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Abstract 12 

 13 

Despite various methodologies proposed in the last decades, there are still no 14 

standard for estimating landslide hazard. Consequently, practical applications for 15 

territorial management have to assimilate in a single cartography information obtained 16 

at local level with different methods, with negative consequences on the quality of 17 

derived products. Here we proposed a new methodology - based on well-established 18 

hazard matrices - to assess landslide hazard, which starts from a landslide inventory, 19 

and introduces a new method for estimating the landslides frequency. We apply this 20 

new method to three landslide inventories compiled with increasing detail. They are: 21 

(i) a basic-historical inventory, (ii) a generational-historical inventory (a detailed version 22 

of a simple historical inventory), (iii) and a composite multi-temporal inventory (which 23 

includes the generational-historical inventory plus the multi-temporal inventory). 24 

Results are then compared each other, and to independent measures from Persistent 25 

Scatterer Interferometry. Our results highlight the importance to base landslide hazard 26 

analysis on a generational-historical inventory that adequately characterizes the 27 

complexity of landslide clusters, whereas indicate that multi-temporal mapping is not 28 

decisive for the purpose. Overall, our procedure puts landslide mapping back at the 29 

center of the hazard assessment chain, raising questions on the reliability and 30 

availability of landslide inventory maps. 31 

1. Introduction 32 

Landslide hazard can be defined as the probability that in a given area a landslide of 33 

a given intensity (or magnitude) occurs in a given period of time (see e.g. Varnes, 34 

1984; Guzzetti et al., 1999). Various methodologies have been proposed for landslide 35 

hazard estimation, including qualitative matrix (BUWAL, 1999), geomorphological 36 

approach (Canuti & Casagli, 1996), quantitative statistical (Guzzetti et al. 2007) or a 37 

combination of multiple and mixed methods (Trigila et al., 2018). All methodologies 38 

are based on landslide inventories and consider parameters such as type of 39 

movement and state of activity. Each of these methods has strengths and 40 

weaknesses.  41 
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The qualitative matrix methods consider the landslide polygons recorded in an 42 

inventory and are based on a different number of parameters spanning from one 43 

(e.g.,state of activity), two (e.g. state of activity and type of movement), or more (e.g. 44 

spatial probability of occurrence, the estimated velocity and the size of landslides (e.g. 45 

Cardinali et al., 2002). The qualitative matrix methods offer the advantage of being 46 

replicable and grounded in simplified schemas, but as main limitation classify only 47 

areas already affected by landslides. 48 

The geomorphological methods classify the slopes based on geomorphological and 49 

geological characteristics (e.g. ongoing landslide phenomena, morphological 50 

indications of instability, lithologies with a high propensity to landslides). The 51 

advantage of these methods is the classification of the entire investigated territory, but 52 

they suffer from an inherent subjectivity and lack quantitative information about the 53 

temporal frequency and the magnitude of the hazard. 54 

Quantitative statistical methods determine the weight of the factors that contribute to 55 

instability (e.g. steepness, lithology, land use), through bivariate or multivariate 56 

analysis. The methods have the advantage of objectivity and reproducibility of a 57 

spatially continuous determination of landslide susceptibility but present the limitation 58 

of scarcity of data on landslide temporal frequency and magnitude. As a result, many 59 

approaches do not incorporate such information in the hazard evaluation, leading to 60 

mistakenly using hazard and susceptibility terms as synonyms (Reichenbach et al., 61 

2018, Corominas et al., 2023).  62 

However, despite a wide literature (see Tyagi et al., 2022 and reference therein for an 63 

exhaustive list), there are still no standard for estimating landslide hazard, and 64 

practical applications for territorial management often have to assimilate in a single 65 

cartography information obtained at the local level with different methods. Such a 66 

process severely impacts the quality of derived cartographic products, which are often 67 

characterized by spatial inhomogeneities and questionable content, difficult to interpret 68 

and use. 69 

Cardinali at al., (2002) proposed a methodology to assess landslide hazard that starts 70 

from mapping all the existing and past landslides within a given area, i.e. by 71 

elaborating a landslide inventory map. Successively, considering the observed 72 

changes in the landslide pattern and distribution, the authors suggest a method to 73 

deduce the possible slope evolution and the expected occurrence frequency. In the 74 

approach proposed by Cardinali et al. (2002), the landslides were first mapped in a 75 

historical inventory map showing the distribution of past landslides, then elaborating a 76 

multi-temporal inventory map showing the occurrence of more recent landslides over 77 

a period of about 60 years in the study area, by using a set of stereoscopic aerial 78 

images of different periods. Although empirical and to some extent subjective, the 79 

method proposed by Cardinali et al. (2002) can provide reasonable estimates of 80 

landslide hazard in its three dimensions: (i) expected magnitude as a proxy of 81 

estimated velocity and volume; (ii) spatial occurrence expressed as evolutionary 82 

scenarios of existing landslides, and (iii) frequency of landslides as obtained from the 83 

multitemporal landslide mapping. However, this does not express the frequency of 84 

landslides older than the last 60 years, which instead - very importantly - represent 85 
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almost the entire landslide area of a territory. This circumstance poses issues 86 

regarding the representativeness of the landslide hazard obtained by this method. 87 

In this paper we approach these issues building on the method proposed by Cardinali 88 

et al. (2002) - hereinafter called original method - introducing a new method for 89 

estimating the frequency of all landslides (slow, fast and rapid) recognized over a 90 

territory. 91 

We apply this new method to three landslide inventories available for the test area 92 

(Militello Rosmarino, NE Sicily, Southern Italy), compiled by the same authors with 93 

increasing detail. They are: (i) a basic-historical inventory, (ii) a generational-historical 94 

inventory (which is a detailed version of a simple historical inventory), (iii) and a 95 

composite multi-temporal inventory (which includes the generational-historical 96 

inventory plus the multi-temporal inventory). The goal of this study is to investigate 97 

how the different landslide inventory maps may influence the assessment of landslide 98 

hazard and establish under which conditions the estimation of landslide hazard can 99 

be based only on information derived from a historical landslide inventory. 100 

Compared to the original method, the new method introduce three main novelty to the 101 

hazard assessment chain: (i) the preliminary evaluation of the informative content of 102 

the available landslide inventory maps; (ii) the generational criterion in the landslide 103 

frequency estimation; (iii) the use of the information derived from the ground motion 104 

time series as obtained through the persistent scatterers (PS) technique (see e.g. 105 

Ferretti et al. 2000; 2001; Colesanti et al., 2003; Bianchini et al., 2015) to compare the 106 

hazard estimation to independent measures. While the first two methodological 107 

advances concern all landslides, the comparison with PS data concerns only slow-108 

moving landslides. However, it is worth mentioning that slow-moving landslides 109 

(typically slides and complex landslides) are the most abundant, at local (about 80% 110 

of total landslides number, according to this work), national and continental scale 111 

(about 70% of total landslides number in Italy and Europe, according to Trigila et al., 112 

2021 and Herrera et al., 2017) and for this reason they deserve a specific focus in this 113 

contribution. Finally, we discuss the impact of our results on the landslide hazard 114 

estimation of the investigated area, providing a scientifically rigorous methodological 115 

framework potentially reproducible in any geomorphological context. 116 

 117 

2. Study area 118 

We chose as a study area the village of Militello Rosmarino (NE Sicily, Southern Italy) 119 

and its surroundings (Figure 1b), located in the Nebrodi Mountains of the Messina 120 

province, which are part of the Apennine-Maghrebian orogenic chain (e.g., Bosellini et 121 

al., 2017). This region is characterized by a highly complex geological framework, with 122 

outcrops of terrigenous, calcareous, and metamorphic rocks (e.g., Cimino et al., 1998; 123 

Cubito et al., 2005; Bianchini et al., 2015; Ruggieri, 2022). The study area covers 124 

approximately 2 km² and encompasses anthropic settlements bordered by agricultural 125 

zones, forested areas, and semi-natural landscapes. The area is particularly 126 

susceptible to landslides, including rockfalls, debris flows, complex landslides, and 127 

https://doi.org/10.5194/egusphere-2025-2096
Preprint. Discussion started: 21 May 2025
c© Author(s) 2025. CC BY 4.0 License.



 

4 

both shallow and deep-seated slides. These phenomena are primarily driven by the 128 

steep topography, the nature of the local lithologies and the morpho-structural setting, 129 

and the occurrence of very intense seasonal rainfall events (e.g., Mondini et al., 2011; 130 

Ardizzone et al., 2012; Del Ventisette et al., 2012; Raspini et al., 2013; Donnini et al., 131 

2017). Figure 1c, illustrates a section of the land cover/use map at a 1:10,000 scale 132 

distributed by the Regional Authority (www.sitr.regione.sicilia.it) highlighting that the 133 

eastern part of the study area exposes rock outcrops, while a north-south-oriented 134 

broad riverbed delineates the eastern boundary. Figure 1d, which was generated 135 

using the 1:100,000 scale lithological map of Italy by Bucci et al. (2022), indicates the 136 

predominance of carbonate rocks in the eastern sector of the study area, associated 137 

elsewhere by siliciclastic formations such as sandstone, mudstone, and greywacke, 138 

alongside clastic deposits. 139 

3. Data 140 

To evaluate the landslide hazard within the study area, different input data were used: 141 

(i) a set of stereoscopic images (Table 1), (ii) basic-historical landslide inventory map, 142 

(iii) generational-historical landslide inventory map, (iv) composite multi-temporal 143 

landslide inventory map, (v) the Persistent Scatterers (PS) derived by ERS, ENVISAT 144 

and COSMO-SkyMed, (vi) the land cover/use map “Carta dell’Uso del Suolo secondo 145 

Corine Land Cover” (Figure 1c), and (vii) the 1:10,000 topographic map “Carta 146 

Tecnica Regionale” (CTR, base map of Figure 1c and 1d).  147 

 148 

149 
Fig. 1 (a) Italy, (b) Study area, (c) land cover/use and topographic maps released by Regione 150 

Siciliana at 1:10,000 scale (www.sitr.regione.sicilia.it), (d) lithology derived from the lithological 151 

map of Italy at 1:100.000 scale (Bucci et al., 2022). In (c) and (d) the boundary of the study 152 

area is highlighted in red. Base maps derived from 2m LiDAR DEM (www.sitr.regione.sicilia.it). 153 

 154 
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 155 

Table 1 Aerial photographs used in this work. GAI - IGMI = Gruppo Aeronautico Italiano (Italian 156 

Aeronautical Group) - Istituto Geografico Militare Italiano (Military Geographical Institute). 157 

SITR = Sistema Informativo Territoriale Regionale (Regional Territorial Information System) 158 

Year Period Type Format Scale Reference 

1955 Summer - Autumn Panchromatic *tiff 1:33,000 GAI - IGMI 

1977 Autumn-Winter 
(November-
December) 

Black and white *jpg 1:18,000 SITR 

1987 Spring-Summer 
(May-June) 

Coloured *jpg 1:10,000 SITR 

1997 Not specified Black and white *tiff 1:20,000 SITR 

2005 Spring - Summer Panchromatic *tiff 1:29,000 IGMI 

2013 Not specified Coloured  *ecw 1:10,000 SITR 

 159 

3.1 Stereoscopic images 160 

The stereoscopic aerial photographs of the study area were chosen considering a time 161 

interval of ~10 years between each flight over the period 1955-2013 (Table 1). 162 

The 1955 and 2005 images were acquired by IGMI (Istituto Geografico Italiano, Italian 163 

Military Geographical Institute; www.igmi.org). Specifically, the 1955 images are from 164 

GAI-IGMI (GAI=Gruppo Aeronautico Italiano, Italian Aeronautical Group). The 1977, 165 

1987, 1997, and 2013 images were released by Regione Siciliana - SITR (Sistema 166 

Informativo Territoriale Regionale, Regional Territorial Information System;  167 

www.sitr.regione.sicilia.it) with authorization 2020-E-28511. 168 

 169 

3.2 Landslide inventory maps 170 

In this work we use three different landslide inventory maps, covering the same study 171 

area with increasing detail: 172 

(ii) basic-historical landslide inventory map,  173 

(iii) generational-historical landslide inventory map,  174 

(iv) composite multi-temporal landslide inventory map. 175 

The basic-historical inventory map, the less detailed inventory, was obtained by the 176 

interpretation of the aerial photographs sets acquired in 1955 and 2005. Both sets 177 

were used because comparing the appearance of the landscape in different periods 178 

can reduce uncertainty in the interpretation. Landslides mapped on each of the two 179 

flights were classified as “pre-1955” and occurred in uncertain historical periods. The 180 

                                                
1 The images are owned by the Sicilian region released on 04/12/2020 with document No. 2020-E-
2851 (elemento di proprietà della Regione Siciliana ceduto in data 04/12/2020 al N. 2020-E-2851) 
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interpretation was performed by using analogic “discussion” stereoscopes with lenses 181 

and mirrors, with double zoom capability. Landslide polygons were reported visually 182 

on a topographic base map at a scale of 1:25,000 (Santangelo et al., 2015; Bucci et 183 

al., 2016).  184 

The generational-historical inventory map was prepared through systematic visual 185 

interpretation of the same images used for the basic-historical inventory and contains 186 

detailed information on the overlapping of landslides of different generations (up to 187 

three generations). In such contexts, the relative age of the landslides was assigned 188 

based on morphological evidence and cross cutting relationships of the failures (Bucci 189 

et al., 2021; Ardizzone et al., 2022). Such a generational classification approach is 190 

therefore valid only within the same landslide cluster and not among clusters, defining 191 

a cluster as a system of partially or totally overlapping landslides. The stereoscopic 192 

analyses were performed in digital mode with the use of 3D vision glasses associated 193 

with a dual-screen computer where StereoPhoto Maker4 (https://stereo.jpn.org) and 194 

QGIS (www.qgis.org) were installed. Compared to the analogic stereoscopes 195 

described earlier, StereoPhotoMaker allows for a continuous zoom up to 250%, which 196 

corresponds to a scale <1:1000 on the aerial photographs used. Landslides were 197 

reported directly on a 2m LiDAR DEM distributed by Regione Siciliana. 198 

The composite multi-temporal inventory is based on the generational-historical 199 

inventory and includes all the recent landslides occurred during the period ranging 200 

from 1954 and 2013, covered by the six aerial photographs sets shown in Table 1. In 201 

the multi-temporal landslide inventory map: landslides are classified as 1955, 1977, 202 

1987, 1997, 2005, and 2013 if interpreted as occurred close to the image acquisition 203 

time, otherwise they were classified as occurred in the interperiod 1955-1977, 1977-204 

1987, 1987-1997, 1997-2005, 2005-2013 based on the evidence of geomorphological 205 

changes. Interpretation and mapping were carried out as for the generational-historical 206 

inventory.   207 

Figure 2 shows the three landslide inventory maps, with landslides classified 208 

according to their age (Figures 2a, 2c, 2e) and type (according to Hungr et al., 2014; 209 

Figures 2b, 2d, 2f and Section A.1 of the ancillary materials). Figure 2b, 2d, 2f show 210 

that, when possible, for each landslide the deposit was mapped separately from its 211 

source area (i.e. scarp, coded with an “x” preceding the type code). Visual inspection 212 

of Figure 2 shows that the most abundant landslide type is slide (s), and that rockfall 213 

(rf) and rockfall areas (rfa) are present in the eastern sector of the study area where 214 

outcropping rocks are present (Figure 1c).  215 

Landslide number increases from the basic-historical inventory to the composite multi-216 

temporal inventory. Overall, Figure 2 shows that the landslides that occurred after 217 

1955 recognized by the multi-temporal landslide inventory map are a small percentage 218 

of all landslides recognized in the other maps, and that they almost entirely fall into 219 

areas already affected by previous mass movements. Such a trend is expected 220 

considering that geomorphological historical inventories refer to time spans that are at 221 

least three orders of magnitude larger than multi-temporal inventories. 222 

 223 
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 224 
Fig. 2 Basic-historical (Pre-1955) landslide inventory map with landslides classified according 225 

to (a) their relative age, and (b) type. Generational-historical (Pre-1955) landslide inventory 226 

map with landslides classified according to (c) their relative age, and (d) type. Composite multi-227 
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temporal landslide inventory map with landslides classified according to (e) their relative age, 228 

and (f) type. Base map derived from 2m LiDAR DEM (www.sitr.regione.sicilia.it).  229 

 230 

3.2.1 Informative content of landslide inventory maps 231 

 232 

To evaluate the informative content of the basic-historical and generational-historical 233 

inventories, we compared them with two recently compiled inventories from southern 234 

Italy, i.e. Daunia and Val d’Agri (Ardizzone et al., 2022; Bucci et al., 2021), where 235 

lithologies and landscapes similar to our study area occur (Bucci et al., 2022). We 236 

consider two catchment-scale, less than 10 km2 wide, subsets of these inventories to 237 

serve as comparison with the inventories over our study area, since their high level of 238 

detail meets the standards required for catchment-scale hazard analysis (Zumpano et 239 

al., 2021). 240 

The results of the comparison are shown in Table 2. The comparative table is 241 

composed by rows listing materials and methods used, and includes data on the 242 

informative content of the inventories, such as the maximum number of landslide 243 

generations recognized, the size of the smallest landslide and the adopted 244 

cartographic scale (i.e. publication scale).  245 

Table 2 shows that, despite the similar scale of aerial photographs used for all 246 

inventories (~1:30,000), the level of detail in photo-interpretative analysis varies 247 

significantly, leading to different outcomes. For instance, the basic-historical inventory, 248 

compiled using analog stereoscopes with a maximum 3× zoom, lacks the precision 249 

achievable with digital stereoscopes that offer continuous zoom. A more detailed 250 

analysis enables the identification of more landslides, including smaller ones, and a 251 

greater number of landslides generations. 252 

Additionally, high-resolution LiDAR-derived topography allows for more accurate 253 

representation (i.e. position, size, shape, Santangelo et al., 2015) of small landslides 254 

at scales larger than 1:10,000. Table 2 further indicates that the generational-historical 255 

inventory aligns more closely with reference inventories in qualitative metrics, whereas 256 

the basic-historical inventory shows notable discrepancies. 257 

 258 

 259 

 260 

 261 

 262 

 263 

 264 

 265 

 266 

 267 

 268 

 269 
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Table 2 Comparison of the informative content, materials and methods used for the examined 270 

basic-historical and generational-historical inventories with those used as reference. 271 

 Reference inventories Examined inventories 

 Historical 
Val d’Agri 

Historical 
Daunia 

basic-historical generational

-historical 

Scale of aerial photos 1:34,000 1:30,000 1:29,000 1:29,000 

Digital stereoscope Yes Yes No Yes 

Continuous zoom Yes Yes No Yes 

Observation scale at max 
zoom 

1:2,500 1:2,000 1:7,500 1:2,000 

Size of the study area (km2) 5.7 7.7 2 2 

Total landslides number 124 145 22 44 

% slow moving landslides  63% 78% 78% 79% 

% rapid landslides 9% 22% 9% 5% 

% fast moving landslides 30% 0.0% 13% 16% 

% slow moving landslides area 79% 86% 94% 95% 

% rapid landslides area 10% 14% 1% 1% 

% fast landslides area 11% 0.0% 5% 4% 

Landslide density (#lnds/Km2) 20 19 11 22 

Max number of landslide 
generations in map 

4 4 2 3 

Drawing on HR lidar derived 
topography 

Yes Yes No Yes 

Drawing scale multiple multiple 1:15,000 multiple 

Size of the smallest element in 
map (m2) 

100  25  400  100 

Publication scale 1:10,000 1:5,000 1:20,000 1:10,000 

Purpose of the study application application knowledge application 

 272 

 273 

 274 

 275 
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3.3 Persistent scatterers 276 

The persistent scatterers (PS) technique is widely used for detection of slow-moving 277 

landslides at medium-large scales (from 1:100,000 to 1:5,000, see e.g. Fell et al., 278 

2008; Cigna et al., 2013) in urbanized and artificial areas where PS benchmarks are 279 

often abundant (Bianchini et al., 2012). However, high PS density values are also 280 

found in correspondence with rocky outcrops, cones and debris covers with absent or 281 

sparse vegetation (Riddick et al., 2012), which is a fairly widespread condition in our 282 

study area. 283 

In this paper we used PS data, namely SAR data in C-band from ERS (observation 284 

period 1992-2001), and ENVISAT (observation period 2003-2010) satellites, that has 285 

been demonstrated to be a valuable tool for back-monitoring slow-moving landslides, 286 

with good accuracy (up to 1 mm/year) and maximum detectable movement of about 287 

20 mm/year (Hanssen, 2005; Cascini et al., 2010; Cigna et al., 2013).  288 

Moreover, we also used the PS derived from the SAR sensors in X-band of COSMO-289 

SkyMed satellites (observation period 2011-2012), with higher spatial resolution and 290 

reduced revisiting time compared to the C-band satellites, allowing the identification 291 

of more recent and faster ground movements affecting small areas with improved 292 

precision (see Bianchini et al., 2015 and references therein).  293 

PS data were obtained as part of the DORIS (Ground Deformation Risk Scenarios: an 294 

advanced Assessment Service) project, an integrated Seventh Framework Program 295 

project of the European Commission (www.doris-project.eu). 296 

Overall, PS data cover a period of 20 years without significant interruptions offering a 297 

continuous time series of ground motion over the study area. 298 

 299 

3.4 Land cover/use and topographic maps 300 

The land cover/use map “Carta dell’Uso del Suolo secondo Corine Land Cover” 301 

(Figure 1c) was defined according to the criteria of the CORINE LAND COVER,  302 

(Corine Land Cover, 2021) and was released in vector format by the Regione Siciliana 303 

at 1:10,000 scale (www.sitr.regione.sicilia.it), as the topographic map  (“Carta Tecnica 304 

Regionale” at 1:10.000 scale, base map of Figure 1c and 1d). 305 

 306 

4. Method 307 

In this work we use three different landslide inventory maps, (see Section 3.2), to 308 

define landslide hazard by applying a modified version of the approach proposed by 309 

Cardinali et al. (2002) (Figure 3), a heuristic approach that evaluates landslide hazard 310 

through the definition of scenarios named Landslide Hazard Zones (LHZs), defined as 311 

areas of possible (or probable) evolution of existing landslides with similar 312 

characteristics (i.e. of type, volume, depth, and velocity; Section A.2 of the ancillary 313 

materials). While Cardinali et al. (2002) did not classify pre-1955 landslides by 314 

generational criteria in the composite multi-temporal inventory map, the methodology 315 
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proposed here includes such a classification. The new method is applied to each of 316 

the three inventories and results are compared with the original method proposed by 317 

Cardinali et al. (2002). 318 

  319 

 320 

 321 
Fig. 3 Flow-chart of the methodology proposed in the paper. Black lines/polygons represent 322 

the logical processes already presented in Cardinali et al. (2002), while red lines/polygons 323 

represent those proposed in this paper. Yellow boxes represent the procedures where 324 

mapping is involved, cyan boxes represent those applied within the mapped areas.  325 

 326 

The black and red lines/polygons of Figure 3 represent the logical processes already 327 

presented in Cardinali et al. (2002) (black lines/polygons) and those proposed in this 328 

paper (red lines/polygons). The yellow boxes represent the procedures where 329 

mapping was involved, whether for the study area definition (Section 2), landslide 330 

inventories preparation (Section 3.2), and Landslide Hazard Zones (LHZs) 331 
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delimitation. The cyan boxes represent the procedures applied within the defined 332 

areas, i.e. (i) the evaluation of the landslide inventory maps, (ii) the landslide intensity 333 

definition, (iii) the landslide frequency counting, (iv) the landslide hazard assessment, 334 

(v) and the landslide and LHZs comparison with the persistent scatterers information. 335 

Each of the previous steps is discussed below. 336 

 337 

4.1 Landslide intensity definition 338 

According to Cardinali et al. (2002), landslide intensity as a proxy of landslides 339 

destructive capacity can be considered a function of landslide volume and expected 340 

velocity. It can be expressed through a positional index (Figure 4) in which, starting 341 

from the left, the first digit refers to the estimate of the landslide volume discretized in 342 

four classes (from 1 to 4), and the second digit expresses the expected landslide 343 

velocity discretized in three classes (1: slow, 2: rapid, 3: fast). Slides and slide-flows 344 

belong to slow landslides; debris-flows belong to rapid landslides; and rockfalls are 345 

considered fast landslides. Flows can be considered both slow and rapid, to take into 346 

account the high expected variability of the flow velocity. The magnitude of rockfall (rf) 347 

and rockfall areas (rfa) is measured by the volume of the maximum expected boulder 348 

involved, which can be estimated through images interpretation and/or field survey.  349 

Figure 4 shows the grouping and ranking of all the possible values of landslide 350 

intensity in four classes: low, medium, high, very high (Section A.3 of the ancillary 351 

materials). 352 

 353 

 354 
Fig. 4 Definition of landslide intensity, modified from Cardinali et al. (2002). 355 

4.2 Landslide frequency counting 356 

According to Cardinali et al. (2002), landslide frequency is defined in each LHZ by 357 

counting (i) the number of periods of the multi-temporal inventory in which at least one 358 

landslide has been recognised, (ii) landslides that occurred before the first period (i.e. 359 

pre-1955 in this study) as a single time step, even if belonging to different generations. 360 

So, for instance, if for a given intensity in a given LHZ there are two landslides pre-361 

1955, or two landslides in 1976 (Figure 5d), the overall frequency in both the cases 362 
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would be 1 (Figure 5f), while the frequency would be 2 in the case of a LHZ containing 363 

one landslide in 1976 and one landslide in 2005 (Figures 5d, 5f).  364 

Here, we extend the count of the number of events also to landslides that occurred 365 

before the first flight available, i.e., during an undefined time period. In the same 366 

conditions as the previous example, the overall frequency would be 1 only for the LHZ 367 

containing the two landslides occurring in 1976, in a single time step, while would be 368 

2 in the other two cases (Figures 5d, 5e).  369 

The choice not to count all the landslides of each temporal layer except that 370 

antecedent the first flight available refers to the fact that it is very unlikely that 371 

landslides occurred before the first image belong to the same event, as opposed to 372 

the landslides recorded in the multi-temporal time steps. 373 

Inspection of Figure 5 shows that, compared to the original method, the new method 374 

proposed in this work assigns a higher frequency value to a given LHZ only where 375 

multiple pre-1955 landslides were recognised, regardless of their generation. 376 

Finally, the new method always considers the LHZs related to rockfall and rockfall area 377 

with the highest frequency, thus recognizing the high recurrence, often seasonal, of 378 

such events that contribute to maintaining the morphological freshness of source 379 

areas and talus. 380 

Similarly to the intensity classes, the frequency value enters the positional index as 381 

the first digit on the left: 1 (low frequency - one event), 2 (medium frequency - two 382 

events), 3 (high frequency - three events), and 4 (very high frequency - four or more 383 

events).  384 
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 385 

 386 
Fig. 5 Comparison of the original method and the new method of landslide frequency counting 387 

applied to a hypothetical landslide cluster for the composite multi-temporal (d, e, f) and the 388 

generational-historical (a, b, c) inventories. 389 

4.3 Landslide hazard assessment 390 

Table 3 shows the hazard index composed by three digits. From the left, the first digit 391 

refers to frequency, the second to the magnitude and the third to the velocity (these 392 

last two expressing the intensity). Therefore, a LHZ with a hazard index of 321 is 393 

characterized by a high frequency (3) and a medium intensity (21). The theoretical 394 

values of the hazard index of Table 3 can then be ranked and grouped in hazard 395 

classes according to several criteria that should be discussed with decision makers. 396 

Since from this point on the procedure will follow the same approach described by 397 

Cardinali et al., (2002), grouping the indices in hazard classes is not proposed.  398 

 399 

Table 3 Definition of LHZ hazard class, modified from Cardinali et al. (2002) 400 

     Intensity 

     11/12/13 

(low) 

 21/22/23 

(medium) 

 31/32/33 

(high) 

 41/42/43 

(very high) 

Frequency  100 (low)  111/121/113 121/122/123  131/132/133  141/142/143  

 200 (medium)  211/212/213  221/222/223  231/232/233  241/242/243 
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 300 (high)  311/312/313  321/322/323  331/332/333  341/342/343 

400 (very high)  411/412/413  421/422/423  431/432/433  441/442/443 

 401 

4.4 Landslides and LHZs comparison with Persistent Scatterers (PS)  402 

 403 

In the study area, PS data were treated as follows: (i) overlapped to the land use/cover 404 

map to verify their actual coverage; (ii) classified based on the absolute values of their 405 

average velocity (mm/y) to avoid negative values and to distinguish stable (close to 0) 406 

and unstable points, independently from the acquisition orbit; (iii) used, through a 407 

kernel density estimation, to create a density map based on the number of points in a 408 

location, weighted by the velocity attribute field, to highlight clusters of moving points 409 

to be compared with the mapped landslides; (iv) used within individual LHZ of slow 410 

moving landslides to generate contour layers based on the velocity attribute field. 411 

Where available, such information was compared to the frequency component of the 412 

hazard matrix associated with LHZ of slow-moving landslides, to verify spatial 413 

correlation between LHZ with frequency larger than 1 and unstable areas identified by 414 

PS data.  415 

5. Results 416 

5.1 Landslide intensity evaluation 417 

The landslide intensity is shown in Figures 6 for the basic-historical inventory, in 418 

Figures 7 for the generational-historical inventory and in Figure 8 for the composite 419 

multi-temporal inventory. Figure 9 shows a synthesis of the differences in the number 420 

of landslides recorded in the three inventories. 421 

In Figures 6-8, the first four columns display landslides (filled polygons) overlaid on 422 

their corresponding LHZs (outlined polygons), categorized by movement velocity — 423 

slow, rapid, and fast — and classified by intensity (low, medium, high, very high; see 424 

Section 4.2). The last column presents the LHZs with all intensity levels overlapped. 425 

As illustrated in Figures 6-8, in all the inventories, LHZs for slow landslides are the 426 

most abundant and vary significantly in size. In contrast, LHZs for fast and rapid 427 

landslides are less frequent and cover smaller areas. 428 

Comparison of Figures 7, 8 shows that the contribution of the multi-temporal 429 

component of the composite multi-temporal inventory is limited to low intensity and low 430 

velocity landslides. 431 

A closer examination reveals that slow landslides (Figures 6b–d, and Figures 9a-d) 432 

are less represented in the basic-historical inventory compared to the generational-433 

historical (Figure 7b-d) and the composite multi-temporal inventory (Figures 8b–d). 434 

Furthermore, slow landslides of low intensity are predominantly identified within the 435 

composite multi-temporal inventory than in the remaining inventories (Figures 6a, 7a, 436 
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and 8a, 9a). In addition, while all the inventories recognize high-intensity fast 437 

landslides, the generational-historical and the composite multi-temporal inventory 438 

records a greater extent of such failures, while a greater event number is reported by 439 

the composite multi-temporal inventory (Figure 6h, 7i, 8l, and 9h). In addition, both 440 

the generational-historical and the composite multi-temporal inventories also report 441 

slow landslides partially or entirely overlain by fast ones, a common geomorphological 442 

pattern in the study area often unnoticed in the basic-historical inventory. This 443 

discrepancy becomes particularly evident when comparing Figures 6c, 7c, and 8c, 444 

where landslides-free areas in Figure 6c correspond to landslide bearing areas in 445 

Figure 7c and 8c, as well as to fast landslides in Figures 6h, 7i, and 8i. Furthermore, 446 

it is worth noting that rapid landslides are consistently scarce across all inventories. 447 

Finally, as shown in Figures 6–8, the empty cells in the matrices represent specific 448 

magnitude/velocity combinations that are absent from the analysed inventories. This 449 

suggests that the morphological evolution of slopes in the study area is largely 450 

controlled by slow-moving landslides of varying magnitudes, along with high-451 

magnitude fast landslides.  452 

 453 

 454 
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 455 
Fig. 6 Basic-historical landslide inventory (Figures 2a, 2b). Landslides (filled polygons) and 456 

LHZs (empty polygons) for slow, rapid and fast landslides classified according to their intensity 457 

(low=green, medium=yellow, high=orange, very high=red). The numbers in the bottom right 458 

corner of each map represent the landslide intensity defined according to Section 4.2. Base 459 

map derived from 2m LiDAR DEM (www.sitr.regione.sicilia.it). 460 

 461 

 462 
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 463 
Fig. 7 Generational-historical landslide inventory (Figures 2c, 2d). Landslides (filled 464 

polygons) and LHZs (empty polygons) for low, rapid and fast landslides classified according 465 

to their intensity (low=green, medium=yellow, high=orange, very high=red). The numbers in 466 

the bottom right corner of each map represent the landslide intensity defined according to 467 

Section 4.2. Base map derived from 2m LiDAR DEM (www.sitr.regione.sicilia.it). 468 
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 469 
Fig. 8 Composite multi-temporal landslide inventory (Figures 2e, 2f). Landslides (filled 470 

polygons) and LHZs (empty polygons) for low, rapid and fast landslides classified according 471 

to their intensity (low=green, medium=yellow, high=orange, very high=red). The numbers in 472 

the bottom right corner of each map represent the landslide intensity defined according to 473 

Section 4.2. Base map derived from 2m LiDAR DEM (www.sitr.regione.sicilia.it). 474 
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 475 
Fig. 9 Number of landslides classified according to their intensity (low, medium, high, very 476 

high) and velocity (low, rapid, and fast) recognized considering the basic-historical, the 477 

generational-historical, and the composite multi-temporal landslide inventories (see Figures 478 

6-8). 479 

 480 

5.2 Landslide frequency evaluation 481 

Figures 10-12 show the results of the landslide frequency estimation, for slow, rapid 482 

and fast landslides, respectively. Figure 10i-p clearly shows that the frequency values 483 

of LHZs for slow landslides of all the intensity classes increase from the original 484 

(Figures 10m-p) to the new (Figures 10i-l) counting method, both applied to the 485 

composite multi-temporal inventory, except for the low-intensity LHZs (Figure 10i, m), 486 

which are based on the distribution of post-1955 landslides in the composite multi-487 

temporal inventory (Figure 9a). Figure 10 also compares the frequency values of 488 

LHZs derived from the generational-historical and the basic-historical inventories, as 489 

computed with the new method. The increased mapping detail increases the 490 

frequency values of landslides within most LHZs as well as their spatial coverage.  491 

Figure 11 shows that, in our case study, switching between inventories frequency 492 

counting methods does not impact the (negligible) role of rapid landslides in the hazard 493 

assessment.  494 
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Finally, Figure 12 shows that the new method considers the highest frequency (4, very 495 

high) for fast landslides LHZs in the southern part of the study area, as opposed to the 496 

original method which counts a lower frequency (3, high), as derived from the 497 

multitemporal inventory map. This is consistent with the specific condition posed by 498 

the presence of rockfall areas, which are assumed to be subject to the highest 499 

frequency value in case of unavailability of multi-temporal information (i.e. having only 500 

a historical inventory map). 501 

 502 
Fig. 10 Landslide frequency for slow landslides LHZs estimated considering (i) the original 503 

method (m, n, o, p), and (ii) the new method applied to the composite multi-temporal (i, j, k, l), 504 

https://doi.org/10.5194/egusphere-2025-2096
Preprint. Discussion started: 21 May 2025
c© Author(s) 2025. CC BY 4.0 License.



 

22 

generational-historical (e, f, g, h) and basic-historical inventories (a, b, c, d). The numbers in 505 

the bottom right corner of each map represent the landslide intensity defined according to 506 

Section 4.2. Base map derived from 2m LiDAR DEM (www.sitr.regione.sicilia.it). 507 

 508 

 509 
Fig. 11 Landslide frequency for rapid landslides LHZs estimated considering (i) the original 510 

method applied to the composite multi-temporal inventory (c, d), and (ii) the new method, 511 

applied to the generational-historical (b) and basic-historical (a) inventories. The numbers in 512 

the bottom right corner of each map represent the landslide intensity defined according to 513 

Section 4.2. Base map derived from 2m LiDAR DEM (www.sitr.regione.sicilia.it). 514 
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 515 
Fig. 12 Landslide frequency for fast landslides LHZs estimated considering (i) the original 516 

method (applied to the composite multi-temporal inventory, bottom row), and (ii) the new 517 

method, applied to the generational-historical and basic-historical inventories. The numbers in 518 

the bottom right corner of each map represent the landslide intensity defined according to 519 

Section 4.2. Base map derived from 2m LiDAR DEM (www.sitr.regione.sicilia.it). 520 

 521 

5.3 Ground motion of landslide polygons in potential reflective areas 522 

The potential reflective area, indicated by the green polygon in Figure 13a, is derived 523 

by the land cover/use map released by Regione Siciliana (see Section 3.4), 524 

considering and merging the following classes: (i) residential areas, villages and 525 

buildings; (ii) roads and road infrastructure; (iii) arid grasslands, junipers, garrigue; (iv) 526 

low shrubland with cistus, rosemary, and mediterranean sclerophyllous plants; (v) bare 527 

rocks, cliffs, streams and alluvial beds.  528 

Out of the 4560 PS from ERS, ENVISAT and COSMO-SkyMed in the study area, 98% 529 

fall within the potential reflective area, accounting for 52% of the study area.  530 

In Figure 13a the ground motion signal is represented according to the absolute value 531 

of the velocity of each PS (see Section 4.5). Inspection of the figure shows: (i) a 532 

predominantly stable area corresponding to the village of Militello Rosmarino (See 533 

“anthropic surfaces” in Fig 1c), where most PS exhibit velocity (VPS) values below 1 534 

mm/yr; (ii) a moderately unstable area (1 < VPS < 5 mm/yr) along the eastern boundary 535 
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of the study area; and (iii) a highly unstable area (VPS>12 mm/yr) in the western and 536 

southern sectors of the study area, where part of the built-up area is developed. 537 

In Figure 13b, PS data weighted by the velocity attribute field are displayed as a 538 

density map, computed using a 30 m radius moving window, and are overlaid onto the 539 

composite multi-temporal inventory, classified by landslide age. The figure shows that 540 

the highest PS density clusters are located within pre-1955 landslides, predominantly 541 

of the second and third generation, in the southwestern part of the study area. 542 

Conversely, PS density clusters show poor spatial correlation with post-1955 543 

landslides. 544 

 545 

 546 
Fig. 13 (a) PS movement (www.doris-project.eu) overlapped to a potentially reflective area 547 

elaborated from the 1:10,000 scale land cover/use map (www.sitr.regione.sicilia.it), (b) PS 548 

density overlapped to the composite multi-temporal landslide inventory map. Base map 549 

derived from 2m LiDAR DEM (www.sitr.regione.sicilia.it). 550 

6. Discussion 551 

The main novelty of the workflow to assess landslide hazard proposed in this paper 552 

(see Figure 3) is the use of a generational-historical landslide inventory as base map, 553 

instead of a multi-temporal one as requested by the original method of Cardinali et al. 554 

(2002). The rationale supporting this proposal derives from the widely verified 555 

observation that landslides occur where they have already occurred in the past (i.e., 556 

legacy effect, see e.g. Samia et al., 2017a; 2017b) and that evidence of landslides 557 

recurrence seems to be already embryonic in a historical inventory map drawn with 558 

generational criteria. What is missing in a historical inventory is a clearly defined time 559 

window for observing landslide recurrence. 560 

Looking at the case study presented in this paper and shown in Figure 2, we only can 561 

affirm that: (i) all the landslides occurred before 1955, (ii) they are all recognizable 562 

without significant modification in the 2005 air photos (see Section 5.1), (iii) and they 563 

evolved through subsequent generations, partially or totally overlapping to the first 564 
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failures. Therefore, considering that there are no noticeable changes in the 565 

appearance of the pre-1955 landslides between the photos of 1954 and 2005, the 566 

reasonable assumption we make in our procedure is to consider also valid today and 567 

for the next future the evolutionary trend recognized for the pre-1954 landslides 568 

through generational mapping.  569 

In the case study, results suggest that, except for small and shallow landslides, multi-570 

temporal mapping is not decisive for the definition of the hazard, and may therefore 571 

be skipped, with positive consequences on the efficiency of the landslide hazard 572 

estimation. Multi-temporal inventories are more demanding than historical landslide 573 

inventory maps (Guzzetti et al., 2012), the last one requiring less data (i.e. aerial 574 

photographs) and time. In addition, compiling a multi-temporal landslide inventory 575 

does not ensure high mapping detail and consequent data reliability, because it 576 

focuses only on few small recent landslides while the older landslides remain 577 

unchecked in the background and are often heterogeneously represented, affected by 578 

mapping subjectivity, dependence on the acquisition method, and incompleteness. 579 

Therefore, before proceeding to hazard estimation, a preliminary critical analysis of 580 

the available historical inventories is needed.  581 

6.1 Evaluation of landslide inventory maps  582 

Our proposed method for evaluating the historical landslide inventories is 583 

straightforward and relies on systematically collecting metadata (Table 2) and 584 

qualitatively comparing it against reference inventories. This approach ensures that 585 

inventories are not used without a clear understanding of their underlying data 586 

quality.The qualitative comparison revealed that the generational-historical inventory 587 

aligns well with reference inventories, whereas the basic-historical inventory exhibits 588 

significant discrepancies. Such differences are primarily attributable to the level of 589 

mapping detail: the basic-historical inventory, designed for broader regional 590 

assessments under resource constraints, inherently simplifies complex landslide 591 

geometries. This simplification results in fewer detected landslide generations, lower 592 

overall density of the landslide spatial distribution, and a larger value of the smallest 593 

mapped feature (i.e. an indicator of incompleteness, Guzzetti et al., 2002, Malamud et 594 

al., 2004). In contrast, the generational-historical inventory benefits from high-595 

resolution LiDAR data and photo-interpretation using advanced digital stereoscopes, 596 

which enhance the detection of landslides obscured by vegetation or subsequent 597 

slope failures. 598 

Such differences in mapping detail have direct implications for landslide hazard 599 

evaluation. A non-generational historical inventory, while capable of supporting a 600 

rough hazard assessment, is inherently limited by data gaps that can lead to 601 

underestimations of both landslide frequency and the extent of hazard zones. Thus, 602 

methodological rigour and higher mapping resolution are critical for accurate hazard 603 

analysis. 604 
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In summary, our findings underscore the importance of detailed and systematic 605 

inventory compilation. While basic inventories may provide enough information for 606 

regional knowledge, a generational approach is essential for reliable hazard 607 

evaluation, ultimately providing a more accurate basis for decision-making. 608 

6.2 Landslide hazard evaluation by using historical and multi-temporal inventory 609 

maps 610 

 611 

Unlike historical inventories, given a decadal revisit time of aerial photographs, multi-612 

temporal inventories record even small (~102 m3) volumes of material mobilized, since 613 

most of their traces remain discernible in the available images (e.g., scarps, trenches, 614 

or disruptions in land‐use patterns, e.g., Galli et al 2008, Ardizzone et al., 2024, Bucci 615 

et al., 2021, Zumpano et al., 2019). 616 

Our mapping data provides further evidence to the increasing Literature (Samia et al., 617 

2017b, Temme et al., 2020, Chen et al., 2024) that the signal of recent evolution 618 

captured by the multi‐temporal inventory tends to cluster around or inside areas of pre‐619 

existing instability as defined by the generational‐historical inventory, and, less 620 

prominently, by the non‐generational historical inventory. This observation supports 621 

our proposed frequency‐count adjustment, which refines the hazard estimation 622 

procedure by incorporating the number of landslides recorded prior to 1955 in 623 

historical inventories.  624 

Figure 14 compares the landslide frequencies estimated for slow LHZs, the prevalent 625 

zones in our study area (see Figure 10), applying both the original and the revised 626 

methods to the three available inventories.  627 

The first two columns of Figure 14 demonstrate that the revised method consistently 628 

yields more conservative estimates compared to the original method, formalizing 629 

higher frequency classes.  630 

For the landslides not captured by the multi‐temporal inventory (i.e., those 631 

documented solely in the historical one), the original hazard assessment method 632 

assigns a default frequency of 1. As a result, the hazard of these landslides is 633 

determined solely by their magnitude, and in particular by their size, since more than 634 

80% pertains to the same typology (slide and slide-flow) and expected velocity class 635 

(slow moving). Consequently, according to the original method, the most dangerous 636 

landslides are necessarily the smallest of the multi-temporal inventory and the largest 637 

of the historical inventory, while the hazard of all medium-size landslides 638 

systematically results underestimated. This is a first order problem of the original 639 

method, since the mapping itself seems to indicate quite the opposite, suggesting 640 

instead that the medium-size landslides are the more dynamic, developing through 641 

successive generations in portions or at the margin of larger previous landslides.  642 

Furthermore, the composite multi‐temporal inventory (Figure 14g) reveals that while 643 

the inclusion of multi‐temporal landslides enriches the data for smaller, scattered 644 

LHZs, it does not substantially influence the overall hazard characterization, which 645 

remains predominantly governed by landslides portrayed in the generational‐historical 646 
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inventory (Figure 14d). Given that landslide hazard is a function of both intensity and 647 

frequency, our revised frequency‐counting method, applicable across all magnitudes, 648 

significantly impacts the hazard assessment, as reflected in the hazard matrix 649 

presented in Table 2 (Section 4.4). 650 

6.3 Comparison of PS dynamics and frequency of slow landslides within the 651 

LHZs 652 

 653 

For the LHZs of slow-moving landslides - which are the 80% of the pre-1955 landslides 654 

(i.e. slide and slide-flow types) - the frequency value obtained with the two methods 655 

described before can be compared with the PS velocity data present within each LHZ. 656 

Going more in detail, the PS within each LHZ for slow landslides were selected, 657 

isolated from the others, and analyzed by a contouring of their velocity data. The 658 

objective of the analysis is to highlight the velocity gradient within each LHZ for slow 659 

landslides, considering it a proxy of the evolutionary trend - and therefore of the 660 

frequency - of the landslides within each LHZs. The third column of Figure 14 shows 661 

the contours of the PS velocity computed within each slow LHZs from the basic-662 

historical (Figure 141c), generational-historical (Figure 14f) and composite multi-663 

temporal (Figure 14i) landslide inventory map. The PS falling outside the LHZs were 664 

also reported in Figure 14 and represented as points classified according to their 665 

absolute velocity values. In Figure 14f and Figure 14i, almost all the PS falling outside 666 

the LHZs are stable and clustered roughly at the center of the study area, where the 667 

historical center of Militello Rosmarino is located. In contrast, in Figure 14c, many 668 

more PSs fall outside the LHZs, clustering locally in large areas affected by coherent 669 

and significant deformation rates. Comparing the three figures, it can be clearly 670 

observed that the inadequate LHZs coverage in Figure 14c is the consequence of the 671 

unrecognized landslides in the basic-historical inventory, thus demonstrating both the 672 

effective existence of these landslides and their state of activity. Overall, PS data 673 

indicate the presence of two areas with low and high movement, respectively in the 674 

South and East sectors of the study area, already shown in Figure 13 in 675 

correspondence of the more dense pre-1955 landslides clusters. A visual inspection 676 

of Figure 14d, 14e, and 14f shows that these areas with low and high movement are 677 

those characterized by medium and very high landslide frequency recognized by the 678 

new method, while they were not recognized by the original method, which only 679 

considers the frequency related to small, superficial and recent (after 1955) landslides. 680 

The combined inspection of Figure 13 and Figure 14 reveals that the areas of dense 681 

clusters of overlapping landslides (i.e. landslide generations subsequent to the first) 682 

are also the areas where PS scattering indicates greater deformations over a time 683 

span of two decades, covering by ERS (1992-2001), ENVISAT (2003-2010) and 684 

COSMO Sky-Med (2011-2012) PS data. The trend is confirmed by PS data provided 685 

by the European Ground Motion Services (https://egms.land.copernicus.eu/) for the 686 

period 2018-2022. In other words, the zones (i.e. LHZs) subject to the evolution of 687 

multi-generational landslides in the past are also generally characterized by higher 688 
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recent instability. We interpret these pieces of evidence as the result of local 689 

morphological and hydrological perturbations induced by the occurrence of the first 690 

failure which promote the evolution of landslides of subsequent generations in 691 

materials with residual geotechnical properties, and, more in general, determinate the 692 

maintenance of conditions of general instability. This would explain why the frequency 693 

calculated with the new method better matches the clustering of the unstable PS. 694 

Anyway, as shown in Figure 13, PS data cannot be used everywhere, especially in 695 

not urbanized areas, where their coverage remains poor. For this reason, PS data 696 

cannot be included within our procedure, which by definition aims to be applied to an 697 

entire territory covered by a landslide inventory map, independently from the land use 698 

and coverage. On the other hand, the use of PS data becomes significant after the 699 

application of the procedure as an independent measure of the recent activity of slow-700 

moving landslides, which can be compared with the frequency (i.e. past activity) of the 701 

related LHZs. Also, more importantly, since landslide hazard is expressed using a 702 

multiple digit index that portrays all the variables used, PS data can be used as 703 

additional synthetic information to be added at the end of the hazard assessment 704 

process. As an example, in Figure 14 we visualize PS data together with LHZs of slow 705 

landslides. In the figures we used three classes of LHZ thickness to highlight: (i) the 706 

absence of PS or the presence of stable PS with velocity close to 0 mm/y, (ii) the 707 

presence of moderately unstable PS with velocity lower than 8 mm/y, (iii) the presence 708 

of highly unstable PS with velocity higher than 8 mm/y. Apart from the first row of 709 

Figure 14, which suffers from the incompleteness of the basic-historical inventory, the 710 

second and third rows of Figure 14 indicate a substantial matching between the LHZs 711 

with non-negligible PS derived deformations and LHZs with frequency greater than 1. 712 

The evidence depicts a strong linkage between the long term (i.e. centuries) and short 713 

term (i.e. years) evolution of slow-moving landslides, with substantial implication for 714 

their hazard. Overall, we consider the additional information provided by PS data, 715 

together with the hazard zoning output, a major advantage of the presented workflow, 716 

giving decision makers great flexibility in deciding which area exhibits the highest 717 

hazard, also in the light of the variability of the available ground motion values. 718 

 719 
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 720 
Fig. 14 Landslide frequency estimated for the slow LHZs derived from the composite multi-721 

temporal (g, h), generational-historical (d, e), and basic-historical (a, b) inventories considering 722 

the new (a, d, g) and the original (b, e, h) methods. Figures c, f, i show contour of the PS 723 

movement overlapped to the slow LHZs from the considered inventories. Base map derived 724 

from 2m LiDAR DEM (www.sitr.regione.sicilia.it). 725 

 726 

 727 

 728 

 729 

 730 

 731 

 732 
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7. Conclusion 733 

Landslide hazard assessment is a complex task which is based on the elaboration of 734 

landslide inventory maps and contains three components: a spatial one (where 735 

landslides might occur), an intensity one (how large or destructive landslides might be) 736 

and a temporal one (when or how often landslides might occur). In this paper we 737 

investigated how different landslide inventory maps, in particular a basic-historical, a 738 

generational-historical, and a composite multi-temporal, may influence the landslide 739 

hazard assessment. We proposed a revised version of the methodology described in 740 

Cardinali et al. (2002), in this paper named as original method, consisting in the use 741 

of historical landslide inventory maps, instead of multi-temporal landslide inventory 742 

maps, which require longer times and much more data (e.g. multiple flights), and 743 

therefore cannot be realized over a large area. The main difference between the 744 

original method and the new method shown in this paper, consists in a different 745 

counting of landslide frequency. In particular, in the original method the landslide 746 

frequency was determined considering only the information derived from the multi-747 

temporal landslide inventory map, counting the number of recent landslides observed 748 

within a LHZ (i.e. the area of possible, or probable, short-term evolution of an existing 749 

landslide, or a group of landslides, with similar characteristics). In this work, the new 750 

method extends the count of the number of events also to landslides that occurred 751 

before 1955, during an undefined time period, considering the generational 752 

classification approach of the landslides. A further difference between the original 753 

method and the new method, consists in the comparison of PS dynamics with the 754 

frequency of slow landslides within their LHZs, which was not considered in the original 755 

procedure. 756 

The workflow was applied in an area surrounding the village of Militello Rosmarino 757 

(NE Sicily, Southern Italy) that is prone to landslides of different types and sizes. 758 

Before applying the procedure for hazard estimation, we set a method to evaluate the 759 

examined inventories in order to consider a qualitative measure of the uncertainty 760 

derived by the landslide data itself.  761 

Overall, the results show that the widest recognized landslides are those older than 762 

1955, reported in the generational-historical inventory and mainly classified as slides 763 

(i.e. slow landslides), which represent about 97% of the total landslide area. Instead, 764 

the landslides recognized after 1955, reported in the multi-temporal inventory, 765 

represent only 3% of the total landslide area and almost entirely fall into areas already 766 

characterized by pre-existing mass movements. 767 

The comparison of different inventories indicates that the contribution of multi-temporal 768 

landslides (i.e. the landslides recognized after 1955) only enriches the information 769 

relating to the smaller and more scattered LHZs. Instead, multi-temporal landslides do 770 

not contribute to characterizing the landslide hazard of the study area, which instead 771 

is predominantly controlled by previous landslides, already present in the generational-772 

historical inventory, and only partially, in the basic-historical inventory.  773 

The comparison of different methods of landslide frequency estimation indicates that 774 

the new method always leads to the formalization of higher frequency classes 775 
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compared to the original method, especially for slow landslides of medium and high 776 

magnitude that typically evolve through multiple generations.  777 

The main conclusion that can be drawn from our results is that, except for small and 778 

superficial landslides, multi-temporal mapping is not decisive for the definition of the 779 

hazard. It is instead important to base landslide hazard analysis on a generational-780 

historical inventory that adequately characterizes the complexity of landslide clusters. 781 

On the other hand, caution must be posed in using a basic-historical inventory, which 782 

potentially may contain partial or too generalized landslide information. 783 

The application of the PS techniques confirms that the areas more unstable are those 784 

with the higher density of pre-1955 landslides of different generations recognized in 785 

the generational-historical inventory, which translates into the higher values of 786 

frequency and consequently of hazard. This further finding allows us to suggest the 787 

use of PS data as additional synthetic information to be added at the end of the hazard 788 

assessment process, benefiting the territorial planning choices, which - we expect - 789 

could base on the definition of hazard classes starting from the hazard indexes 790 

obtained from the workflow here presented. 791 

Overall, our procedure puts landslide mapping back at the center of the concept of 792 

hazard, establishing and verifying an adequate data acquisition method for its 793 

definition. Since there is nothing peculiar or specific in our case study, applying the 794 

method here presented in other morphological contexts, even spanning over much 795 

larger study areas, we expect an improvement in landslide hazard estimation similar 796 

to those illustrated by our results. We therefore encourage the application of our 797 

procedure in other environments and with other inventories, and the comparison with 798 

results from other data-driven hazard assessment methods, to shed light on future 799 

research needs in this field. 800 
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Ancillary materials  814 

A.1 Typological classification of landslides 815 

To define the landslide typologies, as shown in Ardizzone et al. (2023) and in Guzzetti 816 

et al. (2012), landslides can be defined according to the classifications of Cruden and 817 

Varnes (1996), and Hungr et al. (2014), following the schema shown in Table A1.  818 

 819 

Table A1 Description of landslide type according to Varnes (1978), Cruden and Varnes 820 
(1996), and WP/WLI (1990, 1994, 1995). 821 

Type Sygn Description 

Slide s Slides are movements that create a general concavity 
and convexity on the topographic surface without 
significant de-articulation. Surface ranges from a few 
dozen square meters to a few square kilometers. 

Earth Flow f Earth flows are landslides characterized by the 
movement of material, usually clayey down a gentle 
slope in the form of a fluid. Flows often have a 
distinctive, upside-down funnel shaped deposit where 
the landslide material has stopped moving. The earth 
flows are mainly distributed within other pre-existing 
landslides. 

Debris Flow df Debris flows are frequent where debris production is 
abundant (fractured areas, landslide deposits, talus). 
They have narrow and elongated shapes 
characterized by: (i) a source area, (ii) a generally 
narrow and elongated channel and (iii) an 
accumulation area that at the foot takes on the 
characteristic convex shape. Surface ranges from a 
few dozen square meters to a few square kilometers. 

Rockfall rf Falls are landslides that involve the collapse of 
material from a steep slope or a cliff. A fall-type 
landslide results in the collection of rock or debris near 
the base of a slope. 

Rockfall area rfa Rock fall area is an area characterized by widespread 
rock fall phenomena, where single rock fall is difficult 
to recognize. 

Slide-Flow sef Slide-Flows are a complex or composite landslide 
type. In general they are characterized by the 
presence of two of the types of movement described 
above. Slide-Flows may have occurred at different 
times (complex) or simultaneously in the same area 
(composite). 
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A.2 Definition and delineation of the Landslide Hazard Zones (LHZs) 822 

The areas of evolution of existing (mapped) landslides are named by the authors 823 

Landslide Hazard Zones (LHZs), and are defined as areas of possible (or probable) 824 

short-term evolution of existing landslides with similar characteristics (i.e. of type, 825 

volume, depth, and velocity). A LHZ is therefore a “landslide scenario” delimited using 826 

geomorphological criteria considering (i) the partial or total reactivation of existing 827 

landslides, (ii) the lateral, head (retrogressive) or toe (progressive) expansion of the 828 

existing landslides, and (iii) the possible occurrence of new landslides of similar type 829 

and intensity. Different LHZs can be determined for each type of failure observed on 830 

an elementary slope (e.g. fast-moving rock falls, rapid-moving debris flows, slow-831 

moving earth-flow slumps or compound failures).  832 

A.3 Estimation of landslide volume and velocity   833 

As observed by Cardinali et al. (2002), unlike natural hazards such as earthquakes or 834 

volcanic eruptions, a universally acknowledged measure of landslide intensity is not 835 

recognized in the literature. Following Hungr (1997), landslide intensity can be 836 

considered as a function of landslide volume and expected velocity, proxies of the 837 

landslide destructiveness. Landslide volume can be estimated starting from the 838 

landslide area and on the basis of landslide type, using the Eq. [1] of Guzzetti et al. 839 

(2009) for slides and slide-flows, and the Eq. [2] of Innes (1983) for flows and debris 840 

flows, as shown in Table A2.  841 

 842 

Vslide = 0.074 × Aslide
1.45         Eq. [1] 843 

 844 

Vflow = 0.0329 × Aflow
1.3852        Eq. [2] 845 

 846 

In the equations, Vslide and Aslide represent, respectively the landslide volume and area 847 

of slides and slide-flows, while Vflow and Aflow represent, respectively the landslide 848 

volume and area of flows and debris flows. For rockfall (rf), as well as for rockfall areas 849 

(rfa) there are no empirical relationships relating areas to volumes. In these cases, a 850 

reliable measure of the magnitude is the volume of the maximum expected boulder 851 

involved in rf and/or recognized within rfa, which can be estimated through images 852 

interpretation and/or field survey.  853 

 854 

Table A2: Schema for estimating landslide volume.  855 

Landslide typology Landslide velocity Landslide Volume 

Slide (s) Slow Eq. [1] 

Flow (f) Slow/Rapid Eq. [2] 

Debris flow (df) Rapid Eq. [2] 

Rockfall (rf) Fast Largest boulder volume 

https://doi.org/10.5194/egusphere-2025-2096
Preprint. Discussion started: 21 May 2025
c© Author(s) 2025. CC BY 4.0 License.



 

34 

Rockfall area (rfa) Fast Largest boulder volume 

Slide-flow (sef) Slow Eq. [1] 

 856 

According to Cardinali et al. (2002), the expected landslide velocity can be discretized 857 

into three classes (1: slow, 2: rapid, 3: fast) following the schema shown in Table A2 858 

where slow landslides are slides and slide-flows; rapid landslides are debris flows; fast 859 

landslides are rockfalls and rockfall areas; while flows can be considered slow or rapid 860 

(see e.g. Cruden and Varnes, 1996).  861 

  862 

https://doi.org/10.5194/egusphere-2025-2096
Preprint. Discussion started: 21 May 2025
c© Author(s) 2025. CC BY 4.0 License.



 

35 

References 863 

 864 

Ardizzone, F., Basile, G., Cardinali, M., Casagli, N., Del Conte, S., Del Ventisette, C., 865 

... & Terranova, O. (2012). Landslide inventory map for the Briga and the Giampilieri 866 

catchments, NE Sicily, Italy. Journal of Maps, 8(2), 176-180. 867 

Ardizzone, F., Bucci, F., Cardinali, M., Fiorucci, F., Pisano, L., Santangelo, M., & 868 

Zumpano, V. (2022). Geomorphological landslide inventory map of the Daunia Apennines, 869 

southern Italy. Earth System Science Data Discussions, 2022, 1-23. 870 

Ardizzone, F., Esposito, G., Cavalli, M., Crema, S., & Fiorucci, F. (2024). Sediment 871 

connectivity as a key to understand geomorphic effects of the Storm Alex in two mountain 872 

catchments of the Mediterranean Alps (Italy). Geomorphology, 455, 109176. 873 

Bianchini, S., Cigna, F., Righini, G., Proietti, C., & Casagli, N. (2012). Landslide hotspot 874 

mapping by means of persistent scatterer interferometry. Environmental Earth Sciences, 67, 875 

1155-1172. 876 

Bianchini, S., Ciampalini, A., Raspini, F., Bardi, F., Di Traglia, F., Moretti, S., & Casagli, 877 

N. (2015). Multi-temporal evaluation of landslide movements and impacts on buildings in San 878 

Fratello (Italy) by means of C-band and X-band PSI data. Pure and Applied Geophysics, 172, 879 

3043-3065. 880 

Bosellini, A. (2017). Outline of the geology of Italy. Landscapes and landforms of Italy, 881 

21-27. 882 

Bucci, F., Santangelo, M., Cardinali, M., Fiorucci, F., & Guzzetti, F. (2016). Landslide 883 

distribution and size in response to Quaternary fault activity: the Peloritani Range, NE Sicily, 884 

Italy. Earth Surface Processes and Landforms, 41(5), 711-720. 885 

Bucci, F., Santangelo, M., Fiorucci, F., Ardizzone, F., Giordan, D., Cignetti, M., ... & 886 

Cardinali, M. (2021). Geomorphologic landslide inventory by air photo interpretation of the 887 

High Agri Valley (Southern Italy). Journal of maps, 17(2), 376-388. 888 

Bucci, F., Santangelo, M., Fongo, L., Alvioli, M., Cardinali, M., Melelli, L., & Marchesini, 889 

I. (2022). A new digital lithological map of Italy at the 1: 100 000 scale for geomechanical 890 

modelling. Earth System Science Data, 14(9), 4129-4151. 891 

BUWAL (1998) Swiss agency for the environment, forest and landscape. Methoden 892 

zur Analyse und Bewertung von Naturgefahren. BUWAL Umweltmaterialien, vol 85, Bern 893 

Canuti, P., & Casagli, N. (1996). Considerazioni sulla valutazione del rischio di frana. 894 

CNR-GNDCI Publication 846, 57 pp. 895 

Cardinali, M., Reichenbach, P., Guzzetti, F., Ardizzone, F., Antonini, G., Galli, M., ... & 896 

Salvati, P. (2002). A geomorphological approach to the estimation of landslide hazards and 897 

risks in Umbria, Central Italy. Natural Hazards and Earth System Sciences, 2(1/2), 57-72. 898 

Cascini, L., Fornaro, G., & Peduto, D. (2010). Advanced low-and full-resolution 899 

DInSAR map generation for slow-moving landslide analysis at different scales. Engineering 900 

geology, 112(1-4), 29-42. 901 

Chen, T. H. K., Kincey, M. E., Rosser, N. J., & Seto, K. C. (2024). Identifying recurrent 902 

and persistent landslides using satellite imagery and deep learning: A 30-year analysis of the 903 

Himalaya. Science of The Total Environment, 922, 171161. 904 

Cigna, F., Bianchini, S., & Casagli, N. (2013). How to assess landslide activity and 905 

intensity with Persistent Scatterer Interferometry (PSI): the PSI-based matrix approach. 906 

Landslides, 10, 267-283. 907 

https://doi.org/10.5194/egusphere-2025-2096
Preprint. Discussion started: 21 May 2025
c© Author(s) 2025. CC BY 4.0 License.



 

36 

Cimino, A., Abbate, R., & Martorana Tusa, A. (1998). The regional park of the Nebrodi 908 

Mts.(Sicily): a contribution to an integrated groundwater management. Environmental 909 

Geology, 34, 320-328. 910 

Colesanti, C., Ferretti, A., Prati, C., & Rocca, F. (2003). Monitoring landslides and 911 

tectonic motions with the Permanent Scatterers Technique. Engineering geology, 68(1-2), 3-912 

14. 913 

Corine Land Cover (2021) CORINE land cover product user manual (version 1.0). 914 

European Environment Agency (EEA), Kongens Nytorv 6 – 1050 Copenhagen K. – Denmark 915 

Corominas, J., Guzzetti, F., Lan, H., Macciotta, R., Marunteranu, C., McDougall, S., & 916 

Strom, A. (2023). Revisiting landslide risk terms: IAEG commission C-37 working group on 917 

landslide risk nomenclature. Bulletin of Engineering Geology and the Environment, 82(12), 918 

450. 919 

Cruden DM, Varnes DJ (1996) Landslide types and processes. In: Turner AK, Schuster 920 

RL (eds) Landslides investigation and mitigation. Transportation research board, US National 921 

Research Council. Special Report 247, Washington, DC, Chapter 3, pp. 36–75 922 

Cubito, A., Ferrara, V., & Pappalardo, G. (2005). Landslide hazard in the Nebrodi 923 

mountains (Northeastern Sicily). Geomorphology, 66(1-4), 359-372. 924 

Del Ventisette, C., Garfagnoli, F., Ciampalini, A., Battistini, A., Gigli, G., Moretti, S., & 925 

Casagli, N. (2012). An integrated approach to the study of catastrophic debris-flows: 926 

geological hazard and human influence. Natural Hazards and Earth System Sciences, 12(9), 927 

2907-2922. 928 

Donnini, M., Napolitano, E., Salvati, P., Ardizzone, F., Bucci, F., Fiorucci, F., ... & 929 

Guzzetti, F. (2017). Impact of event landslides on road networks: a statistical analysis of two 930 

Italian case studies. Landslides, 14, 1521-1535. 931 

Fell, R., Corominas, J., Bonnard, C., Cascini, L., Leroi, E., Savage, W. Z., & JTC-1 932 

Joint Technical Committee on Landslides and Engineered Slopes. (2008). Guidelines for 933 

landslide susceptibility, hazard and risk zoning for land use planning. Engineering geology, 934 

102(3-4), 85-98. 935 

Ferretti, A., Prati, C., & Rocca, F. (2000). Nonlinear subsidence rate estimation using 936 

permanent scatterers in differential SAR interferometry. IEEE Transactions on geoscience and 937 

remote sensing, 38(5), 2202-2212. 938 

Ferretti A, Prati C, Rocca F (2001) Permanent Scatterers in SAR Interferometry. IEEE 939 

Trans Geosci Remote Sens 39(1):8–20. 940 

Galli, M., Ardizzone, F., Cardinali, M., Guzzetti, F., & Reichenbach, P. (2008). 941 

Comparing landslide inventory maps. Geomorphology, 94(3-4), 268-289. 942 

Guzzetti, F., Carrara, A., Cardinali, M., & Reichenbach, P. (1999). Landslide hazard 943 

evaluation: a review of current techniques and their application in a multi-scale study, Central 944 

Italy. Geomorphology, 31(1-4), 181-216. 945 

Guzzetti, F., Malamud, B. D., Turcotte, D. L., & Reichenbach, P. (2002). Power-law 946 

correlations of landslide areas in central Italy. Earth and Planetary Science Letters, 195(3-4), 947 

169-183. 948 

Guzzetti, F., Peruccacci, S., Rossi, M., & Stark, C. P. (2007). Rainfall thresholds for 949 

the initiation of landslides in central and southern Europe. Meteorology and atmospheric 950 

physics, 98, 239-267. 951 

Guzzetti, F., Ardizzone, F., Cardinali, M., Rossi, M., & Valigi, D. (2009). Landslide 952 

volumes and landslide mobilization rates in Umbria, central Italy. Earth and Planetary Science 953 

Letters, 279(3-4), 222-229. 954 

https://doi.org/10.5194/egusphere-2025-2096
Preprint. Discussion started: 21 May 2025
c© Author(s) 2025. CC BY 4.0 License.



 

37 

Guzzetti, F., Mondini, A. C., Cardinali, M., Fiorucci, F., Santangelo, M., & Chang, K. T. 955 

(2012). Landslide inventory maps: New tools for an old problem. Earth-Science Reviews, 956 

112(1-2), 42-66. 957 

Hanssen, R. F. (2005). Satellite radar interferometry for deformation monitoring: a 958 

priori assessment of feasibility and accuracy. International journal of applied earth observation 959 

and geoinformation, 6(3-4), 253-260. 960 

Herrera, G., Mateos, R.M., García-Davalillo, J.C. et al. (2018) Landslide databases in 961 

the Geological Surveys of Europe. Landslides, 15, 359-379 962 

Hungr, O., Leroueil, S., & Picarelli, L. (2014). The Varnes classification of landslide 963 

types, an update. Landslides, 11(2), 167-194. 964 

Innes JL (1983) Lichenometric dating of debris-flow deposits in the Scottish Highlands. 965 

Earth Surf Proc Land 8:579–588 966 

Lollino, P. (2021). The relation of spatio-temporal distribution of landslides to urban 967 

development (a case study from the Apulia region, Southern Italy). Journal of Maps, 17(4), 968 

133-140. 969 

Malamud, B. D., Turcotte, D. L., Guzzetti, F., & Reichenbach, P. (2004). Landslide 970 

inventories and their statistical properties. Earth Surface Processes and Landforms, 29(6), 971 

687-711. 972 

Mondini, A. C., Guzzetti, F., Reichenbach, P., Rossi, M., Cardinali, M., & Ardizzone, F. 973 

(2011). Semi-automatic recognition and mapping of rainfall induced shallow landslides using 974 

optical satellite images. Remote sensing of environment, 115(7), 1743-1757. 975 

Raspini, F., Ciampalini, A., Bianchini, S., Bardi, F., Di Traglia, F., Basile, G., & Moretti, 976 

S. (2016). Updated landslide inventory of the area between the Furiano and Rosmarino creeks 977 

(Sicily, Italy). Journal of Maps, 12(5), 1010-1019. 978 

Reichenbach, P., Rossi, M., Malamud, B. D., Mihir, M., & Guzzetti, F. (2018). A review 979 

of statistically-based landslide susceptibility models. Earth-science reviews, 180, 60-91. 980 

Riddick, S. N., Schmidt, D. A., & Deligne, N. I. (2012). An analysis of terrain properties 981 

and the location of surface scatterers from persistent scatterer interferometry. ISPRS Journal 982 

of Photogrammetry and Remote Sensing, 73, 50-57. 983 

Ruggieri, R. (2022). North-Eastern Sicily: Karst Area of the Nebrodi Mts. and the 984 

Peloritani Mts. In Karst of Sicily: A Journey Inside and Outside the Island’s Mountains (pp. 985 

403-436). Cham: Springer International Publishing. 986 

Samia, J., Temme, A., Bregt, A., Wallinga, J., Guzzetti, F., Ardizzone, F., & Rossi, M. 987 

(2017a). Characterization and quantification of path dependency in landslide susceptibility. 988 

Geomorphology, 292, 16-24. 989 

Samia, J., Temme, A., Bregt, A., Wallinga, J., Guzzetti, F., Ardizzone, F., & Rossi, M. 990 

(2017b). Do landslides follow landslides? Insights in path dependency from a multi-temporal 991 

landslide inventory. Landslides, 14(2), 547-558. 992 

Santangelo, M., Marchesini, I., Bucci, F., Cardinali, M., Fiorucci, F., & Guzzetti, F. 993 

(2015). An approach to reduce mapping errors in the production of landslide inventory maps. 994 

Natural Hazards and Earth System Science, 15(9), 2111-2126. 995 

Temme, A., Guzzetti, F., Samia, J., & Mirus, B. B. (2020). The future of landslides’ 996 

past—a framework for assessing consecutive landsliding systems. Landslides, 17, 1519-997 

1528. 998 

Trigila A., Iadanza C., Bussettini M., Lastoria B. (2018) Dissesto idrogeologico in Italia: 999 

pericolosità e indicatori di rischio. Rapporto 2018. ISPRA, Rapporti 287/2018. 1000 

https://doi.org/10.5194/egusphere-2025-2096
Preprint. Discussion started: 21 May 2025
c© Author(s) 2025. CC BY 4.0 License.



 

38 

Trigila A., Iadanza C., Lastoria B., Bussettini M., Barbano A. (2021) Dissesto 1001 

idrogeologico in Italia: pericolosità e indicatori di rischio - Edizione 2021. ISPRA, Rapporti 1002 

356/2021 1003 

Tyagi, A., Tiwari, R. K., & James, N. (2022). A review on spatial, temporal and 1004 

magnitude prediction of landslide hazard. Journal of Asian Earth Sciences: X, 7, 100099. 1005 

Santangelo, M., Marchesini, I., Bucci, F., Cardinali, M., Fiorucci, F., & Guzzetti, F. 1006 

(2015). An approach to reduce mapping errors in the production of landslide inventory maps. 1007 

Natural Hazards and Earth System Science, 15(9), 2111-2126. 1008 

Varnes, D. J. (1984). Landslide hazard zonation: a review of principles and practice 1009 

(No. 3). 1010 

WP/WLI (1990) International Geotechnical Societies’ UNESCO working party on world 1011 

landslide inventory (Chairman: Cruden DM) A suggested method for reporting a landslide. Bull 1012 

IAEG 41: 5–12 1013 

WP/WLI (1994) International Geotechnical Societies’ UNESCO working party on world 1014 

landslide inventory. Working group on landslide causes (Chairman: Popescu ME) A suggested 1015 

method for reporting landslide causes. Bull IAEG 50:71–74 1016 

WP/WLI (1995) International Geotechnical Societies’ UNESCO working party on world 1017 

landslide inventory. Working group on rate of movement (Chairman: Bonnard C) A suggested 1018 

method for describing the rate of movement of a landslide. Bull IAEG 52:75–78 1019 

Zumpano, V., Ardizzone, F., Bucci, F., Cardinali, M., Fiorucci, F., Parise, M., ... & 1020 

Lollino, P. (2021). The relation of spatio-temporal distribution of landslides to urban 1021 

development (a case study from the Apulia region, Southern Italy). Journal of Maps, 17(4), 1022 

133-140. 1023 

https://doi.org/10.5194/egusphere-2025-2096
Preprint. Discussion started: 21 May 2025
c© Author(s) 2025. CC BY 4.0 License.


