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Combining spatial modelling and regionalization of rainfall thresholds
for debris flows hazard map- ping in the Emilia-Romagna Apennines

(taly)

Abstract Landslides hazard assessment requires the combination
of spatial and temporal probabilities. In this work, we combine spa-
tial modelling and regionalization of debris rainfall thresholds for
assessing both these probabilities and map debris flows initiation
hazard over 15 X 10° km? of the Emilia-Romagna Apennines (Italy).
In this area, debris flows are spatially and temporally less frequent
than earth slides and earth flows. However, more than a hundred
debris flows occurred in October 2014 and September 2015 during
two large rainstorms clusters in Parma in Piacenza provinces; some
tens of debris flows are reported to have occurred in the past and few
others have occurred recently. Since landslides inventory maps used
for land use planning only consider some large debris flows accumu-
lation fans, and substantially no information is given on the slopes
along which these phenomena might occur, this study aims to fill this
gap by creating a hazard map using the evidences collected after the
recent abovementioned multi-occurrence events. Different spatial
statistical models (Frequency Ratio [FR], Weight of Evidence [WOE]
and Logistic Regression [LR]), set up with various combinations of
geo-environmental causal factors, have been trained using 60% of
debris flow initiation points mapped after the 2014 and zo015 events.
The predictive performances of the models have been compared by
success rate curves using the remaining 40% of initiation points of
the 2014 and 2015 events. The model with the best predictive capa-
bility (area under the curve > 0.96) has been further validated using
the spatial distribution of other debris flows occurred in the period
1972-2016, and its outputs have been classified into spatial probability
classes. Furthermore, the annual exceedance probability of recently
published debris flows 3 h cumulated rainfall triggering thresholds
has been calculated for in 185 rain gauges and regionalized by spatial
interpolation. Finally, spatial and temporal probability maps ranked in
a o-1range have been combined into a regional debris flows initiation
hazard map that, on the basis of the return periods, is associated to
different yearly probability values. The resulting hazard map classi-
fies 0.87% of the area as high hazard, 2.83% as medium hazard, 0.5%
as low hazard and the remaining 95.81% as null hazard. The spatial
distribution of hazardous zones is quantitatively and qualitatively
consistent with the spatial distribution of past debris flows. Further-
more, it is coherent with geomorphological common sense and it has
proven sufficiently accurate in discriminating as hazardous the debris
flows initiation zones of phenomena occurred after it was produced.
On such a basis, despite its limitations, we consider the debris flows
hazard map produced sufficiently reliable to integrate existing inven-
tory maps in land-use regulation and emergency planning.

Keywords Debris flows - Spatial models - Rainfall thresholds -
Hazard mapping - Apennines - Italy

Introduction
Landslides hazard mapping at regional scale requires the combi-
nation of spatial and temporal probabilities (Remondo et al. 2005;
Guzzetti et al. 2006; Corominas et al. 2014; Thiebes et al. 2017). Spa-
tial probability is generally assessed using a variety of statistically
based landslide susceptibility models that rely on the analysis of
the relationships between the spatial distribution of past landslide
events and a number of geo-environmental factors. These meth-
ods have been recently thoroughly reviewed by Reichenbach et al.
(2018) who suggested to classify them into (i) classical statistics
(e.g. logistic regression, discriminant analysis and linear regres-
sion), (ii) index-based (e.g. weight of evidence and heuristic analy-
sis), (iii) machine learning (e.g. fuzzy logic systems, support vector
machines and forest trees), (iv) neural networks, (v) multi-criteria
decision analysis and (vi) other statistics. While classical stafistics
and index-based methods have been widely used already since the
1990s (Atkinson and Massari 1998; Carrara et al.1999), more com-
puting demanding methods such as machine learning and neural
networks have grown in usage in the last decade and are nowadays
popular methods to implement spatial probability mapping (Catani
et al. 2013; Conforti et al. 2014; Youssef et al. 2016; Kalantar et al.
2017; Arabameri et al. 2021). Statistical methods have pros and cons
that depend upon scales, datasets, methods and purposes (Fell et al.
2008; Hearn and Hart 2019) and have also been quite widely used
to map debris flows initiation as well as debris flows propagation
susceptibility at regional scale (Mark and Ellen 1995; Delmonaco
et al. 2003; Carrara et al. 2008; Chevalier et al. 2013; Heckmann et al.
2014; Bertrand et al. 2013, 2017). On the other hand, the temporal
probability of landslides and debris flows occurrence in a given
area can be assessed either with probabilistic methods based on
historical data (Coe et al. 2004), magnitude-frequency relation-
ships (Hungr et al. 2008) or, ultimately, with rainfall thresholds
and their associated exceedance probability in a given period of
time (Crosta 1998; Peruccacci et al. 2017). On this respect, it should
be pinpointed that while the spatial distribution of (cumulated or
averaged) rainfall is sometimes considered and analysed as another
geo-environmental factor during landslide susceptibility assess-
ment (Youssef et al. 2016; Ali et al. 2021), the exceedance probability
of rainfall thresholds in a given period of time is an independent
temporal probability value that can be combined with spatial prob-
ability related to the susceptibility of the terrain in order to assess
the hazard of an area in quantitative terms (Guzzetti et al. 2005;
Corominas and Moya 2008; Jaiswal et al. 2010; Wu and Chen 2013;
Thiebes et al. 2017).

In a similar manner, in this work, we aim to map debris flows
initiation hazard zones over the Emilia-Romagna Apennines



(Italy), by combining regional scale susceptibility modelling (to
assess spatial probability), with regionalization of the exceed-
ance probability of debris rainfall thresholds recently proposed
by Ciccarese et al. (2020) (to assess temporal probability).
Despite the fact that debris flows accumulation fans account for
only 0.2% of total landslides deposits area in Emilia-Romagna
Apennines (Emilia-Romagna Region 2018a) and that known
debris flows events are a few hundred out of more than 14 thou-
sand landslides records (Piacentini et al. 2018), making them
significantly less frequent in space and time than other types
of landslides such as earth slides and earth flows (Ronchetti
et al. 2007; Bertolini et al. 2017; Mulas et al. 2018), debris flows
are in any case to be considered a significant potential threat to
human activities in this region, mostly because of their rapidity
that can cause widespread damages and, eventually, casualties.
This has been made evident by the multi-occurrences debris
flows events occurred in October 2014 and in September 2015
in the provinces of Parma and Piacenza respectively. Back then,
large mesoscale convective system rainstorm clusters triggered
altogether more than a hundred debris flows within the time
span of few hours, causing severe damages to many roads, some
houses and a remarkable geomorphological impact on slopes
and streams (Corsini et al. 2015, 2017; Ciccarese et al. 2016, 2017;
Scorpio et al. 2018). The relevance of debris flows in the Emilia-
Romagna Apennines can also be evidenced by considering the
remarkable effects and damages reported by various authors
caused by other tens of debris flows occurred in the past decades
(Moratti and Pellegrini 1977; Papani and Sgavetti 1977; Rossetti
and Tagliavini 1977; Tagliavini 1989; Pasquali 2003). Therefore,
since the existing landslide deposits inventory map (Emilia-
Romagna 2018a) only outlines large debris flows accumulation
fans and sporadic debris flows deposits along the slopes, and no
indication is substantially given on the slopes along which these
phenomena might more probably occur in the future, mapping

Fig. 1 Study area and spatial 10°0'0"E

debris flows initiation hazard zones by combining spatial and
temporal probability, which is the aim of this research, can
fill such information gap and, in perspective, can support the
improvement of land use and emergency planning in the Emilia-
Romagna Apennines.

Methods

Study area and outline of work steps

The study area extends for approximately 15 X 10? km® between
43°44'23"N and 44°56"13"N and 9°11'59"E and 12°44"28"E (Fig. 1). It
covers the Emilia-Romagna Apennines, i.e. the sector of the north-
ern Apennines located inside the administrative boundaries of
the Emilia-Romagna Region (Italy). Elevation ranges from maxi-
mum 2165 m a.s.l. along the SE-NW mountain range watershed
to less than 100 m a.s.l. at the Po plain margin. Rainfall averages
approximately 1800 mm/year at the higher elevations (with sig-
nificant snow fall in winter) to only 8oo mm/year at the transition
to the Po plain. Large convective cells and systems develop in late
summer and early autumn, especially in the most north-westerly
portions of the study area, determining severe rainstorms events
that can cause as much as one-fourth of yearly precipitation or
sa, to pour down within a few hours. The hydrographic network is
dominated by SW-NE directed rivers, most of which are tributar-
ies of the Po river, flowing down the main structurally controlled
valleys. Land cover is vastly dominated by forests and pastures,
albeit a quite significant network of villages and roads is cover-
ing this mountain region. Geologically, the area is dominated by
weak and highly fractured sedimentary rocks (Abbate et al. 1970;
Bettelli and De Nardo 2001).

The outline of the main work steps is presented in Fig. 2. It
should be noted, initially, that our analysis is limited to the suscep-
tibility to debris flow initiation and that, as such, it has been based
on an inventory of initiation points. As Corominas et al. (2014)
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correctly argued, different landslide types are controlled by differ-
ent combinations of environmental and triggering factors, and this
should be reflected in the analysis of susceptibility. For this reason,
they also suggest that a landslide inventory should be subdivided
(when possible) into several subsets, each related to a particular
failure mechanism and linked to a specific combination of causal
factors. Consequently, in our case, it would have made no sense
analysing at the same time the susceptibility to debris flows initia-
tion (that is basically related to the triggering of shallow slides)
and that to flow propagation and accumulation, that are governed
by different topographic, hydrographic and rheological factors
that, moreover, are better accounted for in deterministic runout
models rather than statistical susceptibility modelling. Therefore,
a dataset of debris flow initiation points mapped after the 2014 and
2015 events in Parma and Piacenza has been used to train different
spatial statistical models (Frequency Ratio [FR], Weight of Evidence
[WOE] and Logistic Regression [LR]), which were run with various

combinations of geo-environmental causal factors. As specified in
the next paragraphs, initiation points have been buffered by conver-
sion to 5 x 5 m grid cells, so that average values of topographic and
of other causal factors around the points are considered. Another
set of the initiation points of 2014 and 2015 events has been used
as independent validation dataset 1 to compute success rate curves
(SRC, Chung and Fabbri 2003) of all the spatial models. The model
with the higher area under curve (AUC) has been further tested
using a validation dataset 2 including debris flows initiation points
from other areas of the Emilia-Romagna Apennines which have
occurred in the period 1972 to 2016. On the basis of the SRC, the
model outputs have been reclassified into spatial probability
classes. Furthermore, the annual exceedance probability of debris
flows triggering thresholds at 3 h cumulated rainfall recently pub-
lished by Ciccarese et al. (2020) has been calculated and regional-
ized by spatial interpolation. Finally, the multiplication of debris
flows spatial and temporal probability maps returned the debris
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flows initiation hazard map that was classified on the basis of
the return periods associated to different yearly probability
values.

Spatial probability modelling

Spatial probability models have been trained and validated on
the basis of a dataset of debris flows initiation points referring to
the Parma 2014 and Piacenza 2015 events as well as to other debris
flows events occurred elsewhere in the Emilia-Romagna Apennines
in the period 1972-2016. The debris flows initiation points
correspond to the centroid of small shallow translational failures
at the head of slope incisions and creeks or along their side banks,
from which the remobilized deposits were mixed with runoff water
and evolved into “debris flows” and ‘debris floods’ (Hungr et al.
2001). Consequently, the spatial probability analysis considers
the possible initiation of both these types of phenomena. Debris
flows initiation points have been mapped on the basis of remote
sensing and field surveys for the Parma 2014 and Piacenza 2015
events and on the basis of existing landslide’s occurrences databases
(Piacentini et al. 2018), publications (Moratti and Pellegrini 1977;
Papani and Sgavetti 1977; Rossetti and Tagliavini 1977; Tagliavini
1989; Pasquali 2003) and direct field sur-veys, for other events in
the 1972-2016 period. The extent of the shal-low translational slope
failures during the Parma 2014 and Piacenza 2015 events ranged
indicatively from 100 to 400 m?® and the involved material was
coarse granular debris and blocks of sandstones and limestones
derived by the weathering of heterogeneous weak rocks such as
flysch and block-in-matrix clayey shales (Corsini et al. 2015, 2017,
2019; Ciccarese et al. 2016). Specifically, the dataset includes 136
debris flows initiation points referring to the Parma 2014 and Piacenza
2015 events and 24 debris flows initiation points referring to debris

Province (code)

Location (valley or municipality)

flows phenomena occurred in the period 1972-2016 elsewhere in the
Emilia-Romagna Apennines (Fig.1and Table 1).

A spatial training dataset has been generated by random selec-
tion of 60% of the Parma 2014 and Piacenza 2015 debris flows (i.e.
82 points), while a validation dataset 1 has been created using the
remaining 40% of points (i.e. 54 points), which has been used for
assessing the predictive performances of spatial models inside the
same areas the models have been trained. Although it is relatively
more common to have a 70/30% partition between training and
validation (see for instance Youssef et al. 2016; Kalantar et al. 2017;
Arabameri et al. 2021), with some notable exceptions that use also a
50/50% partition (Conforti et al. 2014), and aware that some studies
have demonstrated that a changing partition can affect the outputs
of the spatial models (Shirzadi et al. 2018), our choice of a 60/40%
partition has been mostly driven by the need to train the model
while guaranteeing also an adequate number of validation points in
this relatively data-points scarce application. For this same reason,
we have also created a validation dataset 2 that includes 100% of the
debris flows initiation points in the 1972-2016 period (i.e. 24 points)
located in other areas of the Emilia-Romagna Apennines, which has
served the purpose of assessing the performance of the selected
model outside the areas of training. Prior to spatial analysis with
FR, WOE and LR, debris flows initiation points have been rasterized
with 5x 5 m grid cells, resulting in one single ‘representative’ grid
cell for each debris flows initiation point.

The dataset of geo-environmental spatial causal factors includes
slope angle, slope curvature, slope aspect, flow accumulation, dis-
tance to streams, land-cover and bedrock lithology (Fig. 3a-g).
These parameters have been chosen as they are the most influen-
tial for the possible trigger of shallow translational slides that can
evolve into debris flows. Slope angle is influential for any type of

No. debris flows initiation points per

dataset

Training Validat. 1 Validat.
13-14/09/2015 Piacenza (PC) Various loc. (Nure-Trebbia-Aveto valleys) 66 44
13/10/2014 Parma (PR) Various loc. (Parma-Baganza valleys) 16 10
5/11/2016 Parma (PR) Case Mazzette (Albareto) 2
25/10/2011 Modena (MO) Tagliole (Pievepelago) 1
8/11/2010 Bologna (BO) Chiapparotto (Camugnano) 1
24/12/2009 Modena (MO) La Merizzana (Pievepelago) 1
20/01/2009 Bologna (BO) Serraglio (Lama Mocogno—Barigazzo) 1
1/12/2008 Bologna (BO) Ca Gardella (Granaglione) 1
18/04/2005 Modena (MO) Santa Scolastica (Romanoro) 1
16/101980 Parma (PR) Rio d’Agna (Corniglio) 1
11/9/1972 Reggio E. (RE) Various loc. (Secchia valley) 14
19/09/1953 Piacenza (PC) Ottone (Ottone) 1

Total 82 54 24
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Fig.3 Maps of the geo-environmental causal factors and 3 h rainfall thresholds for 185 rain gauges. For the explanation of land cover types
and bedrock lithology codes please refer to Table 2



landslide, as they are gravity-driven phenomena. Curvature allows
to discriminate concave to convex morphological patterns.
Aspect, generally a minor factor of influence, might eventually
condition the antecedent soil moisture or the production of
regolith and slope debris in variably exposed slopes. Flow
accumulation reflects the possibility that underground flow
parallel to slope might be a fac-tor in triggering shallow slides,
as it is considered such in some deterministic methods. The
distance to stream can be positively correlated to slides that had
actually the possibility to transition to debris flows as they
occurred close to streams and, also, it indirectly considers the fact
that discharge during rainstorm can be a factor of slope toe
erosion that might favour shallow slides. Land cover is also
another rather influential factor for many types of slope insta-
bilities, and especially for shallow slides tree roots or the absence
of them might play a role. Bedrock lithology, in this case, has been
considered as a proxy of the surface deposit texture (for which
no map at regional scale is actually available across the Emilia-
Romagna Apennines) which is obviously related to the fact that
the mobilized debris is coarse enough to originate to a debris flow.

All of the topographic-related variables have been derived
by a Digital Elevation Model at 5x 5 m grid cells of the Emilia-
Romagna Apennines. Slope angle has been classified into 6 classes,
five in 10° ranges (in order to use a finer seeding in the most
common slope values) and one class for all values higher than 50°
(Table 2). Aspect has been classified into 9 classes that correspond
to the conventional eight main cardinal directions plus flat.
Slope curvature has been ranked in the 9 classes resulting from
all the possible combinations of positive and negative planar and
profile curvature values (a positive planar curvature indicates
convexity in the across slope direction while a positive profile
curvature indicates concavity along slope dip). Flow
accumulation has been calculated in terms of contributing areas
(after pre-processing the DEM with a fill function to eliminate
morphological depressions and make the model hydrologically
consistent) using a D8 flow algorithm. The subdivision into 7
classes has also taken into con-sideration the relative number of
initiation points in the classes. Distance to stream (i.e. the
Euclidean distance) has been calcu-lated by retrieving all
streams network element using the stream definition function.
Even in this case, the subdivision into 6 dis-tance classes has
taken into consideration the relative number of initiation points
at various distances. Land cover has been derived from the 2018
edition dataset of the official land cover map of the region
(Emilia-Romagna Region 2018b). This dataset represents
Corine classes in the first 3 levels of detail and other additional
classes at higher levels of detail. Altogether, 17 classes have
been used: 1-12 derive from the 2" level, 13-16 derive from the
4™ level and class 17 from the 5™ level of detail (Table 2). Bedrock
lithology has been ranked into 10 classes by grouping on a
lithological basis the formations of the geological map of Emilia-
Romagna Region at 1:10,000 scale (Emilia-Romagna Region
2006). Classes corre-spond to lithotypes ranging from massive
rocks, to flysch (with different lithic to pelite ratios), marls,
olistostrome shales and shales at variable consolidation and
tectonic disturbance degree. Prior to spatial modelling, all the
geo-environmental variables have been rasterized at 5 X 5 m
grid cells.

A Pearson’s correlation coefficient matrix between pairs of the
raster maps of selected geo-environmental variables is presented in
Table 3. Results show a correlation coefficient lower than 0.3 in all

pairs, with only an exception of 0.39 between slope and land cover.
Values in these ranges are typically associated to a substantial lack
of correlation or to a very low correlation level. Consequently, all
of the geo-environmental variables have been considered suitable
for spatial probability modelling and no further tests of multicol-
linearity have been carried out. Furthermore, it is also important
to underline that in the areas used for training the spatial models
(i.e. the portions of Parma and Piacenza provinces covered by the
training dataset of initiation points), all of the classes of the geo-
environmental causal factors considered (including all of the litho-
logical classes) are represented, allowing for an extrapolation of the
results of statistical analyses to the entire study area.

Spatial probability modelling has been carried out using FR,
WOE and LR statistical methods. The FR method is a very simple
bivariate method. In practice, the spatial frequency ratio of event
occurrence (i.e. debris flows initiation) in a given class of causal
factors is divided by the spatial frequency ratio of occurrence of
that class of causal factor in the study area. A ratio higher than a
unit indicates a probability higher than average, and vice versa.
The overall ‘susceptibility’ score is obtained by pixel by pixel sum
of FR values obtained for all the classes of causal factors occurring
in that specific point in space. The WOE is a slightly more
complex bivariate statistical method based on Bayes’ theorem
(Lee 1989; Agterberg et al. 1993; Bonham-Carter 1994; Denison et
al. 2002). It computes the prior (unconditional) and the posterior
(conditional) probability of having an event (i.e. a debris flow
initiation) for each class of the causal factors considered a positive
and negative weight (W + and W —) is calculated and the sum of
the two weights is the so-called contrast (C). A positive (or
negative) contrast indicates a positive (or negative) statistical
correlation between the class of the causal factor and the event.
The overall ‘susceptibility’ score is obtained by a linear
combination of C values. The LR is a multivari-ate method (Cox
1958; Agterberg et al. 1993) based on maximum likelihood
estimates obtained by transforming dependent vari-ables into
logit variable (i.e. natural log of the odds of the variable occurring
or not). LR can be applied even if the variables show conditional
dependence. It can be used on categorical or continu-ous
variables, even if they are not normally distributed (Hosmer et
al. 2013). To compute the probability of occurrence of an event
(i.e. debris flows initiation) in a given combination of classes of
causal factors, an s-shaped curve is created by linear regression
producing ‘y’ values between — o0 and + o and transforming it in a
function of probability (p) between o (as ‘y” approaches — o) and
1 (as ‘Y’ approaches + o). Finally, a Z-value is obtained by a linear
combination of all the regression parameters (estimated through
the maximum likelihood criterion) associated to each independ-
ent variable (i.e. class of causal factor) that expresses the relative
contribution of the classes of causal factors to determine the event
(a positive coefficient for a positive correlation and vice versa).

The WOE, LR and FR models have been run in parallel by using
the training dataset of debris flows initiation points and by test-
ing various different combinations of spatial causal factors (see
Table 4). The total number of combinations has been arbitrarily
limited to the 13 potentially most significant ones, and each com-
bination includes from 3 to 6 causal factors maps. This resulted
in a total of 39 predictive models that have been compared by
SRC (Chung and Fabbri, 2003) obtained using validation dataset
1. The model with the higher AUC has been further tested against



Table 2 Classes of the geo-environmental causal factors considered in the spatial analysis, relative frequency and WOE contrast

No. debris flows Relative frequency (%) Contrast
initiation points
Slope Angle (°) 1 0-10 8 9.8 -1.3221
2 10-20 18 22.0 -0.7333
3 20-30 24 29.3 0.4169
4 30-40 26 317 1.4258
5 40-50 4 4.9 0.6956
6 >50 2 2.4 2.2723
Slope aspect 1 Flat 0 0.0 0.0000
2 North 6 73 —0.7601
3 Northeast 4 4.9 -1.2156
4 East 16 19.5 0.4218
5 Southeast 9 11.0 —-0.1433
6 South 16 19.5 0.8402
7 Southwest 12 14.6 0.5017
8 West 7 85 -0.2868
9 Northwest 12 14.6 0.0448
Slope curvature 1 1 - Planar (+) - Profile (-) 5 6.1 —1.5281
2 2 - Planar (-) - Profile (-) 14 17.1 0.3826
3 3 - Planar (0) - Profile (-) 0 0.0 0.0000
4 4 - Planar (+) - Profile (+) 11 13.4 —-0.0205
5 5 - Planar (-) - Profile (+) 45 54.9 1.4754
6 6 - Planar (0) - Profile (+) 2 2.4 —-0.8981
7 7 - Planar (+) - Profile (0) 1 1.2 -1.4408
8 8 - Planar (-) - Profile (0) 3 3.7 -0.1926
9 9 - Planar (0) - Profile (0) 1 1.2 —-2.0707
Flow accumulation 1 0-0.00025 33 40.2 —0.7264
(km?)
2 0.00025-0.001 20 24.4 —0.2374
3 0.001-0.01 12 14.6 0.4452
4 0.01-0.2 13 15.9 2.1272
5 0.2-0.5 1 1.2 1.5918
6 0.5-1 2 2.4 2.9812
7 >1 1 1.2 1.4183
Distance to stream 1 0-5 40 48.8 2.8281
(m)
2 5-25 15 18.3 —0.0190
3 25-50 10 12.2 —1.4780
4 50-150 9 11.0 -0.8846
5 150-250 8 9.8 0.1719
6 >250 0 0.0 0.0000




Table 2 (continued)

No. debris flows Contrast

initiation points

Relative frequency (%)

Land cover 1 UrF, urban fabric 0 0.0 0.0000
2 InCT, industrial, commercial and transport units 0 0.0 0.0000
3 MiDC, mine, dump and construction sites 0 0.0 0.0000
4 ArA, artificial, non-agricultural vegetated areas 0 0.0 0.0000
5 ArL, arable lands 0 0.0 0.0000
6 PeC, permanent crops 0 0.0 0.0000
7 Pa, pastures 2 2.4 -0.9711
8 HeAA, heterogeneous agricultural areas 0 0.0 0.0000
9 Fo, forests 70 85.4 1.8894
10 SHV, scrub and/or herbaceous vegetation associations 6 7.3 —0.0352
1 OSLVe, open spaces with little or no vegetation 2 2.4 0.0589
12 InW, inland wetlands 0 0.0 0.0000
13 WaCLV, water courses (little vegetation) 0 0.0 0.0000
14 WaCAV, water courses (abundant vegetation) 2 2.4 0.0000
15 Riv, riverbanks 0 0.0 1.1015
16 CaWa, canals and waterways 0 0.0 0.0000
17 WaB, water bodies 0 0.0 0.0000

Bedrock lithology 1 AG, massive rock+gypsum 5 9.8 0.6048
2 B, flysch (lithic/pelite alternated L/P > 3) 18 6.1 0.9328
3 Blp, flysch (lithic/pelite alternated 0.3 <L/P <3) 33 22.0 0.1448
4 Bp, flysch (lithic/pelite alternated L/P < 0.3) 0 40.2 0.0000
5 C, weakly cemented sandstones 0 0.0 0.0000
6 Da, shales 0 0.0 0.0000
7 Dm, marl 2 0.0 —-0.4899
8 Dol, olistostrome shales 2 2.4 —0.5791
9 Dsc, tectonized shales 8 2.4 0.1417
10 APA, palombini limestones with shales 14 9.8 1.2694

validation dataset 2,in order to assess its performances also outside
the area of training. On the basis of the results of the SRC obtained
with validation dataset 1, the model outputs have been partitioned
into 4 classes including susceptibility values associated to 0-40%
(high), 40-70% (medium), 70-90% (low) and 90-100% (negligible)
of cumulative predicted debris flows initiation areas.

In order to convert susceptibility into spatial probability, the
Bayesian posterior probability associated to each susceptibility
class has been calculated and normalized in a 0-1 (min-max)
range. Normalization has been necessary because using few tens
validation ‘landslide’ pixels with some thousand pixels making
up the validation study area inevitably returns Bayesian’ poste-
rior probability values strongly shifted toward extremely low val-
ues, which would be substantially masked by the (much higher)

temporal probability component when the two probabilities are
multiplied to assess the combined spatio-temporal probability.
Specifically, normalization of the Bayesian’ posterior probability
in a 0-1 range has been carried out by considering as o (mini-
mum) the probability associated to the specific susceptibility
value below which no validation landslide (pixel) is found and
as 1 (maximum) the probability associated to the higher suscep-
tibility value that corresponds to a landslide occurrence (pixel) in
the validation dataset. Furthermore, as the number of pixels with
susceptibility values higher than that associated to max prob-
ability resulted limited, they were all associated to the high prob-
ability class. At the same time, since the lower susceptibility class
returned an almost null scaled probability, all the pixels with sus-
ceptibility values lower than that associated to null probability



Table 3 Pearson’s correlation coefficient matrix between pairs of the raster maps of selected geo-environmental variables

Slopeangle Landcover Slopeaspect Bedrocklithology Distance to Flowaccumulation Slopecurvature
stream

Slope angle 1.000000
Land cover 0.394086 1.000000
Slope aspect 0.052232 0.036479 1.000000
Bedrock lithology —o.230025 —0.056750 —0.011817 1.000000
Distance to —0.132879 —0.201855 —0.062941 —0.005275 1.000000

stream
Flow accumula- —0.098714 0.007464 —0.045163 —0.004507 —0.104373 1.000000

tion
Slope curvature —0.289363 —0.172302 —0.079975 0.071645 0.199269 0.162109 1.000000
have been included in the so-called negligible probability class. Hazard mapping

Results were such, in our case, that a normalized spatial prob-
ability of 0.8 was associated to the high susceptibility class, 0.4
to the medium class, o.2 to the low class and o to the negligible
class, thus allowing for a spatial probability map at 55 m grid
cells to be obtained.

Temporal probability assessment by regionalization of triggering
thresholds

The debris flows rainfall triggering thresholds by Ciccarese et al.
(2020) have been used to support temporal probability
assessment. Such dataset includes thresholds at 30,1 h,2h, 3 hand
6 h cumulated rainfall for 185 rain gauges distributed across the
Emilia-Romagna Apennines. In this work, the 3 h rainfall
thresholds have been used, ranging from 2 to 151 mm/3 h (Fig. 3h).
For the aim of this research, the 3 h rainfall thresholds were
preferred to thresholds associated to other durations since (i) a
duration of 3 h is reached only during large scale rainstorms that
last for a significant period of time, being related to convective cells
or convective systems, accounting for the fact that the majority of
the debris flows inventoried in Emilia-Romagna Apennines have
actually occurred during such type of events; (ii) the 3 h
thresholds are associated to a high predictive capability of the
multiple occurrences events of 2014 and 2015 ( as evidenced by an
AUC from 0.88 to 0.97 in Ciccarese et al. 2020); thus, they are quite
reliable predictors of debris flows triggering; (iii) the distribution
of 3 h threshold values is less scattered in space across the Emilia-
Romagna Apennines than lower duration thresholds and, also, they
better mimic the spatial distribution of rainfall regimes in the
various altimetric zones of the study area. The annual exceed-ance
probability (AEP) of 3 h rainfall thresholds in each of the 185 rain
gauges has been calculated using Gumbel probability distribu-tion
coefficients ‘o’ and ‘u’ based on long-term precipitation records.
The AEP value in rain gauges has been regionalized by
interpolation in 500 X 500 m grid cells by inverse distance weighted
(IDW) and no geographically weighted regression. A resampling
was finally per-formed in order to obtain a map of yearly
probability (in o-1 range) at 5 x 5 m grid cells size.

Finally, a debris flow initiation hazard has been created by
numerically multiplying the spatial probability and the temporal
probability maps at 5x 5 m grid cells size. The resulting yearly
spatio-temporal probability values, i.e. the hazard of poten-
tially having a debris flow in a given grid cell, have been ranked
into classes by computing the corresponding associated return
period and by grouping results into the following range classes:
11-30 years for high, jo-100 years for medium, 100-300 years
for low and > 300 years for negligible hazard class.

Results

Spatial probability

The success rate curves for the 39 spatial models tested against
validation dataset 1 and their AUC are represented in Fig. 4a and
Table 5. The SRC are generally quite good and the AUC rather high
(between 0.8909 and 0.9694), pointing to a significant predictive
capability of all the models. In general, all of the LR models per-
form comparatively better than FR and WOE with any combination
of causal factors considered. With each modelling method, models
run with causal factors combination 11 (i.e. slope, lithology, cur-
vature, flow accumulation and distance to stream) are the

ones returning relative maximum AUC (i.e. FR Model 11, WOE
Model 24 and LR Model 37; see Fig. 4b).

In absolute terms, with respect to validation dataset 1, the best
performance is that of LR Model 37, with an AUC of 0.9694. This
model has been further analysed against validation dataset 2, in
order to assess its capability to correctly discriminate the location
of debris flows initiation points from other areas of the Emilia-
Romagna Apennines. The SRC with validation dataset 2 (Fig.
4c) has also a quite high AUC (o0.0168), indicating a good
predictive capability of the model even outside the area of
training. The SCR with validation dataset 1 has also been used to
classify the outputs of LR Model 37 (i.e. values from o to 0.11328)
into 4 susceptibility classes. The partition into 4 susceptibility
classes and the corre-sponding association to spatial probability
classes according to the



Table 4 Different combinations of geo-environmental causal factors considered in the spatial analysis

Comb Debris flows Slope angle Slopeaspect Slope St.curvature Flowaccumul Distanceto Land cover Bedrock
initiation points stream lithology

1 X -2 X X

2 X % X X

3 X X X X

4 X X X X X

5 ps pS X X X

6 X X X X X

7 X X * X X X

8 X X X X X X

9 X X X X X X

10 X X X X X X

1 X X X * X X

12 X X X * X X X

13 X X X X X X

approach illustrated in ‘Spatial probability modelling’ has
resulted in 0.73% of the study area being classified at high spatial
probability (normalized probability = 0.8), 1.45% of the study area
being classi-fied at medium spatial probability (normalized
probability = 0.4), 2.01% of the study area being classified at low
spatial probability (normalized probability = 0.2) and 95.80% of
the study area being classified at negligible spatial probability
(normalized probabil-ity = o) (Fig. 5a).

Spatio-temporal probability and hazard map

The regionalization of the annual exceedance probability
(AEP) of the 3 h triggering rainfall thresholds resulted into a
map of continuous values ranging from o.o114 to o0.1145 year*
(Fig. sb). The spatio-temporal probability map displays values
ranging from o.o to o.0892 year ' (Fig. 5c). Being obtained by
multiply-ing the spatial probability map and the regionalized
AEP map, a o value is obtained for each grid cell that was
considered hav-ing null spatial probability. These values have
been reclassified into 4 hazard classes corresponding to
different return period ranges, obtaining 0.87% of the study
area classified as high haz-ard (i.e. return period 11-30 years),
2.83% as medium hazard (i.e. return period 3o-100 years),
0.5% as low hazard (i.e. return period 100-300 years) and the
remaining 95.81% as negligible hazard (i.e. return period >
joo years) (Fig. sd). Substantially, the spatial distribution of
hazard values over the study area is governed by the spatial
distribution of susceptibility and, conse-quently, the associated
spatial probability. In practice, only grid cells in which a given
spatial probability of having debris flows initiation exists are
considered hazardous at some level. On the other hand, the
spatial distribution of AEP values associated to rainfall
thresholds acts as a scaling factor of spatial probability, so
that areas that have analogue spatial probability but different

probability of occurrence of triggering rainfall conditions are
potentially classified at different hazard levels. The influence
of temporal probability values over the spatial distribution of
hazard values is mostly evident on a regional scale, where two
mountain sectors similarly characterized by a relatively large
number of grid cells at high spatial probability might result
having a different number of grid cells classified at high or at
medium hazard because the temporal probability of occurrence
of triggering rainfalls is significantly different in one sector than
the other.

Discussion

Limitations of the hazard map

One intentional limitation of this research is that it only analyses
the hazardousness of slopes with respect to the initiation of debris
flows. Thus, it does not consider the whole process of runout and
deposition which are certainly relevant for hazard assessment.
However, taking runout and deposition areas into account at
regional scale would have required using training ad validation
points referring to runout and deposition zones since, as already
mentioned, these processes are governed by different topographic,
hydrographic and rheological conditions. Moreover, potential
runout and deposition areas are actually better accounted for by
using dynamic runout models (Hungr 199s; Hurlimann et al. 2008;
Berti and Simoni 2014; Liu et al. 2021). Thus, it was decided that
mapping the susceptibility to runout and deposition was beyond
the scopes and possibilities of this research. Furthermore, debris
flows initiations areas are represented, for spatial analysis pur-
poses, by a single ‘representative’ initiation grid cell 5 x 5 m located
at the centroid of the shallow roto-translational slides that trig-
gered debris flows during the 2014 and 2015 events. This is cer-
tainly a limitation, as the causal factors considered might actually
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Fig.4 Success rate curves (SRC) of models run with different combi-
nations of geo-environmental causal factors and classification of sus-
ceptibility values into spatial probability values. Legend: a SRC of all

have a certain variability outside the representative pixel but still
inside the real extent of the shallow slide area. Nevertheless, as the
extent of such phenomena was indeed quite limited (100 to 400
m” as already reported in ‘Methods’ and references therein), this
variability should be also limited. However, it is undoubtful that
we might have introduced some under sampling of the variability
of geo-environmental conditions at debris flows initiation areas.
At the same time, the identification of initiation point of debris
flows from archive data was rather tentative, leading to a quite large
uncertainty on the actual conditions at the initiation points. That’s
why these events have not been used for training models, but, only,
for a second-level validation of model outputs.

The geo-environmental variables selected for the analysis should be
commented with respect to their significance at the scale adopted for
their analysis. On that respect, we have tested 13 different combinations
of geo-environmental variables mapped at 5 m grid cells on the basis of
original data surveyed at a similar level of nominal spatial accuracy. The
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SRC of LR model 37; d classification of model 37 outputs into spatial
probability values

combination that resulted in performing better in terms of discriminant
capacity, included slope angle, standard slope curvature, flow accumula-
tion, distance to stream and bedrock lithology. Therefore, these are the
factors that have the higher importance in determining debris flows ini-
tiation in our area. As for the morphometric variables, the role they play
on shallow slides triggering is quite straightforward, as they encompass
anumber of physical and hydro-mechanical factors. The use of a DEM
originally at 5 m grid cells is a guarantee of the representativeness of the
calculated morphometric variables at such scale of detail. The contrast
values obtained by the WOE method (reported in Table z2), which are
intuitive indicators of the importance of each class of the parameters
used in our analysis, show positive correlation from over 20° of slope,
with maximum correlation to slope angles higher than 50° Regarding
slope curvature, the most influential class (high contrast) is the one
combining a negative planar curvature to a positive profile curvature
that is typical of the head zone of slopes incisions and creeks. The flow
accumulation is similarly positively correlated to debris flows initiation



Table 5 Results of the success rate curves for Frequency Ratio (FR), Weight of Evidence (WOE) and Logistic Regression (LR) models run with
different combinations of geo-environmental causal factors, expressed in terms of area under curve (AUC)

feth  Model Comb AUC Meth  Model Comb AUC Meth  Model Comb AUC
FR Model 1 Comb 1 o.8g00 WOE Model 14 Comb 1 0.8902 LR Model27 Comb 1 0.8939
FR Model 2 Comb 2 0.8893 WOE Model 15 Comb 2 0.8992 LR Model28 Comb 2 0.9028
FR Model 3 Comb 3 0.9467 WOE Model 16 Comb3 0.9510 LR Model29 Comb 3 0.9530
FR Model 4 Comb 4 0.9431 WOE Model 17 Comb4 0.9582 LR Model30 Comb4 0.9591
FR Model 5 Comb 5 ogo62 WOE Model 18 Comb5 o.goo4 LR Model 31 Comb 5 0.9010
FR Model 6 Comb6 0.9203 WOE Model 19 Combé6 0.9351 LR Model32 Combé6 0.9335
FR Model 7 Comb 7 0.9318 WOE Model20 Comb?7 0.9151 LR Model33 Comb7 0.9332
FR Model 8 Comb 8 o0.0470 WOE Model 21 Comb 8 0.9516 LR Model34 Comb8 0.9509
FR Model 9 Comb 9 0.9221 WOE Model22 Comb?9 0.8886 LR Model35 Comb9 0.9176
FR Model 10 Comb 10 o0.0397 WOE Model 23 Comb10  o0.0108 LR Model36 Comb 10 o0.9506
FR Model 11 Comb 11 0.0496 WOE Model 24 Comb 11 0.9651 LR Model37 Comb 11 0.9694
FR Model12 Comb12 o0.9442 WOE Model 25 Comb12  o0.0536 LR Model38 Comb 12  o0.9568
FR Model13 Comb 13  o0.9473 WOE Model26 Comb13  o.9566 LR Model39 Comb13  o0.9539

over many classes, indicating that although the factor is influential in
general, the extent of the contributing area areas is not such a significant
factor. As regards bedrock lithology, it plays a role as it is substantially a
proxy of the characteristics of the slope deposits that are mobilized by
shallow slides and that initiate debris flows. Actually, an ideal dataset for
the analysis would have been a map of slope deposits types. But being
not available for the study area, bedrock lithology has been used as a
surrogate. Even in this case, the scale of surveys of the geological maps
that has been used to derive lithological map is originally at 1:10,000, so
that the original information is sufficiently detailed as to be resam-pled
at 5 m grid cells. Nevertheless, the usage of a limited number of
lithological classes has certainly introduced a level of simplification of
the real variability of the lithological conditions along the slopes, also
because the involved formations are in many cases lithologically and
structurally complex. In this case, contrast values (see Table 2) indicate a
positive correlation to massive rocks and flysch with high lithic to pelite
ratios, as well as to limestones. Expectedly enough, a null or negative
correlation is with shales and marls or flysch with a large pelite com-
ponent. A comment should also be passed for the absence of land cover
from the combination of factors that performs better. Since the large
majority of debris flows occur in forests (with a contrast value largely
positive), one would expect this class to be discriminant. However, such a
land cover class is also by far the most widespread in the study area,
limiting the statistical significance of the factor. Even in this case, the
scale and detail of original data is sufficient for a resampling at 5 m grid
cells without altering information.

The approach adopted to assess the temporal probability of debris
flows involves a number of assumptions. Some are inherent to the
methodology adopted by Ciccarese et al. (2020) for the assessment of
triggering rainfall thresholds, and they are thoroughly discussed in
their paper. In this study, for all the reasons explicated in “Temporal
probability assessment by regionalization of triggering thresholds’,
we have considered the 3 h cumulate rainfall thresholds as the most

significant one for hazard mapping purposes. Among these reasons,
the main one is that thresholds at 3 h cumulated duration are only
reached when large convective cells or even mesoscale convective
systems take place, which was the condition leading to all the known
multi-occurrence debris flows events. This makes the 3 h duration
more suitable for our mapping purposes than thresholds at 30" or
1h, that on the contrary can be reached even during single rainstorm
events. A positive computational consequence of using 3 h thresholds
is that they refer to rainfall events with pluriannual return periods,
thus with an annual exceedance probability lower than unit that is
ideal to compute annual probability in a o-1 year™ range. The spatiali-
zation at regional scale of annual exceedance probability of thresholds
referring to single rain gauges is also a source of uncertainties in our
analysis. We selected an inverse distance weighted interpolator over
other possible ones (such as kriging), since we wanted to maintain
unaltered the values in the data nodes (i.e. the rain gauges). We also
decided to apply no geographically weighted regression, by taking
into consideration that debris flows are associated to convective rain-
storm events, whose intensity in space upon occurrence cannot be
univocally related to ground elevation. Nonetheless, it is undoubted
that these assumptions are reflected on the computed hazard values.
Finally, being based on the analysis of past rainfall data, the expected
annual probability of occurrence of triggering rainfall thresholds
across the study area does not consider the possibility that, due to
changing climatic trends, high-intensity rainfall events can in the
future have a different spatial distribution and a higher frequency
in time. This implies that in some parts of the study area, the actual
probability to have debris flows in the future might be higher than
computed in our hazard assessment.

The use of grid cells for landslide susceptibility mapping has also
some quite well-known drawbacks. One is that the number of non-
landslide (‘stable’) cells is often much larger than the number of land-
slide (‘unstable’) cells, resulting in a sampling bias that can affect the
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Fig.5 Results of the combination of spatial modelling and region-
alization of rainfall thresholds for debris flows hazard mapping.
Legend: a Spatial probability of debris flows initiation; b temporal

classification (Reichenbach et al. 2018). In our case, the consequence
was that the outputs of the spatial models were numerically biassed
toward very low values. Such bias has been bypassed by reclassifying
the model outputs in terms of spatial probability on the basis of the
outcomes of the SRC, but the reclassification itself is a source of uncer-
tainty. Another drawback of grid cells-based analysis is that resulting
maps are often difficult to interpret, with single grid cells with high
values being typically surrounded by grid cells at lower values and vice
versa. Our results in terms of combined spatial and temporal probability
made no exception. Nevertheless, the problem has been addressed by
performing a ‘post-processing’ of the modelling results, i.e. by grouping
spatial-temporal probability values into hazard classes related to key
return periods. This has significantly limited the pixel-to-pixel vari-
ability of the results, making the map much easier to be interpreted.

Reliability and usability of the hazard map

One way to assess the reliability of a map is to check the substantial
correspondence of known debris flows initiation points with areas
characterized by medium to high hazard. As previously mentioned,
the spatial distribution of hazard mimics the spatial distribution of
spatial probability scaled accordingly to the temporal probability

probability of rainfall thresholds (annual exceedance probability); c
spatio-temporal probability of debris flows initiation; d classified haz-
ard of debris flows initiation

of occurrence of rainfall triggering events. Consequently, on a
quantitative basis, the success rate curves used to compare dif-
ferent statistical modelling approaches and combinations of geo-
environmental variables provide also indirectly an indication of the
quantitative reliability of the hazard map. The significant predictive
capability of the spatial model that has finally been used for obtain-
ing susceptibility values is evidenced by the SRCs obtained with two
different independent validation datasets. Both the SRCs show that
90% of the debris flow initiation points can be correctly predicted
by mapping only 5% of the study area as hazardous. Furthermore,
AUC of both SRCs are higher than o.9. Particularly significant is
the performance with validation dataset 2 that indicates that the
model is capable of discriminating highly susceptible zones even
outside the areas of training. This is made possible by the fact that
the training areas (i.e. the portions of Parma and Piacenza prov-
inces covered by the training dataset of initiation points) include all
possible classes of geo-environmental factors found in the regional
study area. This has allowed obtaining statistical results that can
be significant over to the entire study area. On a more qualitative
basis, the good agreement between debris flows initiation points
and grid cells characterized by medium to high hazard can be visu-
ally perceived in the maps presented in Fig. 6 that are examples
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Fig.6 Examples of the hazard map for different provinces in the
study area. Legend: a Location of the examples; b Aveto valley (Prov-
ince of Piacenza); c Corniglio (Province of Parma); d Ventasso (Prov-

from different locations inside the study area (Fig. 6a). The first two
examples (Fig. 6b, c) refer to areas in the Piacenza and Parma prov-
inces, in which a significant number of debris flows initiation points
from the 2014 and 2015 multiple occurrences events do actually fall
into grid cells corresponding to medium to high hazard. The third
example (Fig. 6d) represents an area in Reggio Emilia province in
which a number of initiation points referring to other past debris
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ince of Reggio Emilia); e Casalfiumese (Province of Bologna); f Monte-
fiore Conca-Saludecio (Province of Rimini)

flows events show a good correspondence with grid cells classified
at medium to high hazard.

Another way to assess the reliability and usability of a map on a
practical usage perspective is to check it against ‘geomorphological
common sense’ (Hearn and Hart, 2019) and ground truths of debris
flows after the map is produced. Actually, all of the grid cells clas-
sified as hazardous tend to be concentrated around and along the



Fig. 7 Debris flows event 2020
in Fosso Riaccio (Province of
Modena). Legend: a Hazard
map and location of pictures; b
main initiation zone character-
ized by shallow slope failures;
c lateral scouring; d secondary
slope failures along the debris
flows track; e debris flows
deposits along the track; f main
debris flows accumulation fan

gering zone 7
_| Deposition zone §
Track channel

uppermost branches of creeks and streams. This pattern is quite
evidently the result of the statistical influence of factors such as the
distance to stream and flow accumulation. But this is certainly geo-
morphologically reasonable, given the fact that debris flows initia-
tion points must represent shallow slides that convey debris to the
drainage network from which it was then mobilized by solid-liquid
discharge. Another feature in the spatial distribution of hazardous
grid cells that makes sense on a geological perspective is that haz-
ardous cells are much more frequent in slopes along which bedrock
includes significant amounts of hard rocks such as limestones and
sandstones. As a matter of fact, these are the lithologies that are
predominantly involved in debris flows and that are common in
the areas represented in Fig. 6b-d. On the contrary, such lithologies
are rare in the areas represented in Fig. 6e, f that are consequently
characterized by a very limited number of cells classified as hazard-
ous and that, as a matter of fact, have no record of known debris
flows occurrences. Finally, the chance to evaluate the reliability of
the hazard map for practical purposes has been given by an event
that has taken place during 2020 in the locality of Fosso Riaccio
(province of Modena). Field surveys have demonstrated that the
upper initiation point recognized along the slope, as well as some
lateral failures that have contributed to the event, correspond to

areas in which the grid cells are classified at high to medium hazard
(Fig. 7), while the accumulation zone is in a low initiation hazard
zone. This is consistent with the aim of the method adopted and
it indicates that the map correctly discriminates the parts of the
slopes in which debris flows initiation is more probable.

Conclusions

In this study, we have used debris flows initiation information
obtained after major multi-occurrence events in 2014 and 2015 in
the Emilia-Romagna Apennines, together with data from archives
and literature, in order to assess the spatial probability of initiation
of debris flows at regional scale. In doing so, relevant thematic infor-
mation regarding debris flows and geo-environmental causal factors
has been collected and processed using grid cells mapping units. We
have tested different statistical models and combinations of causal
factors and have quantified their performances using metrics asso-
ciated to the success rate curves. The outputs of the medel provid-
ing best spatial predictive performances, have been reclassified in
terms of spatial probability of debris flows initiation. At the same
time, we have regionalized recently published rainfall thresholds,
in order to map the annual probability of debris flows events. The



combination of these products resulted in spatio-temporal prob-
abilities that have been ranked into hazard classes using ranges of
return periods. The resulting hazard map is consistent both with
the spatial distribution of past debris flows initiation points and
with the geomorphological common sense. Furthermore, after being
prepared, it has proven quite accurate in predicting the location of a
debris flows that has occurred in 2020 inside the study area. On such a
basis, despite its limitations, we consider the debris flows hazard
map produced sufficiently reliable to integrate existing inventory
maps in land-use regulation and emergency planning. On a gen-
eral perspective, similarly to other previous studies that considered
the spatial and temporal probabilities of phenomena as independ-
ent values to be combined in order to assess hazard in quantitative
terms, the approach adopted in this research can be replicated in any
situation in which a sufficient amount of spatial information regard-
ing debris flows initiation zones and their possible causal factors,
as well as specific rainfall thresholds, are available for the analysis.

Author contribution

All authors contributed to the study conception, design and data analy-
sis. Material preparation and data collection were performed by G. Cic-
carese. Funding acquisition and research supervision were performed
by A. Corsini. The first draft of the manuscript was written by G. Cic-
carese and A. Corsini. All authors commented on previous versions of
the manuscript. All authors read and approved the final manuscript.

Funding

This work was supported by the Agency for Civil Protection and Ter-
ritorial Security of Emilia-Romagna Region, on the agreement for
‘Research, technical, scientific and informative activities on support
to the forecast, prevention and management of hydrogeological risk—
2016-2021’ (responsible: A. Corsini).

Declarations

Competing interests The authors declare no competing interests.

References

Abbate E, Bortolotti V, Passerini P, Sagri M (1970) Introduction to the
geology of the Northern Apennines. Sediment Geol 4(3-4):207-249
Agterberg FP, Bonham-Carter GF, Cheng QM, Wright DF (1993) Weights
of evidence modeling and weighted logistic regression for mineral
potential mapping. Comput Geol 25:13-32
Ali SA, Parvin F, Vojtekova J, Costache R, Linh NTT, Pham QB, Vojitek M,
Gigovi¢ L, Ahmad A, Ghorbani MA (2021) GIS-based landslide sus-
ceptibility modeling: a comparison between fuzzy multi-criteria and
machine learning algorithms. Geosci Front 12(2):857-876
Arabameri A, Pal SC, Rezaie F, Chakrabortty R, Saha A, Blaschke T, Di
Napoli M, Ghorbanzadeh O, Thao TNP (2021) Decision tree based
ensemble machine learning approaches for landslide susceptibil-
ity mapping. Geocarto Int. https :// doi. org/ 10. 1080/ 10106 049.
2021. 1892210
Atkinson PM, Massari R (1998) Mapping susceptibility to landsliding in
the Central Apennines, Italy. Comput Geosci 24:373-385
Berti M, Simoni A {2014) DFLOWZ: A free program to evaluate the area
potentially inundated by a debris flow. Comput Geosci 67:14-23
Bertolini G, Corsini A, Tellini C (2017) Fingerprints of large-scale landslides
in the landscape of the Emilia Apennines. In: Soldati M, Marchetti M
(eds) Landscapes and landforms of Iltaly. World Geomorphological
Land-scapes. Springer, Cham, pp 215-224

Bertrand M, Liébault F, Piégay H (2013) Debris-flow susceptibility of
upland catchments. Nat Hazards 67:497-511
Bertrand M, Liébault F, Piégay H (2017) Regional scale mapping of
debris-flow susceptibility in the Southern French Alps. ] Alpine Res
105- 4. https ://doi.org/10.4000/rga.3543
Bettelli G, De Nardo MT (2001) Geological outlines of the Emilia Apen-
nines (Morthern Iltaly) and introduction to the formations
surrounding the landslides which resumed activity in the 1994-1999
period. Quad Geol Appl 8(1):1-26
Bonham-Carter GF (1994) Geographic information system for geosci-
entist: modelling with GIS. In: Merriam DF (ed). Comput Meth Geosci
13:302-334
Carrara A, Guzzetti F, Cardinali M, Reichenbach P (1999) Use of GIS tech-
nology in the prediction and monitoring of landslide hazard. Nat
Hazards 20(2):117-135
Carrara A, Crosta G, Frattini P (2008) Comparing models of debris-flow sus-
ceptibility in the alpine environment. Geomorphology 94(3):353-378
Catani F, Lagomarsino D, Segoni S, Tofani V (2013) Landslide susceptibil-
ity estimation by random forests technique: sensitivity and scaling
issues. Nat Hazards Earth Syst Sci 13(11):2815-2831
Conforti M, Pascale S, Robustelli G, Sdao F (2014) Evaluation of predic-
tion capability of the artificial neural networks for mapping
landslide susceptibility in the Turbolo river catchment (northern
Calabria, ltaly). CATENA 113:236-250
Chevalier GG, Medina V, Hiirlimann M, Bateman A (2013) Debris-flow suscep-
tibility analysis using fluvio-morphological parameters and data mining:
application to the Central-Eastern Pyrenees. Nat Hazards 67(2):213-238
Chung CJF, Fabbri AG (2003) Validation of spatial prediction models for
landslide hazard mapping. Nat Hazards 30(3):451-472
Ciccarese G, Corsini A, Pizziolo M, Truffelli G (2016) Debris flows in Val
Nure and Val Trebbia (N Apennines) during the September 2015 allu-
vial event in Piacenza Province (ltaly). Rendiconti Online Della Societa
Geologica ltaliana 41:127-130. https ://doi.org/10.3301/ROL.2016.110
Ciccarese G, Corsini A, Alberoni PP, Celano M, Fornasiero A (2017) Using
weather radar data (rainfall and lightning flashes) for the analysis
of debris flows occurrence in Emilia-Romagna Apennines (ltaly). In:
Miko3 M, Casagli N, Yin Y, Sassa K (eds) Advancing culture of living
with landslides WLF 2017, vol 4. Diversity of landslide forms.
Springer, Cham (ZG) pp, pp 437-448
Ciccarese G, Mulas M, Alberoni PP, Truffelli G, Corsini A (2020} Debris
flows rainfall thresholds in the Apennines of Emilia-Romagna (Italy)
derived by the analysis of recent severe rainstorms events and
regional meteorological data. Geomorphology 358:107097.
https :// doi.org/10.1016/j.geomorph.2020.107097
Coe JA, Michael JA, Crovelli RA, Savage WZ, Laprade WT, Nashem WD
(2004) Probabilistic assessment of precipitation-triggered landslides
using historical records of landslide occurrence, Seattle,
Washington. Environ Eng Geosci 10(2):103-122
Corominas J, Moya J (2008) A review of assessing landslide frequency for
hazard zoning purposes. Eng Geol 102:193-213
Corominas J, van Westen C, Frattini P, Cascini L, Malet JP, Fotopoulou
S, Catani F, Van Den Eeckhaut M, Mavrouli O, Agliardi F, Pitilakis K,
Winter MG, Pastor M, Ferlisi S, Tofani V, Hervas J, Smith JT (2014)
Rec-ommendations for the quantitative analysis of landslide risk.
Bull Eng Geol Environ 73:209-263
Corsini A, Ciccarese G, Berti M, Diena M, Truffelli G (2015) Debris flows in Val
Parma and Val Baganza (northern Apennines) during the October 2014
alluvial event in Parma Province (italy). Rendiconti Online Della Societa
Geologica Italiana 35:85-88. https ://doi.org/10.3301/ROL.2015.70
Corsini A, Ciccarese G, Diena M, Truffelli G, Alberoni PP, Amorati R (2017)
Debris flows in Val Parma and Val Baganza (Northern Apennines)
dur-ing the 12-13th October 2014 alluvial event in Parma Province
(ltaly). Ital J Eng Geol Environ Special Issue 2017:29-38
Corsini A, Ciccarese G, Truffelli G (2019) Unusual becoming usual: recent
persistent-rainstorm events and their implications for debris flow
risk management in the northern Apennines of Italy. In: Uljarevié¢ M,
Zekan S, Ibrahimovi¢ DZ (eds.) Proceedings of the 4th Regional
Symposium on Landslides in the Adriatic Balkan Region, 23-25
October 2019, Sarajevo, Bosnia and Herzegovina. Geotechnical
Society of Bosnia and Herzegovina. pp 13-18



Cox DR (1958) The regression analysis of binary sequences. J R Stat Soc
Ser B Methodol 20(2):215-242

Crosta G (1998) Regionalization of rainfall thresholds: an aid to landslide
hazard evaluation. Environ Geol 35(2-3):131-145

Delmonaco G, Leoni G, Margottini C, Puglisi C, Spizzichino D (2003) Large
scale debris-flow hazard assessment: a geotechnical approach and GIS
modelling. Nat Hazard Earth Syst Sci 3(5):443-455

Denison DG, Holmes CC, Mallick BK, Smith AF (2002) Bayesian methods
for nonlinear classification and regression, John Wiley & Sons, 386

Emilia-Romagna Region (2006) Banca dati geologica della Regione Emilia

Romagna 1:10,000 - Unita geologiche [Geological database of the Emilia
Romagna Region 1:10,000 scale - Geological units]. https ://geoportale.
regione.emilia-romagna.it/catalogo/ dati-cartografici/informazioni-

geoscientifiche/geologia/banca-dati-geologica-1-10,000

Emilia-Romagna Region (2018a) Carta inventario delle frane - Edizione 2018
[Landslides inventory map — 2018 edition]. https ://ambiente.regione.
emilia-romagna.it/it/geologia/geologia/dissesto-idrogeologico/la-carta-
inventario-delle-frane

Emilia-Romagna Region (2018b) Coperture vettoriali uso del suolo di
dettaglio - Edizione 2018 [Detailed land use vector maps - 2018 edi-
tion]. https :// geopo rtale. regio ne. emilia- romag na. it/ downl oad/
dati-e- prodo tti- carto grafi ci- preco nfezi onati/ piani ficazione-e-
catasto/ uso-del-suolo

Fell R, Corominas J, Bonnard C, Cascini L, Leroi E, Savage WZ (2008)
Guidelines for landslide susceptibility, hazard and risk zoning for
land-use planning. Eng Geol 102(3-4):99-111

Guzzetti F, Reichenbach P, Cardinali M, Galli M, Ardizzone F (2005) Proba-
bilistic landslide hazard assessment at the basin scale. Geomorphol-
ogy 72(1-4):272-299

Guzzetti F, Galli M, Reichenbach P, Ardizzone F, Cardinali M (2006) Land-
slide hazard assessment in the Collazzone area, Umbria, central Italy.
Nat Hazard Earth Syst Sci 6:115-131

Hearn GJ, Hart AB (2019) Landslide susceptibility mapping: a practition-
er's view. Bull Eng Geol Env 78:5811-5826

Heckmann T, Gegg K, Gegg A, Becht M (2014) Sample size matters: inves-
tigating the effect of sample size on a logistic regression susceptibility
model for debris flows. Nat Hazard Earth Syst Sci 14(2):259-278

Hosmer DWJ, Lemeshow S, Sturdivant RX (2013) Applied logistic regres-
sion, 3rd edn. John Wiley & Sons

Hungr O (1995) A model for the runout analysis of rapid flow slides, debris
flows, and avalanches. Can Geotech J 32(4):610-623

Hungr O, Evans SG, Bovis MJ, Hutchinson JN (2001) A review of the classi-
fication of landslides of the flow type. Environ Eng Geosci 7(3):221-238

Hungr O, McDougall S, Wise M, Cullen M (2008) Magnitude—frequency
relationships of debris flows and debris avalanches in relation to slope
relief. Geomorphology 96:355-365

Hurlimann M, Rickenmann D, Medina V, Bateman A (2008) Evaluation
of approaches to calculate debris-flow parameters for hazard assess-
ment. Eng Geol 102:152-163

Jaiswal P, van Westen CJ, Jetten V (2010) Quantitative assessment of
direct and indirect landslide risk along transportation lines in south-
ern India. Nat Hazards Earth Syst Sci 10:1253-1267

Kalantar B, Pradhan B, Naghibi SA, Motevalli A, Mansor S (2017) Assess-
ment of the effects of training data selection on the landslide sus-
ceptibility mapping: a comparison between support vector machine
(SVM), logistic regression (LR) and artificial neural networks (ANN).
Geomat Nat Haz Risk 9(1):49-69

Lee PM (1989) Bayesian statistics: an introduction. Oxford University
Press, New York

LiuW, Yang Z, He S (2021) Modeling the landslide-generated debris flow
from formation to propagation and run-out by considering the effect
of vegetation. Landslides 18:43-58

Mark RK, Ellen SD (1995) Statistical and simulation models for mapping
debris-flow hazard. In: Carrara A, Guzzetti F (eds) Geographical Infor-
mation Systems in Assessing Natural Hazards. Adv Nat Technol Haz
Res, Springer, Dordrecht, vol 5

Moratti L, Pellegrini M (1977) Alluvioni e dissesti verificatisi nel settem-
bre 1972 e 1973 nei bacini dei fiumi Secchia e Panaro (Province di
Modena e Reggio Emilia) [Floods and slope instability occurred in
September 1972 and 1973 in the basins of the Secchia and Panaro

rivers (Provinces of Modena and Reggio Emilia)]. Bollettino Della Asso-
ciazione Mineraria Subalpina 24(2):323-374

Mulas M, Ciccarese G, Ronchetti F, Truffelli G, Corsini A (2018) Slope
dynamics and streambed uplift during the Pergalla landslide reacti-
vation in March 2016 and discussion of concurrent causes (Northern
Apennines, Italy). Landslides 15(9):1881-1887

Papani G, Sgavetti M (1977) Aspetti geomorfologici del bacino del T.
Ghiara (Salsomaggiore Terme, PR) susseguenti all’'evento del 18-09-
1973 [Geomorphological aspects of the Ghiara torrent basin (Salso-
maggiore Terme, Parma province) following the event of 09/18/73].
Bollettino della Associazione Mineraria Subalpina, 14(3-4):610-628

Pasquali G (2003) La Trebbia del 25 Settembre 1953. Cento anni di sto-
ria bobbiese 1903-2003 [The Trebbia of 25 September 1953. One
hundred years of Bobbio history 1903-2003]. Editore Amici di San
Colombano

Peruccacci S, Brunetti MT, Gariano SL, Melillo M, Rossi M, Guzzetti F (2017)
Rainfall thresholds for possible landslide occurrence in Italy. Geomor-
phology 290:39-57

Piacentini D, Troiani F, Daniele G, Pizziolo M (2018) Historical geo-
spatial database for landslide analysis: the Catalogue of Landslide
OCcurrences in the Emilia-Romagna Region (CLOCKER). Landslides
15:811-822

Reichenbach P, Rossi M, Malamud BD, Mihir M, Guzzetti F (2018) A review
of statistically-based landslide susceptibility models. Earth Sci Rev
180:60-91

Remondo J, Bonachea J, Cendrero A (2005) A statistical approach to landslide
risk modelling at basin scale: from landslide susceptibility to quantitative
risk assessment. Landslides 2:321-328

Ronchetti F, Borgatti L, Cervi F, Lucente CC, Veneziano M, Corsini A
(2007) The Valoria landslide reactivation in 2005-2006 (Northern
Apennines, Italy). Landslides 4(2):189-195

Rossetti G, Tagliavini S (1977) L'alluvione ed i dissesti provocati nel
bacino del Torrente Enza dagli eventi meteorologici del Settembre
1972 (Province di Parma e Reggio Emilia) [The flood and the slope
instability caused in the basin of the Enza stream by the meteorologi-
cal events of September 1972 (Provinces of Parma and Reggio Emilia)].
Bollettino Della Associazione Mineraria Subalpina 14(3-4):561-603

Scorpio V, Crema S, Marra F, Righini M, Ciccarese G, Borga M, Cavalli M,
Corsini A, Marchi L, Surian N, Comiti F (2018) Basin-scale analysis of
the geomorphic effectiveness of flash floods: a study in the northern
Apennines (Italy). Sci Total Environ 640-641:337-351

Shirzadi A, Soliamani K, Habibnejhad M, Kavian A, Chapi K, Shahabi H,
Chen W, Khosravi K, Thai Pham B, Pradhan B, Ahmad A, Bin Ahmad B,
Tien Bui D (2018) Novel GIS based machine learning algorithms for
shallow landslide susceptibility mapping. Sensors 18(11):3777

Tagliavini S (1989) Osservazioni sui dissesti nel bacino del T. Parma
conseguenti all'evento meteorico del 16 ottobre 1980 [Observations
on the instability in the T. Parma basin following the meteoric event
of October 16 1980]. In: Alifraco G, Tomasi P (eds) L'acqua negata, il
dilemma d’oggi tra logica umana e idrogeologica. Parma pp 249-286

Thiebes B, Bai S, Xi Y, Glade T, Bell R (2017) Combining landslide suscep-
tibility maps and rainfall thresholds using a matrix approach. Revista
De Geomorfologie 19:58-74

Wu CY, Chen SC (2013) Integrating spatial, temporal, and size probabili-
ties for the annual landslide hazard maps in the Shihmen watershed.
Taiwan Nat Hazards Earth Syst Sci 13:2353-2367

Youssef AM, Pourghasemi HR, Pourtaghi Z5, Al-Katheeri MM (2016) Land-
slide susceptibility mapping using random forest, boosted regression
tree, classification and regression tree, and general linear models and
comparison of their performance at Wadi Tayyah Basin, Asir Region,
Saudi Arabia. Landslides 13:839-856



