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ABSTRACT

Recent severe rainstorms events in October 2014 and September 2015 triggered more than a hundred debris
flows in the western part of the Apennines of Emilia Romagna (Italy). In this work, we tested a novel method
to define debris flows rainfall thresholds for the 2014 and 2015 rainstorms (which have been used as reference
events) and to extend these results across the Apennines of Emilia Romagna, making use of long term rainfall
data of the regional raingauges network Results are compared, for validation, to rainfall rates recoded during
other past rainstorm debris flows events (which have been used as validation events). At first, the method in
volves a spatial discriminant analysis between the spatial distribution of debris flows and the high frequency
weather radar rainfall data for the 2014 and 2015 reference events. The analysis defines rainfall cutoff values
over rainfall durations from 30/ to 6 h, related to verification indices in the ROC curves, which are used as debris
flows rainfall thresholds. Exceedance ratios are calculated between the computed rainfall thresholds and the
rainfall rates at 10 years retumn periods at corresponding rainfall durations computed for raingauges located in
the areas affected by the 2014 and 2015 events, The ratios are then used as multipliers of the rainfall rates at
10 years return periods over rainfall durations from 30’ to 6 h calculated for all other raingauges in the regional
study area. To spatialize thresholds calculation to the regional scale, the computed thresholds are interpolated
across the Apennines of Emilia Romagna. The research resulted in the assessment of two levels debris flows rain
fall thresholds curves which seem to be adequate to discriminate rainfall rates recorded during past debris
flows events used for validation. Discussion evidences advantages and limits of our approach, compares results
to existing debris flows thresholds and highlights their possible use in a multi stage waming procedure at re
gional scale.

1. Introduction

Debris flows are potentially destructive landslide phenomena
affect ing many mountain areas of the world (Takahashi, 1991; Hungr
et al, 2001). In Italy, they are common in the Alps (Crosta and Frattini,
2001; Marchi et al,, 2002; Floris et al, 2004; Marchi and D'Agostino,
2004; Berti and Simoni, 2007; Underwood et al,, 2016) as well as in
part of the central and southern Apennines (Fiorillo and Wilson, 2004;
Giannecchini, 2005; Brunetti et al,, 2010). In the Apennines of Emilia
Romagna (i.e. the portion of the northern Apennines inside the admin
istrative boundaries of Emilia Romagna Region ), debris flows are much
less frequent, both spatially and temporally, than other type of
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landslides, such as earth slides and earth flows. Yet, a number of
authors have reported their occurrence in the past (Moratti and
Pellegrini, 1977; Papani and Sgavetti, 1977; Rossetti and Tagliavini,
1977). Also, recently, two Mesoscale Convective Systems causing
rainstorms clusters in Parma province (October 2014) and in Piacenza
province (September 2015) triggered more than a hundred debris

flows (Corsini et al, 2017; Ciccarese et al., 2016; Ciccarese et al,
2017) and flash floods with large solid transport on the main
watercourses (Scorpio et al, 2018). Both type of phenomena caused
severe damages to infrastruc tures and a few casualties. The 2014 and
2015 events raised the interest of local public institutions for the
assessment of debris flows warning thresholds in the Apennines of
Emilia Romagna, since rainfall warning thresholds have so far been
established only for slow to moderate veloc ity landslides by
considering rainfall over time spans of days to weeks (Pignone et al,,
2005; Pizziolo et al., 2008; Martelloni et al.,, 2012; Berti et al,, 2012;
Segoni et al,, 2015).



Debris flows thresholds are generally derived in intensity
duration (I D) plots considering triggering rainfall over rainfall dura
tions from few minutes to few hours (Guzzetti et al., 2008). This im
plies knowing the time of occurrenceofthe debris flows used
in the analysis. In literature, a large number of authors have used I D
plots for defining debris flows thresholds (Caine, 1980; Innes,
1983; Wieczorek, 1987; Jibson, 1989; Ceriani et al., 1994; Crosta
and Frattini, 2001; Cannon and Gartner, 2005; Guzzetti et al.,
2008). Some have also considered the influence of antecedent
rainfall on the onset of debris flows (Govi et al., 1985; Corominas
and Moya, 1996, 1999; Aleotti, 2004; Zézere et al., 2005; Cardinali
et al., 2006), while others have highlighted the importance of the
repre sentativeness of raingauge data on the identification of
rainfall thresholds for debris flows with an I D approach
(Nikolopoulos et al., 2014). Some authors have also highlighted the
advantages of using weather radar data, which provide spatially
continuous maps of rainfall intensity at high frequency, for the
identification of debris flows thresholds (Nikolopoulos et al., 2015;
Marra et al., 2014, 2017; Destro et al,, 2017; Underwood et al., 20186).
With reference to Italy, debris flows thresholds in 1 D plots have
been proposed for some specific areas in the Alps (Paronuzzi et
al., 1998; Deganutti et al., 2000; Genevaois et al., 2000; Marchi et
al.,, 2002; Bacchini and Zannoni, 2003; Aleotti, 2004; Floris et al.,
2004; Gregoretti and Dalla Fontana, 2007) and in the central and
southern Apennines (Guadagno, 1991; Calcaterra et al., 2000;
Fiorillo and Wilson, 2004; Giannecchini, 2005). Recently, Peruccacci
etal. (2017), by reviewing landslides thresholds over Italy, have also
evidenced that in general, for many types of landslides, areas
characterized by higher mean an nual precipitations seem to be
characterized by higher rainfall trig gering thresholds. Actually, a
number of authors have defined landslides thresholds by
considering the deviations of triggering rainfalls from the ordinary
precipitation regime of the analysed areas (Cannon, 1988; Crosta,
1998; Aleotti, 2004; Giannecchini, 2006; Giannecchini et al., 2012;
Guzzetti et al,, 2007; Bel etal,, 2017).
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In this work, we tested a novel method to define debris flows
rainfall thresholds for the 2014 and 2015 rainstorm debris flows
events (which have been used as reference events) and to extend
these results across the Apennines of Emilia Romagna, making use of
long term rainfall data of the regional raingauges network. Results are
compared, for val idation, to rainfall rates recoded during other past
rainstorm debris flows events (which have been used as validation
events). The motiva tion for not applying a conventional I D
approach, is that the exact time of occurrence of the more than
hundreds of debris flows occurred dur ing the 2014 and 2015 MCS
rainstorms is unknown, since debris flows took place in unmonitored
basins. One of the specificities of the results, is that calculated debris
flows thresholds have a geographical/climatic variability inside the
regional study area, which is actually meant to take into consideration
the dynamic geomorphic equilibrium of the de bris condition in the
river catchments to the precipitation and runoff cli matology. The
calculated thresholds have been compared to rainfall rates recorded
during other debris flows events occurred in the past (in other areas
of the region), and the validation results indicate that the computed
spatially variable thresholds are substantially adequate to
discriminate these past occurrences. Discussion evidences advan
tages and limits of our approach, compares results to existing debris
flows thresholds and highlights their possible use in a multi stage
warmn ing procedure at regional scale.

2. Datasets

2.1. Debris flows occurrence

2.1.1. Regional framework

The Apennines of Emilia Romagna extend for approximately
15.000 km?, The main reliefs are located along the SE NW watershed
and reach a maximum elevation of 2165 m. Climate is generally “sub
continental” and locally “cool temperate”, according to the Kdppen
classification system. Annual rainfall varies from approximately
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Fig. 1. Location of rainstorm events considered in this study which caused multiple debris flows in the period 1972 to 2016 (A, B; reference events; C-H; validation events) and
position of 185 raingauges used in this study (located in the Apennines of Emilia-Romagna and nearby areas ) (coordinates; WGSB84-32N).



Table 1

List of rainstorm events considered in this study, which caused multiple debris flows in the period 1972 to 2016 (A, B: reference events; C—H: validation events).

Rainstorm event code Date (dd/mm/yy) Province (code) Location N* debris flows
A (reference) 13/10/2014 Parma (PR} Parma and Baganza valleys 26
B (reference) 13-14,/09/2015 Piacenza (PC) Nure and Trebbia valleys 110
C (validation) 11/09/1972 Modena (MO) — Reggio Emilia (RE) Secchia and Enza valleys 16
D (validation) 18/08/1973 Parma (PR} Salsomaggiore Terme 1
E (validation} 16/10/1980 Parma (PR} Comiglia 1
F (validation) 24-25/08/1987 Parma (PR) — Reggio Emilia (RE) Liganchio 1
G (validation) 25/1042011 Modena (MO} Tagliole in Pievepelago 1
H (validation) 05/11/2016 Parma (PR} Case Mazzette in Albareto 2

1800 mm/year at the watershed to only 800 mm/year at the transition
to the Po Plain, and it is mostly concentrated in autumn and spring.
Dur ing winter a significant snow cover is deposited in the most
elevated parts. Large convective rainstorms are generally occurring in
late sum mer early autumn. This part of the northern Apennines is
character ized by the predominant presence of weak and highly
fractured sedimentary rocks (Abbate et al, 1970; Bettelli and De
Nardo, 2001) and by the presence of thousands of landslides, which
are in most cases ascribable to slow moving complex earth slides and
earth flows (APAT, 2007; Ronchetti et al., 2007; Trigila et al, 2015;
Bertolini et al., 2017; Mulas et al,, 2018; Piacentini et al., 2018).
Considering that in the Apennines of Emilia Romagna, every year,
some tens of landslides are reported as being reactivated during the
winter to spring period, debris flows have generally been considered
less frequent, both spatially and temporally, than other type of land
slides. Nevertheless, during 2014 in the province of Parma and 2015
in the province of Piacenza, two major rainstorms clusters caused by
Me soscale Convective Systems, triggered altogether as many as 136
debris flows (reference rainstorms events A and B in Fig. 1 and Table
1). On the other hand, altogether, the historic landslide database for
Emilia Romagna (Piacentini et al, 2018) and other published
documents (Moratti and Pellegrini, 1977; Papani and Sgavetti, 1977;
Rossetti and Tagliavini, 1977; Tavaglini, 1989; Pasquali, 2003) and
technical reports, include records of (only) 79 debris flows which
have occurred in the past decades. Out of these, only 39 debris flows
are referred to a specific day of occurrence and, out of these, only 22
debris flows (covering the period 1972 to 2016) can unequivocally be
ascribed to rainstorms events which took place on the same day of
occurrence (validation rain storms events C to Hin Fig. 1 and Table 1).

2.1.2. Debris flows occurrence in the Parma 2014 and Piacenza 2015
events (reference events A and B)

The occurrence of debris flows in Parma province (October 13th
2014) and Piacenza province (September 13th to 14th 2015) was re
lated to the development of large Mesoscale Convective Systems
(MCS) causing thunderstorm clusters resulting in severe and
persistent rainstorms. The MCS of October 13th 2014 in the upper
valleys of Parma river and the Baganza torrent (reference event A)
lasted for approxi mately 8 h (7:00 15:00, GMT -+ 1) (Ciccarese et al.,
2016; Corsini et al,, 2017). The MCS of September 13th to 14th 2015in
the upper val leys of Nure, Trebbia and Aveto rivers (reference event
B) lasted for ap proximately 6 h (22:00 04:00, GMT + 1) (Ciccarese
et al, 2017; Scorpio et al, 2018). Rainfall rates recorded during these
events are pre sented in Section 2.2.

An inventory of a total of 136 debris flows was compiled soon after
Event A (26 debris flows in 200 km?, Fig. 2a) and Event B (110 debris
flows in 350 km?, Fig. 2b). In both cases, the most likely debris flows
ini tiation points and the boundaries of the deposits were mapped in
GIS. For reference event A, the inventory was based on field surveys
carried out in the first weeks after the event and comparison to
antecedent orthophotos of 2011. For reference event B, the inventory
was based on field surveys as well as on the interpretation of post
event

orthophotos acquired on 25th September 2015 (at 0.2 m resolution)
and satellite images acquired from 18th to 21st September 2015
(http ://emergency.copernicus.eu/mapping/list of components/
EMSR136), and their comparison to antecedent pre event
orthophotos of 2011, All of the inventoried debris flows showed
deposits fresh enough and non vegetated as to be quite certainly
ascribable to an oc currence during the periods of intense
precipitations of the 2014 and 2015 MCS events. The assessment was
also supported by the fact that the fresh features and deposits were
not present in antecedent pre eventorthophotos 0f2011. On such
basis, we know quite certainly that the mapped debris flows occurred
during the period of the rain storm events A and B, but unfortunately,
we do not have the specific in formation on the time of occurrence of
each of the 136 debris flows, as they all took place in unmonitored
basins located all over the affected valleys.

The inventory of 136 debris flows debris flows covers all the re
mote areas of the valleys and can be considered spatially rather com
plete. However, it is possible that some small undetected debris
flows might be missing. The inventory includes both “mature debris
flows" and “immature debris flows” (Takahashi, 1991), otherwise
known as “debris flows” and “debris floods” (Hungr et al., 2001).
The majority of the inventoried debris flows were channelized debris
flows on slope incisions or creeks along quite densely vegetated
slopes (Fig. 3). The initiation zones prevalently correspond to slope
rotational failures or to points along the channels where deposits
were remobilized. The involved material was mostly coarse granular
debris and blocks of sandstones and limestones derived by the
weathering of heterogeneous weak rocks such as Flysch (with high
lithic/pelite ratio) in some cases alternated to block in matrix clayey
shales (lithological classes Bl, Blp and APA in Figs. 1 and 2). Along the
debris flow channels, evidences of streambed scouring, lateral ero
sion, erosion of materials previously trapped above check dams,
and levees with inverse gradation were observable (Ciccarese et al,
20186; Corsini et al., 2017). The accumulation zones, in most cases,
were located at sudden slope profile changes or on small debris
fans at the confluences of debris flows into the main streams or
watercourses.

2.1.3. Debris flows occurrence in other past events (validation events Cto

H1972 to 2016)

From the historic landslide database of Emilia Romagna, as well as
from other documents and recent reports (Moratti and Pellegrini,
1977; Papani and Sgavetti, 1977; Rossetti and Tagliavini, 1977;
Tavaglini, 1989; Piacentini et al,, 2018), a database of 22 de bris
flows occurred during 6 specific severe rainstorms events in the
period 1972 to 2016 (events C to H) has been used as validation
dataset for the computed debris flows thresholds. Their location is
reported in Fig. 1, while rainfall rates recorded these events are in
Section 2.2.

The validation rainstorm event C (Modena and Reggio Emilia prov
inces, September 11th 1972) has been described by Moratti and
Pellegrini (1977) and by Rossetti and Tagliavini (1977). The authors
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Fig. 2. Debris flows inventory compiled for: (a) Reference event A (Parma province, 13th October 2014). (b) Reference event B (Piacenza province, 13th-14th September 2015)
(modified after: Ciccarese et al., 2016; Corsini et al., 2017). Keys to bedrock lithologies: A: Homogeneous hard rocks; Bl: Heterogeneous weak rocks (Flysch, lithic/pelite ratio > 3);
Blp: Heterogeneous weak rocks (Flysch, lithic/pelite ratio 0,3 + 3); Bp: Heterogeneous weak rocks (Flysch, lithic/pelite ratio < 0,3); Cs: Weakly cemented Sandstones; Dm: Marls;
Da: Clayey shales; Dol: Sedimentary block-in-matrix clayey shales; Dsc: Tectonic block-in-matrix clayey shales; APA: Heterogeneous weak rocks alternated to block-in-matrix
clayey shales (coordinates: WGS84-32N).
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Fig. 3. Example of area affected by multiple debris flows during the 13th—14th September 2015 in Piacenza (reference event B), and pictures of debris flows phenomena a few days
after the event. Note that the pictures have variable scales and are prospective: for reference, volume of larger pictured sandstones blocks is up to 1 m*,

describe the occurrence of a large MCS lasting several hours causing
widespread debris flows and flash floods. They provide maps and pic
tures that have allowed us to locate 16 debris flows similar to these oc
curred during the reference events.

The validation rainstorm event D (Parma province, September 18th 1973)
has been described by Papani and Sgavetti (1977). They refer of a major rain
storm in the moming and a second but less intense rainstorm in the after
noon. The event caused landslides, as well as flash floods on some torrents: in
particular, the desciption provided for the flash flood along Rio Ghiare, in
dicates the occurrence of an immature debris flows along that torrent.

The validation rainstorm event E (Parma province, October 16th
1980) has been described by Tavaglini (1989). The author reports of
dif fuse damages due to mixed alluvial slope phenomena caused by a
three days rainfall event peaked on October 16th. Considering the
description provided by the authors, it is probable that several debris
flows might have taken place during such event. Unfortunately, only one
debris flow is pictured and expressly located along Rio d'Agna, which
appears to have had characteristics similar to these occurred during
reference events.

The validation rainstorm event F (Parma Reggio Emilia province,
August 24th 25th 1987) has also been described by Tavaglini (1989).
The author reports of persistent rainstorms during the night affecting
large areas of the upper Apennines between the provinces of Parma
and Reggio Emilia. The description is compatible with the actual occur
rence of thunderstorms clusters during a MCS. They also report of sev
eral landslides and rockfalls affecting roads and threatening houses.
However, out of their description, we have been able to locate only one
debris flow near the village of Ligonchio.

The validation rainstorm event G (Modena province, October 25th
2011) is known on the basis of news from local newspapers and recent
unpublished technical reports, It refers to a single specific debris flows
occurred along a small creek in a steep wooden slope, which was trig
gered during persistent intense rainfalls related to thunderstorms clus
ters. The location and characteristics of the debris flows are known quite

precisely, since it affected a local road and it is clearly detectable on ae
rial photographs of November 2011.

The validation rainstorm event H (Parma province, November 5th
2018) is known on the basis of news from local newspapers and recent
unpublished technical reports, It refers to a series of intense thunder
storms that triggered a debris flow that invaded and interrupted a local
road. The debris flow has been mapped quite precisely in the field, and
it is actually also visible on post event google earth images.

2.2. Rainfall data

2.2.1. Raingauges data (maximum rainfall rates at various rainfall dura
tions) during the Parma 2014 and Piacenza 2015 debris flows events (ref
erenceevents Aand B)

Rainfall Total (RT) at 30’ frequency in the areas affected by Parma
2014 and Piacenza 2015 events (reference events A and B) have been
collected from raingauges which are part of the ARPAE SIM network,
which are made available for the period year 2000 to date in an open ac
cess portal (https ://simc.arpae.it/dext3r, in Italian language only).

Representative histograms of rainfall during events A and B are pre
sented in Fig. 4, while maximum cumulated rainfall (mm) at various
rainfall durations (and the corresponding return periods) recorded by
all of the raingauges in the areas affected by events A and B are pre
sented in Table 2,

For instance, at the centre of the MCS area during reference event A,
the raingauge of Marra recorded 302.8 mm in 24 h, with max rainfall in
tensity between 7:00 and 15:00 of 13th October, with peaks of
31.2 mm/15’ and 82 mm/1 h, a value with =200 years return period ( Fig.
4a), Similar rates were recorded by other raingauges in the MCS area
(Table 2). On the other hand, at the centre of the MCS area during
reference event B, the raingauge of Salsominore, recorded 328.4 mm in
24 h, with maximum intensity between 22:00 of 13th and 03:00 of 14th
September, during which the 6 h precipitation reached 307 4 mm and



o

90
80 o
i 2
'E 60 g
£ 50 s
|2 )
|£ 40 %
;E 30 2
|~ 20/ g
10/ =
0
,\h
Ly
L
(b)
90 | 350
80 1300 ©
= 19 | 3
= | 250 £
£ 60 | 5
E 50/ 1200 §
- -
= 40 | 150 §
£ 30/ | con B
E L100 =
3
150 3

Fig. 4. Histogram of rainfall recorded by raingauges during: (a) Reference event A (Parma
province, 13th October 2014: raingauge of Marra). (b) Reference event B (Piacenza province,
13th-14th September 2015: raingauge of Salsominore). (Modified after Ciccarese et al., 2016
and Corsini et al., 2017).

maximum reached 32,2 mm/15’ and 107.6 mm/1 h (Fig. 4b). Even
higher values, associated to return periods of >200 years, were recorded by
other raingauges in the rainstorms area (Table 2).

2.2.2. Raingauges data (maximum rainfall rates at various rainfall dura tions)
during other past debris flows events (validation events Cto H 1972 to 2016)

For validation debris flows events occurred after year 2000 (i.e. val
idation events H and H), data regarding the maximum intensity of rain fall
over different rainfall durations (Table 3) have been obtained by using
Rainfall Total (RT) cumulated over 30’ in raingauges which are part of the
ARPAE SIM network. As mentioned for reference events A and B, RT data
are available for the period year 2000 to date, by accessing an open access
portal (https ://simc.arpae.it/dext3r, in Italian language only).

For validation debris flows events occurred before year 2000 (i.e.
validation events C to F, for which RT data are not available) data regard
ing the maximum intensity of rainfall over different rainfall durations
(Table 3) have been obtained by the Hydrological Annals of raingauges in
the ARPAE SIM network. The Hydrological Annals are available for years
from 1930 to date, by accessing an open access portal (https ://
www.arpae.it/sim/?idrologia/annali_idrologici, in Italian language only).
The Annals include records of the Yearly Rainfall Maxima (YRM) reached
over rainfall durations of 1, 3, 6, 12, 24 h. Actually, in the years of
occurrence of validation events C to F and in raingauges lo cated in the
areas affected by debris flows, the YRM at 1, 3, 6 h were reached on the
same day of occurrence of debris flows, allowing us to determine the
maximum rainfall rates associated to the validation events. As presented in
the Methods section, the data collected in

Table 3 have been used to validate the results of the thresholds assess
ment procedure.

2.2.3. Weather radar data (spatially distributed ground rainfall rates at
30’) during Parma 2014 and Piacenza 2015 debris flows events (reference
events A and B)

Two datasets of gauge adjusted Surface Rainfall Total (SRT) cumu
lated at 30’ intervals from the Italian weather radar network (Alberoni
et al., 2002) have been collected for reference events A (Parma 2014)
and B (Piacenza 2015). Datasets have been provided by the National
Department of Civil Protection (NDCP) and derive from the integration
of data from 6 weather radars, two of which located in Emilia Romagna
(Fig. 5a). The estimates of rainfall at the ground in the SRT datasets at
30’ have been adjusted by NDCP on the basis of data from the dense
network of raingauges spread all over Italy, includ ing these of the
ARPAE SIM network presented in the previous para graph. The
adjustment procedure is based on a conditional merging procedure that
makes use of an adjustment matrix containing a dy namic multiplier
coefficient, which is calculated at specific time inter vals (in this case
30’) on the basis of the ratio between the cumulated rainfall recorded by
the radars and the cumulated rainfall in raingauges, interpolated using
the GRISO model (Pignone et al., 2010).

Like any radar rain gauge data merging method, this procedure
might have resulted in rainfall estimates affected by some uncertainties
(Ochoa Rodriguez et al., 2019). The SRT datasets for event A and B have
been provided by the NDCP as a series of georeferenced raster maps at 1
x 1 km spatial resolution representing the spatial distribution of 30’ cu
mulated rainfall at the ground. The datasets cover the duration of the
events A and B, so that cumulated rainfall in any time interval can be ob
tained by summing up data in individual STR 30’ maps (see Fig. 5b, c).
As it will be presented in the Methods section, this dataset has been
used to derive asynchronous rainfall maxima maps at various rainfall
durations.

2.2.4. Raingauges data (long term Yearly Rainfall Maxima) across the Ap
ennines of Emilia Romagna

As mentioned in Section 2.2.2, the Yearly Rainfall Maxima (YRM)
over rainfall durations of 1, 3, 6, 12, 24 h, are available from hydrological
annals of raingauges in the ARPAE SIM network that cover the long
term period from 1930 to date (https ://www.arpae.it/sim/?idrologia/
annali_idrologici). We have collected YRM data for 185 raingauges (out
of the 210 raingauges available in total), for which long term time series
of YRM covered at least 13 years out of the last 20 years (so that YRM
data are representative also of recent meteorological con ditions). For
individual raingauges, the length of collected time series of YRM range
from 88 to 13 years. The YRM data referring to validation de bris flows
events occurred prior to year 2000 (see Section 2.2.2) are a subset of this
dataset. As presented in the Methods section, the long term YRM data
series have been used to assess rainfall rates for 10 years return period
over rainfall durations from 30’ to 6 h for each of the 185 raingauges
selected.

3. Methods
3.1. Rationale

As mentioned in the introduction, a large number of authors have
proposed debris flow thresholds at national to regional scale which are
based on simple deterministic approaches that draw a lower enve lope
to triggering rainfalls in an Intensity Duration plot, once the exact time
of occurrence of the debris flows is known so to associate to the de bris
flows the exact antecedent rainfall rates over different rainfall dura
tions. The reason why we have decided not apply a similar deterministic
I D approaches to define a specific lower envelope for debris flows trig
gering in the Apennines of Emilia Romagna, is that no data is available
regarding the exact time of occurrence for the 136 debris flows mapped



Table 2

Maxima cumulated rainfalls at various rainfall durations and corresponding return periods recorded by raingauges during: (a) Reference event A (Parma province, 13th October 2014).
(b) Reference event B (Piacenza province, 13th-14th September 2015). (Note: the length of the record used to calculate the return periods and the calculation method are reported in

Section 2.2.3).

Reference Event A

Maximum cumulated rainfall (mm) from 17:00 of 12/10/2014 to 17:00 of 13/10/2014

Raingauge Elevation (m) 15’ 30’ 1h 2h 3h 6h 12h 24 h
Bosco di Corniglio 908 30,2 52,8 72,6 115,2 160 213,6 253 261
Calestano 384 11,6 19,4 36,8 58 74 116,2 138,2 139,8
Casaselvatica 830 7 13,8 27 484 66,2 97,2 129 132,4
Lagdei 1247 29,8 51 69,4 106,6 144,4 196 229,6 2378
Marra 626 31,2 58,2 82 132 196,6 2578 298,8 302,8
Reference Event A Return period of Maximum cumulated rainfall (years)

Raingauge Elevation (m) 15 30" 1h 2h 3h 6h 12h 24 h
Bosco di Corniglio 908 17 113 157 >200 >200 >200 103 23
Calestano 384 2 2 6 16 33 82 66 35
Casaselvatica 830 1 1 2 35 10 12 10 5
Lagdei 1247 5 13 19 16 18 12 7 3
Marra 626 14 >200 >200 >200 >200 >200 >200 >200
Reference Event B Maximum cumulated rainfall (mm) from 06:00 of 13/09/2015 to 06:00 of 14/09/2015

Raingauge Elevation (m) 15’ 30’ 1h 2h 3h 6h 12h 24 h
Bobbio 272 9,6 18,6 30,2 58,8 77,6 103,2 103,6 115
Farini 436 17,4 29,8 52,4 86,2 1134 168,4 169,2 176,8
Ferriere 656 28,8 54,2 87,6 129,4 150 237,6 238 253,6
Rovegno 745 36,8 714 116 142 1774 266 267 296,2
Salsominore 408 32,2 57,2 107,6 151,2 201,8 307,4 308,6 3284
Selva Ferriere 1109 16,6 30,4 51,8 77 91,6 176,4 188,4 209,8
Trebbia Valsigiara 462 28,2 48,6 89,6 139,8 176,6 238,6 239,2 255,4
Reference Event B Return period of Maximum cumulated rainfall (years)

Raingauge Elevation (m) 15’ 30/ 1h 2h 3h 6h 12h 24h
Bobbio 272 1 2 4 44 133 >200 86 25
Farini 436 5 12 141 >200 >200 >200 >200 133
Ferriere 656 7 47 >200 >200 >200 >200 >200 >200
Rovegno 745 17 137 >200 >200 >200 >200 192 168
Salsominore 408 4 9 76 61 93 113 82 82
Selva Ferriere 1109 3 5 12 17 19 68 47 39
Trebbia Valsigiara 462 6 8 66 75 58 56 42 37

after reference events A and B and, more so, for the other debris flows
occurred during validation events C to H, because they took place in un
monitored basins.

At the same time, the adoption for the Apennines of Emilia Romagna
of one of the already existing debris flows threshold curves proposed in
literature, has to come to terms with the fact that proposed regional and
local thresholds are significantly variable and that they do not take into
consideration the meteorological characteristics of the various parts of
this area that, somehow, might condition debris flows thresholds. In Fig.
6, for instance, regional and local debris flows thresholds included in the
review paper of Guzzetti et al. (2007) are plotted against the max imum
rainfall rates recorded during the A to H reference and validation
rainstorms  debris flows events occurred in the Apennines of Emilia
Romagna from 1972 to 2016. The plot shows that the maximum rainfall
rates recorded during the reference and validation rainstorms debris

Table 3

flows events, tend to be much higher in locations (i.e. raingauges) char
acterized by higher values of rainfall rates for 10 years return period
(represented with larger dots in Fig. 5). In other terms, the lower enve
lope of the maximum rainfalls reached during triggering events over
the Apennines of Emilia Romagna would correspond to rainfall rates
with return periods of <1 year in some parts of the region and to return
pe riods of more than hundreds of years in others.

Consequently, the rationale of the discriminant analysis approach
adopted in this research is founded on the assumption that a mid term
dynamic geographic climatic equilibrium should exist between debris
slope to stream bed states and the rainfall regime of the affected areas
and that this, in turn, can be reflected on triggering rainfall thresh olds.
For instance, most of the debris flows during 2014 and 2015 refer ence
events (as well as probably most of these reported during the
validation events) were triggered by failure and mobilization of slope

Maximum cumulated rainfall recorded over different rainfall durations by raingauges during validation events C to H.

Event Date (dd/mm/yy) Province (code) Location N° debris flows  Relevant raingauge Max. rainfall (mm)
300 1h 2h 3h 6h
C 11/09/1972 Modena (MO) - Reggio Emilia (RE)  Secchia and Enza valleys 13 Succiso n.a. 97 na. 247 311
1 Ospitaletto na. 58 na. 111.6 1472
2 Lago Paduli na. 102 na. 2294 279
D 18/09/1973 Parma (PR Salsomaggiore Terme 1 Salsomaggiore n.a. 71 n.a. 71 112
E 16/10/1980 Parma (PR) Corniglio 1 Bosco di Corniglio n.a. 50 na. 120 180
F 24-25/08/1987 Parma (PR) - Reggio Emilia (RE) Ligonchio 1 Ligonchio n.a. 98 na. 196 223
G 25/10/2011 Modena (MO) Tagliole in Pievepelago 1 Pievepelago 17 294 538 716 119.2
H 05/11/2016 Parma (PR) Case Mazzette in Albareto 2 Albareto 32.8 60.2 113 1356 1454
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Fig. 5. (a) Distribution of weather radars used by the NDCP to estimate the rainfall during
reference event A and reference event B; (b) Maps of cumulated rainfall from 07:00 to
16:00 of 13th October 2014 for reference event A; (c) Maps of cumulated rainfall from
22:00 of 13th and 04:00 of 14th September 2015 for reference event B (coordinates:
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debris covers located close to, or along, creeks and impluvium areas.
These deposits have a relatively little possibility to be mobilized under
ordinary rainfall conditions (a situation which is indeed quite different
from the channelized debris flows in the Dolomites which are con

stantly fed by rockfalls). Thus, debris failure and subsequent debris
flows are most likely to occur as a consequence of “unusual” rainfall
events, since “ordinary” rainfall events should have already mobilized
the poorly stable debris in the past. On the other hand, the extent to
which a given rainfall rate over a specific short rainfall duration can be
considered “unusual”, is correlated to the rainfall rates that can be con

sidered “ordinary”. It is expected that in areas of the Apennines of Emilia
Romagna in which high rainfall rates at short rainfall durations are fre

quent (and consequently locally “ordinary”) debris flows triggering

thresholds should be higher than in areas with lower rates of frequent
short duration. The potential limitations of this approach are
commented in the Discussion section.

3.2. Operational procedures

32.1. General framework

The main links between data sources and operational procedures are
schematized in Fig. 7. The procedures start with a discriminant
analysis between the spatial occurrence of debris flows and the spa tial
distribution of asynchronous rainfall maxima during the refer ence
events A and B. The aim of discriminant analysis is to identify specific
rainfall cutoff values (lower than the maximum reached) that, at
different rainfall durations during events A and B, would have had
higher capacity to discriminate the occurrence of DF (i.e. indirectly
accounting for the most probable rainfall rate that did ac tually trigger
them). Subsequently, to define a normalization met rics, the
predictive cutoff values, at different rainfall durations, are ratioed to
the corresponding rainfall rates for a given return period (using data
from raingauges located inside the events A and B). The computed
exceedance ratios are used to spatialize results, i.e. to compute
threshold values for all hundreds of raingauges located in the region,
by using the ratios as multiplier of the rainfall rates for a given return
period on the rainfall durations considered. Results are finally
spatialized by interpolation over the Apennines of Emilia Romagna,
and are confronted with rainfall data from the past events C to H for
validation.

322, Debris Fows Initiation maps (DFI) (events A and B)

The information regarding the position of the initiation zones of de
bris flows during reference events A and B, has been used to derive two
raster Debris Flows Initiation maps (DFI) at 50 x 50 m resolution, in
which a cell assumes value 1 if at least one debris flow triggering points
falls into the raster cell (consequently one cell can include 1 or more ini
tiation zones of debris flows).

3.23. Asynchronous Rainfall Maxima maps at different rainfall durations
(ARMj) (events A and B)

During reference event A and B, the maximum intensity of rainfall
was reached asynchronously in different locations of the affected area.
The SRT dataset at 30’ frequency from the weather radar network was
post processed in order to derive a series of Asynchronous Rainfall Max
ima maps (ARM]) at different rainfall durationsj (30’,1h,2h,3he6h),
by using a 30’ moving window over which the maxima of cumulated
rainfall totals at various rainfall durations are extracted using GIS func
tionalities (Fig. 8).

3.2 4. Discriminant ROC analysis and cutoff rainfall values of verification
indices

The Receiver Operating Characteristic (ROC) is a broadly used
method to assess the performance of discriminant forecast models
(Swets, 1988). It has also been used in order to evaluate the perfor
mances of rainfall thresholds (Mathew et al,, 2014; Gariano et al,, 2015;
Corsini and Mulas, 2016). We have applied this method to create ROC
curves for reference events A and B, by performing a cell by cell
comparison between DFI maps and ARPMs maps at jth rainfall durations
30, 1 h, 2 h, 3 h, 6 h. The contingency tables have been created by con
sidering rainfall cutoff values at intervals of: 10 mm (for ARPMs at j =
30’ and j = 1 h); 20 mm (for ARPMs at j = 2 h) and 30 mm (for ARPMs
atj = 3 hand j = 6 h). Sensitivity analysis has shown that the influence
on results of the intervals considered is actually quite limited (see
Discussion section ).
From each contingency table referring to a specific event (A or B)and
toa given jth duration, a ROC curve has been calculated by
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Fig. 6. Regional and local debris flows thresholds included in the review paper by Guzzetti et al (2007), against the maxima rainfall rates during the A to H reference and validation

rainstorms — debris flows events in the Apennines of Emilia-Romagna.
plotting the “TP rate” vs. the “FP rate” for each rainfall cutoff value.
TPrate TP/(TP + FN);FPrate FP/(FP+TN),

where TP (hits), FP (false alarm), FN ( misses), TN (correct rejections).
The overall predictive capacity of the different jth rainfall durations

has been assessed by calculating the area under the ROC curve

(AUC). According to Swets (1988), AUC > 0.7 indicates moderately
accurate models while AUC > 0.9 indicates highly accurate models.

Moreover, in each ROC curve, the discriminant performance of each
cutoff rainfall value has been assessed by using verification indices.
Among the many available in literature, we considered the “distance
from top left comer” (DIS, ranging 0 1) and the “critical success
index” (CS], ranging 0 1, also known as “threat score”).

DIS \/ (1—TPrate)? + (FP rate)?:CSI  TP/(TP +FN + FP).

An ideal predictor would have DIS = 0 and CSI = 1.

The DIS has been selected since, when at its minima, it represents
the indices that maximizes the ratio between TP_rate and FP_rate, i.e,
that is capable of predicts the most hits (ie. debris flows) with the min
imum false alarms. The CSI, on the other hand, has been selected as it is
not affected by the number of non event forecasts. By definition, the
cutoff values in the ROC curve for the relative minimum DIS are bound
to be lower than the cutoff values for the maximum CSI. The CSl is a bi
ased score that dependent upon the frequency of the events. In our case,
the consequence of having a limited number of positive events (i.e.
pixels corresponding to debris flows ) compared to the total of the pixels
in the ARPMs maps, is that the computed values of CSI are always ex
tremely low for all cutoff values. However, this is not a problem biasing
our analysis, as the selection of rainfall cutoff values to be used as
threshold has been based on the relative maximum CSI in each ROC
curve.

For event A and B, from each ROC curve forrainfalls at jth rainfall du
rations (30, 1 h, 2 h, 3 h, 6 h), we have therefor retrieved the rainfall
cutoff values for the minimum DIS (Ppis-event-a(j); Pois-event-8()) and
the maximum CSI (Pcsievent-ag): Pesievencng ). Since, expectedly, the
Ppis(j) values are lower than the Pegy;) at any jth rainfall duration consid
ered, rainfall cutoff values Ppys;) can be considered as lower rainfall
thresholds for discriminating debris flows occurrences and the Pegy;)
as higherrainfall thresholds for discriminating debris flows occurrences.
It should also be mentioned that rainfall cutoff values for min. DIS and
max CSl are always lower than maximum rainfall values represented
in the ARPMS.

3.2.5. Computation of rainfalls rates for 10 years return periods in specific
jth rainfall durations
The rainfall rate at 10 years return period (Preiag;) for jth rainfall du

rations of 30°, 1 h, 2 h, 3 h, 6 h, has been calculated for each of the 185ith
raingauge of the ARPAE network distributed across the Apennines of
Emilia Romagna by using time series of YRM and conventional
methods for rainfall depth duration frequency (DDF) analysis (Chow
et al., 1988). Time series of YRM ranged from 85 years to 13 years. All
the time series had at least 13 years of data in the last 20 years.
Relatively short time series are not optimal for calculation of Pgpyg;.
However, ex cluding raingauges with shorter time series would have
reduced the spatial density of raingauges considered in the analysis.
Moreover, the shorter YRM time series are referring to recently
installed raingauges of the ARPAE SIM network which are used for
thunderstorms warning, and also for this reason we decided to
include them in the analysis. The method used to estimate Pgpiq¢j) by
using rainfall depth duration frequency (DDF) analysis for each
raingauge is substantially described in Di Baldassarre et al. (2006),
and it is based on the Gumbel extreme value probability distribution
type 1 (Gumbel, 1958). The Gumbel prob ability distribution
parameters “o” ed “u” for rainfall durationsof 1 h,3 h,6 h, 12 h, 24 h,
have been determined for each raingauge by the method of moments,
by relating them to the mean pu(x) and standard deviation o(x) of
YRM time series with:

o; 1.283 xxa(x);u; ux)—0.450 < a(x).

On such basis, for each raingauge, it has been possible to assess,
for any return period (RP), the rainfall quantile (xt) over the different
rain fall durations (1 h, 3 h, 6 h, 12 h, 24 h), by using:

xt u—(1/a) x Iff — In1—1/RP).

Subsequently, for each raingauge and each return period, a regres
sion of rainfall quantiles over different durations has been carried out,
showing best fit to the power law: h = a x t" (with regression param
eters “a" and "n" estimated specifically for each raingauge). This
allowed us to calculate rainfall height (i.e. rainfall rate) for 10 years
return period (Prprog ;) at jth rainfall durations of 30", Th,2h,3 h, 6
h, for each ith raingauge considered (including these located closer to
the larger num ber of debris flows occurrences during events A and B,
(Prpiatj)-event-a;  Preio)-event-ny). FOF sensitivity analysis purposes,
calculation has also been performed with reference to other return
periods.
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Fig. 7. Flowchart of operational procedures.

3.2.6. Normalization of cutoff rainfall values of verification indices

In order to introduce a normalization metrics, we have calculated
the ratio (hereafter referred to “exceedance ratio” ER) between the rain
fall cutoff values for the selected verification indices for jth rainfall dura
tions (i.e. Ppis-event-atj); Pois-event-8(j) and Pestevent-ati): Pesi-evene-si)) and
the rainfall rate for 10 years return period for jth rainfall duration
(Pre1g;) in raingauges of the ARPAE network. Two values of ER were cal
culated for each specific jth rainfall duration:

ERyiy  Poisgi)/Prerogs)i ER2) - Posi /Pre1ags)
The ERy(;; and ERy;; have been computed separately for event Aand

event B, by considering Pgpyo(j) values for the raingauges located close to
the larger number of debris flows occurrences ( raingauge “Marra” for

Preioevent-a(j) and raingauge “Salsominore™ for Pgpig.event-ni)). The
resulting values (ie. ERijyeverc-a; ER1 (jevencgand ERz(jyevert-a; ERafjreverc-g) have
finally been averaged (ER;jav and ERy(jrang).

Sensitivity analysis has shown that the choice of using the Prpgg; as
“normalization” metrics, rather than precipitations at different retumns
period, has actually some influence on the results. At the same time, the
choice of using ER,(;, and ER,; of event A, or B, or averaged, influ ences
only results at short jth rainfall durations ( see Discussion section ).

3.2.7. Computation of rainfall thresholds for all raingauges in the Apennines of
Emilia Romagna

The averaged values of exceedance ratio (ER).avz and ERy(j).avg) de
rived by the analysis of reference events A and B, have been used as mul
tiplier in order to extrapolate raingauge specific precipitation
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Fig. 8. Exemplification of the method used to obtain Asynchronous Rainfall Maxima maps at different rainfall durations { ARMj) during the reference rainstorm events A and B, by using a
30' moving window over which the maxima of cumulated rainfall totals at various rainfall durations (30', 1 h, 2 b, 3 h, 6 h) have been determined, for each pixel, using GIS functionalities,

thresholds for the 185 raingauges distributed across the Apennines of
Emilia Romagna which are part of the ARPAE SIM network. With re
spect to each ith raingauge, two differentiated thresholds values have
been calculated as:

Pry 1L} ERuj} avg * Pkpiuti.j}; P 2(i.3) Ethj} avg % PRPlD(ij}\
where Pgpyg(ij) is 10 years return period rainfall calculated in each ith
raingauge at a given jth rainfall duration.

The Ppy.1 i) and Pryo(ij of each raingauge have been calculated for
jthrainfall durations of 30/, 1 h, 2 h, 3 h, 6 h. On such basis, two threshold
curves in a rainfall Intensity Duration plot have also been determined
for each ith raingauge: a lower curve with Pry.1i ) and an higher
curve with Pryaij. By considering the minimum and maximum distri
bution of Pry.1(ij) and Prragijy values for all the 185 ith raingauges con
sidered, it has also been possible to extract a general exponential
equation putting into relation intensity and duration (I D).

3.2.8. Spatialization of rainfall thresholds across the Apennines of Emilia
Romagna

Finally, the rainfall thresholds Pryy1(;5) @ Prizai) for each of the 185
ith raingauges, have been spatialized by inverse distance weighted
method, in order to obtain maps of Pyy_1(;) € Pna_z(j across the Apen
nines of Emilia Romagna with grid cells of 500 by 500 m. We adopted

IDW because, differently from other interpolation methods (such as
kriging), it maintains unaltered the values in the interpolation nodes.
Moreover, we did not apply a geographically weighted regression,
since unlike other authors have made for yearly rainfalls ( Brunsdon
et al, 1996), we considered that precipitation during rainstorms
cannot be univocally related to ground elevation.

3.2.9. Comparison of computed rainfall thresholds with rainfall maxima
during validation events

Validation of results has been performed by plotting the maximum
intensity precipitations over the jth rainfall durations recorded during
the validation events C toH, against the extrapolated spatialized predic
tive cutoff rainfall thresholds obtained for raingauges located inside the
areas affected by the validation events. For a more complete picture,
maximum intensities precipitations from a number of raingauges lo
cated in the reference event A and B areas have also been plotted.

4. Results
4.1. ROC analysts, cutoffrainfall values of verification indices and normalization
The ROC curves obtained by the analysis of the relationships be

tween debris flow occurrence and rainfall peaks classes at different rain
falldurations (30, 1 h,2'h,3 h, 6 h) during the reference event A (Parma
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Fig. 9. Reference event A: ROC curves at various jth duration, with values of the Area Under
the Curve (AUC) and of the cutoff rainfall values for the selected verification indices (Ppys
and Pcs).

2014) and reference event B (Piacenza 2015), are presented in Figs. 9
and 10.

The calculated AUC indicate a significant predictive capacity of rain
fall durations ranging from 30’ to 6 h. For event A, an AUC >0.9 is ob
tained for 30’ and 1 h durations, and >0.7 for the other durations (Fig. 9).
For event B the AUC is >0.9 for all rainfall durations, with slightly
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Fig. 10. Reference event B: ROC curves at various jth duration, with values of the Area
Under the Curve (AUC) and of the cutoff rainfall values for the selected verification
indices (Pps and Pcs;).

higher values in the longer durations (Fig. 10). The cutoff rainfall values
for the chosen verification indices (Ppjsj) € Pcsy(j)) differ for event A and
event B (Table 4 and Fig. 11). Normalized as “exceedance ratios” (ER;j,
and ER,j)) of the 10 years return period precipitations calculated for
their representative raingauges (Marra for event A and Salsominore for
event B), they result of a similar order of magnitude (Table 4). The
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Fig. 11. Cutoff rainfall values (expressed as hourly intensity) for verification indices at
various jth rainfall durations (30’ to 6 h) (Ppjs(j) and Pcs(;)) for event A (raingauge Marra)
and Event B (raingauge Salsominore).

averaged ER values increase with increasing rainfall duration, with ER;._
avg(j) Tanging from 0.62 at 30’ to 1.19 at 6 h, and ER;_,g(j) ranging from
1.07 at 30’ to 2.02 at 6 h duration.

4.2. Computation and spatialization of rainfall thresholds across the Apen
nines of Emilia Romagna

The distribution of rainfall rate at 10 years return period (Prp1o(ij))
for 185 ith raingauges for different jth rainfall durations (from 30’ to 6
h) is presented in Fig. 12. The variability of Prp1o(ij) values reflects the
different meteorological regimes across the Apennines of Emilia
Romagna. On the basis of the analysis carried out with respect to refer
ence event A and event B, the two levels debris flow rainfall thresholds
(Pra-1¢j) and Pry(j)) have been calculated of all the 185 ith raingauges
considered across the Apennines of Emilia Romagna, by using the for
mulations in Table 5. By considering the distribution of Pry_; and Pry_;
thresholds values for the 185 ith raingauges considered, the general
equations linking rainfall intensity and rainfall duration presented in
Table 5 have been obtained.

The spatial distribution of the computed rainfall thresholds Pry.1j)
and Pry_y(j) is represented in Figs. 13 and 14. Thresholds values, being
computed on the basis of Prpiq(ij), are also variable over the region, with
higher values in the westernmost part of the region and close to the
Apennine's topographic divide, and lower values in the eastern part of
the region and at lower elevations. The geographical variability of
rainfall thresholds Pry.1(j) € Pru-2j) is an expected consequence of the
analysis approach, which was actually aimed to consider the specific
climatic characteristics of the various parts of the region. This variability,
as it will be further commented in the Discussion section, might help to
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Table 5

General formulations of rainfall thresholds Pry 1 and Pry 2.
Rainfall duration (j) Pry 1(j) Pru 2(j)
30 0.62 x Pgp1o(j) 1.07 x Prprogj)
1h 0.79 x Pgp1o(j) 1.4 x Pgp1o(j)
2h 0.96 x Pgp1o(j) 1.56 x Prpiogj)
3h 1.1 X Prp1ogj) 1.55 X Prp1ogj)
6h 1.19 X Prp1ogj) 2.02 x Prpio(j)
General [=AxD 0403

A=213+713 A =357-+119.7

overcome the limitations of using equal thresholds all over the Apen
nines of Emilia Romagna as currently in use by the civil protection au
thorities. As an example, Pry.; and Pry, thresholds for raingauge
Salsominore (in the western part of the region) are in both cases higher
than the thresholds at present considered for thunderstorm warning
(indicated as Pry.pgr of 30 mm/1 h and 70 mm/3 h in Fig. 15). Differ
ently, in the eastern part of the region, these thresholds fall in between
the Pyy.; and Pyy.p thresholds calculated for raingauge Novafeltria (Fig.
15).

4.3. Comparison of rainfall thresholds and rainfall rates during validation
events

The maxima rainfall intensities (at the various jth rainfall durations)
recorded in the relevant raingauges during the validation events (C to H,
spanning over the 1972 to 2016 period), as well as the maxima recorded
during the reference events (A 2014 and B 2015) are reported in Table 6.
These data have been plotted against the rainfall thresholds Pry_1(ij) and
Pri_ij) obtained for the relevant raingauges located inside the areas af
fected by validation events (Fig. 16). The plots show that all the valida tion
events C to H have been consequent to maximum rainfall rates equal or
higher than the lower thresholds (i.e. Pry_1(ij)) and that, in many cases,
maximum rainfall rates during the validation events C to H were also
higher than the upper thresholds (i.e. Pry.gij). These re sults
demonstrate that the calculated thresholds are capable of discrim inating
the rainfall rates recorded in the past occurrence of debris flows. As it will
be further evidenced in Discussion section, this gives the op portunity to
use both thresholds in a multi stage warning perspective.

5. Discussion
5.1. Limitations and uncertainties of the adopted approach

5.1.1. Limitations and uncertainties related to working hypothesis and
assumptions

Like any other rainfall threshold based study, our approach has the
limitation of not considering the spatial dimension of hazard. The sus
ceptibility of slopes to debris flows (related to the topographic, geologic,
geomorphic, soil, hydraulic, vegetation conditions along the streams) is
equally important for debris flows hazard assessment than triggering
rainfall itself. For instance, Badoux et al. (2009), evidence that sediment
entrainment and bulking produced by runoff in rills and channels, trans
formation of shallow landslides including landslides forming within the
channel bed, and the mobilization of channel sediment may be impor tant
mechanism for the formation of debris flows. In other words, if rainfall
thresholds are overcome in areas with no debris flow suscepti bility, then
there is no hazard. Consequently, our rainfall thresholds are only one part
of the analysis process required for assessing debris flow hazard at
regional scale, which requires the temporal probability

Fig. 12. Distribution of rainfall rate with 10 years return period (Prp1o) for 185 ith
raingauges at different jth rainfall durations in the Apennines of Emilia-Romagna
(coordinates: WGS84-32N).
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of occurrence of rainfall thresholds to be combined with the spatial
probability of occurrence of debris flows. It is also to be underlined that
in principle the susceptibility of slopes to debris flows is also some how
conditioning the rainfall triggering threshold. With respect to this issue,
our thresholds should therefore be considered as valid for debris flows
events that occur in susceptibility conditions similar to these char
acterizing the areas affected by reference events.

Some other working assumptions of our analysis are also subject to
limitations that affect the results. For instance, we have assumed that
debris flows are triggered by rainfalls only, and that a geomorphic equi
librium exists between the slope/channel bed states and precipitation
runoff climatology. Our approach, for instance, does not consider the in
fluence of (rapid) snow melt as another possible debris flows triggering
factor (Cardinali et al., 2000; Hiirlimann et al., 2014; Mostbauer et al.,
2018). Consequently, our calculated thresholds might be too high for
snow melt triggered debris flows events. This factor limits the applica
bility of our results to thunderstorms related debris flows in the sum
mer to mid autumn period which are, in any case, the large majority of
reported events in the Apennines of Emilia Romagna, including our
reference and validation events in the 1972 to 2016 period. Moreover,
our approach does not consider the fact that following a major debris
flow event, some material may be left along the channels, and instability
conditions may have formed along the slopes and the channels. The
loose materials and the unstable slopes may fail during subsequent
events with less severe rainfall conditions than those that caused the
reference events we have used as basis of our analysis.

With respect to the climatological geomorphic equilibrium hypoth
esis, which is necessary to derive our results and that produces geo
graphically differentiated thresholds, one limitation is that it does not
account for other factors that in a given area might perturbate such
equilibrium, such as for instance sudden changes in land cover or land
use (e.g. due to wildfires or wood clearance) or the effects of climate
variations, which in a limited number of years can actually alter the fre
quency of extreme events. Consequently, the precipitation expected
with 10 years return period at various rainfall durations in each
raingauge (Prrioj), which has been used for calculation, normalization
and extrapolation of thresholds) should actually change in the future.
Also, a change in climate may also result in changes in the periods of the
year when debris flow triggering conditions are possible. The incor
poration of expected precipitation changes scenarios for the next de
cades in the calculation of thresholds has not been carried out, for the
substantially different resolution of the raingauge data we have used
and that of the (much coarser) rainfall changes scenarios available. Nev
ertheless, it should be appreciated that the Prgiq(j) used on this study
are calculated on the basis of precipitation time series in the last 20
years, and are thus actually the best possible representative of recent
climatic conditions, which, to some extent, have already being affected
by ongo ing climate changes.

5.1.2. Limitations and uncertainties related to analysis parameters (sensi
tivity analyses)

The analysis parameters might also have some influence on the com
puted rainfall thresholds. The most relevant analysis parameters are
substantially the followings: (i) sampling frequency of cutoff rainfall
values use to generate ROC curves; (ii) use of exceedance ratios aver
aged between (only) the reference event A and B; (iii) use of specific re
turn periods rainfalls to calculate exceedance ratios.

With respect to the sampling frequency of cutoff rainfall values con
sidered to generate ROC curves, sensitivity analysis shows that the cal
culated thresholds Pry; (related to the DIS verification index) and Py,
(related to the CSI verification index) change very little at variable

Fig. 13. Spatialization of rainfall thresholds Py 1(j) over the over the Apennines of Emilia-
Romagna (coordinates: WGS84-32N).
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rainfall cutoff sampling frequency. For example, results of sensitivity
analysis referring to precipitation thresholds at 1 h rainfall duration
using cutoff rainfall value sampling frequency variable from 1 mm to 10
mm, show that the variation of thresholds Pyy; and Pry is limited to few
mm for all the raingauges (Fig. 17b).

With respect to the use of exceedance ratios ER averaged between the
reference event A and B, sensitivity analysis shows that performing
thresholds determination using the exceedance ratios averaged on event
Aand B (i.e. ERy(j)-avg and ERy(j)-avg), rather than using the ER re ferring to
only the reference event A (i.e. ERy(j)-event-a and ERy(j)-event-a) OF to only
the event B (i.e. ERyj)-event-8 and ERy(j)-event-), has very lim ited influence
for the lower Pry; threshold and has some significant in fluence on the
higher Pry; threshold, but at short rainfall durations only (30’ and 1 h).
For instance, the sensitivity at 30’ rainfall duration ranges from more than
420 mm in the most sensitive raingauge (Fig. 17c) to less than +10 mm
in the least sensitive raingauge (Fig. 17d).

With respect to the use of rainfall rates at 10 years return period
(Prp1o) as normalization metrics on the basis of which calculating the
exceedance ratios at various rainfall durations (ER;,), sensitivity analy sis
shows that the calculated thresholds might vary over significant ranges at
all jth rainfall durations by varying the return periods of nor malization
precipitation from 5 to 50 years. The results obtained show that the
computed thresholds Pry; and Pry, tent to decrease at increas ing return
period considered and that the sensitivity is similar at all jth rainfall
durations. For instance, sensitivity ranges from +5 mm for Pyy; and +10
mm for Pry in the most sensitive raingauge (Fig. 17e) to less than 2 mm
for both Pry; and Pry; in least sensitive raingauge (Fig. 17f). The length of
time series of yearly rainfall maxima (YRM) that has been used to assess
Prp1o Vvaries from 13 to 93 years depending on the specific raingauge
considered. This is not optimal and it is also a factor that has some
influence on our results. However, given the cir cumstances, excluding
from the analysis raingauges with the shorter time series would have
significantly reduced the spatial density of raingauges for which
thresholds have been calculated (and then inter polated). Moreover,
raingauges with shorter time series are actually among the ones that are
now operated in the ARPAE SIM network for thunderstorms early
warning: thus, excluding them from the analysis of thresholds would have
inhibited the possible applications of the cal culated debris flows
thresholds.

5.2. Specificity of results and comparison with some other existing debris
flows thresholds

As stated in the Methods section, our analysis approach differs from
the conventional deterministic approaches adopted in literature, that
generally define thresholds by enveloping cumulated rainfalls at the exact
time of occurrence of events in an Intensity Duration plot. The reason for
this, was that we did not have specific information on the time of
occurrence of each of the debris flows occurred during the refer ence
events of 2014 and 2015, as they all took place in unmonitored ba sins
located all over the affected valleys. Nevertheless, it should be pinpointed
that our discriminant approach does not assume that debris flows events
during the reference events occurred when the rainfall in tensity during
the storms was at its maxima. Actually, our threshold values never
correspond to the peak values recorded during these events. They are
lower precipitation rates that, according to the discrim inant analysis and
the selected verification indices, can (probabilisti cally) be considered as
better discriminant/forecasters of debris flow occurrence (Pry.1, related to
the DIS verification indices and Py, re lated to the CSI verification
indices). This also implies that our analysis considers the possibility that
2014 and 2015 debris flows events

Fig. 14. Spatialization of rainfall thresholds Py »(j) over the Apennines of Emilia-Romagna
(coordinates: WGS84-32N).



- Raingauge: Salsominore
—Prh2
120 - P
—— FTHA4
E 108~ ® Pryoer
E o
=
@ 60
B
E 40
[ ]
20 | =
0 T T T T T T
0 1 2 3 4 5 6 7
Duration (h)
- Raingauge: Novafeltria
— P12
120 - P
—— P THA4
g o0 ® Pryper
E
E 80
2
0 B0
=]
£ \.\
E 40
20 - \k
0 i . ; . i ;
0 1 2 3 4 5 6 ?
Duration (h)

Fig. 15. Comparison between the rainfall thresholds Py ; and Py  extrapolated for
raingauges located in different areas of the Apennines of Emilia-Romagna. By reflecting
different ordinary rainfall regimes, thresholds curves are significantly higher for the
raingauge Salsominore than the equivalent thresholds for the raingauge Novafeliria (see
Fig. 12 for location of cited raingauges).

might have occurred even before or after the maximum rainfall rates re
corded. Actually, the assumption of debris flows possibly having oc
curred at maximum precipitation rates, has only been used to plot the

Table 6

validation events (for which no radar data were available) in the
Intensity Duration plots and to confront them with the calculated
thresholds. Results of such a comparison, indicate that the potential
risk of overestimation of thresholds is limited for the lower threshold
(Pru.1, related to the DIS verification index) and not high for the higher
threshold (P40, related to the CSI verification index), since all the val
idation events actually lay above the Ppy; threshold values and most of
the them also above the Pryp threshold values.

Furthermore, one of the main specificities of our results is the geo
graphical variability of computed thresholds. As a matter of facts, our
approach has been conceived to define debris flows thresholds that ac
count for a geographical/climatic variability inside the regional study
area. This is why we have normalized the thresholds computed in the
two examined training case studies on the basis of their exceedance
ratio with respect to precipitations at 10 years return period in each
given rainfall duration considered, and we have them used the same ex
ceedance ratio to calculate thresholds for all other raingauges in the re
gion. Let us specify that we bear in mind the fact that debris flows are
physically based processes and that, in principle, equaled all other pre
disposing factors, the triggering thresholds should be independent from
the meteorological climatic regime of an area. But, actually, the differ
ent regional debris flows thresholds presented in literature, as well as
some recent papers, evidence that there is possibly a climatic control
on landslide thresholds values. Also, precipitation values recorded dur
ing past validation debris flows events, evidence a climatic control. This
has led us to consider with some interest the possibility that, inside our
study area region, a mid term geomorphic equilibrium along the slopes
and streambeds can be reflected on differentiated debris flows trigger
ing thresholds. The validation results indicate that the computed
thresholds, despite the limitations previously discussed, can actually
discriminate the past debris flow events in the Apennines of Emilia
Romagna.

In comparison to debris flows thresholds reported in literature (for
example, and not exhaustively, these referred to as regional and local
debris flow thresholds in the review paper of Guzzetti et al., 2007),
the range of variability of Pry.1 and Pru.o thresholds (which reflects
the variability of climatic regimes in the Apennines of Emilia Romagna
which has been accounted for in determining thresholds) is such that
the maximum values of Pyy.; and Py, thresholds are actually higher
than most of the thresholds in literature, while the minimum values
of Pry.q and Pry; thresholds are actually in line with most of the
thresh olds in literature (Fig. 18 and Table 7).

Rainfall values recorded at relevant site-specific raingauges (at the various jth rainfall durations) during the reference (A, B) and validation (C to H) rainstorms events triggering debris

flows in the last decades, and associated threshold values Pry ; and Pry 2.

Event N° DF Relevant raingauge Rainfall event (mm) Ppy 4 (mm) Pry2 (mm)
300 1h 2h 3h 6h 30 1h 2h 3h 6h 30 1h 2h 3h 6h

A 7 Calestano 194 368 58 74 1162 209 334 509 665 903 360 59.1 826 938 1532
A 5 Bosco di Corniglio 528 726 1152 160 2136 224 3%9 680 949 1437 3886 708 1105 1337 2440
A 7 Casaselvatica 13.8 27 484 66.2 97.2 134 233 386 53.0 782 232 413 62.7 747 1327
A 7 Marra 582 82 132 1966 2578 236 397 637 859 1228 407 703 1035 121.1 2084
B 2 Bobbio 18.7 302 588 716 94 186 293 438 56.7 755 322 519 712 798 1281
B 3 Farini 298 524 862 1134 156.2 177 294 465 622 87.7 306 521 756 87.7 1488
B 21 Ferriere 542 876 1294 146 219 242 385 583 760 1024 418 68.2 947 1070 1738
B 1 Rovegno 714 116 142 1774 2574 266 453 735 998 1442 459 803 1195 1406 2448
B 59 Salsominore 572 1076 1512 2018 2946 370 606 947 1256 1746 639 1075 1538 1770 2964
B 2 Selva Ferriere 304 51.8 77 91.6 1568 245 411 658 886 1264 423 729 1070 1249 2145
B 22 Trebbia Valsigiara 486 896 1398 1766 2312 324 536 844 1126 1579 560 950 1372 1586 2680
£ 13 Succiso na 97 na 247 311 288 500 828 1137 1677 497 886 1345 1602 2846
c 1 Ospitaletto na. 58 na 111.6 1472 220 386 645 89.1 1327 380 684 1048 1256 2252
[ 2 Lago Paduli na. 102 na 2294 279 264 460 785 1052 1556 456 816 1243 1482 2641
D 1 Salsomaggiore na. 71 n.a 71 112 246 381 563 724 952 425 B67.6 915 102.0 1615
E 1 Bosco di Corniglio na 50 na. 120 180 224 359 680 949 1437 386 708 1105 1337 2440
F 1 Ligonchio na 98 n.a. 196 223 232 388 617 829 1175 4041 B87 1003 1167 1994
G 1 Pievepelago 17 294 538 716 119.2 163 292 499 699 1064 281 51.7 81.1 984 1806
H 2 Albareto 328 602 113 1356 1454 325 518 787 1028 1390 562 919 1280 1449 2360
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Fig. 16. Global plots of the rainfall thresholds Py  and Pry » (at the various jth rainfall
durations) for the 185 raingauges analysed across the Apennines of Emilia-Romagna
{numbered and ordered from lower to higher thresholds values) and comparison with
the rainfall values recorded during the rainstorms that generated debris-flows in the
pastdecades (events A to H). Events dots show that these events have always exceeded
the thresholds Py for all the jth rainfall durations and, in some cases, also the
thresholds Py 5.

5.3. Possible application of results on the regional early warning system

In general, a warning system for debris flows based only on precipi
tation is possible but limited. Meteorological forecasts, geophones,

seismographs, runoff gauges and video cameras etc., all incorporated
in a resilient system and redundant communication system may be a
reasonable add on for a warning system (Badoux et al., 2009; Stdhli et
al., 2015). Nevertheless, the application of such approaches is neces
sarily site specific, and warning systems at regional scale are generally
based on rainfall only (Baum and Godt, 2010).

As a matter of fact, at present, the regional early warning system
for the Apennines of Emilia Romagna does not include
specific rainfall threshold for debris flows. Such phenomena are
generically considered as one of the possible consequence of
rainstorms. Rainstorms warning thresholds have been arbitrarily
defined by the National Department of Civil Protection at 30 mm/1 h
and 70 mm/3 h (values that have been indicated as Pry.pgr in the
previgus section of this paper). These thresholds are also adopted by
the Civil Protection Agency of Emilia Romagna Region for the forecast
and early warning procedures. One major limitation of using these
thresholds with respect to debris flows is that they are fixed and equal
all over the territory, and they do not consider the hypothesis that a
geomorphic equilibrium exists between the climatic regime and
slopes/streams dynamics in a given area. Conse quently, adopting
equal threshold all over the Apennines of Emilia Romagna, implies
that in certain areas in the western part of the region the Prypcr
thresholds will be reached several times per year determin ing,
however, a very limited possibility of actually triggering debris flows.
At the opposite, in other areas in the eastern part of the Apen nines of
Emilia Romagna, the Pry_pcr thresholds might actually be too high for
effective debris flow warning, as the existing geomorphic equi librium
in these areas is such that even lower rainfall aliquots might trigger
debris flows. Both these possibilities, off course, refer to sites where a
certain degree of susceptibility to debris flows actually exists (for
geologic, geomorphic, topographic, land use, etc. reasons).

Considering these potential limitations, one possible application of
the debris flows thresholds defined in this study is in the frame of a
multi stage warning system consisting in pre alert, alert and alarm.
For instance, in areas in which the general fixed thresholds are lower
than both our calculated thresholds, then the Pnypcrcould be used for
pre alert, the Py for alert and the Pga for alarm. This could be the
case, for instance, of most of the western parts of the Apennines of
Emilia Romagna. Conversely, where the general fixed thresholds are
higher than our lower thresholds (as in the eastern parts of the
region), the Ppy; could be used for pre alert, the Pryypcg for alert and
the Ppy.; for alarm. In this way, it would be possible to mitigate the
warning fa tigue related to a potential large number of false alarms in
the western parts of the region (potentially generating “crying wolf”
phenomena) and, at the same time, have a more conservative warning
system in the eastern parts of the Apennines of Emilia Romagna.

6. Conclusions

The research has allowed the assessment of differentiated two
levels debris flows rainfall thresholds curves across the Apennines of
Emilia Romagna Region. The analysis approach assumes a correlation
between debris flows rainfall thresholds and rainfall regimes across
the Apennine area. The method is potentially duplicable in other moun
tain areas where the physiographic and debris flows characteristics are
similar to the ones observed in the analysed areas of the Apennines, i.e.
insituations in which debris flows are triggered by mobilization of slope
deposits which have a relatively little possibility to be replaced in the
short term. The rainfall thresholds extrapolated at the scale of the Apen
nines of Emilia Romagna have been compared to rainfall data referring
to other past debris flow events used for validation, showing that the
calculated thresholds are capable of discriminating the rainfall rates re
corded in the past occurrence of debris flows. After discussing limita
tions and specificity of the proposed approach and thresholds, it has
been shown that our calculated thresholds can be in some cases be sig
nificantly higher than other threshold values proposed in literature. The
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Fig. 17. Results of sensitivity analysis. Box-a: distribution of raingauges used for boxes c, d, e, f. (box-b) Sensitivity to changing sampling frequency of cutoff rainfall values considered to
generate ROC curves for the 185 ith raingauges considered. Box-c: sensitivity of Pry 1 and Pty » to changing ER values for the most sensitive of the 185 ith raingauges considered
(Barbagelata). Box-d: sensitivity of Py 1 and Py » to changing ER values for the least sensitive of the 185 ith raingauges considered (Campigna) Box-e: sensitivity of Pry 1 and Py 5 to
changing Return Period used to normalize threshold values, for the most sensitive of the 185 ith raingauges considered (Barbagelata). Box-f: sensitivity of Py 1 and Py » to changing
Return Period used to normalize threshold values, for the least sensitive of the 185 ith raingauges considered (San Valentino). (Captions for Box-c and Box-d: Pry ¢(a) and Py »

(a) refer to ER values for event A; Pry 1(b) and Py »(b) refer to ER values for event B; Py 1(c) and Pry »(c) refer to averaged ER values).
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Table 7

Comparison between regional and local debris flow thresholds induded in the review paper by Guzzetti etal. (2007) and thresholds Py 4 € Pry 2 calculated in this study for the

Apennines of Emilia-Romagna (1 = rainfall intensity in mm; D = rainfall duration in h).

Id Source Equation Range Extent Area

1 Wieczorek (1987) I=174+9xD "9 1<D<65 Local Central Santa Cruz Mountains, California
2 Jibson (1989) =49.11-6.81x D'™[ 1<D<5 Regional China

3 Jibson (1989) =3971xD 082 05<D<12 Regional Japan

4 Jibson (1989) I=6618 x D %32 05<D<12 Regional Puerto Rico

5 Jibson (1989) I=2651xD %% 05<D<12 Regional California

6 Jibson (1989) 1=13523xD 3<D=12 Regional California

7 Jibson (1989) I=4183xD ** 1<D<12 Local Hong Kong

8 Ceriani et al. (1994) P=it e D 0% 1<D=1000 Regional Lombardy, Italy

9 Paronuzzi et al. (1998) 1=47742xD %07 0.1<D<24 Regional NE Alps, [taly

10 Wieczorek et al. (2000) =11648 xD 8] 2<D<16 Local Blue Ridge, Madison County, Virginia
11 Marchi et al. (2002) =15x D o0 1<D<30 Local Moscardo Torrent, Italy

12 This study: Pry 2 max I1=119.650 x D 0403 0.5<D <6 Local Apennines of Emilia-Romagna, Italy
13 This study: Py 1 max I=71264 x D 0403 05<D<6 Local Apennines of Emilia-Romagna, Italy
14 This study: Py 2 min I = 35688 x 0 0403 05<D<6 Local Apennines of Emilia-Romagna, laly
15 This study: Py 1 min 1=21256%xD %43 05<D<6 Local Apennines of Emilia-Romagna, Italy

results can potentially be used as basis for a multi stage early warning
system in civil protection procedures.
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