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Abstract 18 

In many areas, rainfall is the primary trigger of landslides. Determining the rainfall conditions 19 

responsible for landslide occurrence is important, and may contribute to save lives and properties. 20 

In a long-term national project for the definition of rainfall thresholds for possible landslide 21 

occurrence in Italy, we compiled a catalogue of 186 rainfall events that have resulted in 251 shallow 22 

landslides in Calabria, southern Italy, from January 1996 to September 2011. Landslides were 23 

located geographically using Google Earth®, and were given a mapping and a temporal accuracy. 24 

We used the landslide information, and sub-hourly rainfall measurements obtained from two 25 

complementary networks of rain gauges, to determine cumulated event vs. rainfall duration (ED) 26 

thresholds for Calabria. For the purpose, we adopted an existing method used to prepare rainfall 27 

thresholds and to estimate their associated uncertainties in central Italy. The regional thresholds for 28 

Calabria were found nearly identical to previous ED thresholds for Calabria obtained using a 29 

reduced set of landslide information, and slightly higher than the ED thresholds obtained for central 30 

Italy. We segmented the regional catalogue of rainfall events with landslides in Calabria on 31 

lithology, soil regions, rainfall zones, and seasonal periods. The number of events in each 32 

subdivision was insufficient to determine reliable thresholds, but allowed for preliminary 33 

conclusions on the role of the environmental factors on the rainfall conditions responsible for 34 

shallow landslides in Calabria. We further segmented the regional catalogue based on 35 

administrative subdivisions used for hydro-meteorological monitoring and operational flood 36 

forecasting, and we determined separate ED thresholds for the Tyrrhenian and the Ionian coasts of 37 

Calabria. We expect the ED rainfall thresholds for Calabria to be used in regional and national 38 

landslide warning systems. The thresholds can also be used for landslide hazard and risk 39 

assessments, and for erosion and landscape evolution studies, in the study area and in similar 40 

physiographic regions in the Mediterranean area. 41 

 42 

Keywords: Shallow landslide, Rainfall threshold, Uncertainty, Environmental factors, Landslide 43 
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1. Introduction 46 

In Italy, rainfall-induced landslides are common geomorphological events that cause economic and 47 

environmental damage, and casualties (Salvati et al., 2010). Due to the morphological, geologic and 48 

climatic settings, rainfall-induced landslides are frequent and abundant in Calabria, a region in 49 

southern Italy (Sorriso-Valvo, 1993; Trigila et al., 2010; Gullà et al., 2008; Iovine et al., 2009). In 50 

the framework of a national project for the definition of rainfall thresholds for possible landslide 51 

occurrence, and for the implementation of a nationwide landslide warning system in Italy (Brunetti 52 

et al., 2010; Rossi et al., 2012), we have defined empirical rainfall thresholds for shallow landslide 53 

occurrence in Calabria.  54 

In this work, we introduce the landslide information and the rainfall data used to define the 55 

thresholds in Calabria, we present the regional thresholds and their uncertainties, and we discuss 56 

limits to the definition of rainfall thresholds for possible landslide occurrence in the region. The 57 

paper is organized as follows. In Section 2, we provide background information on the definition 58 

and use of empirical rainfall thresholds for landslide occurrence, focusing on cumulated event 59 

rainfall – rainfall duration (ED) thresholds (Guzzetti et al., 2007; 2008). This is followed by a 60 

description of the study area (Section 3), and of the data used and the method adopted to define the 61 

thresholds (Section 4). In Section 5, we present the ED thresholds, including regional thresholds, 62 

and thresholds prepared for different subdivisions based on lithology, soil types, rainfall and 63 

seasonal characteristics, and administrative subdivisions for hydro-meteorological monitoring and 64 

forecasting. Next, we discuss the results obtained and we compare the ED thresholds defined for 65 

Calabria to similar thresholds available for other areas in Italy. We conclude (Section 7), 66 

summarizing the lessons learned.  67 

2. Background 68 

In the literature, rainfall-induced shallow landslides, including soil slips, soil slides, debris flows, 69 

and rock falls (Cruden and Varnes, 1996), are predicted using empirical rainfall thresholds or 70 

spatially distributed, physically-based numerical models. In this work, we concentrate on the 71 

definition of rainfall thresholds for the possible occurrence of shallow landslides. Most commonly, 72 

a threshold defines the lower bound of known rainfall conditions that have resulted in landslides 73 

(e.g., Reichenbach et al., 1998; Corominas, 2000; Crosta and Frattini, 2001; Aleotti, 2004; 74 

Wieczorek and Glade, 2005). To establish a threshold, different types of rainfall measurements can 75 

be used (Guzzetti et al., 2007). Inspection of the literature reveals that most of the thresholds are 76 
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determined considering the duration (D, in h) of the rainfall events, the event cumulated rainfall (E, 77 

in mm) or the mean rainfall intensity (I, in mm/h) of the events that have resulted in landslides. 78 

Rainfall thresholds can be defined for different geographical areas, from local to global thresholds 79 

(Guzzetti et al., 2007, 2008).  80 

Endo (1969), working in the Hokkaido island, Japan, was probably the first to introduce the concept 81 

of a minimum amount of rainfall necessary to trigger a landslide. Onodera et al. (1974), also 82 

working in Japan, where first to propose quantitative rainfall thresholds for the possible initiation of 83 

landslides. Campbell (1975) studied the rainfall conditions that triggered soil slips in southern 84 

California in 1969, and suggested that the failures were the result of the combination of a cumulated 85 

rainfall and of the event rainfall intensity. Caine (1980) collected information on 73 rainfall 86 

intensity I vs. rainfall duration D conditions responsible for shallow landslides globally, and was 87 

first to propose a global (minimum) ID threshold expressed by the power-law equation I = 14.82·D-88 
0.39. Based on this relationship, when I < 14.82·D-0.39 landslide activity is unlikely. Innes (1983) 89 

used information on 35 rainfall events that had resulted in debris flows worldwide to establish a 90 

global minimum cumulated rainfall event E - rainfall duration D (ED) threshold for possible debris 91 

flow occurrence, given by the power-law equation E = 4.9355·D0.5041. Again, based on this 92 

relationship, when E < 4.9355·D0.5041 debris flow activity is unlikely. More recently, Kanji et al. 93 

(2003) collected information on the rainfall conditions that have resulted in debris flows and 94 

landslides in several geographical areas, and proposed the global minimum ED threshold E = 95 

22.4·D0.41. 96 

Guzzetti et al. (2007, 2008) reviewed the literature on rainfall thresholds for possible landslide 97 

occurrence and recognized that many of the thresholds were defined using ill-formalized, poorly 98 

documented, or non-reproducible methods. The lack of standards has negative consequences on the 99 

possible use of the thresholds. In an attempt to measure the uncertainty inherent to the thresholds, 100 

Brunetti et al. (2010) and Peruccacci et al. (2012) proposed an objective method for the definition 101 

of empirical rainfall thresholds based on a statistical frequentist approach. In particular, Brunetti et 102 

al. (2010) collected information on 753 rainfall events that triggered landslides in Italy from 1841 to 103 

2009, and defined ID thresholds for Italy and for the Abruzzo region, central Italy. The regional ID 104 

threshold for Abruzzo was found to be lower than the threshold defined for Italy, and lower than 105 

similar regional ID thresholds defined for areas in northern Italy by Aleotti (2004) and Ceriani et al. 106 

(1994), and in southern Italy by Calcaterra et al. (2000). Peruccacci et al. (2012) compiled a new 107 

catalogue of 442 rainfall events that triggered landslides in the Abruzzo, Marche, and Umbria 108 

regions, central Italy, between 2002 and 2010, modified the method proposed by Brunetti et al. 109 
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(2010) to consider the uncertainties associated with the definition of the parameters defining the 110 

thresholds, and proposed ED thresholds for different exceedance probabilities for the entire study 111 

area and for three administrative subdivisions, for the main lithological domains, and for different 112 

seasonal periods. The cumulated rainfall necessary to trigger landslides in the study area was found 113 

slightly larger for flysch deposits than for soft post-orogenic sediments (clay, silt, sand, gravel) and 114 

for sedimentary carbonate rocks. The thresholds for the dry and the wet seasonal periods were 115 

found to be indistinguishable for rainfall durations in the range 12 ≤ D ≤ 100 h.  116 

3. Study area  117 

Our study area comprises the Calabria region that extends for 15,080 km2 in southern Italy with 118 

elevation in the range from sea level to 2267 m at Monte Serra Dolcedorme, in the Pollino range 119 

(Fig. 1). Most of the area consists of crystalline-metamorphic nappes, Palaeozoic in age, that form 120 

the Calabrian Arc, and that were thrust on Mesozoic-Cenozoic units comprising the Apennines 121 

mountain chain, and were then covered by sedimentary rocks, Miocene to Quaternary in age 122 

(Amodio Morelli et al., 1976). The Calabrian-Sicilian rift zone (Monaco and Tortorici, 2000), a 123 

system of active normal faults along the western side of the Calabrian Arc, produced intense 124 

regional uplift. The uplift started in the Pleistocene, and was responsible for the intense historical 125 

seismicity of the area (Monachesi and Stucchi, 1997; Boschi et al., 2000). Due to the complex 126 

geodynamic history (Monaco and Tortorici, 2000; Tortorici et al., 1995; Westaway, 1993), in 127 

Calabria rocks are highly deformed, fragmented, and deeply weathered. Landscape is hilly or 128 

mountainous, with lowlands confined to local tectonic depressions and along the coasts. The 129 

mountains are made of crystalline-metamorphic rocks mantled by thick soils, except in the 130 

northernmost portion of the region and in tectonic windows where carbonate rocks crop out. In the 131 

hills crop out clastic sediments, whereas clay, silt and sand are most abundant in the coastal plains. 132 

Orography controls the precipitation regime (Bellecci et al., 2002), which is driven by regional 133 

meteorological fronts approaching transversally the region, and by convective cells forming along 134 

the steep coastal slopes. Cumulated annual precipitation ranges from less than 500 mm along the 135 

coasts to more than 2000 mm in the mountains. About 70% to 80% of the annual precipitation falls 136 

from October to March, with only 10% of the precipitation in the summer. Intense summer storms 137 

are more frequent along the Ionian (eastern) coast than along the Tyrrhenian (western) coast 138 

(Terranova and Iaquinta, 2011). Due to the local setting, landslides of different types and sizes are 139 

abundant and frequent in Calabria (Sorriso-Valvo, 1993; Iovine et al., 2009). Recent regional 140 
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studies have shown that approximately 23% of the territory is highly susceptible to shallow 141 

landslides (Gullà et al., 2008). 142 

4. Method  143 

To determine rainfall thresholds for possible shallow landslide occurrence in Calabria, we first 144 

prepared a catalogue of rainfall events that have resulted in shallow landslides the region in the 16-145 

year period from January 1996 to September 2011. The catalogue was compiled searching national 146 

and local newspapers and journals, local historical archives, Internet blogs, and the scientific and 147 

technical literature. Additional information was obtained searching the archive of the local Fire 148 

Brigades of the Cosenza Province. For each landslide we collected information on: (i) the 149 

geographical location of the landslide, including latitude, longitude and elevation, (ii) the time or 150 

period of occurrence of the slope failure, and (iii) the landslide type, classified according to Cruden 151 

and Varnes (1996). The geographical coordinates and the elevation of the individual landslides 152 

were obtained using Google Earth®. Individual landslides were mapped as points, and were given a 153 

level of geographic accuracy, P1, P10, or P100, depending on the detail of the information source. 154 

Adopting the approach proposed by according Peruccacci et al. (2012), we considered a circular 155 

buffer to define a high (P1 < 1 km2), a medium (1 ≤ P10 < 10 km2), or a low (10 ≤ P100 < 100 km2) 156 

accuracy. Since accurate information on the time (or the period) of occurrence of a landslide is 157 

difficult to obtain and the temporal information is often affected by considerable uncertainty 158 

(Guzzetti et al., 2007), a level of temporal accuracy was assigned to each landslide, in three classes: 159 

high when the hour of occurrence of the failure was known, intermediate when the period of the day 160 

(e.g., morning, mid day, afternoon, evening, night) was known, and low when only the day of 161 

occurrence was known.  162 

When the geographical location and the time (or period) of occurrence of a landslide were 163 

established, the rainfall duration D and the cumulated event rainfall E that (presumably) caused the 164 

failure were determined using two synergic sources of rainfall information. The first source of 165 

information was the national database of rainfall measurements assembled and managed by the 166 

National Department for Civil Protection. For Calabria, and at the time of the study, this database 167 

contained sub-hourly rainfall measurements obtained by a network of 113 rain gauges. A second 168 

source of rainfall information was the regional database of sub-hourly rainfall measurements 169 

assembled and managed by the Calabria Regional Agency for Environmental Protection 170 

(ARPACAL). At the time of the study, this database contained rainfall measurements obtained by a 171 



Vennari et al. Rainfall thresholds for landslide occurrence in Calabria, Italy
 

 
Release 2, Version 2  7/26
 

network of 154 rain gauges. Fig. 1 shows the geographical location and the spatial density of the 172 

rain gauges, and reveals that 75 rain gauges belong to both networks.  173 

To determine the rainfall conditions considered responsible for a landslide, a “representative” rain 174 

gauge was selected. Selection of the rain gauge was decided on the following general criteria: (i) the 175 

geographical distance between the landslide and the rain gauge should not exceed 12 km, (ii) the 176 

elevation of the rain gauge and of the landslide should be comparable, and (iii) the general 177 

physiographical settings for the rain gauge and the landslide should also be comparable e.g., they 178 

should be located in slopes facing in the same direction, or in the same or in similar valleys. 179 

When the representative rain gauge was selected, the rainfall conditions considered responsible for 180 

the landslide were computed. To determine the rainfall measurements the most critical step was the 181 

selection of the “start time” and the “end time” of the rainfall event. For the purpose, the following 182 

criteria were adopted. The “end time” of the rainfall event was taken to coincide with the known or 183 

inferred time of the landslide occurrence (i.e., the hour, the end of the period of the day, or the end 184 

of the day for landslides characterized by a high, medium or low temporal accuracy, respectively). 185 

The “start time” of the rainfall event was decided based on a heuristic procedure that considered the 186 

(known or presumed) meteorological conditions resulting in the rainfall event. For events produced 187 

by regional frontal systems, a dry (no rain) period of two days between April and October (A-O), 188 

and of four days between November and March (N-M) was used to separate successive events.  The 189 

difference between the two periods is justified by the Mediterranean climate that dominates the 190 

study area. For rainfall events produced by local convective conditions, the “start time” for the 191 

event was decided searching visually for an abrupt (distinct) increase in the slope of the cumulated 192 

rainfall curve. This is similar to what was proposed by Aleotti (2004). When the “start time” and the 193 

“end time” of the rainfall event were decided, the rainfall duration D (in hours) and the 194 

corresponding cumulated event rainfall E (in mm), were computed. 195 

To determine the ED rainfall thresholds, we adopted the method proposed by Brunetti et al. (2010), 196 

and improved by Peruccacci et al. (2012). The method allows for the definition of empirical rainfall 197 

thresholds for different exceedance probability levels, and to estimate the uncertainty associated to 198 

the thresholds. This is a significant advantage over pre-existing, heuristic or subjective methods for 199 

the definition of rainfall thresholds (Guzzetti et al., 2007, 2008). For the method, the threshold 200 

curves are described by power laws of the general form E = (α± Δα·D(γ ± Δγ), where α is the scaling 201 

parameter (the intercept),  is the shape parameter (the exponent) that controls the slope of the 202 

power law curve, and Δα and Δγ are the uncertainties associated to α and , respectively. The 203 
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method adopts a “bootstrap” non-parametric statistical technique (Efron, 1979; Efron and 204 

Tibshirani, 1994) to estimate the mean values of α and , and the associated uncertainties  and Δ 205 

(Peruccacci et al., 2012). 206 

5. Results  207 

Our final catalogue lists 186 rainfall events that have resulted in 251 shallow landslides in Calabria 208 

in the period from January 1996 to September 2011. Table 1 and Fig. 2 summarize the abundance 209 

and the temporal distribution of the 186 triggering events in the five provinces in Calabria. The 210 

number of events is largest for the Cosenza Province that covers 44.1% of the region and comprises 211 

60.2% of the listed events. The temporal distribution of the events is similar for the five provinces. 212 

In the catalogue, the number of rainfall events with high, intermediate, and low temporal accuracy 213 

is 65 (34.9%), 76 (40.9%), and 45 (24.2%), respectively. The events listed in the catalogue have 214 

rainfall durations in the range 1 ≤ D ≤ 451 h and cumulated event rainfall in the range 12.8 ≤ E ≤ 215 

542.0 mm. Fig. 3 shows the cumulated number and the frequency of the rainfall duration D, and of 216 

the cumulated event rainfall E, for the 186 rainfall events in the catalogue.  217 

5.1. Cumulated event rainfall – rainfall duration (ED) regional thresholds 218 

The 186 blue dots in Fig. 4 portray the rainfall duration vs. cumulated event rainfall (D,E) 219 

conditions that have resulted in shallow landslides in Calabria in the investigated period. Visual 220 

inspection of the plot reveals that the empirical points are reasonably well distributed in the range of 221 

durations and cumulated event rainfall to allow for the definition of reliable thresholds (Brunetti et 222 

al., 2010; Peruccacci et al., 2012). In the plot, the blue line and the associated shaded area show the 223 

5% ED threshold (T5,C), E = (8.6±1.1)·D(0.41±0.03). Table 2 lists the equations and the uncertainties 224 

associated to the 1% (T1,C) and the 5% (T5,C) ED regional thresholds defined for Calabria.  225 

We have analysed the uncertainty associated to the ED regional thresholds (Fig. 5). The analysis 226 

was performed adopting the bootstrap non-parametric statistical technique proposed by Peruccacci 227 

et al. (2012). As expected, the variation in the mean values of the two parameters α and γ that 228 

controls the power law threshold curves, and the associated uncertainties (Δα and Δγ), decreases 229 

when the number of events increases. The mean value of the scaling parameter converges to α = 5.8 230 

for T1,C and to α = 8.6 for T5,C (Fig. 5 A,C). Similarly, the mean value of the exponent of the power 231 

law model converges rapidly to γ = 0.41, for both thresholds T1,C and T5,C (Fig. 5E). The 232 

uncertainties Δα and Δγ, represented by the error bars in Fig. 5 A,C,E and by the square symbols in 233 

Fig. 5 B,D,F, decrease as the number of events increases. In particular, for n < 75, the values of α 234 
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have not yet converged to their limits. For n ≥ 75, the average values of α and γ do not vary 235 

significantly (e.g., α varies less than 0.2), but the uncertainties remain significant (e.g., for n = 186 236 

the relative uncertainties are Δα/α = 13.8% and Δγ/γ = 7.3%).  237 

5.2. Role of environmental factors 238 

To investigate the role of different environmental factors on the rainfall conditions responsible for 239 

shallow landslides in Calabria, we segmented the regional catalogue in different sub-sets. The 240 

segmentation was performed on (i) the main lithological domains, (ii) the soil regions, (iii) the 241 

rainfall regions, and on (iv) two seasonal periods. We further segment the catalogue on 242 

administrative alert zones decided by the National Civil Protection Department for hydro-243 

meteorological operational forecasting and warning.  244 

To attribute a landslide to a specific environmental class (e.g., a lithological type, soil region, 245 

rainfall region), the individual landslides originally mapped as points were transformed to circles, 246 

with the size (area) of the circle dependent on the geographical accuracy of each landslide. 247 

Specifically, the area of the circles was A = 0.5 km2 for landslides attributed a high level of 248 

accuracy (P1), A = 5 km2 for landslides attributed a medium level of accuracy (P10), and A = 50 km2 249 

for landslides attributed a low level of accuracy (P100). Next, the GIS layer containing the landslide 250 

circles was intersected with the individual layers representing the single environmental factors, or 251 

the administrative subdivision, and the proportion of each class of terrain in the circle was 252 

computed. Only landslides for which at least 75% on a single environmental class was present in 253 

the representative circle were selected, and used for the subsequent analyses. The selection was 254 

adopted to assign the prevalent environmental factor to each landslide (Peruccacci et al., 2012). 255 

5.2.1. Lithological domains 256 

Using the lithological map of Italy compiled by Compagnoni et al. (1976-1983) at 1:500,000 scale, 257 

we partitioned the Calabria region in four broad lithological domains encompassing (Fig. 6A): (i) 258 

carbonate rocks (CC, 13.6% of the Region), including limestone, dolomitic limestone, dolostone, 259 

hard sandstone, and conglomerate, (ii) flysch deposits (FD, 30.1%), comprising marl, shale, 260 

evaporite, and very-low to low grade metamorphic rocks, (iii) metamorphic and crystalline rocks 261 

(MC, 30.6%), comprising medium to high-grade metamorphic rocks (gneiss), intrusive rocks 262 

(granite, granodiorite), and ophiolites, and (iv) post-orogenic sediments (PO, 25.7%), chiefly 263 

continental and marine clay, silt, sand, and gravel.  264 
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Intersection in the GIS of the landslide layer with the lithological layer (Fig. 6A) identified 142 265 

landslides (56.5%) for which at least 75% of the representative circle was attributed to a single 266 

(prevalent) lithological class, including: (i) 56 landslides (39.4%) in the PO domain (14.4 landslides 267 

per 1,000 km2), (ii) 49 landslides (34.5%) in the MC domain (10.6 landslides per 1,000 km2), (iii) 268 

24 landslides (16.9%) in the FD domain (5.3 landslides per 1,000 km2), and (iv) 13 landslides 269 

(9.2%) in the CC domain (6.3 landslides per 1,000 km2) (Table 3). 270 

Fig. 7A portrays the 119 rainfall (D,E) conditions that have resulted in the 142 shallow landslides in 271 

the four lithological domains. The reduced number of empirical data points in each lithological 272 

domain (11 for CC, 23 for FD, 39 for MC, and 46 for PO) was insufficient to determine reliable 273 

thresholds. However, significant differences are not evident in the distribution and the general trend 274 

of the (D,E) data points, for the four lithological domains. Inspection of Fig. 7A shows that the 275 

rainfall conditions responsible for landslides in the MC and the PO lithological domains cover the 276 

entire range of rainfall durations, ranging from a few hours to several days (1 ≤ D ≤ 357 hours), 277 

whereas the conditions that have caused landslides in the FD and in the CC domains are more 278 

numerous for durations D >10 h. The apparent lack of events for short rainfall durations is probably 279 

due to the reduced number of events collected in the two FD and CC domains. The shape (e.g., 280 

dispersion and general shape) of the distribution of (D,E) pairs for each lithological domain has to 281 

be confirmed by collecting a larger number of events. 282 

5.2.2. Soil regions 283 

The Calabria Regional Agency for the Development and Services in Agriculture published a Soil 284 

Map of Calabria, at 1:250,000 scale (Fig. 6B) (ARSSA, 2003). The map shows four soil regions 285 

characterized by distinct morphological, lithological, climatic, and soil properties, including: (i) the 286 

Pollino range and the neighbouring hills (SR1, 7.8% of the Region), comprising mountains and hills 287 

were carbonate rock crop out and climate is Mediterranean, (ii) the northern Ionian coastal zone 288 

(SR2, 4.1%), comprising hills, coastal plains, and piedmont zones underlined by flysch rocks and 289 

where climate is mountainous Mediterranean, (iii) the coastal hills and plains (SR3, 50.2%), 290 

comprising alluvial and coastal plains and hills where the bedrock consists of sediments Tertiary to 291 

Quaternary in age, and climate is sub-continental to sub-tropical Mediterranean, and (iv) the Sila, 292 

Serre, and Aspromonte ranges (SR4, 37.9%), comprising mountains, hills, and minor internal plains 293 

where the bedrock consists of crystalline and metamorphic rocks, and the climate is mountainous 294 

Mediterranean (ARSSA, 2003).  295 
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Intersection in the GIS of the landslide layer with the soil map (Fig. 6B) singled out 199 landslides 296 

(79.3%) for which at least 75% on the representative circle was attributed to a single (prevalent) soil 297 

class, including: (i) 130 landslides (65.3%) in the SR3 soil region (17.2 landslides per 1,000 km2), 298 

(ii) 57 landslides (28.6%) in the SR4 region (10 landslides per 1,000 km2), and (iii) 12 landslides 299 

(6%) in the SR1 region (10.2 landslides per 1,000 km2) (Table 3). No landslides were identified in 300 

the SR2 soil region, limited to the NE part of the study area (Fig. 6B).  301 

Fig. 7B portrays the 157 rainfall (D,E) conditions that have produced 199 shallow landslides in the 302 

three soil regions. As for the lithological domains, the number of empirical data points in each soil 303 

region was insufficient for a reliable determination of specific rainfall thresholds. For the SR1 and 304 

the SR3 soil regions, Fig. 7B shows minor differences in the distribution of the empirical data 305 

points. Rainfall conditions in the SR1 soil align along a straight line (power law) with a very low 306 

dispersion. However, this may be an artefact due to the very reduced number of data points in this 307 

soil region (9). We conclude that rainfall conditions for landslide occurrence in the three soil 308 

regions for Calabria cannot be discriminated, with the available data. 309 

5.2.3. Rainfall regions 310 

For operational flood forecasting and hazard assessment, Versace et al. (1989) analysed the annual 311 

maxima of high-intensity, short-duration rainfall events in Calabria, and identified three 312 

homogeneous rainfall regions (Fig. 6C), including: (i) a Tyrrhenian region (T, 25.8% of the Region) 313 

along the western Tyrrhenian coast, (ii) a Central region (C, 44.3%), comprising the mountain 314 

ranges along the main divide, and (iii) a Ionian region, along the eastern Ionian coast (I, 29.9%). 315 

They found that the Tyrrhenian rainfall region is characterized by more frequent and less severe 316 

rainfall events than the Ionian rainfall region, whereas the Central rainfall region has events with 317 

intermediate characteristics. Short and very intense events are more frequent in the Ionian side of 318 

Calabria (Terranova and Iaquinta, 2011). 319 

Intersection in the GIS of the of the landslide layer with the map showing the three rainfall regions 320 

(Fig. 6C) recognized 212 landslides (84.5%) for which at least 75% on the representative circle was 321 

attributed to a prevalent rainfall region, including: (i) 117 landslides (55.2%) in the Tyrrhenian 322 

region (17.5 landslides per 1,000 km2), (ii) 63 landslides (29.7%) in the Central region (16.2 323 

landslides per 1,000 km2), and (iii) 32 landslides (15.1%) in the Ionian region (7.1 landslides per 324 

1,000 km2) (Table 3).  325 

Fig. 7C shows the 158 rainfall (D,E) conditions responsible for the 212 shallow landslides in the 326 

three rainfall geographical subdivisions. Again, the number of empirical points in each rainfall 327 
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region was insufficient to establish sound thresholds for the individual regions. Inspection of Fig. 328 

7C shows that the rainfall conditions responsible for landslides in the Ionian (I) and in the Central 329 

(C) regions are more abundant than the rainfall events in the Tyrrhenian region (T). This is a 330 

consequence of the spatial distribution of rainfall events in the catalogue. Inspection of Table 1 331 

reveals that about 60% of the events (151 over 251) is located in the northern part of the region (in 332 

the Cosenza province), where the Ionian area is smaller than the Tyrrhenian and the Central areas. 333 

Fig. 7C shows that, on average, the rainfall (D,E) conditions that triggered landslides in the 334 

Tyrrhenian region are less severe than the conditions that cause landslides in the Ionian and Central 335 

regions. 336 

5.2.4. Dry and wet seasonal periods 337 

In Calabria, climate is Mediterranean with distinct dry and wet seasonal periods. To investigate the 338 

dependence of the rainfall events with the seasonal rainfall conditions, we have segmented the 339 

catalogue in two seasonal periods: (i) a wet period from November to March (N-M), and (ii) a dry 340 

period from April to October (A-O). Of the 186 rainfall (D,E) conditions in the catalogue, 67.7% 341 

are in the wet (N-M) period, and 32.3% in the dry (A-O) period (Fig. 8, Table 3). Rainfall events in 342 

the N-M period have durations ranging from a few hours to several days (3 ≤ D ≤ 451 h, D = 98 h), 343 

and low rainfall mean intensities ( I = 3 mm·h-1). Conversely, events in the A-O period exhibit 344 

shorter durations (1 ≤ D ≤ 290 h, D = 38 h) and higher mean intensities ( I = 7.3 mm·h-1). In detail, 345 

65% of the events occurred in the dry (A-O) period are characterised by rainfall durations not 346 

exceeding 24 hours, and 75% of the events in the wet (N-M) period have durations longer than 24 h. 347 

The average number of rainfall events per month is 25.2 for the N-M period, and 8.6 for the A-O 348 

period. Rainfall events with landslides are most frequent in January (43) and are rare in July (4).  349 

Fig. 8 shows the rainfall (D,E) conditions for 126 events in the wet (N-M) period (grey dots), and 350 

for 60 events in the dry (A-O) period (blue dots). For both periods, the number of rainfall events 351 

was insufficient to determine reliable thresholds for the two seasonal subdivisions. Nonetheless, 352 

differences exists in the distribution and the general trend of the (D,E) empirical data points, for the 353 

considered seasonal periods. In Calabria, most of the rainfall events that have resulted in landslides 354 

and are listed in the catalogue occurred in the winter (53.8%) and in the autumn (20.0%), with 355 

23.5% of the events in January and 19.1% in December. The remaining events occurred in the 356 

spring (15.1%) and in the summer (11.1%), with 10.4% of the events in September (10.4%). The 357 

result is in agreement with the outcomes of an historical analysis of 2,982 historical rainfall induced 358 

landslides in Calabria between 1921 and 2006 that revealed that 67% of the landslides occurred in 359 
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the 4-month period between November and February (Polemio and Petrucci, 2010). The 360 

distribution of the event duration in the two periods is different. The majority of rainfall events with 361 

landslides in the A-O period are characterised by durations D < 10 h, while in the N-M period in 362 

most of the triggering conditions D >10 h. This result is in agreement with the results obtained by 363 

Peruccacci et al. (2012) for the Abruzzo, Marche and Umbria regions of central Italy. 364 

5.3. Sub-regional thresholds for shallow landslide forecasting 365 

For hydro-meteorological monitoring and operational flood forecasting, the Italian national 366 

Department for Civil Protection has divided the national territory into 134 alert zones, based on 367 

administrative boundaries and regional hydro-meteorological conditions. The subdivision partitions 368 

Calabria in six alert zones, three along the Tyrrhenian coast and three along the Ionian coast (Fig. 369 

6D). The number of rainfall events with landslides in each division was insufficient to establish 370 

reliable rainfall thresholds for the single alert zones. Thus, considering the general hydro-371 

meteorological characteristics in the alert zones (Terranova, 2003, 2004; Terranova et al., 2013) we 372 

grouped the six alert zones in two broad alert regions (Fig. 6D) including: (i) a Tyrrhenian alert 373 

region (59.4% of the total area), comprising the three alert zones along the Tyrrhenian coast, and 374 

(ii) a Ionian alert region (40.6% of the total area), comprising the three alert zones along the Ionian 375 

coast. Intersection in the GIS of the landslide layer with the map showing the two alert regions (Fig. 376 

6D) assigned 245 landslides (97.6%) to an alert region, including: (i) 157 landslides (64.1%) to the 377 

Tyrrhenian alert region (25.6 landslides per 1,000 km2), and (ii) 88 landslides (35.9%) to the Ionian 378 

alert region (9.8 landslides per 1,000 km2) (Table 3).  379 

Fig. 7D shows the 186 rainfall (D,E) conditions responsible for 245 shallow landslides in the two 380 

alert regions. The ranges of rainfall duration in the two alert regions are similar, 1 ≤ D ≤ 357 h for 381 

the Ionian alert region, and 1 ≤ D ≤ 451 h for the Tyrrhenian alert region. The landslide triggering 382 

rainfall events in the Ionian alert region have, on average, a lower duration and a larger cumulated 383 

event rainfall than the events in the Tyrrhenian alert region. No significant difference exists for the 384 

duration of the events in the two alert regions (Table 3, Figs. 9A and 9B). In the Ionian region, 385 

rainfall events responsible for landslides are more frequent in September and from December to 386 

January, whereas in the Tyrrhenian alert region the events that have resulted in landslides were 387 

more abundant between December and March (Fig. 9C). 388 

Fig. 10 portrays the 186 rainfall (D,E) conditions that have produced 245 shallow landslides in the 389 

two alert regions. Despite the limited number of empirical data points, we determined the rainfall 390 

thresholds for the possible occurrence of shallow landslides for the Tyrrhenian alert region (T1,TAR 391 
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and T5,TAR) and for the Ionian alert region (T1,IAR and T5,IAR) (Table 2). Inspection of Fig. 10 reveals 392 

that the T5,IAR threshold defined for the Ionian region is steeper than the similar T5,TAR threshold 393 

established for the Tyrrhenian region. For rainfall durations exceeding one day, D > 24 h, the two 394 

thresholds are statistically different (i.e., their uncertainties do not overlap completely). We 395 

conclude that for rainfall events exceeding one day lower amounts of cumulated event rain are 396 

required to trigger landslides in the Tyrrhenian alert region than in the Ionian alert region. 397 

6. Discussion 398 

Our catalogue lists 186 rainfall events that have resulted in 251 shallow landslides in Calabria in the 399 

16-year period from January 1996 to September 2011 (Fig. 2). This is an average frequency of 11.8 400 

landslide triggering rainfall events per year. The figure compares to 52.0 landslide-triggering 401 

rainfall events per year found by Peruccacci et al. (2012) for the Abruzzo, Marche and Umbria 402 

regions, central Italy. Peruccacci and her co-workers used the same strategy and similar sources of 403 

landslide and rainfall information used in this study. Considering that Calabria covers about half the 404 

area covered by the Abruzzo, Marche and Umbria regions (15,080 km2 vs. 28,950 km2), the density 405 

of events (# of events per year per square kilometre) for Calabria is less than half of the density of 406 

events for central Italy. The difference is conditioned by the availability of information used to 407 

compile the catalogues, and by the criteria adopted to determine the rainfall conditions that have 408 

resulted in landslides. The difference cannot be used to measure climatic, meteorological, 409 

geomorphological or other physiographical differences, or to infer differences in landslide 410 

vulnerability or risk in the study areas. 411 

The empirical (D,E) data collected for Calabria were sufficient to determine regional ED rainfall 412 

thresholds for possible landslide occurrence in the region, for different exceedance probability 413 

levels (Fig. 4). However, the evaluation of the relative uncertainty associated with the thresholds 414 

revealed that the uncertainties were significant. Peruccacci et al. (2012), working in central Italy, 415 

considered acceptable values of the relative uncertainty less than 10% that they reached for a 416 

number of empirical data points n = 175. Based on this evidence, they concluded that 175 well-417 

distributed (D,E) empirical points were sufficient to estimate reliable rainfall thresholds. In 418 

Calabria, the relative uncertainty obtained using the entire set of 186 events is larger than 10% at 419 

least for the scaling parameter α (Δα/α = 13.8%). This suggests that the minimum number of 420 

empirical data points necessary to determine reliable rainfall thresholds varies regionally. Variations 421 

depend on the shape of the distribution (e.g., data scattering around the mean tendency line, slope of 422 

the line).  423 
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For a 1% (5%) threshold, 1% (5%) of the empirical (D,E) data points should be below the threshold 424 

(Brunetti et al., 2012). In the regional dataset for Calabria, only one empirical point (0.5%) is below 425 

the T1,C threshold, and five points (2.7%) are below the T5,C threshold. These percentages are lower 426 

than expected (i.e., 1% and 5%, respectively). The result is directly related to the statistical 427 

technique used to determine the thresholds, and to the lack of symmetry in the distribution of the 428 

empirical (D,E) points around their mean tendency line. The asymmetry may be an artefact due to 429 

the (relatively) limited number of empirical data, or it may reflect a specific characteristic of the 430 

landslide-triggering rainfall events in Calabria. More empirical data are needed to resolve this 431 

ambiguity. 432 

Most of the landslides triggered by the 186 rainfall events listed in the catalogue were shallow 433 

failures, and they occurred in post-orogenic sediments (PO lithological domain) and where 434 

metamorphic and crystalline rocks (MS lithological domain) crop out. We attribute the large density 435 

of landslides in the PO lithological domain (39.4%, 14.4 failures per 1,000 km2) to the poor 436 

geotechnical properties of the continental and marine sediments in this domain, and subordinately to 437 

the local terrain conditions (e.g., steep slopes). We explain the large proportion of events in the 438 

metamorphic and crystalline rocks (34.5%, 10.6 failures per 1,000 km2) with the abundance of 439 

weathered materials mantling the bedrock in this domain. For short duration rainfall events (D ≤ 24 440 

h), a smaller amount of rainfall is necessary to trigger landslides in the metamorphic and the 441 

crystalline rocks, compared to the post-orogenic sediments. For longer duration events (D > 24 h) 442 

the trend is reversed, and landslides in metamorphic and crystalline rocks require more rain than in 443 

the post-orogenic sediments to occur. We attribute the large abundance of landslides in the coastal 444 

hills and plains soil region (SR3, 50.2%) to the peculiar setting of the region, where soft sediments, 445 

Tertiary to Quaternary in age, crop out. Landslides were more abundant in the Tyrrhenian rainfall 446 

region than in the Central and the Ionian regions, and the amount of rainfall needed to trigger the 447 

failures in the Ionian region was higher than in the Central and in the Tyrrhenian regions. Most of 448 

the landslides listed in the catalogue occurred in the wet period between November and March (in 449 

particular, in January and December) and where triggered by short duration rainfall events with D > 450 

10 h. Further analysis revealed that, in Calabria, shallow landslides are more frequent in clay, silt, 451 

sand, and gravel deposits (PO lithological domain). In this domain, the failures occur primarily in 452 

the SR3 soil region (coastal hills and plains) of the Tyrrhenian rainfall region, between November 453 

and March. Conversely, shallow landslides are less frequent where marl, shale, evaporites, and 454 

very-low to low grade metamorphic rocks crop out (FD lithological domain). In this domain, the 455 
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failures are more rare in the Ionian rainfall region, and in the seasonal period between March and 456 

May. 457 

It is worth comparing the ED thresholds curves defined for Calabria with similar ED thresholds. 458 

Figure 11 shows the new regional threshold (T5,C) and the sub-regional thresholds for the 459 

Tyrrhenian (T5,TAR) and the Ionian (T5,IAR) alert regions, for the 5% exceedance probability level, 460 

together with the ED threshold curves established by Brunetti et al. (2013) for Calabria (TCal), and 461 

by Peruccacci et al. (2012) for the Abruzzo, Marche and Umbria (T5,AMU) regions, central Italy. 462 

Also shown are the global ED thresholds proposed by Innes (1983) and by Kanji et al. (2003). The 463 

new T5,C threshold and the pre-existing TCal threshold are based on different sets of (D,E) empirical 464 

data: (i) 113 events with rainfall duration 1 ≤ D ≤ 1080 h for TCal, and (ii) 186 events with rainfall 465 

duration 1 ≤ D ≤ 451 h for T5,C. Despite the significant increase in the number of empirical data (73, 466 

a 65% increase), the two thresholds are virtually identical. As discussed before, the sub-regional 467 

thresholds for the Tyrrhenian (T5,TAR) and the Ionian (T5,IAR) alert zones are different from the 468 

regional threshold (T5,C), and particularly the T5,IAR threshold. However, the dataset used to prepare 469 

this threshold is small (69 data points), and the difference may be and artefact caused by the scarcity 470 

of the data. The new regional threshold for Calabria (T5,C) is higher than the threshold obtained for 471 

the Abruzzo, Marche and Umbria regions, central Italy by Peruccacci et al. (2012). Based on this 472 

result, for the same rainfall duration the cumulated amount of event rainfall necessary to trigger 473 

landslides is larger in Calabria than in central Italy. The difference increases with increasing rainfall 474 

durations (Fig. 11). Finally, for all the considered rainfall durations, the ED threshold for Calabria 475 

(T5,C) is higher than the threshold proposed by Innes (1983), and significantly lower than the 476 

threshold proposed by Kanji et al. (2003). 477 

7. Conclusions 478 

We compiled a catalogue of 186 rainfall events that have resulted in 251 landslides in Calabria, 479 

southern Italy, from January 1996 to September 2011. Using this information and rainfall 480 

measurements obtained from two synergic networks of rain gauges, we determined new regional 481 

cumulated event rainfall – rainfall duration (ED) thresholds for possible shallow landslide 482 

occurrence in Calabria. The thresholds were determined for the 1% and the 5% exceedance 483 

probability levels adopting the procedure proposed by Brunetti et al. (2010) and changed by 484 

Peruccacci et al. (2013) to evaluate the uncertainty associated to the thresholds. The new regional 485 

ED thresholds are slightly lower than expected. The result is due to an asymmetric distribution of 486 

the empirical (D,E) points around their mean tendency line (Brunetti et al., 2010). The asymmetry 487 
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may be a statistical artefact due to the limited number of data, or it may reflect a specific 488 

characteristic of the landslide-triggering rainfall events in Calabria.  489 

Segmentation of the catalogue of rainfall events that have triggered landslides on lithological 490 

domains, soil regions, rainfall zones, and seasonal periods resulted in a number of empirical data 491 

points in each environmental class that was insufficient to determine reliable thresholds. However, 492 

it allowed for two conclusions on the role of the environmental factors on the rainfall conditions 493 

responsible for shallow landslides in Calabria. First, the conditions for landslide occurrence in 494 

different soil regions in Calabria cannot be discriminated with the available data. Second, for short 495 

rainfall durations (D ≤ 24 h), lower amounts of cumulated event rainfall are required to trigger 496 

landslides in the Tyrrhenian (western) alert region than in the Ionian (eastern) alert region. 497 

We expect the new regional ED rainfall thresholds defined for Calabria, and the sub-regional 498 

thresholds defined for the Tyrrhenian and the Ionian alert regions to be used in regional and national 499 

landslide warning systems (Brunetti et al., 2009; Rossi et al., 2012). The thresholds can also be 500 

used for landslide hazard and risk assessments, and for erosion and landscape studies in southern 501 

Italy, and in similar physiographic regions in the Mediterranean area. 502 
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 621 

Table 1 – Distribution of landslides in the five provinces of Calabria. The last three columns list the 622 

number of the landslides mapped for each geographical mapping accuracy class (see text). 623 

 624 

Province 
 Area Landslides  P1 P10 P100 
 (km2) (%) (#) (# per 1000 km2) (%) (#) (#) (#) 

Catanzaro CZ 2392 15.9 29 12.1 11.6 6 15 8 

Cosenza CS 6651 44.1 151 22.7 60.2 78 62 11 

Crotone KR 1718 11.4 10 5.8 4.0 6 3 1 

Reggio di Calabria RC 3180 21.1 38 11.9 15.1 13 20 5 

Vibo Valentia VV 1139 7.6 23 20.2 9.2 13 2 8 

Total  15,080 100.0 251 16.6 100.0 116 102 33 

 625 

  626 
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 627 

Table 2 – Rainfall ED thresholds for shallow landslides in Calabria, in other areas in Italy, and 628 

globally. Number lists the number of rainfall events used to define the threshold. Source: 1 to 6, this 629 

work; 7, Peruccacci et al. (2012); 8, Brunetti et al. (2013); 9, Innes (1983); 10, Kanji et al. (2003). 630 

 631 

 632 

  633 

Source Label Area Number Equation Validity range (h) Uncertainty 

1 T1,C Calabria 186 E = 5.8·D0.41 1 ≤ D ≤ 451  = 0.8, γ = 0.03

2 T5,C Calabria 186 E = 8.6·D0.41 1 ≤ D ≤ 451  = 1.1, γ = 0.03

3 T1,TAR Tyrrhenian Alert Region 117 E = 6.7·D0.36 1 ≤ D ≤ 451  = 1.1, γ = 0.04

4 T5, TAR Tyrrhenian Alert Region 117 E = 9.7·D0.36 1 ≤ D ≤ 451  = 1.5, γ = 0.04

5 T1,IAR Ionian Alert Region 69 E = 6.3·D0.50 1 ≤ D ≤ 357  = 1.4, γ = 0.05

6 T5, IAR Ionian Alert Region 69 E = 9.0·D0.50 1 ≤ D ≤ 357  = 1.8, γ = 0.05
       

7 T5, AMU Abruzzo, Marche, Umbria 442 E = 7.4·D0.38 1 ≤ D ≤ 1212  = 0.5, γ = 0.02

8 T5, Cal Calabria 113 E = 7.85·D0.43 1 ≤ D ≤ 1080 n.a. 
       

9 Innes Global threshold 35 E = 4.9355·D0.5041 0.2 ≤ D ≤ 100 n.a. 

10 Kanji Global threshold n.a. E = 22.4·D0.41 n.a. n.a. 
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 634 

Table 3 – Descriptive statistics for landslides and for the corresponding rainfall events in Calabria 635 

in the period January 1996 – September 2011. Rows: RE, number of rainfall events; LE, number of 636 

landslide events; D, rainfall duration (hours); E, cumulated event rainfall (mm); I, rainfall mean 637 

intensity (mm·h-1). Columns: CC, carbonate rocks; FD, flysch deposits; MC, metamorphic and 638 

crystalline rocks; PO, post-orogenic sediments; SR1, Pollino range and the neighbouring hills; SR2, 639 

northern Ionian coastal zone; SR3, coastal hills and plains; SR4, Sila, Serre and Aspromonte ranges; 640 

T, Tyrrhenian rainfall region; C, Central rainfall region; I, Ionian rainfall region; TAR, Tyrrhenian 641 

alert region; IAR, Ionian alert region; A-O, April-October seasonal period; N-M, November-March 642 

seasonal period. 643 

 644 

 Extent 
RE LE 

D (h) E (mm) I (mm·h-1) 
 (km2) Min Max Mean Min Max Mean Min Max Mean 
Calabria 15,080 186 251 1 1128 98.9 12.8 542.0 135.9 0.30 66.40 4.30 

Lithological domains 

CC 2,054 11 13 7 451 75.4 42.0 273.6 136.2 0.61 9.58 4.32 
FD 4,514 23 24 2 310 101.0 13.0 542.0 187.0 0.75 7.41 2.90 
MC 4,618 39 49 1 357 75.1 12.8 477.6 135.2 0.63 29.04 4.68 
PO 3,894 46 56 1 451 68.2 16.8 312.4 98.4 0.34 66.40 7.05 

Total 15,080 119 142          

Soil regions 

SR1 1,175 9 12 2 176 55.7 24.2 206.3 82.7 1.11 12.10 4.45 
SR2    618 0 0          
SR3 7,575 102 130 1 451 82.3 13.0 542.0 131.9 0.34 23.20 4.30 
SR4 5,712 46 57 1 357 81.5 12.8 477.6 157.4 0.63 20.44 4.03 
Total 15,080 157 199          

Rainfall regions 

T 6,681 81 117 1 451 90.3 12.8 309.4 98.5 0.30 451.0 90.3 
C 3,886 49 63 1 290 54.4 13.6 477.6 148.5 0.51 29.04 6.10 
I 4,513 28 32 2 282 78.4 13.0 542.0 196.4 0.50 18.53 4.77 

Total 15,080 158 212          

Dry/wet seasonal periods 

A-O  60 80 1 290 38.1 13.0 542.0 106.3 0.50 66.40 7.30 
N-M  126 171 3 451 98.4 12.8 433.0 141.2 0.34 29.04 3.06 
Total  186 251          

Alert regions 

TAR 6,122 117 157 1 451 82.9 12.8 357.4 109.0 0.30 66.40 4.10 
IAR 8,958 69 88 1 357 72.5 13.0 542.0 163.8 0.50 20.40 5.06 
Total 15,080 186 245          

  645 
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Figure captions 646 

Figure 1 Terrain elevation map for Calabria, southern Italy. Shades of colour show terrain 647 

elevations from sea level (dark green) to 2267 m (brown). Red dots show location of 648 

rain gauges of the National Department of Civil Protection. White squares show 649 

location of rain gauges of the Regional Agency for Environmental Protection in 650 

Calabria. White dashed lines are province boundaries. Legend: CS, Cosenza; CZ, 651 

Catanzaro; KR, Crotone; RC, Reggio di Calabria; VV, Vibo Valentia.  652 

Figure 2 Time distribution of 186 rainfall events that have resulted in 251 landslides in the 16-653 

year period from January 1996 to September 2011 in the five provinces of Calabria. 654 

Legend: A-O = April to October seasonal period, N-M = November to March seasonal 655 

period. CS, Cosenza; CZ, Catanzaro; KR, Crotone; RC, Reggio di Calabria; VV, Vibo 656 

Valentia. 657 

Figure 3 Frequency curves of the rainfall duration D (in hours) and the cumulated event rainfall 658 

E (in mm) for the 186 rainfall (D,E) conditions that have resulted in shallow landslides 659 

in Calabria in the 16-year period from January 1996 to September 2011. 660 

Figure 4 Rainfall duration vs. cumulated event rainfall (D,E) conditions that have resulted in 661 

shallow landslides in Calabria (blue dots), and related ED threshold at the 5% 662 

exceedance probability level. Inset shows the threshold in linear coordinates. Shaded 663 

areas show uncertainties associated to the threshold.  664 

Figure 5 Variation of the threshold model parameters (α and γ) and of their uncertainties (Δα and 665 

Δγ) as a function of the number of events n, for the 1% and the 5% exceedance 666 

probability levels. In the left plots, black dots show the average values of α (A, C) and γ 667 

(E), and the coloured bars show the relative variations. In the right plots, coloured 668 

squares represent the values of Δα (B, D) and Δγ (F), and the blue lines are best fits 669 

(linear regression method) to the empirical data. 670 

Figure 6 Geographical distribution of shallow rainfall-induced landslides (white dots) in 671 

Calabria, in the 16-year period from January 1996 to September 2011, superimposed on 672 

maps of different environmental factors. Histograms show the number and the 673 

proportion of shallow landslides for each factor class. (A) Lithological domains: CC, 674 

carbonate rocks; FD, flysch deposits; MC, metamorphic and crystalline rocks; PO, post-675 

orogenic sediments. (B) Soil regions: SR1, Pollino range and neighbouring hills; SR2, 676 
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northern Ionian coastal zone; SR3, coastal hills and plains; SR4, Sila, Serre and 677 

Aspromonte ranges. (C) Rainfall regions: T, Tyrrhenian region; C, Central region; I, 678 

Ionian region. (D) Civil Protection alert regions: TAR, Tyrrhenian alert region; IAR, 679 

Ionian alert region.  680 

Figure 7 Rainfall duration vs. cumulated event rainfall (D,E) conditions that have resulted in 681 

shallow landslides in Calabria for different environmental factors. (A) Four lithological 682 

domains. (B) Four soil regions. (C) Three rainfall regions. (D) Two Civil Protection 683 

alert regions. See Fig. 6 for location of the environmental factors and for colour 684 

legends. 685 

Figure 8 Rainfall duration vs. cumulated event rainfall (D,E) conditions that have resulted in 686 

shallow landslides in Calabria between January 1996 and September 2011 for the April-687 

October seasonal period (A-O, light blue dots) and for the November-March seasonal 688 

period (N-M, dark grey dots). Bar charts show the number of events per month (left), 689 

and the percentage of events for different durations (right), for the two periods. 690 

Figure 9 Frequency of (A) the cumulated event rainfall and (B) the duration of the events, for the 691 

Tyrrhenian and the Ionian alert regions. (C) Monthly distribution of landslides in the 692 

two alert regions. 693 

Figure 10 Rainfall duration vs. cumulated event rainfall (D,E) conditions that have resulted in 694 

shallow landslides in Calabria in the Ionian alert region (orange dots) and in the 695 

Tyrrhenian alert region (red dots), and related ED thresholds at the 5% exceedance 696 

probability levels (T5,IAR and T5,TAR). Inset shows the thresholds in linear coordinates. 697 

Shaded areas show uncertainties associated to the thresholds. 698 

Figure 11 Cumulated event rainfall – rainfall duration (ED) thresholds for shallow landslide in 699 

Calabria: T5,C (line 1), T5,TAR (line 2), T5,IAR (line 3), T5,Cal (line 4). T5,Cal is the 5% 700 

frequentist threshold proposed for Calabria by Brunetti et al. (2013). T5,AMU (line 5) is 701 

the 5% frequentist threshold proposed for Abruzzo, Marche and Umbria (central Italy) 702 

by Peruccacci et al. (2012). Black line 6 is the global threshold for debris flow 703 

occurence of Innes (1983). Black line 7 is the global threshold of Kanji et al. (2003). 704 

Bar chart shows number of rainfall events that have resulted in landslides in different 705 

study areas in Italy. Equations for the thresholds are listed in Table 2. 706 


