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Abstract Global warming is unequivocal. An increase in
the frequency and magnitude of intense rainfall events was
observed in several areas of the World and more changes
are expected. This has major implications for operational
landslide prediction, given that the effects of climate
change on landslides are difficult to determine and to
predict. As a matter of fact, regional-scale landslide early
warning systems, usually based on rainfall-related
prediction tools and susceptibility zonation, need to
consider these effects and the related variations. In Italy,
where landslides are mainly triggered by intense and/or
prolonged rainfall, several investigations were carried out
for the prediction of rainfall-induced landslides, for the
implementation of landslide early warning systems and for
the evaluation of the role of climate and environmental
changes (mostly rainfall and land use) on landslide
activity, occurrence, and frequency. In this contribution, a
brief overview of the defined methods, models and tools is
presented. Special emphasis is placed on the definition of
rainfall thresholds defining the minimum triggering
conditions for the initiation of shallow landslides, given
their usability in regional and national warning systems
and in the evaluation of changes in the triggering
conditions of the landslides. Issues and perspectives of
regional-scale analyses of the ongoing and expected effects
of climate change on rainfall-induced landslides are
discussed.
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Introduction

According to the last report of the International Panel on
Climate Change (IPCC 2023), human-caused climate
change is already affecting many weather and climate
extremes in every region across the globe. This has led to
widespread adverse impacts and related losses and
damages to nature and people.

The last annual report of the International Disaster
Database (CRED 2023) recorded 387 natural disasters
worldwide in 2022 that affected 185 million individuals and
caused 30,704 deaths, with economic losses that totalled
around 223.8 billion US$. A partial estimate for 2023
counted a 30% increase in the number of deaths
(compared to 2022) due to climate-related events (i.e.,
floods, wildfires, cyclones, storms, and landslides) and a
60% rise in the number of deaths from landslides, globally.
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The Global Fatal Landslide Database lists 4862 non-
seismic landslides that caused 55 997 deaths worldwide in
the period 2004-2016 (Froude and Petley 2018). In a
European survey, 849,543 landslides were mapped in 20
national inventories (Herrera et al. 2018). Within Europe,
[taly experiences a large number of landslides and related
damage, with more than 622,000 landslides mapped by the
[talian Institute for Environmental Protection and
Research, covering about 8% of the national territory
(https://idrogeo.isprambiente.it/app/). According to the
last Polaris report by the Research Institute for Geo-
Hydrological Protection of the Italian National Research
Council (CNR-IRPI), between 1973 and 2022, landslides
caused 144,806 people homeless or evacuees, 1077 deaths,
10 missing and 1443 injured persons in all the 20
administrative Italian regions (Bianchi and Salvati 2023;
https://polaris.irpi.cnr.it/). Some severe rainfall events hit
the Italian territory in 2022 and 2023, triggering thousands
of landslides and causing dozens of victims (e.g., Donnini
et al. 2023; Romeo et al. 2023; Ferrario and Livio 2024).

Individual landslides do not affect wide areas as
floods, megafloods, and earthquakes; however, they are
numerous and they occur frequently in hilly and
mountainous areas. Landslides are complex and very
diversified phenomena whose ranges of measures
encompass different orders of magnitude (Guzzetti et al.
2012). Given the high spatial and temporal variability of the
landslides, climate (and its change) can affect them in
multiple ways and at different temporal and geographical
scales (Gariano and Guzzetti 2016). The landslide response
to climate change varies depending on the landslide type
and size, and on the local stability or instability conditions.
The response is different for first-time shallow failures and
for the reactivation of large deep-seated landslides.
Overall, the increase in frequency and intensity of the
rainfall events may results in a change in the frequency,
abundance, and location of rapid and very rapid
landslides, mostly shallow slides and debris flows, which
are the primary cause of landslide casualties, and therefore
deserve particular attention. Nevertheless, these issues are
often neglected in the operational prediction of rainfall-
induced landslides (Gariano and Guzzetti 2022).

According to many literature reviews, Italy had a
pivotal role in the preparation of a relevant number of
studies in the topics of rainfall-induced landslide
prediction (mostly with rainfall thresholds, Guzzetti et al.
2008; Chae et al. 2017; Segoni et al. 2018; Gariano et al.
2020a; Gonzalez et al. 2024), susceptibility assessment
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(Reichenbach et al. 2018), and early warning (Piciullo et al.
2018; Guzzetti et al. 2020), as well as in the evaluation of
the role of climate and environmental changes (mostly
rainfall and land use) on landslides (Crozier 2010; Gariano
and Guzzetti, 2016, 2022; Jakob 2021).

In this paper, a brief overview of methods and models
for the prediction of the occurrence and activity of rainfall-
induced landslides in a changing climate is presented, with
an eye for regional-scale, empirical analyses.

Background

Main approaches to evaluate the relationships between
rainfall and landslides

The relationships between rainfall and landslide
occurrence/activation are generally modelled using two
approaches (Guzzetti et al. 2022): physically-based (or
deterministic) and empirical (or statistical). The first
approach relies on numerical models and necessitates an
extensive collection of precise hydrogeological and
geotechnical variables to compute a factor of safety, which
indicates the ratio between the local resisting and driving
forces. The latter approach involves the statistical analysis
of past rainfall conditions linked to landslide initiation,
obtained by combining rainfall series with the dates at
which slope movements occurred or were activated. To
distinguish between conditions that likely trigger or do
not trigger landslides, empirical relations have to be
established using threshold values or functions. In most
cases, the analysis results in the calculation of rainfall
thresholds for landslide initiation.

Main approaches to evaluate the role of climate change on
landslides

Three main approaches are employed to assess the role of
climate change on the occurrence, frequency, and activity
of landslides (Gariano and Guzzetti 2016, 2022): (i) the
implementation of numerical climate and landslide
models, i.e. the use of rainfall projections, generated by
downscaled and bias-corrected global climate models, as
input to slope stability and landslide hazard models of
different types (modelling approach); (ii) the execution of
empirical analyses of landslides and climatic (mostly
rainfall and temperature) records, usually over a period
that last from 30 to around 100 years, attempting at
assessing geographical and temporal variations in
landslides activity (empirical approach); (iii) the study of
paleo-evidences of landslides, proxy climate indicators,
and climate data, in a time range that covers the period
from 40,000 BP to the 20th century. In recent years, there
has been a significant rise in the amount of studies that
have used a modelling approach to examine the
relationships between landslides and climate at the basin,
regional, and national scales (Gariano and Guzzetti 2022;
Gariano and Rianna 2024). In some cases, the empirical
and the modelling approaches were successfully coupled.
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Empirical rainfall thresholds: definition and usability

Empirical rainfall thresholds have become the most used
tools to analyse the triggering conditions of slope failures
and to predict the possible occurrence of a landslide or of
a population of landslides in a given area (Segoni et al.
2018; Guzzetti et al. 2020; Gonzalez et al. 2024).

Among the diverse methods adopted to calculate
thresholds, the frequentist method (Brunetti et al. 2010;
Peruccacci et al. 2012) has become the most used worlwide.
This method is based on a frequency analysis of the
empirical rainfall conditions that have resulted in known
landslides in a given period and in a given area. The
threshold is modeled by a power law relationship between
cumulated event rainfall E (in mm) and the rainfall
duration D (generally in hours, also in days), according to
equation [1]:

E = (a + Aa)DY*4Y) [1]
where o is the intercept (the scaling parameter) and vy is
the slope (the scaling exponent) of the curve, and Ax and
Ay are the uncertainties associated with o and v,
respectively. The method allows the calculation of
objective and reproducible thresholds at different non-
exceedance probabilities, and the uncertainties associated
with the threshold parameters. The 5% non-exceedance
probability threhsolds is usually calculated, as a reference
with previous works.

To define reliable thresholds, a large amount of
accurate spatial and temporal information on landslides
induced by rainfall in a given study area (generally
collected in a catalogue, e.g. Peruccacci et al. 2023) is
needed. A tool for the objective and reproducible
identification of the rainfall conditions likely responsible
for landslide triggering and the calculation of frequentist
rainfall was implemented using the R open-source
software and is freely downloadable (Melillo et al. 2018).
Details on the methods and tools needed to define rainfall
threhsolds with the frequentist method can be found in
Guzzetti et al. (2022) and references therein.

Using a catalogue of 2309 rainfall events responsible
for the occurrence of shallow landslides in Italy between
1996 and 2014, national and regional thresholds for climate
and meteorological domains in the Italian territory were
defined by Peruccacci et al. (2017). In particular, five
classes distinguished by a progressive average annual
precipitation were considered and the frequentist rainfall
thresholds for the landslides that occurred in each area
were calculated. A key observation was that regions with
higher mean annual precipitation values were
characterized by higher and steeper thresholds. In more
rainy areas, the landscape requires a greater amount of
rainfall to trigger landslides, compared to less rainy areas
with comparable environmental conditions. This finding
suggests that the landscape adapts to the rainfall patterns
prevalent in the area. A relevant implication is that when



and where the weather regimes undergo a transformation
as a consequence of global warming, the thresholds are
anticipated to change, and the operational prediction
systems (mostly based on thresholds) will also necessitate
corresponding adjustments.

Frequentist rainfall threholds can be also used to
assess the variations in the landslide-triggering conditions
over long periods, both in the past and in the future (using
landslide-climate simulations), as described below.

Changes in landslide-triggering conditions: a look at the past

Adopting an empirical approach at the regional scale, the
variations in the occurrence of rainfall-induced landslides
in Calabria region, southern Italy, in the go-year period
1921-2010 were analysed (Gariano et al. 2015). In particular,
using a catalogue of 7000 landslides and daily rainfall data
recorded by 318 rain gauges, 1466 rainfall events with
landslides (RELs) were reconstructed in the investigated
period. A rainfall event with landslides was defined as the
occurrence of one or more landslide during or shortly after
a rainfall event. Fig. 1 shows the flowchart and data used in
to reconstruct the RELs and their temporal and spatial
distribution.

The dataset was split in three 3o0-year sub-periods
(1921-1950, 1951-1980, and 1981-2010) and the changes in the
spatial and temporal distribution of the RELs, as well as
the changes in the landslide-triggering rainfall conditions
and in the impact of the landslides to the population were
evaluated. For the spatial analyses, the municipality
boundaries were used as units of analysis; for the
assessment of the landslide impact to the population, the
number of RELs in each municipality was ratioed to the
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number of inhabitants per municipality measured by
national censuses conducted in 1951, 1981, and 2011.

Changes in the geographical and the temporal
distributions of the RELs were observed, with a particular
concentration of the events in the late winter and early
spring in the recent-most 30-year period. A rise of
approximately 40% in the population living in
municipalities with increased impact posed by the
landslides was observed; this was ascribed to a confluence
of climate-related and societal transformations in the
region over the investigated period.

The landslide-triggering rainfall conditions were
evaluated calculating the duration (D) and the cumulated
rainfall (E) of the RELs that occurred in each of the three
defined 30-year periods. Lower values of the average and
maximum cumulated event rainfall that have resulted in
landslides were observed in the recent-most 30-year
period 1981-2010 than in the previous periods. This can be
considered a proxy of an increased vulnerability of the
territory, which need less rainfall to trigger a landslide
than in the past.

An update of that work is here proposed, with the
calculation of the frequentist, landslide-triggering rainfall
thresholds for several 30-year periods defined using a
moving window with a 5-year step, rather than only for the
three separated 3o0-year periods. This results in thirteen
periods and, consequently, thirteen thresholds, allowing a
more precise evaluation of the changes. Tab. 1 lists the
mean values of D and E for the rainfall events that have
induced landslides in the thirteen 30-year periods and the
equations of the related thresholds. Fig. 2 shows the
thirteen thresholds and Fig. 3 shows the how the threshold
parameters change over time.
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Figure 1 a) Flowchart and data used for the reconstruction of the rainfall events with landslides (RELs). b) Temporal distribution of the
1466 RELs occurred in Calabria region, Italy, from 1921 to 2010. ¢) Geographical distribution of the RELs in the municipalities of the

Calabria region. Modified from Gariano et al. (2015).
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Table 1 Parameters of the ED frequentist thresholds at 5% non-
exceedance probability calculated for different 30-year periods in
Calabria region, southern Italy. Key: Threshold equations
according to eq. [1]; D, rainfall duration (in days); E, cumulated
event rainfall (in mm).

Period Threshold equation ‘ II\DA(ZZ?I) Zﬁ:.:)
1921-1950 | E = (11.1 + 1.4)D(0-93+0.05) 7.3 2321
1926-1951 | E = (12.1 + 1.1)D(087+0.09) 6.8 2825
1931-1960 | E = (15.5 + 1.3)D(0-77+0.09) 7.9 253.2
1936-1965 | E = (17.2 + 1.5)D(0-72+0.09) 7.8 2429
1941-1970 | E = (15.8 + 1.4)D(©75+0.04) 7.9 240.5
1946-1975 | E = (16.1 + 1.4)D(0-73+0.09) 7.5 2363
1951-1980 | E = (15.3 + 1.2)D(0.75+0.04) 7.2 225.7
1956-1985 | E = (15.6 + 1.4)D(0.74+0.04) 7.0 196.0
1961-1990 | E = (14.1 + 1.4)D(0.76+0.05) 6.4 182.7
1966-1995 | E = (14.4 + 1.5)D(©74+0.05) 6.2 180.9
1971-2000 | E = (15.5 + 1.5)D(069+0.05) 5.7 176.4
1976-2005 | E = (15.2 + 1.4)D(0-66+0.05) 5.4 145.7
1981-2010 | E = (16.0 + 1.2)D(0-66+0.04) 6.6 167.2
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Figure 2 ED rainfall thresholds defined for thirteen 30-year
moving windows from 1921 to 2010 in Calabria region, southern
Italy. The regions of uncertainty of the thresholds are not shown.
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Figure 3 Values of the parameters of the frequentist thresholds
defined for thirteen 30-year moving windows from 1921 to 2010 in
Calabria region, southern Italy.

A slight decrease in the mean values of the duration
of the landslide-triggering rainfall events and a marked
decrease in the mean values of the cumulated rainfall can
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be observed, indicating a trend in the increase of the
propensity of the landscape to generate landslides, even
with less rain needed. Moreover, an increase in the «o
parameter and a decrease in the y parameter during time
is clearly visible. The thresholds become higher and less
steep in the recent years, meaning that, in the study area,
the landslide-triggering rainfall events of short durations
were characterized by higher cumulated rainfall, i.e. they
became more intense.

The same approach described in Gariano et al. (2015)
was applied in Umbria, a region in Central Italy (Gariano
et al. 2021), to investigate changes in the spatial
distribution and temporal occurrence of 453 rainfall-
induced landslides that occurred from 1928 to 2001
Landslide-triggering rainfall thresholds can be defined
also in this case by adopting the frequentist approach.
However, due to a lower number of RELs in the first part
of the observation period, reliable thresholds can be
defined only for the period 1971-200. Tab. 2 lists the mean
values of D and E for the rainfall events that have induced
landslides in five 30-year periods and the equations of the
five related thresholds. Landslide-triggering rainfall events
underwent changes in characteristics over the observation
period also in this area. Specifically, the landslides
occurred in the recent most period were triggered by
rainfall events with on average lower cumulated rainfall
and shorter duration, especially during the winter and
early spring seasons. The propensity of this area to
generate landslides has also increased with time. Moving
forward through time, the landslide-triggering rainfall
thresholds became flatter also in this area.

Table 2 Parameters of the ED thresholds at 5% non-exceedance
probability calculated for five 30-year periods in Umbria region,
central Italy. Key: Threshold equations according to eq. [1]; D,
rainfall duration (in days); E, cumulated event rainfall (in mm).

Period ‘ Threshold equation E/I(ZZ:,) 'I;/(Ir?r:’:) ‘
1951-1980 | E = (14.8 + 1.7)D(0:47+0.06) 43 80.3
1956-1985 | E = (14.5 + 1.3)D(0:48+0.06) 4.2 76.1
1961-1990 | E = (14.4 + 1.0)D(0:46+0.05) 4.2 72.5
1966-1995 | E = (15.6 + 1.0)D(0:44+0.05) 3.7 72.6
1971-2000 | E = (16.8 + 1.0)D(0:41+0.04) 3.6 77.6

The results obtained in both cases may seem
contrasting at first glance. However, such findings indicate
that, in the studied areas, on the one hand the mean values
of the cumulated rainfall associated with landslides were
lowering, suggesting that less rainfall was needed to
trigger landslides in the recent-most years than in the past.
On the other hand, the distribution (in the D-E space) and
the characteristics of landslide-triggering conditions,
which shapes the threshold curves, was changing over
time. In particular, the short-term landslide-triggering
rainfall conditions became characterized by higher
cumulated rainfall in the recent-most years, while the ones
with long durations had lower cumulated rainfall. These
findings can be relevant for scientific purposes and



practical applications, e.g. land planning and design of
operational systems for landslides prediction.

Other examples in which rainfall thresholds, either
empirical or physically-based, were used to evaluate past
and future changes in landslide triggering conditions in
Italy can be found in Rianna et al. (2017, 2020), Alvioli et
al. (2018), Sangelantoni et al. (2018).

Changes in landslide-occurrence: a look towards the future

A well-populated historical catalogue of rainfall events
with landslide like the one collected in Calabria region is
also useful to define a calibration set for climatic models,
in order to evaluate possible future landslide projections.
Indeed, using the recent part of the catalogue of RELs
occurred in Calabria (specifically the last 30-year period
1981-2010, which lists information about 600 landslides)
and daily rainfall measurements in the same period,
empirical correlations between landslide occurrence and
two climate variables assumed to be proxies for landslide
activity, i.e. mean annual rainfall and seasonal cumulative
rainfall, were defined (Gariano et al. 2017). A good
correlation was found between the mean annual rainfall
and the number of rainfall events with landslides.

Combining this correlation laws with mid-term
(2036-2065) projections of the mean annual rainfall
obtained for two climate scenarios (i.e., Representative
Concentration Pathways RCP4.5 and RCP8.5), future
scenarios for possible landslide occurrence in the region
were defined. In particular, the CMCC_CM (Scoccimarro
et al. 2016), with a horizontal resolution of about 8o km,
was used as Global Circulation Model in the simulation
chain. Moreover, a dynamical downscaling through the
COSMO_CLM model (Bucchignani et al. 2015) at 8 km
resolution was adopted.

Results outlined an increase in landslide occurrence
in the future period 2036-2065, in both scenarios: +21.2%
for the “mid-way” RCP4.5 scenario and +45.7 for the more
pessimistic RCP8.5 scenario. This experiment showed that
the empirical and the modelling approaches can be
successfully combined. Furthermore, using projections of
population data for the year 2065, the variations in the
impact of RELs on the population of the region of Calabria
in the future period 2036-2065 were assessed using the
same methods proposed in Gariano et al. (2015). A relevant
increase in the landslide impact to the population was
modelled for both climate scenarios. Such changes can be
due to either changes in the number of the rainfall-
induced landslides and in the number of the exposed
elements (only population in this case).

Since a catalogue of landslides that caused damage to
citizens, properties, and infrastructures was used for these
works, the obtained results can be useful for societal and
land planning, and the definition of actions for landslide
risk management in the study area.

The role of land use/cover in landslide occurrence

The evaluation of the role of land use/cover on landslides
is a remarkable topic (e.g. Sidle and Ochiai 2006). The
effects of climate change on vegetation, soil, land use and
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land cover, together with the associated feedback
processes, contribute to more intricate interactions within
an already challenging assessment.

An assessment of spatial and temporal variations in
landslide occurrence at regional scale under the effect of
land use/cover changes was also conducted in Calabria
region (Gariano et al. 2018). The complete record of
landslides that were recorded in the region from 1921 to
2010, together with land use/cover maps from 1956 (from
the Italian National Research Council and the Italian
Touring Club) and 2000 (from CORINE land cover
project), and future estimates of projected land use/cover
changes at 2050 (an ensemble of 32 simulations from the
LUC@CMCC model; Santini and Valentini, 2011) were
employed. Empirical relationships linking the observed
land use/cover variations to landslide occurrence were
defined. The modelling findings indicated that landslide
occurrence increased across the majority of the regional
territory. However, it was observed that land use changes
that imply agricultural practices and land management
that can mitigate landslide occurrence had positive local
effects. Regarding the future, the landslide projections
conditioned to the land use/cover change ensemble reveal
an overall, modest increase in landslide occurrence in all
scenarios. An increase in the number of landslides due to
land use/cover variations was projected in 291
municipalities in Calabria (71%), with 4 municipalities
where the increase is expected to exceed 50%. In this case,
too, the results may suggest a join in the climate and social
factors involved.

Other examples in which land use/cover and their
changes were considered to evaluate past and future
changes in landslide occurrence in Italy can be found in
Reichenbach et al. (2014), Lonigro et al. (2017), Persichillo
et al. (2017), and Pisano et al. (2017).

Discussion and perspectives

The majority of the research works that attempted to
assess how the observed and expected climatic and
environmental changes might affect landslides looked at
case studies in Europe. Most basin-, regional-, and
national-scale studies model the links between landslides
and climate using empirical and statistical analyses
(Gariano and Guzzetti 2022; Gariano and Rianna 2024).

In this contribution, a brief overview on the possible
use of empirical analyses and models for the quantitative
evaluation of the impact of climate change on landslide at
the regional scale is presented, with a focus on applications
in Italy, which is the country with the largest number of
applications and case studies on this topic.

The use of an empirical approach has pros and cons.
The primary advantage is the possibility to apply the same
method to different study areas where similar data is
available, so allowing a quantitative comparison of the
results. Moreover, an empirical approach can be effectively
combined with a climate modelling chain, to evaluate not
only the changes in the past but also the expected future
variations.
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A relevant issue in the adoption of the climate
modelling chain (Rianna et al. 2014; Gariano and Guzzetti
2016) is the selection of the global circulation models, of
the technique to downscale to a regional model, of the bias
correction methods and of the concentration scenario.
The selection of only “extreme” scenarios is not advisable,
while the adoption of ensembles guarantee more reliable
results (Jakob 2021). Furthermore, considering that an
increasing number of countries are now requiring the
reduction of carbon emissions by a given time horizon, if
the current policies remain as ambitious until 2100, the
“business-as-usual” scenario (RCP 8.5) is not the most
probable outcome, but rather an extreme possibility. For
this reason, it should not always be used as the worst-case
scenario in modelling applications; conversely the use of
more realistic scenarios could lead to more effective
policy-making (Hausfather and Peters 2020).

A downside of any empirical approach is the need of
a sufficiently long series of data, which is even more
important in the evaluation of spatial and temporal
variations in landslide activity due to global changes. An
incomplete or poorly extended series of climate and
landslide records limits the possibility to properly evaluate
the impact of the climate and environmental changes on
landslide frequency and distribution (Crozier 2010).
Regardless of the approach used to model the
relationships among rainfall and landslides (and their
changes), accurate and complete records of landslides and
their consequences, preferably collected with common
standards and procedures, are needed for modelling
purposes. The catalogues used in the works discussed here
(Gariano et al. 2015, 2017, 2018, 2021) can be considered
accurate and complete with regard to rainfall-induced
landslides that have caused damage to people, property,
and infrastructure in the study areas, and have been
reported by relevant information sources. Moreover, a
sufficiently long series of climate records (at least 30
years,) is necessary to effectively eliminate interannual
fluctuations and anomalies, while still capturing longer-
term climate patterns.

A key question in the application of a model at the
regional scale is the choice of the unit of analysis. In the
works described in this contribution, the municipality
boundaries were selected as reference spatial unit, to
evaluate spatial changes, assess landslide impact, assign a
land use/cover class. This choice enabled an effective
matching between environmental and socio-economic
data. However, the methods discussed in this contribution
can be applied adopting different units of analysis.

A noteworthy issue is that the rainfall thresholds
defined using long series of past landslide and rainfall data
to evaluate their spatial and temporal variations, as in the
cases here presented, should not be applied to operational
landslide prediction. Utilizing data series that span
extensive periods of time (especially in the past) imply the
use of rainfall data with coarse temporal resolution (e.g.
daily rainfall series), which is proved to be a cause of high
uncertainty and underestimation of landslide-triggering
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rainfall thresholds (Gariano et al. 2020b), hampering their
application in operational landslide early warning systems.

The evaluation of uncertainties in landslide
prediction or in the evaluation of the role of climate
change on landslide activity is frequently overlooked.
Despite the relevant improvements achieved in the recent
years in all components of the landslide-climate modelling
chain, significant epistemic and aleatory uncertainties are
expected to  persist. Their evaluation (and
communication) is crucial. The quantification and the
reduction of the uncertainties in landslide projections can
be achieved improving the methods for landslide
modelling, and using ensembles of climate projections,
which is more common now than in the past.

An important challenge in assessing the impact of
climate change on landslides is the limited overlap
between the temporal (short and long term) and
geographical (local, regional, global) scales of climate
analysis and landslide phenomena (Gariano and Guzzetti
2016; 2022). This discrepancy makes modelling and
extrapolation increasingly complex. It should be remarked
that simple inferences linking climate change to an
increase in landslide activity can be erroneous (Jakob
2021). The complexity of the situation prevents the
definition of a single approach suggesting the way of a
multidisciplinary, holistic approach (Picarelli et al. 2016).
Quantitative, regional-scale analyses in which historical
and modelling approaches are combined to evaluate the
impact of observed and projected rainfall variations on the
frequency or magnitude (or both) of landslides of various
types and in different physiographical settings could led to
reliable results and reduce all the inherent uncertainties.

In addition, in the evaluation of strategies for the
mitigation of landslides risk in a changing world, it should
be taken in mind that climate and its variations have a
significant influence on both environmental and socio-
economic elements, with several feedback mechanisms
(Pasini et al. 2018). Climate change has an influence on
both landslide activity and landscape vulnerability (e.g.
due to changes in land use); the exposure of population
and infrastructure to landslides is closely linked to the
socio-economic conditions of the affected regions. In some
cases, variations in environmental or socio-economic
factors could have impacts on landslides even higher than
climate change. Such issues are also crucial in the
definition of effective adaptation measures.

Conclusions

The evaluation of the effects of climate and environmental
changes on landslides is, and will remain, a relevant and
noteworthy research topic, which requires appropriate
funding and political support. With good efforts, the
prediction of rainfall-induced landslides in a changing
environment is feasible and can help reduce landslide
hazard and risk. Rigorous approaches, either empirical or
physically-based, should be based on accurate and
complete (as much as possible) landslide records and
climate series, with the aim of reducing the uncertainties



in the modeling results. Regional-scale analyses, looking at
both the (observed) past and the (projected) future,
provide comprehensive insight into the relationship
between climate change and landslides, which can have
useful implications for decision-making and the design of
adaptation strategies.

A comprehensive and interdisciplinary strategy is
needed to understand and quantify the impact of climatic
factors and their changes on landslides, especially in the
assessment of landslide hazard and risk.
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