
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tjom20

Journal of Maps

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tjom20

Geomorphology of landslide–flood-critical areas in
hilly catchments and urban areas for EWS (Feltrino
Stream and Lanciano town, Abruzzo, Central Italy)

Cristiano Carabella, Fausto Boccabella, Marcello Buccolini, Silvia Ferrante,
Alessandro Pacione, Carlo Gregori, Tommaso Pagliani, Tommaso Piacentini
& Enrico Miccadei

To cite this article: Cristiano Carabella, Fausto Boccabella, Marcello Buccolini, Silvia Ferrante,
Alessandro Pacione, Carlo Gregori, Tommaso Pagliani, Tommaso Piacentini & Enrico Miccadei
(2021) Geomorphology of landslide–flood-critical areas in hilly catchments and urban areas for
EWS (Feltrino Stream and Lanciano town, Abruzzo, Central Italy), Journal of Maps, 17:3, 40-53,
DOI: 10.1080/17445647.2020.1819903

To link to this article:  https://doi.org/10.1080/17445647.2020.1819903

© 2020 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group on behalf of Journal of Maps

View supplementary material 

Published online: 17 Sep 2020. Submit your article to this journal 

Article views: 668 View related articles 

View Crossmark data Citing articles: 2 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=tjom20
https://www.tandfonline.com/loi/tjom20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/17445647.2020.1819903
https://doi.org/10.1080/17445647.2020.1819903
https://www.tandfonline.com/doi/suppl/10.1080/17445647.2020.1819903
https://www.tandfonline.com/doi/suppl/10.1080/17445647.2020.1819903
https://www.tandfonline.com/action/authorSubmission?journalCode=tjom20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tjom20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/17445647.2020.1819903
https://www.tandfonline.com/doi/mlt/10.1080/17445647.2020.1819903
http://crossmark.crossref.org/dialog/?doi=10.1080/17445647.2020.1819903&domain=pdf&date_stamp=2020-09-17
http://crossmark.crossref.org/dialog/?doi=10.1080/17445647.2020.1819903&domain=pdf&date_stamp=2020-09-17
https://www.tandfonline.com/doi/citedby/10.1080/17445647.2020.1819903#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/17445647.2020.1819903#tabModule


Geomorphology of landslide–flood-critical areas in hilly catchments and urban
areas for EWS (Feltrino Stream and Lanciano town, Abruzzo, Central Italy)
Cristiano Carabella a, Fausto Boccabellab, Marcello Buccolini a, Silvia Ferrantec, Alessandro Pacioned,
Carlo Gregorid, Tommaso Paglianie, Tommaso Piacentini a and Enrico Miccadei a

aDepartment of Engineering and Geology, Università degli Studi “G. d’Annunzio” Chieti-Pescara, Laboratory of Tectonic Geomorphology
and GIS, Chieti Scalo (CH), Italy; bMunicipality of Lanciano, Lanciano (CH), Italy; cEnvironmental Conflict Documentation Center, CDCA
Abruzzo – APS, Frisa (CH), Italy; dAeCtech, Rieti (RI), Italy; eSASI SpA, Lanciano (CH), Italy

ABSTRACT
Urban and small catchment landslides and floods are common types of hazards caused by intense
rainfall. The detailed geomorphological mapping and analysis of the superficial hydrographic
network are fundamental tools to assess the geo-hydrologically critical areas. In this study, the
Feltrino Stream and Lanciano area (Adriatic coastal-hills) were investigated through a basin-
scale and urban-scale geomorphological analysis – which incorporated temperature-rainfall
and morphometric analyses, and the acquisition of geomorphological and hazard data,
integrated with geomorphological fieldwork and mapping. The creation of a geodatabase and
the data overlay led to assess the landslide–flood critical areas through geomorphology-based
matrices. This study aimed to define the distribution of landslide–flood historical/recent events
and related critical areas for the realization of an urban EWS, composed of a network of nine
gauges, integrating the existing regional monitoring network. It defined a local alert system for
landslide–flood and could support real-time communication for civil protection purposes.
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1. Introduction

The Mediterranean regions are usually affected by
moderate to low annual rainfall and occasional heavy
rainfall events, which have generally increased in recent
decades (in terms of frequency and magnitude). In this
context, in urban areas, the risk presented by pluvial
flooding and related geomorphological hazards has
emerged as a critical issue. Pluvial flooding occurs if
rainfall intensity overcomes the capacity of the natural
or engineered drainage network. The risk has increased
and is expected to increase in frequency, severity and
impact with the combined effects of climate change
and urbanization (Alfieri et al., 2015; Alvioli et al.,
2018; Bathrellos et al., 2016; Blöschl et al., 2019; Grois-
man et al., 2005; Rosenzweig et al., 2018; Sharma et al.,
2018). Thus, the recurrence and magnitude of flooding
(e.g. pluvial) and landslide (e.g. rainfall-induced)
events is varying as the related exposure of urban
areas. These events are due to various factors such as
geological and geomorphological setting, environ-
mental degradation, rapid population growth, and
intensified and improper land uses. Furthermore, the
expansion of urban areas and infrastructure over the
last 50 years has led to a marked increase in flood
and landslide exposure and risk (Bathrellos et al.,
2016; Cevasco et al., 2015; Froude & Petley, 2018;

García-Soriano et al., 2020; Guerriero et al., 2018; Jha
et al., 2012; Napolitano et al., 2018; Nirupama & Simo-
novic, 2007; Quesada-Román et al., 2020; Ramos et al.,
2017). Despite the recent advances in methods for
assessing pluvial flood and rainfall-induced landslides
hazards and risks and enhancing the resilience of cities,
the preparation of maps of natural hazards and critical
areas is still fundamental for urban development and
management. These methods have not been broadly
implemented due to a lack of perception, and there
are still many opportunities to apply these methods
to urban areas and perform additional research, par-
ticularly on multi-hazard assessment and mapping
(Bathrellos et al., 2017; Rosenzweig et al., 2018; Salvati
et al., 2014). An evaluation of the potential areas’ extent
affected by floods or landslides is crucial for risk assess-
ment and management, the management of civil pro-
tection and, consequently, the reduction of human
injuries, fatalities and social-economic-structural
damage (Bozzano et al., 2020; Brunetti et al., 2010;
Gonçalves et al., 2015; Teng et al., 2017; Toda et al.,
2017). Geomorphological mapping is an essential tool
for analyzing the territories exposed to geo-hydrologi-
cal hazards. Urban landscapes are probably the most
complex to analyze and map because the stratification
of urbanization and the anthropic morphological
changes obliterate the original natural landscapes.
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Furthermore, urban growth induces the realization of
engineered drainage systems with the sealing of natural
surfaces and streams (increasing surface water runoff)
and the underground channeling of the natural drai-
nage network (Di Salvo et al., 2017). This might worsen
hydraulic hazards. Detailed urban geomorphological
mapping is, thus, a useful tool for understanding the
effects of urbanization on geomorphic systems and
geo-hydrological risk (e.g. pluvial floods; Bathrellos
et al., 2012; Eeyles, 1997; Lin et al., 2019; Paliaga
et al., 2019; Roccati et al., 2020; Visser, 2014).

Early Warning Systems (EWSs) are one of the
methods and tools to increase urban resilience to geomor-
phological hazards. These systems are fundamental for
disaster management and adaptation, and the prep-
aration of response strategies, and are becoming increas-
ingly used at the national and regional scales (Chikalamo
et al., 2020; Corral et al., 2019; González-Cao et al., 2019;
Harilal et al., 2019; Hofmann & Schüttrumpf, 2019;
Krzhizhanovskaya et al., 2011; Ma et al., 2019; Parker,
2017; Rosi et al., 2015; Segoni et al., 2018). To be useful
at the urban scale, EWSs should be implemented incor-
porating (1) geomorphologically based mapping; (2) an
assessment of landslide–flood critical areas at the basin
and local scales; (3) an integrated geodatabase for the
management of base data and critical area mapping; (4)
IOT (internet of things) networks of urban gauge–sen-
sors, realized by taking into consideration the overall fea-
tures of the specific catchments or urban areas (e.g.
temperature, rainfall, morphological, and geomorpholo-
gical characteristics); and (5) applications for smart-
phones. Thereby, EWSs can respond to local needs and
support/integrate the regional/national scale alerting sys-
tems (e.g. Chen et al., 2015; Ferretti et al., 2019) as a tool
for risk prevention and civil protection purposes (Acosta-
Coll et al., 2018; Azid et al., 2015; Brandolini et al., 2012;
Piacentini et al., 2020; Rosi et al., 2017).

This paper aims to illustrate the results of the
detailed basin-scale geomorphological analysis for the
realization of an EWS in the urban area of Lanciano
and the Feltrino Stream basin, a minor coastal basin
of the Abruzzo piedmont and Adriatic hills (Central
Italy; Figure 1), affected by heavy rainfall and pluvial
flood/landslide events. In the last 90 years, at least 30
main events have occurred, inducing moderate to
severe damage in the study area, which means >1
event every 3 years (considering the incomplete docu-
mentation from 1961 to 1980; Table 1). This is one of
the main incentives for this study within the Commu-
nicate to Protect Project funded by the Abruzzo Region
for the realization of an urban-scale EWS (Abruzzo
Region, 2017). The geomorphological analysis was
focused on the definition of landslide–flood critical
areas and incorporates a geomorphological fieldwork,
extensive investigations of the superficial hydrographic
network and digital mapping. An in-cloud geodatabase
and the implementation of rainfall-hydrometers-

flooding gauges allowed for the realization of an
IOT-based EWS connected to digital applications for
smartphones. The overall system – integrating, at the
local scale, the existing regional monitoring network
(Allarmeteo, http://allarmeteo.regione.abruzzo.it/)–is
aimed at creating a local alert system for pluvial flood-
ing and landslides and supporting real-time communi-
cation for civil protection purposes in heavy event
management and direct citizen alerting and warning.

2. Study area

The Feltrino Stream basin is located in the hilly area of
the Abruzzo Region. It is an NW-SE elongated basin
(area ∼50 km2), flowing from the eastern piedmont
of the Maiella Massif (∼400 m a.s.l.) to the Adriatic
coast. The landscape features an overall mesa and pla-
teau geomorphological configuration resulting from an
Early Pleistocene-to-present evolution connected to
regional uplift and drainage network incision (D’Ales-
sandro et al., 2003, 2008; Miccadei et al., 2017). Thus,
the Feltrino basin is carved on marine bedrock com-
posed of Early Pleistocene clayey-sandy-conglomeratic
deposits and Middle Pleistocene sand-conglomerate
(Artoni, 2013; Bigi et al., 2013; ISPRA, 2010; Ori
et al., 1991). The present structural setting is defined
by a regional homocline gently dipping NE.

The geomorphological landscape is strictly related
to the SW-NE arrangement of the main valleys, and
their connection with structural landforms (i.e. struc-
tural scarps, mesa and plateau top surfaces). The land-
scape results from the superimposition of major slope
gravity, fluvial landforms (landslides and V-shaped val-
leys) and soil erosion processes (surface runoff and gul-
lies), which have progressively incised and smoothed
the hillslopes. As a consequence, the bedrock is now
largely covered by near-surface clay–silt–sand–gravel
Late Pleistocene–Holocene continental deposits (i.e.
slope and landslide deposits, and fluvial and colluvial
deposits; Calista et al., 2016; Calista et al., 2019; Cara-
bella et al., 2020; Miccadei et al., 2012; Piacentini
et al., 2015; Piacentini et al., 2018).

3. Methods

The detailed geomorphological analysis of the Feltrino
Stream basin was based on an integrated approach that
supported the assessment of landslide–flood-critical
areas and the implementation of the EWS. This
approach incorporates the analysis of temperature
and rainfall data, cartographic and morphometric ana-
lyses, and the acquisition of available geological-geo-
morphological-hazard data, integrated with a detailed
geomorphological fieldwork and mapping. The cre-
ation of a geodatabase and the data overlay led to the
assessment of the critical areas through geomorphol-
ogy-based matrices (Figure 2).
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The climatic setting was investigated through the
analysis of a temperature and rainfall dataset obtained
from a network of 13 gauges provided by the Func-
tional Center and Hydrographic Office of the Abruzzo
Region. Using the ArcGIS (ESRI, 2018) Kernel Interp-
olation function, the variation of the distribution of
temperature and rainfall in the study area was derived
for a 30-year time period (1987–2017).

The morphometric and hydrographic analyses and
mapping were carried out with QGIS (QGIS Develop-
ment Team, 2019). Vectorial topographic data
(1:25,000–1:10,000 scale, Abruzzo Region, 2007a,
2007b) and a 10 m cell Digital Terrain Model (DTM)
were processed (the data were retrieved from Open
Data service of the Abruzzo Region). With the DTM,
the main orographic features were analyzed (i.e. the
elevation, slope and aspect; Strahler, 1952). Further-
more, basin boundaries and drainage lines, as hierarch-
ized according to Strahler (1957), were automatically
obtained from the DTM and verified through 1:5,000
air-photos (Abruzzo Region, 2010).

The Main Map presented in this paper includes
three main sections:

(1) Previous data analysis (central-upper part);
(2) Field work analysis (upper right part);
(3) Landslide and flood critical area (middle-lower

part).

The analysis of existing data was based on public
authorities’ technical reports and maps, and scientific
publications. The available literature data include
scientific papers and maps (i.e. Piacentini et al.,
2015), mapping provided by official authorities (i.e.
Piano di Assetto Idrogeologico – PAI – database,
Abruzzo Region, 2008a, 2008b, 2019; Trigila et al.,
2018; Piano di Difesa dalle Alluvioni – PSDA – data-
base, Abruzzo Region, 2008c; Trigila et al., 2018) and
filings – reports of landslide and flood events provided

by National Group for Prevention of Hydrological
Hazards (GNDCI, 1994) and Municipality of Lanciano
(2008, 2015, 2019). This analysis allowed us to define
the lithological and geomorphological setting and the
landslide–flood hazard distribution in the study area.

Furthermore, detailed geomorphological field analy-
sis of the superficial and underground drainage net-
work (i.e. urban channelized networks) of the urban
area of Lanciano was performed, which allowed the
evaluation of the influence of the actual urban drainage
network on the local flood-landslide processes. In
detail, we used the drainage network from the Regional
Technical Maps (Abruzzo Region, 2007c), in which the
drainage lines were divided into main and secondary,
and natural and artificial streams. These drainage
lines were verified using cadastral maps, high-resol-
ution aerial photos with 1 m resolution, and LiDAR
data, provided by Ministero dell’Ambiente e della
Tutela del Territorio e del Mare. Then, the whole
urban area of Lanciano was examined through a
detailed field survey. The superficial drainage lines
(defined as anthropic drainage lines) and their under-
ground prosecution (termed as underground channels)
were identified in the field and mapped, as were the
depressed areas already affected by flooding. Finally,
all bridges, underpasses and raceways were analyzed
by field surveys and mapped, defining the under-bridge
channels.

This stepwise analysis led to the definition of a mul-
tilayer geodatabase with geological, geomorphological
and hydrographic data, which was the base for the
assessment of the landslide–flood critical areas.

The critical areas were assessed through geomor-
phology-based matrices (see the main map), by the
overlaying of pre-existing geological, geomorphological
and hazard data and new detailed field-based maps of
geomorphological and hydrographical features, mana-
ged within the geodatabase. Five categories of land-
slide-critical areas were derived from the overlying of

Figure 1. Three-dimensional view (from 20 m DTM, SINAnet) of the Abruzzo Region and main physiographic domains. The purple
line indicates the Feltrino Stream basin.
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landslide hazard (Abruzzo Region, 2008b, 2019; Trigila
et al., 2018) and reports of landslide data and geomor-
phological field surveys (critical areas for scarps and

cavities were also included). Three categories of flood
critical areas were derived by overlaying flood hazard
(Abruzzo Region, 2008c; Trigila et al., 2018), reports

Table 1. Summary of the historical (1928–1961; Municipality of Lanciano, 2008) and recent rainfall-
induced flood and landslide events, which affected the Lanciano area and Feltrino Stream (from
Piacentini et al., 2020).
Date Event Cause

February 1928 Landslide Rainfalls
July 1937 Urban flood Rainfalls
February 1938 Landslide Rainfalls
January 1940 Landslide Snow–Rainfalls
April 1940 Floods Rainfalls
August 1940 Landslide Rainfalls
January 1941 Floods Rainfalls
December 1941 Landslide Rainfalls
February 1942 Landslide Snow–Rainfalls
August 1955 Floods Rainfalls
October 1955 Landslide Rainfalls
February 1956 Flood/Landslide Flooding
August 1957 Flood/Landslide Flooding
November 1957 Flood/Landslide Flooding
December 1957 Landslide Snow
July 1959 Landslide Rainfalls
August 1959 Flood/Landslide Flooding
January 1961 Flood/Landslide Flooding
March 1961 Landslide Rainfalls
1980 Landslide Rainfalls
April 1992 Landslide Rainfalls
January 1999 Landslide Rainfalls
October 2000 Landslide Rainfalls
April 2001 Flood/Landslide Rainfalls
January 2003 Landslide Snow–Rainfalls
February 2005 Landslide Rainfalls
November–December 2013 Landslide Rainfalls
March 2015 Flood/Landslide Rainfalls
January 2017 Landslide Snow
June 2018 Flood Rainfalls/Flooding

Figure 2. Methodological flowchart.
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of floods and detailed drainage network mapping car-
ried on in this work. Low (C1) critical areas include
the lowest flood/landslide hazard areas, areas where
secondary streams are present and areas where no pre-
vious flood/landslide events were reported. Moderate
(C2) critical areas include areas with medium–high
values of flood/landslide hazard, main streams and
anthropic drainage lines, and areas with no reports of
previous flood/landslides. High (C3) critical areas are
those in which past floods events or landslide activity
are reported (GNDCI, 1994; Municipality of Lanciano,
2008, 2015, 2019);very high flood/landslide hazard
class is present; and depressed areas, under-bridge
and underground channels are present. Finally, the
attention areas for scarps and reports of collapsed
areas define the critical areas for scarps (Cs) and cav-
ities (Cc), respectively. These critical area maps are
not intended to be a static tool but can be continuously
updated and verified following detailed hydrological
analyses and landslide investigations and after the
occurrence of new events.

This analysis allowed the definition of the most criti-
cal areas, in which a network of rainfall- and flood-
monitoring instruments was implemented (weather
stations, hydrometers and flood sensors), which was
also integrated with existing monitoring devices (i.e.
inclinometers, landslide monitoring systems, weather
sensors, etc.). This led to the emplacement of an
urban real-time monitoring system in the municipality
of Lanciano. This system is the base for the implemen-
tation of an IOT-based EWS and communication sys-
tem for citizen and civil protection communication.

4. Results

4.1. Climatic analysis

The Feltrino Stream basin, as well as the entire Abruzzo
coastal hilly area, is characterized by a Mediterranean
climate with wet autumns and winters, periods of
high snowmelt and rainfall in spring, and dry summers
(Di Lena et al., 2012; Peel et al., 2007). The region
shows average annual temperature values between
14.5 and 17°C, which are correlated with the elevation,
with a 0.25°C/100 m gradient (Figure 3a). The average
rainfall distribution (Figure 3b) shows values ranging
from ∼950 to ∼600 mm/y, with the highest values
(∼950 mm/y) in the western area (Guardiagrele) and
the lowest (∼600 mm/y) in the SW area (Casoli) and
towards the NE (coastal area). The entire Feltrino
Stream basin experiences rainfall values of 700–
750 mm/y.

As recorded in rainfall time series, especially for
recent decades, occasional heavy rainfall events ranging
from 60 to 80 mm within a few hours (with the average
values of maximum rainfall within 1 h ranging from 20
and 40 mm; Figure 3c) to >200 mm in one day (with

the average values of maximum rainfall in 24 h ranging
from 60 to 93 mm; Figure 3d) occurred. These events
induced several landslide and flood (especially urban
flash flood) events (i.e. in January 2003, December
2013, February–March 2015, January–February 2017,
November 2017 and June 2018; Piacentini et al.,
2018, 2020; Ferretti et al., 2019).

4.2. Orography and hydrography

The Feltrino Stream basin reaches its maximum alti-
tude in the southernmost sector (∼400 m a.s.l.), and
features a tabular relief landscape gently NE-dipping
(Figure 4a). This landscape is interrupted by the prin-
cipal SW-NE-oriented valleys, with bottom elevation
from ∼200 m a.s.l. to sea level. The study area shows
a gentle slope gradient (∼5–10%) corresponding to
the top of the tabular reliefs, with some steep to sub-
vertical scarps (up to >80%) along the edge of the pla-
teau and coastline, especially on the NW-facing slopes
(Figure 4b, c).

The general hydrography features a basin ∼50 km2

wide, with the main river ∼19 km long. It is a fourth
order basin in which the drainage patterns are from
subparallel to trellis (from N–S to NE–SW-oriented;
Twidale, 2004; Figure 4d).

4.3. Main map

The enclosed map shows the existing geomorphologi-
cal data, the new data collected in this work, and the
assessment of the critical areas of the Feltrino Stream
basin (main map, 1:20,000 scale) and the urban area
of Lanciano (inset, 1:8,000 scale). These results support
the setting of the rainfall, weather and hydrometric
gauges and the EWS.

4.3.1. Previous data
4.3.1.1. Geomorphological map. The geomorphological
features are summarized in the central-upper inset on
the main map. The lithology of the study area features
a bedrock composed of clay, sand-sandstone and con-
glomerate deposits belonging to Early Pleistocene mar-
ine sequences. The older clay unit features the valley
bottoms and sides. The sand-sandstone unit is exposed
on the upper valley sides and along the scarp at the
edges of the mesa-plateau reliefs. The conglomeratic
unit is present on the top of the tabular reliefs. The
superficial deposits are mainly composed of colluvial
deposits, widespread over the whole basin, and related
to the weathering of structural landforms. Backfill
deposits are frequent in urban areas, especially in the
Lanciano area, where they fill entire minor valleys
with thicknesses of up to tens of meters (Piacentini
et al., 2015, 2020).

Regarding the geomorphological landforms, the
gravity-induced landforms are the most frequent and

44 C. CARABELLA ET AL.



include a large number of landslides (i.e. rotational and
translational landslides, shallow landslides, complex
and deep-seated landslides and, less frequently, rock
falls), with associated scarps in active, dormant or inac-
tive states of activity. Other geomorphological elements
are related to structural landforms (i.e. mesa and pla-
teau, rimmed by sub-vertical scarps) and fluvial land-
forms (i.e. fluvial valleys and incised channels). In
recent decades, the Feltrino Stream basin has been sub-
jected to notable anthropogenic activities related to
farming and the building of infrastructure (Piacentini
et al., 2015).

4.3.1.2. Landslide and flood hazard map. The collected
data regarding landslide and flood hazards are sum-
marized in the central-upper inset on the main map.
The official landslide hazard map (from Abruzzo
Region, 2008b, 2019; Trigila et al., 2018) shows a com-
plex and wide hazard pattern over the entire basin,
especially in the steep slope of the main river valley.
The highest values of hazard are found on the right val-
ley side, due to the steeper and NW-facing slopes
affected by large active landslides. The attention areas
for scarps are at the edges of the mesa and plateau
reliefs. Furthermore, a large number of landslide events

were reported in the Feltrino Stream basin and
especially along the slopes of the urban area of Lan-
ciano (GNDCI, 1994; Municipality of Lanciano, 2008,
2015, 2019). One of the most recent events in the
area, which induced several landslides, occurred in
March 2015: after a cumulative rainfall of ∼110 mm
in 24 h and ∼190 mm in one week, more than 70 land-
slide events were reported in the study area (Piacentini
et al., 2020). Furthermore, in the landslide events data-
base, some collapses of the historic center of Lanciano
were also included, which occurred due to collapses of
the thick (>20 m) backfill deposits filling ancient val-
leys in the historical urban area (Municipality of Lan-
ciano, 2019).

The official flood hazard map (Abruzzo Region,
2008c; Trigila et al., 2018) shows high values of hazard,
especially in the final stretch of the Feltrino Stream
near the sea mouth; here, several flood events were
also reported. Several flooding events are also reported
in the basin (GNDCI, 1994; Municipality of Lanciano,
2008, 2015, 2019).

4.3.2. Field work
4.3.2.1. Hydrography investigation. For the entire
basin (upper right inset in the map) and especially

Figure 3. Climatic analysis of the study area (modified from Piacentini et al., 2020): (a) Average annual temperature; (b) Average
annual rainfall; (c) Average maximum rainfall within 1 h; (d) Average maximum rainfall within 24 h.
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Figure 4. Orographical and hydrographical setting of the Feltrino Stream basin (purple line): (a) elevation map; (b) slope map; (c)
aspect map; (d) hierarchized hydrographic network map.
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for the urban area of Lanciano (1:8,000, right inset
map), the hydrographic network was analyzed in detail.
The Feltrino Stream catchment area was divided into
15 sub-basins (1–15 in the map), with the relief ranging
from ∼290 to ∼20 m and low values of average slope
(3–8%, with the highest values >10%). For each of
them, specifically in the urban area of Lanciano, the
detailed field survey of the actual characteristics of
the drainage allowed the definition of the superficial
urban drainage network (natural or engineered). The
underground drainage network was also investigated
since, in recent historical times (first half of the
1900s), some secondary and minor valleys have been

completely covered by backfill deposits and channeled.
This analysis made it possible to map these features
and understand the complex interaction between the
surface and underground drainage networks (e.g.
sub-basins 14 and 8 are connected through an under-
ground channel, which flows below sub-basins 11
and 12), and to analyze those areas that are often sub-
ject to flooding and those that can be affected by these
events. Indeed, several cases of flooded areas were also
reported in the urban area of Lanciano. One of the
most recent and biggest cases of flash pluvial flood in
the area occurred in June 2018 when, after an intense
(∼55 mm in 1 h) but short (4 h for a total of 75 mm)

Figure 5. Location of the gauges network for the urban Early Warning System (EWS) of Lanciano.
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rainfall event, a huge number of underpasses and roads
were flooded, with some cars being stranded. This
specific analysis allowed us to integrate the official
flood hazard map (Abruzzo Region, 2008c; Trigila
et al., 2018) at an urban scale and to define critical
areas in the Lanciano urban area.

4.3.3. Landslide and flood critical areas
The critical areas were assessed for the entire basin
(main map) and the urban area of Lanciano (lower-
right inset) by the overlaying of pre-existing geological,
geomorphological and hazard data and new detailed

field-based maps of geomorphological-hydrographical
features, through specific geomorphology-based
matrices (tables in the map).

The high landslide-critical areas are located along
the steepest scarps (with critical areas for scarps),
which border the sub-flat reliefs of the study area,
and especially on the right valley side, where historical
and recent landslide events have been documented.
The urban area of Lanciano is rimmed in its western
and northern parts by high landslide-critical areas.
Low and moderate critical areas for landslides are pre-
sent along the natural and less steep slopes of the river

Figure 6. Main sensors composing the urban EWS of Lanciano. (a) Rainfall and hydrographic gauge over the watercourse of the
Feltrino Stream, in the northern part of Lanciano; (b) Gateway and complete weather station on the roof of the Lanciano city hall; (c)
Ultrasonic Level Sensor in correspondence of a depression in the historical center of Lanciano; (d) Ultrasonic Level Sensor near a
commercial area in the eastern part of Lanciano; (e) Ultrasonic Level Sensor in correspondence of an underbridge depression near
the industrial area, in the southern part of Lanciano; (f) Complete weather station on the roof of a municipal building, in the
southern part of Lanciano.
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valleys (e.g. the left valley side). Critical areas for cav-
ities are present only in the historic center of Lanciano.

The high flood-critical areas are located along the
main watercourse of the Feltrino Stream in its lowest
and widest part, near the sea mouth, where several
flood events have been reported in recent historical
times. High flood-critical areas are also located in the
Lanciano urban area (lower-right inset) in the main
depressed areas, as determined from the reports of
urban flooded areas and the field investigation of the
urban drainage network. The moderate critical areas
for floods are located along the main streams and
anthropic drainage lines, while the low critical areas
are found along the secondary valleys.

5. Discussion and conclusions

In urban areas and small catchments, the risk pre-
sented by pluvial flooding and related geomorphologi-
cal (i.e. landslide) hazards have emerged as a critical
issue, and the risk is expected to increase in frequency,
severity and impact. Flash pluvial floods have a very
fast onset, with a relatively short spike and rapid with-
drawal, and possibly related to engineered drainage
systems, which may not support occasional discharge
peaks during heavy rainfall. In order to minimize the
risk to human life and reduce the economic conse-
quences, the proper planning for and management of
natural disasters are essential, as are adequate and
smart adaptation measures to reduce the negative
impact on society (e.g. Bathrellos et al., 2017; Blöschl
et al., 2019; Rosenzweig et al., 2018) For this purpose,
EWSs – especially if strongly geomorphology-based –
are recognized worldwide as one of the best tools for
risk prevention, mitigation, preparedness and response
strategies (Cools et al., 2016; EEA, 2017; Mitchell et al.,
2010; Sahani et al., 2019; UNISDR, 2017).

The Feltrino Stream and Lanciano are examples of
basins and urban areas prone to rainfall-induced land-
slides and flash pluvial floods. This is due to heavy rain-
fall events on soft clay–sand–sandstone bedrock
combined with increasing urbanization and related
land-use change, which has induced strong landscape
and hydrography changes. In this context, the determi-
nation of landslide–flood-critical areas through
detailed geomorphological mapping was fundamental
to creating an adaptation system to reduce the negative
impact of heavy rainfall on society. It was based on an
EWS set and realized according to the specific geomor-
phological and hydrographic features of the area.

In this paper, a multidisciplinary approach for the
assessment and mapping of landslide- and flood-criti-
cal areas is presented as the basis for the realization
of the EWS. This approach includes an integrated geo-
morphological basin-scale analysis based on (1) the
official landslide–flood hazard, (2) field geomorpholo-
gical mapping, (3) an assessment of landslide- and

flood-critical areas, and (4) an integrated geodatabase
for the management of collected data and of the critical
areas. The landslide-critical areas include five different
classes (low, moderate, high critical areas, plus critical
areas for scarps and cavities), while the flood-critical
areas include three different classes (low, moderate,
and high). This result was the basis for the implemen-
tation of a local adaptation system in the urban area of
Lanciano and, specifically, an urban IOT-based EWS
and communication system. This system is composed
of a network of nine gauges and stations (i.e. three
weather stations – WS; one rainfall gauge – RS; two
hydrometers – Hg; and three 2-level flood sensors –
LFS) and a related communication system (one gate-
way – Gw; Figures 5 and 6). It is a threshold-based
urban alert system based on the real-time records of
the gauges, on a web-cloud gauge network, and a com-
munication system and incorporates the information
derived from the regional forecast-based warning sys-
tem (Allarmeteo) (for details, see Piacentini et al.,
2020). Finally, it is aimed at supporting real-time com-
munication for civil protection purposes in heavy event
management, risk preparedness and response (before,
during and after an event), and providing direct alerts
and warnings to citizens, through the support of a
specific application for smartphones.

Software

The vector/raster data and main map were managed
using QGIS 3.10 A Coruna® and ESRI ArcMap® 10.6,
with final editing performed using Corel Draw 2019®.
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