papers, (iii) institutional databases, and (iv) web
sources.

For the collection of the information (section 3.3; Fig. 1C), we proceeded by date using a temporal approach starting from the oldest (i.e., from
1992) to the more recent (i.e., from 2019) available information sources, and from the large digital archive of the local newspaper “La Gazzetta del
Mezzogiorno” (#1 in Fig. 6). Such an approach allows the trigger to be circumscribed in an occurrence time interval expressed in number of days. We
scrutinized the online archive on which keyword searches were carried out and about 900 articles were selected with useful information on geo-
hydrological phenomena as well as on damages, and restoration and mitigation works related to them.

Subsequently, the recognition of any type of processes (i.e., phenomena) and human-related entities is made by using additional local or regional
newspapers (#2 in Fig. 6) available during the days of the trigger occurrence, thereby allowing the data amount and details to be enriched, and new
phenomena or damage to be recognized. To validate the information from the newspapers articles, an inter-comparison activity allows us to obtain
validated data from different information sources including blogs and institutional social media profiles (#13 in Fig. 6).

More detailed and accurate information result in greater numbers of elements allowing a complete re-enactment of geo-hydrological events
occurring in the study area. Normally, the availability of multiple sources depends largely on the severity and extent of the damage occurring during
an event, as well as the timespan covered by the catalogue.

There were multiple collected institutional sources. The regional civil protection agency provided technical documents with reliable information:
technical and emergency reports (#7 in Fig. 6), lists of the funded interventions following states of emergency (#8 in Fig. 6), and a list of coastal cliff
collapses (#9 in Fig. 6). These documents contain information on both phenomena and damage and restoration costs, even though the format of these
sources is very heterogeneous, ranging from paper or PDF files to spreadsheets. We acquired also the intervention sheets of the provincial fire brigade
command (#10 in Fig. 6), containing detailed useful information on their interventions following damages caused by geo-hydrological phenomena. To
obtain information on the events that affected the road network, a list of road interruptions caused by geo-hydrological events was requested and
acquired by the national roads authority (#11 in Fig. 6) and road safety information coordination center (#12 in Fig. 6). In addition, we analyzed all
scientific publications (#3 in Fig. 6) and databases from earlier projects (#4, #6 in Fig. 6), along with studies and technical reports (#5 in Fig. 6) from
the center of competence for civil protection (CC) CNR-IRPI, whenever they were involved in the states of emergency.

Appendix B

Table B 1
input tables, dictionary tables and views present in LanDeFeND.

INPUT DICTIONARY VIEW
Coordinates Administrative Data Inspire-Flood Observed Event
Trigger Alert Zone Inspire-Landslide Observed Event
Events Bibliographic Source Inspire-Sinkhole Observed Event
Criticality Alert Bibliographic Topic Inspire-Observed Event
Landslides Cave Type Inspire-Landslide Exposed Event
Floods Civili Protection Authority Inspire-Flood Exposed Event
Rainfall Event Cost Inspire- Observed Event
Sinkholes Criticality Level PFRA
Damage Critically Type PFRA-Damage
Mitigations Event PFRA-Events
Costs Expose Element Category PFRA-Phenomena
Bibliography Flood
Biblio Association Flood Mechanism

Funding

Geographical Accuracy

Landslide

Level Total Damage

Object

Object Type

Predisposing Factor

Progress

Sinkhole Nature
Sinkhole Origin
Source of Flooding
Temporal Accuracy
Triggering Factor
Triggering Reliability
Type Category

Type of Image

Unit of Management
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https://www.emdat.be/, accessed 15 September 2021.
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https://www.eea.europa.eu/data-and-maps/data/copernicus-land-monitoring-service-eu-dem, accessed 21 December 2018.

https://thetrustproject.org/about/, accessed 17 September 2021.
http://sici.irpi.cnr.it/, accessed 20 October 2021.
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