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Summary
Technicians who want to mitigate landslide risk have a variety of options available to them, from active measures addressing
the reduction of the probability of occurrence of landslides, to structural engineering works designed to decrease the vulnerability
of elements at risk, to early warning systems to adopt in areas where, in specific circumstances, the risk to life increases above tolerable levels. This paper presents the key elements of numerous early warning strategies implemented to cope with weather-induced
landslide risk around the world, defines a coherent framework to classify and analyse landslide early warning systems, highlights the
Author’s most recent research experiences on these systems, and provides comments on a series of issues relevant for directing future
multidisciplinary research endeavours on this topic. A pivotal role for the discussion is played by an original framework proposed to
identify the main components of an early warning system for weather-induced landslides. The framework is based on a clear distinction among three different modules: the landslide model; the warning model, which includes the landslide model; and the warning
system, which include the warning model.

1. Introduction
Human life, infrastructure and communities
are increasingly at risk to weather-induced landslides as extreme climate conditions occur more frequently and development continues to increase in
landslide-susceptible areas (e.g., GARIANO and GUZZETTI, 2016 and references therein). Landslide risk
can be mitigated by different means, such as: active
measures reducing the probability of occurrence of
landslides; structural engineering works decreasing the vulnerability of the elements at risk; early
warning systems (EWS) calling for actions in areas
where, in specific circumstances, the risk to life increases above tolerable levels. In generic terms, early warning constitutes a process whereby information generated from tailored observations of natural phenomena is provided to communities at risk,
or to institutions which are involved in emergency
response operations, so that certain tasks may be
executed before a catastrophic event impacts such
communities [VILLAGRÁN DE LEÓN et al., 2013]. Operational landslide early warning systems (LEWS)
aim at reducing the loss-of-life probability by inviting people to act properly in populated areas characterized, at specific times, by an intolerable level
of landslide hazard.
Many recent international and European initiatives have been highlighting the importance of EWSs
for disaster risk reduction and community resilience
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building. One of the seven global targets of the Sendai Framework for Disaster Risk Reduction 20152030 is “substantially increase the availability of and
access to multi-hazard early warning systems and disaster risk information and assessments to the people
by 2030”. Goal 13 “Take urgent action to combat climate change and its impacts” of UN Agenda 2030
for sustainable development [UN, 2015] includes
“Improve education, awareness-raising and human
and institutional capacity on climate change mitigation, adaptation, impact reduction and early warning”. The European Climate Adaptation Platform
(http://climate-adapt.eea.europa.eu/) states “Early warning systems can enhance the preparedness
of decision-makers and private individuals for climate-related natural hazards and their readiness to
harness favourable weather conditions.” Yet, in most
countries, warning systems for the imminent occurrence of weather-induced landslides are still not
well-established. Both local and territorial LEWSs often exist as demonstration projects providing monitoring and warning data to scientists without being
integrated in a formal warning system.
LEWSs differ widely depending on: the type of
landslides, their predisposing and triggering factors, the scale of operation—i.e. the size of the area covered by the system. Numerous examples of
installed LEWSs, both at slope and regional scales,
show that their effectiveness depends on the scientific and technological characteristics of the system
as well as on the social, economic and political conditions of their operation (e.g., MICHOUD et al., 2013
and references therein; STÄHLI et al., 2015 and references therein). Satisfying all these requirements
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necessarily calls for interdisciplinary approaches to
the design and management of LEWSs. CALVELLO
and PICIULLO [2014] state that, once the objectives
of the early warning are defined—depending on
the scale of analysis and the type of landslides—the
process of designing and managing LEWSs should
be based on multiple levels of analysis detailing:
the necessary technical and social skills; the activities to be performed; the means to be used; the
basic elements of the system. In this process, technical and social skills must be employed synergically: technical know-hows are needed to define monitoring strategies, models and procedures leading
to reliable warnings; social competences are essential to address the people-system interactions, thus
to making LEWSs an effective tool to reduce the
risk to life.
A review on several case studies on EWSs for
natural hazards [GARCIA and FEARNLEY, 2012] indicates that, in most cases, the processes that link individual components of EWSs fail, rather than the
components themselves. The identified factors that
could improve the links between the different components of EWSs include: establishing effective communication networks to integrate scientific research
into practice; developing effective decision-making
processes that incorporate local contexts by defining accountability and responsibility; acknowledging the importance of risk perception and trust for
an effective reaction; considering the differences
among technocratic and participatory approaches
in EWSs when applied in diverse contexts. Following this reasoning, to operate effective and efficient
LEWSs leading to increasing resilience of communities exposed to landslide risk, a set of interdisciplinary methods needs to be defined. From a scientific viewpoint, LEWSs need to be accurate in the spatial and temporal prediction of landslide occurrences and effects. From a technological viewpoint, they
need to be robust with redundancy in the associated infrastructure. From a social viewpoint, LEWSs
should be used to prepare people for precipitation-induced landslides and to develop strategies to
maximize life safety during emergencies and, thus,
they should be community-supported. From an economic viewpoint, the costs associated to the deployment and management of such systems must be sustainable in the long-term. From a political viewpoint,
the officers of relevant authorities need to be adequately engaged.
This paper presents the key elements of numerous early warning strategies adopted to cope with
landslide risk around the world, defines a coherent
framework to classify and analyze LEWSs, highlights
the Author’s most recent research experiences on
LEWSs, provides comments on a series of issues relevant for directing future multidisciplinary research
endeavors on this topic.

2. Landslide early warning systems
2.1. Landslide classification
Applications of risk assessment and management principles, used for landslide hazard zoning
for urban planning and for the management of individual slopes or slope risk management over wide
areas, date back to the 1980’s and the 1990’s (e.g.,
VARNES, 1984; WHITMAN, 1984; EINSTEIN, 1988; FELL,
1994; LEROI, 1996; HO et al., 2000). FELL et al. [2005]
present a comprehensive framework for landslide
risk assessment and management outlining the processes of hazard analysis including landslide characterization and frequency analysis risk estimation, risk
evaluation against risk tolerance criteria and value
judgements. More recently, COROMINAS et al. [2014]
present recommended methodologies for the quantitative analysis of landslide hazard, vulnerability and
risk at different spatial scales (site-specific, local, regional and national) and for the verification and
validation of the results. Within these frameworks,
LEWSs may be considered a non-structural passive
mitigation option to be employed in areas where
risk, occasionally, rises above defined acceptability
levels. Both the latter two mentioned studies provide a glossary of terminology, wherein danger is defined as “The natural phenomenon that could lead
to damage, described in terms of its geometry and
mechanical and other characteristics. The danger
can be an existing one (such as a creeping slope) or
a potential one (such as a rock fall).”
The generic term “landslide” includes a variety of
different phenomena. Several classification schemes
have been proposed in the scientific literature since
the early decades of last century (e.g., HEIM, 1932;
VARNES, 1978; HUTCHINSON, 1988; LEROUEIL et al., 1996;
HUNGR et al., 2014]. Probably, the most widely adopted classification in the world is the system proposed
by VARNES [1978], which is based on two key features
of the landslide: the type of movement, classified in
six classes (i.e. fall, topple, slide, lateral spreading,
flow and complex); and the material type, classified
in three classes (i.e. debris, earth and rock). This
scheme lays the bases for the nomenclature provided by CRUDEN and VARNES [1996] for landslides. The
types of material are unchanged from VARNES’ classification [1978] whereas the retained types of movement are only five. The landslide type “complex” is
not used anymore although the term is kept as a description of the state of activity of a landslide. The
Authors indeed suggest that the name of a landslide
can become more elaborate as more information
about the movement becomes available. According
to the Working Party and Word landslide Inventory
[WP/WLI, 1993] the recommended descriptors include: state, distribution and style of activity; rate of
movement, classified in seven classes from extremely
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slow to extremely rapid; and water content, classified
in dry, moist, wet and very wet. Two relevant classification systems have been proposed by HUTCHINSON
[1988] and LEROUEIL et al. [1996]. Hutchinson system mainly focuses on failure and propagation mechanisms and uses the following characteristics of the
landslide: material, morphology, water content, rate,
and kinematics. An attempt to correlate the systems
proposed by Hutchinson and Varnes for flow-like
landslides was published by HUNGR et al. [2001]. To
this aim, a check list is suggested indicating how each
landslide type can be identified based on material
type, water content, presence of excess pore pressure
or liquefaction at the landslide source, presence of a
defined recurrence path or deposition area, velocity, and peak discharge. The most relevant contribution of the scheme presented by LEROUEIL et al. [1996]
following previous work by SKEMPTON and HUTCHINSON [1969] and VAUNAT et al. [1994] consists in the
consideration of four stages of slope movements: the
pre-failure stage, including all the deformation processes leading to failure; the onset of failure, characterized by the formation of a continuous shear surface thought the soil mass; the post-failure stage,
which includes movement of the landslide mass from
just after failure until it essentially stops; and the reactivation stage, when a soil mass slides along one or
several pre-existing shear surfaces.
HUNGR et al. [2014] propose that the simple term
assigned to a given landslide type, or a specific case,
should reflect the particular focus of the researcher.
Following this approach, herein it is proposed that
for warning purposes, a given landslide should be

classified on the bases of its propagation phase and
taking into account four main characteristics: i) type
of movement and material, ii) activity phase, iii) velocity, and iv) volume. Figure 1 shows an example
of such a landslide classification scheme, to be used
for defining monitoring and modelling strategies
for early warning purposes. The names employed
in the figure to identify a series of landslide typologies, together with the relevant materials, are derived from VARNES [1978], HUNGR et al. [2014] and
from the current state of practice. The classification
employed for the activity phase - i.e. first failure and
reactivation - is based on SKEMPTON and HUTCHINSON
[1969] and LEROUEIL et al. [1996]. Examples of classification schemes that can be employed to differentiate among phenomena looking at their velocity and
volume are provided by CRUDEN and VARNES [1996]
and FELL [1994], respectively.
2.2. Activities and components
Early warning systems (EWS) can be defined as
the set of capacities needed to generate and disseminate timely and meaningful warning information to
enable individuals, communities and organizations
threatened by a hazard to prepare and to act appropriately and in sufficient time to reduce the possibility of harm or loss [UNISDR, 2009]. According to
UNISDR [2006], people-centered EWSs must comprise four interrelated elements: i) risk knowledge,
i.e. to systematically collect data and undertake risk
assessment; ii) monitoring and warning service, i.e.

Fig. 1 – Example of landslide classification scheme useful for defining monitoring and modelling strategies for early warning purposes.
Fig. 1 – Esempio di schema di classificazione utile per definire strategie di monitoraggio e modellazione con finalità di allertamento.
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Fig. 2 – Schematics of landslide early warning systems, according to: a) Di BIAGIO and KJEKSTAD (2007); and b) INTRIERI et al.
[2013].
Fig. 2 – Schemi di sistemi di allertamento per il rischio da frana proposti in letteratura: a) Di BIAGIO and KJEKSTAD (2007); b) INTRIERI et
al. [2013].

to develop hazard monitoring and early warning services; iii) dissemination and communication, i.e. to
communicate risk information and early warning; iv)
response capability; i.e. to build national and community response capabilities. A weakness or failure
in any one part of an EWS could result in failure of
the whole system. According to GLADE and NADIM
[2014], the installation of an EWS is often a cost-effective risk mitigation measure and in some instances the only suitable option for sustainable management of disaster risks.
EWSs are currently operated, around the world,
for various natural hazard processes. LEWSs are
systems specifically designed to detect events that
precede a landslide in time to issue an imminent hazard warning and initiate mitigation measures [DI BIAGIO and KJEKSTAD, 2007]. Figure 2 shows two schematics highlighting the main activities and components
of landslide early warning systems. According to DI
BIAGIO and KJEKSTAD [2007], an EWS for landslides
comprises four main activities: monitoring, analysis of data and forecasting, warning and response.
Elaborating on the definitions furnished by UNISDR
[2006], INTRIERI et al. [2013] describe LEWSs as the
balanced combination of four different components:
design, monitoring, forecasting and education. According to INTRIERI et al.: the design of an operational LEWS requires careful planning due to their complex structure and the involvement of specialists
from several different fields; monitoring, which includes instrument installation and data communi-

cation and analysis, must be performed throughout
the life of the LEWS; forecasting represents the core
element of a LEWS as it includes the definition of
thresholds, models and all the activities that lead to
warning; education is necessary to cover the important social and logistic issues that every EWS must
consider in order to be people-centered.
2.3. Scale of operation
Warning systems for landslides can be designed
and used at different scales. Two categories of LEWSs
can be defined on the basis of the scale of operation
(e.g., BAZIN, 2012; THIEBES et al., 2012) and considering the landslide’s typology: i) local LEWSs, that deal
with a single landslide system at slope scale; and ii)
territorial LEWSs, that deal with multiple landslides
at regional scale, i.e. over a basin, a municipality, a region or a nation. The purpose of local LEWSs is the
temporary evacuation of people from areas where,
at specific times, the risk level to which they are exposed is intolerably high. Local LEWSs typically implement a network of instruments to monitor the
variables most relevant for the type of landslide under surveillance, considering its predisposing and
triggering factors. The purpose of territorial LEWSs
is to provide generalized warnings to authorities, civil protection personnel and the population when the
probability of occurrence of multiple landslides over
purposefully defined wide areas increases. Typical-
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ly, these systems address weather-induced landslides
and therefore they are mostly based on the prediction and monitoring of meteorological variables.
A key difference between local and territorial
LEWSs lies in what a “landslide event” represents for
the system. The focus of a local LEWS is either: i)
a single active or dormant phenomenon, however
large and complex; or ii) a potential slope instability,
due to a first failure of a soil or rock mass. Therefore,
at slope scale, a landslide event may be defined as follows: the movement of a mass of rock, debris or earth
down a slope [CRUDEN, 1991] potentially causing risk
to life. Differently, territorial LEWSs focus on the occurrence of multiple landslides over a warning area.
Therefore, at regional scale, a landslide event may
be defined as a series of landslides grouped on the
basis of their characteristics, so as to implicitly evaluate and classify the magnitude of a set of multiple
phenomena occurring in a given area within a given
time period [CALVELLO and PICIULLO, 2016].
The scale of operation of a LEWS also inevitably
influences the stakeholders involved as well as most of
its operational characteristics, including: the model
adopted to characterize the time-dependent behavior
of the landslide, at slope scale, or the probability of
having landslides within a warning zone, at regional
scale; the criteria to define to issue the warnings and
their meaning; the lead time; the tools used to disseminate the warnings; the definition of the emergency
plan. Recently, SÄTTELE et al. [2012] and STAHLI et al.
[2015] proposed to consider three classes of EWSs for
natural hazards: alarm systems, warning systems and
forecasting systems. Alarm systems detect process pa-

rameters of ongoing hazard events to initiate an alarm
automatically, for instance in the form of red flashing
lights accompanied by sirens. The accuracy of the prediction is high, but the lead time is short. The alarm
decision is based on a predefined threshold. Warning
systems aim to detect significant changes in the environment before the release occurs and thus allow
experts to analyze the situation and implement appropriate intervention measures. The time-dependent factors determining mass release include crack
opening, availability of loose debris material and potential triggering events. The information content of
the data is often lower in this case, but the lead time
is extended. The initial alert is based on predefined
thresholds. Forecasting systems predict the level of
danger of a process, typically at the regional scale and
at regular intervals. In contrast to warning systems,
the data interpretation is not based on a threshold
but is conducted on a regular basis, for instance daily. Experts analyze sensor data and consult models to
forecast the regional danger levels, which are communicated widely in a bulletin. The scheme presented in
table I combines the two categories of LEWSs defined
on the basis of the scale of operation with the classification proposed by SÄTTELE et al. [2012] and STAHLI
et al. [2015]. Local LEWSs are indeed typically implemented as either alarm or warning systems; whereas
territorial LEWSs are generally used as either warning
or forecasting systems. In this paper, the terminological distinction among alarm, warning and forecasting
systems is not considered, as the word “warning” and
the term LEWS are used to indicate, indistinctly, any
of the mentioned three systems.

Fig. 3 – Main EWSs for weather-induced landslides operational at slope scale (references in section 3.1 “Local LEWSs”) and
regional scale (references in section 3.2 “Territorial LEWSs”).
Fig. 3 – Principali sistemi di allertamento per frane indotte da eventi meteorici a scala di pendio (per riferimenti, vedi sezione 3.1) e a
scala territoriale (per riferimenti, vedi sezione 3.2).
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Tab. 1 – Local and territorial LEWSs function of detection factors, lead time and warning characteristics.
Tab. 1 – Sistemi di allertamento per il rischio da frana di tipo locale e territoriale: fattori di accertamento, tempi di preannuncio e
caratteristiche di allertamento.
Class
(function of scale)

Class
(SÄTTELE et al. 2012)

Local

Alarm

Local and territorial

Warning

Territorial

Forecasting

3. Examples of EWSs for weather-induced
landslides
Numerous LEWSs worldwide have been reported in the scientific literature. Figure 3 shows the location of the most important EWSs for weather-induced landslides currently operational around the
world, both at slope and regional scales, and for
which information on their characteristics is available from scientific or other certified sources. The
main features of some of these systems will be described in the following sections, differentiating
among local and territorial LEWSs.
3.1. Local LEWSs
The literature presents a good number of examples of LEWSs operating at local scale. A recent discussion among European experts on local LEWSs
took place at an international workshop, held in
Italy in 2013, specifically devoted to sharing experiences about the challenges, problems and available
tools to determine warning criteria for active slides
[CLOUTIER et al., 2015]. The presented study cases
highlighted more the problems related to the definition of reliable warning criteria rather than tools
and solutions already available to deal with this issue.
In particular, it emerged that local LEWSs always require regular analyses by an expert panel in order to:
correctly interpret the landslide behaviour, detect
any kind of evolution in the kinematic features of
the phenomenon, and update the warning models.
Among the many local LEWSs discussed at the workshop, special attention was devoted to the system deployed for the Mont de La Saxe landslide, a rockslide
of about 8×106 m3 extending over an area of about
150,000 m2 [CROSTA et al., 2014]. The landslide has
long been threatening part of the Courmayeur municipality as well as a crucial point of route E25, an
important highway connection ensuring commercial activities between Italy and transalpine countries. Recognizing the high level of risk posed by the
rockslide to human lives, in 2009 a comprehensive

Detection
Parameters of
ongoing event
Factors of
susceptibility (t)
Sensor data &
forecasts

Lead time

Warning

Short

Automatic

Extended
Regular intervals

Predefined
thresholds
Data
interpretation

monitoring system has been deployed, integrating
different types of surface and subsurface data coupled with a warning system. The latter is based on
three warning levels associated with two predefined
empirically based velocity thresholds activating specific civil protection procedures, including the interruption of road traffic and evacuation of inhabitants
from edifices located in areas potentially involved in
a failure event [MANCONI and GIORDAN, 2015]. Other
important examples of local LEWS deployed in Europe are systems operational in: Switzerland, since
2000, for debris flows occurring, on a yearly basis,
in the Illgraben catchment [BADOUX et al., 2009];
Norway, since 2004, for the Åknes rockslide, located on the northwest flank of a fiord, whose failure
could potentially generate of catastrophic tsunamis
with a run-up potential of up to 80 m in nearby villages [BLIKRA et al., 2013]; France, since 2007, for
one of the most important large and complex slope
movements in the South French Alps, known as La
Valette landslide (http://eost.u-strasbg.fr/omiv/
monitored_lavalette.php); and Italy, since 2008, for
a large and deep landslide affecting the urbanized
city of Ancona [CARDINALETTI et al., 2010].
Many other warning systems for weather-induced
landslides have been implemented outside Europe
at slope scale. In Asia, local LEWSs exist both as prototypes [TAKESHI, 2011; HONDA et al., 2008; SASSA et al.,
2009; LU et al., 2015] and operational systems (e.g.,
WANG et al., 2008; YIN et al., 2010). Among the latter
ones, a peculiar one is the warning system deployed
at Lake Sarez in eastern Tajikistan, since 2005 [DI
BIAGIO and KJEKSTAD, 2007]. The lake was created in
1911 when an earthquake triggered a massive rock
slide, whose volume is estimated to be about 2 km3,
that formed a huge dam, known as the Usoi dam, in
the river valley. A large landslide is active on the right
bank of the lake. If a general failure occurs and the
phenomenon slides into the lake, it would generate
a surface wave large enough to overtop the dam and
cause a highly severe flood downstream. The warning system comprises three warning levels, based
on both monitored data and visual observations.
Threshold values for triggering the warnings include
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both maximum measured displacements and velocities and their rates of change with time. The LEWS
at Lake Sarez is supposed to stay in operation until 2020, which is the target date for the completion
of mitigation works, i.e. long-term measures to minimize the hazard. In North America, a local LEWS
is employed at Turtle Mountain, in Canada, site of
the well-known Frank Slide, which buried parts of
the town of Frank and killed over 70 people in 1903.
Studies of the remaining portions of the mountain
highlighted the potential for another large rock avalanche to be mobilized [READ et al., 2005]; as a consequence, in 2003, the Government of Alberta committed to design a real-time monitoring and warning
system, which is managed, since 2005, by the Alberta
Geological Survey [MORENO and FROESE, 2014].
An overview of local operational LEWSs was assembled by MICHOUD et al. [2013], elaborating on the
results reported in a deliverable of the SafeLand European project [BAZIN, 2012]. They presented reflections for implementing site-specific LEWSs focusing
on specific requirements and practical issues based
on current ongoing experiences, explored considering the answers to a questionnaire provided by experts belonging to 14 operational units related to
23 monitored landslides. The authors state that, although no standard requirements exist, it is possible
to highlight some key elements for designing and
operating local LEWSs, such as: the importance of
pre-investigation work, the redundancy and robustness of monitoring systems, the establishment of different scenarios adapted to gradual increasing levels
of alert, and the necessity of confidence and trust between local populations and scientists.
3.2. Territorial LEWSs
In the last decades many EWSs have been designed and implemented at regional scale as risk
mitigation measures for weather-induced landslides over wide areas [e.g., LAGOMARSINO et al., 2013;
CALVELLO et al., 2015; STÄHLI et al., 2015 and references therein]. The increasing implementation of such
systems may be due to many reasons, including:
cost-effectiveness of these non-structural risk mitigation measures if compared to structural ones; easy
applicability over large and densely populated areas where the risk to people is widespread; upgraded
technologies and more reliable models in weather
forecasts. These systems are often managed by governmental institutions directly involved in civil defence operations and, most typically, landslides are
not the only natural hazard they deal with. Indeed,
several examples exist of systems acting as warning
dissemination tools for multiple weather-induced
hazards, including severe rain storms, floods and
snow avalanches.
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The oldest territorial LEWS employed worldwide
is the system operating in Hong Kong, China. The
LEWS is managed by the municipal Geotechnical
Engineering Office since 1977. Over the years, different landslide-rainfall correlation laws have been
considered for defining warning thresholds within
this system [LUMP, 1975; BRAND et al. 1984; PUN et al.,
2003; YU et al., 2004]. Currently, a set of bi-linear correlations between maximum rolling 24-hour rainfall
and the frequency of occurrence of 4 common types
of slope failures i.e. soil cut slopes, rock cut slopes,
fill slopes and retaining walls are considered. They
are used to compute the spatial distribution of the
potential landslides over the municipal territory,
about 1000 km2 divided into a grid with rectangular
cells measuring 1.5 km by 1.2 km. An alert is emitted if the predicted number of landslides exceeds a
threshold value, currently set in 15 landslides, and
following a final expert-based decision by the directors of the GEO and of the Hong Kong meteorological observatory. When the alert is emitted, a warning
bulletin is issued to the public immediately via media
and the internet.
Many other LEWSs are currently operational in
the world at regional scale, although the information in the literature about their operational characteristics is quite sparse. In the USA, the US Geological Survey has long been designing and implementing territorial LEWSs in a number of states: California, Colorado, Oregon and Washington [CHLEBORAD,
2000; CHLEBORAD et al., 2008; BAUM and GODT, 2010;
NOAA-USGS, 2005; CANNON et al., 2011]. In Brazil,
a municipal system is operating, since 1996, in Rio
de Janeiro [D’ORSI, 2012; CALVELLO et al., 2015]. National and regional LEWSs supported by weather
forecasts and monitoring are also diffuse in many
Asian countries. They are indeed deployed in Japan
[KURAMOTO et al., 2005; OSANAI et al., 2010], in Taiwan
[HUANG and HONG, 2010; SU et al., 2010], in Malesia
[HUAT et al., 2012], in Bangladesh [AHMED and MURILLO, 2015] and in many Chinese provinces, such as
Zhejiang [YIN et al. 2007, ZHANG et al., 2011] and Hubei [ZHONG et al., 2009].
In Europe, two national systems specifically devoted to rainfall-induced landslides have been recently implemented in Norway, managed by the Norwegian Water Resources and Energy Directorate [PICIULLO et al., 2017a], and in Italy, designed by CNR-IRPI
on behalf of the national civil protection [ROSSI et al.,
2012]. The Norwegian LEWS monitors and forecasts
the hydro-meteorological conditions potentially triggering slope failures. Decision-making is based upon
hazard threshold levels, hydro-meteorological and real-time landslide observations as well as on landslide
inventory and susceptibility maps. In the development phase of the EWS, hazard threshold levels have
been obtained through statistical analyses of historical landslides and modelled hydro-meteorological pa-
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rameters. Two different landslide susceptibility maps
are used as supportive data in deciding daily warning
levels. Daily alerts are issued throughout the country
considering variable warning zones. Warnings are issued once per day for the following 3 days with the
possibility to update them according to the information gathered by the monitoring network. The Italian system, called SANF, is based on sub-hourly rainfall measurements obtained by a national network
of 1950 rain gauges, three-day quantitative rainfall
forecasts and mean intensity-duration rainfall thresholds. Twice a day, the system compares the measured
and the forecasted rainfall amounts against pre-defined ID thresholds, and assigns to each rain gauge
a probability of landslide occurrence. Critical levels
for measured and forecasted rainfall are evaluated
considering different antecedent periods (24, 48, 72,
96 hours). Every 12 hours the early warning system
computes critical levels for each rain gauge and for
each warning zone. When the critical levels are determined, the system generates synoptic-scale maps
showing critical levels for the possible occurrence of
rainfall-induced landslides in the following 24 hours.
In Italy, besides the national system, 21 regional EWSs are also operational for weather-induced hydro-geological hazards (i.e. floods and landslides). They
have been designed following the guidelines provided by a national law [DPCM, 2004] and they are independently managed by the 21 civil protection regional departments. Some of these systems have been
developed in cooperation with research groups from
Universities or other institutions, as in the case of following regions: Emilia Romagna [BERTI et al., 2012;
MARTELLONI et al., 2012; LAGOMARSINO et al., 2013], Toscana [SEGONI et al., 2014], Piemonte [TIRANTI and
RABUFFETTI, 2010; TIRANTI et al., 2014], Calabria [SIRANGELO et al., 2003; GRECO et al., 2013], and Umbria
[PONZIANI et al., 2013]. More information on the characteristics of all the 21 regional systems are available
in PECORARO and CALVELLO [2016].
A comprehensive review of 24 territorial EWSs operational worldwide for weather-induced landslides was carried out by PICIULLO et al. [2017b]. The
review and the related discussion are based on a
scheme identifying four main components of these
systems: set-up, correlation laws, decisional algorithm
and warning management. The main variable considered in the set-up of these systems is rainfall, typically monitored by means of rain gauges. These instruments provide near real time data used for evaluating the exceedance of predefined rainfall thresholds,
which are then employed in correlation laws for landslide forecast purposes although, often, the absence
of a landslide database or uncertainties on past landslide events reduce their reliability. At times, radars
and meteorological modelling evaluating the expected amount of rain for the following hours/days are also employed to provide forecasts for weather-induced

landslides with a short/medium lead time. Only rarely, other monitored parameters, such as soil moisture
and pore water pressure, are used as part of operational correlation laws. Regarding the decisional algorithm, the definition of the warning zones is generally based on the hydro-geomorphological conditions
of the area to be warned as well as on the characteristics of the employed monitoring network, considering factors as: number of monitoring instruments per
unit area, rainfall homogeneity, geology and geomorphology. Finally, the actions to undertake and the users to inform in response to a warning are always defined considering the warning level to be issued. The
majority of the systems employs four warning levels,
including the ordinary state. The target of the warnings are, most often: politicians, civil defense agencies, institutions in charge of public safety. In some
systems also public statements are issued. In these cases, warning statements need to be clear and comprehensible in order to be understood by ordinary citizens that need to react, appropriately, according to
the meaning of each warning level.

4. Components of early warning systems for
weather-induced landslides
Figure 4 shows an original schematic of the
components of early warning systems for weather-induced landslides. The proposed scheme is based on
a clear distinction among landslide models, warning models and warning systems, wherein a landslide model is one of the components of a warning
model and the latter is one of the components of
a warning system. Within this framework, the main
components of a landslide model are the following
four: weather, monitoring, geo characterization,
and landslide event. A landslide model for weather-induced landslides may indeed be defined as a
functional relationship between weather characteristics and landslide events considering monitoring
data and the geological, geomorphological, hydrogeological and geotechnical features of the area of
interest. Of course, the definition of an adequate
landslide model for an EWS greatly depends on the
scale of the warning system and on the type of landslides to address. For instance, the monitoring network needed for the analysis of a large slow-moving
active landslide at slope scale is very different from
the one adequately supporting a territorial LEWS
designed for debris-flows and shallow landslides. In
the first case, the network may include, among other instruments, a number of inclinometers to register the displacements along the main slip surface of
the landslide; in the second case, in-situ local measures of subsurface slope displacements are useless
while frequent rainfall measures from rain gauges
or remote-sensing techniques are essential. As al-
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Fig. 4 – Scheme highlighting the components of early warning systems for weather-induced landslides.
Fig. 4 – Componenti principali di un sistema di allertamento finalizzato alla gestione del rischio per frane indotte da eventi meteorici.

ready mentioned, a landslide model is, within the
proposed scheme, part of a warning model, whose
other two components are: warning criteria, and
the warning event. Warning criteria may be defined
as the decision-making procedures required for issuing the warnings. For instance, territorial LEWSs
most typically adopt rainfall thresholds as boundaries to define different warning levels; whereas local
LEWSs may use, to the same purpose, displacement
rates. Warning criteria are needed to connect, within an operational EWS, the outcomes of the landslide model to a warning event, i.e. a set of warning
levels. The number of warning levels is a key feature
of a given warning model. Indeed, each warning level is associated to a series of characteristics of the
landslide event, to a series of potential consequences and, thus, to a series of expected actions from relevant stakeholders (e.g., system managers, civil protection personnel, people at risk). The warning levels adopted in operational LEWSs around the world
vary from a minimum of two—i.e. no warning, warning—to five or more, with four being the number of
warning levels most typically used—i.e. no warning,
moderate warning, high warning, very high warning. Within the proposed framework, a warning
model is one of the components of a warning system, which also includes other four important elements: warning dissemination, communication and
education, community involvement, and an emergency plan. The scheme helps highlighting the elements, at times neglected by technicians designing LEWSs, playing a role towards the final outcome
of such systems, i.e. to reduce the risk to life from
weather-induced landslides in a given area at a giv-
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en time. All the identified components are essential
for LEWSs to be effective, as the failure of any component means the failure of the whole system. For
instance, if the people at risk are not adequately informed during a warning event, either because they
are not reached by the warning messages or because
the meaning of these messages is not clear, they will
not act as the system managers expect them to. An
inadequate behaviour of the people may also occur
as a consequence of lack of community involvement
in the design and implementation of the LEWS.
As a final remark on the proposed schematization,
it is worth highlighting that each component of a
LEWS is related to a number of actors involved with
their deployment, operational activities and management. Three main classes of such actors can be
identified: citizens, managers and scientists. For instance, both the warning criteria and the emergency plan components, within which the procedures
used to issue and withdraw the warnings and the
evacuation procedures are defined, are significantly influenced by people’s risk perception as well as
by operational aspects of the systems the managers
need to address in cooperation with the scientists.

5. Studies on relevant research issues
5.1. Landslide model: local and territorial monitoring
strategies
Reliable LEWSs require accurate short-term
forecasts of landslide activity, which in turn demand
a detailed understanding of current field conditions
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and a quantitative framework for interpreting those
conditions [REID et al., 2008]. In other words, reliable LEWSs require a reliable landslide model. Following the schematization presented in the previous
section, an essential component of a landslide model for early warning purposes is monitoring. Over
the last several decades, researchers worldwide have
used monitoring systems to understand both the dynamic behaviour of individual landslides at slope
scale (e.g., MIKOS, 2012 and references therein) and
the conditions triggering widespread landsliding at
regional scale (e.g., ANTRONICO et al., 2013 and references therein; SCAIONI et al., 2014 and references
therein; CALVELLO et al., 2017). According to STUMP
et al. [2011], landslide monitoring comprises four
different tasks, defined as follows: i) detection, i.e.
new landslides recognition from space- or airborne
imagery; ii) rapid mapping, i.e. fast semi-automatic
image processing for change detection and/or target detection; iii) fast characterization, i.e. retrieving information on failure mechanism, volume involved and run-out; iv) long-term monitoring, i.e.
processing data for retrieving deformation patterns
and time series. A repetition of detection, characterization and rapid mapping might be considered as
long-term monitoring in most cases. Monitoring to
be used within an operational LEWS is, necessarily,
long-term monitoring.
Near-real-time monitoring networks i.e. observations that are delayed slightly (typically minutes to
hours) but still close enough in time to represent the
current status of field conditions for active landslides
or landslide-prone hillslopes have advanced rapidly
in recent years in ensuring quality data sets for transient and dynamic processes [REID et al., 2008]. Typical components of landslide monitoring networks include field sensors, data acquisition systems, remote
telemetry, and software for data processing and dissemination. A state of the art overview of techniques
for landslide monitoring is provided, as a deliverable
for the European project SafeLand (https://www.
ngi.no/eng/Projects/SafeLand), by MICHOUD et al.
[2010]. They classify the monitoring methods in: i)
passive optical sensors, providing landslide images
from ground-based, airborne or satellite platforms;
ii) active optical sensor, including electronic distance meters, airborne and terrestrial laser scanners;
iii) active microwave sensors, i.e. ground-based and
space borne radar interferometry; iv) geophysical investigations, subdivided in ground-based, airborne
and offshore methods; v) geotechnical ground-based
monitoring systems, including extensometers, inclinometers, piezometers, earth pressure cells and multiparametric systems; and vi) other techniques, such
as global navigation satellite systems. Besides presenting the different methods, the Authors discuss the
main advantages and limitations of each technique
in terms of spatial and temporal resolution, accura-

cy, spatial coverage, cost and other relevant factors.
Within another deliverable of the same project, BARON et al. [2012] focus on the physical parameters that
can be monitored in relation to landslide triggering
processes and that can be used as early warning parameters of slope instabilities. The latter are defined
as mass-movement indicators allowing detection of
an impending critical activation or acceleration of
the landslide(s). The Authors group the monitoring parameters as follows: i) slope movement/deformation/activity parameters, including measures
of displacement, strain, mass loss/increment balance, macro-cracks, surface fissures, micro seismicity, acoustic emissions, and rockfall event frequency; ii) hydrologic properties, including measures of
groundwater level, pore-water pressure, soil suction,
soil humidity, water balance, surface and subsurface
water quality; iii) ground geophysical properties, including measures of geoelectrical parameters, seismic velocity, passive electromagnetic emission, and
proton magnetic resonance; iv) external triggers, including measures of meteorological conditions, seismicity, volcanic activity, and atmospheric tides. The
literature also presents other classifications of landslide monitoring techniques and methods (e.g., DUNNICLIFF, 1992; MIKKELSEN, 1996; SCHÄFER, 2008; STALEY
et al., 2015). MIKKELSEN [1996] divides the techniques
in monitoring of: surface movements, pore water
pressure inside the landslide, ground displacements,
and other parameters. SCHÄFER [2008], in a report
of ClimChAlp project (http://www.alpine-space.
org/2000-2006/climchalp.html),
differentiates
landslide monitoring methods into: geodetic, geotechnical, geophysical and remote sensing. STALEY et
al. [2015] present the monitoring technologies used
in operational EWSs for weather-induced landslides
considering the following classification of the monitored environmental variables: precipitation, snow
cover, soil moisture, rock/soil surface, and triggered
mass movement. They also state that, for each LEWS,
the specific choice of instrumentation depends on
the type of imminent hazard, the area at risk, the
know-how of the responsible authorities and the
trade-off between costs and risk reduction. Elaborating on the experiences already presented in the literature, table II shows an original classification of the
landslide monitoring instruments that can be adopted within operational LEWSs, based on the parameter to be monitored and on the monitoring method.
The monitored parameters are classified in four categories: deformation activity, groundwater, trigger
and predisposing factor. The monitoring methods
are classified in six categories: geotechnical, hydrologic, geophysical, geodetic, remote sensing, meteorological.
As already stated in a previous section of the paper, landslides include different phenomena that
can be classified, for warning purposes, looking at
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Tab. II – Instruments used for landslide monitoring within LEWSs, classified considering the monitored parameters (rows)
and the monitoring methods (columns).
Tab. II – Strumentazione utilizzata per il monitoraggio delle frane finalizzato all’allertamento, classificati considerando i parametri da
monitorare (righe) ed i metodi di monitoraggio (colonne).

Deformation
activity

OptF
EExt

Cracking

Crack
Acc
Seis Geoph

Piez
Tens
TPsy

Soil humidity
Water quality

ElCS
ThCS
TDR

Sat
Acc
Seis Geoph
Acc
Seis Geoph

Earthquake
Volcanic activity

Predisposing
factor

Atmospheric tides
Stream flow

Meteorological

Sat

SprS

Weather
Trigger

GPR
GbLiD
ALiD
GbLiD
ALiD

Mass balance

Suction

Cam
GbLiD
ALiD
GbSAR InSAR
UAV

GbLiD
ALiD

Rockfall event frequency

Groundwater

GPS
Int
TotS

Geoph

Microseismicity and acoustic emission

Pore water pressure

Remote sensing

Strains

Geodetic

Displacements

Inc
BExt
DMS
Tilt

Geophysical

Monitoring parameter

Hydrologic

Monitoring
activity

Geotechnical

Monitoring method

RainG
WS

InSAR
Bar

WLM
Hyd

Legend: Inc=Inclinometer; BExt=Borehole extensometer; DMS=“Differential monitoring of stability” column; Tilt=Tiltmeter;
GPS=Global positioning satellite; Int=Interferometer; TotS=Total station; Cam=Camera; GbLiD=Ground-based LIDAR;
ALiD=Airborne LIDAR; GbSAR=Ground-based synthetic aperture radar; InSAR=Interferometric synthetic aperture radar;
UAV=Unmanned air vehicle; OptF=Optic fiber; EExt=Embedded extensometer; Geoph=Geophone; Crack=Crackmeter;
Acc=Accelerometer; Seis=Seismometer; GPR=Ground penetrating radar; Piez=Piezometer; Tens=Tensiometer;
TPsy=Thermocouple psychrometer; ElCS=Electrical conductivity sensor; ThCS=Thermal conductivity sensor; TDR=Time domain reflectometer; Sat=Satellite sensor; SprS=Spring sampling; RainG=Rain gauge; WS=Weather Station; Bar=Barometer;
WLM=Water level meter; Hyd=Hydrometer.

the propagation phase and considering the following relevant aspects: landslide typology, material involved, phase of activity, velocity and volume. Another key issue for correctly designing a monitoring
network for a landslide model is the scale of opera-
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tion, as local LEWSs deal with a single landslide system at slope scale, while territorial LEWSs deal with
multiple landslides over a basin, a municipality, a region or a nation. At slope scale, ANGELI et al. [2000]
discuss some of the main problems concerning the
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installation and management of monitoring equipment used for the study of three different slow-moving weather-induced landslides in Italy: the Tessina
landslide, a slide-earth flow involving about two million cubic metres of material in a flysch formation
made up of low-permeability marly-clayey and calcarenite strata, with a slip surface approximately 2030 m deep; the Giau pass landslide, a complex slide
of about 500,000 m3 made up of morainic material characterised by a large graben area in the upper
part of the slope and by a translation of the main
mass occurring on an almost sub-horizontal slip surface; the Sirolo landslide, where large blocks of marls
and calcareous marls, set free by the systems of joints
and by the presence of escarpments, tend to slide
on the bedding planes. Among various other issues,
they mainly point out that previous in-depth understanding of the phenomena is essential for correctly positioning the monitoring instruments. UHLEMANN et al. [2016] draw on the experience gathered
in monitoring a complex landslide in a mudstone
formation in North Yorkshire, UK, periodically reactivated in response to rainfall-induced pore-water
pressure fluctuations, to compare long-term measurements obtained from a combination of monitoring techniques. Three different types of slope instability can be identified on the monitored slope: sliding along curved few-meter deep slip surfaces in the
upper part of the slope; translational landsliding in
the central section with multiple translational components and discrete shear zones observed at 1.5 to 4
m; slope deformation that is increasingly characteristic of flow-like behaviour further down the slope.
The Authors highlight the relative performance of
the different monitoring techniques in the test area
and provide guidance for selecting and installing appropriate techniques to assess unstable slopes. Particular attention is given to the spatial and temporal resolutions offered by the different approaches
that include: real time kinematic-GPS monitoring
of a ground surface marker array, conventional inclinometers, shape acceleration arrays, tilt meters,
active wave guides with acoustic emission monitoring, and piezometers. At regional scale, the use of
remote sensing techniques for slope motion monitoring has surged in the past two decades (e.g., MANTOVANI et al., 1996; METTERNICHT et al., 2005 and references therein; DELACOURT et al., 2007 and references
therein; SCAIONI et al., 2014 and references therein).
Recent guidelines compiled by STUMP et al. [2011],
once again as a deliverable of the SafeLand European project, provide information on many different remote sensing techniques with details on their
accuracy, data availability, costs, technological limitations as well as on the applicability of each technique
for different landslide types, observational scales,
displacement rates, and risk management phases. In
particular, the guidelines give an overview of the ca-

pabilities of the different techniques to detect, characterize, map and monitor landslides and are intended to be used to initially constrain the choice
of methods to a few techniques that seem most feasible for the landslide process at hand. SCHÄFER [2008]
provides an overview on the possible field of application of the large variety of methods and sensors
suitable for slope monitoring at different scales. The
classification is mainly done by considering the following three characteristics: i) surface extension, divided in small surface extension (< 1 km²), medium
surface extension (1-25 km²) and very large surface
extension (> 225 km²); ii) coverage, divided in single
point(s) and area-wide; and iii) predominant morphology, divided in predominantly flat and predominantly vertical.
Monitoring networks installed for LEWSs implemented at different scales, despite the fact they rely upon common principles and techniques, do not
usually “talk to each other.” Figure 5 shows an original proposal for a fruitful interaction among local
and territorial LEWSs. Once the type of landslides
under surveillance and the warning area have been
specified, territorial analyses may be used to define
a series of significant slopes, i.e. slopes representative, for the chosen type of landslides, of similar areas within the warning zone. The decision can be
based on a model deriving a susceptibility zoning
map from available thematic information, preferably using information related to historical landslides
in the area (e.g., BRABB, 1984; FELL et al., 2008; CALVELLO et al., 2013; CIURLEO et al., 2016). A link with the local LEWSs is established, moving upscale, by choosing how many significant slopes can be monitored.
At slope scale, the geotechnical variables to consider
within the real time monitoring strategy are determined by the characteristics of the slopes to be monitored. A detailed geotechnical slope characterization is also needed to effectively use the monitoring
data in a local model providing a prediction of the
slope response for early warning purposes. Moving
again downscale, the results of the local model can
also be profitably used in a territorial LEWS, in addition to real time monitoring data gathered at regional scale, to extend the forecast to the areas already
identified as similar to the one monitored within the
local LEWS.
As indicated in figure 5, the interaction between
monitoring networks for LEWSs operating at different scales is established by means of slopes that are
significant at both scales in relation to the landslides
of interest and to the geotechnical, geological, geomorphological and hydrological characteristics of
the slopes. The monitoring devices to employ may
be evenly distributed between local and territorial systems or, alternatively, one of the two monitoring networks may be predominant in relation to the
other. In both cases, the design of the two monitor-
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Fig. 5 – Integration between local and territorial LEWSs.
Fig. 5 – Schema di integrazione tra sistemi di allertamento per il rischio da frana di tipo locale e territoriale.

ing networks should consider and exploit relevant
relationships between the detailed knowledge coming from the monitoring data at slope scale and the
distributed knowledge coming from the monitoring
data at regional scale. For instance, if the local and
territorial systems are designed to warn for the possible catastrophic reactivations of large deep-seated
landslides in rocks or structurally complex formations, the dominant network is the one developed to
monitor a specific landslide at slope scale. Examples
of such networks, typically very expensive to install
and operate, are present in many parts of the world
for many well-known landslides, such as: Mount de
la Saxe in Italy [CROSTA et al., 2014], Aknes in Norway [BLIKRA et al., 2013], few active landslides along
the three-gorges reservoir in China (e.g., YIN et al.,
2010), among others. The main activities monitored
in these networks are the deformation activity of the
landslide by means of GPS, total stations, InSAR, inclinometers, extensometers and other instruments
and the groundwater regime in the slope. In cases like these, creating a downscale integration link
with systems aiming at warning for similar phenomena at territorial scale (of course not covered by local
monitoring networks) implies adopting, for example, analyses of satellite data for the detection of displacement trends over multiple landslides, including the phenomenon already monitored at slope
scale. If the interest lies in warning over wide areas
for a different class of landslides, such as rainfall-in-
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duced shallow landslides and debris flows, an opposite approach may be used. In such a case, the dominant monitoring network is the one developed for
the territorial LEWS – typically comprising a significant number of rain gauges distributed over the area of interest – while monitoring devices installed at
slope scale play a supporting role. Instruments like
piezometers, tensiometers and soil moisture gauges, if installed within slopes representative of the
main geo-environmental conditions of the area and
susceptible to shallow landslides and debris flows,
can be extremely helpful to complement the rainfall measures. They may indeed be used to collect
information quantifying the effect of the rainfall on
the groundwater regime, thus helping design a more
effective operational territorial landslide model for
the area of interest.
5.2. Warning model: performance assessment of territorial LEWSs
Within the Hyogo Framework for Action i.e.
identify, assess and monitor disaster risks and enhance early warning the “priority for action 2” identifies as key activity the establishment of institutional capacities to ensure that early warning systems are
subject to regular system testing and performance
assessments [HFA, 2005]. When dealing with territorial LEWSs, the performance quantification issue is
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Fig. 6 – Schematic representation of two hypothetical landslide and warning events within a warning zone: number of landslides and warning levels over time.
Fig. 6 – Rappresentazione schematica di due ipotetici eventi franosi ed eventi di allerta all’interno di una zona di allerta: numero di frane
e livelli di allerta nel tempo.

often overlooked, both by researchers dealing with
warning models and by system managers. Frequently, empirical evaluations are carried out by analysing
the time frames during which significant high-consequence landslides occurred in the warning area (e.g.,
KEEFER et al., 1987; BAUM AND GODT, 2010; CAPPARELLI and TIRANTI, 2010). Alternatively, the evaluation
is based on 2 by 2 confusion matrices reporting the
joint frequency distribution of landslides and alerts,
both considered as dichotomous variables (e.g., CHEUNG et al., 2006; KIRSCHBAUM et al., 2012; MARTELLONI
et al., 2012; STALEY et al., 2013; GARIANO et al., 2015;
STÄHLI et al., 2015, LAGOMARSINO et al., 2015). In all
these cases, model performance is assessed neglecting some important aspects peculiar to territorial
LEWSs, among which: the occurrence of concurrent
multiple landslides in the warning zone; the duration of the warnings in relation to the landslides; the
issued warning level in relation to the landslide spatial density in the warning zone; the relative importance attributed, by system managers, to different
types of errors. To clarify these issues further, figure
6 reports a graphical representation of the time deployment, within a warning zone, of two hypothetical landslide and warning events. As already stated, a
warning event groups a sequence of warning levels,
uninterruptedly moving from and going back to the
ordinary warning state; a landslide event groups a series of landslides on the basis of their characteristics
(e.g., the number of phenomena occurring within
a given time period). The example reports 30 landslides for the first landslide event, or 29 if we do not
want to include in the event the last landslide that
occurred much later than the rest of them, and 19
landslides for the second event. How did the warn-

ing model perform in relation to the reported landslides? Have the warnings been issued in a timely
manner? Was their duration adequate? Are there
false or missed alerts in this example? The answers
to these questions are not trivial. Indeed, different
operators may heuristically judge the performance
of this warning model very differently, and also the
definition of confusion matrices would be strongly
subjective. For instance, the first warning event comprises a relatively short “medium level” warning, followed by a “very high level” warning and a final “high
level” warning. Most of the reported landslides occur
during the warning event, yet four landslides occur
before any warning is issued, three landslides occur
when the warning level is initially set to medium and
one final landslide occurs soon after the warning
event has ended. Overall, eighth out of 30 landslides
do not happen when the warning is set to the maximum level. And when the warning is set to “high level” no landslides are registered. Is this an indication
of an adequate or inadequate behaviour of the warning model? How to quantify the missed alerts related to the initial and final landslides? Should the last
landslide be considered a missed alert or not? How
to quantify the false alert related to the “high level”
warning? Also in the second case, when all the landslides happen within the warning event, the performance evaluation is not straightforward. 18 out of
19 landslides occur during the “high level” warning,
yet no landslides are registered during the “very high
level” warning. Finally, if we look at the two reported
events comparatively, when did the warning model
performed better, in the first or second case?
Attempting to answer the above mentioned
questions, CALVELLO and PICIULLO [2016] proposed a
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methodology, called Events-Duration Matrix-Performance (EDuMaP), in which the analyst is able to objectively compute the performance of a landslide regional warning model to be employed within a territorial LEWS. The EDuMaP method comprises three
successive steps: i) definition and temporal analysis
of warning and landslide events; ii) computation of a
duration matrix; iii) evaluation of the warning model performance. Figure 7 graphically shows the main
features of the proposed method. In the first step,
available databases of recorded landslides and warnings are used to define the warning events and the
landslide events. Warning events are retrieved from
the warnings database according to decision making and warning levels criteria looking at: the procedures employed to activate the warnings; the meaning of the warnings issued for a given warning zone.
Landslide events are retrieved from the landslides
database according to data, classification, spatial and
temporal characteristics of the landslide records.
They implicitly evaluate and classify the magnitude
of a set of multiple landslides occurring in a given
area within a given time period. The results of the
events analysis depend on the values assumed by the
following 10 input parameters, which allow the analyst to make choices on how to select and group landslides and warnings: 1) warning levels; 2) landslide
density criterion; 3) lead time; 4) landslide typology; 5) minimum interval between landslide events;
6) over time; 7) area of analysis; 8) spatial discretization adopted for warnings; 9) time frame of analysis;
10) temporal discretization of analysis (for more details see CALVELLO and PICIULLO, 2016).
The second step of the EDuMaP method aims at
computing the elements of a duration matrix reporting the time associated with the occurrence of landslide events in relation to the occurrence of warning
events, in their respective classes. The matrix reported in figure 7 is drawn as a 4 by 4 matrix, under the
hypothesis of: four classes of warning events, indicated with numbers from 1 to 4 and letters representing
the descriptors no, Medium (M), High (H) and Very
High (VH); four classes of landslide events, indicated with numbers from 1 to 4 and letters representing
the descriptors no, Small (S), Intermediate (I) and
Large (L). Each element of the duration matrix, dij,
is computed, within the time frame of the analysis,
∆T, as follows:
dij=Σ∆t tij

(Eq.1)

where: i is the class of the warning event; j is the class
of the landslide event; tij is amount of time for which
a class i warning events is concomitant with a class j
landslide event.
The third step of the EDuMaP method is based
on the definition of a series of performance criteria and indicators applied to the duration matrix.
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Two performance criteria are reported, as examples,
in figure 7. The first one employs an alert classification scheme derived from a 2 by 2 confusion matrix
(identifying correct predictions, CP, false alerts, FA,
missed alerts, MA, and true negatives, TN), the second one assigns a colour code to the elements of the
matrix in relation to their grade of correctness (classified as follows: green, G, for the elements which are
assumed to be representative of the best model response; yellow, Y, for elements representative of minor model errors; red, R, for elements representative
of significant model errors; purple, P, for elements
representative of the worst model errors). A number
of performance indicators may be derived from the
two performance criteria previously reported (for
more details see CALVELLO and PICIULLO, 2016).
The EDuMaP method has been already used to
assess the performance of various territorial LEWSs
around the world. CALVELLO and PICIULLO [2016]
conducted a parametric analysis using 3 years of
landslides and warnings data from the LEWS operating in Rio de Janeiro (Brazil) at municipal scale.
They found that the input parameters of the events
analysis most affecting the results were the following: the landslide density thresholds used to differentiate among the classes of landslide events; the set
of landslides considered in the simulations; the time
set as the minimum time interval between landslide
events; the time interval between the last landslide
identified within a landslide event and the assumed
ending of the landslide event; the area of analysis;
and the time frame of the analysis. For instance, the
criterion employed to define landslide density did
not perform well when the number of landslides per
unit area was computed using the area mapped as the
most susceptible instead of the total area of the warning zone. The latter means that the thresholds used
in the adopted warning criterion more adequately
represented an average landslide density computed
over the whole warning zone. Concerning the time
interval used to identify the number of landslides to
include within a single landslide event, high values
of this parameter (equal to or higher than 24 h) generally caused the landslide events to last too much
and the warning model to perform worse. The latter happened when significant parts of the landslide
events, for which no warnings were issues, were mistakenly considered serious missed alerts. The performance assessment also proved very sensitive to the
number of data used for the different analyses, i.e.
to the parameters defining the type of landslides, the
area and the time frame. The latter is most likely the
result of the relatively short time for which landslides
and warnings data were available, i.e. 3 years.
PICIULLO et al. [2017c] used the EDuMaP method both to define and assess the performance of an
operation territorial LEWS based on rainfall thresholds, within a landslide-prone area of the Campania

78

CALVELLO

Fig. 7 – Performance evaluation of regional LEWSs: the EDuMaP method (modified from CALVELLO and PICIULLO, 2016).
Fig. 7 – Valutazione della prestazione di sistemi di allertamento per il rischio da frana di tipo territoriale: il metodo EDuMaP (modificato
da CALVELLO e PICIULLO 2016).

region in southern Italy (Fig. 8a). To these aims, a
database of 96 shallow landslides triggered by rainfall in the period 2003-2010 and rainfall data gathered from 58 rain gauges were used. The method
was applied as the last step of a five-step process
chain that includes: 1) defining and validating a
set of rainfall thresholds with different exceedance
probabilities; 2) selecting rainfall thresholds for the
activation of increasing warning levels related to increasing probability of landslide occurrence; 3) calculating the cumulated rainfall at different time intervals and comparing them with the rainfall thresholds associated to pre-identified warning levels; 4) issuing the appropriate warning level; and 5) evaluating the model performance and periodically updat-

ing the model to increase its reliability. The Authors
evaluated several rainfall thresholds at different exceedance probabilities and ultimately selected nine
different percentile combinations for the activation
of three warning levels. Figure 8b shows the results
obtained for the nine percentile combinations using the alert classification and grade of correctness
criteria reported in figure 7. The best warning model solution for the test area resulted to be the percentile combination P1,80,90, which yielded satisfactory results both in terms of success and error performance indicators.
PICIULLO et al. [2017a] used the EDuMaP method to evaluate the performance of a LEWS operating in Norway, at national scale, for monitoring and
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forecasting the hydro-meteorological conditions potentially triggering slope failures. As already mentioned in the literature review section, the warning
model of the Norwegian national LEWS is based upon hazard threshold levels, hydro-meteorological
and real-time landslide observations, also considering available landslide inventories and landslide susceptibility maps. Warning statements are issued, for
the whole country, once per day considering variable warning zones. To assess the warning model performance, the Authors adapted the EDuMaP method for computing the elements of the duration matrix even when the warnings are issued over variable warning zones. They used the method for a test
area comprising four administrative regions located
on the Norwegian west-coast and considering the
period 2013-2014. During these two years, warnings
higher than the baseline green level were issued for
49 days. During the same period, 385 slope failures
were registered: 65% categorized as landslides in soil
and not otherwise specified; 17% classified as debris
avalanches, which in many cases initiated as small debris slides; 7% classified as debris flows; 5% classified as soil slides in artificial slopes; 5% classified as
slush flows; and the remaining 1% classified as rock
falls, often inducing debris avalanches (Fig. 9a). Two
different sets of phenomena were used for the model performance evaluation: all the 385 slope failures
(case A); and only 131 phenomena, not considering
the unspecified landslides in soil and the rock falls
(case B). The removal of the unspecified landslides
was due to the questionable quality of these registrations in the national landslide database, while the exclusion of rock falls is related to the uncertainty on
whether precipitation could be considered their triggering cause. The results indicate that the landslide

datasets do not significantly influence the performance evaluation, although a slightly better performance is registered for the smallest dataset (Fig. 9b).
The Authors also performed a parametric analysis on
the landslide density criterion, one of the key parameters of the first step of the EDuMaP method, with
a twofold purpose: to compare the performance of
different early warning models, and to evaluate the
effect of the choices the analyst makes to classify the
landslide events. In the analysis the classes were established considering both absolute (2 simulations)
and relative (4 simulations) criteria. In the first case
a minimum and maximum number of landslides for
each class was defined. In the second case the class
thresholds were computed in terms of number of
landslides per unit area, i.e. considering the landslide spatial density. The results show significant differences among computed performances when absolute or relative landslide density criteria are considered for the definition of the events classes. The
best performance was obtained applying a relative
density criterion, yet only minor differences were
found among the four simulations performed employing this criterion.
5.3. Warning system: landslide risk perception
Perceptions of risk are a key issue when risk mitigation strategies involve non-structural measures for
which the active involvement of the population is
needed, such as relocation and warning systems. Mitigating risk through social routes must consider the
fact that people interpret the information presented
in relation to their expectations, experience, beliefs
and misconceptions, and these, in turn, influence

Fig. 8 – Southern Italy case study: a) test area, i.e. warning zone 3 of Campania region (from PICIULLO et al., 2017c); b) performance assessment of 9 different warning models (from PICIULLO et al., 2017c).
Fig. 8 – Caso di studio in Italia meridionale: a) area campione, i.e. ZONA di allerta 3 del sistema regionale campano (da PICIULLO et al.,
2017c); b) valutazione della prestazione di 9 diversi modelli di allerta (da PICIULLO et al., 2017c).
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Fig. 9 – Western Norway case study: a) test area, i.e. Møre og Romsdal, Sogn og Fjordane, Hordaland and Rogaland regions
(from PICIULLO et al., 2017a); b) performance assessment from two analyses considering different landslide datasets (from
PICIULLO et al., 2017a).
Fig. 9 – Caso di studio in Norvegia: a) area campione, i.e. Regioni Møre og Romsdal, Sogn og Fjordane, Hordaland and Rogaland (da
PICIULLO et al., 2017a); b) valutazione della prestazione di analisi che utilizzano due diverse basi di dati di frane (da PICIULLO et al.,
2017a).

their decision-making and behaviour [PATON, 2008;
DOW and CUTTER, 2000]. A valid theory of risk perception should be able to predict and explain “what
kinds of people will perceive which potential hazard
to be how dangerous” [WILDAVSKY and DAKE, 1990].
The concept of risk perception has been widely investigated in the past decades, mainly in relation to the
risk posed by anthropic activities such as: industrial
and technological threats (e.g., SLOVIC, 1987; HORNIG,
1993); virus outbreaks (e.g., RUBIN et al., 2009); medical treatments (e.g., SLOVIC et al., 2007; FREUDENBERG
and BEYER, 2011); social problems (e.g., QUILLIAN and
PAGER, 2010); economic problems (e.g., CHASSAGNON
and VILLENEUVE, 2005; SARI et al., 2011); aviation and
transportation (e.g., HAYAKAWA et al., 2000; THOMSON et
al., 2004). The perception of risks related to natural
hazards has received slightly less attention in the scientific literature, although relevant studies have been
carried out in relation to earthquakes (e.g., LINDELL
and PERRY, 2000), to weather-induced disasters (e.g.,

LIN et al., 2008; WAGNER, 2007, PLATTNER et al., 2006,
WACHINGER and RENN, 2010) and, more specifically, to
floods (e.g., ROGERS et al., 1983; GROTHMANN and REUSSWIG, 2006) and landslides [FINLAY and FELL, 1997;
SOLANA and KILBURN, 2003; NATHAN, 2008; SCOLOBIG
et al., 2011; SALVATI et al., 2014; CALVELLO et al., 2016;
HERNÁNDEZ-MORENO and ALCÁNTARA-AYALA, 2017;
THIENE et al., 2016]. ROGERS et al. [1983], investigating
the people’s willingness to undertake precautionary
actions related to floods, propose a socio-psychological model based on the protection motivation theory [BUBECK et al., 2012]. According to FINLAY and FELL
[1997], most people seldom think about the possibility that landslides might affect their lives, with the
obvious exception of those who are involved in landslide-related work. Coherently, NATHAN [2008] found
that residents, community leaders and city planners
in the city of La Paz in Bolivia tend to underestimate
or deny landslide risk, with important consequences
for risk management, such as a failure to raise risk
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awareness. LIN et al. [2008] found that people affected by floods and landslides are less willing to adopt
risk mitigation measures, even if they perceive higher risk, and are more worried and attentive to hazard
information. The results of a study of mental models of flash floods and landslides show that people
having better knowledge of hazards are those who
draw on many different sources of information, who
express fear about natural hazards or have previous
experience with hazards [WAGNER, 2007]. According to SOLANA and KILBURN [2003], vulnerable communities can achieve a greater awareness of the hazards they face by means of public-information programmes designed around existing perceptions of
landslides. PLATTERN et al. [2006] proposed a procedure to quantify risk by formally integrating individual risk and a weighted mean of relevant perception
affecting factors. More recently, HERNÁNDEZ-MORENO and ALCÁNTARA-AYALA [2017] reinforced the argument that a better understanding on how landsliding is perceived is one of the most significant issues
for enhancing landslide disaster risk awareness and
knowledge and to guarantee the advance of resilient
communities at individual and collective scales.
In Italy, two national surveys were recently conducted to assess the perception of risk in relation to
landslides and flooding in comparison with other
kinds of risks [CNR-IRPI 2013, SALVATI et al., 2014].
These revealed that Italians fear technological risks
more than natural risks and that earthquakes are
considered more dangerous than floods, landslides
and volcanic eruptions. As far as landslide risk is concerned, a comparison with number of fatal events,
number of fatalities and mortality rates revealed that
risk perceptions generally did not match the longterm risk posed by landslides, with the relevant exception of the Campania region where landslide risk
and perceptions of risk are both high. In this region,
CALVELLO et al. [2016] performed a study on this issue
amongst residents living in the Sarno municipality, a
relatively small town that experienced in 1998 enormous damage and loss of life – 137 deaths – as a result of a landslide event of great magnitude, with numerous landslides of the flow-type occurring within
a few hours after two days of exceptional rainfall (e.g.
CASCINI, 2004). The peculiar characteristics of these
landslides may influence the individual perception
of their risk and people’s willingness to support and
engage in risk mitigation actions. For these reasons
CALVELLO et al. [2016] investigated, in their survey,
the main factors that determine a positive and proactive behaviour in relation to management strategies
implemented to reduce the risk posed by such phenomena. Herein, the main results from this study are
reported and commented.
The study involved a questionnaire survey that
was carried out primarily in Episcopio, a townland
of Sarno, and surrounding areas. Figure 10a shows
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the location of residence of the respondents: 60 individuals living inside the so-called “red zone”, the
urbanised area which was considered to be exposed
to residual risk soon after the 1998 landslides; and
40 individuals living outside this area. The sample
of respondents comprises a similar number of men
(51%) and women (49%), with an age range of 1985 years. More than 70% of the sample has at least
a high school diploma, and the sample has the following composition in terms of employment status:
at work (58%), homemaker (17%), retired (14%),
student (7%) and unemployed (4%). Unsurprisingly, almost all respondents define themselves as having been strongly and directly affected by the devastating landslides that occurred in 1998 (98% personally knew at least one of the victims of the disaster, 40% experienced damage to their own home,
and almost 50% were temporarily evacuated in the
period immediately following the landslide event).
Despite that, residents in Sarno seem to be relatively unaware of the risk levels defined by the public
bodies charged with landslide risk assessment and
zoning in the area (Fig. 10b). Indeed, when asked
to indicate whether they currently reside in an area
that is classified at a high risk from landslides, more
than half of the respondents living inside the red
zone (31/60) indicated that they are not living in a
high-risk area. Yet, by comparing the national survey
conducted by SALVATI et al. [2014] with the study by
CALVELLO et al. [2016a] it emerges that the perception of landslide risk in Sarno is considerably higher (Fig. 11). Indeed, almost 40% of respondents believe that landslides represent a significant threat to
their residence, and 60% perceive these to be life
threatening. This result is coherent with the founding of several studies outlining the powerful impact
of previous flood and landslide experience to individual risk perception and mitigation behaviour
[BUBECK et al., 2012; LIN et al., 2008]. Interestingly,
residents in the red zone are a little more worried
about the risk to their property than all those surveyed, yet at the same time they perceive a lower risk
to their lives. In fact, many residents living outside
the red zone area indicated that, when responding
to the question about life-threatening risk, they were
thinking of the high risks that prevail in other areas of the municipality and the possibility of experiencing a landslide whilst present in one of these
areas. In relation to this issue, BUBECK et al. [2012]
state that the objective risk, as defined by experts, is
not clearly related to risk perception. Other studies
indicate that perceptions of exposure to life-threatening risks are often influenced by fatalistic dispositions [PETERS and SLOVIC, 1996; KOUABENAN, 2006; RUBIN et al., 2007]. This hypothesis, however, cannot be
confirmed by the results of the performed study. Indeed, when asked whether they agreed or disagreed
with the statement “landslides of the flow type can be
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Fig. 10 – a) Location of residence of respondents with indication of the 1998 landslides, the so-called “red zone” and risk
zoning of the area effective since 2011 (from CALVELLO et al., 2016); b) Answers to question “Do you currently live in an area
classified at high risk for landslides?” (modified from CALVELLO et al., 2016a).
Fig. 10 – a) Luogo di residenza degli intervistati con indicazione delle frane del 1998, la cosiddetta “zona rossa” e la zonazione del rischio
in vigore dal 2011 (da CALVELLO et al., 2016); b) Risposta alla domanda “Lei vive in un’area attualmente classificata ad alto rischio
colata di fango?” (modificato da CALVELLO et al., 2016).

controlled”, respondents show a well-sorted mix of
opinions on this issue, not correlated with the replies
to the question “how much do you think landslides
are a hazard to your life?”.
Throughout the study, the answers of the respondents consistently stress lack of information on
issues related to the landslide risk mitigation works
carried out in the study area in recent years, including an almost total ignorance on the (very significant) cost of the public investments. As figure 12
shows, most people indeed mention additional information as the main priority to safeguard people
living in areas at high risk, followed by such measures as population transfers, respecting nature and
preparing effective emergency plans. When the respondents were asked to identify the most effective
techniques for reducing landslide risk choosing between three options i.e. the construction of protective measures such as retention basins, limitations
in relation to land use, emergency plans and early-warning systems relatively few respondents trusted emergency plans or warning systems (26/100),
whilst the other two options were selected by a larger
and similar number of people. Protective measures
are generally preferred by residents in the red zone,
whilst limitations in land use are indicated more of-

ten by those who live outside this area. When specifically asked about early warning systems, more
than 80% of respondents believe that these are useful (Fig. 12b), yet many feel that the effectiveness of
such systems is greatly reduced by the absence of official information (Fig. 12c). The latter once again
highlights the role of communication as an issue
that intersects practically all other aspects of community participation, awareness and involvement. This
is consistent with findings from PATON and JOHNSTON
[2001] and PATON [2008]. The first study stresses
the importance of assimilating the perspectives derived from community consultation on hazard management and seeking, as far as possible, to provide
information and resources necessary to sustain empowerment, self-help and resilience. The study also states that whilst perception of a threat remains a
pertinent precursor of risk reducing behaviour, the
key factors are: consideration of whether risk may
be reduced, whether the required actions are within
the capabilities of the individual. PATON [2008] states
that preparedness is a process that must be managed
through the active engagement of community members within the risk communication process.
In general terms, besides the deficit of information the survey also highlighted lack of trust to-
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Fig. 11 – Comparison among: a) answers to national survey conducted in 2013 in Italy (modified from SALVATI et al., 2014);
b) answers to survey conducted in 2013 in Sarno (modified from CALVELLO et al., 2016a).
Fig. 11 – Confronto tra: a) risposte ad un sondaggio condotto in Italia a scala nazionale nel 2013 (modificato da SALVATI et al., 2014);
b) risposte al sondaggio condotto a Sarno nel 2013 (modificato da CALVELLO et al., 2016a).

Fig. 12 – Answers to questions: a) “In your opinion, how could one safeguard people living in areas at high risk?” (modified
from CALVELLO et al., 2016); b) “Is a landslide early-warning system useful for the people living in Sarno?” (modified from
CALVELLO et al., 2016); c) “What improvements would you make to the current landslide early-warning system?” (modified
from CALVELLO et al., 2016).
Fig. 12 – Risposta alla domande: a) “Secondo lei, in che modo si potrebbero tutelare le persone che ricadono nelle aree ad alto rischio?”
(modificato da CALVELLO et al., 2016); b) “Per gli abitanti di Episcopio è utile avere un sistema di allerta per le frane tipo colate di
fango?” (modificato da CALVELLO et al., 2016); c) “Quali miglioramenti apporterebbe al sistema di allerta attualmente in funzione?”
(modificato da CALVELLO et al., 2016).

wards the public organism responsible for risk management as well as a latent and unmet demand for
public participation in the management of landslide
risk in Sarno. Almost all respondents, regardless of
where they lived and how they perceived risks, at-
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tributed great importance to land management for
the reduction of risks deriving from landslides. Yet,
judgements on those charged with handling emergencies and other public bodies were nearly always
critical. Therefore, an important suggestion emerg-
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ing from this study is the need to develop more effective communication strategies in order to: transmit
knowledge about actions to reduce risk below an acceptable threshold; promote awareness amongst citizens; favour the development of individual and collective forms of responsibility; remediate the lack of
trust towards public organisms in charge of landslide
risk management.

6. Conclusions
In the last decades many early warning systems
for weather-induced landslides have been designed
and employed in different areas of the world. They
generally have lower economic and environmental
impacts than structural risk mitigation measures. Designing a LEWS is a complex task, as many factors,
such as typology of landslide, scale of operation, risk
scenarios, available resources, etc., must be considered. The paper discussed numerous aspects related
to early warning strategies implemented to cope with
the risk associated to weather-induced landslides. After a brief introduction on risk assessment and mitigation by EWSs, the specificities of LEWSs were presented, with a special attention devoted, in the first
part of the paper, to: landslide classification, LEWS
activities, and scale of operation. These issues were
discussed both by considering relevant experiences
from the literature and by proposing original ideas
to move behind the current state of practise. For instance, an original example of landslide taxonomy is
shown as an example of classification scheme to be
used for defining monitoring and modelling strategies for early warning purposes. In particular it is proposed that, for warning purposes, a given landslide
should be classified looking at its propagation phase
and considering the following relevant aspects: typology and material, activity phase, velocity, and volume. Concerning the scale of operation, a distinction has been consistently used throughout the paper between systems operating at slope scale herein
defined local LEWSs and systems operating over a
basin, a municipality, a region or a nation herein defined territorial LEWSs. The first ones deal with a single landslide system and their purpose is the temporary evacuation of people from areas where, at specific times, the risk level to which they are exposed
is intolerably high. The second ones deal with multiple landslides at regional scale and their purpose is
to provide generalized warnings to authorities, civil
protection personnel and the population when the
probability of occurrence of multiple landslides over
purposefully defined wide areas increases.
A pivotal role in the discussion is played by an
original scheme identifying the main components of
an EWS for weather-induced landslides. The scheme
is based on a clear distinction among three differ-

ent modules wherein the first one i.e. the landslide
model is part of the second one i.e. the warning model and the second one is part of the third one i.e.
the warning system. The main components of a landslide model are: weather, monitoring, geo characterization, and landslide event. A warning model comprises, besides the landslide model: warning criteria,
and the warning event. A warning system includes,
besides the warning model: warning dissemination,
communication and education, community involvement, and an emergency plan. Within this framework, a landslide model is defined as a functional relationship between weather characteristics and landslide events considering monitoring data and the
geological, geomorphological, hydrogeological and
geotechnical features of the area of interest. A landslide model for a given LEWS necessarily calls for,
among other things, the identification of the landslide event(s) of interest. To this aim, the role played
by the scale of operation is dominant. Indeed, a
landslide event may be defined as: the movement of
a mass of rock, debris or earth down a slope potentially causing risk to life, at slope scale; or a series of
landslides grouped on the basis of their characteristics occurring in a given area within a given time
period, at regional scale. The proposed scheme also helps highlighting the elements, at times neglected by technicians designing and operating LEWSs,
playing a role towards the final outcome of such systems. All the identified components are essential for
LEWSs to be effective, as the failure of any component means the failure of the whole system. Indeed,
EWS are only as good as their weakest link as they
can, and frequently do, fail for a number of reasons
[MASKREY, 1997].
The proposed framework was used, in the final
part of the paper, to discuss some relevant research
issues, respectively related to: the landslide model,
the warning model and the warning system. In all
three cases, the discussion was based on the Author’s
most recent interdisciplinary research experiences,
some of them already published in the literature.
In the first example, the characteristics of monitoring instruments and networks were discussed in relation to their role as an essential component of landslide modelling for operational local and territorial LEWSs. Monitoring networks installed for LEWSs
implemented at different scales do not usually interact, despite the fact they rely upon common principles and techniques. To overcome this problem,
a scheme was presented relating local and territorial LEWS. The interaction is based on the identification of significant slopes for the chosen type of
landslides—i.e. slopes representative of similar areas
within the warning zone—to be defined by territorial analyses producing susceptibility zoning maps. A
link with the local LEWSs is established, moving upscale, by choosing how many significant slopes can
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be monitored, adopting a real time monitoring strategy determined by the characteristics of the slopes.
Moving again downscale, the results of the local
model can be profitably used in a territorial LEWS,
in addition to real time monitoring data gathered
at regional scale, to extend the forecast to the areas already identified as similar to the one monitored
within the local LEWS. In the second example, the
focus of the discussion was on the performance assessment of warning models used within territorial
LEWSs, issue often overlooked by researchers and
system managers. Indeed, in many cases model performance is assessed neglecting important aspects
peculiar to territorial LEWSs, such as: the occurrence of concurrent multiple landslides in the warning zone; the duration of the warnings in relation to
the landslides; the issued warning level in relation
to the landslide spatial density in the warning zone;
the relative importance attributed, by system managers, to different types of errors. The example is centred around the presentation of the Events-Duration
Matrix-Performance (EDuMaP) method, a methodology proposed by CALVELLO and PICIULLO [2016] to
objectively compute the performance of a landslide
regional warning model by: i) conducting a temporal analysis of warning and landslide events; ii) computing a duration matrix reporting the time associated with the occurrence of landslide events in relation to the occurrence of warning events; iii) evaluating the model performance using a series of performance criteria and indicators applied to the duration matrix. Finally in the third example, the focus was on landslide risk perception, i.e. the fact that
people interpret risk in relation to their expectations, experience and beliefs, which, in turn, influence their behaviour. In this case, the main presented results refer to a study conducted, by means of a
survey [CALVELLO et al., 2016], amongst residents of
a small town in southern Italy that experienced, in
1998, enormous damage and loss of life as a result
of many landslides of the flow-type occurring within
a few hours. The survey was designed to investigate
the main factors that determine a positive and proactive behaviour in relation to management strategies implemented to reduce landslide risk. The most
general finding emerging from this study, coherent
with similar findings from other studies (e.g., WAGNER, 2007; FISCHHOFF and SCHEUFELE, 2013; FELMAN et
al., 2016), is the clear identification of a deficit of
information, as perceived by citizens, on issues related to landslide risk assessment and management
in the territory where they live. Following this finding it emerges a need, for the managers of LEWSs,
to develop more effective communication strategies
towards citizens, mainly to: transmit risk knowledge;
promote risk awareness; favour the development of
forms of responsibility; remediate the lack of trust towards public organisms.
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The discussion presented herein clearly highlights that the effectiveness of LEWSs depends on
the scientific and technological characteristics of the
systems as well as on the social, economic and political conditions of their operation. Therefore, their
design and management necessarily requires interdisciplinary collaboration between natural and social sciences. Progress beyond the state-of-the-art also calls for landslide experts to work closely together
with hazard management officers, communities and
other relevant stakeholders.
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Strategie di allertamento per la gestione
del rischio da frana
Sommario
La mitigazione del rischio da frana può essere condotta
utilizzando vari strumenti e approcci che includono: le misure
cosiddette attive per la diminuzione della probabilità di
accadimento dei fenomeni franosi; le opere strutturali progettate
per ridurre la vulnerabilità degli elementi a rischio; i sistemi
di allerta da adottare in zone dove, in circostanze specifiche, il
rischio per l’incolumità della vita raggiunge livelli intollerabili.
Questa nota presenta gli elementi principali di numerose strategie
di allertamento implementate per gestire il rischio associato a
fenomeni franosi innescati da eventi meteorici, definisce un
quadro di riferimento coerente per la classificazione e l’analisi dei
sistemi di allertamento per il rischio da frana, mette in evidenza
le ricerche più recenti condotte dall’autore su queste tematiche,
e fornisce commenti su una serie di temi rilevanti per i futuri
sviluppi della ricerca in questo campo. Nella discussione un
ruolo centrale è rivestito da uno schema originale proposto per
l’identificazione delle componenti principali di un sistema di
allertamento finalizzato alla gestione del rischio per frane indotte
da eventi meteorici. Lo schema è basato su una distinzione chiara
tra i seguenti moduli: il modello di franosità; il modello di allerta,
che include il modello di franosità; il sistema di allerta, che
include in modello di allerta.

