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Abstract

Background Landslide inventories are essential tools for emergency response, hazard assessment, and susceptibil-
ity mapping, especially following very hazardous events. On 15 September 2022, an extreme rainfall event affected
the Misa River basin in the Marche region, Central-Eastern Italy, resulting in widespread hydrogeomorphological insta-
bility, including numerous landslides and debris flows. Understanding the distribution and characteristics of these
failures is vital for post-event analysis and future risk mitigation.

Objectives This study aims to develop a detailed post-event landslide inventory of the Misa basin and to analyze
the spatial distribution, the main morphological features, and the environmental context of the triggered land-
slides. A further objective is to evaluate the impact of these landslides on the built environment, particularly roads
and buildings.

Methods The landslide inventory was created using four Very High-Resolution (VHR) satellite imagery datasets
(spatial resolution ranging from 3 m to 0.4 m), acquired before and after the event. Semi-automatic approaches,
including NDVI (Normalized Difference Vegetation Index) change detection and segmentation/classification, were
employed to assist visual photointerpretation. Field surveys were carried out to validate and refine the mapped land-
slides. Fach landslide was classified according to its type of movement. Additional analyses included spatial density
mapping, shape characterization using a roundness index, and correlation with geological, geomorphological, land
cover, and rainfall data.

Results The final inventory comprises 805 landslides, categorized by movement type and spatially analyzed. The
results highlight specific distribution patterns influenced by geomorphological and geological settings. A notable
number of landslides affected infrastructure, with direct impacts recorded on both road networks and buildings. Mor-
phometric analysis revealed variability in landslide shapes and sizes, reflecting diverse failure mechanisms triggered
by the intense rainfall.

Conclusions This study provides new insights into the dynamics of landslides induced by extreme meteorological
events, which are becoming increasingly frequent in Mediterranean regions. The event-based inventory not only sup-
ports a better understanding of triggering and preparatory factors but also contributes to improving emergency
planning and future landslide susceptibility assessments in similar settings.
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Introduction

Landslides in Italy are among the major threats in terms
of economic damage and life loss due to the geologi-
cal and morphological characteristics of the Italian ter-
ritory, which is 75% mountainous-hilly with 1.3 million
residents at direct risk (Trigila et al. 2021). They can be
triggered by a variety of causes, either natural or anthro-
pogenic However, especially in the last decade, rainfall-
induced landslides are more widespread than any other
geological event and occur anywhere in Italy, with serious
consequences for people and property (Peruccacci et al.
2023). The current climate change scenario is exacerbat-
ing the occurrence of landslides on a global scale, with
the Mediterranean region being particularly affected.
In fact, more and more research are focusing on the
impact, in terms of triggered landslides, of the so-called
medicanes (Mediterranean tropical-like hurricanes) on
the mediterranean areas (Valkianotis et al. 2022; Diaka-
kis et al. 2023; Kushabaha et al. 2024). Scardino et al.
(2024) found a relationship between the increase of Sea
Surface Temperature and the occurrence of Medicanes,
representing thus a potential proxy for geohazards cor-
related to such events. The latest climatic trend high-
lights a general reduction in the total rainfall while there
is an increase in extreme rainfall event frequency (Don-
nini et al. 2023). Therefore, climate change, caused by
global warming in recent years, is expected to lead to an
increase in the rate of landslide phenomena in the near
future (Gariano et al. 2018). To provide a prompt data-
base of rainfall-induced impacts and consequences,
which may be useful for reliable analysis, including sus-
ceptibility and risk assessment, the preparation of land-
slide inventories in the aftermath of extreme rainfall
events assumes capital importance (Guzzetti et al. 2012;
Smith et al. 2021a, b). The compilation of precise land-
slide inventories relies on several methods, spanning
from traditional in-situ surveying (Pellicani et al. 2015;
Lazzari et al. 2018) to the visual interpretation of aer-
ial or satellite images (Holbling et al. 2017; Del Soldato
et al. 2018), with the support of Digital Elevation Models
(DEMs, Lazzari et al. 2018; Pawluszek 2019) up to semi
or automatic machine or deep learning-based algorithms
using optical or radar satellite data (Plank et al. 2016;
Mondini et al. 2019; Catani et al. 2021; Su et al. 2021;
Meena et al. 2022). The latter can be used also to update
landslide state of activity, through MultiTemporal SAR
Interferometry (Boni et al. 2024; Confuorto et al. 2023).
In any case, recent technologies are drastically chang-
ing the way Earth Observation is deployed in landslide
mapping (Novellino et al. 2024). According to a recent
review (Novellino et al. 2024), in 40% of papers, land-
slide mapping was performed through change detection
approaches (i.e. identification of changes that occurred
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between pre- and post-event imagery), while 9% used
specific indexes (e.g., Normalised Difference Vegetation
Index, NDVI), 6% segmentation, the grouping of pix-
els into shapes, while AI (Artificial Intelligence) works
count 16%. The redaction of landslide inventories in the
aftermath of extreme rainfall events is a consolidated
practice: Mondini et al. 2011a, b tested semi-automatic
approaches over a dataset of Very High Resolution opti-
cal multispectral imagery to detect shallow landslides
triggered by a high-intensity rainfall in Messina province
(Sicily, Italy); Ferrario and Livio 2024 presented an inven-
tory of more than 47,000 landslides, redacted by visual
interpretation, triggered by two main storms occurred in
Emilia Romagna region (Italy) in May 2023. In Europe,
extreme events that triggered shallow and/or rapid land-
slides are registered, for instance, in the Austrian Alps
(Dietrich and Krautblatter 2017) or along the Pyrenees
(Hurlimann et al. 2022), while also Typhoons and Hurri-
canes may lead to the clustered trigger of landslides, such
as in the eastern coastal sector of China (Zeng et al. 2023)
or in Puerto Rico (Ramos-Scharron et al. 2020).

Here the landslide inventory of the Misa hydrographic
basin (Ancona province, Eastern Central Italy) is pre-
sented. Misa basin is one of the river basins on the moun-
tain side facing the Adriatic Sea that suffered an extreme
rainfall event on September 15, 2022. Such an event
lasted approximately 9 h and hit a large portion of the ter-
ritory located between the Umbria and Marche border. In
detail, the rain gauge of Cantiano village (Pesaro Urbino
province) registered a peak intensity of 419 mm in the 9 h
of rainfall, ca. 30% of the mean annual rainfall (Morelli
et al. 2023). This extreme event caused erosion and a
subsequent major flood along the Misa River, claiming
the life of 12 people in its paroxysmal phase and causing
extensive damage to structures and infrastructures. Fur-
thermore, thousands of landslides were triggered by the
abundant precipitations: Santangelo et al. 2023 reported
1687 landslides that were recognized through field activi-
ties; the area chosen include the territory with the highest
rainfall intensity (Cantiano municipality area), for a total
area of about 550 km?, partially covering the Misa catch-
ment area and including part of Metauro, Cesano and
Esino basins, located westwards of Misa. In this work, a
mixed approach, based on the integration of segmenta-
tion and supervised classification and visual interpreta-
tion of pre- and post-event VHR (Very High Resolution)
imagery, allowed us to recognize more than 700 land-
slides in the Misa basin that were subsequently validated
through field surveying. Differently from Santangelo
et al. 2023, here the adoption of VHR imagery was neces-
sary to provide a summary of the event in the framework
of an agreement with Regional authorities, aimed at the
implementation of new and updated susceptibility and
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risk maps. Beyond the description of the landslide distri-
bution, here we analyzed also the impact of such events
on the urban setting of the territory and compared such
inventory with past records belonging to official reposito-
ries. Such dataset and analyses have provided a base for
implementing an event-based susceptibility assessment
of the area to improve the Misa basin’s territorial man-
agement (Caleca et al. 2024).

Study area and rainfall event

Geological and geomorphological setting

The Misa basin extends over an area of approximately
380 km? including 17 municipalities, all located in the
Ancona province, Eastern Central Italy (Fig. 1a). The
Misa River is 48 km long and flows into the Adriatic
Sea at the city of Senigallia. The hydrographic network
is clearly asymmetrical: the tributaries on the hydro-
graphic left, more developed, mainly feed the water flow
of the Misa River (Ilari 2020). Its main tributary is the
Nevola River, having a parallel direction to the Misa River
according to the distribution pattern of the main water-
courses typical of central-eastern Italy due to the regional
tectonic structure. The Nevola River flows its waters into
the Misa River approximately 9 km from the entrance
of the Misa River into the Adriatic Sea (Fig. la). Both
has a marked torrential regime with impetuous flows in
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the rainy seasons, which generally occur in autumn and
spring in these areas, and even though they are relatively
small, they are capable of carrying a large amount of sedi-
ment towards the sea (Brocchini et al. 2017).

From the geological point of view the study area is
located within the Umbria-Marche Apennines, precisely
in the external Marche basin (Centamore et al. 1991). The
main tectonic lines have NW-SE direction, as the struc-
tural setting of the Umbria-Marche Apennines (Centa-
more et al. 1986). The area can be distinguished into two
separate sectors: on the western side, there is a moun-
tainous-hilly landscape prevailing, with mainly calcare-
ous and marly-calcareous outcrops; on the eastern flank,
the landscape is mainly flat or gently hilly, with mainly
pelitic and arenaceous-pelitic formations (Fig. 1b).

In detail, the mountainous area consists of a system
of folds and faults in which cretaceous formations out-
crop, such as Maiolica (Micarelli et al 1977) and Marne
a Fucoidi, micritic limestones and clayey marls, respec-
tively along with palaeogenic formations, among which
the Scaglia bianca, rossa and variegata, and the Scaglia
cinerea, limestones with chert nodules and marls-silty
marls, respectively. The hill and the alluvial plain areas
havemainly formations of the Plio-Pleistocene succession
characterised by clays, marly clays, sandy-silty clays with
sandstone intercalation and the Quaternary continental
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Fig. 1 a Setting of the study area and administrative division. In the inset, the location of the Misa basin within Italian territory; b Geolithological
map of the Misa basin (derived from Geological Map of Italy 1:500,000 by ISPRA).
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deposits constituting the alluvial terraces of the 1st to 4th
order outcrop (Fig. 1b).

Regarding the geological-structural evolution, mor-
phostructures of Miocene origin have conditioned the
morphology of the Misa River basin, and consequently
also the network of watercourses present. The basin has
a narrow and elongated shape along the direction of the
anti-Apennine tectonic lines (SW—NE).Therefore, the
course of the Nevola and Misa rivers may be due to a flu-
vial capture caused by neotectonic phenomena (Guerrera
and Wezel 1979).

The rapid tectonic uplift that occurred between the
Lower Pleistocene and Middle Pleistocene generated a
durable valley deepening, developing narrow and deep
V-shaped valleys in the mountainous part of the basin,
while on the pelitic-arenaceous terrain, the valleys widen,
and terraced alluvial deposits can be found on the slopes.
Furthermore, in the westernmost part of the basin, where
calcareous and marly limestone lithologies are present,
the relief energy of the slopes is more accentuated; the
high slopes consequently generate landslide phenom-
ena, typically rockfalls and translational slides. In the
other portions of the territory, the presence of pelitic
and pelitic-arenaceous lithotypes considerably varies
the geomechanical properties of the area, making it eas-
ily erodible despite the low slopes. The eluvial-colluvial
coverings can be affected by instability, especially during
intense rainfall, playing a fundamental role in triggering
landslide phenomena such as flows, translational slides,
river-bank landslides and shallow landslides. The land
cover of the study area is also very indicative of a preva-
lent agricultural vocation of the territory, with mostly
Corine Land Cover classes belonging to the 2nd group
(Agricultural areas).

September 15, 2022 pluviometric event

The pluviometric event developed over Umbria and
Marche, mainly affecting an area of about 5,000 km? in
the provinces of Ancona and Pesaro-Urbino with consid-
erable ground effects. The highest peak rainfall data was
obtained from the Cantiano (PU) rain gauge (whose loca-
tion can be found in Fig. 1a) and revealed a maximum
rainfall intensity of 419 mm in 9 h, while within the Misa
basin the maximum values were recorded in rain gauge
of Colle (within Montecarotto territory, SE flank of the
basin, 186 mm in 6 h and 204 mm in 12 h) located in the
mountain sectors on the right hydrographic side (Morelli
et al. 2023). This portion of the basin represents one of
the areas of maximum rainfall intensity after that of Can-
tiano. The Marche Regional Functional Centre has recon-
structed the path of the thunderstorm system triggered
on the morning of September 15 in the area under anal-
ysis (Fig. 2). From the late morning of the 15th, several
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thunderstorm systems formed on the Tyrrhenian side of
the peninsula, favored by the presence of humidity pro-
vided by the Tyrrhenian Sea and the orographic effects
of Sardinia and Corsica and then Tuscany, as the system
migrated eastwards. During this time other storm cells
were generated, first involving Tuscany and Umbria and
then extending towards the Marche. In the first phase,
the phenomena affected the central-northern mountain-
ous and high-hill areas of the region, decreasing in inten-
sity moving toward the coast (Morelli et al. 2023). In the
late afternoon, a self-regenerating and stationary system
formed from the western side, which affected not only
the inland areas of Marche and Umbria but also the hilly
and coastal part of the province of Ancona, bringing high
amounts of precipitation in a very short time and causing
widespread criticality in the Candigliano, Cesano, Misa
and Sentino basins. This led to an increase in rainfall
intensity and extended its area of interest also to the hilly
and coastal areas of the province of Ancona. From 5 p.m.
local time until 8 p.m., the system was intense and sta-
tionary, generating accumulations that locally exceeded
400 mm.

Data and methods

Data

In order to draw up an event-based inventory of land-
slides, very high-resolution multispectral optical satellite
images were acquired, both pre-event, to set up a baseline
scenario, and post-event, to verify the changed ground
conditions following the rainfall (Table 1). For the map-
ping of the landslides triggered on September 15, 2022,
4 multispectral optical satellite datasets were acquired:
in detail, 2 SPOT-6 images, acquired on April 30, 2022,
2 WorldView-2 images, acquired on May 22, 2022, 2
Pléiades Neo images, acquired on September 18, 2022
and 6 PlanetScope images, acquired on September 18,
2022. No major rainfall events occurred in between the
pre- and post-event acquisition (except for September
15 event), also considering that it is summertime in Italy
(usually hot and dry) during this time span. All images
were mosaicked, where necessary, and pansharpened,
to obtain the highest resolution possible. In Table 1, the
main features of each dataset used are reported.

Methodological approach

The approach adopted for the detection and mapping
of the landslides triggered by the September 15 event is
based on the i) integration of image segmentation and
supervised classification methods, ii) use of NDVI (Nor-
malized Difference Vegetation Index) change detection
and iii) visual inspection and interpretation of pre- and
post-event imagery. Moreover, field surveys were com-
pleted in the aftermath of the rainfall event and in the
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Fig. 2 Metereological radar observation of the study area during the evening of September 15:a 17:00 local time; b 18:00 local time; ¢ 19:00 local
time; d 20:00 local time. Modified from 15 September 2022 event report, by Centro Fuzionale Regionale Marche (https://www.regione.marche.it/

portals/0/Protezione_Civile/Manuali%20e%20Studi/Rapporto_Evento_preliminare_20220915.pdf)

Table 1 Dataset of the optical multispectral images used

Images Date of acquisition Period of acquisition Number of scenes Resolution
(pan-sharpened)

SPOT-6 30/04/2022 Pre-event 2 1.5m

WorldView-2 22/05/2022 Pre-event 2 04m

Pléiades Neo 18/09/2022 Post-event 2 0.5m

PlanetScope 18/09/2022 Post-event 6 3m

next months. The adopted procedure follows the opera-

tional scheme as in Fig. 3.

Image segmentation is an essential pre-requisite for

classification/feature extraction and further analysis
with geographic information systems (GIS) (Blaschke
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Fig. 3 Flowchart of the procedure adopted

et al. 2018; Piralilou et al. 2019). Image segmentation
is the process of assigning homogeneous pixels into
spectrally similar image segments, thus changing the
characteristics of the image into more relevant, object-
based cluster. Image segmentation is based on the Mean
Shift approach (Tao et al. 2007); the technique uses a
moving window that calculates the average value of pix-
els to determine which of them should be included in
each segment. As the algorithm processes, it iteratively
recalculates the value to ensure that each segment fits.
The result is a clustering of image pixels into a segment
characterised by an average colour. The characteristics
of the segments of the image depend on three param-
eters: spectral detail, spatial detail and minimum seg-
ment size. It is possible to vary the amount of detail,
depending on the size, geometry and spectral proper-
ties that characterise an element of interest (Comaniciu
and Meer 2002; Christoudias et al. 2002).

The segmented image provided the base for an opti-
mal classification of the scene using a supervised
method, i.e., the Maximum Likelihood (Richards,
1961). Maximum likelihood classification assumes that
the statistics for each class in each band are normally
distributed and calculates the probability that a given
pixel belongs to a specific class. Therefore, each pixel
is assigned to the class that has the highest probability
(that is, the maximum likelihood). Nine different fea-
tures were distinguished and selected as classes to be
assigned to the classification model as a input, namely:
turbid water, open pit, water body, landslide, structure
and infrastructure, cultivated soil, bare soil, low vegeta-
tion, high vegetation.

Regarding NDVI, vegetation indexes are often used
as a detection tool for vegetated areas and can pro-
vide useful information in case of a destructive event,
such as landslides, may occur (Mondini et al. 2011a, b;
Gomes et al. 2020). Indeed, when a landslide occurs,

the vegetation on the slope is removed or partially
destroyed, leading to a decrease of NDVI value.

Landslide identification was finalized by geomorpho-
logical interpretation in a GIS environment, using the
VHR pre- and post-imagery assisted by a 10 m DEM
to have a 3D representation of the territory. To mini-
mize any subjectivity in the landslide mapping stage,
the boundary detection was done, checked and finalized
individually by each of the members of the team, sup-
ported by the automatic detection previously described.
Moreover, such analysis was also supported by the field
operations in the aftermath of the event.

Indeed, after September 15 event, in situ inspec-
tions were carried out in all the 17 municipalities of
the affected areas. Inspections were carried out from
September 28, 2022, to October 14, 2022. The recon-
naissance field survey was carried out by several
teams belonging to the Centro di Protezione Civile of
the University of Florence, guided by technical staff
of the municipalities involved and regional authori-
ties. The mapping of the landslide in situ was achieved
through digital mapping on field GIS systems and geo-
referenced photo acquisition; the mapping was fur-
ther refined and completed using the dataset of VHR
imagery. Ad hoc localities with geomorphological
evidence were selected, led by warnings and reports
by local citizens damaged by the event. A total of 167
sites were investigated in detail and the main criti-
cal issues identified during the inspections were mass
movements and widespread phenomena of flooding
and bank erosion. Further inspections were carried out
on July 31 and August 2, 2023, to assess possible evolu-
tions of slope instability phenomena following a sec-
ond hydrometeorological event of lower intensity that
occurred in May 2023. On that occasion, evolutions
of some landslides triggered in September 2022 were
observed, such as retrogressions and enlargements,
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especially in the southern sector of the basin, however,
in this inventory, only September 2022 landslides are
included. All the surveyed areas’ outcomes were used
as ground truth and to refine the remote mapping, to
have the final landslide inventory. Indeed, through the
field operations, the final mapping was refined in case
of very small landslides and/or landslides covered by
high-vegetation canopy, which would likely remain just
using remote sensing images (Santangelo et al. 2023).

Page 7 of 17

Results

A total of 805 landslides were recognized in the area
covered by the post-event images of September 18
(including not only the Misa basin area but also some
confining sectors to the West, northwest and east of the
territory). As regards the Misa basin, 701 phenomena
were reported. However, to have the broadest possi-
ble picture of the events, analysis will refer to the 805
phenomena reported over the entire basin and adja-
cent areas covered by satellite images (Figure 4). The
first phase of segmentation and classification allowed to
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generate 623,327 polygons derived from the scanning of
the whole post-event image. In the following step, the
segmented image was classified using the Maximum
Likelihood algorithm, giving as input 9 ROIs (Region of
Interests), each for the main land use classes, including
landslides. Through this process, 134,000 m? were clas-
sified as an area affected by landslide; The NDVI change
detection was implemented selecting an NDVI decrease
threshold of 0.55, chosen after different iterations and
aiming to select only the abrupt changes in vegetation,
so that all the areas showing a NDVI decrease of 0.55
can be considered as landslide candidate. In this way,
an extension of more than 14,600,000 m? was individu-
ated. Both the areas automatically determined have
provided a first selection of possible landslide location,
supporting the landslide manual identification. All the
805 landslide phenomena detected cover an area of
approximately 494,000 m? with an average extension of
614 m? (Fig. 5).

Figure 6 shows the magnitude frequency distribu-
tion of the total landslide inventory. According to the
literature, landslide magnitude frequency distribution
follows a power-law distribution (Catani et al. 2016).
Two main features control the shape of the magnitude-
frequency distribution: the cut-off point, where the
distribution deviates from the power-law distribution
in the interval corresponding to high frequencies, and
the rollover effect, which is observed in small landslide
magnitudes, resulting in the underestimation of smaller
landslides since small occurrences are easily over-
looked in field surveys or made invisible by vegetation
regrowth, human activities and weathering processes
on hillslopes (Guzzetti et al. 2002). In this case, the roll-
over effect occurs over an area of about 60 m?, which
is quite small and proves the quality and completeness
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of the landslide inventory created with VHR optical
images.

Landslide typology

Landslide type attribution was conducted using the most
widely used classification schemes in the literature, such
as Cruden & Varnes (1996), based on recognition of
the type of movement. The 805 landslides inventoried
were classified as follows: i. flow, where it was possible
to observe a typical lobate shape or with the elongated
channeled deposit; ii. slides, where the detachment area
is evident; iii. shallow, where a typical shape is not evi-
dent but a substantial dynamic in the first portions of
the ground is clear; iv. ND (undetermined), since it was
not possible to distinguish the type of movement; and v.
bank landslides, i.e. landslide phenomena linked to the
effects of floods on the riverbank of the Misa and Nevola
rivers. In the 805 recognized phenomena, the types that
stand out with the highest number of polygons are shal-
low landslides (519) and slides (132), which alone repre-
sent about 80% of the sample; bank landslides represent
almost 10% of the landslides inventoried (Fig. 7). In Fig. 8,
some examples of the different types of landslide recog-
nized are reported.

The roundness of the landslide polygons has been also
assessed, through the Polsby-Popper (PP) test (Polsby
and Popper 1991, and used for geomorphological studies
in other studies, such as Lioupa et al. 2024 and Roden-
hizer et al. 2024) (Fig. 9). The PP score is determined by
using the polygon area and perimeter, through the fol-
lowing formula:
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Fig. 7 Distribution of the landslide typology

R =4mA/P?

where R is the roundness of the polygon, A is the area and
P is the perimeter. The values of the equation range from
0 to 1, where 0 means a very irregular shape, 0.5 corre-
sponds to elongated polygons and 1 to perfect circular
shapes, being the shape with the highest compactness.
The analysis of the roundness has been conducted
over the whole landslide database, considering the vari-
ous typologies identified. Shallow and flow landslides are
characterized by average values of 0.46 and 0.53, respec-
tively, while slides and bank landslides by 0.57 and 0.56,
respectively. ND are also characterized by an average
value of roundness of 0.54. From the boxplot analysis of
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Fig. 9, however, a larger distribution of values can be seen
in slides and bank landslide categories, showing a higher
standard deviation.

Landslide distribution

To provide a representative framework of landslide insta-
bility in the study area, the landslide density was evalu-
ated. To this aim, a 250 m square cell landslide density
map was produced (Fig. 10). Since landslides are very
small, this method is a cartographic expedient to pro-
vide a synoptic representation of landslide occurrence.
This cartographic expedient allows for a clearer spatial
analysis and visualization of landslide density. The Arce-
via area, located in the southern part of the catchment,
is distinguished by a significant number of high-density
cells, with as many as 13 landslides in a single cell. In
total, there are 33 cells with more than 5 landslides in
the municipality of Arcevia, while in the municipalities
of Serra de’ Conti and Barbara there are 2 each. Finally,
in the municipality of Corinaldo, in the northwest sector,
there is a cell containing 10 landslides, all related to the
river Nevola’s bank dynamics (Fig. 10).

Landslides and geomorphological and anthropogenic
factors

With the aim of assessing the scenario of landslide events
occurring following the rainfall of September 15, 2022 in
the area, landslide polygons were cross-referenced with
some of the most important thematic and morphomet-
ric maps. Cross-references were made between the newly
formed landslides and i) the slope angle map; ii) the geo-
logical formations outcropping in the study area; iii) the

[

£ £33 Lanasiice
& 1 E

Z = landslide

1255AE 12s5sTE

Fig. 8 Example of landslide classified according to the typology. On the top, satellite view on the bottom, picture taken in the field. From left

to right: shallow, bank landslide, flow, slide
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Fig. 9 Roundness index distribution of landslides classified according to the type

land cover, obtained from the Corine Land Cover (CLC
2018); iv) the official landslide national database IFFI;
v) the event rainfall map. In the first investigation, the
mean, minimum and maximum value of slope angle was
computed for each landslide. The slope map was gener-
ated starting from a 10 m-resolution DEM, developed
in the framework of the TIN-Italy project (Tarquini and
Nannipieri, 2017). The distribution of the slope angle val-
ues is shown in Fig. 11. The highest frequency of mean
slope values of the landslide inventory can be seen in the
class 5°—10°, as well as the maximum values. The average
values of mean, minimum and maximum slope registered
are 11.3°, 9.3° and 13.5°, respectively.

In the second overlap comparison, the geological data-
base compiled by the Marche region was used (CARG
Project, 2024, at a scale of 1:50.000). In the case of the
study area, 75% of the landslides were set on Quaternary
deposits Scaglia formation, made up of limestone rocks,
for 6.1% of the cases, on the Schlier (5%), correspond-
ing to calcareous marl rocks, and on the arenaceous-
conglomeratic lithofacies (3.9%) (Fig. 12a). The remnant
10% of landslides are distributed among other litholo-
gies, however with no significant statistical prevalence.
The impact of landslides over the type of land cover of
Misa basin has been assessed, using 100 m resolution
CLC (Fig. 12b). The results show that 90.8% of landslides
occurred in agricultural areas (class 2), mostly in class
2.1.1 (non-irrigated arable land), for a total of 379 poly-
gons, followed by classes 2.4.2 and 2.4.3 (complex culti-
vation patterns and land occupied by agriculture with
significant areas of natural vegetation), with 175 and 173

polygons, respectively. Only 9.2% of inventoried land-
slides was overlapping other CLC categories, belong-
ing to classes 1 and 3 (artificial surfaces and forest areas,
respectively).

To analyze the distribution of landslides triggered by
the event and those previously mapped in the area, the
event landslide inventory map was compared with the
Italian national landslide inventory (IFFI, Inventario dei
Fenomeni Franosi in Italia, in Italian; Trigila et al. 2007)
redacted by ISPRA (Istituto Superiore per la Protezione e
Ricerca Ambientale, Superior Institute for Environmen-
tal Protection and Research in Italian), available on the
Idrogeo portal (https://idrogeo.isprambiente.it/app/).
The Marche region inventory’s last update was provided
in 2007, as indicated by ISPRA (https://www.progettoiffi.
isprambiente.it/?page_id=63). 17.6% of the 805 landslides
mapped as part of this project were found to be inter-
secting with IFFI landslides, while the remainder were
formed in areas not previously mapped (Fig. 13). Among
the event landslides overlapping with IFFI landslides,
59.9% are in the municipality of Arcevia, while 15.5% and
12% are in the municipalities of Serra de’ Conti and Sas-
soferrato, respectively. These percentages are extremely
lower in the remaining municipalities, below 6%. In gen-
eral, smaller landslides are within larger IFFI polygons:
indeed, the average size of these is about 450 m?.

Finally, the landslide map was overlaid with the 15 Sep-
tember event rainfall distribution of which was deter-
mined by interpolating the daily precipitation of 18 rain
gauges in the study area and its surroundings (Fig. 14).
The precipitation map shows higher daily precipitation
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amounts in the southern sector of the Misa basin (in
the Serra de’ Conti-Montecarotto area), which reached
about 200 mm. The coastal area, on the other hand,
shows much lower values, confirming that the pertur-
bation ran from west to east and exhausted itself when
it reached the coastline. The distribution of landslides
partly reflects the rainfall distribution: 70% of landslides
occurred in areas where rainfall values were between 100
and 140 mm. Very few landslides were recorded in areas
with low rainfall (about 10% of landslides below 100 mm
rainfall), while about 20% occurred in areas with more
than 140 mm.

Landslides and urban areas

To assess the impact of newly formed landslides on the
built environment in the study area, cross-comparisons
were made between the landslide polygons and the
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Fig. 12 a Distribution of landslides according to the geological setting; b Distribution of landslides according to the Corine Land Cover class
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Fig. 13 a Map of the September 15, 2022, landslides intersecting
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encompassed in the red polygon of Fig. 13.
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structures and infrastructure (Fig. 15). Such information
was derived from the Marche regional database and the
Technical Regional Cartography, at the scale of 1:10"000.
A 20 m buffer, selected considering the average road size
and the area of influence of the landslides, considering
their average size, was applied to the landslides to better
analyse the influence of these phenomena on buildings.
Among the most evident results, in the municipality of
Arcevia a total of 74 buildings were affected by land-
slides, mostly civil dwellings (68). In the municipality of
Serra de’ Conti as well, almost exclusively civil dwellings
were involved (17 out of 18). Nevertheless, industrial
buildings and churches were also impacted by the land-
slides, for a total of 10 and 1, respectively. A similar anal-
ysis was conducted on the road network by applying a
buffer of 20 m to the road network. This analysis showed
that landslides mostly impacted roads in the municipality
of Arcevia (110 in total), followed by Serra de’ Conti (19)
and Barbara (12). In total, there were 157 roads affected
by landslides, of which 71 were classified as roads con-
necting to the main road network, 40 as roads connect-
ing to scattered buildings and mountain peaks, and 36 as
provincial roads.

Discussion

The composite procedure, based on the joint applica-
tion and exploitation of the spectral properties and the
high-resolutionof satellite images, has allowed the detec-
tion and identification of 805 landslides, all triggered by
the extreme rainfall event of September 15, 2022. The

exceptional nature of the event was reconstructed by the
Regional Functional Center of Marche, which estimated
Return Time of every rainfall record (3,6,12 and 24 h)
higher than 1000 years (https://www.regione.marche.
it/portals/0/Protezione_Civile/Manuali%20e%20Studi/
Rapporto_Evento_preliminare_20220915.pdf). To make
the exceptional nature of the hydropluviometric event
that occurred even more evident, in the Cantiano area,
on the evening of 15 September alone, 30% of the rain-
fall that usually falls in a year (1300 mm) fell. To char-
acterize ground effects of the event on the territory, an
inventory of landslides through the primary use of very
high-resolution optical images acquired in the immedi-
ate post-event scenario, with the aid of field surveys, was
redacted. In situ operations were conducted 2 weeks after
the main event, in all the municipalities involved, aiming
at the preliminary mapping of the still ongoing geomor-
phological hazards. Such work has represented a solid
base to i) refine the mapping of landslides using remote
sensing imagery; ii) support the classification of the land-
slides typologys; iii) reduce the number of false positives,
i.e., landforms apparently associated to gravitational phe-
nomena but mostly related to abrupt land cover changes;
iv) map landslides in shadowed areas and/or not vis-
ible through imagery. Regarding the latter, 24 landslides
observed only in the field are reported in the final inven-
tory. Despite field operation, false positives still may be
present in the inventory, due to spectral and visual char-
acteristics of features similar to landslide areas (Mondini
et al. 2011b). The territories most affected are located
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in the southern portion of the basin, particularly in the
municipalities of Arcevia, Serra de’ Conti, Sassoferrato
and Montecarotto, where 90% of the landslides detected
are localized. This is mainly linked to the dynamics of the
rainfall that occurred, as shown in Fig. 14, whose higher
intensity values occurred in this portion of the territory,
but also to the generally steeper morphology in these
areas, as visible in Fig. 11, even though the mean slope
angle is of 11.5°, not a very high gradient. The higher
spreading of landslides in the southern area of Misa basin
is also confirmed by the work of Santangelo et al. 2023
and Donnini et al. 2023, who identified 1687 landslides in
the area south of Misa basin, in the epicenter of the rain-
fall peak of September 15 event. The inventory reported
here, however, can be only partially compared to the
abovementioned works, since the study area is different
(they mostly worked on adjacent basins, Metauro, Ces-
ano and Esino) and the mapping activity was essentially
conducted in the field, without remote sensing interpre-
tation. Despite such discrepancies, some analogies can
be found between our work and that of Donnini et al.
(2023): the landforms identified are mostly classifiable as
shallow landslides, with prevailing slide kinematics, with
a major distribution density in the area of higher rain-
fall intensity. The average size of the landslides detected
is general small (smaller than 10 m?), as well as in our
case the cut-off point of the distribution of landslides (in
Fig. 6), corresponding to the higher frequency of the dis-
tribution, is set at 60 m?. Furthermore, also in their work,
the role of land cover was analyzed, identifying most of
the slide phenomena over agricultural areas.

To emphasize the strong relationship between the trig-
gering of surface landslides and the lithological context,
a comparison was made between landslides and the
geolithological map of the study area. This showed that
three-quarters of the landslides were triggered on Qua-
ternary overburden soils: therefore, the event landslides
consist of reactivations of landslide, eluvial, colluvial and
alluvial deposits formed over the last few hundred thou-
sand years, which have not yet been fully compacted.
Moreover, also a connection between agricultural soils
and landslides was found (Fig. 12).

The association between morphometric parameters
and territorial attributes with newly inventoried land-
slide, although is a common practice, is a fundamental
step for analyzing the study area characteristics, also in
view of the prediction of future occurrence of similar
scenarios, i.e., landslide susceptibility evaluation. Indeed,
despite the great progress in terms of technologies and
methodologies for landslide susceptibility assessment,
especially since the introduction of Machine and Deep
Learning models, still the selection of input environmen-
tal variable is human-driven, mostly led by the knowledge
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of the territory and the expected phenomena in case of
similar meteoric events or otherwise extreme in char-
acter. In the case of the Misa basin, Caleca et al. (2024),
adopted ten environmental variables (among which slope
angle, land cover and lithology) to assess the probability
of occurrence of landslides under different rainfall sce-
narios, including the September 15 event. In this work,
the influence of rainfall dynamics was determined to be
dominant on landslide trigger.

In order to also assess the existing cartography regard-
ing hydrogeomorphological instability, the polygons of
the newly formed landslides were compared with the
IFFI ones: in this case, this overlap showed that only 18%
intersected with the pre-existing inventory, thus high-
lighting the need to update the inventories of landslide
phenomena following exceptional rainfall events. This is
pretty obvious considering that IFFI database contains
different landslide typologies, and this area never experi-
enced such an extreme event, thus not having such kind
of phenomena. Moreover, the technologies implemented
in this research were not available at the time of IFFI
mapping, therefore here it was possible to map also very
small landslides. This underlines a need to update the
cognitive framework and tools to act on land planning
and management, facing the current climate change sce-
nario which foster the activation of different landslides.
Finally, it was also observed how the analysed slope insta-
bilities had a significant impact on the territory and the
urban environment of the study area. Given the results
of this work, the role of accurate and updated risk map-
ping becomes increasingly important to better estimate
the expected damage to buildings and roads in such
scenarios.

Concerning the methodologies implemented for the
redaction of the inventory, the automatic mapping stage
was useful for defining a first screening of the land-
slide-affected areas, through the detection of soil cover
change. However, precise mapping was not possible
due to intrinsic limitations of semi-automatic mapping,
especially when dealing with small polygons, and to the
seasonal changes in land cover. The segmentation stage
was implemented to aggregate pixels with the same
spectral properties, while the supervised classification
algorithm was used to assign a land cover type to each
polygon. In this way, ca 13.7 km? of land were classified
as landslides; however, only 1% (0.13 km?) of these were
correctly assigned within the 805 landslide polygons rec-
ognized by photointerpretation. The numbers of true
positives decrease even more when implementing the
NDVI change detection, which overestimates the extent
of the area potentially affected by landslides. These out-
comes can be considered predictable, due to several fac-
tors: i) the presence of cultivated and agricultural areas
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(mainly vineyards, sunflowers, corn and fruit trees),
which significantly change in the two time periods (April
and September 2022), due to differences in the climate
and the related agricultural practices (in spring there is
a consistent flourishing of cultivated fields, while in sum-
mer all the fields are harvested). Indeed, in many cases,
areas classified as landslides were bare soil areas; ii) the
small size of the landslides, which are large 614 m? in
average, making the detection, even using VHR imagery,
very challenging. In this sense, further improvements
may be achieved by using accordingly VHR multispectral
imagery and very detailed topographic factors derived
from LiDAR data, to be implemented in automatic meth-
ods, such as in Gherbanzadeh et al. (2019), by imple-
menting deep learning methods such as Convolution
Neural Networks (CNNs), or U-net which are improving
the performances in terms of rapid precise mapping (Liu
et al. 2021, Bhuyan et al. 2023).

Conclusion

The exceptional hydro-meteorological events of 15 Sep-
tember 2022 in the Misa basin (Ancona province, Cen-
tral Eastern Italy) caused numerous landslide phenomena
on the slopes, resulting in the isolation of some localities,
the evacuation of families from their homes, and serious
damage to road infrastructures, farms, public and private
buildings, hydraulic defense works and the network of
essential services.

This paper summarises the work conducted in the
aftermath of such event, focusing on the inventory of
the landslide phenomena that occurred following the
abundant and exceptional rain poured into the area in
a few hours. For this purpose, techniques based on the
elaboration and interpretation of Very High-Resolution
satellite images and field surveys were implemented. A
total of 805 landslides were identified, covering a total
area of approximately 494,000 m?. The landslides identi-
fied were mainly shallow landslides, mainly set on qua-
ternary soils (essentially overburden deposits). Among
the most affected municipalities are those essentially
located in the southern mountain sector of the basin,
i.e. Arcevia, Montecarotto, Serra de’ Conti and Sassofer-
rato, where the rainfall quantities registered were higher
(70% of landslides occurred in areas where rainfall val-
ues were between 100 and 140 mm). Finally, it has been
observed that the landslides had a big impact on the ter-
ritory, and on the cultivated areas, since the economy of
the area is mostly concentrated on agriculture, account-
ing for ca. 90% of the landslides and on urban sectors,
affecting buildings (where 110 landslides hit a building)
and roads (hit by 314 landslides). Given the exceptional
nature of meteorological phenomena, which have proven
to be extraordinary events both in terms of their intensity
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(return period of more than 1,000 years) and their enor-
mous territorial extent, it is necessary to provide useful
products for planning and land management that are as
up-to-date as possible, both in terms of input data and
the methods used. This is even more significant consider-
ing that, according to recent climate trends, such events
will be repeated with increasing frequency. Such timely
inventories can be a fundamental step towards also pro-
ducing new vulnerability/hazard and risk maps that can
be used for spatial planning.
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