
557Landslides 21 • (2024)

Landslides (2024) 21:557–571

DOI 10.1007/s10346-023-02176-7

Technical Note

Received: 26 July 2023 
Accepted: 2 November 2023 

Nicola Nocentini  · Camilla Medici · Francesco Barbadori · Alessio Gatto · 
Rachele Franceschini · Matteo del Soldato · Ascanio Rosi · Samuele Segoni 

Optimization of rainfall thresholds for landslide 
early warning through false alarm reduction 
and a multi‑source validation

Abstract This study proposes an innovative approach to develop 
a regional-scale landslide forecasting model based on rainfall 
thresholds optimized for operational early warning. In particular, 
it addresses two main issues that usually hinder the operational 
implementation of this kind of models: (i) the excessive number of 
false alarms, resulting in civil protection system activation without 
any real need, and (ii) the validation procedure, usually performed 
over periods too short to guarantee model reliability. To overcome 
these limitations, several techniques for reducing the number 
of false alarms were applied in this study, and a multiple valida-
tion phase was conducted using data from different sources. An 
intensity-duration threshold system for each of the five alert zones 
composing the Liguria region (Italy) was identified using a semi-
automatic procedure called MaCumBA, considering three levels of 
criticality: low, moderate, and high. The thresholds were developed 
using a landslide inventory collected from online newspapers by 
a data mining technique called SECaGN. This method was cho-
sen to account for only those events that echo on the Internet and 
therefore impact society, ignoring landslides occurred in remote 
areas, not of interest for civil protection intervention, which would 
adversely affect the model performance because they would result 
in false alarms. A calibration phase was performed to minimize 
the impact of false alarms, allowing at least one false alarm per 
year over the moderate criticality level. In addition, an innovative 
approach to include antecedent rainfall as the third dimension of 
the intensity-duration thresholds was applied, generating a consist-
ent reduction in false alarms. The results were validated through an 
independent landslide inventory and were compared with (i) the 
alert issued by the regional civil protection agency to observe the 
improvements achieved with the proposed model and to evaluate to 
what extent the proposed model is consistent with the assessments 
of the civil protection and (ii) a dataset of the national states of 
emergency to verify the suitability of the developed thresholds for 
alerting citizens. The thresholds obtained showed high predictive 
capabilities, confirming their suitability for implementation in an 
operational landslide early warning system.

Keywords Landslides · Operational early warning system · 
Rainfall thresholds · False alarms · Validation phase · Data mining

Introduction
Landslides are one of the most frequent natural hazards in the 
world, causing every year casualties and massive economic dam-
ages (Froude and Petley 2018; Haque et al. 2019). In Italy, landslides 
are a very recurring geomorphological process (Herrera et al. 2018): 

Franceschini et al. (2022a, b) identified over 30,000 landslide events 
from 2011 to 2021 by mining Italian online newspapers; according to 
Bianchi and Salvati (2022) and Rossi et al. (2019), in Italy, landslides 
were responsible for 1071 fatalities from 1972 to 2021, and for about 
5.6 billion € of damages from 2000 to 2018; moreover, according to 
Italian regulations and governmental-level inventories, about 20% 
of Italian territory is officially mapped as exposed to landslide haz-
ard (Iadanza et al. 2021).

A cost-effective approach for landslide risk mitigation is the use 
of forecasting models for early warning purposes. Several methods 
exist in the literature and can be broadly divided into two main 
groups: (i) physically based and (ii) empirical/statistical models. 
Physically based models use complex mathematical relationships 
with the aim of faithfully reproducing the physical processes that 
triggers the slope instability (Montgomery and Dietrich 1994; Baum 
et al. 2008; Rossi et al. 2013; Medina et al. 2021; Reid et al. 2015; Bout 
et al. 2018). They are generally applied at the slope or catchment 
scale, because they require several hydrological and geotechnical 
input parameters that are difficult to spatialize over large areas due 
to their extreme heterogeneity (Tofani et al. 2017; Vannocci et al. 
2022), thereby making such models mainly limited to prototypal 
applications (Alvioli and Baum 2018; Tofani et al. 2017; Canli et al. 
2018; Salvatici et al. 2018; Schmaltz et al. 2019; Schilirò et al. 2021). 
Therefore, regional landslides early warning systems (LEWS) are 
typically based on rainfall thresholds (Piciullo et al. 2018; Gariano 
et al. 2020), defined as a rainfall condition beyond which slope insta-
bility occurs (Caine 1980; Guzzetti et al. 2008; Segoni et al. 2018a, b; 
Piciullo et al. 2018). Rainfall thresholds are typically derived using 
only two input data: rainfall records, used to characterize each trig-
gering event, and an inventory of past landslide events, to be used 
for back analysis and for which the time of occurrence is known. 
These data are usually divided into two subsets, one for the thresh-
old definition (calibration phase) and the other one for testing its 
predictive capabilities (validation phase). Although physically based 
approaches are more accurate, rainfall thresholds are fast and suf-
ficiently accurate for regional-scale predictions, and can easily be 
understood and implemented for operational warning purposes.

However, at present, two important issues strongly limit the 
implementation of statistical rainfall thresholds for operational 
applications: (i) the high number of false alarms (FAs, or errors 
of commission: alerts issued because rainfall exceeds the thresh-
old, but without the occurrence of landslides) and (ii) the lack of a 
robust validation phase (Piciullo et al. 2017, 2020).

Some studies show that for rainfall thresholds, a good hit 
rate, that is, the ratio between correct alarms (CAs: threshold 
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exceedances with landslides reported) and missed alarms (MAs: 
no thresholds exceedances, but landslides reported), is gener-
ally achieved at the cost of a high number of FAs, restricting 
their potential use in an operational LEWS (Staley et al. 2013; 
Corsini and Mulas 2017; Abraham et al. 2020, 2021, 2022; Rosi et al. 
2016, 2019, 2021; Gariano et al. 2020; Segoni et al. 2023). Indeed, 
considering a landslide risk scenario articulated on three critical-
ity levels, namely low, moderate, and high (Segoni et al. 2018a, b; 
Piciullo et al. 2018; Segoni et al. 2022; Sala et al. 2021), an FA can 
be considered negligible for precautionary purposes only at the 
low criticality level. Repeated FAs at moderate or high criticality 
levels have a significant economic impact on the civil protection 
system, and the countermeasures adopted to contrast the critical 
situation, such as the recurrent closure of roads or evacuation of 
buildings, can cause disservices that are difficult to justify (Sala 
et al. 2021). Moreover, an excessive number of FA may cause a 
lack of confidence in the warning system itself by the population, 
which, by observing repeated FAs, will tend to consider poten-
tially critical situations without due attention (Amato 2014).

For implementation in a LEWS, a comprehensive validation 
phase evaluated using an independent dataset is mandatory, as it 
allows ascertaining whether the predictive capabilities of a thresh-
old can be considered valid in the future and not only for the 
calibration period. However, this procedure is rarely conducted 
over extensive datasets, due to the scarcity of data, which makes 
challenging the partitioning of the database into two robust sub-
sets (Von Ruette et al. 2011; Martelloni et al. 2012; Leonarduzzi et al. 
2017; Segoni et al. 2018a, b; Martinengo et al. 2023).

To overcome these issues, this paper defines a set of multiple 
rainfall thresholds specifically conceived for operational applica-
tions and including original approaches to decrease the number 
of FAs and to include a robust multi-source validation process.

First, MaCumBA (Massive Cumulate Brisk Analyzer) soft-
ware, developed by Segoni et al. (2014a, b), was used to define a 
set of three intensity-duration (I-D) thresholds (corresponding 
to increasing criticality levels) for the five alert zones (AZs) in 
which the Liguria region (North-West Italy) is partitioned. In 
order to optimize the threshold system for operational warning 
applications, a landslide database collected by a data mining tech-
nique called SECaGN (Semantic Engine to Classify and Geotag-
ging News) and developed by Battistini et al. (2013) was used 
in this study. This technique prioritizes landslide events with a 
significant impact on the society while neglecting non-impactful 
occurrences, resulting in a database focused on events of actual 
interest for civil protection.

Afterward, the number of FAs exceeding the moderate and high 
criticality level thresholds was limited by an innovative calibration 
method, to further minimize their impact on the civil protection sys-
tem. Building on the methodology proposed by Rosi et al. (2021), a 
third rainfall parameter was considered to account for the antecedent 
rainfall and its spatial pervasiveness: OMAR (optimized mean areal 
rainfall) is calculated as the mean rainfall amount fallen in an AZ 
(averaging all available measurements) during a given time period, 
which specific duration is identified as the one that minimizes false 
alarms without negatively affecting the hit rate of the basic intensity-
duration threshold system. This procedure allowed a massive filtering 
of FAs, improving the predictive performance of thresholds.

Finally, a robust validation procedure was carried out. A standard 
validation process was performed using a subsample of the landslide 
dataset (2010 to 2019 data used for calibration, 2020–2021 data used 
for validation). Afterward, the model results were compared with 
alternative source of information, including (i) the alerts issued by the 
warning system currently in use in the Liguria region, for the period 
2015–2021, and (ii) a dataset of national-level emergencies (Gatto 
et al. 2023), for the period 2013–2021. While the first allowed evaluating 
if the model outputs are consistent with the alert levels that the civil 
protection system would have issued, the second allowed to focus the 
validation of the model with respect to high-severity landslide events.

Materials

Test site description
Liguria is located in the north-western portion of the Italian terri-
tory with an east–west oriented elongated shape with approximately 
240 km length, for a total area of around 5400  km2 (Fig. 1). The Ligu-
rian territory is divided into 4 provinces (La Spezia, Genova, Savona, 
and Imperia) and 235 municipalities. The morphology of this region 
is very peculiar as elevation can change in very few kilometers from 
the beach to mountains higher than 2000 m (Fig. 1a). The Liguria 
region is characterized by approximately 35% of hilly territory, only 
2.5% of limited plains close to the sea and mainly by mountainous 
area (around 62.5%) comprising the Ligurian Alps, the Ligurian 
pre-Alps, and the Marguareis Alps (with the highest Mt. Saccarello, 
2200 m a.s.l.).

The mean annual precipitation (MAP) of the Liguria region, 
obtained from available rain gauges data (described in the “Rainfall 
database” section), shows a close correlation between rainfall and 
orography, since the lower rainfall values are distributed along the 
coast, with a minimum of about 600 mm/year registered in the west 
coast, while the highest precipitation values, with a peak of 2600 mm/
year, are concentrated in the Ligurian Alps and pre-Alps (Fig. 1b).

Geologically (Fig. 1c), the territory is mainly composed of meta-
morphic rocks and metaconglomerates, arenaceous and calcareous 
flysch, and recent deposits (Giammarino et al. 2002).

Due to these meteorological conditions and the geomorphological 
setting, Liguria is one of the regions most affected by landslides 
in Italy (Guzzetti et al. 2004; D’Amato Avanzi et al. 2011; Cevasco 
et al. 2013, 2015; Giordan et al. 2017; Pepe et al. 2019; Calvello and 
Pecoraro 2018; Franceschini et al. 2022b).

The DPCM of February 27, 2004, divides the study area into 5 AZs, 
from Ligu-A to Ligu-E (Fig. 1d) based on the hydrogeological, climatic, 
and geomorphological characteristics of the territory, as well as on the 
administrative boundaries of municipalities. This criterion is used by 
the civil protection authority to issue the alerts, and for this reason, 
this work provides a specific rainfall threshold system for each AZ.

Landslides inventory

Traditionally, methods for setting up landslide inventories include 
remote sensing methodologies (Bianchini et al. 2018; Solari et al. 
2020), photo interpretation and field surveys (Brunsden 1985), data 
retrieval from technical reports (Guzzetti et al. 2008; Kirschbaum 
et al. 2010; Vennari et al. 2014; Rosi et al. 2019; Collini et al. 2022), or a 
combination of these (Dikau et al. 1996; Rosser et al. 2017). All these 
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traditional approaches are usually quite accurate, but time-consuming,  
and could be very costly. Landslides detection by deep learning 
(Catani 2021; Bhuyan et al. 2023; Nava et al. 2022; Meena et al. 2021) is 
an innovative approach that allows the collection of multi-temporal 
inventories starting from satellite images rapidly, automatically, 
cheaply, and with high accuracy, but also identifying such landslides 
occurred in remote areas, with no impact on citizens or buildings.

Data mining is another recently developed technique used to 
obtain information related to natural hazards from online newspa-
per articles (Battistini et al. 2013, 2017; Kreuzer and Damm 2020). In 
fact, several studies have verified that mass media are generally the 
first and primary source of information about hazards for the public 
(Fischer 1994). Social media report a natural disaster much faster than 
observatories (Battistini et al. 2013; Goswami et al. 2018; Franceschini 
et al. 2022a). Moreover, the use of this technique implicitly discards 
the landslides that had no impact on society, because they occurred in 
isolated areas, without threatening buildings, infrastructure, or crops. 
Even if this characteristic may be a downside in some applications 
where the completeness of inventories is important, in operational 
civil protection applications, this feature could represent an advan-
tage. Landslides occurred without impacting society, if identified by 
a forecasting model, would actually result in false alarms, since they 
would not be reported to the authorities. Conversely, using landslide 
news from social media would allow to calibrate the forecasting model 
specifically to identify landslides associated with a significant level or 
risk or significant impacts on society, which represent relevant events 
for civil protection purposes.

SECaGN is a data mining technique developed by Battistini et al. 
(2013), based on a mechanism for acquiring Internet news related 
to natural hazards, considered a source of data on landslide events. 

SECaGN is applied within Google News, as it considers national and 
local newspapers more comprehensively (Franceschini et al. 2022b). 
Through publication date and places toponyms, each news item is 
dated and geolocated with a fully automatic procedure.

The landslide news dataset used to calibrate the thresholds in 
this study was deeply analyzed by Franceschini et al. (2022a, b) for 
the period from 2010 to 2019 for the whole Italian territory. A total 
of 1218 online newspaper articles were collected from Google News, 
considering only those within the Liguria region and with high 
spatial and temporal accuracy. The reporting day and/or localiza-
tion of each landslide has been verified and, if necessary, adjusted 
manually using the information obtained from the news. In addi-
tion, only rainfall-induced events were considered, excluding other 
types of landslides (such as rockfalls and anthropic-induced land-
slides). Overall, 315 landslide events were used for rainfall thresh-
olds calibration.

For model validation, an independent dataset has been col-
lected from SECaGN, for the period from 2020 to 2021. It has been 
analyzed and manually classified through the method adopted by 
Franceschini et al. (2022b). For the study area, 515 articles have been 
harvested, referring to rainfall-induced landslides with high spatial 
and temporal accuracy. A total of 45 landslide events have been 
identified for the validation phase.

Rainfall database

Italy is furnished with dense network of rain gauges consisting of 
more than 4500 stations spatially distributed throughout the entire 
territory, with a total of 115 rain gauges located in the Liguria region 
(Del Soldato et al. 2021).

Fig. 1  Investigated area: a digital elevation model, b mean annual precipitation and localization of rain gauges, c lithology, and d alert zones 
of the Liguria region
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For this study, hourly records were derived from the rainfall 
database for the period 2010–2021. Some rain gauges present few 
time gaps, where no data have been recorded, mainly due to instru-
ment malfunctions; however, they do not represent a limitation of 
the proposed statistical analysis, because the technique used for the 
realization of the rainfall thresholds (MaCumBA, fully explained in 
the “2D rainfall thresholds” section) allows multiple rain gauges to 
be associated with each landslide within a specific search radius, 
providing the missing records. The rainfall records were analyzed 
to remove noise and errors and identify gaps of data, for example, 
negative rainfall values or values higher than 400 mm/h, which are 
obvious erroneous rainfall measurements.

Alternative validation datasets

Before implementing rainfall thresholds into operational warning 
systems, the best practice, widely acknowledged in the literature, 
involves a thorough validation. However, this practice is not yet 
fully established due to the limited availability of data (Segoni et al. 
2018a). Typically, the primary focus is on calibration, and only a 
small percentage of data is used for validation purposes. This 
approach is justified by the need for a strong statistical foundation 
for defining thresholds, and for research purposes, testing them on 
a limited dataset may be considered satisfactory in confirming their 
validity. Nevertheless, for operational early warning applications, it 
is crucial to demonstrate the thresholds’ reliability with a high level 
of accuracy for future predictions. The use of a few years of data for 
validation does not provide a precise assessment of the threshold 
performance, thereby making problematic their implementation 
within an operational warning system (Gariano et al. 2015).

Due to limited data availability, this study employs rainfall and 
landslide data from 2020 to 2021 for classical validation purposes. 
To enhance the robustness of the validation phase, an innovative 
analysis is proposed, which involves the use of two alternative data-
sets of different sources.

The first dataset is composed of the alerts issued by the exist-
ing early warning system in use in the region. A comparison with 
this data allows determining whether the proposed thresholds offer 
improvements or reveal potential limitations. Currently, the Liguria 
region employs a weather-based LEWS. In practice, the same level 
of criticality calculated for meteorological hazard is also attributed 
to cascading hazards like landslides (https:// www. regio ne. ligur ia. 
it/ homep age- prote zione- civile. last accessed on 20 June 2023). The 
past alerts issued by the region were provided by the Regional Envi-
ronmental Protection Agency of Liguria (ARPAL), from 2015 to 2017, 
and from the GitHub repository of the Italian National Department 
of Civil Protection for the period 2018–2021 (https:// github. com/ 
pcm- dpc/ DPC- Bolle ttini- Criti cita- Idrog eolog ica- Idrau lica).

The second dataset is the national-level civil protection emer-
gencies collected by Gatto et al. (2023). For Italian legislation, 
national-level emergencies are extremely critical events that require 
extraordinary measures and nationwide coordination due to high 
magnitude, severity of impacts, and spatial extension. Therefore, 
a comparison with this dataset allows to verify if the model acted 
correctly during critical meteorological events, in particular how 
thresholds responded to large-scale and high-severity phenom-
ena. The ground effects of these emergency events are manifold, 
including floods, landslides, and huge damages to infrastructures, 

private properties, and population. These types of events could 
impact small or large territories in a limited time period or could 
last up to months, and according to Gatto et al. (2023), sometimes 
it is not possible to narrow down the start and end dates of these 
events, resulting in scarce temporal detail. Moreover, commonly 
not every AZ is hit during an event, meaning that some areas could 
not be damaged or included in a national-level emergency state. 
This results in events with poor temporal detail, such as the emer-
gency related to Vaia storm, issued for an entire month on which 
several regions were impacted at different times, including Liguria, 
and also containing days without precipitation. More in general, 
the longer the period reported the scarcer the temporal detail, the 
higher could be the number of FAs or NAs (non-alarms, rainfall 
does not exceed the threshold and no landslides are reported) not 
directly related to the main event. From 2013 to 2022, Liguria was hit 
11 times by events which required the declaration of a national-level 
emergency state, on which this validation was performed.

Rainfall threshold analysis

2D rainfall thresholds
The threshold analysis was performed using MaCumBA, a soft-
ware developed by Segoni et al. (2014a, b) and tested in several case 
studies in Italy (Rosi et al. 2015, 2021; Segoni et al. 2014a, b) and in 
other countries (Rosi et al. 2016, 2019). MaCumBA provides a semi-
automated, fast, and objective analysis and allows the establishment 
of a multiple thresholds system for the identification of three levels 
of increasing criticality.

The thresholds defined by MaCumBA are based on the general 
power law first proposed by Caine (1980):

where I represents the rainfall intensity (mm/h) and D is the dura-
tion of the rainfall (h); α, the intercept on the y-axis (> 0), and β, 
the angular coefficient of the line (< 0), are empirical parameter 
characteristics of the rainfall data distribution.

One of the peculiarities of MaCumBA is the definition of an 
additional parameter to characterize the thresholds, called No-
Rain-Gap (NRG). It expresses the number of consecutive hours 
without rain that is required to consider a rainfall event ended. 
This parameter plays a key role, ensuring the replicability of the 
analysis and facilitating the implementation of thresholds in an 
operational warning system (Segoni et al. 2014a, b).

MaCumBA procedure can be summarized into three main 
phases:

1. Identification of rainfall events and definition of I and D 
parameters for each event for each rain gauge

2. Selection of the most appropriate rain gauge for the charac-
terization of each landslide, choosing the rain gauge, within a 
certain search radius from the landslides, with the most com-
plete time series related to each event

3. Choice of the most representative I-D threshold using a 95% 
confidence interval and plotting it in a log–log graph

The identified threshold is used to separate the ordinary level, 
which represents the absence of criticality, from the low criticality 

I = �D�
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level. Then, it is translated upward to calibrate two higher thresh-
olds representing the limits of the moderate and high criticality 
warning levels. In this study, a site-specific calibration procedure 
to define the moderate and high criticality thresholds is proposed, 
based on the number of FAs that exceed these thresholds. We 
assume that the social and economic costs of activating the civil 
protection system for a moderate criticality alert are so onerous 
that no more than one FA on average per year is justified; therefore, 
for the 10-year calibration period, the moderate criticality threshold 
was defined by moving up the low criticality threshold until only 
about 10 FAs would be committed. Considering that a FA above the 
high criticality threshold weighs heavily on the civil protection sys-
tem, both economically and in terms of confidence in the warning 
system itself by the population, to define this threshold, the shift 
ended when no FAs were committed (Segoni et al. 2022). In this way, 
a low number of FAs is guaranteed for the moderate and high criti-
cality thresholds, making them perfectly suitable for operational 
purposes and much more sustainable by the civil protection system, 
without affecting the predictive capabilities of the thresholds.

The proposed methodology was applied for the calibration 
period, from 2010 to 2019, to define a landslide warning system on 
three levels of criticality for each AZ of the Liguria region. Then, 
the thresholds have been validated with an independent dataset 
of 2 years, from 2020 to 2021, to verify if the calibration criterion 
based on the number of exceedances without a landslide is effective.

3D rainfall thresholds

Although the major strength of rainfall thresholds is their simplic-
ity, recently, many authors are attempting to include other param-
eters to better reproduce cause and effect relationships between 
rainfall and landslides, and among the most investigated param-
eters, they are using soil moisture or other proxies to indirectly 
take it into account (Chen et al. 2017; Segoni et al. 2018b; Zhao et al. 
2019; Rosi et al. 2021; Kim et al. 2021). In fact, it is widely accepted 
in traditional literature that even short-term, low-intensity rainfall 
can trigger landslides if it occurs during a wet season, therefore, in 
an already partially saturated soil (Nocentini et al. 2023).

To account for both triggering and predisposing rainfall, we 
built on the methodology proposed by Rosi et al. (2021) to get an 
optimized 3D threshold system that reduces false alarms without 
reducing the number of hits (correct predictions of landslides). 
These 3D thresholds are defined by coupling classical intensity-
duration rainfall thresholds (defined in the x- and y-axes of a 

Cartesian plane) with a new rainfall parameter (considered in the 
z-axis), called optimized mean areal rainfall (OMAR), which was 
defined as follows.

For each rainfall event, the cumulative rainfall measured in 
some reference long-term period was identified for each rain gauge 
of the same alert zone. The reference periods considered in this 
study were 7, 15, 30, and 60 days long. For each event, the anteced-
ent rainfall of all the rain gauges was averaged obtaining a single 
value, characteristic of the whole AZ (OMAR):  OMAR7,  OMAR15, 
 OMAR30, and  OMAR60. OMAR can be considered an indicator of 
how a rainstorm event is widespread in the territory, which is a key 
feature of meteorological events in civil protection hazard manage-
ment, as it affects the capability of local administrations to face it 
and take adequate countermeasures. For each reference long-term 
duration, all landslide-triggering event events were plotted together 
with non-triggering ones to identify the OMAR value equal to the 

Table 1  I-D thresholds parameters for the low criticality threshold of each AZ

AZ Landslides news 
(calibration)

Landslides news 
(validation)

Rain gauges NRG (h) α low criticality 
level

β

Ligu-A 414 128 31 72 9.05  − 0.58

Ligu-B 377 200 28 72 21.78  − 0.67

Ligu-C 323 112 33 72 10.80  − 0.45

Ligu-D 81 59 11 36 16.70  − 0.57

Ligu-E 23 16 11 60 22.36  − 0.67

Table 2  I-D thresholds performance for each criticality level and AZ, 
for calibration dataset

AZ Criticality level Equation Calibration

FA CA MA

Ligu-A Low 9.05*10−0.58 186 90 4

Moderate 21*10−0.58 10 39 -

High 34*10−0.58 0 22 -

Ligu-B Low 21.78*10−0.67 97 88 13

Moderate 36*10−0.67 8 35 -

High 56*10−0.67 0 18 -

Ligu-C Low 10.80*10−0.45 182 68 10

Moderate 22*10−0.45 10 21 -

High 45*10−0.45 0 5 -

Ligu-D Low 16.70*10−0.57 85 30 3

Moderate 31*10−0.57 6 17 -

High 78*10−0.57 0 2 -

Ligu-E Low 22.36*10−0.67 94 9 0

Moderate 43*10−0.67 10 7 -

High 73*10−0.67 0 0 -
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minimum cumulative rainfall obtained for the landslide events cor-
rectly identified by the 2D thresholds. If this OMAR value is used as 
the 3rd threshold, only non-landslide below the 2D threshold (false 
alarms) is filtered out. The last step of the procedure is to identify 
which OMAR  (OMAR7,  OMAR15,  OMAR30, and  OMAR60) filters out 
the highest number of false alarms, without reducing the number of 
correct predictions. That would be selected as the OMAR and will 
be used in the z-axis of the 3D threshold.

Results
Through the procedure summarized in the previous section, the 
thresholds were obtained for each AZ of the Liguria region. Table 1 
shows the I-D threshold parameters for the low criticality level, for 
each AZ, obtained by applying MaCumBA. Indeed, equations and 
performance for calibration phase are reported in Table 2.

In order to further improve the effectiveness of the proposed 
2D thresholds, a third parameter (OMAR) was introduced to add 
a third dimension to the thresholds, resulting in a reduction in the 
number of FAs for each criticality level. Table 3 provides a sum-
mary of the results obtained during the calibration phases of the 
3D thresholds for each AZ; instead, Fig. 2 illustrates an example of 
a 3D threshold obtained for Ligu-C.

Discussions
The threshold equations in each AZ (Table 1) exhibit significant 
variations. These differences can be attributed to various physi-
cal setting of the study area, such as the rainfall patterns and the 
geomorphological and lithological characteristics, as well as to the 
number of available landslides and rain gauges (Rosi et al. 2017). 
For each criticality level, Ligu-A shows the lowest 2D thresholds 
compared to the rest of the region. This is primarily attributed to 
the low MAP levels of this AZ (Fig. 1b). Instead, in the rest of Ligu-
ria, the presence of a complex orography in the proximity of the 
coastline promotes the development of more severe rainfall events 
(Furcolo et al. 2016). These phenomena are becoming increasingly 
frequent, particularly in the central and eastern zones of the region, 
due to climate change (Libertino et al. 2018). Such elevated levels of 
rainfall result in higher thresholds.

As shown in Table 2, the number of FAs is more than double the 
total number of CAs for each AZ, except for Ligu-B where the num-
ber of FAs is still higher. These results are not satisfactory, especially 
if these thresholds are to be used for operational early warning. 
The proposed calibration method for moderate and high critical-
ity thresholds, which allows for a maximum of 1 FA/year above the 
moderate threshold and 0 FA/year above the high threshold, is 

Table 3  Summary table of 3D thresholds results obtained for calibration phase

AZ Period of 
cumulation

OMAR (mm) Filtered FA 
low criticality

Filtered FA 
moderate 
criticality

% of filtered FA 
low criticality

% of filtered FA 
moderate criticality

New FA tot CA

Ligu-A 7 days 4.78 16 4 9% 40% 170 90

15 days 8.62 18 3 10% 30% 168 90

30 days 13.78 11 1 6% 10% 175 90

60 days 49.79 19 0 10% 0% 167 90

Ligu-B 7 days 16.40 17 1 18% 13% 80 88

15 days 38.40 26 1 27% 13% 71 88

30 days 46.80 12 0 12% 0% 85 88

60 days 84.50 10 0 10% 0% 87 88

Ligu-C 7 days 13.52 69 9 38% 90% 113 68

15 days 35.04 82 8 45% 80% 100 68

30 days 46.65 50 5 27% 50% 132 68

60 days 87.01 28 2 15% 20% 154 68

Ligu-D 7 days 48.31 42 4 49% 67% 43 30

15 days 91.44 57 4 67% 67% 28 30

30 days 105.62 43 3 51% 50% 42 30

60 days 145.08 29 1 34% 17% 56 30

Ligu-E 7 days 104.23 65 5 69% 50% 29 9

15 days 227.64 78 6 83% 60% 16 9

30 days 294.50 66 5 70% 50% 28 9

60 days 352.33 53 5 56% 50% 41 9
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largely respected for each AZ, and effectively mitigates the impact 
of these errors on the proposed operational warning system.

The same trend showed for 2D threshold of Ligu-A is observed 
also for the OMAR thresholds, which exhibit the lowest values of 
the region. During the calibration of the 3D thresholds, the high-
est number of filtered FAs is obtained when using OMAR values 
calculated over 15 days for most AZs (from Ligu-B to Ligu-E, for 
the 15-day period, the number of FAs has been reduced to the mini-
mum: 71, 100, 28, and 16, respectively), except for Ligu-A, where a 
60-day period leads to one additional FA being filtered with respect 
to the 15-day one (167 remaining FAs instead of 168). In order to 

achieve greater consistency across all AZs, it was decided to con-
sider the 15-day cumulative threshold as the optimal configuration, 
including for Ligu-A, despite this one additional FA accounted in 
this case. Table 3 highlights the significant reduction in the number 
of FAs at the low criticality level, with a peak of 82 filtered FAs in 
Ligu-C (from Ligu-A to Ligu-E, there is a reduction in the number 
of FAs at the low criticality level by 10%, 27%, 45%, 67%, and 83%, 
respectively). Moreover, there is an important reduction in FA clas-
sified at the moderate criticality level, with a peak again for Ligu-C, 
where 8 FAs were filtered, thereby further mitigating the impact of 
these errors on the civil protection system (from Ligu-A to Ligu-E, 

Fig. 2  Example of 3D rainfall thresholds obtained for the Ligu-C Alert Zone for calibration phase: a 3D view and b profile view (x–z plane)
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there is a reduction in the number of FAs at the moderate criticality 
level by 30%, 13%, 80%, 67%, and 60%, respectively). The OMAR 
thresholds in Ligu-D and Ligu-E are higher compared to the other 
AZ, which is in accordance with the considerably higher levels of 
MAP with respect to the other AZs (Fig. 1b).

The excellent results achieved in the calibration phase were 
further confirmed by validating the 2D and 3D thresholds, utiliz-
ing an independent landslide database for the period 2020–2021 
obtained by SECaGN. The outcomes of validation phase for 2D 
rainfall thresholds are presented in Table 4, while the results for 3D 
thresholds’ validation are shown in Table 5. Figure 3 illustrates an 
example of the results obtained for the validation of the 3D thresh-
old of Ligu-C.

The validation of the 2D thresholds (Table 4) demonstrated 
that the chosen criterion for handling the FAs is largely respected, 
with the exception of one single event. In Ligu-A, the rainfall event 
of 15/08/2020, with a duration of 2 h and particularly intense 
(26.8 mm/h), results above the high criticality threshold, but no 
landslides were reported following this event. This occurrence 
represents the only FA above the highest criticality threshold in 
12 years of simulation throughout the Liguria region. The number 
of MAs remains relatively low in each zone, with a maximum of 7 
in Ligu-C. Despite the implementation of the third dimension in 
each threshold, it was not possible to eliminate the FA at the high 
criticality level observed in 2020 for Ligu-A (Table 5). In addition, 
in Ligu-D, the validation of the 3D thresholds effectively filtered 
out 4 FAs at the low criticality level, but also removed a landslide 
event correctly identified by the 2D thresholds. In this AZ, which 
experiences heavy precipitation and has a higher OMAR value, the 

Table 4  Summary table of 2D thresholds results for validation phase

AZ Criticality level Validation

FA CA MA

A Low 28 9 2

Moderate 2 3 -

High 1 2 -

B Low 17 10 4

Moderate 1 4 -

High 0 0 -

C Low 11 6 7

Moderate 1 0

High 0 0 -

D Low 6 2 3

Moderate 1 0 -

High 0 0 -

E Low 26 2 0

Moderate 2 0 -

High 0 0 -
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inadvertent removal of CAs is more likely due to the 3D thresh-
old. Overall, with only 2 significant errors observed over a 12-year 
analysis period, it is evident that the proposed model demonstrates 
a promising performance.

The capability of the OMAR threshold to differentiate between 
ordinary rainfall conditions and those causing slope instability is evi-
dent in the removal of many FAs while preserving all correct alarms 
(except one), as compared to the classic I-D threshold. This outcome 
can be interpreted as a capability of the proposed system to account 
simultaneously of triggering rainfall (expressed by rainfall intensity) 
and other rainfall prerequisites (expressed by OMAR) that in the 
study area are not sufficient, alone, to trigger a landslide but can 

set hazardous hydrological preconditions on the hillslopes. Those 
preconditions are usually addressed by rainfall thresholds based on 
antecedent rainfall accumulated over relatively long time periods or 
by antecedent precipitation indexes (Glade et al. 2000; Vessia et al. 
2014; Zhao et al. 2019; Lazzari et al. 2020; Rosi et al. 2021; Kim et al. 
2021). The main novelty and strength of the proposed approach is 
that, while usually rainfall thresholds are based either on antecedent 
rainfall indexes or on peak intensity rainfall, the 3D thresholds used 
in this study pursue both strategies at the same time.

The results of the comparison between the proposed thresholds 
and the alerts issued by the current warning system used in Liguria 
are shown in Table 6. It is evident that the proposed 3D thresholds 

Fig. 3  Example of 3D rainfall thresholds obtained for the Ligu-C alert zone for validation phase: a 3D view and b profile view (x–z plane)
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have led to a significant reduction in the number of FAs. The zone 
with the highest reduction in FA is Ligu-E, where 133 FAs have been 
removed. In Ligu-A, there are 23 more FAs at the low criticality level, 
but 7 fewer FAs at the moderate criticality level and 1 fewer FA at the 
high criticality level. In total, 345 FAs have been removed, of which 
97 are at the moderate or high criticality level. Therefore, the imple-
mentation of the proposed methodology drastically reduces the 
economic and social impact of these errors on the civil protection 
system. Additionally, an increase in CA was observed. In total, the 
events correctly predicted by the proposed thresholds are 98 more 
than those predicted by the current warning system, including 40 
events at the moderate or higher criticality level.

The results obtained by the comparison with the national-
level emergency dataset are shown in Table 7. In order to access 
the dataset provided by Gatto et al. (2023) and obtain additional 
information about each event, it was inserted into the table the field 
“Emergency state code,” containing the same code assigned to each 
event by the author. The empty cells indicate the AZs that are not 
involved in the state of emergency.

During all national emergency events analyzed, threshold 
exceedances have been recorded. Most of the exceedances results 
in CA, namely 40 in total, of which 30 exceeded the moderate 

criticality threshold and 15 the high criticality threshold. Only 20 
FAs have been registered, of which only 5 as moderate criticality 
and zero as high criticality over 8 years across the entire region. 
In Ligu-B, the only AZ involved in all 11 analyzed events, no FAs 
have been recorded, while Ligu-A and C have registered only 3 
and 4 FAs, respectively, with low criticality.

There is only one emergency event that registered more FAs 
than CAs, the 2016_05, with 0 CA and 1 FA. The report for this 
event published by ARPAL explains that the ground effects 
observed were primarily due to strong wind, causing signifi-
cant damage to the railway and road network, but the associated 
rainfall was moderate, and only a few landslides were reported 
(https:// www. arpal. ligur ia. it/ conte nuti_ stati ci/ pubbl icazi oni/ 
rappo rti_ eventi/ 2016/ Report_ spedi tivo_ 20161 014_ vers0 8nov. 
pdf, last accessed on 20 June 2023). This clarifies why there were 
only a few threshold exceedances in this case.

As previously explained, these national-level emergency 
events have a duration of several days, in some cases even months 
(Vaia storm, code 2018_06). In these cases, it is possible that mul-
tiple exceedances, including FAs and NAs, were observed during 
the emergency, even if they are not directly linked to the pri-
mary event of the emergency. These exceedances should not be 

Table 6  Results of the comparison between the LEWS currently in use in Liguria and the proposed 3D thresholds

AZ Criticality level Current LEWS Proposed 3D thresholds Differences

CA FA MA CA FA MA CA FA MA

Ligu-A Low 5 87 48 49 110 4 44 23  − 44

Moderate 1 14 - 21 7 - 20  − 7 -

High 0 2 - 11 1 - 11  − 1 -

Total 5 87 48 49 110 4 44 23  − 44

Ligu-B Low 10 129 38 37 37 11 27  − 92  − 27

Moderate 6 29 - 18 3 - 12  − 26 -

High 0 7 - 7 0 - 7  − 7 -

Total 10 129 38 37 37 11 27  − 92  − 27

Ligu-C Low 23 128 27 36 53 14 13  − 75  − 13

Moderate 7 19 - 6 0 -  − 1  − 19 -

High 2 4 - 2 0 - 0  − 4 -

Total 23 128 27 36 53 14 13  − 75  − 13

Ligu-D Low 11 105 17 21 17 7 10  − 88  − 10

Moderate 5 19 - 11 1 - 6  − 18 -

High 1 9 - 2 0 - 1  − 9 -

Total 11 105 17 21 17 7 10  − 88  − 10

Ligu-E Low 1 137 4 5 4 0 4  − 133  − 4

Moderate 0 27 - 3 0 - 3  − 27 -

High 0 5 - 0 0 - 0  − 5 -

Total 1 137 4 5 4 0 4  − 133  − 4

https://www.arpal.liguria.it/contenuti_statici/pubblicazioni/rapporti_eventi/2016/Report_speditivo_20161014_vers08nov.pdf
https://www.arpal.liguria.it/contenuti_statici/pubblicazioni/rapporti_eventi/2016/Report_speditivo_20161014_vers08nov.pdf
https://www.arpal.liguria.it/contenuti_statici/pubblicazioni/rapporti_eventi/2016/Report_speditivo_20161014_vers08nov.pdf
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considered missed responses of the model to these highly critical 
events, because they may be related to situations with no or low 
precipitation, therefore well recognized by the model.

Ligu-D and Ligu-E are frequently excluded from these emergency 
states because they did not suffer significant damages. In fact, they 
are the areas most affected by high rainfall but with a low population 
density (https:// ec. europa. eu/ euros tat/ stati stics- expla ined/ index. 
php? title= Popul ation_ and_ housi ng_ census_ 2021_-_ popul ation_ 
grids & stable=1, last accessed on 20 June 2023); therefore, a lower 
impact on society may be observed even in case of similar rainfall 
rates. Ligu-A is also often excluded because it is the least rainy area 
of the region, leading to lower hydrogeological risks.

Conclusion
In this study, a specific set of three-dimensional rainfall thresholds 
has been developed for each AZ of the Liguria region. The main 
objective is to optimize these thresholds to m13ake them suitable 
for operational warning purposes. To achieve this goal, the work 
focuses on addressing two major challenges that hinder the imple-
mentation of thresholds in a LEWS: the high occurrence of FAs and 
the limited statistical reliability of incomplete validation phases.

A set of intensity-duration thresholds has been calibrated to 
minimize the number of FAs, allowing for a maximum of one FA 
per year above the moderate criticality threshold and zero above 
the high criticality threshold. Additionally, the number of FAs has 
been further reduced by introducing an additional parameter (opti-
mized mean areal rainfall, OMAR) through an innovative proce-
dure, resulting in a three-dimensional threshold system optimized 
to reduce false alarms as much as possible without reducing the 
number of landslide events correctly identified. In addition, these 
3D thresholds allow to account at the same time for both triggering 
and predisposing rainfall, thus providing a more complete repre-
sentation of the physical mechanism of landslide triggering, while 
maintaining a simple and easy to implement methodology. Despite 
the positive outcomes, it should be remarked that like any other 
empirical approach, the proposed methodology is very site specific. 
Therefore, we suggest applying the presented 3D rainfall threshold 
approach on areas characterized by geomorphological and climatic 
homogeneity. In perspective, the method can be applied also on 
wider areas (e.g., an entire nation), provided that the area is divided 
into a mosaic of smaller and relatively homogenous alert zones to 
be analyzed and calibrated independently. In this work, the Liguria 
region was divided into five alert zones; wider and more hetero-
genic areas would require a higher number of subzones to obtain 
an effective threshold system.

The high predictive capabilities of the obtained thresholds were 
demonstrated through a robust multi-source validation process, 
which involved a classical validation phase with an independent 
landslide dataset, followed by a second phase that included two 
different comparisons: one with the alert issued by the LEWS cur-
rently in use in the region and another using a dataset of national-
level emergencies. These comparisons allowed for testing the 
thresholds for an operational context, identifying their strengths 
and weaknesses, and simulating a real situation. This methodol-
ogy allows researchers and administrative operators to make more 
objective decisions regarding the implementation of the most reli-
able thresholds in a LEWS. Moreover, the proposed method can be Ta
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easily replicated, serving as a valuable alternative in cases where 
data scarcity hinders reliable validation.

Author contribution
NN conducted the analysis and drafted the manuscript; CM and FB 
contributed to the development of the rainfall thresholds; AG con-
ducted the comparison between the proposed thresholds and the 
national-level emergency events dataset; RF provided the inventory 
of landslide news; MDS provided the dataset of past alerts issued 
by the LEWS currently in use in Liguria; AR and SS conceived and 
supervised the work; all authors contributed to the interpretation 
of the results and revision of the manuscript.

Funding 
This work was funded by “Dipartimento della Protezione Civile 
Presidenza del Consiglio dei Ministri” (Presidency of the Coun-
cil of Ministers-Department of Civil Protection); this publication, 
however, does not reflect the position and social policies of the 
Department.

Data availability 
The data supporting the findings of this study are available within 
the article. Additional data may be available from the correspond-
ing author upon request.

Declarations 

Conflict of interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or for-
mat, as long as you give appropriate credit to the original author(s) 
and the source, provide a link to the Creative Commons licence, 
and indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abraham MT, Satyam N, Shreyas N, Pradhan B, Segoni S, Abdul Maulud 
KN, Alamri AM (2021) Forecasting landslides using SIGMA model: a 
case study from Idukki. India, Geomatics, Natural Hazards and Risk 
12:540–559. https:// doi. org/ 10. 1080/ 19475 705. 2021. 18846 10

Abraham MT, Satyam N, Pradhan B, Segoni S, Alamri A (2022) Developing 
a prototype landslide early warning system for Darjeeling Himalayas 
using SIGMA model and real-time field monitoring. Geosci J 26:289–
301. https:// doi. org/ 10. 1007/ s12303- 021- 0026-2

Abraham MT, Satyam N, Rosi A, Pradhan B, Segoni, S (2020) The selection 
of rain gauges and rainfall parameters in estimating intensity-duration 
thresholds for landslide occurrence: case study from Wayanad (India). 
Water (Switzerland) 12. https:// doi. org/ 10. 3390/ W1204 1000

Alvioli M, Baum RL (2018). Parallelization of the TRIGRS Model for 
Rainfall-Induced Landslides Using the Message Passing Interface. 
https:// doi. org/ 10. 5066/ F73J3 B27

Amato A (2014) Protezione Civile e social media: comunicare il rischio 
e il rischio di comunicare, n.14, gennaio-marzo 2014, Editore Pres-
idenza del Consiglio dei ministri, Dipartimento della Protezione Civile 
(in Italian)

Battistini A, Segoni S, Manzo G, Catani F, Casagli N (2013) Web data 
mining for automatic inventory of geohazards at national scale. Appl 
Geogr 43:147–158. https:// doi. org/ 10. 1016/j. apgeog. 2013. 06. 012

Battistini A, Rosi A, Segoni S, Lagomarsino D, Catani F, Casagli N (2017) 
Validation of landslide hazard models using a semantic engine on 
online news. Appl Geogr 82:59–65. https:// doi. org/ 10. 1016/j. apgeog. 
2017. 03. 003

Baum RL, Savage WZ, Godt JW (2008) TRIGRS- a Fortran program for 
transient rainfall infiltration and grid-based regional slope-stability 
analysis. p 35

Bhuyan K, Meena SR, Nava L, van Westen C, Floris M, Catani F (2023) 
Mapping landslides through a temporal lens: an insight toward multi-
temporal landslide mapping using the u-net deep learning model. 
GIsci Remote Sens 60. https:// doi. org/ 10. 1080/ 15481 603. 2023. 21820 57

Bianchi C, Salvati P (2022) Rapporto Periodico sul Rischio posto alla Pop-
olazione italiana da Frane e Inondazioni, (in Italian)

Bianchini S, Raspini F, Solari L, Del Soldato M, Ciampalini A, Rosi A, 
Casagli N (2018) From picture to movie: twenty years of ground 
deformation recording over Tuscany region (Italy) with satellite InSAR. 
https:// doi. org/ 10. 3389/ feart. 2018. 00177

Bout B, Lombardo L, van Westen CJ, Jetten VG (2018) Integration of two-
phase solid fluid equations in a catchment model for flash floods, 
debris flows and shallow slope failures. Environ Model Softw 105:1–
16. https:// doi. org/ 10. 1016/j. envso ft. 2018. 03. 017

Brunsden D (1985) Landslide types, mechanisms, recognition, identi-
fication. In: Morgan CS (ed) Landslides in the south Wales coalfield, 
proceedings symposium, the polytechnic of Wales. pp 19–28

Caine N (1980) The rainfall intensity: duration control of shallow land-
slides and debris flows, Source: Geografiska Annaler. Series A, Physical 
Geography. pp 23–27

Calvello M, Pecoraro G (2018) FraneItalia: a catalog of recent Italian 
landslides. Geoenvironmental Disasters 5. https:// doi. org/ 10. 1186/ 
s40677- 018- 0105-5

Canli E, Mergili M, Thiebes B, Glade T (2018) Probabilistic land-
slide ensemble prediction systems: lessons to be learned from 
hydrology. Nat Hazard 18:2183–2202. https:// doi. org/ 10. 5194/ 
nhess- 18- 2183- 2018

Catani F (2021) Landslide detection by deep learning of non-nadiral and 
crowdsourced optical images. Landslides 18:1025–1044. https:// doi. 
org/ 10. 1007/ s10346- 020- 01513-4

Cevasco A, Brandolini P, Scopesi C, Rellini I (2013) Relationships between 
geo-hydrological processes induced by heavy rainfall and land-use: 
the case of 25 October 2011 in the Vernazza catchment (Cinque Terre, 
NW Italy). J Maps 9. https:// doi. org/ 10. 1080/ 17445 647. 2013. 780188

Cevasco A, Pepe G, D’Amato Avanzi G, Giannecchini, R (2015) A study on 
the 10 November 2014 intense rainfall and the related landslides in 
the lower Lavagna valley (eastern Liguria). Rendiconti Online Societa 
Geologica Italiana 35.  https:// doi. org/ 10. 3301/ ROL. 2015. 65

Chen CW, Saito H, Oguchi T (2017) Analyzing rainfall-induced mass 
movements in Taiwan using the soil water index. Landslides 14:1031–
1041. https:// doi. org/ 10. 1007/ s10346- 016- 0788-1

Collini E, Palesi LAI, Nesi P, Pantaleo G, Nocentini N, Rosi A (2022) Predict-
ing and understanding landslide events with explainable AI. IEEE Access 
10:31175–31189. https:// doi. org/ 10. 1109/ ACCESS. 2022. 31583 28

Corsini A, Mulas M (2017) Use of ROC curves for early warning of land-
slide displacement rates in response to precipitation (Piagneto land-
slide, Northern Apennines, Italy). Landslides 14:1241–1252. https:// 
doi. org/ 10. 1007/ s10346- 016- 0781-8

D’Amato Avanzi G, Galanti Y, Giannecchini R, Mazzali A, Saulle G (2011) 
Remarks on the 25 rainstorm in Eastern Liguria and Northwestern 
Tuscany (Italy) and the related landslides. Rendiconti Online Societa 
Geologica Italiana 24:2013

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/19475705.2021.1884610
https://doi.org/10.1007/s12303-021-0026-2
https://doi.org/10.3390/W12041000
https://doi.org/10.5066/F73J3B27
https://doi.org/10.1016/j.apgeog.2013.06.012
https://doi.org/10.1016/j.apgeog.2017.03.003
https://doi.org/10.1016/j.apgeog.2017.03.003
https://doi.org/10.1080/15481603.2023.2182057
https://doi.org/10.3389/feart.2018.00177
https://doi.org/10.1016/j.envsoft.2018.03.017
https://doi.org/10.1186/s40677-018-0105-5
https://doi.org/10.1186/s40677-018-0105-5
https://doi.org/10.5194/nhess-18-2183-2018
https://doi.org/10.5194/nhess-18-2183-2018
https://doi.org/10.1007/s10346-020-01513-4
https://doi.org/10.1007/s10346-020-01513-4
https://doi.org/10.1080/17445647.2013.780188
https://doi.org/10.3301/ROL.2015.65
https://doi.org/10.1007/s10346-016-0788-1
https://doi.org/10.1109/ACCESS.2022.3158328
https://doi.org/10.1007/s10346-016-0781-8
https://doi.org/10.1007/s10346-016-0781-8


570

570

Landslides 21 • (2024)

Technical Note

Del Soldato M, Rosi A, Delli Passeri L, Cacciamani C, Catani F, Casagli N 
(2021) Ten years of pluviometric analyses in Italy for civil protection 
purposes. Sci Rep 11. https:// doi. org/ 10. 1038/ s41598- 021- 99874-w

Dikau R, Cavallin A, Jäger S (1996) Databases and GIS for landslide 
research in Europe. Geomorphology 15. https:// doi. org/ 10. 1016/ 
0169- 555x(95) 00072-d

Fischer HW (1994) Response to disaster: fact versus fiction and its per-
petuation. University Press of America, Washington. p 160

Franceschini R, Rosi A, Catani F, Casagli N (2022a) Exploring a landslide 
inventory created by automated web data mining: the case of Italy. 
Landslides 19:841–853. https:// doi. org/ 10. 1007/ s10346- 021- 01799-y

Franceschini R, Rosi A, Del Soldato M, Catani F, Casagli N (2022b) Inte-
grating multiple information sources for landslide hazard assess-
ment: the case of Italy. Sci Rep 12:20724. https:// doi. org/ 10. 1038/ 
s41598- 022- 23577-z

Froude MJ, Petley DN (2018) Global fatal landslide occurrence from 
2004 to 2016. Nat Hazard 18:2161–2181. https:// doi. org/ 10. 5194/ 
nhess- 18- 2161- 2018

Furcolo P, Pelosi A, Rossi F (2016) Statistical identification of orographic 
effects in the regional analysis of extreme rainfall. Hydrol Process 
30:1342–1353. https:// doi. org/ 10. 1002/ hyp. 10719

Gariano SL, Brunetti MT, Iovine G, Melillo M, Peruccacci S, Terranova 
O, Vennari C, Guzzetti F (2015) Calibration and validation of rainfall 
thresholds for shallow landslide forecasting in Sicily, southern Italy. 
Geomorphology 228:653–665. https:// doi. org/ 10. 1016/j. geomo rph. 
2014. 10. 019

Gariano SL, Melillo M, Peruccacci S, Brunetti MT (2020) How much does 
the rainfall temporal resolution affect rainfall thresholds for land-
slide triggering? Nat Hazards 100:655–670. https:// doi. org/ 10. 1007/ 
s11069- 019- 03830-x

Gatto A, Clò S, Martellozzo F, Segoni S (2023) Tracking a decade of hydro-
geological emergencies in Italian municipalities. Data 8:151. https:// 
doi. org/ 10. 3390/ data8 100151

Giammarino S (2002) Carta geologica della Liguria. Università di Genova. 
Dipartimento per lo studio del territorio e delle sue risorse; Fondazi-
one Cassa di risparmio di Genova e Imperia (in Italian)

Giordan D, Cignetti M, Baldo M, Godone D (2017) Relationship between 
man-made environment and slope stability: the case of 2014 rainfall 
events in the terraced landscape of the Liguria region (northwestern 
Italy). Geomatics, Natural Hazards and Risk 8. https:// doi. org/ 10. 1080/ 
19475 705. 2017. 13911 29

Glade T, Crozier M, Smith P (2000) Applying probability determination 
to refine landslide-triggering rainfall thresholds using an empirical 
“Antecedent Daily Rainfall Model.” Pure Appl Geophys 157:1059–
1079. https:// doi. org/ 10. 1007/ s0002 40050 017

Goswami S, Chakraborty S, Ghosh S, Chakrabarti A, Chakraborty B (2018). 
A Review on Application of Data Mining Techniques to Combat Natu-
ral Disasters. https:// doi. org/ 10. 1016/j. asej. 2016. 01. 012,1Sept ember

Guzzetti F, Cardinali M, Reichenbach P, Cipolla F, Sebastiani C, Galli M, 
Salvati P (2004) Landslides triggered by the 23 November 2000 rainfall 
event in the Imperia Province, Western Liguria, Italy. Eng Geol 73. 
https:// doi. org/ 10. 1016/j. enggeo. 2004. 01. 006

Guzzetti F, Peruccacci S, Rossi M, Stark CP (2008) The rainfall intensity-
duration control of shallow landslides and debris flows: an update. 
Landslides 5. https:// doi. org/ 10. 1007/ s10346- 007- 0112-1

Haque U, da Silva PF, Devoli G, Pilz J, Zhao B, Khaloua A, Wilopo W, 
Andersen P, Lu P, Lee J, Yamamoto T, Keellings D, Jian-Hong W, Glass 
GE (2019) The human cost of global warming: deadly landslides and 
their triggers (1995–2014). Sci Total Environ 682:673–684. https:// doi. 
org/ 10. 1016/j. scito tenv. 2019. 03. 415

Herrera G, Mateos RM, García-Davalillo JC, Grandjean G, Poyiadji E, Maftei 
R, Filipciuc TC, Jemec Auflič M, Jež J, Podolszki L, Trigila A, Iadanza 
C, Raetzo H, Kociu A, Przyłucka M, Kułak M, Sheehy M, Pellicer XM, 
McKeown C, Ryan G, Kopačková V, Frei M, Kuhn D, Hermanns RL, 
Koulermou N, Smith CA, Engdahl M, Buxó P, Gonzalez M, Dashwood 
C, Reeves H, Cigna F, Lik P, Pauditš P, Mikulėnas V, Demir V, Raha M, 
Quental L, Sandić C, Fusi B, Jensen OA (2018) Landslide databases in 
the Geological Surveys of Europe. Landslides 15:359–379. https:// doi. 
org/ 10. 1007/ s10346- 017- 0902-z

Iadanza C, Trigila A, Starace P, Dragoni A, Biondo T, Roccisano M (2021) 
IdroGEO: A collaborative web mapping application based on REST 
API services and open data on landslides and floods in Italy. ISPRS Int 
J Geoinf 10. https:// doi. org/ 10. 3390/ ijgi1 00200 89

Kim SW, Chun KW, Kim M, Catani F, Choi B, Seo J (2021) Il: Effect of ante-
cedent rainfall conditions and their variations on shallow landslide-
triggering rainfall thresholds in South Korea. Landslides 18:569–582. 
https:// doi. org/ 10. 1007/ s10346- 020- 01505-4

Kirschbaum DB, Adler R, Hong Y, Hill S, Lerner-Lam A (2010) A global 
landslide catalog for hazard applications: method, results, and limita-
tions. Natural Hazards 52. https:// doi. org/ 10. 1007/ s11069- 009- 9401-4

Kreuzer TM, Damm B (2020) Automated digital data acquisition for 
landslide inventories. Landslides 17. https:// doi. org/ 10. 1007/ 
s10346- 020- 01431-5

Lazzari M, Piccarreta M, Ray RL, Manfreda S (2020) Modeling antecedent soil 
moisture to constrain rainfall thresholds for shallow landslides occurrence. 
Landslides, InterchOpen 5. https:// doi. org/ 10. 5772/ intec hopen. 92730

Leonarduzzi E, Molnar P, McArdell BW (2017) Predictive performance of 
rainfall thresholds for shallow landslides in Switzerland from gridded 
daily data. Water Resour Res 53:6612–6625. https:// doi. org/ 10. 1002/ 
2017W R0210 44

Libertino A, Ganora D, Claps P (2018) Technical note: Space-time 
analysis of rainfall extremes in Italy: clues from a reconciled data-
set. Hydrol Earth Syst Sci 22:2705–2715. https:// doi. org/ 10. 5194/ 
hess- 22- 2705- 2018

Martelloni G, Segoni S, Fanti R, Catani F (2012) Rainfall thresholds for 
the forecasting of landslide occurrence at regional scale. Landslides 
9:485–495. https:// doi. org/ 10. 1007/ s10346- 011- 0308-2

Martinengo M, Zugliani D, Rosatti G (2023) Validation and potential 
forecast use of a debris-flow rainfall threshold calibrated with the 
Backward Dynamical Approach. Geomorphology 421. https:// doi. org/ 
10. 1016/j. geomo rph. 2022. 108519

Medina V, Hürlimann M, Guo Z, Lloret A, Vaunat J (2021) Fast physically-
based model for rainfall-induced landslide susceptibility assessment 
at regional scale. Catena (Amst) 201. https:// doi. org/ 10. 1016/j. catena. 
2021. 105213

Meena SR, Ghorbanzadeh O, van Westen CJ, Nachappa TG, Blaschke T, 
Singh RP, Sarkar R (2021) Rapid mapping of landslides in the West-
ern Ghats (India) triggered by 2018 extreme monsoon rainfall using 
a deep learning approach. Landslides 18:1937–1950. https:// doi. org/ 
10. 1007/ s10346- 020- 01602-4

Montgomery DR, Dietrich WE (1994) A physically based model for the 
topographic control on shallow landsliding. Water Resources Research

Nava L, Monserrat O, Catani F (2022) Improving landslide detection on 
SAR data through deep learning. IEEE Geosci Remote Sens Lett 19:1–5. 
https:// doi. org/ 10. 1109/ LGRS. 2021. 31270 73

Nocentini N, Rosi A, Segoni S, Fanti R (2023) Towards landslide space-
time forecasting through machine learning: the influence of rainfall 
parameters and model setting. Front Earth Sci (Lausanne) 11. https:// 
doi. org/ 10. 3389/ feart. 2023. 11521 30

Pepe G, Mandarino A, Raso E, Cevasco A, Firpo M, Casagli N (2019) 
Extreme flood and landslides triggered in the Arroscia Valley (Liguria 
Region, Northwestern Italy) during the November 2016 rainfall event, 
in: IAEG/AEG Annual Meeting Proceedings, San Francisco, California, 
2018 - Volume 1. https:// doi. org/ 10. 1007/ 978-3- 319- 93124-1_ 21

Piciullo L, Gariano SL, Melillo M, Brunetti MT, Peruccacci S, Guzzetti F, 
Calvello M (2017) Definition and performance of a threshold-based 
regional early warning model for rainfall-induced landslides. Land-
slides 14:995–1008. https:// doi. org/ 10. 1007/ s10346- 016- 0750-2

Piciullo L, Calvello M, Cepeda JM (2018). Territorial Early Warning Systems 
for Rainfall-Induced Landslides. https:// doi. org/ 10. 1016/j. earsc irev. 
2018. 02. 013,1April

Piciullo L, Tiranti D, Pecoraro G, Cepeda JM, Calvello M (2020) Stand-
ards for the performance assessment of territorial landslide early 
warning systems. Landslides 17:2533–2546. https:// doi. org/ 10. 1007/ 
s10346- 020- 01486-4

Reid ME, Christian SB, Brien DL, Henderson ST (2015) Scoops3D: soft-
ware to analyze 3D slope stability throughout a digital landscape. 
Report U.S. Geological Survey; Reston, VA.http:// pubs. er. usgs. gov/ 
publi cation/ tm14A1

https://doi.org/10.1038/s41598-021-99874-w
https://doi.org/10.1016/0169-555x(95)00072-d
https://doi.org/10.1016/0169-555x(95)00072-d
https://doi.org/10.1007/s10346-021-01799-y
https://doi.org/10.1038/s41598-022-23577-z
https://doi.org/10.1038/s41598-022-23577-z
https://doi.org/10.5194/nhess-18-2161-2018
https://doi.org/10.5194/nhess-18-2161-2018
https://doi.org/10.1002/hyp.10719
https://doi.org/10.1016/j.geomorph.2014.10.019
https://doi.org/10.1016/j.geomorph.2014.10.019
https://doi.org/10.1007/s11069-019-03830-x
https://doi.org/10.1007/s11069-019-03830-x
https://doi.org/10.3390/data8100151
https://doi.org/10.3390/data8100151
https://doi.org/10.1080/19475705.2017.1391129
https://doi.org/10.1080/19475705.2017.1391129
https://doi.org/10.1007/s000240050017
https://doi.org/10.1016/j.asej.2016.01.012,1September
https://doi.org/10.1016/j.enggeo.2004.01.006
https://doi.org/10.1007/s10346-007-0112-1
https://doi.org/10.1016/j.scitotenv.2019.03.415
https://doi.org/10.1016/j.scitotenv.2019.03.415
https://doi.org/10.1007/s10346-017-0902-z
https://doi.org/10.1007/s10346-017-0902-z
https://doi.org/10.3390/ijgi10020089
https://doi.org/10.1007/s10346-020-01505-4
https://doi.org/10.1007/s11069-009-9401-4
https://doi.org/10.1007/s10346-020-01431-5
https://doi.org/10.1007/s10346-020-01431-5
https://doi.org/10.5772/intechopen.92730
https://doi.org/10.1002/2017WR021044
https://doi.org/10.1002/2017WR021044
https://doi.org/10.5194/hess-22-2705-2018
https://doi.org/10.5194/hess-22-2705-2018
https://doi.org/10.1007/s10346-011-0308-2
https://doi.org/10.1016/j.geomorph.2022.108519
https://doi.org/10.1016/j.geomorph.2022.108519
https://doi.org/10.1016/j.catena.2021.105213
https://doi.org/10.1016/j.catena.2021.105213
https://doi.org/10.1007/s10346-020-01602-4
https://doi.org/10.1007/s10346-020-01602-4
https://doi.org/10.1109/LGRS.2021.3127073
https://doi.org/10.3389/feart.2023.1152130
https://doi.org/10.3389/feart.2023.1152130
https://doi.org/10.1007/978-3-319-93124-1_21
https://doi.org/10.1007/s10346-016-0750-2
https://doi.org/10.1016/j.earscirev.2018.02.013,1April
https://doi.org/10.1016/j.earscirev.2018.02.013,1April
https://doi.org/10.1007/s10346-020-01486-4
https://doi.org/10.1007/s10346-020-01486-4
http://pubs.er.usgs.gov/publication/tm14A1
http://pubs.er.usgs.gov/publication/tm14A1


571

571Landslides 21 • (2024)

Rosi A, Lagomarsino D, Rossi G, Segoni S, Battistini A, Casagli N (2015) 
Updating EWS rainfall thresholds for the triggering of landslides. Nat 
Hazards 78:297–308. https:// doi. org/ 10. 1007/ s11069- 015- 1717-7

Rosi A, Segoni S, Canavesi V, Monni A, Gallucci A, Casagli N (2021) Defi-
nition of 3D rainfall thresholds to increase operative landslide early 
warning system performances. Landslides 18:1045–1057. https:// doi. 
org/ 10. 1007/ s10346- 020- 01523-2

Rosi A, Peternel T, Jemec-Auflič M, Komac M, Segoni S, Casagli N (2016) 
Rainfall thresholds for rainfall-induced landslides in Slovenia. Land-
slides 13. https:// doi. org/ 10. 1007/ s10346- 016- 0733-3

Rosi A, Segoni S, Battistini A, Rossi G, Catani F, Casagli N (2017) Defini-
tion of a fully functional EWS based on rainfall thresholds, the case 
of study of Tuscany Region. Advancing Culture of Living with Land-
slides. Springer International Publishing. pp 169–174. https:// doi. org/ 
10. 1007/ 978-3- 319- 53487-9_ 19

Rosi A, Canavesi V, Segoni S, Dias Nery T, Catani F, Casagli N (2019) 
Landslides in the mountain region of Rio de Janeiro: a proposal for 
the semi-automated definition of multiple rainfall thresholds. Geo-
sciences (Switzerland) 9. https:// doi. org/ 10. 3390/ geosc ience s9050 203

Rosser B, Dellow S, Haubrock S, Glassey P (2017) New Zealand’s national land-
slide database. Landslides 14. https:// doi. org/ 10. 1007/ s10346- 017- 0843-6

Rossi G, Catani F, Leoni L, Segoni S, Tofani V (2013) HIRESSS: a physi-
cally based slope stability simulator for HPC applications. Nat Hazard 
13:151–166. https:// doi. org/ 10. 5194/ nhess- 13- 151- 2013

Rossi M, Guzzetti F, Salvati P, Donnini M, Napolitano E, Bianchi C (2019). 
A Predictive Model of Societal Landslide Risk in Italy. https:// doi. org/ 
10. 1016/j. earsc irev. 2019. 04. 021,1Sept ember

Sala G, Lanfranconi C, Frattini P, Rusconi G, Crosta GB (2021). Cost-
Sensitive Rainfall Thresholds for Shallow Landslides. https:// doi. org/ 
10. 1007/ s10346- 021- 01707- 4,1Sept ember

Salvatici T, Tofani V, Rossi G, D’Ambrosio M, Tacconi Stefanelli C, 
Benedetta Masi E, Rosi A, Pazzi V, Vannocci P, Petrolo M, Catani F, 
Ratto S, Stevenin H, Casagli N (2018) Application of a physically based 
model to forecast shallow landslides at a regional scale. Nat Hazards 
Earth Syst Sc 18. https:// doi. org/ 10. 5194/ nhess- 18- 1919- 2018

Schilirò L, Cepeda J, Devoli G, Piciullo L (2021) Regional analyses of 
rainfall-induced landslide initiation in Upper Gudbrandsdalen (South-
Eastern Norway) using TRIGRS model. Geosciences (basel). https:// doi. 
org/ 10. 3390/ geosc ience s1101

Schmaltz EM, Van Beek LPH, Bogaard TA, Kraushaar S, Steger S, Glade 
T (2019) Strategies to improve the explanatory power of a dynamic 
slope stability model by enhancing land cover parameterisation and 
model complexity. Earth Surf Process Landf 44. https:// doi. org/ 10. 
1002/ esp. 4570

Segoni S, Rosi A, Catani F, Casagli N, Segoni S, Rosi A, Rossi G, Catani F, 
Casagli N (2014a) Analysing the relationship between rainfalls and 
landslides to define a mosaic of triggering thresholds for regional 
scale warning systems. Nat Hazards Earth Syst Sci 14:2637–2648. 
https:// doi. org/ 10. 5194/ nhessd- 2- 2185- 2014

Segoni S, Rossi G, Rosi A, Catani F (2014b) Landslides triggered by 
rainfall: a semi-automated procedure to define consistent intensity-
duration thresholds. Comput Geosci 63:123–131. https:// doi. org/ 10. 
1016/j. cageo. 2013. 10. 009

Segoni S, Piciullo L, Gariano SL (2018a). A Review of the Recent Literature 
on Rainfall Thresholds for Landslide Occurrence. https:// doi. org/ 10. 
1007/ s10346- 018- 0966-4

Segoni S, Rosi A, Lagomarsino D, Fanti R, Casagli N (2018b) Brief com-
munication: using averaged soil moisture estimates to improve the 
performances of a regional-scale landslide early warning system. Nat 
Hazard 18:807–812. https:// doi. org/ 10. 5194/ nhess- 18- 807- 2018

Segoni S, Serengil Y, Aydin F (2023) A prototype landslide early warning 
system in Rize (Turkey): analyzing recent impacts to design a safer future. 
Landslides 20:683–694. https:// doi. org/ 10. 1007/ s10346- 022- 01988-3

Segoni S, Barbadori F, Gatto A, Casagli N (2022) Application of empirical 
approaches for fast landslide hazard management: the case study of 
Theilly (Italy). Water (Basel) 14:3485. https:// doi. org/ 10. 3390/ w1421 3485

Solari L, Del Soldato M, Raspini F, Barra A, Bianchini S, Confuorto P, 
Casagli N, Crosetto M (2020). Review of Satellite Interferometry for 
Landslide Detection in Italy. https:// doi. org/ 10. 3390/ RS120 81351

Staley DM, Kean JW, Cannon SH, Schmidt KM, Laber JL (2013) Objective 
definition of rainfall intensity-duration thresholds for the initiation of 
post-fire debris flows in southern California. Landslides 10:547–562. 
https:// doi. org/ 10. 1007/ s10346- 012- 0341-9

Tofani V, Bicocchi G, Rossi G, Segoni S, D’Ambrosio M, Casagli N, Catani 
F (2017) Soil characterization for shallow landslides modeling: a case 
study in the Northern Apennines (Central Italy). Landslides 14:755–
770. https:// doi. org/ 10. 1007/ s10346- 017- 0809-8

Vannocci P, Segoni S, Masi EB, Cardi F, Nocentini N, Rosi A, Bicocchi G, 
D’Ambrosio M, Nocentini M, Lombardi L, Tofani V, Casagli N, Catani F 
(2022) Towards a national-scale dataset of geotechnical and hydro-
logical soil parameters for shallow landslide modeling. Data (Basel) 
7:37. https:// doi. org/ 10. 3390/ data7 030037

Vennari C, Gariano SL, Antronico L, Brunetti MT, Iovine G, Peruccacci S, 
Terranova O, Guzzetti F (2014) Rainfall thresholds for shallow landslide 
occurrence in Calabria, southern Italy. Nat Hazards Earth Syst Sci 14. 
https:// doi. org/ 10. 5194/ nhess- 14- 317- 2014

Vessia G, Parise M, Brunetti MT, Peruccacci S, Rossi M, Vennari C, Guzzetti 
F (2014) Automated reconstruction of rainfall events responsible for 
shallow landslides. Nat Hazards Earth Syst Sci 14:2399–2408. https:// 
doi. org/ 10. 5194/ nhess- 14- 2399- 2014

Von Ruette J, Papritz A, Lehmann P, Rickli C, Or D (2011) Spatial statistical 
modeling of shallow landslides-validating predictions for different 
landslide inventories and rainfall events. Geomorphology 133:11–22. 
https:// doi. org/ 10. 1016/j. geomo rph. 2011. 06. 010

Zhao B, Dai Q, Han D, Dai H, Mao J, Zhuo L, Rong G (2019) Estimation 
of soil moisture using modified antecedent precipitation index with 
application in landslide predictions. Landslides 16:2381–2393. https:// 
doi. org/ 10. 1007/ s10346- 019- 01255-y

Nicola Nocentini (*) · Camilla Medici · Francesco Barbadori ·  
Alessio Gatto · Rachele Franceschini · Matteo del Soldato · 
Samuele Segoni 
Department of Earth Sciences, University of Florence, via G. la Pira 4, 
50121 Florence, Italy
Email: nicola.nocentini@unifi.it

Ascanio Rosi 
Department of Geosciences, University of Padua, Via G. Gradenigo 6, 
35131 Padua, Italy

https://doi.org/10.1007/s11069-015-1717-7
https://doi.org/10.1007/s10346-020-01523-2
https://doi.org/10.1007/s10346-020-01523-2
https://doi.org/10.1007/s10346-016-0733-3
https://doi.org/10.1007/978-3-319-53487-9_19
https://doi.org/10.1007/978-3-319-53487-9_19
https://doi.org/10.3390/geosciences9050203
https://doi.org/10.1007/s10346-017-0843-6
https://doi.org/10.5194/nhess-13-151-2013
https://doi.org/10.1016/j.earscirev.2019.04.021,1September
https://doi.org/10.1016/j.earscirev.2019.04.021,1September
https://doi.org/10.1007/s10346-021-01707-4,1September
https://doi.org/10.1007/s10346-021-01707-4,1September
https://doi.org/10.5194/nhess-18-1919-2018
https://doi.org/10.3390/geosciences1101
https://doi.org/10.3390/geosciences1101
https://doi.org/10.1002/esp.4570
https://doi.org/10.1002/esp.4570
https://doi.org/10.5194/nhessd-2-2185-2014
https://doi.org/10.1016/j.cageo.2013.10.009
https://doi.org/10.1016/j.cageo.2013.10.009
https://doi.org/10.1007/s10346-018-0966-4
https://doi.org/10.1007/s10346-018-0966-4
https://doi.org/10.5194/nhess-18-807-2018
https://doi.org/10.1007/s10346-022-01988-3
https://doi.org/10.3390/w14213485
https://doi.org/10.3390/RS12081351
https://doi.org/10.1007/s10346-012-0341-9
https://doi.org/10.1007/s10346-017-0809-8
https://doi.org/10.3390/data7030037
https://doi.org/10.5194/nhess-14-317-2014
https://doi.org/10.5194/nhess-14-2399-2014
https://doi.org/10.5194/nhess-14-2399-2014
https://doi.org/10.1016/j.geomorph.2011.06.010
https://doi.org/10.1007/s10346-019-01255-y
https://doi.org/10.1007/s10346-019-01255-y

	Nicola Nocentini  · Camilla Medici · Francesco Barbadori · Alessio Gatto · Rachele Franceschini · Matteo del Soldato · Ascanio Rosi · Samuele Segoni Optimization of rainfall thresholds for landslide early warning through false alarm reduction and a multi-
	Abstract 
	Introduction
	Materials
	Test site description
	Landslides inventory
	Rainfall database
	Alternative validation datasets

	Rainfall threshold analysis
	2D rainfall thresholds
	3D rainfall thresholds

	Results
	Discussions
	Conclusion
	References


